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Background 

•  The nature (and availability) of data is changing rapidly 
•  Retrospective data for research 
•  Real-time data to inform production 

•  Typically, more and more data is available …. but what to do with it? 

•  Two examples:  (1) parasitology data  (2) rumen pH data 
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Example 1:  Faecal worm egg counts (FWEC) 

 
 
What does this picture show? 
 
 
 
Three calves? 
   With individual FWEC 
 
A herd of 3 calves? 
   With some group mean FWEC 
 
A field (probably) full of Ostertagia? 
   With some indication of pasture contamination by the 3 calves 
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Individual animal vs. herd inference 

•  There is often a choice between analysis of group data at the level 
of individual or herd 

•  Sampling theory tells us that grouping together all the data 
makes our estimates more reliable 

•  But interventions are often applied at the individual animal 
level, and are difficult to base on herd estimates 

•  Hierarchical models can bring together all of the data, summarise it 
at the herd level, and use it to make decisions at the animal level 

•  Markov chain Monte Carlo (MCMC) is a statistical method 
that is ideally suited to hierarchical modelling 

•  Theoretically incredibly flexible 
•  Languages such as WinBUGS and JAGS allow an almost 

infinite number of variations on common models 
•  Often in a Bayesian framework 
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WinBUGS is freely available from:
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JAGS is freely available from: 
http://mcmc-jags.sourceforge.net 
http://cran.r-project.org/web/packages/runjags/index.html 
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A hierarchical model 
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Farm average FWEC 
 
Field average FWEC 
 
Animal average FWEC 
 
 
Dung average FWEC 
 
 
Sample average FWEC 
 
 
Observed FWEC 

Fitting this using MCMC allows us to obtain information at every 
level simultaneously – and estimates the variance partitions too! 
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Applications of hierarchical modelling to FWEC 

We have used these types of models to partition variance in FWEC 
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Table 1
The total number of faecal piles and faecal boluses intensively sampled
from six horses over a period of 5 days (four taken in winter, and two  in
summer). The total number of 1 g, 3 g and 9 g samples taken per animal
and number of chambers examined per sample is also shown.

Animal Winter Summer

1 2 3 4 1 2

Total faecal piles sampled 10 10 10 10 5 5
Total faecal boluses sampled 14 14 28 28 25 25

1 g samples taken 0 0 20 20 0 0
3 g samples taken 18 18 20 20 25 25
9 g samples taken 0 0 44 44 45 45

Chambers counted per sample 10 10 6 6 10 10

adult grazing individuals in July 2010 (denoted summer 1
and summer 2), with samples taken once daily from freshly
passed faecal piles, and the number of eggs in 10 McMas-
ter chambers recorded for each sample. These two  animals
were obtained from a separate group of horses, kept at dif-
ferent premises to the other four animals, and were grazed
in separate paddocks at the time of the study.

For each of the animals sampled in 2008 and 2010, sam-
ples consisting of 1 g (N = 40), 3 g (N = 90) and 9 g (N = 178)
of faeces were taken. The standard procedure of samples
consisting of 3 g faeces was used for the animals in 2007
(N = 36). The total number of samples taken was 18 for the
two animals in 2007, 84 in 2008, and 70 in 2010 (total 344
samples, each with individually recorded counts from 6 or
10 McMaster chambers). A more detailed breakdown of the
number of samples taken from each animal, faecal pile and
faecal bolus is given in Table 1. Faecal samples from each
animal were then bulked and cultured at room tempera-
ture for 3 weeks, following which larvae were recovered
using the Baermann technique then identified on the basis
of their microscopic morphology.

2.2. Statistical methods

A hierarchical framework for capturing variation in FEC
within an animal is shown in Fig. 1. This allows estimation
of the true coefficient of variation or cv in FEC associated
with the level of faecal pile, faecal bolus and sample from a
faecal bolus, as well as the laboratory error introduced by
variability in the McMaster procedure itself, after the vari-
ability in the observed number of eggs due to the counting
(Poisson) process has been accounted for. This hierarchical
model was fitted to the data detailed above using Bayesian
MCMC.  Because data were collected from six animals, mul-
tiple variations of the model were used, allowing different
degrees of variation of parameters between the animals.
The most flexible variant allowed each of the four potential
sources of cv used to be different for each animal (denoted
separate model). The next variant fixed the McMaster cv
across all animals, and also fixed the sample and bolus cv
between animals sampled in similar situations; i.e., win-
ter and summer (denoted grouped model). The final, most
restrictive, model considered the McMaster, sample and
bolus cv to be fixed for all animals (denoted combined
model). The faecal pile cv remained animal dependent for
all models because this variability source was considered to

Fig. 1. A proposed variability structure for faecal egg counts from within
an individual animal, with the counting variability described by a Poisson
distribution and all other potential sources of variation to be estimated
from data. When applied to groups of animals, the McMaster, sample and
faecal bolus coefficient of variation sources may  be estimated indepen-
dently for each model (separate model), as a common variable between
animals of similar management (grouped model), or as a single variable
for  all animals (combined model).

be dependent on animal diet and management, which was
different for all animals. Further details of the statistical
methods used can be found in the online appendix.

3. Results

All faecal samples were confirmed by larval culture to
consist of cyathostomin species only. The empirical mean
FEC was  431, 19, 148, and 37 (winter 1–4 animals), and
727 and 296 (summer 1–2 animals). There was  consider-
able variation in observed FEC from each animal, with zero
FEC observed for each animal with the exception of sum-
mer  1, and maximum FEC values of 1200, 150, 550, 250,
1850 and 1150 observed from each animal respectively.
Repeated counts from the same homogenised faecal sam-
ple (i.e., each of the six or ten McMaster chambers observed
from the same sample) very closely followed a Poisson
distribution (see online appendix), which is as expected
for random count observations with the same underly-
ing mean. No evidence for any diurnal variation between
the 9 am FEC samples and 3 pm FEC samples from the
stabled winter animals was  found. For the 20 paired morn-
ing/afternoon observations (total from four animals), the
morning and afternoon FEC were not significantly different
(p = 0.5, paired Wilcoxon test). The mean ratio of morning
FEC to afternoon FEC was 1.26 (median = 0.99), with a min-
imum observation of 0.17 and maximum of 3.66 reflecting
the large variability in FEC observed.

The deviance information criterion (DIC) was used
to assess the fit of each model presented (Spiegelhalter
et al., 2002). This produced DIC values of 11,418 for the
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Fig. 2. Median and 95% CI estimates for the cv between faecal piles (top), boluses (2nd row), samples (3rd row) and cv introduced by the McMaster method
(bottom) inferred using the separate (left), grouped (middle) and combined (right) models for each animal. Total of 344 samples collected from six horses
over  a period of 5 days (four taken in winter, and two in summer).

separate and grouped models, and a marginally better DIC
of 11,417 for the combined model. The separate, grouped and
combined models contained 24, 11 and 9 variance parame-
ters, respectively. Each of the three models produced very
similar estimates of cv for each level, although the more
flexible models produced correspondingly larger 95% cred-
ible intervals for the posterior estimates. The estimated

McMaster and faecal bolus level cv was  relatively small,
and consistent between animals for the separate model,
and very similar between the grouped and combined mod-
els (Fig. 2). The estimates of faecal pile cv were much more
dependent on the individual animal, with the posterior
estimate for animal winter 1 not overlapping that for four
of the other five animals, although each was higher than
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Fig. 2. Median and 95% CI estimates for the cv between faecal piles (top), boluses (2nd row), samples (3rd row) and cv introduced by the McMaster method
(bottom) inferred using the separate (left), grouped (middle) and combined (right) models for each animal. Total of 344 samples collected from six horses
over  a period of 5 days (four taken in winter, and two in summer).

separate and grouped models, and a marginally better DIC
of 11,417 for the combined model. The separate, grouped and
combined models contained 24, 11 and 9 variance parame-
ters, respectively. Each of the three models produced very
similar estimates of cv for each level, although the more
flexible models produced correspondingly larger 95% cred-
ible intervals for the posterior estimates. The estimated

McMaster and faecal bolus level cv was  relatively small,
and consistent between animals for the separate model,
and very similar between the grouped and combined mod-
els (Fig. 2). The estimates of faecal pile cv were much more
dependent on the individual animal, with the posterior
estimate for animal winter 1 not overlapping that for four
of the other five animals, although each was higher than

Denwood, M. J., Love, S., Innocent, G. T., Matthews, L., McKendrick, I. J., 
Hillary, N., Smith, A., & Reid, S. W. J. (2012). Quantifying the sources of 
variability in equine faecal egg counts: implications for improving the utility of 
the method. Veterinary Parasitology, 188(1-2), 120–6. doi:10.1016/j.vetpar.
2012.03.005 
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Applications of hierarchical modelling to FWEC 

A further advantage of MCMC is the ability to incorporate 
additional information, such as the effect of age and/or gender 
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Figure 2 Box-plot of FWEC by age (left) and gender (right) taken from 310 donkeys in May/June 2010 at The Donkey Sanctuary,
Devon. The boxes represent the 1st and 3rd quartiles with the line in the middle representing the median. The bars represent the maximum
result within 1.5 times the interquartile range above and below the 1st and 3rd quartiles respectively, with the dots representing outliers.
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Figure 3 Pasture larval count of 11 fields measured over a seven-month period between May and October 2010 at The Donkey Sanctuary,
Devon. Groups were managed using either automated or manual faecal removal, or no faecal removal. Fields have been numbered for differentiation.
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Applications of hierarchical modelling to FECRT 
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Faecal egg count reduction tests 
 
Usual focus: 

 Change in field mean FWEC 
 
But isn’t there other useful information? 

Change in variability within an animal? 
 
Change in variability between animals? 

 (i.e. variability in efficacy) 
 
Individual animal efficacy? 

 (i.e. which animals to re-dose 
 with a different anthelmintic) 
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Rumen boluses allow a pH reading 
to be taken every 15 minutes for 
months (until the bolus fails) 
 
This results in a lot of numbers 
 
Too acidic a pH (or ‘ruminal 
acidosis’) has been suggested as a 
cause of poor rumen function and 
therefore productive losses 
 
 
But what do the numbers mean? 

 How low is too low? 
 And does it matter how 
 long the pH stays low? 
 Or how quickly it changes? 
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Example 2:  Rumen pH 
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996 The minimum daily pH (x axis) over 
time (y axis) for 24 dairy cows 
 
Observations: 
1.  There is fluctuation in the daily 

minimum pH for all cows 
2.  Cow 200 tends to have a lower 

daily minimum pH than most 
3.  Cows 171, 223 and 985 had a 

period of higher minimum pH 
 
Do any of these observations 
actually relate to anything? 
 
How do they help us improve 
productivity? 
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Traditional approach to rumen pH:  summarisation 
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These display more between animal variation than daily min pH! 
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Traditional approach to rumen pH:  summarisation 

And what about daily mean pH and daily max pH? 
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Observations: 
•  Yield and pH both vary between animals 
•  eg: Animal 200: yield+, min pH-, mean pH+, max pH~ 
•  Relatively weak correlation between pH and yield within animals 
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Our approach to rumen pH:  regression 
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It is far more useful to relate pH to some measure of productivity 
For example, how do pH patterns relate to changes in milk yield? 
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What about using a ‘pathological’ pH threshold? 
 
 
 
 
 
 
 
 
 
 
 
 
So is ‘alkalosis’ as/more important than ‘acidosis’?!? 
Future work:  employ an algorithmic approach to identify the most 

 relevant summary statistics, taking into account any
 variation between individuals 

Ultimate aim:  a ‘real-time’ tool for detecting problems on farm 
  

Section for Animal Welfare and Disease Control 

Our approach to rumen pH:  regression 
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Summary 

•  Statistical models can help to get more value out of your data 
•  However, care must be taken to use these (relatively) 

complex statistical methods appropriately… 

•  Epidemiologists and/or statisticians can be very useful people 
to collaborate with, especially on project applications…. 

•  http://iph.ku.dk/english/research/animal-welfare-and-disease-control/ 
•  http://www.gla.ac.uk/boydorr/aboutthecentre/ 
•  https://www.bioss.ac.uk/consult.html 
 

 

Section for Animal Welfare and Disease Control 

http://xkcd.com/605/ 

Questions? 
 

md@sund.ku.dk 


