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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 (R0) 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 R0 = 1.5, target vaccination cov-

erage is 33.3% of total population) to 2.9 (when R0 = 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) × 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 13th September 2018 to 19th 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 × 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, γ, the lethal-

ity rate by CSF, μd. Using the estimates of γ and μd, 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 (μ) is constant and following to a reported value,

0.15 per year [23]. The maximum likelihood estimates of the recovery rate from CSF infection,

γ, and the lethality rate by CSF infection, μd, 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

CFR 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, τ, 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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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). R2 (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 (R2 = 0.57).

In addition, a leave-one-out cross-validation was conducted, and R2 was calculated for the

observed versus estimated proportions of immunised boar (R2 = 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).

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-N03-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.g001
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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 R0 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–S3 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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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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vaccination campaign, (Vi (t))/(Ni(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
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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
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Fig 4. Required vaccination effort for CSF elimination at week 28 compared to the cumulative vaccination effort

until week 50 [Veff,i(50)] with a varied basic reproduction number. Mean estimated vaccination effort for the

elimination of CSF is demonstrated by the solid line. The dashed lines denote 95% confidence intervals of the

estimated values.

https://doi.org/10.1371/journal.pcbi.1010510.g004

Table 1. Descriptions of parameters for the estimation.

Symbol Description Value Reference

γ Recovery rate from CSF per week Estimated Estimated

μd CSF-induced lethality rate per week Estimated Estimated

μ Natural mortality rate per year 0.15 Natural mortality rate of European wild boar was estimated by Toïgo et al. [23]

ry population growth rate per year 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]

k Efficacy of bait vaccine per one unit of

vaccine

Estimated Estimated

τ Time delay τ from the vaccine

distribution to immunisation

Estimated Estimated

https://doi.org/10.1371/journal.pcbi.1010510.t001
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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 R0 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

(CSF-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 (S4 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.

R2 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 R2 was calculated for the

observed data versus the model prediction. These R2 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, t. In this study, we

set the spatial scale of grid i defined as approximately 4.6 km × 5.6 km and the unit of time t 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:

dSi
dt
¼ m0 tð ÞNi tð Þ � Si tð Þ

X

j
ðbjiIjðtÞÞ � mSi tð Þ � v tð ÞSi tð Þ; ð1Þ

dEi

dt
¼ Si tð Þ

X

j
ðbi;jIjðtÞÞ � mþ εð ÞEi tð Þ � v tð ÞEi tð Þ; ð2Þ

dIi
dt
¼ εEi tð Þ � mþ gþ mdð ÞIi tð Þ; ð3Þ

dRi

dt
¼ gIi tð Þ � mRi tð Þ; ð4Þ

dDi

dt
¼ mNiðtÞ þ mdIi tð Þ; ð5Þ

dVi

dt
¼ v tð Þ NiðtÞ � IiðtÞ � RiðtÞ � ViðtÞð Þ � mVi tð Þ; ð6Þ

NiðtÞ ¼ SiðtÞ þ EiðtÞ þ IiðtÞ þ RiðtÞ þ ViðtÞ; ð7Þ

dNi

dt
¼ m0ðtÞ � mð ÞNi tð Þ � mdIi tð Þ: ð8Þ

where Si(t), Ei(t), Ii(t), Ri(t), Di(t), and Vi(t) represent the number of susceptible, latent, infec-

tious, recovered, dead, and vaccinated individuals in grid i at calendar time t, respectively.

Ni(t) represents the total number of living wild boar in grid i at time t, that is, the population

size of wild boar in grid i at time t. The parameters βji, ε, γ, μ0(t), μ, μd, 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 t, natural mortality rate, CSF-

induced lethality rate, and immunisation rate by bait vaccination at time t, respectively. Note

that when j 6¼ i, parameter βji 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 τ from the

vaccine distribution to immunisation, we modelled the immunisation rate v(t) as v(t) = kvd(t-
τ), 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 vd(t) is the

number of distributed bait vaccine at time t. We assumed that the time delay of the effect of

vaccination, τ, 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, Ri(t) in our model) or from bait vaccination (vaccinated, Vi(t) in our model), therefore

the number of immune boar at time t in grid i was Ri(t)+ Vi(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 t can be written as:

RiðtÞ þ ViðtÞ
NiðtÞ

� �0

¼
ðRiðtÞ þ ViðtÞÞ

0NiðtÞ � ðRiðtÞ þ ViðtÞÞN 0iðtÞ
NiðtÞ

2
: ð9Þ

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

RiðtÞ þ ViðtÞ
NiðtÞ

� �0

¼
ðgIiðtÞ � mRiðtÞ þ vðtÞðNiðtÞ � IiðtÞ � RiðtÞ � ViðtÞÞ � mViðtÞÞNiðtÞ � ðRiðtÞ þ ViðtÞÞððm0ðtÞ � mÞNiðtÞ � mdIiðtÞÞ

NiðtÞ
2

; ð10Þ

and can be simplified as:

RiðtÞ þ ViðtÞ
NiðtÞ

� �0

¼ v tð Þ 1 �
IiðtÞ
NiðtÞ

þ
RiðtÞ þ ViðtÞ

NiðtÞ

� �� �

þ g
IiðtÞ
NiðtÞ

þ md
IiðtÞ
NiðtÞ

RiðtÞ þ ViðtÞ
NiðtÞ

� m0 tð Þ
RiðtÞ þ ViðtÞ

NiðtÞ
: ð11Þ

Solving Eq (11), we have:

RiðtÞ þ ViðtÞ
NiðtÞ

¼
Rið0Þ þ Við0Þ

Nið0Þ

þ

Z t

0

vðsÞ 1 �
IiðsÞ
NiðsÞ

þ
RiðsÞ þ ViðsÞ

NiðsÞ

� �� �

þ g
IiðsÞ
NiðsÞ

þ md
IiðsÞ
NiðsÞ

RiðsÞ þ ViðsÞ
NiðsÞ

� m0ðtÞ
RiðsÞ þ ViðsÞ

NiðsÞ

� �

ds: ð12Þ

Note that the right side of Eq (12) consists of the proportion of immune boar [(Ri(t)+Vi(t))/
Ni(t)], that of infected wild boar [Ii(t)/Ni(t)], rate of immunisation by bait vaccination at time t
[v(t)], recovery rate (γ), CSF-induced lethality rate (μd), and birth rate [μ0(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 (γ) and lethality rate (μd)], vaccine

efficacy [k in v(t)], and the time delay of the vaccine effect (τ) 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:

dNi

dt
¼ m0ðtÞ � mð ÞNi tð Þ: ð13Þ

Solving Eq (15), we have:

NiðtÞ
Nið0Þ

¼ expð
Z t

s¼0

m0ðsÞds � mtÞ: ð14Þ

Setting 1 week as a unit time, and assuming 1 year has 52 weeks, we have ry = Ni(52)/Ni(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 ( �m0), i.e.,

m0ðtÞ ¼
0 t < 34; 41 < t

�m0 34 � t � 41
; ð15Þ

(

and therefore,

ry ¼ expð8 �m0 � mÞ: ð16Þ

To obtain �m0 , we parameterised ry as the average of ry between 2002 and 2011 = 1.6 [19],

and the natural mortality rate per year μ = 0.15 (approximately 0.003 per week) [23]. Solving

Eq (16), we can obtain the birth rate as �m0 = 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:

RiðtÞ þ ViðtÞ
NiðtÞ

¼
Rið0Þ þ Við0Þ

Nið0Þ

þ
Xt

s¼0
vðsÞ 1 �

IiðsÞ
NiðsÞ

þ
RiðsÞ þ ViðsÞ

NiðsÞ

� �� �

þ g
IiðsÞ
NiðsÞ

þ md
IiðsÞ
NiðsÞ

RiðsÞ þ ViðsÞ
NiðsÞ

� m0ðtÞ
RiðsÞ þ ViðsÞ

NiðsÞ

� �

: ð17Þ

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:
Y

t
pmfðBinðNdata;i;t; ðRiðtÞ þ ViðtÞÞ=NiðtÞÞ;Rdata;i;t þ Vdata;i;tÞ; ð18Þ

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, Ndata,i,t denotes the

time-series data on the total number of captured and tested wild boar in grid i at time t, Rdata,i,t
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denotes that of recovered wild boar in grid i at time t, and Vdata,i,t denotes that of vaccinated

wild boar in grid i at time t. For the estimation of μd, γ, k, and τ, the likelihood function is max-

imised. Profile likelihood-based 95% CIs were calculated as 95% CI of the estimates.

From the estimates of μd and γ, CFR of CSF was determined by CFR = μd/(γ+μ+μd) [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 × 36 grids (approximately 4.6 km × 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 28th week, N(28)) to evalu-

ate the impact of the vaccination campaign. Using the data of distributed vaccines vd and the

estimates of k and τ (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, Vi(t)/Ni(28), as follows:

ViðtÞ
Nið28Þ

¼
Xt

s¼28

NiðsÞ
Nið28Þ

kvd t � tð Þ 1 �
IiðsÞ
NiðsÞ

þ
RiðsÞ þ ViðsÞ

NiðsÞ

� �� �� �

: ð19Þ

Relative population size Ni(s)/Ni(28) was obtained by numerically-solving Eq (8) with the

estimate of μd. The 95% CI of Vi(t)/Ni(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 R0

(the average number of secondary cases that will be generated from an infectious individual in

a completely susceptible population) [49]. With a known R0, the effective reproduction num-

ber under vaccination, Rv, can be calculated as Rv = R0(1-vc), where vc is the proportion of

immunised wild boar by vaccination. An epidemic will become extinct if Rv satisfies below

unity. From this relation, the herd immunity threshold to satisfy Rv < 1 is generally equated as

vc = 1-1/R0. Using the known number of distributed vaccines, the required vaccination effort

at time t in grid i, Veff,i(t), is calculated as Veff,i(t) = vc/Vi(t)/Ni(t).
Referring to reported values of R0 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 R0 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 [Veff,i(50)] by varying the

value of R0. 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 R2, which is squared Pearson’s corre-

lation coefficient between observed data and the model prediction. We also calculated the R2

value between the observed and estimated weekly proportions of immunised wild boar from

week 1 to week 61. We also calculated R2 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 R2 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 μ. The required vaccination effort was estimated

by varying the yearly natural mortality rate μ 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 ry. The required vaccination effort was estimated

by varying the yearly growth rate of wild boar ry 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)

S4 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)
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