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Background: In South Korea, African swine fever virus (ASFV) has spread among wild
boars through Gangwon-do to Dangyang-gun, Chungcheongbuk-do on the southern
border of Gangwon-do. To prevent the spread of ASFV to African swine fever (ASF)-free
areas, it is necessary to identify areas with a high probability of finding ASFV-infected car-
casses and to reduce the density of wild boars in those areas. In this study, we described
the propagation trend of ASFV among wild boars, constructed the habitat suitability maps
for ASFV-infected carcasses, and suggested areas with a high probability of finding AS-
FV-infected carcasses and an important route of ASFV transmission.

Results: Despite the active quarantine policies in Korea to prevent the spread of ASFV
through wild boars, there was no significant difference in the monthly average of number
of ASFV-infected carcasses observed between 2020 and 2021. The ASFV-infected carcasses
were found more in winter and spring (January to April). Since the first ASF outbreak in
wild boars on October 2, 2019, the maximum width of ASFV-infected carcass distribution
area was 222.7 km for about 26 months till November 20, 2021. The habitat suitability map,
based on GPS coordinates of ASFV-infected wild boar carcasses, shows that highly detect-
able areas of ASFV-infected carcasses were sporadically dispersed in western and south-
western parts of Gangwon-do, and ranged from north to south of the province along the
Baekdudaegan Mountains, whereas poorly detectable areas ranged along the north to the
south in the middle parts of the province.

Conclusions: Our suitability model, based on the GPS coordinates of ASFV-infected car-
casses, identifies potential habitats where ASFV-infected carcasses are likely to be found
and ponential routes where ASFV is likely to spread. Among ASF-free areas, the areas with
high suitability predicted in this study should be given priority as survey areas to find AS-
FV-infected carcasses and hunting areas to reduce wild boar populations.

Keywords: African swine fever virus, wild boar carcass, Sus scrofa, habitat suitability in-
dex, ASF spread pattern

carcasses (Chenais et al. 2019; Probst et al. 2019), fomites
(Mazur-Panasiuk et al. 2019; Mur et al. 2012), and infected

African swine fever (ASF) is an emerging contagious vi-
ral disease which affects both domestic pigs and wild boars
(EFSA et al. 2021). The disease is caused by African swine
fever virus (ASFV) which is the sole member of the family
Asfarviridae and is an enveloped double-stranded DNA vi-
rus (Dixon et al. 2013; Mazur-Panasiuk et al. 2019). Due to
high stability to environmental change, ASFV can remain
infectious for several months in variable environments
(Fischer et al. 2020; Mazur-Panasiuk et al. 2019). ASFV can
be transmitted via direct ASFV-infected animal contact
(Mazur-Panasiuk et al. 2019; Olesen et al. 2017), infected

soft ticks of the genus Ornithodoros (Mazur-Panasiuk et
al. 2019; Plowright et al. 1969). ASF has been endemic to
sub-Saharan Africa since the 1920s. In Europe, ASF spread
widely to parts of European countries after outbreaks in
Georgia in 2007, which was then reported in 11 European
members (Lithuania, Poland, Latvia, Estonia, Czechia, Ro-
mania, Hungary, Bulgaria, Slovakia, Belgium, and Greece)
(EFSA et al. 2021), and in the European, middle and
south-eastern parts of Russian Federation (Zakharova et
al. 2021).

In Asia and the Pacific, since the 1st occurrence of ASF
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in China on August 1, 2018, the disease has spread to Mon-
golia (January, 2019), Vietnam (February, 2019), Cambodia
(March, 2019), Hong Kong (May, 2019), North Korea (May,
2019), Laos (June, 2019), Myanmar (August, 2019), Philip-
pines (July, 2019), South Korea (September, 2019), Timor-
Leste (September, 2019), Indonesia (November, 2019), Pap-
ua New Guinea (March, 2020), and more recently in India
(May, 2020). Moreover, Russia reported an ASF event in
the east side of the country (bordering China) in August
2019 (OIE 2021).

In South Korea, the first case of ASF was reported in a
domestic pig farm in Paju-si which belongs to Gyeonggi-do
on September 16, 2019, and then in wild boars, the disease
spread through Gangwon-do to Dangyang-gun, Chungc-
heongbuk-do, on the southern border of Gangwon-do.
Gangwon-do covers the largest part of the Baekdudaegan
Mountains and the forest area of Gangwon-do occupies
80.5% of the province (Korea Forest Service 2021). The
mountains in Gangwon-do are connected to those in
Chungcheongbuk-do through the Baeckdudaegan Moun-
tains (Korea Forest Service 2021). In order to prevent the
spread of African swine fever virus (ASFV) to ASF-free ar-
eas, it is necessary to identify areas with a high probability
of finding ASFV-infected carcasses and reduce the density
of wild boars in those areas. The habitat suitability map
(HSM), which is derived using the GPS coordinates of the
sites where ASFV-infected carcasses were found, provides
information on the area to be surveyed for searching the
ASFV-infected carcasses in ASF-free areas. It can provide
important information in selecting the areas which should
be managed in order to prevent the spread of ASFV to
ASF-free areas. If ASFV spreads to the ASF-free areas, it is
more likely that ASFV-infected carcasses will be found first
in the areas with more suitable habitats in the HSM. Thus,

ASF-infected carcass
% detection sites [1710]

Page 2 of 8

HSM can help significantly in selecting hunting target ar-
eas, ASFV-infected carcass search areas and fencing instal-
lation areas.

In this study, we have described the propagation trend of
ASFV among wild boars, constructed habitat suitability
maps for ASFV-infected carcasses in Gangwon-do using
the GPS coordinates of the sites where ASFV-infected car-
casses were found, and suggested the areas with a high
probability of spreading ASFV to ASF-free areas.

Study area and GPS data collection

Gangwon-do is located in the northeastern South Korea
and consists of 7 cities and 11 counties. The province bor-
ders Gyeonggi-do to the west and Chungcheongbuk-do to
the south. To analyze the trend of ASF spread in wild
boars, 1710 GPS coordinates of ASFV-infected wild boar
carcasses (Fig. 1A), which were detected during the period
of October 2, 2019 to November 20, 2021, and the report
dates were provided from Ministry of Agriculture, Food
and Rural Affairs, Republic of Korea.

We constructed two types of HSM for wild boars in
Gangwon-do: for ASFV-infected wild boars found dead
(ASF-infected carcass) and for hunted wild boars in ASF-
free areas. For the former map, we used the GPS coordi-
nates of the 1,646 sites of the ASFV-infected carcasses
found in Gangwon-do. For the latter map, we used the GPS
coordinates of the 448 sites of hunted wild boars collected
in hunting grounds in Hongcheon-gun, Hoengseong-gun,
and Pyeongchang-gun which were located in the southern
and western parts of Gangwon-do during the period from
February 3, 2021 to March 30, 2021, before the ASF out-

Localities of sample collec-
tion. The 1,710 sites where African
swine fever virus (ASFV)-infected
wild boar carcasses were found
from October 2, 2019 to November
20, 2021 (A) and the points above
the line A and those below the
line B indicate the sites where AS-
FV-infected carcasses were found
from October 2, 2019 to March
30, 2021 (B). The points between
the lines A and B indicate the 448
sites where wild boars were hunt-
ed in the hunting area from Feb-
ruary 3, 2021 to March 30, 2021
(B). ASFV-infected carcasses were
not found in the hunting area until
March 30, 2021.
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break in the hunting grounds (Fig. 1B).

Habitat suitability modeling
The HSMs were constructed through Maxent using oc-

currence records and environmental variables. The GPS
coordinates of the sites where ASFV-infected carcasses
were found and the sites where hunted wild boars were
found were recorded in the CSV file format. The CSV file
was used as the input file for Maxent. In addition to the
species occurrence data, 11 variables in total were also used
as model inputs, referring to the previous studies (Lim et
al. 2015; Seo et al. 2008; Song and Kim 2012). The variables
were categorized into terrain-, forest- and human-disturbed
variables. The three terrain variables (elevation, aspect, and
slope) were obtained from the Digital Elevation Model
(DEM) database in the National Geographic Information
Institute website (http://map.ngii.go.kr/) and one terrain
variable (distance from water system) was obtained from
the stream order map of the Water Resources Management
Information System (WRMIS). The four forest variables
(forest type, crown density, age-classes of trees, and diame-
ter at breast height of trees) were taken from the 1:5,000
Forest Type Map by the Korea Forest Service. The two hu-
man-disturbed variables (distance from residences and
distance from farmlands) were from the 2020 Subdivision
Land Cover Map from Ministry of Environment and one
human-disturbed variable (distance from roads) was from
the Road Map of Korea from Ministry of Land.

To understand the spatial distribution throughout Gang-
won-do, the ESRI shape-file of the administrative bound-
ary map along the province was overlaid onto the grid file
containing bioclimatic variables in ArcGIS 10.2 (Esri, Red-
lands, CA, USA). This grid file was then overlaid on DEM
data to generate information on the altitudinal range of
wild boars in the area.

Spread pattern of ASFV-infected wild boar
carcasses
After the first outbreak in a domestic pig farm in Paju-si,

Gyeonggi-do on September 16, 2019, an ASFV-infected
wild boar carcass was first discovered in Sinseo-myeon
(GPS coordinate; 38.264194, 127.077194), Yeoncheon-gun,
Gyeonggi-do on October 2, 2019. In Gangwon-do, an AS-
FV-infected wild boar carcass was first discovered in Won-
nam-myeon (38.309722, 127.603056), Cheorwon-gun,
which borders Gyeonggi-do, on October 11, 2019, and then
found across wide regions of the northern Gangwon-do
from the western (Cheolwon-gun) to eastern (Goseong-
gun) regions. In 2020, ASFV-infected carcasses were found
only in the northern Gangwon-do, and not in the middle
regions of the province. Unexpectedly, however, on De-
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cember 28, 2020, an ASFV-infected carcass was found in
Jucheon-myeon, Yeongwol-gun in the southernmost part
of Gangwon-do, far away from previously known outbreak
areas.

In 2021, ASF-infected carcasses were found more widely
in a region from the northern part to the southeastern part
of Gangwon-do. In the Yeongseo region, which is located
in the western part of the Baekdudaegan Mountains in
Gangwon-do, up to the northern outskirts of Chuncheon,
ASFV-infected carcasses were found frequently (176 cases).
The ASFV-infected carcasses (31 cases) were also found in
Hongcheon and Hoengseong (Fig. 1A).

In Yeongwol-gun (Satgat-myeon), which is located in the
southernmost part of Gangwon-do, adjacent to Chungc-
heongbuk-do, an ASFV-infected carcass was discovered
again on October 31, 2021, almost 10 months after the first
incidence in Yeongwol-gun (Jucheon-myeon) on December
28, 2020. Since then, 8 more cases were found in Yeong-
wol-gun in less than a month until November 20, 2021.

In Chungcheongbuk-do, the first case of ASFV-infected
carcasses was reported in Danyang-gun, which is adjacent
to Yeongwol-gun, Gangwon-do, on November 14, 2021;
later they were also found in Jecheon-si on November 19,
2021, showing a trend of spreading in Chungcheongbuk-
do.

Despite the active quarantine policies in Korea to block
the spread of ASFV through wild boars, such as fencing
and pre-emptive hunting, and detection and removal of
ASFV-infected carcasses, ASF is currently spreading at a
relatively rapid pace among wild boars. The maximum
propagation linear distance of ASF in wild boars was 222.7
km (from Paju-si; 37.912916, 126.711692 to Samcheok-si;
37.427001, 129.160967) for about 26 months up to Novem-
ber 20, 2021 since the first ASF outbreak in wild boars on
October 2, 2019. Since ASF spread by wild boar movement
was estimated to be < 25 km in a year (Taylor et al. 2021),
the spread of ASF tends to spread at a faster rate in South
Korea.

The spread of ASF in wild boars can be affected by the
density of wild boars (Bergmann et al. 2021), mediators
such as scavengers (Probst et al. 2019) and arthropods
(Golnar et al. 2019), and human activities (Bergmann et al.
2021). There are no reports of scavenger or mite-mediated
ASFV transmission in Korea yet. However, there have been
suspected cases of human-mediated ASF spread in wild
boars. A typical feature of human activity-mediated ASF
spread is that ASFV-infected carcasses are found beyond
local geographical boundaries (EFSA et al. 2020; EFSA et
al. 2021; Podgérski and Smietanka 2018; Taylor et al. 2021).
There have been cases of likely human-mediated ASF
transmission among wild boars living away from a long
distance in the Czech Republic (Cukor et al. 2020), Bel-
gium (Linden et al. 2019) and West Poland (Mazur-Panasi-
uk et al. 2020; Sauter-Louis et al. 2021). The newly intro-
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duced ASFV into a previously ASF-free area spreads among
wild boars within the area through the carcass-mediated
transmission pathway and environmental contamination
(Bergmann et al. 2021; Dixon et al. 2020; Lange and Thul-
ke 2017; Podgérski and Smietanka 2018; Taylor et al. 2021).

In South Korea, the ASFV-infected carcass discovered in
Jucheon-myeon (37.256705, 128.273151), Yeongwol-gun on
December 28, 2020 was 89.7 km away from that reported
on December 27, 2020 in Sancheon-myeon (37.873478,
127.616378), Hwacheon-gun, located the shortest distance
from that point. The ASFV-infected carcass discovered in
Gangneung-si (37.8926, 128.778) on February 12, 2021 was
55 km east of that discovered in Inje-gun (38.097705,
128.20703) on February 8, 2021. In previous studies, ASF
spread by wild boar movement was estimated to be 2-
5 km/month (Chenais et al. 2019), 1.5 km/month (Podgér-
ski and Smietanka 2018) and < 25 km in a year (Taylor et
al. 2021). Thus, in South Korea, the medium- and long-dis-
tance spread of ASF (i.e. > 30 km) is unlikely to have oc-
curred due to dispersal of ASFV-infected wild boars; in-
stead the other pathways such as ASF propagation by
human activities are likely to be more dominant in the
long-distance spread of ASF (Taylor et al. 2021).

The monthly average number of the ASFV-infected car-
casses was 71.5 + 52.1 cases (n = 12, range = 24-185) in
2020 (January 1 to December 31), which was a little lower
than 75.9 + 42.2 cases (n = 10, range = 19-168) in 2021
(January 1 to October 31), but there was no statistically sig-
nificant difference between the two years (p > 0.05) (Fig. 2).
The ASFV-infected carcasses tend to be found more in
winter and spring (January to April) (Fig. 2). They ap-
peared at the highest frequency in March (185 cases) in
2020 and February (168 cases) in 2021. In summer (Au-
gust), they appeared at a rather high frequency. In EU, the
proportions of ASFV-infected cases in hunted wild boars
remained low throughout the year without visible seasonal
patterns, but there was a clear seasonality in the propor-
tion of ASFV-infected cases, from wild boars found dead,

200 A
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showing a declining trend in summer and increasing trend
in winter (EFSA et al. 2021). Although there may be poten-
tial biases because the effort to search cannot be quantified
only due to the quarantine policy of the country, the re-
sults show a general trend of seasonal occurrence of AS-
FV-infected carcasses.

Habitat suitability map of ASF-infected wild

boars
We obtained area under the curve (AUC) values of 0.774

for model reliability of HSM for the ASFV-infected car-
casses and 0.847 for that of hunted wild boars, indicating
that the model performed better than random, thus vali-
dating the accuracy of the model (Swets 1988). The results
of Maxent Jackknife test indicated that important parame-
ters includes distance from residences, elevation and dis-
tance from roads in HSM for ASFV-infected carcasses, and
elevation, distance from farmlands and distance from wa-
ter system in that for the hunted wild boars (Fig. S1).

In the HSM (Fig. 3A), the area with very high probability
(more than 0.75 habitat suitability index [HSI]) of finding
ASFV-infected carcasses was 2.52% (285.57 km?) of the an-
alyzed area of 11,337 km’ in Gangwon-do, the area with a
moderate to high probability (0.50-0.75 HSI) was 19.06%
(2,161.03 km®), the area with low probability (0.25-0.5 HSI)
was 48.44% (5,491.22 km®), and the area with very low
probability was 29.98% (3,399.07 km?), respectively.

The model predicts that highly detectable areas of AS-
FV-infected carcasses were sporadically dispersed in west-
ern and southwestern parts of Gangwon-do, and ranged
from north to south of the province along the Baekdudae-
gan Mountains, whereas poorly detectable areas ranged
from the north to the south in the middle parts of the
province (Fig. 3A).

In the HSM for the hunted wild boars (Fig. 3B), the high-
ly suitable habitats for the hunted wild boars were found in
Pyeonchang-gun, eastern part of Hoengseon-gun, eastern
part of Hongchong-gun, and the western part of the Baek-

The monthly discovery trend
of 1,710 ASFV-infected wild boar
carcasses discovered during the
period from October 2, 2019 to
November 20, 2021. ASFV: African
swine fever virus.
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Habitat suitability maps de-
rived using the GPS coordinates of
the sites where ASFV-infected wild
boar carcasses (A) and the hunted
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e s T
g ; won-do. On the map, the empty
space under the northern bound-
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dudaegan Mountains over the Pyeongchang-gun, Jeongseon-
gun, Samcheok-si and Taebaek-si (Fig. 3B). Of the analyzed
area of 11,337 km’, 3.13% (354.76 km®) was likely to be very
highly suitable habitats for the hunted wild boars (more
than 0.75 HSI ), 14.93% (1,692.32 km®) was likely to be
moderately to highly suitable habitats (0.50-0.75 HSI),
31.21% (3,537.82 km®) was likely to be low suitable habitats
(0.25-0.5 HSI), and 50.74% (5,751.98 km®) was likely to be
very low suitable habitats (0.25-0.5 HSI).

Implications for management
Understanding the suitable habitats of wild boars is im-

portant in making management strategies and policy deci-
sions, such as selection of search area for ASFV-infected
carcasses, fence installation areas and hunting areas to pre-
vent in advance the spread of ASFV-infected wild boars
(Bosch et al. 2014; ENETwild Consortium et al. 2018; Lim
et al. 2021; Sofaer et al. 2019).

The HSMs using raster cells with more than 5.0 HSI,

based on the GPS coordinates of ASFV-infected carcasses,
provides information on areas where there is a high proba-
bility of finding ASFV-infected carcasses. The suitable
habitats with more than 0.5 HSI was much larger in Yang-
gu-gun (60.2%) than in other cities or counties in Gang-
won-do and accounted for more than 20% inl0 cities or
counties (Fig. 4, Table S1).

The map shows that ASFV-infected carcasses can highly
emerge in northern Gangwon-do, where ASFV-infected
carcasses have frequently been found till date. If ASFV-in-
fected wild boars spread, the infected carcasses are likely to
be found from the north to the south along the Baekdudae-
gan Mountains and its adjacent cities and counties such as
Sokcho-si, Yangyang-gun, Gangneung-gun, and Dong-
hae-si (Fig. 5A). This spread route of ASFV-infected wild
boars is well matched with highly suitable habitats of the
wild boars from the HSM derived using GPS coordinates
of the wild boars’ trace points in the previous study (Fig. 2
in Rho 2015).
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The highly and moderately
suitable habitats with HSI of more
than 0.5 in the habitat suitability
maps derived using the sites where
ASFV-infected carcasses were found
(A) and the sites where the hunted
wild boars were found (B). HSI: hab-

Habitat suitability itat suitability index; ASFV: African

100 km
1

In the Yeongseo area, west of Gangwon-do, the ASFV-in-
fected carcasses were more likely to be found in the north-
ern and eastern outskirts of Chuncheon-si, the boundaries
between Chuncheon-si, Hongcheon-gun, and Inje-gun, the
boundaries between Pyeongchang-gun, Jeongseon-gun,
and Yeongwol-gun, and the southern part of Yeong-
wol-gun (Fig. 5A).

According to the HSM derived using the GPS coordi-
nates of the hunted wild boars (Fig. 5B), more moderate
suitable habitats (= 0.5) are distributed widely in the mid-
dle part of the province, revealing high suitability in most
of Pyeongchang, eastern part of Hongcheong, eastern part
of Heongseong, and southwestern of Gangneung. The suit-
able hunting sites in the HSM did not correspond to the
areas where the high spread of the ASFV-infected wild
boars was expected (Fig. 5).

In this study, our suitability model, based on GPS coor-
dinates of ASFV-infected carcasses, identifies the potential
habitats where ASFV-infected wild boar carcasses are likely
to be found and may be an important route for ASFV to
spread. The areas with high suitability predicted in this
study should be given priority as survey areas to find AS-
FV-infected carcasses and hunting areas to reduce wild
boar population.

This study describes the propagation trend of ASFV-in-
fected wild boars, provides habitat suitability maps for AS-
FV-infected wild boars, and suggests the areas with a high
probability of finding ASFV-infected carcasses. Despite ac-
tive quarantine policies in Korea to prevent the spread of
ASFV through wild boars, there was no significant differ-
ence in the monthly average number of ASFV-infected car-

B more than 0.5 swine fever virus

casses between 2020 and 2021. The ASFV-infected carcass-
es tended to be found more in winter and spring (January
to April). The maximum width of ASFV-infected carcass
distribution area was 222.7 km for about 26 months up to
November 20, 2021 since the first ASF outbreak in wild
boars on October 2, 2019. At least two cases (Yeongwol-
gun; 37.256705, 128.273151 and Gangneung-si; 37.8926,
128.778) are likely to be related to presumably any type of
fomite-related translocation of the ASFV beyond the bio-
logical capacity of wild boar movement velocity. The habi-
tat suitability model, based on GPS coordinates of AS-
FV-infected carcasses, identifies potential habitats where
ASFV-infected carcasses are likely to be found and may be
an important route for ASFV to spread. Among the ASF-
free areas, the areas with high suitability predicted in this
study should be given priority as survey areas to find ASF-
infected carcasses and hunting areas to reduce wild boar
populations.

Supplementary information accompanies this paper at
https://doi.org/10.1186/jee.22.006.

Table S1. The ratio of area with HSI of 0.5 or more in the
habitat suitability map using the location coordinates of
ASF-infected carcasses in each city or county in Gang-
won-do. Fig. S1. Maxent Jackknife test of the environmen-
tal variables for habitat suitability map of ASFV-infected
carcasses and the hunted wild boars.
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