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Summary

In zoonotic disease, highly pathogenic avian influenza (HPAI) is a major threat to human and
poultry health worldwide. In January 2014, HPAI virus subtype H5NS first infected poultry
farms in South Korea, and a total of 393 outbreaks were reported with enormous economic
damage in the poultry industry. We analyzed the spatiotemporal distribution of HPAT HSN8
outbreaks in poultry farms using the global and local spatiotemporal interactions in the first
outbreak wave from January 2014 to June 2015 and the second wave from September 2014 to
June 2015. The space-time K-function analyses revealed significant interactions within three
days and over 40 km in two study periods in global spatiotemporal interaction. The excess
risk attributable value (D,) was maintained despite the distance in the case of HPAI H5N8 in
South Korea. Eleven spatiotemporal clusters were identified, and the results show the HPAI
introduction from the southwestern region and the spread to the middle region in South
Korea. Six clusters were distributed in 0.46-9.86 km space and 3-19 days in time, while five
clusters were distributed in 19.74-72.59 km space and 27-36 days in time. This global and
local spatiotemporal interaction indicates that the HPAI epidemic in South Korea was mostly
characterized by short period transmission within a small area and dispersed by long-range
jumps. This finding supports strict control strategies such as preemptive depopulation, the
standstill, and poultry movement tracking. More studies are needed to understand HPAI

disease transmission patterns of HPAI in South Korea.

Keyword: Avian influenza; Spatial Analysis; Spatiotemporal Analysis; HSN8 subtype
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Introduction

Highly pathogenic avian influenza (HPAI) became a major zoonotic disease that threatens
public health (Alexander, 2007). The HPAI virus (HPAIV) is highly contagious to domestic
poultry and continuously occurs worldwide, causing enormous damage to the poultry
industry (Short et al., 2015). The HPAI subtype H5NS infection in poultry farms was first
reported in January 2014 in South Korea (Lee, 2014). The results of a genetic epidemiologic
investigation showed that the transmission occurs through the migration pathway of wild
birds in winter season; indicating that the introduction of HSN8 HPAIV is associated with
wild waterbirds (Jeong et al., 2014). Migratory birds that stay in South Korea move through
the East Asia-Australia flyway, and the HPAI HS5N8 virus has disseminated to other
continents, including Europe and United States, through the overlying flyways of migratory

birds (Verhagen, Herfst, & Fouchier, 2015).

While the wild migratory birds are the source of viral infection in domestic poultry farms
(Pandit, Bunn, Pande, & Aly, 2013), the HPAIV transmission and spread between farms
occurs mechanically through transport vehicles, people, feeds, clothes, shoes, and equipment
contaminated by dust, water, and feces of HPAIV-infected poultry (Dent, Kiss, Kao, &
Arnold, 2011). In a recent study, HPAIV airborne transmission can be possible between
poultry farms and may have played a role in spreading HPAI outbreaks in the United States
(Zhao et al., 2019). Considering these various HPAIV transmission pathways, it is important
to understanding how HPAI disease is transmitted through time and space to understand and

prevent the spread of disease.

The occurrence of space-time interactions between outbreak cases located close in time and

space varies and can be considered an infectious disease indicator (Diggle, Chetwynd,
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Haggkvist, & Morris, 1995). Measuring and analyzing these indicators provide an
understanding of the disease's underlying mechanisms, which enable the development of
prevention strategies against disease spread (Baker, 2004). Space-time interaction analysis
using the space-time K function has been used in the following animal disease studies: the
foot-and-mouth disease in the United Kingdom (A Picado, Guitian, & Pfeiffer, 2007,
Wilesmith, Stevenson, King, & Morris, 2003) and Tanzania (A. Picado et al., 2011), bovine
tuberculosis in New Zealand (Porphyre, McKenzie, & Stevenson, 2007), Rift Valley fever in
South Africa (Metras et al., 2012), and Africa swine fever in Russia Federation (Vergne,
Gogin, & Pfeiffer, 2017). The spatiotemporal interaction of HPAI has been studied in France
for the HSN8 subtype (Guinat et al., 2018) and in Vietnam for the H5N1 subtype (Loth,

Pham, & Stevenson, 2019).

This study aimed to identify the time and space distribution of HPAI H5NS8 outbreaks in
South Korea from 2014 to 2016. The time-space interaction was analyzed using the space-
time K function analysis and the scan statistics of HPAI transmission dynamics. It is believed
that this systematic understanding of the spatiotemporal distribution will enable the
evaluation of quarantine policies addressing the HPAI outbreaks, thereby providing scientific

evidence for future policy development and suggesting the direction for further research.

Materials and Methods

Data collection and management

The epidemic data of HPAI subtype HSN8 were collected by the Animal and Plant
Quarantine Agency (APQA) in Gimcheon, South Korea from January 15, 2014 to April 5,

2016 (Animal & plant Quarantine Agency, 2016). Following the identification of a bird with

4
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clinical signs suspected of HPAI infection by the livestock owners, farm workers, and
veterinarians, the case must be reported to the APQA according to the Act on Prevention of
Contagious Animal Diseases (MAFRA, 2015) in passive surveillance. Veterinarians from
governmental agencies visited the reported poultry farms to collect samples from the sick or
dead birds, and then samples were tested to confirm possible HPAI infection. If the suspected
farm was confirmed as HPAI-positive, it was deemed an infected premise (IP). Then infected
poultry farms and neighboring farms located in a protective zone set to a radius of 3 km were
depopulated. A depopulated farm found to be positive for HPAIV was referred to as a positive

premise (PP) (Oh, 2018) in active surveillance.

In Korea, all the transporting vehicles related to the poultry industry for transporting either
poultry, poultry products, medicines, feed, or feces must be registered with the Korea Animal

Health Integrated System (KAHIS; http://www.kahis.go.kr). Based on these vehicles'

geographical information, APQA conducted HPAI diagnostic test on the poultry farms visited
by the vehicles entering HPAI-infected farms. This active epidemiological investigation of
livestock-related vehicle movement makes it possible to detect additional HPAI-infected
farms. In this study, all IPs and PPs found through this surveillance were considered as cases.
All the geographical data of the poultry farms that were collected at the tong-ri
administration, and village level, were projected to WGS84/UTM zone 52N (European
Petroleum Survey Group; EPSG: 32652) and processed using QGIS (3.4) (QGIS
Development Team, 2020). The dates of each case were based on the date of the first clinical

signs observed.

Spatiotemporal analysis
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HPAI subtype H5N8 outbreak from January 15, 2014 to April 5, 2016, was classified into
four waves in Korea (Animal & plant Quarantine Agency, 2016). In this study, the first wave
from January 15, 2014 to July 29, 2014, and the second wave that occurred from September
24,2014 to June 10, 2015, were analyzed. The third (17 cases) and fourth waves (2 cases) of

H5N8 were excluded due to the inadequate number of cases for the analysis.

Global and local spatiotemporal interaction analyses were conducted to describe the HPAI
subtype H5NS8’s spatiotemporal characteristics between poultry farms in Korea. The global
analysis used the space-time K function to calculate the spatiotemporal interactions of HPAI
H5NS outbreaks (Diggle et al., 1995). The space-time K function, K(s,#), was defined as the
number of expected cases (F) if cases are randomly- distributed within a distance s and a time
t, then divided by the intensity 4, defined as the mean number of cases per unit of space and

time (Equation 1).
Kls,t|=x"E (Equation 1)

If cases occur independently in time and space without space-time interaction, K(s,#) was the

product of two K functions in space and time, similar to that shown in Equation 2.
K(s,t)= K(s)*K(t) (Equation 2)

We can define D(s,t) as the difference between the observed and randomly expected space-

time interactions (Equation 3);
D(s,t)=K(s,t)- K(s)*K(1). (Equation 3)

In this equation 3, D(s,2)>0 means that space-time interactions are presented at a distance s
and time ¢ and with higher D(s,¢) values showing stronger evidence. D, was the value

interpreted as the proportional increase, or excess risk attributable to the space-time
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interaction to facilitate inference (Equation 4)

Dy(s,t) = D(s,t) / (K(s)*K (1)) (Equation 4)

DO(s,t) >1 indicated that the number of observed events was greater than twice the number of

expected events (Diggle et al., 1995; A Picado et al., 2007).

The null hypothesis of no space-time interaction in the observed cases was tested, the dates of
the cases were randomly permuted on a fixed set of the location of the cases, using Monte-
Carlo simulation, to generate a distribution of D(s,z) to compare with the D(s,t) of the

observed cases.

Suppose D (s,t) value in the observed case exceeds 95% of values derived from the
simulation, in that case, we reject the null hypothesis because the probability of observed
space-time interaction occurring by chance is less than 5% probability. Therefore, it can be

concluded that there was a significant space-time interaction between the observed cases.

In this study, global spatiotemporal clustering of HPAI HSNS8 outbreaks was investigated in
the first and second study periods using the space-time K function (Metras et al., 2012). The
space-time K function analysis was conducted using the maximum space-time window of 40
km and 40 days. Significant space-time clustering was simulated by generating 999 Monte-
Carlo random permutations. D, (s,t) value, the excess risk attributable to the space-time
interaction within a distance s and time t, was calculated and visualized in R software version

3.6 (R Core Team, 2020) using the ‘splancs’ package (Rowlingson & Diggle, 1993).

We used the space-time permutation model of the scan statistics to identify the local
spatiotemporal cluster of HPAI H5N8 outbreaks (Martin Kulldorff, 2007) by applying the

spatio-temporal windows shown in global spatiotemporal clustering. This approach was
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based on creating a series of hypothetical spatiotemporal cylinder-centered coordinates of
each case (M. Kulldorff, Heffernan, Hartman, Assuncao, & Mostashari, 2005). These cylinder
bases and heights represent the space and time dimensions of each potential cluster,
respectively. The approach to calculate cylinder is to iterate over a finite number and then
gradually to increase the circle radius and height from zero to the maximum space and time
value defined by the user. To test the null hypothesis, which assumed a no space-time
interaction between cases, randomly distributed permutation of the spatial and temporal
attributes of each case were performed using the Monte-Carlo simulation. Through this
simulation, the expected disease occurrence is obtained when time and space are assumed to
be independent of each other within a given space and time frame. If the observed actual
cases are higher than the expected cases calculated through the above process, it can be
inferred that the case in region within the cluster was more frequent in space and time than
the rest of the geographic areas (M. Kulldorff et al., 2005; A. Picado et al., 2011; Porphyre et

al., 2007).

The presence of local spatiotemporal clusters in HPAI HSN8 during the two study periods
(first and second waves of the outbreaks) between the case poultry farms was investigated
using the space-time permutation model of the scan statistic test, implemented using the
SatScan (M. Kulldorff et al., 2005). Statistically significance reported at the level of 5%
assessed by the 999 Monte-Carlo replications without overlapping. The maximum
spatiotemporal window was set to 25% of the outbreak cases (first wave, 53 cases; second

wave, 41 cases) and 25% of the study period (first wave, 49 days; second wave, 75 days).
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The authors confirmed adherence to the ethical policies of the journal, as noted in the
journal’s author guidelines. No ethical approval was required as this is an original article with

open-source data with Korea government.

Results

Descriptive analysis

In total, 393 HPAI subtype H5N8 outbreaks were reported in poultry farms from January 15,
2014 to April 5, 2016. Of these outbreaks, the first wave occurred from January 15, 2014 to
July 29, 2014 while the second wave was from September 24, 2014 to June 10, 2015. During
these two study periods, the majority of outbreaks were among the ducks (75.7%, 283/374),
followed by the chickens (20.9%, 78/374), and then others (3.5%, 13/374) such as quail or
ostriches. In the first (78.3%) and second waves (72.2%), the outbreaks mainly infected

ducks (Table 1).

HPAI H5N8 was distributed throughout, nationwide, but was mainly concentrated in the west
coastal and southern regions where the duck breeding density was high (Figure 1). The order
of the intensities of the distribution by province were Jeollanam-do (JN) (28.6%, 107/374),
Chungcheongbuk-do (CB) (24.9%, 93/374), and Jeollabuk-do (JB) (19.0%, 71/374). The
order of the case incidence rates was CB (27.4%), JB (22.2%), and JN (22.2%) in the first
H5NS8 outbreak period; and JN (37.0%), CB (21.6%), and Gyeonggi-do (GG) (19.1%), in the

second outbreak period.

The temporal distributions of the first and second outbreaks of HPAI H5NS in Korea are

shown in Figure 2. After the first case farm outbreak was reported on January 16, 2014, the
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outbreaks increased continuously, peaked in February 2014, and only intermittently spread
after March 20, 2014 (Figure 2A). The number of poultry farms infected during the
exponential period was 178 (of 212 cases, 83.9%) in the first study period. In the second
study period, the HPAIV was reintroduced to Korea on September 24, 2014, with a total of 61
farm outbreaks (37.6%, 61/162), which were infected exponentially for 34 days from January

28, 2015 to March 3, 2015 (Figure 2B).

Spatiotemporal analysis

Out of the 393 outbreaks of HPAI H5NS, a spatiotemporal analysis was performed on 212
and 162 farm outbreaks during the first and second study periods, respectively. The global
spatiotemporal cluster of HPAI H5NS in poultry farms was statistically significant (p<0.05)
for each study period (Figure 3). During the first study period (January 15, 2014 - July 29,
2014), the excess risk attributable to space-time interaction with D, >1 was 40 km and three
days; the time was closer to 0, and the D, value was higher (Figure 3A). The D, value was
the highest (21.4) at the spatiotemporal parameters of 2 km and 0 days, and when the
temporal parameter was set as 0 days, the D, value was maintained at 15, despite the
increasing distance.

The excess risk attributable to the spatiotemporal interaction in the second study period
(September 24, 2014- June 10, 2015) was 40 km and three days; the time was closer to 0, and
the D, value was higher (Figure 3B). The excess risk attributable during the second period
had a similar pattern to that of the first study period. The D, value was the highest (23.4) at 2

km and 0 days, and the value of 6 was maintained, despite the increasing distance.

We identified the 11 statistically significant spatiotemporal clusters from the result of the

10
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space-time permutation scan statistic test. The geographical location of each cluster
numbered according to the time of occurrence is indicated in Figure 4 and 5. The radius (km),
temporal extension (days), number of outbreaks in the cluster, and the observed to the
expected ratio of each cluster are shown in Table 2. The clusters were mainly formed around
the west coastal area in South Korea. In the first study period, two clusters (Figure 4A) were
formed in JN and JB, while three clusters were formed around the border areas of GG, CB,
and CN (Figure 4B). The maximum spatial expansion of the clusters ranged from 2.21 km to
21.84 km, and the maximum time ranged from 3 to 30 days (Table 2). Since the cluster radius
was the least at 2.21 km in cluster 3, but the number of farm outbreaks included in the cluster
had the highest number of cases at 28. In the second study period, three clusters were found
in JN and JB (Figure 5A), two clusters in the northern GG regions, and one cluster in the
border areas of CB, CN, and GG (Figure 5B). The maximum space of the cluster was
between 0.46 km and 72.59 km, while the duration was between 5 and 36 days (Table 2). All
the clusters that showed statistically significant difference during the first study period
overlapped with the epidemic exponential growth period (January 16 —March 20, 2014),
while no statistically significant clusters were found that overlapped with the second
exponential period (January 28 - March 3, 2015). Among HPAI poultry farms, during the
study period, the proportion of farms in the cluster that were derived from the scan statistic

test was 48.11% (102/212) in the first, and 51.23% (83/162) in the second.

Discussion

It is important to identify and analyze clustering to detect the area with a higher level of

disease risk during outbreak investigations (Pfeiffer et al., 2008). There have been many

11
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attempts to apply spatiotemporal modelling to zoonosis, which were estimating the space-
time interaction between cases that are spatially and temporally proximate, make it possible
to interpret the underlying transmission process (Ahmed, Ersbell, Biswas, & Christensen,
2010; Guinat et al., 2018; A. Picado et al., 2011). Despite the importance of understanding the
spatiotemporal disease dynamics, epidemiological research into HPAI epidemics in Korea
was mainly focused on molecular investigations to track the origin of HPAIV strains and
pathogens (Kwon et al., 2020; Si et al., 2016). It is important to analyze the global and local
spatiotemporal interaction for the HPAI HS5NS8 outbreak to understand the disease
transmission process for effective HPAI controls in poultry farms. This study investigated the
spatiotemporal patterns of the first and second waves that occurred after the HSN8 HPAIV
was introduced to Korea in January 2014. As far as we know, this is the first HPAI subtype
H5NS8 study in Korea that analyzed the global and local space-time interaction. This result
will be a cornerstone in explaining the spatiotemporal factors related to HPAT H5NS infection

and transmission.

In space-time K function analysis, we identified space-time interactions over a distance of
more than 40 km and under two days at the first study period (Figure 3 A). In addition, at 2
km and 0 days, the risk was highest and then decreased, maintaining a constant risk
regardless of the increasing distance. This pattern of the space-time interaction was the same

in the second study period, but the peak of the risk was highest at 0 days and 0 km, and the

D, value decreased from 15 to 6 after two days (Figure 3 B). This results showed a different
pattern from those of previous research (Guinat et al., 2018; Loth et al., 2019) that have
analyzed the spatiotemporal analysis of other HPAIs, and seems to be a characteristic of
HPALI disease transmission in Korea. The results of the space-time K function analysis for

HPALI in other countries showed significant spatiotemporal clustering less than 13 days and 8

12
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km in France (Guinat et al., 2018), and less than 50 days and 60 km in Vietnam (Loth et al.,
2019). Moreover, the excess risk reported in both studies showed a pyramidal shape in which
the D, decreased as time and distance increased. Conversely, the excess risk was maintained
even when the distance was increased in the spatiotemporal interaction in Korea (Figure 3).
These results imply that the spread of HPAI disease in Korea occurs consistently regardless

of the distance, especially within two days.

According to the results of our local spatiotemporal cluster analysis, HPAI from our two
study periods tends to appear as the clusters in the western coastal area in Korea (Figure 4, 5).
Five spatiotemporal clusters showed for 0.46-21.84 km and 5-28 days in JN and JB provinces
(Figure 4B & 5B). Among them, the cluster 1 in each outbreak wave appeared in the early
stage of outbreaks wave and the southwestern coastal area, major habitats of the wild
migratory birds in the winter season. After introduction or re-introduction of HPAIV into
Korea, six clusters of 2.21-72.59 km and 3-36 days were formed in the three provinces of
GG, CB, and CN (Figure 4A, 5A). The assumption is that the HPAI introduced from the
southwestern region has spread to the central area, considering the cluster formation time.
These results of spatiotemporal clustering of HPAI H5N8 are consistent with the result of the
origin and transmission H5N8 investigation by sequencing analysis, indicating that HSN§
virus entered to western coastal provinces and spread rapidly to other provinces with high
densities of winter migratory birds and ducks holding (Hill et al., 2015). In light of these

results, the HPAI intensive monitoring is necessary for these regions in winter seasons.

In our results, six clusters were distributed 0.46-9.86 km in space and 3-19 days in time,
while five clusters were distributed 19.74-72.59 km in space and 27-36 days in time (Table
2). Furthermore, cluster 3 in the first study period and cluster 3 and 5 in the second study

period were less than 3 km in size. It might be that this phenomenon appeared as the size of
13
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clusters was suppressed by preemptive depopulation. On the contrary, 5 of the 11 clusters
were covering the spatiotemporal extension from 27 to 36 days and from 19.74 to 72.59 km,
which is larger than the period (10-25-days) and the distance (16.5 km-52.7 km) of the
previous study on H5NS8 spatiotemporal cluster study in France (Guinat et al., 2018). This
shows that the regional spread of HSN§ in Korea was polarized between small and large
spatiotemporal clusters. In other words, the HPAI virus disseminated in the extremely short

distance and time, or rather spread over the long-distance and times.

Based on the results of the global and local spatiotemporal interaction, the following were
assumed to have affected the spatial and temporal characteristics of the HPAI HSNS in the
poultry farms. First, we assumed that HPAI reporting and depopulation are carried out
quickly in Korea, which leads to the prevention of adjacent disease spread (by the preemptive
depopulation), from infected farms to the neighboring poultry farms. This can be inferred
from the results showing that the time window of excess risk from the time-space interaction
analysis was two days, which is shorter than the time reported in other studies (Guinat et al.,
2018; Loth et al., 2019). In addition, the third cluster in the first period, the third and fifth
clusters in the second period, had small spatial windows greater than 3 km. If the HPAI report
from the poultry farms and the disease quarantine were delayed, HPAI would have had
sufficient opportunity to propagate adjacent poultry holdings, which would have shown a
similar spatiotemporal interaction of other studies (Guinat et al., 2018; Loth et al., 2019).
According to APQA, when the suspected poultry with clinical signs is reported and
confirmed positive, a 3 km radius depopulation is carried out around infected holdings, and
this process, from report to depopulation, is conducted within a short period (Animal & plant
Quarantine Agency, 2016). It can be inferred that the virus short-range contiguous
transmission was blocked effectively by removing the host that could cause increase infection

14
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spread.

Second, there is a high possibility that the cases that were due to the long-distance
propagation of HPAI through vehicles were relatively due to oversampling, because of the
suppression of the adjacent propagation of HPAI. The KAHIS was established in 2013 to
integrate the management of animal disease and livestock quarantine information using
information and communication technology (ICT) to prevent livestock disease outbreak
(MAFRA, 2015). It is possible to collect information on registered vehicle movements related
to the poultry industry, such as feces treatment, veterinarian visits, transporting of feed,
medicine, poultry, and poultry products. It is mandatory to equip global positioning system
(GPS) on registered vehicles under the Korean Act on the Prevention of Contagious Animal
Diseases, and their movement information is periodically collected through KAHIS (Kim &
Pak, 2019). This systemic tracking makes it possible to track the HPAI long-distance
dissemination. If an HPAI case found through the long-distance propagation tracking using
this mechanical relationship is included in the analysis, it is judged that a pattern of the D,
value that is not affected by the distance in the spatiotemporal interaction can appear as
shown in Figure 3. Therefore, this result of global spatiotemporal interaction is presumed to

rapidly suppression of HPAI outbreaks through active surveillance.

Finally, the excess risk D, in the second study period was relatively reduced compared to the
Dy in the first study period (Figure 3). The factors that are estimated to have influenced the

decrease in D during the second study period are as follows. First, the livestock owners may
be already aware of the HPAI introduction in poultry holdings during HPAI recurrence.
Through this recognition, it can be assumed that alertness to HPAI has increased and faster
disease reporting has been made. The effect of knowledge and awareness to HPAI reporting

was reported from a study of HPAI during the 2006-2008 outbreaks in Nigeria (Ameji, Abdu,
15
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Sa’idu, Kabir, & Assam, 2012). Second, the changed quarantine policy of the Korean
government in the second period might be more effective in controlling the outbreak than in
the first period. Due to continuous HPAI outbreaks in Korea, the Disease Outbreak Law and
infectious disease standard operating procedure was revised in 2015 (MAFRA, 2015) and the
systematic investigation of diseases was developed through the manual (Animal & plant
Quarantine Agency, 2015). This change in HPAI biosecurity policy may have resulted in a

reduction in excess risk attributable.

The finding of this study may have been affected by several limitations. First, there may have
been cases where the presence of HPAI H5N8 was not reported if the sensitivity of the
reports from the farms to the government were not optimal. In particular, in case of HPAI
H5NS in Korea, the infected ducks did not show clinical signs, which may have made the
detection of HSNS8 challenging (Kwon et al., 2020; Song et al., 2017). However, it is already
mandatory to sample the poultry at the farm a day before transportation to other farms or
slaughterhouses, to inspect them for HPAI using RT-PCR, since 2008 (MAFRA, 2015).
Therefore, considering the massive HPAI inspection, the risk of unreported cases may be

considered relatively low

Second, our analysis was performed on the assumption that the date when the clinical signs
were first observed was the date HPAIV was first introduced into the poultry farm. This may
have had effects on the study results because the incubation period of HPAI HSN8 may differ
depending on the poultry species or the condition of the flocks. However, in our study
periods, 75.7% of the cases included the ducks; therefore, it can be assumed that the latent
period of HSNS will be similar in most of the poultry farms. The interval from the date of the
virus introduction to the flocks, to the date when the first clinical signs were observed is

likely to be constant. Therefore, our assumption would not have a significant impact on the
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temporal elements in our spatiotemporal analyses to the extent of results bias.

This study provides insights into the 2014-2016 Korea HPAI epidemic dynamics. This global
and local spatiotemporal interaction indicates that the HPAI epidemic in Korea was mostly
characterized by short period transmission within a small area and dispersed by long-range
jumps. This disease transmission pattern is different from other HPAI spatio-temporal
interaction studies. It is believed that these spatiotemporal analysis results are closely related
to the rapid preemptive depopulation, standstill, and disease tracking policy, using GPS. This
finding supports the need for strict control strategies such as the preemptive depopulation, the
standstill of poultry transporting, and epidemiological movement tracking in Korea during the
H5NS disease period. Further research is needed to evaluate the optimal culling radius, the
spread rate of disease between farms, and the disease transmission pathways by poultry-

related vehicles, to help understand HPAI disease transmission patterns.

Acknowledgements

This research was supported by Animal Disease Management Technology Development,
Ministry for Agriculture, Food and Rural Affairs, Republic of Korea (314005-2) and by the

National Research Foundation of Korea (NRF-2018R1A2B6002396).

Conflict of interest Statement

The authors have no conflicts of interest to declare.

Data availability

The data that support the findings of this study are available in 2014-2016 epidemiologic
reports of highly pathogenic avian influenza at http://ebook.qia.go.kr/home/view.php?

host=main&site=20161018 132952&listPageNow=0&list2PageNow=0&code=0&code2=0&

17



388 code3=0&optionlisttype=&searchcode=0&searchcode2=0&searchdate=0&searchkey=all&se
389 archval=%C1%B6%B7%F9%C0%CE%C7%C3%B7%E7%BF

390  %A3%C0%DA&searchandor=&dummy=&&orders=.

35 18

36



391

392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438

37

38

Reference

Ahmed, S., Ersball, A. K., Biswas, P., & Christensen, J. P. (2010). The space-time clustering of highly
pathogenic avian influenza (HPAI) H5N1 outbreaks in Bangladesh. Epidemiology & Infection,
138(6), 843-852.

Alexander, D. J. (2007). An overview of the epidemiology of avian influenza. Vaccine, 25(30), 5637-
5644. doi:10.1016/j.vaccine.2006.10.051

Ameji, O., Abdu, P., Sa’idu, L., Kabir, J., & Assam, A. (2012). Awareness, knowledge, readiness to
report outbreak and biosecurity practices towards highly pathogenic avian influenza in Kogi
State, Nigeria. /nternational Journal of Poultry Science, 11(1), 11-15.

Animal & plant Quarantine Agency. (2015). High pathogenic avian influenza; the blue book (K. Yong-
Sang Ed.): Imun company.

Animal & plant Quarantine Agency. (2016). 2014-2016 epidemiologic reports of highly pathogenic
avian influenza 14.

Baker, R. D. (2004). Identifying space-time disease clusters. Acta tropica, 91(3), 291-299.

Dent, J. E., Kiss, |. Z., Kao, R. R., & Arnold, M. (2011). The potential spread of highly pathogenic
avian influenza virus via dynamic contacts between poultry premises in Great Britain. BMC
Veterinary Research, 7(1), 59.

Diggle, P. J., Chetwynd, A. G., Haggkvist, R., & Morris, S. E. (1995). Second-order analysis of space-
time clustering. Statistical methods in medical research, 4(2), 124-136.

Guinat, C., Nicolas, G., Vergne, T., Bronner, A., Durand, B., Courcoul, A., . . . Paul, M. C. (2018).
Spatio-temporal patterns of highly pathogenic avian influenza virus subtype H5N8 spread,
France, 2016 to 2017. Euro Surveill, 23(26). doi:10.2807/1560-7917.ES.2018.23.26.1700791

Hill, S. C., Lee, Y.-J., Song, B.-M., Kang, H.-M., Lee, E.-K., Hanna, A., . . . Pybus, O. G. (2015). Wild
waterfowl migration and domestic duck density shape the epidemiology of highly pathogenic
H5N8 influenza in the Republic of Korea. Infection, Genetics and Evolution, 34, 267-277.

Jeong, J., Kang, H.-M., Lee, E.-K., Song, B.-M., Kwon, Y.-K., Kim, H.-R., . . . Moon, O.-K. (2014).
Highly pathogenic avian influenza virus (H5N8) in domestic poultry and its relationship with
migratory birds in South Korea during 2014. Vet Microbiol, 173(3), 249-257.

Kim, E.-T., & Pak, S.-. (2019). The contribution of farm vehicle movements for a highly pathogenic
avian influenza epidemic in 2014 in the Republic of Korea. Journal of the Preventive
Veterinary Medicine, 43(4), 182-188. doi:10.13041/jpvm.2019.43.4.182

Kulldorff, M. (2007). A spatial scan statistic. Communications in Statistics - Theory and Methods,
26(6), 1481-1496. doi:10.1080/03610929708831995

Kulldorff, M., Heffernan, R., Hartman, J., Assuncao, R., & Mostashari, F. (2005). A space-time
permutation scan statistic for disease outbreak detection. PLoS Med, 2(3), e59.
doi:10.1371/journal.pmed.0020059

Kwon, J. H., Bahl, J., Swayne, D. E., Lee, Y. N, Lee, Y. J., Song, C. S., & Lee, D. H. (2020).
Domestic ducks play a major role in the maintenance and spread of H5N8 highly pathogenic
avian influenza viruses in South Korea. Transbound Emerg Dis, 67(2), 844-851.
doi:10.1111/tbed.13406

Lee, Y. (2014). Novel Reassortant Influenza A (H5N8) Viruses, South Korea, 2014-Volume 20,
Number 6—June 2014-Emerging Infectious Disease journal-CDC.

Loth, L., Pham, L. T., & Stevenson, M. A. (2019). Spatio-temporal distribution of outbreaks of highly
pathogenic avian influenza virus subtype H5N1 in Vietnam, 2015- 2018. Transbound Emerg
Dis. doi:10.1111/tbed.13259

MAFRA, M. o. A., Food and Rural Affairs). (2015). Act on the Prevention of Contagious Animal
Diseaes. Retrieved from https://elaw.klri.re.kr/eng service/lawView.do?
hseq=4939&lang=ENG

19


https://elaw.klri.re.kr/eng_service/lawView.do?hseq=4939&lang=ENG
https://elaw.klri.re.kr/eng_service/lawView.do?hseq=4939&lang=ENG

439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

39

40

Metras, R., Porphyre, T., Pfeiffer, D. U., Kemp, A., Thompson, P. N., Collins, L. M., & White, R. G.
(2012). Exploratory space-time analyses of Rift Valley fever in South Africa in 2008-2011.
PLoS neglected tropical diseases, 6(8), e1808.

Oh, S.-m. (2018). Self-declaration of the recovery of freedom from Highly Pathogenic Avian Influenza
in poultry by Republic of Korea. Retrieved from http://www.oie.int

Pandit, P. S., Bunn, D. A,, Pande, S. A, & Aly, S. S. (2013). Modeling highly pathogenic avian
influenza transmission in wild birds and poultry in West Bengal, India. Sci Rep, 3(1), 1-8.

Pfeiffer, D., Robinson, T. P., Stevenson, M., Stevens, K. B., Rogers, D. J., & Clements, A. C. (2008).
Spatial analysis in epidemiology (Vol. 142): Oxford University Press Oxford.

Picado, A., Guitian, F., & Pfeiffer, D. (2007). Space-time interaction as an indicator of local spread
during the 2001 FMD outbreak in the UK. Prev Vet Med, 79(1), 3-19.

Picado, A., Speybroeck, N., Kivaria, F., Mosha, R. M., Sumaye, R. D., Casal, J., & Berkvens, D.
(2011). Foot-and-mouth disease in Tanzania from 2001 to 2006. Transbound Emerg Dis,
58(1), 44-52. doi:10.1111/j.1865-1682.2010.01180.x

Porphyre, T., McKenzie, J., & Stevenson, M. (2007). A descriptive spatial analysis of bovine
tuberculosis in intensively controlled cattle farms in New Zealand. Vet Res, 38(3), 465-479.
doi:10.1051/vetres:2007003

QGIS Development Team. (2020). QGIS Geographic Infromation System: Open Source Geospatial
Foundation. Retrieved from http://gqgis.org

R Core Team. (2020). R: A language and environment for statistical computing. Vienna, Austria: R
foundation for Statistical Computing. Retrieved from http://www.R-project.org

Rowlingson, B. S., & Diggle, P. J. (1993). Splancs: spatial point pattern analysis code in S-Plus.
Computers & Geosciences, 19(5), 627-655.

Short, K. R., Richard, M., Verhagen, J. H., van Riel, D., Schrauwen, E. J., van den Brand, J. M., . . .
Herfst, S. (2015). One health, multiple challenges: The inter-species transmission of influenza
A virus. One Health, 1, 1-13. doi:10.1016/j.onehlt.2015.03.001

Si, Y. J., Choi, W. S,, Kim, Y. |, Lee, I. W., Kwon, H. I, Park, S. J., . .. Choi, Y. K. (2016). Genetic
characteristics of highly pathogenic H5N8 avian influenza viruses isolated from migratory wild
birds in South Korea during 2014-2015. Arch Virol, 161(10), 2749-2764. doi:10.1007/s00705-
016-2979-4

Song, B.-M., Lee, E.-K,, Lee, Y.-N., Heo, G.-B., Lee, H.-S., & Lee, Y.-J. (2017). Phylogeographical
characterization of H5N8 viruses isolated from poultry and wild birds during 2014-2016 in
South Korea. J Vet Sci, 18(1), 89-94.

Vergne, T., Gogin, A., & Pfeiffer, D. U. (2017). Statistical Exploration of Local Transmission Routes for
African Swine Fever in Pigs in the Russian Federation, 2007-2014. Transbound Emerg Dis,
64(2), 504-512. doi:10.1111/tbed.12391

Verhagen, J. H., Herfst, S., & Fouchier, R. A. (2015). How a virus travels the world. Science,
347(6222), 616-617.

Wilesmith, J., Stevenson, M., King, C., & Morris, R. (2003). Spatio-temporal epidemiology of foot-and-
mouth disease in two counties of Great Britain in 2001. Prev Vet Med, 61(3), 157-170.

Zhao, Y., Richardson, B., Takle, E., Chai, L., Schmitt, D., & Xin, H. (2019). Airborne transmission may
have played a role in the spread of 2015 highly pathogenic avian influenza outbreaks in the
United States. Sci Rep, 9(1), 1-10.

20


http://www.R-project.org/
http://qgis.org/
http://www.oie.int/

482 Table

483  Table 1. Distribution of HPAI H5NS8 outbreaks per species, type and period in Korea

Wave Duck (%) Chicken (%) Others (%)  Total number of cases Starts End Number of days
First 166 (78.3) 39 (18.4) 7(3.3) 212 2014-01-15 2014-07-29 196
Second 117 (72.2) 39 (24.1) 6 (3.7) 162 2014-09-24 2015-06-10 260
Third 14 (82.4) 0 (0.0) 3(17.6) 17 2015-09-14 2015-11-15 63
Fourth 2 (100.0) 0 (0.0) 0 (0.0) 2 2016-03-23 2016-04-05 14
Total 299 (76.1) 78 (19.8) 16 (4.1) 393 533

484 HPALI, highly pathogenic avian influenza

485
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486  Table 2. Spatiotemporal cluster of Korea poultry farms during HPAI H5N8 outbreaks from 2014 to 2016

Number of  Number of Expected Observe to
Wave Cluster  Radius(km) Start End P-value
days outbreaks outbreak expected ratio

First 1 9.86 2014-01-15 2014-01-24 10 20 23 8.8 0.001
2 6.91 2014-02-01 2014-02-07 7 15 1.8 8.5 0.001
3 2.21 2014-02-17 2014-02-19 3 28 4.1 6.8 0.001
4 21.84 2014-03-10 2014-04-06 28 17 3.9 4.4 0.002
5 19.74 2014-03-10 2014-04-08 30 11 22 5.1 0.030

Second 1 5.95 2014-09-24 2014-10-12 19 14 1.9 7.2 0.001
2 72.59 2014-10-17 2014-11-19 34 11 2.3 4.8 0.025
3 1.30 2014-12-22 2014-12-26 5 5 0.2 324 0.001
4 19.76 2015-02-22 2015-03-20 27 36 10.2 3.5 0.001
5 0.46 2015-03-26 2015-04-12 18 11 0.8 13.5 0.001
6 30.74 2015-04-16 2015-05-21 36 6 0.4 16.2 0.001

487 HPAI, highly pathogenic avian influenza
43 22

44



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508
45

46

Figure Legends

Figure 1. Location of Highly pathogenic avian influenza case farms in the first and second

waves

Red round dot is the outbreaks in poultry farms at the first wave from January 14, 2014 to
June 23, 2014. Green rectangle dot is the outbreaks in poultry farms at the second wave from

September 23, 2014 to June 24, 2015.

Province abbreviations are as follows; CB: Chungbuk, CN: Chungnam, GB: Gyeongbuk,

GG: Gyeonggi, GN: Gyeongnam, GW: Gangwon, JB: Jeonbuk, JN: Jeonnam.

Figure 2. Epidemic curve of HPAI HSNS from 2014-2015

A. Epidemic curve of the first wave of HPAI H5NS from January 2014 to August 2014 in

South Korea.

B. Epidemic curve of the second wave of HPAI H5NS8 from September 2014 to July 2015 in

South Korea.

HPAI, highly pathogenic avian influenza

Figure 3 Excess risk attributable to the space-time interaction (D,) as a function of space and

time

A. Excess risk attributable to the space-time interaction of the first wave of HPAI HSN8 from

January 14, 2014 to June 23, 2014.

B. Excess risk attributable to space-time interaction of the second wave of HPAI H5NS8 from
23



509 September 23, 2014 to June 24, 2015.

510 The red-shaded area show the space-time interaction for which the observed number of cases

511  was higher than twice the expected number, which assumes no space-time interaction (Dy>1).

512 HPAL highly pathogenic avian influenza

513

514  Figure 4. Spatiotemporal cluster of poultry farms during the first wave of HPAI H5NS§

515 outbreaks in Korea

516  The left map shows whole area of South Korea

517  A) Spatiotemporal cluster of the first wave of HPAI H5NS in the western middle region.

518 B) Spatiotemporal cluster of the first wave of HPAI HSN8 in the southwestern region

519 Province abbreviations are as follows; CB: Chungbuk, CN: Chungnam, GB: Gyeongbuk,

520 GG: Gyeonggi, GN: Gyeongnam, GW: Gangwon, JB: Jeonbuk, JN: Jeonnam.

521 HPALI, highly pathogenic avian influenza

522

523 Figure 5. Spatiotemporal cluster of poultry farms during the second wave of HPAI HSN8

524  outbreaks in Korea

525 The left map shows whole area of South Korea

526 A) Spatiotemporal cluster of the second wave of HPAI HSNS in the western middle region.
527 B) Spatiotemporal cluster of the second wave of HPAI H5NS in the southwestern region
528 Province abbreviations are as follows; CB: Chungbuk, CN: Chungnam, GB: Gyeongbuk,
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529 GG: Gyeonggi, GN: Gyeongnam, GW: Gangwon, JB: Jeonbuk, JN: Jeonnam.

530 HPALI, highly pathogenic avian influenza
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