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Abstract
Background Aujeszky’s disease virus (ADV) primarily infects domestic pigs and wild boars, causing the abortion and 
death of young piglets due to central nervous system disorders. In Japan, the national eradication program for ADV 
in domestic pigs has been successful in most prefectures; however, concern has been raised regarding ADV-infected 
wild boars as a source of transmission to domestic pigs.

Results We assessed the nationwide seroprevalence of ADV among wild boars (Sus scrofa) in Japan. Moreover, we 
determined the sex-based differences in the spatial clustering of seropositive animals. Serum samples were obtained 
from a total of 1383 wild boars acquired by hunting in 41 prefectures in three fiscal years (April–March in 2014, 2015, 
and 2017). Seropositivity tests for ADV using enzyme-linked immunosorbent assay, the latex agglutination and 
neutralization tests showed 29 boars seropositive for ADV (29/1383, 2.1% [95% confidence interval, CI: 1.4–3.0%]), 
with 28 of these boars originating from three prefectures in the Kii Peninsula (28/121, 23.1% [95% CI: 16.0–31.7%]). 
The degree of spatial clustering of these ADV-seropositive adult boars in the Kii Peninsula was evaluated using the 
K-function and data from sera samples of 46 (14 seropositive) male and 54 (12 seropositive) female boars. The degree 
of clustering among females was significantly higher in seropositive animals than in tested animals; however, such a 
difference was not observed for seropositive males.

Conclusions The spatial dynamics of ADV among adult wild boars may be characterized based on sex, and is likely 
due to sex-based differences in behavioral patterns including dispersal among wild boars.

Keywords Wild boar, Aujeszky’s disease virus, Sex-based difference, Spatial clustering, National serosurvey, K-function

Sex-based differences in the distribution 
of Aujeszky’s disease-seropositive Japanese 
wild boar
Emi Yamaguchi1, Michihiro Takagi2,3, Makoto Osaki4, Yoko Hayama1 and Takehisa Yamamoto1*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40813-023-00323-z&domain=pdf&date_stamp=2023-6-13


Page 2 of 10Yamaguchi et al. Porcine Health Management            (2023) 9:28 

Background
Wild boars (Sus scrofa) are widely distributed through-
out the world, from Eurasia, where they are native, to 
North and South America and Oceania, where they are 
non-indigenous [1–3]. In the past several decades, wild 
boar populations have increased [4, 5], leading to global 
concerns about crop predation, ecological damage, and 
disease transmission by wild boars [6–9]. Because their 
habitats include public and livestock areas [10, 11], vari-
ous causative agents for livestock and zoonotic diseases 
may be transmitted between wild boars and domestic 
pigs, as well as to humans [9, 12, 13]. In Japan, an esti-
mated 870,000 indigenous wild boars lived in most pre-
fectures in 2020 [14]. These animals pose a risk of disease 
transmission to pig farms including, diseases caused by 
the classical swine fever virus [15]. Meanwhile, a total of 
9.5  million domestic pigs are raised in about 5,000 pig 
farms throughout Japan. The pigs are mostly kept indoors 
as an intensive production system. As the population of 
Japanese boars expands in Japan [3], the risk of infections 
from wild boars to domestic pigs may also increase. It is 
necessary to understand the ecology of disease-causing 
agents in the wild boar population to enable the estab-
lishment of an effective control strategy that prevents 
disease, promotes public health, and enhances livestock 
hygiene in pig farms.

Aujeszky’s disease virus (ADV), also known as pseudo-
rabies virus or Suid alphaherpesvirus 1, is a member of 
the subfamily Alphaherpesvirinae of the family Herpes-
viridae. It primarily infects Sus scrofa including domestic 
pigs and wild boars, causing significant economic losses 
to pig farmers due to abortion and death of young pig-
lets caused by central nervous system disorders. Mortal-
ity and morbidity rates are higher in young piglets and 
decrease with increasing age [16]. ADV spread world-
wide in the 1970s, affecting countries in North Amer-
ica, Oceania, and Europe including the United States, 
Canada, New Zealand, Germany, and Denmark, ADV 
has been mostly eradicated from domestic pigs in these 
countries [16, 17], although serological and virological 
surveys have revealed the presence of ADV in wild boar 
populations [18–20]. As the distribution of wild boars 
increases, the risk of ADV transmission to domestic pig 
farms also increases due to possible ADV exposure from 
infected wild boars [18].

In Japan, the first case of Aujeszky’s disease (AD) was 
detected in domestic piglets in 1981 [21], and by the end 
of the decade, thousands of ADV-infected domestic pigs 
had been found in several prefectures [22]. Starting in 
1991, a national ADV eradication program was imple-
mented, which involved vaccination using live-attenuated 
vaccines for domestic pigs. As of June 2021, only one pre-
fecture, Ibaraki Prefecture, was reported as having ADV-
infected domestic pig farms [23]. A study by Mahmoud et 

al. indicated that ADV-seropositive wild boars were pres-
ent in three prefectures in the western part of Japan [24]. 
ADV-infected hunting dogs with a history of biting or 
eating wild boar have been reported in Miyazaki [25] and 
Oita Prefectures [26], suggesting that wild boars in these 
prefectures may also be infected. Therefore, infected wild 
boars can be a source of ADV to domestic pigs in these 
areas. Wild boars are indigenous to most prefectures in 
Japan, and their distribution has recently expanded [3]. 
Moreover, because ADV is lethal to dogs [16], hunting 
dogs are at risk of contracting ADV by biting infected 
wild boar, as previously reported [25, 26]. A better under-
standing of the factors that affect the distribution of 
ADV-infected boars will help to evaluate the risk of ADV 
infection in domestic pig farms and hunting dogs.

Previous studies have revealed that various biological 
factors (e.g., reproductive behavior, feeding habit, and 
immunosuppression) that differ according to sex can 
affect the dynamics of infectious diseases among wild 
mammals [27–29]. In wild boars, experimental and field 
evidence shows that venereal contact may be the major 
transmission route for ADV [18, 30, 31]. Although no 
study has reported that the mortality and severity of AD 
differ by sex, the behaviors of male and female wild boars 
differ greatly, which may cause sex-based differences in 
the dynamics of ADV in the field. Male boars disperse 
along great distances as they mature [32, 33], whereas 
females tend to remain near their birthplace within a 
maternal group comprising female relatives and their off-
spring [34]. In addition, males roam actively to search for 
breeding opportunities during winter, i.e., the breeding 
season [35], during which they mate with several females 
[34]. A previous field study showed that ADV seropreva-
lence in females is higher than in males; and changed 
with the seasons in males among wild swine, which sug-
gested to be caused due to sex-related differences in 
behaviors [36].

The aims of the present study were to investigate the 
seroprevalence of ADV among wild boars in Japan and to 
determine the sex-based differences in the spatial cluster-
ing of seropositive animals. We conducted this research 
to better understand the mechanism of ADV spread 
among wild boars in Japan and to provide useful infor-
mation for the planning of control measures for AD and 
other contact-transmissible diseases.

Results
Blood samples were collected from 1383 boars in 41 pre-
fectures, consisting of 699, 312, and 372 boars sampled in 
2014, 2015, and 2017, respectively (Table 1). Of the total, 
312 (22.6% [95% confidence interval (CI): 20.4–24.9%]) 
and 48 (3.5% [95% CI: 2.6–4.6%]) boars were tested posi-
tive for ADV based on the S enzyme-linked immunosor-
bent assay (ELISA) and gI ELISA, respectively, with 41 
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boars (3.0% [95% CI: 2.1–4.0%]) testing positive in both 
ELISAs. Among the 319 boars that tested positive for 
either ELISA, 29 (2.1% [95% CI: 1.4–3.0%]) tested posi-
tive for both the latex agglutination test (LAT) and the 
serum neutralization test (NT), thus confirming their 
ADV seropositivity. All boars positive for both LAT and 
NT were also positive for both ELISAs. The remaining 
291 boars that tested positive for either ELISA test were 

seronegative for ADV. Therefore, it is possible to misdi-
agnose ADV due to false positive results from nonspe-
cific reactions.

Twenty-eight of the 29 seropositive boars were from 
an area where ADV is endemic and that consists of the 
neighboring prefectures of Mie, Nara, and Wakayama, all 
located in the Kii Peninsula, (Table 1; Fig. 1, and Fig. 2). 
One out of the 29 seropositive boars was from Miyazaki 

Table 1 Seroprevalence of Aujeszky’s disease virus among wild boars in 41 prefectures in Japan in 2014, 2015, and 2017. Pref IDs refer 
to the location of each prefecture in Fig. 1
Pref ID Prefecture 2014 2015 2017 Total Prevalence 

(95% confidence interval)
4 Miyagi 0/0 0/0 0/39 0/39 0% (0–9.03%)

7 Fukushima 0/0 0/0 0/32 0/32 0% (0–10.89%)

8 Ibaraki 0/0 0/0 0/40 0/40 0% (0–8.81%)

9 Tochigi 0/0 0/2 0/29 0/31 0% (0–11.22%)

10 Gunma 0/0 0/45 0/0 0/45 0% (0–7.87%)

11 Saitama 0/0 0/0 0/37 0/37 0% (0–9.49%)

12 Chiba 0/0 0/0 0/34 0/34 0% (0–10.28%)

14 Kanagawa 0/0 0/0 0/36 0/36 0% (0–9.74%)

15 Niigata 0/25 0/0 0/0 0/25 0% (0–13.72%)

16 Toyama 0/17 0/0 0/0 0/17 0% (0–19.51%)

17 Ishikawa 0/0 0/0 0/34 0/34 0% (0–10.28%)

18 Fukui 0/6 0/0 0/0 0/6 0% (0–45.93%)

19 Yamanashi 0/24 0/0 0/0 0/24 0% (0–14.25%)

20 Nagano 0/16 0/0 0/0 0/16 0% (0–20.59%)

21 Gifu 0/38 0/0 0/0 0/38 0% (0–9.25%)

22 Shizuoka 0/24 0/38 0/0 0/62 0% (0–5.78%)

23 Aichi 0/24 0/0 0/0 0/24 0% (0–14.25%)

24 Mie 6/27 11/49 0/0 17/76 22.37% (13.6–33.38%)

25 Shiga 0/20 0/0 0/0 0/20 0% (0–16.84%)

26 Kyoto 0/16 0/0 0/0 0/16 0% (0–20.59%)

27 Osaka 0/0 0/0 0/50 0/50 0% (0–7.11%)

28 Hyogo 0/20 0/0 0/0 0/20 0% (0–16.84%)

29 Nara 4/28 0/0 0/0 4/28 14.29% (4.03–32.67%)

30 Wakayama 7/17 0/0 0/0 7/17 41.18% (18.44–67.08%)

31 Tottori 0/25 0/0 0/0 0/25 0% (0–13.72%)

32 Shimane 0/21 0/43 0/0 0/64 0% (0–5.6%)

33 Okayama 0/19 0/50 0/0 0/69 0% (0–5.21%)

34 Hiroshima 0/33 0/0 0/0 0/33 0% (0–10.58%)

35 Yamaguchi 0/25 0/0 0/0 0/25 0% (0–13.72%)

36 Tokushima 0/26 0/35 0/0 0/61 0% (0–5.87%)

37 Kagawa 0/35 0/0 0/1 0/36 0% (0–9.74%)

38 Ehime 0/15 0/0 0/0 0/15 0% (0–21.8%)

39 Kouchi 0/22 0/0 0/0 0/22 0% (0–15.44%)

40 Fukuoka 0/19 0/0 0/0 0/19 0% (0–17.65%)

41 Saga 0/23 0/0 0/0 0/23 0% (0–14.82%)

42 Nagasaki 0/25 0/50 0/0 0/75 0% (0–4.8%)

43 Kumamoto 0/0 0/0 0/40 0/40 0% (0–8.81%)

44 Oita 0/16 0/0 0/0 0/16 0% (0–20.59%)

45 Miyazaki 1/29 0/0 0/0 1/29 3.45% (0.09–17.76%)

46 Kagoshima 0/36 0/0 0/0 0/36 0% (0–9.74%)

47 Okinawa 0/28 0/0 0/0 0/28 0% (0–12.34%)

Total 18/699 11/312 0/372 29/1383 2.1% (1.41–3%)
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Prefecture. The seroprevalence for ADV among all boars 
sampled in these prefectures was 23.1% (28/121 [95% CI: 
16.0–31.7%]), while among males and females, the serop-
revalence rates were 24.6% (15/61 [95% CI: 14.5–37.3%]) 
and 20.3% (12/59 [95% CI: 11.0–32.8%]), respectively. 
These seroprevalence rates do not differ significantly 
(p = 0.73, chi-square test). We were unable to determine 
the sex of one adult boar. Adult boars had a significantly 
higher seropositivity than juvenile boars (27/101, 26.7% 
[95% CI: 18.4–36.5%] vs. 1/20, 5.0% [95% CI: 0.1–24.9%]; 
p = 0.04, Fisher’s exact test).

Most of the seropositive boars were from three neigh-
boring prefectures (Mie, Nara, and Wakayama) in the 
Kii Peninsula; therefore, we regard these prefectures as 
ADV-endemic areas, and the serum samples of the boars 
originated from this area were subjected to spatial analy-
sis. Out of 121 tested boars sampled in the endemic area, 
our spatial analysis considered 100 adult boars, consisted 
of 46 males (14 seropositive) and 54 females (12 sero-
positive). Figure 2 shows the spatial distribution of ADV 
seropositivity among male and female adult boars. Mean-
while, Fig.  3 shows a plot of K tested M (h) − K tested F (h) 
within the 95% CI of simulated K̂tested M (h) − K̂tested F (h), 

Fig. 1 Distribution of Aujeszky’s disease virus (ADV)-seronegative and ADV-seropositive wild boars in Japan in 2014, 2015, and 2017, as determined by a 
national serosurvey. The numbers on map are Pref IDs in Table 1

 



Page 5 of 10Yamaguchi et al. Porcine Health Management            (2023) 9:28 

and this plot indicates that the degree of spatial cluster-
ing of ADV seropositivity among male and female boars 
did not differ significantly (Fig. 3). Moreover, in the anal-
yses of the spatial clustering of male seropositive boars, 
K positive M (h) was plotted within the 95% CI of simulated 
K̂positive M (h) (Fig. 4). However, in the analyses of the spa-
tial clustering of female seropositive boars, K positive F (h) 

was plotted outside the 95% CI of simulated K̂positive F (h) 
at distances of approximately 15 and 25 km (Fig. 4).

Discussion
The results of the current study show the Japan-wide 
seroprevalence of ADV and sex-based spatial cluster-
ing of ADV-seropositive wild boars in 2014, 2015, and 
2017. The seroprevalence was 2.1% (29/1383) at the 
national level, although this figure may be an underes-
timate because of the low sensitivity of the NT. In addi-
tion, because we did not conduct viral detection tests, the 
detection of ADV viral DNA in seronegative wild boars 
[20] may also result in underestimation of disease preva-
lence. Most seropositive boars were localized at the Kii 
Peninsula (96.6%, 28/29), with 28 out of 121 boars testing 
seropositive (23.1%), which indicates endemicity of ADV 
among the boars of the Kii Peninsula.

As shown in Fig.  4, the degree of spatial clustering of 
ADV-seropositive boars was significantly higher than 
that of tested boars at distances of approximately 15 
and 25  km in females, although such spatial clustering 
was not detected in males. Meanwhile, a sex-based dif-
ference was not observed in the distribution of tested 
boars. Such sex-based spatial clustering may be attrib-
uted to the sex-based differences in behavioral patterns 
among wild boars. Maternal groups comprising female 
relatives and their offspring [34] typically have close con-
tacts within the group, which may increase ADV trans-
mission via oral and respiratory routes. As piglets mature 
sexually, females commonly remain near their birthplace, 
along with their maternal group, whereas males leave 

Fig. 3 Plot of the empirical K-function Ktested M (h) − Ktested F (h) (solid line) 
with the 95% confidence interval (CI) of simulated K̂tested M (h) − K̂tested 

F (h) (dashed line). Ktested M (h) and Ktested F (h) refer to K-functions of tested 
male and female boars, respectively. Ktested M (h) − Ktested F (h) plotted out-
side of 95% CI of simulated K̂tested M (h) − K̂tested F (h) at a scale of distance 
h indicates that the degree of spatial clustering of tested boars differs sig-
nificantly based on sex at the km scale

 

Fig. 2 Distribution of male and female adult boars seropositive and seronegative for Aujeszky’s disease virus (ADV) in three prefectures (Mie, Nara, and 
Wakayama) in the Kii Peninsula (gray area) in 2014 and 2015
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their group and become solitary [34], thus contributing 
to the spatial clustering of seropositive female boars. In 
addition, experimental infection studies have shown that 
ADV is primarily transmitted via venereal contact among 
cohabiting boars [30]. As male boars roam actively dur-
ing breeding periods [35] and mate polygamously [34], a 
single infected male can infect multiple female boars in 
its roaming area, which will produce a cluster of sero-
positive females. The distances significant for the spatial 
clustering in female (i.e., 15 and 25 km) are greater than 
the radius of the Japanese wild boar home range size, 
which is 0.9–5.3  km (based on range size of 0.81– 28.5 
km2) [37, 38], while these distances are similar to the dis-
persal distance of males, 16.6  km [32]. Accordingly, the 
dispersal of infected males may contribute to the spatial 
clustering of seropositive females.

Although more than 20% of wild boars were ADV-sero-
positive in the Kii Peninsula, we detected no seropositive 
boar in the prefectures surrounding the peninsula. The 
Kii Peninsula is surrounded by the metropolitan areas of 
Osaka and Kyoto, as well as Lake Biwa, the largest lake in 
Japan (Fig. 2). These geographical barriers may block the 
translocation of wild boars from the peninsula, thus pre-
venting the spillover of ADV-infected boars to the out-
side area. Genetic information on the boar populations in 
and around the Kii Peninsula can help assess the possi-
bility that the localized distribution of ADV-seropositive 
boars is due to limited boar movement.

In Ibaraki Prefecture, domestic pigs are still infected 
with ADV; however we detect no wild boar with ADV 
antibodies in this area. In contrast, ADV has already been 
eradicated among domestic pigs in the Kii Peninsula [23], 
where we detected most of the ADV-infected wild boars. 
Thus, the ADV-endemic areas of domestic pigs and wild 
boars do not coincide with each other. However, further 

investigation is required to ensure that domestic pigs 
remain ADV-free in the Kii peninsula. Venereal contact 
is the major ADV transmission route among wild boars 
[18, 30]. Because domestic pigs are mainly raised inside 
barns in Japan, it is unlikely that wild boars transmit 
ADV to these animals via direct contact. However, as the 
wild boar population in this area still presents with ADV, 
both direct and indirect contact between wild boars 
and domestic pigs in pig farms should be prevented to 
maintain the ADV-free status of domestic pigs in the Kii 
Peninsula.

In the Kii Peninsula and Miyazaki Prefecture, hunt-
ers should be conscious about the risk of ADV infecting 
hunting dogs that come into contact with wild boars. 
ADV was isolated from a hunting dog that had bitten 
a wild boar in Miyazaki Prefecture [25]. Moreover, in 
Oita Prefecture, hunting dogs that ate wild boar died of 
AD in 2018 [26] (i.e., after the present serosurvey), and 
we detected no ADV-seropositive boar in this area. The 
results of this study are derived from surveillance con-
ducted for 1 or 2 years. However, monitoring for ADV 
infections among wild boars should be continued to 
identify areas with seropositive wild boars.

A limitation of this study is the non-inclusion of juve-
nile animals in the spatial analysis, which was done to 
prevent the influence of maternal antibodies. How-
ever, spatial analysis that includes juvenile animals can 
be helpful to evaluate the possibility of ADV transmis-
sion within the maternal group. Evaluating the genetic 
relationships among tested animals can also help in the 
assessment of the mechanisms of ADV transmission 
within and between maternal groups.

Fig. 4 Plot of the empirical K-function (solid line) in adult male (Kpositive_M (h)) and female (Kposi_F (h)) boars with the 95% CI of K̂positive M (h) (dashed line). 
Portion of the plot of Kpositive M (h) that are outside 95% CI of simulated K̂positive M (h) at a scale of distance h indicates that ADV-seropositive male boars are 
significantly clustered at the km scale. The significance of spatial clustering in ADV-seropositive boars is identified in the same way
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Conclusion
The results of our study show a sex-based difference in 
the spatial clustering of AD-seropositive adult wild boars 
in Japan. This difference may be due to the sedentary life-
style of female boars, combined with and the polygynous 
mating system of wild boars. Therefore, it is possible that 
the distribution of other diseases among wild boars can 
be influenced by sex. Our results will contribute to efforts 
to understand how disease causing agents such as clas-
sical swine fever (CSF) virus and porcine reproductive 
and respiratory syndrome virus, which are transmitted 
between individuals, spread within and between groups 
of wild boars. Wild boars have recently been important 
carrier of disease-causing agents in humans and domes-
tic animals [9, 12, 13]. Previous studies suggest that wild 
boars play essential roles in expanding the areas of ani-
mals infected with CSF and African swine fever (ASF) 
viruses, resulting in serious economic losses to pig farm-
ers [39, 40]. Moreover, CSF and ASF infections also 
caused severe damage to the population and health of 
wild boars [41, 42].

To establish an effective control strategy against dis-
eases transmitted by wild boars, we need to understand 
the characteristics of infected wild boars and investigate 
how certain the biological factors of host animals, such 
as sex, contribute to infectious disease dynamics among 
wild boars.

Methods
Sample collection
We obtained blood samples from wild boars that were 
either hunted as game or culled as pests in Japan. Hunt-
ing methods included shooting and trapping. The target 
area for sample collection included prefectures known to 
be inhabited by wild boars in 2014 [43] (Fig. 1). Samples 
were collected during three fiscal years (April–March 
in 2014, 2015, and 2017). Hunting and blood sampling 
were conducted by hunters who were under a contract 
between NIAH and the hunter’s association, and who 
were provided with the necessary sampling tools. Blood 
was collected in a sterile plastic tube from the carotid 
artery of boars that had been hunted and killed humanly 
with gun or electricity. Blood samples were placed on 
ice packs to maintain their temperature of 4  °C, and 
the samples were sent to our laboratory within several 
days after collection. The samples were centrifuged for 
serum extraction and the serum samples were stored at 
− 20 °C before performing diagnostic tests. Data from the 
sampled animals, including sex and body weight, were 
estimated visually by the hunters, and the kill date and 
location, as well as hunting method, were recorded. Ages 
were estimated from body weights (i.e., juveniles: <30 kg, 
adults: ≥30 kg) [44].

ADV antibody detection
The serum samples were initially screened using two 
commercial ELISA kits (the ADV(S) ELISA kit and ADV 
(gI) ELISA kit [IDEXX Laboratories, Inc., Westbrook, 
ME]), according to the manufacturer’s instructions. The 
ADV(S) ELISA kit is based on the Shope strain, and it 
can detect antibodies to the field and vaccine strains of 
ADV. Meanwhile, the ADV (gI) ELISA kit can identify 
the antibodies to the gE antigen of field strains of ADV, 
excluding the gE-negative vaccine strains, one of which 
comprises the strain administered in Japan. Samples that 
tested positive in either of the two ELISA procedures 
were further analyzed with the LAT (Scientific Feed Lab-
oratory Co., LTD., Japan), using serial dilutions. Samples 
that agglutinated at more than 40 times dilution were fur-
ther analyzed using the NT to determine antibody titers, 
as described in a previous study with some modifications 
[45]. Briefly, sera were inactivated at 56  °C for 30  min. 
Each serum sample was diluted twofold by serum-free 
minimum essential medium (MEM) (Life Technologies, 
Grand Island, NY) in 96-well U-bottomed tissue culture 
plates and mixed with an ADV suspension, namely, the 
Yamagata S81 strain isolated in Japan, containing 4 × 103 
TCID50/mL. After incubation at 37 °C for 1 h, the diluted 
serum–virus mixture was added in duplicates to the con-
fluent monolayers of cloned porcine kidney (CPK) cells 
[46] grown in 96-well flat tissue culture plates. The mix-
ture was allowed to absorb at 37  °C for 1  h. After viral 
absorption, the cells were washed with phosphate-buff-
ered saline (PBS) and incubated with serum-free MEM 
for 3–5 days. The plates were monitored for cytopathic 
effect (CPE) via microscopy. In the present study, several 
days elapsed prior to serum extraction, which caused 
hemolysis in some samples; and ELISAs performed on 
hemolyzed sera may result in false positive due to non-
specific reactions [47]. Therefore, LAT and NT were also 
conducted, and only samples that were positive in both 
tests were considered ADV-seropositive. Seroprevalence 
was summarized according to prefectures and plotted on 
a map at an individual level. Because ADV is latent in the 
trigeminal ganglia of infected hosts, and these animals 
have life-long antibody reactions [16], seropositive boars 
were considered infected with ADV.

Detection of sex-based differences in the spatial cluster-
ing of ADV-seropositive boars.

The association between sex and age to seropositivity 
for ADV among boars was evaluated using the chi-square 
test or the Fisher’s exact test. Sex-based differences in the 
distribution of ADV-seropositive wild boars were then 
assessed based on the degree of spatial clustering of male 
and female seropositive animals. Spatial clustering analy-
sis considered only adult boars to prevent the effects of 
maternal antibodies among juveniles [48]. We first exam-
ined for sex-based differences in spatial clustering in 
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tested boar distribution, because a sex-based difference 
in the clustering of seropositive individuals may be biased 
if the clustering of tested boars differed according to sex.

Ripley’s K-function analysis evaluates the degree of 
spatial clustering in a point pattern by counting the aver-
age number of neighbors of each point within a certain 
distance h [49]. The K-function was estimated as

 
K̂ (h) =

λ̂−1

n

n∑

i=1

n∑

j=1i�=j

Ih (dij)
wij

, h > 0 (1)

,where h is the given distance, n is the number of tested 
or seropositive boars, dij is the Euclidian distance 
between animals i and j, and λ is the intensity of events 
(i.e., the average number of tested or positive boars per 
unit area). Ih (dij) is a function that is equal to 1 if dij < 
h; otherwise, it is equal to 0. wij is the proportion of the 
study area within the circle of radius dij centered at point 
i. In this study, distance h ranged from 0.5 to 50 km by 
0.5  km. By comparing K-functions between empirical 
and simulated events, this analysis generates results that 
can indicate whether the empirical events are spatially 
clustered at a certain distance.

Sex-based difference in the spatial clustering of the 
tested samples was assessed by evaluating the difference 
between the K-function of male (Ktested M (h)) and female 
(Ktested F (h)) animals. The significance of the difference in 
spatial clustering between sexes was evaluated by com-
paring empirical K tested M (h) − Ktested F (h) and simulated 
K̂tested M (h) – K̂tested F (h) at each distance h [50, 51]. Sim-
ulated K̂tested M/F (h) was generated by taking 10,000 sam-
ple sets of randomly selecting male and female samples 
with the same number of empirical data in each sex.

The degree of spatial clustering of ADV-seropositive 
boars was evaluated. Since the hunting locations of 
ADV-seropositive boars are dependent on the loca-
tions of tested boars, the degree of spatial clustering of 
ADV-seropositive boars was assessed by comparing the 
K-function of ADV-seropositive boars (Kpositive (h)) of 
each sex to that of tested boars (Ktested (h)). The signifi-
cance of spatial clustering was evaluated by comparing 
empirical Kpositive (h) and simulated K̂positive (h) values 
for each distance h for each sex. The simulated K̂positive 
(h) was generated by using 10,000 sample sets of ran-
domly selected ADV-seropositive samples with the same 
number of empirical data for each sex. The differences 
between the empirical and simulated values of each func-
tion with 95% CI were plotted. All empirical values that 
were lower or higher than the 95% CI were considered 
significantly different in the test of the degree of spatial 
clustering. Geographical and statistical analyses were 
performed using QGIS version 3.10.1 and R version 4.0.2 

[52], respectively. The K-function was calculated using 
the splancs R-package [53].

Abbreviations
ADV  Aujeszky’s disease virus
AD  Aujeszky’s disease
ASF  African swine fever
CI  Confidence interval
CPE  Cytopathic effect
CPK  Cloned porcine kidney
CSF  Classical swine fever
ELISA  Enzyme-linked immunosorbent assay
LAT  Latex agglutination test
NT  Neutralization test
MEM  Minimum essential medium
PBS  Phosphate-buffered saline

Acknowledgements
The authors are grateful to Dainihon Ryoyukai (hunters association of Japan) 
for providing support in the collection of samples and data. The authors also 
thank Yumiko Shimizu for data management.

Author contributions
E.Y., Y.H., and T.Y. contributed to the conception, design, data analysis, and 
writing of the manuscript. M.T. and M.O. contributed to sample and data 
collection, laboratory work, and writing of the manuscript. All authors read 
and approved the final manuscript.

Funding
Sample and data collection, and laboratory work were financially supported 
by a grant from the Ministry of Agriculture, Forestry and Fisheries of Japan.

Data availability
The datasets used during the current study are the corresponding author on 
reasonable request.

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals 
performed by any of the authors. However, as mentioned in the text, all 
applicable institutional and/or national guidelines for the care and use of 
animals were followed in accordance with the relevant law (Act No. 88 of 
2002).

Consent for publication
Not applicable.

Received: 1 February 2023 / Accepted: 31 May 2023

References
1. Frantz L, Meijaard E, Gongora J, Haile J, Groenen MAM, Larson G. The Evolu-

tion of Suidae. Annu Rev Anim Biosci [Internet]. 2016 Feb 15;4(1):61–85. 
Available from: http://www.annualreviews.org/doi/https://doi.org/10.1146/
annurev-animal-021815-111155.

2. Snow NP, Jarzyna MA, VerCauteren KC. Interpreting and predicting the 
spread of invasive wild pigs. Bellard C, editor. J Appl Ecol [Internet]. 2017 Dec 
30;54(6):2022–32. Available from: https://onlinelibrary.wiley.com/doi/https://
doi.org/10.1111/1365-2664.12866.

3. MOE M of the EG of J. Survey results on habitat distribution of sika deer and 
wild boar (in Japanese). [Internet]. Tokyo. ; 2021. Available from: http://www.
env.go.jp/press/files/jp/115729.pdf.

http://www.annualreviews.org/doi/
http://dx.doi.org/10.1146/annurev-animal-021815-111155
http://dx.doi.org/10.1146/annurev-animal-021815-111155
https://onlinelibrary.wiley.com/doi/
http://dx.doi.org/10.1111/1365-2664.12866
http://dx.doi.org/10.1111/1365-2664.12866
http://www.env.go.jp/press/files/jp/115729.pdf
http://www.env.go.jp/press/files/jp/115729.pdf


Page 9 of 10Yamaguchi et al. Porcine Health Management            (2023) 9:28 

4. Massei G, Kindberg J, Licoppe A, Gačić D, Šprem N, Kamler J et al. Wild boar 
populations up, numbers of hunters down? A review of trends and implica-
tions for Europe. Pest Manag Sci [Internet]. 2015 Apr;71(4):492–500. Available 
from: https://doi.org/10.1002/ps.3965.

5. Lewis JS, Corn JL, Mayer JJ, Jordan TR, Farnsworth ML, Burdett CL et al. Histori-
cal, current, and potential population size estimates of invasive wild pigs (Sus 
scrofa) in the United States. Biol Invasions [Internet]. 2019 Jul 4;21(7):2373–84. 
Available from: https://doi.org/10.1007/s10530-019-01983-1.

6. Massei G, Genov PV. The Environmental Impact of Wild Boar. Galemsy. 
2004;16(January):135–45.

7. Barrios-Garcia MN, Ballari SA. Impact of wild boar (Sus scrofa) in its introduced 
and native range: a review. Biol Invasions [Internet]. 2012 Nov 29;14(11):2283–
300. Available from: http://link.springer.com/https://doi.org/10.1007/
s10530-012-0229-6.

8. Ballari SA, Barrios-García MN. A review of wild boar Sus scrofa diet and fac-
tors affecting food selection in native and introduced ranges. Mamm Rev. 
2014;44(2):124–34.

9. Ruiz-Fons F. A review of the current status of relevant zoonotic pathogens in 
wild swine (Sus scrofa) populations: changes modulating the risk of transmis-
sion to humans. Transbound Emerg Dis. 2017;64(1):68–88.

10. Jori F, Relun A, Trabucco B, Charrier F, Maestrini O, Chavernac D et al. 
Questionnaire-Based Assessment of Wild Boar/Domestic Pig Interactions and 
Implications for Disease Risk Management in Corsica. Front Vet Sci [Internet]. 
2017 Dec 1;4(December). Available from: http://journal.frontiersin.org/
article/https://doi.org/10.3389/fvets.2017.00198/full.

11. Ikeda T, Kuninaga N, Suzuki T, Ikushima S, Suzuki M. Tourist-wild boar (Sus 
scrofa) interactions in urban wildlife management. Glob Ecol Conserv 
[Internet]. 2019 Apr;18:e00617. Available from: https://doi.org/10.1016/j.
gecco.2019.e00617.

12. Miller RS, Sweeney SJ, Slootmaker C, Grear DA, Di Salvo PA, Kiser D et al. Cross-
species transmission potential between wild pigs, livestock, poultry, wildlife, 
and humans: implications for disease risk management in North America. Sci 
Rep [Internet]. 2017 Dec 10;7(1):7821. Available from: https://doi.org/10.1038/
s41598-017-07336-z.

13. Yon L, Duff JP, Ågren EO, Erdélyi K, Ferroglio E, Godfroid J, RECENT CHANGES 
IN INFECTIOUS DISEASES IN EUROPEAN WILDLIFE. J Wildl Dis [Internet]. 2019 
Jan 1;55(1):3–43. Available from: https://bioone.org/journals/journal-of-wild-
life-diseases/volume-55/issue-1/2017-07-172/RECENT-CHANGES-IN-INFEC-
TIOUS-DISEASES-IN-EUROPEAN-WILDLIFE/https://doi.org/10.7589/2017-07-
172.full.

14. MOE M of the E. Results on estimating population size of sika deer and wild 
boar (in Japanese) [Internet]. 2022. Available from: https://www.env.go.jp/
press/110760.html.

15. Shimizu Y, Hayama Y, Murato Y, Sawai K, Yamaguchi E, Yamamoto T. Epidemio-
logical analysis of classical swine fever in wild boars in Japan. BMC Vet Res. 
2021;17(1):1–13.

16. Pejsak ZK, Truszczynski M. Aujeszky’s disease (pseudorabies). In: Straw BE, 
Zimmerman JJ, Allaire SD, Taylor DJ, editors. Diseases of Swine. nineth ed. 
Oxford, UK: Blackwell Science; 2006. p. 419–33.

17. OIE WOFAH. Aujeszky’s Disease (Infection with Aujeszky’s Disease Virus). In: 
OIE Manual for Terrestrial Animals [Internet]. 2018. Available from: https://
www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.01.02_AUJESZ-
KYS.pdf.

18. Müller T, Hahn EC, Tottewitz F, Kramer M, Klupp BG, Mettenleiter TC et al. 
Pseudorabies virus in wild swine: a global perspective. Arch Virol [Inter-
net]. 2011 Oct 12;156(10):1691–705. Available from: http://link.springer.
com/https://doi.org/10.1007/s00705-011-1080-2.

19. Meier RK, Ruiz-Fons F, Ryser-Degiorgis M-P. A picture of trends in Aujeszky’s 
disease virus exposure in wild boar in the Swiss and European contexts. BMC 
Vet Res [Internet]. 2015 Dec 7;11(1):277. Available from: http://www.biomed-
central.com/1746-6148/11/277.

20. Hernández FA, Sayler KA, Bounds C, Milleson MP, Carr AN, Wisely SM, EVI-
DENCE OF PSEUDORABIES VIRUS. SHEDDING IN FERAL SWINE (SUS SCROFA) 
POPULATIONS OF FLORIDA, USA. J Wildl Dis [Internet]. 2018 Jan 1;54(1):45. 
Available from: http://www.bioone.orghttps://doi.org/10.7589/2017-04-071.

21. Yamada S. Strategy of control for Aujeszky’s disease in Japan (in Japanese). In: 
Proceedings of the Japanese Pig Veterinary Society (Japan). 2008.

22. Ogikubo Y. Revision of points for eradication of the Aujeskey’s disease (in 
Japanese). All about Swine. 2009.

23. MAFF M of AF and F. About Aujeszky’s Disease (in Japanese) [Internet]. 2021 
[cited 2021 Jan 28]. Available from: https://www.maff.go.jp/j/syouan/douei/
eisei/e_ad/.

24. Mahmoud HYa, Suzuki K, Tsuji T, Yokoyama M, Shimojima M, Maeda K. 
Pseudorabies virus infection in wild boars in Japan. J Vet Med Sci [Internet]. 
2011 Nov;73(11):1535–7. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/21757858.

25. Minamiguchi K, Kojima S, Sakumoto K, Kirisawa R. Isolation and molecular 
characterization of a variant of Chinese gC-genotype II pseudorabies virus 
from a hunting dog infected by biting a wild boar in Japan and its pathoge-
nicity in a mouse model. Virus Genes [Internet]. 2019;55(3):322–31. Available 
from: https://doi.org/10.1007/s11262-019-01659-x.

26. Kaneko C, Kaneko Y, Sudaryatma PE, Mekata H, Kirino Y, Yamaguchi R et al. 
Pseudorabies virus infection in hunting dogs in Oita, Japan: Report from 
a prefecture free from Aujeszky’s disease in domestic pigs. J Vet Med Sci 
[Internet]. 2021 Apr 9;83(4):680–4. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/33583864.

27. Kojola I, Holmala K, Huhta E, Oksanen A, Kokko S. Prevalence of Trichinella 
infection in three sympatric large carnivores: effects of the host’s sex and age. 
J Zool [Internet]. 2017 Jan;301(1):69–74. Available from: https://onlinelibrary.
wiley.com/doi/https://doi.org/10.1111/jzo.12394.

28. Silk MJ, Weber NL, Steward LC, Hodgson DJ, Boots M, Croft DP, et al. Contact 
networks structured by sex underpin sex-specific epidemiology of infection. 
Ecol Lett. 2018;21(2):309–18.

29. Kołodziej-Sobocińska M. Factors affecting the spread of parasites in popula-
tions of wild European terrestrial mammals. Mammal Res [Internet]. 2019 
Jul 7;64(3):301–18. Available from: http://link.springer.com/https://doi.
org/10.1007/s13364-019-00423-8.

30. Romero CH, Meade PN, Shultz JE, Chung HY, Gibbs EP, Hahn EC et al. 
Venereal transmission of pseudorabies viruses indigenous to feral swine. 
J Wildl Dis [Internet]. 2001 Apr;37(2):289–96. Available from: https://doi.
org/10.7589/0090-3558-37.2.289.

31. Verin R, Varuzza P, Mazzei M, Poli A, SEROLOGIC, MOLECULAR, AND, PATHO-
LOGIC SURVEY OF PSEUDORABIES VIRUS. INFECTION IN HUNTED WILD 
BOARS (SUS SCROFA) IN ITALY. J Wildl Dis [Internet]. 2014 Jul;50(3):559–65. 
Available from: http://www.bioone.orghttps://doi.org/10.7589/2013-01-004.

32. Truvé J, Lemel J. Timing and distance of natal dispersal for wild boar Sus 
scrofa in Sweden. Wildlife Biol [Internet]. 2003 Jan;9(1):51–7. Available from: 
http://www.bioone.org/doi/https://doi.org/10.2981/wlb.2003.056.

33. Keuling O, Lauterbach K, Stier N, Roth M. Hunter feedback of individually 
marked wild boar Sus scrofa L.: dispersal and efficiency of hunting in north-
eastern Germany. Eur J Wildl Res [Internet]. 2010 Apr 9;56(2):159–67. Available 
from: http://link.springer.com/https://doi.org/10.1007/s10344-009-0296-x.

34. Keuling O, Podgórski T, Monaco A, Melletti M, Merta D, Albrycht M et al. 
Eurasian Wild Boar Sus scrofa (Linnaeus, 1758). In: Meijaard E, Melletti M, 
editors. Ecology, Conservation and Management of Wild Pigs and Peccaries 
[Internet]. Cambridge: Cambridge University Press; 2017. p. 202–33. Available 
from: https://www.cambridge.org/core/books/ecology-conservation-and-
management-of-wild-pigs-and-peccaries/eurasian-wild-boar-sus-scrofa-
linnaeus-1758/76DC26AB1B5270F433A80388563881DF.

35. Spencer PBS, Lapidge SJ, Hampton JO, Pluske JR. The sociogenetic structure 
of a controlled feral pig population. Wildl Res [Internet]. 2005;32(4):297. Avail-
able from: http://www.publish.csiro.au/?paper=WR04076.

36. Vicente J, Ruiz-Fons F, Vidal D, Hofle U, Acevedo P, Villanua D et al. Serosurvey 
of Aujeszky’s disease virus infection in European wild boar in Spain. Vet Rec 
[Internet]. 2005 Mar 26;156(13):408–12. Available from: http://veterinaryre-
cord.bmj.com/cgi/doi/https://doi.org/10.1136/vr.156.13.408.

37. Kodera Y, Nagatsuma T, Sawada S, Fujihara S, Kanamori H. How does 
spreading maize on fields influence behavior of wild boars (Sus scrofa)? (in 
japanese). Mamm Sci. 2011;137–44.

38. Ikeda T, Higashide D, Suzuki T, Asano M. Home range and habitat selection of 
wild boar (Sus scrofa) in rural landscape. 2022;1–18. Available from: https://
doi.org/10.21203/rs.3.rs-2165365/v1.

39. Chenais E, Ståhl K, Guberti V, Depner K. Identification of Wild Boar–Habitat 
Epidemiologic Cycle in African Swine Fever Epizootic. Emerg Infect Dis 
[Internet]. 2018 Apr;24(4):810–2. Available from: http://wwwnc.cdc.gov/eid/
article/24/4/17-2127_article.htm.

40. Hayama Y, Shimizu Y, Murato Y, Sawai K, Yamamoto T. Estimation of infection 
risk on pig farms in infected wild boar areas—Epidemiological analysis for 
the reemergence of classical swine fever in Japan in 2018. Prev Vet Med 
[Internet]. 2020;175(December 2019):104873. Available from: https://doi.
org/10.1016/j.prevetmed.2019.104873.

41. Blome S, Staubach C, Henke J, Carlson J, Beer M. Classical swine fever—an 
updated review. Viruses. 2017;9(4):1–24.

http://dx.doi.org/10.1002/ps.3965
http://dx.doi.org/10.1007/s10530-019-01983-1
http://link.springer.com/
http://dx.doi.org/10.1007/s10530-012-0229-6
http://dx.doi.org/10.1007/s10530-012-0229-6
http://journal.frontiersin.org/article/
http://journal.frontiersin.org/article/
http://dx.doi.org/10.3389/fvets.2017.00198/full
http://dx.doi.org/10.1016/j.gecco.2019.e00617
http://dx.doi.org/10.1016/j.gecco.2019.e00617
http://dx.doi.org/10.1038/s41598-017-07336-z
http://dx.doi.org/10.1038/s41598-017-07336-z
https://bioone.org/journals/journal-of-wildlife-diseases/volume-55/issue-1/2017-07-172/RECENT-CHANGES-IN-INFECTIOUS-DISEASES-IN-EUROPEAN-WILDLIFE/
https://bioone.org/journals/journal-of-wildlife-diseases/volume-55/issue-1/2017-07-172/RECENT-CHANGES-IN-INFECTIOUS-DISEASES-IN-EUROPEAN-WILDLIFE/
https://bioone.org/journals/journal-of-wildlife-diseases/volume-55/issue-1/2017-07-172/RECENT-CHANGES-IN-INFECTIOUS-DISEASES-IN-EUROPEAN-WILDLIFE/
http://dx.doi.org/10.7589/2017-07-172.full
http://dx.doi.org/10.7589/2017-07-172.full
https://www.env.go.jp/press/110760.html
https://www.env.go.jp/press/110760.html
https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.01.02_AUJESZKYS.pdf
https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.01.02_AUJESZKYS.pdf
https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.01.02_AUJESZKYS.pdf
http://link.springer.com/
http://link.springer.com/
http://dx.doi.org/10.1007/s00705-011-1080-2
http://www.biomedcentral.com/1746-6148/11/277
http://www.biomedcentral.com/1746-6148/11/277
http://www.bioone.org
http://dx.doi.org/10.7589/2017-04-071
https://www.maff.go.jp/j/syouan/douei/eisei/e_ad/
https://www.maff.go.jp/j/syouan/douei/eisei/e_ad/
http://www.ncbi.nlm.nih.gov/pubmed/21757858
http://www.ncbi.nlm.nih.gov/pubmed/21757858
http://dx.doi.org/10.1007/s11262-019-01659-x
http://www.ncbi.nlm.nih.gov/pubmed/33583864
http://www.ncbi.nlm.nih.gov/pubmed/33583864
https://onlinelibrary.wiley.com/doi/
https://onlinelibrary.wiley.com/doi/
http://dx.doi.org/10.1111/jzo.12394
http://link.springer.com/
http://dx.doi.org/10.1007/s13364-019-00423-8
http://dx.doi.org/10.1007/s13364-019-00423-8
http://dx.doi.org/10.7589/0090-3558-37.2.289
http://dx.doi.org/10.7589/0090-3558-37.2.289
http://www.bioone.org
http://dx.doi.org/10.7589/2013-01-004
http://www.bioone.org/doi/
http://dx.doi.org/10.2981/wlb.2003.056
http://link.springer.com/
http://dx.doi.org/10.1007/s10344-009-0296-x
https://www.cambridge.org/core/books/ecology-conservation-and-management-of-wild-pigs-and-peccaries/eurasian-wild-boar-sus-scrofa-linnaeus-1758/76DC
https://www.cambridge.org/core/books/ecology-conservation-and-management-of-wild-pigs-and-peccaries/eurasian-wild-boar-sus-scrofa-linnaeus-1758/76DC
https://www.cambridge.org/core/books/ecology-conservation-and-management-of-wild-pigs-and-peccaries/eurasian-wild-boar-sus-scrofa-linnaeus-1758/76DC
http://www.publish.csiro.au/?paper=WR04076
http://veterinaryrecord.bmj.com/cgi/doi/
http://veterinaryrecord.bmj.com/cgi/doi/
http://dx.doi.org/10.1136/vr.156.13.408
http://dx.doi.org/10.21203/rs.3.rs-2165365/v1
http://dx.doi.org/10.21203/rs.3.rs-2165365/v1
http://wwwnc.cdc.gov/eid/article/24/4/17-2127_article.htm
http://wwwnc.cdc.gov/eid/article/24/4/17-2127_article.htm
http://dx.doi.org/10.1016/j.prevetmed.2019.104873
http://dx.doi.org/10.1016/j.prevetmed.2019.104873


Page 10 of 10Yamaguchi et al. Porcine Health Management            (2023) 9:28 

42. Gallardo C, Nurmoja I, Soler A, Delicado V, Simón A, Martin E et al. Evolution in 
Europe of African swine fever genotype II viruses from highly to moderately 
virulent. Vet Microbiol [Internet]. 2018;219(January):70–9. Available from: 
https://doi.org/10.1016/j.vetmic.2018.04.001.

43. MOE M of the E. Survey results on habitat distribution of sika deer and wild 
boar (in Japanese). [Internet]. Tokyo. ; 2015. Available from: https://www.env.
go.jp/press/files/jp/26915. pdf.

44. Asada M. Distribution and pest control, damage to agricultural production 
for wild boar in 2009 in Chiba prefecture, Japan (in japanese). Report of the 
Chiba Biodiversity Center; 2011.

45. Uruno K, Shibata I, Samegai Y, Nishimura M, Ohta S. Safety and efficacy of 
an attenuated Aujeszky’s disease virus vaccine with deletions in thymidine 
kinase and glycoprotein-gIII genes (in japanese). J Japan Vet Med Assoc. 
1992;45(5):312–6.

46. Komaniwa H, Fukusho A, Shimizu Y. Micro method for performing titration 
and neutralization test of hog cholera virus using established porcine kidney 
cell strain. Natl Inst Anim Health Q (Tokyo) [Internet]. 1981;21(4):153–8. Avail-
able from: http://www.ncbi.nlm.nih.gov/pubmed/7200574.

47. Klaassen JK. Matrix Issues Associated With Analysis of Veterinary Specimens. 
Lab Med [Internet]. 1999 Feb 1;30(2):109–11. Available from: https://www.
nature.com/articles/s41586-023-05772-8.

48. Muller T, Teuffert J, Staubach C, Selhorst T, Depner KR. Long-Term Studies 
on Maternal Immunity for Aujeszky’s Disease and Classical Swine Fever 
in Wild Boar Piglets. J Vet Med Ser B [Internet]. 2005 Dec;52(10):432–6. 

Available from: https://onlinelibrary.wiley.com/doi/https://doi.
org/10.1111/j.1439-0450.2005.00896.x.

49. Ripley BD. The second-order analysis of stationary point processes. J 
Appl Probab [Internet]. 1976 Jun 14;13(2):255–66. Available from: https://
www.cambridge.org/core/product/identifier/S0021900200094328/type/
journal_article.

50. Ersbøll AK, Ersbøll BK. Simulation of the K-function in the analysis of spatial 
clustering for non-randomly distributed locations—Exemplified by bovine 
virus diarrhoea virus (BVDV) infection in Denmark. Prev Vet Med [Internet]. 
2009 Sep;91(1):64–71. Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0167587709001457.

51. Bihrmann K, Nielsen SS, Toft N, Ersbøll AK. Spatial differences in occurrence 
of paratuberculosis in Danish dairy herds and in control programme par-
ticipation. Prev Vet Med [Internet]. 2012 Feb;103(2–3):112–9. Available from: 
https://doi.org/10.1016/j.prevetmed.2011.09.015.

52. R Core Team. R: A language and environment for statistical computing. Ver-
sion 4.0. 2 (Taking Off Again). R Found Stat Comput Vienna, Austria. 2020.

53. Rowlingson BS, Diggle PJ. Splancs: spatial point pattern analysis code in 
S-Plus. Comput Geosci. 1993;19(5):627–55.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

http://dx.doi.org/10.1016/j.vetmic.2018.04.001
https://www.env.go.jp/press/files/jp/26915
https://www.env.go.jp/press/files/jp/26915
http://www.ncbi.nlm.nih.gov/pubmed/7200574
https://www.nature.com/articles/s41586-023-05772-8
https://www.nature.com/articles/s41586-023-05772-8
https://onlinelibrary.wiley.com/doi/
http://dx.doi.org/10.1111/j.1439-0450.2005.00896.x
http://dx.doi.org/10.1111/j.1439-0450.2005.00896.x
https://www.cambridge.org/core/product/identifier/S0021900200094328/type/journal_article
https://www.cambridge.org/core/product/identifier/S0021900200094328/type/journal_article
https://www.cambridge.org/core/product/identifier/S0021900200094328/type/journal_article
https://linkinghub.elsevier.com/retrieve/pii/S0167587709001457
https://linkinghub.elsevier.com/retrieve/pii/S0167587709001457
http://dx.doi.org/10.1016/j.prevetmed.2011.09.015

	Sex-based differences in the distribution of Aujeszky’s disease-seropositive Japanese wild boar
	Abstract
	Background
	Results
	Discussion
	Conclusion
	Methods
	Sample collection
	ADV antibody detection

	References


