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ABSTRACT

Johne’s disease is a progressive, chronic disease with 
inflammation of the small intestine of ruminants caused 
by Mycobacterium avium subspecies paratuberculosis 
(MAP). Accurately estimating prevalence of MAP in-
fections is important when controlling spread of infec-
tion or monitoring effectiveness of control programs. 
In the absence of a consistent test method used in 
prevalence studies across Canada, prevalence estimates 
among regions and programs cannot be compared. The 
aim of the current study was to estimate and compare 
prevalence of MAP infection in Western Canada, 
Ontario, Québec, and the Atlantic provinces, as well 
as among varying herd sizes and housing types. On 
362 dairy farms located in all 10 provinces of Canada, 
environmental samples were collected and cultured for 
detection of MAP. For each herd, 1 sample was col-
lected from the lactating cow area and manure storage. 
An additional environmental sample was collected from 
the area where breeding-age heifers were housed. Using 
prior distributions from previous research, diagnostic 
sensitivity and specificity were calculated to assess the 
ability of only 2 environmental samples (manure stor-
age and lactating cow area) to identify MAP-positive 
farms, resulting in a sensitivity and specificity of 38 
and 100%, respectively. We found no difference in 
sensitivity and specificity when including breeding-age 
heifers environmental samples. Test characteristics 
were applied to environmental culture results from the 
362 participating farms in all 4 regions, resulting in 
true prevalence estimates of 66% for farms in Western 
Canada, 54% in Ontario, 24% in Québec, and 47% in 
Atlantic Canada. Herds housed in tiestalls had lower 
prevalence than freestall-housed herds, and herds with 

101–150 and >151 cows had higher prevalence than 
herds with ≤100 cows. This was the first time MAP 
prevalence was determined using 1 detection method, 
performed in 1 laboratory, and within a single year 
across Canada, enabling direct comparisons of preva-
lence among regions, housing types, and herd sizes.
Key words: Johne’s disease, prevalence, Canada, 
environmental samples, herd characteristics

INTRODUCTION

Johne’s disease (JD) is caused by Mycobacterium avi-
um ssp. paratuberculosis (MAP) and results in progres-
sive chronic enteritis in most ruminant species (Cocito 
et al., 1994). Infection is widespread worldwide among 
dairy cattle, leading to economic losses due to reduced 
productivity and increased risk of culling (McKenna et 
al., 2006). In the absence of a vaccine to prevent MAP 
infection, or an effective treatment for infected cattle, 
control is primarily based on preventing new infections 
within and between herds. Control programs for JD in 
cattle have been implemented around the world and 
vary based on their aims, typically eradication, surveil-
lance, certification of JD-negative herds, or decreasing 
transmission (Kalis et al., 2004; Bakker, 2010; Collins 
et al., 2010; Barkema et al., 2018).

Accurate and reliable prevalence estimates can be 
used to monitor success of implemented control pro-
grams or to estimate economic impacts of the disease 
(Barkema et al., 2010). Prevalence estimates in Can-
ada, at animal or herd levels, are calculated based on 
results of screening tests for detection of MAP infection 
and include environmental samples, bulk tank ELISA, 
tissues cultured from slaughtered cattle, and serum or 
milk ELISA (McKenna et al., 2004; Wolf et al., 2014; 
Pieper et al., 2015). These tests rely on detection of 
the bacteria or the immune response produced by an 
infected animal. However, accurate diagnosis can be 
difficult, due to variable disease progression resulting 
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in delayed immune responses, intermittent shedding 
of bacteria in feces and milk, and varying sensitivities 
(Se) and specificities (Sp) of diagnostic tests (Weber, 
2006; Lombard, 2011; Barkema et al., 2018). Although 
culture of MAP, either in feces or tissue samples, has 
historically been considered the gold standard of infec-
tion detection due to high SP, limitations of poor Se 
and intermittent shedding have challenged this desig-
nation. Little consensus exists regarding appropriate 
adjustments for Se and Sp for MAP infection, as there 
is no gold standard or reference for detection, making 
comparisons of true estimates difficult (Tiwari et al., 
2006).

Prevalence of MAP infection has been estimated 
among regions in Canada using various diagnostic tests 
(McKenna et al., 2004; Wolf et al., 2014; Pieper et 
al., 2015). Because choice of test used for detection of 
MAP infection affects the ability to identify infection 
status at both animal and herd levels and estimates of 
test characteristics are not always accurate, compar-
ing prevalence across regions or time frames is often 
difficult and unreliable (Lombard, 2011; Barkema et 
al., 2018). Regardless of method used, apparent preva-
lence will depend on test characteristics and must be 
adjusted for test Se and Sp to estimate true prevalence 
(Whitlock et al., 2000; Garcia and Shalloo, 2015).

Herd-level prevalence within a region has been esti-
mated using environmental sampling of herds without 
individual cow sampling (Wolf et al., 2014). When 
comparing prevalence of MAP infection across regions, 
it is important to not only use the same screening test 
method (Garcia and Shalloo, 2015), but to also ac-
count for differences in herd size and housing type, as 
these affect the probability of detecting MAP-infected 
herds (Berghaus et al., 2006; Wolf et al., 2015b). As 
herd size increases, the probability of a positive test 
increases, as does the ability to detect MAP in the 
environment, because more cattle are likely to be fecal 
shedders (van Schaik et al., 2003; Wolf et al., 2015b). 
Likewise, odds of herds testing MAP-positive is lower 
in tiestall compared with freestall herds, likely due to 
differences in contact structure of animals, less mixing 
of feces, and management practices (Wolf et al., 2014). 
Additionally, increasing evidence has shown that young 
stock shed MAP into their environment (Bolton et al., 
2011; Wolf et al., 2015c). It is not known, however, 
whether including environmental samples from young 
stock housing affects identification of MAP-positive 
farms or resulting herd prevalence estimates. Typically, 
6 environmental samples are collected from areas of 
manure accumulation, with no samples collected from 
the environment of young stock (Berghaus et al., 2006; 
Wolf et al., 2014). Sensitivities and Sp for detection 

of herds when collecting 6 environmental samples have 
been estimated and used for estimation of true herd-
level prevalence (Wolf et al., 2014); however, Se and Sp 
have not been estimated when collecting fewer samples 
for detecting MAP-infection status at the herd level 
or when including environmental samples from young 
stock. Decreasing the number of environmental samples 
used for herd detection would decrease cost and poten-
tially enable broader surveillance across large regions.

Objectives of our study were to (1) determine Se 
and Sp for detecting MAP-positive farms based on 2 
environmental samples, and 3 environmental samples 
when including an additional sample from breeding-age 
heifers (BAH); (2) estimate true herd-level prevalence 
of MAP infection across 4 regions of Canada; and (3) 
compare estimated apparent and true MAP prevalence 
across herd size categories and housing types.

MATERIALS AND METHODS

Herd Selection and Surveys

Farms included in the study were sampled at conve-
nience as part of the Canadian National Dairy Study 
(NDS; Bauman et al., 2018). Briefly, producers were 
recruited to participate in the NDS based on infor-
mation provided by the 10 provincial milk marketing 
boards across Canada. All licensed Canadian dairy 
producers were invited to participate in a national 
survey. From the 1,062 respondents that completed 
the national survey, a subset of herds was randomly 
selected within each province to participate in an on-
farm visit for an additional survey and collection of 
biological samples. The number of herds selected for a 
farm visit was based on a sample size calculation with 
the following parameters: allowable error of 5%, 95% 
confidence level, and expected herd-level prevalence of 
~40% for common endemic diseases, including Staphy-
lococcus aureus mastitis; collectively, this resulted in 
the need to include 368 farms (Bauman et al., 2018). 
Farms were selected to represent each region in Canada 
as well as to be proportional to the number of produc-
ers located in each province: Western Canada [60; Brit-
ish Columbia (20), Alberta (20), Saskatchewan (10), 
and Manitoba (10)], Ontario (120), Québec (120), and 
Atlantic Canada [65; New Brunswick (20), Nova Scotia 
(20), Prince Edward Island (20), and Newfoundland 
(5)] (Bauman et al., 2018). These numbers were slightly 
modified due to limited numbers of sampling staff in 
some regions and costs of travel to remote locations, 
resulting in 362 farms being sampled across Canada. 
Herd size and cow housing type were recorded at each 
farm visit.
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Environmental Sample Collection and MAP Culture

In total, 14 university summer students (3 sampled 
Western Canada, 5 sampled Ontario, 4 sampled Qué-
bec, and 2 sampled Atlantic Canada) were recruited 
from the 5 respective Canadian veterinary schools and 
underwent standardized training at the University of 
Guelph over 3 d (Bauman et al., 2018). At each farm 
visit, 2 environmental samples were collected from ar-
eas with the highest probability of finding MAP, based 
previous studies (Wolf et al., 2014); 1 environmental 
sample was collected from the area of the farm where 
lactating cows were housed (LAC) and 1 environmen-
tal sample from the manure storage area (MSA) or 
area of manure accumulation. An additional environ-
mental sample was collected from the area where BAH 
were housed. Each environmental sample consisted of 
4 subsamples collected by a technician wearing a latex 
glove who placed each of these ~150-g samples into a 
single resealable plastic bag, thoroughly mixed them, 
and then filled a 50-mL screw-top plastic container, as 
described (Wolf et al., 2014). In tiestall barns, these 
4 subsamples were collected from the lactating herd 
in the manure gutter corners and high-traffic areas, 
whereas freestall samples were collected from crossover 
alleys and near waterers. Manure storage subsamples 
were collected from a manure pile using a gloved hand 
that reached 10 to 15 cm below the external surface or 
from a manure pit using a 1.2-m long golf ball retriever 
(extendable to 4.5 m) with a 50-mL plastic container 
taped to the end. Subsamples from the BAH pens 
consisted of a handful from the manure pack of every 
pen of heifers, or 4 handfuls from well-traveled areas 
if heifers were all kept in the same area, and mixed as 
per the lactating cow herd. All samples were stored on 
ice packs and sent by express mail (guaranteed 48-h 
delivery) to the University of Calgary (Calgary, AB, 
Canada) for processing. All samples were stored at 
4°C and processed within 7 d after collection using the 
TREK ESP II (TREK para-JEM; TREK Diagnostic 
Systems, Cleveland, OH) liquid culture protocol and 
media. After 7 wk of incubation at 37°C, DNA was ex-
tracted and detection of MAP was based on subsequent 
F57-specific quantitative PCR (qPCR), as described 
(Corbett et al., 2017). Samples with cycle threshold 
value <40 were considered positive.

Statistical Analyses

As the present method of environmental sampling 
had not been implemented in previous studies, first 
test characteristics (Se and Sp) for this type of envi-
ronmental sampling (1 LAC and 1 MSA on the same 

day) needed to be estimated using Bayesian models, as 
described below. Prior Se and Sp estimate inputs were 
calculated based on a complete data set available from 
a previous study (Wolf et al., 2014) to more accurately 
determine true prevalence across Canada. Sensitivity, 
Sp, and true prevalence were estimated using R v3.4.2 
(R Core Team, 2017), the ‘BetaBuster’ function in 
the ‘epiR’ package (Stevenson et al., 2017), the ‘rjags’ 
package (Plummer, 2016), the ‘runjags’ package (Den-
wood, 2016), and utility programs included with Doing 
Bayesian Data Analysis: A Tutorial with R, JAGS and 
Stan (Kruschke, 2015).

Prior Test Characteristics. Test characteristics 
(Se and Sp) were estimated based on MAP environmen-
tal sample results collected by the Alberta Johne’s Dis-
ease Initiative between November 2010 and May 2014 
(Wolf et al., 2014), during which time 6 environmental 
samples were collected from the same farms for 3 con-
secutive years (6S3Y). Briefly, samples were collected 
in duplicate from 3 areas on 430 Alberta dairy farms 
from (1) MSA, (2) LAC, and (3) dry, sick, or calving 
pens; this resulted in 6 samples per farm, processed as 
described above. As not all sampling records specified 
the location at which each environmental sample was 
collected, a subset of farms (n = 62) was identified 
that were sampled in 3 consecutive years, and each year 
had at least 1 MSA and 1 LAC area sample identified. 
These 62 farms encompassed all herd size categories, 
ranging from 43 to 405 lactating cows with a mean of 
74 (SD = 74, median = 116).

The Se and Sp estimates for 6S3Y were used to further 
determine the Se and Sp for these 62 farms when only 2 
samples (MSA + LAC) were collected once (2S1Y) to 
simulate the NDS sampling scheme. On these 62 farms, 
2 samples were randomly selected from 1 MSA and 1 
LAC area sample from a randomly selected year within 
the 3 yr available for each herd. Herd-level MAP infec-
tion status was based on environmental samples from 
the same areas within the same herds; therefore, Se 
and Sp were estimated using a Bayesian model that ac-
counted for conditional dependence between diagnostic 
tests (Dendukuri and Joseph, 2001). Prior distributions 
for Se and Sp of 6S3Y, as well as MAP prevalence, 
were defined as following a β distribution whose pa-
rameters were determined by estimates from Wolf et 
al. (2014) using an implementation of the BetaBuster 
program (https:​/​/​www2​.vetmed​.ucdavis​.edu/​cadms/​
local​_resources/​docs/​betabuster012006​.zip) in R. Beta 
parameters were determined by specifying the range 
where the true parameter lies with 95% confidence. The 
β parameters, α and β, can also be interpreted as scaled 
versions of number of true positives and false-negatives, 
respectively. Prior distributions for Se and Sp of 2S1Y 
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were chosen to represent minimal prior knowledge. 
Specifications for prior distribution are shown in Table 
1. Sensitivity and Sp of both 6S3Y and 2S1Y were 
simultaneously estimated using a Gibbs sampler, and 
modes of the resulting posterior distributions were 
presented with their respective probability intervals. 
Gibbs samplers were run using 6 chains in parallel for 
a combined total of 25,000 iterations after a burn-in of 
5,000 iterations. Convergence was verified by ensuring 
that posterior distributions were unimodal and that 
the Gelman and Rubin R statistic (Gelman and Rubin, 
1992) reached 1 by the end of the chains.

Estimating MAP Prevalence. True herd-level 
MAP prevalence in dairy herds across Canada was 
estimated using a Bayesian model, using prior distribu-
tions of the Se and Sp as described above and based on 
the 362 herds sampled in 2015 (NDS; Bauman et al., 
2018). The model also compared MAP status based on 

2 samples (LAC and MSA samples), with MAP-status 
based on 3 samples (LAC, MSA, and BAH) collected 
in 1 yr (3S1Y) with estimated Se and Sp (3S1Y). The 
model was run for the same number of iterations as the 
model determining test characteristics and convergence 
was also monitored using the Gelman and Rubin R 
statistic (Gelman and Rubin, 1992).

Region, Housing Type, and Herd Size. The 
362 NDS herds were used to estimate region, hous-
ing type, and herd-size–specific prevalence in Canada. 
Associations between herd size and housing type were 
assessed with ANOVA, followed by least squares means 
comparisons, with herd size being the outcome and 
housing type being the predictor. Stratified preva-
lence estimates were based on 2 samples, LAC and 
MSA (2S1Y). Prevalences of MAP infection specific 
to region, herd size, and housing type were estimated 
using logistic regression models applied in a Bayesian 

Table 1. Parameters used for prior distributions to estimate test accuracy of the environmental sampling scheme used and herd-level prevalence 
stratified by region, herd size, or housing type of Mycobacterium avium ssp. paratuberculosis (MAP) infection on Canadian dairy farms

Parameter   Distribution type   Distribution parameter Value

Prior test characteristics1    
  6S3Y sensitivity Beta α2 7.55

β2 2.64
  6S3Y specificity Beta α 34.17

β 1.34
  2S1Y sensitivity Uniform a3 0.00

b3 1.00
  2S1Y specificity  Uniform a 0.00

b 1.00
  Alberta MAP prevalence Beta α 13.18

β 7.85
Estimating MAP prevalence4      
  2S1Y sensitivity Beta α 9.50

β 13.65
  2S1Y specificity Beta α 14.40

β 1.12
  3S1Y sensitivity Uniform a 0.00

b 1.00
  3S1Y specificity Uniform a 0.00

b 1.00
  Canada MAP prevalence Uniform a 0.00

b 1.00
Region, housing type, and herd size5      
  Region/housing type/herd size specific prevalence Gaussian µ (mean) 0.00

τ (precision) 1.00
  2S1Y sensitivity Beta α 9.50

β 13.65
  2S1Y specificity Beta α 14.40

β 1.12
1Model comparing herd-level MAP-infection status based on 1 positive in 6 samples collected for 3 yr (6S3Y) to estimate based on 1 MAP-
positive sample out of 2 collected in 1 yr (2S1Y), consisting of a manure storage (MSA) and a lactating cow area sample (LAC). Data were 
collected in Alberta between 2010 and 2014 (Wolf et al., 2014), so a prior distribution for prevalence also needed to be specified.
2Shape parameters for a β distribution. In the context of sensitivity/specificity estimation α is proportional to the number of true positives in 
the sample, and β is proportional to the number of falsenegatives.
3Lower (a) and upper (b) bounds for uniform distribution. All values in that range have equal probability.
4Model estimating prevalence based on 2 samples (MSA and LAC) collected in a single year (2S1Y), compared with sensitivity and specificity 
of collecting 1 additional sample from breeding-age heifers area (3S1Y).
5Model estimating regional, housing type-specifics and herd size-specific herd-level MAP-infection prevalence in Canada in 2015 based on 2 
samples taken from each herd (2S1Y).
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framework to correct for the imperfect Se and Sp of 
the sampling scheme. Furthermore, a Se analysis was 
done to determine appropriate prior distributions for 
coefficients in the logistic regression model specifying 
region, housing type, and herd size. Distributions in-
cluded in the Se analysis were centered on a herd-level 
prevalence of 50% (log odds of 0, used as a mean for 
a normal distribution) based on an estimate for preva-
lence estimated in model 2 comparing 2S1Y and 3S1Y. 
Values of precision varied between 0.0001 and 10,000 
to represent very vague, weakly informative priors (low 
precision) and narrow, strongly informative priors (high 
precision), respectively. An intermediate level of preci-
sion was chosen that optimized the trade-off between 
high variability in the posterior distribution (results 
not interpretable or useful) and proximity of estimates 
to the prior (priors that are too strong may result in 
posterior estimates almost independent of observed 
data). Consequently, a weakly informative prior was 
chosen for all coefficients, centered on a prevalence of 
50%, with 95% probability of estimating a prevalence 
between 12.3 and 87.6% (Table 1). These parameters 
were estimated using a Gibbs sampler, with modes 
of resulting posterior distributions being used as the 
parameter estimates with their respective probability 
intervals. The model was run for the same number of 
iterations as the test accuracy model and convergence 
was monitored using the Gelman and Rubin R statistic 
(Gelman and Rubin, 1992).

Statistical significance of differences across character-
istics (region, housing type, and herd size) was assessed 
using the apparent prevalence and maximum likelihood 

estimation in a logistic regression model using the glm 
function in base R (R Core Team 2017). A P-value 
of <0.05 was considered significant. Models included 
either region, herd size, or housing type as predictors, 
with odds of testing MAP-positive as the outcome. Only 
farms categorized as freestall or tiestall were included 
in the housing-specific prevalence estimate models, as 
farms with bedded pack, other farms, or not specified 
were removed due to low sample sizes (n = 9, 1, and 5, 
respectively). Models with herd size and housing type 
as predictors were modeled using a mixed effects logis-
tic regression with region as a random effect using the 
package lme4 (Bates et al., 2015). This mixed model 
adjusts estimates to account for unmeasured correla-
tion between herds within a region.

RESULTS

Herd Characteristics

Of the 362 dairy farms across Canada participating 
in the NDS on-farm assessments, 55 (15%) were in 
Western Canada (20 in British Columbia, 16 in Al-
berta, 9 in Manitoba, and 10 in Saskatchewan), 131 
(36%) in Ontario, 117 (32%) in Québec, and 59 (16%) 
in the Atlantic provinces (18 in Nova Scotia, 17 in New 
Brunswick, 20 in Prince Edward Island, and 4 in New-
foundland; Table 2).

In Western Canada, Ontario, and Atlantic Canada, 
the majority of participating farms housed their cows 
in freestalls (82, 54, and 59%; respectively), whereas in 
Québec the majority of farms housed cows in tiestalls 

Table 2. Housing and herd size of the 362 farms sampled across Canada for the Canadian National Dairy 
Study

Region1   Housing type
No. of  

herds (%)
Average adult  

herd size (range)

Western Canada 55 166 (40–802)
  Freestall 45 (82) 170 (40–802)
  Tiestall 4 (7) 69 (47–130)
  Bedded pack 1 (2) 234 (NA2)
  Not specified 5 (9) 188 (91–319)
Ontario   131 90 (16–600)
  Freestall 71 (54) 129 (33–600)
  Tiestall 55 (42) 43 (16–106)
  Bedded pack 4 (3) 56 (35–72)
  Not specified 1 (1) 69 (NA)
Québec   117 62 (7–261)
  Freestall 32 (27) 96 (37–261)
  Tiestall 85 (73) 49 (7–130)
Atlantic Canada 59 84 (13 – 429)
  Freestall 35 (59) 110 (22–429)
  Tiestall 20 (34) 47 (22–150)
  Bedded pack 4 (7) 42 (13–70)
1Western Canada: British Columbia (20 herds), Alberta (16), Saskatchewan (10), and Manitoba (9); Atlantic 
Canada: New Brunswick (17 herds), Nova Scotia (18), Prince Edward Island (20), and Newfoundland (4).
2NA = not applicable.
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(73%; Table 2). Across all 4 regions, freestall farms 
had a larger average herd size than tiestall farms (P < 
0.001; Table 2).

Environmental Sample Results

In all 4 regions across Canada, a higher number of 
MAP-positive environmental samples was collected 
from MSA than either LAC or BAH areas (Table 3). 
When BAH environmental samples for identification of 
MAP-positive farms were included, 4 additional farms 
from Ontario and Québec were MAP-positive. These 
farms included both tiestall and freestall farms and all 
herd size categories except for >150 cows (Table 3).

Prior Test Characteristics

Of the 62 farms (Wolf et al., 2014) with 6 samples 
collected in 3 consecutive years, 45 (73%) had at least 
1 positive environmental sample during at least 1 of the 
3 sampling events (6S3Y). Estimated Se and Sp for the 
6S3Y method for diagnosis of these herds were 93 and 
98%, respectively (Table 4). When collecting only 2 en-
vironmental samples from a herd at a single time point, 
Se of detecting MAP-infected herds was estimated at 
40% and Sp to be 99% (2S1Y; Table 4).

Estimating MAP Prevalence

On the 362 dairy farms sampled for the NDS, Se and 
Sp were estimated at 38 and 100%, respectively, when 
collecting 2 environmental samples (LAC and MSA; 
2S1Y). These estimates did not change meaningfully 

when the third environmental sample from BAH was 
included (3S1Y; Table 5).

Region, Housing Type, and Herd Size

True herd-level MAP prevalence for all of Canada 
was 46%, with true regional prevalence ranging from 
24% in Québec to 66% in Western Canada (Table 6). 
The apparent prevalence varied for herd sizes, with 
herds having 101 to 150 and >151 cows having a higher 
apparent prevalence than herds with ≤50 cows (Table 
6). Additionally, across Canada, tiestalls had a lower 
apparent MAP prevalence than did freestalls (Table 
6). Herd sizes in freestalls differed from tiestalls (P < 
0.001) and bedded packs (P = 0.03) when not adjusting 

Table 3. Herds with Mycobacterium avium ssp. paratuberculosis (MAP)-positive environmental samples collected from lactating cows (LAC), 
manure storage (MSA), or breeding-age heifers (BAH)

Item
No. 

farms

No. (%) 
LAC  

positive

No. (%) 
MSA  

positive

No. (%) 
BAH  

positive

No. (%) farms 
positive based on 
LAC and MSA

No. (%) farms  
positive based on LAC, 

MSA, and BAH

No. additional farms 
due to MAP-positive  

BAH sample

Region1              
  Western Canada 55 11 (20) 13 (24) 1 (1) 16 (29) 16 (29) 0
  Ontario 131 21 (16) 24 (18) 8 (6) 30 (23) 33 (25) 3
  Québec 117 4 (3) 7 (6) 2 (2) 11 (9) 12 (10) 1
  Atlantic Canada 59 7 (12) 8 (13) 1 (1) 11 (19) 11 (19) 0
Lactating cow housing            
  Freestall 183 33 (18) 37 (20) 9 (5) 49 (27) 51 (28) 2
  Tiestall 164 5 (3) 11 (7) 3 (2) 14 (9) 16 (10) 2
  Bedded pack 9 1 (11) 1 (11) 0 1 (11) 1 (11) 0
  Other 1 0 0 0 0 0 0
  Not specified 5 4 (80) 3 (60) 0 4 (80) 4 (80) 0
Number of cows              
  <51 141 7 (5) 11 (8) 4 (3) 15 (9) 17 (12) 2
  51–100 125 10 (8) 9 (7) 2 (1) 13 (10) 14 (11) 1
  101–150 45 9 (20) 10 (22) 1 (2) 15 (33) 16 (36) 1
  >150 51 17 (33) 22 (43) 5 (10) 25 (49) 25 (49) 0
1Western Canada: British Columbia (20 herds), Alberta (16), Saskatchewan (10), and Manitoba (9); Atlantic Canada: New Brunswick (17 
herds), Nova Scotia (18), Prince Edward Island (20), and Newfoundland (4).

Table 4. Prior sensitivity and specificity estimates of herd-level 
Mycobacterium avium ssp. paratuberculosis (MAP) infection status 
based on at least 1 positive sample out of 6 collected every year for 
3 yr (6S3Y) and MAP infection status based on minimally 1 positive 
sample of 2 collected in 1 yr (2S1Y)

Parameter Estimate1 95% CI2

6S3Y    
  Sensitivity 0.93 0.79–0.99
  Specificity 0.98 0.88–1.00
2S1Y3    
  Sensitivity 0.40 0.28–0.55
  Specificity 0.99 0.81–1.00
1Estimate of the mode of the posterior distribution defined using a 
Bayesian model.
295% credibility interval from a posterior distribution using a Bayesian 
model. Represents the range of the central 95% probability of the 
distribution.
3Consisting of a manure storage and a lactating cow area sample.
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for region. All other comparisons of herd size among 
housing types did not differ from each other.

DISCUSSION

In the current study, environmental sampling was 
used to determine herd-level prevalence of MAP infec-
tion in Canadian dairy herds. Sensitivity and Sp for 

culturing 2 environmental samples, followed by detec-
tion of MAP based on F57-specific qPCR for detection 
of a positive farm, were estimated at 38 and 100%, 
respectively. Based on these test characteristics, true 
prevalence across Canada was 46%, with Québec hav-
ing a lower prevalence than the other 3 regions. Al-
though these estimations were not weighted by number 
of herds in each region, number of herds sampled in 
each region was proportional to the number in context 
of the entire Canadian dairy industry. This was the 
first time that the prevalence of MAP infection was 
determined using the same sampling technique across 
all provinces of Canada, enabling accurate comparisons 
not only of regional effects, but also of housing and 
herd size effects across the country.

Herd-level prevalence estimates are made around 
the world using various tests; however, in Canada, the 
Netherlands, and the United States, prevalence has 
been estimated using the same diagnostic test. Based 
on the diagnostic outcome of serum ELISA testing, 
prevalence estimates ranged from 9.8% in Ontario to 
40% in Alberta, 17 to 28% in the United States, and 
54% in the Netherlands (Muskens et al., 2000; Tiwari et 
al., 2006). Additionally, herd-level prevalence estimates 
have been reported for individual Canadian provinces 
based on serum ELISA (Van Leeuwen et al., 2001, 
2005, 2006; Scott et al., 2006) and are summarized 
in Tiwari et al. (2006). However, ability to compare 

Table 5. Sensitivity and specificity of herd-level Mycobacterium 
avium ssp. paratuberculosis (MAP) infection status for estimation of 
prevalence in the Canadian National Dairy Study, based on at least 1 
MAP-positive environmental sample out of 2 collected in 1 yr (2S1Y), 
compared with 1 positive environmental sample out of 3 collected in 
1 yr (3S1Y)

Parameter Estimate1 95% PI2

2S1Y    
  Sensitivity 0.38 0.26–0.49
  Specificity 1.00 0.92–1.00
3S1Y3    
  Sensitivity 0.39 0.27–0.52
  Specificity 0.98 0.90–1.00
True Canada herd-level prevalence 0.46 0.29–0.75
1Estimate of the mode of the posterior distribution defined using a 
Bayesian model.
2Refers to 95% probability interval from a posterior distribution using 
a Bayesian model. Represents range of the central 95% probability of 
the distribution.
3Consisting of a manure storage and a lactating cow area and breed-
ing-age heifer area sample.

Table 6. Herd-level prevalence of Mycobacterium avium ssp. paratuberculosis (MAP) infection in Canadian 
dairy herds in 2015 for 3 separate models, stratified by region, herd size, or housing type

Predictor level
Apparent prevalence  

(%)1
True prevalence  

(%)2 95% PI3

Canada 18.8 46.4 28.5–74.6
Region      
  Western Canada4 29.1 65.8 36.8–89.6
  Ontario 22.9 54.1 0.3–83.7
  Québec 9.45 23.6 9.6–48.5
  Atlantic Canada 18.6 47.3 21.6–79.2
Herd size (no. of lactating cows)      
  ≤50* 10.5 21.1 8.8–36.4
  51–100 10.3 20.7 8.5–37.0
  101–150 33.35 61.2 35.9–86.7
  >150 48.45 79.9 56.9–93.9
Housing type      
  Freestall4 26.5 63.7 40.2–88.9
  Tiestall 8.55 20.8 7.5–39.8
  Bedded pack 10.9  —6 —
  Other 0 — —
1Proportion of farms with at least 1 of 2 environmental samples (manure storage and lactating cow area) being 
MAP-culture positive.
2Calculated by taking the logit-transformation of the model coefficients.
395% probability interval from a posterior distribution using a Bayesian model. Represents the range of the 
central 95% probability of the distribution.
4Referent.
5Different (P < 0.05) from apparent prevalence in reference group within predictor.
6Number of farms was too small (9 and 1 for bedded pack and other, respectively) to reliably estimate true 
prevalence.
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regions is extremely difficult due to the variability 
introduced by types of kits used, cutoff points, labora-
tory environments, sampling technique and processing, 
and number of test-positive animals used to define a 
MAP-positive herd (McKenna et al., 2005; Tiwari et 
al., 2006). Additionally, these estimates appeared to 
differ when compared with prevalence estimates made 
using various diagnostic tests in the United States and 
regions of Canada (Lombard et al., 2006; Wolf et al., 
2014). Although Se and Sp of various diagnostic tests 
have been investigated (McKenna et al., 2005; Lavers et 
al., 2013, 2014; Arango-Sabogal et al., 2016), these test 
characteristics are often not applied to prevalence stud-
ies and only apparent prevalence is reported. Addition-
ally, the population used to obtain prior distributions is 
often not representative of the population under study 
(Barkema et al., 2010). True prevalence estimates in 
the current study using environmental samples were 
higher than previous estimates based on serum ELISA 
testing across Canada (Tiwari et al., 2006); however, 
these low estimates were likely due to an underesti-
mation of prevalence by overestimating the Se of the 
ELISA as a result of misclassifying MAP-infected cattle 
as negative (Whitlock et al., 2000; Dargatz et al., 2001; 
Tiwari et al., 2006).

Distribution of freestall and tiestall farms in Canada 
collected in ou study corresponded to the distribution 
of these herd types in the country [available through 
the Canadian Dairy Information Centre (CDIC); 
dairyinfo.gc.ca]. In Western and Atlantic Canada, 
88 and 50%, respectively, of DHI-participating farms 
house adult cows in a freestalls (CDIC), similar to dis-
tributions of housing types in the current study (82 
and 59%, respectively). In Québec, 93% of farms use 
tiestalls (CDIC), a greater percentage than in the cur-
rent study (73%), which may result in overestimation 
of prevalence in that province. In Ontario, however, the 
proportion of freestall farms is higher according to the 
CDIC (69%) than in the curren study (42%). These 
differences between CDIC housing distributions and 
what we acquired were likely an artifact due to random 
sampling and a smaller sample size and should be con-
sidered for future investigations regarding housing and 
regional differences. Average herd sizes for tiestall and 
freestall farms sampled in our study were, in general, 
lower than the distribution reported by CDIC for all 4 
regions. Average herd size for farms sampled in the cur-
rent study had, on average, 35 fewer cows on freestall 
farms and 18 fewer cows on tiestall farms than CDIC. 
These differences were unlikely to have a large effect on 
comparisons among regions, as all farms sampled in all 
regions had on average smaller herds than reported by 
CDIC; however, smaller average herd size may lead to 

an underestimation of herd-level prevalence within each 
region and also for Canada as a whole.

Québec has, with respect to number of lactating cows 
and farms, the largest dairy industry in Canada, the 
lowest apparent prevalence and true prevalence (9.4 
and 23.6%, respectively), and the highest proportion 
of tiestall farms (69%; Bauman et al., 2018). Herd size 
is highly associated with housing type, as tiestall farms 
usually have <100 cows (Wolf et al., 2014); the lower 
prevalence estimates in in Québec are, thus, potentially 
attributable to housing type or herd size rather than 
region. Farms with smaller herds are less likely to test 
MAP-positive; therefore, the lower prevalence in ties-
tall farms may be due to the lower herd sizes on these 
farms, and results should be interpreted with caution. 
Perhaps the contact structure of the herd, in addition 
to different management practices, contributed to a 
lower prevalence in tiestall farms. Additionally, infor-
mation regarding access to pasture was not obtained 
and should be considered in future research when inves-
tigating management practices and contact structure 
of herds and housing types. It is also possible that the 
Se of prevalence estimates obtained from tiestall herds 
may be further encumbered, as environmental samples 
may not accurately represent a pooled sample from the 
herd. Most tiestall barns have gutter scrapers that move 
manure to form a pile with much less mixing of manure, 
which may lead to decreased detection among smaller 
herds and tiestall herds. In contrast, environmental 
samples collected from MSA of freestalls have high Se 
due to accumulation of fecal material and long-term 
survival of MAP in the environment (Whittington et 
al., 2004; Berghaus et al., 2006; Lombard et al., 2006). 
However, the lower prevalence of MAP-infected tiestall 
herds may not have been due to decreased detection of 
environmental samples from MSA, as these sites alone 
detected 11 of the 14 MAP-positive tiestall farms in 
Canada in the current study (Table 3). Although the 
majority of literature regarding Se and Sp of environ-
mental sampling has been conducted in freestall herds 
(Raizman et al., 2004; Berghaus et al., 2006; Donat et 
al., 2015), evidence exists that environmental sampling 
can be just as effective in tiestall herds requiring inclu-
sion of sampling a manure storage site (Arango-Sabogal 
et al., 2016).

Moisture and direct sunlight do not affect survival of 
MAP; however, temperature fluctuations potentially af-
fect viability (Whittington et al., 2004). In the current 
study, environmental samples were collected from deep 
within manure storage sites, not in direct contact with 
sunlight and not exposed to temperature fluctuations 
on the surface of the pile. Additionally, DNA methods 
of detection from environmental samples were used fol-
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lowing culture; therefore, any MAP bacteria that may 
not have survived, but accumulated in high numbers in 
the culture bottles, would still be detected with qPCR.

The MAP prevalence was highest in larger herds. 
Of herds with 101 to 150 cows, 33% tested positive 
and 49% were identified as MAP-positive in herds with 
>150 cows. This was consistent with reports that en-
vironmental samples collected from larger herds were 
more likely to be positive (Wolf et al., 2015b). The 
higher prevalence of MAP-infected farms among larger 
herds may be due to a higher within-herd prevalence 
(Pillars et al., 2009) or the higher likelihood that at 
least 1 cow was shedding MAP. However, the cause 
of the association between herd size and within-herd 
prevalence is not known, and higher prevalence in 
larger herds may be due to differences in management 
practices for young stock and increased purchase of re-
placement heifers, thereby increasing risk of transmis-
sion (Wolf et al., 2015a).

Adding BAH samples to the standard LAC and 
MSA samples identified 4 additional farms as being 
MAP-positive. These farms were only positive based on 
the BAH sample and therefore would have been incor-
rectly identified as negative had this sample not been 
included; however, MAP-positive BAH samples more 
often occurred when either LAC or storage site samples 
were positive. Additionally, BAH MAP-positive sam-
ples were not specific to regions, housing, or herd size 
categories. Identification of MAP-infected herds should 
not rely only on BAH environmental samples; however, 
positive BAH samples may be considered an important 
indicator of potential transmission to and within young 
stock, as positive environmental samples have been 
identified in all ages of calves (Raizman et al., 2004; 
Pillars et al., 2009; Wolf et al., 2015c).

Sensitivity estimates for 2 environmental samples were 
lower than previous estimates for 6 samples, which was 
expected, as fewer samples collected increases the odds 
that a truly infected farm is missed. However, the esti-
mated prevalence in Alberta based on 2 environmental 
samples (70%) in the subset of 62 herds was nearly the 
same as previous estimates (Wolf et al., 2014) based on 
6 environmental samples (68%) in all 360 participating 
Alberta dairy herds, indicating the accuracy of the test 
characteristic estimates. Therefore, collecting 2 envi-
ronmental samples, LAC and MSA, enabled reliable es-
timation of true herd-level MAP prevalence in a region 
when accounting for adjusted test characteristics and 
should be considered to obtain region-specific herd-level 
estimates in future studies. The relatively large prob-
ability intervals surrounding the prevalence estimate 
were likely due to the high degree of regional variation, 
unmeasured differences in management practices, and, 
presumably, other undefined study characteristics. Due 

to the decreased Se when collecting only 2 environmen-
tal samples, this method would not be adequate for 
determining the infection status of a particular herd. 
The addition of the BAH samples did not meaning-
fully affect Se estimates, likely because the majority 
of farms only had MAP-positive BAH samples when 
also testing positive to either LAC or MSA samples, or 
both. Regardless, inclusion of environmental samples 
of young stock housing areas should be considered for 
future control programs and risk assessments, as it may 
be an indicator of transmission among young stock.

The number of farms recruited for on-farm sampling 
was based on ability to detect common mastitis patho-
gens in bulk milk tank samples (Bauman et al., 2018). 
Because prevalence of herd-level MAP infection is simi-
lar to the bulk tank prevalence of the most common 
udder pathogen, Staphylococcus aureus, in Canadian 
dairy herds (46%; Bauman et al., 2018), sample size 
calculation used was also appropriate for evaluation of 
herd-level MAP infection. However, because detection 
of MAP in the environment is sensitive to within-herd 
prevalence, low-MAP prevalence herds may have re-
mained undetected in the 6S3Y sampling of Wolf et al. 
(2014) as well as 2S1Y from NDS sampling, resulting 
in an overestimation of the Se and an underestimation 
of true herd prevalence (Raizman et al., 2004; Lavers 
et al., 2013). Additionally, due to the relatively small 
number of farms sampled from each region (for this 
kind of statistical analysis), stratification based on 2 
variables resulted in extremely low power and therefore 
was not possible.

A further limitation of the study was an inability 
to account for ways that region, herd size, and hous-
ing were linked. The variables could not be stratified 
by >1 variable, as the number of herds that would be 
categorized in each stratum was too small to make a 
meaningful difference. For example, Western Canada 
only had 4 (7%) tiestall farms that were sampled, and 
herd sizes among these farms were variable. In Quebec, 
85 (73%) farms were tiestalls, with herd size ranging 
from 7 to 130. Therefore, our interpretation of housing 
differences should be viewed with caution due to the 
large amount of collinearity with region.

CONCLUSIONS

Prevalence of MAP infection across Canada was esti-
mated based on the culture of 2 environmental samples 
from a proportional number of farms in each of the 4 
regions within the country. True herd-level prevalence 
of MAP infection was estimated in Western Canada as 
65.8% (95% probability interval = 36.8–89.6), Ontario 
as 54.1% (95% probability interval = 0.3–83.7), Québec 
as 23.6% (95% probability interval = 9.6–48.5), and 
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Atlantic Canada as 47.3% (95% probability interval 
= 21.6–79.2), adjusting apparent prevalence based on 
Se (0.38) and Sp (1.00) estimates for culturing 2 en-
vironmental samples for detection of a MAP-infected 
farm. Prevalence estimates were compared among re-
gions, herd sizes, and housing types, indicating a lower 
prevalence among tiestall herds in smaller herds and in 
Québec. Inclusion of BAH samples did not significantly 
change Se of the test or prevalence estimates.
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