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executive summary
Background

The primary objective of this study was to examine the records of cattle movement in Britain and assess their relevance as predictors, or risk factors, in the spread of bovine tuberculosis and the wider utility of such information. Intermediate objectives included: i) exploration and characterisation of the dynamics and patterns of cattle movements, as recorded in the Cattle Tracing System (CTS); ii) investigation of the relative importance of cattle movement records as predictor/ risk factors in the spread of bovine tuberculosis (BTB) in Britain; and iii) assessment of the potential for applying such techniques and concepts to the Rapid Analysis and Detection of Animal Risks (RADAR) currently being developed by DEFRA.

This study follows on from an earlier investigation of the environmental correlates of BTB distribution in Britain by the Environmental Research Group Oxford Limited (ERGO) and the Veterinary Laboratories Agency (VLA) for the Department for Environment, Food and Rural Affairs (DEFRA) (ERGO, 2002; Wint et al., 2002). The VLA have been responsible primarily for obtaining and processing data from the Cattle Traceability System (CTS) and an assessment of its utility for TB epidemiological investigation, while ERGO has been responsible primarily for multivariate statistical analysis, modelling, mapping and overall project management.

This final report on the study includes sections on: cattle movement derivation and assessment of CTS data quality and reliability; geographical analysis, cattle movement mapping and inclusion of movement parameters in mathematical models; a BTB spread simulation model; discussion and conclusions; and recommendations for further investigation. A separate volume of appendices provides details of: the progressive increase of BTB in Britain: 1985-2003; distribution modelling and projection; individual frames of animated GIF files; temporal Fourier processing; additional simulation modelling tables; and additional references.
Derivation of Cattle Movements
The CST data used in this study contains records for 25.8 million cattle and occupies 148Gb of disk space. Before using the CTS data, locations had to be geo-referenced and “on” and “off” movement records had to be paired. 76% of all locations and 98% of those associated with cattle movement were geo-referenced. The quality of the data has improved over time, with approximately 90% of the 2003 birth cohort having logical movement histories. Exploratory analysis of the CTS data examined how often and how far cattle are moved; the age structure and average life expectancy of the national herd; and how cattle movements vary from region to region. 

The great majority of cattle rarely move, either moving straight to slaughter, or having only a single, non-death movement in their lifetime. Nevertheless, a total of 1.84 million farm-to-farm cattle movements (excluding births and slaughter movements) were recorded in 2002, the first full year of records after the Foot-and-Mouth Disease outbreak in 2001. The most frequent straight-line distance moved by animals was in the range 0-2km and the mean straight-line distance moved was 66km. The age at death distribution is consistent year-on-year, showing the effect of the BSE 30-month beef cattle slaughter rule, and the culling of dairy bull calves. In general terms, the number of movements in/from a region reflects the number of holdings in that region, except for proportionately more movements originating in the Northern region (35% of movements, compared with 27% of holdings) and fewer movements originating in Wales (10% and 17%, respectively). Although most cattle movements remain within their region of origin, or in areas with the same BTB testing interval, many tens of thousands of animals move further afield and could be important in the spread of disease.

Modelling and Mapping
Two sets of analyses were undertaken. The first focused on disease distribution mapping and evaluation of the relative importance of movement as a predictor of bovine tuberculosis (BTB) distribution in Britain, compared with other previously assessed environmental, demographic, agricultural and climatic parameters (ERGO, 2002; Wint et al., 2002). Having demonstrated the importance of movement as a predictor of BTB distribution, the analysis was extended to provide short-term predictions of future BTB in 2004 and 2005, as indicated in accompanying the figure.
The second set of analyses focused on assessing the validity of stochastic simulation methods in estimating disease distributions. The objective of the simulation modelling was to construct and demonstrate the concept of a dynamic disease spread model, which, when applied to a known starting distribution of BTB, would replicate the known spread of the disease and could be projected into the medium term future, using the major predictors of BTB distribution identified in the previous analyses.
Cattle movement patterns and disease spread modelling results are presented graphically in various series of maps and animations, together with tables indicating the predictors variables used and the statistical significance of the findings, which was generally high.
Conclusions and Recommendations
The procedures for managing the CTS data developed during this study are of direct relevance to RADAR and the ways in which cattle movement data could be utilised and displayed.

These analyses have demonstrated unequivocally that the movement of animals, especially those from cells where BTB is present, and particularly for locations outside the core disease areas, is a critical factor in the current exponential increase in BTB. The more potentially infective movements there are into a cell, the higher the chance of BTB occurring there.
However, there are a number of regions into which substantial numbers of animals are imported, where the disease appears regularly, yet does not appear to become established. Reasons for this, e.g. the imported animals may only remain in the areas for a short time before being slaughtered or are moved elsewhere, could easily be investigated. 

The patterns of cattle movement are essentially consistent from year to year, which means that they can be used together with other variables to project the likely distribution of BTB in the short-to-medium term future. 
The distribution modelling has demonstrated the utility of incorporating movement indicators into short-term projection procedures, and the “proof-of-concept” simulation analyses have constructed and validated the procedures needed for medium-term projections. The reliability of these medium term projections could be improved, however, by incorporating an estimate of the proportion of inward movements from infected areas at the time of each simulation run. 

Similar modelling and mapping techniques could be employed to investigate the distribution and spread of BTB spoligotypes.
Provided that some additional field data could be acquired to update existing training distributions, it would be a comparatively simple process to use multivariate regression methods, akin to the modelling techniques used in the current analyses, to model and map potential badger distribution, as has been demonstrated for many other species and disease vectors (Hay et al., 2000).
A variety of measures and further studies are recommended to:
· Improve the utility of the CTS data for surveillance, epidemiological analysis and disease control;

· Assess the potential impact of cattle movement controls using distribution and simulation models:
· Extending risk projection beyond 2 years, and identify the risk of new foci developing from isolated cases;
· Compare and contrast restricted and widespread spoligotypes; assess whether distribution predictors vary with spoligotype; and assess role of movement in the spread of selected types;
· Upgrade existing assessment of badger distribution;
· Construct dynamic BTB distribution models incorporating possible short-term effects on BTB of climate fluctuations using near real-time satellite imagery.
	Modelled BTB Distributions and Projections: 2002-2005
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1. Introduction

This study follows on from an earlier investigation of the environmental correlates of BTB distribution in Britain by the Environmental Research Group Oxford Limited (ERGO) and the Veterinary Laboratories Agency (VLA) for the Department for Environment, Food and Rural Affairs (DEFRA) (ERGO, 2002; Wint et al., 2002). 

The primary objective of this study was to examine the records of cattle movement in Britain and assess their relevance as predictors, or risk factors, in the spread of bovine tuberculosis and the wider utility of such information. Intermediate objectives included: i) exploration and characterisation of the dynamics and patterns of cattle movements, as recorded in the Cattle Tracing System (CTS); ii) investigation of the relative importance of cattle movement records as predictor/ risk factors in the spread of bovine tuberculosis (BTB) in Britain; and iii) assessment of the potential for applying such techniques and concepts to the Rapid Analysis and Detection of Animal Risks (RADAR) currently being developed by DEFRA.

The movement of infected animals has long been recognised as a critical factor in the spread of disease, as reflected in strict import/export regulations and the extensive movement restrictions imposed during the 2001 foot and mouth disease (FMD) outbreak. The first requirement for cattle to be individually identified in Britain was introduced in 1953, as a support measure in the control of BTB, and since 1960, farmers have been required to keep records of all movements of animals on and off their premises. Nevertheless, the centralised recording and monitoring of livestock movements in Britain was considered impractical/unnecessary until recently. The European Union (EU) has been instrumental in setting requirements for livestock identification and tracking in member states, especially since the early 1990s (NAO, 2003).

In the aftermath of the Bovine-Spongiform-Encephalopathy (BSE) crisis, a cattle passport scheme was introduced in July 1996, requiring farmers to register the date of birth, sex, breed and parentage of each calf born on their farms at their local agricultural office, so that a passport could be issued to ensure that only individually identified animals, under thirty months of age, could enter the food chain for human consumption.

After an initial two-year trial period, the cattle passport scheme was modified slightly in form and reporting procedures, and incorporated in the British Cattle Movement Service (BCMS), which was established in September 1998, as one of a progressive series of measures to restore credibility and consumer confidence in the British meat industry, and conform with EU regulations.

The BCMS is based in Workington, Cumbria, and is now run as part of DEFRA’s Rural Payments Agency (RPA), responsible for disbursements under the EU’s Common Agricultural Policy (CAP). At the heart of the BCMS is a UniData database known as the Cattle Tracing System (CTS), which is currently being ported onto an Oracle database. Other identification and tracing systems exist, or are being piloted, for horses, pigs and small ruminants. A combined livestock register is planned for 2007.

During its first two years of operation, the BCMS concentrated on establishing the process of registering all calves born after September 1998 and transferring the backlog of cattle passport data from separate national databases for England, Scotland and Wales onto a single, common CTS for Britain. Since 29 January 2001, keepers of cattle throughout Britain have been legally obliged to notify the BCMS of all births, movements and deaths of cattle. It is important to note, however, that the initial, primary purpose of the BCMS and the CTS was to ensure the identification and traceability of individual cattle during the recovery period after the BSE crisis and not to serve as a disease control support system for fast moving diseases, such as the outbreak of FMD that occurred in 2001 (NAO, 2003).

Within the context of the BCMS and CTS, a “movement” is deemed to have occurred when an animal is moved “off” or “on” to a specific holding, or between herds. All such movements must be reported, except for movements between officially approved “linked-holdings” – discontinuous parcels of land managed as a single unit. Off and on movements are recorded separately by the sender and recipient, as for example: when an animal is moved off one farm and onto another, as in a private sale; when an animal is moved off a farm to a market; from a market to a farm; from farm to slaughterhouse; or from a farm to a dealer. 

In the collaborative investigation, which is the subject of this report, the VLA has been responsible primarily for obtaining and processing data from the CTS, whilst ERGO has been responsible primarily for multivariate statistical analysis, modelling, mapping and overall project management. Procedures have been developed during the course of this study for the periodic downloading and transfer of records from the CTS to the VLA for the linking of multiple movement records and derivation of cattle movement histories for further geographical analysis and modelling by ERGO. An interim report after the first six months of study was submitted to DEFRA in January 2004 and a stakeholder workshop to present, and obtain feedback on, preliminary findings was hosted by ERGO in the Zoology Department of Oxford University in March 2004.

This final report is structured as follows: The next section describes how cattle movement records were derived from the CTS database, assesses their overall quality and reliability, and highlights the main features of cattle movement in Britain. Section three summarises the geographical analysis and mapping of cattle movements, and the inclusion of movement parameters in mathematical models of the spread of BTB. The development of a disease spread simulation model, based on a combination of gradual dispersal from core areas and sporadic jumps to new areas, is described in section four. Conclusions and recommendations for future investigation are presented at the end of the report.

2. Derivation and Main Characteristics of Cattle Movements
2.1 Extracting Data from the CTS

For ease of analysis, a sub-set of CTS data was extracted from the Unidata based system, which is non-compliant with standard Sequential Query Language (SQL) databases and read it into a dedicated SQL Server database. Seven CTS data tables were identified to be of potential epidemiological interest, three of which were used in this study, as indicated in Table 1.

Table 1: Variables Used in Movement Analysis

	Animal Table
	Location Table
	Movement Table

	Animal ID
	Location identifier
	Movement ID

	Eartag status
	Location ID
	Eartag

	Breed
	Location type
	Animal ID 

	Sex
	SubLocation type
	Location code

	Birth date
	Premises type
	Location movement date 

	Dam ID
	Name and address of owner
	Movement direction: on/off

	Import date
	OS ref
	Movement type 

	Import Country
	Creation date
	Country code

	Birth location ID
	
	Record status

	Birth location key
	
	

	Surrogate dam Id
	
	

	Sire Eartag
	
	

	Death date
	
	

	Death move ref
	
	

	Birth move ref
	
	


Guildford ITD provided text files for all the historical data for the above tables. SQL data transformation service (DTS) code was developed to read the hundreds of text files provided into the SQL database. The total size of the database, after the last download of data used in the analysis on 15 December 2003, was 148 Gb, relating to some 25.8 million cattle.

2.2 Transforming and Cleaning Data

	Table 2: Geo-Referencing Sequence

	CapScan: uses Address
	67.7%

	Grid Reference: uses OS Reference 
	+5.5%

	VetNet: uses VetNet x,y 
	+2.0%

	Census: uses Census x,y 
	+1.1%

	Slaughterhouse List
	+0.1%

	Locations geo-referenced
	76.4%

	Movement locations geo-referenced
	98.0%


Two preparatory steps were required prior to analysis: “geo-referencing” for use in a Geographical Information System (GIS) and “pairing” of on and off records to assess movement.

2.2.1 Geo-referencing

Various methods were used to geo-reference locations in a hierarchical sequence, as shown  In the fist instance, data held on the CTS (e.g. address and ordnance survey (OS) reference) were used to establish geographical coordinates. If this failed, location data were cross-referenced against other data sources (e.g. VetNet, Census and slaughterhouse list). Seventy-six percent of all locations and 98% of those associated with cattle movement were geo-referenced.

2.2.2 “Pairing” Movement Records

For all events, except births and deaths, the BCMS receives two records: one for the location the animal has moved off and the other record for the location the animal has moved onto. For any meaningful analysis of movement patterns, “off” and “on” records have to be “paired.” Figure 1 shows how movement records accumulate over time. A full movement history can be obtained from all “on” movements and the death record, or, conversely, all “off” movements and the birth movement.

The approach taken to pairing the movements was to take all the “On” movements and the death movement and order them by date. One problem that soon became apparent was the number of within day movements (different movements of the same animal on the same day). Because CTS does not record the time of movement there is no easy way to order these movements. The approach we took to try and resolve this problem was to review premises types to determine if a logical order could be applied. For instance, if an animal was on a farm and a slaughterhouse on the same day, the order was most likely to be from farm to slaughterhouse. If an animal had been on a market and a farm on the same day, the likely order would have been from market to farm.

	Figure 1: Sequential Movement Records
	Figure 2: Reasons for Excluding Animal Records
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The overall approach taken was that if any part of an animal’s movement history could not be resolved, or was clearly incorrect, then that animal was not included in a paired movement table that was created from the “raw” movement data. It was this paired movement table that was then used for analysis purposes. The reasons why animals were excluded and their relative proportions are summarised in Figure 2 and discussed in further detail in the following section.

2.3 Data Quality

	Figure 3: Comparison of Included and Excluded Animals
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Preparatory data processing and in particular the “pairing” of movement records provides an opportunity for an overall assessment of CTS data quality, which has been commented upon in a recent National Audit Office report (NAO, 2003). Data quality issues relate to the history of data handling, data structure and general validation.

Almost a third (32.4%) of all records were rejected from the paired movement table for not having a logical movement history. At first sight this might appear to be a worryingly large proportion of rejections, until it is appreciated that some records relate to animals born in 1990 and that for later cohorts of animals the proportion of rejected animals declines progressively over time, as shown in Figure 5.

A fifth (20.8%) of records were rejected because animals appeared never to have moved to where they died. In fact, what appear to be errors in the data are a facet of the history of data handling. It turns out that most of these animals relate to the early years of the CTS, when only birth and death records were recorded for many animals. In utilising data from the CTS it is essential to understand the history of data handling and that the systems contains records that predate the legal obligation to record all animal movements since January 2001. (See recommendation 1.)

The second most common reason for rejecting an animal’s movement records (affecting 11.2% of all records) was an inability to resolve within day movements. If the structure of movement records was such that both “on” and “off” locations were included in the same record, this problem would not arise. (See recommendation 2.)
Other reasons for rejecting an animal’s movement history relate to general validation. For instance, movement records exist with the date of movement before the date of birth. Although the percentage occurrence of this type of problem is quite low (0.2%), because there are over 90 million movement records the number of animals affected is not negligible. (See recommendation 3.)

In summary, we consider that the quality of the CTS data has improved over time, with around 90% of animals having logical movement histories for the latest 2003 birth cohorts. However, limitations in the pairing algorithm used and, in particular, its restriction to “on” movements, are likely to result in an over-estimate of apparent movement anomalies. (See recommendation 4.)

2.4 Key Cattle Movement Characteristics

Once the previously described data transformation and cleaning algorithms were implemented, it was possible to examine some of the basic characteristics of cattle movement in Britain. Here we present some exploratory findings in answer to the following questions: How often are cattle moved? How far are cattle moved? What is the age structure and average life expectancy of the national herd? How do cattle movements differ from region to region? Now that the CTS data is in a format that can be linked to other DEFRA databases, we are also able to answer more involved questions, such as: How extensive is the movement of cattle between parishes with different BTB testing internal?

	Figure 4: Number of Movements in a Lifetime
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Figure 4 shows the number of movements made by an animal during its lifetime, related to the year of death of that animal. Zero movements means that the animal never moved and died on the farm it was born on. These deaths will be predominantly welfare deaths. One movement means the animal was born on a farm and moved off that farm to slaughter. 

It is not until there are two movements that a genuine farm-to-farm movement (or non-death movement) occurs. Veterinary comment on this series of graphs has been that the percentage of welfare deaths in the early years (2000 and 2001) appears to be too high. Although FMD may have affected the number of welfare deaths in 2001, it may also relate to the data handling history of the CTS. Nevertheless, it is clear that the great majority of cattle rarely move, either moving straight to slaughter, or having one non-death movement in their lifetime.

	Figure 5: Frequency of Straight-Line Distance Moved
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The frequency distribution of straight-line distances moved by cattle in 2003 is shown in Figure 5.

The most common movement distance was in the range 0-2km and the mean movement distance moved was 66km. The x-axis has been truncated at 500km, but movements up to 1,000km occurred. Although such long-range movements are rare, they may have important implications for disease transmission. Further details of long distance movements could be extracted with relative ease from the newly created SQL database, if so required.

The frequency distribution of cattle movements is examined in greater detail and utilised in the simulation of BTB spread described in subsequent sections of this report.

Figure 6: Age at Death Frequency Distributions 
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Figure 6 shows the age at death distributions of cattle in 2000, 2001, 2002 and 2003. The distribution is remarkably consistent for each year considered, showing the effect of the BSE 30-month beef cattle slaughter rule, and the culling of dairy bull calves.

Figure 7: Originating Region of Movement
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The regional origin of the 1.84 million farm-to-farm cattle movements in 2002 (excluding births and slaughter movements) is shown in Figure 8, compared with the distribution of holdings by region obtained from DEFRA’s animal health database: VetNet. In general terms, the number of movements in/from a region reflects the number of holdings in that region, except for proportionately more movements originating in the Northern region (35% of movements compared with 27% of holdings) and fewer movements originating in Wales (10% and 17%, respectively).

Figure 8: Farm-to-Farm Movements of Cattle from Western Region in 2002
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Figure 8 illustrates the destination of cattle movements from Western Region shown in Figure 7. Not surprisingly, since most cattle movements are over short distances, the majority of movements remain within Western Region, but nevertheless 5% go to Wales; 5% move to Eastern Region; and 3% transferred to Northern Region. Although small in proportional terms, these trans-regional movements may have important implications for the spread of diseases. Using this approach, it would be relatively simple to identify the destination of movements from any region of interest, such as a BTB hotspot.

Figure 9: Movements Between Different Parish Testing Intervals
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Figure 9 shows the effect of combining the CTS data with another DEFRA dataset – the TB parish testing frequency data. Again because the majority of movements are short distance and because testing areas form distinct regions, cattle movement destinations tend to be in the same testing interval region in which they originated. There are, however, some notable exceptions and the 40,000 cattle moved from yearly to four-yearly tested areas are likely to constitute a high risk to low risk areas.

	Figure 10: Distribution of Cattle “On” Movements 
in 2001 (Left) and 2002 (Right)
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The geographical distributions of cattle “on” movements across Britain during 2001 and 2003 are depicted in Figure 10.

Animations of monthly cattle movements can be viewed through these links for 2001
 and 2002
, which illustrate the virtual cessation of movements in March and April 2001, immediately after the outbreak of Foot and Mouth Disease (FMD).

3. Modelling distribution, movement and the Spread of Bovine tuberculosis
The progressive increase in BTB in Britain over the past twenty years is summarised in Appendix I.

Two sets of analyses have been undertaken. The first, focusing on distribution modelling and predictor evaluation, used methods similar to those used in previous work (ERGO, 2002; Wint et al., 2002) and outlined in Appendix II to assess the value of movement levels as predictors in relation to the environmental, demographic, agricultural and climatic parameters used in the first analyses. Also as before, these are extended to provide short-term projections of disease distribution by constructing models using as predictors, some parameters from two years prior to the disease data, then replacing these parameters with the most current data and re-running the models to produce projections of the BTB distribution two years into the future.

The second set of analyses attempts to assess the validity of stochastic simulation methods in estimating disease distributions. This technique takes an initial known distribution, for example that for 1998, and applies a stochastic predictive model, using predictor parameters identified using the disease distributions from 1990 to 2003, to produce a predicted distribution for 1999, which is in turn used to provide a distribution model for 2000, and so on as long as required. The whole process is repeated a many times, and the replicates averaged to produce a final predictive model. This simulation approach is considered to be potentially more reliable for medium term projections than the simple distribution modelling and projection used in the first set of analyses, and is less likely to be influenced by idiosyncrasies of annual distributions because the predictive equations are built using disease data from several years, and so incorporates an element of long term trends. These techniques also have the potential to be automated for regular outputs from data warehouses, such as RADAR, and modified for use with other diseases. 

These simulation analyses are complex to design and implement, as they require complex, bespoke Geographic Information System programming and substantial computing time to run the necessary iterations. The current investigations have, therefore, been limited to “proof-of-concept” approach to test the basic protocols needed and produce short-term projections for comparison with those of the first set of analyses.

3.1 Movement Indices

Initially, sample extracts of CTS cattle “on” movements were provided by month and year, as well as by various breakdowns of animal type and infection status of the movement departure point. Preliminary analyses indicated that the age, sex or breed of the moving animals are not simply related to BTB distributions. Likewise, as illustrated by the plots in Figure 11, it would appear that monthly “on” movements are not linked to the monthly case frequency at the point of arrival; nor is there any discernable evidence of a lag period between movements “on” and detection of the disease. 

This is not altogether unexpected, as the apparent seasonal variation in the number of recorded cases of BTB each month is generally acknowledged to be an artefact of the testing regime. Analyses, therefore, concentrated on modelling annual figures for the disease. There remains the possibility that monthly movements, or specific animal types or origin locations, may be effective indicators of annual disease, though correlations would probably only emerge with an in-depth exploration of the large number of possible permutations and lag periods.

	Figure 11: Monthly BTB Cases and CTS “On” Movements, 2001-2003
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Visual inspection of the distributions of cattle “on” movements in 2001 and 2002 suggests that despite FMD annual movement patterns were very similar, an observation confirmed by the graphs in Figure 12, plotting the movements per county in the years 2001/2002/2003. The trend lines plotted suggest consistently tight and linear relationships between the yearly figures, which implies very similar patterns of movement both within and between years. This itself suggests that these current data can be taken as an indicator of movement for earlier years, thereby providing a way of linking movement patterns to BTB distributions prior to 2001, and indeed a possibility of using current movement to predict future movement patterns. Accordingly two indicators were incorporated into the set of possible predictors of BTB: the sum of on movements between 2000 and 2003, and the mean number of movements per year.
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Figure 12: Intra-Annual Comparisons of Cattle Movements per County: 2001/2002/2003

	Figure 13: Inward Movements per sq km in 2002 from Areas Infected Since 2000 (Left) and in 2002 (Right)
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The characteristics of the departure points were also incorporated into the predictor set, as the number of “on” movements originating from infected areas. Examples of the distributions of movements from infected areas are shown in Figure 13. 

These potentially infectious movements can also be expressed as the proportion of movements from infected areas, and as, with the total of “on” movements, are consistently linearly related from year to year, as shown in Figure 14 and Figure 15, which provides a further index of movement levels that can be added to the predictor data set. 

	Figure 14: Proportion of Movements 
from Infected Areas by County
	Figure 15: Proportion Movements from Infected Areas in Relation to BTB Cases
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The relative consistency of patterns in the proportion of movements that are from infected areas means that movement levels from areas infected in the early years of the BTB epidemic can be assessed at least to some degree – as shown in this animation
 – and also incorporated into the predictor set. shows these data for 1985 with the actual distributions of confirmed cases superimposed. This clearly demonstrates that, assuming current movement patterns, a very limited number of cases is required to provide widespread geographical coverage of potentially infective movements.

3.1.1 Results

Logistic regression analyses of the presence of BTB in 2002 and 2003, incorporating both a locating variable from the disease distribution from two years previously, as well as three indices of movement (proportion from infected areas, number from infected areas and total number of “on” movements), demonstrate convincingly that the predictive power of animal movement outweighs all other variables (Table 3), including the distance to previous disease cases that earlier work showed to be the key predictor of disease presence. With 80-90% correct predictions, and kappa statistics in excess of 0.69, the models for both years are sufficiently accurate to be classified as “good” to “excellent” in spatio-analytical terms.

Box 1: Note on the Kappa Statistic, as Used in Spatial Analysis


[image: image18]
Although approximately 20 variables are included in the full models, the identity of the first five suggest that the seasonality and timing of climatic variables (italicised in the table), as well as vegetation, demography and an index of badger presence are also good predictors of the disease. See Appendix IV for an explanation of the derivation of Fourier processed seasonal climatic variables.
Table 3: High Ranking Predictor Variables

	Year of Disease Modelled
	2003
	
	
	2002
	

	Distance to Previous Cases Used
	2001
	
	
	2000
	

	
	
	
	
	
	

	Classification Tables
	
	
	
	
	

	
	Absent
	Present
	
	Absent
	Present

	Number Absent
	1891
	411
	
	2425
	218

	Number Present
	302
	2017
	
	248
	2286

	% Absent OK
	82
	
	
	92
	

	% Present OK
	87
	
	
	90
	

	Kappa Statistic
	0.69
	
	
	0.82
	

	
	
	
	
	
	

	Top Five Predictors
	
	
	
	
	

	Total steps
	20
	
	
	19
	

	1
	PR5INF03
	5.1937
	
	PR5INF02
	7.7517

	2
	TB5K01M
	-0.00001
	
	TB5K00M
	-0.00002

	3
	CSMAGRLL
	0.0064
	
	UK14P1LL
	0.0020

	4
	UK21P3LL
	-0.0021
	
	BRBDDGLL
	-4.0669

	5
	UK21D2LL
	-0.1191
	
	UKPODNLL
	-0.0007

	Key to Variable Names:

PR5INFYY: Proportion Movement from Infected Cells in Year 20YY

TB5KYYM: Distance to %km cell with BTB in Year 20YY

CSMAGRLL: % Managed grassland

UK21P3LL: Air Temperature Phase Fourier Component 3 

UK21D2LL: Air Temperature Proportion Total Variance Fourier Component 2 

UK14P1LL: NDVI Phase Fourier Component 1 

BRBDDGLL: Distance to nearest Badger Record

UKPODNLL: Human Population density


Given the demonstrable importance of movement in predicting BTB patterns, any attempt to produce short-term projections of disease occurrence should incorporate an index of movement, as well as the variables describing previous disease distributions. Accordingly, the concurrent movement indicators were replaced by those for two years previously, and the models recalculated for the years 2002 and 2003. The resulting outputs (Table 4) are very similar to the first set, but do include a second movement variable in 2002, which replaces human population density. Though the accuracy has suffered very slightly, the models can still be described as statistically highly reliable.

Table 4: High Ranking Predictor Variables, with Previous Movement and BTB

	Year of Disease Modelled
	2003
	
	
	2002
	

	Distance to Previous Cases Used
	2001
	
	
	2000
	

	Movement Used From 
	2001
	
	
	2002
	

	
	
	
	
	
	

	Classification Tables
	
	
	
	
	

	
	Absent
	Present
	
	Absent
	Present

	Number Absent
	1912
	390
	
	2406
	237

	Number Present
	344
	1975
	
	227
	2307

	% Absent OK
	83
	
	
	91
	

	% Present OK
	85
	
	
	91
	

	Kappa Statistic
	0.68
	
	
	0.82
	

	
	
	
	
	
	

	Top five Predictors
	
	
	
	
	

	Total steps
	23
	
	
	19
	

	1
	PR5INF01
	5.803141
	
	PR5INF00
	21.96141

	2
	TB5K01M
	-9.1E-06
	
	FR5500
	-0.00907

	3
	UK20P2LL
	-0.01152
	
	TB5K00M
	-2.6E-05

	4
	UK21D2LL
	-0.10911
	
	UK14P1LL
	0.004703

	5
	UK21VRLL
	0.027287
	
	BRBDDGLL
	-6.64523

	Key to Variable Names:

PR5INFYY: Proportion Movement from Infected Cells in Year 20YY

FRr5500: Number of movements in 2000 from cells infected in 2000

TB5KYYM: Distance to %km cell with BTB in Year 20YY

CSMAGRLL: % Managed grassland

UK21P2LL: Air Temperature Phase Fourier Component 2 

UK21D2LL: Air Temperature Proportion Total Variance Fourier Component 2 

UK14P1LL: NDVI Phase Fourier Component 1 

BRBDDGLL: Distance to nearest Badger Record


From these models, four distributions have been produced: those for 2002 and 2003, derived directly from the models in Table 4; and projections for 2004 and 2005, by replacing the previous movement and distance to BTB variables with their equivalents for 2002 and 2003, respectively. The resulting modelled distributions and corresponding projections are shown in Figure 16, together with the actual distributions inset.

As would be expected from the high kappa values, the models fit the actual distributions well, and suggest that some areas in North-east Wales, Cumbria, and the Scottish Borders have a low to moderate risk of BTB occurring, though below the usually accepted threshold of fifty percent. These areas stand out more in the projections, in that they are of wider extent and have somewhat higher projected risk, implying that, should current trends continue, there may be a risk that the disease will become established in these areas.

It is also evident from the maps shown that the projection is heavily dependent on the distribution of the disease in the base year. This means that any abnormality in distribution pattern will be reflected in projections derived from it, and a risk that can only be avoided by developing process based models – for which insufficient epidemiological detail is currently available – or developing stochastic modelling methods of projection that are based on more than a single year of disease data, which are the subject of the following section.

	Figure 16: Modelled BTB Distributions and Projections: 2002-2005
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3.2 Simulation Modelling

The objective of the simulation modelling described here was to construct a dynamic model, which when applied to a known starting distribution replicates the known spread of the disease and can be projected into the future, using the major predictors of BTB identified through logistic regression analyses described in the previous section. Simulation modelling techniques are increasingly used to identify landscape characteristics associated to the spread of diseases (Smith et al., 2002) or invading organisms (Gilbert et al., 2004), to forecast their distribution (Russell et al., 2004), or to test the effect of control strategies (Sharov and Liebhold, 1998; Keeling et al., 2001).

The simulations work as follows. A given observed distribution of BTB constitutes the starting distribution (time step 0). A layer of probabilities of BTB presence in the next time step is then estimated as a function of a series of identified predictor variables (including variables describing past BTB status, and climatic predictors) using a logistic function. The status of each cell (BTB present / BTB absent) is then derived from the comparison between the probability of BTB presence and a random number. This step thus generates a hypothetical distribution of BTB at time step +1. The hypothetical distribution of BTB at time +1 is then used as above to generate the hypothetical distribution of BTB at time step +2. This is repeated until the final time step of the simulation is reached at time step n. This set of n hypothetical distributions of BTB in n consecutive years constitute a run of the simulation. A large number of runs (p) of the simulations are then carried out, and the distributions of each year are averaged over the p runs. These n averaged distributions then form the distribution of probabilities of BTB presence for each of the n years.

The approach involves a number of distinct stages. As it aims to model the disease spread over time, it is necessary to identify predictors that apply to the disease over a number of years, not just one, which means building a multi-annual database of disease presence and absences, and defining the best predictors and their numeric parameters. Secondly, a simulation procedure must be programmed into a GIS, to produce a series of predicted distributions over the selected time period. And thirdly, the simulations are extended into the future.

3.2.1 Predictor Identification

	Figure 17: BTB Core and Remote Areas in 2003
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The basic analyses closely followed the techniques presented in the previous section, but with two significant differences: in an attempt to differentiate the behaviour of the disease in its focal areas from that elsewhere, and as a first step towards pinpointing where new foci might become established, predictors were identified separately for “core” and “remote areas, with the “core” areas defined as those cells in which the disease had been found in at least two of the previous three years. The “core” distributions thus change each year, and can be viewed at this link
. Examples for 1996 and 2003 are shown in Figure 17.

The multi-annual analyses were run for the time series from 1990 to 2003 to capture the major predictors for the period during which BTB has expanded dramatically. A series of additional variables representing disease persistence were added to the predictor set: the number of years of past BTB infection in the 5km cell (temporal persistence), the number of infected cells in the previous year in a 5km doughnut window around the sampling point (as a measure of short-distance spread), as indicted Table 5.

	Table 5: Predictor Variables Identified for Simulation Models

	Core
	Remote

	Temporal persistence (PY)

Spatial persistence (TB1KDON)

Greenness phase 2 (UK14A2)

Air temperature minimum (UK21MN)

Greenness mean (UK14A0)
	Temporal persistence (PY)

Spatial persistence (TB1KDON)

Proportion movement (PRFR)

% Managed grassland (CSMAGR)

Cattle density (CT99)


Movement from infected cells was not included within the first five identified predictors for the core areas – though it was included in the full list of predictors. It was, by contrast, an important predictor for the remote areas. This does not necessarily imply that potentially infectious movements are irrelevant to the spread of BTB in core areas, as the predominance of short distance movements may mean that most cells in the core areas receive animals from infected cells and so there is insufficient variation to make the movement parameter a primary predictor. The result does, however, suggest that variation in the levels of infected movement has a greater impact on disease levels in the remote areas.

The proportion of potentially infective movements cannot, however, be generated during the simulation process without interrogating the full paired movement database at each time step. Although possible, this would require substantial reformatting of the movement databases, which could not be carried out with the resources available in the present study.

It was, therefore, decided to keep the previously calculated proportion variable in the simulations, and to test surrogate variables that could be generated during the simulations as a function of the previous year’s simulated distribution. These were: the distance to the nearest infected cell in the previous year; and the transformed distance to the nearest infected cells; the transformation function being determined according to a model of the general distribution of cattle movements between 2000 and 2003, illustrated in Figure 18.

Figure 18: Average Number of Cattle Movements Each Year in Britain
[image: image28.emf]c) c)

The transformation distance is thus an index of the potential number of animals (divided by the maximum, so that TDIST ranges from 0 to 1) that could have been moved from the nearest infected cell in the previous year, according to the general distribution of distance in cattle movements. 

3.2.2 Simulation Parameter Calculation

The next requirement was to determine values for each of the parameters to be used in the simulation models. To estimate the range of values taken by the 12 parameters (6 x 2), two logistic regressions per year were carried out using the full unbalanced 1K TB distribution layers over the 1990-2003 period, by forcing the variables identified in the Model. The parameters obtained are presented in Table 6. The tables with the parameters for the model with DIST and TDIST are provided in the Appendix V.

Table 6: Parameters of Each Annual Logistic Model with Previous Movement Model
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UK21MN
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CST

PY

TB1KDON

PRFR

CSMAGR

CT99

CST

1990

159

0.38208

0.31039

-0.01026

0.00647

0.00573

-31.154

0.61503

1.10324

3.77269

0.03054

0.00836

-9.508

1991

155

0.05405

0.42068

0.02356

0.01795

0.00817

-68.931

1.25872

0.98023

4.76792

0.01837

0.00883

-9.172

1992

199

0.23359

0.34114

0.00124

0.00918

0.02015

-62.261

0.96632

0.61840

5.09723

0.02282

0.00956

-9.139

1993

314

0.10899

0.38603

-0.01172

-0.00026

0.00601

-11.980

0.77717

0.83181

5.98380

0.02308

0.00761

-8.610

1994

387

0.08209

0.31594

-0.00519

-0.00104

0.00906

-14.676

0.68345

0.40780

5.26359

0.02419

0.00575

-8.513

1995

443

0.10619

0.13937

0.00246

0.00013

0.00443

-10.939

0.49057

0.61483

5.79363

0.01502

0.00959

-8.295

1996

470

-0.01479

0.26698

0.01013

-0.00017

0.00371

-9.409

0.54893

0.71096

6.45844

0.02041

0.00565

-8.460

1997

478

0.00873

0.22665

0.00443

-0.00115

0.00237

-4.197

0.47888

0.49688

5.86785

0.01561

0.01188

-8.622

1998

700

0.08537

0.18250

0.00139

-0.00115

0.00283

-4.647

0.45956

0.34818

7.24832

0.01579

0.00890

-8.225

1999

888

0.04270

0.24303

0.00558

-0.00141

0.00336

-5.003

0.26912

0.41601

5.93936

0.01157

0.01254

-7.890

2000

1054

0.10693

0.19635

0.00905

-0.00089

0.00557

-10.380

0.26037

0.49545

5.42140

0.02028

0.00696

-7.952

2001

547

0.04357

0.17322

0.00625

-0.00104

0.00492

-9.209

0.28123

0.31495

4.94361

0.02218

0.00861

-8.928

2002

1873

0.07427

0.18074

0.00040

-0.00122

0.00373

-5.294

0.34148

0.48643

6.77003

0.02083

0.00796

-7.408

2003

1381

0.04131

0.12379

0.00354

-0.00084

0.00469

-8.334

0.15082

0.26365

4.43725

0.02063

0.00884

-7.750

Core Area

Remote Areas


Variable names as set out in Table 5.

As can be seen in Table 6, the values of each variable are not constant in time, and the simulations require a single parameter for each variable. Two methods were tested to determine the parameters used in the simulations: the average over the study period, and a linear regression of the parameters, as a function of ln(previous year cases proportion) over the time period. The probabilities obtained each year of the simulations as a function of the predictors were adjusted, so the average predicted probability matched the proportion of positives predicted by the exponential model shown in Figure 19.

	Figure 19: Model Used to Estimate the Expected Proportion of Positives Each Year
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3.2.3 Results

The simulations were tested with three different models (with PRFR, with DIST and with TDIST, respectively), different methods to determine the parameters (average and linear regression), and three different methods to test the model prediction power. Table 7 presents the results of the fit between the whole 1998-2003 simulated and observed time-series and Table 8 presents the results of the fit between the simulated and the observed 2003 distribution, using parameters estimated over three periods: from 1998-2003, 1998-2002 and 1997-2001. All simulations used the 1997 distribution as starting distribution. The distributions predicted for 2003 by the different models are shown in Figure 20.
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Table 7: Estimates of the Predictive Power of Simulation Models Used to Predict 1998-2003 Distributions

Table 8: Estimates of the Predictive Power of Various Simulation Models to Predict 2003 Distribution
[image: image30.png]



Clearly, the simulations using the previous proportion of inward movements from infected areas provides the best predictive power, regardless of: the period used to estimate the numeric parameters; the methods used to produce a single numeric parameter for the period; or the resolution of the measure used to assess accuracy. The model using the transformed distance ranks second and the third model, with the raw distance from previous disease cases, has the least predictive power. The two methods used to determine the variables parameters (AV and LR) provide similar results. Interestingly, the model built without knowledge of 2003 distribution (i.e. without parameters derived from the 2003 distribution) provided results very similar to that incorporating the information for 2003, and this remains true even when information for 2002 is excluded. This indicates that the relationships used to build the simulations are fairly constant over time and can, thus, be used with some confidence in forecasting future distributions of the disease. 
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Figure 20: Simulation Model Outputs

These simulations began from the observed distribution of BTB in 1997, seven years before that predicted for 2003. It is likely that the predictive power could be improved, if started from a closer point in time. Nevertheless, since 2003 fits well on the exponential growth of cases, it is expected that distributions based on the 1998-2003 average parameters should provide good predictions of 2004 and 2005. Predictions for 2004 were, thus, produced using both the PRFR and TDIST models, whereas only TDIST model was used to predict 2005, since the calculation of PRFR requires the actual distribution of cases in the previous year (Figure 21).

Figure 21: Probability of BTB Presence, as Predicted for 2004 and 2005
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PRFR (a) and TDIST (b) models for 2004, and for 2005 by the TDIST model (c).

These projections compare well with those produced by the distribution modelling in that some potential for consolidation of the disease in Cumbria and the Scottish borders is suggested by all projection methods. It should, however be noted that the main objective of this analysis was to establish “proof-of-concept” by identifying the models, variables and parameters that would best fit the observed time-series. As a result, the current approach has not yet been optimised for medium to long term predictions. 

4. Discussion and Conclusions

The procedures for managing the CTS data developed during this study are of direct relevance to RADAR and the ways in which cattle movement data could be utilised and displayed.

As the number of BTB cases continues to rise at close to exponential rates (see Appendix I), the need to identify critical risk factors becomes ever more important. These analyses have demonstrated unequivocally that the movement of animals, especially those from cells where BTB is present and particularly for locations outside the core disease areas, is one such critical factor. The more potentially infective movements there are into a cell, the higher the chance of BTB occurring there. An immediate and potentially valuable application of this would be to re-run the models developed with different levels of assumed movement – thereby simulating the possible impact of movement restrictions on disease distributions. 

It may also be that movements of some types of animal or from some specific locations are more high risk than others. Preliminary screening of annual movement data did not reveal any simple associations, though, given the number of possible combinations and the additional possibility that movements at one particular time of year may be more effective at spreading the disease than another, it would take a major processing effort to reliably assess all likely possibilities. On the other hand, being able to identify critical movement categories or origin locations would drastically simplify the implementation of any movement monitoring or controls, as well as reducing the likely costs of such measures. Movement impact modelling would also become more precise.

Despite its demonstrable association with the disease, there are number of regions into which substantial numbers or animals are imported, where the disease appears regularly, yet does not appear to become established. Several possibilities may account for this peripatetic disease occurrence: the critical movement categories (if any) may not occur in these areas, or the imported animals may only remain in the areas for a short time before being slaughtered or moved elsewhere. This latter possibility could be investigated by incorporating the length of stay into revised predictive models. 

The patterns of movement are essentially consistent form year to year, which means that they can reliably be used to help project the likely distribution of the disease in the short to medium term future. The distribution modelling has demonstrated the utility of incorporating movement indicators into short term projection procedures, and the simulation “proof-of-concept” analyses have constructed and validated the procedures needed for medium term projections. The best model to mimic the spread of BTB between 1998 and 2003 is the one that includes most information on inward movements from infected areas (PRFR), followed by the model where the distance from nearest infected area is weighted by the distribution of animal movements (TDIST). 

Although this last model could be used to generate predictions, better predictions would be generated with the PRFR model that requires the proportion of inward movement from infected areas to be estimated at the time of each simulation run. This would require producing a programme module for “on-the-fly” extraction of inward movements from the paired-movements CTS database. Although computationally intensive, the results provide strong evidence that such simulations would provide the best results, and so produce the most reliable medium term projections. 

In addition, by varying the movements being taken into account, this method may also help to reveal the most important type of movements associated with disease occurrence, and to test the effect of different movement control strategies. At this stage, only a maximum of three predictors, other than variables concerning the past status of BTB, have been used and the predictive power may benefit from incorporating a number of additional predictors, though this would require substantial additional processing time. 

The evaluation of movement as a risk factor has been based on the use of logistic regression based distribution modelling, which, as in previous work, has provided predictions that are statistically very close fits to the known distributions. The technique could readily be used to evaluate the factors most closely associated to different categories of BTB – specifically the various spoligotypes for which information is now becoming available. A comparison of the restricted distributions of these BTB sub-types may help to reveal different risk factors for different forms of the disease.

In this context, a continuing gap in the predictor dataset is an accurate badger distribution index – the data incorporated into these and earlier analyses are barely adequate to provide a reliable indication of the possible association of the disease with badger density. Provided that some additional field data could be acquired to update existing training distributions, it would be a comparatively simple process to use multivariate regression methods, akin to the modelling techniques used in the current analyses, to model and map potential badger distribution, as has been demonstrated for many other species and disease vectors (Hay et al., 2000). 

The BTB data for 2003 has raised the possibility that abnormal climatic conditions, specifically a very dry summer, may affect BTB distributions. Given the possibility that climatic extremes may become more frequent with the onset of global warming, it would be desirable to evaluate these possible effects, by replacing the climate surrogates used in the present analyses (which have been assumed to provide measures of medium term climatic conditions) with ones from the same year as the disease data – i.e. to use more or less real time climate measures. These data are in the public domain, though would require significant time to download and process before they could be used in any risk analysis.

5. Recommendations for Further Study

5.1 General Recommendations Relating to the CTS and Recording Livestock Movements
Primary objective: to improve the utility of the CTS data for surveillance, epidemiological analysis and disease control.

a. The BCMS should compile a brief history of CTS data input and handling procedures, with details and specific dates when different types of data were included in the system.

b. Any future development of livestock tracing systems e.g. the livestock register, should be structured so that the “on” and “off” locations are both in one movement record.

c. Any future development of animal tracing systems should include more validation checks at the data entry stage to prevent clearly anomalous records being entered.

d. Movement geo-referencing and record capture techniques should be developed further, using refined pairing and life history construction techniques.
e. In collaboration with CTS, the entire CTS database should be sorted to generate the Sorted CTS Database. This would include XY coordinates from location data to enhance the epidemiological value of the Sorted CTS Database. EarTags that fail should be sorted and, in collaboration with CTS, current procedures for data capture should be refined.

f. Biases (especially excluded records) and gaps in data should be investigated and analysed.

g. Cattle life histories (from the Sorted CTS Database) should be integrated with the VetNet data.

h. A semi-automated system to produce regular movement data summaries, maps and trend updates for dissemination to DEFRA (e.g. RADAR) and the wider research community should be designed and implemented. This could include development of a system to make actual datasets available to authorised members of the research community.

i. Movement data that would be required for rapid reaction analysis, and risk projection for e.g. FMD, Brucellosis and BSE should be assessed, as should the requirements for small ruminant and pig databases, in relation to FMD, CSF, etc.. This could naturally progress to developing metadata of the database (average number of movements per EarTag, average distance moved, etc.). This metadata would provide an overview of cattle movements and inform BTB policy options.
5.2 Movement Control Impact Modelling

Primary objective: to assess the possible impact of cattle movement controls on the potential spread of BTB by running distribution and simulation models with reduced and zero movement in core and remote areas by:

a. Repeating current analysis with zero movement to provide preliminary assessment of impact of movement restrictions on BTB:
b. Investigating and analysing and, if possible, quantifying biases (especially excluded records) and gaps in movement data, in conjunction 5.1 g, above.
c. Identifying most high-risk movement types, in terms of animal categories, origin locations, origin category, infection status of origin holding, and incorporating length of time at destination into movement index.
d. Running reduced and zero movement models for high-risk movement types to provide final evaluation of the impact of movement restrictions on BTB.
5.3 Medium Term Risk Projection

Primary objectives: extending risk projection capability beyond 2 years; and identifying the risk of new foci developing from isolated cases (“spark to fire”) by:
e. Refining simulation modelling, with direct extraction from paired/life history movement database;
f. Further refining stratified dispersal spread models and using “core” distribution modelling developed from existing models and movement data. 
This study would be most effective if developed in conjunction with the identification of high-risk movements and would be dependant on movement control impact modelling referred to in 5.2 c, above.
5.4 Spoligotype Distribution Modelling

Primary objectives: compare and contrast restricted and widespread spoligotypes; assess whether distribution predictors vary with spoligotype; and assess role of movement in the spread of selected types.

g. Integrate cattle life histories (from the Sorted CTS database) with VetNet and use refined pairing and life history construction techniques to improve movement database to maximise extraction of movement data from CTS for cases with spoligotype known..

h. Use ERGO and VLA models to investigate distribution and spread of individual Spoligotypes.
This study would be most effective using high-risk movement categories and would be dependant on movement control impact modelling referred to in 5.2 c, above.

5.5 Modelling Badger Habitats

Primary objective: upgrade existing assessment of badger distribution by:
i. Acquiring improved presence/absence or abundance training data;
j. Using well-established, multi-variate distribution modelling of either badger presence/absence or density, depending on type of training data acquired.
5.6 Disease Modelling Using Near “Real-time” Satellite Imagery

Primary objective: construct dynamic BTB distribution models incorporating possible short-term effects on BTB of climate fluctuations by:
k. Designing and constructing a semi-automated system to produce regular movement data summaries for incorporation in to dynamic distribution models. These could also be use to provide maps, and trend updates for dissemination to DEFRA (e.g. RADAR) and the research community.

l. Regularly downloading and processing public domain MODIS satellite imagery to provide annual archives for two years, for incorporation into regularly updated BTB distribution models.
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Observed (black) and modelled (red).  N = 303736. (1- (1-N1).(1-N2)), where N1 =  exp(-0.00393 - 0.04034 Dist) and N2 = exp(-1.343 - 0.0103 Dist); n = 233; R2 = 0.998; p < 0.001.








5km R2 and 10km R2 measure the quantitative adjustment between the average number of 1km cell positives per 5km or 10km cell produced by simulations to the observed numbers. Kappa is the Kappa statistic, a measure used in spatial analysis to assess the quality of fit, ranging from +1 to -1.





(a) 1997 starting distribution; (b) 2003 observed distributions; (c – e) distributions generated by the PRFR model using 1998-2003, 1998-2002, 1997-2001 periods for parameters estimates respectively, (f – h) distributions generated by the DIST model using 1998-2003, 1998-2002, 1997-2001 periods for parameters estimates respectively, (i – k) distributions generated by the TDIST model using 1998-2003, 1998-2002, 1997-2001 periods for parameters estimates, respectively.








� Press Ctrl and click to view the animation. In order for the link to work properly, the files ain2001db.htm and ain5k01db.gif must be place in the same folder as this report document. The distributions are also provided in hardcopy form in Appendix III.


� Press Ctrl and click to view the animation. In order for the link to work properly, the files ain2002db.htm and ain5k02db.gif must be place in the same folder as this report document. The distributions are also provided in hardcopy form in Appendix III.


� Press Ctrl and click to view the animation. In order for the link to work properly, the files propinf8403.htm and propinf8403.gif must be place in the same folder as this report document. The distributions are also provided in hardcopy form in Appendix: III.


� Press Ctrl and click to view the animation. In order for the link to work properly, the files tbcore8703.htm and tbcore8703.gif must be place in the same folder as this report document. The distributions are also provided in hardcopy form in Appendix III.
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	In 2002, there were 453,505 farm-to-farm cattle  movements originating from the Western Region
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The regional origin of 1.84 million farm-to-farm cattle movements in 2002, shown in (a), was broadly similar to the distribution of cattle holdings in the VetNet database (b).
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