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Abstract 15 

We developed a model to quantify the effect of factors influencing the spatio-temporal 16 

distribution of Foot-and-mouth disease (FMD) in Tanzania. The land area of Tanzania was 17 

divided into a regular grid of 20 km × 20 km cells and separate grids constructed for each of 18 

the 12-month periods between 2001 and 2006. For each year, a cell was classified as either 19 

FMD positive or negative dependent on an outbreak being recorded in any settlement within 20 

the cell boundaries. A Bayesian mixed-effects spatial model was developed to assess the 21 

association between the risk of FMD occurrence and distance to main roads, railway lines, 22 

wildlife parks, international borders and cattle density. Increases in the distance to main roads 23 

decreased the risk of FMD every year from 2001 to 2006 (ORs ranged from 0.43 to 0.97). 24 

Increases in the distance to railway lines and international borders were, in general, 25 

associated with a decreased risk of FMD (ORs ranged from 0.85 to 0.99). Increases in the 26 

distance from a national park decreased the risk of FMD in 2001 (OR 0.80; 95% CI 0.68-27 

0.93) but had the opposite effect in 2004 (OR 1.06; 95% CI 1.01-1.12). Cattle population 28 

density was, in general, positively associated with the risk of FMD (ORs ranged from 1.01 to 29 

1.30). The spatial distribution of high risk areas was variable and corresponded to endemic 30 

(2001, 2002 and 2005) and epidemic (2003, 2004 and 2006) phases. Roads played a 31 

dominant role in both epidemiological situations; we hypothesise that roads are the main 32 

driver of FMD expansion in Tanzania. Our results suggest that FMD occurrence in Tanzania 33 

is more related to animal movement and human activity via communication networks than 34 

trans-boundary movements or contact with wildlife.  35 
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 37 



Introduction 38 

Tanzania is one of the poorest countries in the world in terms of income per capita. The 39 

Tanzanian economy depends heavily on agriculture, which accounts for more than 40% of 40 

gross domestic product. Trans-boundary animal diseases (TBD) such as foot-and-mouth 41 

disease (FMD) have a serious impact on animal well being and productivity, precluding the 42 

establishment of stable domestic and international markets for livestock and products. In 43 

Tanzania controlling FMD and other TBD is one of the current priorities to alleviate poverty 44 

in rural areas and strengthen the livestock sector.  45 

 46 

FMD, caused by an Aphthovirus (Picornaviridae), is difficult to control as it spreads rapidly 47 

among domestic and wild even-toed ungulates. In Tanzania, the control of FMD is 48 

particularly complex for several reasons. Firstly, at least four different virus serotypes 49 

circulate in the country causing an irregular but continuous number of FMD outbreaks 50 

(Kasanga et al., 2012). Secondly, there are little or no controls on the movement of livestock 51 

in the national territory and from neighbouring countries and there are a large number of 52 

susceptible wild animals such as the African buffalo, in the wildlife reserves distributed along 53 

the country (Kivaria, 2003). Finally, control efforts are limited by a lack of detailed 54 

knowledge of the epidemiology of FMD and its behaviour in Tanzania. 55 

 56 

A recent study described the spatiotemporal distribution of reported FMD outbreaks in 57 

Tanzania from 2001 to 2006 (Picado et al., 2011) . This study highlighted the complexity of 58 

FMD virus transmission in the country as the number and location of FMD outbreaks varied 59 

over the study period. Clustering of outbreaks along border areas and roads suggested that 60 

human activity was the main driver of FMD virus transmission in Tanzania (Picado et al., 61 

2011). While this work raised a number of useful hypotheses concerning FMD spread no 62 

formal analyses were conducted to quantify the role of these and other factors in the 63 

spatiotemporal distribution of FMD in Tanzania. 64 

 65 

A number of epidemiological studies have assessed geographical, ecological, farm-level and 66 

animal-level factors associated with FMD occurrence (see, for example Bessell et al., 2010; 67 



Taylor et al., 2004 and Hayama et al., 2011). Most of them are related to particular epidemic 68 

episodes, mainly the 2001 FMD epidemic in Europe and, as a result, their findings cannot be 69 

extrapolated to the situation in Tanzania and its neighbouring countries where FMD is 70 

endemic. Most of the sub-Saharan countries share some characteristics that have been 71 

associated with FMD virus incursion and maintenance. The presence and proximity to 72 

susceptible wildlife populations such as the African buffalo has been identified as a risk 73 

factor for FMD in South Africa (Dion et al., 2011), Uganda (Ayebazibwe et al., 2010a, 74 

Ayebazibwe et al., 2010b), Cameroon (Bronsvoort et al., 2004), Zimbabwe (Hargreaves et 75 

al., 2004) and Ethiopia (Molla et al., 2010). Uncontrolled animal movement has been 76 

identified as a factor associated with the within-country spread of FMD spread in Uganda, 77 

Ethiopia (Molla et al., 2010), South Africa (Jori et al., 2009) and Cameroon (Bronsvoort et 78 

al., 2004). Similarly, trans-boundary animal movements associated with seasonal grazing 79 

(Megersa et al., 2009, Picado et al., 2011) has been recognized as one of the main factors 80 

explaining the difficulties to control FMD in East Africa (Ayebazibwe et al., 2010b, Balinda 81 

et al., 2010). 82 

 83 

FMD control in Tanzania would benefit from a knowledge of factors that render areas either 84 

susceptible to incursion or disease spread once an incursion has occurred. This information 85 

would allow high risk areas to be delimited which would, in turn, allow resources to control 86 

the disease to be better targeted. To address this goal, the objective of this paper was to 87 

identify factors associated with the spatial and temporal distribution of FMD in Tanzania for 88 

the period 2001 to 2006. 89 

90 



Material and methods 91 

Data 92 

A database comprised of the details of FMD outbreaks in cattle was provided by the 93 

Epidemiology Section of the Tanzanian Ministry of Livestock and Fisheries Development. A 94 

total of 878 FMD outbreaks were reported in mainland Tanzania from 1 January 2001 to 31 95 

December 2006 (inclusive). Households with FMD affected stock were diagnosed by district 96 

veterinary officials on the basis of clinical signs and outbreak details were then reported to 97 

the Ministry. The geographical location and the date on which the clinical signs of FMD were 98 

first observed were extracted from the FMD database. Information on the FMD virus 99 

serotypes associated to the outbreaks was not available. 100 

 101 

The spatiotemporal distribution of FMD outbreaks in Tanzania has been described in detail 102 

elsewhere (Picado et al., 2011). Briefly, the spatial distribution of FMD outbreaks was 103 

inhomogeneous and variable. The highest densities of outbreaks were located in the 104 

Tanzania-Kenya border area in 2001, 2002 and 2005. In 2003, 2004 and 2006 the outbreaks 105 

had a broader distribution and were reported along the international borders and the 106 

communication networks in the centre of Tanzania. 107 

 108 

Geographical data on the country boundaries and the main communication networks (roads 109 

and railway lines) were obtained from the Food and Agriculture Organization (FAO) 110 

(http://www.fao.org/geonetwork/srv/en/main.home). Cattle density was obtained from the 111 

livestock density maps generated by FAO’s Animal Production and Health Division 112 

(http://www.fao.org/ag/againfo/resources/en/glw/GLW_dens.html). The location of national 113 

parks was retrieved from the World Database on Protected Areas (http://www.wdpa.org/). All 114 

geographical data were projected in the World Geodetic Datum 1984 UTM zone 36S.  115 

 116 

For modelling purposes mainland Tanzania was divided into a regular grid comprised of 20 117 

km × 20 km cells. The cattle density map of Tanzanian was superimposed on this grid and 118 

those cells with zero cattle density were removed from the analysis. For each year (January to 119 

December) the FMD status of a grid cell was considered as positive if it had at least one 120 

http://www.fao.org/geonetwork/srv/en/main.home
http://www.fao.org/ag/againfo/resources/en/glw/GLW_dens.html
http://www.wdpa.org/


positive household, that is a location where an FMD outbreak was reported during the study 121 

period, and negative otherwise. 122 

 123 

Statistical analyses 124 

One model was developed for each year of the study (i.e. 2001 to 2006). The probability of a 125 

grid cell being FMD positive each year (pi) was modelled by assuming a Bernoulli 126 

distribution for the status of each of the i = 1754 grid cells, Oi: 127 

 Equation 1 

In order to link the probability of infection of each grid cell with specific explanatory 128 

variables we used the logit transformation.  129 

To assess the risk associated to the communication networks and to human activity we 130 

included the distance to main roads and railways lines as covariates in the model. For each 131 

grid cell, cattle population was calculated as the mean of the values of those raster cells that 132 

fell within each grid cell. The distances from the centroid of each cell to the border of the 133 

nearest national park and to an international border were used as proxy measures for domestic 134 

animal-wildlife interaction and uncontrolled transboundary animal movements, respectively. 135 

To facilitate the model fit the covariates were centred prior to adding them to the model by 136 

subtracting each of them by the mean value of their distribution: 137 

i 1 i 2 i 3 i  4 i  5 ilogit(p ) =  DP  + DR  + DT + DB + CP                      Equation 2                    

In Equation 2, α represents the intercept and DPi, DRi, DTi and DBi were the Euclidean 138 

distances of the ith grid cell centroid to the nearest national park, road, railway line and 139 

border, respectively. CPi was the mean cattle population within each grid cell. Model 140 

residuals for each grid cell (Ri) were computed as: 141 

 

Equation 3 

Where pi was the predicted probability of a cell being FMD positive and Oi was the observed 142 

cell FMD status. Models were run using a Bayesian framework. Non-informative uniform 143 

prior distributions with values ranging from 0 to 100 were assigned to all the regression 144 



coefficients (i.e., 1 to 5) (Gelman et al., 2006). For the intercept, a prior flat distribution 145 

(i.e. uniform distribution on an infinite interval) was assigned, as recommended by Lawson et 146 

al. (2003)).  147 

 148 

The models were run in WinBUGS 1.4 (Bayesian inference Using Gibbs Sampling 149 

(Spiegelhalter et al., 2003) from the statistical software R 2.13.1 (R Development Core Team 150 

2011) using the R2WinBUGS package (Sturtz et al., 2005). Two chains were simulated and 151 

the Gibbs sampler was run for 10,000 iterations with a burn-in of 1,000 iterations. 152 

Convergence was assessed using the R-Hat statistic. In order to achieve convergence the 153 

value of this statistic should lie between 0.95 and 1.05 (Brooks and Gelman 1998). 154 

   155 

To test for spatial autocorrelation in model residuals we plotted as a correlogram of the 156 

Moran’s I statistic from the 1st to the 8th spatial lag. The Moran’s I statistic quantifies the 157 

similarity of a value between areas defined as neighbours (Moran 1950). Its value ranges 158 

from -1 to +1, and when no correlation exists between neighbouring areas the value 159 

approximates to zero (Pfeiffer et al., 2008).   160 

 161 

Due to evidence of spatial autocorrelation in the model residuals, we extended the model as 162 

suggested by Besag et al., (1991) adding spatially structured (Si) and unstructured 163 

components (Ui): 164 

 165 

i 1 i 2 i 3 i  4 i  5 i i ilogit(p ) =  DP  + DR  + DT + DB +  + U + SCP                   Equation 4 166 

  

Following Besag et al., (1991) the prior distribution of the spatial correlated random effect 167 

was assumed to follow a conditional normal autoregressive (CAR) distribution where its 168 

mean was based in the set of grids adjacent to each grid and the precision was proportional to 169 

the number of neighbours (Richardson et al., 2006). The unstructured random effect was 170 

assumed to follow a normal distribution with mean 0. The precision of both random effects 171 

(hyperpriors) were assumed to follow a uniform distribution with values ranging from 0 to 172 



100 (Gelman et al., 2006). The model residuals were retested for spatial autocorrelation and 173 

plotted using the same procedure described for the fixed effects model. 174 

 175 

To facilitate convergence, distance covariates were divided by 10,000 prior to including them 176 

in the model. The interpretation of their effect on the risk of being a FMD positive grid cell 177 

was based on the posterior distribution of the regression coefficients obtained from the 178 

10,000 MCMC simulations (after a burn-in of 1,000 simulations). A covariate was considered 179 

to be significantly associated to the risk of being FMD positive if the 95% Bayesian credible 180 

interval (CI) of the posterior distribution of its regression coefficient was completely over 181 

(positive effect) or below (negative effect) zero. In order to measure the effect of each 182 

variable on the risk of being an FMD positive cell, we calculated the odds ratio (OR) and its 183 

95% CI per unit of increase (i.e. 10 km or 10 cattle) as the exponential value of the mean of 184 

the posterior distribution of each regression coefficient. 185 

 186 

A Receiver Operating Characteristic (ROC) curve was constructed for each year to test the 187 

ability of the model to discriminate between positive and negative grid cells by using the 188 

pROC package (Robin et al., 2011) in R. The area under the curve (AUC) is related to the 189 

performance of the model. An AUC value greater than 0.8 and between 0.7 and 0.8 was 190 

indicative of good and moderate discriminate capacities, respectively. As suggested in Liu et 191 

al., (2005), a predicted probability greater than the yearly prevalence was set us as the cutoff 192 

to determine the predicted state of a grid cell. Yearly prevalence was used as the cutoff in 193 

each of the map legends.  194 

 195 

 196 

197 



 198 

Results 199 
 200 
A map of Tanzania showing the location of national parks, roads, rail road’s and cattle 201 

density is shown in figure 1. Mainland Tanzania was divided in 1,785 (20 km × 20 km) grid 202 

cells from which 1,754 (i.e., cells where cattle density was greater than zero) where included 203 

in the analysis. The number of positive grid cells (i.e., cells with at least one FMD-positive 204 

case) varied by year. For the period 2001 to 2006 (respectively) the number of FMD-positive 205 

grid cells was 38, 47, 95, 215, 42 and 87, respectively. 206 

 207 

Risk factors for FMD 208 

Adjusted odds ratio and their 95% CI for each of the risk factors included in the model, by 209 

year are presented in Figure 2. Ten kilometre increases in the distance of a grid centroid to 210 

the nearest main road decreased the odds of FMD (ORs ranged from 0.43 in 2003 to 0.97 in 211 

2001). Increases in the distance of a grid centroid to the nearest railroad were also associated 212 

with a reduction in FMD risk. However the magnitude of the effect of railroad distance was 213 

less than that identified for major roads and was only significant in 2002, 2004 and 2006 (OR 214 

0.91, 95% CI 0.85-0.97), 2004 (OR 0.93, 95% CI 0.88-0.96) and 2006 (OR 0.93, 95% CI 215 

0.86-0.97). Similarly, increases in the distance of a grid centroid to the nearest international 216 

border reduced the risk of FMD in 2001 (OR 0.90, 95% CI 0.86-0.94), 2002 (OR 0.96, 95% 217 

CI 0.93-0.99), 2005 (OR 0.93, 95% CI 0.90-0.97) and 2006 (OR 0.95, 95% CI 0.93-0.97).  218 

 219 

The association between distance to the nearest national park and FMD risk varied 220 

throughout the study period. Ten kilometre increases in the distance to the nearest national 221 

park reduced the risk of FMD occurrence in 2001 (OR 0.80, 95% CI 0.68-0.93) but had the 222 

opposite effect in 2004 (OR 1.06, 95% CI 1.01-1.12). Finally, increases in the average 223 

number of cattle per grid cell by increments of 10 was associated with an increased risk of 224 

FMD in 2001 (OR 1.21, 95% CI 1.12-1.30), 2003 (OR 1.12, 95% CI 1.01-1.27) and 2006 225 

(OR 1.11, 95% CI 1.05-1.19). Further details on the estimated regression coefficients, the 226 

odds ratios and their 95% CIs are provided in the Annex. 227 

 228 



 229 

Spatial distribution 230 

A map of Tanzania showing, for each year, the predicted probability of FMD is shown in 231 

Figure 3. Two distinct spatial patterns of FMD risk can be identified. First, in 2001, 2002, 232 

and 2005, the high-risk cells were predominantly located in the areas bordering Kenya in the 233 

east and Uganda, Ruanda, Burundi, The Democratic Republic of the Congo and Zambia in 234 

the west. In those years the high risk areas closely followed the geographical extent of 235 

Tanzania’s international borders. For example, on the border with Zambia the high risk areas 236 

were located around the bordering city of Tunduma. On the Kenyan border the high risk areas 237 

for FMD were around region of Arusha and towards the south. Second, in 2003, 2004 and 238 

2006 in addition to the international borders, the high risk zones expanded towards the north 239 

and the centre of the country. The concentration of high risk areas was particularly evident 240 

along the main communication networks, for example the major road connecting Mbeya (in 241 

the west) to Dar es Salam (in the east). The area around Dar es Salam had a consistently high 242 

risk for FMD. Throughout the study period the risk of FMD was generally lower in the south 243 

of the country, compared with the north. However in 2005 limited high risk areas for FMD 244 

where identified around the city of Songea in the west and on the east coast closer to the 245 

border with Mozambique (Figure 3).  246 

 247 

The area under the ROC curve generated using predictions from the model ranged from 0.76 248 

(95% CI: 0.71-0.80)  to 0.83 (95% CI: 0.77-0.89) , indicative of a model with moderate to 249 

good ability to discriminate between FMD positive and FMD negative grid cells (see Annex 250 

1 for details). 251 

 252 

The residuals of the random effect models correlograms, showing the Moran’s I statistic (and 253 

its 95% confidence interval) for the model residuals at 1 to 8 spatial lags are shown in Figure 254 

4. The spatial distribution of the model residuals varied throughout the study period. In 2003 255 

most of the positive residuals were located in the north and central part of the country. In 256 

2004 most of the positive residuals were located in the border with Kenya and in the central 257 

part of the country. As shown in Figure 4 spatial correlation was not completely eliminated 258 

by inclusion of the CAR spatial random effect term and there was some residual spatial 259 



correlation present in years 2001, 2003, 2004 and 2006. However, this spatial correlation was 260 

small with a maximum value of 0.15 in 2003 and 2004.   261 

 262 

Discussion 263 

Throughout the study period (2001 to 2006) the number and location of FMD outbreaks 264 

varied but proximity to main roads was a consistent risk factor for FMD occurrence, both 265 

during endemic (2001, 2002 and 2005) and epidemic (2003, 2004 and 2006) phases. Other 266 

spatial factors played a variable role on the risk of FMD. Increases in the distance from 267 

railways and international borders were, in general, associated with a decreased risk of FMD. 268 

Increases in distance from national parks decreased the risk of FMD in 2001 but had the 269 

opposite effect in 2004. Cattle density was, positively associated with FMD risk in 2001, 270 

2003 and 2006. The distribution of FMD high risk areas was also variable over the study 271 

period but showed some interesting patterns. Bordering areas in the west, north and east were 272 

the main risk areas during endemic phases (2001, 2002 and 2005). FMD risk increased in 273 

these bordering areas and expanded to the centre of the country, particularly areas along the 274 

main communication networks, during epidemic phases (2003, 2004 and 2006).  275 

 276 

Foot-and-mouth disease is endemic in eastern and central African regions and endemic 277 

phases are associated with regular, but relatively low number of FMD outbreaks every year 278 

(Kivaria 2003). Throughout the period of study presented in this paper three years seemed to 279 

correspond to an endemic phase (2001, 2002 and 2005) and during those years, the risk of 280 

FMD was consistently associated with proximity to main roads and international borders. 281 

This would indicate that movement of livestock across international borders and within-282 

country movement of livestock (along major road networks) contributed to the persistence of 283 

FMD during endemic phases. In Tanzania, control of livestock movements are difficult to 284 

achieve and most of these movements are issued without health certificates. Besides, 285 

smuggling and illegal slaughter of animals across borders have been reported to occur quite 286 

often (Kivaria, 2003). This could be linked to the high risk areas (Figure 3) associated with 287 

bordering urban areas such as Tunduma on the Zambian-Tanzanian border in the west and 288 

Arusha in the east which could contribute to the introduction of infected animals. Moreover, 289 

uncontrolled trans-boundary animal movements have also been associated with pastoralist 290 

communities in bordering areas (Megersa et al., 2009, Picado et al., 2011). This observation 291 



is supported by our findings that show the presence of high FMD risk areas in the pastoral 292 

production areas in the North of Tanzania.  293 

 294 

The strength of the association between railways and FMD risk was less than that observed 295 

for roads, with proximity to railways associated with an increased risk of disease in 2002, 296 

2004 and 2006 and a lower magnitude effect. Rail is rarely used for cattle transportation in 297 

Tanzania because trips by train tend to take longer than by road. On the other hand, proximity 298 

to roads could be interpreted not only as a proxy for cattle movement but also for human 299 

activity or type of cattle production. Cases included in this study are based on passive 300 

surveillance data and in areas closed to roads the report of cases could be more effective, as 301 

veterinary officials would have an easier access. Also, in the last years, the country has 302 

experienced a trend towards increased intensification and commercialization of livestock 303 

production in urban and peri-urban areas (Kivaria, 2003) so it is reasonable to speculate that 304 

in those production systems FMD reporting would be more likely.  305 

Cattle density had a lower effect than expected, with only a significant effect on 2001, 2003 306 

and 2006 (both endemic and epidemic years). This could also be explained by the role of 307 

animal movements in FMD transmission within the country. Two types of movements have 308 

been reported in the country, i) the official system through livestock markets and ii) the 309 

informal system where the livestock keepers deal directly with vendors. The second one plays 310 

a greater role in FMDV spread from one place to another (Kivaria, 2003). This type of 311 

movements could be done among areas with high or low cattle density and therefore, despite 312 

cattle density has a role in FMD transmission it might not be the main determinant.  313 

Proximity to national parks, and potential wildlife reservoirs, has been identified as a risk  for 314 

FMD in other endemic countries in Africa (Ayebazibwe et al., 2010a, Ayebazibwe et al., 315 

2010b; Bronsvoort et al., 2004; Hargreaves et al., 2004; Molla et al., 2010). In Tanzania, 316 

being closer to a national park was a significant risk factor for FMD in 2001 but not during 317 

the other two endemic years (2002 and 2005). The likelihood of FMD virus transmission 318 

from wildlife to domestic livestock may vary among each of the wildlife parks in Tanzania. 319 

Also, other domestic animals, such as goats and sheep, might have a role in FMD virus 320 

transmission and they were not evaluated in this study. Sheep and goats rarely show clinical 321 

signs and therefore, we did not have reported data about outbreaks in those species.   More 322 

detailed risk analyses in space (i.e. smaller geographic areas) and time (e.g. by season or 323 



month instead of years) might better define the role of wildlife and other domestic species 324 

different than cattle in the epidemiology of FMD in domestic animal populations in Tanzania. 325 

Similarly, different FMD virus serotypes may be associated to different risk factors. The lack 326 

of data on serotypes in the database precluded including this factor in the analyses.  327 

 328 

FMD epidemic phases were associated with a sudden increase in the number and distribution 329 

of reported cases. In Tanzania the number of FMD cases increased significantly in 2003, 330 

2004 and 2006 (Picado et al., 2011). During those years communication networks (roads but 331 

also to some extent railways) were risk factors for FMD occurrence. The impact of 332 

communication networks, particularly the road that crosses the country from the Zambian 333 

border to Dar Es Salam and Arusha, is clearly seen in the risk distribution maps (Figure 3). 334 

The same maps also show that proximity to border areas was risk for FMD both in endemic 335 

and epidemic phases. In the epidemic phases (2003 and 2004), proximity to international 336 

borders was not identified as a risk factor by the model; however the magnitude of its effect 337 

was probably reduced because of the relatively large numbers of cases that occurred along the 338 

communication networks in the central part of the country.  339 

 340 

The data used for this study are based on passive reports by staff of the Tanzanian Ministry of 341 

Livestock and Fisheries Development and clinical diagnoses made by field veterinarians 342 

(Picado et al., 2011, Kivaria 2003). The use of passive surveillance data has some limitations 343 

that should be considered when interpreting the results. There the reporting of FMD cases 344 

throughout the country may be variable. For example, reporting may be more likely in areas 345 

more often visited by veterinary officers (e.g. areas closer to transport links or with higher 346 

cattle density). In spite of the inevitable limitations in data of this type we were able to 347 

identify biologically plausible risk factors for FMD as well as delimit high FMD risk areas in 348 

different epidemiological scenarios. Indeed, the use of distance-based measures (i.e. distance 349 

to the nearest major road, railway, international border, and national park) were proxy 350 

variables used to represent proximity to within- or between-country trade or wildlife-351 

domestic livestock interaction. We believe that aggregating the data to 20 km × 20 km grids 352 

and expressing the outcome of interest as a dichotomous variable (i.e. FMD-positive, FMD-353 

negative) as opposed to a count of the number of outbreaks per grid minimised the impact of 354 

the bias created by the varying intensity of reporting that would be typically present in the 355 



study data set. Delimiting areas with different risk and epidemiological characteristics has 356 

implications for FMD control (Kivaria 2003). For example, the south of Tanzania, which had 357 

low numbers of FMD outbreaks throughout the study period, may be a potential FMD-free 358 

zone if appropriate control measures are put in place (Picado et al., 2011). That said, our 359 

analyses identified two high risk areas for FMD within that zone (around the city of Songea 360 

and on the southern coast) which may need to be monitored closely if a FMD-free zone was 361 

declared. It would also be of interest to identify livestock populations important in the 362 

transmission of FMD in the south.  363 

 364 

Despite the addition of a term in the model to account for spatially correlated heterogeneity 365 

(Equation 4) residual spatial autocorrelation remained in the 2003 and 2004 models. We 366 

believe this could be due to ‘sustained’ disease transmission during the course of the year 367 

resulting in relatively large geographic areas that were disease positive and, similarly, large 368 

areas that were disease negative. We propose that the CAR approach, in which spatially 369 

correlated heterogeneity is accounted-for by the use of a pre-defined spatial adjacency criteria 370 

(in this study grid cells were defined as adjacent if they shared a common border), might not 371 

be the most appropriate for accounting for unexplained variation in the spatial distribution of 372 

highly dynamic infectious diseases such as FMD. In order to partially mitigate this issue, we 373 

developed a spatial model for each year, allowing the unexplained variation in the spatial 374 

distribution of FMD risk to vary, rather than using a single spatio-temporal model which 375 

would have assumed constant spatial autocorrelation over time.  376 

 377 

Of the risk factors that were assessed, roads played a role in endemic and epidemic phases 378 

suggesting that animal movement and human activity via communication networks are the 379 

main drivers of FMD transmission in this country. Our findings support the hypothesis that 380 

trans-boundary movements or contact with wildlife contribute to the maintenance of FMD 381 

during the endemic phases. When combined with other information on FMD occurrence in 382 

Tanzania, the results of this study should help FMD control programme managers to define 383 

effective measures to reduce the risk of FMD in different areas of the country and in different 384 

epidemiological situations.  385 

 386 



 387 



Acknowledgments 388 

This study was in part supported by a grant from the Catalan Agency for Research (AGAUR) 389 

by their program BE-DGR. We thank the National Epidemiology Section (Ministry of 390 

Livestock and Fisheries Development) and the field veterinarians from the United Republic 391 

of Tanzania for providing the data used in this paper.  392 



References 393 
 394 
Ayebazibwe, C., F. N. Mwiine, K. Tjornehoj, S. N. Balinda, V. B. Muwanika, A. R. Ademun Okurut, G. J. 395 
Belsham, P. Normann, H. R. Siegismund & S. Alexandersen, 2010a: The role of African buffalos (Syncerus 396 
caffer) in the maintenance of foot-and-mouth disease in Uganda. BMC Vet. Res., 6, 54. 397 

Ayebazibwe C, Tjørnehøj K, Mwiine FN, Muwanika VB, Okurut AR, Siegismund HR, Alexandersen S., 2010b. 398 
Patterns, risk factors and characteristics of reported and perceived foot-and-mouth disease (FMD) in 399 
Uganda.Trop Anim Health Prod., 42, 1547-1559  400 

Balinda, S. N., A. K. Sangula, R. Heller, V. B. Muwanika, G. J. Belsham, C. Masembe & H. R. Siegismund, 401 
2010: Diversity and transboundary mobility of serotype O foot-and-mouth disease virus in East Africa: 402 
implications for vaccination policies. Infect. Genet. Evol., 10, 1058-1065. 403 

Besag, J., York, J., Mollie, A., 1991: Bayesian image restoration with applications in spatial statistics. Ann. Inst. 404 
Math. Stat. 43, 1-20.  405 

Bessell, P.R., Shaw, D.J., Savill, N.J., Woolhouse, M.E., 2010: Statistical modeling of holding level 406 
susceptibility to infection during the 2001 foot and mouth disease epidemic in Great Britain. Int. J. Infect. Dis., 407 
14, 210-215.  408 

Brooks, S. P. and A. Gelman, 1998: General methods for monitoring convergence of iterative simulations. 409 
Journ. Comput. Graph. Stat., 7, 434-455. 410 
 411 
Bronsvoort, B. M. D., C. Nfon, S. M. Hamman, V. N. Tanya, R. P. Kitching & K. L. Morgan, 2004: Risk 412 
factors for herdsman-reported foot-and-mouth disease in the Adamawa Province of Cameroon. Prev. Vet. Med., 413 
66, 127-139. 414 

Dion, E., L. VanSchalkwyk & E. F. Lambin, 2011: The landscape epidemiology of foot-and-mouth disease in 415 
South Africa: A spatially explicit multi-agent simulation. Ecol. Model., 222, 2059-2072. 416 

Gelman, A., 2006: Prior distributions for variance parameters in hierarchical models. Bayes. Anal. 1, 515-533. 417 

Hayama, Y., Muroga, N., Nishida, T., Kobayashi, S., Tsutsui, T., 2010: Risk factors for local spread of foot-418 
and-mouth disease, 2010 epidemic in Japan.  Res. Vet. Sci., 24, [Epub ahead of print] 419 

Hargreaves, S. K., C. M. Foggin, E. C. Anderson, A. D. Bastos, G. R. Thomson, N. P. Ferris & N. J. Knowles, 420 
2004: An investigation into the source and spread of foot and mouth disease virus from a wildlife conservancy 421 
in Zimbabwe. Rev. Sci. Tech., 23, 783-790. 422 

Jori, F., W. Vosloo, B. Du Plessis, R. Bengis, D. Brahmbhatt, B. Gummow & G. R. Thomson, 2009: A 423 
qualitative risk assessment of factors contributing to foot and mouth disease outbreaks in cattle along the 424 
western boundary of the Kruger National Park. Rev. Sci. Tech., 28, 917-931. 425 

Kasanga, C.J., Sallu, R., Kivaria, F., Mkama, M., Masambu, J., Yongolo, M. et al., ‘Foot-and-mouth disease 426 
virus serotypes detected in Tanzania from 2003 to 2010: Conjectured status and future prospects’, Onderst. 427 
Journ Vet. Res. 79, 1-4.  428 

Kivaria, F. M., 2003: Foot and mouth disease in Tanzania: an overview of its national status. Vet. Q., 25, 72-78. 429 

Lawson, A.B. Browne, W.J., Rodeiro, C.L.V., 2003: Disease mapping with WinBUGS and MLwiN. John Wiley 430 
& Sons. 431 

Liu C., Berry P.M., Dawson T.P. and Pearson R.G., 2005. Selecting thresholds of occurrence in the prediction 432 
of species distributions. Ecography 28, 385-393. 433 
 434 
Megersa, B., B. Beyene, F. Abunna, A. Regassa, K. Amenu & T. Rufael, 2009: Risk factors for foot and mouth 435 
disease seroprevalence in indigenous cattle in Southern Ethiopia: the effect of production system. Trop. Anim. 436 
Health. Prod., 41, 891-898. 437 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bessell%20PR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shaw%20DJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Savill%20NJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Woolhouse%20ME%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/19647465
http://www.ncbi.nlm.nih.gov/pubmed/21945801
http://www.ncbi.nlm.nih.gov/pubmed/21945801


Molla, B., G. Ayelet, Y. Asfaw, Y. Jibril, G. Ganga & E. Gelaye, 2010: Epidemiological study on foot-and-438 
mouth disease in cattle: seroprevalence and risk factor assessment in South Omo zone, south-western Ethiopia. 439 
Transbound. Emerg. Dis., 57, 340-347. 440 

Moran, P.A.P.. 1950: Notes on continuous stochastic phenomena. Biom. 37, 17–23.  441 
 442 
Picado A, Speybroeck N, Kivaria F, Mosha RM, Sumaye RD, Casal J, Berkvens D., 2011: Foot-and-mouth 443 
disease in Tanzania from 2001 to 2006. Transbound. Emerg. Dis., 58, 44-52.  444 
 445 
Pfeiffer, D., Robinson, T., Stevenson, M., Stevens, K., Rogers, D., Clements, A., 2008: Spatial Analysis in 446 
Epidemiology. Oxford University press. 447 

 448 
Richardson, S., Thomson, A., Best, N., Elliot, P., 2004: Interpreting Posterior Relative Risk Estimates in 449 
Disease-Mapping Studies. Environ. Health. Perspect,. 112, 119. 450 

Robin, X., Turck, N., , Tiberti, N., Lisacek, F., Sánchez, J.C., Müller M., 2011 .pROC: an open-source package 451 
for R and S+ to analyze and compare ROC curves.  BMC Bioinformatics 12, 77. 452 
 453 

Spiegelhalter, D.J., Thomas, A., Best, N.G., Lunn, D., 2003: WinBUGS Version 1.4 Users Manual. MRC 454 
Biostatistics Unit, Cambridge. URL http://www.mrc-bsu.cam.ac.uk/bugs/. 455 

Sturtz, S., Ligges, U., Gelman, A., 2005: R2WinBUGS: A Package for Running WinBUGS from R. J. Statistic. 456 
Softw., 12, 1-  16.  457 

 458 

Taylor, N.M., Honhold, N., Paterson, A.D., Mansley, L.M., 2004: Risk of foot-and-mouth disease associated 459 
with proximity in space and time to infected premises and the implications for control policy during the 2001 460 
epidemic in Cumbria. Vet. Rec., 15, 617-626. 461 

 462 

Fig. 1. Map of Tanzania showing the location of national parks, roads, rail road’s and cattle 463 

density.  464 
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 465 

Fig. 2. Risk factors for foot-and-mouth disease (FMD) in Tanzania, 2001-2006. Error bar 466 

plots showing odds ratios (OR) and their 95% credible intervals (CI) for five characteristics 467 
of grid cells thought to be associated with FMD. The distance-based measures represent the 468 

increase (or decrease) in the odds of a grid cell being FMD-positive in response to 10 km 469 
increases in the respective distance measure. For human population the ORs represent the 470 

increase (or decrease) in the odds of a grid cell being FMD-positive in response to 10,000 471 
increases in grid cell population size. Those characteristics significantly associated with FMD 472 

occurrence (95% CI does not include 1) are represented by a black square. 473 



 474 

Fig. 1 (Annex 1): Receiver Operating Characteristic (ROC) curve to test the ability of the 475 

model to discriminate between positive and negative FMD grid cells 476 

 477 

Fig. 3. Choropleth maps showing the spatial distribution of the predicted probability of a grid 478 
cell being FMD-positive, 2001-2006. Also shown on each plot are the locations of the major 479 

road networks throughout Tanzania.    480 
 481 



 482 

Fig. 4. Moran’s I statistic correlogram of the residuals of the random effect model assessing 483 
the risk of FMD associated to distances to communication networks, international borders 484 

and parks as well as human population. Statistic presented from the 1st to the 8th spatial lag for 485 
each year of study (2001 to 2006). Each spatial lag represents grid size i.e., 20km. 486 
 487 


