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2 General introduction

African swine fever (ASF) is a viral disease caused by ASF virus (ASFV). It is a large enveloped
double-stranded DNA virus, which belongs to the Asfarviridae family (Alonso et al., 2018). The
disease only affects suid species; however, in the presence of suitable habitats, ticks
(Ornithodoros spp.) can constitute competent vectors (Costard et al., 2013, Sanchez-Vizcaino
et al., 2015). The disease was first described 100 years ago. In 1921, Montgomery (1921)
reported the detection of a new virus that caused several outbreaks in pigs in British East
Africa. The virus was called East ASFV and unsurprisingly, the main characteristics of the
disease were very similar to the characteristics of the disease we today call ASF. The main
clinical symptoms observed in extensive experimental studies were lethargy, fever and
inappetence. Also, the high case/fatality ratio that is typical for ASF was already described at
the time and confirmed by many experimental and observational studies in the following years
(Gabriel et al., 2011, Blome et al., 2012, Guinat et al., 2014, Pietschmann et al., 2015, Gallardo
et al., 2017). Until now, at least 24 ASFV genotypes have so far been identified (Quembo et
al., 2018).

In parts of Africa, the original sylvatic cycle involving bush pigs and warthogs as healthy virus
carriers and ticks as vectors was described to support the maintenance of ASFV circulation
predominantly (Montgomery, 1921, Heuschele and Coggins, 1969, Plowright et al., 1969). In
addition, a tick-pig cycle, where infected ticks transmit the virus into domestic pigs, and a
domestic cycle, in which no vectors or reservoirs are involved, were described (Costard et al.,
2013).

In 1957, ASFV isolates of genotype | crossed the African borders for the first time emerging in
Portugal (Sanchez-Cordon et al., 2019). The country managed to eliminate the disease, until
it emerged again in 1960 (Wardley et al., 1983). Unfortunately, the virus spread to Spain this
time and became endemic on the Iberian Peninsula (Wilkinson, 1984). At the beginning, the
epidemic in Spain was mainly driven by the broad distribution of small backyard holdings,
where pigs were usually kept outdoors. The presence of Ornithodoros erraticus ticks in some
parts of Spain complicated the control of the disease even further. However, the increasing
industrialization of pig production led to a raising political interest to combat the disease. Thus,
an eradication program was established that included intensive surveillance measures,
controlled livestock movements and regionalization (Bech-Nielsen et al., 1995, Arias et al.,
2002). In the following years, also other European and South American countries suffered from
local ASF outbreaks, e.g. Malta, the Netherlands, Belgium, the Dominican Republic and Brazil
(Wilkinson et al., 1980, Wilson and Diaz, 1981, Terpstra and Wensvoort, 1986, Biront et al.,
1987, Lyra and Freitas, 2015). The involvement of vectors and feral pigs, the partly low
biosecurity measures in small, private pig holdings and the lack of a curative treatment or even
a vaccine, made the control of ASF a major challenge. Despite these challenges, ASF could



be eliminated in all countries outside the African continent except for the ltalian island of
Sardinia, where the virus has been circulating since 1978 (Mur et al., 2016).

In 2007, however, another transcontinental virus spread occurred. This time, the ASFV isolate
belonged to genotype Il and was probably introduced through the harbour of Poti, a city located
at the Black Sea in Georgia (Rowlands et al., 2008). Since then, the virus has continuously
spread across the Eurasian continent, affecting several countries in the European Union (EU)
and more recently China, the largest pig producing country worldwide (Gavier-Widen et al.,
2015, Wang et al., 2018). In contrast to the previous incursion into Europe, the current
epidemic is characterized by the involvement of wild boar (Sus scrofa). The virus can be
transmitted between domestic pigs and wild boar, either directly by wild boar-pig contact or
indirectly by contaminated material like food waste, clothes and vehicles (Gogin et al., 2013,
European Food Safety Authority, 2018).

The control of ASF in domestic pigs is strictly regulated. Following the Commission
Implementing Decision 2014/709/EU, all pigs in affected holdings must be culled and thus, the
risk of further disease spread is reduced to a minimum. The surveillance of ASF in domestic
pig holdings is straightforward and regulated by the World Organisation for Animal Health
(2019). However, as indicated by the almost 15 years, in which the current ASF epidemic is
constantly expanding, both disease control and surveillance are much more complicated as
soon as any wild pig species is involved (Gortazar et al., 2016). By now, wild boar are native
to almost the entire European continent and the population is constantly growing (Massei et
al., 2015). They are not only animals with a regular reproduction cycle, which is almost
independent from seasonal influences in regions with abundant resources for the wild boar,
but also robust, adaptable and clever. In addition, due to mild winters and the lack of natural
predators, natural mortality is low, supporting population growth (Okarma et al., 1995, Bieber
and Ruf, 2005, Keuling et al., 2013, Massei et al., 2015). Consequently, it is obvious that the
susceptibility of wild boar to ASF makes the disease control challenging. In several countries,
disease introduction was first recognized in the wild boar population, emphasizing the major
role of this species in the current epidemic (OlSevskis et al., 2016, Smietanka et al., 2016,
Nurmoja et al., 2017b, Linden et al., 2019, Maciulskis et al., 2020, Sauter-Louis et al., 2020).

Surveillance and control measures of wildlife diseases are generally implemented by hunters.
They are regularly engaged in hunting activities, familiar with the environmental circumstances
and usually have a profound knowledge of the local wild boar population. While hunters seem
to be the people suited best in supporting surveillance activities and control measures, their
support is highly dependent on their willingness to cooperate (Schulz et al., 2016). Including
hunters actively in the process of the design, the implementation and the evaluation of
measures might help to increase their willingness to support the control of ASF in wild boar.
Participatory epidemiology (PE), which originates from social science, is one way to increase
the influence of affected groups of persons. Thus, they may be motivated to participate in the
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crucial processes of diseases surveillance and control and by doing so to solve problems, from
which they and their livelihoods are directly affected (Chambers, 1994, Mariner et al., 2011,
Catley et al., 2012).

The aim of the present thesis is to investigate the epidemiology of ASF in wild boar, its
surveillance and control. Furthermore, the role of participatory methods in veterinary
epidemiology and their specific potential to improve the surveillance and control of ASF in wild
boar will be assessed. Moreover, the potential of PE to complement conventional
epidemiological methods will be discussed. The long-term aim is to support the successful
eradication of ASF in wild boar, but also to stimulate the integration of PE in the design, the
implementation and the evaluation of disease surveillance and control in general.

The thesis is divided into two main topics. In the first part, the current epidemiological course
of ASF in different countries is analysed. Challenges in the surveillance and the control of the
disease and knowledge gaps, which impede successful disease control, are identified.
Weaknesses in the system are revealed and their identification is used to define starting points
for the integration of participatory methods. Thus, in the second part, the potential of PE is
evaluated including its limitations and potential pitfalls. Using different participatory methods,
the perceptions of hunters regarding ASF in wild boar are investigated and opportunities to
increase the effectiveness of surveillance and control of ASF in wild boar identified.



3 African swine fever in wild boar

3.1 Scientific background

The control of animal diseases, in which wildlife plays a significant role in the maintenance of
the disease, is much more complicated than the control of diseases only affecting livestock
(Gortazar et al., 2007, Gortazar et al., 2016). Wildlife species can constitute reservoir host,
whereby the specific definitions of reservoir hosts differ (Ashford, 1997, Haydon et al., 2002).
However, following the concepts of Haydon et al. (2002), a reservoir can maintain pathogen
circulation and thus pose a risk for disease transmission to the target population. In case of
ASF, domestic pigs can be seen as target hosts, which are of interest regarding the control of
the disease. Wild boar can be defined as reservoir hosts, as ASFV can persist within their
population, assuming a sufficiently large population density (Haydon et al., 2002).
Consequently, as long as ASFV circulates in the wild boar population, the risk of ASFV
introduction into domestic pig holdings is constantly present, thus continuously threatening the
pig economy. Due to this threat, the control of ASF in wild boar is of huge socioeconomic and
political interest. In previous outbreaks of ASF in domestic pigs, diseased wild boar in the close
vicinity were often determined as potential source for virus introduction (Gogin et al., 2013,
Ol8evskis et al., 2016, Nurmoja et al., 2018), although the unambiguous identification of the
source of disease introduction often turned out to be difficult. The essential role of wild boar in
the current ASF epidemic, which started in Georgia in 2007, resulted in the definition of a new,
and thus a fourth, transmission cycle (Chenais et al., 2018). The high tenacity of the virus in
the environment, particularly at low temperatures, supports the definition of the new wild boar—
habitat cycle (European Food Safety Authority, 2010). Carlson et al. (2020) found that ASFV
can survive in sand or potting soil for two weeks, pointing out the potentially major role of
carcasses of infected wild boar and their surroundings, e.g. the so-called decomposition island,
in the maintenance and the spread of ASF in the wild boar population. The crucial role of wild
boar carcasses in ASFV transmission was also confirmed by Pepin et al. (2020). While Probst
et al. (2017) observed no intra-species scavenging in their study, they hypothesised that the
regular contacts of wild boar with their dead conspecifics pose a risk of ASFV transmission. A
recent study proofed the long survival of infectious ASFV in different wild boar tissues at 4 °C
or colder (Fischer et al., 2020), emphasizing the increased probability that a wild boar sniffing
around an infected wild boar carcass and the surrounding soil might get infected with ASFV.
Within the scientific community, it is undisputed that removal of wild boar carcasses is one of
the most important measures in the control of ASF (European Food Safety Authority et al.,
2018).



3.2 Contributions

3.21 The epidemiology of ASF in wild boar

Although an incredible amount of knowledge regarding ASF has been gathered within the
scientific community over the last decades, several epidemiological mechanisms are still
poorly understood. However, for a successful disease control, it is vital to understand the virus,
the host and their epidemiological interactions. Consistent effort has to be made to close
existing knowledge gaps, which hamper the implementation of effective control measures.
With regard to ASF and the essential role of wild boar in the maintenance of ASF in a country,
the transmission dynamics between and within wild boar populations are a key factor, which is
still under scientific debate. This is aggravated by decades of intensive, so far unsuccessful,
search for an effective vaccine (Gavier-Widen et al., 2020). Particularly at the beginning of the
current ASF epidemic, it was obvious that stakeholder and scientists compared ASF with
classical swine fever (CSF). Experiences from past CSF epidemics in Europe supported the
design of surveillance and control measures for ASF in wild boar. Thus, the question arose
whether the similarities of the two diseases and the viruses causing them really go beyond that
of the name.

e Contribution (Publication 1): SCHULZ, K., STAUBACH, C. & BLOME, S. 2017. African
and classical swine fever: similarities, differences and epidemiological consequences.
Veterinary Research, 48. https://doi.org/10.1186/s13567-017-0490-x

In addition to the necessity to differentiate between the epidemiological features of ASF and
CSF to ensure the design of targeted control measures for ASF, it is of utmost importance to
understand the mechanisms of ASFV spread. For decades, ASF was called a very contagious
disease (Montgomery, 1921, Costard et al., 2013, Barongo et al., 2015). However, recent
experiments and field observations suggested that it is by far more complicated. Transmission
rate, spreading speed and infectiousness are important characteristics, which need to be
understood for successful control of infectious diseases. A comprehensive narrative literature
review was conducted to define these characteristics more precisely and thus to support the
epidemiological evaluation of ASF epidemics and outbreaks.

e Contribution (Publication 2): SCHULZ, K., CONRATHS, F. J., BLOME, S,
STAUBACH, C. & SAUTER-LOUIS, C. 2019. African Swine Fever: Fast and Furious
or Slow and Steady? Viruses-Basel, 11. 866. https://doi.org/10.3390/v11090866

Summarizing the current knowledge regarding ASF in wild boar including pathology,
immunology and epidemiology, an interdisciplinary review was published. Thus, it was possible
to further and very precisely identify existing knowledge gaps and research priorities.

e Contribution (Publication 3): SAUTER-LOUIS, C., CONRATHS, F. J., PROBST, C,,
BLOHM, U., SCHULZ, K., SEHL, J., FISCHER, M., FORTH, J. H., ZANI, L., DEPNER,
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https://doi.org/10.3390/v11090866

K., METTENLEITER, T. C., BEER, M. & BLOME, S. 2021. African Swine Fever in Wild
Boar in Europe—A Review. Viruses, 13, 1717. https://doi.org/10.3390/v13091717
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Abstract

For the global pig industry, classical (CSF) and African swine fever {ASF} outbreaks are a canstantly feared threat.
Except for Sardinia, ASF was eradicated in Europe in the late 1990s, which led to a research focus on CSF because this
disease continued to be present. However, ASF remerged in eastern Europe in 2007 and the interest in the disease,
its control and epidemioclogy increased tremendously. The similar names and the same susceptible species suggest

a similarity of the two viral diseases, a related biological behaviour and, correspondingly, similar epidemiological
features. However, there are several essential differences between both diseases, which need to be considered for the
design of contrel or preventive measures. In the present review, we aimed to collate differences and similarities of the
two diseases that impact epidemiology and thus the necessary control actions. Qur objective was to discuss criti-
cally, if and to which extent the current knowledge can be transferred from one disease to the other and where new
findings should lead to a critical review of measures relating to the prevention, control and surveillance of ASF and
CSF. Another intention was to identify research gaps, which need to be closed to increase the chances of a successful
eradication of ASF and therefare for a decrease of the economic threat for pig holdings and the international trade.

Table of Contents 3.1.1 Transmission and contagiosity
1 Introduction 3.1.2 Vectors and carriers
2 Virus 3.1.3 Tenacity
2.1 ASF 3.2 CSF
2.1.1 Virus taxonomy and morphology 3.2.1 Transmission and contagiosity
2.1.2 Clinical signs and pathology 3.2.2 Vectors and carriers
2.1.3 Immune response and vaccination 3.2.3 Tenacity
2.2 CSF 4 History and today’s distribution
2.2.1 Virus taxonomy and morphology 4.1 ASF
2.2.2 Clinical signs and pathology 4.2 CSF
2.2.3 Immune response and vaccination 5 Prevention and control measures
3 Epidemiology 5.1 ASF
3.1 ASF 5.2 CSF

6 Conclusions
6.1 Epidemiologically relevant facts concern-

*Correspondence: katjz schulz@flide jng CSF

' Friedrich-Loeffler-Institut, Federz| Research Irstituze for Arimal Health, . . . N

st oute of Epideniclogy, SUduer 10, 1,493 Grerswald, Insel Tems, 6.2 Epidemiologically  relevant facts  concern-
Germany ing ASF

Fulllist of auznor informaticn is availakle atthe end of the article

@ be Adthod

- s 20170 s article is distributes ander the terms of the Creative Commens Attributcn 4.0 Interrat'onl License
O BioMed Central e

ommnns.orgliceases/byd 0/ b pesmits unrestricted use, distritzation, and recroduction ivarmy
srovicled vou give appropriate credit tothe orlgingl authaor the souice, provide a l'n<ta the Creative Commors licence,
and indicaze if changes were made. |he Creative Cormeong Pualic Dereain = (bt Aciea e oM G e ony
suklicdornair/zore1.04) 2 ppics o the dera made avallable i this armicle, o vise statod.

cdium,

12



Schulz et al. Vet Res (2017} 48:84

1 Introduction

Similar names suggest similar disease characteristics for
African and classical swine fever (ASF and CSF). In fact,
ASF was even thought to be caused by the same virus as
CSF [1] before Montgomery [2] described it as an inde-
pendent disease entity in Kenya. Yet, despite the similar
clinical signs and some shared pathogenic characteris-
tics, the two diseases are caused by completely different
viruses [1, 3, 4].

Nonetheless, both diseases are frequently mentioned
at the same time or compared to each other, especially
when it comes to epidemiology and disease control. They
are both listed by the World Organization for Animal
Health (OIE). Diseases found on this list are of consider-
able international interest and subject to specific regula-
tions [5]. ASF as well as CSF are viral diseases affecting
pigs (Suidae) exclusively. In the case of an outbreak, both
discases may generally entail substantial economic con-
sequences for the affected country or region, particularly
in western European countrics with a considerable pig
industry [6-10].

Up to very recently, most central and eastern Euro-
pean countries had mainly experience with CSF, and
in many cases, control strategies for ASF were copied
from CSF-contingency plans of the past. However, the
recent developments of the ASF epidemics in the Bal-
tic EU Member States and in Poland showed that the
disease dynamics did not follow the expected pattern
and several open questions remain [11, 12]. The dis-
ease neither died out nor spreads with high speed as
predicted [13]. So far, the affected countries encounter
new cases every week and the situation is out of con-
trol in the wild boar population. In this review, our
focus was put on similarities and differences of the
twe viral diseases and the subsequent epidemiologi-
cal consequences. Due to the particular difficulties to
control the diseases in the wild boar population and
the constant threat, the presence of the virus in wild
boar poses to domestic pig holdings, we focused on
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the epidemiology in wild boar. By including the lat-
est available scientific findings, this review may help
to improve our understanding of the epidemiology
of CSF and ASF and thus to optimize prevention and
control measures. Furthermore, existing uncertain-
ties were identified and thereby new research can be
inspired.

2 Virus

2.1 ASF

2.1.7 Virus taxonomy and morphology

The ASF virus (ASFV) is a large enveloped double-
stranded deoxyribonucleic acid (DNA) virus and the only
DNA arbovirus (arthropod bornc) known so far. The
virus belongs to the Asfarviridae family; genus Asfivirus
[14]. The genome consists of a linear double-stranded
DNA molecule of 170-190 kbp with terminal inverted
repetitions and hairpin loops [15]. The viral genome
codes for more than 50 structural proteins and several
non-structural proteins. ASFV molecular polymorphism
has been investigated by partial sequencing of the gene
encoding the major capsid protein p72, and 22 distinct
genotypes were defined [16]. Recently, an additional
genotype was described by Gallardo et al. [17]. Addi-
tional sequence information is gathered through partial
sequencing of the B602L gene (CVR) or the gene encod-
ing p54. The virus strains involved in the current eastern
European outbreaks belong to genotype IT and are highly
identical. They show so far only very minor differences.
The virus strains circulating on Sardinia are of geno-
type I and also showed only minor variability, even after
decades. In the study of Fraczyk et al. [18], they identi-
fied genetic variability within genes related to evasion of
host immune system. According to Fraczyk et al. [18] this
could help tracing the direction of ASFV isolates molecu-
lar evolution. However, studies, identifying further new
genetic markers are clearly needed that allow higher
resolution molecular epidemiology and thus outbreak
tracing.

Table 1 Characteristics of the four manifestations of an infection with the African swine fever virus

Peracute form Acute farm

Virulence High High/mederate
Clinica sigrs g opetite loss, High fever, appetite loss,
leet bypeipnon lothargy, g
“ataology Feythema Frythema, parechial naemorrtagas
in severz| organs, lung oecema,
abartion
Martality High High

Partly adapted from Sanchez-Vizcaine etal. 201

tro-intosting signs

Subacute form Chronic form

Moderate Loy
Soe acute “orm but less
prono.Jrced

Rospiratory signs, lameness

Frythema, petachial nasn-
arrthagss in al organs,
haemar-hagic lympa
nodas, abortion

Arthritis, recretic skin, preu-
mania, pericarditis, zbo-tion

Variable i
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2.1.2 clinical signs and pathology
The occurrence and the manifestation of clinical signs
depend on different factors, Decisive factors can for
example be the virulence of the virus strain, the infection
route and dose and the constitution of the affected ani-
mal. The incubation period is described to be 2—7 days
[19]. According to Sanchez-Vizcaino et al. [20] it can be
5-15 days. Peracute, acute, subacute and chronic form of
disease can be distinguished [20]. The ASFV strains caus-
ing the outbreaks in eastern Europe are highly virulent
and the clinical courses are usually acute and lethal [17,
21]. Experimentally infected wild boar showed also a very
high mortality, independently of sex or age [21, 22]. This
does not preclude very unspecific courses that can almost
go unnoticed. Some characteristics of the different dis-
ease forms are outlined in Table 1.

As described in Table 1, mortality may vary according
to the virulence of the ASF virus. Infections with high
virulent virus strains usually lead to 90-100% mortality.

2.1.3 Immune response and vaccination

Pigs recovering from ASEV infection are usually pro-
tected against homologues challenge, but cross-protection
against heterologous strains is often missing. Generally,
the existence of an antibody-mediated protection, i.e. virus
neutralization, is controversially discussed. It is possible to
confer a certain level of protection by passive transfer of
hyperimmune sera [23]. However, several authors suggest
the complete absence of neutralizing antibodies [24], oth-
ers found that antibodies could reduce virus titers or neu-
tralize ASF virus to a certain extent in vitro [256-27].

It has been reported that animals surviving ASF can
become long-term carriers [28, 29]. This may have a tre-
mendous impact in wild boar populations. So far, it is not
clear how many of the survivors may act as carriers and
how long they remain infectious. Evidence exists indicat-
ing that at least not all animals become long-term carri-
ers [30].

While the role of antibodies is controversially dis-
cussed, cytotoxic T-cell responses seem to play a major
role in mediating antiviral protection. It was demon-
strated that depletion of CD8+ cells leads to abrogation
of protection [31].

Safe and efficacious vaccines against ASF do so far not
exist, although several approaches have been pursued
to develop immunization protocols [32]. Thus, a control
strategy in both domestic pigs and wild boar has to rely
on veterinary hygiene.

2.2 CSF

2.2.1 Virus taxonomy and morphology

The agent causing CSE is a small, positive single-
stranded, enveloped RNA virus. The CSF virus (CSFV)
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belongs to the genus Pestivirus within the Flaviviri-
dae family [33], The genome consists of approximately
12.3 kb and includes one large open reading frame (ORF)
flanked by two non-translated regions (NTRs) [34-36].
The viral genome codes for eleven viral proteins, four
structural and seven non-structural (NS) proteins. In
detail, the core (C) protein along with three envelope gly-
coproteins (E1, E2, and Erns) constitutes the virion, and
Npro, p7, NS2-3, N54A, NS4B, NS5A, and NS5B are NS
proteins [37, 38].

CSFV strains can be assigned to three distinet geno-
types with three to four subtypes [39-41]. This classifica-
tion is based on the nucleotide sequences of fragments of
the 5-non-translated region (5'-NTR), and of the region
encoding the glycoprotein E2 [39, 42]. Different subtypes
show a particular geographical distribution and genetic
typing is used to understand both gross and molecu-
lar epidemiology [39, 43, 44]. Recent European strains
belong to genotype 2, especially subtypes 2.1 and 2.3.
Most often, these virus strains are moderately virulent.

2.2.2 Clinical signs and pathology

Also for CSF, the course of disease depends on several
factors like viral virulence, virus dose, health status and
particularly the age of the affected animal. Three differ-
ent courses of infection are known, namely the acute,
chronic and prenatal form. The latter can lead to the so
called “late onset” form [7, 45]. The incubation period is
in the range of 4—10 days. The acute form of CSF mani-
fests often in fever, respiratory and gastro-intestinal
signs, lethargy, and inappetence. The acute lethal form
can be accompanied by severe hemorrhagic or neurologi-
cal signs. Mortality in piglets can be very high, whereas
older animals can withstand an infection and develop a
life-long immunity [46].

The chronic form is caused by viruses with a lower
virulence and usually effects unspecific symptems like
runting, secondary infections of both respiratory and
gastro-intestinal tract, skin lesions, and, in the case of
sows, reduced fertility. Sometimes, animals ¢an show an
initial recovery, however after several months all animals
succumb to infection and die. During the whole time
of infection, the affected animals shed large amounts of
virus [46, 47]. This course can play an important role in
the maintenance of virus transmission.

The outcome of transplacental infection depends on
the stage of gestation. In early pregnancy, CSFV infec-
tion usually causes abortion, still birth, mummification
or malformation [47]. However, infections in the 2nd and
3rd menth of pregnancy may lead to the development
of persistently infected piglets. These piglets are immu-
notolerant towards the causative virus strain and may be
born healthy. However, they usually runt and develop the
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so-called late onset form of CSF. Also, these animals con-
stantly shed virus until they eventually die [45, 47, 48].

Regarding the pathology of acute forms, lymph nodes,
spleen and kidneys as well as other organs may be edem-
atous and hemorrhagic. Moreover, spleen infarctions and
necrotic regions in the tonsils are sometimes found. In
animals dying due to the chronic form of CSF, the typical
hemorrhages are usually missing, while necrotic lesions
in the gastrointestinal tract are more common [47]. Sec-
ondary infections may dominate the pathelogical lesions.
The same is true for the late-onset form [49].

2.2.3 Immune response and vaccination

Protection against CSFV upon vaccination or an over-
come infection is mediated by both humoral and cel-
lular immune responses. Animals that have recovered
from field virus infection and animals vaccinated with a
conventional live-attenuated vaccine develop antibod-
ies against the structural proteins E2 and Erns as well
as the non-structural protein NS3 [50-52]. Especially
the E2 antibodies are able to neutralize CSFV and anti-
body titers can be determined using cell culture-based
neutralization assays [53]. Measurable titers are usually
found between days 14 and 21 post infection and persist
probably lifelong. Moreover, antibodies are transferred
by immune sows to their offspring via colostrum. These
antibodies have a half-life of roughly 12—14 days and are
able to passively protect suckling piglets for a couple of
weeks [54]. Beside humoral responses, cell-mediated
immunity plays an important role in early protection
upon vaccination and in beneficial immune responses
upon field virus infection.

Safe and efficacious vaccines exist for both intramuscu-
lar vaccination of domestic pigs and oral vaccination of
wild boar [55]. The latter have proven that they can be
an important tool for CSF eradication from affected wild
boar populations [56].

3 Epidemiology

3.1 ASF

3.1.1 Transmission and contagiosity

Three imain transmission cycles are described for ASE
[57]. A distinction is made between the sylvatic cyde,
the tick-pig cycle, and the domestic cycle. The sylvatic
cycle refers to the circulation between the African wild
suid population and soft ticks. This cycle can be seen in
African countries where ASF and ticks of the genus Ormi-
thodoros are endemic. The tick-pig cycle is present in
Africa and played a role on the Iberian Peninsula, where
ticks infested pig pens and shelters. In the domestic cycle,
direct or indirect transmission occurs between domestic
pigs. The same applies to transmission among wild boar
in the sylvatic cycle in eastern Europe [57, 58]. Direct
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contact between infected and susceptible animals is a
very effective transmission route, but still depending on
the virulence of the virus [28, 59]. Indirect transmission
is described through people, vehicles ete. [60]. Although
officially banned in most European countries, feeding
contaminated meat products or fodder to wild boar or
domestic pigs is assumed to play a considerable role in
the transmission of ASF [61]. The introduction of the
ASF virus from Africa to Portugal in 1957 as well as the
introduction into Georgia in 2007 happened most likely
through swill feeding of waste from ships at international
harbors [62]. ASF virus could be found in boar semen,
therefore a transmission through sexual contact or artifi-
cial insemination cannot be ruled out [63]. According to
Penrith and Vosloo [64] there is no evidence for intrau-
terine transmission. This is in lince with our own unpub-
lished observations.

Ferreira et al. [65] detected viral DNA in air samples
and showed a significant association between the detec-
tion of virus in feces and in air samples. However, due to
the high virus load needed, airborne transmission is not
thought to be a major transmission route for ASFV.

Infected animals excrete virus through body fluids like
blood, nasal fluid and through feces and urine. How-
ever, the amount of virus differs in different fluids. Sev-
eral studies demonstrated a considerable virus burden
in the blood of infected animals, while it was consider-
ably lower in nasal or rectal fluids [22, 58, 66]. Accord-
ingly, contact to infectious blood appears to be the most
effective transmission route for ASF [19]. Also, Depner
et al. [13] hypothesized that due to the necessary direct
contact, the contagiosity of ASF is lower than previously
assumed. Results of experimental and field studies sup-
port this hypothesis [22, 67]. Following infection stud-
ies, the oral infectious dose can vary between 10 000 and
18 000 TCIDy, (50% tissue culture infective dose) [68].

Virus transmission can be described by the basic repro-
ductive number (R;), which defines the number of sec-
ondary infected animals that result from one infected
animal. Existing data about the R, value for different
ASF virus strains varies considerably in different studies,
ranking from 0.5 to 18.0. However, independently of the
virus strain, R, was generally lower when transmission
happened only through indirect contact [22, 58, 59].

3.1.2 Vectorsand carriers

In addition to domestic pigs, wild suids play an important
role in the transmission pathways of ASE. 1n Africa, espe-
cially warthogs and bush pigs are known as an asymp-
tomatic reservoir for ASFV [60]. Transmission between
warthogs has not been described so far: the presence of
soft ticks is therefore believed to be necessary for the
spread of the disease [69]. The epidemiological role of
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other African wild suids such as giant forest hogs in the
distribution of ASF has not been conclusively evaluated
[57]. Many studies demonstrated that the European wild
boar is as susceptible to ASF as domestic pigs and can
thus act as reservoir under European conditions [69].

As described further above, ASFV is an arbovirus that
can replicate in soft ticks. In areas, where ticks of the
Ornithodores genus are endemic, they can play an impor-
tant role in the transmission of the ASFV [57, 58]. There
is no indication that birds or rodents from infected farms
contracted ASF [58]. These findings could be confirmed
by Penrith and Vosloo [64]. Mellor et al. [70] could exper-
imentally transmit ASFV from Stomoxys flies to pigs. For
central Europe, there is no evidence that soft ticks could
play a role [71]. There is no evidence that Ormithodoros
spp. occur in this region. Moreover, hard ticks do not
seem to play a role either [72].

3.1.3 Tenacity

It is known that the survival time of the virus can be up
to 18 months in serum at room temperature. However,
the survival time decreases with increasing temperature
and can be longer in frozen material. The virus is stable
across a wide range of pH-levels; it can resist a pH level
between 4 and 13 [73]. Several studies demonstrated
that ASFV can stay infective in raw ham or sausage but
also in treated meat products for several months. How-
ever, it was also shown, that cooking meat kills the virus
within few minutes, whereas it can stay infectious at least
1000 days in frozen meat [74-76].

3.2 C5F

3.2.1 Transmission and contagiosity

Virus can be excreted through feces and all body fluids
like saliva and urine. Infected animals may excrete large
amounts of virus over a relatively long period [77]. Infec-
tion usually happens oro-nasally often through direct
but potentially also through indirect contact [7, 78, 79].
The infectious dose through oro-nasal infection ranges
between 10 TCID,, and 80 TCIDy, [65]. Different indi-
rect transmission routes are described. Indirect contact
to wild boar, for example through contact to contami-
nated hunting material or vehicles could be identified
as an important source for virus introduction into com-
mercial pig holdings [80, 81]. Also, indirect transmission
through infected feed or garbage {illegal swill feeding)
has been suggested as a common source for virus intro-
duction into a naive population [7, 80]. Movements of
persons entail the risk of transmission through contami-
nated clothes, vehicles or repeatedly used needles [82—
84]. Indirect transmission via excretions are described to
be rather unlilely [85].
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The CSFV is able to cross the placental barrier and con-
sequently to infect fetuses in the uterus [45, 86]. Virus
transmission through boar semen has also been reported
[87-89]. Transmission via air was suspected in farms
where secondary outbreaks without any detectable direct
or indirect contact to the originally affected farm have
occurred [82]. Potential virus transmission via air could
be documented under experimental conditions [15, 90,
91]. Weesendorp et al. [92] and Weesendorp et al. [93]
detected CSF virus in a pen where infected pigs had been
housed. However, Weesendorp et al. [91] showed that
the transmission rate was significantly higher among pigs
housed in the same pen then between pigs housed in dif-
ferent pens or via air, which cmphasizes the importance
of the transmission routes mentioned above.

The R, value for CSF virus depends on the number of
susceptible animals, on the population density and also
on the virulence of the CSF virus [7, 45, 94]. Several stud-
ies determined a high R, values for within-herd transmis-
sion, indicating a high contagiosity when direct contact
between the animals is possible [86, 95, 96]. However,
Weesendorp et al. [94] showed that direct transmission
is highly dependent on the virulence of the virus strain.
They found that pigs that had direct contact with animals
infected with a low virulent strain did not get infected,

Besides the direct relationship between population
density and the Ry, a reduced number of highly suscep-
tible young pigs decreases the chance of disease persis-
tence in a population [7, 97-99]. Stegeman et al. [100]
found that the transmission of CSF virus among breeding
pigs was clearly lower with a R; of 2.9 than in herds of
weaned piglets and slaughter pigs.

3.2.2 Vectorsand carriers

Although the role of various animal species as potential
vectors for CSF has been intensively studied, transmis-
sion seems to occur mainly if not exclusively between
pigs. Neither arthropods nor rodents or birds could be
reliably identified as vectors for the virus [82, 101, 102].
Wild boar constitute an important carrier of CSFV and
therefore pose a constant risk to introduce the virus into
pig farms [7, 80]. Everett et al. [103] showed in their study
that warthogs as well as bushpigs can be infected with
CSF virus and can also transmit the disease.

3.2.3 Tenacity

Similar to ASFV, the tenacity of CSFV in the environ-
ment depends on a number of factors. Several stud-
ies could demonstrate a relationship between ambient
temperature and the tenacity of the virus [77, 104-107].
Accordingly, the period of time, the virus remains infec-
tious, decreases with increasing temperature. In the study

16



Schulz et al. Vet Res (2017} 48:84

of Weesendorp et al. [104] it was calculated that virus
would remain infectious for a few days in feces and urine
at 22 °C. However, at 5 °C infectious virus would remain
detectable for several weeks. Botner and Belsham [108]
could show that the tenacity of CSF virus in slurry was
short when it was heated, but the virus remained infec-
tious for weeks at cool temperatures.

Farez and Morley [107] describe in their study a tenac-
ity of years in meat frozen at —70 °C. They also listed
time periods, for which the virus stayed infectious in dif-
ferent meat products, illustrating that these periods may
range from 40 days to several years, depending on the
treatment. Treatments like salt-cures and smoking do
not seem to reduce the infectivity of CSF virus signifi-
cantly, whereas pasteurization and cooking inactivates
the virus [105]. Also, the protein concentration in the
matrix influences the tenacity of the virus. The higher
the protein concentration, the longer stays the CSF virus
infectious [77]. Another factor affecting the stability of
the virus is the pH-value [105-107, 109]. It was found
that virus is inactivated below a pH-level of 4 and abave
pH 11 [109].

4 History and today’s distribution

4,1 ASF

The first time, when ASF was identified as an independ-
ent disease entity, was in Kenya in 1910 [2]. After its
first detection, ASF was found to circulate in several
African states until it was introduced into Portugal in
1957. After successful eradication in Portugal, the dis-
ease was reintroduced in 1960 and spread to several
European countries. Before it was finally eradicated in
1995, ASF stayed endemic on the Iberian Peninsula [6,
61, 64]. Since the virus was newly introduced into Sar-
dinia in 1978, ASF has remained endemic in several
parts of Sardinia [110]. The disease did not only reach
Europe, but also different countries in South and Cen-
tral America, from where it was successfully eradicated.
For many years, ASE could be found endemic only in
African states and Sardinia [61]. However, in 2007 ASE
was again detected in Europe, namely in Georgia, from
where it spread into the neighbor states Armenia, Azer-
baijan and the Russian Federation [62, 111]. In 2012
and 2013, also the Ukraine and Belarus reported an
ASF outbreak [20]. In 2014, ASF rcached the European
Union, where outbreaks were confirmed in Lithuania,
Latvia, Estonia and Poland [11, 12, 20, 112]. Currently,
the virus is still circulating in all four countries with
frequent new outhreaks, mainly in wild boar, but occa-
sionally also in domestic pigs (Figure 1). In addition,
ASF cases were detected in Moldova for the first time in
October 2016 [113].
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4.2 CSF

The first official reports about the occurrence of
CSF virus originate from Ohio, USA, where the dis-
ease was first described in 1833, Between 1860 and
1970 the CSF was widely distributed over the Ameri-
can and the European continents [105]. In 1978, CSF
was eradicated in North America [109]. Since then,
North America and Australia are officially free from
CSF [114]. Mainly due to inadequate reporting and
lack of surveillance, the disease situation in Africa
remains unclear. However, it is known, that CST has
been endemic in parts of Asia as well as in areas of
Central and South America since several years [114].
After devastating outbreaks in the Netherlands and in
Germany in the late 1990s and sporadic outbrealks that
occurred thereafter, the last outbreaks in Europe were
reported in domestic pigs from Latvia in 2014, In wild
boar, however, the discase was at least present until
2016 in the latter country [115].

5 Prevention and control measures

5.1 ASF

Currently, no vaccination for ASF is available. To pre-
vent the introduction of ASE, movement restrictions
regarding pigs, pork, blood and other products from
pigs kept in affected areas as well as potentially con-
taminated material, vehicles etc. are in place. Follow-
ing European Commission [116], necessary biosecurity
measures are defined, e.g. swill feeding, in commercial
pig farms as well as in wild boars, must be prohibited,
especially in high risk areas. Direct or indirect contact
to wild boar or to any by products has to be avoided.
The measures that have to be taken in a case of ASF
suspicion or an actual outbreak in the European Union
have been specified by European Commission [117].
When an outbreak of ASF in a farm has been confirmed,
all pigs of the premise must be culled. In addition, fur-
ther measures like the safe disposal of all potentially
contaminated material, restriction (minimum radius
of 3 km) and surveillance (minimum radius of 10 km)
zones with movement restrictions for pigs and products
of porcine origin have to be set up. Specific regulations
have been defined for both zones in European Commis-
sion [117].

5.2 CSF

The prevention and control measures regarding CSF in
domestic pigs are very similar to the ones described for
ASF. Detailed regulations applying for member states
of European Commission [118]. However, in the case
of specific epidemiological situations, vaccination can
be used to control CSF in domestic pigs. Vaccination of
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African swine fever in Estonia, Latvia, Lithuania and Poland since 01.01.2017
Source: ADNS (Status: 21.02.2017)
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Figure 1 Current distribution of African swine fever cases in domestic pigs and wild boar in the affected countries of the European
Union. {Source: ADNS Data, Status 21.2.201/7)

wild boear can be also be applied and may represent the 6 Conclusions
mcthod of choice in combination with other elements of — Following the introduction of ASF into the Trans-Cau-
surveillance and control [118]. casian countries and the Russian Federation in 2007
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and into the European Union in 2014, several countries
including Germany sought to set up and update their
surveillance and control plans (contingency plans) for the
disease.

Especially the countries with previous CSF experience
tried to use their CSF contingency plans as a blue print
and copied most of the measures that had been found
suitable to control CSE

For the control measures of ASF in wild boar popula-
tions, this approach does not seem to be promising as the
disease dynamics proved to be too different for the two
diseases: Neither self-limitation, which was assumed to
oceur due to the high virulence of the virus strain circu-
lating in Eastern Europe nor fast spread due to high con-
tagiosity and connected habitats took place [13]. Thus,
reconsidecration of control and surveillance options is
needed.

In this review, we tried to point out major similarities
and differences of CSF and ASF with the overall objec-
tive to provide background information on disease biol-
ogy and dynamics that could feed into adapted strategies.
Some of the most important similarities/differences are
summarized in Table 2.

The similarities mainly concern the range of vertebrate
hosts as well as clinical signs and pathomorphologi-
cal lesions that necessitate swift and reliable diagnostic
tools. Both diseases are usually accompanied by a steep
increase in mortality when introduced into a naive popu-
lation. This gives passive surveillance high impact for the
early detection of disease introduction into both domes-
tic pigs and wild boar [119]. With regard to the detection
and differentiation of the diseases, molecular tools have
been developed and validated that allow both steps in
one assay (e.g. [120, 121]). Moreover, both routine sample
sets and alternative sample matrices work for both dis-
eases with quite similar performance [122].

Another similarity is the quite high tenacity of the
causative agents, especially under cold conditions [74, 76,
105]. Both viruses, ASFV and CSFV, are able to remain
infectious for several weeks under adequate climatic con-
ditions {cold environment). Elevated temperatures inac-
tivate both viruses rather quickly. Moreover, both are
stable within a wide range of pH-valucs [73, 109].

Apart from these basic features, which could at least
lead to combined passive surveillance approaches in dis-
ease free areas that are at risk, several differences exist
between ASF and CSF that take eflect especially when
wild boar populations are concerned.

6.1 Epidemiologically relevant facts concerning CSF

Recent European CSFV strains have shown moder-
ate virulence and an age-dependence of clinical symp-
toms. This is important for the target population of
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active surveillance but also disease dynamics as it can
e assumed that older animals will survive [119]. Survi-
vors will be safe as they are protected probably livelong
from reinfection. Immune sows will confer protection
to young piglets via maternally derived antibodies in the
colostrum.

In outbreak regions with moderate to high wild boar
density, the seroprevalence often rises very quickly and
antibody detection is a most valuable tool to characterize
the outbreak extent.

Long-term shedders will most probably be present
(chronically infected animals and persistently infected
piglets after transplacental transmission), but meet
increasing population immunity. Shedding is generally
high in all se- and excretions and thus, swift spread is
likely within a sounder.

Also, CSF has shown potential to become endemic in
wild boar populations rather than dying out. This is prob-
ably due to the high wild boar density in aflected areas
in Europe in combination with the above mentioned low/
moderate virulence. For this virus, this virulence level
could be an optimum for long-term maintenance [123].
However, vaccination exists as an additional tool to eradi-
cate CSF from a wild boar population and most probable,
even production and application of a DIVA (differentia-
tion of infected from vaccinated animals) vaccine is fea-
sible [58].

6.2 Epidemiologically relevant facts concerning ASF
Recent European ASFV strains have shown high viru-
lence [124], almost no age-dependence of clinical symp-
toms and a high case-fatality ratio [19]. The fate of
survivors is still not clear as these animals could act as
long-term carriers. In fact, survivors will at least be posi-
tive for prolenged periods [28, 125]. In the later stages of
their infection, mobility can be assumed and thus possi-
ble increase in infectious contacts. However, there is also
evidence that this is not inevitable [30].

In outbreak regions, the seroprevalence is rising stead-
ily but slowly. It often stays below 10%, even in heav-
ily affected areas. Thus, serology is an important tool to
understand and investigate disease dynamics but a dif-
ficult target for active surveillance (sample sizes that
could detect seropositivity with a sufficiently low preva-
lence threshold and acceptable confidence can hardly be
obtained).

Shedding is generally low in most se- and excretions
and thus, blood contact is the main source of infection.
Even within groups of animals that have close contact,
transmission might be slow and some animals may even
go uninfected within a highly affected sounder. Yet, due
to the high tenacity of the virus in blood, infectiousness
can be assumed for long periods and thus, carcasses and
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blood contaminated fomites can act as long-term source
of infection. Transplacental transmission has not been
described for ASFE [64].

Little is known about the role of maggots or other
insect larvae, the fate of carcasses under different condi-
tions, and environmental factors such as so soil under-
neath a carcass. It could recently be demonstrated that
several of these matrices are positive for ASFV genome,
but live virus is probably rare or non-cxistent,

Although not involved in the current situation in East-
ern Europe, soft ticks can play a role in ASF transmission.
This may add another player and more complexity to the
control scenario. It has been proven that tick involvement
can have high impact on outbreak duration.

No vaccine exists that could aid control options. Devel-
oping a vaccine for the wild boar population would mcan
to develop a safe and efficacious oral vaccine, So far, there
is no such vaccine at the horizon.

Thus, besides the shared common features, the differ-
ences hetween ASF and CSF clearly dominate and entail
more serious epidemiological consequences. With regard
to surveillance actions, the focus for CSF on piglets is
clearly counterproductive for the current ASF situation.
For ASF, herd immunity does not play an important role
for a long period of time and thus time does not act nec-
essarily as beneficial factor. CSF and ASF have different
levels of contagicsity and thus transmission characteris-
tics, for example, the R, for ASF is lower than for CSF.
However, there is a relatively low number of studies, in
which these values were estimated. Moreover, different
algorithms, virus strains, diagnostic tools and host char-
acteristics were used, which makes those studies hardly
comparable. Nonetheless, experimental as well as field
studies refute previous assumptions of a high contagios-
ity of ASE. Based on the low contagiosity but high tenac-
ity of the virus in carcasses and blood, ASF surveillance
has to focus even more on detecting dead individuals
to avoid any direct contact and therefore further spread
[126].

Regarding ASF, further studies should focus on ASF
transmission in the field and on environmental fac-
tors, like soil and organisms around wild boar car-
casses. Morcover, the role of survivors nceds further
investigation.

Onc of the rescarch gaps concerning CSF relates to the
final licensing of the available DIVA vaccine. The use of
such a vaccine would help to better understand the bal-
ance between vaccine induced and natural immunity and
thus dynamics of epidemics and their control.

To close these gaps and to deduce appropriate control
options, collaboration is needed among research institu-
tion of affected and non-affected countries.
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e The spreading speed of ASF is not as fast as originally assumed
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Abstract: Since the introduction of African swine fever (ASF) into Ceorgia in 2007, the disease has
been spreading in an unprecedented way. Many countries that are still free from the disease fear the
emergence of ASF in their territory either in domestic pigs or in wild boar. In the past, ASF was often
described as being a highly contagious disease with mortality often up to 100%. However, the belief
that the disease might enter a naive population and rapidly affect the entire susceptible population
needs to be critically reviewed. The current ASF epidemic in wild boar, but alse the course of
ASF within outbreaks in domestic pig holdings, suggest a constant, but relatively slow spread.
Moreover, the results of several experimental and field studies support the impression that the spread
of ASF is not always fast. ASF spread and its speed depend on various factors concerning the host,
the virus, and also the environment. Many of these factors and their effects are not fully understood.
For this review, we collated published information regarding the spreading speed of ASF and the
factors that are deemed to influence the speed of ASF spread and tried to clarify some issues and
open questions in this respect.

Keywords: African swine fever; epidemiology; transmission; disease spread; muortality; case
fatality ratio

1. Introduction

The global concern regarding African swine fever (ASF) and the currently circulating ASF virus
strains of the genotype 1T has substantially increased. This is because of the recent spread of the disease
within Europe and Asia, where at least Cambodia, China, Mongolia, North Korea, Laos, the Philippincs,
and Vietnam have been affected so far. Owing to the constant spread of the disease, the expansion of
areas in which ASF occurs at least in wild boar, and the increase in the number of affected countries,
research and detailed epidemiclogical analyses ate required to close knowledge gaps. By now, several
important facts and assumptions are widely accepted, for example, regarding the main transmission
pathways and the dominant role of human behavior in the spread of ASF [1-5]. However, there is
still little reliable data, but controversial debate, on the transmission rate, the spreading speed of ASF,
and the relevant epidemiological terms [6]. Understanding the spread and spatial distribution of a
disease, however, is of utmost importance for disease prevention and control [7,8].

After the introduction of ASF into Georgia in 2007, it was initially hypothesized that ASF
might cither behave like a sclf-limiting discase and fade out quickly owing to its high mortality and
case-fatality ratio or, on the contrary, that ASF might spread rapidly [1,9]. The real situation that
emerged falsified both predictions. Currently, at least 14 countries outside Africa are affected by
ASE, among them are several member states of the European Union (OIE WAHIS interface, visited
online 26th July 2019). In August 2018, China, for which pig production and the consumption of
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pig products play a significant role, reported the first outbreaks of ASF [10,11]. Two months later,
already 33 outbreaks were notified [12]. In May 2019, 134 ASF outbreaks were reported and, within
a relatively short time, ASF has spread throughout a large area of the country, suggesting a rapid
spread [13]. Tn addition, presumably through smuggled pork from China, ASF has been transmitted
to pigs in other Asian countries including Cambodia, Mongpolia, North Korea, Laos, the Philippines,
and Vietnam. The epidemic that had its origin presumably in a port in Georgia in 2007 is far from
being under control worldwide.

Many research publications and scientific opinions have so far characterized ASF as a highly
contagious disease with high mortality [14-19]. However, recent research and the course of disease in
affected countries, challenge the belief that ASF is a highly contagious disease [1,2,5,9]. ASF seems
to be characterized by a high case-fatality ratio (i.e., most of infected animals die) paired with low to
moderate mortality (only a limited proportion of the population becomes infected, at least in wild boar).

We aimed at collecting and summarizing published information on these uncertainties by searching
for literature on transmission rates, spreading speed, and mortality in ASF outbreaks in commercial
pig holdings, cases in wild boar, and in data from experimental studies.

2. ASF and Its Spreading Speed

The spread of a disease and its speed is very complex. Tt depends on many different characteristics.
They not only include features of the pathogen, but also characteristics of the host, that is, of the
susceptible pig or wild boar populations, and of the environment. We reviewed different, partly
controversially discussed definitions and descriptions of epidemioclogical terms related to the spread
of ASF, and refined some of these definitions. Thereby, we aimed at ensuring a uniform understanding
of the presented terminology. In this process, we reduced the number of terms to those that may be
considered as crucial for describing or explaining the spreading speed of ASFE. Definitions of more
general terms are included in the Supplementary File S1.

2.1. Basic Reproductive Number (Ry)

The basic reproductive number Ry is a measure of the ability of a disease to spread in a population.
It is defined as the average number of secondary cases caused by one infectious individual during its
entire infectious period in an entirely susceptible population, and constitutes an important quantitative
property of an epidemic [20-23]. If the value of Ry is below 1, this indicates that the disease will
disappear from the population, whereas values above 1 suggest that the disease will persist or spread
within the population [23]. Ry is calculated by determining the product of the transmission probability,
the average number of contacts, and the duration of infectiousness. This calculation of Ry is based on
the assumption of a homogeneous mixing in the population, that is, all animals in the population are
expected to have the same number of contacts [24]. Cross, et al. [25] pointed out that Ry may be a poor
predictor of the course of disease and that other factors, such as transmission within groups or group
size, are equally important for predicting the spread of a pathogen.

2.2. Ry in ASF Outbreak Situations

As mentioned before, Ry is highly dependent on a varicty of factors. It depends, for example,
on the infectiousness of the affected host, that is, the period it remains infectious, the number of
susceptible individuals around the diseased animal, and the virulence of the circulating ASF virus
(ASFV) strains or isolates [5].

One of the first published studies, in which Ry was estimated for ASF on the basis of field data for
outbreaks in the Russian Federation, resulted in relatively high Ry values (8-11) for ASF infections
in pig farms [18]. The Ry for transmission between farms determined in the same study was lower
(2-3). In several field and experimental studies, similar values were obtained, whereby the Ry values
for between-farm transmission were always lower than those for within-farm transmission [26,27]
(Figure 1). The same applied for the Ry values in cases of indirect transmission [5] (Figure 2). By confrast,
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a very high Ry of 18.0 was determined in an experimental transmission study [28]. Yet, the confidence
interval of this estimate was wide (6.90-16.9) (Figure 2), presumably cwing to the limited number of
experimental animals that can be included in such an experimental setting.

Study Study type Transmission RO

Gulenkin et al 2011 Within herd DP to DP 98 L
Korennoy etal 2017 Within herd DP to DP 75 —
Summary 8.7 R ——
Korennoy et al. 2017 Between herd DP to DP 17 -

lglesias et al 2015 Between herd WB to WB 16 -

summary 1.7 —

Figure 1. Variation of calculated Ry for African swine fever (ASF) obtained from ASF ficld studies.
Boxces illustrate the caleulated Ry, The lines illustrate the confidence intervals. DI = domestic pig,
WB = wild boar.

Study Study type Transmission RO

Ferreira etal 2013 Direct DPto DP 18.0

Guinatetal. 2016b Direct DFPto DP 2.8 —-—

Guinat etal. 2016b Direct DPto DP 53 —
Pietschmann et al. 2015 Direct WB1oWB 6.1 e —
Pietschmann et al 2015 Direct WBto DP 50 —_—
Summary 74 ———
Guinat etal. 2016b Indirect DPto DP 1.4 -

Guinat et al. 2016b Indirect DPto DP 25 —.-——
Pietschmann et al. 2015 Indirect WBto DP 0.9 -

Summary 1.5 -

Sas s oo mommomsmom %o s owsaassa
Figure 2. Variation of calculated Ry for ASF obtained from ASF experimental studies. Boxes illustrate
the calculated Ry, The lines illustrate the confidence intervals. DP = domestic pig, WB = wild bear.

A summarizing analysis of published study results shows that the point estimates of Ry for ASF
described in the literature so far cover a broad range from 0.5 to 18.0. This wide variation may inter
alia depend on the properties of different virus isolates (e.g., virulence and infectivity), but also on the
methods used to determine Rg, which vary considerably [5]. However, regardless of the study setting
(field or experimental), the calculated Ry values for within herd/direct transmission studies seem to be
comparable. Likewise, Ry calculations for between herd/indirect transmission yielded similar values
(Figures 1 and 2). These results suggest that the studies included in this analysis obtained reasonably
similar Ry values for ASE, despite the different methods and materials used. Unfortunately, we were
unable to investigate whether publication bias may have affected the outcome of this analysis, because
most of the available original publications did not contain the required raw data on the size of the
study population.
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Comparing the Ry of AST with Ry values of other pig diseases, it was found that studies calculating
the R of foot and mouth disease, which is described to be highly contagious, often resulted in values
higher than 20 [29-31]. Classical swine fever is also described as a highly contagious disease. In several
studies, the Ry showed values similar to that of ASF [32,33]. As in ASFE, the values differed between
within and between pen infections. In the study of Klinkenberg, et al. [34], the within-pen-Ry in weaner
pigs was as high as 100 (95 percent confidence interval (CI) 54.4-186). However, also in the case of
these two diseases, the Ry was highly dependent on several other factors, like study design, virus
strain, and so on.

2.3. Spatio-Temporal Distribution and Disease Spread

The character of transmission and spread of disease cannot be viewed independently of spatial
and spatio-temporal vicinity. If individuals that are at risk live close to each other, transmission
is more likely as compared to a situation where they are separated through a great distance [7].
The spatial distribution is often only visualized using maps. However, there are several analytical tools
such as spatial eluster detection or spatio-temporal modelling, which can be used to include sound
spatio-temporal analyses into epidemiological investigations [7,8,35]. Several studies are published
describing the use of different models to investigate the spatio-temporal trend of animal diseases [36-41].
Moreover, simulation models are widely used to describe the spatial and temporal spread of animal
diseases. They can also be used to analyze patterns of endemic and epidemic diseases or to evaluate
the success of control measures [42-51].

2.4. Spatio-Temporal Distribution and Spread of AST

In this section, we tried to summarize the results of publications that focused mainly on the
spreading speed of ASFE. The spreading speed highly depends on several factors that were already
discussed or will be discussed later; therefore, some of the studies dealing with the speed of ASF
spread or transmission rates are included in discussions further above or below.

Modelling the spatial spread of ASF in a wild bear population, Fekede, et al. [52] showed that
seasons with temperatures lower than 0 °C support the occurrence of ASF and, therefore, the spread of
the disease. In several other studies, an increased detection of ASF-positive wild boar in wintertime
was confirmed [3,53,54]. In contrast to wild boar, it was found that the majority of ASF outbreaks in
domestic pigs were detected in summer [53-56].

The spatial spread of ASF within the wild boar population in Poland was described as slow [55,57].
Podgorski, et al. [58] hypothesized that this slow spread could be because of the spatial constraints on
contacts between wild boar. In their cluster analysis of ASF cases in Russian wild boar, Tglesias, et al. [59]
found that individual wild boar cases were spatially associated over a radius of up to 130.79 km and
within a maximum of 90 days. The observed spreading patterns were explained through direct and
indirect wild boar contact, but may have also been caused by the potential spread of infected wild boar
due to increased hunting. In a similar study from Sardinia, Iglesias, Rodriguez, Feliziani, Rolesu and
de la Torre [54] identified a maximum spatial association of 25 km between ASF cases in wild boar with
an assumed daily movement distance of 2-10 km. In the same study, the maximum distance of spatial
association between ASF notifications in domestic pig holdings was 15 km [54]. 1n a simulation model
study, the spreading distance between herds was estimated to be lower than 10 km [60]. However, in the
Russian Federation, Korennoy, et al. [61] calculated a mean distance of 156 km between two connected
domestic pig outbreaks and an average time period of 7.5 days. Following the statements of the
Russian veterinary authorities, Blome, et al. [62] reported already in 2011 about a spreading speed of
350 km per year of ASF within the Russian Federation. These results suggest a rapid spread of the
disease. However, in the study of OlSevskis, Guberti, Serzants, Westergaard, Gallardo, Rodze and
Depner [2], a slow spread of ASFV within infected pig herds was described. Also, Nurmoja, Motus,
Kristian, Niine, Schulz, Depner and Viltrop [56] reported a rather slow spread within affected pig
herds, suggesting a relatively low infectiousness.
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The general terminology for the following terms can be found in the Supplementary File S1.

2.5. Morbidity in ASF Quitbreak Situations

Morbidity can be used to characterize the speed of spread of ASF. High morbidity within a defined
period requires a certain level of infectivity and a relatively high virulence of the agent. We thus
hypothesize that a disease that causes high morbidity is likely to spread with high speed within the
target population.

Owing to the high case fatality ratio of ASF, its morbidity values are expected to resemble those
for mortality. Infections with a pathogen of low or moderate virulence are likely to result in a higher
morbidity, but lower mortality. Therefore, high morbidity was mostly described in experimental
studies, which also demonstrated a high mortality [27,63-65]. However, in a few studies, animals that
had developed clinical signs after infection, recovered completely, thus suggesting a higher morbidity
than the observed mortality [66—68].

2.6. Mortality and Case Fatality Ratio in ASF

Mortality and case fatality ratio are parameters that provide information on circulating ASF
viruses and on disease dynamics. However, when interpreting the study results, it should be kept in
mind that both terms are frequently confused or incorrectly used as synonyms,

A fast spread of ASF is not necessarily determined by a high case-fatality ratio, as the latter term
refers only to the proportion of cases of death among the diseased animals. Likewise, high mortality,
which in contrast defines the proportion of death animals among the whole population at risk, does not
necessarily correlate with a high speed of ASF spread. Therefore, both terms should always be
considered in the context of other parameters such as host-related factors (e.g., age) and properties of
the agent (e.g., virulence of the circulating strains). Recent studies showed that the mortality of ASF
was lower in older pigs and in animals infected with low-virulent strains [69,70]. Blome, et al. [71]
described that the mortality of ASFV ranged from 3% to 100%, depending on the virulence of the
virus strain. Mebus [72] found different levels of virulence of ASFV isolates and corresponding values
of mortality (from less than 20% to 100%). An experiment with several moderately virulent ASFV
isolates led with almost all used strains to moderate mortality. Only the Brazil’78 isolate, though
described as moderately virulent, killed all infected pigs, that is, it caused 100% mortality in this
experiment [70]. The fact that mortality depends on the virulence of particular ASFV strains or isolates
was also confirmed by Vlasova, Varentsova, Shevchenko, Zhukov, Remyga, Gavrilova, Puzankova,
Shevtsov, Zinyakov and Gruzdev [64].

Montgomery [73], who first described ASE found a very high mortality of the disease, both in
ASF outbreaks and in experimental infections.

Under the assumption that ASF usually has an extremely high mortality, syndromic surveillance
of pig mortality has been propoesed as the most appropriate surveillance method for ASF in domestic
pig holdings [74]. In the experimental trial of Gallardo, et al. [75], mortality and case fatality ratio both
reached the high value of 94.5% when domestic pigs were inoculated with the ASFV Lithuania 2014
genotype II field isolate. Pietschmann, Guinat, Beer, Pronin, Tauscher, Petrov, Keil and Blome [27]
used another isolate of genotype 1l and observed 100% mortality in wild boar (within 17 days post
infection) and demestic pigs (within 36 days post infection). Experimental exposure to a highly
virulent Caucasian ASF isolate {2008 isolate from Armenia) resulted in 100% mortality [76]. In this
study, transmission among wild boar was faster than among domestic pigs. In a subsequent study,
Blome, et al. [77] also found 100% mortality in wild bear infected with an ASFV Caucasus isclate. Using
the same isolate, Guinat, Reis, Netherton, Goatley, Pfeiffer and Dixon [65] obtained 100% mortality in a
trial using domestic pigs. Most of the experimental studies reviewed here are also summarized in a
Scientific Opinion of the European Food Safety Authority [78].

Similar to the results of experimental infections, the mortality of ASF was found to be high in field
studies. The course of an ASF outbreak in Malta in 1978 indicated a fast spread with a high mortality.
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The epidemic resulted in the loss of two-thirds of the pig population of Malta. It was finally decided to
slaughter all the remaining pigs on the island [79]. The high virulence of the isolate (Malta/78) was
confirmed in an experimental study, which revealed a mortality of 93.3% [80].

When data from ASF outbreaks in Nigeria in 2001 were analyzed, it became evident that the
disease had spread very quickly. Although the mortality varied depending on the age of the pigs,
it was not lower than 75.9% in any of the age groups [81]. In outbreaks that occurred in Tanzania in
2003 and 2004, mortalities of 82% and 72%, respectively, were recorded [82].

Tn 2014, Estonia was confronted with the first ASF cases in wild boar. A high mortality was
observed in wild boar in the southern part of Estonia, whereas low mortality was found in the northeast
of the country [68]. Yet, experimental infections carried out to determine the virulence of the strain
that circulated in the northeast of the country showed that the mortality of the isolate was still very
high, because 9 of the 10 inoculated wild boar died from ASF infection or became so ill that they had to
be euthanized [68].

Recent findings suggest that it may take up to one month until an ASF introduction in a pig herd
is detected because of increased mortality, thus indicating a rather moderate mortality for ASFV strains
currently circulating in the respective region, in this particular case, in the Russian Federation [6].
A low mortality in the course of an ASF epidemic had alrcady been observed; using an ASF isolate from
Cameroon, which had caused high mortality in the field, Ekue, et al. [83] found a very low mortality in
their animal experiments. Studies analyzing ASF outbreaks in Malawi suggested a mortality that was
significantly lower than 100% in most areas [84].

In outbreaks that occurred in Belgium in 1985, the spread of ASF was described as slow, not only
from one pen to another, but even within the same pen. Also, the mortality of the circulating ASF
isolate or strain was apparently moderate [85].

When summarizing the results of the literature search regarding mortality, it seems obvious that
studies prevail that describe a high mortality of circulating ASFV isolates or strains. It also became
apparent that mortality is highly dependent on the virulence of the circulating virus isolate or strain.
Moreover, similarly to most pathogens, the properties of the affected host species (in particular age,
but alse health and feeding condition) seem to play an important role. Therefore, ASF outbreaks are
usually, but not always, characterized by a high mortality.

2.7. Infectiousness and Latent Period of ASF

Under the specific conditions of ASF, infectiousness describes the period in which an infected
animal can transmit the disease. The longer this period lasts, the higher the risk of transmission and,
consequently, the risk of ASE spread increases accordingly. The period of infectiousness is highly
dependent on the virus strain or isolate. This could be shown in an extensive transmission study,
in which a minimum infectious period of 6-7 days was determined for ASE while the maximum
infectious period ranged from 20 to 40 days [28]. The study also showed that the infectiousness also
depended on the transmission rates and pathways. In an earlier study, the authors had detected ASFV
genome by polymerase chain reaction (PCR) in blood and oropharyngeal fluid even until 70 days
post-infection, that is, until the end of the observation period [70]. In addition, infectiousness is defined
by the amount of pathegen that is excreted by the animal [20]. Several studies showed that the amount
of ASFV is clearly higher in blood then in other excretions [64,65,70,86].

The infectiousness of a pig suffering from hemorrhagic diarrhea due to ASF intection is higher than
that of an animal showing only fever or loss of appetite. This difference may be explained by the fact
that ASF is extremely efficiently spread through the blood of infected animals. In several transmission
studies, which were conducted by Guinat, Cogin, Blome, Keil, Pollin, Pfeiffer and Dixon [5] in domestic
pigs and in wild boar, the infectious period lasted from 2 to 14 days, while the latent period of ASFV
was found to be 3-6 days. Similar results were obtained by Guinat, Porphyre, Gogin, Dixon, Pfeiffer
and Gubbins [6], where the infectious peried ranged from 4.5 to 8.3 days and the latent period from
5.8 to 9.7 days. In the study of Gulenkin, Korennoy, Karaulov and Dudnikov [18], the latent period
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was 15 days. Differences in the estimates may inter alia be the result of variations in the experimental
design, different properties of the ASF virus isolates or strains, and the pigs or wild boar used in
these studies.

Looking at infectiousness in connection with spreading speed, the ongoing discussion regarding
potential ASFV carriers must not be ignored. Sanchez-Vizcaino, et al. [87] stated that animals can
develop a chronic form as ASF and become carriers that can infect conspecifics even after a long period.
In the study of Gallardo, Soler, Nieto, Cano, Pelayo, Sanchez, I'ridotkas, Fernandez-Pinero, Briones and
Arias [75], one pig that had contact with infected pigs survived the infection, and it remains unclear if
such an animal has the potential to spread ASF. However, in other studies, it was observed that no
disease transmission from surviving animals and contact animals took place, suggesting that survivors
might play a negligible role in the spread of ASF [66-65].

With regard to the speed of spread, not only the duration of the infectious period is important,
but also that of the incubation and latent period [60,88]. When transmission can take place before any
clinical signs occur, that is, during the time when the incubation period and the infectious period overlap
and the latent period is accordingly shorter than the incubation period, the spread of disease may be
faster, as it is unlikely that control measures are applied within this period [88]. However, this applies
only to domestic pigs, as the onset of clinical signs in wild boar is difficult to observe, in particular
after the initial entry of ASF into a wild boar population.

2.8, Infectvity of ASFV

The infectivity of ASFV, usually measured as the 50% lethal dese {LD50) in tissue culture (TCID50),
also plays an important role in determining the speed of spread of ASF.

It can be assumed that a virus with low infectivity will spread more slowly than a pathogen
with high infectivity. However, the infectivity of ASFV is highly dependent on properties of the virus
isolate or strain, in particular on its virulence, on the medium (blood, urine, other body fluids, feces,
tissue, and so on), on any potential processing of this material (temperature, pH, storage period,
and so on), and on the route of transmission. As already menticned, transmission through direct blood
contact is the most efficient route [27,63,76]. Olesen, Lohse, Boklund, Halasa, Belsham, Rasmussen
and Botner [86] showed that the infectivity of ASFV in the environment of the studied pen was low.
Correspondingly, transmission through other fomites like urine, feces, or feed appears less effective as
compared with direct exposure to the blood of infected animals. However, in the case of hemorrhagic
enteritis, feces can play an important role in the transmission of ASFE. These assumptions are supported
by several studies, which found higher PCR titers in blood than in other excretions [64,65,70]. Direct
contact of an uninfected pig to the blood of another pig can be considered as less likely than contact to
other excretions (in particular feces and urine) or ASFV-contaminated soil. Thus, the spread of ASF may
be slower than that of a disease, where large amounts of infective virus are present in the environment.

2.9. Contagiousness of ASF

Regarding the contagiousness of ASF, no information was found in the literature that could add
knowledge to that already described in relation to infectiousness.

2.10. Virulence of ASFV

Virulence describes, like infectivity, a property of a pathogen. A virus with a mederate or low
virulence can still be highly infective [89]. However, it is undisputed that there is a relationship between
virulence and infectivity. The effectiveness of different transmission routes might also be influenced by
the virulence of a virus strain or isolate. The transmission of ASF was found to be more efficient when
a highly virulent ASFV strain was used [90]. McVicar [91] found that the amount of virus in oronasal
fluid was higher in pigs infected with highly virulent ASFV strains as compared with infections with
an isolate of lower virulence. Thus, the virulence of the circulating ASFV strain has an effect on the
spread of ASF and on the speed of spread. By contrast, Guinat, Gogin, Blome, Keil, Pollin, Pfeiffer and
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Dixon [5], who summarized the results of several studies, found that the virus load in different body
fluids was very similar, regardless of the virulence of the virus strain or isolate used to infect the pigs.

Depending on the virulence of the virus strain or isolate, infection with ASFV can result in only
mild clinical symptoms or 100% mortality or anything in between (Table 1).

The examples in Table 1 illustrate the complexity and potential inter-dependency of several
parameters regarding virulence and the course of field and experimental infection with different ASFV
isolates or strains. When comparing the presented results, the different infection routes should not be
neglected (Table 1). However, the course of an ASF epidemic in wild boar may last for a long time,
regardless of the virulence of the circulating strain [1,92,93]. In Brazil, where the virus strain circulating
in domestic pigs was characterized as low virulent, it took several years until the disease had been
eradicated [94]. In this case, the epidemic spread over the entire country and also affected several
neighboring countries.

Table 1. Strains and isolates of African swine fever (ASF), their virulence, and course of field and
experimental infections.

Course of Disease

ASFV Strain or Isolate Virulence Field Infecti Experimental
teld Infection Infection/Route of Infection
Fast spread in the domestic  Mild clinical signs in less than
. X et/ pig population, which ended 50% of infected pigs, high
Malta isolate (Malta/78) Moderate/high in the slaughter of all pigs in ~ mortality/exposire to infected
Malta within one year [79]. donor pigs [S0].
Mild clinical course and
decreasing mortality over
o time in domestic pigs. Wide High mortalityfintranasally
Brazil'78 Low/moderate distribution throughout [701.
Brazil for at least eight years
[94].
Low mortality with a rather
. subclinical course of
Netherlands'86 Modecrate No information found s Cmea course n‘
disease/oronasally and through
contact [67,95].
Large scale epidemic, wild s Y i i
Georgia 2007/1 High boar and domestic pigs MOdLI,aLL.Clml"alflg’nb’ hlg’,h
affected [96]. mortality/intramuscularly [65].
100% mortality in
Rapid spread i the wild experimentally infected
Estonian’15/WB, Tartu-14 High pid sp . domestic pigs. Two survivors
bear population [37]. Do
in in-contact
pigs/itramuscularly [66].
. " . Only local spread within the Almost 100% mortality (one
Estonian-lda Viru High wild boar population [37]. sturvivor)oronasally [68].
100% mortality in wild boar
Armenin’ 08 High No information found. and domestic pigs/oronasally

[27].

2.11. Tenacity or Resistance of ASFV o Environmental Factors

Several studies have shown that ASFV is resistant to extremely harsh environmental conditions,
and thus can stay infectious for a long time in various matrices. The tenacity of ASFV is particularly
high at cold temperatures, for example, in frozen meat, where the virus may stay infectious for
several years [16,97,98]. Even at room temperature, substantial infectivity is preserved for months.
Dee, et al. [99] found that ASFV stayed infectious for a few days in different feeds and feed ingredients,
for example, in moist dog and cat food. Tt is also known that ASFV can survive putrefaction [78].
Mebus, et al. [100] found a resistance of ASFV across pH-levels ranging from 4 to 13.
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3. Discussion

The view that ASF represents a highly contagious disease, spreading very fast and killing all
pigs of an affected farm or the whole wild boar population in a region, requires substantial revision.
We aimed to clarify a number of agpects in relation to factors that may be important in this respect,
particularly those affecting the speed of ASF spread. We identified and described terms that are likely
to play a role in the spread of ASF and searched for published information regarding these parameters.

Our findings emphasize the difficulty to define the speed of spread and the parameters relating to
it. This is not only because of different definitions of the parameters that may influence the speed of
spread, but may also be related to the interdependencies of many parameters on (other) properties
of the agent and those related to the host or the environment. A further drawback of the current
review is the fact that relatively few, and even less reproduced (and thus presumably reliable), studies
concerning the specified parameters were available.

The different properties of the virus isolates and strains, but also the characteristics of the
host factors, environmental parameters, and matrix effects, are difficult to separate from each other.
Properties are often prone to influence each other and sometimes the definitions for the studied
parameters collide if different studies are compared. Furthermore, it appears that some terms are not
clearly defined or are used in various, sometime confusing ways in different studies. This refers mainly
to the terms mortality and case-fatality ratio, but virulence, infectiousness, and infectivity may also be
affected. With regard to mortality and the case-fatality ratio, the size of the susceptible population may
be difficult to determine, particularly in wild boar, even if it is defined as the population living in a
certain arca or belonging to a particular pack of wild boar. On the basis of these parameters, it is often
difficult to draw reliable conclusions concerning the true speed of ASF spread.

Depending on the ASFV strain, infection led quickly to 100% mortality, indicating a fast spread
within separate epidemiclogical units [25,57,60,69,93]. Despite the high virulence of the ASFV isclates
used for experimental infections and the corresponding high mortality observed, the current course of
ASF in Eastern and Central Europe indicates a rather slow spread in the wild boar populaton over
time. The largest amount of ASFV can be found in the blood, which makes direct transmission through
exposure to blood of infected animals the most effective way of infection [57,60,62]. However, in other
body fluids of infected pigs or wild boar and in the environment, the amount of infective virus is much
lower [56,78]. As direct exposure to blood of infected animals is less likely than exposure to other body
fluids or contaminated materials in the environment, this may reduce the morbidity, and thus also the
speed of ASF spread. However, this might explain the differences in mortality between experimental
and field settings, as direct contact to blood is more likely in experimental settings than in the field.
Until now, the role of chronically infected animals within the spread of ASF in wild boar is highly
disputed [58-60,94]. If animals that have recovered from ASF were still able to spread the disease,
this could certainly influence the spreading of ASF and its speed.

Another potential hypothesis regarding the slow spread in the field might be a relatively low
virulence of the ASFV circulating in the area. However, for Eastern and Central Europe, this hypothesis
is not warranted by the results obtained in experimental studies using the strain circulating in this
area, which suggest a high virulence of this ASFV strain [25,56-58,60,69,95].

Moreover, it seems puzzling that ASF is not self-limiting, in particular in view of the difficulties in
transmission described above. Some studies demonstrated that ASFV stays infectious for a long time
in various tissues [90-92,96-99]. Therefore, it can be assumed that the presence of infectious ASFV
represents a risk of exposure of naive animals and that this risk may be cumulating over time, even if
the risk of exposure is relatively low at any given point of time. Correspondingly, the tenacity of ASFV
seems to play a major role in the spread of ASE.

Tn countries where the wild boar population is heavily affected in large areas, the disease has
often spread continuously and has led to a significant reduction of the wild boar population [29,85,100].
It is thus important to note that there are several additional factors influencing the spreading speed of
ASF in addition to those listed in this review. Several studies mention the population density of wild
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boar, the density of infected wild boar in the proximity of commercizal pig holdings, and the density of
pig holdings in a defined area as risk factors for a faster spread of ASF [2,15,48,53]. However, the effect
of the population density on the spread of ASF is still disputed, and no population density threshold
could be defined so far to stop ASF spread [29,47,84].

In addition, the calculation or estimation of transmission speed is hampered by the behavior and
the living habits of wild boar. Wild boar usually live in a pack with regular interactions within the
pack, but not between different packs [50]. Although Ifeiffer, Robinson, Stevenson, Stevens, Rogers
and Clements [7] stated that transmission is more likely when many animals live closely together,
the current knowledge on the behavior of wild boar has to be incorporated into any assessment of ASF
disease spread in the field.

When discussing the transmission speed of ASF, the different transmission cycles have to be taken
into account [4,101]. Blood of infected pigs is the most efficient medium for ASF transmission [71].
This fact affects every transmission cycle.

The domestic cycle in the form of animal movement patterns, both within and between herds,
plays a major role in the spread of ASF among domestic pigs [52,101]. This fact and others suggest,
in turn, that biosecurity measures can limit the spread of ASF [2,3]. The hypothesis that high biosecurity
standards can decelerate or even prevent the spread of ASF is supported by an increased number of ASE
outbreaks in backyard farms with less than 50 pigs, and usually lower biosecurity measures [2,15,102].
Therefore, it can be assumed that the spread of ASF is faster in countries with a high number of small
private pig holdings, as can currently be seen in Romania [103]. However, Bstonian researchers could
show that the biosecurity level had no measurable influence on the risk of an introduction of ASF [56].
Also, in China, it seems that the size of pig holdings has no major influence on the speed of spread of
ASF. The number of backyard pig holdings has clearly declined in recent years in China. Despite that
households in rural areas keeping pigs do not exceed 20%, a fast spread of ASF throughout the country
has been observed [13,52].

Soft ticks of the genus Omithodoros can also play an important role in the transmission of ASF.
This is undoubtedly the case in the tick—pig cycle and in the natural sylvatic cycle of ASF in warthogs
in southern Africa, but may also be relevant in other regions, if Ornithodoros ticks are present [5,102]
so that it must be expected that these tick vectors can influence the speed of ASF spread. However,
there is currently no evidence that ticks play a role in the ASF transmission cycle in Europe [103].

Finally, as mentioned in the introduction, it is of utmost importance to stress that human behavior
is without any doubt the most important factor that can facilitate the transmission of ASE over
long distances [2,5,47,88,104,105]. In countries with many private backyard holdings, the spread
of ASF can be supported by failure of reporting outbreaks or suspect cases and, in the worst case,
even by selling sick animals to circumvent problems expected by pig holders if ASE is detected.
The influence of the human factor alse becomes evident when the introduction of ASF into wild boar
in the Czech Republic in 2017 and Belgium in 2018 is taken into consideration. Before these countries
wete affected, the nearest outbreaks of ASF had been hundreds of kilometers away. Therefore, similar
to the foot-and-mouth epidemic in England in 2001 [27], the spatial pattern of disease outbreaks
can often not only be explained through distance-dependent transmission, that is, through infected
animals in close proximity to each other, but also through the transportation of infected animals or
contaminated material over long distances. It is obvious that in scenarios where ASFV is introduced by
distance-independent mechanisms, for example, transportation of infectious material in the course
of various human activities, the parameters discussed in the context of this review play no or only a

minor role,

4. Conclusions

On the basis of the available literature, we propose revising the view that ASF generally has to be
referred to as a highly contagious disease. We tried to show that it is not always easy to answer the
question raised in the title of this review, because the answer may depend on several epidemiological
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parameters. ASF is neither generally fast and furious nor is it slow and steady, but the appearance
of ASF can be diverse, ASFV strains can vary in their virulence. However, highly virulent strains or
isolates, also the one currently circulating in Eastern and Central Europe, which has recently been
introduced into China, may be characterized by a low morbidity potentially owing to transmission
through materials with a relatively low virus load, leading to slow spread in wild boar populations.
Jumps of ASF over long distances are usually the result of human activities, and are thus unpredictable.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/9/866/s1,
Supplementary File S1: Additional definitions.
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Abstract: The introduction of genotype II African swine fever (ASF) virus, presumably from Africa
into Georgia in 2007, and its continuous spread through Europe and Asia as a panzootic disease
of suids, continues to have a huge socio-cconomic impact. ASF is characterized by hemorrhagic
fever leading to a high case/fatality ratio in pigs. In Europe, wild boar are especially affected. This
review summarizes the currently available knowledge on ASF in wild boar in Europe. The current
ASEF panzootic is characterized by self-sustaining cycles of infection in the wild boar population.
Spill-over and spill-back events oceur from wild boar to domestic pigs and vice versa. The social
structure of wild boar populations and the spatial behavior of the animals, a variety of ASF virus
(ASFV) transmission mechanisms and persistence in the environment complicate the modeling of the
disease. Control measures focus on the detection and removal of wild bear carcasses, in which ASFV
can remain infectious for months. Further measures include the reduction in wild boar density and
the limitation of wild boar movements through fences. Using these measures, the Ceech Republic
and Belgium succeeded in eliminating ASF in their territories, while the disease spread in others. So
far, no vaccine is available to protect wild boar or domestic pigs reliably against ASF.

Keywords: African swine fever; disease control; wild boar; epidemiological course; diagnostic;
clinical picture

1. Introduction

African swine fever (ASF) is a devastating disease of domestic pigs and wild boar
characterized by hemorrhagic fever that can be up to 100% lethal [1]. Despite its limited
host range, its socio-economic impact is tremendous. It is therefore notifiable according
to international and national regulations usually accompanied by strict control measures.
Only members of the Suidae family are susceptible to ASF virus (ASFV), which has no
zoonotic potential [2].

Over the last decade, ASF has changed from a regional disease of Sub-Saharan Africa
to a considerable and tangible threat to pig husbandry, especially in Europe and Asia. After
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the introduction of genotype 1l into Georgia in 2007 and the subsequent spread in eastern
Europe, the disease found a breeding ground in abundant wild boar populations [3-8].
Based on previous experience on the Iberian Peninsula and Sardinia with genotype [
of ASFV, wild boar had so far not been considered a major and long-term reservoir for
ASFEV [9,10], and self-sustaining infectious cycles in wild boar were not anticipated at the
beginning of the epidemic [11]. However, disease dynamics are different under the present
conditions, particularly in north-eastern Europe, and long-lasting endemic cycles without
any major involvement of domestic pigs were established in affected countries such as the
Baltic States or Peland [3-5,7,12-17]. Despite the high virulence of ASFV and considerable
case/fatality ratio among wild boar, these cycles remained self-sustaining in many affected
countries over several years, while the Czech Republic and Belgium were successful in
eliminating mtroductions of ASF in wild boar [18-20]. In Estonia and Latvia, there are
indications that the ASF epidemic among wild boar is subsiding [5,13,14], although the
emergence of a limited number of new cases in Estonia illustrates that control measures
need to remain in place for a long time.

The first step for assessing risks and planning control measures is gaining knowledge
about critical factors in disease transmission and dynamics. In this context, this review
summarizes the current knowledge on ASF in wild boar.

2. Clinical Signs and Pathomorphelogical Lesions
2.1, Clinical Signs

Under field conditions, diseased wild boar often showed disorientation, e.g., by roam-
ing at full daylight, staggering gait, lack of fear towards humans or dogs, and difficulties in
breathing. Moribund animals and carcasses of wild boar that succumbed to infection were
often found close to water bodies, where they seemed to seek a cold and moist environment,
presumably as a reaction to fever [21].

Under experimental conditions, general clinical signs and pathomorphological lesions
were quite similar between domestic pigs and wild boar [22-24]. However, for some virus
strains with a slightly attenuated phenotype, e.g., “Estonia 2014”, clinical signs appeared
more severe in wild boar [25,26].

Upon oro-nasal infection of wild boar with highly virulent ASFV strains, the first clini-
cal signs were observed approximately four days post infection. Typical findings included
high fever in all age classes, anorexia, depression, dullness, vomiting, diarrhea, reddening
of the skin, respiratory disorders, and ataxia [22,23,25,27-29]. Severe hemorrhagic (epis-
taxis, bloody diarrhea, skin hemorrhages) and neurological signs were sometimes observed
in the final stages of infection [27]. Tn the acute-lethal course of ASF, most animals died
within 7 to 14 days post infection (dpi). However, some animals may survive longer or
recover completely [28,30]. Typical findings are depicted in Figure 1.

2.2. Gross Pathological Findings

As common features after oral or oro-nasal infection, inoculated animals revealed swollen,
cnlarged, edematous and hemeorrhagic lymph nodes, lung edema, which could be severe, vary-
ing renal cortical petechiae as well as hemorrhagic gastritis in some cases. More specifically,
the hepatogastric and renal lymph nodes were generally more severely affected [23,26,28,29].
Occasional findings included a gall bladder wall edema [23,24,28], renal infarction [28], mild
pulmonary consolidation [26], arthritis [28] and splenomegaly [23,29]. The latter is frequently
mentioned as a characteristic feature of an ASF infection, but was only rarely observed after
experimental infections, where humane endpoints are executed.

Skin lesions were less common in wild boar than in domestic pigs. Nevertheless,
hematomas or even subcutaneous petechiae have been described in animals inoculated by
the intramuscular route using ASFV genotype I strains [31,32], but were less frequently
observed after oro-nasal inoculation with genotype II strains [23].

Wild boar that were inoculated via the parenteral route further showed accumulations
of fluid in the abdominal and thoracic cavity including hemohydroperiteneum [24,33] and
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pericardial or pleural effusion [31,32]. Moreover, hemorrhages in the intestinal tract or
hemorrhagic enteritis have so far only been mentioned after intramuscular infection with
strains of genotype I [24,33].

Figure 1. Clinical signs in wild boar of different age classes. Top row from left to right: hunched-up back and depression
(left) in a sub-adult boar, severe depression and inappetence in a boar (center), severe but unspecific signs, respiratory
problems in a sub-adult animal (right). Bottom from Jeft to right: severe depression and moribund state in (sub-Jadult
females (left), piglets with high fever and reduced liveliness that later on recovered (center), and the same piglets and

two adult females showing severe, unspecific signs {right).

The development of lesions after ASFV infection has been observed in a single ki-
netic study investigating the above-mentioned Estonian ASFV strain showing a slightly
attenuated phenotype, especially in domestic pigs [26]. Three wild boar were infected
experimentally with ASFV “Estonia 2014”, sacrificed and necropsied on days 4, 7 and
10 post infection (p.i.). Lesions were generally mild to moderate. Swollen, hemorrhagic
lymph nodes mainly affecting the renal and hepatogastric nodes were already observed on
day 4 p.i. Renal petechiae occurred on day 10 p.i. in all wild boar, whereas only one animal
developed a hemorrhagic gastritis on day 7 p.i. and another one pulmenary consolidation
on day 10 p.i.

2.3. Histopathological Findings

Besides macroscopical lesions, histopathological changes were confined to lymph
nodes, spleen, tonsil, liver, lung, kidney as well as to brain and male genitals, which ap-
peared incenspicuous during necropsy. Regardless of the virulence of the virus strain used
for infection, histopathology confirmed congestion and hemorrhages of affected lymph
nodes and showed apoptosis of histiocytes and lymphocytes, referred to as lymphocy-
tolysis [26,29,31]. In addition, the hemolysis of erythrocytes and the thickening of the
connective stroma within lymph nodes have been described after infection with the Italian
genotype | “Nemi” strain of ASFV [31]. Immunohistochemical antigen staining of lymph
nodes showed positive myelomonoceytic cells in wild boar infected with ASFV “Belgium
2018/1” and “Estonia 2014” [26,29]. Similar results were observed in lymphoid tissues
such as spleen and tonsils, and included apoptosis of lymphocytes and histiocytes [26,29],
congestion and hemorrhage [2%] and thickening of splenic trabeculae and capsule [31].
Crypt necrosis and abscesses were also recorded. Viral antigen was present in splenic and
tonsillar myelomonocytic cells as well as crypt epithelial cells within lesions in animals
infected with the “Belgium 2018/1” and “Estonia 2014” ASFV strain [26,29]. Histopatholog-
ical data from the liver only slightly differed among studies. Subcutaneous intection with
the “Nemi” strain led to liver necrosis, periportal lymphocytic and granulocytic infiltration,
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as well as thickened septa, enlarged sinusoids and centrilobular veins [31]. Wild boar
oro-nasally infected with the highly virulent “Belgium 2018/1” strain developed hepatitis,
but also showed hepatic angiectasia and congestion [29], whereas both the degeneration
and necrosis of Kupffer cells and lymphocytic inflammatory reaction were noticed after
infection with the “Estonia 2014" strain [26]. In both groups, viral antigen was detectable
in Kupffer cells, sinusoid endothelium and hepatocytes.

Trrespective of the virus strain, ASF infection invariably led to pulmonary inflamma-
tion. In detail, interstitial lymphohistiocytic infiltrates [26,29], lymphoid hyperplasia [29],
alveolar edema, and hemorrhage [29,31] have been reported. In wild boar infected with the
“Nemi” strain, the inflammatory pattern was different: alveoli and bronchi were filled with
lymphocytes and cellular debris, and the bronchial epithelium was enlarged, indicating
bronchopneumonia rather than interstitial pneumonia observed after infection with the Bel-
gium and Estonian strain. Immunohistochemistry results obtained from the lung showed
ASFV antigen-positive macrophages [26,29]. Kidney lesions including degeneration and
necrosis of glomerular and tubular cells have only been reported after infection with the
highly virulent strains “Nemi” and “Belgium 2018/1” [29,31]. Hemorrhages around ves-
sels and between tubules were especially scen in Nemi strain-infected wild boar [31]. By
contrast, infection with the Estonian strain showed rather mild interstitial lymphoeytic
infiltrates that were not necessarily associated with viral antigen [26]. Immunohistochem-
istry showed viral antigen in interstitial cells [26], macrophages, endothelium, glomerular
and tubular epithelium [29].

An inflammation of the brain, which has not been further characterized, has so far been
observed only once after experimental infection with the “Belgium 2018/1” strain [29]. Re-
gardless of the presence of inflammation, viral antigen was detectable in macrophages [29],
cerebral and cerebellar glia cells and choroid plexus epithelium [26,29] in wild boar in-
fected with both the “Belgium 2018/1” and the “Estonia 2014” strain. Male reproduc-
tive organs have not yet been studied in detail, but were sampled in the study with the
“Belgium 2018/1” strain [29]. While macroscopy revealed no changes, histopathological
analysis of testis and epididymis showed hemorrhage and congestion, mild interstitial
inflammation and single-cell necrosis as well as vasculopathy /vasculitis. Viral antigen
was present in macrophages, endothelium, peritubular fibroblasts and to some extent in
intraductal apoptotic cells. Accessory sex glands were normal, but revealed some posi-
tive macrophages. Although neither gross nor histologic lesions were detectable in bone
marrow of ASFV “Estonia 2014”-infected wild boar [26] or salivary glands of animals
infected with “ASFV Belgium 2018/1” [29], viral antigen was identified in myeloid cells,
megakaryocytes and macrophages.

3. Immunoelogy

As wild boar are part of ecosystems around the world, they are in contact with
various pathogens [34]. Their pathogen reservoir is constantly changing and expanding
through contact with livestock and humans [35]. Immunity is an important factor in this
host—pathogen interaction, also with respect to the outcome of infection in the individual
animal and the wild boar population as a whole [36]. Unfortunately, differences in the
immunocompetence of the domestic pig and wild boar and thus differences in the immune
response to ASFV infection have hardly been studied and are therefore not understood in
great detail.

Like in domestic pigs, the ASF virus replicates in wild boar mainly in monocytes and
macrophages. However, in vitro studies by Giudice et al. [37], who infected monocytes
and macrophages of wild and domestic pigs with the genotype I Sardinian ASFV ficld
strain “22653/14”, showed differences between domestic pigs and wild boar. Monocytes of
domestic pigs and wild boar were equally susceptible to the virus, but monocytes of wild
boar did not respond by producing L1, IL1(3, IL6, IL10, 1112, and 1L.18 after infection,
while monocytes of domestic pigs did.

46



Virnses 2021, 13, 1717

50f30

In ASFV-immunized domestic pigs, CD8+ T cells play a crucial role in immunity
against ASFV. Depletion of CD8+ T cells from these pigs before challenge with highly
virulent ASFV resulted in the loss of protection to the level of the non-immunized controls,
while the animals with CD8+ T cells survived [38]. Such experiments are missing for wild
boar. Recently, however, it could be shown that, after experimental infection with the
highly virulent genotype II ASFV strain “ Armenia08”, CD8+ T cells were activated in wild
boar, in contrast to domestic pigs [39]. Interestingly, a loss of perforin expression on all
cytotoxic T cells could also be observed in domestic pigs and wild boar on day 5 p.i. These
results indicate a cytotoxic reaction of T lymphocytes in wild boar in response to a highly
virulent ASFV infection, which is nevertheless not protective. After infection with the
moderately virulent strain “Estonia2014”, a protective T cell immune response developed,
illustrated by T cell activation and sustained proliferation, which apparently reduced
mortality significantly [40]. Of particular interest is the more pronounced y5 T cell response
in wild boar compared to domestic pigs, as measured by the increasing frequency of CD8+
cytotoxic y8 T cells in wild boar organs. The fact that wild boar became more severely
ill despite this response can possibly be explained by a stronger expansion of regulatory
T cells (Tregs), which may shorten the pro-inflammatory response [40]. These findings
and interpretations are in accord with observations of a lymphohistiocytic interstitial
pneumonia even after 10 days p.i., but only in domestic pigs infected with “Estonia2014”,
which may indicate a prolonged pro-inflammatory response in domestic pigs in contrast to
wild boar [26]. Sanchez-Corddn and co-workers conducted experiments in domestic pigs,
which showed that Tregs might present a way of viral immune evasion as they were able
to inhibit antiviral responses specifically [41]. These observations may indicate that this
way of immune evasion is more prominent in wild boar than in domestic pigs.

The few wild boar that survive infection with ASFV usually seroconvert [25,28].
Depending on the ASFV strain and the route of infection, virus-specific antibodies can first
be detected 1120 days p.i. [42]. Experimental infections with highly virulent ASFV strains
usually do not lead to measurable antibody titers in serum, because the animals reach
the humane endpoint before mounting a measurable antibody response [23,43]. However,
repaorts of PCR-negative, but seropositive, animals increase in the hunting bag of affected
regions [44], Among them are also young animals (<12 month) that seem to have survived
the infection and possess ASFV-specific serum antibodies [45]. This age correlation has
also been observed in experimental studies with ASFV “Estonia2014™: sera obtained from
mfected piglets contained ASFV-specific antibodies, while adults remained seronegative
throughout the experiment [25]. A potential neutralizing effect of virus-specific antibodies
is controversially discussed [46,47]. However, studies using domestic pigs revealed that
antibodies play a role in protection [48]. On the other hand, it has recently been shown that
immunization with the attenuated ASFV strain “OURT88/3" or the vaccine candidates
“BeninAMFG” and “HLJ/-18-7GD" failed to confer long-lasting protection in domestic
pigs despite high antibody titers [41,49]. Similar studies with wild boar are lacking,.

4. Epidemiology
4.1, Oceurrence of ASFV in Europe

Table 1 gives an overview of the introduction of ASF into different European countries
in wild boar, and Figure 2 shows the current (as of 8 July 2021) status of ASF in the different
European countries in wild boar.
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Table 1. African swine fever in wild boar and domestic pigs in Europe.

First Occurrence of

Presumed or Proven

Presumed Main Driver for

Countty Reglon ASFin WildBoar  Roule of Introduction Reference ASF Epidemic in Wild Boar
Fartugal 1 Interaction of domestic and
ortuga . ) Costard et al., 2009 [50] free-ranging pigs/
Spain nd. Spread frem Portugal Ornithoderos ticks
Ttaly Sardinia nd Pork products Manmelli et a1, 1998 [51] Interaction of (1A)n1t'§t|r' and
; [rom Portugal free-ranging pigs
Ceorgia nd Waste from ships Veplkhvadze et al, 2017 [52] nd.
Movement of infected a1, o — G
Armenia North Oct 2010 pigs and wild boar FAQ 2008 [53]; 7\411rku~.)dn ctal, Inte T‘:!E‘hﬂr‘l n_r frec —];}ng‘lnlb-
) - X 2019 | 54] domeslic pigs and wild pigs
from Ceorgia
Azerbaijan nd. Pork products EAD, 2008 [53] nd.
from Ceorgia
Russian Federatiom Northern Nowv 2007 Wﬂdﬁ?‘noar ’““"m“s Goginetal, 201,‘3: 153 1AO, Wild boar /free-ranging pigs
Caucasus om Georgia 2008 [53]

Belarus

Tkraine

Lithuania

Poland

Latvia

Lstonia

Moldova
Curech Republic
Hungary

Romania

Bulgaria

Belgium

Slovak Republic
Serbia

Cermany

Tugansk
{2014)

East
Warsaw
Nuorth
Waost
East
North
Madona
South

North

Zlin

Satu Mare
Danube Delta

Wallonia

Brandenburg
and Saxony

(Polish Border)

ndd.

Jan 2014

Jan 2014
Feb 2014
Nov 2017

Dec 2017
Nov 2019
June 2014

July 2014
Aug 2014
Sep 2014

Sep 2014
May 2019
June 2017

April 2018

May 2018
June 2018

Auagust 2018
Sep 2018
Aug 2019

July 2019

Sept 2020

n.d.

Wild boar movements
from Russian
Federation, 20513
Wild boar movements
from Belarus
Wild boar movements
from Belarus

Human activity

Wild boar movements
from Kaliningrad, RTY
Human activity (7)
Wild boar movements
from Belarus
Ilegal disposal of
contaminated material
uman activity (?)
Wild boar movements
fram Latvia
Wild boar movements
from RF

Hlegal disposal of
food waste
Hlegal disposal of

food waste
lluman activity

Human activity, wild
boar movement
{from Romania?)
Tliegal disposal of
tood waste
Wild boar movements
from I lungary
Wild boar
movernents from
Romania / Bulgaria
Wild boar movements
from Poland

GF-TADSs, 2015 [36]
TFFRA, 2014 [57]

State Food and Velerinary Service
Lithuamia, SCoPAFF, Feb. 2014 [58]

Wozniakowski et al,, 2016 [§]

General Vet. Inspectorate, 'oand,
SCoPAFF, Jan 2018 [59]

n.d.
Masur-Panasiuk ot al., 2020 [60]

Olsevskis et al., 2016 [61]

Nurmoja et al., 2017 [1]

GF TADs, 2016 [62)
OTF, 2019 [20]
ErSA, 2020 63]

EFSA, 2020 [A3]
Zani et al., 2019 [64]

Linden, 2019 |653]

LrS$A, 2020 [63]
Reuters, 2020 [66]

Sauter-Touis, et al., 2020 [6]

nd.
Interaction of domestic and
free-ranging pigs or
backyard holdings

Wild boar
wild boar
Wild boar
Wild boar

Wild boar

Wild boar

Wild boar

Outbreak in domestic plgs or
wild boar movements

Wild boar

n.c.

Qutbreaks in domestic pigs
and pig holding structure

Outbreak in domestic pigs or
wild boar movements

Wild boar

n.c.
n.d.

Wild boar

! n.d.—no data.

4.1.1. Iberian Peninsula

ASF had been introduced into domestic pigs in Europe on several occasions since
1957. Historically, transmission to and long-term establishment in wild boar was only seen
on the Iberian Peninsula (Portugal and Spain) and subsequently in Sardinia (Italy).

Until 1981, only about 6% of the ASF outbreaks in domestic pigs were associated
with direct contact to infected wild boar [67]. It was concluded that the disease would not
have persisted in wild boar, once it had been eliminated from domestic pigs [10]. This was
confirmed after the elimination of ASF from Spain and Portugal. In detail, a survey from
2006 to 2010 suggested that no wild boar in the affected areas were positive, thus indicating
that the infection had not maintained itself in the wild boar population long term [68].

48



Virnses 2021, 13, 1717

7030

0 250

I uninown
[ ariected
[ resoivea
[ tree

African swine fever status

Figure 2. African swinc fever status of the different European countrics as of 4 August 2021.

4.1.2. Sardinia

ASF had entered Sardinia through contaminated food, similar to the introduction
into Portugal. Since its first emergence in 1978, ASF remained endemic in Sardinia, with
outbreaks occurring in domestic pigs and wild boar. The ASFV strain circulating in
Sardinia belongs to genotype I [69]. In the south of Sardinia, ASF could be eliminated,
while elimination attempts failed in the northern, central and eastern regions of the island
for a long time [70,71], but the regions seem now to be close to becoming free from ASF [72].

Several risk factors for the persistence of ASF in Sardinia have been identified, such
as the number of medium-sized farms, the presence of free-ranging pigs (particularly the
local breed called “brado”) and the combination of the estimated wild boar density and the
mean altitude above sea level [51,70,73,74].

Even after four decades of ASFV presence and circulation on the island, the prevalence
i wild boar in Sardinia was found to be very low (1% with the 3rd quartile of 10% for
seroprevalence for the time period 2011 to 2016) [71]. This is much lower than the recent
prevalence in brade pigs, where antibodies against ASFV were found in more than 50% of
the examined animals [74]. When a spatial-temporal analysis was performed, no clusters
were identified in wild boar in Sardinia [75]. ASFV-positive wild boar were only found
in endemic areas, where outbreaks in domestic pigs occurred [75,76]. Thus, similar to the
situation in the Iberian Peninsula, ASF was apparently not able to establish an independent
infection cycle in the wild boar population. It has been suggested that the disease would
have spontaneously disappeared from the wild boar population, after elimination from
domestic pigs [9]. Contacts between wild boar and infected free-ranging domestic pigs
and repeated re-introductions into the wild boar population were postulated as necessary
for the maintenance of the disease on the island [9,51,70,75,77]. A recent study [78] found
direct and indirect interactions between free-ranging domestic pigs and wild boar in an
ASF-endemic area of Sardinia, indicating that these contacts facilitated the transmission of
ASF on the island. This was also confirmed in a retrospective study, which showed that
spatial interactions between wild boar and brado pigs occurred close to pig farms [79].
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4.1.3. Russian Federation (RF)

ASF reached the RF through wild boar in November 2007, after introduction into
Georgia and notification in the spring of that year, from where it also spread to Armenia,
Azerbaijan, Abkhazia and South Ossetia [80,81]. The ASFV circulating in these areas was
classified as a strain of genotype 11 [82]. The first cases of ASF in wild boar were detected
in the North Caucasus region. In this area, which is considered to harbor a large wild
boar population, transmission and persistence of ASFV in the wild boar population was
observed [55,83]. Spill-over into domestic pigs was documented in 2008, when a traditional
free-range pig holding was affected. Spill-back inte the wild boar population eccurred due
to low biosecurity in the domestic pig holdings and through illegal disposal of infected
material [55,84]. Until 2010, the disease spread within the southern territories of the RF
epidemically, both in wild boar and in domestic pigs [11].

In the RE, human behavior played a major role in the spread of ASF [55]. Carcasses of
infected pigs, hidden or unsafely disposed of by farmers, especially represented a constant
source of introduction of ASFV into the wild boar population [55]. Infection in wild boar
then could cause spill-back in demestic pigs due to low biosecurity [85]. In 2011, the spread
of disease in the RF was estimated to be 350 km /year (N. Vlasov and D. Kolbasov, cited
in [86]).

Spatial analysis of data from the RF obtained between 2007 and 2013 revealed clusters
of ASF in wild boar, domestic pigs and overlapping clusters [82]. Similar results were
obtained for the time period 2017-2019 [87]. These studies indicate that the virus was
able to persist in wild boar without constant reintroduction frem domestic pigs in this
region. This stands in sharp contrast te the situation that had been observed on the Iberian
Peninsula and in Sardinia with the genotype 1 ASFV.

4.1.4. Baltic States, Poland and Germany

The situation in the Baltic states (Lithuania, Latvia, Estonia), Poland and Germany
differs from the situation in the RF in that, in the former, the majority of ASF cases were
detected in the wild boar population.

The first introduction of ASFV genotype II occurred in January 2014, when Lithuania
reported a case of ASF in wild boar near the border with Belarus. A few weeks later, the
first ASF case was recorded in Poland in wild boar, also close to the Belarussian border.
In June 2014, the first case of ASF in wild boar was detected in Latvia, again close to the
border with Belarus [61]. Estonia followed with cases in wild boar that were detected in
September 2014 in the southeast, close to the Latvian border, and in the northeast, close to
the border with the RE

In Lithuania, the disease spread from the border to Belarus in a westerly direction.
The number of infected wild boar increased substantially from 2014 to 2018 [88,69]. By
2019, about 86% of the area of Lithuania was affected by ASF [88,60].

In Latvia, the first area affected by ASF was the South-eastern border area with Belarus,
followed by an intreduction into wild boar in the nerth of Latvia, close to the border with
Estonia, presumably through illegal disposal of offal into the forest [61]. In the meantime,
nearly the entire territory of Latvia is affected by ASF [5].

In Estonia, ASF first emerged in two regions, one in the southern part, bordering
Latvia, and one in the northeast, closc to the border with the RF [4]. [n the meantime, ASF
has spread throughout Estonia (with the exception of the island of Hiiumaa).

In Poland, until 2016, cases of ASF in wild boar were restricted to a belt of 1-10 km
along the border with Belarus [8,91,92]. It is likely that repeated introductions from
Belarus into Poland had occurred [15]. From 2014 to 2016, the cases showed a north-south
distribution along the border, with an expansion of the affected area during 2017 [93]. In
2017 and 2018, the number of ASF-infected wild boar increased substantially [3,17]. At the
same time, new areas were affected around Warsaw and in the north, close to the oblast of
Kaliningrad (RF). In November 2019, a new region in western Poland became affected, first
in wild boar and subsequently also in domestic pigs.
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Ten months later, in September 2020, the neighboring area across the border in Ger-
many recorded the first ASF case in wild boar [6]. Both the vicinity of cases to the
German-Polish border and their clustering suggest several independent incursions into
Germany [94]. Together with sequence data of the complete viral genome obtained for
several ASFV strains, this illustrates that there exists a transboundary epidemic affecting
western Poland and Germany.

In the Baltic states and Poland, the disease spread mainly through wild boar migration,
butalso through human activity. Transmissions over large distances (jumps) were obviously
due to human activities (probably improper disposal of contaminated food waste), as
described for several countries [61,95-97]. The local spread of ASF among wild boar was
not as fast as originally predicted [98]. Depending on the wild boar density, the rate of local
spread has been estimated to range between 1 and 2 kim/month [99,100]. In Lithuania,
it was calculated to be 5 km/month [88]. 1t should be noted that the spatial-temporal
dynamics of ASF in wild boar could not exclusively be explained by the movements of
wild boar, i.e., through dispersal and home range sizes [101].

Surveillance for ASF in wild boar is achieved by active and passive surveillance.
Several studies have shown that passive surveillance of wild boar carcasses was supe-
rior to active surveillance in detecting ASF in wild boar [4,5,7,13-15,17 61]. Data on wild
boar killed in traffic accidents are only sparse, and thus there has so far been no statisti-
cal evidence that the prevalence of ASF in road-killed wild boar is higher than in wild
boar hunted healthy [102]. Nevertheless, wild boar killed in traffic accidents should be
sampled in the interest of early ASF detection. At least during the early phases of an
epidemic, the prevalence of ASFV-positive dead wild boar (usually determined by PCR,
i.e., detection of ASFV geneme) is much higher than the seroprevalence (i.e., animals
with ASFV-specific antibodies) in hunted wild boar [4,7,14,90,102-104]. In Lithuania, the
average prevalence of ASFV-positive wild boar found dead, as determined by PCR, was
65.7% (95% CI: 64.0-67.4%), while the serological prevalence in hunted animals (active
surveillance) was only 0.45% (95% CL: 0.39-0.51%) with regional differences [89,90].

In all of these countries, the probability of finding an ASFV-positive animal was much
higher in animals found dead in comparison to hunted animals with odds ratios between
69 and 193 [1,7,90].

During recent years, an increasing seroprevalence regarding ASFV of up to 7% was
observed in all three countries of the Baltic states [5,14,44,90].

Several factors associated with the detection of the disease in wild boar have been
investigated in these countries. Wild boar density was considered crucial for the spread
of ASFE In the carly years after Poland had become affected, cases of ASF in wild boar
occurred mainly in areas with a wild boar population of more than 1 animal/ km?2. Tt
was therefore concluded that reducing the wild boar density to less than this value could
reduce the spread of the disease [15]. Polish data on ASF in wild boar between 2014 and
2016 revealed that the probability of finding ASFV-positive wild boar increased with wild
boar population density and the proportion of forest in land cover [105].

Data from Estonia and Latvia revealed that young wild boar were more frequently
ASFV-positive than older animals [4,14].

Another factor is seasonality. In the Baltic states and "oland, peaks in the detection
of ASF in wild boar were observed during summer, but also in late winter (February and
March) [8,61]. In Lithuania, the prevalence was higher in autumn than in spring [89] and
high in winter [85]. In Estonia, a larger number of samples taken from wild boar found
dead were recorded during winter [13]. In Latvia, however, no seasonality was detected in
the occurrence of ASF in wild boar [7]. It has so far not been completely clarified whether
the observed seasonal effects are due to a higher abundance of wild boar (in summer),
increased hunting activity {in winter) or other, so far unknown factors.

In contrast to observations made on the Iberian Peninsula, the numbers of recorded
ASF cases in wild boar in the Baltic states and in Poland by far exceeded outbreaks regis-
tered in domestic pigs [93]. Tt is important to note that ASFV was obviously able to persist

51



Virnses 2021, 13, 1717

100£30

in the wild boar population in the Baltic states and Poland, regardless of the situation in
domestic pigs. This stands in sharp contrast to previous predictions [9], which, however,
were based on a different scenario.

4.1.5. Czech Republic and Belgium

The ASF situation in the Czech Republic and in Belgium showed some similarities, but
also differences, to that in the Baltic states and Poland. In contrast to multiple incursions
into the wild boar population close to the border of neighboring countries, the Czech
Republic and Belgium experienced focal or point introductions of ASFV into wild boar
populations in regions more than 300 km away from known ASF-affected areas. It should
be emphasized that in both countries only wild boar were affected.

The first case of ASF in the Czech Republic was notified in June 2017 in two wild
boar carcasses found near the local hospital in Zlin [20,106]. Presumably, the virus was
introduced through human activity [20]. Genotyping identified the virus as similar to
those variants that were found elsewhere in the eastern and south-eastern parts of the EU
(Moldova, 2016; Ukraine, 2012 and 2015; Belarus, 2013) [106].

ASF remained limited to the district of Zlin [106], where a core area of about 58 km?
was defined [107]. In this core area, 71.7% of the sampled wild boar carcasses were ASFV-
positive from June 2017 until April 2018 [106]. Until April 2018, when the last ASFV-positive
wild boar was found, a total of 230 ASF cases were detected, of which 212 were in wild
boar found dead and 18 in hunted animals [20,106]. This re-emphasizes the important role
of passive surveillance in the early detection of ASF [107]. The last ASFV-seropositive wild
boar were found in the core area in July and October 2018 [108]. One year after the detection
of the last ASFV-positive wild boar, the Czech Republic submitted a self-declaration of the
recovery of freedom from ASF to the World Organisation for Animal Health (OIE) [20].

Despite a high wild boar density in the Czech Republic, ASFV spread with a velocity
of approximately 0.5 km/month, i.e., more slowly than in the Baltic States and Poland [109].

In the Czech Republic, ASFV-positive carcasses were found in larger distances from
roads and forest edges than ASFV-negative carcasses [110]. In contrast to Estonia and
Latvia, carcasses of adult animals were more frequently ASFV-positive than those of
younger animals (75.4% versus 41.6%) [110].

Due to the fact that a single focal introduction had occurred into the Czech Republic,
the basic reproduction number (R0) could be estimated at 1.95 for the first 29 days of the
epidemic, i.e., each infected wild boar infected nearly two other wild boar [111]. Such
calculations are neither available for the Baltic states nor for Poland.

Similar to the Czech Republic, the introduction of ASF into wild boar in Belgium
in 2018 was presumably caused by human activity. The first cascs of ASF in wild boar
were detected in September 2018 [65,112]. The virus was identified as genotype Il and was
found to be closely related to ASFV strains from Ukraine, Belarus, Estonia and European
Russia [112-114].

Until March 2020, a total of 833 cases of ASF in wild boar had been reported by the
Belgian Federal Agency for the Safety of the Food Chain [115,116]. In August 2019, the
last fresh ASFV-positive wild boar carcass was detected; thereafter, all positive carcasses
found were skeletonized (estimated postmortem interval at least 3-6 months) [115,116].
Since March 2020, no further ASFV-positive wild boar carcasses have been found. Belgium
regained its OIE status “free from ASF” in December 2020.

Morelle et al. [21] investigated the deathbed choice of ASFV-positive wild boar car-
casses from Belgium, Poland and the Czech Republic. They found that ASFV-positive
carcasses were more likely to be found in cool and moist habitats [21].

For Belgium, an RO of 1.65 has been calculated for the first 11 days in the second
wave (starting at day 130 after detection of first case) [111] and a spreading velocity of
0.39 km/week [117]. The disease spread faster in forests than outside [117].
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4.1.6. Hungary, Romania, Slovak Republic and Serbia

Hungary, Romania, the Slovak Republic and Serbia reported cases of ASF in wild boar
through the Animal Disease Notification System (ADNS) of the EU. However, no scientific
publications on the epidemiology of ASF in wild boar in these countries are available.

In April 2018, Hungary notified the first casc of ASF in wild boar in the region of
Heves, approximately 70 km south of the border to the Slovak Republic. Shortly afterwards,
cases in wild boar were reported in the northeast of the country, close to the border with
Ukraine. Tt was suspected that the introduction into the region of Heves was due to illegally
imported contaminated pork products [118], whereas the cause of the introduction into
the northeast of the country was assumed to be natural movements of wild boar from the
Ukraine, where cases had been reported since 2017, Until the end of 2018, a total of 138 ASF
cases in wild boar were notified. Until the end of 2020, nearly 6000 cases of ASF in wild
boar had been notified, which were mostly lecalized in the northern and eastern regions of
the country.

Romania reported the first case of ASF in wild boar in May 2018, after outbreaks
had occurred in domestic pigs in summer 2017 and from January 2018 onwards. The first
reported case of ASF in wild boar was found in close vicinity to an outbreak of ASF ina
small-holder pig farm. Until the end of 2020, nearly 1800 cases of ASF in wild boar were
notified. Tt must be noted that the ASF situation in Romania is dominated by outbreaks
in domestic pig holdings of all sizes, so that the infections in wild boar could actually
represent spill-over events from the domestic pig sector [63].

Bulgaria reported its first cases of ASF in wild bear in the northeast of the country
in October 2018, after an outbreak of ASF had occurred in domestic pigs in August 2018,
Until the end of 2020, a total of 723 cases of ASF in wild boar were notified. The overall
epidemiological situation in Bulgaria may not only resemble that in Romania, but is most
probably linked to it.

In the Slovak Republic, the first ASF-cases in wild boar were reported in August 2019
in the south of the country, after outbreaks in domestic pigs had been reported close to the
border with Hungary in July 2019. While in 2019, a total of 27 cases of ASF in wild beoar
have been reported, nearly 400 cases were reported in 2020. The affected area is close to a
region in the north of Hungary, where ASF was first detected in wild boar in April 2018
and where the disease has since continued to spread.

Serbia reported its first outbreak of ASF in domestic pigs in August 2019 and the first
cases of ASF in wild boar close to the border with Bulgaria in January 2020. Until the end
of 2020, a total of 69 cases of ASF in wild boar were notified.

4.2. Tenacity of ASFV

In the wild boar habitat, ASFV transmission may occur not only through direct contact
with infected conspecifics, but also by indirect contact between susceptible wild boar and
carcasses, excretions, food waste as well as contaminated environment, e.g., soil, water,
grass or crops (wild boar-habitat cycle) [103,119]. Pepin et al. [120] estimated that over
50% of the transmission events in eastern Poland were related to indirect contact with an
infectious carcass.

For indirect ASFV transmission within a wild boar population, virus survival in
various matrices plays a crucial role [121], since this can last several months or even vears
(Table 2). Data concerning the tenacity of ASFV in wild boar organs and tissues that may
persist for longer time intervals in the habitat, such as bones, muscle or skin, are scarce.
While Fischer et al. [122] could not detect viable virus in bone marrow after one week
at room temperature, Kovalenko ct al. [123] were able to recover infectious virus from
bone marrow stored at 6-8C for more than six months. This difference could be due to
the detection system, i.e., bivassay with the direct injection of pigs versus macrophage
culture. Evidence suggests that muscle and skin/subcutaneous fat originating from wild
boar represent long-term reservoirs for infectious ASFV, especially at low temperatures. On
the other side, the stability of ASFV in urine and feces seems to be relatively low [122,124].
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Virus survival in the soil underneath a carcass strongly depends on the soil type (sand vs.
humus-rich soil) with survival times of less than three days to up to two weeks [125,126].
In contaminated water, infectious virus was detectable for at least 14 days [126], while a
rapid decrease in infectivity was observed on dry field crops [127].

A study in Lithuania failed to find infectious virus in buried wild boar carcasses that
had tested positive for ASFV before burial, but it could detect ASFV genome fragments in

the surrounding soil [128].

Table 2. ASFV tenacity in different materials.

Blood,
Urgans
and tissues

Material ASFY Method Reference
Stability
Defibrinated blood (RT) 140 days In vivo assay Mentgomery 1921 [129]

Blood (-20°C)
Preserved blood (4 °C)
Spleen suspension (—20 *C)
Spleen, kidney, lung (—20 °C)
Spleen, lung (4 °C)
Kidney (4 °C)
Spleen, kidney (RT)
Bone marrow (68 “C)
Bone marrow, skin (—20 °C)
Bone marrow (4 “C}
Bone marrow, muscle (R1)
Muscle (—20 °C)
Muscle (4 °C)

Skin {4 ©C)

Skin (RT)

6 years In vivo assay

18 months In vivo assay
105 weeks In vivo assay
112 days
56 days Virus isolation in
<28 days macrophages
7 days
>6 months n vivo assay
3 months
1 month
<7 days Virus isolation in
>24 months .
3 months macrophages
6 months

3 months

De Kock et al., 1940 [130]
Plowright and Parker 1967 [131]
Plowright and Parker 1967 [131]

Mazur-Panasiuk and
Wozniakowski 2020 [126]

Kovalenko et al., 1972 [132]

Fischer et al., 2020 [122]

Feces
and urine

Faeces (4 °C)
Urine {4 *C)

Faeces, urine (4 “C)

Facces (4 °C and 12 °C)
Faeces (RT)
Urine (4 °C, 12 7C, RT)

159 days .
In vivo assay
60 days ¥
Virus isolation

5 davs .
d in macrophages

Kovalenko et al., 1972 [132]

Olesen et al., 2020 [133]

Davies et al., 2017 [124]

Soil, water,
field crops
and feed

Beach sand (RT)
Yard soil (RT)
Swamp mud (RT)
Forest s0il (RT)
Wet soil, leaf litter (4 °C & R1)
Water (—20 °C, 4 °C, 23 °C, 37 °C)
Water (—16 to —20 °C, 4-6 ()
Water (RT)

Field crops (drying at K1)

Compound feed (- 16te —20°C)
Compound feed (4-6 “C)
Compound feed (RT)
Compound feed (R1)
Soy oil cake (RT)
Compound feed (RT)
Soy oil cake (RT)

5 days Virus isolation

3 days in macrophages

5 days phages

14 days

7 days Virus isolation in

3 days macrophages or cell culture

0 days/none

<3 days Virus isolation in
=14 days macrophages
=6( days Virus isolation in
50 days macrophages
<h 'Virus isolation
in macrophages
260 days Virus isolation
30 days in macrophages
1day k
=30 days Virus isolation in
=30 days macrophages, in vivo assay
=30 days Virus isolation
>30 days in macrophages

Carlson et al., 2020 [125]

Mazur-Panasiuk and
Wozniakowski 2020 [126]

Sindryakova etal., 2016 [134]

Fischer et al., 2020 [127]
Sindryakova etal., 2016 [134]

Dee et al, 2018 [135]

Stoian ct al., 2019 [136]

4.3. Transmission of ASFV ameng Wild Boar

ASFV is the only known DNA arbovirus of vertebrates [2]. lts natural African vec-
tors are soft ticks of the Ornithodoros moubata complex, which acquire the virus through
blood-feeding on viremic hosts. They can harbor the virus for up to five years and transmit
it vertically, horizontally, venereally and to susceptible suids during feeding [137]. Tn sub-
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Saharan Africa, the virus is transmitted in a sylvatic cycle from ticks to African warthogs
(Phacochoerus africanus), which remain asymptomatic [138]. The ticks are nidicolous and
live inside warthog caves and burrows, but they can also occur in the housings of domestic
pigs [139]. In northern Europe, the occurrence of Ornithodoros soft ticks has never been
reported. However, in southern Europe, different species of Ornithodoros soft ticks oceur
(e.g., O. erraticus, O. maritimus) and especially on the Iberian Peninsula they were responsi-
ble for ASFV infections in domestic pigs [140]. In the Caucasus region, Orntithodoros soft
tick species have been documented to occur in some affected countries, such as Armenia,
Russia and Georgia [141], but their involvement in ASF epidemiclogy seems unlikely, the
more 50 since wild boar do not use caves, burrows or housings.

Other arthropods were repeatedly discussed as mechanical vectors. However, all
arthropods tested so far, including hard tick species indigenous to Europe [142] as well as
blowfly larvae [143], could not be incriminated. This is also in agreement with a study from
Estonia, where various groups of blood-feeding arthropods were collected in ASFV-affected
wild boar habitats but tested negative for the presence of the ASFV genome [144]. However,
mechanical transmission on a laboratory scale was reported with the stable fly (Stomoxys
calcitrans) [145] and twe studies from Eastern Europe have reported the detection of a low
amount of ASFV genome on insects collected on demestic pig outbreak sites [146,147].

Several incursions of ASFV into European wild boar populations have been mainly
attributed to anthropogenic factors, especially to the dissemination of contaminated meat or
meat products [92]. When ASFV was first introduced into Georgia in 2007, the first clinical
cases were detected near the port of Poti [55]. Although the precise source of virus could
not be identified, it has been suspected that ASFV was introduced via ships presumably
from cast Africa carrying contaminated meat or meat products, and free-ranging pigs
acquired infection scavenging on the disposed waste [145]. Human failure to comply with
biosecurity requirements has also been suspected to be the initial source of introduction
into previously ASFV-free wild boar populations in Poland [149], Hungary [118], the
Czech Republic [107] and Belgium [150]. This way of intreduction is most likely not true
for Germany.

Considering the complexity of parameters, it is not surprising that the epidemiological
patterns of ASF vary across different countries and regions. In Sardinia, where ASF has
been present for 40 years in domestic pigs and wild boar, the persistence of the disease
was related to traditional farming practices [70]. In the Russian Federation, the density
of road networks, interactions with the domestic pig population and water bodies have
been identified as the main risk factors for disease spread across the southern region of the
country between 2007 and 2010 [151]. In the central part of the country, where a secondary
endemic zone had formed since 2011, ASF outbreaks in wild boar were attributed to
outbreaks in the domestic backyard sector [80].

On the other side, in current outbreaks, the wild boar density seems to be one of
the most influential risk factors for the occurrence [152] and the transmission and persis-
tence [153,154] of ASE In Belgium, disease progression was related to the forest habitat
and the wave front velocity was higher within forest areas than in non-forest areas [117]. In
Latvia, the persistence of the infection was attributed to wild boar scavenging on carcasses
of infected wild boar [61].

These observations have led to the hypothesis that ASF in wild boar is a habitat-borne
disease [155] and to the description of the so-called wild boar-habitat cycle, which is
self-sustaining and includes wild boar, their habitat and their carcasses [95,156].

To test this hypothesis, in a field study in Germany, 32 wild boar carcasses were
exposed to study the behavior of wild boar towards their dead conspecifics. Wild boar
were observed rooting in the decomposition islands, sniffing and poking on wild boar
carcasscs, and chewing on their skeletonized bones [157]. In the Czech Republic, during
winter, even scavenging could be filmed [110]. Although it is not yet proven whether such
types of interaction are sufficient for ASFV transmission, they support the hypothesis that
transmission not only occurs through contact between susceptible and infectious animals,
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but also through contact between susceptible animals and contaminated material [103]. An
age-structured mathematical model based on scenarios in Estonia and Spain further sup-
ported the assumption that transmission from infected carcasses to susceptible individuals
is @ key mechanism in producing disease outbreaks in wild boar [154].

Although it is known that ASFV has a high tenacity, details on the exact transmission
routes in the wild boar-habitat cycle are still not known [158,159]. The fast localization
and removal of carcasses is considered one of the most important disease control measures
in affected regions [152]. However, depending on the weather, vegetation, field and light
conditions, finding them can be difficult, and it is estimated that considerable numbers
of infected carcasses are not found [12]. Estimating the postmortem interval of the first
ASFV-positive carcasses in a previously ASF-free region can assist in estimating the time of
disease introduction and the extent of the affected area. Yet, field studies have shown that
the decomposition process of wild boar carcasses is highly variable and can take between a
few days in summer and several months in winter [160,161].

Given the high stability of ASFV, concern has been expressed regarding scavengers that
may spread infectious carcass material in the environment. However, evidence suggests
that scavengers represent a minor risk factor for spreading ASFV, at least over large
distances. On the contrary, they probably contribute to reducing local virus persistence by
metabolizing infected carcasses [162]. However, the transfer of small amounts of ASFV-
containing tissues over short distances, e.g., through birds, such as crows or birds of prey,
could not be ruled out.

Other matrices that are regarded to play a potential role in the spread of ASFV among
wild boar include oral-nasal excretions, blood, meat, offal, feces and urine, soil, insects,
fomites, kitchen waste, as well as grass and other fresh vegetables contaminated by virus-
containing matter [119].

The prediction of Bosch et al. [163] that the EIT countries at the highest relative risk of
ASF introduction by natural movements of wild boar were Romania, Slovakia, Finland, the
Czech Republic and Germany has mostly been confirmed. However, the prediction that
ASFV incursion into France was imminent due to the nation’s proximity to Belgium and
the movement of wild boar across the border has so far not materialized [164].

Based on data from Poland 2014-2015, it was shown that wild boar contact rates are
strongly constrained socially and spatially [101] and that wild boar movements are poor
predictors of ASF dynamics in space and time [99]. This has led to the conclusion that the
long- and medium-distance spread of ASF (i.e., >30 km) is unlikely to occur due to natural
wild boar movements [165]. A recent EFSA report predicted that the natural median spread
velocity of ASF in Belgium, the Czech Republic, Estonia, Hungary, Latvia, Lithuania and
Poland due to wild boar movements was between 2.9 and 11.7 km/year [63].

4.4. Modeling

As there are many unknowns in the epidemiology of ASF in wild boar, several issues
are addressed by modeling to gain a better understanding of the discase dynamics.

Early during the current epidemic in eastern and south-eastern Eurepe, models fo-
cused on attempts to predict the spread of the disease and to assess the risk of introduction
into countries that had not been affected so far. These assessments are of great interest for
governments to plan preventive measures and prepare for outbreaks, but also for people
directly affected by ASFE, namely, pig holders and hunters. While there is sufficient data on
domestic pigs in terms of abundance, transport routes and transmission routes, information
on wild boar is scarce. Some of the early medels on disease introduction theretore excluded
wild boar. This was also done because it was believed that their expected contribution
to the spread of ASF was less important compared to domestic pigs [67,166,167]. Yet, the
epidemic situation as it developed since 2014 has shown that the spread of ASF in the
wild boar populations in affected countries also matters. [n particular, the introduction of
ASF via wild boar movement, also across borders, has to be taken into account [163,168].
Several models have therefore been established that address the risk of ASF introduction
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into unaffected areas through trade and wild boar movements using statistical data fitting
approaches [165,169].

The size of the wild bear population in a country is considered a risk factor in many
models [153]. However, even in countries with small numbers of wild boar, such as
Denmarlk, simulation models were used to assess the spread of ASF in wild boar and to
minimize the risk of transmission to domestic pigs [153].

Other models focused on the presence of wild boar and habitat suitability for wild boar.
Some of these model the suitability only, without including specitic disease transmission
risk [170]. Other models include habitat properties and suitability for wild boar in ASF
transmission models. Halasa et al. (2019) applied an agent-based spatio-temporal model
to the spread of ASF in wild boar in Denmark, using input parameters taken from the
literature [153]. Another model combined the habitat suitability with an agent-based,
spatially explicit simulation model that includes multi-source citizen science data on the
presence of wild boar [171]. Croft et al. (2020) used a spatial individual-based model with
data of a real landscape area in Britain for an isolated wild boar population [172].

Models have shown that the presence of suitable habitats for wild boar is a better
predictive factor for the risk of ASF introduction than wild boar density [163,173,174]. Thus,
models using environmental data proved to be a useful tool to estimate the risk of ASF
introduction into naive wild boar populations [154].

Several medels [120,153,175] found that the presence of carcasses of infected wild
boar could explain the transmission observed in real ASF epidemics. Pepin et al. [120]
addressed the probability of transmitting ASFV from carcasses to live animals. Using
data from eastern Poland and a spatially explicit mechanistic epidemiological model, they
estimated that 53-66% of the transmission events may have been due to the presence
of infected wild boar carcasses. They concluded that this carcass-based transmission is
necessary to maintain the persistence of ASF in the wild boar population [120]. These
data are corroborated by the long periods, over which ASFV can remain infectious in
carcasses [110,128].

Another output of this model [120] was that carcass-based transmission becomes more
important the lower the wild boar density is, as direct contacts are expected to become less
frequent. The greater importance of transmission through carcasses of ASFV-infected wild
boar as compared to direct transmission between living wild boar is also described by Lange
and Thulke [175], who used a spatio-temporally explicit individual-based model [175,176].
This result can be explained by the long time wild boar carcasses remain in the environment,
as compared to the relatively short remaining live-time of ASFV-infected animals [27]. Thus,
the model showed the best fit to the observed spatio-temporal spreading pattern for the
high accessibility of carcasses and a marginal chance of contact frequency of live wild boar
to the carcasses [175]. This model was already used in 2015, after ASF occurred for the
first time in the Baltic states and Poland, to evaluate different management opticns for
climinating ASF from the wild boar population [12]. A more recent model also suggested
that environmental transmission, e.g., through carcasses of infected wild boar, is the main
mechanism for outbreaks in the current epidemic in Europe [154]. These authors also
propose that the role of wild boar in an ASF epidemic might be less significant in Spain,
where temperatures are higher and wild boar carcasses will decompose faster, as compared
to Estonia [154].

ASF in wild boar has proven to be extremely difficult to control [7]. Proposed measures,
including massive depopulation in affected areas and the removal of wild boar carcasses,
were considered not feasible or, as far as mass depopulation is concerned, unethical. On
the other hand, measures that could have a long-term effect on wild boar, and thus on
eliminating ASF, may take several years to become effective and have to be applied to larger
arcas. However, even then, the conclusion of different medels is that only a combination
of measures, including mass depopulation and carcass removal, are likely to be the most
effective and feasible solution [12].

57



Virnses 2021, 13, 1717

16 0f 30

The comparison of control strategies was also the subject of a study conducted by
Barongo et al. [177], who applied a model to free-ranging pig populations in resource-poor
situations of Africa. They also used the model to determine optimal response times for
control measures.

Once control measures are effective, the aim of eliminating the disease from affected
areas is often pursued. It is generally accepted that passive surveillance (the testing of
all wild boar found dead or shot sick) is more suitable for early detection of the disease
than active surveillance (the testing of hunted wild boar) [3,4,7,14,98,102,178]. However,
this has been controversially discussed for later phases of the disease events. Therefore,
Gervasi et al. [179] used a simulation model to evaluate the efficiency of active and passive
surveillance for ASF in wild boar. Only in situations characterized by a low prevalence, a
low wild boar population density and a high hunting rate was active surveillance superior
to passive surveillance [179].

5. Diagnosis of ASF in Wild Boar

Controlling ASF in wild boar is highly dependent on early warning and thus on a
rapid and reliable diagnosis [85]. Due to the international notification requirement, labo-
ratory diagnosis is regulated in recommendations and legal requirements. Methods and
protocols can be found in the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial
Animals [180] or, for the European Union, on the website of the European Union Reference
Laboratory for ASF (https:/ /asf-referencelab.info/asf/en/procedures-diagnosis/sops,
accessed 24 August 2021).

In general, reliable tools for the direct (pathogen) and indirect {(antibody) diagnosis of
ASF exist that work with appropriate samples from both domestic pigs and wild boar [181].
There is no difference in test performance or the suitability of matrices when testing
high-quality samples from either domestic pigs or wild boar as depicted in Figure 3 [182].

Figure 3. Comparison of sample matrices taken from wild boar (WB; dots) and domestic pigs (DP; triangles). The qPCR

results are depicted as log10 genome copy numbers per run. Abbreviations: nd = not detected; SP = spleen, TO = tansil;

LN =lymph node; BM = bone marrow; LU = lung; LIV = liver; KII? = kidney; ns = not significant in pairwise comparison.
This figure was adapted from Pikalo et al. (2021) doi: 10.3390/ pathogens10020177.
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5.1. Sample Matrices

Direct detection methods have priority to detect the disease in free areas at risk. For
early detection, especially in the pre-clinical phase, EDTA blood and spleen samples are
best suited using all types of real-time PCR methods [182,183]. In this phase, serum samples
may vield false negative results, especially if pooling is applied [182]. Tonsil, lymph node,
bone marrow, lung, liver and kidney samples are also suitable and mentioned in the
respective manuals.

In the wild boar context, it has to be kept in mind that the animals to be sampled
are abviously sick or dead, so it can be assumed that a significant viral load is present in
several organs and tissues [103]. In combination with the high stability of ASFV in wild
boar carcasses [122,128], sampling can be facilitated by the use of pragmatic, alternative
matrices that minimize the need to open and touch a rotten carcass. Over the last years, dry
blood swabs have been validated for passive surveillance under experimental and limited
field settings [182-186]. It could be demonstrated that these samples are suitable for the
PCR detection of the ASF viral genome and, with a certain limitation, for the detection of
antibodies. Recently, state-of-the art flocked swabs and inactivating transport buffers have
been tested along the same lines with very promising results, especially for the transport
buffer system [182]. Different bloody swabs have been put to practice in the Germany
outbreak scenario since September 2020 and performed well [6]. Without the inactivating
buffer system, virus isolation is pessible over a peried of roughly three days (unpublished
results). However, for a full characterization of the disease situation, including the genera-
tion of virus strains for biological testing and sequencing, additional samples are helpful
and should be encouraged. Apart from the above-described swabs, dried filter papers
and FTA cards [187-18Y], fecal samples [142], oral, nasal and rectal swabs [190], meat
juice [191], and different rope-based options [192,193] have been assessed as alternative,
partly non-invasive matrices. Further matrices such as ear punches have been discussed
and showed general suitability for diseased wild boar and domestic pigs [182]. If bloody
material is no longer available, bone marrow from femur, humerus, jawbones, ribs, or
sternum should be sent in for testing. Interestingly, this matrix performed much better
if taken from skeletonized carcasses. In this case, it was superior for the use in shot-gun
next-generation sequencing approaches (unpublished results and [6]).

Following the introduction of ASF into a new region, antibody detection becomes
a valuable diagnostic tool to monitor disease evolution and potential changes in ASFV
virulence. For the detection of antibodies, serum and plasma samples are the first choice
mentioned in the respective manuals. However, filter papers [185], the above-mentioned
swabs [184], meat juice, fecal material [194], and oropharvngeal fluids [195] could provide
additional information if the collection of serum or plasma is not possible.

In general, the choice of sample matrices should be embedded in the overall approach.

5.2, Detection of ASF Virus, ASFV Antigen and Genonre

Polymerase chain reaction protocols represent the first line of ASFV detection, and an
increasing number of published protocols and fully validated test kits are available [196-208].
Regarding the later, commercial kits with reasonable pricing, the integration of internal
control systems and the lack of need for extra consumables are key. As manufacturers are
distributed around the globe, performance characteristics are not casy to compare. Within
the European Union, some countries have an official licensing process and released products
and batches underwent batch release. Tn Germany, for example, an updated list of licensed
kits is included into the German Official collection of methods for notifiable diseases (https:
/ /www.tli.de/cn/publications/amtliche-methodensammlung /, accessed 24 August 2021).
All these tests have been tested at the German national reference laboratory (NRL) with
a defined set of experimental samples representing different genotypes (mainly T and 11),
host species, matrices, and infection status [209]. The licensed kits are {(as of March 2021):
INgene q PPA (Ingenasa, Madrid, Spain), virotype ASFV and virotype ASFV 2.0 (Indical
Bioscience, Leipzig, Germany), ID Gene ASF Duplex (IDvet, Grabels, France), RealPCR
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ASEV (IDEXX, Westbrook, ME, USA), SwineFever combi (gerbion, Kornwestheim, Germany),
virella ASFV seqc (gerbion, Kornwestheim, Germany), ViroReal Kit ASF Virus (Ingenetix,
Vienna, Austria), Kylt ASF Real-Time PCR (Anicon, Emstek, Germany), VetMAX African
Swine Fever Virus Detection Kit (Thermo Fisher Scientific, Waltham, MA, TUSA), and the
ADIAVET ASFV FAST TIME Kit (BioX, Rochefort, Belgium). Some of these commercial
PCR tests and three routinely used automated extraction methods have been compared at
the German NRL in more detail (Schlottau, unpublished). Nucleic acids were extracted
from wild boar and domestic pig samples using the NucleoMag® VET (Macherey-Nagel,
Diiren, Germany), MagAttract Virus M48 (Qiagen, Hilden, Germany}, and MagMAX'™
CORE (Thermo Fisher Scientific, workflow C} kits on the KingFisher extraction platform
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.
In general, all kits were suitable and yielded reliable results in downstream applications.
Recently, data were published on the comparison of seven commercially available PCR kits
and three polymerase reaction mixes [210]. Here, the following kits were included: virotype
ASFV 2.0 PCR kit, (Indical Bioscience, Leipzig, Germany), Adiavet ASFV Fast Time (Adiagen,
Rochefort, Belgiumy), Bio-T kit ASFV (Biosellal, Dardilly, France), VetMax ASFV Detection kit
(Thermo Fisher Scientific, Waltham, MA, USA), RealPCR ASFV DNA Test, (IDEXX, Westbrool,
ME, USA), VetAlert ASF PCR Test Kit (Tetracore, Rockeville, MD, TUSA), and the ID Gene™
African Swine Fever Duplex (IDvet, Grabels, France). In brief, the diagnostic sensitivity
and specificity was tested on 300 well-characterized wild boar samples collected in Belgium
during the 2018-2019 outbreak. This study confirmed that all commercial kits and two out
of three Taq polymerases (AgPath-ID™ One-5tep RT-PCR Reagents, Applied Biosystems,
Waltham, MA, USA, and TagPathTM 1-Step Multiplex Master Mix, Thermo Fisher Scientific,
Waltham, MA, USA) are suitable for ASFV detection in diagnostic laboratories. This is in
line with the experience described above and confirms the suitability of commercial kits for
a rapid and user-friendly ASFV diagnosis. Apart from traditional gel-based and real-time
PCR assays, different alternatives including isothermal amplification methods have been
designed and evaluated [205,211,212]. So far, they did not replace TagMan-based real-time
PCR protocols.

Virus isolation is the gold-standard confirmatory test and required to obtain isolates
for further characterization. Due to biosafety considerations and the requirement for
susceptible cultures of primary cells, this technique is usually only applied in reference
laboratories according to standard protocols [213]. Routinely, hemadsorption [214] is used
as readout (for hemadsorbing strains).

Under resource-limited settings, the use of antigen ELISAs could be an option. They
are commercially available, but lack sensitivity [181,215]. The samce is true for antigen lateral
flow assays, which showed some promising results in experimental settings [182,216],
but would failed to detect most confirmed ASF cases from Germany (P. Deutschmann,
personal communication).

Screening for ASFV-specific antibodices is usually done with ELISA-based methods.
Again, several in-house and commercial tests are available. Most widely used within the
European Union ate probably the INGEZIM PPA COMPAC (Ingenasa), the D Screen®
African Swine Fever Indirect (IDvet), and the ID Screen African Swine Fever Competition
test (IDvet). These test systems use different antigens and they may therefore be used in
parallel. Internationally, there are various test systems, whose performance is not easy to
assess. [t has to be noted that poor-quality serum samples (as they are often obtained from
wild boar, particularly animals that were found dead) may affect test specificity. For this
reason, confirmatory testing is recommended [181]. This can be achieved using indirect
immunoperoxidase tests or immunoblotting.

6. AST Control in Wild Boar

ASF is explicitly listed in Article 5 of the Animal Health Law of the EU (Regulation
2016/429) and affected Member States of the EU have to implement the respective preven-
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tion and contrel measures. The measures set a minimum standard, and national authorities
can implement additional and stricter measures if necessary.

In several studies, the presence of ASF-infected wild boar in close vicinity to domestic
pig holdings is described as a main risk factor for ASF outbreaks [55,61,217,218]. Thus,
successful ASF control in wild boar is crucial to protect the domestic pig sector from
spill-over incidents. In contrast to ASF control in domestic pigs, which is achieved by
depopulation of the farm and further measures that include cleansing and disinfection of
the affected premises, movement restrictions, establishing restricted zones, etc., the control
of ASF in wild boar is challenging [155,219]. There is no standard control strategy that can
be applied everywhere in the same way. Moreover, there is no vaccine available currently.
Suitable measures must be selected from a variety of options and need to be adapted to the
specific epidemiological situation, as well as to environmental and social factors [220].

The prevention of ASF introduction into a non-infected area is the preferred option.
Two different scenarios have been described for the introduction of ASFV into a naive wild
boar population [119]: (i) ASF-infected wild boar may introduce the virus in a neighboring
region or country by cross-border migration. This has probably been the route of intro-
duction into several European countries [4,6,61,91]. (ii} Due to the high tenacity of ASFV
in raw meat products and the environment [122,126,129-131,221], the virus can also be
transmitted indirectly by human activity and thus jump’ over large distances, as observed
in the Czech Republic and Belgium [106,107,222]. Since the location, where ASF emerges
in the latter scenario, is hardly predictable, only rather general preventive measures can
be applied. These usually aim at raising awareness, informing people about the risk of
introducing ASFV with pork, pork products, hunting trophies, vehicles, clothes, shoes,
cquipment, etc., about cleansing and disinfection measures and the safe disposal of waste
that may contain ASFV [119,223].

The role of the wild boar density in disease transmission and spread is highly dis-
puted. However, there seems to be consensus among experts that a reduction in wild boar
density decreases the risk of ASFV introduction and spread [224,225]. Efforts to reduce the
population density usually imply increased hunting efforts, targeted hunting to decrease
the number of reproductive females, and the trapping of wild boar followed by culling.
Moreover, the use of supporting tools for hunting such as silencers or night vision is dis-
cussed and applied in some affected areas [225]. Population reduction through measures
such as fertility control, poisoning or involving snipers are not only difficult to implement,
but may also be legally and ethically contentious [224,225]. Building fences to protect an
ASF-free region against the immigration of ASF-infected wild boar has been attempted.
However, wild boar may overcome fences or find gaps or other ways to circumvent them.
Limited acceptance by local people is expected [225], which may lead to constant damage
or even robbery of the fences and continued efforts to repair, maintain or replace them.

1f the efforts to prevent ASFV introduction fail, the choice of control measures mainly
depends on the route of introduction and the stage of the epidemic. In any case, carly
detection is vital. Due to the high case/fatality ratio of ASE, active carcass searches, ie.,
enhanced passive surveillance, constitute one of the measures that need to be implemented
as soon as possible [4,7,119,224]. Carcasses of wild boar that died of ASF contain large
amounts of infectious virus and therefore represent a source of direct and indirect trans-
mission [95,157,162,226]. Removing carcasses of potentially infected wild boar from the
environment may thus help to minimize the risk of disease spread and maintenance.

After a single introduction event, successful elimination of ASF from wild boar pop-
ulations has been demonstrated in the Czech Republic and Belgium [20,227]. Control
measures were implemented in different zones around the affected area. Accordingly,
fences or systems of layered fences (in Belgium and France, currently also applied in Ger-
many) were built to avoid disease spread. Furthermore, hunting and feeding was banned
within the inner zones, at least in the early phase of the epidemic, whereas in the outer
areas hunting was intensified [119]. These control measures were implemented at different
intensities for at least 10 or 14 months, respectively, before these countries submitted their
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self-declaration of freedom of ASF to the OLE. Fencing may also be applied to prevent the
migration of potentially infected wild boar across national borders [94].

In regions where ASF was introduced by migrating wild boar, disease control is much
more challenging. If there is constant infection pressure, e.g., along a border, control
measures have to be implemented in larger regions or in several areas simultaneously
and over a longer period. While this may be feasible at the beginning of a new epidemic,
the longer the disease persists, the more likely it is that involved stakeholders reach
their limits. Their acceptance of the control measures and their willingness to support
them may decrease [228-230]. ASF control is more difficult in such an endemic disease
situation. Most strategies applied in these scenarios refer to hunting, including the ban of
driven hunts or promoting targeted hunting, but also passive surveillance and the removal
of carcasses from the environment are conducted. However, the effectiveness of these
measures has not yet been unambiguously demonstrated [63,96]. In most of the countries
that have been affected by ASF in wild boar for several years, a significant reduction in the
population density has been observed [7,13,100]. However, the disease is still present in
these countries, so they also sutfer from the corresponding economic restrictions, even if the
ASFV prevalence decreased and no or hardly any cases in domestic pigs occur [3,5,13,16].
In Latvia, for example, several control measures had been implemented (e.g., incentives,
targeted hunting, usage of supporting tools), but none of them showed an immediate effect
on ASF prevalence [7].

Although most experts agree on the importance ef reducing the wild boar population,
to minimize disease spread, the implementation of the necessary steps to achieve this
goal currently appears to be unsuccessful [219]. Besides the need to have a variety of
control options available and to adapt them to the local situation, communication with the
involved stakeholders is crucial, not only during the epidemic, but already before, to ensure
a good cooperation in case of a disease emergence. Several participatory studies showed
that control measures, performing well in models or in theory, were useless without the
support of relevant stakecholders [228,229,231].

Generally, in endemic situations, the effort to detect and remove wild boar carcasses
has to be maintained. Moreover, the consequent and ongoing reduction in the wild
boar population should be aimed for. Furthermore, the awareness of potentially affected
stakeholders, such as hunters or farmers, should be kept up. Te avoid virus introduction
into domestic pig holdings, high-level biosecurity measures should become a matter of
course and, ideally, controls of these should be ensured by regular ingpections through the
competent authority [232].

While the examples of the Czech Republic and Belgium show that it is in principle
possible to eliminate AST from wild boar populations, the control of ASF in wild boar
remaing a major challenge and there is no one-size-fits-all solution.

7. Conclusions

After its introduction into Georgia in 2007, ASFV genotype Il has spread within
Europe and Asia. In conlrast to previous introductions observed in the 20th century, wild
boar now play an important epidemiclogical role. The disease occurs in self-sustaining
infection cycles in wild boar populations without the need for involvement of the tick
vector or domestic pigs, while spill-over infections into domestic pigs occur. Control
measures include the removal of wild boar carcasses from the environment, reduction in
wild boar density and building fences to restrict or avoid wild boar movements. Yet, only
two countries succeeded in eliminating ASF from their wild boar population. The disease
continues to spread elsewhere.
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3.2.2 ASF in the Baltic States

The “new” ASF epidemic, which started in Georgia in 2007 and subsequently spread through
Eastern Europe and Russia, reached the EU in 2014. Lithuania and Poland were first affected,
followed by Latvia and Estonia. For all four countries, it was hypothesized that the disease had
been introduced through neighboring countries, in which the virus was already circulating
(Olsevskis et al., 2016, Smietanka et al., 2016, Nurmoja et al., 2017b, Pautienius et al., 2018).
It was postulated that the virus was introduced either through migrating infected wild boar or
through contaminated food, which was privately imported. According to disease introduction
from the East, in all three Baltic States, the epidemic started in the eastern parts of the country.
Interestingly, in all three countries, the epidemic courses resembled one another. Despite
intensive control measures and efforts to contain the epidemic, the disease appeared to spread
inexorably across the countries. Within 2-3 years, in all three countries large parts of the wild
boar population where affected, which subsequently led to a significant reduction of the wild
boar populations. Consequently, the ASF spread decelerated and the epidemiological patterns
changed. The number of detected wild boar carcasses decreased, whereas the number of
animals increased, which were shot apparently healthy and tested only positive for ASFV-
specific antibodies.

Due to EU regulations, all hunted wild boar and all wild boar found dead should be tested for
ASFV in ASF-affected regions. Accordingly, a large amount of surveillance data has emerged
in recent years, which was entered into the CSF / ASF wild boar surveillance database of the
EU Reference Laboratory (https://public.surv-wildboar.eu/Default.aspx). The good working

relationship with colleagues from the Baltic States facilitated extensive data analyses and thus,
it was possible to evaluate the epidemiological course of ASF in all three Baltic States. The
aim of these studies was to improve our understanding of the epidemiology of ASF, to identify
patterns and thus, to improve and adapt disease control.

In Estonia, the virus was first detected in the south of the country, close to the border to Latvia,
where the disease was already present for several months. A few weeks after the first detection
in the south, another epidemic cluster appeared in the northwest of Estonia. The
epidemiological patterns within these two clusters seemed to differ and the hypotheses arose
that the ASF event in the north actually started prior to the one in the south. Thus, surveillance
data of these two areas were analyzed and compared. Prevalence estimates were calculated.
A hierarchical Bayesian space—time model was used to evaluate the temporal and spatial
effects within the two defined study areas. Furthermore, the aim of the study was to identify
risk factors for a higher probability to detect an ASF-positive wild boar and to investigate
differences within the two geographical areas of interest.

e Contribution (Publication 4): NURMOJA, |., SCHULZ, K., STAUBACH, C., SAUTER-
LOUIS, C., DEPNER, K., CONRATHS, F. J. & VILTROP, A. 2017. Development of
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African swine fever epidemic among wild boar in Estonia - two different areas in the
epidemiological focus. Scientific Reports, 7, 12562. https://doi.org/10.1038/s41598-
017-12952-w

Further analyses of Estonian ASF wild boar surveillance data including data from the whole
country and from a longer period were performed. The country was divided into an eastern
part and a western part. Thus, the epidemiological course in the area where ASF started and
in the area where first ASF cases emerged 2 years later could be compared over time. To
account for the different laboratory test results and their epidemiological meaning, analyses
where done for samples tested positive for ASFV and samples tested only positive for ASFV-
specific antibodies. Investigating the effect of ASF control measures and the disease itself on
the numbers of wild boar, wild boar population densities were statistically compared over time,
including hunting seasons prior to ASF emergence in Estonia.

e Contribution (Publication 5): SCHULZ, K., STAUBACH, C., BLOME, S., VILTROP, A,
NURMOJA, I., CONRATHS, F. J. & SAUTER-LOUIS, C. 2019. Analysis of Estonian
surveillance in wild boar suggests a decline in the incidence of African swine fever.
Scientific Reports, 9, 8490. https://doi.org/10.1038/s41598-019-44890-0

In Latvia, the virus emerged in June 2014, close to the border to Belarus (OlSevskis et al.,
2016). Also in this country, the disease slowly spread towards the West over time. Through
the years, the number of serologically positive animals increased. Thus, we aimed to
investigate the epidemiological course of ASF to understand the disease patterns.
Consequently, a similar study was conducted in Latvia. ASF wild boar surveillance data was
analyzed for five statistical regions of Latvia and again, investigating the course of disease in
more detail, also for the eastern and the western part of the country. Surveillance data was
analyzed descriptively, including different age classes. Estimating prevalences per hunting
season, the temporal pattern of the disease was evaluated. These comprehensive data
analyses were meant to help improving our understanding of the epidemiology of ASF. The
results can be used by other countries to learn about the disease, to interpret laboratory test
results in an epidemiological context and to increase their preparedness.

e Contribution (Publication 6): OLSEVSKIS, E., SCHULZ, K., STAUBACH, C.,
SERZANTS, M., LAMBERGA, K., PULE, D., OZOLINS, J., CONRATHS, F. J. &
SAUTER-LOUIS, C. 2020. African swine fever in Latvian wild boar-A step closer to
elimination.  Transboundary and Emerging Diseases, 67, 2615-2629.
https://doi.org/10.1111/tbed.13611

Lithuania was the first Baltic country that was affected by the epidemic. First ASF cases
emerged in Lithuanian wild boar in January 2014 and, similarly to Latvia, were probably linked
to the immigration of infected wild boar from Belarus (Pautienius et al., 2018). Similar to the
other two Baltic countries, most cases were detected in wild boar, but several domestic pig
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outbreaks were also recorded (Maciulskis et al., 2020). To further increase the knowledge
about the epidemiology of ASF and its temporal course in wild boar populations, two
epidemiological studies were conducted. In the first one, data from 2018 were analyzed as a
continuation of the study from Pautienius et al. (2018).

e Contribution (Publication 7): PAUTIENIUS, A., SCHULZ, K., STAUBACH, C.,
GRIGAS, J., ZAGRABSKAITE, R., BUITKUVIENE, J., STANKEVICIUS, R.,
STREIMIKYTE, Z., OBERAUSKAS, V., ZIENIUS, D., SALOMSKAS, A., SAUTER-
LOUIS, C. & STANKEVICIUS, A. 2020. African swine fever in the Lithuanian wild boar
population in 2018: a snapshot. Virology Journal, 17, 148.
https://doi.org/10.1186/s12985-020-01422-x

For a second, more comprehensive, study, ASF wild boar surveillance data from 2016-2021
were available. The data were analyzed descriptively, prevalence estimates were calculated
and a Bayesian space—time model was applied. Hunting bag data was used to compare
population densities over time.

e Contribution (Publication 8): SCHULZ, K., MASIULIS, M., STAUBACH, C.,
MALAKAUSKAS, A., PRIDOTKAS, G., CONRATHS, F. J. & SAUTER-LOUIS, C. 2021.
African Swine Fever and Its Epidemiological Course in Lithuanian Wild Boar. Viruses-
Basel, 13, 1276. https://doi.org/10.3390/v13071276
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Highlights
e The probability to detect a wild boar tested positive for ASFV is higher in young wild
boar
e The probability to detect a wild boar tested positive for ASFV is higher in animals
found dead

e A high population density supports virus occurrence and spread
o First ASF cases in Estonia probably emerged in the northeast of the country
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African swine fever (ASF) in wild boar emerged in Estonia for the first time in September 2014.

The first affected region was located in the South of Estonia close to the border with Latvia. It was
considered to be epidemiologically connected to the outbreaks in the North of Latvia. About two
weeks later, cases were detected in the North of Estonia, close to the Russian border. In the present
study, we aimed to investigate the epidemiological courses of the disease in the South and in the
North of Estonia. Potential associations between risk factors and the laboratory test results for ASF
were examined. A hierarchical Bayesian space-time model was used to analyze the temporaltrend of
the ASF seroprevalence in the two areas. Young wild boar were statistically significant more likely to
be ASF-positive by both, serology and virus detection, than older animals. A statistically significant
difference between the two areas in the temporal course of the seroprevalence was found. While the
seroprevalence clearly increased in the South, it remained relatively constant in the North. These
findings led to the hypothesis that ASF might have been introduced earlier into the North of Estonia
theninto the South ofthe country.

African swine fever (ASF) is a notifiable viral pig disease whose emergence usually entails huge economic con-
sequences for the pig industry'. In Europe, the disease affects both domestic pigs and European wild boar (Sus
scrofa). Therefore, an infected wild boar population holds the constant risk to infect domestic pigs and vice versa?.

Apart from Sardinia, where ASF has been endemic since 1978, Europe was officially free from ASF since 19954
However, ASF was newly introduced into Georgia in 2007. From there the virus spread to neighboring countries
such as Armenia, Azerbaijan, the Russian Federation, Ukraine and Belarus.

The spread of the ASF virus p72 genotype Il in eastern Burope has involved both domestic pigs and wild boar®.
In2011, the virus entered the central part of the Russian Federation, where it is now endemic®*. In addition, sev-
eral outbreaks in domestic pig were confirmed in Northwest Russia in the region of St. Petersburg between 2009
and 2012, about 160 km away from the Estonian border®.

In January 2014, the first ASF wild boar case was reported from Lithuania®. Subsequently; in the course of the
year, Poland as well as Latvia confirmed ASF cases in wild boar®”. Finally, Estonia officially reported the first ASF
case in wild boar in September 2014.

The first ASF-positive dead wild boar in Estonia was reported on 2" September 2014 in Valga county, six km
from the Latvian border® (Fig. 1). One week later, the virus was detected in wild boar in Viljandi county, which
is also bordering Latvia. The outbreaks in the South were most likely epidemiologically connected with the epi-
demic in the North of Latvia, which had started few weeks before”. On 14™ September 2014, an ASF-positive
wild boar was found in Ida-Viru county, located in the Northeast of Estonia next to the border with the Russian
Federation and more than 200km away from the affected areas in the South”. The third county bordering Latvia,
Véru county, was found infected by the end of October 2014.

Estonian Veterinary and Food Laboratory (VFL), Kreutzwaldi 30, 51006, Tartu, Estonia. *Estonian University of Life
Science, Institute of Veterinary Medicine and Animal Sciences, Kreutzwaldi 62, 51014, Tartu, Estonia. 3Friedrich-
Loeffler-Institut, Federal Research Institute for Animal Health, Institute of Epidemiology, Sidufer 10, 17493,
Greifswald-Insel Riems, Germany. Imbi Nurmoja and Katja Schulz contributed equally to this work. Correspondence
and requests for materials should be addressed to K.S. {email: katja.schulz@fli.de)
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Figure 1. 'Lhe study arcas and the bordering countries in the South and East. Highlighted areas illustrate
the four included counties in the South (area $) and the one in the Northeast of Estonia {area N}, Map was
generated by using ArcGIS ArcMap 10.3.1 (ESRI, Redlands, CA, USA, http://www.esri.com/).

N 1,174 1,152 22 20 1.1-30
N1 353 351 2 0.8 0.2-35
N2 821 801 20 24 1.5-3.7
s 5,841 5039 802 137 12.8-14.6
sl 2,670 2301 369 138 125-15.2
s2 3,171 2738 433 137 125-14.9

Table 1. ASI'V genome positive and -negative wild boar samples, averaged prevalences and 95% confidence
intervals (calculated using R) for the study areas (N = study area North, N1 = first 12 months of the study
period, N2 =second 13 months of the study period; S = study area South, 51 = first 12 months of the study
period, $2=second 13 months of the study period).

By the end 0f 2014, 73 infected wild boar had been delected in Estonia; 69 of them in the southern region and
four in the Northeast. In the first half of 2015, the disease largely remained in the infected areas. However, in the
mid of 2015, it spread to previously uninfected areas. A total of 1,530 ASF cases in wild boar have been officially
reported in Estonia until the end of September 20161,

There was evidence suggesting that the course of the epidemic differed between the areas in the South and
in the Northeast of Estonia. In the Northeast, the proportion of hunted animals that were virologically negative
but seropositive was relatively high and alimost no findings of dead wild boar were reported, while in the South a
high mortality among wild boar was observed. In addition, in the South hunted animals found infected with ASF
were mainly virologically positive, but seronegative, while in the North also seropositive wild boar were found"!
(Table 1). Moreover, the spread of the disease in the South appeared to be more rapid as compared to the Nerth,
where the infection seemed to remain within one area. We found no obvious factors that may have caused differ-
ences in the reporting of fallen or hunted wild boar in these two regions. Hunting practices are similar and the
ASF surveillance system as well as the reporting regulations are the same everywhere in Estonia.

In the present study, we aimed to analyze available data and therefore improve our understanding of the epi-
demiology ol ASF and the course ol the epidemic in Eslonia. We Lested polential associalions between risk [actors
such as age, population density and carcass category {i.e. wild boar found dead or hunted) and positive virological
or serological laboratory test results as the outcome variable. However, our main aim was to evaluate the apparent
epidemiological differences between the infected arcas in the North and the South of Estonia. To ensure the com-
parability of these two arcas, we tested the hypothesis that there was a difference in the age of wild boar or in the
carcass distribution between the diflerent study areas.
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Material and Methods

Study area. Estonia is administratively divided into 15 counties (first level administrative division). Thelocal
governance is on municipality level (second level administrative division). Each county comprises of several
municipalities (cities or towns and rural municipalities). During the study period 183 rural municipalities existed
in Estonia.

We defined two different study areas in Estonia based on county level. The southern region (area S) comprised
four counties (50 municipalities), namely Valga (2,044 km?), Viljandi (3,422km?*), Voru (2,305km”) and Tartu
(2,993km?), of which the latter is the only one not bordering Latvia. The infected region in the Northeast (area
N) bordering the Russian Federation included only one county (21 municipalities), Ida-Viru (3,364 km?) (Fig. 1).

Sampling and sample analysis. Wild boar were sampled based on the Estonian animal disease control
program and included both wild boar found dead and hunted animals. Wild boar found dead, including animals
killed in road traffic accidents or shot sick, were sampled in the whole country irrespectively of the ASF status of
the area (passive surveillance). However, the sampling scheme of hunted wild boar (active surveillance) changed
several times depending on the ASF status of the affected area. These changes were due to updates of European
Commission Implementing Decision 2014/709/EU. In practice, in areas where wild boar were affected by ASF
(Decision 2014/709/EU, Part IT), all hunted wild boar were sampled, whereas in areas at risk of getting infected,
but without previous detection of ASF cases (Decision 2014/709/EU, Part I), approx. 2% of hunted wild boar were
tested.

From hunted wild boar, blood samples were collected for ASFV genome and antibody detection by hunters
immediately after hunting, whereas organ (kidney, spleen, lymph node) or bone marrow samples from animals
found dead were collected for virus genome analysis by official veterinarians shortly after detection of the animals
had been reported (within 24 hours). Although the quality of samples varied among all sample types, this had no
significant impact on the performance of the PCR test. The test result was only reported as valid if correct test per-
formance was confirmed, also by using an appropriate internal control. A total of 30 bone marrow and 57 serum
samples were found unfit for PCR testing and therefore excluded.

Real-time PCR (used for virus genome detection), enzyme-linked immunosorbent assay (ELISA) and the
indirect immunoperoxydase technique (IPT) (both used for antibody detection) were conducted at the Estonian
Veterinary and Food Laboratory the National Reference Laboratory for ASF in Estonia. Real-time PCR was per-
formed according to the protocol published by Tignon, ef al. 2. Although specific values for the diagnostic sensi-
tivity and specificity of this protocol have not been published, a high sensitivity and a specificity of almost 100%
can be assumed after extensive validation of the method'*'®. A commercially available blocking ELISA (Ingezim
PPA COMPAC, Ingenasa, Madrid, Spain) was used according to the manufacturer’s instructions (sensitivity: 98%,
specificity: 100%). In the case of an inconclusive ELISA result, the sample was re-tested in the IPT for confirma-
tion. If samples were tested by both ELISA and IPT, the outcome of the IPT was considered as the final result.

For IPT, a protocol provided by the European Union Reference Laboratory for ASF (CISA-INIA, Valdeolmos,
Spain) with a sensitivity of 98.2% and specificity from 99.0% to 100% (when used as an individual test), was used.
If samples were sent to the Buropean Union Reference Laboratory, this test was also used for the detection of
antibodies in organ and bone marrow samples**,

Data. TFor the analyses, surveillance data from 1** September 2014 until the 30™ September 2016 (25 months)
were used. Inaddition, the study period was divided into two parts for the prevalence analyses in each study area
(N and S). The virus prevalences and seroprevalences were not only analyzed for entire duration of the study
period (25 months), but also separately for the first 12 and the last 13 months. Surveillance data of 2015 and 2016
were extracted from the CSF / ASF wild boar surveillance database of the EU Reference Laboratory (https:/pub-
lic.surv-wildboar.eu/Default.aspx). The data for 2014 were cbtained from the database of the Estonian Veterinary
and Food Laboratory. It comprised 1,957 data records in total. In the final set, data from counties outside the
study area were removed. The data set finally used included information on the place (county and municipality
level), year and month of sampling, age (assessed by the hunters) and the origin of wild boar (carcass: hunted or
found dead), the virological and serclogical test results and the population density:

We used wild boar population data provided by the Estonian Environment Agency (Nature department). The
data were collected using different methods, such as hunting bag statistics, snow-track counts and hunter esti-
mation'¢-'%. Population data were available of the hunting years 2013, 2014 and 2015. The numbers of wild boar
were recorded at the end of the according hunting year in the pre-reproductive time (observation dates: march
2014, 2015 and 2016). Data were available as integer numbers per hunting district. A hunting district is defined
as an area for big game hunt with a size of at least 5,000 hectares according to the Estonian Hunting Act®. To use
the data for analyses, we aggregated them at the municipality level. Utilizing the software ArcGIS ArcMap 10.3.1
(ESRI, Redlands, CA, USA, http://www.esri.com/), the wild boar density per km® was calculated based on the
estimated number of wild boar per hunting ground. The area of hunting grounds that overlapped with the terri-
tories of at least two municipalities, were proportionally attributed to the territory of each municipality. By means
of the wild boar density per km” and the adapted hunting grounds, the total number of wild boar per municipality
was calculated. Finally, wild boar densities were determined for each municipality.

Statistical analyses. All statistical analyses were performed using the software package R (http://
www.r-project.org)’’. We estimated stratified period prevalences over time and space and calculated confidence
intervals and odds ratios according to Clopper and Pearson?!. A p-value of < 0.05 was considered statistically
significant.
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Nuinber of | Number of Number of Averaged prevalence within

Atea | samples negative samples | positive samples | the study period (%) 95% CI (%)
N 1,142 1,098 44 39 2.8-51

N1 (338 313 25 74 4.8-10.7
N2 (804 785 19 24 14-37

S 5,164 4,977 187 3.6 3.1-42

S1 2315 2,281 34 L5 1.0-2.0

52 2,849 2,696 153 54 4.6-63

Table 2. ASF antibody-positive and -negative wild boar samples, averaged prevalences and 95% confidence
intervals (calculated using R) for the study areas (N = study area North, N1 =first half of the study period (12
months), N2 = second half of the study period (13 months); S =study area South, S1=first 12 months of the
study period, S2=second 13 months of the study period).

To test for statistically significant associations between presumed risk factors and a positive virological or
serological test results for ASF on the animal level, the Fisher’s exact test was performed using the whole data set.
Accordingly, the potential association between age and the laboratory test results was investigated. The animals
were attributed to the age classes “juvenile” (<1 year) and “adult” (>1 year). Potential associations between the
carcass categories (“hunted” or “found dead”) and the laboratory test results were also examined. Furthermore,
the age distribution within the two carcass categories was analyzed.

When testing for potential associations between the population density and positive ASF laboratory test
results, the municipalities as the variable of interest were categorized depending on their test results (0 = only
negative test results within the study period, 1 = at least one positive test result within the study period). Since the
distribution of the data was not known, the non-parametric Mann- Whitney U test was used for statistical analy-
sis. For this purpose, population densities were averaged over the reported years and assigned to each municipal-
ity. Due tolack of knowledge on the distribution of the data, the hypothesis that the population densities differed
between the two study areas was also tested using the non-parametric Mann- Whitney U test.

The hypothesis that the age or carcass distribution was different between the study areas was examined using
Fisher’s exact test. This test was also used to examine potential associations between the study areas and the viro-
logical or serological status of wild boar.

Model analyses. o test for a temporal and spatial effect within the two study areas, a hierarchical Bayesian
space-time model was used?>?’. The model was only applied for the seroprevalence. The period for detecting
the viral genome in hunted animals is generally short, which is likely to lead to false- negative results, i.e. animals
that were ASF-positive, but not at the time of sampling or not in the available sample, have to be regarded as
uninfected. Thetefore, a stable trend analysis can only be performed with the serological results. The implemen-
tation of the model was adapted from the one described by Staubach, et al.?. Variables identified as statistically
significant by univariable analyses were included as fixed effects, whereas space and time were treated as random
effects. The analyses were conducted separately for each of the study areas (area N and area S) on municipality
level using BayesX 2.0.1 (http://www.uni-goettingen.de/de/bayesx/550513.html). A Markov Chain Monte Carlo
algorithm (MCMC) was applied to estimate the parameters of the model. Figures were generated by using the
software package R (http://www.r-project.org)?’ and maps created using the software ArcGIS ArcMap 10.3.1
(ESRI, Redlands, CA, USA, http://fwww.esti.com/).

Results

Data. After removing data from other counties then the study area, 7,015 data records were available for anal-
yses. Within the study period of 25 months, 7,015 samples had been investigated virologically (Table 1) and 6,306
samples also serologically by ELISA. Only 319 samples were tested by IPT because the method had not yet been
implemented in the beginning of the epidemic (Table 2).

Statistical analyses. A statistically significant association between age and the positive laboratory test
results was found for both, real-time PCR and serology by ELISA/IPT (p < 0.001). Based on the results, the prob-
ability to detect an ASFV- or antibody-positive animal was higher in young animals (< 1 year) (real-time PCR:
OR=1.57,95% CI=1.35-1.83; serclogy: OR=1.89, 95% CI=1.45-2.47). Also, regarding the carcass category
(hunted or found dead), a statistically significant association was found (p-value < 0.001). The probability to find
a real-time PCR- or antibody-positive animal was higher in animals found dead (real-time PCR: OR=69.60,
95% CI=56.89-85.15; serology: OR=4.53, 95% CI=2.83-7.25). No statistically significant difference in the
distribution of the two age classes within the carcass categories was detected (p-value = 0.420). In both, hunted
wild boar and those found dead, the proportion of old animals was slightly higher (see Supplementary Figure §1).

A significant association was found between the wild boar population density and the test results regarding
both ASFV genome detection by real-time PCR and serology (real-time PCR, p < 0.001; serology, p=0.009).
ASFV-positive municipalities had a higher population density than ASFV-negative ones (Fig. 2).

The age distribution of sampled wild boar was similar in areas § and N (p-value =0.566) (see Supplementary
Figure S2). However, the distribution of wild boar found dead and hunted animals was different (p-value < 0.001);
in area S, the proportion of animals found dead was significantly higher than in area N (see Supplementary
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Figure 2. Population density (number of wild boar/lkkm?) in the municipalities of the study areas stratified by
the virological and serological test result at the municipality level. Ag: ASFV genome detection, Ab: antibody
detection. Figure was generated by using the software package R (http://www.r-project.org)®®.

Conslant —2.735 0.938 —2.687 (—1.678; —0.842)

Carcass —0.732 1.292 —0.620(—3.708; 1.424) 0.567
Age 0737 0.348 0.741 (0.062; 1.394) 2122
Populalion density | —5713 | 2.899 | —5.573(—11.841; —0.274) 1.971

Table 3. Parameter estimates obtained from the Bayesian model for three factors in arca North (N); BCIL:
Bayesian credible intervals. D1C:323.82; Deviance:291.558; p1):16.135 *Mean/Std.Dev. >1.96, indicating
slalistical significance.

Figure §3). In arca S, the population density was significantly higher than in arca N (p-value < 0.001) (sce
Supplementary Figure §4).

‘The prevalence of ASFV genome-positive wild boar was significantly higher in study area $ as comped to
area N (p-value << 0.001). However, there was no significant difference in the seroprevalence between these areas
(p-value—0.728).

Model analyses. Duec to the results of the univariable analyses, namely the significant association between
age, carcass category, population density and the serological test results, these facters were included in the hier-
archical Bayesian space-time model as fixed effects. In area N, age and population density showed a significant
effect on the serological test result, whereas in area S, age and carcass category, but not population density resulted
in a signilicant eflect on the Lest results (Table 3 and Table 1).

‘The analyses of sample sizes resulting from active surveillance at municipality level showed in both study areas
that the sample sizes differed considerably among municipalities and over time (Figs 3 and 4), Spatial analysis
on the basis of the Bayesian model confirmed a different trend of the seroprevalences within the two study areas,
which was already evident from the raw prevalence data. In arca N, the highest prevalences were observed in one
municipality in the western part of [da-Viru county over the entire study period. In 2015 (data of all 12 months
were included in the analyses), the prevalences were also higher in municipalities located maore east, but in 2014
(data of four months were included) the sample sizes were too small to obtain reliable prevalence estimates for
these municipalities. In 2016 {data of nine months were included), the infection expanded also to nunicipalities
located in the South of area N (Fig. 3). In area §, the infection spread over time within the wild boar population.
In contrast to area N, the prevalences were high in the municipalities bordering Latvia in 2014 and in the course
of the following years, an expansion of the affected arcas towards the North occurred (Fig. 4).

In both areas, N and 8, the small sample sizes have Lo be considered when interpreting the results.

The spatial analyses yielded a clear median spatial eflect on the logil prevalence per municipality in the North
of area N. In the eastern and very southern part of the county, a negative spatial effect was found. 'The wild boar
population density was higher in the western part of area N as compared to the eastern area bordering Russia
(Tig. 5).

In area S, the strongest dynamic of infection, shown by a structured spatial effect (Fig. 6), became evident in
some of the municipalities bordering Latvia and the ones located further north. Negative spatial effects were seen
in the municipalities in the West and the East of the study area (Fig. 6). In area S, the average population density
was higher than in area N. In both areas, the population density decreased over lime (Figs 5 and 6).

‘Lhe temporal analyses resulted in a significant difference of the median tempaoral effect on the logit prevalence
between the two study areas. In contrast to area N, where no temporal effect was observed, a significant increasing
trend during the whole study period of 25 months was seen in area S (Tig. 7).
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Model Mean SD Median (95% BCD Mean/St.Dev.x
Constant —4.370 | 0.344 —4.371(-5.081; —3.737)

Carcass 1.533 0.342 1.544 (0.820; 2.100) 4.480

Age 0.580 0.173 0.579(0.244;0.924) 3.357
Population density 0443 0.604 0.446 (—0.734; 1.600) 0.733

Table 4. Parameter estimates obtained from the Bayesian model for three factors in area South (S); BCL:
Bayesian credible intervals. DIC:1344.465; Deviance:1269.215; pD:37.625 *Mean/Std. Dev. >> 1.96, indicating
statistical significance.

Discussion

When ASF emerged in Estonia in 2014, two different areas, namely in the North and in the South, were affected.
Although the events in the South were connected with ASF outbreaks in the North of Latvia’, only Estonian data
were analyzed. Variations in the course of the ASF epidemic inthe two areas led to the hypothesis that the events
might be independent and differ in their epidemiology. The aim of this study was to test this hypothesis and to
describe the epidemiology of the ASF epidemic in wild boar in defined areas of Estonia.

The study area in the South comprised four counties with a total area of 10,764km”, whereas the study area
in the North consisted only of one county with a size of 3,364km”. In the South, not only the area under inves-
tigation was bigger but also in that area the wild boar density was higher. Therefore, the number of investigated
samples was higher in the South. Confidence intervals therefore need to be considered when interpreting the
results. Furthermore, the observed incidence per spatial unit and time step is not a useful estimate of the underly-
ing disease prevalence due to different sample sizes as well as temporal spatial dependencies between neighboring
areas. By applying a hierarchical Bayesian space-time model, the extra-sample variation and spatial/temporal
correlations in the data were accounted for. The chosen model is suitable to analyze data with gaps and particu-
larly variable sample sizes per spatial and temporal unit?>?. To estimate the fitness of the model the deviance
information criterion (DIC) was used®.

It was found that the probability to detect an ASFV genome- or antibody-positive animal was higher in young
wild boar. This stands in contrast to the results of experimental studies, where no age-dependent degree of sus-
ceptibility could be detected?®. However, recent experiments with a small number of animals showed that young
animals survived long enough to develop antibodies, even in the case of acute-lethal courses of ASE. All these ani-
mals were also tested PCR positive?”. Further field and experimental studies are therefore needed for dlarification.
Statistical analyses resulted also in a higher probability to find virologically and serologically positive animals in
wild boar found dead than in hunted wild boar. This is very likely to be due to the high lethality of ASE. These
findings once more emphasize the need of an increased effort to support passive surveillance and to encourage
hunters to focus on the detection and sampling of dead wild boar?®.

The present study demonstrated a statistically significant positive association between population density
and the municipality status regarding ASF (by ASFV genome detection or serology). This may be due to the fact
that in densely populated regions the transmission rate between wild boar is higher, since it is known that direct
contact between wild boar is strongly beneficial for trans mission of ASF*-2,

The findings regarding the association between age, carcass and population density and the serological test
results were supported by analyses of virological data and the appropriate result, which showed the same associa-
tions. (IPT: specificity approximately 100%)%. Only 22 samples originating from 22 animals found dead showed a
serologically positive test result, because laboratory routine procedures did not include antibody detection from
organ and bone marrow samples. However, the strong association between animals found dead and a positive
virological test result still point at the importance of detecting and sampling wild boar found dead?.

To be able to include the factor population density in the analyses, data had to be transferred from the hunting
district level to the municipality level. The applied method certainly led to a slight deviation from true wild boar
densities. However, the density data at the hunting district level are mere estimates of hunters, based on their
account of the hunting bag. In addition, the population density is subject to constant change. The reliability of
these data is therefore always a challenge. The available hunting data originated from the pre-reproductive period
before most females give birth. Accordingly, it can be assumed that at another time point of data capture, the
number of wild boar perkm?® would be clearly higher.

It was not surprising that the age distribution was the same in the area N and S. This result demonstrates that
the population structure was similar in the two areas, which may be due to similar hunting practices. This jus-
tifies comparing the results of the laboratory investigations for N and 8. The proportion of the sampled animals
found dead was significantly higher in area S. The significantly higher average ASFV genome prevalence inarea §
may be seen as a result of the significantly higher number of animals found dead in study area § and their higher
chance to be positive by ASFV genome detection.

The Bayesian model was only applied for serology. Due to the fact that ASFV in wild boar samples is only
detectable over a very limited period of time® and that no measurable memory effect is available, a trend analyses
was not feasible with regard to the results of ASFV genome detection.

The results of the univariable analyses differed slightly from the ones obtained by Bayesian modelling. For the
univariable analyses, this may be explained by the inclusion of the whole data set, independently of the study area
whereas for the Bayesian model the data were analyzed for area N and area S separately. Also, data were adjusted
for space and time in the model. Still, in both areas, the significant association between age and the serological
result could be confirmed. In contrast to the univariable analyses, in area S, a significant association was shown
between carcass category and serology. This might be due to the higher relative number of animals found dead in
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Figure 3. Seroprevalences and 95% confidence intervals for sampled wild boar per municipality in study area
N (Ida- Viru county) in 2014 (Sept. - Dec.), 2015 (Jan. — Dec.) and 2016 (Jan. - Sept.). Maps were generated by
using ArcGIS ArcMap 10.3.1 (ESRL Redlands, CA, USA, http://www.esri.com/).

arca § and accordingly their greater importance in the epidemics. Population density showed a significant effect
on the seroprevalence in area N, which is consistent with the results of the univariable analyses. [n area S, popula-
tion density had no significant effect, which may be explained by the bigger size of study area § as compared to N
and the associated heterogeneity of the population densities in the single municipalities.

The spatial effect on the logit prevalence indicates a difference between the respective courses of infection in
the two study areas. In area N, the infection seemed to be stable in one arca. In contrast, in arca S, in 2014 the
prevalences were high in the areas bordering Lalvia and the infection seemed Lo move North over time. This
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Figure 4. Seroprevalences and 95% confidence intervals for sampled wild boar per municipality in study area
S {(Viljandi, Tartu, Valga and Voru county) 2014 (Sept. — Dec.), 2015 (Jan. — Dec.) and 2016 (Jan. - Sept.}. Maps
were generated by using ArcG1S ArcMap 10.3.1 (ESRL, Redlands, CA, USA, http://fwww.esri.com/).

spread may have been supported by the higher population density in arca §, which makes a higher transmission
rate likely™, Although the prevalence seemed to increase in the center of study area S, the width of the 95% CI
was also increasing. This is probably due to the AST-related decrease of the wild boar population in these munic-
ipalities over time and thus to the lower number of investigated samples. The findings of the spatial analysis also
support the hypothesis that the infection was already present in area N for a longer period of lime, whereas it was
still spreading in arca S at the time when the study was conducted. Accordingly, since the epidemic in the South
did not reach its climax and did not stop spreading, it is impossible Lo prove these hypotheses al the moment.
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Figure 5. Median-structured spatial effect on the logit prevalence per municipality in study area N (Ida-Viru
county) for the study period of 25 months. Maps in the Jower row show the population density (number of wild
boar/km?} for cach municipality in study area N. Maps were generated by using ArcGIS ArcMap 10.3.1 (ESRI,
Redlands, CA, USA, http://www.esri.com/).

Iowever, it would be advisable to re-analyze the situation in the two areas in one or two years again. The inci-
dence of AST currently scems to level off and no increase of seroprevalence is observed anymore, we expect that
the situation in area § will then result in a similar picture as now observed in area N.

Although the average seroprevalence over the study period of 25 months did not differ significantly between
the two areas, the temporal trend analysis showed a significant difference in the course of infection. 'Lhe number
of data sets per municipality and per analyzed time point was relatively small, but our data suggest that the trend
varied between the two areas, also when on the Bayesian credibility intervals were taken into account.

The increase of the temporal logit prevalence in area S led to the assumption that ASF was newly introduced
into that area, that naive animals got infected and that the proportion of animals developing antibodies subse-
quently grew. By contrast, no lemporal effect was seen in area N. These assumptions were supported by the results
of the descriplive analyses. In study area S, the average seroprevalence showed an increase over lime, whereas in
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Figure 6. Median-structured spatial effect on the logil prevalence per municipalily in study area S (Viljandi,
Tartu, Valga and Veru county) for the study period of 25 months. Maps in the lower row show the population
density (number of wild boar/lkm®) for each municipality in area $. Maps were generated by using ArcGIS
ArcMap 10.3.1 (ESRI, Redlands, CA, USA, http://www.esri.com/).

area N the average prevalence of antibody-positive wild boar was even lower in the last 13 months of the study
period. We therefore hypothesize that ASF may have been present a longer time period in area N before the start
of the study period, i.c. before the first case was officially confirmed. This hypothesis is supported by the fact that
several outbreaks had occurred in the St. Petersburg area®, located only 160 km away from the Estonian border
and connecled with Ida-Viru county through a highly frequented highway between 2009 and 2012. Furthermore,
the very small sample sizes at the beginning of the study period (September 2014) and the ones of 2012, 2013
and of the beginning 0f 2014, i.e. before AST was officially detected in Estonia, made an earlier deteclion virtually
impossible. In the study of Nurmoja ef al."!, two different hypotheses were formulated. As in the present study, the
authors postulated that an undetected epidemic may have occurred in the North of Estonia, which had started
carlier. This may explain the different courses of the epidemics in the North and in the South. However, Nurmaoja
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Figure 7. Median temporal effect on the logit prevalence in area North (N) and in area South (8) for the study
period of 25 moenths. 95% Bayesian credible intervals (BCI) are included. Figure was generated by using the
software package R (http://www.r-project.org)™.

et al.!! also tested the hypothesis that the ASF strain in the North might be less virulent. Although one animal had
recovered [rom an infection with the ASFV strain circulaling in the North of Estonia, this virus still proofed to
be highly virulent.

Active ASF surveillance in wild boar in Estonia started in 2012. In 2012 and 2013, according to the annual sur-
veillance plan, it was obligatory to investigate serologically 0.5-1% of hunted wild boar, while virological investi-
gations were not performed In 2012, the total number nfinvestigated wild boar in the whole of Estonia was 122;
three samples were taken in area N and 21 in area . In 2013, the total number of investigated wild boar in Fstonia
was 279, including six samples from arca N and 65 samples from area S, Our analyses showed that even at the
beginning of the epidemics in Estonia, the sample sizes in the area bordering Russia in the North were too small
1o have a reasonable chance of detecting AST infections. By assuming an unknown population size and perfect
specificity, it had been necessary to test at least 66 samples with a negative result to show that ASFV prevalence
was below 5%. To detect the virus with a design prevalence of 1% the required sample size would have been over
300 samples thttp:/fepitools.ausvet.com.au/content. php?page=home). When the true sample sizes mentioned
above are laken into consideralion, il becomes obvious, thal the infeclion would have remained undelected, il it
had been present already in 2013 or 2012. However, it must be assumed that a new emergence of ASE in a naive
wild boar population should have led to an increased mortality in wild boar. Such incidences were not reported in
the years before the official outbreak in 2014. However, detecting dead wild boar might be diflicult in areas with
such alow population density as reported for area N**. In addition, the population density was even lower in the
Lastern part of area N than in the other parts of the area. Accordingly, it might be practically impossible to reach
the required sample sizes in arcas with such a small wild boar population.

In summary, we studied the epidemiology of ASF in two areas in Estonia. The temporal and spatial difler-
ences in the course of the epidemic in the two areas suggesl thal the {irst introduction of ASF took place in the
Northeast of Estonia and not, as previously assumed, in the South. This first introduction may have happened
several months before Estonia was officially declared as affected by AST.

These findings may initiate a revision and adaptation of current surveillance activities in countries that are at
risk of ASF introduction, to prevent an unnoticed introduction of the disease and its spread™.
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Highlights

e In Estonia, a significant reduction of the estimated wild boar population density was
observed over the years of the epidemic

o After 100 days of the survival of an infected wild boar, only antibodies specific for the
ASFV are detectable

e Over time, the prevalence of wild boar tested positive for ASFV declined and the
number of wild boar tested positive for ASFV-specific antibodies accumulated

e This course of disease suggests a low virus circulation and indicates a potential fade
out of ASF
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African swine fever (ASF) in wild boar populations is difficult to control. In affected areas, samples from
all wild boar shot and found dead are investigated. The use of laboratory tests allows estimating the
duration of the infection in affected animals. The study aimed to test the hypothesis that the stage

of the epidemic in different areas of Estonia can be assessed on the basis of prevalence estimates.

ASF surveillance data of Estonian wild boar were used to estimate prevalences and compare them
between the East and West of Estonia. The temporal trend of the estimated prevalence of ASF virus
positive animals and of the estimated seroprevalence of wild boar showing antibodies against ASFV
was analyzed. Due to the potential influence of population density on the course of ASF in wild boar,
also population density data (number of wild boar/km?) were used to investigate the relationship with
laboratory test results. In areas, where the epidemic had already lasted for a long time, a smallnumber
of new cases emerged recently. The prevalence of samples that were only seropesitive was significantly
higher in these regions as compared to areas, where the epidemic is in full progress. The observed
course ofthe disease could be the beginning of an ASF endemicity in this region. However, the results
may also indicate that ASF has started to subside in the areas that were first affected in Estonia.

African swine fever (ASF) is a hemorrhagic disease of suids caused by a large DNA virus of the Asfarviridae
family, African swine fever virus (ASFV)!. The virus was introduced into Georgia in 2007. It spread from there
affecting both, domestic pigs and wild boar?. Until now, ASF emerged also in nine countries of the European
Union and in some Asian countries including China, Mongolia, Vietnam and Cambodia (OIE WAHIS interface,
visited online 26™. April 2019).

So far, the course of the ASF epidemic in domestic pigs indicates that controlling the disease in farmed animals
had been relatively successful in most, but not all countries (e.g. Romania). By contrast, eradicating ASF from
an affected wild boar population appears to be difficult®*. Originally, it was hypothesized that ASF in wild boar
might either fade out quickly due to the high virulence of the pathogen or it will spread rapidly throughout the
whole continent®. By now, it is obvious that none of the two scenarios became reality. Nonetheless, there is still
the chance that ASF in wild boar might subside due to the increasing herd immunity, developed through the
increasing proportion of surviving wild boar®.

It is known, that also a dense wild bear population may influence the dynamics of ASE Most experts agree
that a low population density reduces the risk of ASF spread®”-'2. Nurmoja, et al.” showed a positive association
between population density and the prevalence of ASF in wild boar. Due to the ongoing discussion regarding the
potential role of the wild boar population density on the spread of ASF and thus its influence on the sero- and
ASFV prevalences, we investigated the potential relationships between the temporal trends of prevalence esti-
mates and the wild boar population.

Considering the known risk factors, the course of the ASF epidemic in Estonia illustrates the challenges to
eliminate the disease from a wild boar population. In September 2014, ASF entered Estonia in the Southeast,
probably coming from Latvia™*?, Further ASF cases were detected in the Northeast, 200km away from the affected
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Figure 1. 'The study arcas “East” and “West” in Estonia. The island of Hilumaa was excluded. Map was
generated by using ArcGIS ArcMap 10.3.1 (ESRI, Redlands, CA, USA).

area in the South and close to the border with the Russian Federation. These cases were considered as epidemi-
ologically independent of the cases in the South of Estonia™. The disease spread slowly, but inexorably towards
the center of the country and reached the western part including the island of Saaremaa in 20167, Recent sur-
veillance data of 2018 from the whole of Estonia indicated that the number of AST cases in sampled wild boar has
decreased. Initial statistical analyses also pointed at a clear decrease of the number of ASEFV-positive wild boar,
especially in eastern Estonia, where Lhe epidemic started®. An increase of samples thal were only seroposilive, but
ASEV-negative, has also been noticed®,

We thus aimed to investigate in the present study, whether there is a difference in the surveillance data,
namely the laboratory test results, between arcas, where AST emerged in 2014 (i.e. the castern part of Estonia)
and regions, where the epidemic did nat start before 2016 (i.e. the western part of Estonia). Correspendingly, we
tried Lo assess the current epidemiological situation based on laboratory test results and tested the hypothesis that
a decrease of ASEV positive cases combined with a slight increase of seropositive cases, suggesting an increased
herd immunity, might indicate a decline of the incidence of ASF in Estonian wild boar.

Material and Methods

Study area and study period. Estonia was divided into two areas, “East” and “West”. Only the Island of
[Tiiumaa was excluded from the study area because it remained free from AST so far. The eastern part of Istonia
(area “Fast”) consisted of eight counties and the western part of the country (area “West”) of six counties (Fig. 1).
Arca “Last” included the counties, where ASI newly emerged in 2014 and that were fully affected by ASE by the
end of 2015 and arca “West” the counties in which first sporadic cases emerged in the middle of 2015 and the
exlensive spread slarted in January 2016.

The sizes of the two study arcas were calculated on the basis of hunting grounds to avoid biased results
due to cities or large bodies of water. 'Lhe sizes of the hunting grounds in each county were added up and the
total was used for calculations. Therefore, area “East” included a size of 19,611.72km? and area “West” a size of
20,283.23km?.

The study period comprised 44 months and lasted from December 2014 to July 2018.

Data. Surveillance data were extracled from the CSF/ASF wild boar surveillance database of the Furopean
Union (https://surv-wildboar.cu). The database includes one data record for cach sampled wild boar. Each record
contains information about the origin of the sample (from animals found dead or hunted apparently healthy), the
sampling location, age and gender of the sampled animal and the results of serological and virological laboratory
tests (ie. detection of ASEY by qPCR'®), For the serological tests, a commercially available ELISA (Ingezim PPA
COMPAC, Ingenasa, Madrid, Spain) was used. Further details about the sampling procedures and the laboratory
tests have been described elsewhere’. Age was categorized by attributing wild boar younger than one year to one
group and those older than one year into another group. Data from passive surveillance included samples origi-
naling [rom animals that had been found dead, were shot sick or died in a road traflic accident. All samples that
vielded an inconclusive test result for ASFV were excluded from the analyses.

Spatial analyses were based on Lhe administratlive reform of municipalilies in 2017. Data records [rom
2014-2017 were assigned to the new administrative units (eight counties for area “Fast” and six counties for area
“West”) according to their coordinates using the software ArcGIS ArcMap 10.3.1 (ESRI, Redlands, CA, USA
(http://www.csri.com/).
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Figure 2. Timescale illustrating the course of laboratory test results for African swine fever.

Wild boar populaticn data were obtained from the Estonian Environment Agency (Nature department) and
were based on estimates provided by hunters. Population density data for wild boar in Estonia have previously
been described in detail”.

For the present study, population dala eslimales were available as integer numbers of wild boar. The respective
information was available for six hunting years {April 2012/March 2013 to April 2017/March 2018} and for each
county of the study area. The areas (in km?) of hunting grounds in each county were summed and the estimated
wild boar density {wild boar/km?) in each county was determined based on the calculated size of areas that could
function as wild boar habitats (e.g. water bodies and streets were excluded).

Dataanalyses. The study period was divided into a (irst half, including data (rom Dec 2011-Sept 2016 (first
22 months of study period} and a second half consisting of data from Oct 2016-July 2018 (second 22 months of
study period}.

We analyzed the estimated ASFV prevalence and seroprevalence by grouping the samples as described in the
following section.

The estimated prevalence was calculated for all samples that had yielded an ASIV- positive PCR result and
cither a positive, negative or inconclusive test result for specific antibodies directed against ASIY (designated
as group Al, Fig. 2). Prevalences were also calculated for all samples that had tested positive for ASFV-specific
antibodies and had vielded an ASFV-negative PCR result (designated as group A2, Fig. 2). We assumed that the
former group (A1) represents animals in the active phase of infection and that the latter one (A2) consists of
convalescent wild boar. For the sake of completeness, the estimated prevalence for samples that had tested only
PCR-positive, but seronegative (group A3, Fig. 2), as well as for samples that had tested positive for ASFV and
simultaneously for antibodies against ASFV (group A4, Fig. 2} were calculated separately.

The estimated prevalences based on detection of viral genome by PCR and antibody detection by ELISA
(group Al and group A2, Fig. 2) were [irst calculated separalely for each study area (area “Fast” and area “WesL”).
Within each study area, the prevalence estimales were compared belween the first and Lhe second half of the
study period. Fisher’s exact test was used to test for statistical significance. A p-value of <0.05 was regarded as
statistically significant and 95% confidence intervals were determined on the basis of Clopper and Pearson'. The
described analyses were done by using the software package R (http://www.r-project.org)'®,

To investigate the temporal courses of the raw prevalence estimates (groups A1 and A2, Fig. 2) a hierarchical
Bayesian space-time model was used. Due to random variation in the estimated prevalence regarding the individ-
ual geographical units and time, we adjusted for spatial effects and season. The model was adapted from Staubach,
el L.’ and analyses were performed applying BayesX 2.0.1 (hip://www.uni-goellingen.de/de/bayesx/550513.
html) as previously described™*?!. Age and origin of the samples were defined as fixed independent variables and
time, space and season were included random factors. The corresponding prevalence constituted the dependent
variable. A Markov Chain Monte Carlo algorithm (MCMC) was implemented to obtain parameter estimates.
50,000 iterations were performed and at every 50™ iteration, a sample was selected. For the burn-in 1,000 itera-
tions were chosen. A detailed description of the model can be found in the Supplementary Information.

Differences in the population densities (number of wild boar/km?) between hunting years were calculated
for each study area and statistically analyzed using the non-parameltric Kruskal-Wallis test. To assign slatistically
significant differences to the respective hunting years, a Mann-Whitney U test was used for pairwise compari-
sons. Bonferroni correction was applied to control for the type [-error in multiple testing scenarios®. Differences
between the two studies areas in individual hunting years were also analyzed using the Mann-Whitney U test. The
analyses regarding the population density were performed using the software package R (http://www.r-project.
org)'®.

Maps and figures.  Maps were generated using ArcGIS$ ArcMap 10.3.1 (ESRI, Redlands, CA, USA, http://
www.esti.com/). Figures were generated using the software package R (http://www.r-project.org)*s.

Results

Data. After exclusion of data sets originating from the island of Hiiumaa (N —1,255) and all data resulting
in an inconclusive virological test (N=1141)}, a tolal of 36,156 records were available for analyses. 56.95% ol all
samples were investigated in the first study half (December 2014 - September 2016). In the arca “East”, 13,455
samples were examined, of which 10,887 had been investigaled in the {irst hall of the study period (December
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Table 1. Total number of investigated samples (by PCR for ASTV or ELISA for antibodies against ASFV), the
numbers of all samples that tested positive for ASFV (irrespective of the serological test result = = group Al) or
were seropositive (with a negative ASFV PCR result = > group A2), the calculated prevalence (95% confidence
intervals) and the statistical significance of the difference in the prevalences between study arca “East” and study
area “West” in the first and the second half of the study period.
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Figure 3. Median temporal effect of all samples from area “Fast” (F} and area “West” (W) that tested PCR-
positive, irrespective of the serological result, on the logit prevalence, 95% Bayesian credible intervals (BCI) are
indicated. Figure was generaled by using the software package R (hip://www.r-projectl.org).

2014 - September 2016). In the area “West”, 23,001 samples were obtained, 9,875 thereof in the first half of the
study period (December 2014 — September 2016} (Table 1).

Data analyses. TFor the lirst half of the study period (December 2014 — September 2016), analysis
vielded a statistically significantly higher estimated prevalence of samples of group Al (ASFV PCR-positive
and seropositive-, seronegative or inconclusive samples) in area “East” compared to area “West” (Table 1;
Supplenmentary Figs $1 and §2). The same applied for the estimated prevalence of samples of group A2 (seropos-
itive samples) (Table 1; Supplementary Figs $3 and $4). By contrast, in the last 22 months of the study period, the
estimated prevalence of samples {rom group A1 was significantly higher in the area “Wesl” than in area “East”
(Table 1; Supplementary Figs 81 and §2). In area “East”, the estimated prevalence of seropositive wild boar (group
A2) was significantly higher than in area “Wesl” in both parts of the study period (Table 1). However, il individ-
ual months are considered, the seroprevalence did nol show a statistically significant difference between the two
study areas in most months (Supplementary Fig. $3).

Additional analysis of the prevalence of samples that were only PCR-positive and serologically negative (group
A3) yielded a clear decrease of the estimated prevalence in the East over time (from 8% in month 12 and 20 and
0% in most of the study month of the second half of the study period, Supplementary Fig. $5 and Table 8§1). In
area “Fast”, samples that were PCR and seroposilive (group A4} showed a high prevalence in the first hall of
the study period, whereas a high prevalence was found in area “West” in the second half of the study period
(Supplementary Fig. $6 and Table $1).

After adjusting the ASFV prevalence (group Al) or the seroprevalence (group A2) for seasonal effects in the
areas “East” and “West” (Supplementary Figs §7 and $8), the temporal course of the prevalence estimates was
investigated (Figs 3 and 4). In arca “Last”, the model analyses suggested a decrease in the temporal trend of the
logit prevalence of PCR-positive wild boar (group Al) in the last 22 months of the study period. Until August
2016, Lhere was an increase of Lhe logil prevalence of samples [rom group A1 in area “Wesl”. Towards the end
of the study period, the logit prevalence also appeared to decrease in area “West”, In the last four months of the
study period, no significant difference in the logit prevalences between the two areas was detected (Fig. 3). [n area
“East”, the temporal trend of the logit prevalence showed an increase within the first half of the study period forall
samples that tested positive exclusively for antibodies against ASFV (group A2). In the second half, the seroprev-
alence seemed (o decrease slightly. By contrast, the logit prevalence of serologically positive wild boar showed a
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Figure 4. Median temporal effect of all samples from area “East” (E) and area “West” (W) that tested exclusively
scrologically positive on thelogit prevalence. 95% Bayesian credible intervals {BCI) arc indicated. Figure was
generated by using the software package R (http://www.r-project.org).
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Figure 5. Wild boar population density (number of wild boar/km?) in the different hunting years for arca
“Fast” (E) and area “West” (W). The horivontal line that forms the top of the box illustrates the 75th percentile.
'Lhe horizontal line that forms the bottom is the 25th percentile. 'The horizontal line that intersects the box is the
median number of wild boar per square kilometer. Whiskers represent maximum and minimum values that are
no more than 1.5 times the span of the interquartile range and the open circle represent outlier, which are single
value greater or less than the extremes indicated by the whiskers. Figure was generated by using the software
package R (http://www.r-project.org).

steady rise over Lime in area “WesL”. In the last year of the study period, the logil prevalence of seropositive wild
boar was significantly higher in area “West” than in arca “Last” (Fig, 4).

‘The wild boar population density (number of wild boar/km?) was calculated for six hunting years for area
“Fast” and area “West". In area “Fasl”, the population density appeared to be stable during the hunting years
12/13-15/16 (averaged densities between 0.51 and 0.56 wild boar/km?). However, a significant decrease from an
average of 0.56 wild boar/km? to an average of 0.10 wild boar/km? was found between the hunting years 15/16
and 16/17 (p=10.001) (Fig. 5}. Between 2016/17 und 2017/18, there was only a minor decrease from an average of
0.1 wild boar/km? to an average of 0.07 wild boar/km? (p=0.382). In area “WesL”, no significant difference in the
wild boar population density over the years was [ound (Tig. 5).

Comparing the population densities between arca “East™ and “West”, there was no significant difference for
most of the analyzed hunting years. Only in hunting years 2015/16 and 16/17, the number of wild boar per square
kilometer was significantly lower in area “East” (p—0.02 and p - 0.001; Fig. 5).

Discussion
The course of ASE in wild boar populations in affected countries appears to be extremely difficult to control so far.
It has been hypothesized that eradicating the disease from the wild boar population in some areas may be impos-
sible®7!. However, Mur, el @l.>* suggested Lhat ASF virus may not able Lo persist only in wild boar populations on
the long term, although this hypothesis was made with regard to the ASF epidemic that occurred in Spain in the
1980s and 1990s. There, the wild boar density had been relatively low at that time. There is also recent evidence
that AST may have been brought under control in an affected area near Zlin in the Czech Republic (OIL WAIIID
interface, visited enline 28. February 2019).

The outbreaks in domestic pigs were most probably the result of spill-over of ASF from wild boar to domestic
pigs*.. In Estonia, the last outbreak in a domestic pig farm was reported in September 2017. Direct or indirect
(more likely) transmission [rom inlecled wild boar into domestic pig holdings seems possible, thus an infected
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wild boar population still constitutes a major threat to pig holdings and trade. As a consequence, complete erad-
ication of ASE also from the wild boar population, is desirable****,

The EU legislation (Council Directive 2002/60/EC) intends a 100% sampling of the whole hunting bag (all
hunted wild boar) and all wild boar found dead in restricted areas. The hunting bag usually represents about
60-80% of the true population?~’. Therefore, the available sample size was higher than in many other published
wild life studies®®*". The analyses of these comprehensive surveillance data combined with the knowledge of
detection probabilities obtained from animal trials open up the possibility to understand disease dynamics and
host-virus interactions in a better way”?"*Z, Similar to the study of Nurmoja, et al.”, we used these data to eval-
uate the temporal trend of ASF within the Estonian wild boar population.

In the study, we aimed at detecting potential differences between the estimated prevalences in wild boar that
may have acquired the infection recently and in animals that may be seen as true convalescents.

Firstly, we investigated the prevalence of samples that had yielded a positive PCR result regardless of the sero-
logical test result (positive, negative or inconclusive) obtained for the same sample (group A1). We assumed that
these were animals that had contracted ASF within the last 100 days before they were sampled (Fig. 2). In doing
s0, we considered it as irrelevant for the study whether the positive PCR result indicated the presence of infectious
virus (4 to 60 days pi) or just the detectability of viral genomes (up to day 100 pi). Under the assumption that
ASFV PCR-positive animals have not been infected for more than 100 days, a large proportion of PCR-positive
samples in a population indicate an acute epidemic with the emergence of new cases, 1.e. a high incidence.

Wild boar that survive an ASFV infection for at least 7 to 10 days will develop antibodies. Subsequently,
survivors will first be positive for both viral genome and antibodies for about 90 to 100 days, and then turn to
antibody presence alone for an undetermined period (Fig. 2). Experimental studies could show that these ani-
mals are usually PCR-negative®**. Following these findings, we secondly looked at the prevalence of samples that
had been tested seropositive, but were negative for ASFV by PCR. Despite the fact that it cannot be completely
excluded that some seropositive survivors showed intermittent viremia that was not detected at the time point
of sampling®", we assume the survivors are not shedding significant amounts of virus or viral genome. The latter
assumption is strengthened by recent studies that showed that survivors did not transmit the disease to naive
sentinels®. Also, the temporal course of the disease does not indicate a significant virus excretion®. However, it is
not possible to categorically exclude the existence of carrier animals in the study area, i.e. there might be wild boar
that survive the initial phase of acute ASF infection and develop a carrier state. However, if such animals exist, it
will be difficult to detect them in the field and the true status of the course of the infection in individual animals
remains unknown. The fact that we could detect only nine wild boar that were both ASF-positive by PCR and
serology in the area “East” in the second half of the study period, may suggest that such animals are rare in this
epidemiological situation. In areas, where seropositive animals dominate the ASF-positive findings, less new inci-
dent cases appear to occur, possibly indicating the late phase of the epidemic. However, it has to be emphasized
that after the initial peak of serologically positive samples, ASF could still become endemic instead of fading out.

In 2014, ASF emerged in the eastern part of Estonia and spread slowly towards the West, where the broad
expansion of ASF started in 2016. Based on this knowledge, the study area was divided into the areas “East” and
“West”. The study period was also split into two periods for comparison. As expected, the prevalence estimates
based on samples of wild boar that tested positive for ASFV by PCR and the ASFV-specific seroprevalence were
significantly lower in area “West”. This was due to the later onset of disease in the western part of Estonia. The
statistically significant differences in the second half of the study period supported the view that the ASF epidemic
was in full progress in area “West” during the last 22 months of the study period. The higher seroprevalence in
area “East” might indicate the absence of new ASF cases.

These results are also supported by the outcomes of the modelling analyses presented here (Figs 3 and 4). A
hierarchical Bayesian space-time model was used to include also temporal, seasonal and spatial effects and to
adjust for potential covariates such as age.

A clear temporal trend could be observed, in particular for the serclogical results. This tendency was also
found in the study of Nurmoja, et al.”. The results of the model analyses indicate that towards the end of the study
period, the seroprevalence decreased in area “East” and increased in area “West”. These findings were supported
by mapping the serological prevalences (Supplementary Fig. $4). In 2018, the samples that tested positive by
serology, but were negative for ASFV (group A2) seemed to increase in area “West” and decrease in the “East”. It
can thus be hypothesized that the western part of Estonia has entered a new phase of the epidemic. The incidence
of ASF cases decreases in this area. The decrease of seropositive samples in area “Bast” and simultaneously the
absence of an increase of PCR positive samples at the end of the study period suggest that a reoccurrence of new
ASF cases has been lacking so far.

Population density analyses have to be considered with the limitations that usually apply to population esti-
mates in wild life even if generated with different methods. The problems and challenges associated with the use
of such data have been a matter of extensive discussion®?**+%, However, there is no practical alternative to using
these data as long as data that are more reliable are not available. Still, any of the results obtained with such data
must be interpreted with extreme caution.

In the eastern part of Estonia, the significant decrease of population density (number of wild boar/km?) from
the hunting years 2012/13-15/16 to the hunting years 2016/17 and 2017/18 suggests that the massive occurrence
of ASF cases in the wild boar population might have led to a decrease after a while. At the same time, one can con-
clude that a low population density may lead to a significant reduction of the incidence of ASF cases in wild boar.
This is in accord with the study of Nurmoja, et al.” whete a positive association between the population density
and the incidence of ASF was demonstrated. Also in the western part of Estonia, the population density (number
of wild boar/km?) has apparently decreased in the hunting year 2017/18. These data suggest that the epidemic
had an effect on the population density and that the resulting low density may support the fading of the epidemic.
However, the observed decrease in the population density could also be due to the implemented control measures
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(e.g. intensified hunting, targeted hunting of females and feeding ban). Regardless of the reason for the identified
significant decrease, the study therefore demonstrates with real data what others have predicted®>'”. An intensive
reduction of the population density prior an emergence of ASF might thus be ahuge advantage for controlling the
disease in the case of an introduction. However, the question remains, whether it is possible to reduce the popu-
lation density sufficiently, only by hunting, but perhaps also through other measures (e.g. ban of supplementary
feeding, limiting wild boar reproduction, euthanasia with toxic substances, etc.).

The results of the study can raise hope that it may be possible to control ASF in a wild boar population, even
in countries, where a large proportion of wild boar population is exposed. It is too early to predict whether
an ASF-free status can be reached, but at least this seems no longer impossible. In any case, recording of all
ASF-positive cases is of utmost importance, regardless of the type of test result, i.e. ASFV detection by PCR or
serology. Yet, it is difficult to assess the temporal course of the epidemic by just looking at the case numbers. With
this common practice, the official declaration that a country has gained an ASF-free status requires the complete
absence of positive samples. This is hard to reach, particularly because serologically positive animals may be
present for several years after virus circulation has stopped. In relation to seropositive wild boar, it should be
mentioned that there is a controversial debate regarding potential carrier (i.e. hidden ASFV-positive) status of
seropositive animals®>5¥. Aslong as it cannot be ruled out that such animals remain infectious, there might be
the danger of a re-emergence of the disease in a previously affected region. Thus, a change of the current official
requirements is unlikely, unless it can be proven, that carriers do not exist or that they are not infectious.

In studies regarding the ASF epidemic on the Iberian Peninsula, a possible eradication of ASF in wild boar
was already hypothesized®’. However, a favorable course of the disease still depends on several unknown factors
which will need clarification. It is still unknown, how long protective immunity last and which level of herd
immunity is sufficient for protection. Alse, the role of maternal antibodies for protection against ASFV infec-
tion of young wild boar remains in contrast to classical swine fever (CSF) still unknown®***, This is particularly
important as wild boar have a high reproduction rate, therefore beget a huge number of potentially susceptible
descendants. Furthermore, in contrast to CSFE virus, which is not able to remain infectious in the environment
for alonger period*®*’, it is generally accepted that ASFV remains stable even under harsh conditions, although
reliable figures about the tenacity of the virus are scarce*"*2. Moreover, it is almost impossible to detect and to
remove all dead wild boar from an affected region®*4. Therefore, carcasses of infected wild boar might constitute
a potential source of reinfection. Probst, ef al.** found that wild boar seem to be interested in the soil around
dead conspecifics and suggested therefore an efficient removal of dead wild boar carcasses. This suggestion was
also supported by the European Food Safety Authority’. ASFV may thus still be present in area “East” despite a
few months without or with a very small number of newly detected ASF cases in wild boar, and might cause a
re-emergence of the disease at any time. Also, some studies suggest, that an increasing dominance of seropositive
results might be the result of a rising number of surviving animals and of a potential attenuation of ASFV in these
areas'*?1*74¢ It is also known from other diseases, e.g. CSFE, that the seroprevalence is usually low at the beginning
of an epidemic, but that the incidence of seropositive cases increases as the epidemic proceeds, while the number
of new cases decreases due to the developed natural immunity and therefore due to the decreasing number of
susceptible animals. As soon as herd susceptibility returns again, the numbers of newly infected individuals may
increase again'’-*’. In contrast to CSE, the currently observed seroprevalence of ASF is low. 'This is probably due
tothe high case-fatality ratio of ASE which is much higher than that of CSF. Also, in contrast to CSF, there is no
vaccination against ASF, which may in the case of CSF have contributed to the increase of the seroprevalence ina
CSF-vaccinated wild boar population®*,

A favorable course of the disease certainly also depends on the success of implemented control meastures,
which need to be regularly evaluated and adapted as appropriate, However, not even the best control measures
can prevent the new entry of ASF from neighboring regions. The likelihood of a new entry from neighboring
countries depends certainly on the current phase of the epidemic in bordering countries, in particular in wild
boar, but also on the local surveillance efforts. It is known, that there are still ASFV positive cases in the Russian
Federation which is directly bordering Estonia. Finally, the unpredictable human factor, which is known to play
a major role in the emergence and spread of ASF******* can always lead to the re-emergence of ASE in particular
in wild boar.

The present study may open new perspectives with regard to the evaluation of the epidemic status of ASF in
wild boar. Comprehensive surveillance and laboratory results can be used to assess the status of an epidemic.
Careful analyses of these data may for example help to identify areas with an increased incidence. This knowl-
edge can then be used to adapt control measures accordingly. Follow up studies, investigating virological and
environmental factors influencing e.g. immunity or ASF transmission, investigating the course of the epidemic
with newly emerging surveillance data and evaluating the implemented control measures for ASF in wild boar
in Estonia would be useful to bring the course of ASF in Estonia into context with the course of ASF epidemics
in other countries.

In conclusion, the course of ASF in wild boar in Estonia was investigated using the available surveillance data
including laboratory test results. The results of the analyses indicate a clear decline of the disease in the East of
the country. This temporal course of the disease suggests that there is a chance that ASF will continue to subside
in this region.

Data Availability
The original data used for the analyses can be obtained from the author after approval by the responsible institu-
tien in Estonia.
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Highlights
e Surveillance efforts yield significantly more samples from active surveillance
¢ Most samples originate from wild boar aged between 1-2 years
e Adecrease in the sample size can be seen over time emphasising the need to maintain
surveillance also in an advanced stage of the epidemic
o The course of ASF in Latvia is comparable to the one in Estonia and suggests a decline
of circulating ASFV in the wild boar population
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Abstract

In 2014, African swine fever (ASF) emerged in Latvia for the first time. The majority
of cases appeared in wild boar, but the presence of ASF in these animals constitutes a
permanent threat to domestic pig holdings. Recent studies have shown an increase in
serologically positive and a decrease in PCR-positive ASF cases in wild boar, possibly
indicating a decline of ASF incidence. We aimed to investigate the course of the ASF
epidemic in wild boar in Latvia, thus attaining further insights into the ASF epidemi-
ology in this country with the goal of assessing the stage of the epidemic. Latvian
ASF surveillance data of wild boar were utilized to estimate the seroprevalence and
ASF virus (ASFV) prevalence in the wild boar population. Prevalence estimates were
obtained for both the eastern and western part of the country and in addition for
the 2014/2015 to 2018/2019 hunting seasons. Moreover, prevalence estimates for
three different age classes were calculated. An increase in serologically positive yet
PCR-negative wild boar samples fraom active surveillance was identified over time.
When comparing the age groups, wild boar younger than one year displayed the
ASFV prevalence to be higher than the seroprevalence, whereas older animals shared
higher seroprevalence estimates. These findings support the assumption that only a
small proportion of affected animals survive an infection, leading to an accumulation
of their numbers over time. As a result, ASF elimination in a country with an infected
wild boar population could possibly be achieved, if effective wild boar population
management and surveillance is maintained and combined with the detection and
removal of wild boar carcasses to reduce the viral load in the environment. In addi-
tion, the wild bear population should be kept as small as pessible to break the ASFV

infection cycle,
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1 | INTRODUCTION

African swine fever (ASF) is a serious viral disease of demestic pigs
and Eurasian wild boar (Sus screfa) caused by African swine fever
virus (ASFV) and generally associated with vast socio-economic im-
pact in affected regions (Stahl et al., 2019). After the emergence of
ASF in Georgia during 2007, the epidemic reached the first coun-
tries of the European Union at the beginning of 2014. In January
2014, the first cases were detected in Lithuania, the southern
neighbour of Latvia (Pautienius et al., 2018), followed shortly after
(February 2014) by the identification of the first ASF cases in Poland
(Smietanka et al, 2016). In Estonia, bordering Latviainthe North,the
epidemic started in September 2014 (Nurmoja et al., 2018). Almost
three months prior to the Estonian cutbreak, Latvia had reported
the first cases of ASF in wild bear. It is very likely that the virus was
introduced from neighbeuring countries (QBevskis et al, 2016).
Until mid-2016, the eastern part of the country was mainly affected.
However, in summer 2016, ASF reached the central area of Latvia
and continued to spread towards west Latvia. This long-distance
jump of ASFV may have been caused by human activities. Since
2016, the disease continued to spread slowly in the local wild boar
population. In October 2019, ASF-infected wild boar were presentin
around 85% of Latvia.

Similar to other affected countries, ASF infection cycle in
Latvia is maintained by wild boar (Ql3evskis et al., 2016; Pautienius
et al., 2018; Pejsak et al., 2018). Before the ASF outhreak, wild boar
were the most pepular and abundant large game in Latvia, repre-
senting nearly 70% of the ungulates hunted per year and playing an
important role in trephic cascades. Supplementary feeding, selec-
tive shooting and restrictiens in the use of hunting rights maintained
the population. Concurrently, wild boar had become a conflict spe-
cies, primarily due to the damage to agriculture and rural infrastruc-
ture caused by the animals. Targeted campaigns to reduce the wild
hoar population nationwide were introduced twice—in the first half
of the 1990s and after 2014. Both times, the hunting rates were
increased and targeted to females as all age classes of females are
known to be highly reproductive and subsequently contribute to a
fast increase in population sizes. In the 1990s, the wild hoar depep-
ulation measures were rather declarative and formally implemented.
However, the numbers of wild boar declined drastically anyway after
a harsh winter in 1995/1996 and large outhreaks of classical swine
fever (CSF). After the beginning of the 21st century, the population
rapidly recovered and reached a new maximum with an estimated
population of approx. 74,000 individuals in 2013 (Anderscne-Lilley,
Bal¢iauskas, Ozoling, Randveer, & Ténisson, 2010; Kawata, Ozolins,
& Baumanis, 2013). At the end of the 2018/2019 hunting season, the
estimation comprised only approx. 20,000 wild hoar (https://www.
zm.gov.Iv/public/files/CMS _Static_Page_Doc/00/00/00/85/05/
Mezacukasdinamika.jpg).

Due to the transmission potential, ASF-infected wild boar rep-
resent a threat for the domestic pig industry. In addition, controlling
ASF in wild boar populations has been proven more difficult than
eliminating the virus from affected pig farms (Gogin, Gerasimov,

Malogolovkin, & Kolbasov, 2013; Nurmoja et al, 2017; Schulz,
Olgevskis, et al., 2019).

After 2 years with a growing epidemic, in most countries with
comprehensive surveillance data, an increase of ASFV PCR-positive
wild boar samples was observed (European Food Safety Authority,
Gogin, Richardson, & Gervelmeyer, 2017). Most surveillance sam-
ples were retrieved by passive surveillance, that is from animals
found dead, shot due to sickness or killed in a road traffic accident
{Eurcpean Food Safety Authoerity et al., 2017; Nurmoja et al., 2017,
Pautienius et al., 2018). However, recent analyses suggest a decline
in the incidence of PCR-positive wild boar in some countries, while
the prevalence of seropositive wild hoar (mainly hunted wild hoar
showing positive lahoratory test results for antibodies against ASFV)
increased simultaneously (Schulz, Staubach, et al., 2019). Following
the assumptions of Schulz, Staubach, et al. (2019), this may indicate
a decline of the ASF epidemic in these countries. A long period of
detectability of ASFV antibodies was found in domestic pigs (Penrith
et al, 2004; Pujols Remeu, Badicla Saiz, Perez de Rozas, Rosell
Bellsola, & Carreras Mauri, 1991), and similar values can be assumed
inwild boar. Therefore, it can take several years of surveillance with-
out new virus intreduction until no seropositive cases are detected.

The difficulties in controlling ASF in wild boar and the long time
period, during which the virus has heen circulating in the wild boar
population in several countries, emphasize the continuing need of
further epidemioclogical research to understand the course of ASF
in wild boar populaticns (Depner et al,, 2016; European Food Safety
Autherity, 2018, 2020; Gogin et al., 2013). Additionally, ASF con-
tinues to spread to further countries, thus increasingly threatening
the global pig market. Expanding the knowledge on ASF inwild boar
can therefore help to improve control and the effectiveness of sur-
veillance. The detailed research regarding seropositive wild boar and
their role in the course of ASF might support the certainty regarding
the disease status of a country and thus, in the best case, decrease
the economic damage caused by ASF.

The present study aimed to analyse ASFV prevalence and sero-
prevalence estimates as well as describe the course of ASF in wild
hoarin Latvia. The results could be compared with those from other
countries with the ultimate goal of assessing the epidemiclogical sit-
uation of ASF in wild boar populations in the best possible way.

2 | MATERIALS AND METHODS
2.1 | Studyarea

According to national legislation (Regulation of the Cabinet
of Ministers No 274, 28 April 2004) (https://likumi.lv/doc.
php?id=88074), Latvia is divided into six statistical regions: Riga
(304 km?), Pieriga (10,134 km?), Zemgale (10,732 km?), Kurzeme
(13,606 km?), Latgale (14,550 km?) and Vidzeme (15,245 km?’).
Because of the high propertion of urban areas, the region of Riga
was excluded from the analyses. Due te the slow spread of ASF
from the East to the West of Latvia, we divided the country inte an
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FIGURE 1 The six statistical regions

of Latvia grouped into an eastern and

western part of Latvia. Riga was excluded

from the analysis due to its mainly urban

character N

A

[ Iriga

m Study area East
Study area West

eastern {Latgale and Vidzeme) and a western (Pieriga, Zemgale and
Kurzeme) section {Figure 1).

2.2 | Data description

Data from five consecutive hunting seasons (2014/2015-
2018/2019) were available for the analysis. In Latvia, the hunt-
ing year lasts from 1 April to the 31 March of the following year.
Surveillance data were used from the CSF/ASF wild boar surveil-
lance database of the European Union (https://surv-wildboar.
eu). The structure of the data sets has previously been described
(Schulz, Staubach, et al.,, 2019). In brief, the origin of each sample
was recarded, including information an the source, that is active
surveillance (hunted wild boar} or passive surveillance (wild boar
found dead, involved in a road traffic accident or shot due to sick-
ness). In addition, each data set included information about the
age of the sampled animal categorized in three groups (<1 year,
1-2 years, >2 years).

For analyses, all data records containing no clear PCR result
(positive or negative) were excluded. Also, data records originating
from passive surveillance and tested serologically (i.e. for antibodies
against ASFV) were excluded from the final analyses. For age analy-
ses, all data records that lacked information on the age of the respec-
tive wild boar were excluded.

In the course of passive surveillance, tissue samples {organs,
mainly bone marrow) were taken from animals by veterinary inspec-
tors or state-authorized veterinarians and analysed by PCR.

For active surveillance, blood samples were taken by trained
hunters from each hunted wild boar and submitted for the detection
of ASFV genome and ASFV antibodies.

Passive surveillance was conducted throughout Latvia starting
in June 2014. Active surveillance included the sampling of all hunted
wild boar in a radius of 8-20 km around every newly discovered ASF

wild boar case. The size of the areas covered by active surveillance

progressed correspondingly with the ASFV spread in the wild boar

population. The laboratory procedures for detecting ASFV genome
via PCR or antibodies via ELISA have been previously described
{Schulz, Olsevskis, et al., 2019).

2.3 | Dataanalysis

PCR-positive samples, regardless of their serological result {i.e. the
sample could have shown either a seropositive, a seronegative or
no serological test result), were summarized {group 1) as described
{Schulz, Staubach, et al., 2019). The prevalence of wild boar show-
ing these test results was calculated based on the total number of
animals tested by PCR. In group 1, samples from active and passive
surveillance were included.

Following the same procedure, samples that yielded a seropos-
itive but PCR-negative test result were grouped together {group 2).
Therefore, the seroprevalence {i.e. prevalence of wild boar with an-
tibodies against ASFV) was calculated based on the total number of
animals tested by PCR and ELISA, regardless of the test result. All
samples used far the calculations for group 2 originated from active
surveillance.

Although the focus was put on analysing and comparing groups
1 and 2, samples with a PCR-paositive and simultaneously a seropos-
itive result {(group 3) and samples exclusively PCR-positive but se-
ronegative (group 4) were analysed for the sake of completeness.
Both groups included samples originated from hunted animals (ac-
tive surveillance).

As in group 2, the prevalence of wild boar tested PCR-positive
and seropositive {group 3) or PCR-positive but seronegative {group
4) were also calculated based on the total number of wild boar that
had shown unambiguous PCR and serological test results {i.e. either
positive or negative).

For all four groups, prevalence estimates were obtained for

each age class (<1 year, 1-2 years and >2 years), for the five study
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regions, area East and area West, and for all hunting seasons. For
group 1, the prevalence depending on the source of the samples,
thatis active or passive surveillance, was also determined for each
area and hunting season. To describe the course of the prevalence
in each hunting season and in each study area, confidence inter-
vals were calculated according to Clopper and Pearson (1935).
All calculations were done using the software package R (http://
www.r-project.org) (R Core Team, 2015), also used to produce the
included figures,

3 | RESULTS
3.1 | Data description

After excluding all data records with an inconclusive PCR result (n
251) and data records originating from passive surveillance and with
a serological test result (n 423), 60,166 data records were available
for analysis {Appendix Table Al). Data records with no age informa-
tion were removed from the age analyses (n 1,622).

In all areas, most samples originated from animals between 1
and 2 years old. The number of samples resulting from active sur-
veillance was clearly higher than samples from passive surveillance
(Figure 2, Appendix Table Al).

The number of samples obtained in the western regions of Latvia
was slightly lower than those from the eastern regians, but the dif-
ferences in samples sizes were nat significant. The number of tested
wild boar samples from the area East peaked in the 2015/2016 hunt-
ing season, whereas the sample size increased in the area West over
time and reached a peak in the 2017/2018 hunting season (Figure 2,
Appendix Table A1).

Active surveillance

3.2 | Dataanalysis

Group 1: In group 1, all samples with a positive ASFV PCR result
were aggregated, regardless of the serological result {negative,
positive or not tested). In both the eastern and western areas,
the prevalence was highest in the subset of animals younger than
1 year {mean prevalence East: <1 year: 0.048, 1-2 years: 0.033,
>2 years: 0,020; mean prevalence West: <1 year; 0,063, 1-2 years:
0.037, >2 years: 0.037) (Figure 3). This was in accordance with the
results obtained for each of the five study regions individually
{Appendix Table A2).

In both study areas and all hunting seasons, the prevalence es-
timates for hunted or found dead wild boar showing results in ac-
cordance with group 1 were significantly higher {approx. 35 times
higher) in wild boar sampled through passive surveillance than
those sampled through active surveillance (Figure 4, Appendix
Table A6).

Group 2: In group 2, all samples with a seropositive and an
ASFV PCR-negative test result were combined. In contrast to group
1, no significant differences in the prevalence estimates between
the different age classes were observed, although the mean prev-
alence of seropositive animals was higher in wild boar older than
2 years (mean prevalence East: <1 year: 0.024, 1-2 years: 0.025,
>2 years: 0.035; mean prevalence West: <1 year: 0.020, 1-2 years:
0.016, >2 years: 0.020). However, especially in the East during the
last hunting season, the samples with a seropositive result were sig-
nificantly higher in animals older than 2 years {<1 year: 0.007 (Cl:
0.003-0.014), 1-2 years: 0.027 (Cl: 0.020-0.036), >2 years: 0.059
{Cl: 0.046-0.074)) (Figure 5, Appendix Table A3).

Although the seroprevalence in the East at first increased, a de-
cline was later observed during the 2017/2018 and 2018/2019 hunting
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FIGURE 3 Prevalence estimates for Area East
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seasons. This trend was observed in all three age classes. In the West, Group 3: In group 3, all samples with a positive ASFV PCR and
the average prevalence for each age class was lower than in the eastern a seropositive test result were analysed. Generally, the prevalence
area. Nevertheless, an increase over time was also observed, but the estimates were very low for hunted wild boar yielding samples
highest seroprevalencein the West wasnot observed before 2018/2019 from group 3. In areas East and West, the highest prevalence was
hunting season in all age classes (Figure 4, Appendix Table A3). found in samples obtained from animals younger than 1 year {max.
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Area East

FIGURE 5 Prevalence estimates
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prevalence 0.025). In both regions, the prevalence estimates were
similar. Towards the end of the observation period, that is hunt-
ing season 2018/2019, a slight decrease was observed (Appendix
Table Ad).

Group 4: In group 4, all samples with an ASFV PCR-positive and
a seronegative test result were analysed. Corresponding with the
previous groups, the prevalence estimates were highest in animals
younger than 1 year. This applied particularly to the eastern regions
of Latvia {max. prevalence 0.026). Similar to group 3, the differences
in the prevalence estimates between the two study areas were not
significant. Moreover, the prevalence estimates decreased in both
areas over time {Appendix Table A5).

4 | DISCUSSION

The Latvian wild boar population has now suffered from ASF for five
consecutive years. During this time, the disease has spread from the
eastern part of the country towards the West. For our analyses, the
country was therefore divided into two geographically distinct study
areas, East and West, to understand the temporal stages of the ASF
epidemic. Both areas exhibited a different course of the disease,
which therefore had to be taken into accountin the epidemiological
analysis. Additionally, analysing the data at the regional level allowed
us to compare the course of ASF in wild boar in the different regions
during the hunting seasons.

When comparing the results for the chosen study areas, the
differences in size and any potentially resulting differences in

sample numbers had to be taken into consideration. Despite the

ii‘ hui il i“

18/19

larger size of area West, the number of samples taken at the be-
ginning of the study period as part of active and passive surveil-
lance was clearly higher in the East (hunting seasons 2014/2015
and 2015/2016). Yet, in the last two hunting seasons, the sam-
ple size in the West overtook the number of samples in eastern
area. This can be explained by the mandatory intensification of
surveillance (particularly of active surveillance) after a region, in
this case area West, is affected by ASF. Similar observations were
made in other countries (Nurmoja et al., 2017). These findings also
illustrate the need to enhance surveillance not only when ASF is
present, but before its arrival (Nurmoja et al., 2017). On the other
hand, a decrease in sample sizes was seen in area East over time.
This might be mainly due to a decrease in the wild boar popula-
tion density, a possible consequence of ASF, its high case-fatality
ratio and increased hunting efforts (Schulz, Olsevskis, et al., 2019;
Schulz, Staubach, et al., 2019). In contrast to the reported approx.
74,000 wild boar in 2013 (Andersone-Lilley et al., 2010; Kawata
et al., 2013), the estimated wild boar population in Latvia was ap-
proximately 20,000 individuals at the end of the hunting season
2018/2019. The decrease in population density and thus also in
the number of detectable wild boar carcasses might indicate that
the epidemic has reached the deceleration phase as defined in the
EU working document ‘Strategic approach to the management
of African Swine Fever for the EU’ {(SANTE/7113/2015—Rev 11).
However, regardless of the reasons for the decrease in population
density, as long as ASF is present, as is still the case in Latvia and in
some of its neighbouring countries, effective hunting and surveil-
lance must be maintained (European Food Safety Authority, 2020).

These measures should be combined with effective detection and
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removal of wild boar carcasses, thus reducing the viral load in
the environment (Eurcpean Food Safety Authority, 2018, 2020).
Moreover, the wild boar population should be kept as small as
possible in order te potentially break the ASFV infection chain
(European Food Safety Authority, 2018, 2020; Gavier-Widen
et al., 2015; Lange, 2015). Reliable surveillance must be kept in
place to detect new entries or further spread of the disease. This
applies particularly to passive surveillance, known to represent
the most effective way of detecting ASF in wild boar (European
Food Safety Authority, 2018; Nurmoja et al, 2017, Schulz,
Ol3sevskis, et al., 2019). Due to the difficulties in finding dead wild
boar and the low acceptahility amoeng hunters to support passive
surveillance (Schulz, Calba, Peyre, Staubach, & Conraths, 2016),
the number of samples cbtained by passive surveillance was much
lower than those received through active surveillance. However,
the temporal trend was similar, demonstrating the impertance of
keeping hunters motivated in regard to supporting passive sur-
veillance. In all regions and hunting seasons, most samples were
unsurprisingly obhtained from 1- to 2-year-cld animals, as this
age class represents the typically hunted target group (Eurcpean
Food Safety Authority, 2015; Schulz et al., 2016; Toigo, Servanty,
Gaillard, Brandt, & Baubet, 2008).

Inthe present study, we assumed that samples from ASF-infected
wild boar are positive by PCR a few days post-infection, stay pesi-
tive by PCR and also yield a sercpositive test result for up to ap-
proximately 100 days and finally remain exclusively seropositive for
an undetermined period (Petrov, Forth, Zani, Beer, & Bleme, 2018;
Schulz, Staubach, et al., 2019; Zani et al., 2018). For domestic pigs,
this period was described to last several years (Penrith et al,, 2004;
Pujols Romeu et al., 1991). Test results were therefore analysed in
several groups, taking into account that animals in group 1 were in-
fected within 100 days pricr to sampling, whereas animals in group
2 had survived an ASF infection. Due to the decomposition of car-
casses, blood samples could often not be taken from animals found
dead. Therefore, samples originating from passive surveillance are
usually not tested for antibodies against ASFV. Very rarely, fresh
samples were ohtained frem wild boar shot due to sickness or killed
in road traffic accidents. These samples were tested for antibodies
against ASFV; however, considering the rarity of these events, we
excluded all data originating from ASFV antibody testing via passive
surveillance, thus avoiding confusion and misinterpretation of the
study results.

Based on the grouping of wild boar samples depending on
their test results, we aimed to assess the epidemiclogical stage
of the ASF epidemic in Latvia during the five different hunting
seasons. While interpreting the study results, it must be acknow|-
edged that factors like wild boar population density or ASF con-
trol measures might influence the ASF prevalence estimates in the
different hunting seasons (European Food Safety Authority, 2018;
Lange, 2015; Smietanka et al., 2016). In Estonia, a decrease of
PCR-positive wild boar and an increase of seropositive wild boar
over time was ohserved. At the same time, the population density
decreased, possibly due te ASF and the implemented measures to

iindary and £

contrel ASF in wild boar (Schulz, Staubach, et al., 2019). Due to the
descriptive character of the study design, these factors and their
potential influence were not included. However, alse in Latvia, the
assumption still stands that the decreasing population density and
the long-term effects of control measures influenced the course
of ASF (Schulz, Ol3evskis, et al.,, 2019). Morecver, the data were
only analysed in connection with the respective hunting season,
permitting the comparison of the results from the individual hunt-
ing seasons.

Similar to Estonia (Schulz, Staubach, et al, 2019), the results
showed after an initial increase as described by the European Food
Safety Authority et al. (2017), a decrease in the ASFV prevalence in
all wild boar samples over time. Simultaneously, an increase in the
seroprevalence in hunted wild boar was detected as previously de-
scribed by the European Food Safety Authority (2020). Moreover,
the differences of the prevalence estimates of greup 1 and group
2 between the hunting seasens indicated a time shift between area
East and area West, similar to the situation in Estonia. Both prev-
alence estimates showed a comparahle course cver time, but par-
ticularly the increase in seroprevalence occurred later on in the
western part of Latvia. In eastern Latvia, the seroprevalence started
to decline in the 2018/2019 hunting seasen, suggesting the begin-
ning of disease elimination in that area, while the seroprevalence
peaked in the West during the same season, indicating the phase of
a decreasing epidemic. This course of disease can be explained by
the slow spread of ASF from eastern to western parts of Latvia and
correspoend with the results published by the European Food Safety
Authority (2020). The very low prevalence of ASFV in east Latvia
and the decrease of the seroprevalence towards the end of the study
period are promising findings and may imply the slow disappearance
of ASF.

Although western Latvia was affected by ASF from 2016 on-
wards, the disease had already been circulating for over a year in the
East. Analyses of the prevalence estimates for groups 3 and 4, in-
cluding samples from newly infected hunted animals (infected within
the last 100 days prior to sampling), suppert these results. The prev-
alence estimates also decreased over time, in the East slightly earlier
than in the West. In both areas, the prevalence estimates for these
groups were very low and showed the highest values in wild boar
younger than one year. In accordance with findings from other re-
searchers, these findings provide no evidence for the presence of
long-term virus carriers (Stahl et al., 2019).

ASFV PCR-positive samples (group 1) reached the highest preva-
lence in wild boar youngerthan 1 year. This is in line with the finding
that the ASFV prevalence showed the highest values in animals be-
tween 1 and 2 years, but without a significant difference relative to
animals younger than 1 year (European Food Safety Authority, 2015).
In addition to the finding that the prevalence of ASFV PCR-positive
samples was increased in younger animals, it was obvious that the
prevalence of ASFV PCR-positive animals was much higher when
the tested samples were chtained by passive surveillance (in com-
parison with samples received through active surveillance, i.e. hunt-
ing of apparently healthy wild boar). Both findings may be explainad
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by the high case-fatality ratic {Schulz, Conraths, Blome, Staubach,
& Sauter-Louis, 2019). In addition, these findings once again illus-
trate the vast difference in the chances of early ASF detection in
wild boar found dead (high chance) versus in hunted wild boar {low
chance) (European Food Safety Authority, 2018; European Food
Safety Authority et al,, 2017; Nurmoja et al., 2017; Schulz, O5evskis,
et al,, 2019).

The significantly higher values in the seroprevalence estimates
{group 2) in hunted animals older than 2 years in the last two hunting
seasons of area East might he due to the accumulation of surviving
wild hoar over time. They simultaneocusly suggest a decline of the
ASF incidence in the eastern part of Latvia (European Food Safety
Authority, 2020; Schulz, Staubach, et al., 2019).

In several previeus studies, the role of ASF survivors and
their potential for spreading ASFV was intensively discussed
(Eurcpean Food Safety Authority, 2015; Gallarde et al., 2018;
Petrov et al.,, 2018; Schulz, Staubach, et al., 2019). However,
so far no hard evidence was found to prove the infectious-
ness of wild boar tested seropositive, but PCR-negative (Stahl
et al., 2019). Therefere, this comprehensive description of
Latvian surveillance data of the last 5 years provides a glimpse of
hope for successful control or even potential eliminatien of ASF
in wild boar, despite the huge difficulties that must be overcome,
when combating ASF in these animals. In accordance with the
long period of detectability of antibedies found in domestic pigs
(Penrith et al., 2004; Pujols Romeu et al., 1991), wild hoar most
likely follow the same immune response pattern. Therefore, the
continucus detection of seropositive animals does not indicate
any new virus introductien or circulating virus, but instead the
expected findings point towards a subsiding epidemic. Although
these findings suggest a potential end of the epidemic, the high
efforts to monitor the epidemiological situaticn of ASF in wild
hoar continuously have to be maintained. Also, due to the contin-
uous high risk of infection from infected neighbouring countries
it is of upmost important, especially at this stage, to cautiously
analyse the epidemiclogical situation ef ASF in the wild boar pop-
ulation in Latvia to adjust control measures where necessary and

reach final eliminaticn.
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