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Abstract 

In this master thesis I developed and explored a mathematical model to study the potential effect 
of the wolf (Canis lupus) on a hypothetical outbreak of African Swine Fever in wild boar (Sus 
scrofa) in the Netherlands (specifically the Veluwe). A deterministic mathematical SIR model was 
developed to simulate a wild boar population, African Swine Fever, infectious carcasses, and the 
predation behavior of wolves, allowing the exploration of different scenarios of control and 
intervention. Wolves and carcass transmission were found to have an effect on disease dynamics 
and control effort. The initial analyses show that the model has potential for more in-depth study 
and policy support, and it can be valuable to develop this further.   

Introduction 

African Swine Fever (ASF) has been a concern for many years in Europe. In January 2014 African 
Swine Fever (genotype II) was first discovered in Lithuania in wild boar. Since this discovery the 
pathogen seems to have shifted slowly more and more westward through wild boar populations. 
In 2020 ASF was discovered in wild boar at the German-Polish border (Sauter-Louis et al., 2021). 
Since 2020 multiple wild boars have been found infected with ASF in Germany (Friedrich Loeffler 
Institut, 2022). In July there was an outbreak in Germany close to the Dutch border (Emsbüren) in 
a sow farm (Ministerie van Landbouw, Natuur en Voedselkwaliteit, 2022). Between 2018 and 2020 
there was also a contained outbreak of ASF among wild boar in Belgium. ASF was thought to be 
introduced by human activity (and thus not by the migration of boar). Strict biosecurity measures, 
including zoning, culling, fencing and carcass removal, were successfully implemented (Anette, et 
al., 2019). Belgium was declared ASF free in December 2020 by the OIE (Sauter-Louis et al., 
2021).
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The Netherlands is at the time of writing still ASF free, but there is a small, and possibly 
increasing, chance that ASF might be introduced from other countries at one point (Ministerie van 
Landbouw, 2020; Ministerie van Landbouw, Natuur en Voedselkwaliteit, 2022). Mur et al. (2014) 
found that importation of illegal pig products and transport-associated fomites form the highest 
risk factors for ASF introduction in the Netherlands (Mur et al., 2014). The Netherlands has a 
substantial pig industry. In 2021 it was estimated that more than 11 million pigs were kept for food 
production (Wageningen University & Research, 2022). Moreover, there are also three natural 
reserves (‘the Veluwe’, ‘the Meinweg’ and ‘the Meerlebroek’) designated to maintain populations 
of wild boar. Outside these designated areas wild boar populations do not have to be conserved. 
This means that they are either all culled (“zero wild boar policy”) or managed by the Dutch 
provinces depending on the amount of damage they cause (Ministerie van Landbouw, 2020). Due 
to growing concerns regarding African Swine Fever and a growing wild boar population, the 
provinces of Limburg and Overijssel have increased efforts to reduce the population of wild boar 
outside of their designated areas. The provinces of Noord-Brabant and Gelderland maintain a 
strict zero wild boar policy outside the designated areas for wild boar. However, in some areas in 
Noord-Brabant this policy has proven hard to achieve and reduction efforts are in place (Provincie 
Noord-Brabant et al., 2022). Numbers of wild boar can increase rapidly if there is a high 
availability of food, which can make the population hard to maintain. In the summer of 2021, the 
number of wild boars in the Veluwe (one of the largest Dutch nature reserves) was very large 
compared to other years due to very good former mast years. The total number of wild boars was 
estimated to be 10.195 individuals. In 2019 this number was estimated to be 5671 individuals. 
The large increase in 2021 led the local provincial government to allow a relatively large number to 
be hunted that year (7690 individual boar) to bring the number eventually in line with the goal of 
around 1350 wild boar in the Veluwe. (Faunabeheereenheid Gelderland, 2022).  

Wild boars in the Netherlands are regularly sampled for antibodies for ASF (Wageningen 
University & Research, z.d.). Due to the outbreak of ASF in a sow farm in Emsbüren (close to the 
Dutch border) in July 2022, the Dutch province of Overijssel is also sampling the carcasses of wild 
boar for ASF virus (Ministerie van Landbouw, Natuur en Voedselkwaliteit, 2022).


ASF transmission and mortality 

African Swine Fever Virus is a DNA virus belonging to the family of Asfarviridae that causes 
symptoms in animals belonging to the family of Suidae. There are 24 known genotypes (Qu, et al., 
2022). Genotype I is a less virulent variant that has caused outbreaks between the 1950’s and 
1980’s in Europe. It has been eradicated except for Sardinia. Genotype II is the more virulent 
variant found in Eastern and Northern Europe today (Gaudreault et al., 2020). Symptoms of 
genotype II are mostly subacute to acute. They include epistaxis, melena, pulmonary distress, 
skin hemorrhages (petechia and ecchymosis), fever, anorexia and ataxia (Salguero, 2020; Sauter-
Louis et al., 2021). Wild boars seem to lose fear of humans and dogs and can appear to be 
disorientated (Sauter-Louis et al., 2021). The most important pathological changes are 
hemorrhagic splenomegaly, multifocal hemorrhagic lymphadenitis and petechia on the kidney 
surface (Salguero, 2020). Most animals die within 7-14 days post infection, but some might 
recover (Sauter-Louis et al., 2021). Mortality is very high and is estimated to be around 90-100% 
for wild boar (Gaudreault et al., 2020; Salguero, 2020). It is speculated that mortality is higher in 
wild boar compared to domestic pigs (Salguero, 2020). A lot of wild boars have been found dead 
near water, which might mean that sick animals look for cool places as a reaction to their fever 
(Sauter-Louis et al., 2021). Transmission of the virus occurs through direct contact with blood, 
bodily fluids, feces or carcasses (including pork products) or through indirect contact through 
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fomites (feed, clothes, uncleaned vehicles, equipment) or mechanic vectors (flies) (Gaudreault et 
al., 2020; Olesen et al., 2018). In Sub-Saharan Africa, transmission between wild warthogs also 
takes place through soft ticks. Eight species belonging to the Ornithodoros family have been 
found capable of transmitting ASFV to swine (Gaudreault et al., 2020). In Europe the O. erraticus 
tick has been found capable of transmitting ASFV and has been found to play a part in the 
transmission of ASF in the Iberian Peninsula. However, these ticks are largely absent in the colder 
climates of Northern and Eastern Europe. Therefore, it is thought that soft ticks do not play a 
(significant) part in the transmission of ASF in these regions (Gaudreault et al., 2020). The effect of 
transmission through mechanic vectors, like stable flies, is also thought to be negligible (Vergne, 
et al., 2020). Scavengers are also thought to play a negligible role in disease transmission (Probst 
et al., 2019). Moreover, wolves were not found to be able to transmit ASF through feces 
(Szewczyk et al., 2021). Infected carcasses though are thought to be very important in the 
transmission of ASF and might even be more important than direct transmission. Wild boars have 
been found to make direct contact with carcasses and there have even been accounts of 
cannibalism (Cukor et al., 2020; Probst et al., 2017). There are also recorded cases in the 
Netherlands of wild boar having contact with dead wild boar (Dooddoetleven, 2012; 
Dooddoetleven, 2013). The virus can persist in a carcass and the soil underneath for a substantial 
amount of time depending on the tissue, temperature and soil type. This can vary from days for 
soils, like beach sand and yard soil, to over a year for blood (at 4 °C) (Probst et al., 2017; Sauter-
Louis et al., 2021).


The wolf 

In 2015 the first wolf was sighted in the Netherlands since the 19th century when it had become 
extinct (Natuurmonumenten, n.d.). In 2018 the first new wolf territory was established in the 
Netherlands and in 2019 the first wolf couple was formed, and the first pups were born. In 2022 it 
was estimated that there were four wolf couples living in the Netherlands and at least 16 wolf 
pups were born in the areas of Zuidwest-Drenthe/Zuidoost-Fryslân, Noord-Veluwe, Midden-
Veluwe and Park de Hoge Veluwe. (BIJ12, 2022) The wolf is a tightly protected species under 
CITES (International), the Convention of Bern (European Union) and the Habitats Directive 
(Council Directive 92/43/EEC; European Union). In the Netherlands ‘de Wet Natuurbescherming’ 
forms the legal framework for the protection of the wolf (Interprovinciaal overleg, 2019). The 
growth of wolf populations lies around 25-36% per year depending on the area and is expected 
to decrease when most suitable habitats are occupied. In Germany the initial growth rate between 
2000-2015 was 36% and decreased several years later to 26%. In the US the growth rate of the 
wolf population is 25% (Jansman et al., 2021). There seems to be agreement that the wolf 
population in the Netherlands will grow. However, how large the population will become is still 
unclear. Leliveld (2012) estimated that there would be a carrying capacity for a minimum of 14 
wolf packs in the Netherlands. Potiek et al. (2012) found a carrying capacity in the Netherlands 
with a maximum of 338-443 wolves (68-89 wolf packs).


The wolf is a very opportunistic carnivore and diet can vary according to prey availability. In 
Europe the most important prey species are wild boar (Sus scrofa), roe deer (Capreolus 
capreolus), chamois (Rupicapra rupicapra), moose (Alces alces) and red deer (Cervus elaphus). 
Depending on the location, livestock can form either an absent, a small or large part of the diet of 
the wolf. (Klich et al., 2021; Lanszki et al., 2011; Newsome et al., 2016; Wagner et al., 2012; Žunna 
et al., 2009) In Germany wild boar contributed to 17,7% of the diet of the wolf. Other important 
prey species for German wolves were roe deer (55,3%) and red deer (20,8%) (Wagner et al., 
2012). However, if prey populations drop, the wolf easily starts consuming other prey. A case 
study in Belarus found that wolves that first hunted mainly elk and wild boar started hunting other 
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prey, like beavers and deer, when the population of wild boar dropped due to an ASF outbreak 
(Kitch et al., 2021). Moreover, a recent study found that wolves on Pleasant Island (United States) 
started hunting otters, after the number of deer on the island declined (Roffler et al., 2023)


(Top) predators, like the wolf, are thought to play an important role in maintaining healthy 
ecosystems, like aiding carbon storage, enhancing scavenger diversity and reducing stream bank 
erosion (Ripple et al., 2014). Predators also play an important role in reducing numbers of prey 
animals. Areas without wolves for example were found to have a 6x higher number of cervids 
compared to areas with wolves (Ripple et al., 2014). Moreover, predators might be able to reduce 
disease burdens in prey populations. This is not only achieved by decreasing the density of prey 
animals, but also through the selection of weaker (infected) animals when hunting (Gehman, &, 
Beyers, 2017; Genovart et al., 2010; Krumm et al., 2009; Ripple et al., 2014). Selection of 
diseased animals during hunting has also been observed in wolves (Mech & Peterson, 
2003/2006a). Several mathematical models have also found that predators could reduce disease 
prevalence in prey species (Hall et al., 2005; Packer et al., 2003; Al-Shorbaji, et al., 2017). The loss 
of (top) predators has in some cases even been linked to an increase in (zoonotic) diseases 
(Ostfeld, &, Holt, 2004; Levi et al., 2012). In North America for example, the loss of top predators 
might have allowed the population of coyotes to grow, which in turn caused numbers of small 
predators like foxes to decline. This might have caused an increase in small vertebrates and thus 
in the prevalence of Lyme disease (Levi et al., 2012). 


As the diet of the wolf contains a substantial amount of wild boar and scavenged meat, the wolf 
might influence the disease dynamics of ASF in wild boar populations. Szewczyk et al. (2021) 
already speculated that scavenging by wolves could play an important role in reducing ASF 
transmission. Moreover, Tanner et al. (2019) showed through a mathematical model that the wolf 
might be able to reduce tuberculosis prevalence in wild boar in Spain through predation of 
infected individuals. However, in the case of ASF, the wolf might also have the potential to 
increase the prevalence of disease. As wolves do not always eat a whole prey in one sitting, they 
can increase the number of carcasses and lengthen the time that a killed infected wild boar 
remains infectious in the environment (Wilmers et al., 2003). Carcasses play an important role in 
the transmission of the disease and therefore an increase in carcasses might cause an increase in 
ASF. 


Modelling ASF in wild boar 

We cannot do experiments to assess the effects of different interventions and control measures 
on an outbreak of ASF in wild boar in the Netherlands, nor to assess the potential influence of the 
wolf. The complexity of interactions in the ecosystem and feedback mechanisms that act on it, 
notably through human intervention, make it very difficult or impossible to regard population 
consequences in the short and long term of ASF in this system and scenarios of response. 
Mathematical models are a useful tool to include key aspects of the complex system and to then 
perform scenario analysis (“what if”). Several mathematical models have already been 
constructed to simulate the transmission of ASF in wild boar populations in several settings. 
These have mainly been focused on comparing intervention methods or country-specific 
situations (Croft et al., 2020; Halasa et al., 2019; Lange, 2015; Lange et al., 2017; Lange et al., 
2018; O’Neill et al., 2020). Intervention measures that have been modeled include removal of 
carcasses, culling, buffer zones and fences. Removing carcasses was found to be the most 
effective intervention method in these studies (Lange, 2015; Lange et al., 2018; O’Neill et al., 
2020). However, Croft et al. (2020) found that carcass removal did not reduce outbreak length 
when modelling an ASF outbreak in an isolated wild boar population in the Forest of Dean (UK). 
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To the author’s knowledge no model has yet considered the influence of the wolf in the setting 
described above. Here, I investigate this for the Dutch situation (with a focus on the Veluwe) and 
investigate the effect of the wolf on the prevalence of ASF in wild boar. As the Netherlands is a 
country with both a large pig industry and substantial populations of wild boar, a mathematical 
model might add valuable epidemiological information regarding ASF. Moreover, in the 
increasingly polarized debate about the wolf in the Netherlands, providing information based on 
scientific analysis on either the benefits or disadvantages of this predator to the Dutch ecosystem 
is important (NOS, 2022). In this master thesis an outbreak of ASF in the wild boar population and 
the effectiveness of several intervention methods will be modeled. Moreover, the effect of the wolf 
on ASF prevalence in the wild boar population will be assessed.


Material & Methods 
A mathematical model was constructed to simulate the wild boar population, African swine fever 
genotype II and predation by wolves for different scenarios in the Netherlands. The model 
conforms to a compartmental, deterministic SIR-model (Diekmann et al., 2013). The mathematical 
model was adapted from an ASF model from O’Neill, et al., 2020. Wild boars are divided in two 
age classes: Piglets (P) and adults (A). Each age class is further divided in either susceptible (S), 
infected (I) or recovered (C). The division in two age classes allows for the modelling of distinct 
population dynamics for piglets and adults. This is especially important regarding the mortality 
and birth rates and predation. In addition to these compartments of living animals, we also regard 
the infected carcasses as a separate compartment (D). A schematic representation of the model 
is given in Figure 1.




Figure 1: Schematic presentation of the SIR model. The pink line denotes births, the grey lines the infection 

routes, the blue line denotes background mortality and the orange line denotes maturation.
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Susceptible individuals 

Piglets are born with a rate of a. As it is still unknown if piglets attain maternal immunity and the 
proportion of surviving animals is generally very small, all newborn piglets are added to the 
susceptible population. On average a sow gives birth to 5.5 piglets a year (5.5/365 piglets a day) 
and there are on average 1.4 adult females for every male. (Pascual‐Rico et al., 2022) It is thus 
assumed that 71,4% of the adult population is always female. Moreover, only susceptible and 
recovered females reproduce and infected sows do not. Infected animals recover or die relatively 
fast (after 14 days) and symptoms can be very severe (Sauter-Louis et al., 2021). This makes the 
likelihood of an infected animal giving birth very small. The number of piglets born per day is 
therefore calculated as a*(SA + CA). Piglets are assumed to move to the adult compartment at one 
year old. For convenience, this is modeled with an exponential distribution, with maturation rate α 
= 1/365 per day, whereas in reality, piglets remain in the piglet compartment for the entire year.


Infectious individuals 

Transmission between susceptible and infectious animals is assumed to be density dependent 
(Diekmann et al., 2013). Transmission through direct contact happens at a rate βF (written as 
‘BetaF’ in text and figures below). The transmission rate after contact with carcasses (βE, written 
as ‘BetaE’ in text and figures below) is assumed to be frequency dependent (Diekmann et al., 
2013). If an animal from either of the infected compartments dies, it moves to the (infected) 
carcass compartment (D).


Recovered individuals  

Animals enter the recovered compartment at rate γ(1- ρ), in which γ denotes the rate of losing 
infectivity (i.e., 1/γ is the average number of days that an animal is infectious with ASF). Animals 
leaving the infectious compartment can do so in two ways. They can die as a result of the 
infection, which we consider happening with probability ρ, or they can recover, with the 
complementary probability 1 - ρ. Recovered animals are assumed to be immune, although it is 
still unknown if immunity develops in wild boar after infection and the number of animals surviving 
is generally very small (Sauter-Louis et al., 2021).


Carrying capacity 

To stop endless exponential growth, a carrying capacity (H) was added. The carrying capacity 
was linked to the ideal population size wildlife management at the Veluwe tries to maintain 
(around 1300 animals) (Faunabeheereenheid Gelderland, 2022). To achieve this, the background 
hunting rate (bh) was made dependent on the difference between the ideal population size (K) and 
the actual population size (N). It was assumed that each animal above the ideal population size 
would increase the background hunting rate with 1% per year. This is represented by x in the 
following formula:



H = bh + x*(N − K )
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If an infected animal is hunted it is assumed to be removed from the environment in a bio-secure 
manner, and therefore these animals will not flow to compartment D. 


Carcasses  

Animals enter compartment D with a rate of γρ. The degradation rate of the carcasses d(t) is 
considered to change according to season due to changes in temperature. The weight of the 
animal is not considered to play a role in the degradation rate. Based on German measurements, 
the degradation rate in winter was thought to be on average 37 days and in summer 8 days 
(Probst et al., 2019). Seasonal changes in the degradation rate were therefore calculated as:


 

In this formula the lowest degradation rate of 37 days corresponds to the 1st of January and the 
highest degradation rate of 8 days corresponds to June 30th. 


Interventions 

The model includes three different causes of mortality: Background mortality (with rate bp), culling 
(bc) and predation by wolves (bw). The background mortality consists of the average yearly hunting 
rate in a disease-free population for population management, traffic mortality, and death through 
natural causes (e.g., old age, other diseases, interspecies fighting). Culling is considered an 
intervention method that can be deployed in case of an ASF outbreak and that consists of the 
systematical killing of a large amount of wild boar on top of the regular management. It is 
assumed that hunters do not make a distinction in the health and age of wild boar. Predation is 
dependent on the number of wolves and independent from the number of wild boars. On average 
a wolf eats 2,8 kg of meat a day and 17,7% of this diet consists of wild boar (based on German 
literature) (Szewczyk et al., 2021; Wagner et al., 2012). The weight of a piglet is on average 34,4 
kg, of an adult 65,0 kg and the average weight of all age classes of wild boar combined is 47,5 kg 
(Pascual‐Rico et al., 2022). With this data the average amount of wild boar an individual wolf is 
expected to eat per day can be calculated: 











d(t) =
1

22,5 + 14,5*cos(2*π* t
365 )

bWP
=

(2,8*0,177* 1
3 )

34,4

bWA
=

(2,8*0,177* 1
3 )

65,0

bWD
=

(2,8*0,177* 1
3 )

47,5
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The constant q in the compartment of infected denotes a change in the preference of the wolf for 
infected wild boar. It is assumed that a carcass only gets partially eaten after a wolf kills an 
infected boar. Therefore, infected animals that are killed by wolves are first transported to 
compartment D instead of being removed from the system altogether. The parameter r denotes 
the carcass removal rate per day by human intervention in case of an outbreak, in which all 
carcasses that are found are removed as a bio-security measure.


In the model, the population of wolves is assumed to be of constant size W. In the analyses, a 
range of values for W is assessed. As the wild boar is only a small part of the diet of a wolf, the 
wolf’s dynamics are not heavily dependent on the dynamics of the wild boar. In addition, the wolf 
can easily switch its prey preference.


The total population of wild boar is N = S + I + C. The total number of infected individuals is I = Ip 
+ IA and the total number of adults through A = SA + IA + CA. All in all, the above assumptions lead 
to the following system of ordinary differential equations:


 

 

 

 

 

 

 

dSp

dt
= 0.7a − βF

Sp

N
I − βESpD − αSp − bpSp − bCSp − bWW

dSA

dt
= − βF

SA

N
I − βESAD + αSP − bASA − bCSA − bWW

dIp

dt
= βF

Sp

N
I + βESpD − αIp − γIp − bpIp − bCIp − qbWW

dIA

dt
= βF

SA

N
I + βESAD + αIP − γIA − bAIA − bCIA − qbWW

dCp

dt
= γ (1 − ρ)Ip − αCp − bpCp − bCCp − bWW

dCA

dt
= γ (1 − ρ)IA + αCp − bACA − bCCA − bWW

dD
dt

= γρI + bPIP + bAIA + qbW IpW + qbW IpW − d(t)D − rD − bWW
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Table 1: Parameters
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Computed scenarios 

For the above model the following five scenarios were computed:





Two additional scenarios without ASF were also simulated: one without the wolf and one with the 
wolf.


R studio (version 2022.12.0+353) was used for all calculations with the model (see Figure 2). To 
make R studio suitable for running an SIR model, the deSolve package was installed. 


 

A few additional rules were required for the ordinary differential equations. Based on the case 
report of Klitch et al. (2021), it was assumed that if the population of a compartment fell under 10 

Table 2: The modeled scenarios

Figure 2: A screenshot of the implementation of the model in R Studio
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animals, the wolf would stop hunting wild boar and switch to other prey species. As the wolf 
might still find and eat a carcass of an infected wild boar this was not assumed for carcasses. 
However, as the chance that a wolf finds a carcass will also decrease if there are only small 
numbers of carcasses in the environment, it was assumed that the wolf would stop eating 
carcasses if there is less than one carcass present in the environment. Moreover, this was also 
done to prevent the wolf from eating more carcasses than there are present in the environment, 
causing D to become negative. This was achieved through the following code:


ifelse(Ip>=10, W*bwip, 0) 

ifelse(D>= 1, W*bwp, 0) 

In ifelse(Ip>=10, W*bwip, 0), Ip was replaced for Sa, Sp, Ia, Ca or Cp depending on the 
compartment to which the code applied. The same was done for bwip. If the code applied to an 
infected compartment the parameter q was added to the code.


The variables W, ASF, bc and r were integrated in the model at a certain time point through the 
following code:


ASF<- ifelse(t>=1000&t<=1000.5,1, 0) 

W <- ifelse(t>=500, x, 0) 

The x in the function of W corresponds with the number of wolves that are introduced at time 
point t. 


The results that R Studio produced were collected, sorted and analyzed in several Excel files.


Results 

In total ten scenarios were investigated with the model. The disease dynamics were assessed 
through graphs and through quantifying the maximum and minimum number of infected, the 
minimum population size and the maximum and minimum number of carcasses.


Scenario without the wolf and ASF 

Without the wolf and an ASF outbreak the model reached a population that corroborates with the 
aspired population in the Veluwe of around 1300 wild boars (Faunabeheereenheid Gelderland, 
2022). The equilibrium was reached at around 1320 wild boars after 400 days (see Figure 3). 
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Scenario with wolf and without ASF 

Different numbers of wolves were introduced in the model on day 500. Due to predation of the 
wolf the number of wild boars in the new equilibrium was lower when a larger number of wolves 
was introduced (see Figure 4). When 300 wolves were introduced, the equilibrium settled around 
1260 wild boars. The apparently small effect of a large number of wolves on the population of wild 
boar, might have to do with the coupling of the background hunting rate to the carrying capacity: 
This rate goes down if the population of wild boar falls beneath the carrying capacity. Hunting will 
therefore cause less mortality, compensating for the mortality caused by the wolf.  





Figure 3: The population of wild boar over time without ASF or wolves

Figure 4: The population of wild boar over time after different numbers of wolves are 
introduced on day 500. 
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Scenario 1: Introduction of ASF 

ASF was introduced on day 1000 and the outbreak was modeled until 3650 days. The carcass 
transmission rate (BetaE) was found to have a large effect on the course of the outbreak (see 
Figure 5). The initial outbreak lasts longer if the carcass transmission rate is lower. Moreover, the 
peak number of infected and carcasses is lower for a smaller carcass transmission rate. The 
number of wild boars that stay present after the initial outbreak is also higher for a lower carcass 
transmission rate.





 

Carcass transmission rates higher than 0,001 seem to eventually lead to extinction of the 
population of wild boar or a non-viable population size. For a carcass transmission rate of 0,002 
for example the infection dies out and there are six susceptible (of which four are piglets) and five 
recovered boars remaining after 3409 days (see Table 3). As can be seen in Figure 6 this number 
seems to keep decreasing overall. 


Figure 5: The course of the disease after ASF is introduced at a 1000 days for different carcass transmission rates 
(BetaE). A.: The total population of wild boar; B.: The number of infected; C. The number of carcasses
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A carcass transmission rate of less than 0,0006 was found to cause the number of carcasses and 
infected to decrease to very small amounts in the course of the outbreak. A carcass infection rate 
of 0,0004 for example lead the number of carcasses to decrease to 6,54E-06 and the number of 
infected to 4,77E-06 at 2816 days (see Table 4). These numbers correlate to extinction of the 
disease. However, the nature of a deterministic model, makes that the infection never fully 
disappears and therefore can cause new outbreaks (see Annex 1, Figure II).


Table 3: Smallest population size for different carcass transmission rates (BetaE)

Figure 6: The population of wild boar for carcass transmission rates of 0,001 
and lower.
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In the field often one large first outbreak, diminishing 85-95% of the population, is observed 
followed by an endemic phase (O’Neill et al., 2020). Although, further analyses would be needed 
to distinguish if a carcass transmission ration of 0,0006 and 0,0008 or a ratio in between would be 
more suited, it was decided to use a carcass transmission rate of 0,0008 for the modelling of the 
scenarios 5, 6 and 7. Due to the time constraint of this thesis further analysis of the carcass 
transmission ratio and the modelling of 3 to 4 different variables in scenarios 5, 6 and 7 was not 
possible. 


Scenario 2: The effect of carcass removal during an ASF outbreak 

The effect of carcass removal was modeled for a carcass removal rate of 0,01 to 0,9 in 18 steps 
(0,01, 0,02 … 0,1, 0,2, …) for 10 different carcass transmission rates and introduction at three 
different time points (1014, 1030 and 1180). This resulted in 540 different outbreak scenarios.


For a carcass transmission rate of 0,0008, the time at which carcass removal started lead to 
different disease dynamics. If carcass removal was started at 14 days after the introduction of 
infection, the peak number of infected and of carcasses decreases compared to a situation 
without carcass removal. The population of wild boar will decrease less dramatically if more 
carcasses per day are removed. However, the outbreak will also last longer if the carcass removal 
rate is higher. This might be due to less animals animals being infected per time unit due to a 
lower number of carcasses. Therefore, there is a less significant population crash and there are 
more susceptible animals present in the environment. The combination of more susceptible 
animals and less carcasses, causes the outbreak to last longer. 


If carcasses are starting to be removed 30 days after introduction of ASF, the peak number of 
infected wild boar and carcasses decreases compared to a situation without carcass removal. 
However, unlike when carcass removal would be initiated at day 1014, the duration of the 

Table 4: Smallest number of carcasses between 1000 and 3650 days for different 
carcass transmission rates (BetaE)
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outbreak does not last longer. The number of carcasses also falls earlier if more carcasses are 
removed each day. The total population decreases less steeply if a higher carcass removal rate is 
present. For a carcass removal rate of 0,8 there seems to be an equilibrium. This equilibrium 
breaks at after 2500 days (see Annex 2, Figure III). However,  this is probably due to the 
deterministic nature of the model, as the number of carcasses has already decreased to 4,05E-07 
after 1675 days and the number of infected animals has decreased far below 1 at that point (see 
Table 5 and Annex 2, Table V). 


When carcass removal is initiated at day 1180, there is mostly an effect on the population size. 
The population grows back to a higher level, if a higher carcass removal rate is implemented. If 
there is a carcass removal rate of 0,2 or higher, the population even grows back to a level similar 
to that before the outbreak (see Figure 7, A3.). However, the removal of carcasses has no effect 
on the peak number of infected or the length of the initial outbreak. It has a relatively small effect 
on the fall in the number of carcasses at the end of the initial outbreak (see Figure 7, C3.).   


 



  


  


  





In all outbreak scenarios related to carcass removal, the population of wild boar never falls below 
31 animals (see Table 5). In the case that carcass removal is started at 14 or 30 days after 
introduction of the disease, i.e., on day 1014 or 1030, respectively, the minimal number of animals 
even seems to grow consistently with a higher carcass removal rate.


Figure 7: The course of the disease after ASF is introduced at a 1000 days for different carcass removal rates (r) 
and a carcass transmission rate (BetaE) of 0,0008. A.: The total population wild boar for carcass removal initiated at 
day 1014 (A1.), day 1030 (A2.) and day 1180 (A3.). Note that the graphic of A3. starts at 1180 days and not 1000 

days.; B.: The number of infected for carcass removal initiated at day 1014 (B1.), day 1030 (B2.) and day 1180 
(B3.); C. The number of carcasses for carcass removal initiated at day 1014 (C1.), day 1030 (C2.) and day 1180 

(C3.)
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If carcass removal is started at day 1030 or 1180, the number of carcasses (and infected animals) 
falls far below a number necessary to maintain transmission of ASF. This is achieved with the 
removal of at least 3 to 4% of carcasses per day (see Table 6). If the removal of carcasses starts 
two weeks after the introduction of ASF, a higher carcass removal rate (starting from 40% per day) 
seems to increase the smallest number of carcasses that is present in the environment between 
1001 and 3650 days. This might be due to the less dramatic drop of the population size and thus 
the presence of more susceptible animals that can be infected. This eventually causes several 
small and long-lasting outbreaks (see Annex 2, Figure III). Not enough carcasses are present in 
the environment due to their daily removal to infect a large enough population to cause a 
substantial outbreak and crash in the population size. However, more analyses should be done to 
discover the mechanisms behind this.


Table 5: Smallest population size for different carcass removal 
rates and different starting times of removal (BetaE=0,0008)
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The time to extinction decreases between a carcass removal rate of 0,04 and 0,1, if it is assumed 
that an amount of 0,001 carcasses or less would be unlikely to transmit ASF (see Table 7). If 
carcass removal starts at 14 days after introduction of ASF, a carcass removal rate of 0,6 or higher 
would prevent the disease from dying out. If carcasses would be removed from day 1180 onward, 
the time to extinction decreases when there is a higher carcass removal rate. 





Table 6: Smallest number of carcasses for different carcass 
removal rates and different starting times of removal 

(BetaE=0,0008)

Table 7: Time at which the number of carcasses fall below 0,001
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Scenario 3: The effect of culling during an ASF outbreak  

The effect of culling was modeled similar to the carcass removal rate. The culling rate consisted 
out of 18 steps (0,01, 0,02 … 0,1, 0,2, …) for 10 different carcass transmission rates and 
introduction of ASF at 3 different time points (day 1014, 1030 and 1180). This resulted in 540 
different outbreak scenarios.


If culling would be initiated at day 1014 or day 1030, the peak number of infected and carcasses 
will be reduced, and the outbreak will be shorter (see Figure 8). If culling would start at day 1180 it 
could prevent new outbreaks from occurring. However, it has no effect on the peak number of 
infected and carcasses or duration of the initial outbreak.


 

   

   

   




For all culling rates ASF and the population of wild boar become extinct. If culling is started at day 
1014 the population would fall below 1 at day 1495 for a culling rate of 0,01 and at day 1022 for a 
culling rate of 0,9. Under the assumption that if the number of carcasses falls below 0,001, ASF 
would be extinct, a culling rate of 0,01 would make ASF extinct at day 1305 and a culling rate or 
0,9 would make ASF extinct at day 1240. If culling starts at day 1030, the population falls below 1 

Figure 8: The course of the disease after ASF is introduced at a 1000 days for different culling rates (Bc) and a 
carcass transmission rate (BetaE) of 0,0008. A.: The total population wild boar for culling from day 1014 (A1.), day 
1030 (A2.) and day 1180 (A3.).; B.: The number of infected for culling from day 1014 (B1.), day 1030 (B2.) and day 

1180 (B3.); C. The number of carcasses for culling from day 1014 (C1.), day 1030 (C2.) and day 1180 (C3.)
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at day 1512 for a culling rate of 0,01 and at day 1038 for a culling rate of 0,9. ASF is extinct at day 
1308 for a culling rate of 0,01 and at day 1274 for a culling rate of 0,9. Culling from day 1180 
onward causes the population to fall below 1 at day 1697 when the culling rate is 0,01 and at day 
1185 when the culling rate is 0,9. ASF becomes extinct at day 1358 when the culling rate is 0,01 
and at day 1297 when the culling rate is 0,9. Overall, the earlier culling is initiated, the earlier ASF 
and the wild boar population will become extinct.


Scenario 4: The effect of the wolf during an ASF outbreak 

The effect of the wolf was modeled for 1 to 300 wolves, starting with 1 wolf to 10, 20 and then 
increasing the amount with 20 with each step (16 steps in total). The carcass transmission ratio 
was varied from 0,0286 to 0,0001 in 12 steps. This led to 192 different outbreak dynamics. In 
general, the outbreak occurs later and the peak number of infected is lower, if the number of 
wolves is higher (see Figure 9).


For a carcass transmission rate of 0,0008 and 220 wolves, there seems to be an equilibrium (see 
Figure 9 and Annex 4, Figure V). The number of carcasses never exceeds 1,00 and the population 
size stays above 1244 individuals. This equilibrium might be due to the wolves eating enough 
carcasses to prevent a large number of wild boars from getting infected, but not eating so many 
live wild boars that the population size decreases. When there are more than 220 wolves, the 
population size might decrease through the mortality in wild boar being higher than the number of 
births due to the added mortality of ASF and a large number of wolves. However, calculations 
have to be interpreted with caution due to R Studio having difficulties to solve differential 
equations numerically, and due to continuity issues arising from the code ifelse(D>= 1, W*bwp, 0) 
that makes wolves stop eating carcasses when they fall below 1. A sign that the latter could be 
the cause is that the number of carcasses never exceeds 1,00. For a number of wolves larger than 
220 the number of carcasses also stays around 0,99 for a long time until the number of carcasses 
eventually crashes (for 300 wolves this is around 2260 days, for 280 wolves around 2450 days 
and for 260 wolves around 2730 days). The crash might be due to a smaller population leading to 
a smaller number of wild boars being infected. The number of carcasses does not grow beyond 1 
and therefore ASF is eventually unable to sustain itself in the population. However, more analyses 
with a more sophisticated solver of systems of nonlinear differential equations should be done to 
investigate these issues and clarify whether or not the behavior around 220 wolves is an artifact of 
the calculations.
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The population of wild boar does not go extinct, even for higher numbers of wolves, although the 
number of wild boars can get relatively small (see Table 8). The lowest number of wild boars 
seems to settle at 20 wild boars for most numbers of wolves. As mentioned earlier, 220 wolves 
seem to be the exception due to an equilibrium that causes the number of wild boars not to fall 
below 1244. 





In contrast with a situation with no wolves, all numbers of wolves seem to cause an eventual 
extinction of ASF in the wild boar population and carcasses at a certain point with exception of 

Figure 9: The course of the initial ASF outbreak for different numbers of wolves (W) and a carcass transmission rate 
(BetaE) of 0,0008.; A.: The total population wild boar.; B.: The total number of infected.; C. The total number of carcasses.

Table 8: Lowest number of wild boar for different numbers of wolves and BetaE=0,0008
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220 and 240 wolves (see Table 9). However, at 240 wolves the number of carcasses might further 
decline after 3650 days as is observed at 260, 280 and 300 wolves. 


 


If the assumption would be made that less than 0,001 carcasses would lead to extinction of the 
disease, extinction would occur earlier when the number of wolves increases from 1 to 140 (see 
Table 10). However, from 180 wolves the time to extinction increases again. This might be due to 
later onset of the outbreak, as shown in Figure 8. As mentioned before, the number of carcasses 
for 220 and 240 wolves never falls below 0,001.


Table 9: Lowest number of carcasses for different numbers of wolves 
and BetaE=0,0008
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Scenario 5: The combined effect of culling and carcass removal 

The combined intervention of culling and carcass removal was modeled for a total of 972 
outbreak scenarios. The culling and carcass removal rate were varied from 0,01 to 0,9, similar to 
the earlier mentioned scenarios, in 18 steps. The two intervention methods were initiated together 
at 3 different time points (1014, 1030 and 1180). The carcass transmission rate was set at 0,0008.


If carcass removal and culling is initiated at 14 days after introduction of ASF, a lower culling rate 
and a higher carcass removal rate will decrease the peak number of infected and carcasses 
compared to a situation with only culling or no interventions (see Figure 10). However, the 
duration of the outbreak increases when the carcass removal rate is higher. The number of wild 
boars decreases less dramatically when the carcass removal rate increases, but in all scenarios 
the population eventually becomes extinct (for r=0,01 and bc=0,01 after 1504 days and for r=0,9 
and bc=0,01 after 1899 days). ASF will also be extinguished in all scenarios. This will happen 
faster if the carcass removal rate is higher. Under the assumption that the disease is extinct when 
the number of carcasses falls below 0,001, a culling rate of 0,01 and a carcass removal rate of 
0,01 causes extinction after 1286 days. The same culling rate and a carcass removal rate of 0,9 
will cause eradication of ASF after 1208 days. If culling is increased to 90%, carcass removal will 
lead to a faster extinction of the disease compared to a situation without carcass removal. ASF 
will become extinct after 1213 and 1025 days for a carcass removal rate of 0,01 and 0,9 
respectively. For all carcass removal rates the population will become extinct at day 1022. 
Moreover, the maximum number of infected boars never exceeds 18. 


Overall, a lower carcass removal rate and a higher culling rate will cause the population to go 
extinct earlier. However, a higher carcass removal rate will lead to earlier extinction of the disease.


Table 10: Time at which the number of carcasses fall below 0,001
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Similar to the previous scenario, if culling and carcass removal are started at day 1030, the peak 
number of infected and carcasses is reduced if the culling rate and carcass removal rate is higher 
(see Figure 11). Moreover, a lower carcass removal rate and a higher culling rate will also cause 
the population to go extinct earlier in this scenario and a higher carcass removal rate will also lead 
to earlier extinction of the disease. However, the peak number of infected animals is higher 
compared to when both interventions are implemented at day 1014.


Figure 10: The course of the initial ASF outbreak for different carcass removal rates (r) and culling rates (bc). 
Carcass removal and culling was started at day 1014 and the carcass transmission rate was 0,0008.; A.: The 
total population wild boar for a culling rate of 0,01 (A1.) and 0,9 (A2.).; B.: The number of infected for a culling 

rate of 0,01 (B1.) and 0,9 (B2.).; C. The number of carcasses for a culling rate of 0,01 (C1.) and 0,9 (C2.).
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As can be observed in Figure 12, starting carcass removal and culling at day 1180 has no effect 
on the initial outbreak. However, the combined intervention of carcass removal and culling causes 
the population and disease to become extinct in all the outbreak scenarios. Similar to when both 
interventions are initiated at day 1014 and day 1030, a higher carcass removal rate causes the 
extinction of ASF to occur faster and the extinction of the population to occur later. If the culling 
rate and the carcass removal rate is 0,01 for example, extinction of ASF and the population of 
wild boars occur at day 1338 and 1698 respectively. A carcass removal rate of 0,9 and culling rate 
of 0,01 causes extinction to occur at day 1247 and 1703 respectively. However, if the culling rate 
is 0,9, extinction of the population will happen at day 1185 independent of the carcass removal 
rate.


Figure 11: The course of the initial ASF outbreak for different carcass removal rates (r) and culling rates (bc). 
Carcass removal and culling was started at day 1030 and the carcass transmission rate was 0,0008.; A.: The 
total population wild boar for a culling rate of 0,01 (A1.) and 0,9 (A2.).; B.: The number of infected for a culling 

rate of 0,01 (B1.) and 0,9 (B2.).; C. The number of carcasses for a culling rate of 0,01 (C1.) and 0,9 (C2.).
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Scenario 6: The combined effect of culling and the wolf 

In this scenario the effect of the wolf was, similar to other scenarios, modeled for 1 to 300 wolves 
(16 steps in total) and the culling rate was varied from 0,01 to 0,9 in 18 steps and started at 3 
different time points (day 1014, 1030 and 1180). This led to 864 different outbreak dynamics.


If culling is started at day 1014, the peak number of infected and carcasses is lower if the culling 
rate and the number of wolves is higher (see Figure 13). However, the duration of the outbreak is 
longer and the total number of wild boars decreases less steeply if there are more wolves present.


Figure 12: The course of the initial ASF outbreak for different carcass removal rates (r) and a culling rate (bc) of 
0,01. Carcass removal and culling was started at day 1180 and the carcass transmission rate was 0,0008.; 
A.: The total population wild boar for a culling rate of 0,01.; B.: The number of infected for a culling rate of 

0,01.; C. The number of carcasses for a culling rate of 0,01.
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Similar to the previous scenario, if culling is initiated at day 1030, the peak number of infected and 
carcasses is reduced if the culling rate and number of wolves are larger (see Figure 14). Moreover, 
if more wolves are present the outbreak takes place at a later time point, which decreases the 
peak number of infected even more. 


Figure 13: The course of the initial ASF outbreak for different numbers of wolves (W) and culling rates (bc). 
Culling was started at day 1014 and the carcass transmission rate was 0,0008; A.: The total population wild 
boar for 1 wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 80 wolves (B2.).; C. 

The number of carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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If culling is started at day 1180 after introduction of ASF, it only influences the survival of ASF in 
the wild boar population (see Figure 15). It has no effect on the initial outbreak. In all disease 
scenarios the wild boar population goes extinct. The culling rate and number of wolves only 
influence how fast the population is extinguished (e.g., at day 1693 and 1554 for a culling rate of 
0,01 and 1 and 80 wolves, respectively).


Figure 14: The course of the initial ASF outbreak for different numbers of wolves (W) and culling rates (bc). 
Culling was started at day 1030 and the carcass transmission rate was 0,0008.; A.: The total population wild 
boar for 1 wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 80 wolves (B2.).; C. 

The number of carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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Scenario 7: The combined effect of carcass removal and the wolf 

To model the combined effect of carcass removal and the wolf, a carcass transmission rate of 
0,0008 was assumed and for each defined number of wolves (ranging from 1 to 300 in 7 steps) a 
carcass removal rate from 0,01 to 0,9 was started at 14, 30 and 180 days after introduction of 
ASF. This led to the modeling of 336 different outbreak scenarios.


As can be observed in Figure 12, if carcass removal would start at day 1014, the population 
would decrease less drastically and the peak number of carcasses and infected will be lower if 
the carcass removal rate and the number of wolves is higher. However, the outbreak will take off 
later if the number of wolves is higher. If there are 80 wolves present and if there is a carcass 
removal rate of 0,7 or more the total number of wild boars stays similar to that before the 
introduction of ASF (it will never fall below 1271 animals) and no more than 14 animals are 
infected at any time point. However, ASF will never disappear from the environment, as the 
number of carcasses never falls below 0,49 and stays fluctuating around 0,99 for most of the 
time. This might also be partly due to the aforementioned code ifelse(D>= 1, W*bwp, 0), which 
prohibits wolves from eating carcasses if there is more than 1 carcass left.  


Figure 15: The course of the initial ASF outbreak for different culling rates (bc) and 1 wolf (W). Culling was 
started at day 1180 and the carcass transmission rate was 0,0008.; A.: The total population wild boar for 1 

wolf.; B.: The number of infected for 1 wolf.; C. The number of carcasses for 1 wolf.
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If the removal of carcasses would start 30 days after introduction of ASF, a large outbreak cannot 
be prevented, as would be the case when carcass removal starts at a high rate at day 14 with a 
larger number of wolves. However, a greater number of wolves can reduce the peak number 
infected animals (see Figure 17). Moreover, the population of wild boar decreases less 
dramatically when there are more wolves, and the carcass removal rate is higher. Interestingly, a 
larger number of wolves also causes a larger peak number of carcasses in the environment 
compared to a lower number of wolves for the same carcass removal rates. This might be due to 
more wild boars staying alive and thus more animals remaining that can be infected. However, the 
number of carcasses never gets high enough to infect sufficient animals to cause a further decline 
in the population, due to the removal of carcasses and the wolves eating carcasses. Thus, 
causing a longer presence of a larger number of carcasses in the environment. 


Figure 16: The course of the initial ASF outbreak for different numbers of wolves (W) and carcass removal 
rates (r). Carcass removal was started at day 1014 and the carcass transmission rate was 0,0008.; A.: The 

total population wild boar for 1 wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 
80 wolves (B2.).; C. The number of carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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Similar to the situation when carcass removal would be initiated 180 days after introduction of 
ASF if no wolves are present, the carcass removal at that time point has also little effect on the 
disease dynamics in the case wolves are present (see Figure 18). However, different from a 
situation without wolves, the population of wild boar does not recover anymore if a large number 
of wolves are present.


Figure 17: The course of the initial ASF outbreak for different numbers of wolves (W) and carcass removal 
rates (r). Carcass removal was started at day 1030 and the carcass transmission rate was 0,0008.; A.: The 

total population wild boar for 1 wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 
80 wolves (B2.).; C. The number of carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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Scenario 8: The combined effect of both interventions and the wolf 

A total of 1344 outbreak scenarios were modeled to asses the combined effect of the wolf, culling 
and carcass removal. The number of wolves ranged from 1 to 300 in 7 steps and the culling rate 
and carcass removal rate were both varied from 0,01 to 0,8 in 8 steps. The intervention methods 
(culling and carcass removal) were implemented together at 14, 30 and 180 days after 
introduction of ASF.


In the time frame of this thesis, insufficient results were produced to analyze the combined effect 
of culling, carcass removal and the wolf.


Figure 18: The course of the initial ASF outbreak for different numbers of wolves (W) and carcass removal 
rates (r). Carcass removal was started at day 1180 and the carcass transmission rate was 0,0008.; A.: The 

total population wild boar for 1 wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 
80 wolves (B2.).; C. The number of carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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Discussion 

This thesis shows that a mathematical model can be useful to explore scenarios of African Swine 
fever control in wild boar populations under the influence of predation by wolves. It was shown 
that a model can be developed that takes the key processes into account for such an interaction 
between wild boar, ASF and wolves and how such a model can be used to assess ‘what if’-
scenarios of various kinds. In the absence of wolves and ASF, and when parameterized for the 
nature reserve ‘De Hoge Veluwe’ in the Netherlands, the model calculations show that the 
equilibrium number of wild boars is close to the observed level, thus providing a minimum 
validation. The thesis documents the context for the model and its development and shows how it 
can be used to analyze scenarios for a broad range of parameter values for key parameters. This 
shows both the usefulness and flexibility, but the initial exploration also highlights where the 
model and the way it is analyzed can be improved. 


The results flowing out of this model suggest that the wolf has the potential to influence the 
disease dynamics during an ASF outbreak in the Netherlands. Wolves were found to decrease the 
peak number of infected wild boar and to shift the outbreak to a later time point. Moreover, in this 
model the wolf formed a valuable asset to the implementation of intervention methods. A higher 
number of wolves reduced the intensity of the intervention methods needed to either reduce the 
size of an ASF outbreak or to eradicate an ASF outbreak. Moreover, in the case that carcass 
removal would be the only intervention and if it would be implemented early (14 or 30 days post 
introduction of ASF), the wolf can help mitigate a crash in the number of wild boar due to ASF. 
Therefore, the wolf could help to maintain a healthier population size of wild boar. However, if 
carcass removal would be implemented later (180 days post introduction of ASF), the wolf can 
prevent the population of wild boar from recovering. Another effect of the wolf is that the outbreak 
occurs at a later time point and that the outbreak has a longer duration. The later occurrence of 
the outbreak might be due to the wolf eating some of the first occurring carcasses and therefore 
delaying onset of the outbreak. This has both benefits and disadvantages. On one side it would 
allow more time to notice an ASF introduction and interventions that are started later can still 
reduce the impact of the initial outbreak. However, a longer duration of the outbreak, would also 
increase the risk of the disease spreading to other locations.


Nonetheless, models are, as a rule, simplified representations of reality. Also in this model, many 
factors are not taken into account, like breeding seasons, migration and fluctuations in seasonal 
food availability (and thus mortality). The wild boar population in this model also has only two age 
classes, while yearlings are often considered a separate age group from adults and piglets. 
Moreover, no spatial information is considered in this model. This is especially relevant regarding 
the group dynamics of wild boar, in which young males often migrate to other areas and groups of 
females live separated from adult males for most of the time (Morelle et al., 2015). Natural and 
artificial blockades (like highways and large bodies of water), suitability of land and food 
availability can also play a role in the dispersal and density of wild boar populations and therefore 
influence disease dynamics (Morelle et al., 2015). Many infected wild boar carcasses with ASF 
were for example found near bodies of water. It is thought that these wild boars might have 
sought a cool spot to reduce their fever (Sauter-Louis et al., 2021). As these water bodies also 
attract a lot of other wild boar that want to drink water, this might for example form a local hot 
spot for transmission. Another reason that spatial factors could play a role in transmission is 
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though the creation of a landscape of fear through culling or hunting by the wolf (Kuijper et al., 
2013; Thurfjell, Spong, & Ericsson, 2013). This might concentrate animals in areas that are 
deemed safer or cause dispersal to other areas, which in turn could affect transmission of ASF. 


The wolf population is assumed to be constant in this model, but in reality a population of wolves 
is of course dynamic. Just like with wild boar, there is also a spatial dynamic in the behavior of the 
wolf. A pack has a certain territory in which it hunts, and younger wolves often migrate to find a 
new territory to settle (Mech & Peterson, 2003/2006b). The size of a territory can, for example, 
influence the number of wolves that are hunting in a certain area. Moreover, the amount of 
consumption of several types of prey might fluctuates over the year due to availability. During the 
breeding season of a prey species, the wolf might for example prefer to hunt specific prey species 
over others as the species is more abundant and more weak young animals are available (Mech & 
Peterson, 2003/2006a). Wagner et al. (2011) found that wolves in Germany eat proportionally 
more wild boars in winter and spring and less in summer and autumn, when there are more deer 
present. Moreover, the hard cut-off point used in this model for when wolves stop hunting wild 
boar, is probably more diffuse in reality. It is also not known at what point wolves start to prefer 
other prey. Furthermore, it is not known how many carcasses a wolf consumes, especially if they 
are not caught by a wolf itself. Wolves have been filmed scavenging carcasses in the Netherlands 
and frequent carrion consumption by wolves has been found common for wolves in Denali 
National Park (United States) (Dooddoetleven, 2020; Klauder et al., 2021). However, more 
research has to be done to assess the amount of either scavenged or hunted carcasses that is 
consumed by wolves. In this model there is no distinction made between infected carcasses 
created by the wolf and infected carcasses created through disease mortality. Therefore, this 
could make the number of carcasses consumed by the wolf either higher or lower than in reality. 


The use of a deterministic compartmental model has some important connotations (Diekmann et 
al., 2013). Firstly, a deterministic model assumes that population is so large that chance variation 
can be ignored, i.e., the model excludes all stochastic elements in the parameters. In reality one 
animal could stay infected for 7 days for example while others stay infected for two weeks. In this 
model all animals stay infected for on average 14 days. In small populations this can be different 
by chance. Another problem is that the probability for an individual to still be present in a 
compartment never truly reaches zero, as this probability decreases exponentially by the nature of 
the compartmental model. This could, for example, cause a new outbreak to occur, even if the 
probability that there would still be infected animals and infected carcasses has fallen to such a 
low point, that this would be very unlikely. Because deterministic models assume that the 
population size is very large, there can still be animals in these compartments also after an 
unrealistically long time. Effectively, in small populations, the infection would have died out long 
before and hence a new outbreak is not possible without reintroduction of the disease from 
outside. A third problem is that only proportions of a population move between compartments 
and not whole animals. Again, in large populations this is not an issue, but in small populations it 
becomes important that in reality one deals with whole animals and whole carcasses. This also 
forms a problem for the age classes, as only proportions of animals in the piglet compartments 
grow up during the year instead of all piglets moving to the adult compartments after exactly one 
year after they are born. 


Regarding this model, more development and analysis is needed to improve its current form and 
use. A large range of sensitivity testing has to be done to test the effect of all parameters on the 
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course of the outbreak. A more meticulous set of runs has to be done to exactly find the right 
carcass transmission rate. These runs have to be compared to field data in more detail to find the 
most suiting carcass transmission rate. Moreover, the harsh cut-off points regarding hunting and 
scavenging of the wolf might have to be reconsidered as should the way in which these are 
modeled. The cut-off point regarding carcasses might have caused the model to behave 
unexpectedly when it reached 220-300 wolves. The cut-off points for hunting by the wolf were in 
this model regulated per compartment and regulated for the total population. Therefore, if there 
would have been fewer than 10 susceptible in a compartment but more than 10 recovered in the 
other, the wolf would only hunt recovered animals. This would of course be unrealistic. Another 
problem in relation to hunting by the wolf is that its dietary consumption is divided by three (for 
adults, piglets and carcasses), but no division is made for the three compartments of piglets and 
adults (susceptible, infected and recovered). This could have led to overconsumption of wild boar 
by these fictional wolves. The same problem exists with regard to culling. The culling rate has also 
not been divided by the number of compartments, making the culling rate cumulatively higher for 
the whole population. A culling rate made more proportional to the number of compartments, 
might have caused less dramatic effects with regard to extinction of the population. 


Moreover, due to time constraints, a lot of numerical analyses have not been done to further 
examine the results. More should be done to determine mistakes made during programming or 
processing of the data and to understand how the model behaves under different parameters and 
variables.


Overall, this is one of the first models that looks at the relationship between wolves, wild boar and 
African Swine Fever. This model does seem to suggest that the wolf influences disease dynamics 
and interventions. As with any initial exploration, this novel model has many shortcomings but 
seems sufficiently promising to be further developed, together with more field and clinical 
research on ASF, to study the questions and the results in more detail.


	 	 35



Bibliography 

• Al-Shorbaji, F., Roche, B., Britton, R., Andreou, D., & Gozlan, R. (2017). Influence of predation 
on community resilience to disease. Journal of Animal Ecology, 86(5), 1147–1158. https://
doi.org/10.1111/1365-2656.12722


• Anette, B., Anette, B., Theodora, C. V., Klaus, D., Daniel, D., Vittorio, G., Georgina, H., Daniela, 
K., Annick, L., Aleksandra, M., Simon, M., Edvins, O., Sasa, O., Helen, R., Mihaela, S., Karl, S., 
Hans‐Hermann, T., Grigaliuniene, V., Arvo, V., . . . Christian, G. S. (2020). Epidemiological 
analyses of African swine fever in the European Union (November 2018 to October 2019). 
EFSA Journal, 18(1). https://doi.org/10.2903/j.efsa.2020.5996


• BIJ12. (2022, December 23). Alles over de wolf in Nederland. Retrieved January 18, 2023, 
from https://www.bij12.nl/onderwerpen/faunazaken/diersoorten/wolf/


• Croft, S., Massei, G., Smith, G. C., Fouracre, D., & Aegerter, J. N. (2020). Modelling Spatial 
and Temporal Patterns of African Swine Fever in an Isolated Wild Boar Population to Support 
Decision-Making. Frontiers in Veterinary Science, 7. https://doi.org/10.3389/fvets.2020.00154 


• Cukor, J., Linda, R., Václavek, P., Mahlerová, K., Šatrán, P., & Havránek, F. (2020). Confirmed 
cannibalism in wild boar and its possible role in African swine fever transmission. 
Transboundary and Emerging Diseases, 67(3), 1068–1073. https://doi.org/10.1111/tbed.13468


• Diekmann, O., Heesterbeek, H., & Britton, T. (2013). Mathematical Tools for Understanding 
Infectious Disease Dynamics. Princeton University Press.


• Dooddoetleven. (2012, May 16). Wild zwijn bij dood wild zwijn 1 [Video]. YouTube. Retrieved 
January 18, 2023, from https://www.youtube.com/watch?v=M6hTZDdlgA0&feature=youtu.be


• Dooddoetleven. (2013, November 8). Wilde zwijnen bij wild zwijn Wijffelterbroek [Video]. 
YouTube. Retrieved January 18, 2023, from https://www.youtube.com/watch?v=2ZXyLLKI6dA


• Dooddoetleven. (2020, 7 april). Op de Veluwe is goed te zien hoe de dood doet leven voor 
soorten als raaf, vos, wild zwijn én wolf! [Video]. YouTube. Retrieved March 12, 2023, from 
https://www.youtube.com/watch?v=BH7E4zz0xvA


• Faunabeheereenheid Gelderland. (2022). Werkplan Grote Hoefdieren op de Veluwe 2022-2023.


• Friedrich Loeffler Institut. (2022, July 5). Afrikanische Schweinepest bei Hausschweinen in 
Niedersachsen und Brandenburg. https://www.fli.de/de/aktuelles/tierseuchengeschehen/
afrikanische-schweinepest/


• Gaudreault, N. N., Madden, D. W., Wilson, W. C., Trujillo, J. D., & Richt, J. A. (2020). African 
Swine Fever Virus: An Emerging DNA Arbovirus. Frontiers in Veterinary Science, 7. https://
doi.org/10.3389/fvets.2020.00215


• Gehman, A. L. M., & Byers, J. E. (2016). Non-native parasite enhances susceptibility of host to 
native predators. Oecologia, 183(4), 919–926. https://doi.org/10.1007/s00442-016-3784-1


• Genovart, M., Negre, N., Tavecchia, G., Bistuer, A., Parpal, L., & Oro, D. (2010). The Young, the 
Weak and the Sick: Evidence of Natural Selection by Predation. PLoS ONE, 5(3), e9774. 
https://doi.org/10.1371/journal.pone.0009774


	 	 36

https://www.fli.de/de/aktuelles/tierseuchengeschehen/afrikanische-schweinepest/
https://www.fli.de/de/aktuelles/tierseuchengeschehen/afrikanische-schweinepest/


• Halasa, T., Boklund, A., Bøtner, A., Mortensen, S., & Kjær, L. J. (2019). Simulation of 
transmission and persistence of African swine fever in wild boar in Denmark. Preventive 
Veterinary Medicine, 167, 68–79. https://doi.org/10.1016/j.prevetmed.2019.03.028


• Hall, S., Duffy, M., & Cáceres, C. (2005). Selective Predation and Productivity Jointly Drive 
Complex Behavior in Host‐Parasite Systems. The American Naturalist, 165(1), 70–81. https://
doi.org/10.1086/426601


• Interprovinciaal overleg [IPO]. (2019). Interprovinciaal Wolvenplan. IPO. Retrieved January 18, 
2023, from https://www.bij12.nl/wp-content/uploads/2019/01/Interprovinciaal-wolvenplan.pdf


• Jansman, H. A. H., Mergeay, J., van der Grift, E. A., de Groot, G. A., Lammertsma, D. R., Van 
Den Berge, K., Ottburg, F. G. W. A., Gouwy, J., Schuiling, R., Van der Veken, T., & Nowak, C. 
(2021). De wolf terug in Nederland: Een factfinding study. (Rapport / Wageningen 
Environmental Research; No. 3107). Wageningen Environmental Research. https://doi.org/
10.18174/553564


• Keuling, O., Baubet, E., Duscher, A., Ebert, C., Fischer, C., Monaco, A., Podgórski, T., Prevot, 
C., Ronnenberg, K., Sodeikat, G., Stier, N., & Thurfjell, H. (2013). Mortality rates of wild boar 
Sus scrofa L. in central Europe. European Journal of Wildlife Research, 59(6), 805–814. https://
doi.org/10.1007/s10344-013-0733-8


• Klauder, K. J., Borg, B. L., Sivy, K. J., & Prugh, L. R. (2021). Gifts of an enemy: scavenging 
dynamics in the presence of wolves (Canis lupus). Journal of Mammalogy, 102(2), 558–573. 
https://doi.org/10.1093/jmammal/gyab020


• Klich, D., Yanuta, G., Sobczuk, M., & Balcerak, M. (2021). Indirect Effect of African Swine 
Fever on the Diet Composition of the Gray Wolf Canis lupus—A Case Study in Belarus. 
Animals, 11(6), 1758. https://doi.org/10.3390/ani11061758


• Krumm, C. E., Conner, M. M., Hobbs, N. T., Hunter, D. O., & Miller, M. W. (2009). Mountain 
lions prey selectively on prion-infected mule deer. Biology Letters, 6(2), 209–211. https://
doi.org/10.1098/rsbl.2009.0742


• Kuijper, D. P. J., De Kleine, C., Churski, M., Van Hooft, W., Bubnicki, J. W., & Jędrzejewska, B. 
(2013). Landscape of fear in Europe: wolves affect spatial patterns of ungulate browsing in 
Białowieża Primeval Forest, Poland. Ecography, 36(12), 1263–1275. https://doi.org/10.1111/
j.1600-0587.2013.00266.x


• Lange, M. (2015). Alternative control strategies against ASF in wild boar populations. EFSA 
Supporting Publications, 12(7). https://doi.org/10.2903/sp.efsa.2015.en-843


• Lange, M., & Thulke, H. H. (2017). Elucidating transmission parameters of African swine fever 
through wild boar carcasses by combining spatio-temporal notification data and agent-based 
modelling. Stochastic Environmental Research and Risk Assessment, 31(2), 379–391. https://
doi.org/10.1007/s00477-016-1358-8


• Lange, M., Guberti, V., & Thulke, H. (2018). Understanding ASF spread and emergency control 
concepts in wild boar populations using individual‐based modelling and spatio‐temporal 
surveillance data. EFSA Supporting Publications, 15(11). https://doi.org/10.2903/
sp.efsa.2018.en-1521


• Lanszki, J., Márkus, M., Újváry, D., Szabó, D., & Szemethy, L. (2011). Diet of wolves Canis 
lupus returning to Hungary. Acta Theriologica, 57(2), 189–193. https://doi.org/10.1007/
s13364-011-0063-8


	 	 37



• Lelieveld, G. (2012). Room for wolf comeback in the Netherlands: A spatial analysis on the 
possibilities of settlement of wolves from European populations in the Netherlands. https://
www.wolveninnederland.nl/sites/default/files/Room for wolf comeback in the Netherlands.pdf 


• Levi, T., Kilpatrick, A. M., Mangel, M., & Wilmers, C. C. (2012). Deer, predators, and the 
emergence of Lyme disease. Proceedings of the National Academy of Sciences, 109(27), 
10942–10947. https://doi.org/10.1073/pnas.1204536109


• Mech, L. D., & Peterson, R. O. (2006a). Wolf-Prey Relations [Book]. In L. D. Mech & L. Boitani 
(Eds.), Wolves: Behavior, Ecology and Conservation (pp. 131–160). The University of Chicago 
Press. (Original work published 2003)


• Mech, L. D., & Peterson, R. O. (2006b). Wolf Social Ecology [Book]. In L. D. Mech & L. Boitani 
(Eds.), Wolves: Behavior, Ecology and Conservation (pp. 1–34). The University of Chicago 
Press. (Original work published 2003)


• Ministerie van Landbouw. (2020). Roadmap preventie introductie Afrikaanse varkenspest. In 
Rijksoverheid. Retrieved January 13, 2023, from https://open.overheid.nl/repository/
ronl-77fdb4de-5aa4-4e7c-9190-856152b0273b/1/pdf/bijlage-roadmap-preventie-introductie-
afrikaanse-varkenspest.pdf


• Ministerie van Landbouw, Natuur en Voedselkwaliteit. (2022, July 8). Besmetting met 
Afrikaanse varkenspest op een varkensbedrijf in Emsbüren Duitsland en aanvullende inzet in 
Nederland [Press release]. https://open.overheid.nl/repository/
ronl-6f8511dbdeff3d5e2534bedff66bd30ddeb356eb/1/pdf/besmetting-met-afrikaanse-
varkenspest-op-een-varkensbedrijf-in-emsburen-duitsland-en-aanvullende-inzet-in-
nederland.pdf


• Morelle, K., Podgórski, T., Prévot, C., Keuling, O., Lehaire, F., & Lejeune, P. (2015). Towards 
understanding wild boarSus scrofamovement: a synthetic movement ecology approach. 
Mammal Review, 45(1), 15–29. https://doi.org/10.1111/mam.12028


• Mur, L., Martínez-López, B., Costard, S., de la Torre, A., Jones, B. A., Martínez, M., Sánchez-
Vizcaíno, F., Muñoz, M., Pfeiffer, D. U., Sánchez-Vizcaíno, J., & Wieland, B. (2014). Modular 
framework to assess the risk of African swine fever virus entry into the European Union. BMC 
Veterinary Research, 10(1), 145. https://doi.org/10.1186/1746-6148-10-145


• Natuurmonumenten. (n.d.). Wolf. Retrieved January 18, 2023, from https://
www.natuurmonumenten.nl/dieren/wolf


• Newsome, T. M., Boitani, L., Chapron, G., Ciucci, P., Dickman, C. R., Dellinger, J. A., López‐
Bao, J. V., Peterson, R. O., Shores, C. R., Wirsing, A. J., & Ripple, W. J. (2016). Food habits of 
the world!s grey wolves. Mammal Review, 46(4), 255–269. https://doi.org/10.1111/mam.12067


• NOS. (2022, November 9). Minister wil maatschappelijke dialoog over de wolf in Nederland. 
NOS.nl. Retrieved January 19, 2023, from https://nos.nl/artikel/2451779-minister-wil-
maatschappelijke-dialoog-over-de-wolf-in-nederland


• Olesen, A. S., Lohse, L., Hansen, M. F., Boklund, A., Halasa, T., Belsham, G. J., Rasmussen, T. 
B., Bøtner, A., & Bødker, R. (2018). Infection of pigs with African swine fever virus via ingestion 
of stable flies (Stomoxys calcitrans ). Transboundary and Emerging Diseases, 65(5), 1152–
1157. https://doi.org/10.1111/tbed.12918


	 	 38

https://open.overheid.nl/repository/ronl-77fdb4de-5aa4-4e7c-9190-856152b0273b/1/pdf/bijlage-roadmap-preventie-introductie-afrikaanse-varkenspest.pdf
https://open.overheid.nl/repository/ronl-77fdb4de-5aa4-4e7c-9190-856152b0273b/1/pdf/bijlage-roadmap-preventie-introductie-afrikaanse-varkenspest.pdf
https://open.overheid.nl/repository/ronl-77fdb4de-5aa4-4e7c-9190-856152b0273b/1/pdf/bijlage-roadmap-preventie-introductie-afrikaanse-varkenspest.pdf


• O!Neill, X., White, A., Ruiz-Fons, F., & Gortázar, C. (2020). Modelling the transmission and 
persistence of African swine fever in wild boar in contrasting European scenarios. Scientific 
Reports, 10(1). https://doi.org/10.1038/s41598-020-62736-y


• Ostfeld, R. S., & Holt, R. D. (2004b). Are predators good for your health? Evaluating evidence 
for top-down regulation of zoonotic disease reservoirs. Frontiers in Ecology and the 
Environment, 2(1), 13–20. https://doi.org/10.1890/1540-9295(2004)002


• Pascual‐Rico, R., Acevedo, P., Apollonio, M., Blanco‐Aguiar, J. A., Body, G., del Rio, L., 
Ferroglio, E., Gomez, A., Keuling, O., Plis, K., Podgórski, T., Preite, L., Ruiz‐Rodriguez, C., 
Scandura, M., Sebastian, M., Soriguer, R., Smith, G. C., Vada, R., Zanet, S., . . . Carpio, A. 
(2022). Wild boar ecology: a review of wild boar ecological and demographic parameters by 
bioregion all over Europe. EFSA Supporting Publications, 19(3). https://doi.org/10.2903/
sp.efsa.2022.en-7211


• Packer, C., Holt, R. D., Hudson, P. J., Lafferty, K. D., & Dobson, A. P. (2003). Keeping the herds 
healthy and alert: implications of predator control for infectious disease. Ecology Letters, 6(9), 
797–802. https://doi.org/10.1046/j.1461-0248.2003.00500.x


• Potiek, A., Wamelink, G. W. W., Jochem, R., & van Langevelde, F. (2012). Potential for Grey 
wolf Canis lupus in the Netherlands: effects of habitat fragmentation and climate change on 
the carrying capacity and population dynamics. (Alterra-rapport; No. 2349). Alterra, 
Wageningen-UR. https://edepot.wur.nl/231021


• Probst, C., Globig, A., Knoll, B., Conraths, F. J., & Depner, K. (2017). Behaviour of free ranging 
wild boar towards their dead fellows: potential implications for the transmission of African 
swine fever. Royal Society Open Science, 4(5), 170054. https://doi.org/10.1098/rsos.170054


• Probst, C., Gethmann, J., Amler, S., Globig, A., Knoll, B., & Conraths, F. J. (2019). The 
potential role of scavengers in spreading African swine fever among wild boar. Scientific 
Reports, 9(1). https://doi.org/10.1038/s41598-019-47623-5


• Provincie Noord-Brabant, Provincie Overijssel, Provincie Gelderland, Provincie Limburg, & 
Ministerie van Landbouw, Natuur en Voedselkwaliteit. (2022). Stand van zaken beheer wilde 
zwijnen in vier provincies. Retrieved January 13, 2023, from https://www.rijksoverheid.nl/
documenten/rapporten/2022/08/11/stavaza-beheer-wilde-zwijnen-in-noord-brabant-
gelderland-limburg-en-overijssel


• Ripple, W. J., Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G., Hebblewhite, M., 
Berger, J., Elmhagen, B., Letnic, M., Nelson, M. P., Schmitz, O. J., Smith, D. W., Wallach, A. D., 
& Wirsing, A. J. (2014). Status and Ecological Effects of the World!s Largest Carnivores. 
Science, 343(6167). https://doi.org/10.1126/science.1241484


• Roffler, G. H., Eriksson, C. E., Allen, J. M., & Terborgh, J. (2023). Recovery of a marine 
keystone predator transforms terrestrial predator–prey dynamics. Proceedings of the National 
Academy of Sciences of the United States of America, 120(5). https://doi.org/10.1073/
pnas.2209037120


• Salguero, F. J. (2020). Comparative Pathology and Pathogenesis of African Swine Fever 
Infection in Swine. Frontiers in Veterinary Science, 7. https://doi.org/10.3389/fvets.2020.00282


	 	 39



• Sauter-Louis, C., Conraths, F. J., Probst, C., Blohm, U., Schulz, K., Sehl, J., Fischer, M., Forth, 
J. H., Zani, L., Depner, K., Mettenleiter, T. C., Beer, M., & Blome, S. (2021). African Swine Fever 
in Wild Boar in Europe—A Review. Viruses, 13(9), 1717. https://doi.org/10.3390/v13091717


• Tanner, E., White, A., Acevedo, P., Balseiro, A., Marcos, J., & Gortázar, C. (2019). Wolves 
contribute to disease control in a multi-host system. Scientific Reports, 9(1). https://doi.org/
10.1038/s41598-019-44148-9


• Thurfjell, H., Spong, G., & Ericsson, G. (2013). Effects of hunting on wild boar Sus scrofa 
behaviour. Wildlife Biology, 19(1), 87–93. https://doi.org/10.2981/12-027


• Qu, H., Ge, S., Zhang, Y., Wu, X., & Wang, Z. (2022). A systematic review of genotypes and 
serogroups of African swine fever virus. Virus Genes, 58(2), 77–87. https://doi.org/10.1007/
s11262-021-01879-0


• Vergne, T., Andraud, M., Bonnet, S., De Regge, N., Desquesnes, M., Fite, J., Etore, F., 
Garigliany, M., Jori, F., Lempereur, L., Le Potier, M., Quillery, E., Saegerman, C., Vial, L., & 
Bouhsira, E. (2020). Mechanical transmission of African swine fever virus by Stomoxys 
calcitrans: Insights from a mechanistic model. Transboundary and Emerging Diseases, 68(3), 
1541–1549. https://doi.org/10.1111/tbed.13824


• Wageningen University & Research. (2022, June 21). Varkenshouderij. Agrimatie. Retrieved 
January 13, 2023, from https://www.agrimatie.nl/SectorResultaat.aspx?subpubID=2232


• Wageningen University & Research. (z.d.). Veelgestelde vragen over Afrikaanse varkenspest. 
WUR. https://www.wur.nl/nl/onderzoek-resultaten/onderzoeksinstituten/bioveterinary-
research/dierziekten/virusziekten/afrikaanse-varkenspest-2/veelgestelde-vragen-avp.htm


• Wagner, C., Holzapfel, M., Kluth, G., Reinhardt, I., & Ansorge, H. (2012). Wolf (Canis lupus) 
feeding habits during the first eight years of its occurrence in Germany. Mammalian Biology, 
77(3), 196–203. https://doi.org/10.1016/j.mambio.2011.12.004


• Wilmers, C. C., Crabtree, R. L., Smith, D. W., Murphy, K. M., & Getz, W. M. (2003). Trophic 
facilitation by introduced top predators: grey wolf subsidies to scavengers in Yellowstone 
National Park. Journal of Animal Ecology, 72(6), 909–916. https://doi.org/10.1046/
j.1365-2656.2003.00766.x


• Žunna, A., Ozoliņš, J., & Pupila, A. (2009). Food habits of the wolfCanis lupusin Latvia based 
on stomach analyses. Estonian Journal of Ecology, 58(2), 141. https://doi.org/10.3176/
eco.2009.2.07"

	 	 40

https://doi.org/10.3390/v13091717
https://doi.org/10.1007/s11262-021-01879-0
https://doi.org/10.1007/s11262-021-01879-0
https://doi.org/10.1111/tbed.13824
https://www.agrimatie.nl/SectorResultaat.aspx?subpubID=2232
https://doi.org/10.1016/j.mambio.2011.12.004


Annex 1: Outbreak without wolves or interventions 
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Figure I: The effect of the carcass transmission rate (BetaE) on the averages of the total population (A.), the 
number of infected (B.) and the number of carcasses (C.)

Figure II: The course of the disease after ASF is introduced at a 1000 days for different carcass transmission rates 
(BetaE). A.: The total population wild boar; B.: The total number of infected; C. The total number of carcasses.
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Annex 2: Outbreak with carcass removal 

 

  


  


  





Fig. III: The course of the disease after ASF is introduced at a 1000 days for different carcass removal rates (r) and 
a carcass transmission rate (BetaE) of 0,0008. A.: The total population wild boar for carcass removal started at day 
1014 (A1.), day 1030 (A2.) and day 1180 (A3.); B.: The number of infected for carcass removal started at day 1014 

(B1.), day 1030 (B2.) and day 1180 (B3.); C. The number of carcasses for carcass removal started at day 1014 
(C1.), day 1030 (C2.) and day 1180 (C3.)
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Carcass removal at t=1014 




   


Table I: The smallest number of wild boar for different carcass removal rates 
starting at t=1014 (BetaE=0,0008)

Table II: The smallest number of carcasses for 
different carcass removal rates starting at t=1014 

(BetaE=0,0008)

Table III: The time at which the number of carcasses fall 
below 0,001 for different carcass removal rates starting at 

t=1014 (BetaE=0,0008)
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Carcass removal at t=1030 




      


Table IV: Lowest number of wild boar for different carcass removal rates starting at t=1030 (BetaE=0,0008)

Table V: Lowest number of carcasses for different 
carcass removal rates starting at t=1030 

(BetaE=0,0008)

Table VI: Time at which the number of carcasses fall 
below 0,001 for different carcass removal rates starting 

at t=1030 (BetaE=0,0008)
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Carcass removal at t=1180 




   "

Table VII: Lowest number of wild boar for different carcass removal rates starting at t=1180 (BetaE=0,0008)

Table VIII: Lowest number of carcasses for 
different carcass removal rates starting at t=1180 

(BetaE=0,0008)

Table IX: Time at which the number of carcasses 
fall below 0,001 for different carcass removal rates 

starting at t=1030 (BetaE=0,0008)
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Annex 3: Outbreak with culling 
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Figure IV: The course of the disease after ASF is introduced at a 1000 days for different culling rates (bc) and a 
carcass transmission rate (BetaE) of 0,008. A.: The total population wild boar for culling from day 1014 (A1.), day 

1030 (A2.) and day 1180 (A3.); B.: The number of infected for culling from day 1014 (B1.), day 1030 (B2.) and day 
1180 (B3.); C. The number of carcasses for culling from day 1014 (C1.), day 1030 (C2.) and day 1180 (C3.)
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Annex 4: Outbreak with wolf 















Figure V: The course of the initial ASF outbreak for different numbers of wolves (W) and a carcass transmission 
rate (BetaE) of 0,0008.; A.: The total population wild boar.; B.: The total number of infected.; C. The total number of 

carcasses.
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Figure VI: The comparative effect of 1 and 80 wolves (W) and different carcass transmission rates (BetaE) on the 
course of the initial outbreak. The outbreak occurs later for a lower carcass transmission rate and a smaller number 
of wolves. If 80 wolves are present, an equilibrium seems to be reached for a carcass transmission rate of 0,0002 

and 0,0001. 
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Annex 5: Outbreak with wolf and carcass removal 

Carcass removal at t=1014 




 


 


 





Fig. VII: The course of the initial ASF outbreak for different numbers of wolves (W) and carcass removal rates (r). 
Carcass removal was started at day 1014 and the carcass transmission rate was 0,0008.; A.: The total population 
wild boar for 1 wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 80 wolves (B2.).; C. 

The number of carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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Carcass removal at t=1030 




 


 


 





Fig. VIII: The course of the initial ASF outbreak for different numbers of wolves (W) and carcass removal rates (r). 
Carcass removal was started at day 1030 and the carcass transmission rate was 0,0008.; A.: The total population 
wild boar for 1 wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 80 wolves (B2.).; C. 

The number of carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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Carcass removal at t=1180 




 


 


 





Fig. IX: The course of the initial ASF outbreak for different numbers of wolves (W) and carcass removal rates (r). 
Carcass removal was started at day 1180 and the carcass transmission rate was 0,0008.; A.: The total population 
wild boar for 1 wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 80 wolves (B2.).; C. 

The number of carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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Annex 7: Outbreak with culling and carcass removal 

Carcass removal & culling at t=1014 




 


 


 





Figure X: The course of the initial ASF outbreak for different carcass removal rates (r) and culling rates (bc). 
Carcass removal and culling was started at day 1014 and the carcass transmission rate was 0,0008.; A.: The total 

population wild boar for a culling rate of 0,01 (A1.) and 0,9 (A2.).; B.: The number of infected for a culling rate of 
0,01 (B1.) and 0,9 (B2.).; C. The number of carcasses for a culling rate of 0,01 (C1.) and 0,9 (C2.).
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Carcass removal & culling at t=1030 

 

  

  

 





Figure XI: The course of the initial ASF outbreak for different carcass removal rates (r) and culling rates (bc). 
Carcass removal and culling was started at day 1030 and the carcass transmission rate was 0,0008.; A.: The total 

population wild boar for a culling rate of 0,01 (A1.) and 0,9 (A2.).; B.: The number of infected for a culling rate of 
0,01 (B1.) and 0,9 (B2.).; C. The number of carcasses for a culling rate of 0,01 (C1.) and 0,9 (C2.).
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Carcass removal & culling at t=1180 

  

 




Figure XII: The course of the initial ASF outbreak for different carcass removal rates (r) and a culling rate (bc) of 
0,01. Carcass removal and culling was started at day 1180 and the carcass transmission rate was 0,0008.; A.: The 

total population wild boar for a culling rate of 0,01; B.: The number of infected for a culling rate of 0,01; C. The 
number of carcasses for a culling rate of 0,01.
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Annex 7: Outbreak with wolf and culling 

Culling from t=1014 




 


 


 





Fig. XIII: The course of the initial ASF outbreak for different numbers of wolves (W) and culling rates (bc). Culling 
was started at day 1014 and the carcass transmission rate was 0,0008.; A.: The total population wild boar for 1 

wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 80 wolves (B2.).; C. The number of 
carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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Culling at t=1030 




 


 


 





Fig. XIV: The course of the initial ASF outbreak for different numbers of wolves (W) and culling rates (bc). Culling 
was started at day 1030 and the carcass transmission rate was 0,0008.; A.: The total population wild boar for 1 

wolf (A1.) and 80 wolves (A2.).; B.: The number of infected for 1 wolf (B1.) and 80 wolves (B2.).; C. The number of 
carcasses for 1 wolf (C1.) and 80 wolves (C2.).
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Culling at t=1180 



 


 





 

Fig. XV: The course of the initial ASF outbreak for different culling rates (bc) and 1 wolf (W). Culling was started at 
day 1180 and the carcass transmission rate was 0,0008.; A.: The total population wild boar for 1 wolf; B.: The 

number of infected for 1 wolf; C. The number of carcasses for 1 wolf.
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