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1 | INTRODUCTION

Driven by domestic consumption and exports of animal products, live-
stock production in Thailand has been gradually growing since the late

1970s when farming systems in Thailand started to shift from exten-

Bart H. P. van den Borne®2

Abstract

Foot-and-mouth disease (FMD) is one of the most important animal diseases hin-
dering livestock production in Thailand. In this study, a temporal and spatial analysis
at the subdistrict level was performed on FMD outbreak reports in Thailand from
2011 to 2018. Risk factors associated with FMD outbreaks were furthermore inves-
tigated using generalized estimating equations. The results showed that the incidence
of FMD outbreaks was the highest in 2016 and was affected by season, with a peak
in FMD outbreaks occurring in the rainy-winter season, during October to Decem-
ber. FMD outbreaks were mostly distributed in small clusters within a few subdistricts.
Some high-risk areas with repeated outbreaks were detected in the central regions.
Risk factors, including the increase of subdistrict’s size of the dairy population, beef
population or pig population, the low percentage of forest area, subdistricts in the
provinces adjacent to Malaysia, the presence of a livestock market and the occurrence
of an FMD outbreak in a neighbouring subdistrict in the previous month significantly
increased the odds of having an FMD outbreak. The increase in proximity to the nearest
subdistrict with an FMD outbreak in the previous month decreased the odds of hav-
ing FMD outbreaks. This study helped to identify high-risk areas and periods of FMD
outbreaks in Thailand. Together with the identified risk factors, its results can be used
to optimize the FMD control programme in Thailand and in other countries having a

similar livestock industry and FMD situation.
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sive farming to intensive farming with an accompanying increase in
farm size (Delgado et al., 2008). However, the growth of the country’s
livestock industry is hindered by multiple constraints, including infec-
tious animal diseases, of which foot-and-mouth disease (FMD) is the

most important in terms of economic impact (Perry et al., 1999).
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Foot-and-mouth disease virus (FMDV) belongs to the Aphthovirus
(family Picornaviridae) and can infect cloven-hooved animals. FMDV
consists of seven immunologically distinct serotypes, O, A, C, Asia 1,
SAT 1, SAT 2 and SAT 3 (Davies, 2002). Mainland South-East Asia
(SEA), which encompasses Peninsular Malaysia, Myanmar, Vietnam,
Laos, Cambodia and Thailand, is endemic for serotypes O, A and Asia
1 (Knowles et al., 2012). Even with an annual vaccination programme
in place, 928 FMD outbreaks, distributed all over Thailand, have been
reported to the ASEAN Regional Animal Health Information System
from 2007 to 2017 (Blacksell et al., 2019). The risk of FMD outbreaks
in Thailand has increased because of the increase of livestock trading
in the SEA region due to a rise in livestock demand from China (Smith
etal, 2015).

Area-specific knowledge of the epidemiology of FMD is fundamen-
tal to improving preventive measures and control strategies, as insight
into the occurrence of FMD can help authorities allocate resources to
areas at greater risk. Studies in a variety of FMD endemic areas showed
multifaceted risk factors related to FMD, including the type of animal
species (Nyaguthii et al., 2019; Yano et al., 2018), production system
(Megersa et al., 2009), presence of a livestock market (Jemberu et al.,
2016), livestock traders (Souriya et al., 2020), adjacency to a national
park (Allepuz et al., 2015) and a seasonal effect (Guerrini et al., 2019).
Studies in SEA highlighted the importance of transboundary animal
movement as the major risk of FMD transmission (Blacksell et al., 2019;
Madin, 2011).

Most of the studies on FMD patterns and risk factors in Thailand
were conducted at the regional level. For example, Arjkumpa et al.
(2020) studied spatiotemporal clusters of FMD outbreaks in the north-
ern part of Thailand. A study focusing on Northern Thailand dairy farms
showed that farms located near communal grazing areas or slaugh-
terhouses and imported cattle without quarantining animals were at
greater risk for FMD (Sansamur et al., 2020). Another study from San-
grat et al. (2020) used experts’ opinions to evaluate the weight of
spatial risk factors associated with the occurrence of FMD in Thailand
and used it to create a risk map. The authors found that the risk of FMD
occurrences increased in areas close to a region with a previous out-
break, livestock markets, slaughterhouses, boundary lines and areas
with a high density of beef cattle, pigs, dairy cattle, buffaloes, humans
and roads (Sangrat et al., 2020). However, a study investigating the
patterns and risk factors of FMD at the country level based on actual
outbreak data is lacking.

In this study, the spatial and temporal patterns of FMD outbreaks
in Thailand and the associated risk factors were identified based on
subdistrict level data of FMD outbreaks reports from 2011 to 2018.

2 | MATERIALS AND METHODS
2.1 | Study area

Thailand is a country located in the middle of Mainland SEA with
an area of 513,120 km2. The land border is adjacent to Myanmar,
Laos, Cambodia and Malaysia. The administration structure consists

of 77 provinces and subdivides into the local administration of dis-
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tricts (n = 878) and subdistricts (n = 7425). The topographical features
include a central plain, the upland plateau in the north-eastern region
and the high mountains, which cover Northern Thailand and extend
along the Myanmar border to the Malaysia peninsula. The eleva-
tion varies from sea level up to 2562 m in the mountainous areas.
The climate is divided into three seasons. The rainy season stretches
from mid-May to mid-October. The winter season extends from mid-
October to mid-February, during which most parts of the country
experience dry weather with mild temperatures. Finally, the summer
season stretches from mid-February to mid-May (Thai Meteorological
Department, 2015).

Livestock species typically affected by FMD are cattle, buffalo, small
ruminants and pigs. The geographical distribution of livestock in Thai-
land is diversified. The majority of pig farms and dairy farms are located
in the central, western and eastern regions. Beef cattle and buffalo
farms are concentrated in the north-eastern region, whereas most
small ruminant farms are located in the southern region of Thailand
(Department of Livestock Development, 2020).

The main control measure of FMD in Thailand is routine vaccination.
It is supported by the Thai government by distributing free of charge
trivalent FMD vaccines (O, A and Asial serotypes) for dairy cattle and
a bivalent FMD vaccine (O and A serotypes) for beef cattle, buffaloes
and small ruminants. FMD vaccines are produced by the Bureau of Vet-
erinary Biologics Pak Chong facility in Thailand, distributed to local
veterinary offices and the dairy cooperative network, and then to indi-
vidual farmers, local veterinary officers and private farm veterinarians
who vaccinate the animals. Vaccination of ruminants is compulsory.
Dairy cattle are vaccinated three times yearly, whereas small rumi-
nants, beef cattle and buffalo are vaccinated twice a year (Arjkumpa,
Sansamur, et al., 2020; Arjkumpa, Yano, et al., 2020). The government
also produces a trivalent FMD vaccine (O, A and Asia 1 serotypes)
for pigs. It is commercially available and sold at a below-market price
due to government subsidy (Yano et al., 2018) but pig farmers can
also use other commercially available FMD vaccines (unpublished data
from FMD project [PRP 5905021280]). The vaccination programme
in pigs is voluntary and depends on the farmers’ own willingness to
participate.

The Thai FMD surveillance programme consists of both active and
passive surveillance components. Active surveillance includes routine
visits to cattle farms by local veterinary officers and monitoring the
FMD status of imported cattle. Passive surveillance means that farm-
ers are expected to report FMD suspected cases upon notification to
local veterinary officers (Arjkumpa, Yano, et al., 2020). When FMD out-
breaks are reported, control measures are immediately implemented in
order to stop disease transmission, including the quarantining of sus-
pected premises, outbreak areas announcements, animal movement

control and ring vaccination (Yano et al., 2018).

2.2 | Data collection

Subdistrict level FMD outbreak data between 2011 and 2018 were

acquired from the Department of Livestock Development. Recorded

data consisted of the name of the subdistrict having the outbreak, the
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starting date of the outbreak, the population size and the livestock
species involved. The outbreaks were clinically diagnosed by local vet-
erinary officers, with at least one animal in the area showing the typical
signs of FMD and confirmed by laboratory tests using ELISA, virus
isolation, PCR or a combination of those, at the Regional Reference
Laboratory for FMD in SEA.

Data on putative subdistrict level risk factors associated with FMD
outbreaks were collected from various sources. The subdistrict level
data of livestock population, consisting of species and population size,
were obtained from livestock census data. Due to a lack of com-
pleteness, census data were only available in 2013, 2015 and 2018.
Therefore, the 2013 census for the livestock population was used
for 2011 to 2013. The 2015 census for livestock population was
used for 2014 to 2016, and the 2018 census for livestock popula-
tion was used for 2017 to 2018. Monthly rainfall in Thailand data
between 2011 and 2018 was obtained from the National Oceanic
and Atmospheric Administration. Data on elevation, forest area and
adjacency to neighbour countries were extracted from the Thailand
raster map using QGIS 3.4 (QGIS Development Team, 2020). Loca-
tions of livestock markets and slaughterhouses were obtained from
the Department of Livestock Development database (Department of
Livestock Development (DLD), 2019).

2.3 | Statistical analysis
2.3.1 | Temporal analysis

Time series of monthly FMD outbreak reports were created. If a new
outbreak in the same subdistrict was reported within 30 days, we
counted them as one outbreak, and only the date of the first outbreak
report was analysed. Seasonal and trend decomposition with locally
estimated scatterplot smoothing (STL) was applied to analyse seasonal
effects and trends. STL is a method to decompose time series into three
additive components (trend, seasonality and remainder) using locally
estimated scatterplot smoothing, which is the process of smoothing
a regression curve to data points. The components can be written as

follows:
Yo =T, + S, + R,

where Y is the series value; T is the trend component; S is the sea-
sonal component; R is the remainder at time v. Seasonal and trend
decomposition with locally estimated scatterplot smoothing started
with the outer loop by estimating the trend component and assigning
a robustness weight to each data point. The weight depended on the
size of the remainders, which reduced the effect of outliers. The trend
was subtracted from the raw data to detrend time series. Then, the
detrended series was passed to the inner loop where the seasonal com-
ponent was estimated using locally estimated scatterplot smoothing
cycle subseries (for the yearly seasonal, there were 12 cycle subseries,
i.e. January to December). The outer loop was iteratively updated with

the new trend components estimated by subtracting the estimated
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seasonal component from the raw data. The new detrended series was
passed to the inner loop again to update the seasonal component. The
process continued until the setting number of cycles was reached. The
variation that was not explained by the seasonal and trend components
was considered the remainder (Cleveland et al., 1990). The remainders
were checked for autocorrelation to ensure that no trend and the sea-
sonal effect were left in the remainders. The strength of the trend (Fy)
and seasonal (Fs) component on time series can be measured by

Var (Ry)
Fr=1— —— v
T Var (T, + R,)
Fo= 1 Var (Ry)

~ Var(S, +Ry)

The measure of the strength of each component has a value
between 0 and 1. A value close to 1 shows a strong effect (Hyndman &
Athanasopoulus, 2018), whereas a value close to O indicates no effect
from the component. The STL method was applied using the stl package
in R program version 3.6 (R Core Team, 2022).

2.3.2 | Spatial analysis

The spatial distribution of the risk of subdistricts experiencing an
FMD outbreak was described by calculating standardized morbidity
ratios (SMRs) at the subdistrict level for each year. SMR is the ratio of
observed number of cases relative to the expected number of cases in
each subdistrict, where a case was defined as an animal with clinical
signs of FMD. The expected cases for each subdistrict were calculated
by multiplying the incidence rate from the entire population, which
equals the total number of cases divided by the total population at risk,
with the size of the population at risk in each subdistrict. If SMR > 1,
the risk for that subdistrict is higher than the national risk. Therefore,
SMR can be interpreted as a relative risk (Waller & Gotway, 2004).
Estimated SMRs for areas with a low animal population may be impre-
cise because of variance instability. An empirical Bayes estimator with
a Poisson-Gamma model was therefore applied to improve SMR esti-
mates (Clayton & Kaldor, 1987). The number of years that subdistricts
had SMRs > 1 was depicted in a choropleth map. The higher the num-
ber of years that subdistricts had SMRs > 1, and the more likely these
subdistricts were hot spot areas of FMD outbreaks. The heterogene-
ity of SMRs was assessed using a Chi-squared test. The global Moran’s
I index was used to quantify the spatial autocorrelation of SMRs. The
null hypothesis is that SMRs are randomly distributed among the areas.
A positive Moran’s | index implies a clustering of high or low SMRs in
the same neighbourhood area. A negative Moran’s | index implies the
dispersion of high or low SMRs (Bivand et al., 2013). Moran’s | index

can be calculated by

N 3, %, wi(SMR; - SMR) (SMR; - SMR))

(2 3, wi)(SMR; — SR )

where N is the number of spatial units indexed by i and j; SMR; is the
SMR for subdistrict i; SM Rj is the SMR for subdistrict j; Wi isthe inverse
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of the distance between the centroid of subdistrict i and the centroid
of subdistrict j (Gomez-Rubio et al., 2005). The spatial analyses were
conducted for all years combined and each year separately and were
performed in R program version 3.6 (R Core Team, 2022) using the
DCluster Package.

A discrete Poisson scan statistic was performed using SaTScan soft-
ware, version 9.6 (Kulldorff, 2020) to detect the location of spatial
clusters of FMD cases consisting of the number of animals with FMD.
The centroid of subdistricts was assumed to represent the outbreak
location. The subdistrict name, the number of animals with FMD, the
animal population in each subdistrict and the geographical coordinates
of subdistrict centroids were provided as input files. The expected
numbers of FMD cases were calculated based on the animal popula-
tion in each subdistrict using a Poisson distribution. Circular windows
of varying sizes were then scanned over the space to find clustering
of FMD cases in the same area. Clusters of FMD were defined where
the risk inside the window exceeded the risk outside the window. The
likelihood ratio test was used to determine the most likely cluster.
The p-value is based on Monte Carlo hypothesis testing by comparing
the maximum likelihood of actual data with randomly generated data
(Kulldorff, 2018). The maximum spatial cluster size was set at 50% of
the population at risk. The minimum spatial cluster size was set at more
than 50 FMD cases to avoid cluster detection due to a small popula-
tion at risk. The Gini index was used to select the reported clusters
(Han et al., 2016), and clusters were not allowed to overlap. Only clus-
ters with a significance level <0.05 were reported. The scan statistics
analysis was run for each year to remove the effect of long-term popu-
lation structure changes. Subdistricts that had centroids located within
significant yearly spatial clusters were reported in the maps.

2.3.3 | Risk factor analysis

Generalized estimating equation logistic regression models, to accom-
modate for the autocorrelation of monthly reported data within
subdistricts, were used to identify risk factors associated with FMD
outbreaks. The dependent variable is the monthly occurrence of an
FMD outbreak in each subdistrict. Putative subdistrict level risk factors
included: (1) the species-specific population size of livestock in each
subdistrict, that is dairy cattle, beef cattle, buffalo, small ruminants and
pigs; (2) monthly rainfall; (3) elevation; (4) international border contact,
defined as being a subdistrict located in a border province; (5) the pres-
ence of a slaughterhouse; (6) the presence of a livestock market; (7) a
historical FMD outbreak in a neighbouring subdistrict in the previous
month (a neighbouring subdistrict was defined as a subdistrict sharing
adjacent borders to the subdistrict under scrutiny); (8) proximity to the
nearest subdistrict with an FMD outbreak in the previous month; (9)
the percentage of forest area, which is calculated by dividing the forest
area by the total subdistrict area.

Year was included as a categorical variable in the model to cor-
rect the yearly trend in FMD outbreaks. Month was included as a
sine-cosine function of the numerical month to present the seasonal
fluctuation (Stolwijk et al., 1999). The basic statistical model can be
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written as follows:

In<1fp> =a+ ﬁlxsin<2nx%>+ ﬁ’zxcos(an%>

where p is the probability of having an FMD outbreak in a partic-
ular month; « is the intercept; m is the numerical month (1-12 for
January-December). Due to the non-linear relationship between some
independent variables and the log-odds of having an FMD outbreak,
the continuous variables of the species-specific livestock population
size and the proximity to the nearest subdistrict with FMD outbreak
variables were logqg-transformed. The percentages of the forest area
and monthly rainfall were categorized based on three quantile den-
sities. The exchangeable correlation structure was selected based on
the lowest QIC of null models (Cui & Qian, 2007). Univariable analysis
was performed for all putative risk factors, and variables with a p-value
<0.15 for the Type 3 test were eligible for the multivariable analysis.
Correlation between the selected variables was checked. If the correla-
tion coefficient was >0.5, one of the correlated variables was selected.
The correlation analysis showed a high correlation between elevation
and international border and between rainfall and month of the year,
which is not a surprise given that most mountainous ranges of Thailand
stretch into neighbouring countries and the seasonality of rainfall. As
several studies showed that international border is an important risk
factor of FMD outbreak, we kept the international border and month,
whereas elevation and rainfall were excluded as the possible explana-
tory variables (Allepuz et al., 2015; Hamoonga et al., 2014; Picado
et al.,, 2011). Subsequently, a backward selection process was applied
to identify all variables significantly (p-value <0.05) associated with
FMD outbreaks. The change of coefficient after dropping variables was
checked to confirm that the dropping variables were not confounders.
From the final statistical model, the predicted probability for having
an FMD outbreak in the subdistrict for each month was calculated as

follows:

1
1+ e—(Bot+B1X1+ BaXo+:-)

probability of event =

The predicted probability was compared with the actual FMD out-
break report to visually evaluate the model fit when geographically
being displayed in a map. We measured the correspondence between
the predicted probabilities and outbreak incidences using Pearson

correlation.

3 | RESULTS
3.1 | Temporal analysis

From 2011 to 2018, 826 FMD outbreaks were reported. The monthly
incidence of FMD outbreak reports is plotted in Figure 1. The median
monthly incidence of FMD outbreak reports was 4 (min = 1, max = 81,
mean = 9). The highest yearly incidence of FMD outbreak reports was
in 2016 (n = 284), and the lowest was in 2011 and 2012 (n = 43).

The decomposition plot is shown in Figure 2. As can be observed from
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FIGURE 1 Monthly reported incidence of foot-and-mouth disease outbreaks in Thailand from 2011 to 2018

the trend component, the incidence of FMD outbreaks increased from
2011 onwards and reached a peak in 2016 before decreasing. The sea-
sonal component showed that the incidence of FMD outbreaks was
low from February to June before increasing and reaching the peak at
October-December. The measure of strength for the trend and sea-
sonal components were 0.51 and 0.36, respectively, indicating that the
effect of the trend component on the monthly incidence of FMD out-
break reports was more substantial than the effect of the seasonal
component.

3.2 | Spatial analysis

From the 7425 subdistricts in Thailand, 564 subdistricts reported at
least one FMD outbreak. The subdistrict with the highest frequency
of FMD outbreak reports was Lamphaya Klang subdistrict in Saraburi
province, which is located in Central Thailand, with 12 FMD outbreaks
reported from 2011 to 2018. The geographical distribution of subdis-
tricts having SMRs > 1 is depicted on a choropleth map in Figure 3.
The Chi-squared tests showed that the number of observed cases was
different from the expected risk in some subdistricts (Table 1). Signif-
icant positive Moran’s | indices were observed in 2011, 2012, 2013,
2016 and 2017 (Table 1), indicating clustering of high or low SMRs in
the same neighbourhood area, although Moran’s | indices values were
low. The spatial clusters of similar SMRs in the same areas are depicted
in Figure 4. Statistically significant spatial clusters were detected in
2011-2018. The reported clusters tended to be small clusters within

TABLE 1 Presence of global spatial patterns of foot-and-mouth
disease outbreaks in Thailand in 2011 until 2018 based on the
Chi-squared test for the difference between expected risk and
observed standardized morbidity ratios (SMRs) and the global Moran’s
lindex

Year Chi-squared test Moran’s | index Moran’s | p value

2011 0.001 0.004 0.034
2012 0.001 0.03 0.001
2013 0.001 0.005 0.016
2014 0.001 0 0.291
2015 0.001 0 0.134
2016 0.001 0.037 0.001
2017 0.001 0.007 0.015
2018 0.001 0.002 0.098

a few subdistricts rather than being large clusters. The clusters were
mostly located in the central, southern and northern regions, except
in 2016 when clusters were much more dispersed. The annual number
of significant clusters varied from 8 clusters (year 2012) to 51 clusters
(year 2016).

3.3 | Risk factor analysis

Descriptive statistics of putative risk factors are shown in Tables 2

and 3. The distribution of the subdistrict had a high disparity for some
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FIGURE 2 The decomposition of the monthly incidence of foot-and-mouth disease outbreaks in Thailand from 2011 to 2018 into a trend,
seasonal and remainder component. The grey bars on the right side are scale bars of equal measurement, indicating the relative scale of each

component.

TABLE 2 Mean and standard error of continuous risk factors for foot-and-mouth disease (FMD) outbreak at the subdistrict level

Variable

Logao (dairy population)

Logo (beef population)

Logyo (buffalo population)

Logsq (small ruminant Population)
Logo (pig population)

Log,o (proximity to the nearest subdistrict with
the outbreak in the previous month)

risk factors. For example, there were relatively few subdistricts having
a livestock market and a neighbouring subdistrict that experienced an
FMD outbreak in the previous month.

After correcting for seasonal and yearly trends, the final statisti-
cal model included eight statistically significant risk factors (Table 4).
A 10-fold increase in the population size of dairy cattle, beef cattle or
pigs increased the odds of having FMD outbreaks 2.06, 1.43 or 1.22
times, respectively. The proximity to the nearest subdistrict with an
FMD outbreak in the previous month was inversely related to the odds
of having an FMD outbreak. A 10-fold closer proximity increased the
odds of having FMD outbreaks three (=1/0.33) times. The areas with
a low percentage of forest area had 1.29 times higher odds of having
FMD outbreak than subdistricts without forests. Subdistricts located
in the provinces neighbouring Malaysia had 2.61 times higher odds of
FMD outbreak than the subdistricts located in provinces without inter-

national borders. Subdistricts having a neighbouring subdistrict with

Mean + standard error

Subdistrict with Subdistrict without

FMD outbreaks FMD outbreaks
149+ 1.61 0.26+0.71
2.75+0.64 249+0.78
1.10+0.95 1.34+1.05
122+1.18 0.70 + 1.00
2.61+1.13 216+ 111
2.05+0.06 229+1.01

FMD outbreak in the previous month had 4.41 times higher odds of
having an FMD outbreak compared to subdistricts not experiencing an
FMD outbreak in any of their subdistricts in the previous month.

The predicted probability of having an FMD outbreak at the sub-
district level was compared with the actual FMD outbreak report
(Figure 5). The high probability areas were mostly clustered in the cen-
tral region and distributed as small patches in the north and southern
part of Thailand. The predicted probabilities corresponded with the
observed incidences with a Pearson correlation coefficient of 0.55.

4 | DISCUSSION

This study used reported outbreak data to describe the temporo-
spatial distribution of FMD outbreaks in Thailand and to identify
associated risk factors and is one of the few studies conducted in FMD
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FIGURE 3 The number of years that subdistricts in Thailand had standardized morbidity ratios (SMRs) of foot-and-mouth disease outbreaks

higher than one from 2011 to 2018.

endemic areas attempting to control the disease using vaccination. The
number of FMD outbreaks was higher in 2016 than in other years
as indicated by the highest trend component in 2016. There is sea-
sonal variation in the occurrence of FMD outbreaks, with the number
of FMD outbreaks being the lowest in the summer season (March to
May) and the highest in the rainy to winter season (October to Novem-

ber). The seasonal trend contradicts the results from previous studies

in Africa, where the peak of FMD incidence occurred during the hot
and dry season because of an increase in animal movement to forage
food and water sources (Ayebazibwe et al., 2010). However, livestock
production in Thailand is more intensive and industrial, with livestock
staying inside the farm areas without having a need to move around to
forage for food, except for small beef cattle and buffalo farms. Another

possible explanation is the effect of temperature and relative humidity
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on FMDV environmental survival. FMDV is expected to survive longer
at low temperatures and higher relative humidity (Mielke & Garabed,
2020). This reason can explain a lower number of FMD outbreaks in
dry summer and a peak in the rainy to the winter season when the
temperature drops, and the relative humidity remains high. Another
possible explanation is a potential delay of vaccine delivery and vac-
cination practices in the rainy season, resulting in lower vaccination
coverage, especially for smallholder farms in rural areas.

The results from the spatial analysis clearly showed that in some
subdistricts, the incidence of FMD was higher than in other subdis-
tricts. Certain regions are more vulnerable to the repetitive occurrence
of FMD outbreaks, for which the risk factor analysis has provided some
useful insights. The majority of FMD outbreaks tended to occur as
small clusters within afew subdistricts rather than extending to alarger
area. The limited size of the FMD outbreaks might be explained by the
immunity level in the population resulting from vaccination and the
natural immunity from previous outbreaks (Pomeroy et al., 2015). An

outbreak is self-limited when the population of susceptible animals in

CHANCHAIDECHACHAI ET AL.

Locations of significant spatial clusters of foot-and-mouth disease outbreaks in Thailand from 2011 to 2018

the areais depleted to the point that herd immunity is reached (Estrada
etal, 2008).

The occurrence of outbreaks, despite a vaccination programme
being in place, implied a lack of herd immunity from the vaccina-
tion programme. Several factors could be related to the vaccination
inefficiency, such as a poor duration of vaccine-induced immunity
(Knight-Jones et al., 2015), low matching of the vaccine with field
strains (Mahapatra & Parida, 2018) and low vaccination coverage
(Wataradee et al., 2021), especially in pig farms where the FMD
vaccination programme is not mandatory. The variation in FMDV
strains might explain the high FMD incidence in 2016. The sequences
of FMDV collected from FMD outbreaks in 2016 were classified as
O/SEA/Mya-98 lineage, which differed from the sublineages Mya-98a
that caused the FMD outbreaks in Thailand in 2009 (unpublished
data from FMD project, Agricultural Research Development Agency,
Thailand Research Fund (PRP 5905021280)). Moreover, a new strain-
O/ME-SA/Ind-2001d was reported in 11 provinces of Thailand in
2016 (WAOH, 2017). The co-infection of FMDVs and intra-host
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TABLE 3 Descriptive analysis of putative categorical risk factors for foot-and-mouth disease (FMD) outbreak at subdistrict-month level

Variable Categories
<50 mm

>50and <180 mm

Monthly rain fall

>180 mm
Elevation <36m

>36and <165m

>165m
Percentage of forest area 0%

>0% and <33%

>33% and <66%

>66%

International border contact No contact

Cambodia

Malaysia

Laos

Myanmar
Presence of slaughter house No

Yes
Presence of livestock market No

Yes

FMD outbreaks in neighbouring No

subdistrict in the previous month Yes

recombination could increase the genetic diversity of FMDV
(Aiewsakun et al, 2020). Nevertheless, it is uncertain whether
the outbreaks in Thailand result from ongoing transmission or from
reintroductions from other locations. Further studies should be con-
ducted to investigate why FMD outbreaks still occur in Thailand, even
with vaccination.

The odds of FMD outbreak occurrence increased with the increas-
ing size of the dairy cattle, beef cattle or pig populations in the
subdistrict. Similarly, the size of the forest area was also a significant
risk factor, which is a likely surrogate for farm density. These results
were expected as a higher number of susceptible hosts may increase
the chances of virus circulation. The varying odds amongst the dif-
ferent livestock species might be explained by the fact that different
species vary in susceptibility and transmissibility of FMDV. Cattle are
considered to be the most susceptible species, whereas pigs are the
most infectious species (Bravo de Ruedaetal., 2015). The occurrence of
an FMD outbreak in a neighbouring subdistrict in the previous month
and the proximity to the nearest outbreak were also significant fac-
tors. Both supported the possibility of an FMD outbreak through local
transmission.

Previous studies suggested that transboundary transmission is a sig-
nificant risk factor for FMD outbreaks in the SEA region (Blacksell et al.,
2019; Smith et al., 2015). In our study, we found that subdistricts in

provinces having international borders with Malaysia had a higher inci-

FMD outbreak incidence
per subdistrict-month

No. of subdistrict-month per
categories (total n = 668,724)

225,060 1.03 x 1073
219,724 1.46 x 108
223,940 1.21 x 1073
200,856 1.23 x 1073
231,156 0.90 x 1073
236,712 1.55 x 1073
552,576 1.18 x 1073
63,240 1.53 x 1073
36,552 1.67 x 1073
16,356 0.79 x 1073
412,608 1.15 x 103
67,260 0.46 x 1073
28,428 1.86 x 102
91,104 0.97 x 1073
69,324 2.57 x 1073
543,996 1.10 x 1073
124,728 1.83 x 1073
658,416 1.22 x 1073
10,308 2.33 x 1073
666,331 1.03 x 1073
2393 57.25 x 1073

dence of FMD outbreaks compared to subdistricts located in provinces
not having an international border. Thailand is a transit country for
large ruminants from Myanmar to higher value markets in Malaysia
via the southern borders (Smith et al., 2015; Wongsathapornchai et al.,
2008) and China via the northern provinces and subsequently the
Laos-Vietnam route to China (Angkuraseranee et al., 2019; Bunmee
et al., 2018). These international trade routes pose a risk for trans-
boundary transmission. Despite the lower odds of FMD outbreak
occurrence in the subdistricts of provinces bordering Myanmar and
Cambodia, it is not possible to exclude the possibility of transbound-
ary transmission between Thailand and these two countries. Due to an
extensive amount of shared borders, a large number of ruminants are
unofficially moved cross-border without taking appropriate biosecu-
rity measures, such as quarantining or testing, leading to an increased
risk of FMD transmission (Blacksell et al., 2019). The imported ani-
mals are typically transferred to animal markets or holding facilities
for fattening in other areas (Smith et al., 2015). The studies of the link
between animal movement networks and the occurrence of FMD in
Thailand should be further conducted.

The results of the risk factor analysis were in accordance with a pre-
vious study from Thailand, based on expert opinion, suggesting that
the risk of FMD occurrences would increase in areas located close
to previous outbreaks, livestock markets, slaughterhouses, boundary

lines and areas with a high density of beef cattle, pigs and dairy cattle
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TABLE 4 Thefinal risk factor model for foot-and-mouth disease (FMD) outbreak at subdistrict level with coefficients, standard error, odds

ratio and statistical significance level

Variable Coefficients
Logo dairy population 0.72
Log1o beef population 0.36
Log1q pig population 0.20
Log4o proximity to the nearest subdistrict -1.09
with an outbreak in the previous month
Percentage of forest area
0% (none) Ref.
>0% and <33% (low) 0.25
>33% and <66% (medium) 0.28
>66 % (high) 0.008
International border contact
No contact Ref.
Cambodia -0.43
Laos 0.29
Malaysia 0.96
Myanmar -0.17
Presence of livestock market
No Ref.
Yes 0.55
FMD outbreaks in neighbouring subdistricts
in the previous month
No Ref.
Yes 1.48
Year
2011 Ref.
2012 -0.43
2013 —0.06
2014 0.96
2015 1.09
2016 1.48
2017 0.24
2018 0.07
Month
sin(27 x =) -0.38
cos(27 x =) 0.44

(Sangrat et al., 2020). The current study supports these findings and
quantifies the strength of the associations.

From the probability map, the majority of areas correctly pre-
dicted FMD outbreak occurrences, indicating a generally good fit
of the model. However, we noted that some areas experienced
FMD outbreaks, whereas they had a zero probability of outbreaks,
indicating that some underlying factors were not identified in our

analysis.

Standard error Odds ratio (95%Cl) p-value
0.04 2.06(1.90-2.22) <0.001
0.08 1.43(1.22-1.67) <0.001
0.04 1.22(1.12-1.32) <0.001
0.06 0.33(0.30-0.38) <0.001
0.13 1.29(1.01-1.65) 0.04
0.16 1.32(0.96-1.81) 0.08
0.27 1.01(0.60-1.71) 0.98
0.20 0.65 (0.44-0.97) 0.03
0.15 1.33(0.99-1.76) 0.05
0.18 2.61(1.84-3.71) <0.001
0.11 0.84 (0.68-1.03) 0.11
0.30 1.74(0.96-3.16) 0.068
0.13 4.41(3.42-5.68) <0.001
0.25 0.65 (0.40-1.05) 0.08
0.21 0.94(0.63-1.41) 0.77
0.17 2.62(1.87-3.67) <0.001
0.17 2.99(2.15-4.14) <0.001
0.16 4.37(3.19-5.99) <0.001
0.21 1.27(0.85-1.91) 0.24
0.22 1.07 (0.69-1.66) 0.75
0.05 - <0.001
0.05 - <0.001

Some potential limitations of this study should be considered. First,
the FMD outbreak data in this study are based on the national report-
ing system which is likely to be affected by reporting bias as shown by
several studies that the outbreak reporting underestimated the true
prevalence (Siengsanan-Lamont & Blacksell, 2021; van Andel et al.,
2020). In the areas that are susceptible to FMD introduction, such
as international border areas and areas with a high number of farms,

the local authorities might be more alert and conduct more active
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FIGURE 5 Geographical distribution of the predicted probability of foot-and-mouth disease outbreak resulting from the final statistical model
(left) and the frequency of subdistrict-year level foot-and-mouth disease outbreak reports in Thailand from 2011 to 2018 (right).

surveillance. Therefore, the outbreaks in these areas are more prone to
be reported than other areas. The passive surveillance, which depends
on farmers reporting FMD cases, might cause under-reporting due to
the concern over animal movement restrictions (Sangrat et al., 2020).
Especially for pig farms, which are much more industrialized than rumi-
nant farms, the economic impact from animal movement restriction
could be larger. Second, a case definition based on clinical diagnosis,
rather than on laboratory testing, might further decrease the sensitiv-
ity of a report, especially if the infection happened in small ruminants,
in which clinical signs are mild and inapparent (Bravo de Rueda et al.,
2015). Third, we did not include animal density and the number of
animal movements as potential risk factors in the analysis due to
data availability. Still, these factors could be important and should be
included in further studies. Fourth, the point geographical coordinates
of each outbreak location were unknown. Therefore, the centroid of
the subdistrict was taken to approximate the location of the FMD
outbreak. The location might not represent the actual situation if the
subdistrict is very large or if the outbreak involved multiple subdis-
tricts. Despite those limitations, the available data are validated by
reliable sources such as the Department of Livestock Development.
The results are therefore expected to represent the actual outbreak
situation in Thailand.

The results from this study can be used to improve the FMD con-
trol programme in Thailand. This knowledge can help authorities to

attribute resources and manage the control programme more effec-

tively by focusing on the areas and periods that are at greater risk
of having FMD outbreaks resulting from ongoing, potentially unde-
tected, FMDV transmission. From the results, it is suggested that
vaccination should be optimized in areas with a high livestock popu-
lation, especially if they concern cattle and pigs. Similar to ruminants,
the vaccination programme in pigs should become mandatory to
improve vaccine coverage in the livestock population. It is suggested
to sequence the virus more often to monitor changes in the circu-
lating FMDV strains in order to effectively select vaccines strains.
Furthermore, vaccination should be performed before the start of
the rainy season to ensure that animals develop immunity before
the high-risk period. As vaccination is performed by farmers in some
areas, clear instructions should be given to ensure proper cold chain
storage and vaccine administration. The potency and efficacy of the
vaccine in the field should be monitored to ensure herd immunity.
FMD awareness by farmers should be promoted to improve passive
surveillance and uptake of vaccination. Concurrently, active surveil-
lance of FMD should be planned for early detection and outbreak

response.

5 | CONCLUSIONS

FMD hinders livestock production in Thailand as outbreaks have

been occurring every year, despite routine vaccination and control
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programmes. The occurrence of FMD outbreaks was affected by
season and spatially clustered in certain areas with underlying risk
factors. Risk factors associated with FMD outbreak included the pop-
ulation size of certain livestock species, the size of the forest area,
international border, a history of an FMD outbreak in neighbouring
subdistricts, the proximity to FMD outbreaks in a previous month and
the presence of an animal market. The insight into the pattern and risk
factors of FMD outbreak can help to manage resources to the high-risk
areas and periods in Thailand.

The programming codes for models are available at https://github.
com/AnnThanicha/FMD-spatial-temporal-Thailand.
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