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Abstract
Background  Indonesia faced new outbreaks of foot and mouth disease in 2022 after being officially free from the 
disease for several decades. The outbreaks were first reported in East Java in April 2022 and subsequently spread 
to many regions in Indonesia. This study investigated the epidemiology and risk factors of foot and mouth disease 
outbreaks in Java, Indonesia, from 2022 to 2023. Descriptive, spatial, spatiotemporal, and risk factor analyses were 
conducted to investigate the patterns and risk factors associated with the outbreaks in Java.

Results  Results showed that the outbreaks were distributed across the island. East Java was the most affected region. 
The outbreaks peaked in June 2022, followed by a downward trend until 2023. Positive spatial autocorrelations were 
found in both years, indicating that the outbreaks clustered in several areas. The spatiotemporal analysis found a 
total of 16 clusters in both years, with 11 clusters in 2022 and 5 clusters in 2023. The temporal distribution of clusters 
indicated a peak period from May to July, with 12 out of 16 clusters occurring during this time. Risk factor analysis 
found that environmental and agricultural-related factors, including annual precipitation, the presence of livestock 
markets, the presence of slaughterhouses, the presence of animal health centres, cattle population, and goat 
population, are significant risk factors for the occurrence of outbreaks in Java. Probability risk mapping found higher 
risk areas primarily distributed in the eastern and central parts of Java.

Conclusions  The outbreaks predominantly clustered in eastern and central parts of Java. The outbreaks peaked 
in June 2022, followed by a downward trend until the end of 2023. Environmental and agricultural-related factors 
significantly increased the risk of outbreak occurrence.
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Background
Foot and mouth disease (FMD) is a viral disease caused 
by Foot and Mouth Disease Virus (FMDV). FMD affects 
cloven-hoofed animals such as cattle, buffalo, sheep, 
goats, pigs, and deer. Infected animals show pathogno-
monic clinical symptoms, including fever and the appear-
ance of blisters on the nose, mouth, tongue, and all over 
the hooves. The blisters and lesions lead to lameness 
and reluctance to eat [1, 2]. FMD is considered one of 
the most important animal diseases, and it is listed as a 
notifiable disease by the World Organisation for Animal 
Health (WOAH).

Historically, FMD was first reported in Indonesia in 
Malang, East Java, in 1887 and then distributed in many 
regions of Indonesia. Laboratory results showed that the 
outbreaks in Indonesia were caused by FMDV serotype 
O only [3–6]. The government initiated the vaccination 
program in 1974 in several prioritised areas, followed 
by additional control strategies such as movement con-
trol and stamping-out programs. The last recorded case 
occurred in December 1983 in Kebumen, Central Java. 
Subsequently, the vaccination program continued until 
the end of 1985. Indonesia then declared FMD-free in 
1986, followed by official FMD-free status issued by 
WOAH (formerly OIE) in 1990 [3, 6, 7].

Indonesia had remained free from FMD until a new 
outbreak was reported in April 2022. Laboratory results 
confirmed that FMD outbreaks in Indonesia were caused 
by FMDV serotype O subtype O/ME-SA/Ind-2001e [8, 
9]. The first outbreak was reported in Gresik, East Java, 
and then rapidly spread to many regions and affected 
thousands of livestock in Indonesia. Java is the most 
affected region in Indonesia, with over half of the total 
reported cases in Indonesia [10]. Furthermore, the threat 
of the FMD outbreak extends beyond Java, posing a risk 
to millions of livestock throughout Indonesia.

The Indonesian government responded to the out-
breaks with the declaration of animal health emergency 
status, followed by the restriction of livestock movement 
in several regions. Animal health workers were encour-
aged to report all suspected cases in their respective 
areas and submit representative samples to the veterinary 
laboratory for confirmation tests. The confirmed cases 
have been recorded by the Indonesia Integrated Animal 
Health Information System (iSIKHNAS). The Indonesian 
government also initiated a mass vaccination program 
targeting key regions with large livestock populations. 
The government fully funded the vaccination program, 
covering the area affected by the outbreak. Despite these 
efforts, new cases continued to be reported.

Previous studies in different countries have shown that 
the spread of FMD is influenced by several risk factors, 
including agricultural and environmental aspects such 
as livestock population, climate conditions, and livestock 

markets [11, 12]. Studies in West Java found that FMD 
outbreaks were associated with environmental factors, 
including altitude and vegetation, and livestock factors, 
including cattle population, milk production, and leather 
production [13]. Understanding the distribution patterns 
and the risk factors is crucial in managing and controlling 
the spread of FMD. However, scientific research on the 
risk factors and distribution patterns of FMD outbreaks 
in Indonesia is limited, resulting in a lack of information 
on the spread of FMD, particularly in Java, where the 
majority of outbreaks occurred. Therefore, this study spe-
cifically aimed to analyse the epidemiology, identify spa-
tiotemporal pattern and assess the risk factors to FMD 
outbreaks in Java Island, Indonesia, during the period 
from 2022 to 2023.

Results
Prevalence and epidemic curve
The outbreak of FMD in Java affected various species, 
including large and small ruminants. In summary, cattle 
accounted for most cases and outbreak farms reported 
in 2022 and 2023, while small ruminants, including goats 
and sheep, were the least affected. During this period, 
41,129 farms were identified as outbreak sites, impacting 
308,148 animals, including 296,915 cattle (96.4%), 5,437 
buffalo (1.8%), 2,697 goats (0.8%), and 3,099 sheep (1.0%). 
The number of outbreak farms dropped significantly 
from 37,266 in 2022 to 3,863 in 2023, while total cases fell 
from 294,368 to 13,780. The incidence rate declined from 
5.58 to 0.25% in cattle, 7.01 to 0.17% in buffalo, 0.03 to 
0.002% in goats, and 0.06 to 0.02% in sheep.

The first reported FMD outbreak in Java, according to 
iSIKHNAS, was recorded on 10 April 2022, located in 
the Wringianom subdistrict, Gresik district, East Java 
province. The report continued on 21 April 2022, which 
affected several cattle farms in Sukodono subdistrict, 
Sidarjo district, East Java province. By the end of April, 
the outbreaks were recorded in several subdistricts 
across three districts in East Java, including Gresik, Sido-
arjo, and Lamongan districts.

The outbreak of FMD in Java in April 2022 recorded 
39 outbreak farms and 410 cases during the first month 
of the outbreak. The epidemic quickly escalated, reach-
ing its peak in June 2022 with 19,049 outbreak farms and 
157,931 cases. In response, the declaration of epidemic 
status was announced in early May 2022, following the 
first phase of mass vaccination at the end of June and 
during July 2022. A second phase of mass vaccination 
was conducted from January to February 2023, followed 
by localized vaccination efforts targeted at specific areas 
in the subsequent periods. These measures led to a sig-
nificant decline in cases, culminating in the declaration 
of endemic status in June 2023, marking a shift from epi-
demic control to routine disease management.
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The temporal analysis of FMD outbreaks shows a sharp 
increase in early 2022, followed by a significant decline 
from August to December 2022, as shown in Figs. 1 and 
2. A slight spike in recorded cases and outbreak farms 
occurred in early 2023 from January to February. Several 
provinces, including Yogyakarta, West Java, Banten, and 
Central Java, experienced increased cases and outbreak 
farms again in the middle of 2023 from May to July, as 
shown in the logarithmic scale of the monthly temporal 
graph in Fig. 2. The data indicates a recurring pattern of 
outbreak peaks approximately every 5 to 6 months. The 
epidemic curve also shows spatial variation in outbreaks, 
with East Java having the highest incidence, followed by 
Central Java, West Java, and Yogyakarta, while Jakarta 
and Banten reported lower levels of outbreaks.

Spatial analysis
Spatial distribution mapping showed the FMD outbreak 
distributed across Java. The geographical distribution 
of cumulative incidence of FMD in Java is shown on the 
choropleth map in Fig. 3. A total of 1,547 subdistricts and 
677 subdistricts reported the outbreak in 2022 and 2023, 
respectively. A total of 638 subdistricts out of 2,146 in 
Java reported a persistent FMD outbreak that occurred in 
two consecutive years.

The geographical distribution of subdistricts with 
Standardised Morbidity Ratio (SMR) more than one 
is shown on the choropleth map in Fig.  4. Significant 
positive Moran indices were observed in 2022 and 2023 

(Table  1), indicating spatial autocorrelation in both 
years. This suggests that subdistricts with similar values 
of SMRs, whether high or low, were clustered in neigh-
bouring areas, revealing a spatial pattern in the outbreak 
distribution.

The results of local spatial autocorrelation using Local 
Indicators of Spatial Association (LISA) are presented in 
Fig.  5. The High-High clusters were predominantly dis-
tributed in the eastern and central parts of Java in 2022 
and 2023, with a smaller number observed in the western 
part of Java. In 2022, Low-Low clusters were primarily 
concentrated in the western part of Java, with a few clus-
ters located in the central and eastern regions. However, 
the Low-Low clusters significantly decreased in 2023, 
indicating a notable shift in the spatial distribution pat-
tern of FMD outbreaks compared to the previous year.

Spatiotemporal analysis
Spatiotemporal analysis using the space-time permuta-
tion (STP) model revealed 11 and 5 significant spatio-
temporal clusters of FMD outbreaks in Java in 2022 and 
2023, respectively (Fig.  6; Table  2). Results showed that 
the most likely cluster of FMD outbreak in 2022 cov-
ered eight districts in East Java province, namely Gresik 
District, Sidoarjo District, Pasuruan District, Lamon-
gan District, Jombang District, Mojokerto Municipal-
ity, and Surabaya Municipality, between 10 April and 
21 May 2022. This result aligned with the first month of 

Fig. 1  Weekly temporal graph of FMD cases and outbreak farms in Java from 2022 to 2023
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the recorded outbreak in Java that occurred in Gresik, 
Lamongan, and Sidoarjo in April 2022.

The result of the most likely cluster of FMD outbreak 
in 2023 covered twelve districts in East Java province and 
Central Java province between 9 January and 29 January 
2023. Two secondary clusters in 2022 and one second-
ary cluster in 2023 were very small, with a radius of only 
0 km. This indicates that these clusters only covered out-
breaks in a single village and were too small to be visible 
on the map due to their minimal geographic spread.

Risk factor analysis
The results of univariable logistic regression for each risk 
factor are shown in Table 3. Significant factors were sub-
sequently included in a multivariable logistic regression 
using the backward elimination method. No multicol-
linearity was found between the variables, as indicated 
by the variance inflation factor (VIF) values less than 
5. Interactions between independent variables were 
assessed, but none were significant. The final model 
results are shown in Table  4. The final model results 
revealed that subdistricts with higher annual precipita-
tion had decreased odds of FMD outbreaks. In contrast, 
subdistricts with livestock markets were 2.59 times more 
likely to experience an outbreak, while those with slaugh-
terhouses and animal health centres had 1.46 times and 
1.51 times higher odds, respectively. Furthermore, a 

ten-fold increase in cattle and goat populations raised the 
odds of an outbreak by 3.41 and 1.43 times, respectively, 
emphasising the role of environmental and agricultural 
factors in the spread of FMD in Java.

The model was evaluated with the area under the curve 
(AUC) of 0.86, the Hosmer-Lemeshow test of 0.18, and 
the Cragg-Uhler pseudo-R2 of 0.44. An AUC of 0.86 
indicates good discrimination performance, while the 
Hosmer-Lemeshow test (p = 0.18) indicates a good fit 
between predicted and observed values. Additionally, a 
Cragg-Uhler pseudo-R2 of 0.44 indicates a reasonable fit. 
These metrics indicate that the final model was deemed 
reliable, meeting the criteria for a good predictive model. 
The probability of an outbreak in each subdistrict was cal-
culated using the predictive model based on the results of 
final multivariable logistic regression analysis. The prob-
ability results were then illustrated in the risk map shown 
in Fig. 7. The high probability subdistricts were primarily 
located in the eastern and central parts and distributed as 
a small number of subdistricts in the western part of Java.

Discussion
The analysis of reported outbreak data in Java revealed 
that most FMD outbreaks occurred in 2022, marking the 
first major resurgence of the disease after being free for 
several decades. This outbreak affected a naïve livestock 
population with no prior immunity, contributing to its 

Fig. 2  Monthly temporal graph of FMD cases and outbreak farms in Java from 2022 to 2023 in logarithmic scale
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rapid spread and highlighting critical gaps in surveillance 
and control measures. Large livestock, including cattle 
and buffalo, were the most affected species, while small 
ruminants, such as goats and sheep, had a much lower 
incidence rate. This low incidence in small ruminants 
may be due to the absence of visible clinical symptoms. 
Small ruminants infected with FMD typically exhibit 

Table 1  Global Moran’s I index of SMR value
Year Moran’s I index Moran’s I p-value
2022 0.254 < 0.001
2023 0.104 < 0.001

Fig. 4  Standardised morbidity ratio (SMR) at subdistrict-level in Java

 

Fig. 3  Cumulative incidence of FMD at subdistrict level in Java in (A) 2022 and (B) 2023
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mild symptoms or inapparent clinical signs [14, 15]. This 
could result in underreporting, as infected small rumi-
nants may not display the clear clinical signs that typi-
cally prompt a notification.

The FMD outbreak in Java began in April 2022, with 
the first outbreak reported in Gresik district, East Java, 
and then spread to Sidoarjo and Lamongan districts in 
the same month. Although the first outbreak in Indone-
sia was reported in this area, the source of the outbreak 
and how the virus entered the country remain unclear. 
The outbreak rapidly spread and reached its peak in 
June 2022, reflecting the rapid transmission of the dis-
ease within a short period. A sharp increase in outbreaks 
within a short timeframe might be related to the absence 
of immunity to FMDV in Indonesian livestock due to 
the absence of vaccination programs since the country 
achieved FMD-free status in 1990. Delays in livestock 
movement restrictions and emergency vaccinations also 
likely contributed to the rapid spread of FMD in Indone-
sia, particularly in the Java region. These delays may have 
been influenced by the time required for decision-making 
processes, logistical challenges, and the absence of readily 

available FMD vaccines, as Indonesia had not maintained 
vaccine production or stockpiles since achieving FMD-
free status. The reliance on importing vaccines further 
prolonged the response time, which could have been mit-
igated by the existence of vaccine banks, allowing for a 
more immediate deployment of emergency vaccinations.

Limited knowledge and awareness also contributed to 
the spread of the disease since the livestock farmers and 
animal health workers had minimal experience with the 
disease due to the absence of FMD in Indonesia for sev-
eral decades. This condition may result in unreported or 
late reports of suspected cases and lead to delays in dis-
ease recognition and responses during the initial period 
of the outbreak, allowing the disease to spread further 
before interventions could be implemented.

The government then imposed restrictions on livestock 
transportation in several districts in early May 2022. The 
first phase of mass vaccination was implemented from 
late June to July 2022, using a high-potency vaccine. 
The vaccination program targeted cattle and buffalo as 
the primary species, followed by goats, sheep, and pigs, 
and covered all provinces affected by the outbreak. The 

Fig. 5  Local Indicators of Spatial Association (LISA) spatial cluster map of FMD in Java in (A) 2022 and (B) 2023
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Table 2  Spatiotemporal clusters by STP model on FMD in Java, 2022–2023
Number Cluster Type Cluster Time Centroid / Radius (km) O/E LLR p-value
2022
1 Most Likely 10 Apr − 21 May 7.434744 S, 112.531698 E / 29.69 km 12.26 8365.32 < 0.001
2 Secondary 17 Jul − 23 Jul 7.825533 S, 112.429013 E / 5.94 km 12.47 3846.89 < 0.001
3 Secondary 7 Aug − 20 Aug 6.563265 S, 108.193005 E / 0 km 28.92 3397.89 < 0.001
4 Secondary 26 Jun − 9 Jul 6.826526 S, 107.644514 E / 7.74 km 3.04 3384.65 < 0.001
5 Secondary 8 May − 4 Jun 8.024440 S, 113.174439 E / 28.71 km 2.98 3138.32 < 0.001
6 Secondary 17 Jul − 1 Oct 7.238937 S, 111.330962 E / 41.49 km 3.06 2268.15 < 0.001
7 Secondary 17 Jul − 23 Jul 7.521351 S, 110.562380 E / 15.36 km 6.00 2017.98 < 0.001
8 Secondary 16 Oct − 22 Oct 6.783565 S, 108.009631 E / 15.55 km 171.68 1868.49 < 0.001
9 Secondary 19 Jun − 25 Jun 6.967316 S, 108.457718 E / 0 km 6.07 1669.92 < 0.001
10 Secondary 15 May − 28 May 7.381525 S, 108.146979 E / 27.69 km 11.67 1434.22 < 0.001
11 Secondary 19 Jun − 16 Jul 8.364573 S, 114.327280 E / 104.15 km 1.52 1323.14 < 0.001
2023
1 Most Likely 9 Jan − 29 Jan 6.976738 S, 111.446360 E / 71.61 km 2.09 766.30 < 0.001
2 Secondary 20 Feb − 9 Apr 7.695505 S, 112.340389 E / 50.45 km 2.37 491.61 < 0.001
3 Secondary 5 Jun − 23 Jul 8.074753 S, 110.756018 E / 51.61 km 4.66 235.24 < 0.001
4 Secondary 1 May − 7 May 7.228775 S, 106.485121 E / 0 km 106.82 213.59 < 0.001
5 Secondary 10 Apr − 16 Jul 7.256942 S, 108.880951 E / 99.94 km 3.08 134.08 < 0.001
*O/R = Observed to expected ratio, LLR = Log likelihood ratio

Fig. 6  Spatiotemporal clusters of FMD in Java in (A) 2022 and (B) 2023 using space-time permutation (STP) model
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vaccines were administered by veterinarians and/or vet-
erinary paramedics, with cold chain management main-
tained throughout the distribution process. The entire 
program was fully funded by the government [16–20]. 

These efforts led to a significant decline in cases from 
August to December 2022, indicating that emergency 
response, including vaccination and livestock restric-
tions, can effectively reduce the spread of the disease 
during epidemic situations.

In early 2023, there was a slight increase in FMD out-
break, possibly due to heightened livestock transpor-
tation due to increased meat demand for the New Year 
festival and also low level of herd immunity after the 
initial vaccination phase. Duration of immunity can 
vary depending on the potency of the vaccine used, with 
high-potency vaccines administered during emergency 
vaccination generally providing longer-lasting immunity 
compared to standard-potency vaccines used in routine 
vaccination programs [21, 22]. Studies suggest that live-
stock immunity post-vaccination lasts up to six months. 
Therefore, a booster must be administered for proper 
immunity protection [21, 23, 24]. These findings explain 
the increase in cases at early 2023 suspected to be related 
to decreased herd immunity after the first phase of mass 
vaccination in the previous six months, around June and 
July 2022. Although the increase in cases occurred dur-
ing the period when vaccine immunity would likely have 
waned, it is important to recognise that the findings 
alone do not fully explain the rise in outbreaks. Other 
factors, such as heightened livestock movement and 
environmental conditions, may have also contributed to 
the increase of FMD cases during this period. The gov-
ernment initiated a second phase of mass vaccination in 
January and February 2023, followed by a declaration of 
the endemic situation of FMD in Indonesia in June 2023 
[25]. Despite a decline in total cases and outbreak farms 

Table 3  Results of the univariable logistic regression analysis of 
the association between FMD occurrence and risk factors at the 
subdistrict level in Java
Variable N or Mean ± SD OR 

(95% 
CI)

p-value
Outbreak 
subdistrict

Non-outbreak 
subdistrict

Annual precipitation
  < 2000 mm 695 177 Ref. Ref.
  2000–
3000 mm

732 301 0.62 
(0.50–
0.70)

< 0.001

  > 3000 mm 158 83 0.48 
(0.35–
0.66)

< 0.001

Rainy period 18.8 ± 4.09 20.2 ± 4.86 0.93 
(0.91–
0.95)

< 0.001

Livestock market
  No 1335 545 Ref. Ref.
  Yes 250 16 6.38 

(3.81–
10.68)

< 0.001

Slaughterhouse
  No 1252 506 Ref. Ref.
  Yes 333 55 2.45 

(1.81–
3.31)

< 0.001

Animal health centre
  No 1264 518 Ref. Ref.
  Yes 321 43 3.06 

(2.19–
4.27)

< 0.001

Insemina-
tion service 
businesses

0.42 ± 1.08 0.15 ± 0.72 1.63 
(1.37–
1.95)

< 0.001

Livestock 
health service 
businesses

0.29 ± 0.86 0.07 ± 0.39 2.39 
(1.79–
3.20)

< 0.001

Cattle popula-
tion (log10)

2.97 ± 0.83 1.60 ± 1.08 4.07 
(3.56–
4.65)

< 0.001

Buffalo popu-
lation (log10)

0.66 ± 0.80 0.79 ± 0.90 0.83 
(0.74–
0.93)

0.001

Goat popula-
tion (log10)

3.41 ± 0.63 2.66 ± 1.04 3.22 
(2.77–
3.73)

< 0.001

Sheep popula-
tion (log10)

2.67 ± 0.90 2.37 ± 1.26 1.32 
(1.21–
1.45)

< 0.001

Average farm 
herd size

5.31 ± 3.55 7.86 ± 7.36 0.89 
(0.87–
0.91)

< 0.001

*OR = Odds ratio, SD = Standard deviation

Table 4  Results of the final multivariable logistic regression 
model of the association between FMD occurrence and risk 
factors at the subdistrict level in Java
Variable Coefficients SE OR (95% CI) p-value
Intercept -2.60 0.26 0.07 (0.04–0.12) < 0.001
Annual precipitation
  < 2000 mm Ref. Ref. Ref. Ref.
  2000–3000 mm -0.75 0.14 0.47 (0.36–0.62) < 0.001
  > 3000 mm -0.99 0.19 0.37 (0.26–0.54) < 0.001
Livestock market
  No Ref. Ref. Ref. Ref.
  Yes 0.95 0.29 2.59 (1.48–4.82) 0.001
Slaughterhouse
  No Ref. Ref. Ref. Ref.
  Yes 0.38 0.19 1.46 (1.01–2.12) 0.045
Animal health centre
  No Ref. Ref. Ref. Ref.
  Yes 0.42 0.20 1.51 (1.03–2.27) 0.038
Cattle population (log10) 1.23 0.07 3.41 (2.93–3.99) < 0.001
Goat population (log10) 0.36 0.09 1.43 (1.20–1.71) < 0.001
*OR = Odds ratio, CI = Confidence interval, SE = Standard error
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in Java throughout 2023, new cases were consistently 
reported.

The FMD outbreak is mainly concentrated in the east-
ern and central parts of Java due to the large livestock 
population in East Java, which has the largest livestock 
populations in Java and the entire country. The central 
region of Java, including Central Java Province and Yog-
yakarta Province, also has significant livestock popu-
lations in Indonesia [26, 27]. The high number of FMD 
outbreaks in the eastern and central regions of Java can 
be attributed to intense livestock transportation within 
these areas, particularly in East Java, which serves as a 
key checkpoint for livestock transportation to and from 
other Indonesian islands due to its strategic location and 
large ports facilitating sea-based transport. This heavy 
movement of livestock likely accelerates the spread of 
FMD in these regions. The central region of Java serves 
as a stopover for livestock travelling between the eastern 
and western parts of the island. This area has the second-
highest number of livestock markets and slaughterhouses 
in Indonesia after East Java [28, 29], indicating significant 
livestock movement that could contribute to the spread 
of livestock diseases. Further research is needed to 
understand the link between animal movement networks 
and FMD outbreaks in Indonesia, especially in Java.

The SMR analysis revealed that numerous subdistricts 
in Java experienced higher risk than the regional risk 
during the FMD outbreak in 2022 and 2023. The SMR 
is a critical metric, as a value greater than one signifies 
high-risk areas where the observed cases higher than the 
expected cases. The subdistricts with higher risks were 
primarily concentrated in the eastern and central regions 
of Java. Furthermore, a positive Moran’s I index in 2022 
and 2023 indicated clustering of the FMD outbreaks 
across regions rather than randomly dispersed [11, 30]. 
Local spatial autocorrelation analysis indicated that 
High-High clusters, indicating high FMD incidence, were 

mainly found in the eastern and central parts of Java in 
both years. A noticeable change in the clusters between 
2022 and 2023 suggests a shift in the outbreak distribu-
tion, possibly due to improved disease management and 
increased natural immunity. In 2022, the outbreak pri-
marily affected a naïve population, leading to peak and 
high cumulative incidence, particularly in initial outbreak 
areas. In 2023, mass vaccination and natural immunity 
reduced the outbreak, resulting in lower cumulative inci-
dences and more homogenous outbreak distribution, 
marked by a lower global Moran’s Index. Identifying clus-
ter patterns could provide insights into disease transmis-
sion dynamics and highlight high-risk areas for effective 
prevention and control strategies.

This study is the first report to investigate the spa-
tiotemporal clusters of FMD outbreaks in Indonesia, 
especially in the Java region. The STP model is used for 
identifying the spatiotemporal clusters because it only 
requires the number of cases in each coordinate of out-
break location over a specific time period, making it 
effective in early outbreak detection [31–33]. The study 
identified 16 spatiotemporal clusters of FMD outbreaks 
during 2022 and 2023, with 11 clusters in 2022 and 5 
clusters in 2023. The most likely cluster was located in 
East Java Province in 2022 and between East Java and 
Central Java Province in 2023. The location of the most 
likely cluster in 2022 aligns with the initial FMD out-
break, which started in the same area covered by the 
cluster, such as Gresik District, Sidoarjo District, and 
Lamongan District.

The STP clusters in 2022 and 2023 showed that 12 out 
of 16 clusters occurred between May and July, indicat-
ing that FMD outbreaks most likely occurred during this 
period. The period from May to July is a period when 
almost all regions of Indonesia experience the dry sea-
son. The dry weather season encourages livestock mar-
ket activities, as many livestock markets in Java are held 

Fig. 7  Predictive map of probability risk for FMD outbreak in Java
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in open fields and are heavily dependent on favourable 
weather conditions [34]. Increased livestock movement 
may have facilitated the spread of FMD from one region 
to another, contributing to the heightened transmission 
during this period.

The movement of farmers and vehicles used in forage 
collection also contributes to FMD transmission during 
the dry season. Intensive farming systems are common in 
Java, where livestock are primarily kept in enclosures and 
rely on collected forage. In several districts with limited 
pasture, a semi-intensive farming system allows livestock 
to graze for limited periods and within short distances 
before returning to their enclosures [35–37]. Despite this 
occasional grazing, reliance on collected forage remains 
significant, particularly during the dry season when 
natural pasture is scarce. As a result, farmers frequently 
travel greater distances using vehicles to collect forages. 
Vehicles, equipment, or farmers’ clothing and footwear 
involved in the collection of forages may contribute to 
the spread of FMD, even without direct animal move-
ment [38]. Therefore, the movement of farmers and for-
age transport vehicles continues to be a key factor in the 
potential spread of FMD.

The peak of incidence from May to July in both 2022 
and 2023 also coincides with the Eid al-Adha celebra-
tion, which was held from July 9 to July 10 in 2022 and 
from June 28 to June 29 in 2023. The event involves the 
sacrifice of livestock, primarily ruminants such as cattle, 
buffalo, sheep, and goats, which are susceptible to FMD. 
The demand for livestock during Eid al-Adha is particu-
larly high in Indonesia, often exceeding one million ani-
mals annually [39]. The preparation of livestock sales for 
celebration typically begins months in advance. The high 
demand for sacrificial animals during this period sig-
nificantly increases livestock movement, raising the risk 
of spreading FMD. Early sale and transport of livestock 
during this period can lead to disease transmission and 
complicate efforts to control outbreaks. Several studies 
have reported an association between the high demand 
for livestock during Eid al-Adha and the occurrence of 
FMD outbreaks [40–42]. Several studies also mention the 
surge of FMD outbreaks in Indonesia in 2022 may have 
been related to the increased demand for livestock a few 
months before the celebration [43, 44]. Further research 
is needed to explore the potential link between the cel-
ebrations and the emergence of FMD in Indonesia.

The spatiotemporal analysis in this study has limita-
tions. The location coordinates are based on village cen-
troids, which may introduce bias. This is because of the 
limitations of iSIKHNAS, which only facilitated the vil-
lage location as the smallest spatial unit. Consequently, 
all outbreak farms within a village are assumed to share 
the same centroid, as these points do not represent the 
actual location of the outbreak farms. The STP model 

used in this study also focused only on the number of 
cases and did not include the population size. Future 
research should consider conducting similar studies in 
other regions or using more advanced models if finer-
scale data become available.

The risk factor analysis at the subdistrict level revealed 
that annual precipitation, livestock market, slaughter-
house, animal health centre, and livestock population 
were linked to the occurrence of FMD outbreak. Fac-
tors such as annual precipitation had a negative impact 
on the outbreak. This is due to the livestock markets in 
Java, which are primarily situated in open fields and do 
not have sufficient cover to protect animals during the 
rainy season. Additionally, livestock transportation fre-
quently relies on open trucks or pickup trucks, which 
limits livestock transportation in rainy conditions. This 
situation limited livestock trade and movement in subdis-
tricts with higher precipitation and longer rainy seasons, 
which naturally restricted disease transmission between 
subdistricts.

This study aligns with several studies that found the 
association of FMD occurrence with the livestock popu-
lation and agricultural-related factors, such as livestock 
markets and slaughterhouses [11, 12, 45]. Livestock mar-
kets are identified as significant contributors to FMD 
transmission, as they facilitate the trade of live animals 
that are often subsequently moved to new farms across 
different regions. Livestock markets can increase the risk 
of disease transmission due to the interactions between 
infected and healthy herds through close proximity, 
shared surfaces, or contaminated transport vehicles. 
Consequently, livestock markets represent a critical point 
in the livestock movement network, and their role in the 
spread of FMD is more pronounced. In contrast, slaugh-
terhouses primarily deal with terminal movements of 
livestock, where animals are removed from the farming 
population upon slaughter. However, slaughterhouses 
may still contribute to FMD transmission through factors 
like improper handling or cross-contamination within 
the facility [46]. In addition, slaughterhouses play a cru-
cial role in the livestock distribution network, as their 
presence indicates areas with high livestock movement 
from various locations. Livestock markets and slaugh-
terhouses bring together animals from different regions, 
creating a high-risk environment for disease spread if 
biosecurity practices are not adequately implemented.

The presence of an animal health centre in a sub-
district is related to an increased risk of disease out-
breaks. While these centres can lead to faster diagnoses 
and timely responses, they may become overcrowded 
and under-resourced during animal health emergency 
situations, hindering prevention and control efforts. 
Limited resources and staff shortages can result in sub-
optimal biosecurity measures, increasing the risk of 
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disease transmission between farms. In such scenarios, 
shared equipment or vehicles, as well as the movement 
of animal health workers between farms, can inadver-
tently contribute to the spreading of FMD, especially if 
biosecurity protocols, such as disinfecting equipment or 
changing clothing, are not strictly followed. Moreover, 
the lower risk in subdistricts without an animal health 
centre may result from under-reporting due to inefficient 
surveillance.

The livestock population, especially cattle, is a major 
risk factor for FMD outbreaks. Cattle are highly sus-
ceptible to the virus and often display apparent clinical 
symptoms, facilitating faster identification and reporting 
of the disease. As a result, areas with larger cattle popula-
tions tend to see higher rates of FMD outbreaks. In con-
trast, small ruminants such as goats can also carry the 
virus and act as carriers, potentially spreading the disease 
to other livestock, even though they often show milder 
or subclinical symptoms, making the disease harder to 
detect [14, 15]. Without proper monitoring and bios-
ecurity measures, goats can become a silent carrier, con-
tributing to the spread of FMD within and between the 
farms.

In the final multivariable model, the decrease in coef-
ficients for livestock-related facilities from univariable 
models is likely due to the inclusion of cattle and goat 
populations. This suggests that these facilities may over-
lap with livestock populations in regions with large live-
stock populations. Although no direct interactions were 
found, the inclusion of cattle and goat populations in the 
final model indicates potential confounding, as livestock 
populations are closely linked to the presence of these 
livestock-related facilities. With an AUC of 0.86, a Hos-
mer-Lemeshow test p-value of 0.18, and a Cragg & Uhler 
pseudo-R² of 0.44, the final model was deemed reliable, 
based on criteria for model evaluation [47–49].

A map of FMD probability risk showed that high-risk 
subdistricts are primarily located in the eastern and 
central regions of Java. This prediction aligned with the 
results from cluster analyses. These areas, along with sev-
eral subdistricts in the western part of the island, have a 
higher risk of experiencing another FMD outbreak. Pre-
venting and controlling recurrent outbreaks should be 
focused on these regions.

This study analyses data from FMD outbreaks in Java, 
Indonesia, from 2022 to 2023, examining their epidemio-
logical characteristics in relation to existing data on FMD 
risk factors. However, there are limitations to consider. 
The FMD data in the study were obtained from a national 
reporting system that relies on notifications from farmers 
before the authorised veterinarian or investigator comes 
to observe the suspected cases. This may lead to under-
detection of cases since the farmers may need proper 
knowledge of FMD or initiatives to inform the authorities 

about suspected cases. Additionally, the accuracy of case 
definition during outbreaks may be affected by the ability 
of veterinarian or investigator to determine clinical find-
ings in the field before collecting representative samples 
for laboratory confirmation. However, the misdiagnosis 
based only on the clinical findings is very high since the 
animals may not develop clinical signs during the inves-
tigation [50].

Despite its limitations, the overall findings of this study 
remain relevant for understanding the FMD outbreak sit-
uation in Java, Indonesia. While local authorities actively 
notify farmers about outbreaks, and animal health work-
ers conduct regular monitoring, resource constraints 
may have contributed to underreporting, particularly in 
areas without dedicated animal health centres. Neverthe-
less, the data used in this study have been validated by 
credible sources, enhancing their reliability. Although 
some cases may have been missed, the results still pro-
vide valuable insights into the outbreak dynamics and 
can inform future control and prevention strategies.

This study provides valuable insights for improving 
FMD prevention and control programs in Indonesia, 
especially in Java. The findings offer a detailed under-
standing of the spatial and temporal patterns of FMD 
outbreaks, helping authorities allocate resources more 
efficiently. By identifying regions and periods at higher 
risk for FMD outbreaks, officials can better target vac-
cination campaigns, surveillance, and biosecurity mea-
sures, accelerating FMD eradication efforts. Prioritising 
these high-risk areas will enable more strategic inter-
ventions, reduce the spread of the disease, and optimise 
the effectiveness of preventive and control measures 
nationwide.

Conclusion
Foot and mouth disease outbreaks were distributed 
across Java and predominantly clustered in eastern and 
central parts of Java. The outbreaks peaked in June 2022, 
followed by a downward trend until the end of 2023. 
Environmental and agricultural-related factors are sig-
nificantly associated with the risk of FMD occurrence. 
The areas with a higher probability risk of FMD outbreak 
were primarily located in the eastern and central regions 
of Java. Insight into patterns and risk factors can help to 
improve the preventive and control program of FMD in 
Java.

Methods
Study area
The study area is the Java region, including six provinces 
that encompass 119 districts/municipalities and 2,146 
subdistricts. The area of this study is shown in Fig.  8. 
This area covers Java Island and other adjacent islands 
under the administrative regions of respective provinces 
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in Java. Provinces in Java can be divided into three parts: 
the eastern part includes the East Java Province, the cen-
tral part includes Central Java and Yogyakarta Provinces, 
and the western part includes the West Java, Jakarta, and 
Banten Provinces.

Data source
The data on the FMD outbreaks were obtained from 
iSIKHNAS database. This study used reported FMD 
data in Java in 2022 and 2023. The data obtained from 
iSIKHNAS include the identification number, reported 
outbreak date, the number of sick animals, and the loca-
tion of the outbreak farm. The locations of outbreak 
farms were represented by the centroid of each village. 
Any new outbreak report from a farm within the village 
used the same centroid location, given the limitations in 
precise farm coordinates. Documentation and verifica-
tion of FMD cases were rigorously documented by vet-
erinary officers based on observation of clinical signs, 
followed by laboratory confirmation tests for representa-
tive samples conducted by the Animal Disease Investiga-
tion Centre or veterinary laboratories across Java. A case 
is defined as an individual animal exhibiting clinical signs 
of FMD, while an outbreak farm is defined as a farm with 

at least one FMD case recorded in iSIKHNAS during the 
study period.

Data on the risk factors were obtained from official 
government publications in Indonesia. Base spatial maps 
were obtained from the Indonesia Geospatial Informa-
tion Agency. Environmental data used in this study, 
including rainy periods and annual precipitation, were 
obtained from the Indonesia Agency of Meteorology, 
Climatology, and Geophysics, which provides standard-
ized and reliable meteorological data at the subdistrict 
level across the country. The presence of an animal health 
centre in each subdistrict was obtained from the Minis-
try of Agriculture Indonesia [51]. The presence of live-
stock markets and slaughterhouses was obtained from 
the Indonesia Bureau of Statistics [28, 29]. The number of 
livestock farms, livestock population, insemination ser-
vice businesses, and livestock health service businesses 
were obtained from the National Agricultural Census 
2023 published by the statistical office (BPS-Statistics 
Indonesia) in each respective district and municipality 
[52].

Fig. 8  Map of Provinces in Java
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Descriptive analysis
The number of cases and number of outbreak farms were 
calculated for each subdistrict on a monthly and weekly 
basis. The cases and outbreak farms were categorised by 
species and year and plotted as a graph on a weekly and 
monthly basis to show the temporal trend of FMD out-
breaks. Given the significant variation in cases and out-
break farms over different periods, both the linear and 
logarithmic scale temporal graphs were employed to bet-
ter illustrate the disease trends.

Spatial analysis
Spatial analysis was performed to analyse the spatial dis-
tribution of the FMD across Java. A standardised mor-
bidity ratio (SMR) was calculated for each subdistrict 
in each year. SMR is calculated based on the number 
of observed cases divided by the number of expected 
cases. Expected cases are calculated based on the yearly 
national or regional incidence rate multiplied by the 
number of livestock populations in the subdistricts. SMR 
value of more than one indicates that the risk for the sub-
district is higher than the expected national or regional 
risk [11, 53]. The SMR can be calculated by

	
SMR =

∑
iOi∑
iEi

=
∑

iOi∑
i(Pi × I)

where Oi is the number of observed cases in subdistrict, 
Ei is the number of expected cases in subdistrict, Pi is 
the number of livestock populations in subdistrict, and I 
is the incidence rate in Java as a regional reference. The 
number of years that subdistricts had SMR more than 
one was depicted in a choropleth map. A higher number 
of years with SMR more than one indicates that these 
subdistricts are more likely to act as hotspot areas of 
FMD outbreaks [11].

The spatial autocorrelation of SMRs was quantified 
using the global Moran’s I index. The global Moran’s I 
index can be calculated by

	
I =

N
∑

N
i=1

∑
N
j=1wij

(
SMRi − SMR

) (
SMRj − SMR

)
(∑

N
i=1

∑
N
j=1wij

) ∑
N
i=1

(
SMRi − SMR

)2

where N is the number of subdistricts. SMRi and SMRj 
are the SMRs for the subdistrict i and subdistrict j, 

respectively. 
−

SMR is the average SMRs. wij is the spatial 
weight matrix that shows the level of spatial relationship 
between subdistricts. A positive Moran’s I index implies 
a clustering of SMRs in the same neighbourhood areas, 
while a negative Moran’s I index indicates the dispersion 
of SMRs [11, 54, 55].

Spatial autocorrelation at the local scale was assessed 
using Local Indicators of Spatial Autocorrelation (LISA), 
specifically through the Local Moran’s I test for SMR in 

2022 and 2023 [56]. LISA identifies the presence of spa-
tial clusters by measuring the correlation of values with 
those of their neighbours. Local Moran’s I index was 
calculated using a 4  K-nearest neighbour (KNN) spatial 
weight matrix. The resulting clusters were classified into 
High-High, Low-Low, High-Low, and Low-High, based 
on the Local Moran’s I statistic and its corresponding 
p-value. The spatial analysis was performed using Python 
(version 3.12, Python Software Foundation) with the 
PySAL and ESDA libraries, and the results were visual-
ised in QGIS (version 3.32, QGIS Development Team) to 
enhance graphical representation.

Spatiotemporal analysis
Spatiotemporal analysis in this study used space-time 
permutation (STP) scan statistics provided by SaTScan 
software (version 10.1, Martin Kulldorff). The STP model 
employs geographical coordinates to identify clusters of 
outbreaks [57]. The model involves a space-time window 
to determine the presence of clusters based on the like-
lihood ratio of the number of cases and expected cases 
within the window [31]. Input variables for the model 
include the number of FMD cases in each farm, the geo-
graphic coordinates of each farm, and the recorded date 
of the outbreak. Due to the limitations of the precise 
coordinates of the outbreak farm, this study assumed 
that all outbreak farms within the same village shared 
the same coordinates, using the centroid of the village as 
the reference point. The spatial window was set at 50% 
of the population at risk, and the temporal window was 
set at 50% of the study period. Time aggregation was 
set at seven days following the average disease incuba-
tion period [31]. The significance of identified clusters is 
assessed using a Monte Carlo simulation (number of rep-
lications = 999). The criteria of reporting clusters were set 
as no geographical overlap with a significance level below 
0.05 [31, 33].

Risk factor analysis and mapping
Risk factor analysis was conducted using a logistic regres-
sion model. Each subdistrict was treated as an individual 
unit. The dependent variable was the presence of FMD 
outbreaks within each subdistrict from 2022 to 2023, 
categorised as binary. A value of one was assigned if an 
outbreak occurred in the subdistrict in either year; oth-
erwise, it was recorded as zero. Independent variables 
in this analysis include environmental and agricultural-
related factors. Environmental factors included rainy 
periods and annual precipitation. The rainy period was 
defined as the total length of rainy season in a 10-day 
period unit, and annual precipitation is defined as the 
total annual precipitation in millimetre unit (mm). Agri-
cultural-related factors include the presence of livestock 
markets, the presence of slaughterhouses, the presence 
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of animal health centres, the number of insemination 
service businesses, the number of livestock health ser-
vice businesses, the livestock population, and farm size. 
The presence of livestock markets, slaughterhouses, 
and animal health centres within subdistricts were cat-
egorised as binary, while the insemination service busi-
ness and livestock health service business were count 
variables, reflecting the total count in each subdistrict. 
Livestock population data including population of cat-
tle, buffalo, goats, and sheep. Livestock population data 
in each species were transformed into logarithmic scale 
using log10(population + 1) to accommodate subdis-
tricts with zero livestock population. Average farm sizes 
were obtained from the number of livestock populations 
divided by total livestock farm households in respective 
subdistricts.

The risk factor analysis was initially performed using 
univariable logistic regression analysis. Significant risk 
factors (p-value < 0.1) in univariable analysis were then 
subsequently included in multivariable logistic regres-
sion analysis with backward elimination [11]. Multicol-
linearity tests were performed to ensure that there were 
no highly correlated independent variables. Interactions 
between independent variables were also examined by 
adding interaction terms to the model, followed by back-
ward elimination to assess the significance of the interac-
tions. The final model was evaluated using various tests, 
including goodness-of-fit and pseudo-R-squared, to eval-
uate the performance of the model [47]. The probabil-
ity of FMD outbreaks in each subdistrict was calculated 
based on the final model obtained from multivariable 
logistic regression. The probability risk of FMD in each 
subdistrict was calculated as follows:

	
probability risk = 1

1 + e−(β 0+ β 1X1+ β 2X2+ ... +β nXn)

Where β 0 is the intercept. β n is the coefficient of inde-
pendent variable n, and Xn is the value of independent 
variable n. The analysis was implemented in SPSS (ver-
sion 29.0, IBM SPSS Statistics) and R (version 4.4, R Core 
Team), complemented by probability risk mapping with 
QGIS software (version 3.32, QGIS Development Team).
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