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Abstract

Understanding the impact of vaccination in a host population is essential to control infectious
diseases. However, the impact of bait vaccination against wildlife diseases is difficult to eval-
uate. The vaccination history of host animals is generally not observable in wildlife, and it is
difficult to distinguish immunity by vaccination from that caused by disease infection. For
these reasons, the impact of bait vaccination against classical swine fever (CSF) in wild
boar inhabiting Japan has not been evaluated accurately. In this study, we aimed to esti-
mate the impact of the bait vaccination campaign by modelling the dynamics of CSF and the
vaccination process among a Japanese wild boar population. The model was designed to
estimate the impact of bait vaccination despite lack of data regarding the demography and
movement of wild boar. Using our model, we solved the theoretical relationship between the
impact of vaccination, the time-series change in the proportion of infected wild boar, and
that of immunised wild boar. Using this derived relationship, the increase in antibody preva-
lence against CSF because of vaccine campaigns in 2019 was estimated to be 12.1 per-
centage points (95% confidence interval: 7.8—16.5). Referring to previous reports on the
basic reproduction number (Rg) of CSF in wild boar living outside Japan, the amount of vac-
cine distribution required for CSF elimination by reducing the effective reproduction number
under unity was also estimated. An approximate 1.6 (when Ry = 1.5, target vaccination cov-
erage is 33.3% of total population) to 2.9 (when Ry = 2.5, target vaccination coverage is
60.0% of total population) times larger amount of vaccine distribution would be required
than the total amount of vaccine distribution in four vaccination campaigns in 2019.

Author summary

Vaccination of wildlife is important to control infectious diseases in animals. However,
the impact of common vaccination of wildlife, bait vaccination, is difficult to evaluate
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owing to difficulty in obtaining the vaccination history at the individual level. Mathemati-
cal modelling can estimate the impact of vaccination; however, the demography and
movement of hosts are required to describe disease dynamics. In this study, we aimed to
estimate the impact of bait vaccination by modelling the dynamics of classical swine fever
(CSF) and the vaccination among Japanese wild boar. The model was designed to estimate
the impact of bait vaccination despite lack of data regarding the demography and move-
ment of wild boar. Using our model, the increase in antibody prevalence because of vacci-
nation in 2019 was estimated to be 12 percentage points. Furthermore, we estimated the
amount of vaccine distribution required for CSF elimination by reducing the effective
reproduction number under unity. Referring to previous reports on the basic reproduc-
tion number of CSF in wild boar living outside Japan, it was estimated that an approxi-
mate 1.6 to 2.9 times larger amount of vaccine distribution would be required than the
total amount of vaccine distribution in four vaccination campaigns in 2019.

Introduction

Vaccination of wildlife is an important tool to control infectious diseases relevant to wild ani-
mals. In the procedures of vaccination against wildlife, bait vaccination is one of the widely
accepted methods [1,2]. Bait vaccination is the oral immunisation using baits which can
deliver the effective dose of vaccines. The decline of rabies incidences among wild carnivores
[3] and that of classical swine fever (CSF) incidences among Eurasian wild boar (Sus scrofa)
[4] by bait vaccination programmes are remarkable epidemiological examples that the bait
vaccination has shown its effectiveness worldwide. The bait vaccination can be a practical tool
for the control of wildlife diseases, and hence, raised the discussion on the optimal strategy of
the bait vaccine distribution [1,2].

Measuring the impact of vaccination, i.e., vaccine effectiveness, is essential to develop the
optimal strategy of bait vaccination. Generally, vaccination history at individual animal level is
required to measure the vaccine effectiveness. For example, a common epidemiological mea-
surement of vaccine effectiveness is (1 — odds ratio) x 100, which compares the odds of vacci-
nation status among cases to that among controls [5]. However, in wildlife epidemiology,
vaccination history at an individual level is often difficult to obtain under field conditions.
Thus, the evaluation of vaccine effectiveness using vaccination history is difficult. In addition,
wildlife hosts can acquire immunity against disease not only from vaccines but also a natural
infection. To measure the impact of bait vaccination accurately, the antibody acquired by the
bait vaccination should be distinguished from that acquired by a natural infection with the
infectious disease. Thus, the establishment of method to estimate the impact of vaccination
with a different approach from the traditional method is required in the lack of the data on his-
tory of immunity acquisition by vaccination/natural infection.

The use of a mathematical model describing the disease dynamics among hosts can be a
potential solution to estimate the impact of vaccination in the lack of the data on vaccination
history of hosts. The impact of vaccination against diseases has often been evaluated using the
Susceptible-Infected—Recovery (SIR) model [6], which can be applied to the disease in wildlife
populations. However, modelling the disease dynamics of wildlife diseases is often challenging
due to the lack of data regarding host animals. For example, data on demography, movement,
and disease dynamics in wildlife hosts are often unavailable. To address this issue, we devel-
oped a method to estimate the impact of bait vaccination without data regarding population
size and movement of the hosts by utilising a time-series of the proportion of infected (reverse
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transcription-polymerase chain reaction [RT-PCR]-positive) and immunised (enzyme-linked
immunosorbent assay [ELISA]-positive RT-PCR-negative) hosts. In the present study, we
describe the method and demonstrate its application to example data of bait vaccination
against CSF outbreak among Japanese wild boar.

As mentioned above, CSF among wild boar is an example that an infectious disease is con-
trolled by bait vaccination against wildlife [7,8]. The distribution of live-attenuated bait vac-
cines has been recognised as an effective countermeasure to control CSF epidemics in wild
boar. The scheme of bait vaccination using the CSFV C-strain vaccine was established during
the 1990s in European countries [4,9]. The increase in the anti-CSF antibody by vaccination
was confirmed by experimental infection in pigs and European wild boar [7,10,11]. In addi-
tion, the increase in the anti-CSF antibody associated with vaccination has been confirmed in
field conditions. For example, Kaden et al. [9] reported an approximate 32 percentage-point
increase (from 0.0% to 31.8%) in the proportion of immunised wild boar after a double-vacci-
nation campaign (two vaccinations with a 2-week interval) in an area where CSF did not exist
in Germany. In addition, Rossi et al. [12] compared the anti-CSF antibody prevalence in wild
boar populations between vaccine-distributed and non-distributed areas in France. After three
vaccination campaigns, they detected an approximate 40 percentage-point increase (approxi-
mately from 10% to 50%) in the antibody prevalence in wild boar populations. In Japan, since
2019, the distribution of the CSF bait vaccine (Pestiporc Oral, IDT Biologika GmbH, Dessau-
Rosslau, Germany) has been implemented against re-emerged CSF in wild boar [13,14]. The
proportion of immunised individuals changed from 4% to 74% (i.e., an approximate 70 per-
centage-point increase) among adult wild boar after a 1-year bait vaccine campaign [13].

In contrast to the reported increase in the immune wild boar, the impact of the bait vaccina-
tion campaign against CSF has not yet been well understood in the epidemiological context
due to the difficulty of measuring vaccination history in wildlife. Although vaccination history
can be traced using oxytetracycline [9] and iophenoxic acid [15] as biomarkers to differentiate
between vaccinated and non-vaccinated individuals, the application of those biomarkers to
wild boar as a food resource (game meat) is controversial in terms of food safety [16]. Using
the Differentiating Infected from Vaccinated Animals (DIVA) vaccine for CSF may solve this
problem [17], however, a DIVA type bait vaccine is not commercially available and is not com-
monly used as bait vaccines in field conditions.

In Japan, before 2018, no case of CSF in wild boar or domestic pigs had been reported for
26 years [18]. CSF re-emerged in 2018 in Gifu Prefecture, located in the central part of Honshu
Island [13,18,19]. The first case of a CSF outbreak in domestic pigs was reported from a pig
farm on 9 September 2018. Subsequently, a case of CSF in a wild boar was reported on 13 Sep-
tember 2018 by an active surveillance implemented by the Gifu Prefectural Government. The
CSFV strain isolated from the index case of the domestic pig showed clade-level genetic differ-
ences with other strains from past CSF outbreaks in Japan [20]. The 26 years absence of CSF
cases and the results of genetic analysis strongly suggested the re-introduction of CSFV from
outside of Japan. As the epidemic area expanded gradually, the Gifu Prefectural Government
began its first bait vaccine campaign on 26 March 2019. Four bait vaccine campaigns were
implemented from March 2019 to October 2019; a total of 24,001 units, 28,110 units, 35,920
units, and 34,880 units of bait vaccine were distributed between 26 March and 29 March, 11
April and 11 May, 10 July and 16 July, and 20 August and 24 August, respectively. The area
where the bait vaccine was distributed expanded due to the progression of CSF epidemics.

In the present study, we aimed to estimate the impact of bait vaccination among Japanese
wild boar by developing a mathematical model that describes the disease dynamics of CSF in a
wild boar population under the lack of data regarding host animals. In the case of CSF in Japa-
nese wild boar, data on population size, population dynamics, and movement of hosts are not
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available. We developed a method to estimate the impact of bait vaccination without data
regarding population size and movement of the hosts by utilising a time-series of the propor-
tion of infected and immunised wild boar. Using our model, we also aimed to quantify the
amount of vaccines required to control the CSF epidemic.

Results

We constructed a Susceptible-Exposed-Infected-Recovered (SEIR) model that describes the
transmission dynamics of CSF and the population dynamics of wild boar (see Materials and
Methods section). Using the model, we analysed the epidemiological data of CSF outbreak in
Gifu Prefecture, Japan. The data were collected by the Gifu Prefectural Government through
active surveillance, which started soon after the detection of first case of CSF in domestic pigs
in September 2018. The data of bait vaccine distribution in Gifu Prefecture were also used for
our analyses. Setting the week from 13" September 2018 to 19™ September 2018 as the first
week, we rearranged the data into weekly time-series data. To avoid the bias from the hetero-
geneity in frequencies of investigation and vaccine distribution, we extracted the area where
wild boar were investigated and were vaccinated routinely with the same frequency over our
research period (see the detail of criteria written in Materials and Methods section). Setting a
4.6 km x 5.6 km rectangular grid as a geographical grid for our analyses, 17 grids were selected
and defined as our research area (Fig 1A).

Wild boar specimens sampled in the surveillance were tested for ELISA and RT-PCR. The
result of ELISA demonstrated the presence/absence of acquired immunity against CSFV in
tested wild boar while the result of PCR illustrates the presence/absence of the CSFV gene in
tested wild boar. Based on the test results, we defined the wild boar with i) test result positive
for ELISA and test result negative for PCR (hereinafter, ELISA(+)PCR(-)) as immune individ-
uals by recovery or vaccination and ii) test result positive for PCR regardless of the result of the
ELISA test (hereinafter, PCR(+)) as infected individuals.

The weekly numbers of wild boar that were tested for ELISA and PCR, immunised individ-
uals, and infected individuals are shown in Fig 1B and 1C. In total, 694 wild boar were tested
for ELISA and PCR. The weekly number of immunised wild boar ranged from 0 (weeks 1-19,
21-25,27-31, 33, 35, 43, 45, 55) to 11 (week 60), and a total of 114 wild boar were recorded.
The weekly number of infected wild boar ranged from 0 (weeks 1-4, 8-10, 12, 16, 19, 27, 46,
55, 58-59) to 22 (week 31), resulting in a total of 201 wild boar. The number of vaccines dis-
tributed in the selected grids during the four vaccination campaigns were as follows: 8,633
units the first time (weeks 28-29), 8,130 units the second time (weeks 34-35), 2,960 units the
third time (week 44), and 2,590 units the fourth time (weeks 49-50).

Using the time-series data, we estimated the recovery rate from CSF infection, ¥, the lethal-
ity rate by CSF, pg4. Using the estimates of y and pg, case fatality ratio (hereinafter, CFR) of CSF
among the wild boar was estimated. CFR is generally defined as the proportion of deaths from
a certain disease (in this study, CSF) among total infected cases (infected wild boar, PCR(+)),
and theoretically defined as CFR = lethality rate/(lethality rate + recovery rate + natural mor-
tality rate) according to the method described by Omori et al. [21] and Matsuyama et al. [22].
We assumed that the natural mortality rate () is constant and following to a reported value,
0.15 per year [23]. The maximum likelihood estimates of the recovery rate from CSF infection,
¥, and the lethality rate by CSF infection, pg4, were estimated to be 0.002 (95% confidence inter-
vals [CI]: 0.000-0.006) per week and 0.149 (95% CI: 0.128-0.168) per week, respectively. The
CER of CSF was calculated from the estimates of the recovery rate and the lethality rate, result-
ing in a value of 0.964 (95% CI: 0.899-0.985). The delay in the vaccination effect, 7, was esti-
mated to be 4 weeks (95% CI: 4-5), and the vaccine efficacy per vaccine unit, k, was estimated
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Fig 1. (A) The location of Gifu Prefecture in Japan and selected grids. The location of Gifu Prefecture in Japan (green) and the selected grids (17 grids; red)
are shown. Map base layer of Japan was obtained from Natural Earth (http://www.naturalearthdata.com/about/terms-of-use/) and is available at https://www.
naturalearthdata.com/http//www.naturalearthdata.com/download/10m/cultural/ne_10m_admin_0_countries_jpn.zip. Map base layer of Gifu Prefecture was
obtained from the digital national land information of Japan (https://nlftp.mlit.go.jp/index.html) and is available at https://nlftp.mlit.go.jp/ksj/gml/datalist/
KsjTmplt-NO03-v3_0.html#prefecture21. (B) Time-series change in the number of boar tested that resulted in PCR-positive from week 1 to week 61. The
red and grey bars demonstrate the number of PCR(+) and PCR(-) boar reported between week 1 and week 61, respectively. Arrows denote the vaccine
campaigns. (C) Time-series change in the number of boar tested that resulted in ELISA-positive and PCR-negative from week 1 to week 61. The orange
bar demonstrates the number of ELISA(+)PCR(-) boar reported between the week 1 and week 61. The grey bar demonstrates the sum of the number of ELISA
(+)PCR(+) boar and that of ELISA(-) boar reported between the week 1 and week 61. Arrows denote the vaccine campaigns. ELISA, enzyme-linked
immunosorbent assay; PCR, polymerase chain reaction; RT, reverse transcription.

https://doi.org/10.1371/journal.pcbi.1010510.9001

to be 0.065 (95% CI: 0.041-0.088). We confirmed that the observed time-series of the sum of
the proportion of the immunised boar and the recovered boar (ELISA(+)PCR(-)) is well
explained by the estimated parameters (Fig 2). R* (squared Pearson’s correlation coefficient
between observed data and model prediction) was calculated as a measurement of the good-
ness-of-fit for observed versus estimated weekly proportions of immunised boar (R* = 0.57).
In addition, a leave-one-out cross-validation was conducted, and R* was calculated for the
observed versus estimated proportions of immunised boar (R* = 0.56). Furthermore, we vali-
dated our model by comparing it with a model hypothesising no vaccination impact (see Mate-
rials & Methods). Akaike information criterion (AIC [24]) of our model and the model
hypothesising no vaccination impact was 88.6 and 91.1, respectively, and the goodness-of-fits
of these models were significantly different (likelihood ratio test, p = 0.04).
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Fig 2. Model fitting with the observed proportion of ELISA(+)PCR(-) in the tested boar. We fit the model
describing (R(t)+V; (£))/Ni(t) by maximising the likelihood shown in Eq 18. The mean estimated proportion of ELISA
(+) PCR(-) individual is demonstrated by a solid line. Each dot denotes the observed value of the proportion of ELISA
(+)PCR(-) individuals in each week. Arrows denote the vaccine campaigns.

https://doi.org/10.1371/journal.pchi.1010510.g002

The increase in the proportion of immunised wild boar by bait vaccination was also esti-
mated (Fig 3). The mean proportion of ELISA(+)PCR(-) increased by 7.7 percentage points
after the first distribution (weeks 32-33, from 0.0% to 7.7%), 1.8 percentage points after the
second distribution (weeks 34-39, from 7.7% to 9.5%), 1.3 percentage points after the third
distribution (week 48, from 9.5% to 10.8%), and by 1.4 percentage points after the fourth dis-
tribution (weeks 53-54, from 10.8% to 12.1%). As a result, the total percentage-point incre-
ment of the ELISA(+)PCR(-) proportion was estimated to be 12.1 (95% CI: 7.8-16.5).

The required effort of bait vaccination to achieve elimination of CSF was estimated in com-
parison with the impact of vaccination if all vaccines distributed during the four vaccine cam-
paigns were distributed at the first vaccine campaign in week 28 (Fig 4). If all vaccines
distributed in the week 28, the expected percentage point increase in the proportion of ELISA
(+)PCR(-) was estimated to be 20.4% (95% CI: 13.1-27.6). The required effort compared to the
scenario if all vaccines distributed in the week 28 were estimated to be 1.6 (95% CI: 1.2-2.5)
times, 2.4 (95% CI: 1.8-3.8) times, and 2.9 (95% CI: 2.2-4.6) times, when the R, is 1.5, 2.0, and
2.5, respectively. Results of sensitivity analyses with respect to variations in the natural mortal-
ity rate, population growth rate, and condition of data extraction are shown in S1-53 Figs.

Discussion

We developed a framework to estimate the impact of vaccination among wildlife despite a lack
of data regarding the demography and movement of host. To this end, we developed a mathe-
matical model describing the transmission dynamics of infectious diseases and identifying the
proportion of immune hosts by recovery process and vaccination to appropriately estimate the
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Fig 3. Change in the proportion of immunised wild boar by the bait vaccination among the total wild boar population at the beginning of
vaccination campaign, (V; (£))/(N;(28)). Mean estimated increment of the proportion of ELISA(+) PCR(-) is demonstrated by the solid line.
The 95% confidence intervals are shown by dashed lines. The bait vaccination was implemented in the weeks 28-29, weeks 34-35, week 44, and
weeks 49-50. Arrows denote the timing of vaccine campaigns.

https://doi.org/10.1371/journal.pcbi.1010510.g003

impact of vaccination. As a case study, we applied our framework with the outbreak of CSF
among wild boar in Japan. Our method demonstrated that the impact of bait vaccination can
be estimated from the time-series data of captured and tested hosts, infected hosts, and
immune hosts, even if the data regarding population size and movement of the host are lack-
ing. Bait vaccination has been implemented not only in CSF, but also in many diseases involv-
ing wildlife hosts (such as rabies in wild canids [20] and tuberculosis in wild animals [25,26]).
Our method is applicable to any wildlife/zoonotic disease if migration is negligible.

To our knowledge, this is the first study to estimate the impact of bait vaccination on CSF
in a Japanese wild boar population. The increase of the proportion of immunised wild boar by
the cumulative vaccination effort of four vaccine campaigns was estimated as 12.1 percentage
points (from 0.0% to 12.1%), and the required effort to eliminate CSF epidemics compared to
the cumulative impact of four vaccination campaigns were estimated to be approximately 1.6
to 2.9 times greater.

The estimates of epidemiological parameters in the present study agree with those of previ-
ous studies. The estimate of the lethality rate from CSF, 0.149 per week, falls within the range
of previously reported values for European wild boar, 0.021 per week to 0.562 per week [7].
Additionally, the estimate was included in the 95% CI of the estimated lethality rate in our pre-
vious study (0.165 per week with 0.081-0.250 as 95% CI), which was estimated for the same
Japanese wild boar population before vaccination by using a different analytical method [22].
The estimates of recovery rate and CFR in the present study, 0.002 per week and 0.964, respec-
tively, were also close to the estimates from our previous study (recovery rate, 0.004 per week;
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CFR, 0.959) [22]. Our estimates of a recovery rate were lower than reported values in European
wild boar, which ranged from 0.01 per week [27] to 0.416 per week (calculated from a daily
recovery rate, 1/[13 days]; an inverse of the infectious period [13 days] described in Table 1 in
the “Annex B. Models” section of European Food Safety Authority [7]), suggesting low recov-
ery and low survival rates of infected wild boar in Japan. This can be explained by the differ-
ence in the virulence of the CSFV strain detected from European wild boar and that from
Japanese wild boar [22]. The CSFV in Japan is reported as a moderately-virulent strain [28],
suggesting that the virus can cause a longer infectious period compared with the high virulent
strains reported in European countries [22,29]. Theoretically, as the inverse of the infectious
period is equivalent to the recovery rate, the longer infectious period of CSFV in Japan can
cause a lower recovery rate among Japanese wild boar.

To date, several strategies to control CSF among wild boar other than bait vaccination have
been considered. For instance, movement restriction and culling of wild boar have been

Table 1. Descriptions of parameters for the estimation.

Symbol | Description

¥ Recovery rate from CSF per week

Ua CSF-induced lethality rate per week

u Natural mortality rate per year

ry population growth rate per year

k Efficacy of bait vaccine per one unit of
vaccine

T Time delay 7 from the vaccine

distribution to immunisation

https://doi.org/10.1371/journal.pcbi.1010510.t001

Value Reference
Estimated | Estimated
Estimated | Estimated
0.15 Natural mortality rate of European wild boar was estimated by Toigo et al. [23]

1.6 Mean value of yearly population growth rates among Japanese wild boar. We calculated the mean
value from the estimates between 2004 and 2011 reported by Matsumoto et al. [44]

Estimated | Estimated

Estimated | Estimated
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attempted in European countries [8]. However, implementation of movement restriction and
culling is often difficult, and their effectiveness is considered limited [4,8]. The main habitat of
wild boar is forest. Forests cover more than 66% of the land of Japan, resulting more than
twice as high as the forest coverage of some European countries [13,30]. Also, the forests in
Japan are highly continuous compared with those in European countries which tends to be
fragmented and independent [13,31]. Furthermore, most of the forests in Japan located in and
around steep mountainous area [13,32]. This landscape condition makes the movement
restriction and culling difficult. Therefore, bait vaccination is considered the most practical
control strategy in Japan [13], although its effectiveness has not been evaluated quantitatively.
Providing quantitative evidence for the effectiveness of bait vaccination among Japanese wild
boar is an imperative task.

The present study provides quantitative evidence that bait vaccination increased the anti-
body prevalence against CSF among Japanese wild boar. The percentage point increase of
immunised wild boar if all vaccines were distributed at the first vaccination campaign was
approximately 20% (increased from 0% to 20.4%). This value is approximately 1/3 and 3/5 of
the target proportion of immunised individuals when Ry is assumed to be 2.5 and 1.5, respec-
tively (Fig 4). The immunised proportion required for CSF elimination is reachable if: 1) vac-
cine effectiveness is not saturated even if a large amount of bait vaccine is distributed; and 2)
there is enough financial/working capacity for additional vaccine distribution. The detailed
dose responses of bait vaccines should be clarified for appropriate vaccine campaigns [12]. In
addition, the financial/working costs of vaccine distribution and the maintenance of herd
immunity in wild boar by vaccination must be discussed carefully.

In the previous studies, the impact of vaccination has been measured in CSF-free areas
[9,12,33]. Kaden et al. [9] reported a 39.8 percentage-point increase, from 0.0% to 39.8%, after
four vaccine campaigns (two double-vaccination campaigns) using the C-strain vaccine in
Germany during 1993 Autumn to 1994 Spring. Rossi et al. [12] reported an approximately 40
percentage-point increase, from approximately 10% to 50%, after six vaccine campaigns (three
double-vaccination campaigns) using the C-strain vaccine in France during 2004 Summer to
2005 Summer. Feliziani et al. [33] reported a 33.3 percentage-point increase, from 0.0% to
33.3%, after two vaccine campaigns (a double-vaccination campaign) using CP7-E2alf strain
vaccine in Italy in 2012. The difference in the impact of vaccination may reflect the different
conditions in terms of the situation of CSF epidemic in the area where vaccine was distributed
(CSE-free or not), number of vaccination campaigns, vaccination strategy, vaccine strain, the
strain of CSFV, landscape structure of the research area, population size of wild boar, and pos-
sible biological difference between European and Japanese wild boar [4,34-37].

To interpret our results regarding the required vaccination effort for CSF elimination, it
should be noted that the estimated efforts can be applicable if the herd immunity threshold is
accomplished in a short-term vaccine campaign. It may not be applicable for a long-term vac-
cination campaign (a few years) due to the maternally derived antibody and the immunity
waning. Regarding the maternally derived antibody, it is detected in European wild boar pig-
lets until they reach 2-3 months old [37,38]. Since the piglets of European wild boar aged less
than 4.5 months old are poorly attracted by vaccine baits [7,12,34], it can be considered that
the maternally derived antibody does not interfere with the antibody acquisition by bait vacci-
nation in the field condition in European countries. However, as for Japanese wild boar, nei-
ther the duration of the maternally derived antibody nor the vaccine-intake behaviour of
piglets has been understood. If the piglets of Japanese wild boar are more likely to incept the
vaccine baits or have longer duration of maternally derived antibody compared with European
wild boar, it may interfere with the effect of vaccination. Regarding the waning of immunity,
vaccine-induced immunity by the CSFV C-strain in boar has been considered one that ‘might
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be even life-long’ [4]. However, the period of observation was limited (approximately 10
months [11]), and there is room for the impact of waning immunity on the effectiveness of
long-term vaccine campaigns. The impact of maternally derived antibodies in piglets and wan-
ing immunity should be taken into account for the analysis of long-term vaccination
campaigns.

In addition to the limitations described above, this study has several limitations. First, we
assumed an equality of sampling rate in any state of S, E, I, R, and V in the wild boar popula-
tion. If an infected wild boar is less likely to be captured due to the lethality of CSF, the
assumption is violated. The sampling process for captured wild boar should be studied for
future clarification. Second, the data on found-dead wild boar were not included in our analy-
sis due to the nature of the surveillance of found-dead boar. The application of found-dead
data is difficult due to the potential sampling bias. For example, the heterogeneity in frequen-
cies of carcass lost (e.g., decomposition and removal by scavengers) differs the detection rate
of dead body [39,40]. The loss of carcass depends on season and environment, which can result
the difference in the detection rate of dead body over time and between areas. Also, the public
awareness, interest, and human population density can change the reporting rate of found-
dead [39]. In data used in this study, the found-dead surveillance was conducted through the
reporting of dead wild boar by local community. Thus, the reporting rate of found-dead wild
boar can be different over time and between areas due to change in the public awareness, inter-
est, and human population density. These biases are unique to the sampling of found-dead,
and hence, (live-) captured boar and found-dead boar cannot be merged simply. Indeed, we
observed the large temporal variance in the sampling of found-dead wild boar (54 Fig), indi-
cating the difficulty for the merge of the two data. If the biases in detection and reporting pro-
cess of dead wild boar are quantified, and the random sampling of dead wild boar can be
conducted, it can help to obtain more accurate estimate. Third, we could not include age-
dependent heterogeneity of wild boar in our model because we did not have reliable data on
the age of the captured wild boar. CSF severity in piglets is higher than in adults in wild boar,
as observed in domestic pigs [4,41]. In addition, an age-specific difference in vaccine-intake
behaviour has been reported in wild boar [12,42]. The age structure of wild boar populations
should be analysed and incorporated to better estimate the epidemiological parameters and
vaccination effects in the future. Fourth, the results of the present study were obtained from a
limited area and research period. During the research period, most CSF outbreaks were con-
centrated in this area. When data are accumulated, the research area will be expanded. Fifth,
we assumed that the natural mortality is constant during CSF outbreak. However, this assump-
tion may be violated if the decrease in wild boar population by the CSF outbreak in contrast to
the constant environmental resource results the decrease in natural mortality of wild boar (i.e.,
compensation between the CSF-induced mortality and natural mortality, as suggested by
Artois [41]). The relationship between the natural mortality and the CSF-induced mortality
among Japanese wild boar should be studied and clarified.

R* was employed as a measurement of the goodness-of-fit for the observed data versus the
model prediction. In addition, a cross-validation was conducted, and R* was calculated for the
observed data versus the model prediction. These R* values indicate that our model captured
the general trend in the observed data. The results of sensitivity analyses with respect to varia-
tions in the natural mortality rate, population growth rate, and the condition of data extraction
suggests that our estimation was robust (S1-S3 Figs). Furthermore, we validated our model by
comparing it with a model hypothesising no vaccination impact. The lower AIC of our model
than that of the model hypothesising no vaccination impact demonstrates that our model has
better predictability. Additionally, a likelihood ratio test showed that this difference in predict-
abilities was significant.
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The present study demonstrated a simple method for estimating the impact of bait vaccina-
tion in wildlife in the absence of data regarding population size, dynamics, and movement of
the hosts. Using our method, the increase in immunised wild boar by bait vaccination was
detected quantitatively. Even if our method is applied, the implementation of continuous sur-
veillance to collect time-series data of disease dynamics is important to quantify the impact of
vaccination. Although continuous surveillance of a wildlife disease takes cost and effort, the
collection of time-series data regarding the disease is worthwhile to control wildlife/zoonotic
diseases.

Materials and methods
Mathematical model for the CSF transmission dynamics

In our previous study, we constructed a SEIR-based model by considering the population
dynamics of wild boar [22]. Using the model and the dataset of proportions of infected and
recovered individuals among tested wild boar, we estimated the lethality rate and recovery rate
from CSF during the non-vaccinated period [22]. In the present study, we expanded our previ-
ous model to take the impact of bait vaccination into account. In the model, we considered the
CSF disease dynamics, population dynamics of wild boar, and impact of bait vaccination in a
certain geographical grid (hereinafter, grid), i, and at a certain time point, ¢. In this study, we
set the spatial scale of grid i defined as approximately 4.6 km x 5.6 km and the unit of time ¢ as
1 week, respectively (for the detail, see Data selection section). The disease dynamics of CSF
and the population dynamics of wild boar can be modelled with the following equations:

% =t (ON(1) = $,(6) Y (BL(1)) — uS,(1) — v(1)S,(1), (1)

ZE; =S80 (BI(1) = (u+)E (1) = v(DE (1), 2)

B B 1) — (4 7+ )10, Q)

I =100 — um (1), )

Tk = N 1) + 10, 5)

% = v(t)(N,(t) — L(t) — R(t) — V,(t)) — uV,(t), (6)
Ni(t) = 8,(t) + E,(t) + L(t) + R (t) + Vi(1), (7)
B ()~ N — 1) (®)

where S(t), E(t), Ii(t), Ri(t), D,(t), and V(¢) represent the number of susceptible, latent, infec-
tious, recovered, dead, and vaccinated individuals in grid 7 at calendar time ¢, respectively.
N;(t) represents the total number of living wild boar in grid i at time ¢, that is, the population
size of wild boar in grid i at time ¢. The parameters f3;;, €, ¥, po(), > 4a> and v(t) denote the
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transmission rate of CSF from grid j to grid i, the transition rate from latent to infectives,
recovery rate from the disease, birth rate of wild boar at time #, natural mortality rate, CSF-
induced lethality rate, and immunisation rate by bait vaccination at time ¢, respectively. Note
that when j # i, parameter 3;; denotes the transmission rate by temporal movement of the wild
boar from grid j to i. Since the wild boar is a sedentary species [43], long-term movement
(migration) is rare. We assumed that migration was negligible in our analysis. As for v(t), we
assumed that the distributed bait vaccines proportionally immunised wild boar so that the bait
vaccine is efficacious even with a single oral intake [4,7]. Considering the time delay 7 from the
vaccine distribution to immunisation, we modelled the immunisation rate v(t) as v(t) = kv,(t-
1), where k is the parameter that denotes the change in the proportion of immunised wild boar
by one unit of bait vaccine (i.e., efficacy of bait vaccine per one unit of vaccine) and v,(t) is the
number of distributed bait vaccine at time t. We assumed that the time delay of the effect of
vaccination, 7, includes not only the time from the vaccine distribution, oral intake, to the
acquisition of immunity (usually 1-2 weeks after ingestion of baits [11]), but also the average
time to capture and test a vaccinated animal.

Immune boar can be considered to acquire immunity from natural CSFV infection (recov-
ered, R;(t) in our model) or from bait vaccination (vaccinated, V,(t) in our model), therefore
the number of immune boar at time ¢ in grid i was R,(#)+ V(t). We assumed vaccinated state V'
was immunised by only vaccination through the intake of bait vaccines. We also assumed no
maternally derived antibody in piglets in this study. The dynamics of the immune wild boar at
time ¢ can be written as:

(Ri(t) + Vi(t)>' _ (R(t) + Vi(O))N(t) — (R(t) + V(1)) N (1)
N,(t) N(t)° '

! i

©)

From Eqgs (4), (6), and (8), Eq (9) is written as:

N,(t)*
and can be simplified as:
(R,(t) i v,-<t>)’
N0
B WO ROEVONY L0 . LOROEVE RO+ V()
‘V(”(“<N,,<r>+ N, )) TN NG Noo RO R MY

Solving Eq (11), we have:

: 1O L RO VO, L0 L LOROFVE RO VO]
+f [“”(“(Nv(s)* NG >)+”N,.<s>+’“‘dwi<s> Ne  POTRE e 0

Note that the right side of Eq (12) consists of the proportion of immune boar [(R,()+V())/
Ni(#)], that of infected wild boar [I;(f)/N(t)], rate of immunisation by bait vaccination at time ¢
[v(#)], recovery rate (y), CSF-induced lethality rate (), and birth rate [y(t)]. Even if: 1) the
exact wild boar population size, and 2) wild boar transmission by movement between grids are
not available, the right side of Eq (12) can be calculated by the proportions of infected and
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immune boar. Epidemiological parameters [recovery rate (y) and lethality rate (u4)], vaccine
efficacy [k in v(#)], and the time delay of the vaccine effect (7) can be estimated if data on the
proportion of immune boar, infected individuals, and birth rates are available.

Parameterisation of birth rate

We parameterised the birth rate from population growth rate per year of Japanese wild boar,
ry, as reported by Matsumoto et al. [44]. When there is no CSF outbreak, the population
dynamics of the wild boar can be written as:

B (1) ~ N0, (13)

Solving Eq (15), we have:

N(t)

m = exp(/S:0 o(s)ds — ut). (14)

Setting 1 week as a unit time, and assuming 1 year has 52 weeks, we have r,, = Nj(52)/N(0).
Since the main birth season of Japanese wild boar was reported as May to June [45], we
assumed that the birth season of the targeted wild boar population was between 3 May 2019
and 3 July 2019 (8 weeks, from week 34 to week 41 in our dataset) and a constant birth rate

during the period (1), i.e.,
0t<34,41 <t
Holt) = (15)

M, 34<t<41’
and therefore,
= exp(8i, — ). (16)

To obtain fz,, we parameterised r,, as the average of r, between 2002 and 2011 = 1.6 [19],
and the natural mortality rate per year y = 0.15 (approximately 0.003 per week) [23]. Solving
Eq (16), we can obtain the birth rate as g, = 0.079 per week.

Estimation of parameters and case fatality ratio

As described later, the dataset used in the present study was reported in a discrete time interval
(week). Therefore, we discretise Eq (12) as:

, LS RO VOV L LS LOREO VL) RS V)
2 {V“)(l—(ms)* NG ))”N,(s)*“w(s) NG PO TNE W)

The parameters used for estimation and their values are listed in Table 1. We assume that
the sampling process of the immune wild boar follows a binomial process. The likelihood func-
tion describing the sampling process of immune wild boar can be written as:

H,pmf(Bin(Ndam.i.m (Ri<t) + Vi(t))/Ni(t)>7 Rdata.i.t + Vdata.i.t)’ (18)

i

where pmf(Bin (n, p), x) represents the probability mass function of the binomial distribution
with the trial number n and probability p conditioned on observation x, N, denotes the
time-series data on the total number of captured and tested wild boar in grid i at time £, R4
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denotes that of recovered wild boar in grid 7 at time ¢, and Vi, ; ; denotes that of vaccinated
wild boar in grid i at time t. For the estimation of y, ¥, k, and 7, the likelihood function is max-
imised. Profile likelihood-based 95% CIs were calculated as 95% CI of the estimates.

From the estimates of y; and y, CFR of CSF was determined by CFR = p/(y+p+ug) [21].
The 95% CI of the CFR was calculated using parametric bootstrap resampling.

CSF surveillance and bait vaccination of wild boar in Gifu Prefecture,
Japan
Surveillance of CSF epidemics in wild boar and vaccinations was conducted by the Gifu Pre-
fectural Government. Blood specimens were collected from captured wild boar. Capturing of
wild boar was carried out by trapping and shooting by permitted hunters. Blood specimens of
wild boar were tested by the public veterinary health service of Gifu Prefecture. RT-PCR tests
for the CSFV gene and an ELISA test for the antibody against CSFV were carried out accord-
ing to the protocol provided by the Ministry of Agriculture, Forestry and Fisheries (MAFF)
[46]. The date and location (longitude and latitude) of captured wild boar were also recorded.

The site where the bait vaccine was distributed (hereinafter, vaccination site) was deter-
mined by the Gifu Prefectural Government. The Gifu Prefectural Government followed the
guideline provided by MAFF; the guideline for distribution of the oral bait vaccine against
classical swine fever [47], which recommends the vaccination to the sites i) close to the pig
farm for the reduction in the risk of CSFV infection in the pig farm, ii) in and around the habi-
tat of wild boar (e.g., resting site and/or feeding site), iii) where easily be accessed and moni-
tored by the practitioner of vaccination, and iv) where easily be accepted to stakeholders (e.g.,
farmers working/residents living near the vaccination site). Once a place was set to be a vacci-
nation site, feed for wild boar around the site (e.g., cones, rice brans) was distributed for bait-
ing wild boar before vaccine distribution. The number of vaccination sites were 600, 937, 1796,
and 1810 in the first, the second, the third, and the fourth vaccine campaigns, respectively at
the whole prefecture-level. The number of distributed vaccine baits per site were 32-45 units,
30 units, 20 units, and 10-20 units in the first, the second, the third, and the fourth vaccine
campaigns, respectively.

The distributed baits were collected 5 days after distribution to check for the loss of vac-
cines. The dates of distribution and collection, and geographical coordinates of the distribution
points were recorded by Gifu Prefectural Government.

Data selection

We obtained data on disease surveillance and bait vaccine campaigns from the Gifu Prefectural
Government. The data were transformed for application to our model. We set a unit of the
hunting grid designated by the Gifu Prefecture as a spatial grid for our analysis. The hunting
grid divides the area between 136° 7° 30” E and 137° 52’ 30” in longitude and between 35° 0" 0”
N and 36° 34’ 60” N in latitude into 28 x 36 grids (approximately 4.6 km x 5.6 km per grid).
The weekly number of tested wild boar, the PCR-positive wild boar regardless of the results of
the ELISA test (infected boar), and PCR-negative and ELISA-positive wild boar (recovered
and vaccinated boar) were aggregated in each grid by setting the first week (week 1) from 13
September 2018 (the day when the initial case of CSF in wild boar was found) to 19 September
2018. For our data analysis, we used the data from week 1 to week 61 (13 September 2018 to 13
November 2019) to remove the impact of a substantial decline in sampling activity after week
61.

As CSF spread in wild boar, the area subjected to surveillance and vaccination was
expanded. As a result, the frequencies of investigation and vaccine distribution varied among
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the hunting grids. To avoid the bias from the heterogeneity in frequencies of investigation and
vaccine distribution, we extracted the grids where wild boar were investigated and were vacci-
nated routinely at the same frequency over the time period included in this study. To this end,
we set two conditions for the extraction of grids: 1) the grids where wild boar were continu-
ously captured and tested for RT-PCR and ELISA every 12 weeks between week 1 and week
60; and 2) the grids where all four vaccination campaigns occurred by 24 August 2019. All data
were processed using R version 4.0.3 [48].

Estimating the impact of bait vaccination and required effort of vaccine
distribution for CSF control

We calculated the proportion of ELISA(+)PCR(-) among wild boar populations at the begin-
ning of vaccination campaigns (i.e., wild boar population size in the 28" week, N(28)) to evalu-
ate the impact of the vaccination campaign. Using the data of distributed vaccines v4 and the
estimates of k and 7 (see the section “Estimation of parameters and case fatality ratio”), we cal-
culated the change in the proportion of ELISA(+)PCR(-) among wild boar population at the
beginning of vaccination campaign, V(#)/N;(28), as follows:

N = w9 (- (R e o)) (19)

Relative population size N;(s)/N;(28) was obtained by numerically-solving Eq (8) with the
estimate of p4. The 95% CI of V(¢)/N;(28) was estimated using the 95% CI of k.

To estimate the required vaccination effort, we considered the herd immunity threshold of
CSF. The herd immunity threshold has been defined using the basic reproduction number R,
(the average number of secondary cases that will be generated from an infectious individual in
a completely susceptible population) [49]. With a known R, the effective reproduction num-
ber under vaccination, R, can be calculated as R, = Ry(1-v.), where v, is the proportion of

immunised wild boar by vaccination. An epidemic will become extinct if R, satisfies below
unity. From this relation, the herd immunity threshold to satisfy R, < 1 is generally equated as
vc = 1-1/R,. Using the known number of distributed vaccines, the required vaccination effort
at time ¢ in grid i, Vg (f), is calculated as Vg (t) = v/ Vi(£)/Ni(t).

Referring to reported values of R, in CSF among Eurasian wild boar outside Japan, which
ranged from 1.1 to 2.8 [27,50,51], we assumed that the plausible value of Ry in CSF in Japanese
wild boar can range between 1.0 and 3.0. Focusing on the cumulative impact of four vaccine
campaigns that were completed in week 50, we estimated the required vaccination effort at
week 28 compared to the cumulative vaccination effort until week 50 [V, ,(50)] by varying the
value of R,. All computations for the parameter estimation and the required vaccination effort
were performed using Mathematica ver. 12.1.1.0 [52].

Goodness-of-fit

To assess how well our model fits the data, we calculated R?, which is squared Pearson’s corre-
lation coefficient between observed data and the model prediction. We also calculated the R*
value between the observed and estimated weekly proportions of immunised wild boar from
week 1 to week 61. We also calculated R using the leave-one-out cross-validation. The leave-
one-out cross-validation was conducted as follows: i) the data on the proportion of immunised
wild boar at one random time point were removed from its time-series; ii) parameters were
estimated using the remaining data; iii) the proportion of immunised wild boar at the time
point corresponding to the removed data was predicted, and the model predictions were
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pooled; iv) the steps from i) to iii) were iterated 1,000 times, and v) an R? value was calculated
for the pooled observed versus predicted values.

Model comparison

We performed a model comparison to assess the predictability of our model. We compared
our model with a model hypothesising that the vaccination has no effect on immunisation
(i.e., k= 0). A likelihood ratio test was conducted to test the difference in goodness-of-fit
between the models. We also calculated the AIC for each model and compared the values.

Sensitivity analysis

Our model includes several hypotheses. To assess the robustness of our estimation regarding
required vaccination efforts, sensitivity analyses with respect to the natural mortality rate, pop-
ulation growth rate, and condition of data extraction were conducted. We varied the natural
mortality rate and population growth rate from 0.07 to 0.23 and from 1.2 to 2.0, respectively.
In terms of the sensitivity analysis with respect to the condition for data extraction, we
explored different criteria in terms of test frequency, i.e., grids where boar were tested at least
every 9-13 weeks.

Supporting information

S1 Fig. Sensitivity analysis with respect to u. The required vaccination effort was estimated
by varying the yearly natural mortality rate y from 0.07 to 0.23 (baseline value = 0.15). Mean
estimated vaccination effort for the elimination of CSF is demonstrated by the solid lines. The
dashed lines denote 95% confidence intervals of the estimated values.

(EPS)

S2 Fig. Sensitivity analysis with respect to r,. The required vaccination effort was estimated
by varying the yearly growth rate of wild boar 7, from 1.2 to 2.0 (baseline value = 1.6). Mean
estimated vaccination effort for the elimination of CSF is demonstrated by the solid lines. The
dashed lines denote 95% confidence intervals of the estimated values.

(EPS)

S3 Fig. Sensitivity analysis with respect to the condition for data extraction. The required
vaccination effort was estimated by varying the data-extraction criteria in terms of the test fre-
quency against CSF. The grids where at least one test was enrolled by every 9, 10, 11, 12, and
13 weeks were analysed (baseline value = 12). Mean estimated vaccination effort for the elimi-
nation of CSF is demonstrated by the solid lines. The dashed lines denote 95% confidence
intervals of the estimated values.

(EPS)

$4 Fig. Time-series change in the number of boar captured and found dead from week 1 to
week 61. The black bar demonstrates the number of dead boar found between week 1 and
week 61. The grey bar demonstrates the number of boar captured between the week 1 and
week 61.

(TIFF)

Acknowledgments

The authors gratefully appreciated the division of animal health in Gifu Prefectural Govern-
ment and Ministry of Agriculture, Forestry and Fisheries for their kind support for the data

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010510  October 6, 2022 16/19


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010510.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010510.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010510.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010510.s004
https://doi.org/10.1371/journal.pcbi.1010510

PLOS COMPUTATIONAL BIOLOGY Measuring impact of vaccination against CSF among Japanese wild boar

collection. The authors also appreciated for the members of CSF Consortium for their valuable
comments on this study.

Author Contributions

Conceptualization: Ryosuke Omori.

Data curation: Ryota Matsuyama, Takehisa Yamamoto, Yoko Hayama.
Formal analysis: Ryota Matsuyama, Ryosuke Omori.

Funding acquisition: Ryota Matsuyama, Takehisa Yamamoto, Yoko Hayama, Ryosuke
Omori.

Writing - original draft: Ryota Matsuyama, Ryosuke Omori.

Writing - review & editing: Ryota Matsuyama, Takehisa Yamamoto, Yoko Hayama, Ryosuke
Omori.

References

1. Cross ML, Buddle BM, Aldwell FE. The potential of oral vaccines for disease control in wildlife species.
Vet J. 2007; 174: 472—-480. https://doi.org/10.1016/j.tvjl.2006.10.005 PMID: 17113798

2. Barnett KM, Civitello DJ. Ecological and evolutionary challenges for wildlife vaccination. Trends Parasi-
tol. 2020; 36: 970-978. https://doi.org/10.1016/j.pt.2020.08.006 PMID: 32952060

3. Mahl P, Cliquet F, Guiot AL, Niin E, Fournials E, Saint-Jean N, et al. Twenty year experience of the oral
rabies vaccine SAG2 in wildlife: a global review. Vet Res. 2014; 45: 77. https://doi.org/10.1186/s13567-
014-0077-8 PMID: 25106552

4. RossiS, Staubach C, Blome S, Guberti V, Thulke HH, Vos A, et al. Controlling of CSFV in European
wild boar using oral vaccination: a review. Front Microbiol. 2015; 6: 1141. https://doi.org/10.3389/fmicb.
2015.01141 PMID: 26557109

5. Jackson ML, Nelson JC. The test-negative design for estimating influenza vaccine effectiveness. Vac-
cine. 2013; 31: 2165-2168. https://doi.org/10.1016/j.vaccine.2013.02.053 PMID: 23499601

6. Halloran ME, Longini IM, Struchiner CJ. Design and analysis of vaccine studies. New York: Springer;
2010.

EFSA. Control and eradication of Classic Swine Fever in wild boar. EFSA J. 2009; 7: 199pp.

8. Moennig V. The control of classical swine fever in wild boar. Front Microbiol. 2015; 6: 1211. https://doi.
org/10.3389/fmicb.2015.01211 PMID: 26594202

9. KadenV, Lange E, Fischer U, Strebelow G. Oral immunisation of wild boar against classical swine
fever: evaluation of the first field study in Germany. Vet Microbiol. 2000; 73: 239-52. https://doi.org/10.
1016/s0378-1135(00)00148-6 PMID: 10785331

10. KadenV, Steyer H, Schnabel J, Bruer W. Classical swine fever (CSF) in wild boar: the role of the trans-
placental infection in the perpetuation of CSF. J Vet Med B Infect Dis Vet Public Health. 2005; 52: 161—
64. https://doi.org/10.1111/j.1439-0450.2005.00838.x PMID: 16000110

11. KadenV, Lange B. Oral immunisation against classical swine fever (CSF): onset and duration of immu-
nity. Vet Microbiol. 2001; 82: 301-10. https://doi.org/10.1016/s0378-1135(01)00400-x PMID: 11506924

12. Rossi S, Pol F, Forot B, Masse-Provin N, Rigaux S, Bronner A, et al. Preventive vaccination contributes
to control classical swine fever in wild boar (Sus scrofa sp.). Vet Microbiol. 2010; 142: 99-107. https:/
doi.org/10.1016/j.vetmic.2009.09.050 PMID: 19854007

13. Shimizu Y, HayamaY, Murato Y, Sawai K, Yamaguchi E, Yamamoto T. Epidemiological analysis of
classical swine fever in wild boars in Japan. BMC Vet Res. 2021; 17: 188. https://doi.org/10.1186/
$12917-021-02891-0 PMID: 33975588

14. BazarragchaaE, Isoda N, Kim T, Tetsuo M, Ito S, Matsuno K, et al. Efficacy of oral vaccine against clas-
sical swine fever in wild boar and estimation of the disease dynamics in the quantitative approach.
Viruses. 2021; 13. https://doi.org/10.3390/v13020319 PMID: 33672749

15. Ballesteros C, Sage M, Fisher P, Massei G, Mateo R, De La Fuente J, et al. lophenoxic acid as a bait
marker for wild mammals: efficacy and safety considerations. Mamm Rev. 2013; 43: 156—166.

16. Sage M, Fourel I, Lahoreau J, Siat V, Berny P, Rossi S. lophenoxic acid derivatives as markers of oral
baits to wildlife. New tools for their detection in tissues of a game species and safety considerations for

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010510  October 6, 2022 17/19


https://doi.org/10.1016/j.tvjl.2006.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17113798
https://doi.org/10.1016/j.pt.2020.08.006
http://www.ncbi.nlm.nih.gov/pubmed/32952060
https://doi.org/10.1186/s13567-014-0077-8
https://doi.org/10.1186/s13567-014-0077-8
http://www.ncbi.nlm.nih.gov/pubmed/25106552
https://doi.org/10.3389/fmicb.2015.01141
https://doi.org/10.3389/fmicb.2015.01141
http://www.ncbi.nlm.nih.gov/pubmed/26557109
https://doi.org/10.1016/j.vaccine.2013.02.053
http://www.ncbi.nlm.nih.gov/pubmed/23499601
https://doi.org/10.3389/fmicb.2015.01211
https://doi.org/10.3389/fmicb.2015.01211
http://www.ncbi.nlm.nih.gov/pubmed/26594202
https://doi.org/10.1016/s0378-1135%2800%2900148-6
https://doi.org/10.1016/s0378-1135%2800%2900148-6
http://www.ncbi.nlm.nih.gov/pubmed/10785331
https://doi.org/10.1111/j.1439-0450.2005.00838.x
http://www.ncbi.nlm.nih.gov/pubmed/16000110
https://doi.org/10.1016/s0378-1135%2801%2900400-x
http://www.ncbi.nlm.nih.gov/pubmed/11506924
https://doi.org/10.1016/j.vetmic.2009.09.050
https://doi.org/10.1016/j.vetmic.2009.09.050
http://www.ncbi.nlm.nih.gov/pubmed/19854007
https://doi.org/10.1186/s12917-021-02891-0
https://doi.org/10.1186/s12917-021-02891-0
http://www.ncbi.nlm.nih.gov/pubmed/33975588
https://doi.org/10.3390/v13020319
http://www.ncbi.nlm.nih.gov/pubmed/33672749
https://doi.org/10.1371/journal.pcbi.1010510

PLOS COMPUTATIONAL BIOLOGY Measuring impact of vaccination against CSF among Japanese wild boar

human exposure. Environ Sci Pollut Res Int. 2013; 20: 2893-2904. https://doi.org/10.1007/s11356-
012-1172-x PMID: 23001758

17. Blome S, Wernike K, Reimann |, Kénig P, Moi3 C, Beer M. A decade of research into classical swine
fever marker vaccine CP7_E2alf (Suvaxyn CSF Marker): a review of vaccine properties. Vet Res. 2017;
48: 51. hitps://doi.org/10.1186/s13567-017-0457-y PMID: 28915927

18. Shimizu Y, Hayama Y, Murato Y, Sawai K, Yamaguchi E, Yamamoto T. Epidemiology of classical
swine fever in Japan-A descriptive analysis of the outbreaks in 2018—2019. Front Vet Sci. 2020; 7:
573480. https://doi.org/10.3389/fvets.2020.573480 PMID: 33195567

19. IsodaN, BabaK, Ito S, Ito M, Sakoda Y, Makita K. Dynamics of classical swine fever spread in wild boar
in 2018-2019, Japan. Pathogens. 2020; 9. https://doi.org/10.3390/pathogens9020119 PMID:
32069897

20. Postel A, Nishi T, Kameyama Kl, Meyer D, Suckstorff O, Fukai K, et al. Reemergence of classical swine
fever, Japan, 2018. Emerg Infect Dis. 2019; 25: 1228—1231. https://doi.org/10.3201/eid2506.181578
PMID: 30870139

21. Omori R, Matsuyama R, Nakata Y. The age distribution of mortality from novel coronavirus disease
(COVID-19) suggests no large difference of susceptibility by age. Sci Rep. 2020; 10: 16642. https://doi.
0rg/10.1038/s41598-020-73777-8 PMID: 33024235

22, Matsuyama R, Yamamoto T, Hayama Y, Omori R. Estimation of the lethality rate, recovery rate, and
case fatality ratio of classical swine fever in Japanese wild boar: an analysis of the epidemics from Sep-
tember 2018 to March 2019. Front Vet Sci. 2021; 8: 772995. https://doi.org/10.3389/fvets.2021.772995
PMID: 34977211

23. Toigo C, Servanty S, Gaillard JM, Brandt S, Baubet E. Disentangling natural from hunting mortality in
an intensively hunted wild boar population. J Wildl Manag. 2008; 72: 1532—-1539.

24. Akaike H. Information theory and an extension of the maximum likelihood principle. In: Petrov B, Csaki
F, editors. 2nd International Symposium on Information Theory Budapest, Hungary Akad Kiad6 1973.
p. 267-81.

25. Palphramand K, Delahay R, Robertson A, Gowtage S, Williams GA, McDonald RA, et al. Field evalua-
tion of candidate baits for oral delivery of BCG vaccine to European badgers, Meles meles. Vaccine.
2017; 35: 4402—4407. https://doi.org/10.1016/j.vaccine.2017.06.059 PMID: 28689652

26. Diez-Delgado |, Sevilla IA, Romero B, Tanner E, Barasona JA, White AR, et al. Impact of piglet oral vac-
cination against tuberculosis in endemic free-ranging wild boar populations. Prev Vet Med. 2018; 155:
11-20. https://doi.org/10.1016/j.prevetmed.2018.04.002 PMID: 29786520

27. Stahnke N, Liebscher V, Staubach C, Ziller M. An approach to model monitoring and surveillance data
of wildlife diseases-exemplified by Classical Swine Fever in wild boar. Prev Vet Med. 2013; 112: 355—
369. https://doi.org/10.1016/j.prevetmed.2013.07.020 PMID: 24008002

28. KameyamaKiI, Nishi T, Yamada M, Masuijin K, Morioka K, Kokuho T, et al. Experimental infection of
pigs with a classical swine fever virus isolated in Japan for the first time in 26 years. J Vet Med Sci.
2019; 81: 1277-1284. https://doi.org/10.1292/jvyms.19-0133 PMID: 31292349

29. Donahue BC, Petrowski HM, Melkonian K, Ward GB, Mayr GA, Metwally S. Analysis of clinical samples
for early detection of classical swine fever during infection with low, moderate, and highly virulent strains
in relation to the onset of clinical signs. J Virol Methods. 2012; 179: 108—115. https://doi.org/10.1016/j.
jviromet.2011.10.008 PMID: 22036595

30. FAO. Global forest resources assessment report 2020. 2020. Available from: http://www.fao.org/
documents/card/en/c/ca9825en.

31. Estreguil C, Caudullo GDR. Daniele. San-Miguel-Ayanz J. Forest Landscape in Europe: Pattern, Frag-
mentation and Connectivity. Luxembourg. 2012. Available from: https://publications.jrc.ec.europa.eu/
repository/handle/JRC77295.

32. Lundbéack M, Persson H, Haggstrom C, Nordfjell T. Global analysis of the slope of forest land. For Int J
Forest Res. 2021; 94: 54—69.

33. Feliziani F, Blome S, Petrini S, Giammarioli M, Iscaro C, Severi G, et al. First assessment of classical
swine fever marker vaccine candidate CP7_E2alf for oral immunization of wild boar under field condi-
tions. Vaccine. 2014; 32: 2050-2055. https://doi.org/10.1016/j.vaccine.2014.02.006 PMID: 24565752

34. KadenV, Hanel A, Renner C, Gossger K. Oral immunisation of wild boar against classical swine fever
in Baden-Wirttemberg: development of the seroprevalences based on the hunting bag. Eur J Wildl
Res. 2005; 51: 101-107.

35. Rossi S, Fromont E, Pontier D, Cruciére C, Hars J, Barrat J, et al. Incidence and persistence of classical
swine fever in free-ranging wild boar (Sus scrofa). Epidemiol Infect. 2005; 133: 559-568. https://doi.org/
10.1017/s0950268804003553 PMID: 15962563

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010510  October 6, 2022 18/19


https://doi.org/10.1007/s11356-012-1172-x
https://doi.org/10.1007/s11356-012-1172-x
http://www.ncbi.nlm.nih.gov/pubmed/23001758
https://doi.org/10.1186/s13567-017-0457-y
http://www.ncbi.nlm.nih.gov/pubmed/28915927
https://doi.org/10.3389/fvets.2020.573480
http://www.ncbi.nlm.nih.gov/pubmed/33195567
https://doi.org/10.3390/pathogens9020119
http://www.ncbi.nlm.nih.gov/pubmed/32069897
https://doi.org/10.3201/eid2506.181578
http://www.ncbi.nlm.nih.gov/pubmed/30870139
https://doi.org/10.1038/s41598-020-73777-8
https://doi.org/10.1038/s41598-020-73777-8
http://www.ncbi.nlm.nih.gov/pubmed/33024235
https://doi.org/10.3389/fvets.2021.772995
http://www.ncbi.nlm.nih.gov/pubmed/34977211
https://doi.org/10.1016/j.vaccine.2017.06.059
http://www.ncbi.nlm.nih.gov/pubmed/28689652
https://doi.org/10.1016/j.prevetmed.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29786520
https://doi.org/10.1016/j.prevetmed.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/24008002
https://doi.org/10.1292/jvms.19-0133
http://www.ncbi.nlm.nih.gov/pubmed/31292349
https://doi.org/10.1016/j.jviromet.2011.10.008
https://doi.org/10.1016/j.jviromet.2011.10.008
http://www.ncbi.nlm.nih.gov/pubmed/22036595
http://www.fao.org/documents/card/en/c/ca9825en
http://www.fao.org/documents/card/en/c/ca9825en
https://publications.jrc.ec.europa.eu/repository/handle/JRC77295
https://publications.jrc.ec.europa.eu/repository/handle/JRC77295
https://doi.org/10.1016/j.vaccine.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24565752
https://doi.org/10.1017/s0950268804003553
https://doi.org/10.1017/s0950268804003553
http://www.ncbi.nlm.nih.gov/pubmed/15962563
https://doi.org/10.1371/journal.pcbi.1010510

PLOS COMPUTATIONAL BIOLOGY

Measuring impact of vaccination against CSF among Japanese wild boar

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Rossi S, Artois M, Pontier D, Cruciere C, Hars J, Barrat J, et al. Long-term monitoring of classical swine
fever in wild boar (Sus scrofa sp.) using serological data. Vet Res. 2005; 36: 27—42. https://doi.org/10.
1051/vetres:2004050 PMID: 15610721

Kramer-Schadt S, Fernandez N, Thulke H-H. Potential ecological and epidemiological factors affecting
the persistence of classical swine fever in wild boar Sus scrofa populations. Mamm Rev. 2007; 37: 1—
20.

Kaden V, Lange E. Development of maternal antibodies after oral vaccination of young female wild boar
against classical swine fever. Vet Microbiol. 2004; 103: 115—119. https://doi.org/10.1016/j.vetmic.2004.
07.002 PMID: 15381274

Ward MR, Stallknecht DE, Willis J, Conroy MJ, Davidson WR. Wild bird mortality and West Nile virus
surveillance: biases associated with detection, reporting, and carcass persistence. J Wildl Dis. 2006;
42: 92—106. https://doi.org/10.7589/0090-3558-42.1.92 PMID: 16699152

Nusser SM, Clark WR, Otis DL, Huang L. Sampling considerations for disease surveillance in wildlife
populations. J Wildl Manag. 2008; 72: 52—60.

Artois M, Depner KR, Guberti V, Hars J, Rossi S, Ruitili D. Classical swine fever (hog cholera) in wild
boar in Europe. Rev Sci Tech. 2002; 21: 287-303. https://doi.org/10.20506/rst.21.2.1332 PMID:
11974616

European Commission. Guidelines on surveillance/monitoring, control and eradication of classical
swine fever in wild boar. 2010 [cited Nov 10 2021]. Available from: https://ec.europa.eu/food/system/
files/2016-10/ad_cm_csf_guidelines-7032-2010r4.pdf.

Podgérski T, Bas G, Jedrzejewska B, Sénnichsen L, Sniezko S, Jedrzejewski W, et al. Spatiotemporal
behavioral plasticity of wild boar (Sus scrofa) under contrasting conditions of human pressure: primeval
forest and metropolitan area. J Mammal. 2013; 94: 109-119.

Matsumoto T, Sakata H, Kishimoto Y. Estimation of population dynamics of wild boar in Hyogo prefec-
ture. Tamba: Wildlife Management Research Center, Hyogo; 2014.

Tsuji T, Yokoyama M, Asano M, Suzuki M. Estimation of the fertility rates of Japanese wild boars (Sus
scrofa leucomystax) using fetuses and corpora albicans. Acta theriol. 2013; 58: 315-323.

MAFF. Specific domestic animal infectious disease quarantine guidelines for classical swine fever.
Tokyo: Ministry of Agriculture, Forestry and Fisheries; 2020. p. 92—103.

MAFF. The guideline for distribution of oral bait vaccine against classical swine fever. 2019 [cited May
16 2022]. Available from: https://www.maff.go.jp/j/syouan/douei/csf/attach/pdf/domestic-376.pdf.

R Core Team. R: A language and environment for statistical computing. Vienna: R Foundation for Sta-
tistical Computing; 2020.

Fine PE. Herd immunity: history, theory, practice. Epidemiol Rev. 1993; 15: 265-302. https://doi.org/10.
1093/oxfordjournals.epirev.a036121 PMID: 8174658

Hone J, Pech R, Yip P. Estimation of the dynamics and rate of transmission of classical swine fever
(hog cholera) in wild pigs. Epidemiol Infect. 1992; 108: 377-386. https://doi.org/10.1017/
$0950268800049840 PMID: 1582476

Guberti V, Rutili D, Ferrari G, Patta C, Oggiano A. Estimate of the threshold abundance for the persis-
tence of the classical swine fever in the wild boar population of eastern Sardinia. Measures to control
classical swine fever in European wild boar. Perugia, Italy: European Commission; 1998. p. 54—61.

Wolfram Research |. Mathematica. Version 12.1.1 ed. Champaign. IL: Wolfram Research, Inc; 2020.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010510  October 6, 2022 19/19


https://doi.org/10.1051/vetres%3A2004050
https://doi.org/10.1051/vetres%3A2004050
http://www.ncbi.nlm.nih.gov/pubmed/15610721
https://doi.org/10.1016/j.vetmic.2004.07.002
https://doi.org/10.1016/j.vetmic.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/15381274
https://doi.org/10.7589/0090-3558-42.1.92
http://www.ncbi.nlm.nih.gov/pubmed/16699152
https://doi.org/10.20506/rst.21.2.1332
http://www.ncbi.nlm.nih.gov/pubmed/11974616
https://ec.europa.eu/food/system/files/2016-10/ad_cm_csf_guidelines-7032-2010r4.pdf
https://ec.europa.eu/food/system/files/2016-10/ad_cm_csf_guidelines-7032-2010r4.pdf
https://www.maff.go.jp/j/syouan/douei/csf/attach/pdf/domestic-376.pdf
https://doi.org/10.1093/oxfordjournals.epirev.a036121
https://doi.org/10.1093/oxfordjournals.epirev.a036121
http://www.ncbi.nlm.nih.gov/pubmed/8174658
https://doi.org/10.1017/s0950268800049840
https://doi.org/10.1017/s0950268800049840
http://www.ncbi.nlm.nih.gov/pubmed/1582476
https://doi.org/10.1371/journal.pcbi.1010510

