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Abstract: 

 
Footrot is an infectious disease of sheep, caused by Dichelobacter nodosus, 

that causes ~70% of all lameness in English flocks and has significant 

economic and welfare implications.  Some environmental factors have been 

shown to affect the survival and spread of D. nodosus, including soil 

moisture, and soil composition.  These factors can have effects on bacterial 

survival in the environment and establishment of disease, both individually 

and synergistically.  On top of this, seasonal variations in air temperature and 

rainfall produce seasonal patterns of infection and have been associated with 

changes in footrot prevalence.  However, evaluation of the contribution of 

these climate variables together with lameness management practices has 

not been done at the scale covered in this thesis.  Furthermore, assessing 

the spatial and temporal variability of these patterns within England has not 

been yet undertaken.  This study investigated the spatial distribution of 

annual lameness prevalence, as well as the spatial and temporal distribution 

of the two key phases of footrot – interdigital dermatitis and severe footrot.  

Hierarchal negative binomial and binomial models were then constructed to 

assess the effect of several climate, environment, and lameness 

management variables.  The results confirm that there is spatial clustering in 

disease prevalence and a seasonal pattern seen over time, but there is still 

some variation in which farms exhibit significantly high or low disease 

prevalence year on year.  This study also shows that neither the prevalence 

of interdigital dermatitis and severe footrot, nor their incidence of higher-than-

average prevalence periods, follow the same spatial or temporal patterns, 

and their most effective management practices are not identical.  Overall, the 

results from this study should help farmers and veterinarians start to tailor 

their lameness management practices based on the farm location, time of 

year, and which stage of footrot is currently most prevalent in their flock. 
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Chapter 1:  Introduction to the study and background information 

 

Introduction: 

Footrot (FR) in sheep is an infectious disease endemic in many parts of the 

world.  This chapter will look at current knowledge of FR in the UK and 

abroad, as well as provide details of spatial analysis methods that have not, 

to date, been applied to evaluating FR.  

Background of ovine footrot: 

1.1  Ovine footrot aetiology 

Although its origins cannot be certain, FR in sheep has been recorded as far 

back as 1869 by Youatt, and it has been studied more extensively since the 

identification of the causative agent, Dichelobacter nodosus, by Beveridge in 

1941 (Moore et al., 2005, Claxton et al., 1983, Whittington and Nicholls, 

1995, Wassink et al., 2010, Clifton et al., 2019, Egerton and Parsonson, 

1969).  To date, there are 10 identified serogroups (A-I, M) of  D. nodosus 

(Claxton et al., 1983, Chetwin et al., 1991, Claxton, 1986), though serogroup 

M has not yet been documented in the UK.   

Other bacteria frequently colonise the site of infection, including 

Fusobacterium necrophorum and various Treponeme species (Beveridge, 

1941, Frosth et al., 2015, Roberts and Egerton, 1969, Witcomb et al., 2014, 

Clifton et al., 2019).  The precise role of these additional pathogens is still 

under investigation, but changes in the bacterial populations is correlated to 

the clinical progression of the disease (Atia et al., 2017, Witcomb et al., 

2014). 

Heritability of resistance to developing clinical signs of FR has been 

documented, and recent research points to genetic variations in the integrity 

of the tight join between the hoof horn and the interdigital skin, as well as 

variations in the immune response seen across individuals and between 

breeds (Bulgin et al., 1988, Conington et al., 2008, Escayg et al., 1997, 

EMERY et al., 1984).  At this time, genetic testing for these variations is not 

commonplace in the UK sheep industry.  Because of this, studies have used 
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selecting breeding replacements from those that have not been lame and 

removing those that have been repeatedly lame from the flock as 

comparative variables to capture intentional genetic selection for FR 

resistance (Winter et al., 2015, Kaler and Green, 2009, Prosser et al., 2019, 

Witt and Green, 2018). 

1.2  Ovine footrot clinical presentation  

In the first stage of FR, the disease presents as redness of the interdigital 

skin of the foot with progressive hair loss and production of a smelly exudate.  

This stage is known as interdigital dermatitis (ID); farmers often refer to this 

stage as scald or strip.  During the ID stage, the bacterial load of D. nodosus  

has been shown to increase as the clinical symptoms become more severe 

(Atia et al., 2017).   

As FR progresses, the hoof horn separates from the foot.  A strong-smelling, 

necrotic material forms on the exposed sensitive laminae.  This stage is 

known as severe footrot (SFR).  Once a case of FR has progressed from the 

ID stage to the SFR stage, the bacterial load of  D. nodosus  begins to 

decrease and the bacterial load of F. necrophorum has been found to 

increase (Atia et al., 2017).   

Though both ID and SFR are stages of the same disease with the same 

causative agent (Moore et al., 2005, Roberts and Egerton, 1969, Witcomb et 

al., 2014),they each present with varying degrees of severity (Figures 1a-c).  

It is common to see a variety of clinical presentations both between individual 

sheep in a flock and between feet on an individual sheep (Whittington and 

Nicholls, 1995).  Despite this variability, farmers are still able to identify the 

stages of FR on visual inspection, using the clinical symptoms discussed 

above, with a good degree of accuracy (Kaler and Green, 2008). 
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Figures 1a-c Clinical progression of footrot through interdigital dermatitis and severe footrot stages  

1a Interdigital dermatitis 

 

 

1b Interdigital dermatitis with signs of 

early severe footrot 

 

1c Severe footrot

 

*Photographs courtesy of colleagues in the Green Research Group, University of Warwick 
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1.3  Treatment and prevention methods for ovine footrot 

Effective treatment depends on timely treatment of lame sheep, ideally on 

the same day they are identified lame.  The most effective treatment for SFR 

is both injectable and topical antibiotics when compared to topical treatment 

alone or any combination of antibiotic treatment with foot trimming (Kaler et 

al., 2010). 

There are no 100% effective prevention methods but spread within and 

between flocks can be reduced using several methods. Separation of lame 

sheep during treatment limits spread within groups, use of a licensed 

footbath can be beneficial in tackling outbreaks of ID, and vaccination can 

produce short-term immunity (Winter et al., 2015, Witt and Green, 2018).  

Footvax™ is the only commercially available vaccine in the UK and contains 

9 serogroups of D. nodosus (A-I) based on production of recombinant 

fimbriae DNA (Every and Skerman, 1982, Stewart and Elleman, 1987). The 

presence of recombinant DNA from different D. nodosus serogroups in a 

multivalent vaccine has been show to cause antigenic competition, meaning 

the effective immune response to each individual serogroup could be 

reduced, leading to an overall reduction in vaccine efficacy compared to a 

monovalent vaccine (Schwartzkoff et al., 1993).  Howeverthe economic 

viability of mono- and bivalent vaccines at a commercial scale is not yet 

known. 

1.4  Global prevalence of ovine footrot 

Footrot is reported in nearly every country where sheep are kept.  In the UK, 

SFR accounts for ~70% of all lameness in affected flocks (Winter et al., 

2015).  However, the reported prevalence of FR and D. nodosus varies by 

country.  In a study of 45 samples from ewes with clinical signs of FR in the 

sheep rearing Alto Alentejo region of Portugal, 64.5% of the footswab 

samples were culture positive for D. nodosus (Jimenez et al., 2003).  Culture 

of 216 footswab samples from sheep with clinical signs of FR across Spain 

found D. nodosus in 77.7% of samples (Hurtado et al., 1998).   

Culturing D. nodosus can be difficult given its preference for anaerobic 

environments, so reporting prevalence of FR based on clinical symptoms 
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through farm inspections and surveys are more common methods.  A study 

of 28 Swiss flocks found a wide range (6.30-79.60%) of prevalence of FR 

with a mean of 38.9%, though the flock sizes were quite small with 6-101 

ewes (Greber et al., 2016).  In a survey of New Zealand sheep farmers, 59% 

reported FR was present in their flocks with an average within flock 

prevalence of 4.50-7.70% depending on sheep age and gender (Hickford et 

al., 2005).  Each Australian state has different reported prevalence of FR, 

from 0.20-25%, though in areas where FR is not notifiable, the prevalence is 

often unknown (Buller and Eamens, 2014).  India has a wide variety of 

climates in which sheep are kept, including the tropical Southern states 

Andhra Pradesh and Tamil Nadu that found 15% FR prevalence across 73 

reported outbreaks (Sreenivasulu et al., 2013) and the mountainous northern 

region of Jammu and Kashmir where 3677 of 22698 (16.19%) sheep across 

16 districts had clinical signs of FR (Wani et al., 2019). 

1.5  Ovine footrot epidemiology  

Sources of infection within a flock and between flocks have been studied and 

shown several potential contributing factors to the spread and maintenance 

of FR.  Beveridge (1941) attributed outbreaks of SFR within groups of sheep 

to seasons of lush pasture growth and suggested that damage to the 

interdigital skin from the pasture itself may have been an inciting injury.  

Later studies support this, as Graham and Egerton (1968) observed little to 

no transmission within flocks during the dry season with no pasture growth, 

and Woolaston (1993) reported that ewes that lambed in well-drained fields 

with long, mature grass had a significantly higher risk of developing SFR.  In 

England, Clifton et al. (2019) found that D. nodosus in pasture soil samples 

disappeared during extended periods with little to no rainfall. 

It was believed that direct contact between infected and naïve sheep was 

also required for transmission of D. nodosus (Beveridge, 1941).  However, D. 

nodosus has been identified from swabs taken from the interdigital skin of 

clinically healthy sheep feet, suggesting carriage of the bacteria for a period 

of time with potential for ongoing contamination of the environment (Clifton et 

al., 2019, Witcomb et al., 2014). Additionally, indirect transmission from a 
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small number of clinically affected animals to a flock with no signs of SFR 

was reported via holding areas with damp soil and faecal material underfoot 

after being in the contaminated environment for only 1 hour (Whittington, 

1995).  D. nodosus also may transfer to lambs within 5 hours of birth, but the 

lambs carried different serogroups to their dams, suggesting indirect 

transmission from a communal pool, such as the group lambing shed 

bedding, rather than directly from dam to offspring (Muzafar et al., 2015).  

Smith et al. (2014) found the risk of developing SFR was highest in April 

when the flock was housed for lambing; a finding supported by a clinical trial 

of 44 English flocks (Witt and Green, 2018).  Therefore, evaluating the 

environmental conditions that favour survival and spread of D. nodosus off of 

its host are crucial to understanding the epidemiology of FR. 

There have been studies that incorporate the effect of rainfall on FR, but the 

majority are from outside the UK. Field trials in Australia found few to no 

clinical cases of FR in flocks when monthly rainfall was consistently below 

50mm (Graham and Egerton, 1968, Whittington, 1995, Woolaston, 1993).  

Flocks based on 5 different sites with variable climates, soil and pasture 

conditions also observed variations in timing and severity of FR outbreaks 

(Depiazzi et al., 1998).  In this study, fewer severe FR outbreaks were seen 

during prolonged periods of low rainfall, when pasture was overgrazed, and 

on sandy, well-draining soils. Data on reported outbreaks of FR from 

southern India support these field trials, with the majority of cases of FR seen 

during the rainy monsoon season (Sreenivasulu et al., 2013).  Within the UK, 

occurrence of SFR in a flock was positively associated with the 2-week 

rolling total rainfall (Smith et al., 2014).   

Field and laboratory studies evaluating the effect of temperature on D. 

nodosus survival have also been conducted.  A Swedish study found an 

optimal temperature of 5°C for survival of D. nodosus in soil, particularly with 

addition of powdered hoof horn (Cederlof et al., 2013).  A UK study identified 

soil where clay was the dominant component held at consistent moisture 

levels at 5°C to be ideal, producing metabolically active D. nodosus  for over 

30 days (Muzafar et al., 2016).  In the field, Graham and Egerton (1968) 

reported poor FR transmission below 10°C, though they admitted that such 
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temperatures were uncommon in the regions they observed.  Such 

temperatures are also uncommon in southern India, as the winter monsoon 

average temperatures are above 15°C.  In the UK, clinical signs of SFR were 

negatively associated with the 2-week rolling mean minimum temperature 

(Smith et al., 2014).   

Background of applied spatial analysis methodologies: 

Spatial analysis aims to explain variations in outcomes based on geographic 

locations and attributes using geographic information systems (GIS) and 

statistical software packages.  It has become a common tool in 

understanding and assessing the spread of infectious disease (Caprarelli 

and Fletcher, 2014).  

1.6 Analysis of continuous or count outcome data 

1.6.1 Global Moran’s I 

Establishing the presence of spatial clustering of a non-binary outcome 

variable is commonly done by calculating spatial autocorrelation using the 

Global Moran’s I (GMI) statistic (Moran, 1950), as shown below:  

 

In this equation, N is the number of points and points are summed by indices 

i and j respectively. The variable of interest is x, with individual values for 

each point (xi or xj), and a dataset mean ( ). The spatial weight assigned to a 

given pair of points being tested for spatial autocorrelation is wij, which is 

based on whether or not the two points being compared are neighbours.  

Classification of neighbours is typically done either as all points within a set 

distance of the point at i,j or as a set number of nearest locations to the point 

at i,j.  In the standard calculation, points that are to be considered neighbours 

have wij = 1 and those that are not neighbours have wij = 0.  However, in 

situations where the interaction between a point and its neighbours is not 

expected to be uniform (e.g. a farmer with only one neighbour is likely to 

have more extensive interaction with them than a farmer would have with 10 

neighbours), row standardisation can be applied.  In this method, each 
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neighbour is given a proportional weight, so if a point has 10 neighbours, 

each neighbour will have wij = 0.10 and the sum will be 1. The sum of every 

wij  across all comparisons in the dataset is W.     

The GMI can range from -1 to 1, with positive values indicating positive 

spatial autocorrelation, or clustering, of the outcome variable.  Negative 

values indicate negative spatial autocorrelation, known as dispersion, where 

the outcome variable is spread out in a non-random pattern.  Because the 

GMI, sums the analyses carried out at point level compared to the dataset 

mean, it does not give any information about variations in the outcome 

variable at a given point compared to its neighbours, or whether they, as a 

group (point and neighbours), are higher or lower than the dataset mean. 

1.6.2 Local Moran’s I 

The Local Moran’s I (LMI) statistic (Anselin, 1995) was designed to address 

comparisons at the neighbour level not evaluated by the GMI.  Calculating an 

LMI statistic tests how similar a point is to its neighbours and how similar 

they, as a group, are to the dataset. It does so by calculating the spatial 

autocorrelation statistic for each point using a deconstructed variation of the 

GMI equation shown below: 

 

In this equation, the outcome LMI statistic (Ii) varies at each point (i) by 

taking the sum of the weighted variation from the dataset mean ( ) of each 

neighbour ( ) and multiplying it by the variation at i 

( ). Weighting based on date or time can also be 

incorporated, allowing analysis across different temporal scales.   

The LMI statistic has a similar outcome range to the GMI (-1 to 1), but the 

interpretation is applied to the point (i).  For example, a positive LMI statistic 

indicates that i is at the center of a significant cluster with its neighbours (j) 

and a negative LMI statistic indicates that i is a significant outlier compared 

to j.  Based on the value of the outcome variable at i (xi) and its j neighbours 

(xj), interpretation of significant LMI statistic values can yield four possible 
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outcomes: high-high clusters, low-low clusters, high-low outliers, and low-

high outliers.  A high-high or low-low cluster indicates that the mean of the 

neighbours is significantly higher or lower than the dataset mean and the 

point value is similar to the mean of its neighbours.  Outliers indicate a 

significant difference between a point and its neighbours, such as a high 

point value surrounded by neighbours with a mean significantly lower than 

that of the dataset (high-low outlier) or a low point value whose neighbours 

have a significantly high mean (low-high outlier).  When applied to a 

hypothetical disease setting, a high-high cluster could indicate the center of a 

cluster with high levels of disease and a low-low cluster the center of a 

cluster with low levels of disease.  For outliers, a high-low outlier could be a 

farm with high levels of disease surrounded by vaccinated neighbours, and a 

low-high outlier a vaccinated farm in the middle of an area with high levels of 

disease. 

1.6.3 Getis-Ord Gi* hotspot analysis 

To identify areas of significantly high or low incidence of an outcome, the 

Getis-Ord Gi* statistic (Getis and Ord, 1993) can be calculated.  Unlike the 

LMI, the Geti-Ord Gi* includes the point value in the calculation so it is 

unable to identify outliers.  However, as it avoids use of the cross-product 

method of the LMI and does not directly compare the point values with the 

dataset mean, the Getis-Ord Gi* is a useful analysis for assessing local 

patterns of incidence data.  The equations used to calculate the Getis-Ord 

Gi* are as follows: 
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In this equation xj is the value for point j and wij is the spatial weight between 

points i and j, and N is the total number of points.  The Getis Ord Gi* can be 

applied to polygons by using the sum of the incidence within the area as xj, 

and has been used to assess trends in crime hotspots.  The outcome is 

presented as a z-score with positive scores indicating a hot spot (area of 

high incidence) while negative scores indicating a cold spot (area of low 

incidence).  Confidence interval cut-offs are used to further evaluate the z-

score results, with 90%, 95% and 99% associated with z-scores of < -1.65 or 

> +1.65, < -1.96 or > +1.96, and < -2.58 or > +2.58 respectively. 

1.7 Point pattern analysis with Ripley’s K- and L-functions 

The Ripley’s K-function is a distance-based point pattern analysis used to 

assess the number of points within an area of a given radius compared to the 

expected number of points in the same area under random distribution 

(Ripley, 1976).  Unlike the Moran’s I, which assesses variations in an 

outcome variable across each point and its neighbours compared to the 

dataset mean, the Ripley’s K aims to identify how close points are to each 

other within a given area and determine if this is significantly different from 

an expected random distribution.  This allows the evaluation of spatial 

autocorrelation of the points themselves rather than the outcome variable, 

and is useful when assessing presence-only data such as locations reporting 

disease outbreaks.  The assessment is performed over multiple areas of 

different radii to evaluate variation in clustering at different spatial scales.  

This is done using the following equation: 

 

In this equation r  is the radius, A  is the total area, n is the number of points 

within the area, and wij(r)  is the weight factor where wij = 1 when the distance 

between points i and j is less than or equal to r.  If the distance between i and 

j is greater than r, wij = 0.  If K(r) ≈ πr2 the points within A are randomly 

distributed, while K(r) > πr2 indicates clustering and K(r) < πr2 indicates 

dispersion.  In discussions of Ripley’s published work in 1977, Besag 

proposed a transformation  to stabilizes the variance to an approximate 
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constant within r (Ripley, 1977).  Known as the L-function, it uses the 

equation below: 

 

The L-function is frequently used for data analysis over the K-function for this 

reason as it reduces bias based on the location of points within A (Lantos et 

al., 2015, Gougherty and Nutter, 2012, Ruiz-Moreno et al., 2010).  Issues 

can arise when evaluating points near the edge of the study area, particularly 

when part of A fall outside the study area and, if not accounted for, this leads 

to an underestimation of L(r).  A simulation boundary correction, which 

creates a mirror of the farthest neighbours from the centre point in regions of 

A that fall outside of the study area, is available within ArcGIS to adjust for 

this.   

Aims of the study: 

This study proposes to utilise the spatial analysis techniques detailed above 

to evaluate spatial variations in FR distribution in England, which has not 

been done before.  It will also use established mixed modelling methods to 

further assess the impact of lameness management practices, soil 

components, and climate variables on annual lameness and monthly FR 

prevalence reported over time by English farmers in 2 retrospective 

questionnaires.  
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Chapter 2: Assessment of spatial, environmental, and management 

factors affecting annual lameness prevalence in English sheep flocks 

 

Introduction: 

Lameness is a widespread problem in UK sheep flocks, with an estimated 

geometric mean annual lameness prevalence of 3.5-4.1%. Lameness costs 

the UK sheep industry approximately £80 million per year (Wassink et al., 

2010).  Among these lame sheep, as many as 90% are estimated to be 

suffering with a footrot (FR) (Winter et al., 2015). Contagious ovine digital 

dermatitis (CODD), an emerging disease present in up to 60% of English 

flocks, can cause approximately 30% of lameness in affected flocks and was 

associated with an increase in lameness prevalence of ~1% (Dickins et al., 

2016).  Non-infectious forms of lameness, such as shelly hoof, granulomas, 

and abscesses, are responsible for <1% of all lameness cases in the English 

sheep population (Winter et al., 2015). Surveys have investigated 

management factors that affect lameness prevalence across many sheep 

flocks and incorporate all causes of lameness, but they have not evaluated 

any spatial, environmental, or climatic variables (Winter et al., 2015, Dickins 

et al., 2016, Prosser et al., 2019, Angell et al., 2014).  Conversely, some 

research has been carried out in England evaluating environmental 

conditions favourable to the survival of Dichelobacter nodosus, the causative 

agent of FR (Muzafar et al., 2016, Clifton et al., 2019), and evaluating the 

impact of local climate on FR at individual farms (Angell et al., 2018, Smith et 

al., 2014), but these have not been extended to a national study and they do 

not investigate other causes of lameness in sheep. This chapter evaluates 

spatial variation in annual reported lameness prevalence across England, 

and assesses the impact of multiple causes of lameness, static 

environmental factors, and management practices. 
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2.1  Data selection and merging 

2.1.1 Farm questionnaire data selection 

Questionnaires related to management of lameness in sheep were sent to 

4000 farmers in England selected by AHDB from members enrolled in their 

Better Returns program (Appendix III).   Validation of the questionnaire 

included collaborative question design with researchers experienced in 

survey design and lameness in sheep, pilot testing of the questionnaire on 

20 farmers, double entry of the data by an external company, and data 

cleaning by the researchers using Python (Winter et al., 2015, O'Kane et al., 

2017).  Usable questionnaires were returned by 1260 (31.50%) farmers for 

the 2012-2013 production year (Winter et al, 2015).  A second questionnaire 

was sent to these 1260 respondents for the 2013-2014 production year, of 

which 859 (68.17%) were returned (Grant et al, 2018). Data on annual and 

monthly prevalence of lameness in the flock was provided by 802 farmers 

over both production years, giving a useable data return from 859 responses 

of 93.36%.  Fifty-nine questions related to lameness management practices 

that were present in both questionnaires were selected for analysis.  Data 

from both production years were merged into a single spreadsheet for 

analysis and input into software programs, yielding 1604 data points (DP).  

2.1.2 Geocoding selected farms and generation of farm areas 

I used postcodes for each of the 802 farms to geocode the farm locations 

using an open source online tool (Bell, 2000).  This yielded both their 

geographic coordinates (latitude, longitude) and their British OS coordinates 

(easting, northing) to provide the greatest flexibility in accurately mapping the 

points over data from UK and international sources. All data from the 

geocoding tool was merged with the farm questionnaire data spreadsheet.   

The distribution of sheep flocks in England is not homogeneous, but the 

distribution of the farms selected for this analysis closely followed that of the 

national distribution reported by DEFRA (Figure 2.1).  

Given the intended use of 5km x 5km raster data sets from the Met Office 

(Perry and Hollis, 2005) for later analysis, it was decided that the acceptable 
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maximum distance between the geocoded location and the actual farm site 

should be ≤2.5km.  Accuracy of the geocoding was tested for 44 farms that 

had been visited (Witt & Green, 2018), and all geocoded postcodes were 

within 2.5km of the actual farm site.  Based on this, polygons of a 2.5km 

radius were drawn around each farm data point and saved as a single 

shapefile containing 1604 farm area (FA) polygons.  

Figure 2.1  Cropped map of UK sheep holding density and geocoded 

locations of 802 English sheep flocks 

 

2.2 Spatial analysis of the dataset 

2.2.1 Construction of temporal and spatial weights matrix 

To allow assessment of spatial autocorrelation of reported lameness 

prevalence across multiple time points, a temporal and spatial weights matrix 

relating each DP to its neighbours was constructed.  Distance bands 

between the 802 geocoded farms were calculated to establish the distance 
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threshold for determining spatial neighbours.  Every farm must have at least 

1 neighbour, and ideally, the majority of farms should have at least 8 

neighbours.  The mean distance from a given farm to its farthest of 8 

neighbours was 19,027 meters and the maximum distance was 60,661 

meters.  The mean distance left 19 farms without any neighbours, however 

the maximum distance felt excessive as farms on the Isle of Wight would 

have up to 12 mainland neighbour farms.  The maximum distance necessary 

to ensure every farm had at least 1 neighbour was 34,484 meters.  For 

simplicity, this was rounded up to 35,000 meters.  This yielded the required 

minimum of 1 neighbour for every farm, 792 farms (98.80%) had ≥ 8 

neighbours, and only 1 mainland neighbour was present for the farms on the 

Isle of Wight.  Given that the area is a set distance, there was no way to 

manually disconnect the single mainland neighbour from those farms on the 

Isle of Wight, but its presence did not impact the spatial analysis results.   

The temporal band was set at 1 year to distinguish neighbours in the first 

questionnaire (2013) from the second questionnaire (2014).  Row 

standardisation, as discussed in Section 1.6.1, was used in the construction 

of this matrix. 

2.2.2 Global Moran’s I  

Given the visible clustering of the farms in Figure 1, assessment for spatial 

autocorrelation of reported lameness prevalence was undertaken. To 

establish if the reported lameness prevalence for each DP was clustered 

within the study area, a Global Moran’s I (GMI) spatial autocorrelation 

analysis was performed, the details of which can be found in Section 1.6.1. 

The prevalence data was heavily skewed to the left, so the geometric mean 

(GM) and 95% confidence interval (CI) was calculated.  The GM annual 

lameness prevalence for this dataset was 3.31% (95% CI=3.15-3.47%) with 

a higher mean lameness prevalence reported in 2013 (3.62%, 95% CI = 

3.41-3.85%) compared to 2014 (3.01%, 95% CI = 2.81-3.24%).  The GMI for 

this dataset was 0.03 with a z-score of 5.96, highlighting that spatial 

autocorrelation is present in the reported lameness prevalence of this 

dataset. 
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2.2.3 Local Moran’s I  

To further evaluate the distribution of clusters and outliers of lameness 

prevalence within the study area, a Local Moran’s I (LMI) spatial 

autocorrelation analysis (Anselin, 1995)  was used to calculate a statistic for 

each DP, the details of which can be found in Section 1.6.2.    

All LMI calculations were carried out in ArcGIS 10.5.1 (ESRI, 2017) over 

9,999 permutations.  Due to the large number of DPs being subjected to 

multiple tests, a false discovery rate correction available within the software 

was applied.  This correction ranks statistically significant p-values from 

smallest to largest then, based on the number of estimated false positive 

results expected for the given data set and confidence interval (95% in this 

analysis), it removes the weakest results (Caldas de Castro and Singer, 

2006).  The LMI results for the 802 DPs from 2013 and 2014 are presented 

below (Figures 2.2a-b; Table 2.1).  More low clusters (22 vs 19) but fewer 

high outliers (4 vs 7) were identified in 2013 than 2014 respectively. The 

regional distribution of low clusters and high outliers is similar in both years. 

There were 2 high clusters each year, but in different locations. The GM 

lameness prevalence for the high clusters and high outliers was higher in 

2014 (8.67% and 9.29% respectively) compared to 2013 (6.31% and 6.61% 

respectively).  By comparison, there is less variation between 2013 and 2014 

in the mean lameness prevalence of the low clusters (1.32% and 1.00% 

respectively) and low outliers ( 2.22% and 2.65% respectively).   

Table 2.1 The mean prevalence and number of data points in each category 

of from Local Moran’s I analysis of annual lameness prevalence in 802 

English sheep flocks in 2013 and 2014 

Result 
2013  2014 

N. GM  N. GM 

Not Significant 768 3.72 (3.50-3.96)  767 3.06 (2.85-3.29) 
High-High Clusters 2 6.13 (0.47-80.28)  2 8.67 (1.40-53.81) 
High-Low Outliers 6 6.31 (4.34-9.18)  7 9.29 (4.76-18.12) 
Low-High Outliers 4 2.22 (1.61-3.07)  7 2.65 (1.93-3.64) 
Low-Low Clusters 22 1.32 (0.97-1.81)  19 1.00 (0.45-2.26) 

N.=number of farms, GM=geometric mean 
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Figure 2.2a-b Local Moran’s I result for spatial autocorrelation of the reported 

annual lameness prevalence of 802 English sheep farms in 2013 and 2014 

a) 2013 
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b) 2014 
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2.3  Multilevel multivariable analysis of the associations between static 

environmental factors, lameness management practices, and annual 

lameness prevalence 

2.3.1 Selection of static environmental factor data within farm areas 

Mean, maximum and minimum altitude recorded within each FA was 

calculated in ArcGIS from a 1:250 resolution world elevation map provided 

by ESRI through the ArcGIS online database (2014). 

Details of soil types represented within each FA were provided by the 

National Soil Resource Institute at Cranfield University (Institute, 2001).  

From this, the mean, maximum and minimum proportional representation of 

numerous soil characteristics were calculated, including sand, fine grain 

sand, medium grain sand, coarse grain sand, clay, silt, and peat.  The mean, 

maximum and minimum values of recorded pH and organic content within 

each FA were also calculated. 

Agricultural land classification (ALC) is a metric created in 1988 by the 

Ministry of Agriculture, Fisheries and Food within DEFRA to be used in 

planning procedures in England and Wales to grade the quality of agricultural 

land on a scale of 1-5 (1=Excellent, 5=Very Poor) (1988).  The ALC accounts 

for the static features discussed above, as well as certain climate patterns, 

but these are assessed in terms of suitability and versatility for crop 

production rather than microbe survival.  Therefore, the ALC was included in 

the analysis to evaluate if a relationship exists between land suitability for 

crop production and microbe survival.  Data on the proportional 

representation of each ALC within each FA was calculated in ArcGIS from a 

1:250,000 digital map provided by Natural England through the ArcGIS 

online database (2019). 

2.3.2  Selection of lameness management practices 

All results from the 59 questions were tested as individually in a univariable 

analysis.  Based on the univariable analysis, those multiple-choice questions 

that had a statistically significant result for 1 or more categories were 

recategorized to create a binomial response of whether or not the significant 
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practice/s was undertaken.  These recategorized variables were tested again 

in a univariable analysis before being taken forward into multivariable testing. 

2.3.3  Multilevel multivariable analysis 

Regression analysis was carried out in MLWiN version 3.02 (Rasbash et al., 

2018) using a negative binomial model (NB).  The model was fitted using an 

iterative generalised least squares (IGLS) method with penalised quasi-

likelihood (PQL) estimation and 1st order linearisation.  Model variable 

coefficients and standard errors were used to calculate 95% confidence 

intervals which, along with the coefficient, were exponentiated to produce 

relative risk (RR) results.   

The model was built in a forward stepwise fashion using variables that were 

statistically significant based on their RR 95% confidence interval results, 

starting with the largest RR outcome and working through to the smallest 

(Appendix I).  Once all significant univariable results had been ruled in or out 

of the model, every ruled-out variable from the initial univariable analysis, 

regardless of the statistical significance of their original univariable result, 

was run through a univariable analysis again to evaluate the stability of the 

RR results of ruled-in variables. The NB model equation took the form:   

 

The OFFSET is the log of the expected number of lame sheep in a flock(j) in 

a given year (i).  For a given flock in a given year, the expected number of 

lame sheep was calculated from the mean prevalence of lameness across all 

flocks for that year and multiplied by the given flock’s size.  In addition, β0 is 

the intercept, βxij is a series of vectors of fixed effects that vary at i and j, uj is 

the residual variance between flocks, and πij is the residual variance 

between years. Eleven questionnaires did not have a flock size to use for 

calculating numbers of lame sheep, so they were removed from this analysis, 

leaving 1593 useable DPs.  The mean flock size for 2013, 2014, and the full 

data set was 456.93, 453.39,and 455.17  respectively and the mean number 

of lame sheep per farm was 22.11, 20.72 and 21.42 respectively. 
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Variables within the final NB model and their associated RR are presented in 

Table 2.2.  Significant static environmental factors include the DP longitude, 

maximum percent coarse sand in soil in the FA as a 4th order polynomial, 

mean percent clay content in soil in the FA as a 2nd order polynomial, and 

mean soil organic content in soil in the FA as a 4th order polynomial.  

Management practices with significantly increased RR results include not 

recognising sheep at lameness score 1, waiting for more than 1 sheep to be 

lame before gathering the group for treatment, footbathing ewes, routinely 

foot trimming the flock, trimming 25% or more of the flock during a routine 

foot trim, increasing percent of sheep that bled at a routine foot trim, and 

increasing prevalence of lame lambs in the flock.  Management practices 

with significantly reduced RR results include not reporting FR or CODD in the 

flock, catching lame sheep the same day they are identified, maintaining a 

stocking density of 8 ewes per acre or less, and culling ewes after being 

lame once.   

Static continuous variables across multiple time points were tested as 

polynomials at ^1, ^2, ^3, and ^4 during the model fitting to assess if they 

exhibited underlying patterns across the 2-year time period. 
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Table 2.2 Geometric mean prevalence, number of responses, relative risk and 95% confidence intervals for variables in the 

multilevel multivariable negative binomial model associated with the annual lameness prevalence in 802 English flocks across 2 

retrospective questionnaires 

Variable N.  
GM  

(95% CI) 
Variable Median (IQR) RR (95%CI)  

Maximum % coarse sand in soil ^1 802  4.00 (4.00 : 9.00) 1.32 (1.06-1.64) 
Maximum % coarse sand in soil ^2 802  - 0.96 (0.93-0.99) 
Maximum % coarse sand in soil ^3 802  - 1.00 (1.00-1.00) 
Maximum % coarse sand in soil ^4 802  - 1.00 (1.00-1.00) 
Mean % organic content in soil ^1 802  8.02 (4.65 : 8.02) 0.83 (0.69-0.99) 
Mean % organic content in soil ^2 802  - 1.03 (1.01-1.05) 
Mean % organic content in soil ^3 802  - 1.00 (1.00-1.00) 
Mean % organic content in soil ^4 802  - 1.00 (1.00-1.00) 
Mean % clay in soil ^1 802  29.15 (26.00 : 29.15) 1.03 (1.01-1.06) 
Mean % clay in soil ^2 802  - 1.00 (1.00-1.00) 

Longitude 802  
-1.86535  

(-2.80473 : -1.00445) 
0.95 (0.92-0.99) 

% of sheep whose feet bled when trimmed 1021 3.46 (3.31-3.60) 2.00 (1.00: 5.00) 1.02 (1.01-1.02) 
Mean lameness prevalence in lambs 1559 3.41 (3.26-3.56) 3.00 (2.00 : 5.00) 1.06 (1.06-1.07) 
Able to identify lame sheep from a 
locomotion score of 1: 

   
 

     Yes 832 3.11 (2.93-3.31)  - (-) 
     No 745 3.75 (3.53-3.98)  1.14 (1.07-1.21) 
     Did not answer 16 4.15 (2.87-6.02)  1.09 (0.77-1.55) 
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Number of lame sheep needed to gather the 
group: 
     1 433 3.12 (2.88-3.38)  - (-) 
     2+ 1134 3.48 (3.31-3.67)  1.20 (1.09-1.32) 
     Did not answer 26 5.52 (4.09-7.46)  1.22 (0.94-1.60) 
Lame sheep were treated on the day they 
are identified 

   
 

     No 1350 3.41 (3.27-3.56)  - (-) 
     Yes 213 2.42 (2.15-2.72)  0.80 (0.69-0.92) 
     Did not answer 30 3.19 (1.95-5.20)  0.92 (0.69-1.22) 
SFR is present on the farm:     
     Yes 1290 3.57 (3.41-3.74)  - (-) 
     No 225 2.53 (2.23-2.87)  0.86 (0.78-0.95) 
     Do not know 23 4.06 (2.87-5.74)  0.87 (0.65-1.16) 
     Did not answer 55 3.54 (2.76-4.53)  0.96 (0.78-1.17) 
CODD is present on the farm:     
     Yes 799 4.06 (3.83-4.30)  - (-) 
     No 680 2.75 (2.57-2.94)  0.79 (0.74-0.85) 
     Do not know 29 3.31 (2.35-4.67)  0.78 (0.60-1.01) 
     Did not answer 85 3.64 (3.05-4.35)  0.96 (0.81-1.14) 
Routinely foot trim the flock:     
     Never 725 3.07 (2.88-3.27)  - (-) 
     1+ times a year 841 3.72 (3.52-3.95)  1.22 (1.07-1.39) 
     Did not answer 27 3.45 (2.09-5.71)  1.06 (0.83-1.35) 
% of flock trimmed during routine foot trim:     
     <25% 990 3.19 (3.04-3.35)  - (-) 
     ≥25% 603 3.86 (3.60-4.13)  1.14 (1.06-1.22) 
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Culled sheep after being lame once: 
     No 1552 3.47 (3.23-3.62)  - (-) 
     Yes 41 1.75 (1.13-2.72)  0.74 (0.61-0.91) 
Flock stocking density:     
     >8 ewes per acre 72 3.62 (2.75-4.75)  - (-) 
    ≤8 ewes per acre 1480 3.40 (3.26-3.55)  0.84 (0.72-0.97) 
     Did not answer 41 3.27 (2.45-4.37)  0.89 (0.71-1.13) 
Footbathed ewes at any point:     
     No 658 2.86 (2.67-3.07)  - (-) 
     Yes 935 3.85 (3.65-4.06)  1.17 (1.10-1.26) 
N.=number of responses, IQR=interquartile range, GM=geometric mean; Flock variance=0.15, standard deviation=0.02; Year variance=0.16, standard 

deviation=0.01 
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2.4  Analysis of spatial variation in performance of lameness management 

practices using the Getis-Ord Gi* statistic 

In this study, the Getis-Ord Gi* statistic (Getis and Ord, 1993) was calculated 

for 8 regions (North West, North East, Yorkshire and the Humber, West 

Midlands, East Midlands, South West and South East) with at least 1 DP to 

evaluate spatial variations in use of management practices identified as 

significant in the multilevel multivariable model, the details of which can be 

found in Section 1.7.2.  Outcomes for the Getis-Ord Gi* statistic are reported 

based on the increased or decreased likelihood of a management practice 

being performed (hotspot or coldspot respectively) and the confidence 

interval the outcome falls into (90%, 95% or 99%).   

2.4.1  Regional Getis-Ord Gi*analysis results 

Details of regional distribution of farms, GM annual lameness prevalence and 

mean flock size are shown in Table 2.3 and outcomes of the Getis-Ord Gi* 

hotspot analysis are outlined in Table 2.4.  The North East region was a 

hotspot with a higher percent of sheep that bled during a routine foot trim and 

farmers more likely to be footbathing ewes.  The North West region was a 

coldspot with fewer farmers culling sheep after being lame once.  The East 

Midlands is a hotspot with more farmers not reporting FR present in the flock, 

as is the East of England.  The East of England region is also a hotspot with 

more farmers gathering sheep if only 1 animal in the group is lame, not 

reporting CODD present in the flock, and culling sheep after being lame 

once, but is a coldspot with a lower percent of sheep that bled during a 

routine foot trim.  The West Midlands region is a hotspot with more farmers  

never routinely foot trimming.  The South East is a coldspot with a lower 

percent of sheep that bled during a routine foot trim and footbathing ewes.  

Neither the South West region nor the Yorkshire and the Humber Region 

returned any significant results. 
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Table 2.3 Number of farms, geometric mean annual lameness prevalence, 

and mean flock size attributed to each of the 8 regions represented by 802 

English sheep flocks in 2 retrospective questionnaires 

Region N. 
GM 

(95% CI) 
Flock size 

North East 31 3.53 (2.81-4.44) 473.74 

North West 55 3.26 (2.78-3.82) 397.78 

Yorkshire and the Humber 82 3.61 (3.14-4.16) 403.35 

East Midlands 100 3.12 (2.78-3.52) 481.18 

West Midlands 157 3.67 (3.34-4.03) 388.81 

East of England 33 2.71 (2.06-3.56) 585.67 

South East 121 2.81 (2.53-3.13) 552.37 

South West 223 3.80 (3.51-4.12) 447.43 
*N.=number of farms, GM=geometric mean, Flock=mean flock size 
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Table 2.4 Getis-Ord Gi* hotspot analysis results for farms undertaking lameness management practices in each of 8 regions in 

England from 2 retrospective questionnaires 

FR=footrot, CODD=contagious ovine digital dermatitis 

Variable 
 

North 
East 

North 
West 

Yorkshire 
and the 
Humber 

East 
Midlands 

West 
Midlands 

East of 
England 

South 
East 

South 
West 

Able to recognise lame sheep 
at locomotion score 1 

 
- - - - - - - - 

Gathered sheep if only 1 in the 
group was lame 

 
- - - - - 

95% 
Hotspot 

- - 

Treat lame sheep the same 
day they were identified 

 
- - - - - - - - 

FR is not present in the flock   
- - - 

90% 
Hotspot 

- 
90% 

Hotspot 
- - 

CODD is not present in the 
flock 

 
- - - - - 

95% 
Hotspot 

- - 

Never routinely foot trimmed 
the flock  

 
- - - - 

90% 
Hotspot 

- - - 

Trimmed less than 25% of the 
flock during a routine foot trim 

 
- - - - - - - - 

Percent of sheep that bled 
during a routine foot trim 

 90% 
Hotspot 

- - - - 
95% 

Coldspot 
90% 

Coldspot 
- 

Footbathed ewes at any point 
during the year 

 95% 
Hotspot 

- - - - - 
95% 

Coldspot 
- 

Culled sheep after being lame 
once 

 
- 

90% 
Coldspot 

- - - 
90% 

Hotspot 
- - 

Kept ewes at a stocking rate of 
8 ewes per acre or less 

 
- - - - - - - - 
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Discussion: 

This is the first study to use spatial statistical methods to assess the 

distribution of lame sheep in England.  The LMI results showed both low and 

high clusters and outliers in flock prevalence of lameness in each study year, 

though they account for less than 5% of all farms in the study.  The potential 

impact of clusters and outliers on mean lameness prevalence is intriguing.  

There was a distinct increase in lameness prevalence in high clusters and 

outliers in 2014 compared to the low clusters.  This created an approximately 

5-fold and 7-fold difference in the average prevalence of lameness between 

high clusters and high outliers, respectively.  This is interesting when viewed 

with the mean prevalence for 2014, which is lower than the average for 2013.  

This suggests that this small number of outliers and clusters reporting higher 

than average lameness prevalence are not creating an increase in the 

population mean prevalence.   

Another interesting outcome from the LMI analysis was the regional 

distribution of the clusters.  Although the results were not static, several low 

clusters were identified in both years in the East Midlands and South East, 

but no high clusters were identified in either location in 2013 or 2014.  It 

would appear from this that those farms contributing to the low clusters are 

more consistent in maintaining their low lameness prevalence.  These areas 

showed some significant protective traits in the hotspot analysis, including 

farms reporting no signs of FR, lower levels of bleeding when foot trimming, 

and fewer farms using a footbath.  Other factors not accounted for in this 

analysis could be site-specifc factors, such as the high chalk content of the 

Wiltshire downs, or lower rainfall.  Conversely, the occurrence of high 

prevalence farms contributing to high clusters and outliers is more variable.  

One likely explanation for this would be outbreaks of CODD, as the initial 

outbreak can increase lameness prevalence by 30% or higher, but after it 

settles into an endemic state lameness prevalence remains elevated by only 

~1%. 

This is also the first study to look at quantitative data on static environmental 

factors and their association with annual lameness prevalence on English 
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farms.  Previous UK studies have assessed the impact of soil type on 

survival of D. nodosus in the lab (Muzafar et al., 2016) and qualitative 

assessment of pasture conditions associated with FR (Angell et al., 2018).  

These results expand on those, giving greater insight into the role of organic 

matter, coarse sand and clay composition in the soil.  These factors influence 

soil moisture, including the total soil water storage capacity (TSWS), which is 

the maximum volume of water the soil can hold before flooding, and the field 

capacity (FC), which is the volume of water in soil after free draining has 

stopped.  Peaty soil has the highest volumetric soil moisture content (FC=65-

75%, TSWS=70-85%), followed by clay (FC=45-55%, TSWS=40-60%), 

silt/loam (FC=35-45%, TSWS=35-50%), and finally sandy soils (FC=15-25%, 

TSWS=30-40%) (2010).  As soil moisture increases, the available free space 

for oxygen decreases leading to an increasingly anaerobic environment.  As 

D. nodosus is an anaerobic organism, heavy clay soils with increased 

organic content may provide a persistent environment well suited for its 

survival off host as observed in the laboratory studies.  However, the 

increased TSWS of clay soils means they are less likely to flood and lead to 

standing water conditions under foot for the sheep.  By contrast, soil with a 

high coarse sand content would flood more readily but drain quickly.  Sandy 

soils can also more abrasive under foot, which may lead to increased 

superficial damage to the interdigital skin, which is believed to be essential 

for the establishment of FR.  This study, however, did not consider the 

climatic factors that influence soil moisture over shorter time periods (day, 

week, month, or season), such as rainfall and temperature.  Given the vast 

variability of these factors over these time periods, it was not considered 

suitable to assess their impact on annual lameness prevalence as the 

majority of this variability would be lost, though they are likely contributing to 

the complex polynomial pattern seen in the soil variables in this model. 

Spatial variation in the use of the management practices associated with 

lameness is reported for the first time in this study.  The three regions with 

>5% mean lameness prevalence had very few significant results, with only 

North East identified as a hotspot for two management practices positively 

associated with an increase in the number of lame sheep (footbathing ewes 
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and an increasing percent of sheep that bled during a routine foot trim).  East 

of England had the most significant results, including 4 hotspots for 

management practices associated with a lower number of lame sheep and 1 

coldspot associated with a higher number of lame sheep.  This highlights that 

more farms in this region are carrying out the successful lameness 

management practices and avoiding those likely to increase their lameness 

prevalence.   
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Chapter 3: Assessment of different modelling methods to evaluate the 

impact of spatial, environmental, and management factors affecting 

monthly ovine footrot prevalence in English sheep flocks  

 

Introduction: 

Making use of previously collected questionnaire responses is incredibly 

useful, particularly if there is a large amount of data available across a broad 

spatial and/or temporal field.  However, working with anonymous 

questionnaire data presents several challenges, including variations in 

participant understanding of the subject, inconsistent interpretations of 

individual questions or wording, and the inability to go back to participants for 

further information or clarification.  Data that has been collected by another 

researcher at a previous time has many of these same limitations, as well as 

potential issues with database formatting, access, and working with 

responses that are already formatted as categorical or continuous variables.    

In the dataset for this research, monthly data on prevalence of severe footrot 

(SFR) and interdigital dermatitis (ID) in the flock, reported across a total of 22 

months (May 2012-April 2013 and August 2013-May 2014), was provided by 

802 farmers from questionnaires discussed in Section 2.1.1.  This data 

includes a binary (Yes/No) classification of whether a given month was a 

period of higher-than-average disease prevalence, and if so, the average 

prevalence of the disease for that month.  Given the endemic nature of this 

condition in the UK, it is not appropriate to assume that months that do not 

have a noted high prevalence of disease had instead a prevalence rate of 

0%, but there was no data on what the true prevalence would be.  Therefore, 

in this chapter different methods of data classification and analysis were 

investigated and predictive performance assessed to inform on modelling 

possibilities and limitations when working with the data. These methods were 

used in the analysis of the monthly data on prevalence of ID and SFR.  The 

full models and included variables will be discussed in Chapters 4 and 5.   
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3.1 Methods and materials 

3.1.1 Data and variable selection 

Data from both surveys were merged into a single spreadsheet with each 

farm’s geocoded coordinates.  In Chapter 2, data points (DPs) were 

excluded from analysis for not providing a flock size.  As this analysis was 

looking at the monthly timescale rather than annual, it was decided to return 

these DPs and fill in the missing values with the flock size provided by the 

same farm for the previous year.  Therefore, the data from 802 farms over 22 

months yielded 17,644 data points (DPs).  The dataset was loaded into R 

and MLWiN was used via the R2MLWiN package to build 2-level (farm and 

month) hierarchal models (Zhang et al., 2016). 

The models were fit using iterative generalised least squares estimation.  

Model variable coefficients and standard errors were used to calculate 95% 

confidence intervals which, along with the coefficient, were exponentiated to 

produce relative risk (RR) results. A quartic function temporal pattern in the 

outcome variables was observed, so a continuous variable for month (1-22) 

was forced into each model as a fourth-degree polynomial.   

Significant variables from the multi-level multivariable analysis carried out in 

the Chapter 2 provided the starting point for the forward stepwise model 

building in this chapter, which followed the same methodology as detailed in 

Section 2.3.3.  Additional climate and time variables, outlined below, were 

evaluated in a univariable analysis and ruled in or out of the model based on 

their RR 95% confidence interval results.  The final models were then tested 

against all variables assessed in Chapter 2, as well as all additional climate 

and time variables from this chapter. 

Monthly average climate variables were selected from those produced by the 

Met Office as part of their 5km x 5km gridded datasets (Perry and Hollis, 

2005).  Selection was based on the availability of raster files across all 22 

months for which monthly SFR prevalence was recorded.  Variables chosen 

for this analysis included the number of days where the air temperature was 

≤0°C, number of days where the ground temperature was ≤0°C, the 

maximum recorded air temperature (°C), the minimum recorded air 
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temperature (°C), the mean recorded air temperature (°C), the total rainfall 

(mm), and the number of days where rainfall was ≥10mm.  Additionally, the 

maximum temperature difference was calculated (maximum air temperature 

– minimum air temperature).  Months were compared using the month with 

the lowest reported disease prevalence as the reference value.  Months were 

also coded and tested as individual binomial variables.  

3.1.2 Negative binomial modelling using an estimated baseline disease 

prevalence  

The first assumption used a baseline disease prevalence for each condition 

(ID or SFR) on each farm for each questionnaire.  This was done following 

this flow hierarchy: 

 1.  If a prevalence >0 was reported in any month for the condition on 

the farm during the survey year, the baseline was half of the minimum 

monthly reported prevalence for the condition on the farm during the survey 

year. 

 2.  If no prevalence >0 was reported in any month for the condition on 

the farm during the survey year, the baseline was set to the reported annual 

prevalence for the condition on the farm during the survey year. 

 3.  If no prevalence of the condition was reported for questions related 

to the condition on the farm during the survey year, but the farmer indicated 

that the condition was present or they were unsure of its presence, the 

baseline was set to half of the annual reported lameness prevalence for the 

farm for the survey year. 

 4.  If no prevalence is reported for the question related to the condition 

on the farm during the survey year AND the farmers indicated that the 

condition is not present, the baseline is set to 0. 

This method makes use of all 17,644 DPs, as any missing values are 

replaced with the calculated estimate.  It also accounts for the possibility of a 

farm being free from the condition, which is rare but not impossible.   
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Once the prevalence was established, the count of lame sheep was 

calculated as: 

 

Here  is the disease prevalence on a farm at a given month and  is the 

flock size of the same farm on the same month. 

As the data was deeply skewed to the left, a negative binomial (NB) model 

was built using nonlinear estimations and a calculated offset similar to the 

annual lameness  prevalence NB model from Section 2.3.3.  The model 

prediction values were plotted against the outcome variable as scatterplots 

and in ascending deciles for comparison. 

3.1.3 Binomial modelling occurrence of a month with higher-than-average 

disease prevalence 

To understand which variables were associated with the months with highest 

prevalence of ID or SFR, a binomial model was built using the binary 

outcome of whether or not a given month was reported as a period of higher-

than-average disease prevalence.  A logit-linked binomial model was 

calculated as: 

 

where the outcome variable is the log-odds of whether a DP was reported to 

have higher-than-average disease prevalence (Y) on a given farm (i) and 

month (j).  The model construction methods were similar to the previously 

discussed NB model, being constructed in a forward stepwise fashion using 

an IGLS method and tested in an MCMC analysis. A receiver operating 

characteristic (ROC) curve was plotted for each model, which plots the true 

positive rate against the false positive rate across various probability 

thresholds between 0 and 1, and the area under the curve (AUC) was 

calculated for each ROC curve.   
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3.1.4 Negative binomial modelling of disease prevalence only in months 

reported as higher-than-average 

To understand which variables were associated with disease prevalence 

during higher-than-average months, an NB model was built using disease 

prevalence data from only those months.   The data was still heavily skewed 

to the left, so the equation and methods for this model is identical to that 

used for the model of estimated outcomes discussed above.  However, this 

method uses only reported disease prevalence values and excludes all data 

from months that are not reported as having a higher-than-average disease 

prevalence. 

3.2 Results 

Wilcoxon signed-rank test results showed there were differences in the 

reported SFR and ID prevalence data sets and in which months were 

reported as having a higher-than-average disease prevalence.  The 

Wilcoxon rank-sum test established there was a difference in the reported 

prevalence of SFR and ID on months reported as having a higher-than-

average disease prevalence.  Details of the data by month for each condition 

is shown in Tables 3.1a-b. Higher than average prevalence of ID was 

reported on 3,357 (19.03%) of the 17,644 DPs.  Higher than average 

prevalence of SFR was reported on 4,322 (24.50%) of the 17,644 DPs. 

Disease prevalence and number of lame sheep are broken down by month 

for each dataset for ID and SFR in Tables 3.1a and 3.1b respectively.   

For ID, May 2014 had the most DPs reported as having a higher-than-

average disease prevalence (362), the highest geometric mean (GM) 

disease prevalence in the dataset with estimations for DPs that were not 

reported (1.94%) and the highest GM number of lame sheep in the same 

dataset (6.11).  Similarly, the lowest values for these three metrics (51, 

1.22%, and 3.72 respectively) were all in December 2012.  In the dataset of 

only months reported as having higher-than-average ID prevalence, the 

highest GM disease prevalence was in May 2014 (4.00%), but the highest 

GM number of lame sheep was in July 2012 (14.04).  The lowest GM 
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disease prevalence (3.01%) and mean number of lame sheep (9.60) for this 

dataset were both in February 2014. 

For SFR, the highest number of DPs reporting higher-than-average disease 

prevalence (317), highest GM disease prevalence (1.50%), and highest GM 

number of lame sheep (4.46) were reported in March 2014, while the lowest 

values (115, 1.10%, and 3.18 respectively) were reported in August 2013.  In 

the reported dataset, the highest GM disease prevalence (3.81%) was 

reported in March 2013 while the highest GM number of lame sheep was 

reported in April 2013.  Conversely, the lowest GM disease prevalence 

(2.75%) was reported in October 2013, while the lowest GM number of lame 

sheep (8.93) was reported in November 2013. 
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Table 3.1a Interdigital dermatitis data by month including the number of farms that reported a higher-than-average prevalence, 

geometric mean prevalence and number of lame sheep in reported months and across all months using estimated disease 

prevalence in 802 English sheep farms across 22 months 

Month 
N.  

HTA 

Estimated Dataset  Reported Dataset 
N. farms = 802  N. farms = 727 

GM ID  
(95% CI) 

GM sheep 
(range) 

 GM ID  
(95% CI) 

GM sheep 
(range) 

May-12 248 1.58 (1.45-1.73) 4.93 (0-300)  3.46 (3.10-3.86) 12.41 (0-165) 
Jun-12 296 1.72 (1.57-1.88) 5.38 (0-300)  3.62 (3.26-4.03) 12.24 (0-163) 
Jul-12 237 1.59 (1.46-1.74) 4.93 (0-300)  3.80 (3.41-4.23) 14.04 (1-163)* 
Aug-12 176 1.46 (1.34-1.59) 4.49 (0-300)  3.71 (3.28-4.19) 13.17 (1-138) 
Sep-12 139 1.37 (1.25-1.49) 4.16 (0-600)  3.82 (3.29-4.44) 14.02 0-600) 
Oct-12 103 1.30 (1.20-1.42) 3.97 (0-600)  3.81 (3.22-4.50) 13.87 (2-600) 
Nov-12 71 1.24 (1.14-1.35) 3.78 (0-300)  3.75 (3.06-4.59) 10.92 (0-112) 
Dec-12 51¨ 1.22 (1.12-1.32)¨ 3.72 (0-300)¨  3.87 (2.85-5.25) 12.47 (1-130) 
Jan-13 73 1.25 (1.15-1.36) 3.81 (0-300)  3.30 (2.63-4.15) 11.40 (1-228) 
Feb-13 88 1.28 (1.18-1.40) 3.91 (0-300)  3.35 (2.73-4.11) 11.25 (1-260) 
Mar-13 116 1.32 (1.21-1.44) 4.05 (0-300)  3.40 (2.85-4.04) 11.46 (1-260) 
Apr-13 138 1.38 (1.26-1.50) 4.26 (0-300)  3.77 (3.29-4.33) 11.18 (1-160) 
May-13 - - -  - - 
Jun-13 - - -  - - 
Jul-13 - - -  - - 
Aug-13 171 1.41 (1.29-1.54) 4.27 (0-3600)  3.24 (2.82-3.72) 12.06 (0-3600) 
Sep-13 161 1.40 (1.28-1.53) 4.24 (0-3600)  3.32 (2.89-3.82) 12.13 (0-3600) 
Oct-13 129 1.36 (1.25-1.48) 4.12 (0-1800)  3.20 (2.76-3.70) 10.95 (0-1800) 
Nov-13 101 1.28 (1.18-1.40) 3.88 (0-300)  3.11 (2.64-3.66) 10.32 (1-300) 
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Dec-13 78 1.26 (1.15-1.37) 3.8 (0-275)  3.12 (2.54-3.84) 9.88 (1-90) 
Jan-14 95 1.29 (1.19-1.41) 3.9 (0-275)  3.58 (2.96-4.33) 11.73 (1-90) 
Feb-14 105 1.31 (1.20-1.42) 3.97 (0-275)  3.01 (2.53-3.57)¨ 9.60 (0-90)¨ 
Mar-14 146 1.39 (1.27-1.52) 4.2 (0-300)  3.60 (3.12-4.16) 12.51 (1-300) 
Apr-14 273 1.67 (1.53-1.83) 5.24 (0-300)  3.49 (3.15-3.86) 11.62 (0-300) 
May-14 362* 1.94 (1.77-2.14)* 6.11 (0-300)* 

 
4.00 (3.64-4.39)* 13.61 (0-300) 

HTA=higher-than-average, N.=number, GM=geometric mean, ID=interdigital dermatitis, CI=confidence interval, * = highest value, ¨ = lowest value 
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Table 3.1b Severe footrot data by month including the number of farms that reported a higher-than-average prevalence, geometric 

mean prevalence and number of lame sheep in reported months and across all months using estimated disease prevalence in 802 

English sheep farms across 22 months 

Month 
N.   

HTA 

Estimated Dataset   Reported Dataset 
N. of farms = 802 

 
N. of farms = 761 

GM SFR 
(95% CI) 

GM sheep (range) 

 
GM SFR  
(95% CI) 

GM sheep 
(range) 

May-12 140 1.14 (1.05-1.23) 3.45 (0-165)  3.09 (2.69-3.54) 11.85 (1-150) 
Jun-12 163 1.19 (1.09-1.29) 3.57 (0-165)  3.21 (2.81-3.66) 11.59 (0-165) 
Jul-12 154 1.18 (1.09-1.29) 3.56 (0-345)  3.52 (3.03-4.09) 12.83 (1-345) 
Aug-12 144 1.17 (1.07-1.27) 3.49 (0-345)  3.50 (3.01-4.07) 12.84 (1-345) 
Sep-12 175 1.24 (1.14-1.35) 3.76 (0-280)  3.59 (3.13-4.10) 13.47 (1-280) 
Oct-12 188 1.25 (1.15-1.36) 3.77 (0-198)  3.43 (3.02-3.88) 13.14 (1-198) 
Nov-12 181 1.24 (1.14-1.35) 3.74 (0-165)  3.68 (3.24-4.16) 13.17 (0-160) 
Dec-12 165 1.22 (1.13-1.33) 3.75 (0-172)  3.69 (3.24-4.21) 13.05 (0-172) 
Jan-13 213 1.32 (1.21-1.44) 4.11 (0-276)  3.76 (3.35-4.23) 11.86 (0-276) 
Feb-13 254 1.40 (1.28-1.53) 4.29 (0-165)  3.64 (3.26-4.07) 13.05 (0-165) 
Mar-13 253 1.39 (1.27-1.52) 4.18 (0-304)  3.81 (3.41-4.25)* 13.79 (0-304) 
Apr-13 175 1.24 (1.14-1.35) 3.75 (0-304)  3.61 (3.15-4.14) 14.23 (1-304)* 
May-13 - - -  - - 
Jun-13 - - -  - - 
Jul-13 - - -  - - 
Aug-13 115¨ 1.10 (1.01-1.19)¨ 3.18 (0-3600)¨  3.21 (2.69-3.83) 11.57 (0-3600) 
Sep-13 138 1.12 (1.04-1.22) 3.29 (0-3600)  2.78 (2.39-3.24) 9.91(0-3600) 
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Oct-13 157 1.15 (1.06-1.24) 3.39 (0-1800)  2.75 (2.39-3.17)¨ 9.50 (0-1800) 
Nov-13 166 1.16 (1.07-1.26) 3.41 (0-160)  2.83 (2.49-3.21) 8.93 (0-120)¨ 
Dec-13 182 1.21 (1.12-1.32) 3.57 (0-660)  3.08 (2.72-3.50) 9.30 (0-660) 
Jan-14 250 1.34 (1.23-1.46) 4.01 (0-660)  3.21 (2.87-3.59) 10.63 (0-660) 
Feb-14 283 1.38 (1.27-1.50) 4.10 (0-200)  3.08 (2.78-3.41) 9.70 (0-200) 
Mar-14 317* 1.50 (1.37-1.64)* 4.46 (0-320)*  3.36 (3.05-3.70) 11.73 (0-320) 
Apr-14 270 1.37 (1.26-1.50) 4.01 (0-320)  3.32 (2.98-3.69) 11.53 (0-320) 
May-14 239 1.32 (1.21-1.44) 3.86 (0-320)   3.31 (2.95-3.72) 12.78 (0-320) 
HTA=higher-than-average, N.=number, GM=geometric mean, SFR=severe footrot, CI=confidence interval, * = highest value, ¨ = lowest value 
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3.2.1  Negative binomial model performance in predicting the number of 

lame sheep using estimated disease prevalences 

Decile ranked comparisons of the number of sheep lame with SFR and ID 

compared to their relative model predictions are shown in Figures 3.1a-b.  

Scatterplots comparing the logged number of sheep lame with SFR and ID 

against the logged relative model predictions are shown in Figures 3.2a-b.   

3.2.2  Binomial model performance in prediction of months reported as 

having higher than average disease prevalence 

The ROC curves for ID and SFR are shown below in Figures 3.3a-b.  The 

associated areas under the curve (AUC) were 0.80 and 0.74 for ID and SFR, 

respectively.  
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Figure 3.1a-b Scatter plots of the logged actual number of sheep lame 

against the logged predicted number of lame sheep from negative binomial 

models of disease prevalence for interdigital dermatitis (a) and severe footrot 

(b) using estimated data for unreported months 

 

a) Interdigital dermatitis 

 

 

b) Severe footrot 
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Figure 3.2a-b Graph of decile ranked sums of actual number of sheep lame 

and predicted number of lame sheep from negative binomial models of 

disease prevalence for interdigital dermatitis (a) and severe footrot (b) using 

estimated data for unreported months 

 

a) Interdigital dermatitis 

 

 

b) Severe footrot 
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Figure 3.3a-b Receiver operating characteristic (ROC) curve and area under 

the curve (AUC) calculations on predictions from binomial models of reported 

months of higher-than-average disease prevalence for interdigital dermatitis 

(a) and severe footrot (b) 

 

a) Interdigital dermatitis 

  

b) Severe footrot 

 

AUC = 0.74 

AUC = 0.80 
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3.2.3 Negative binomial performance in predicting the number of lame sheep 

on months reported as higher-than-average disease prevalence 

Decile ranked comparisons of the number of sheep lame with SFR and ID 

compared to their relative model predictions are shown in Figures 3.4a-b.  

Scatterplots comparing the logged number of sheep lame with SFR and ID 

against the logged relative model predictions are shown in Figures 3.5a-b.   
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Figure 3.4a-b Scatter plots of the logged actual number of sheep lame 

against the logged predicted number of lame sheep from negative binomial 

models of disease prevalence for interdigital dermatitis (a) and severe footrot 

(b) on months reported as having higher-than-average disease prevalence 

 

a) Interdigital dermatitis 

 

 

b) Severe footrot 
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Figure 3.5a-b Graph of decile ranked sums of actual number of sheep lame 

and predicted number of lame sheep from negative binomial models of 

disease prevalence for interdigital dermatitis (a) and severe footrot (b) on 

months reported as having higher-than-average disease prevalence 

 

a) Interdigital dermatitis 

 

 

b) Severe footrot 
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Discussion: 

The purpose of this comparative evaluation is to better understand the 

implications of the different analyses on interpretation impact of using 

estimated prevalence in unreported months is apparent immediately in the 

summary data.  The inclusion of low prevalence estimates shifted the highest 

and lowest mean disease prevalence and mean numbers of lame sheep into 

alignment with months containing the highest or lowest number of reported 

days for both ID and SFR.  Thus, it appears that the inclusion of estimated 

data enhances the difference between reported and unreported months, 

which is what we hoped it would do.  This allows us to address the question 

of what factors impact the variation in disease prevalence of ID and SFR 

between all 802 study farms on any of the 22 given months.   

However, the NB models for the dataset with estimated prevalence did not fit 

as well as the binomial model and NB model of reported data. There are 

several factors that significantly increase or decrease the relative risks of ID 

and SFR being reported for both the NB models of reported data only and 

the binomial models of whether or not a month was reported as higher-than-

average that did not appear to be significant in the NB models for the 

estimated dataset (see Chapters 4 and 5).  The impact of these other factors 

may have been diluted with the inclusion of the estimations of low 

prevalence.  It is likely that these factors are contributing to the greatly 

improved model fit seen in the binomial and NB models relating to reported 

data.   

All NB models evaluated tended to over-estimate low prevalence predictions 

and under-estimate high prevalence predictions. The NB models of SFR data 

produced more accurate predictions for low prevalence DPs compared to NB 

models for ID data, which can be seen in the decile graphs and scatter plots.  

This may be due to the higher prevalence of ID on farms compared to SFR, 

which is evident in the wide ranges seen in the ID summary data, including 

several months with reports of up to 90% prevalence and one month 

reporting a maximum 100% prevalence of ID.  Overall, the predictions from 

NB models of reported data were superior to the predictions from NB models 
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of estimated data, which is in keeping with the significant differences in 

model fit. 

The AUC of both ROC curves being >0.70 are further evidence of the good 

predictive capacity of the binomial models.  Because they are addressing 

factors that affect whether or not a farm reports a month as having higher-

than-average disease prevalence, the outcome variable is not impacted by 

large swings in disease prevalence or numbers of affected sheep.  It also 

does not have any missing data or imputed data. These factors likely 

contributed to the superior performance of these models. 

Comparing different model types across varying data subsets presented 

valuable insight on the capabilities and limitations found in each.  These 

datasets can have dramatic changes in their outcome variables that vary 

from one month to the next over quite an extended period of time of 22 

months.  Some changes in the patterns over time have been addressed by 

the inclusion of the fourth-degree polynomial of the continuous month 

variable, but there will still be changes that are more challenging to capture.  

In particular, large shifts in disease prevalence or number of affected sheep 

that increase or decrease by several fold from one month to the next.   

Each of the models evaluated here provide useful insight in their own way, 

allowing different questions to be put to the data for analysis.  The outcomes 

of all 3 models will be demonstrated and discussed in the forthcoming 

chapters;  however, the variation in performance should be kept in mind and 

will be highlighted in context when interpreting the model results. 
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Chapter 4: Assessment of spatial, environmental, and management 

factors affecting monthly prevalence and incidence of higher-than-

average prevalence of interdigital dermatitis  

 

Introduction: 

Interdigital dermatitis (ID) is the first distinct phase of footrot (FR).  It is 

reported in over 90% of flocks and contributes to 43% of the lameness 

observed, making it the most common cause of lameness currently affecting 

sheep in England (Winter et al., 2015).  Swabs from the interdigital skin of 

sheep with ID show an increase in the bacterial load of the causative agent, 

Dichelobacter nodosus, as the severity of clinical symptoms advances 

(Moore et al., 2005, Clifton et al., 2019, Atia et al., 2017).  Based on this, 

factors that reduce the bacterial load of D. nodosus  and environmental 

factors that reduce its survive off of its host should yield a reduction in overall 

ID prevalence within a flock and a reduction in periods where prevalence is 

significantly higher than average.  This chapter will look at assessing the 

spatial and temporal distribution of monthly ID prevalence, including periods 

that are higher-than-average, and using multi-level models to assess the 

impact of environmental and lameness management factors on farms over 

time.   

4.2 Analysis and modelling of interdigital dermatitis with estimated 

prevalence in unreported months 

Using the same survey data as described in previous chapters, the ID 

prevalence was heavily skewed even with log-transformation, with geometric 

mean (GM) ID prevalence of 1.40% with a 95% confidence interval (CI) of 

1.37-1.43%.  The Friedman test was used to assess the difference in ID 

prevalence between farms because it is designed to analyse skewed and 

repeated measures data (Friedman, 1937).  The Friedman test assesses 

ranked variance, so it can establish if, when assessing ID prevalence, there 

is significant agreement in the rank (lowest to highest) of each of the 22 

months across the 802 farms and the rank of the 802 farms across the 22 

months.  The effect size of the Friedman test is expressed by the Kendall’s 
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W, which normalizes the Friedman test statistic to a value between 0 and 1.  

A Kendall’s W of 0 represents the relationship having no effect, 0.01-<0.30 is 

a small effect, 0.30-<0.50 is a moderate effect, ≥0.50 is a large effect.  The 

Friedman test highlighted a significant difference in ID prevalence across 

farms grouped by the 22 months (Friedman statistic = 12961, p-value = 

<2.22E-16) and across months grouped by the 802 farms (Friedman statistic 

= 1113.2, p-value = <2.22E-16). The Kendall’s W for farm when ranked by 

month was 0.07, so the relationship was having a small effect.  Conversely, 

the Kendall’s W for month when ranked by farm was 0.72, so the relationship 

was having a large effect. 

4.2.1 Spatial autocorrelation analysis 

Methods for the construction of spatial and temporally weighted matrices in 

ArcGIS were discussed in Section 2.2.1.  For this analysis across 22 months, 

the temporal band was set at 1 month to evaluate the influence of 

neighbours on a location’s ID prevalence at a single point in time.  The same 

802 farms mapped for the annual lameness prevalence analysis in Chapter 2 

were being used for this chapter as well, so the same spatial parameters and 

row standardisation methods were used.     

As in Chapter 2, a Global Moran’s I (GMI) spatial autocorrelation analysis 

was carried out. The GMI for this data set was 0.03 with a z-score of 16.41, 

confirming spatial autocorrelation was present in the reported ID prevalence 

of this dataset. 

Assessment of any spatial clusters and outliers within the study area across 

each month was done via the Local Moran’s I (LMI) spatial autocorrelation 

analysis (Anselin, 1995)  as described in Chapter 2 utilising the same 

weighted matrix as the GMI.  The LMI results for the 802 DPs across each of 

the 22 study months are presented below (Table 4.1).  Cluster and outlier 

locations vary both spatially and across time, with 5 months showing no 

signs of clusters or outliers (May 2012, August 2012, January 2013, April 

2013, January 2014).  When looking at a sample of the LMI mapped results 

at 6-month intervals, it was clear that there was a mix of similar and different 

results when comparing October 2012 to October 2013, but the most 
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surprising difference was the lack of clusters and outliers in April 2013 

compared to the large number of high-high clusters and low-high outliers in 

April 2014 (Figure 4.1a-d).  These results suggest a shifting cluster pattern 

over time.  All 22 maps are presented in Appendix II. 

Figure 4.1a-d Maps displaying the Local Moran’s I results of interdigital 

dermatitis  prevalence in 802 English sheep flocks at 6-month intervals  

a) October 2012 
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b) April 2013 
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c) October 2013 
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d) April 2014 
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Table 4.1 Geometric mean prevalence of interdigital dermatitis and number of data points in each category of outcome from Local 

Moran’s I analysis of interdigital dermatitis prevalence in 802 English sheep flocks with estimated prevalence for unreported months 

                              

Month 

Not Significant 
 

High-High Clusters 
 

High-Low Outliers 
 

Low-High Outliers  Low-Low Clusters  
 

 
 

N.  
GM ID 

(95% CI)  
 N.  

GM ID  
(95% CI) 

 N.  
GM ID 

(95% CI)   
 N.  

GM ID 
(95% CI)   

 N.  
GM ID 

(95% CI)   

May-12 802 1.58 (1.45-1.73)  0 -  0 -  0 -  0 - 

Jun-12 799 1.72 (1.57-1.89)  0 -  0 -  3 1.09 (0.15-7.94)  0 - 

Jul-12 799 1.59 (1.45-1.74)  2 5.00 (-)  0 -  1 2.00 (-)  0 - 

Aug-12 802 1.46 (1.34-1.59)  0 -  0 -  0 -  0 - 

Sep-12 797 1.37 (1.26-1.49)  0 -  0 -  2 2.25 (-)  3 0.73 (0.15-3.47) 

Oct-12 796 1.30 (1.19-1.41)  0 -  1 10.00 (-)  2 2.25 (-)  3 0.92 (0.24-3.59) 

Nov-12 780 1.24 (1.14-1.35)  0 -  3 5.60 (3.46-9.07)  2 1.59  17 1.07 (0.79-1.47) 

Dec-12 778 1.22 (1.12-1.32)  0 -  2 5.93 (-)  2 1.59  20 1.01 (0.76-1.35) 

Jan-13 802 1.25 (1.15-1.36)  0 -  0 -  0 -  0 - 

Feb-13 798 1.28 (1.17-1.39)  0 -  1 5.00  0 -  3 1.56 (0.50-4.86) 

Mar-13 796 1.32 (1.21-1.43)  0 -  1 5.00  0 -  5 1.51 (0.91-2.50) 

Apr-13 802 1.38 (1.26-1.50)  0 -  0 -  0 -  0 - 

May-13 - -  - -  - -  - -  - - 

Jun-13 - -  - -  - -  - -  - - 

Jul-13 - -  - -  - -  - -  - - 

Aug-13 801 1.41 (1.29-1.54)  0 -  0 -  0 -  1 2.50 (-) 

Sep-13 785 1.42 (1.30-1.55)  0 -  0 -  10 0.71 (0.23-2.15)  7 1.11 (0.62-1.97) 

Oct-13 783 1.37 (1.25-1.49)  1 5.23 (-)  1 5.00  10 0.74 (0.24-2.35)  7 1.04 (0.59-1.83) 

Nov-13 752 1.29 (1.18-1.41)  1 5.23 (-)  4 4.96 (2.19-11.21)  12 1.16 (0.85-1.57)  33 0.96 (0.76-1.20) 



 

54 
 

Dec-13 759 1.26 (1.15-1.38)  1 5.23 (-)  2 7.08 (-)  11 1.17 (0.84-1.65)  29 1.00 (0.79-1.27) 

Jan-14 802 1.29 (1.19-1.41)  0 -  0 -  0 -  0 - 

Feb-14 785 1.31 (1.20-1.43)  3 5.08 (4.77-5.43)  0 -  11 0.74 (0.27-2.06)  3 1.37 (0.37-5.05) 

Mar-14 786 1.40 (1.28-1.53)  3 4.29 (2.00-9.23)  0 -  11 0.74 (0.28-2.01)  2 0.72 (-) 

Apr-14 726 1.63 (1.48-1.79)  29 5.00 (6.64-8.80)  0 -  47 1.06 (0.82-1.37)  0 - 

May-14 725 1.92 (1.73-2.12)  33 6.85 (5.15-9.11)  0 -  44 0.94 (0.72-1.23)  0 - 

N.=number of data points, ID=interdigital dermatitis 
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4.2.2 Multi-level multivariable analysis  

 A multilevel negative binomial (NB) analysis was carried out using MLwiN 

version 3.05 (Rasbash et al., 2018) in R via the R2MLWiN package (0.8-6) 

as describe in Section 3.2.2. 

The final multivariable results are shown in Table 4.2.  The second 

questionnaire year and culling ewes for being lame were associated with a 

decreased relative risk of a sheep being lame with ID.  Conversely, increases 

in the lowest recorded air temperature, the mean percent fine sand in the 

soil, always using footspray to treat ewes with FR, footbathing lambs before 

housing, footbathing new lambs coming onto the farm, culling ewes after 

being lame only once, and the months of June, July, and September were 

associated with an increased risk of a sheep being lame with ID.  Farms that 

never, sometimes, or usually separate ewes with FR form the flock all had an 

increased relative risk of a sheep being lame with ID compared to farms that 

always separated ewes with FR.  Those that never, sometimes, or usually 

isolated new animals brought onto the farm had an increased relative risk of 

a sheep being lame with ID compared to farms that had no new animals, but 

farms that always isolated new animals had no significant difference in 

relative risk.
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Table 4.2 Geometric mean interdigital dermatitis prevalence, median, relative risk and 95% confidence intervals for variables in the 

multilevel multivariable negative binomial model associated with the number of sheep lame with interdigital dermatitis in 802 

English flocks over 22 months with estimated prevalence in unreported months 

Variable N. 
ID GM 

(95% CI) 
Variable Median 

(IQR) 
RR  

(95% CI)  

Number of months ^1    5.97E+08 (4.20E+05-8.48E+11) 
Number of months ^2    2.10E+05 (3.28E+04-1.34E+06) 
Number of months ^3    0.72 (0.05-10.90) 
Number of months ^4    4.22E+03 (7.29E+02-2.44E+04)  
Month - June 802   1.18 (1.10-1.26) 
Month - July 802   1.14 (1.06-1.22) 
Month - September 1604   1.06 (1.01-1.11) 
Lowest recorded temperature (°C) 17644  4.94 (2.58 : 9.10) 1.03 (1.02-1.03) 
Mean % fine sand in soil 802  16.62 (11.53 : 20.41) 1.01 (1.00-1.02) 
Questionnaire:      

     First 802 1.38 (1.35-1.42)  - (-) 
     Second 802 1.41 (1.38-1.46)  0.79 (0.70-0.88)  
Culled ewes for being lame:     
     No 802 1.38 (1.35-1.41)  - (-) 
     Yes 387 1.48 (1.42-1.53)  0.94 (0.89-1.00) 
     Did not answer 36 1.23 (1.06-1.43)  1.17 (1.01-1.36) 
Culled ewes after being lame only once:     
     No 802 1.40 (1.37-1.42)  - (-) 
     Yes 2 4.28 (2.95-6.20)  1.78 (1.09-2.91) 
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Footbathed lambs returning to the farm: 
     No 1600 1.40 (1.37-1.42)  - (-) 
     Yes 4 4.88 (3.60-6.60)  1.62 (1.17-2.24) 
Footbathed lambs before housing:     
     No 802 1.39 (1.36-1.42)  - (-) 
     Yes 16 2.89 (2.39-3.51)  1.67 (1.39-2.00) 
Isolation of new sheep on arrival:     
     No new sheep 802 1.39 (1.36-1.43)  - (-) 
     Never 45 1.46 (1.29-1.65)  1.55 (1.28-1.87) 
     Sometimes 470 1.35 (1.30-1.39)  1.08 (1.01-1.15) 
     Usually 35 1.79 (1.65-1.94)  1.41 (1.21-1.65) 
     Always 191 1.49 (1.41-1.58)  1.09 (0.99-1.21) 
     Did not answer 1 1.62 (1.38-1.89)  0.97 (0.47-1.99) 

Separation of ewes with FR from the flock:      

     Always 74 1.27 (1.15-1.41)  - (-) 
     Usually 51 1.60 (1.45-1.75)  1.32 (1.18-1.48) 
     Sometimes 401 1.42 (1.38-1.48)  1.23 (1.10-1.38) 
     Never 802 1.38 (1.35-1.41)  1.36 (1.19-1.56) 
     Did not answer 29 1.86 (1.65-2.09)  1.02 (0.84-1.25) 
Always use footspray on ewes with FR:     
     No 1557 1.39 (1.37-1.42)  - (-) 
     Yes 4 1.62 (1.17-2.25)  1.56 (1.11-2.20) 
     Did not answer 43 1.62 (1.47-1.81)  0.96 (0.79-1.16) 
N.=number of unique values, IQR=interquartile range, GM=geometric mean, ID=interdigital dermatitis, FR=footrot, RR=relative risk, CI=confidence interval; 

Flock variance=0.78, standard error=0.04; Month variance=0.46, standard error=0.01 
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4.3 Analysis and modelling of interdigital dermatitis prevalence in reported 

months 

Assessment of only those months reported as having higher than average ID 

prevalence allows a more specific analysis of factors that contribute to the 

severity of ID prevalence in these reported periods.  However, it does leave 

many missing data points that are randomly distributed throughout the 

dataset.  A total of 3357 DPs from 727 farmers were reported as having 

higher-than-average ID prevalence.  These DPs had a geometric mean ID 

prevalence of 3.55% (95% CI = 3.45-3.66%). 

To analyse variations in ID prevalence between farms and their reported 

months, a modified Friedman test, the Skillings-Mack test, was carried out 

(Skillings and Mack, 1981).  The Skillings-Mack test highlighted a significant 

difference between months (Skillings-Mack statistic = 527.06, p-value 

<2.22E-16) and farms (Skillings-Mack statistic = 12361.29, p-value <2.22E-

16). 

4.3.1 Spatial Autocorrelation 

Each of the 22 months had a different sample of farms reporting ID 

prevalence, so a different spatially weighted matrix had to be constructed for 

each month.  Unlike previous matrices, which were built to a standard 

distance of 35000 meters, the matrices for this analysis were constructed 

using an inverse distance method with a minimum neighbour count of 1.  

This means that for each month, the minimum distance required for every DP 

to have at least one neighbour is calculated and used as the maximum 

distance.  The closer a neighbour is to the DP within that maximum distance, 

the larger their weighted impact on the DP.   

Significant spatial clustering of ID prevalence was not observed in any of the 

22 months based on the GMI statistics.  No clusters were observed in the 

LMI analysis, which supports the GMI results, but 1 high-low outlier was 

observed in December of 2012 and 2013 (Figure 4.2). 
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Figure 4.2 Map displaying the Local Moran’s I results for reported higher-

than-average prevalence of interdigital dermatitis from 802 English sheep 

flocks in December 2012 and December 2013 
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4.3.2 Multi-level multivariable analysis 

A multilevel negative binomial (NB) analysis was carried out using MLwiN 

version 3.05 (Rasbash et al., 2018) in R via the R2MLWiN package (0.8-6) 

as describe in Chapter 3.2.4.  The results are presented in Table 4.3. 

Reporting no difficulty in catching and treating individual lame sheep, and 

always trimming the feet of lambs with FR were both associated with a 

decreased risk of a sheep being lame with ID during these higher-than-

average prevalence periods.  The mean percent of coarse sand in the soil, 

mean percent fine sand in the soil, minimum percent clay in the soil, 

reporting no contagious ovine digital dermatitis (CODD) present in the flock, 

being unable to identify lame sheep at a locomotion score of 1, and 

footbathing lambs returning to the farm were all associated with an increased 

risk of a sheep being lame with ID.   
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Table 4.3 Geometric mean interdigital dermatitis prevalence, median, relative risk and 95% confidence intervals for variables in the 

multilevel multivariable negative binomial model associated with the number of sheep lame with interdigital dermatitis in 727 

English flocks on months reported as having a higher-than-average interdigital dermatitis prevalence over 22 months  

Variable N. 
GM ID 

(95% CI) 
Variable Median  

(IQR) 
RR  

(95%CI) 

Number of months ^1    1.25 (0.26-6.06) 
Number of months ^2    8.14 (2.31-28.64) 
Number of months ^3    19.20 (5.54-66.53) 
Number of months ^4    2.06 (0.61-6.94) 
Mean % fine sand in soil 727  17.02 (11.66-20.91) 1.02 (1.01-1.03) 
Mean % coarse sand in soil  727  4.33 (3.21-6.49) 1.02 (1.00-1.05) 
Minimum % clay in soil 727  16.00 (8.00-24.00) 1.01 (1.00-1.02) 
CODD is present on the farm:     
     Yes/Unsure 688 3.47 (3.35-3.59)  - (-) 
     No 298 3.86 (3.62-4.11)  1.17 (1.06-1.30) 

Had difficulty catching and treating 
individual lame sheep: 

   

 
     Yes 657 3.54 (3.40-3.69)  - (-) 
     No 417 3.52 (3.33-3.71)  0.76 (0.67-0.85) 
     Did not answer 137 3.71 (3.39-4.06)  0.53 (0.41-0.68) 
Footbathed ewes after gathering:     
     No 726 3.53 (3.43-3.64)  - (-) 
     Yes 4 9.98 (7.19-13.86)  1.35 (1.15-1.60) 
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Footbathed ewes at any point: 
    No    - (-) 
    Yes    0.80 (0.72-0.90) 
Able to identify lame sheep with 
locomotion score 1: 

 
  

 
    Yes 465 3.38 (3.24-3.53)  - (-) 
    No 475 3.73 (3.58-3.90)  1.10 (1.03-1.17) 
Vaccinated any sheep with Footvax™:     
     No    - (-) 
     Yes    1.33 (1.10-1.17) 
Separation of ewes with FR from the 
flock: 

 
  

  
     Never or Sometimes    - (-) 
     Usually or always    0.80 (0.71-0.91) 
     Did not answer    1.06 (0.82-1.37) 
N.=number of unique values, IQR=interquartile range, GM=geometric mean, ID=interdigital dermatitis, FR=footrot, CODD=contagious ovine digital dermatitis, 

RR=relative risk, CI=confidence interval; Flock variance=0.50, standard error=0.03; Month variance=0.20, standard error=0.01 
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4.4 Analysis and modelling of factors affecting whether a month was reported 

as having higher-than-average ID prevalence 

As the binomial data on reporting higher-than-average ID prevalence was 

submitted from multiple farms across multiple months, it was assessed using 

the Cochran’s Q test (Cochran, 1950).  The Cochran’s Q test confirmed that 

there was a significant effect from both farm (Q = 2451.70, p-value <2.22E-

16) and month (Q = 1262.70, p-value <2.22E-16) on whether or not a higher-

than-average ID prevalence was reported. 

4.4.1 Spatial autocorrelation 

Assessment of spatial autocorrelation of the binomial outcome data was 

carried out using the transformed Ripley’s L-function and boundary 

correction methods discussed in Section 1.7.1.  The shortest radius at which 

clustering became significant was 5km and the longest was 75km, with a 

median distance of 10km.  No evidence of dispersion was observed on any 

month at any distance, but in October-December 2012 evidence of 

significant clustering was eventually lost as the radius exceeded 175km. 

4.4.2 Multi-level multivariable analysis 

A multilevel binomial analysis was carried out using MLwiN version 3.05 

(Rasbash et al., 2018) in R via the R2MLWiN package (0.8-6) as describe in 

Section 3.1.4.  For this analysis I included annual lameness prevalence as a 

potential variable as the outcome variable was not a disease prevalence, and 

therefore would not be part of the annual lameness prevalence calculation.  

The results of the final model are reported in Table 4.4.  Increases in annual 

lameness prevalence, mean air temperature, footbathing lambs returning to 

the farm, and the months of June and July were all associated with an 

increased risk of a farm reporting a month as having higher-than-average ID 

prevalence.  Increases in rainfall, keeping stocking density at ≤8 ewes per 

acre, the month of December and the second questionnaire were all 

associated with a decreased risk of a farm reporting a month as having 

higher-than-average ID prevalence.   
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Table 4.4 Median, relative risk and 95% confidence intervals for variables in the multilevel multivariable binomial model associated 

with reporting a month as having higher-than-average interdigital dermatitis prevalence in 802 English flocks over 22 months  

Variable 
N.  

(N. HTA) 
Variable Median  

(IQR) 
RR (95% CI) 

Number of months ^1   1.82E+25 (9.25E+14-3.59E+35) 
Number of months ^2   6.63E+16 (2.78E+14-1.58E+19) 
Number of months ^3   1.31E-03 (1.61E-07-10.63) 
Number of months ^4   4.23E+09 (1.48E+07-1.21E+12) 
Month - June 1604 (463)  1.90 (1.57-2.31) 
Month - July 1604 (537)  1.49 (1.22-1.80) 
Month - December 1604 (570)  0.73 (0.60-0.90) 
Annual lameness prevalence (%) 1604 (1454) 4.00 (2.00 : 5.00) 1.01 (1.00-1.02) 
Mean air temperature (°C) 17644 (3357) 11.77 (7.28 : 13.61) 1.09 (1.07-1.11) 
Rainfall (mm) 17644 (3357) 79.17 (50.44 : 116.37) 1.00 (1.00-1.00) 
Questionnaire:    
     First 9624 (2205)  - (-) 
     Second 8020 (2117)  0.54 (0.37-0.77) 
Ewe stocking density:    
     > 8 ewes per acre 86 (21)  - (-) 
     ≤ 8 ewes per acre 17312 (4239)  0.43 (0.23-0.81) 
     Did not answer 246 (62)  0.40 (0.19-0.83) 
Footbathed lambs returning to the farm:    
     No 17604 (4307)  - (-) 
     Yes 40 (15)  2.43 (1.02-5.82) 
N.=number of unique values, HTA=higher than average, IQR=interquartile range, RR=relative risk, CI=confidence interval; Variance=0.42, standard 

error=0.03 
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Discussion: 

The Ripley’s L analysis provided a mixed picture of when and where periods 

of higher-than-average ID occur.  Clustering of farms reporting a month as 

having higher-than-average ID prevalence was seen in some months at 

relatively short radii, suggesting a community level pattern, while other 

months only saw clustering at radii over 75km which suggests a regional 

pattern.   Furthermore, in October-December 2012 significant clustering was 

lost as the radii exceeded 175km, suggesting that clustering in these months 

was seen at a community or regional level, but not at a national level.   

The variability in the spatial results is also seen in the GMI and LMI statistics.   

When looking only at the prevalence in months reported as higher-than-

average, there was no significant clustering and only 2 high-low outliers, both 

of which observed in the months of December.  The LMI results of the 

estimated dataset (Table 4.1) follows a similar pattern, and the changes in 

them over time become visible.  Each year in this study sees an increase in 

the number of low-low clusters in November and December, as well as an 

increase in high-low outliers.  There is also a large number of high-high 

clusters observed in April-May 2014 and a significant increase in the number 

of low-high outliers seen in the second questionnaire dataset (August 2013-

May 2014) compared to the first questionnaire (May 2012-April 2013).  The 

pattern is further supported by the mean ID prevalence of the not significant 

DPs, where there is an increase through the spring into summer followed by 

a decrease through autumn and into winter, as well as a higher mean ID 

prevalence in every month of the second questionnaire dataset compared to 

its equivalent month in the first questionnaire.  This temporal pattern fits with 

the pattern observed in the outcome variable over time, supporting the 

inclusion of the quartic function within each model.  

In light of this, the decreased RR associated with the second questionnaire 

dataset in both the estimated NB model and the binomial model seems 

unexpected.  The other shared variables between these models are those 

related to increases in temperature, and the months of June and July, so it is 

likely that there are correlations with these variables that have not been fully 

explored, particularly as the second questionnaire does not include data from 
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June and July.  It is also important to remember that the annual lameness 

prevalence was lower in the second questionnaire dataset compared to the 

first questionnaire (Chapter 2). 

As anticipated, there were several variables significant in more than one of 

the models tested, however no single factor was significant in all 3 models. 

There were, however, factors relating to footbathing found in all of the 

models.  These present a complicated picture.  Though they centre around 

the core theme of footbathing, the exact variables in each of the models is 

different.  Previous studies have also presented a complicated picture, with a 

reduction in lameness risk associated with using footbathing during 

outbreaks of ID but not as a routine practice (Witt and Green, 2018, Winter et 

al., 2015, Wassink et al., 2004, Kaler and Green, 2009) 

Within the NB model of the estimated dataset and the binomial mode, the 

questionnaire year, the months of June and July, increases in air 

temperature, and footbathing lambs returning to the flock were all significant.  

In these questionnaires, farmers were not given the option to indicate 

whether or not they had any sheep return to the farm, so the footbathing of 

returning lambs may be serving a similar function in capturing the number of 

farms with lambs returning to the flock after shows or failing to sell at market.  

Therefore, this variable is likely presenting the risks associated with having 

sheep, and in particular lambs, return to the farm.  This risk is also 

highlighted in recent work by Prosser et al (2019), who found that mixing with 

other flocks was associated with an increased risk of lameness.  All 5 factors 

are likely related to the timing of the quartic temporal pattern, as lambs are 

typically present in flocks from spring through summer but in most flocks in 

England they are sold before winter housing.    

Factors significant in both of the NB models suggests that these variables 

influence the prevalence of ID during both average and higher-than-average 

prevalence periods.  The two variables in both of these models are the mean 

fine sand content of the soil and separating ewes with FR.  It is likely that 

sandy soil acts to irritate and damage the interdigital skin which, as stated in 

Chapter 1, is an essential initial step to establishing infection with D. 

nodosus. Separation of lame sheep during treatment has been shown to 

reduce lameness prevalence, so it would seem fitting to find this variable 



 

67 
 

associated with a decreased RR in both of the NB models (Winter et al., 

2015, Witt and Green, 2018, Prosser et al., 2019). 

No variables were found within both the binomial model and the NB model of 

reported months.  This suggests that the factors that affect which months are 

higher-than-average and the ID prevalence reported in those months are 

different. 

Variables significant exclusively in the NB model of ID prevalence in reported 

months include no difficulty in catching and treating individual lame sheep, 

no CODD present in the flock, being able to identify lame sheep at 

locomotion score 1, the minimum clay and mean coarse sand content of the 

soil, footbathing ewes in the flock, and use of the licensed vaccine 

Footvax™. Winter et al (2015) found that identification of sheep with a 

locomotion score of 1 and having easy means to catch and treat individuals 

were associated with a decrease in annual lameness prevalence, so their 

inclusion here further highlights benefits of these management practices.   

Having an increased RR of ID when reporting no presence of CODD in the 

flock seems counter-intuitive.  However, it is likely that sheep afflicted with 

CODD also have ID, but it may be difficult for farmers to identify that there 

are 2 distinct disease processes happening on the same foot.  Therefore, if 

there are no signs of CODD in the flock, it may be easier to confirm the 

presence of ID.   

Similar to the fine sand discussed above, it is likely that the coarse sand 

content is contributing to irritation of the interdigital skin, particularly if bound 

up with an increased clay content that becomes sticky when wet and can 

build up in the interdigital space.  Increasing coarse sand content can also 

contribute to wet conditions underfoot, as sandy soils flood more quickly 

during sudden heavy showers.  

It is difficult to be certain if the increased relative risk associated with 

vaccination is part of a cause or effect relationship.  It could be that farmers 

who vaccinate against FR are less diligent in applying other lameness 

management practices, but it is equally possible that farmers with high SFR 

prevalence are more likely to use vaccination as a tool to keep their 

prevalence from escalating further.  In previous studies, no benefit was seen 

using vaccination in flocks with annual lameness prevalence of ≥10% (Witt 
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and Green, 2018) but was significantly beneficial if it had been used routinely 

in a flock for >5 years (Prosser et al., 2019).  The effect of the use of 

Footvax™ remains difficult to definitively pin down. 

The  increased RR associated with footbathing ewes after gathering is likely 

associated with inappropriate use of footbath products at a time when the 

sheep are brought in close contact and are therefore more likely to spread 

pathogens to each other.  Many farmers do not accurately measure footbath 

products for correct mixing in the field and make do with their best estimate, 

which can create either a dilute solution that is less effective or a 

concentrated solution that can cause tissue damage to the foot.  They also 

do not always regularly change the footbath solution, which is essential for 

many common products, such as formalin, that become inactive in the 

presence of organic material such as soil and faeces. 

Variables significant only in the binomial model are likely more strongly 

associated with the incidence of periods of higher-than-average ID 

prevalence.  These include the annual flock lameness prevalence, rainfall, 

the month of December, and keeping the flock at a stocking density of ≤8 

ewes/acre.  The month of December has some of the lowest ID prevalence 

values and highest number of low-low-clusters in the LMI analysis of the 

estimated data, as well as being the only month with high-low outliers in the 

LMI analysis of the data from reported months (Table 4.1).  The increased 

RR of ID associated with rainfall and decreased RR associated with keeping 

a reduced stocking density are likely related to spread of ID, as increased 

soil moisture promotes survival of D. nodosus (Muzafar et al., 2016, Cederlof 

et al., 2013) and close proximity promotes its spread between individuals 

(Beveridge, 1941). 

Several variables were exclusively within the NB model of the estimated 

dataset, but as these variables only appear to be significant when looking at 

the change in prevalence across all farms on all months, and that outcome 

contains a large number of estimated values along with evidence of a poor 

model fit highlighted in the Chapter 3, their relevance is questionable.   

The results suggest that incidence of higher-than-average months and 

increases in reported ID prevalence may be related to the presence and 

management of lambs within the flock.  This is in line with anecdotal reports 
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from farmers that lambs are more likely to have ID than SFR. There may also 

be more significant lameness management practices that were not identified 

within the models due to the questionnaire design, which frequently used the 

term “footrot” and did not always draw a differentiation between ID and SFR.  

Because of this, many farmers may have responded to these questions as if 

being asked about SFR, leading to an inaccurate representation of their 

management of ID.  There were also fewer general questions on lamb 

management, making it impossible to pinpoint exactly when lambs would 

have been present on a farm.  
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Chapter 5: Assessment of spatial, environmental, and management 

factors affecting monthly prevalence and incidence of higher-than-

average prevalence of severe footrot 

  

Introduction: 

Severe footrot (SFR) is the second distinct phase of footrot (FR), and 

accounts for at least 25% of lameness reported in the English sheep 

population (Winter et al., 2015).  It is linked to interdigital dermatitis (ID) by a 

common aetiological agent,  Dichelobacter nodosus, but once the disease 

progresses to SFR, the bacterial load of D. nodosus on the foot begins to 

decrease and populations of secondary bacteria, such as Fusbacterium 

necrophorum, begin to rise (Moore et al., 2005, Clifton et al., 2019, Atia et 

al., 2017).  This shift in bacterial populations coincides with a shift in clinical 

presentation from an infection of the interdigital skin to under-running of the 

hoof horn and a characteristic foul smell.  These differences suggest that the 

factors that contribute to the progression of ID to SFR and changes in 

prevalence of SFR within a flock may not be the same as those for ID.  

Therefore, this chapter will evaluate factors that contribute to prevalence of 

SFR within a flock and severity of periods with higher-than-average SFR 

prevalence.  

5.1 Analysis and modelling of severe footrot with estimated prevalence in 

unreported months 

The SFR prevalence data was heavily skewed even with log-transformation, 

with  geometric mean (GM) SFR prevalence of 1.25% (95% CI = 1.23-

1.28%). The Friedman test highlighted a significant agreement in the rank of 

the 802 farms across the 22 months (Friedman statistic = 12161, p-value = 

<2.22E-16) and in the rank of the 22 months across the 802 farms (Friedman 

statistic = 447.73, p-value = <2.22E-16). The Kendall’s W for farm when 

ranked by month was 0.03, so the effect was small.  Conversely, the 

Kendall’s W for month when ranked by farm was 0.69, so this effect was 

large. 
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5.1.1 Spatial autocorrelation analysis 

The methods used for establishing the weights matrices and performing the 

spatial analyses is the same as those described for ID in Chapter 4.The GMI 

for this data set was 0.03 with a z-score of 16.40, confirming spatial 

autocorrelation was present in the reported SFR prevalence of this dataset.  

The LMI results for the 802 DPs across each of the 22 study months are 

presented below (Table 5.1).  Cluster and outlier locations vary both spatially 

and across time, as demonstrated in Figure 5.1a-d, which show the LMI 

results at 6-month intervals.  The type and location of clusters and outliers 

identified in October 2012 are very different from those identified it October 

2013, whereas the type of clusters and outliers are similar when comparing 

April 2013 to April 2014 but they have a different distribution.  These results 

suggest a shifting cluster pattern over time.  All 22 maps are presented in 

Appendix II. 
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Figure 5.1a-d Maps displaying the Local Moran’s I results of severe footrot 

prevalence in 802 English sheep flocks mapped at 6-month intervals  

a) October 2012 
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b) April 2013 
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c) October 2013 
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d) April 2014 
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Table 5.1 The arithmetic mean prevalence and number of data points in each category of from Local Moran’s I analysis of severe 

footrot prevalence in 802 English sheep flocks with estimated prevalence for unreported months 

                              

Month 

Not Significant 
 

High-High Clusters 
 

High-Low Outliers 
 

Low-High Outliers  Low-Low Clusters  
 

 
 

N.  
GM SFR  
(95% CI) 

 N.  
GM SFR  
(95% CI) 

 

N.  
GM SFR  
(95% CI) 

 N.  
GM SFR  
(95% CI) 

 
N.  

GM SFR  
(95% CI) 

May-12 786 1.14 (1.05-1.23)  0 -  5 3.86 (2.20-6.77)  0 -  11 0.72 (0.40-1.31) 

Jun-12 752 1.21 (1.11-1.32)  2 3.55 (-)  4 2.63 (2.27-3.04)  4 0.79 (0.34-1.86)  40 0.72 (0.54-0.96) 

Jul-12 759 1.20 (1.10-1.31)  1 5.00 (-)  5 5.01(1.13-22.21)  2 1.00 (-)  35 0.67 (0.49-0.92) 

Aug-12 774 1.16 (1.06-1.26)  7 5.36(2.68-10.72)  1 2.50 (-)  8 0.91 (0.64-1.29)  12 0.84 (0.62-1.13) 

Sep-12 771 1.23 (1.13-1.34)  11 5.54 (3.23-9.50)  0 -  20 0.78 (0.60-1.03)  0 - 

Oct-12 769 1.24 (1.14-1.35)  11 6.21(3.06-12.59)  0 -  22 0.80 (0.61-1.05)  0 - 

Nov-12 765 1.24 (1.14-1.35)  4 10.01(2.81-35.73)  6 3.26 (1.82-5.83)  6 0.61 (0.30-1.25)  21 0.69 (0.41-1.17) 

Dec-12 764 1.23 (1.13-1.34)  5 6.24(1.85-21.06)  5 2.88 (1.96-4.23)  6 0.61(0.30-1.25)  22 0.72 (0.43-1.20) 

Jan-13 802 1.32 (1.21-1.44)  0 -  0 -  0 -  0 - 

Feb-13 746 1.38 (1.26-1.51)  21 5.00 (3.76-6.64)  0 -  35 0.90 (0.65-1.25)  0 - 

Mar-13 747 1.35 (1.23-1.48)  28 4.95 (3.98-6.14)  0 -  27 0.85 (0.57-1.28)  0 - 

Apr-13 786 1.23 (1.13-1.34)  8 3.71 (2.82-4.88)  0 -  6 0.96 (0.67-1.39)  2 1.25 (-) 

May-13 - -  - -  - -  - -  - - 

Jun-13 - -  - -  - -  - -  - - 

Jul-13 - -  - -  - -  - -  - - 

Aug-13 792 1.09 (1.00-1.18)  0 -  4 19.18(4.12-89.32)  0 -  6 0.73 (0.28-1.90) 

Sep-13 758 1.13 (1.04-1.23)  0 -  9 3.37 (2.62-4.33)  0 -  35 0.76 (0.55-1.05) 

Oct-13 760 1.15 (1.05-1.25)  0 -  9 4.28 (2.50-7.31)  0 -  33 0.80 (0.57-1.12) 

Nov-13 783 1.15 (1.06-1.25)  2 32.50 (-)  4 5.01 (2.04-12.31)  2 1.00 (-)  11 0.93 (0.57-1.52) 
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Dec-13 781 1.20 (1.11-1.31)  3 9.10 (-)  5 0.72 (0.01-55.11)  2 0.75 (-)  11 0.93 (0.57-1.52) 

Jan-14 798 1.34 (1.23-1.46)  2 3.75 (-)  0 -  2 0.75 (-)  0 - 

Feb-14 774 1.35 (1.24-1.47)  16 5.85 (4.09-8.36)  0 -  12 0.81 (0.62-1.07)  0 - 

Mar-14 774 1.46 (1.33-1.59)  18 7.22 (4.86-10.73)  0 -  10 0.82 (0.59-1.15)  0 - 

Apr-14 796 1.37 (1.25-1.49)  3 7.95 (2.95-21.45)  0 -  3 0.59 (0.17-1.98)  0 - 

May-14 796 1.32 (1.21-1.44)  3 6.31 (2.34-17.03)   0 -   3 0.47 (0.08-2.64)   0 - 

N. = number of data points, GM = geometric mean, SFR = severe footrot 
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5.1.2 Multi-level multivariable analysis  

 A multilevel negative binomial (NB) analysis was carried out as described for 

ID in Chapter 4.2.2.  The final multivariable results are shown in Table 5.2.  

The longitude of the farm, the lowest recorded temperature,  as well as the 

months of November and December were associated with a decreased 

relative risk of a sheep being lame with SFR.  Conversely, the flock size , 

trimming less than 25% of the flock at a routine foot trim, the maximum 

percent coarse sand in the soil, and the months of February and March were 

associated with an increased risk of a sheep being lame with SFR. 
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Table 5.2 Geometric mean severe footrot prevalence, median, relative risk and 95% confidence intervals for variables in the 

multilevel multivariable negative binomial model associated with the number of sheep lame with severe footrot in 802 English flocks 

over 22 months with estimated prevalence in unreported months 

Variable N.  
SFR GM  
(95% CI) 

Variable Median  
(IQR) 

RR  
(95%CI)  

Number of months ^1    18.10 (2.62-1.25E+02) 
Number of months ^2    54.98 (7.59-3.98E+02) 
Number of months ^3    6.38E+02 (1.02E+02-3.98E+03) 
Number of months ^4    0.07 (0.01-0.48) 
Month - February 1604 1.39 (1.31-1.48)  1.07 (1.01-1.13) 
Month - March 1604 1.44 (1.36-1.54)  1.13 (1.07-1.20) 
Month - November 1604 1.20 (1.13-1.27)  0.89 (0.85-0.94) 
Month - December 1604 1.22 (1.15-1.29)  0.90 (0.85-0.95) 

Longitude 802  
-1.86535  

(-2.80473 : -1.00445) 
0.93 (0.87-0.97)  

Flock size / 10 1604  33 (22 : 50) 1.00 (1.00-1.00)  
Lowest recorded temperature (°C) 17644  4.94 (2.58 : 9.10) 0.98 (0.98-0.99)  
Treated individual lame sheep:     
     Yes 1596 1.25 (1.23-1.27)  - (-) 
     No 8 1.68 (1.37-2.06)  1.41 (1.08-1.85) 
Reported the length of isolation for 
returning sheep: 

    
 

     Yes 66 1.67 (1.50-1.84)  - (-) 
     No 1538 0.63 (0.47-0.86)  0.84 (0.75-0.94) 
Vaccinated ewes with Footvax™:     
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     No 1591 1.25 (1.23-1.27)  - (-) 
     Yes 13 1.49 (1.19-1.86)  1.32 (1.06-1.64) 
Footbathed lambs returning to the farm:     
     No 1600 1.25 (1.23-1.28)  - (-) 
     Yes 4 0.74 (0.31-1.75)  1.55 (1.03-2.33) 
Use of footspray in ewes with FR:     
     Never 1219 1.23 (1.21-1.26)  - (-) 
     Sometimes 140 1.42 (1.35-1.51)  0.93 (0.86-1.00) 
     Usually 198 1.28 (1.22-1.34)  0.98 (0.92-1.04) 
     Always 4 1.36 (1.18-1.57)  0.68 (0.47-0.99) 
     Did not answer 43 1.10 (0.96-1.25)  1.06 (0.94-1.20) 
N.=number of unique values, IQR=interquartile range, GM=geometric mean, SFR=severe footrot, FR= footrot, RR=relative risk, CI=confidence interval; Flock 

variance=0.80, standard error=0.04; Month variance=0.62, standard error=0.01 
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5.2 Analysis and modelling of severe footrot prevalence in reported months 

A total of 4,322 DPs came from 761 farms were reported as having higher-

than-average SFR prevalence.  These DPs had a geometric mean SFR 

prevalence of 3.34% (95% CI = 3.26-3.43%).  The Skillings-Mack test 

highlighted a significant difference between months (Skillings-Mack statistic = 

231.75, p-value <2.22E-16) and farms (Skillings-Mack statistic = 1376.97, p-

value <2.22E-16). 

5.2.1 Spatial Autocorrelation 

The methods used for establishing the weighted matrices and performing the 

spatial analyses is the same as those described for ID in Section 4.3.1.  

Significant spatial clustering of SFR prevalence was only observed in 

November 2012 and April 2013 based on the GMI statistics.  Cluster and 

outlier dynamics were similarly sparse, with 2 high-high clusters observed in 

November 2012 and 10 low-low clusters observed in February 2013.  High 

outliers were observed in June 2012 and February 2013 (1 and 2 

respectively), while 3 low outliers were observed in November 2012.  Overall, 

18 of the 22 months analysed showed no significant cluster or outlier 

presence. 

5.2.2 Multi-level multivariable analysis 

A multilevel negative binomial (NB) analysis was carried out as described for 

ID in Section 4.3.2.  The results are presented in Table 5.3. The farm 

longitude, treating lame sheep on the day they are identified, not trimming 

the feet of ewes with FR, culling ewes with lameness problems, footbathing 

the ewes at any point and footbathing new lambs coming onto the farm were 

all associated with a decreased risk of a sheep being lame with SFR during 

these higher-than-average prevalence periods.  The maximum percent of 

coarse sand in the soil, the percent of sheep that bled during routine foot 

trimming, vaccinating ewes with Footvax™, and footbathing ewes specifically 

after they were gathered together were all associated with an increased risk 

of a sheep being lame with SFR.  The month of March was also associated 

with an increased relative risk.
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Table 5.3 Geometric mean severe footrot prevalence, median, relative risk and 95% confidence intervals for variables in the 

multilevel multivariable negative binomial model associated with the number of sheep lame with severe footrot in 802 English flocks 

over 22 months with estimated prevalence in unreported months 

Variable N.  
SFR GM  
(95% CI)  

Variable Median  
(IQR) 

RR  
(95% CI) 

Number of months ^1    1.34 (1.16-1.56) 
Number of months ^2    1.20 (0.22-6.54) 
Number of months ^3    0.76 (0.22-2.63) 
Number of months ^4    1.14 (0.34-3.86) 

Longitude 761  
-1.87530  

(-2.81717 : -1.01196) 
0.95 (0.91-0.98) 

Maximum % coarse sand in soil  761  4.00 (4.00 : 9.00) 1.02 (1.00-1.03) 
Month - March 570 3.55 (3.30-3.82)  1.08 (1.02-1.14) 
Percent of sheep that bled at foot trim 2693 3.37 (3.26-3.48) 50.00 (0.00 : 50.00) 1.03 (1.02-1.04) 
Trimmed the feet of ewes with FR:     
     Yes 3494 3.45 (3.36-3.56)  - (-) 
     No 738 2.86 (2.68-3.06)  0.73 (0.62-0.86) 
     Did not answer 90 3.40 (2.76-4.18)  0.89 (0.71-1.12) 
Lame sheep were treated on the day 
they are identified: 

   
 

     No 4266 3.36 (3.27-3.45)  - (-) 
     Yes 56 2.41 (1.89-3.09)  0.61 (0.47-0.79) 
Vaccinated ewes with Footvax™:     
    No 4276 3.34 (3.25-3.43)  - (-) 
    Yes 46 3.80 (2.89-4.99)  1.49 (1.15-1.94) 
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Culled ewes for lameness problems:     
     No 3157 3.75 (3.55-3.96)  - (-) 
     Yes 1068 3.24 (3.14-3.34)  0.84 (0.72-0.98) 
     Did not answer 97 2.62 (2.20-3.11)  1.08 (0.92-1.25) 
Footbathed ewes at any point:     
    No 1588 3.38 (3.23-3.53)  - (-) 
    Yes 2734 3.33 (3.22-3.44)  0.82 (0.73-0.91) 
Footbathed new lambs coming onto 
the farm: 

   
 

     No 4274 3.35 (3.26-3.44)  - (-) 
     Yes 48 3.02 (2.25-4.04)  0.65 (0.48-0.89) 
Footbathed ewes after gathering them 
together: 

   
 

     No 4073 3.32 (3.23-3.41)  - (-) 
     Yes 249 3.80 (3.37-4.28)  1.34 (1.15-1.57) 
N.=number of unique values, IQR=interquartile range, GM=geometric mean, SFR=severe footrot, FR= footrot, RR=relative risk,   CI=confidence interval; 

Flock variance=0.48, standard error=0.03; Month variance=0.23, standard error=0.01 
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5.3 Analysis and modelling of factors affecting whether a month was reported 

as having higher-than-average SFR prevalence 

As described for ID in Chapter 4, the Cochran’s Q test was carried out and 

highlighted that there was a significant effect from both farm (Q = 2198.12, p-

value <2.22E-16) and month (Q = 459.53, p-value <2.22E-16) on whether or 

not a higher-than-average SFR prevalence was reported. 

5.3.1 Spatial autocorrelation 

Assessment of spatial autocorrelation of the binomial outcome data was 

carried out as described for ID in Chapter 4.  The shortest radius at which 

clustering became significant was 2.5km and the longest was 17.5km, with a 

median distance of 7.5km.  No evidence of dispersion was observed on any 

month at any distance and clustering remained significant even up to a 

radius of 250km. 

5.3.2 Multi-level multivariable analysis 

A multilevel binomial analysis was carried out as described for ID in Chapter 

4.  The results of the final model are reported in Table 5.4.  Increases in flock 

size, the maximum percent of fine sand in the soil, and annual lameness 

prevalence, as well as the months of January, February, and March, were all 

associated with an increased risk of a farm reporting a month as having 

higher-than-average SFR prevalence.  Usually or always separating ewes 

with FR from the flock and being unable to identify lame sheep from a 

locomotion score of 1 were also associated with an increase in relative risk.  

Increases in mean air temperature, always using footspray on ewes with FR, 

and the month of May were all associated with a decreased risk of a farm 

reporting a month as having higher-than-average SFR prevalence.   
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Table 5.4 Median, relative risk and 95% confidence intervals for variables in the multilevel multivariable binomial model associated 

with reporting a month as having higher-than-average interdigital dermatitis prevalence in 802 English flocks over 22 months  

 

Variable 
N.  

(N. HTA) 
Variable Median  

(IQR) 
RR  

(95% CI)  

Number of months ^1   6.14E+09 (2.17E+07-1.74E+12) 
Number of months ^2   6.92E+10 (2.52E+07-1.90E+14) 
Number of months ^3   3.18E+04 (2.50E+02-4.05E+06) 
Number of months ^4   1.15 (7.89E-04-1.68E+03) 
Month - January 1604 (463)  1.28 (1.12-1.47) 
Month - February 1604 (537)  1.50 (1.31-1.72) 
Month - March 1604 (570)  1.55 (1.35-1.77) 
Month - May 1604 (379)  0.76 (0.59-0.97) 
Maximum fine sand % in soil 17644 (4322) 27.00  (19.00 : 30.00) 1.01 (1.00-1.01) 
Annual lameness prevalence (%) 17644 (4322) 4.00 (2.00 : 5.00) 1.02 (1.01-1.03) 
Flock size/10 17644 (4322) 33 (22 : 50) 1.00 (1.00-1.00) 
Mean air temperature (°C) 17644 (4322) 8.40 (5.82 : 12.95) 0.97 (0.96-0.99) 
Able to identify lame sheep from a 
locomotion score of 1: 

  
 

     Yes 9218 (2159)  - (-) 
     No 8426 (2163)  1.17 (1.07-1.29) 
Separation of ewes with FR from the 
flock: 

  
 

     Never or Sometimes 15882 (3873)  - (-) 
     Usually or always 1460 (382)  1.30 (1.11-1.52) 
     Did not answer 302 (67)  0.71(0.50-1.00) 
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Vaccinated ewes with Footvax™:    
     No 17508 (4276)  - (-) 
     Yes 136 (46)  1.71 (1.09-2.68) 
Treated individual lame sheep:    
     Yes 72 (10)  - (-) 
     No 17572 (4312)  2.07 (1.03-4.16) 
N.=number of unique values, HTA=higher than average, IQR=interquartile range, RR=relative risk, CI=confidence interval; Variance=0.42, standard 

error=0.03; variance=0.41, standard error=0.03 
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Discussion: 

The Ripley’s L analysis confirmed there was significant clustering of farms 

reporting higher-than-average SFR prevalence within any given month.  This 

was observed at both relatively short and long distances with no signs of 

dispersion or loss of significance, suggesting the clustering is present within 

local communities all the way up to the national level.  However, the Ripley’s 

L is a point pattern analysis and cannot provide information on patterns in 

SFR prevalence.  For this we must look at the GMI and LMI results. When 

looking only at the prevalence in months reported as higher-than-average, 

there was very little sign of significant clustering or outliers.  It is only when 

viewing the LMI results of the estimated dataset (Table 5.1) that the patterns, 

and the changes in them over time, become visible.  Each year in this study 

sees an increase in the number of high-high clusters in February and March, 

as well as an increase in low-low clusters in the autumn (November-

December 2012, September-October 2013).  There is also a large number of 

low-low clusters observed in June-July 2012, but as there was no data 

collected for these months in 2013 it is impossible to judge if they form a 

pattern or were the result of some unique factors of the 2012 summer 

season.  The pattern is further supported by the mean SFR prevalence of the 

not significant DPs where we see a decrease through the summer into 

autumn followed by an increase through winter and into early spring.  This 

temporal pattern fits with the quartic function observed in the outcome 

variable and provides further evidence for its inclusion in the models.  

However, variations in the location of these clusters and outliers, as can be 

seen in the sample LMI result maps provided, indicates it is not the same 

farms each year.  Therefore, there are likely factors beyond those tied to the 

farm location exerting an influence on spatial variations in SFR prevalence, 

such as weather patterns and variations in farmer lameness management 

practices. 

As in the previous chapter, there were several variables significant in more 

than one of the models.  The factors in all three models were the month of 

March and whether or not they vaccinated their ewes with Footvax™.  The 

month of March is likely a reflection of it being the month with the highest 
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number of high-high clusters and the highest mean SFR prevalence among 

not significant DPs in both study years.  As discussed in the previous 

chapter, it can be difficult to be certain if the increased relative risk 

associated with vaccination is part of a cause or effect relationship.   

Factors that were significant in both of the NB models include the farm 

longitude and variables related to footbathing of ewes and/or lambs, 

suggesting that these variables influence the prevalence of SFR during both 

average and higher-than-average prevalence periods.  The decrease in 

relative risk associated with the farm longitude points to a broad benefit to 

having a farm location that is further east.  One possibility for this is the 

different, generally milder climate found in the eastern regions.  Though 

individual climate variables were not significant in these models, a decrease 

in relative risk associated with the mean and lowest recorded air 

temperatures was observed in the binomial model and NB model of the 

estimated dataset, respectively.  It is likely that this association relates to the 

establishment and maintenance of periods of higher-than-average SFR 

prevalence by reducing soil moisture, which has been found to be a crucial 

factor in the survival of D. nodosus in soil (Muzafar et al., 2016, Cederlof et 

al., 2013).  If these higher-than-average periods are observed less frequently 

or for shorter periods of time, then this could produce an overall decrease in 

SFR prevalence.    

In the model using the estimated dataset,  footbathing any returning lambs 

was associated with an increased relative risk, similar to that seen in the ID 

data in the previous chapter.  In contrast, the NB model of only reported 

higher-than-average months showed a decreased relative risk associated 

with footbathing new lambs coming onto the farm and footbathing ewes 

except in the specific instance of after they had been gathered.  The 

difference seen in the effect of footbathing on new versus returning lambs 

could be down to the frequency of these events.  Returning lambs to the 

flock is a far less common event, and in fact may never happen on many 

farms, so the activity itself carries a high risk regardless of footbathing 

practices and is potentially avoidable.  Conversely, bringing in new breeding 

stock is an essential annual activity for nearly all flocks.  Therefore, the 

decrease in relative risk associated with footbathing new lambs is likely 
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demonstrating the goal of footbathing at farm level, which is to reduce their 

risk of new strain introduction since bringing in new stock is, for most, an 

unavoidable activity.  Similar to the results found in the last chapter, the  

increased risk associated with footbathing ewes after gathering is likely due 

to a combination of inappropriate use of footbath products and close contact. 

Additional factors found to be significant in both the NB model of the 

estimated dataset and the binomial model were flock size, whether or not 

farmers treated individual lame sheep, and the month of February.  In both 

study years, the month of February saw a sharp increase in the number of 

farms reporting higher-than-average SFR prevalence, so its appearance in 

both models is not unexpected.  The association with flock size may be 

significant, but the affect is very small, with a <0.01x increase to relative risk, 

which means the impact is likely to be limited given the average English flock 

size of 330 (220-500) ewes.  Treatment of lame individuals has previously 

been shown to significantly reduce FR and lameness prevalence within the 

flock as a whole (Green et al., 2007, Winter et al., 2015, Witt and Green, 

2018, Prosser et al., 2019).  By promptly and effectively treating FR in the 

individual, it is likely that these farms are able to head off sudden increases 

in SFR prevalence. 

The binomial model and the NB model of only reported months both included 

a soil sand content variable, but the variation in distribution of fine and 

coarse sand content (Figures 5.2a-b respectively) means they are 

highlighting different effects.  Increased maximum fine sand content is 

associated with an increased risk of a month being reported as higher than 

average, and there is a much larger range of maximum fine sand content 

(0.01-43.40%) compared to maximum coarse sand content (0.01-16.26%).  

With such high fine sand content, it is possible that the sand is causing 

damage to the interdigital skin, which is crucial to the establishment of D. 

nodosus infection.  In contrast, increased maximum coarse sand content is 

associated with an increased risk to elevating SFR prevalence in months 

reported as above average.  In sandy soils, an increase in coarse particles 

increases drainage but also reduces total water holding capacity.  This may, 

when coupled with high rainfall, contribute to the high levels of flooding seen 

in recent years in many of the areas in Figure 4.2b with high coarse sand 
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content.  Standing water, even for short periods, could increase the spread of 

SFR within a flock.    

Variables significant exclusively in the NB model of SFR prevalence in 

reported months include treating lame sheep on the same day they are 

found, whether or not ewes with FR had their feet trimmed, the prevalence of 

ewe feet that bled during routine foot trimming, and whether or not ewes 

were culled for lameness problems. Foot trimming practices don’t address 

the underlying infection with D. nodosus and slow healing time of ewes 

suffering from FR (Kaler et al., 2010, Wassink et al., 2010) and increase flock 

annual lameness prevalence (Winter et al., 2015, Prosser et al., 2019).  

Culling ewes for lameness problems has also been shown previously to 

reduce flock level lameness prevalence (Witt and Green, 2018, Prosser et 

al., 2019).  Overall, these factors appear to reduce SFR prevalence during 

higher-than-average periods by treating promptly and not trimming to give 

optimal recovery and removing animals most likely to develop repeated 

infections from the flock 

 

Figure 5.2a-b Maximum fine and coarse sand content averaged across 

counties represented by 802 English sheep flocks

a) Maximum fine sand content 

  

b) Maximum coarse sand content 
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Variables significant only in the binomial model are likely more strongly 

associated with the beginning or end of periods of higher-than-average SFR 

prevalence.  These include the annual flock lameness prevalence, being able 

to identify lame animals from a locomotion score of 1, the month of May, the 

month of January, and separating ewes with FR from the flock.  The months 

of January and May are times of lower SFR prevalence immediately before 

and after, respectively, the months associated with the highest mean SFR 

prevalence and greatest number of high-high prevalence clusters.  Those 

who are able to identify animals with a locomotion score of 1 showing only 

minimal indications of lameness are likely providing treatment more swiftly, 

heading off increases in SFR prevalence before they spread further.  In a 

related vein, farmers who have sufficient lameness management practices in 

place to maintain low annual lameness prevalence are unlikely to have 

increases in SFR prevalence go unchecked.  The increased risk of SFR 

associated with separation of ewes with FR may be, like vaccination, a case 

of correlation not causality, particularly as separation of lame sheep has 

been found to reduce lameness prevalence (Witt and Green, 2018). 

The only variables exclusively within the NB model of the estimated dataset 

were the use of footspray in ewes with FR, the month of November and the 

month of December.  As these variables only appear to be significant when 

looking at the change in prevalence across all farms on all months, and that 

outcome contains a large number of estimated values along with evidence of 

a poor model fit highlighted in the previous chapter, their relevance is 

questionable.   
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Chapter 6:  Summary of study outcomes and final conclusions 
 

This is the first study to assess the spatial distribution of annual lameness 

prevalence, monthly prevalence of interdigital dermatitis (ID) and footrot 

(SFR), and monthly incidence of periods of higher-than-average prevalence 

of ID and SFR in English sheep flocks.  Changes seen in the distribution of 

clusters and outliers between the 2 questionnaire datasets show that, 

although there was an overall decrease in annual lameness prevalence in 

the second questionnaire, this was not seen across all farms as new high 

clusters appeared in the Northwest and East of England regions.  These 

findings were echoed in the monthly analyses of ID and SFR prevalence, 

where there were patterns in the type of clusters and outliers seen in a given 

month (e.g., April), but their locations across England were not uniform and 

the numbers varied between years (e.g., 2013 vs 2014).  This suggests that 

not all farms are affected equally, and changes to flock management and the 

farm environment over time do have a significant impact in the national 

prevalence distribution.  

It was interesting to observe limited clustering in the distribution of periods of 

higher-than-average ID prevalence compared to SFR, and no clustering in 

the prevalence of ID during these elevated periods.  This random distribution 

suggests that the increased ID prevalence seen during higher-than-average 

periods is likely down to the conditions of the individual farm and that these 

conditions do not affect surrounding farms, though with the data in this study 

it is impossible to account for all neighbouring farms.  This fits with the 

endemic status of ID, as it is reported in >90% of English sheep flocks (ref 

Winter Prosser) .  It is also reflected in the NB model results for ID 

prevalence in reported months, which included several farm-specific 

variables related to soil content and FR management, but no variables 

related to climate nor to the treatment of new or returning sheep.  Smith et al. 

(2014) found associations with rolling mean air temperature and rainfall, but 

their data assesses these variables over weekly and 2-weekly timescales.  

Therefore, it is likely that the effect of these variables would be more visible 

within a narrower timescale than was available from the data in this study.   



 

93 
 

Conversely, significant clustering was seen in both the incidence of higher-

than-average periods of SFR and the prevalence of SFR during these 

elevated periods.  The associated SFR NB model of months reported as 

higher-than-average contained variables with a wider distribution of effect, 

such as longitude and the month of March, and footbathing new lambs 

coming onto the farm which is related to the movement of sheep between 

flocks.  Mixing of sheep from different flocks has previously been identified 

as a risk factor for increased lameness prevalence (Prosser et al., 2019).  

Understanding these differences in spatial distribution through time can help 

farmers tailor their lameness management practices to their specific location 

and changing climate, particularly by adopting those practices found to 

reduce the prevalence of ID and SFR. 

This is also the first study to look at the effect of lameness management 

practices, climate variables, and soil content on annual lameness 

prevalence, monthly prevalence of interdigital dermatitis (ID) and footrot 

(SFR), and monthly incidence of periods of higher-than-average prevalence 

of ID and SFR in English sheep flocks.  A summary of the significant results 

from the annual lameness prevalence model, as well as the models 

evaluating monthly ID and SFR reports, is shown in Table 6.1. Two variables 

were significantly related to annual lameness prevalence and the prevalence 

of ID and SFR during periods reported as having higher-than-average 

prevalence – the mean coarse sand content of the soil and footbathing.  This 

suggests that these variables have a significant impact on lameness, ID, and 

SFR prevalence at all timescales, which is logical as they both have an effect 

on the condition of the interdigital skin and are likely to be encountered 

regularly and repeatedly throughout any given month or year.  The reasons 

why these variables may be increasing RRs of prevalence have been 

discussed in previous chapters, but in summary it is likely that footbaths are 

not being used appropriately, leading to ineffective treatment of 

Dichelobacter nodosus, particularly when gathered into large groups in 

confined spaces likely to be contaminated with soil and faecal material where 

D. nodosus can spread.  Coarse sand particles can be abrasive on the 

interdigital skin, causing injury which allows D. nodosus to invade the tissue.   
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Being able to identify lame sheep at a locomotion score of 1 is associated 

with a decreased risk related to annual lameness prevalence, the prevalence 

of ID, and a reduced incidence of periods when SFR prevalence is higher-

than-average.  Other variables similarly associated with the prevalence of ID 

and incidence of higher-than-average SFR periods include separation of 

ewes with footrot (FR) and the fine sand content of the soil.  If lame sheep 

are identified and treated early, it is more likely that cases of FR will still be in 

the ID stage.  Treatment of ID is typically more effective, as D. nodosus is 

still present on the interdigital skin surface, and treatment at this stage 

prevents progression to SFR.  Separating ewes with FR at either stage 

allows consistent treatment application, as the lame sheep cannot hide 

among the rest of the flock. It also makes it easier to monitor the response to 

treatment and make changes quickly if needed.  Fine sand particles are not 

only abrasive but may be pushed into areas of hoof horn damage, 

accelerating development of ID into SFR.  These variables suggest that 

farmers should be addressing lame animals as early as possible and 

removing lame sheep from the flock to ensure they are provided the most 

effective treatment to reduce the risk of disease progression.   

Another factor that appears to be related to ID, SFR, and annual lameness 

prevalence is culling sheep for having problems with lameness.  While it 

seems clear that some degree of culling is associated with a reduction in 

lameness, ID and SFR prevalence, the cut-off for when to cull is less clear.  

Culling after being lame only once decreased the RR in annual lameness 

prevalence, but it increased the RR in ID prevalence.  This variation may be 

down to the low number of farmers carrying out culling at this level.  

Establishing the appropriate level may also be a farm-specific task, as those 

with historically low lameness prevalence may have the flexibility to be more 

forgiving, while those with high lameness prevalence may wish to be more 

severe.  It is an area that needs more research, but for the time being the 

promotion of culling for lameness reasons should be carried forward. 

Several variables from the annual lameness prevalence model were related 

to either ID or SFR prevalence, suggesting they are contributing to the 

proportion of lameness prevalence attributable to these particular stages of 
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FR.  Variables related to both ID and annual lameness prevalence include 

the mean clay content of the soil, flock stocking density, and the presence of 

contagious ovine digital dermatitis (CODD) in the flock.  Variables related to 

both SFR and annual lameness prevalence include longitude, prompt 

treatment of lame sheep, and the percent of sheep that bleed when their feet 

are trimmed.  Other significant variables from the annual model that are not 

seen in either the ID or SFR model sets may be related to the prevalence of 

other lameness conditions, such as CODD and granulomas, or may be 

related to practices that are only carried out once or twice a year and are 

less likely to have a significant impact within a monthly timescale. 

Vaccination had a significant impact on the prevalence of ID and SFR during 

higher-than-average periods but did not have a significant effect on the 

annual lameness prevalence.  As discussed in previous chapters, the 

benefits of Footvax™ are unclear.  In this study it would appear that it may in 

fact be a hinderance to reducing peak prevalence levels, though that may be 

an effect of farmers with higher lameness prevalence being more likely to 

use the vaccine.  Other reasons for this association may be related to the 

vaccine itself, which has only modest efficacy with approximately 60% of 

treated sheep developing an adequate immune response that lasts from 4-6 

months (Duncan et al., 2012).  In spite of this, many farmers that use 

Footvax™ give only a single annual booster.  Currently there is work within 

the UK to test bespoke bivalent vaccines that have been shown to have 

greater efficacy in other countries (Dhungyel et al., 2013, Dhungyel et al., 

2008), but for the time being the benefits of vaccinating against FR remain 

uncertain. 

There are a few notable limitations in this study that need to be addressed. 

The use of estimated data in the monthly models did create some issues in 

variable selection and interpretation.  Though great care was taken to 

develop the estimation method used in this study, any use of estimated data 

has to be acknowledged and taken into consideration.  The model fit and 

predictive ability was very poor for both ID and SFR, so any interpretations of 

the significance of variables included in them would be questionable.   
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The missing data from May, June, and July 2013 is also problematic, as it 

means that the months presented do not represent an uninterrupted linear 

set of data.  There is also only data for June and July from a single year 

while all other months have data from 2 years.  Given the variability over time 

in ID and SFR prevalence, as well as in the distribution of clusters and 

outliers, it is possible that the data from those missing months would alter the 

model outcomes, but I anticipate any alterations would be minor. 

The findings from this study add greatly to the understanding of ovine FR in 

the UK.  They provide insight into the spatial and temporal distribution of 

periods of higher-than-average prevalence of ID and SFR, and the elevated 

prevalence associated with these periods.  They look at the impact of climate 

and soil variables that, to date, have not been evaluated in relation to 

disease prevalence, and add to the evidence on which lameness 

management practices are likely to be most effective in controlling ID and 

SFR.  Overall, they suggest that although ID and SFR are stages of the 

same disease, factors affecting their severity and distribution in the UK at 

any given time are different.  By furthering our understanding of these 

differences, the opportunity for targeted management throughout the year, 

and in particular during periods of high prevalence, becomes more feasible.   
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Table 6.1  Summary of all the relative risk and 95% confidence interval results for significant variables from analyses of data from 2 

questionnaires covering 22 months collected from 802 English sheep flocks, including a negative binomial analysis of annual 

lameness prevalence, negative binomial analyses of monthly prevalence of interdigital dermatitis and severe footrot using 

estimated prevalence in unreported months, negative binomial analyses of monthly prevalence of interdigital dermatitis and severe 

footrot in months reported as higher-than-average, and binomial analyses evaluating the reporting of a month as having higher-

than-average prevalence of interdigital dermatitis and severe footrot 

Variable 

Annual 
Lameness 

Prevalence NB 
 

ID  SFR 

EST NB 
RR (95%CI) 

HTA NB  
RR (95%CI) 

HTA Binomial 
RR (95%CI) 

 EST NB 
RR (95%CI) 

HTA NB 
RR (95%CI) 

HTA Binomial 
RR (95%CI) 

Data from second 
questionnaire 

- 0.79 
(0.70-0.88) 

- 0.54 
(0.37-0.77) 

 - - - 

Month - January - - - -  - - 1.28 
(1.12-1.47) 

Month - February - - - -  1.07 
(1.01-1.13) 

- 1.50 
(1.31-1.72) 

Month - March - - - -  1.13 
(1.07-1.20) 

1.08 
(1.02-1.14) 

1.55 
(1.35-1.77) 

Month - May - - - -  - - 0.76 
(0.59-0.97) 

Month - June - 1.18 
(1.10-1.26) 

- 1.90 
(1.57-2.31) 

 - - - 

Month - July - 1.14 
(1.06-1.22) 

- 1.49 
(1.22-1.80) 

 - - - 

Month - September - 1.06  
(1.01-1.11) 

- -  - - - 
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Month - November - - - -  0.89 
(0.85-0.94) 

- - 

Month - December - - - 0.73 
(0.60-0.90) 

 0.90 
(0.85-0.95) 

- - 

Longitude 0.95 
(0.92-0.98) 

- - -  0.93 
(0.87-0.97) 

0.95 
(0.91-0.98) 

- 

Flock size / 10 - - - -  1.00  
(1.00-1.00) 

- 1.00  
(1.00-1.00) 

Annual lameness 
prevalence (%) 

- - - 1.01  
(1.00-1.02) 

 - - 1.02  
(1.01-1.03) 

Mean lameness 
prevalence in lambs 

1.06  
(1.06-1.07) 

- - -  - - - 

Air temperature (°C) - 1.03  
(1.02-1.03) 

- 1.09  
(1.07-1.11) 

 0.98  
(0.98-0.99) 

- 0.97  
(0.96-0.99) 

Rainfall (mm) - - - 1.00  
(1.00-1.00) 

 - - - 

% fine sand content in 
the soil 

- 1.01 
 (1.00-1.02) 

1.02  
(1.01-1.03) 

-  - - 1.01  
(1.00-1.01) 

% coarse sand content 
in the soil 

* - 1.02  
(1.00-1.05) 

-  - 1.02  
(1.00-1.03) 

- 

% clay content in the 
soil 

* - 1.01 
 (1.00-1.02) 

-  - - - 

% organic matter 
content in the soil 

* - - -  - - - 
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% of sheep that bled at 
foot trim 

1.02  
(1.01-1.02) 

- - -  - 1.03 
 (1.02-1.04) 

- 

Unable to identify lame 
sheep from a 
locomotion score of 1 

1.15  
(1.07-1.23) 

- 1.10  
(1.03-1.17) 

-  - - 1.17  
(1.07-1.29) 

Lame sheep were 
treated on the day they 
are identified 

 
0.80  

(0.78-0.95) 

 
- 

 
- 

 
- 

  
- 

 
0.61  

(0.47-0.79) 

 
- 

Did not treated 
individual lame sheep 

1.19  
(1.08-1.32) 

- - -  1.41  
(1.08-1.85) 

- 2.07  
(1.03-4.16) 

Always used of 
footspray in ewes with 
FR 

- 1.56  
(1.11-2.20) 

- -  0.68  
(0.47-0.99) 

- - 

Did not trim the feet of 
ewes with FR 

- - - -  - 0.73  
(0.62-0.86) 

- 

Routinely foot trimmed 
the flock at least once 
a year 

1.09  
(1.01-1.17) 

- - -  - - - 

Trimmed ≥25% of the 
flock during a routine 
foot trim 

1.14  
(1.06-1.23) 

- - -  - - - 

Vaccinated with 
Footvax™ 

- - 1.33  
(1.10-1.17) 

-  1.32  
(1.06-1.64) 

- 1.71  
(1.09-2.68) 
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Footbathed ewes at 
any point in the year 

1.17  
(1.10-1.26) 

- 0.80  
(0.72-0.90) 

-  - 0.82  
(0.73-0.91) 

- 

Footbathed ewes after 
gathering them 
together 

- - 1.35  
(1.15-1.60) 

-  - 1.34  
(1.15-1.57) 

- 

Footbathed new lambs 
coming onto the farm 

- - - -  - 0.65  
(0.48-0.89) 

- 

Footbathed lambs 
returning to the farm 

- 1.62 
 (1.17-2.24) 

- 2.43  
(1.02-5.82) 

 1.55  
(1.03-2.33) 

1.49  
(1.15-1.94) 

- 

Footbathed lambs 
before housing 

- 1.67  
(1.39-2.00) 

- -  - - - 

Did not report SFR 
present on the farm 

0.89 
(0.80-0.99) 

- - -  - - - 

Did not report CODD 
present on the farm 

0.81  
(0.75-0.87) 

- 1.17  
(1.06-1.30) 

-  - - - 

Did not have difficulty 
catching and treating 
individual lame sheep 

- - 0.76  
(0.67-0.85) 

-  - - - 

Culled ewes after 
being lame only once 

0.74  
(0.61-0.91) 

1.78  
(1.09-2.91) 

- -  - - - 

Culled ewes for 
repeated lameness 
problems 

- 0.94  
(0.89-1.00) 

- -  - 0.84 
 (0.72-0.98) 

- 
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Did not reported the 
length of isolation for 
returning sheep 

- - - -  0.84  
(0.75-0.94) 

- - 

Isolation of new sheep 
on arrival: 

        

     Usually - 1.41  
(1.21-1.65) 

- -  - - - 

     Sometimes - 1.08 
 (1.01-1.15) 

- -  - - - 

     Never - 1.55  
(1.28-1.87) 

- -  - - - 

Separation of ewes 
with FR from the flock: 

    
 

   

     Always - - 0.80  
(0.71-0.91)** 

-  - - 1.30  
(1.11-1.52)** 

     Usually - 1.32  
(1.18-1.48) 

- -  - - - 

     Sometimes - 1.23  
(1.10-1.38) 

- -  - - - 

     Never - 1.36  
(1.19-1.56) 

- -  - - - 

Stocking density of ≤ 8 
ewes per acre 

0.84  
(0.72-0.97) 

- - 0.43  
(0.23-0.81) 

 - - - 

NB=negative binomial, EST=estimated, HTA=higher-than-average, ID=interdigital dermatitis, SFR=severe footrot, FR = footrot, CODD=contagious ovine 

digital dermatitis, RR=relative risk, CI=confidence interval; * = results significant but difficult to interpret, ** = ‘Always’ and ‘Usually’ were combined in this 

analysis 
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Appendix I.  Sample univariable results 
 

Table I.I Mean, relative risk (RR), and 95% confidence interval (CI) for 

selected static environmental factors assessing their impact in a univariable 

negative binomial model on the reported number of lame sheep in 802 

English flocks in 2013 and 2014 

Variable Mean RR 95% CI 

Latitude 52.25951 1.025 0.984-1.066 

Longitude -1.88569 0.953 0.917-0.990 

% Sand - mean 33.78 1.004 0.999-1.007 

% Sand - max 52.42 1.001 0.998-1.003 

% Sand - min 17.31 1.002 0.996-1.006 

% Fine sand - mean 16.81 1.006 0.998-1.013 

% Fine sand - max 26.19 1.006 1.000-1.010 

% Fine sand - min 8.04 0.999 0.989-1.007 

% Medium sand - mean 11.65 1.002 0.994-1.010 

% Medium sand - max 21.80 1.001 0.996-1.004 

% Medium sand - min 4.74 1.001 0.987-1.015 

% Coarse sand - mean 5.19 1.012 0.993-1.030 

% Coarse sand - max 8.88 1.006 0.994-1.016 

% Coarse sand - min 2.31 1.008 0.983-1.032 

% Silt - mean 38.69 0.998 0.992-1.003 

% Silt - max 48.82 1.001 0.995-1.005 

% Silt - min 25.93 0.998 0.993-1.002 

% Clay - mean 26.60 0.990 0.983-0.996 

% Clay - max 39.52 0.998 0.994-1.002 

% Clay - min 16.30 0.996 0.990-1.001 

% Peat 0.93 1.008 0.997-1.017 

Organic content - mean 5.47 1.004 0.988-1.019 

Organic content - max 10.58 1.002 0.996-1.008 

Organic content - min 3.02 0.960 0.913-1.009 

pH - mean 5.88 0.903 0.833-0.979 

pH - max 6.55 0.922 0.860-0.987 

pH - min 5.18 0.954 0.902-1.007 

% Agricultural Land Class 0  3.63 0.955 0.571-1.594 

% Agricultural Land Class 1 1.99 1.054 0.605-1.835 

% Agricultural Land Class 2 13.54 0.971 0.742-1.268 

% Agricultural Land Class 3 63.67 1.131 0.929-1.376 

% Agricultural Land Class 4 15.35 0.772 0.587-1.013 

% Agricultural Land Class 5 1.83 1.161 0.588-2.291 

Altitude - min 59.69 1.000 0.998-1.000 

Altitude - max 155.77 1.000 0.999-1.000 

Altitude - mean 100.29 1.000 0.998-1.000 

Altitude - median 98.17 1.000 0.998-1.000 
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Table I.II Number (No.) and percent (%) reported, relative risk (RR), and 95% 

confidence interval (CI) for selected lameness management practices 

assessing their impact in a univariable negative binomial model on the 

reported number of lame sheep in 802 English flocks in 2 retrospective 

questionnaires 

Variable No. % RR 95% CI 
Flock size 1593 100.00 1.000 0.999-1.000 

What is the lowest 
lameness score at 
which you are able to 
recognise a sheep as 
lame? 

1 832 52.228 - --- 
2 558 35.028 1.138 1.034-1.251 
3 164 10.295 1.219 1.047-1.418 
4 19 1.193 1.026 0.698-1.506 
5 2 0.126 0.996 0.288-3.434 
6 2 0.126 0.341 0.085-1.363 
No answer 16 1.004 1.110 0.732-1.681 

What is the lowest 
score at which you 
would catch and treat 
a lame sheep? 

1 433 27.181 - --- 
2 620 38.920 1.073 0.963-1.194 
3 401 25.173 1.056 0.933-1.194 
4 87 5.461 1.145 0.936-1.399 
5 10 0.628 1.052 0.620-1.783 
6 2 0.126 2.433 0.755-7.833 
Don't treat 
individual sheep  

14 0.879 1.590 0.981-2.575 

No answer 26 1.632 1.404 1.002-1.967 
How many sheep 
would have to be 
lame in a group 
before you would 
gather them for 
treatment? 

1 213 13.371 - --- 
2-5 856 53.735 1.143 1.005-1.298 
6-10 298 18.707 1.571 1.355-1.820 
10+ 188 11.802 1.791 1.523-2.104 
Don't treat 
individual sheep  

8 0.502 0.876 0.482-1.591 

No answer 30 1.883 1.328 0.983-1.793 
How soon were lame 
sheep treated after 
you saw them? 

That day 92 5.775 - --- 
Within 3 days 718 45.072 1.195 0.983-1.453 
Within 1 week 603 37.853 1.452 1.188-1.774 
Within 1-2 
weeks 

132 8.286 1.747 1.373-2.222 

Longer than 2 
weeks 

24 1.507 2.001 1.345-2.975 

Didn't treat any 
lame sheep 

2 0.126 0.029 0.003-0.265 

No answer 22 1.381 1.359 0.915-2.018 
How easy do you find 
it to catch and treat 
individual lame 
sheep? 

Very difficult 84 5.273 - --- 
Difficult 453 28.437 1.138 0.922-1.403 
Neither easy nor 
difficult 

736 46.202 1.016 0.825-1.250 

Easy 238 14.940 1.000 0.795-1.257 
Very easy 54 3.390 0.935 0.678-1.289 
No answer 28 1.758 0.812 0.557-1.183 
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Correctly identified ID 
(ID) from a photo and 
description 

Yes 1411 88.575 - --- 
No - selected 
SFR 

79 4.959 0.972 0.789-1.198 

No - selected 
CODD 

8 0.502 1.319 0.729-2.387 

No - selected 
shelly hoof 

1 0.063 0.781 0.144-4.210 

No - selected 
"Other" 

19 1.193 0.888 0.588-1.339 

No answer 75 4.708 1.070 0.869-1.317 
Correctly identify 
severe footrot (SFR) 
from a photo and 
description 

Yes 1313 82.423 - --- 
No - selected ID 28 1.758 0.925 0.666-1.284 
No - selected 
CODD 

67 4.206 1.260 1.014-1.564 

No - selected 
shelly hoof 

42 2.637 1.187 0.909-1.550 

No - selected 
"Other" 

9 0.565 0.883 0.490-1.588 

No answer 134 8.412 0.906 0.771-1.063 
Correctly identify 
contagious ovine 
digital dermatitis 
(CODD) from a photo 
and description 

Yes 892 55.995 - --- 
No - selected 
SFR 

306 19.209 1.092 0.965-1.234 

No - selected ID 15 0.942 1.303 0.826-2.055 
No - selected 
shelly hoof 

122 7.659 1.094 0.926-1.293 

No - selected 
"Other" 

21 1.318 1.013 0.699-1.467 

No answer 237 14.878 0.916 0.803-1.043 
Correctly identify 
shelly hoof from a 
photo and description 

Yes 974 61.142 - --- 
No - selected 
SFR 

249 15.631 0.996 0.874-1.133 

No - selected ID 3 0.188 0.529 0.172-1.625 
No - selected 
CODD 

45 2.825 1.264 0.973-1.640 

No - selected 
"Other" 

45 2.825 0.924 0.711-1.200 

No answer 277 17.389 1.021 0.904-1.150 
Is ID present in your 
flock? 

Yes  1413 88.701 - --- 
No 101 6.340 0.893 0.743-1.073 
Don't know 35 2.197 1.063 0.792-1.426 
No answer 44 2.762 1.231 0.945-1.602 

Is SFR present in 
your flock? 

Yes  1290 80.979 - --- 
No 225 14.124 0.817 0.715-0.933 
Don't know 23 1.444 1.013 0.706-1.451 
No answer 55 3.453 1.067 0.844-1.347 

Is contagious ovine 
digital dermatitis 
(CODD) present in 
your flock? 
  

Yes  799 50.157 - --- 
No 680 42.687 0.729 0.663-0.799 
Don't know 29 1.820 0.822 0.601-1.124 
No answer 85 5.336 0.948 0.784-1.145 
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Is shelly hoof present 
in your flock? 

Yes  1071 67.232 - --- 
No 388 24.357 0.991 0.891-1.101 
Don't know 48 3.013 1.116 0.868-1.434 
No answer 86 5.399 1.031 0.853-1.247 

Did you use a 
turnover crate when 
treating SFR and ID? 

Never 55 3.453 - --- 
Sometimes 500 31.387 1.371 1.064-1.763 
Usually 493 30.948 1.415 1.096-1.826 
Always 448 28.123 1.433 1.109-1.852 
No answer 97 6.089 1.305 0.972-1.750 

Did you trim the feet 
of ewes when 
treating SFR and ID? 

Never 93 5.838 - --- 
Sometimes 610 38.293 1.208 0.988-1.475 
Usually 438 27.495 1.222 0.993-1.503 
Always 361 22.662 1.093 0.883-1.352 
No answer 91 5.712 1.077 0.836-1.387 

Did you treat ewes 
with an antibiotic 
injection when 
treating SFR and ID? 

Never 24 1.507 - --- 
Sometimes 158 9.918 0.975 0.671-1.415 
Usually 389 24.419 0.935 0.651-1.340 
Always 941 59.071 0.871 0.610-1.242 
No answer 81 5.085 0.763 0.512-1.135 

Did you use a 
footspray on ewes 
when treating SFR 
and ID? 

Never 677 42.498 - --- 
Sometimes 665 41.745 1.060 0.960-1.169 
Usually 77 4.834 0.924 0.748-1.141 
Always 29 1.820 0.814 0.583-1.136 
No answer 145 9.102 1.077 0.919-1.260 

Did you separate 
lame ewes from the 
flock when treating 
SFR and ID? 

Never 349 21.908 - --- 
Sometimes 734 46.077 1.258 1.123-1.409 
Usually 184 11.551 1.200 1.026-1.401 
Always 145 9.102 1.298 1.097-1.534 
No answer 181 11.362 1.111 0.952-1.295 

Did you trim the feet 
of lambs when 
treating SFR and ID? 

Never 323 20.276 - --- 
Sometimes 672 42.185 1.053 0.934-1.186 
Usually 207 12.994 0.936 0.799-1.094 
Always 202 12.680 0.975 0.829-1.145 
No answer 189 11.864 0.995 0.849-1.164 

Did you treat lambs 
with an antibiotic 
injection when 
treating SFR and ID? 

Never 50 3.139 - --- 
Sometimes 223 13.999 1.154 0.881-1.512 
Usually 365 22.913 1.136 0.874-1.476 
Always 797 50.031 1.115 0.864-1.437 
No answer 158 9.918 1.080 0.819-1.423 

Did you use a 
footspray on lambs 
when treating SFR 
and ID? 

Never 25 1.569 - --- 
Sometimes 165 10.358 1.017 0.706-1.463 
Usually 200 12.555 1.054 0.735-1.510 
Always 423 26.554 1.021 0.720-1.448 
No answer 780 48.964 0.917 0.650-1.292 

Did you use any 
other treaments for 
SFR and ID? 

Yes 565 35.468 - --- 
No 1028 64.532 0.987 0.897-1.084 
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How many times in a 
year did you routinely 
foot trim your flock? 

Never 725 45.512 - --- 
Once 540 33.898 1.170 1.056-1.295 
Twice 213 13.371 1.309 1.136-1.506 
More than twice 88 5.524 1.621 1.339-1.962 
No answer 27 1.695 1.242 0.893-1.726 

What percentage of 
sheep were trimmed 
during a routine foot 
trim? 

Less than 25% 423 26.554 - --- 
25% 139 8.726 1.344 1.143-1.580 
50% 92 5.775 1.408 1.161-1.707 
75% 92 5.775 1.336 1.092-1.634 
100% 280 17.577 1.136 0.986-1.308 
No answer 567 35.593 1.016 0.911-1.133 

What percentage of sheep bled during a 
routine foot trim? 

1019 63.967 1.025 1.017-1.032 

Did you footbath 
ewes at any point in 
the year? 

Yes 935 58.694 - --- 
No 658 41.306 0.801 0.726-0.882 

Did you footbath 
lambs at any point in 
the year? 

Yes 874 54.865 - --- 
No 719 45.135 0.857 0.778-0.942 

Did you NOT 
footbath any sheep in 
the year? 

Yes 587 36.849 - --- 
No 1006 63.151 1.233 1.115-1.362 

Did you footbath 
lambs before 
housing? 

Yes 107 6.717 - --- 
No 1486 93.283 0.859 0.719-1.024 

Did you footbath 
lambs at turnout? 

Yes 47 2.950 - --- 
No 1546 97.050 0.958 0.737-1.244 

Did you footbath 
lambs when moving 
between fields? 

Yes 302 18.958 - --- 
No 1291 81.042 0.923 0.824-1.033 

Did you footbath 
lambs after 
gathering? 

Yes 472 29.630 - --- 
No 1121 70.370 0.829 0.751-0.914 

Did you footbath new 
lambs on arrival to 
the farm? 

Yes 136 8.537 - --- 
No 1457 91.463 0.989 0.843-1.160 

Did you footbath 
lambs returning to 
the farm?  

Yes 94 5.901 - --- 
No 1499 94.099 0.983 0.817-1.181 

Did you footbath 
lambs at any other 
time? 

Yes 184 11.551 - --- 
No 1409 88.449 0.981 0.856-1.123 

Did you footbath 
ewes before 
housing? 

Yes 385 24.168 - --- 
No 1208 75.832 0.981 0.878-1.095 

Did you footbath 
ewes at turnout? 

Yes 91 5.712 - --- 
No 1502 94.288 0.953 0.787-1.152 

Did you footbath 
ewes when moving 
between fields? 

Yes 299 18.770 - --- 
No  1294  81.230  0.851  0.759-0.953  
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Did you footbath 
ewes after 
gathering? 

Yes 487 30.571 - --- 
No 1106 69.429 0.789 0.716-0.868 

Did you footbath new 
ewes on arrival to the 
farm? 

Yes 297 18.644 - --- 
No 1296 81.356 0.988 0.878-1.111 

Did you footbath 
ewes returning to the 
farm? 

Yes 133 8.349 - --- 
No 1460 91.651 0.954 0.812-1.119 

Did you footbath 
ewes at any other 
time? 

Yes 181 11.362 - --- 
No 1412 88.638 0.938 0.817-1.074 

Did you cull any 
sheep because they 
were lame? 

Yes 795 49.906 - --- 
No 777 48.776 1.053 0.959-1.155 
No answer 21 1.318 1.037 0.717-1.497 

How many times 
were sheep lame 
before you decided 
to cull them? 

Once 41 2.574 - --- 
Didn't cull lame 
sheep 

374 23.478 1.292 0.959-1.738 

Twice 179 11.237 1.499 1.101-2.038 
More than twice 440 27.621 1.471 1.091-1.981 
Persistently 
lame 

91 5.712 1.447 1.029-2.033 

Don't know 468 29.379 1.452 1.081-1.950 
Did you check the 
feet of sheep before 
purchasing them? 

Never 269 16.886 - --- 
Sometimes 234 14.689 1.026 0.881-1.193 
Usually 341 21.406 0.894 0.775-1.031 
Always 370 23.227 0.830 0.718-0.957 
Didn't purchase 
any sheep 

354 22.222 0.825 0.714-0.954 

No answer 25 1.569 0.556 0.389-0.792 
Did you NOT 
vaccinate any of your 
sheep with 
Footvax™? 

Yes 647 40.615 - --- 
No 946 59.385 1.025 0.948-1.108 

Did you vaccinate 
your ewes with 
Footvax™? 

Yes 139 8.726 - --- 
No 1454 91.274 1.207 1.040-1.399 

Did you vaccinate 
your rams with 
Footvax™? 

Yes 155 9.730 - --- 
No 1438 90.270 1.210 1.051-1.391 

Did you vaccinate 
sheep with footrot 
with Footvax™? 

Yes 24 1.507 - --- 
No 1569 98.493 1.020 0.726-1.432 

Did you vaccinate 
purchased sheep 
with Footvax™? 

Yes 73 4.583 - --- 
No 1520 95.417 1.149 0.939-1.406 

Did you vaccinate 
any other sheep with 
Footvax™?  

Yes 15 0.942 - --- 
No 1578 99.058 1.563 1.015-2.406 
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Did you isolate new 
sheep on arrival at 
your farm? 

Never 152 9.542 - --- 
Sometimes 116 7.282 0.938 0.759-1.158 
Usually 259 16.259 0.956 0.799-1.144 
Always 714 44.821 0.897 0.762-1.054 
No new sheep 308 19.335 0.853 0.713-1.019 
No answer 44 2.762 0.851 0.633-1.143 

How long did you 
keep new sheep 
isolated? 

Less than 1 
week 

84 5.273 - --- 

1-3 weeks 566 35.530 0.953 0.777-1.168 
More than 3 
weeks 

448 28.123 0.959 0.777-1.183 

No answer 495 31.073 0.930 0.755-1.143 
Did you isolate 
returning sheep on 
arrival at your farm? 

Never 431 27.056 - --- 
Sometimes 115 7.219 0.918 0.771-1.091 
Usually 81 5.085 0.878 0.717-1.073 
Always 60 3.766 0.917 0.729-1.152 
No answer 906 56.874 1.002 0.914-1.097 

How long did you 
keep returning sheep 
isolated? 

Less than 1 
week 

75 4.708 - --- 

1-3 weeks 244 15.317 0.949 0.763-1.180 
More than 3 
weeks 

95 5.964 0.826 0.634-1.073 

No answer 1179 74.011 1.038 0.852-1.264 
What stocking rate 
did you use for 
ewes? 

More than 8 
ewes per acre 

72 4.520 - --- 

Less than 4 
ewes per acre 

681 42.750 0.718 0.579-0.890 

4-8 ewes per 
acre 

799 50.157 0.777 0.631-0.957 

No answer 41 2.574 0.917 0.661-1.270 
What was the average lameness 
prevalence in lambs in your flock? 

1559 97.866 1.067 1.061-1.073 
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Appendix II.  Maps of monthly Local Moran’s I results 
 

Figure II.Ia-v Maps displaying the Local Moran’s I results of interdigital 

dermatitis  prevalence in 802 English sheep flocks mapped over 22 months 

a) May 2012 

 

c) July 2012 

 

b) June 2012 

 

d) August 2012 
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e) September 2012 

 

 

g) November 2012 

 

 

 

 

f) October 2012 

 

 

h) December 2012 
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i) January 2013 

 

 

k) March 2013 

 

 

 

 

j) February 2013 

 

 

l) April 2013 
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m) August 2013 

 

 

o) October 2013 

 

 

 

 

n) September 2013 

 

 

p) November 2013 
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q) December 2013 

 

 

s) February 2014 

 

 

 

 

r) January 2014 

 

 

t) March 2014 
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u) April 2014 

 

v) May 2014 

 

Figure II.IIa-v Maps displaying the Local Moran’s I results of severe footrot 

prevalence in 802 English sheep flocks mapped over 22 months from 2012-

2014

a) May 2012 

 

b) June 2012 
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c) July 2012 

 

 

e) September 2012 

 

 

 

 

d) August 2012 

 

 

f) October 2012 
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g) November 2012 

 

 

i) January 2013 

 

 

 

 

h) December 2012 

 

 

j) February 2013 
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k) March 2013 

 

 

m) August 2013 

 

 

 

 

l) April 2013 

 

 

n) September 2013 
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o) October 2013 

 

 

q) December 2013 

 

 

 

 

p) November 2013 

 

 

r) January 2014 
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s) February 2014 

 

 

u) April 2014 

 

 

 

 

t) March 2014 

 

 

v) May 2014 
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Appendix III. Sample retrospective questionnaire
 

Figure III.I  Questionnaire 2 (August 2013 - May2014) 
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