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Propositions 

 

1. The perfect sentinel animal for zoonotic mosquito-borne virus surveillance does not exist. 
(this thesis) 
 

2. Veterinary practitioners and the Dutch government have conflicting interests in West Nile 
virus surveillance. 
(this thesis) 
 

3. Collaboration slows down research. 
 

4. Scientists with an interdisciplinary skillset are undervalued. 
 

5. The word model is the most ambiguous word in science. 
 

6. The Dutch healthcare system is a lottery. 
 

7. Individuals without sufficient financial resources should not be allowed to own pets. 
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Chapter 1.
General introduction



“Finally, on account of various reasons which it would be idle to relate, I asked myself 
if it was not the mosquito that transmitted the yellow fever poison.” – Dr Charles 
Finlay, Havana, 1881. 

After summing up existing evidence and results from his own experiments, Finlay came 
to the conclusion that mosquitoes were able to transmit diseases by blood-feeding (1). 
It was Jesse William Lazear, who proved in 1900 that lab-bred mosquitoes were able to 
transmit yellow fever in Havana. He died at age 34, after deliberately allowing an 
infected mosquito to bite him for his own experiment (2). One hundred years later, a 
plethora of knowledge has been generated about mosquito-borne viruses (MBVs) 
worldwide. This thesis aims to add a small piece to the MBV puzzle. Results of this 
thesis are part of a large research consortium of multiple universities and institutes 
(One Health Predicting Arbovirus Climate Tipping Points, OHPACT). This consortium 
aims to gain systemic understanding of mosquito-borne diseases, and of how their 
emergence and transmission is influenced by major environmental and social changes 
(3). One Health is defined1 as an integrated, unifying approach that aims to sustainably 
balance and optimise the health of people, animals, and ecosystems. The recognition 
that the health of humans, livestock and ecosystems are tightly linked and therefore 
need to be studied and protected jointly is therefore the starting point of the OHPACT 
consortium. 

1.1 Mosquito-borne viruses 

Arboviruses (arthropod-borne) are viruses transmitted by vectors, such as mosquitoes 
and ticks (Text box 1). Since the discovery of yellow fever virus (YFV) transmission by 
mosquitoes in 1900, many arboviruses and their corresponding diseases have been 
identified. Over 500 arboviruses are currently known (4). Some of the diseases caused 
by arboviruses have been classified as emerging infectious diseases (EIDs). EIDs can 
be described as diseases with a significant impact on animal or public health, whose 
incidence increased over the past decades or is predicted to increase in the 
foreseeable future (5). These can be divided into two main categories: (i) known 
pathogens appearing in new host populations or in new geographical areas and (ii) 
newly identified pathogens. A large proportion of emerging pathogens can be 
transmitted from an animal reservoir to the human population, so-called spill-over 
transmission (6). Spill-over, as well as other transmission pathways may lead to 
outbreaks in the human or animal population. Thereby, outbreaks of (emerging) 
arboviral diseases can cause substantial impact on human health, animal health, the 
environment and the economy. 

 
1 European Union, One Health High Level Expert Panel https://health.ec.europa.eu/one-
health/overview_en  
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Widely known examples of mosquito-borne diseases (Text box 1) in humans are yellow 
fever, Zika and dengue. Outbreaks of these diseases may cause significant public 
health impact. For example, about half the world’s population is currently at risk of 
dengue (7,8). An average of 9221 people per year died from dengue between 1990-
2013, especially children under 9 years old (9). In 2023, the highest historical record of 
over 4.1 million new infections were reported. In the first half of 2024, an increase of 
231% in cumulative incidence compared to the same period in 2023 was observed (10). 
Mosquito-borne viruses do not only affect humans. A proportion of MBVs are zoonotic 
(Text box 1) and thus may also, or only, affect animal health. West Nile virus (WNV), 
Japanese Encephalitis virus (JEV) and Rift Valley Fever virus (RVFV) are examples of 
viruses that cause disease in wildlife as well as domestic animals (11). Many zoonotic 
MBVs belong to the genera Alphavirus (family Togaviridae), Orthoflavivirus (family 
Flaviviridae) and Phlebovirus (family Phenuiviridae). Examples of viruses from these 
three genera are Sindbis virus (SINV), WNV and RVFV, respectively (12,13).  

Next to public and animal health impact, outbreaks of MBVs can lead to major 
economic impact. Estimating the economic impact caused by mosquito-borne 
diseases poses significant challenges within scientific research. This is because the 
impact encompasses not only the direct costs associated with illness, surveillance, 
control and prevention efforts but also indirect factors such as the decline in tourism 
(7,14). This was exemplified by the Zika outbreak of 2016, with an estimated cost of  

Text box 1 – Definitions 

In this thesis, I refer to animals as domestic and wild animals, not being humans or 
insects/vectors 

Arboviruses are viruses that are maintained in nature principally, or to an important extent, 
through biological transmission between susceptible vertebrate hosts by hematophagous 
(blood-sucking) arthropods. 

Vector-borne diseases (VBDs) are diseases caused by pathogens transmitted by vectors, 
including midges, ticks and sandflies. In contrast to arboviruses, these also include 
parasitic and bacterial pathogens. Examples are bluetongue, Lyme and leishmaniasis. 

Mosquito-borne viruses (MBVs) are per definition arboviruses as they are transmitted by 
mosquitoes. 

Mosquito-borne diseases are diseases caused by pathogens that are transmitted by 
mosquitoes. This also includes diseases such as Lyme or malaria (caused by bacteria or 
parasites). 

Zoonotic diseases, or zoonoses, are diseases shared between animals – including 
livestock, wildlife, and pets – and people. Zoonotic diseases can be foodborne, waterborne, 
or vector-borne, or transmitted through direct contact with animals, or indirectly by fomites 
or environmental contamination. (14) 
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US$ 18 billion in Latin America and the Caribbean (15). Socio-ethical impacts of MBV 
outbreaks are linked with public and animal health impact, as outbreaks can lead to 
decreased welfare. Societal issues may arise due to culling of animals, reduced 
welfare of pets and reduction in recreational spaces (16). Production losses, deaths 
and culling of animals affect food security and the livelihoods of humans. A striking 
example is Rift Valley fever (RVF), the disease caused by RVFV. Infections of this virus 
in ruminants cause high mortality and abortion storms in Africa and the Arabian 
Peninsula (17). The Somali Region in Ethiopia, a livestock dependent economy, 
experienced a 35% reduction in GDP ($135 million) due to trading bans implemented 
to control the spread of RVF (18). Moreover, MBVs also have an environmental impact 
encompassing the loss of affected species and effects of vector control by insecticides 
used to control or prevent transmission (19,20). This loss of species and impacts of 
vector control have the potential to disrupt ecosystems. However, the exact cascading 
effects are not yet fully understood (20). Therefore, quantifying the environmental 
impact of MBVs remains difficult (16). 

The potential impact of MBVs on either humans, animals or both, depends largely on 
their transmission cycle (Figure 1) as viruses can be transmitted between different 
vector and host species. Transmission requires a competent vector and host, in which 
amplification of the virus occurs (13,21). The majority of MBV vectors are from the 
Culex, Aedes, and to a lesser extent Anopheles and Culiseta spp. Culex mosquitoes 
are present worldwide and serve as the main vectors for many MBVs such as WNV, 
USUV, SINV and RVFV (22). Aedes mosquitoes, especially Ae. aegypti and Ae. 
albopictus, are known as the main vectors for YFV, dengue virus (DENV) and Zika virus 
(ZIKV). Aedes aegypti is widespread in the Americas, Africa, Asia and, to a lesser extent, 
Oceania (23). Aedes albopictus is even more widespread as it is also established in 
(southern) Europe and is rapidly expanding its range (23,24). The transmission cycle of 
DENV and ZIKV does not require an animal host. Such a transmission cycle is referred 
to as an urban (epidemic) cycle (25). For viruses with an enzootic cycle, wild animals 
such as birds serve as amplifying hosts. In addition to that, some viruses achieve 
(further) amplification in domestic animals; the epizootic cycle (21). JEV is a virus with 
an enzootic and epizootic cycle as it amplifies in (wild) birds as well as in domestic pigs 
(26). Spill-over to dead-end hosts may occur from enzootic as well as epizootic cycles 
(Figure 1). Dead-end hosts are hosts that can get infected, but in which the virus does 
not replicate to high enough levels to infect a vector and thus does not contribute 
further to the transmission of the virus. Infection mainly occurs via a mosquito bite, but 
for some viruses such as WNV, infection of humans may occur via blood or organ 
donation from infected donors (27,28). Examples of dead-end hosts are horses (Equus 
caballus) and humans in the case of WNV (29,30). This thesis mainly focuses on 
zoonotic MBVs with an enzootic and/or epizootic transmission cycle (Figure 1). 
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Figure 1. Mosquito-borne virus (MBV) transmission cycles and surveillance options (for 
definitions, see Text box 2). Example viruses: dengue virus (DENV), Zika virus (ZIKV), West Nile 
virus (WNV), Sindbis virus (SINV), Rift Valley Fever virus (RVFV) and Japanese Encephalitis virus 
(JEV). Urban (epidemic) cycle: amplification in humans and mosquitoes (no animal reservoir 
needed). Enzootic cycle: amplification in wild animals and mosquitoes. Epizootic cycle: 
amplification in domestic animals and mosquitoes. (Figure adapted from (25)) 

1.2 Drivers of emergence  

Emergence of MBVs is instigated by an array of factors, also referred to as drivers. Major 
drivers of MBV emergence are (1) climate & weather, (2) travel & trade and (3) land use 
& farming practices (31,32). Abundance and migration patterns of (reservoir) hosts 
such as wild birds are impacted by climate change (33). Additionally, climate change 
has a large effect on local MBV emergence as vector presence, abundance and 
competence are largely dependent on temperature and humidity (34,35). Travel and 
trade have an impact on the spread of MBVs over large as well as short distances (36). 
Infectious vectors or hosts may be introduced by trade and humans travel more 
frequently and in larger numbers, increasing introduction risk (37,38). For instance, the 
introduction of invasive exotic mosquito species such as the Asian tiger mosquito (Ae. 
albopictus) into new regions was due to trade of used tyres (39,40). As the transmission 
of viruses like DENV and ZIKV is dependent on these exotic vectors, transmission only 
occurs if vectors are established (23). 

Land use changes can be grouped in changes in water management, deforestation, 
agricultural development and urbanization (41,42). Effects of land use change on MBV 
transmission are not yet fully understood. Suggested effects are mainly linked to host 
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and vector community diversity and abundance and their responses to anthropogenic 
changes, co-infection, pathogen communities and pathogen-host-vector interaction 
(35,41). A notable illustration of the interplay between land use and farming practices 
is observed in the case of JEV transmission. The interplay of ardeids (Ardeidae), (feral 
and domestic) pigs and mosquito vectors is closely linked with landscape and climate. 
Ardeids are reservoirs for JEV and their habitat consists of (grassy) wetlands, lakes, rice 
fields and floodplains. The main mosquito vector (Culex species mosquitoes) requires 
stagnant water bodies. In Australia, water accumulated at specific land use types due 
to La Niña phases in 2022. Transient wetlands, waterways, cultivated land and 
fragmented grasslands were strongly associated with JEV outbreaks in piggeries during 
that year (43). This vector-animal-human interface is particularly relevant as it favours 
spill-over to humans (44). 

In an era of global change, we may expect to see an increase in circulation of MBVs in 
Europe, as well as their spread into new geographical regions due to increasing (global) 
travel, trade and migration (45). Furthermore, Europe is the fastest-warming continent 
in the world (46). Multiple strategies and policies have been designed and implemented 
for climate adaptation to reach climate neutrality (47). The common agricultural policy 
(CAP) was adopted by the European Union (EU) in 2021 which will result in changes 
predominantly in agricultural and rural areas (48). Climate change does not necessarily 
(only) lead to an elevated risk of MBVs. For instance, rising temperatures and droughts 
might actually reduce the risk of MBV circulation in some regions (49). Forecasting the 
emergence and spread is thus challenged by the involvement of numerous factors and 
drivers. Therefore, early detection of vectors, viruses and infections in their (potential) 
hosts is crucial to prevent the consequences of disease. 

1.3 Emergence of mosquito-borne viruses in Europe 

In Europe, multiple MBVs have emerged over the past decades, including Usutu virus 
(USUV), WNV and SINV. Since the temperate European climate is characterized by 
seasonal changes in temperature, the warm summers allow for mosquito-borne 
transmission of these viruses (50). Introduction of MBVs with a bird reservoir, such as 
WNV, is thought to be facilitated mainly by migratory birds (16,51,52). Multiple 
introductions of USUV and WNV to Europe have occurred from the 1950s onwards 
(51,53). The first USUV epidemic was observed in Austria in 2001 (54). After their 
establishment in Europe, both USUV and WNV expanded northwards in the years after. 
In 2016, a large USUV outbreak occurred in the Netherlands, leading to massive die-off 
in blackbirds (Turdus merula) and owls (Strigiformes) (55). The virus has been detected 
in the Netherlands every year since (56). Since 2004, after the introduction of WNV 
lineage 2 to Hungary, an explosive spread of WNV and an increase in human cases was 
observed in Europe. This was particularly evident in 2018, when a massive outbreak led 
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to over 2,000 human and 285 equine cases across Europe (29). In 2020, the virus was 
first detected in the Netherlands and human cases were identified in two regions 
(57,58). Interestingly, a different pattern was observed for SINV, an alphavirus with a 
wild bird reservoir. A recent study by Ling et al. (59) suggests that only a single 
introduction from central Africa to Sweden in the 1920s was needed for establishment. 
The virus first became endemic in Sweden, after which it was introduced to Finland in 
the 1960s and southward into Germany in the 1970s. This southward spread, which is 
in contrast with what was observed for USUV and WNV, is suggested to be due to 
autumn migration of the main reservoir bird species. 

1.4 Mosquito-borne virus surveillance 

Given the increasing emergence of MBVs, surveillance (Text box 2) is imperative to 
enable swift responses in terms of public health policies, control measures and 
prevention strategies. As vaccines and antiviral drugs remain unavailable for most 
MBVs (60), it is essential to detect introduction, spread and new potential (reservoir) 
hosts of MBVs rapidly. These detections allow for prevention and control of spread in 
the form of, for example, communication campaigns to increase awareness and 
reduce mosquito numbers (61). The capacity of a large proportion of MBVs to amplify 
within wildlife species constrains the ability to manage their emergence and spread. 
Nonetheless, active control of mosquitoes, travel or trade restrictions and blood and 
organ donor screening may be initiated after infections have been detected (62,63). 

Furthermore, data generated by surveillance, such as virus detections or case 
notifications, can in turn be used in statistical or mathematical models to identify risk 
factors, create risk maps or even attempt to predict future outbreaks. Output from 

Text box 2 – Definitions 
Surveillance: the systematic ongoing collection, collation, and analysis of information 
related to animal health and the timely dissemination of information so that action can be 
taken. There are six main mechanisms of surveillance: 1. Voluntary notification,  
2. Mandatory notification, 3. Outbreak investigation, 4. Sentinel surveillance, 5. Structured 
surveys, 6. Censuses (5,68) 

Passive surveillance: the examination of only clinically affected cases of specified diseases 
(continuous monitoring of the existing disease status of the populations that are studied, 
using routinely collected data which includes statutory notification of disease to produce 
outputs that can feed into policy decisions) (68) 

Active surveillance: sampling of clinically-normal animals in the population (important with 
subclinical cases and carriers) (68,69) 

Monitoring: the intermittent performance and analysis of routine measurements and 
observations, aimed at detecting changes in the environment or health status of a population 
(5) 
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these models can contribute to change or refinement of the surveillance or response 
system (64,65).  

Options for MBV surveillance consist of human, animal, vector (Figure 1) and 
environmental surveillance. The complex transmission cycles of MBVs necessitate 
comprehensive surveillance, as focusing solely on one aspect of the transmission 
cycle is insufficient to acquire a complete understanding of the ecology and 
epidemiology (25,66). Methods for detection of circulation are mainly focused on 
observation of disease or mortality, detection of the virus or detection of antibodies 
against the virus of interest. Observations of disease and mortality can only be 
obtained if the virus of interest causes significant morbidity (and mortality). Isolation of 
the virus itself provides evidence for circulation in space and time, and is possible in 
vectors, reservoir and dead-end hosts. Another benefit of virus detection is genetic 
characterisation of the pathogen, which provides essential insight in epidemiological 
patterns as well as adaptations that alter interactions with vectors and/or hosts 
(56,59,67). However, in dead-end hosts, rapid viral clearance often results in a narrow 
time window for virus detection. Antibodies generated after infection can often be 
detected in reservoir and dead-end hosts, regardless of whether they have shown 
clinical signs. Detection of antibodies provides insight into past infections, but lacks 
information on the exact time and location of infection (25). Furthermore, cross-
reactive antibody binding of viruses or viral antigens from the same genus may be 
observed (68). Notable examples are viruses from the genera Orthoflavivirus (family 
Flaviviridae) and Alphavirus (family Togaviridae). Cross-reactive antibody binding of 
viruses within specific serogroups can hamper accurate identification of past 
infections. Finally, vaccinations may elicit long-lasting neutralizing antibody 
responses, which makes it more difficult to confirm infections.  Monitoring disease and 
mortality in humans and animals relies on notification of (suspected) cases to the 
appropriate authorities. This in turn relies on awareness of physicians and/or 
veterinarians to detect possible cases (25). An interesting example is the case of SINV 
in Scandinavia. Phylogenetic analyses of SINV sequences by Ling et al. (59) indicate 
that SINV was introduced into Sweden in the 1920s, but the first case in Sweden was 
only detected in 1967. This suggests that the virus was circulating undetected for many 
decades before it was reported to cause disease. In Finland, SINV has been a notifiable 
disease since 1995, and numbers of reported cases are a 10-fold higher than in 
Sweden, where awareness is considerably lower. It is yet to be determined whether this 
difference can be fully attributed to difference in awareness, or that other factors may 
play a role (59). Other options of surveillance in humans are cross-sectional or 
repeated surveys for virus detection or serology. These surveys may be set up in 
specific risk areas, for example in outbreak investigations. Advantages of sampling 
humans compared to animals are the ability to obtain more accurate information on 
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travel history and vaccination status, high sample volumes and opportunities for 
follow-up sampling. Furthermore, testing of human blood samples is often carried out 
in regions where MBVs have been detected to prevent infections through donor organs 
or blood products. Information obtained from this screening may also be used in 
surveillance programmes. 

Mosquito-based surveillance is mainly focused on monitoring of competent vector 
presence and abundance. Additionally, mosquitoes may be tested for specific 
pathogens or blood-fed mosquitoes may be analysed to assess their feeding behaviour 
or presence of pathogens in their bloodmeals (25). According to the definition of the 
World Organisation for Animal Health (WOAH), mosquito presence and abundance 
data fall under environmental surveillance, but I list it separately here. Environmental 
surveillance from weather and climate data do not provide proof of circulation but may 
assist in surveillance, given that transmission cycles are heavily influenced by weather 
conditions, as previously mentioned (69). Temperature and rainfall data can inform 
models that help to identify high risk areas for targeted surveillance. Wastewater, 
feathers and eDNA are other examples that may provide useful sources of 
environmental data (70–72). 

Multiple European countries, such as France and Italy, have already implemented 
comprehensive surveillance systems for WNV and USUV that encompass several of 
these surveillance components (73,74). Surveillance of MBVs in the Netherlands is 
further discussed in section 1.6.  

1.5 Role of animals 

Animals can play a significant role in MBV transmission, especially in enzootic and 
epizootic transmission cycles. Infections can be detected in reservoir hosts, but also 
in dead-end hosts after spill-over has occurred (25). According to the European Animal 
Health Law (AHL), surveillance to observe abnormal fatalities or symptoms of listed 
diseases is mandatory. Whether a disease is listed is based on: (1) the disease profile 
(morbidity, mortality etc.), (2) impact of the disease, (3) potential to generate crisis 
situation or use in bioterrorism, (4) feasibility, availability and effectiveness of disease 
prevention and control measures and (5) the impact of disease prevention and control 
measures. The pathogen of interest is assessed by an expert committee using a 
standardized method (75). A brief description of the listing categories (A-E) and 
mosquito-borne disease examples are shown in Table 1. Infections caused by JEV, 
RVFV and WNV are listed as category E diseases. The early detection and notification 
of these diseases requires a certain level of awareness and monitoring/surveillance. 
Early detection of RVF (category A) is even more eminent as control and eradication 
from the EU is mandatory according to the AHL (Regulation 2016/429 on transmissible 
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animal diseases). Category A diseases also require contingency plans and outbreak 
simulations to evaluate these plans.  

In addition to legal obligations, surveillance in animals offers several advantages. 
Clinical cases and mortality in animals may precede detection in humans. Well-known 
examples are the observation of clinical WNV infections or mortality in crows (Corvus 
brachyrhynchos) or horses before human cases appear (76–78). As spill-over of MBVs 
is dependent on a plethora of factors such as vector and host abundance, vector host-
preference and land use, the ability to detect infections of MBVs in dead-end hosts 
varies per region (69,79). In areas with low numbers of horses, for example, it is 
possible that human WNV cases are not preceded by horses, as was observed France 
in 2018 (80). The observation and notification of animal cases as an early detection 
method is also called passive (symptomatic) surveillance (Text box 2). 

Table 1. Categories of listed diseases in the Animal Health Law (AHL) of the European Union (EU). 
Rift Valley fever (RVF), Venezuelan Equine Encephalitis (VEE), West Nile fever (WNF), Japanese 
Encephalitis (JE). Check marks indicate surveillance/control/eradication is mandatory for this 
category, crosses indicate this aspect is not mandatory. *No mosquito-borne disease listed in 
this category. 

 Short definition  Surveillance Control Eradication Example 

A 

Does not normally occur in EU 
and immediate eradication 
measures must be taken as 
soon as it is detected 

   RVF 

B 
Must be controlled in all 
Member States with the goal of 
eradicating it throughout EU 

   * 

C 

Measures are needed to 
prevent it from spreading to 
parts of the EU that are 
officially disease-free or that 
have an eradication program 

  Optional * 

D 

Measures are needed to 
prevent it from spreading on 
account of its entry into the EU 
or movements between 
Member States 

   
VEE, RVF 

E 
Disease for which there is a 
need for surveillance within the 
EU 

   
WNF, JE, 
RVF, VEE 
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In contrast to passive surveillance, active surveillance (Text box 2) involves sampling of 
clinically normal animals in a population (81). Active surveillance offers the advantage 
of not requiring to wait for cases to emerge and provides the option to target 
surveillance efforts to specific areas. This is especially relevant when asymptomatic 
infections are common (low morbidity) or to obtain or remain a disease-free status. 
Furthermore, it allows for observing trends in specific populations or areas that may be 
at increased risk. Examples of active surveillance are seroprevalence studies or 
serosurveys (25,66). Seroprevalence studies provide information on the proportion of 
individuals in a population with antibodies in their blood, indicating they have been 
exposed to the virus of interest. These studies can aid in assessing risk factors and 
indicate potential risk areas. Additionally, they provide information on the proportion 
of animals that is still susceptible to infection. 

Animals can be used as sentinels for MBV occurrence and spread. The word sentinel 
originates from the Latin word “sentire”, which means “to feel” or “to perceive”. In 
English, sentinel originally referred to a guard or lookout who was tasked with keeping 
watch and alerting others to potential threats or dangers. A classic example of a 
sentinel animal is the "canary in the coal mine” used to detect carbon monoxide. The 
collapse of a canary served as an early-warning for toxic gases (82). The canary sentinel 
fits the definition by Stahl (1997): "any non-human organism that can react to...an 
environmental contaminant before the contaminant impacts humans." According to 
the World Organisation for Animal Health (WOAH), sentinels are defined as: 
“Susceptible animals of known health or immune status that are regularly tested in 
specific (outbreak-prone) geographical locations to detect the occurrence of diseases 
or infections” (5). This definition thus includes animals that develop clinical signs after 
infection, as well as asymptomatic animals that develop antibodies (84). Sentinels may 
be reservoir or dead-end hosts. Sentinel surveillance can be used to detect a pathogen 
in a new area, changes in the prevalence or incidence of a pathogen over time, the 
extend (and direction) of spread, the range of infected hosts, or the effect of 
intervention strategies (85). Notably, the canary in the coal mine is not regularly tested 
and does not classify as a sentinel animal according to this definition. 

Very few studies that mention the term “sentinel” provide a definition for the term, and 
if they do, they often refer to different definitions. An important aspect in WOAH’s 
definition is the notion of regular testing, which implies repeated testing of the same 
individual(s). Often, animals are suggested as MBV sentinels but have only been tested 
in cross-sectional (sero)surveys. For some these species regular testing could be 
feasible, while for other (often wildlife) species, repeated sampling is often impossible.  
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Examples of sentinel animal species for MBVs in studies that meet the WOAH 
definition: 

 Chickens (Gallus gallus domesticus) (86–89) 
 Pheasants (Phasianus colchicus) (90) 
 Various zoo animals (91–93) 

For some species, both cross-sectional serosurveys and repeated sampling studies 
are reported and indicate these might be suitable as sentinels: 

 Dogs (Canis lupus familiaris) (94–98) 
 Domestic pigs (Sus domesticus) (99–101) 

Often, cross-sectional studies mention the potential use of specific species as 
sentinels. In these cases, animals were not repeatedly sampled: 

 Many wild bird species (102–105) 
 Equines: Horses (95,96,106,107), donkeys (Equus asinus) and  

mules (Eq. asinus × Eq. caballus) (108) 
 Wild boars (Sus scrofa) (100,109) 
 Cattle (Bos taurus) (101) 
 White-tailed der (Odocoileus virginianus) (100,110) 

Which animal species is suitable for the proposed surveillance system is dependent 
on the purpose of the system (85). For MBVs, the objectives of the system are often 
linked to rapid detection of outbreaks, evaluation of control programmes, identification 
of new and emerging diseases or proving the absence of a specific disease (81). In 
addition, a suitable sentinel species is dependent on the pathogen of interest, the 
population at risk (often humans) and the sentinel population. It is important to 
consider the species’ response to infection, relationship with the population of 
concern and the transmission cycle (85), and whether the main vectors of the virus of 
interest feed on the animal species. 

1.6 Rationale of this thesis 

The Netherlands is particularly vulnerable to outbreaks of viral diseases transmitted by 
mosquitoes due to its water-dominated landscape, dense human, livestock and 
companion animal population (111,112). In 2010, this was already acknowledged in the 
Dutch Emerging Zoonoses Information and Priority system (EZIPs) (113). The EZIPs list 
was updated in 2019, and JEV (3rd), WNV (9th) and RVFV (13th) are examples of MBVs 
listed, out of a total of 86 zoonotic pathogens. The 2010 report mentioned the following 
recommendations (among others): 
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 “Zoonotic vector-borne infections, emerging for the Netherlands, should receive 
focused, structured and structural attention.” 

 “Start or strengthen zoonotic (syndrome) surveillance systems for arthropods, 
wildlife, exotics and companion animals (pets and horses). Project-based studies 
to estimate the presence or prevalence of zoonotic pathogens in these animal 
populations should first be performed.” 

 “State-of-the-art models, focusing on specific aspects and questions rather than 
trying to be all-encompassing, are needed, for example, approaches that 
incorporate mathematical/ mechanistic models with statistical models based on 
trap data and high- (e.g., land use data) and low-resolution (e.g., climate data) 
satellite information.” 

Currently, the surveillance of MBVs in animals in the Netherlands consists of: 
mandatory notification of cases (as mentioned in 1.5), pathology and testing of dead 
wildlife (114), and serological testing of animals for export. In recent years, project-
based surveillance in mosquitoes and wild birds (USUV, WNV and SINV) and horses 
with neurological symptoms (WNV) was set-up. These projects were both led by 
research consortia such as One Health PACT, as well as government institutes. After 
the first detections of WNV in 2020, a surveillance and response plan was developed 
based on input from multiple institutions involved in the WNV response team (115). The 
action plan mentions the importance of ecological surveillance to assess if there are 
specific risk areas for virus circulation, to get an indication of the infection risks for 
humans and horses. Furthermore, the importance of animal surveillance as early-
warning method is mentioned in light of the delay of detection for human cases, which 
can be a few weeks or even longer (115). The action plan ran from 2021-2023 and in 
2024 most surveillance initiatives have halted. Next to the early detection of MBVs, it is 
important to get insight in the current seroprevalence in animals, to assess which 
animal species would serve as useful sentinels, it is important to perform 
seroprevalence studies in multiple species, including animals with asymptomatic 
infections. These studies can also reveal historical infections, providing insight in 
potential risk areas. 

1.7 Aim and outline of this thesis 

The overall objective of this thesis is to provide insight in the epidemiological situation, 
(response) surveillance options and potential risk of MBVs in animals in the 
Netherlands, in order to inform future research and surveillance strategies. The 
chapters of this thesis are focused on three main themes: knowledge about the 
presence of MBVs in the Netherlands, options for animal surveillance in response to 
virus detections and preparedness for future outbreaks. The individual chapters cover 
(research on) identified knowledge gaps with regards to (sero)prevalence of MBVs, 
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suitability of animal species for MBV surveillance, options for response surveillance 
and future transmission risk of MBVs in the Netherlands. An outline of the chapters and 
how they relate to these overarching themes is given in Figure 2. The details of 
prevention, management and control of outbreaks (e.g., the development and effect of 
control measures such as vaccines or communication campaigns) will not be 
addressed in this thesis. 

 

Figure 2. Schematic overview of the chapters of this thesis and their relation to the three main 
themes. Icons illustrate which animal species are addressed in the chapter. 

The (sero)prevalence of MBVs in the Netherlands is largely unknown. Therefore, in 
chapter 2 we investigated the baseline seroprevalence of orthoflaviviruses in horses 
and dogs in the Netherlands. A serosurvey was conducted over a timespan of a year, in 
which horse and dog sera were collected and tested for neutralizing antibodies against 
orthoflaviviruses. Secondly, we assessed the knowledge and Health Belief of Dutch 
horse owners towards MBVs, with an emphasis on WNV. Passive surveillance of WNV 
is dependent on awareness and knowledge of horse owners, as they are the first in line 
to observe symptoms in their animals. Furthermore, their intention to use preventive 
measures for themselves or their horse may aid in prevention of WNV spill-over. 

Currently, there is no evidence of SINV presence in the Netherlands. The virus has 
already been present in Sweden and Finland for decades, and more recently evidence 
of circulation was detected in Germany. To investigate whether SINV reached the 
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Netherlands, we decided to test the horse samples collected in chapter 2 for 
neutralizing antibodies against SINV in chapter 3. Next to horses, we tested humans, 
mosquitoes and wild birds sampled during the same time period for the presence of 
SINV RNA and/or neutralizing antibodies. 

To assess the potential use of wild boars in MBV surveillance, chapter 4 focuses on 
this species. Wild boars are present mainly in the (south)east of the Netherlands, and 
samples are routinely collected to maintain a disease-free status for African Swine 
Fever (ASF) and other diseases. We selected serum samples from a four-year period 
and tested those for neutralizing orthoflavivirus antibodies. The results were further 
analysed using a 3-level Bayesian hierarchical model to elucidate cross-reactive and 
co-circulation patterns of USUV and WNV. 

After the first detection of WNV in the Netherlands in 2020, research initiatives were 
instigated to assess the (continued) circulation and spread of WNV and USUV. In 
chapter 5, a serological study in the two regions where WNV cases were identified is 
described. With this study, we aimed to assess whether petting zoo and backyard 
chickens could serve as suitable sentinels for WNV and USUV in the Netherlands. This 
aim was divided in two topics: (1) assess the seroprevalence of USUV and WNV in the 
outbreak regions and (2) study the persistence of antibodies against USUV and WNV in 
chickens. In order to do this, we repeatedly sampled chickens in both regions over a 
time period of one year. Additionally, we collected mosquitoes at some of the chicken 
sampling locations. Serum samples of chickens were tested for USUV and WNV 
neutralizing antibodies and blood-meal analyses were performed to identify the animal 
species mosquitoes had fed on. 

After detection of (newly) emerged viruses, a rapid response is necessary. This 
response encompasses not only the communication and control measures, but also 
the investigation of spread of the virus by the use of additional surveillance activities. 
Animal samples may aid in the rapid identification of new areas of circulation or 
unidentified (reservoir) hosts. Possibly, this could be done with the use of existing 
animal samples. However, an overview of all sample collection and storage initiatives 
is currently not available in the Netherlands. Therefore, in chapter 6, we identified 
existing animal sample streams through a literature search and interviews. Through 
these interviews, we also investigated the barriers and conditions related to use of 
these existing samples. Furthermore, additional interviews with government institutes 
and legal experts were performed to assess the options for active surveillance in case 
use of existing samples is not possible.  

This future outlook is essential as the Netherlands is a country with an extremely high 
human and animal density. As mentioned in literature and recommended in the EZIPs 
report, statistical or mathematical models can be used to identify risk areas or predict 
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the impact of outbreaks of MBVs that have not emerged yet. Chapter 7 describes a 
model that was used to try to estimate outbreak potential of RVFV in the Netherlands. 
The aim of this study was to compare the current (reference) situation with to two 
distinct hypothetical future scenarios. Recognizing that climate change and policy 
decisions will significantly shape the country's future, we aimed to assess the effect of 
land use and climate change, combined with changes in agricultural policies on 
potential RVFV outbreaks. 

In chapter 8 I will summarize and discuss the main findings, conclusions and 
limitations of this thesis. This discussion will be focused on MBV circulation and 
possibilities for research and surveillance with a focus on the Netherlands in different 
animal species. Furthermore, I will discuss the use and interpretation of serological 
methods, implementing One Health arbovirus research and surveillance in practice, 
and raise ethical questions related to MBV surveillance in animals. Finally, I will share 
recommendations and focus for future MBV research.  
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Abstract 

Zoonotic arboviruses (arthropod-borne) of the Orthoflavivirus genus, such as West Nile 
virus (WNV), Usutu virus (USUV) and Tick-borne encephalitis virus (TBEV), are emerging 
in Northwestern Europe and pose a threat to both human and animal health. In the 
Netherlands, passive symptomatic surveillance (notification of clinical cases) in 
horses is one of the main pillars for the early detection of WNV. For such passive 
surveillance to work properly, horse owners and veterinarians need to recognize 
symptoms and report suspected cases to the authorities. Currently, little is known 
about the seroprevalence of orthoflaviviruses in domestic animals in the Netherlands. 
Therefore, this study aims at identifying the seroprevalence of WNV and USUV in horses 
and dogs in the Netherlands. Additionally, this study seeks to evaluate the knowledge 
and perceptions of Dutch horse owners towards mosquito-borne viruses. 
 
A cross-sectional serosurvey in horses and dogs was conducted between May 2021 
and May 2022. Serum samples were screened using an ELISA and doubtful and positive 
samples were confirmed by Virus Neutralization Tests for WNV, USUV and TBEV. A 
validated questionnaire, the MosquitoWise survey, was used to assess the knowledge 
and perceptions of Dutch horse owners towards mosquito-borne viruses between July 
and October 2022. The serosurvey revealed a low seroprevalence for WNV in horses 
and no WNV positive dogs were found. Similarly, a low USUV seroprevalence was found 
in dogs. The MosquitoWise survey revealed a high knowledge level for horse owners 
and high awareness of WNV vaccination but a more limited intent to vaccinate.  
 
The low seroprevalences of WNV and USUV indicate many dogs and horses remain 
susceptible, offering opportunities for trend analysis and surveillance. However, 
despite multiple recent detections of WNV, USUV, and TBEV in humans, the role of 
dogs and horses in early detection of human cases is debatable. High awareness 
among horse owners and the absence of detected equine WNV cases highlight this 
uncertainty. Continued surveillance is crucial for detecting increased virus circulation 
and protecting both animal and human health. 
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Introduction 

Zoonotic arboviruses (arthropod-borne) of the Orthoflavivirus genus are emerging in 
Northwestern Europe and pose a threat to human and animal health. Three 
orthoflaviviruses have been detected in the Netherlands so far: Usutu virus (USUV), 
West Nile virus (WNV) and Tick-borne encephalitis virus (TBEV) (117). The viruses are 
maintained in a cycle of enzootic circulation between mosquitoes and birds in the case 
of USUV and WNV and between ticks and mammals in the case of TBEV (117). Spill-
over to dead-end hosts can occur through bites of infected vectors. Although infection 
often goes unnoticed in animals, clinical disease has been reported in birds (USUV and 
WNV), horses (WNV and sporadically for USUV and TBEV) and dogs (WNV and TBEV) 
(11). In humans, WNV and TBEV infections generally cause mild, flu-like symptoms but 
can develop into severe neurological disease in a small percentage of cases. In 
contrast, USUV infection rarely leads to severe human disease (117). 
 
Mosquito-borne orthoflaviviruses have been present in Europe for over two decades. 
USUV was first detected in Austria in 2001 and, retrospectively, found in Italy in 
samples from 1996 (118). WNV is one of the most widespread arboviruses in the world 
and has been present in Europe since 1996. Both USUV and WNV have now been 
detected in many parts of Europe. However, no clinical cases have been detected in 
the United Kingdom (UK) and Scandinavia (62,119). Bagaza virus (BAGV), an 
orthoflavivirus from the Ntaya serocomplex, appears to be restricted to Spain and 
Portugal (120). Tick-borne orthoflaviviruses TBEV and Louping ill virus (LIV) have been 
present in Europe for almost a century. LIV detection is primarily limited to the British 
Isles, but cases have also been detected in Norway and Spain (121). TBEV is 
widespread in Europe, including the UK (122). Over the past decade, orthoflaviviruses 
have been moving towards the Netherlands, resulting in the first detection of USUV in 
2016 (123). USUV caused large bird die-offs in the Netherlands during an outbreak and 
has been detected in birds and mosquitoes every year since its detection (55,56). Since 
2016, twelve human cases of TBEV have been identified, and the virus has also been 
detected in ticks and wildlife (124). In 2020, WNV was first detected in the Netherlands 
in birds and mosquitoes (58). Since then, eight human cases have been identified in 
two regions (57,125). The virus was detected again in a Grey Heron (Ardea cinerea) in a 
new region in 2022 (126). 
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Within the Orthoflavivirus genus, there are multiple serocomplexes that consist of 
antigenically related viruses (68,127). USUV and WNV are part of the Japanese 
encephalitis (JE) serocomplex, while TBEV and LIV are part of the TBE serocomplex 
(127,128). Antibodies within a serocomplex may show significant cross-reactive 
responses in serologic analyses. Moreover, cross-reactions even occur between 
viruses from the JE and the Ntaya serocomplex (129). Cross-reaction hampers the 
diagnosis of clinical cases, as well as, the estimation of seroprevalence in a 
population. As many orthoflaviviruses co-circulate in parts of Europe, co-infection, or 
sequential infection of multiple viruses in one host, may occur. This further 
complicates the diagnosis and correct identification of the infecting virus(es). For 
seroprevalence studies, the general approach is to use a screening method with a 
sensitive but less specific test (30,117,130). Positive samples are then confirmed using 
Virus Neutralization Tests (VNTs) or similar neutralization tests (30,130). To conclude 
which virus had been the infecting virus, titres between cross-reactive viruses are 
compared and a fourfold difference or greater is regarded to indicate the infecting virus 
(30).  
 
Early-detection and surveillance strategies are regularly used to protect human and 
animal health from emerging arboviruses. Usual surveillance strategies include vector, 
animal and human surveillance or a combination of these (117). In the Netherlands, 
passive symptomatic surveillance in horses is one of the pillars of early detection of 
WNV, in addition to human, bird and vector surveillance (115). For the symptomatic 
surveillance to work accurately, horse owners and veterinarians need to recognize 
symptoms and report suspected cases to the authorities (116). As mammals do not 
often display overt clinical signs of disease, serological investigations are often used in 
surveillance programs to investigate past virus circulation or spread. Commonly used 
mammal species for serological investigations are horses, dogs and wildlife, such as 
deer and wild boar (100,131–133). However, horses can be vaccinated against WNV. 
While vaccination protects against disease, it also interferes with serological 
diagnostics. This interference is mainly seen for IgG detection, but IgM detection after 
recent vaccination has also been described (128,134,135). As such, the use of horses 
for surveillance is limited in areas where a large proportion of the population has been 
vaccinated (117).  
 
To date, few studies have investigated the seroprevalence of the abovementioned 
viruses in the Netherlands (136,123,137). However, cross-sectional or longitudinal 
serosurveys may provide useful information on risk regions and risk factors, which may 
guide future surveillance or intervention strategies. The Netherlands has a large equine 
community with an estimated number of 450,000 horses and 400,000 active riders 
(138). In addition, around 1.8 million dogs are kept as pets (139). Thus, these widely 
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distributed species may be useful in arboviral surveillance. Additionally, no studies 
have been performed to investigate perceptions and preventive behaviours of horse 
owners towards mosquito-borne viruses (MBVs) in the Netherlands. This is crucial 
because these perceptions and behaviours are key in the current symptomatic 
surveillance strategy. 
 
In this study, we set out to determine baseline seroprevalences for USUV and WNV in 
horses (Equus caballus) and dogs (Canis lupus familiaris). Additionally, we investigated 
horse owner perceptions and preventive behaviours towards MBVs, with a special 
focus on WNV, by using an online questionnaire. By combining these two methods, we 
aimed to get a better understanding of the potential role of domestic animals for 
orthoflavivirus surveillance in the Netherlands. 
 
Materials and methods 

A cross-sectional serosurvey was used to estimate seroprevalences of WNV and USUV 
in horses and dogs in the Netherlands. Additionally, horse owners and caretakers’ 
(hereafter called horse owners) perceptions and preventive behaviours towards MBVs 
were assessed by using an adapted version of the MosquitoWise survey (140).  

1. Serosurvey 
1.1 Study design and sampling 
The required sample size was 381 samples per species (CI 95%, error 1%), with an 
estimated seroprevalence of 1% and an estimated population of 450,000 horses and 
1.8 million dogs (141). Veterinary practices were recruited through advertisements in 
e-mail, digital newsletters, social media (Facebook and LinkedIn), the Netherlands 
Journal of Veterinary Science and personal communication. All veterinary practices 
treating horses, dogs or both were eligible to participate in the study. 
 
Animals were selected by the participating veterinarians. Animals were only enrolled if 
they were over one year old, had never been abroad and were never vaccinated against 
WNV (due to its interference with the diagnostic tests). Informed consent was acquired 
from owners prior to including their animal(s) in the study. A maximum of five animals 
per holding were included. Sampling took place from 1 May 2021 until 1 May 2022. 
 
Serum samples were collected by jugular or cephalic venepuncture. A questionnaire 
was filled out for each animal (in Dutch, available in supplementary material B). At the 
laboratory, sera were stored at -20°C until testing. 
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1.2 Serological assays 
Laboratory analyses were performed at the Dutch national reference laboratory for 
notifiable diseases in animals in Lelystad. All samples were initially screened for 
orthoflavivirus antibodies by a commercial WNV enzyme-linked immunosorbent assay 
(ELISA) (ID Screen®, West Nile Competition Multi-species, IDvet Innovative 
Diagnostics, France). This ELISA detects anti-E protein antibodies of both USUV and 
WNV and is known to show cross-reactions to other orthoflaviviruses such as TBEV 
(130). In addition to the standard manufacturer protocol, a dilution series of the 
positive control was tested (1:8 and 1:16). The signal to noise (S/N%) was calculated by 
using the mean optical density (OD) value of the two negative controls. Horses sampled 
from the 1st of May until the 2nd of November 2021 (with sufficient amount of serum left) 
or with doubtful and positive competition ELISA results were also tested for WNV IgM 
antibodies by a commercial ELISA (ID Screen®, West Nile IgM Capture, IDvet Innovative 
Diagnostics, France). This was done to test for recent infections.  

Doubtful and positive horse and dog samples were subsequently tested by Virus 
Neutralization Tests (VNTs). Sera were tested in duplicate in VNTs for WNV, USUV and 
TBEV, according to a previously described method (30). In short, sera were inactivated 
for 30 minutes at 56°C. Three-fold serial dilutions were made ranging from 1:10 to 
1:2430 for WNV and USUV and from 1:20 to 1:4860 for TBEV. Subsequently, 50ul 
containing about 100 TCID50 of either WNV (GenBank accession no. HQ537483), 
USUV (GenBank accession no. OP007489) or TBEV (GenBank accession no. M77799) 
was added to each well and incubated at 37°C in 5% CO2 for 1.5 hours. The virus titre 
was confirmed by performing back titrations alongside the VNTs. Positive 
(experimentally infected horse for WNV, field infected bird for USUV, vaccinated 
human for TBEV) and negative (Dutch horses pooled sample, 2007) controls were 
included. Finally, 50uL of virus susceptible cells were added, meaning 15000 cells/well 
Vero-CCL81 cells for WNV and USUV or 7500 cells/well BHK-21 cells for TBEV. Plates 
were then incubated for four (TBEV) or six (WNV and USUV) days at 37°C in 5% CO2. 
Readout was performed by scoring each well for the degree of cytopathic effect (CPE). 
Titres of each replicate were calculated using the reciprocal dilution at which 50% or 
more CPE was present. The titre for each sample was calculated as the average of titres 
of both duplicates after logarithmic transformation. Titres of ≥10 (USUV and WNV) or 
≥20 (TBEV) were considered positive as determined by testing reference samples of 
naturally and experimentally infected equines and/or birds and negative equine 
samples. Additionally, samples just below ELISA cut-off (S/N% values 50-60) were 
tested in all VNTs, and none of those had a neutralizing titre. Infection with a specific 
virus was confirmed if the VNT titre for the specific virus was at least four-fold higher 
compared to the other virus(es). In case the titre difference was smaller, results were 
classified as undetermined orthoflavivirus exposure. To double-check if animals with 
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positive samples complied with all inclusion and exclusion criteria, veterinarians of 
ELISA-positive animals were contacted and asked to confirm vaccination and travel 
history. 

2. MosquitoWise survey 
The MosquitoWise survey was developed for a European-wide audience and is based 
on an adapted Health Believe Model (HBM) (140). The survey was designed to measure 
health belief and intent to show preventive behaviour against MBVs. Additionally, other 
questions to obtain information on demographics and sources of information were 
included. For this study, seven additional questions were added and are shown in 
supplemental material C. These questions were shown only to Dutch participants who 
answered “Yes” to the question “Do you own or take care of at least one horse for a 
minimum of one day per week?”. Horse owners were recruited through advertorials in 
newsletters from Dutch equine organisations (KNHS, KWPN and FNRS), social media 
posts (LinkedIn, Twitter and Facebook) and an online equine forum (Bokt.nl). The 
recruitment period ran from July 2022 until October 2022, after which the questionnaire 
was closed.  

3. Data analysis 
MosquitoWise answers were extracted from the LimeSurvey platform in November 
2022. Data from both the seroprevalence study and MosquitoWise survey were stored 
in Microsoft Excel (version 2208). Postal codes were converted into two-digit postal 
codes to ensure pseudonymization of owner data. Results were analysed with R by 
using RStudio, version 2023.03.1+446. The observed seroprevalence was calculated 
as the percentage of VNT confirmed samples for a specific virus out of the total sample 
size for that species. MosquitoWise knowledge scores were determined by awarding 
one point to each correct knowledge question answer and then calculating the total 
number of points (min. 0, max. 9 points). Participants were then divided into minimum 
(0-2 points), intermediate (3-6 points) and high knowledge (7-9 points). Reverse barrier 
scoring was used in calculation of the HBM sum score and in the barriers construct 
score. A higher barrier construct score, thus, indicates lower barriers for using 
prevention measures were experienced by respondents. 

Results 

1. Serosurvey  
In total, 61 veterinary practices agreed to participate in the study. Eventually, 47 
practices submitted one or more serum samples during the study period. They 
collected 628 sera: 258 from dogs and 370 from horses (see Table 2). Samples were 
collected in all 12 provinces of the Netherlands. Most samples originated from Utrecht 
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(24%), South-Holland (19%) and North-Brabant (19%). All data obtained in the 
serosurvey is shown in supplemental material A. 

Table 1. Results of ELISA positive sera tested in VNTs. (WNV: West Nile virus, USUV: Usutu virus 
and TBEV: Tick-Borne Encephalitis virus). †age in years 

Animal ID Species Age† WNV USUV TBEV Conclusion 

4 Horse 14 <10 <10 <20 Negative 

67 Horse 13 <10 <10 <20 Negative 

118 Horse 5 <10 <10 <20 Negative 

122 Horse 10 30 <10 <20 WNV infection 

133 Horse 5 <10 <10 <20 Negative 

179 Horse 16 5.7 <10 <20 Negative 

194 Horse 24 <10 <10 <20 Negative 

208 Horse 13 <10 <10 <20 Negative 

249 Horse 17 <10 <10 11.5 Negative 

258 Dog 10 <10 <10 <20 Negative 

328 Horse 18 <10 <10 <20 Negative 

343 Dog 6 <10 <10 <20 Negative 

366 Horse 11 <10 <10 <20 Negative 

447 Dog 7 5.7 <10 <20 Negative 

488 Dog 10 10 10 <20 
Undetermined 
orthoflavivirus 

525 Dog 7 <10 <10 <20 Negative 

593 Dog 14 <10 17.3 <20 USUV infection 

602 Horse 12 Cell toxicity <20 Not interpretable 

 
1.1 Serology 
Seven dogs (7/258) and 18 horses (18/370) had doubtful or positive ELISA results. 
These 18 horses all tested negative for IgM antibodies. All competition ELISA negative 
horses sampled from 1st of May – 2nd of November 2021 (n=166) also tested negative for 
IgM antibodies, except for one horse with a borderline doubtful result (S/P 36%). Seven 
ELISA positive animals (6 horses and 1 dog) were excluded from further analyses. Four 
horses appeared to have been vaccinated, two had been abroad and there was 
insufficient serum present to perform VNTs for one dog. More information on the 
excluded animals can be found in supplemental material D. Table 1 shows the results 
of all ELISA positive sera tested in VNTs. A spatial overview of the results of the 
serosurvey is shown in Figure 1. The map shows that the seropositive animals were 
located near areas where USUV, WNV and TBEV (includes virus and serological 
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detections) had been detected in mosquitoes, wildlife or humans from 2016 until May 
2022 (56,58,142). 

Based on these results, an observed seroprevalence of 0.27% (1/364, 95% CI [0.00-
0.81]) was found for WNV in horses. One dog was USUV positive, resulting in an 
observed seroprevalence of 0.39% (1/257, 95% CI [0.00-1.15]). 

 
Figure 1. Serosurvey results shown in two-digit postal code areas. Earlier detections (colour 
shaded areas) published up to the end of the serosurvey in May 2022 are included (56–58,143). 
Map was created by using QGIS, version 3.22.5. 

1.2 Serosurvey questionnaire 
Table 2 shows the owner responses to the serosurvey questionnaire. Most dogs (79%) 
were housed in urban areas, while most horses (75%) were housed in agricultural 
areas. The amount of time spent outside differed systematically between both species. 
While most dogs daily spent 0-6 hours outside, the majority of horses spent >6 hours 
outside. Interestingly, a higher percentage of dogs received insect repellents, yet more 
dogs than horses had one or more ticks removed during the 12 months before 
sampling. Due to the small number of detected WNV and USUV infections in this study, 
we could not perform any further analyses on risk factors based on answers from the 
owner questionnaire. 
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Table 2. Results of the serosurvey owner questionnaire, N(%) for horses and dogs separately. 
†median (Inter Quartile Range)  

Species 

Horse, N = 364 Dog, N = 258 

Age 12 (6, 17)† 4 (1, 8)† 

Sex 
  

Female 196 (54%) 139 (54%) 

Male 168 (46%) 119 (46%) 

Housing area 
  

Agricultural 273 (75%) 43 (17%) 

Agricultural/nature 8 (2.2%) 2 (0.8%) 

Urban 51 (14%) 204 (79%) 

Urban/nature 3 (0.8%) 3 (1.2%) 

Nature 28 (7.7%) 5 (1.9%) 

Amount of time spent outside per day (/24h) 

0-6 hours 92 (25%) 203 (79%) 

6-12 hours 139 (38%) 40 (16%) 

12-18 hours 30 (8.2%) 7 (2.7%) 

>18 hours 103 (28%) 6 (2.3%) 

Use of repellent in vector season 

No 236 (65%) 88 (35%) 

Yes 128 (35%) 166 (65%) 

Tick(s) removed within 12 months prior to sampling 

No 328 (90%) 171 (67%) 

Yes 35 (9.6%) 83 (33%) 

Type of outdoor space 

Paddock 33 (9.1%) - 

Pasture 154 (42%) - 

Both 176 (48%) - 

Use of a blanket during vector season (April-November) 

No 224 (62%) - 

Yes 140 (38%) - 

Number of horses on premise 

1-2 51 (14%) - 

3-10  141 (39%) - 

10-20 32 (8.8%) - 

>20 140 (38%) - 
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2. MosquitoWise survey targeted at horse owners 
2.1 Demographics 
The horse owner-targeted survey was accessed 535 times during the sampling period. 
A total of 235 responses were excluded due to incompleteness (n=216), not owning or 
taking care of a horse (n=18) or living outside of the Netherlands (n=1). Full responses 
were obtained from 300 horse owners. Of the respondents, 279 (93%) were female and 
14 (4.7%) were male.  
Ages of respondents ranged from 18 to 86 years with a median age of 41, which is lower 
than the median age of the Dutch population (42.4) (144). Most respondents completed 
post-secondary education or higher (89%) and were employed when filling out the 
survey (79%). A large proportion (27%) of respondents were working as healthcare 
practitioners or technical and healthcare supporters at the time of the study, whereas 
the overall Dutch employment in healthcare is 16% (145). The majority of the survey’s 
respondents lived in rural areas (68%), compared to only about 30% of the total Dutch 
population (146). 

2.2 Knowledge and HBM scores  
Knowledge scores ranged from 0 to 9, with a median of 6 and mean of 5.96. Twelve 
horse owners (4%) had a minimum knowledge level, 154 (51.33%) had an intermediate 
knowledge level and the remaining 134 (44.67%) had a high knowledge level. Scores for 
separate constructs and the total HBM score are shown in Table 3. The high ‘cues to 
action’ construct score indicates that cues have a positive effect on the horse owners’ 
overall intent to use preventive measures. The perceived severity scores indicate that 
horse owners are aware that infections with MBVs can lead to (severe) disease in 
humans. The overall mean HBM score was 29.41. This suggests that horse owners have 
a moderate to moderately high level of intention to use prevention measures (to protect 
themselves) based on the HBM framework.  

Table 3. Health belief model construct and total scores for horse owners. HBM: Health Belief 
Model. The construct score range is 1-7. The total HBM score range is 6-42. 

Construct 
Mean [25%-75%] Median score 

N = 300 
Perceived susceptibility 4.34 [3.75-5.00] 4.25 

Perceived severity 5.48 [4.67-6.00] 5.67 
Perceived benefits 4.81 [4.33-5.33] 5.00 
Perceived barriers 4.85 [4.00-6.00] 5.00 

Cues to action 5.28 [4.67-6.00] 5.33 
Self efficacy 4.65 [4.00-5.50] 4.75 

HBM total score 29.41 [27.29-31.58] 29.46 
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2.3 Horse owner specific questions 
Most horse owners were aware of the option to vaccinate their horse(s) against WNV 
(85%). However, just over half (50.67%) of the horse owners would consider to 
vaccinate or were already vaccinating their horse(s) yearly. Yearly vaccination was 
described as a double vaccination in the first year, followed by a yearly single 
vaccination of approximately €55, excluding call-out fees. Respondents were then 
asked whether they applied preventive measures against insect bites for their horse 
(not specifically against mosquitoes). For this question, the most frequently chosen 
multiple-choice options ‘use of a fly mask’ (72.33%), ‘daily use of insect repellent 
spray’ (54%) and ‘use of a fly blanket’ (57.33%). Additionally, 33 respondents used the 
‘other’ textbox to describe their preventive measures. These responses included a wide 
range of answers, such as spraying insecticides in the stable, changing feed or 
supplements and encouraging natural enemies (e.g., Hirundinidae species). A few 
respondents gave answers unrelated to prevention of insect bites, such as vaccination 
and prednisone administration. Twenty-three horse owners (7.67%) did not take any 
preventive measures. Respondents were asked for which symptom(s) in their horse(s) 
they would contact their veterinarian. Answers to this question, shown in Figure 2, 
indicate that most horse owners would contact their veterinarian for symptoms such 
as fever and neurological symptoms. Only two respondents (0.7%) indicated they 
would not contact their veterinarian for any of the mentioned symptoms. 

Social media (22.3%) and online equine fora (24.3%) (Bokt.nl in our case) were the most 
frequently mentioned sources of information for mosquitoes and MBVs. The (equine) 
veterinarian is another important information source (19.3%). Interestingly, 45.8% of 
horse owners did not recently read or receive any information about MBVs via any of 
the proposed information channels.  

Figure 3 shows the 7-point Likert scale responses to the two remaining questions. A 
majority felt that their veterinarian was responsible for informing them about MBVs in 
horses. About half of the respondents removed breeding sites in the stabling area. 
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Discussion 

In this study, we investigated the seroprevalence of WNV and USUV in domestic horses 
and dogs and studied the MBV knowledge and perceptions of horse owners in the 
Netherlands. We found a low observed seroprevalence for USUV and WNV between 
May 2021 and May 2022. The MosquitoWise survey revealed a high knowledge level for 
horse owners and high awareness of WNV vaccination but a lower intention to 
vaccinate. 

Serosurvey 
The required sample size as calculated prior to the study was not met for both horses 
and dogs. Veterinarians received monthly reminders to submit samples, but many 
practices mentioned the effect of COVID-19 pandemic measures and personnel 
shortage on their ability to cooperate. Some equine veterinarians actively promoted 
WNV vaccination at the start of 2021, lowering the number of horses suitable for 
inclusion in the study. 

This was the first study to investigate the seroprevalence of WNV and USUV in domestic 
animals in the Netherlands. In 2018, Zaaijer et al. (123) performed an USUV screening 
study in Dutch blood donors and found that 0.45% of the donors showed USUV IgG 
responses in September and a similar result was found in Dutch bird ringers in 2021 
(147). Our findings are in line with both studies in humans. The low seroprevalence for 
USUV is interesting considering the circulation of the virus since 2016 and high impact 
on the bird community (55). Possible explanations for this finding are that antibody 
titres of our study animals had already waned or that animals were never infected, 
potentially due to housing conditions or specific host-preferences of vectors (53).  

Horses are extensively used for WNV seroprevalence studies throughout Europe (148). 
In eastern Germany, Ganzenberg et al. (149) found a seroprevalence of 5.8% for WNV 
in horses in 2020. It is noteworthy that they also included animals with a foreign 
background. In eastern Austria, seroprevalence in horses was 15.5% for TBEV, 5.3% for 
WNV and 0% for USUV in 2017. Again, some horses had questionable countries of 
origin or travel history. Therefore, they also mention an ‘autochthonous prevalence’ of 
1.2% for WNV (150). We also noted the exclusion of six horses as owners initially did 
not declare the right country of origin or vaccination status. This highlights the fact that 
our data, and also that from other studies, should be interpreted with caution. Equine 
WNV seroprevalence in Spain is much higher, namely 19.7% in western Spain (in 2018-
2019) and even 25.0% (in 2020) in feral horses in the south-west (151,152). Multiple 
countries have used dogs to study WNV, TBEV and (to a lesser extent) USUV 
seroprevalence (132). In France, an USUV seroprevalence of 1.08% was found in dogs 
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between 2016 and 2020. This seroprevalence is slightly higher than our findings. In the 
same study, a higher seroprevalence was found for both USUV (3.83%) and WNV 
(13.19%) in horses (74). Differences in seroprevalence between countries and animal 
species can be explained by many factors, such as endemicity of the virus, sampling 
strategy, demographics and housing conditions of the animals. Furthermore, there are 
notable differences in types of diagnostic methods used, which hampers comparability 
of seroprevalence estimates between countries (132,148). 

The majority of doubtful and positive ELISA sera turned out to be negative in all VNTs, 
while specificity is presumed to be high for horse sera (130). An explanation for this may 
be waned antibody titres below detection limits of the VNTs. Orthoflavivirus antibody 
persistence differs per virus and for each host species. Evidence suggests long term 
persistence of antibodies for WNV and TBEV in multiple species, including horses (153–
155). No studies have been published on orthoflavivirus antibody waning in dogs. 
Furthermore, the higher starting dilution of TBEV compared to that of USUV and WNV 
might have resulted in false negative outcomes for sera in the TBEV VNT. Another 
explanation may be that these ELISA positives could be due to circulation of other 
viruses not tested for neutralizing antibodies in this study, such as BAGV or LIV. This 
was also suggested by a recent study performed by Laidoudi et al. (96) in France. 
However, published BAGV detections in Europe are limited to Spain and Portugal (156). 
Furthermore, there are no publications of BAGV infections in dogs and horses. LIV 
infections in horses have been described, but cross-reactions with WNV or USUV have 
not been investigated nor reported (157,158). 

The owner questionnaire revealed interesting results on possible risk factors, even 
though a formal risk factor analyses could not be performed. The combination of a 
relatively high percentage (65%) of repellent use in dogs, combined with the limited 
amount of time they spend outside, may be the cause of the low seroprevalence 
observed in this study. Interestingly, dog owners reported more frequent tick removals 
(33%) than horse owners (9.6%). This observation may be explained by the fact that dog 
owners actively search for ticks, and dogs may spend more time in tick-infested 
vegetation compared to horses. Moreover, a smaller percentage of horse owners (35%) 
indicated that they used insect repellents compared to dog owners (65%). However, it 
should be noted that we did not ask owners what type of repellents were used. 
Repellency and efficacy differ per repellent type and, thus, may influence the results 
(159).  

Other studies claimed the use of military or hunting animals as suitable species for 
arbovirus surveillance because of their frequent exposure to vectors (95–97,132). A 
significant difference between seroprevalence in pet dogs and hunting dogs was found 
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by García-Bocanegra et al. (132) in Spain. Future studies to investigate the 
seroprevalence of orthoflaviviruses in the Netherlands could focus on animals that 
spend more time outdoors or are used for hunting or military work. Another option 
would be to investigate the potential of other animal species, such as (captive) birds, 
e.g. chickens, goat, cattle or wildlife. 

MosquitoWise 
The MosquitoWise survey in horse owners revealed a higher mean knowledge score 
compared to the Dutch general public. Abourashed et al. (140) found a mean 
knowledge score of 4.34, while the horse owner mean score was 5.96 on a scale from 
0 to 9. Additionally, all mean and median scores for separate constructs were higher, 
except for the perceived benefits of prevention measures. The higher perceived 
reversed barriers construct score implies horse owners experience lower barriers to 
use prevention measures, compared to the Dutch panel. The total mean HBM score in 
horse owners is 1.3 points higher than in the Dutch panel, which indicates that horse 
owners have more health belief and more intent to show preventive behaviour (140). 
Scores may be influenced by the fact that horse owners are a specific subpopulation 
of the Dutch general public. Of our respondents, 93% were female, and the median age 
of 41 was lower compared to the Dutch median of 49. The majority live in rural areas 
(68%) and a substantial proportion works in healthcare related professions. The 
already mentioned bias in gender, age and profession is also found in other studies 
from the UK (116,160). 

There are few published studies on knowledge or attitudes towards MBVs in horse 
owners in Europe. Chapman et al. found that 65.4% of horse owners correctly 
identified mosquitoes from an image (116). The majority (83.1%) of their respondents 
were aware that WNV can affect horses, which is similar to the percentage of 
respondents in our study (85%) when asking about awareness of the possibility of WNV 
vaccination. Horse owner intent to vaccinate against WNV was much higher (80.1%) 
compared to our results (50.67%), but it should be noted that we did not ask 
specifically for vaccination intent ‘in the case of a WNV outbreak event’ in contrast to 
their study. Factors limiting willingness to vaccinate can be related to concerns about 
side effects and efficacy, lack of risk of disease and associated cost, among others 
(116,161).  

Owners feel their veterinarian is responsible for providing them with information about 
MBVs, which also aligns with earlier research (116). Most horse owners will contact 
their veterinarian if their horse shows symptoms associated with WNV infection, such 
as fever, neurological symptoms and muscle twitching. This contact between owner 
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and veterinarian may aid in early detection of WNV cases. However, this also requires 
awareness of, and rapid notification of, suspected cases by veterinarians. 

Conclusions 

The low seroprevalences of WNV and USUV indicate many dogs and horses remain 
susceptible, offering opportunities for trend analysis and surveillance. However, 
despite multiple recent detections of WNV, USUV, and TBEV in humans, the role of 
dogs and horses in early detection of human cases is debatable. High awareness 
among horse owners and the absence of detected equine WNV cases highlight this 
uncertainty. Continued surveillance is crucial for detecting increased virus circulation 
and protecting both animal and human health. Additionally, veterinarians’ awareness 
and intentions to notify suspected cases need further investigation. 
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Supplementary material 

Supplemental material A. Serosurvey data – Information and test results obtained 
in the serosurvey of horses and dogs 
 
Available through:  
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Supplemental material B. Translated submission form serosurvey participants 
 

Information sampled animal: 
Housing conditions (during mosquito season April-November)* 

What is the area of 
residence of the animal? 

Urban area Agricultural area Nature area  

How many hours does the 
animal spend outside per 
day? 

0-6 hours 6-12 hours 12-18 hours 
More 

than 18 
hours 

Do you use an insect 
repellent (like a spray, 
collar or pipette)? 

Yes No 

Have you removed a tick 
from your animal during the 
past 12 months? 

Yes No 

Please only respond to the questions below when the submitted sample is from a horse 
How does the horse get 
turned out during this 
period? 

Pasture Paddock Both  

Do you use a blanket for the 
horse during this period? 

Yes No 

What is the number of 
horses housed at the 
premise where the horse is 
stabled? 

1-2 3-10 10-20 >20 

 

*mandatory field 

  

  

Practice name*  
Postal code veterinary practice*  
Animal information 
Name of the animal  
Postal code place of residence animal*  
Municipality place of residence animal*  
Birth date* (minimum 1 year old)  
Sex*  
Breed (in case known)  
Sampling date*  
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Supplemental material C. Translated MosquitoWise questionnaire addition 
specifically directed to horse owners and caretakers 
 
Section J: part 10. Horses and mosquitoes 
In this part of the survey we will ask you some questions about mosquito-borne viruses in 
horses. 

J1. Have you ever heard about the possibility to vaccinate your horse(s) against West Nile 
Virus? 

� Yes 
� No 

J2. I would consider yearly vaccinating my horse(s) against West Nile Virus (or have already 
done so) 
*Vaccination of your horse costs approximately 55 euros per year (excluding call-out fees) 

� Yes 
� No 

J3. Which preventive measures do you take to protect your horse(s) against insect bites* during 
the mosquito season (March through September) 
*This question is about all preventive measures against insects (including mosquitoes) 

� Use of insect repellent spray (daily) 
� Use of a fly blanket 
� Use of a fly mask 
� Use of a ventilator inside the barn/stable 
� Removal of possible breeding sites in and around the stable/premise 
� Stabling my horse(s) during sunrise and sunset 
� I do not take any preventive measures 
� Other: … 

J4. During mosquito season (March through September), I will ensure there are no mosquito 
breeding sites around my horse’s stable 

� Strongly agree 
� Agree 
� Somewhat agree 
� Neutral 
� Somewhat disagree 
� Disagree 
� Strongly disagree 

J5. For which of the following symptoms in your horse(s) would you contact a veterinarian? 
 

� Fever 
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� Neurological symptoms (weakness in hindlimbs, paresis, ataxia paralyses, 
convulsions) 

� Loss of appetite 
� Muscle twitching 
� Loss in eyesight or light hypersensitivity 
� Nasal discharge 
� Mild colic 
� None of these symptoms 

 
J6. I think my veterinarian is responsible for informing me about mosquito-borne viruses in 
horses. 
 

� Strongly agree 
� Agree 
� Somewhat agree 
� Neutral 
� Somewhat disagree 
� Disagree 
� Strongly disagree 

J7. Have you recently read or heard information about mosquitoes or mosquito-borne viruses in 
horses from one of these sources? 

� (equine) veterinarian 
� Horse magazine (Bit, Hippische Ondernemer etcetera) 
� Horse- or laboratory organisation (KWPN, KNHS, GD Deventer) 
� Online horse forum (bokt.nl) 
� Government website 
� Social media (e.g. Instagram, Twitter, Facebook, YouTube, online news articles) 
� Family and friends 
� Educational organisations (e.g. school or university) 
� Institutional websites (e.g. WHO, ECDC, WOAH) 
� Television and news channels 
� Printed newspaper 
� Radio 
� I have not seen or heard information from one of these channels 
� Other: .... 

Thank you for filling out this survey, your input is much appreciated. Even though mosquito-
borne viruses are not very prevalent in Europe, we have asked you many questions about 
(biting)mosquitoes and mosquito-borne viruses. If you want to know more about this topic or if 
you do have any questions after filling out this survey, please visit our information page: LINK 

If you want to know more about mosquito-borne viruses in horses, please have a look at this 
website: LINK 
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Abstract  

We report first evidence for Sindbis virus (SINV) circulation in the Netherlands. 
Serological evidence of SINV infections was found in twelve wild birds and three horses 
(January 2021 - December 2022). SINV was also molecularly detected, and a partial 
genome was obtained from a European robin sampled in October 2022. 
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Introduction 

Sindbis virus (SINV; Togaviridae; Alphavirus) is maintained in an enzootic transmission 
cycle between birds (e.g., passerines and grouse) and mosquito vectors (mainly Culex, 
but also Aedes and Culiseta spp.) (162). SINV has been detected throughout Eurasia, 
Africa, and Australia. Horses and humans are considered dead-end hosts. Clinical 
cases in humans are commonly reported in Northern Europe (Finland and Sweden) and 
South Africa (163,164). The majority of human SINV infections are considered to be 
asymptomatic or mild, associated with skin rash, muscle pain, and/or fever, but some 
patients develop arthralgia and (severe) polyarthritis (162). Infections in non-
symptomatic horses have been described in Sweden through the detection of 
neutralizing antibodies (106), but SINV infections can also result in neurological signs 
in horses as shown in South Africa (165). Evidence of exposure in wildlife has been 
reported in many European countries, including Germany and the United Kingdom, but 
not the Netherlands (163). Therefore, the presence of SINV was investigated in the 
Netherlands in mosquitoes, birds, horses, and humans. 

The study 

Throughout the Netherlands, mosquitoes, wild birds, horses, and humans were 
screened for SINV RNA and/or neutralizing antibodies (Figure 1). 

 
Figure 1. Timeline of sampling and Sindbis virus (SINV) findings per animal group. Red star (SINV-
RNA) and triangles (SINV-antibodies) indicate positive samples. Created with BioRender. 
 
Mosquitoes (n = 12,884) were sampled throughout the Netherlands from July to mid-
October in 2020, 2021, and 2022 as previously described (35). Live wild birds (n = 
10,983) were sampled (throat and cloaca swabs, serum, and feathers) in 2021 and 
2022 as part of ongoing research into arbovirus dynamics in birds (58). Sera of horses 
(n = 368) were collected between May 2021 and May 2022 (166), with additional sera (n 
= 3) collected in October 2023. Sera from bird ringers (n = 148) were collected from June 
to September 2021 as previously described (147). 
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Molecular analyses 

All mosquitoes and birds were tested for SINV RNA by real-time reverse transcription 
(RT) PCR (detailed method in supplementary material). All mosquito pools tested 
negative for SINV RNA (Figure 2A; Figure S2). Of the live bird samples screened (9,599 
birds caught/tested once and 593 birds caught/tested repeatedly), SINV RNA (pooled 
swab samples and feather) could be verified in one adult European robin (Erithacus 
rubecula) caught in Naarden, Noord-Holland (23.10.2022) (Figure 2B; Figure S2).  
A partial SINV sequence was generated from the isolate by Sanger (172 bp fragment) 
and amplicon-based nanopore sequencing (245 bp fragment) from the open reading 
frame 1, NSP3 segment (GenBank accession no. requested); Figure 3; detailed method 
in supplementary material). The partial sequence from the NSP3 region was used for 
the phylogeny and shown to cluster with a SINV genotype I sublineage with sequences 
from Germany, Nordic countries (Finland, Sweden, and Norway), and Russia (99% 
identity). Virus cultivation of the isolate on mammalian (Vero ATCC, Vero E6) and 
mosquito (C6/36; Aedes albopictus) cells was unsuccessful. The robin had already 
been caught one year prior (31.10.2021) at the same site yet had not been sampled.  

Serological analyses  

A total of 368 horses were initially tested for SINV neutralizing antibodies by a Plaque 
Reduction Neutralization Test (PRNT) (supplementary material figure S1; (167)). 
Positive samples in the pre-screening were end-titrated. Three mares (0.82%, 3/368; 
95% CI 0.28%–2.37%) sampled between July and December 2021 were seropositive, 
with titres ranging from 20 to 80 (Figure 2D and Table 1). Horse A and C did not have a 
history of clinical signs. Horse B, with the highest PRNT80 titre (80), started to show 
neurological signs in September 2021 and was sampled in October 2021. Clinical signs 
consisted of posterior paresis, reduced speed and instability at replacement in foot-
placing tests as well as falling backwards and into seated position. Due to the 
prolonged duration of disease, the horse was euthanized. Three additional horses from 
the same premise as horse B were sampled in October 2023 to investigate additional 
infections at this location, but all were PRNT negative. None of the horses travelled 
outside of the Netherlands. 

Wild bird sera within a 16 km radius to the three seropositive horses and the RT-PCR-
positive bird were examined by PRNT (2021-2022; n = 110). 10.91% (12/110; 95% CI 
6.35%–18.10%) of these bird sera were seropositive (Figure 2D and Table 1). Of the 110 
bird samples tested four samples were derived from two birds (Table 1). Neutralizing 
antibodies were found in common blackbirds (Turdus merula; n = 10) and song 
thrushes (Turdus philomelos; n = 2). The titres varied between 20 and 320 PRNT80. All 
the 148 human bird ringer sera tested were SINV seronegative (Figure 2C). 
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Figure 3. Phylogenetic tree based on the obtained partial SINV sequence highlighted in yellow 
(245 bp; region: open reading frame 1, non-structural protein 3 (nsP3)) from the European robin 
from the Netherlands. Tip colours correspond to location of sequence and node shapes are 
coloured according to bootstrap values. Horizontal branch lengths are drawn to scale (the scale 
bar represents 0.1 nucleotide substitutions per site); vertical separation is for clarity only. 
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Table 1. Summarizing the metrics of the seropositive horses and birds and their neutralizing 
antibody titres as determined by PRNT80. F: female, M: male, NA: not applicable. 

Site 
(Figure 

2D) 
Animal ID 

Sampling 
date 

Species; 
Breed 

Age (years) Sex PRNT80 titres Clinical signs 

1 Horse A 31.07.2021 
Horse A 

(Equus caballus); 
Dutch Warmblood 

10 F 20 No 

3 Horse B 15.10.2021 
Horse 

(Equus caballus); 
Friesian 

1 F 80 
Yes, 

neurological 

4 Horse C 09.12.2021 
Horse 

(Equus caballus); 
New Forest pony 

30 
F 
 

20 No 

4 L582243 14.11.2021 
Common blackbird 

(Turdus merula) 
>1 F 320 NA 

3 L571081 28.09.2021 
Common blackbird 

(Turdus merula) 
1 M 320 NA 

3 H363127 22.06.2022 
Song trush 

(Turdus philomelos) 
>2 M 320 NA 

3 L521438 
21.06.2021 
23.10.2021 

Common blackbird 
(Turdus merula) 

<1 M 

40 
(21.06.2021) 

<20 
(23.10.2021) 

NA 

2 L586249 01.05.2022 
Song trush 

(Turdus philomelos) 
>1 M 80 NA 

3 
 

L521227 29.06.2021 
Common blackbird 

(Turdus merula) 
4 F 20 NA 

3 L571047 30.06.2021 
Common blackbird 

(Turdus merula) 
>2 M 20 NA 

3 L521403 06.01.2021 
Common blackbird 

(Turdus merula) 
2 M 40 NA 

3 L521265 16.10.2022 
Common blackbird 

(Turdus merula) 
1 M 160 NA 

2 L586400 23.10.2022 
Common blackbird 

(Turdus merula) 
2 M 40 NA 

1 L606047 27.12.2022 
Common blackbird 

(Turdus merula) 
>1 M 20 NA 

1 L590812 19.10.2022 
Common blackbird 

(Turdus merula) 
>1 F 40 NA 
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Discussion  

This study describes for the first time the circulation of SINV in the Netherlands, as 
verified by the detection of RNA in a European robin as well as seropositive common 
blackbirds, song thrushes, and horses in distinct geographical regions. Seropositive 
birds caught in May and June (two song thrushes and three blackbirds) as well as one 
caught multiple times within one season (one blackbird) are considered Dutch 
breeding birds and likely acquired an infection with SINV locally. However importation 
cannot be fully ruled out as the seropositive song thrushes may have overwintered in 
Southern Europe. The other six seropositive blackbirds and the PCR positive European 
robin were caught during autumn and can be migrants from Northern Europe and 
hence, for them an exact location of infection cannot be determined (168). The 
generated partial sequence suggests that SINV has been introduced into the 
Netherlands from neighbouring countries in Europe either from Germany or the North 
(e.g., bird migration from Nordic countries). However, more (whole-genome) 
sequences from the Netherlands and other countries would be required to make 
conclusions over the exact route of SINV introduction. 

It is important to consider SINV in the differential diagnosis of neurological signs in 
horses, as was done in South Africa where multiple infections were linked to SINV 
(165). In this study, prolonged neurological signs were observed in one horse even 
though it was not possible to confirm that the clinical picture resulted from a SINV 
infection. In Sweden seropositivity was only noted in horses with an unknown clinical 
history (106).  

In line with previous studies in the Netherlands, SINV was not detected in mosquitoes 
(169,170). Most of the mosquitoes screened belonged to the species Culex pipiens or 
Culex torrentium, which are known to be competent vectors for SINV (162). SINV has 
been isolated from 11 mosquito taxa in neighbouring Germany in the past (171,172). 
However, high infection rates are not expected in the Netherlands, similarly to 
Germany, where only 21 of 22,528 mosquitoes (2019-2021) were positive for SINV 
(172). It must be noted that mosquito trapping was not focused on the sites where SINV 
antigen or antibodies had been detected in the birds or horses. 

This study did not detect SINV seropositivity in humans and neither have human SINV 
infections been reported so far in the Netherlands. This may either be due to limited 
awareness and therefore no testing, or absence of spillovers into the human 
population, and more detailed studies are needed to assess possible human impact. 
Unlike in Finland, SINV infections are not notifiable in the Netherlands. In Finland, 
surveillance studies over the past decades suggest a rise in the number of human 
infections (162).  
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In conclusion, the findings described in this paper highlight the importance of 
surveillance for SINV as well as the need for increased awareness among Dutch 
veterinarians and health practitioners. 
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Supplementary material 

Serological analysis 

Figure S1. Workflow for testing horse and bird sera by means of a Plaque Reduction 
Neutralisation Test (PRNT) for Sindbis virus (SINV). MEM: Minimum Essential Medium, DEAD: 
Diethylaminoethyl, PBS: Phosphate-Buffered Saline. Created with BioRender. 

Molecular analysis 

For molecular analyses mosquito samples were species determined and pooled either 
at Leiden University (2020) or at Centrum Monitoring Vectoren (CMV), Netherlands Food 
and Consumer Product Safety Authority (NVWA) (2021 and 2022) as described earlier 
(169). Subsequently, the mosquito pools were transported to Erasmus MC for 
molecular analyses. Morphological identification of mosquitoes was performed as 
described by Becker et al. (173). The mosquitoes were pooled (maximum pool size was 
10 individuals) according to species level, sampling location, and time point 
(monospecific species pools belonging to the genera Aedes, Anopheles, Coquillettidia, 
Culex, and Culiseta and mixed pools with Cx. pipiens/torrentium). The pools were 
homogenised in 1 ml medium (DMEM, NaHCO3, Hepes-buffered saline, 
penicillin/streptomycin, amphotericin). RNA was extracted from the homogenised 
mosquito pools by manual extraction with AMPure XP Beads (Beckman Coulter, Brea, 
CA, United States of America). Wild bird screening for SINV RNA was performed on 
swabs (throat or cloacal) collected during the capturing and ringing of the birds. RNA 
was extracted from the bird swabs and feathers using the Viral NA Large Volume Kit and 
MagNA Pure 96 System (Roche Holding, Basel, Switzerland). The mosquito/wild bird 
eluate was tested by means of a SINV-specific real-time RT-PCR described by Sane et 
al. (174) (NS1: forward primer: GGTTCCTACCACAGCGACGAT, reverse primer: 
ATACTGGTGCTCGGAAAACATTCT, and probe: TTGGACATAGGCAGCGCACCGG) using 
the LightCyler 480 (Roche LifeScience, Basel, Switzerland). Samples that were tested 
positive were confirmed in a second PCR targeting a different region of the genome 
(NS2: forward primer: CGTCGAAGACAGTAGATTCGGTTA, reverse primer: 
CGCGAACGCTTCGTCAA, and probe: TCAACGGATGCCACAAAGCCGTAGAA) as well as 
being subjected to sequencing.  

Partial sanger sequencing of SINV PCR products (forward primer: 
CATAACCCGTCGTCTAGC and reverse primer: TAGGCTGTTCTGGCACTT) was 
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performed in addition to whole genome sequencing using an amplicon-based Oxford 
Nanopore MinION (Oxford Nanopore technologies, https://nanoporetech.com) 
approach using modified primers from (59). An alignment was generated using AliView 
(175) and 73 sequences downloaded from BV-BRC (https://www.bv-brc.org) or the 
GenBank data base (https://www.ncbi.nlm.nih.gov/genbank). From the alignment a 
maximum-likelihood phylogenetic analysis was conducted using the best-fitted 
nucleotide substitution model (GTR+F+I+G4) in the IQ-TREE web server (176). The 
resulting maximum-likelihood phylogenetic tree was visualized and edited with R 4.3.2. 
(177) using the packages ggplot2 (v 3.5.1, (178)) and ggtree (v 3.10.1, (179)) and revised 
using Inkscape 1.3.2. 

Virus cultivation of the SINV-positive isolate on mammalian (Vero ATCC, Vero E6) and 
mosquito (C6/36; Aedes albopictus) cells did not result in a CPE and the supernatant 
was PCR-negative 1-, 2-, 3-, and 8-days post infection. 
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Abstract 

Orthoflaviviruses are emerging in Europe and have potential significant impact on 
animal and public health. Usutu virus (USUV) and West Nile virus (WNV) have both 
been detected in the Netherlands since 2016 and 2020, respectively. Interpretation of 
orthoflavivirus serology is complicated by cross-reactivity, among other factors. This 
study aims to provide epidemiological insights of USUV and WNV infections in wild 
boars in the Netherlands over the years 2018-2021. We further explore the 
interpretation of serological results, taking into account cross-reactivity patterns. 

A total of 1,504 wild boars were tested using a screening competition ELISA, after which 
positive samples were confirmed using Virus Neutralization Tests for WNV and USUV. 
We explain the observed serology of the individuals with a 3-level Bayesian hierarchical 
model that jointly estimates (1) the probability of infection by WNV and USUV, (2) the 
antibody response upon infection, the impact of cross-reactivity on the antibody titers, 
and (3) the observation errors. 

In total, 30.65% of sera had a doubtful or positive ELISA result. A declining trend in 
ELISA positives was observed over time. Based on the model outcomes, the probability 
of infection prior to sampling of WNV was highest in 2019 (13%) and lowest in 2020 
(7.8%). Both the classical interpretation (four-fold titer difference as confirmation of 
infection) as well as the model results indicate a probability of infection of WNV in or 
before 2018 of at least 7%, thus providing robust evidence of WNV circulation in or 
before 2018. For USUV, model results show a much higher probability of infection 
(24.0%) in 2018 compared to the classical interpretation (7.8%). The estimated 
probabilities follow similar trends but are higher for both viruses and all years in the 
model results compared to the classical interpretation, especially for USUV in 2018. 
The probabilities of observing false positives and negatives were higher for WNV (9.1% 
and 10.4%) compared to USUV (2.0% and 3.0%). The sensitivity analysis highlights the 
need to account for cross-reactions. It confirms that the model deepens the 
understanding of the different processes that lead to the observations in the 
population. 
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1. Introduction 

Orthoflaviviruses are emerging in Europe and have potential significant impact on 
animal and public health. West Nile virus (WNV) and Usutu virus (USUV) are 
orthoflaviviruses from the genus Orthoflavivirus in the family Flaviviridae (12). Both are 
transmitted by mainly Culex spp. mosquitoes and maintained in an enzootic cycle 
between (wild) birds and mosquitoes (180). Infections of these orthoflaviviruses in 
humans often result in asymptomatic or mild disease. However, WNV infections may 
cause significant disease and even mortality in a small proportion of infected 
individuals (62). In other mammals, infections often go unnoticed except for WNV 
infections in horses (30). Both viruses are currently co-circulating in Europe (117). In 
2016, USUV was detected in the Netherlands and has been circulating since (55,56). 
WNV was first detected in 2020 in birds and mosquitoes (58). That year, eight 
autochthonous human cases were identified (57). The virus was detected again in a 
single bird in 2022 (126). 

As viremia is cleared rapidly, virus detection in dead-end hosts is often unsuccessful, 
and thus serological methods must be used. However, co-circulation of 
orthoflaviviruses hampers diagnosing infections. Antigenic cross-reactivity 
complicates the interpretation of serological studies as viruses within the same 
serocomplex (117). WNV and USUV are both part of the Japanese Encephalitis 
serocomplex. Tick born encephalitis virus (TBEV), another orthoflavivirus that is also 
present in Europe, is part of a different serocomplex and antibodies are thus not 
expected to cross-react in VNTs. Generally, sera are first screened using an antibody 
binding approach such as an ELISA or Protein Microarray. Neutralization assays, such 
as a Virus Neutralization test (VNT) or Plaque Reduction Neutralization test (PRNT) are 
regarded as the gold standard to confirm infection (30). A four-fold VNT titer difference 
between different orthoflaviviruses is usually regarded as a determining factor for 
confirmation of past infection (30). 

Interpretation of neutralizing titers is further complicated by factors such as individual 
variation in antibody development, waning of antibodies over time, coinfections, 
reinfections and others (68,117). This may lead to incorrect estimations and the 
inability to distinguish infections in individuals and thereby incorrect prevalence 
estimations. Diagnostic algorithms may guide interpretation of currently available 
serological tests (128,181). Development of more specific diagnostic tests is another, 
challenging, area of focus for research. Until these tests exist, other approaches must 
be explored to deal with serological interpretation of orthoflavivirus infections. One 
approach is statistical modelling of serological results in populations which explores 
circulation of multiple pathogens in the same population, considering co-circulation 
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and cross-reactivity. Studies using this approach have been published for pathogens 
like influenza A virus, chikungunya and o’nyong-nyong virus, and SARS-CoV-2 (182–
184). 

Wild boars (Sus scrofa) are suggested to be good species for orthoflavivirus 
surveillance, as they experience high exposure to mosquito bites, live in nature and 
forest rich areas (131,185,186). The Netherlands has an ongoing surveillance program 
set up in wild boars, to remain a free status for Classical and African Swine Fever, as 
well as other diseases (187). The study presented here aims to provide epidemiological 
insights of USUV and WNV infections in wild boars in the Netherlands over the years 
2018-2021. We further explore the interpretation of serological results, taking into 
account cross-reactivity patterns, of these two viruses in wild boars and provide 
suggestions on how our findings may be incorporated in current and future surveillance 
programs. 

2. Materials and methods 

2.1.  Study area and sampling 
Wild boar (S. scrofa) samples used in this study were collected as part of an existing 
national monitoring program for swine diseases. Wild boar habitats are widely present 
throughout mainly the South-East of the Netherlands and the number of boars has 
been rising over the past decade. In a few areas wild boars can roam freely, such as ‘De 
Hoge Veluwe’ National Park and two nature areas in the province of Limburg. In all other 
areas, the Netherlands has implemented an active reduction policy, executed by 
hunters. Serum was taken by hunters after shooting (cardiac puncture) and was sent 
to the laboratory of Wageningen Bioveterinary Research in Lelystad. Demographic data 
were provided by the hunters via a submission form in most cases. Age in months was 
estimated by assessment of the teeth. The required sample sizes were calculated to 
detect a seroprevalence of 1% with a confidence level of 95% and a precision of 99% 
(81,141). A random selection of about 380 sera was included for each year. 

2.2.  Serology 
All samples were first screened for orthoflavivirus antibodies by a commercial species-
independent ELISA according to the manufacturer’s protocol (ID Screen®, West Nile 
Competition Multi-species, IDvet Innovative Diagnostics, France). This ELISA is known 
to show cross-reactive results for WNV, USUV as well as TBEV in animals (130). 
Doubtful and positive sera were subsequently tested in duplicate in Virus 
Neutralization Tests (VNTs) for WNV and USUV according to a previously described 
method (166). Sera from an experimentally WNV infected horse and a field-infected 
USUV owl were used as positive controls. Forty-one sera with negative ELISA results 
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were randomly selected to be tested in VNTs, in order to assess the possibility of false 
positives in VNT, assuming a perfect sensitivity of the ELISA. Two additional sets of 
negative control populations were used to estimate the VNT cut-offs. Firstly, 
slaughterhouse samples of domestic Dutch pigs (n = 14) were used. Secondly, a set of 
sera from Norwegian wild boars (n = 50) hunted in 2018 and 2019 were used as negative 
control population as both USUV and WNV have not been detected in Norway (188). 
ELISA and VNT results of the Norwegian boars and domestic Dutch pigs are shown in 
supplementary material 1, Figure S1 and S2. We assumed no cross-reactivity to TBEV 
in VNTs, and therefore only WNV and USUV titers were taken to the model. Titers were 
read as the reciprocal of the highest dilution for which at least 50% cytopathic effect 
(CPE) was observed. All sera were tested in duplicate, and outcomes of both replicates 
were registered individually. A proportion of sera were of very bad quality and could 
either not be tested or CPE could not be interpreted in one or more VNTs. Therefore, 
these sera were removed from further analyses and not included in the statistical 
model. Neutralizing titers ≥10 were regarded positive for USUV, for WNV a neutralizing 
titer of ≥30 was regarded positive. 

2.3. Statistical model of antibody response, viral circulation and measurement 
We explain the observed serology of the individuals in the survey with a model that 
jointly estimates the probability of infection by WNV and USUV, the antibody response 
upon infection, the impact of cross-reactivity on the antibody titers and the observation 
errors. 

Notations 
All animals were individually identified by a unique number. All animals are assumed 
to be independent of each other. Demographic information and test results were 
stored in Excel (version 2308). VNT results can take the values (10, 30, 90 or ≥270) 
which we write with an exponent form 10*3o-1 for USUV and 10*3o for WNV. All titers are 
thus given a label which can be: o = 1, 2, 3, 4 for USUV and o = 1, 2, 3 for WNV. VNT titers 
of 10 for WNV and of <10 and <30 (where the 1:10 dilution was not interpretable) for 
both USUV and WNV are given label 0 (negative). As all individuals were tested in 
duplicate in both VNTs, we write 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑊𝑊𝑊𝑊 = (𝑜𝑜𝑜𝑜1𝑊𝑊𝑊𝑊,  𝑜𝑜𝑜𝑜2𝑊𝑊𝑊𝑊) and 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑈𝑈𝑈𝑈  =  (𝑜𝑜𝑜𝑜1 𝑈𝑈𝑈𝑈,  𝑜𝑜𝑜𝑜2𝑈𝑈𝑈𝑈) for the set of 
observed WNV and USUV titers, respectively. 
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Hierarchical modeling 
We built a 3-level Bayesian hierarchical model based on Hozé et al. (183), including the 
(1) infection and (2) antibody response models and extending the model with another 
level called (3) the observation model. The observation model takes into account the 
observational error due to an imperfect diagnostic method. Assuming the infection 
history (𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗) and the real titers (𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈) are known, we write this model as: 

𝑃𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈, 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈,  𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗𝑗�𝜃𝜃𝜃𝜃𝜃 =  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗 �𝜃𝜃𝜃𝜃𝜃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈� 𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗𝑗, 𝜃𝜃𝜃𝜃𝜃 𝑃𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈,  𝜃𝜃𝜃𝜃𝜃 
 
The first term of the right-hand size is the infection (i.e. virus circulation) model. The 
second term is the antibody response model, and the third term is the observation 
model. The subscript j is used to index the individuals. θ is the vector of parameters. 𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗  
is the infection history which can take four values (0,0), (1,0), (0,1), (1,1), in which the 
first and second terms characterize whether individual j was infected by WNV and 
USUV, respectively. 

The observation model 
The observation model characterizes how the observed titers are distributed with 
respect to the real (unobserved latent) titer. The ‘real’ titers for individual j for WNV and 
USUV are noted 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊  and 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈, respectively. We make several assumptions. First, 
observed values are at most one titer unit apart from the real value. Therefore, if the 
real titer is r, the observed value can be r-1, r, or r+1. We distinguish the parameters 
characterizing the occurrence of false negatives (𝜀𝜀𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and false positives (𝜀𝜀𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) from 
other types of errors (𝜀𝜀𝜀𝜀

2
). Two replicates of the observed values are available for each 

individual which may differ from the real titers. We consider that the observations are 
independent so that: 

𝑃𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈,  𝜃𝜃𝜃𝜃𝜃𝜃𝜃
= 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃1𝑊𝑊𝑊𝑊�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝜃𝜃𝜃𝜃𝜃 . 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃2𝑊𝑊𝑊𝑊�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝜃𝜃𝜃𝜃𝜃. 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃1𝑈𝑈𝑈𝑈�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈,  𝜃𝜃𝜃𝜃𝜃. 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃2𝑊𝑊𝑊𝑊�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈,  𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 

 
These terms depend on the six error terms 𝜀𝜀𝜀𝜀𝑊𝑊𝑊𝑊,  𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 ,  𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 ,  𝜀𝜀𝜀𝜀𝑈𝑈𝑈𝑈,  𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈 ,  𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈  and are detailed 
in Table 1. By assuming that the observations are at most one titer value away from the 
real value, the replicates can be equal, different by one titer, or different by two titer 
values. For instance, if the real value is 2 (r = 2), the observed pair of titers can be either 
(1,1), (1,2), (2,1), (2,2), (3,2), (2,3), (3,1) or (1,3). Conversely, if for instance the observed 
titers are (1,2), the possible real value is 1 or 2, but not 3 because 1 and 3 are two titers 
apart. Moreover, we account for right-censoring for real titers larger than 4. In the 
conditional observation probability, we write 𝑃𝑃𝑃𝑃(4|𝑟𝑟𝑟𝑟, 𝜃𝜃𝜃𝜃) = 1. 
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Table 1. Conditional probability of observing a titer value for all combinations included in the 
observation model. The probabilities that are not mentioned are equal to 0.  

Observed (𝒐𝒐𝒐𝒐) Real (𝒓𝒓𝒓𝒓) Probability (𝑷𝑷𝑷𝑷(𝒐𝒐𝒐𝒐|𝒓𝒓𝒓𝒓)) 

0 0 1 − 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  

1 0 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  

0 1 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  

1 1 1 − 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  −
𝜀𝜀𝜀𝜀
2

 

2 1 
𝜀𝜀𝜀𝜀
2

 

1 2 
𝜀𝜀𝜀𝜀
2

 

2 2 1 − 𝜀𝜀𝜀𝜀 

3 2 
𝜀𝜀𝜀𝜀
2

 

2 3 
𝜀𝜀𝜀𝜀
2

 

3 3 1 − 𝜀𝜀𝜀𝜀 

4 3 
𝜀𝜀𝜀𝜀
2

 

3 4 
𝜀𝜀𝜀𝜀
2

 

4 4 1 −
𝜀𝜀𝜀𝜀
2

 

4 >4 1 

 
The infection model 
The first term in the hierarchical model, 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗 �𝜃𝜃𝜃𝜃𝜃, is the probability that among the ELISA 
positive, an individual had a specific history of infection by WNV and USUV. Assuming 
that the probability of infection by both viruses are independent, at each period, the 
relation between the probability of infection and infection status is given by the set of 
four equations: 

Not previously infected: 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡(𝐼𝐼𝐼𝐼𝐼 =  (0,0)| 𝜃𝜃𝜃𝜃)  =  (1 − 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑊𝑊𝑊𝑊).  (1 − 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑈𝑈𝑈𝑈) 
Previously WNV infected:  𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡(𝐼𝐼𝐼𝐼𝐼 =  (1,0)| 𝜃𝜃𝜃𝜃)  =  𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑊𝑊𝑊𝑊.  (1 − 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑈𝑈𝑈𝑈) 
Previously USUV infected:  𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡(𝐼𝐼𝐼𝐼𝐼 =  (0,1)| 𝜃𝜃𝜃𝜃)  =  (1 − 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑊𝑊𝑊𝑊) . 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑈𝑈𝑈𝑈  
Previously WNV and USUV infected:  𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡(𝐼𝐼𝐼𝐼𝐼 =  (1,1)| 𝜃𝜃𝜃𝜃)  =  𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑊𝑊𝑊𝑊. 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑈𝑈𝑈𝑈  
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The antibody response model 
The antibody response model characterizes the distribution of the antibody response 
for both viruses provided that the infection history is known. We assume antibody 
responses are due to infection and not maternal antibodies and that neutralizing titers 
arising from the infection with a virus (and cross-reactivity) follow a zero-truncated 
Poisson distribution. 

The model extends the one developed in Hozé et al. (183) and we recall the general line 
here. If individual j has not been infected by either WNV or USUV, they have no response 
and the probability of having titers 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊  and 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈  is 𝑃𝑃𝑃𝑃�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊 ,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗 𝑈𝑈𝑈𝑈 �𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗   =  (0,0),  𝜃𝜃𝜃𝜃� = 1 and in 
case 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊  and/or 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈 ≠ 0, 𝑃𝑃𝑃𝑃�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊 ,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗 𝑈𝑈𝑈𝑈 �𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗  =  (0,0),  𝜃𝜃𝜃𝜃� = 0. In case of the other infection 
history options, i.e., 𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗  =  (1,0), 𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗  =  (0,1) and 𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗  =  (1,1), the model follows as 
described in Hozé et al. (183) and includes the direct and cross-reactive response due 
to infection given by a zero-truncated Poisson distribution. In the case of an infection 
by WNV and not by USUV, the direct response is indicated by the parameter 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊. A 
cross-reactive USUV response occurs with a probability 𝑝𝑝𝑝𝑝𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈, and the titer increase is 
given by the parameter 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈. Moreover, we assume that the cross-reactive response 
does not exceed the direct response and introduce a parameter 𝑓𝑓𝑓𝑓𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈 ≤ 1 such that 
𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈 = 𝑓𝑓𝑓𝑓𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈 × 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊. In the case of an infection with both viruses, both the direct and 
the cross-reactive responses contribute to the titer increase. 

The likelihood 
The model is obtained by summing over all the possible real titer values and all 
infection histories for individual j which can be summarized as: 

𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗  =  ���𝑃𝑃𝑃𝑃�𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗 �𝜃𝜃𝜃𝜃� 𝑃𝑃𝑃𝑃�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈� 𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗 , 𝜃𝜃𝜃𝜃� 𝑃𝑃𝑃𝑃�𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗 𝑈𝑈𝑈𝑈�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈,  𝜃𝜃𝜃𝜃�
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗 
𝑈𝑈𝑈𝑈 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

𝑊𝑊𝑊𝑊 𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗

 

The loglikelihood is obtained over all individuals and is given by: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿  =  �log𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗

 

𝑗𝑗𝑗𝑗
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In addition, negative ELISA assays contribute to the estimation of the error terms (𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈  
and 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 ). We write 𝐸𝐸𝐸𝐸0 for the total number of negative ELISA assays, 𝐸𝐸𝐸𝐸0𝑊𝑊𝑊𝑊 (respectively 𝐸𝐸𝐸𝐸0𝑈𝑈𝑈𝑈) 
for the total number of negative ELISA boars that are positive for WNV in VNT 
(respectively, USUV) and we assume a Binomial distribution for the number of negative 
ELISA results. We assume a perfect sensitivity of the ELISA (130) which means that 
ELISA negative samples with a positive VNT result are considered false positives. ELISA 
assays’ contribution to the loglikelihood is: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = log 𝑃𝑃𝑃𝑃 (𝐸𝐸𝐸𝐸0𝑊𝑊𝑊𝑊; 𝐸𝐸𝐸𝐸0, 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 ) + log 𝑃𝑃𝑃𝑃 (𝐸𝐸𝐸𝐸0𝑈𝑈𝑈𝑈; 𝐸𝐸𝐸𝐸0, 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈 ) 
= 𝐸𝐸𝐸𝐸0𝑊𝑊𝑊𝑊 log 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 + (𝐸𝐸𝐸𝐸0 − 𝐸𝐸𝐸𝐸0𝑊𝑊𝑊𝑊) log(1 − 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 ) + 𝐸𝐸𝐸𝐸0𝑈𝑈𝑈𝑈 log 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈 + (𝐸𝐸𝐸𝐸0 − 𝐸𝐸𝐸𝐸0𝑈𝑈𝑈𝑈) log(1 − 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈 ) 

 
Estimation of infection probability from ELISA assays 
For each time period (t), we estimate the infection probability from ELISA assays for 
WNV and USUV (𝜋𝜋𝜋𝜋𝑡𝑡𝑡𝑡𝑊𝑊𝑊𝑊, 𝜋𝜋𝜋𝜋𝑡𝑡𝑡𝑡𝑈𝑈𝑈𝑈), from the estimated posterior probability of positive VNTs 
(𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝐼𝐼𝐼𝐼) among the ELISA positive samples. The ELISA positive tests arise from a binomial 
process, such that 

𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡~𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 �𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡,
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝,𝑡𝑡𝑡𝑡
𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ,𝑡𝑡𝑡𝑡

�, 

where 𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  is the total ELISA tests observed and 𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝,𝑡𝑡𝑡𝑡 is the number of positive ELISA 
tests observed for either WNV or USUV in period t. The overall probability of infection is 
then given by: 

𝜋𝜋𝜋𝜋𝑡𝑡𝑡𝑡𝐼𝐼𝐼𝐼 = 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝐼𝐼𝐼𝐼 ∙
𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡

𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡𝑡𝑡  
. 

 
Prediction calculation 
We use the model to predict the observed joint response in the case of an infection. 
When the infection status is known, the probability of observing a set of titers is 
obtained by accounting for the possible real titers that generated the observation: 

𝑃𝑃𝑃𝑃�𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈�𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗, 𝜃𝜃𝜃𝜃� = � �𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊, 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈 �𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊,  𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈,  𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗,  𝜃𝜃𝜃𝜃� 𝑃𝑃𝑃𝑃�𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊, 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈�𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗, 𝜃𝜃𝜃𝜃�
𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗
𝑊𝑊𝑊𝑊,𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗

𝑈𝑈𝑈𝑈

 

Parameter estimation 
The priors were set as non-informative for all parameters used in the model. For the 
cross-reaction probabilities (𝑝𝑝𝑝𝑝𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈  and 𝑝𝑝𝑝𝑝𝑈𝑈𝑈𝑈→𝑊𝑊𝑊𝑊) and observation errors 
(𝜀𝜀𝜀𝜀𝑊𝑊𝑊𝑊,  𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 ,  𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 ,  𝜀𝜀𝜀𝜀𝑈𝑈𝑈𝑈,  𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈 ,  𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈 ), we used uniform distributions ~Uniform (0, 1). We 
introduce the terms for the prevalence within the ELISA positive population 𝜆𝜆𝜆𝜆𝑡𝑡𝑡𝑡𝑊𝑊𝑊𝑊  and 𝜆𝜆𝜆𝜆𝑡𝑡𝑡𝑡𝑈𝑈𝑈𝑈  

that are implemented in the infection model as follows:  and 
followed uniform distributions ~Uniform(0, 10), and the titers 
(𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊, 𝜎𝜎𝜎𝜎𝑈𝑈𝑈𝑈, 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈, 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 𝜎𝜎𝜎𝜎𝑈𝑈𝑈𝑈→𝑊𝑊𝑊𝑊) ~Uniform (0, 4). The reduction parameters 𝑓𝑓𝑓𝑓𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈 and 𝑓𝑓𝑓𝑓𝑈𝑈𝑈𝑈→𝑊𝑊𝑊𝑊 
follow a Uniform(0, 1) distribution. We fitted the model parameters using a Markov 
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chain Monte-Carlo (MCMC) framework implemented in the rstan package. A No U-Turn 
sampler variant of Hamiltonian Monte-Carlo was used to update the parameters. Two 
chains of 15000 iterations with a burnin of 5000 iterations were ran, thinning each 3 
samples. The analyses were run in R Core Team (2023). Model diagnostics were 
assessed with the trace plot, Gelman Rubin plots, and potential scale reduction factors 
convergence diagnostic. The diagnostics show that all models converged properly. 

Sensitivity analysis 
We set three scenarios to test the sensitivity of the model results. First, we decreased 
the VNT cut-off compared to the baseline model for WNV to 10 (same as USUV), which 
is called model 1. Furthermore, we tested a model in which 𝑝𝑝𝑝𝑝𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈  and 𝑝𝑝𝑝𝑝𝑈𝑈𝑈𝑈→𝑊𝑊𝑊𝑊  are set to 
zero, using the cut-off titer of 30 for WNV and 10 for USUV (model 2). Later, we tested a 
model in which 𝑝𝑝𝑝𝑝𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈  and 𝑝𝑝𝑝𝑝𝑈𝑈𝑈𝑈→𝑊𝑊𝑊𝑊  are set to zero but using the cut-off 10 for both WNV 
and USUV (model 3). The reason for using the different WNV cut-offs is that an initial 
cut-off of 10 was used for WNV, but information from ELISA negative Dutch boars and 
the set of Norwegian boars informed us about the more appropriate cut-off of 30. All 
simulations followed the same settings explained in the parameter estimation section. 
Model comparison was performed using the PSIS-LOO criterion which relies on 
computing a Bayesian leave-one-out estimate of the log pointwise predictive density 
(LPPD), and to which a standard error is associated. The loo_compare function in the 
loo package compares the expected log pointwise predictive density (ELPD) and its 
associated standard error (SE) for the different models and was used for model 
selection (189,190). 

Model adequacy 
Firstly, we assessed the model adequacy by simulating 1000 surveys in a population 
with the same characteristics as the data (sample size and period). These simulations 
were compared to the data based on the frequency of observing specific titers and the 
frequency of observing concordant samples. We compare the model with the data 
based on 1) the frequency with which titers were observed and 2) the frequency of 
concordant samples. After, we used the median estimates of the model’s output 
(baseline and the sensitivity analysis) to generate three datasets. Then, we fit the model 
using the in-silico data and assessed whether the outputs contain the parameters 
within the 95% credible intervals. 

3. Results 

3.1.  Descriptive results and sample size 
A total of 1,504 wild boar sera, collected between January 1st 2018 and December 31st 
2021, were randomly selected from the sample database. These comprised of 41.69% 
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females, 44.74% males and 13.56% boars with unreported sex. The majority (58.64%) 
of animals were 1-12 months of age, 29.19% were 13-24 months and 7.65% were over 
24 months. For the remaining 4.52% the age was unknown. The mean (estimated) age 
was 13.57 months, with an interquartile range of 6 to 18 months. Table 2 shows the age, 
sex, and sampling province for the boar included in the study per year. 

Table 2. Descriptive results of wild boars (Sus scrofa) included in the study per year. 1 Mean (IQR); 
2 n (%).*In 2018 and 2021, limited/no sera were collected in the province of Limburg, due to 
shortage in personnel. 

Characteristic 
Year 

2018, N = 
372 

2019, N = 390 2020, N = 354 2021, N = 388 

Age in months 13 (6, 18)1 13 (5, 18)1 14 (6, 18)1 14 (8, 18)1 

    Unknown 23 2 30 13 

Age group  

    1-12 months 214 (61%)2 241 (62%)2 201 (62%)2 226 (60%)2 

    13-24 months 107 (31%) 118 (30%) 94 (29%) 120 (32%) 

    25-36 months 24 (6.9%) 22 (5.7%) 17 (5.2%) 19 (5.1%) 

    >36 months 4 (1.1%) 7 (1.8%) 12 (3.7%) 10 (2.7%) 

    Unknown 23 2 30 13 

Sex 

    Female 113 (50%) 167 (45%) 170 (52%) 177 (47%) 

    Male 113 (50%) 203 (55%) 160 (48%) 197 (53%) 

    Unknown 146 20 24 14 

Province* 

    Drenthe 0 (0%) 1 (0.3%) 1 (0.3%) 0 (0%) 

    Gelderland 4 (2.8%) 3 (0.8%) 16 (4.6%) 0 (0%) 

    Limburg 2 (1.4%) 211 (55%) 114 (33%) 0 (0%) 

    Noord-Brabant 137 (94%) 156 (41%) 199 (58%) 387 (100%) 

    Overijssel 2 (1.4%) 11 (2.9%) 15 (4.3%) 0 (0%) 

    Unknown 227 8 9 1 

In total, 30.65% (461/1,504) of sera had a doubtful or positive ELISA result. A declining 
trend in ELISA positives was observed over time; from 44.89% (167/372) to 31.54% 
(123/390), 25.71% (91/354), and 20.62% (80/388) per year for 2018 to 2021, 
respectively. Five ELISA positive samples, three from 2018, one from 2019 and one 
from 2021, could not be tested in VNTs due to insufficient remaining volume. VNTs 
could not be interpreted (titer <90 or <270) in 5, 7, 31, and 8 samples from 2018, 2019, 
2020, and 2021, respectively. These fifty-six ELISA positive sera (12.15%, 56/461) had 
to be excluded from further analyses. Thus, 405 ELISA positive individuals were 
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included in the statistical model. Of these, 159, 115, 60, and 71 were from 2018-2021, 
respectively. A summary of the serosurvey results using a classical interpretation 
approach (four-fold titer difference between two viruses) is shown in Table 3. 

Table 3. Results of the 1,504 wild boar serum samples from 2018 up to 2021 in the Netherlands 
based on a four-fold VNT titer difference. Titers of <10 and <30 are regarded negative. Bad serum 
quality includes all ELISA positive boars with VNT values of <90 or <270 or not able to be tested 
in VNT at all. 1 (% (n)) 

Result  2018 2019 2020 2021 

USUV 7.80% (29)1 1.28% (5) 1.98% (7) 0.52% (2) 

WNV 6.99% (26) 9.23% (36) 3.39% (12) 4.38% (17) 

Equivocal 21.24% (79) 11.03% (43) 5.08% (18) 8.25% (32) 

Bad serum quality 2.15% (8) 2.05% (8) 8.76% (31) 2.32% (9) 

Negative 61.83% (230) 76.41% (298) 80.79% (286) 84.54% (328) 

Total 372 390 354 388 

 
3.2. Model results 
The expected neutralizing titer following infection with WNV was 39.97 (33.49-48.42, 
95% CrI), and 42.41 (30.83-58.45, 95% CrI) for USUV. Infection with WNV increased 
USUV titers with 27.21 (15.23-40.01, 95% CrI), while infection with USUV increased 
WNV titers with 31.87 (30.07-37.79, 95% CrI). These titer values were obtained by 
transforming the posterior densities observed in Figure 1A according 10 ∙ 3𝜎𝜎𝜎𝜎−1, for 
USUV and 10 ∙ 3𝜎𝜎𝜎𝜎  for WNV. The probability of a cross-reactive (USUV) response after 
WNV infection was 53.0% (26.6--69.7%), while the probability of a cross-reactive 
(WNV) response after USUV infection was higher, namely 63.2% (38.4-77.2%) (Figure 
1B). The probability of false positives (𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) was higher for WNV (9.1% [5.7-13.0%, 95% 
CrI]) than for USUV (2.0% [1.1-3.8%, 95% CrI]) as the credible intervals do not overlap 
(Figure 1C). The probability of false negatives (𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) was 10.4% for WNV (5.6-15.9%, 
95% CrI) and 3.0% for USUV (1.1-9.5%, 95% CrI). The probabilities of other 
observational errors (𝜀𝜀𝜀𝜀) were 23.2% (17.7-30.5%, 95% CrI) for WNV and 25.9% (20.9-
32.0%, 95% CrI) for USUV. The 𝜆𝜆𝜆𝜆𝑡𝑡𝑡𝑡𝐼𝐼𝐼𝐼  posterior distributions show a declining trend for 
USUV positives and increasing trend for WNV positives among the ELISA positive wild 
boars. Especially in 2018, the USUV posterior distribution was higher than for WNV 
(Figure 1D). 
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Figure 1. Posterior density distributions for the WNV and USUV titers (A), cross-reaction 
probability between WNV and USUV (B), observation errors (C), and 𝜆𝜆𝜆𝜆𝑡𝑡𝑡𝑡𝐼𝐼𝐼𝐼  for WNV and USUV (D). 

3.3. Probability of infection prior to sampling 
The probabilities of infection prior to sampling of WNV from 2018 to 2021 were 12.4% 
(6.9-20.0%, 95% CrI), 13.0% (9.0-17.5%, 95% CrI), 7.8% (3.9-12.9%, 95% CrI), and 9.6% 
(5.6-13.8%, 95%CrI), respectively. For USUV, the probabilities from 2018 to 2021 were 
24.0% (18.4-29.4%, 95% CrI), 8.3% (4.6-12.4%, 95% CrI), 9.4% (5.3-14.0%, 95% CrI), 
and 5.2% (1.4-9.8%, 95% CrI) respectively (Figure 2). We thus observe similar trends 
compared to using the classical interpretation approach. However, the actual 
estimated probabilities are higher for both viruses and all years in the model compared 
to the classical interpretation, especially for USUV in 2018. 
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Figure 2. Probability of infection (π) in or before year (t) of WNV and USUV in wild boars from 2018 
to 2021 in the Netherlands. The orange ranges are the observed prevalence and 95% confidence 
interval (calculated according Wilson method) based on the classical interpretation (four-fold 
titer difference, as shown in Table 3).  

 
3.4. Prediction calculation 
Next, we examined how our model could be used to evaluate the accuracy of 
serological diagnostic of WNV and USUV infection. We generated titer distributions 
conditioned on hypothetical known infection status for individuals infected with only 
USUV (Figure 3A), only WNV (Figure 3B), or co-infection (Figure 3C). The model predicts 
that USUV infection will lead to an increase in WNV titer in 63% of the instances, where 
WNV infection will result in USUV titer in 53% of the instances. Upon an USUV infection, 
43% of individuals are found USUV positive with classical method of serological 
diagnostic, 6% are found WNV positive and 52% are equivocal. Upon a WNV infection, 
7% are found USUV positive with classical method of serological diagnostic, 50% are 
found WNV positive and 39% are equivocal. 
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Figure 3. Proportion of animals with respective 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑊𝑊𝑊𝑊  and 𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑈𝑈𝑈𝑈 (WNV on x-axis, USUV on y-axis) after 
single (panel A & B) or co-infection (panel C). USUV or WNV=1, means positive status for infection 
and USUV or WNV=0, means negative status for infection. 

3.5. Sensitivity analysis 
Model 1 (WNV and USUV cut-off at 10) results in higher median cross-reactivity titers 
from WNV to USUV (𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈), namely 0.43 instead of 0.05 in the baseline model. The 
median cross-reactivity titers from USUV to WNV (𝜎𝜎𝜎𝜎𝑈𝑈𝑈𝑈→𝑊𝑊𝑊𝑊) was lower in model 1 
compared to baseline (0.32 instead of 0.91). The probability of cross-reaction from 
WNV to USUV (𝑝𝑝𝑝𝑝𝑊𝑊𝑊𝑊→𝑈𝑈𝑈𝑈) decreased from 0.53 to 0.21, and the probability of cross-
reaction from USUV to WNV (𝑝𝑝𝑝𝑝𝑈𝑈𝑈𝑈→𝑊𝑊𝑊𝑊) showed a increse, from 0.63 to 0.81. As model 2 
and 3 represent a scenarios without cross-reactivity, cross-reactivity titers and the 
probability of cross-reaction are not depicted in Figure 4. 

For both model 1 and model 3, the VNT cut-off for WNV was reduced from 30 to 10. This 
results in an increase in the antibody response for WNV, but has limited effect on USUV 
antibody response besides increased titers for models without cross-reaction (Figure 
4A). For the observational errors, all models lead to minor changes compared to the 
baseline (less than 3%) and the results were omitted from Figure 4. It is observed that 
the baseline model has lower 𝜆𝜆𝜆𝜆𝑡𝑡𝑡𝑡𝐼𝐼𝐼𝐼  in all years compared to the other scenarios for both 
diseases (Figure 4B). 
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Figure 4. Posterior distributions for titers 𝜎𝜎𝜎𝜎𝑊𝑊𝑊𝑊, 𝜎𝜎𝜎𝜎𝑈𝑈𝑈𝑈 (A), and 𝜆𝜆𝜆𝜆𝐼𝐼𝐼𝐼  over 2018, 2019, 2020, and 2021 (B). 
The values are the posterior for: model 1 (WNV and USUV cut-off at 10), model 2 (no cross-
reaction, WNV and USUV cut-off at 10), and model 3 (no cross-reaction, cut-offs same as 
baseline). The observation errors 𝜀𝜀𝜀𝜀𝑊𝑊𝑊𝑊, 𝜀𝜀𝜀𝜀𝑈𝑈𝑈𝑈, 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 , 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈 , and 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 , 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈  showed minor changes compared 
to the baseline and were omitted. 
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3.6. Model adequacy 
The model was able to retrieve most of the parameters used to generate the in-silico 
database. However, the 95% credible intervals for 𝜆𝜆𝜆𝜆2𝑈𝑈𝑈𝑈, 𝜆𝜆𝜆𝜆2𝑊𝑊𝑊𝑊, 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 , 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊  and 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈  are not 
included within the 95% credible interval. Results of the model adequacy are shown in 
Supplementary Material 1 (Figures S3-S5). The LOOICs of the models indicated that 
both in the baseline dataset and the dataset in which the cut-off was set at 10, the 
model that considers cross-reaction performed better (Table 4).  

 Table 4. Model fitness comparison using LOOIC in four different models used in the sensitivity 
analysis. 

 Cross-reactivity No cross-reactivity 

USUV cut-off at 10, WNV cut-off at 30 3067.5* (Baseline)  3212.5 (Model 2) 

USUV and WNV cut-off at 10 3526.2* (Model 1) 3661.8 (Model 3) 

*best performing model 

4. Discussion 

With this study we provide epidemiological insights into USUV and WNV infections in 
wild boars in the Netherlands over the years 2018-2021. We found previously 
undetected circulation of WNV in, or before, 2018. We show the added value of using a 
mathematical and statistical approach to interpret serological results of cross-
reacting and co-circulating viruses, which confirms our findings. 

Firstly, the high proportion of wild boars with neutralizing antibody titers throughout our 
study period was surprising. This is in contrast to a serosurvey in equines and dogs in 
the Netherlands in 2021-2022 (166). Furthermore, we show evidence of (local) 
infections of WNV in animals before the first official detection of the virus in 2020 (58). 
Both the classical interpretation as well as the model results indicate a WNV 
probability of infection of at least 7%, thus providing robust evidence of WNV 
introduction(s) in or before 2018. In 2018, a large outbreak of WNV caused over 1,500 
human cases in the European Union and the virus was first found in Germany (29). The 
warm summer of 2018 provided the optimal conditions for WNV circulation, which 
could also explain potential introduction(s) into the Netherlands (191). WNV 
seropositivity has been detected before 2017 in (migrating) wild birds, but virus 
detection was not reported until 2020 (58,192). Our findings could indicate that WNV 
was only introduced or spread locally, and no domestic animals or humans got 
infected. It is important to note that the presence of wild boars, and thus our samples, 
is geographically limited and therefore does not provide a comprehensive 
representation of the entire country. Nevertheless, even in 2018 when there were no 
samples from the southern-most province (Limburg) we found evidence for WNV 

 West Nile and Usutu virus in wild boars

79

4



infections. For USUV we observe a declining trend with regards to the probability of 
infections, which could be due to the large outbreak in 2016 followed by lower 
circulation in the years after as was also observed in wild bird populations (55,192). 

The model results reveal that we can expect a slightly higher direct titer response for 
USUV compared to WNV, while credible intervals are almost similar. However, the 
cross-reactive WNV response due to an USUV infection was higher indicating that the 
direct and cross-reactive WNV titers will be closer to each other compared to USUV 
titers. Furthermore, the probability of a cross-reactive WNV response after an USUV 
infection (63%) was higher than vice versa (53%). In the prediction calculation, this 
results in the fact that less USUV infected individuals are correctly identified as USUV 
infected. This finding is also reflected in the difference between the probability of 
infection estimation by the model compared to the classical interpretation. Here we 
observe a much higher probability of infection for USUV compared to WNV in 2018, 
while these probabilities are almost equal in the classical interpretation. The model is 
able to ‘allocate’ the equivocal individuals to either USUV, WNV, or both. The higher 
probability of USUV infection in 2018 is in accordance with the fact that the 
Netherlands experienced a large outbreak in 2016 and the virus had been detected, in 
a declining trend, in the years after (55,56,192).  

The sensitivity analysis highlights the need for accounting the cross-reaction (Table 4). 
It reinforces that the model deepens the understanding of the different processes that 
lead to the observations in the population. Our results show that the probability of 
cross-reactivity is highly dependent on the cut-off chosen for the VNT. However, 
establishing cut-offs in diagnostic tests is a complex task that requires targeted studies 
to ensure diagnostic validation and accuracy. In literature, multiple approaches have 
been described to establish correct cut-offs. One could argue that ideally, populations 
with known infection status should be used to validate the model and thereby interpret 
serological results. Unfortunately, these samples were not available for Dutch wild 
boars as samples from before 2018 do not exist. USUV (55) and potentially WNV (as 
indicated by our results) were already present in 2018. Another approach is the use of 
latent class models, which have been employed for over 20 years to address situations 
where a perfect reference (gold standard) is unavailable, allowing tests to be evaluated 
against an imperfect reference. Since 2017, the STARD-BLCM standard has been 
available for reporting diagnostic accuracy studies in veterinary medicine using 
Bayesian latent class models (193). As a limitation of this study, we set up the cut-offs 
based on positive reference samples from horses and bird species for both WNV and 
USUV. For future research, we recommend to further study the optimum cut-offs using 
more appropriate positive and negative reference samples, as well as development of 
(more) specific diagnostic assays. 
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The model adequacy showed us that the model was able to retrieve most of the 
parameters correctly. However, for 𝜆𝜆𝜆𝜆2𝑊𝑊𝑊𝑊, 𝜆𝜆𝜆𝜆2𝑈𝑈𝑈𝑈, 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊 , 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑈𝑈𝑈𝑈 , and 𝜀𝜀𝜀𝜀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊  this was not the case. The 
95% credible interval obtained by fitting the data was higher than the in-silico 
parameter for 𝜆𝜆𝜆𝜆2𝑈𝑈𝑈𝑈  but lower for 𝜆𝜆𝜆𝜆2𝑊𝑊𝑊𝑊. This could indicate that the model underestimated 
the probability of infection for USUV in 2019, while it overestimated the probability of 
infection for WNV. This is plausible when looking at Figure 1D and Figure 2, where we 
observe an off-trend distribution for 2019 for both viruses. This could potentially be 
explained by more persistent WNV antibodies (slower waning) compared to USUV, 
resulting in classification of historical USUV infections as WNV infections. However, 
very limited evidence exists for the duration of persistence of these antibodies, let 
alone in wild boars with sequential or co-infections (102,194,195). 

Their potentially high exposure to vectors, limited home range, as well as the fact that 
they are not vaccinated makes wild boars suitable for surveillance of orthoflaviviruses. 
In the Netherlands, wild boar samples are collected each year for other surveillance 
purposes (196). Disadvantages of the use of wild boars are poor serum sample quality 
and the limited geographical range of wild boars in the Netherlands. Surveillance of 
wild boars could be supplemented by increasing sampling efforts of other (dead-end) 
hosts such as wild birds, equines or chickens around the seropositive wild boars to 
further investigate local circulation of USUV and WNV. Furthermore, it is of utmost 
importance to preserve sets of negative and positive control sera to be able to interpret 
serological results in the future. Despite these limitations, this study shows the added 
value of using a mathematical and statistical approach to interpret orthoflavivirus 
serology as well as the potential of using wild boars in orthoflavivirus surveillance. 

 

 

 

 

Acknowledgements 

The authors would like to thank Michiel Kroese for his assistance with sample selection 
and contact with the appropriate authorities. Bregtje Smid is acknowledged for 
performing Virus Neutralization Tests on wild boar and pig samples. We also would like 
to thank the Ministry of Agriculture, Fisheries, Food Security and Nature for their 
permission to use the samples included in this study. 
  

 West Nile and Usutu virus in wild boars

81

4



Supplementary material  

 
Figure S1. ELISA results of the negative control groups (ELISA neg. boar: random selection of wild 
boars from our dataset that were ELISA negative, NVI= Norwegian wild boars sampled in 2018-
2019, commercial pigs = Dutch slaughterhouse samples from commercial pigs). S/N% values 
<50 are considered positive according to the manufacturer’s instructions. 
 

 
Figure S2. VNT results of the negative control groups for Usutu and West Nile virus, dashed lines 
indicate cut-offs for both VNTs (ELISA neg. boar: random selection of wild boar from our data that 
were ELISA negative, NVI= Norwegian wild boars sampled in 2018-2019, commercial pigs = 
Dutch slaughterhouse samples from commercial pigs). 
Model adequacy 
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Figure S3. Comparison of the model predicted titer responses (model) and the observed titer 
response (data) for Usutu virus (USUV) and West Nile virus (WNV).  

 
Figure S4. Proportion concordant and 95% credible interval of replicates for USUV (A) and WNV 
(B). 
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Figure S5. Posterior distribution (median and 95% credible interval) of the model’s parameters 
obtained by fitting the baseline model to the in-silico data. The gray dots are the in-silico 
parameters used to generate the dataset and the pink interval is the 95% credible interval 
obtained by fitting the data. 
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Abstract  

West Nile virus (WNV) was first detected in the Netherlands in 2020, with circulation 
observed in birds, mosquitoes, and humans in two geographical areas. Usutu virus 
(USUV) has been circulating in the Netherlands since 2016. Following the detection of 
WNV in the Netherlands, we investigated the possible use of petting zoos as urban 
sentinel sites to examine the extent of WNV and USUV circulation around the two WNV 
outbreak locations. 

Chickens at petting zoos and in backyards were sampled within a 15-kilometer radius 
of the confirmed WNV circulation areas at three timepoints over one year (2021-2022). 
Sera were analyzed using a protein microarray for binding antibodies to orthoflavivirus 
NS1 antigens and reactive samples were confirmed through micro-focus reduction 
neutralization tests (mFRNT). Furthermore, mosquitoes at sampling locations were 
collected to assess their blood feeding behavior.  

This serosurvey detected the circulation of USUV and WNV in petting zoo and backyard 
chickens in 2021, both within and outside the 2020 outbreak areas. The WNV 
circulation was not detected by other existing surveillance schemes in mosquitoes, 
wild birds, horses and humans. In addition, the results show rapid decay of USUV 
antibodies in approximately 20 weeks. Our findings support the utility and the added 
value of petting zoo chickens as sentinels for monitoring USUV and WNV circulation 
compared to other available methods. Seroconversions observed in petting zoos and 
backyard chickens living in or near densely populated urban areas further highlighted 
potential public health risks that went undetected. 
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1. Introduction 

West Nile virus (WNV) and Usutu virus (USUV) are both zoonotic mosquito-borne 
viruses in the Japanese encephalitis serogroup and belong to the Flaviviridae family 
and genus Orthoflavivirus (197). Both viruses are maintained in an enzootic 
transmission cycle between birds and mosquitoes (primarily Culex mosquitoes) and 
are known to co-circulate in parts of Europe (180,198,199). Culex pipiens is recognized 
as the primary vector for WNV and USUV in Europe. In the Netherlands, Cx. pipiens is a 
ubiquitous and highly abundant mosquito species (35,200,201). Culex pipiens are 
known to feed both on avian and mammalian hosts including humans, which may 
facilitate the spread and spillover of USUV and WNV (202). 

Usutu virus has been circulating in continental Europe for more than two decades 
(203). In the Netherlands, USUV was detected in 2016 for the first time and has caused 
significant outbreaks in birds, with associated mortality specifically in wild blackbirds 
(Turdus merula) and captive owls (Strigiformes) from 2016 to 2018 (55,56). In 2018, a 
study on Dutch blood donors revealed multiple (asymptomatic) human USUV 
infections, which occurred concurrently with an observed increase in bird mortality in 
the study area (123). Surveillance of live and dead wild birds and mosquitoes has 
shown ongoing circulation of USUV in the years after (192). 

Over the last decades, WNV has become one of the most widespread arboviruses in 
the world (204). Outbreaks of disease caused by WNV have been extensively described 
in southern Europe. In 2018 a major outbreak resulted in 1311 confirmed human cases 
across Europe (29). In the same year, the virus also was detected northwards as the 
first WNV cases in Germany were observed in birds and horses (205). In August 2020, 
the virus was detected for the first time in the Netherlands in a common whitethroat 
(Curruca communis) and Culex mosquitoes (58). In October of the same year, the first 
autochthonous case of human WNV neuroinvasive disease was identified in the 
Netherlands. Retrospective analysis revealed six additional clinical cases (207). All 
WNV detections within the Netherlands were restricted to two specific areas; in the 
municipality of Utrecht where most WNV positive birds and all positive mosquitoes 
were found; and near the municipality of Arnhem where a seventh human case was 
identified in October (125,207).  

According to the World Organisation for Animal Health (WOAH), sentinels are defined 
as susceptible animals of known health or immune status that are regularly tested in 
specific (outbreak-prone) geographical locations to detect the occurrence of diseases 
or infections, often through serological testing (5). Captive sentinel birds, such as 
chickens (Gallus gallus domesticus) and pigeons (Columbia livia) have been routinely 
utilized for arbovirus monitoring and surveillance in various settings and across 
different continents (76,208,209). Chickens do not show clinical signs following 
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infection but do develop neutralizing antibodies. Experimental studies have shown that 
chickens do not contribute to the vector-host transmission cycle (210,211). In addition, 
sentinels such as chickens can be repeatedly sampled at the same desired locations, 
while also leveraging on their historical data on origin and movement patterns. 
Sampling of sentinel chickens allows for repeated sampling of the same individuals. 
Hence, chickens can serve as an effective sentinel model system for the early 
detection or enzootic transmission of WNV and USUV.  

Similar to other European countries, the Netherlands has a high density of petting zoos 
(also called city farms or urban farms), which are often located in peri-urban and urban 
areas (212). Of the about 500 petting zoos in the country, 90% keep chickens alongside 
other animals, such as peacocks, sheep and goats (212). Petting zoos may provide an 
innovative and sustainable approach to sentinel surveillance for orthoflaviviruses, 
considering that these zoos are usually park-like structures in areas with relatively high 
human population densities. Mosquito-borne virus detection in petting zoos may 
therefore provide an indication of the risk of spill-over or concurrent circulation in the 
human population (213).  

Although WNV surveillance in humans, animals and vectors was increased following 
its first detection in the Netherlands, the geographical spread of WNV around the 
outbreak areas after the first detections remained unknown. We therefore studied the 
spread of the virus in both outbreak areas, using chickens in petting zoos as sentinels. 
In addition, mosquitoes were collected to assess the presence of competent WNV and 
USUV vectors and their blood-feeding patterns. By employing these approaches, we 
explored the potential of petting zoos as sentinel sites for monitoring USUV and WNV 
in the Netherlands. 

2. Materials and methods 

2.1. Sampling 

Chickens from petting zoos and backyards within a 15km radius of each of the two WNV 
outbreak locations (58,125,207) were included for sampling. Twenty-three locations 
around Utrecht and 13 around Arnhem agreed to participate (Figure 1). Additionally, 
volunteer bird ringers collected samples from backyard chickens between October 
2020 and June 2022, from within and outside of our two specified study areas and 
radius (see Figure 1). The sampling of chickens was conducted in three phases: 1st of 
October 2020 – 31st of May 2021 (in both Utrecht and Arnhem), 1st of June – 31st of 
October 2021 (Utrecht area only) and 1st of November 2021 – 1st of June 2022 (both 
Utrecht and Arnhem), which we refer to in this study as phases I, II, and III respectively. 
Chickens were individually ringed for identification. If possible, individual chickens 
were resampled throughout the sampling phases. However, some chickens were lost 

Chapter 5

90



to follow-up, because they died or were relocated away from the study area. These 
chickens were replaced by new chickens if available at the same location. A minimum 
of two and a maximum of thirteen chickens were sampled at each location per 
timepoint. Blood was obtained from the cutaneous ulnar vein using a syringe and 
needle. Blood samples were transported to the laboratory and then centrifuged at 
13,000 rpm for 5 minutes to collect sera, which were stored at -80°C until use. 

 
Figure 1. Sampling locations (green dots) within the 15km radius of two locations where WNV 
was detected in 2020. Locations where backyard chickens were sampled by volunteer bird 
ringers are shown in the full country map and the Utrecht area inset as blue dots. 

In addition, mosquitoes were collected to assess the presence of competent WNV and 
USUV vectors and their blood-feeding patterns in the petting zoos. Mosquitoes were 
collected during phases II and III at sampling locations using manual aspirators. All 
chicken coops, canteens and barns on the premises were visually inspected for the 
presence of mosquitoes. Mosquitoes were aspirated and stored frozen in 50mL falcon 
tubes at -20°C until identification and further processing at the laboratory. 

  

 Sentinel chicken surveillance

91

5



2.2. Laboratory analysis 

2.2.1. Protein microarray 

All sera with sufficient volume were tested on a protein microarray (PMA) as previously 
described (214). In brief, each NS1 antigen (USUV, The Native Antigen Company, 
Kidlington UK; and WNV, Sino biologicals, China) was spotted in duplicate onto the 
nitrocellulose pad-coated glass slide (Sartorius Stedim Biotech, Goettingen, 
Germany). Slides were incubated with sera after blocking with a BlockerTM BLOTTO 
buffer in TBS (Thermo Scientific, Rockford, IL, USA) to minimize aspecific binding, and 
subsequently with Alexafluor-647 conjugated goat anti-chicken IgY (Jackson 
ImmunoResearch, Inc., West Grove, USA). Each serum was tested in a 4-fold serial 
dilution ranging from 1:20 to 1:1280. The tested microarray slides were scanned using 
a PowerScannerTM (Tecan, Männedorf, Switzerland), and the relative fluorescence units 
(RFU) per antigen were analyzed using ImaGene® software (Biodiscovery, El Segundo, 
USA). Titres were calculated from the average RFU values using GraphPad Prism vs 
9.4.0, as previously described (215). 

Protein microarray cut-offs for chickens were calculated using a ROC curve, using 
antibody titres of: samples collected from chickens in the Netherlands in 2006 before 
the first Dutch detection of USUV; Specific Pathogen Free (SPF) chickens; PCR-
confirmed USUV and WNV positive birds, and chicken sera collected during this study. 
The cut-off with the highest specificity for USUV and WNV (Supplementary material, 
Figure S1) was selected. The cut-off value for the PMA USUV NS1 and WNV NS1 signals 
was estimated at a median fluorescence value of ≥3500 at serum dilution 1:80. 

2.2.2. Micro-focus reduction neutralization test (mFRNT) 

Samples with antibody binding signals above cut-off for USUV or WNV on the PMA were 
selected for further determination of the presence of neutralizing antibodies against 
WNV (lineage 2; B956, NCPV Porton Down #638, 2010) and USUV (Africa 3 strain; 
Turdus Merula NL isolate 2016, EVAg Ref-SKU: 011V-02153) using a micro-focus 
reduction neutralization test (mFRNT) as previously described (147). The positivity cut-
off specific to chickens was established at ≥160 for USUV and ≥80 for WNV 
(Supplementary material, Figures S2 and S3). Samples showing positivity for both 
USUV and WNV mFRNTs, with a <4-fold titre difference between the two antigens are 
denoted as “FLAVI” i.e. orthoflavivirus-positive. 
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2.2.3 Virus Neutralization Test (VNT) 

Six samples from phase I were confirmed by Virus Neutralization Tests (VNT) instead of 
mFRNT because of insufficient volume to retest those in the mFRNT. Virus 
neutralization tests were performed using titrated stocks of USUV (Africa 3 strain; 
Turdus Merula NL isolate 2016, EVAg Ref-SKU: 011V-02153) and WNV (lineage 2, strain 
B956, NCPV Porton Down #638, 2010), using a protocol previously described (216). 
Viral cytopathic effects (CPE) were recorded five days post-inoculation for USUV and 
seven days post-inoculation for WNV. Sera were regarded positive in case of a 
reciprocal titre of ≥1:16 and a ≥4-fold titre difference was used to distinguish between 
WNV and USUV infections. 

2.3. Statistical analysis and mapping 

Descriptive statistics were used to summarize the antibody detections across 
sampling locations and areas. Individual and flock seroprevalence of WNV and USUV 
was estimated as the proportion of seropositive individuals/locations to the total 
number sampled per location/area, using a two-sided exact binomial test with a 95% 
confidence interval. Waning of antibodies over time was estimated by comparing 
mFRNT titres across phases using a mixed-effect linear model using the lme4 package 
in RStudio (217). The dependent variable was the log-transformed mFRNT titre, while 
the fixed factor was the number of weeks after the first positive sample. To account for 
the repeated sampling on the same individual, we included individual chicken 
identification number as a random factor. For this model, we selected chickens with 
an USUV/WNV status in phase I or II and that were sampled in more than one phase. 
Analyses included only those results from the USUV/WNV status and onward. 
Chickens showing an increase in titre between sampling points were removed to 
exclude potentially reinfected animals. All data handling, statistical analyses, and 
graphs were generated using R statistical software vs4.1.2. Maps were created using 
QGIS desktop version 3.22.5 (218). 

2.4. Mosquito and bloodmeal host identification  

Mosquitoes were identified to the species level following the identification key of 
Becker et al. (173). Adult female Cx. pipiens and Cx. torrentium are morphologically 
indistinguishable and were therefore grouped together as Cx. pipiens/torrentium. 
Subsequently, blood-engorged specimens were subjected to bloodmeal analysis 
following the molecular protocol described by Blom et al. (219). In brief, DNA was 
extracted from individual blood-engorged abdomens, followed by PCR. PCR was 
conducted with primer sets targeting the Cytb region. In case amplification with Cytb 
primers was unsuccessful, an additional PCR was performed using primers targeting 
the 16S rDNA region. Successful PCR products were subjected to Sanger sequencing. 
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Sequences were analyzed using Geneious Prime 2023.0.4. Acquired sequences were 
matched with reference sequences in the NCBI Genbank database using BLAST to 
identify the host origin.  

3. Results 

3.1. Samples and resampling of chickens 

Sampling of chickens was performed in three phases between October 2020 and June 
2022. In total, we collected 639 sera from 348 individual chickens across 36 locations 
that were within a 15km radius of the two 2020 WNV outbreak locations in the 
Netherlands (see Table 1). Two samples from Utrecht area had insufficient volume and 
thus were not tested. Additionally, volunteer bird ringers collected 31 samples from 30 
chickens at seven locations during the study period, four of which were within the 15km 
radius in Utrecht (see Figure 1). Twenty-four samples (19 from Utrecht area and five 
ringer samples) were positive on PMA but had insufficient volume left to be tested by 
mFRNT and were excluded from the analyses (see Table 1). 

Of the 370 chickens tested, seventy-six chickens (20.5%) were sampled and tested 
three times (all in Utrecht), 122 (33.0%) chickens twice (55 Utrecht and 66 Arnhem, 1 
ringer chicken) and 172 (46.5%) were sampled and tested only once (109 Utrecht and 
39 Arnhem, 24 ringer chickens). 

3.2 Serology 

3.2.1. Seroprevalence and seroconversions in individual chickens 

In the Utrecht area, WNV seroprevalence showed fluctuations across the three phases: 
3.33% [6/180 (95% CI: 1.23, 7.11)] in phase I, 13.29% [15/143 (95% CI: 8.19, 19.96)] in 
phase II, and 12.10% [15/124 (95% CI: 6.93, 19.17)] in phase III. In contrast, USUV 
seroprevalence increased steadily from 6.67% [12/180 (95% CI: 3.49, 11.36)] in phase 
I to 10.49% [15/143 (95% CI: 5.99, 16.71)] in phase II, and rose again to 20.97% [26/124 
(95% CI: 14.18, 29.19)] in phase III. Arnhem area had lower WNV seroprevalences of 
1.04% [1/96 (95% CI: 0.03, 5.67] in phase I and 6.67% [5/75 (95% CI: 2.20, 14.88)] in 
phase III compared to Utrecht. Conversely, the USUV seroprevalence in Arnhem area 
was 20.83% [20/96 (95% CI: 13.20, 30.33)] in phase I surpassing the seroprevalence in 
Utrecht. However, by phase III the USUV seroprevalence in Arnhem dropped to 8.0% 
[6/75 (95% CI: 2.99, 16.60)]. No sampling was conducted in Arnhem area in phase II, 
hence the seroprevalence was not estimated (see Table 2; Figure 2).  
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Three out of seven volunteer bird ringer locations were located outside the two 
investigated areas. In phase I, in a location 40km north-west of Utrecht, one of two 
chickens tested WNV positive by VNT. In another location 22km north-east of Arnhem, 
one of two chickens tested seropositive for WNV. In phase II the same location was 
sampled, and one (1/4) newly sampled chicken tested WNV positive. In phase III, the 
same location had one new (1/4) WNV-positive and one (1/4) USUV-positive chicken. 
All other positive ringer sampled chickens, sampled in phase I, were in the 15km radius 
of the Utrecht area (see Figure 2A). 

 

Figure 2. A: Spatial overview of all serological results for Utrecht and Arnhem area per sampling 
phase. Results for volunteer bird ringer locations outside of the two sampling areas (n=3), 
aggregated for all phases, are shown in the large left (country) panel. B: Percentage of USUV-
positive chickens per location for each sampling phase. C: Percentage of WNV-positive chickens 
per location for each sampling phase. *Indicates samples were taken but none were positive. 
Numbers above bars represent number sampled per location. 
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In total, 52 individual chickens seroconverted during our study period. Of these, 45 
were from the Utrecht area and the remaining seven from the Arnhem area. Of the 
chickens from Utrecht area that were sampled in the first two phases, 18.37% (18/98) 
seroconverted. These chickens developed antibodies against WNV (7/18), USUV (7/18) 
and both viruses (FLAVI, 4/18) indicating active circulation of both WNV and USUV in 
the summer of 2021 (1st of March-10th of October). Twenty-one chickens from Utrecht 
seroconverted between phase II and III (27th of September 2021-7th of March 2022) and 
developed antibodies against WNV (9/21), USUV (8/21), and both viruses (FLAVI, 4/21). 
In addition, 6 chickens from Utrecht seroconverted for WNV (1/6), USUV (4/6) and 
FLAVI (1/6) between phase I and III (not sampled during phase II). Seven chickens from 
the Arnhem area seroconverted for WNV (3/7), USUV (3/7) and FLAVI (1/7) between 
phase I and III. 

3.2.2. Observed flock prevalences 

The observed WNV flock (petting zoo) prevalence also showed a marked increase 
across the first two phases in the Utrecht area, from 21.74% [5/23, (95% CI: 7.46, 
43.70)] to 60% [12/20, (95% CI: 36.05, 80.88)] (see Figure 2). After phase II, the flock 
prevalence in Utrecht remained stable at 52.38% [11/21, (95% CI: 29.78, 74.29)] in 
phase III. There was only one WNV-positive flock in the Arnhem area in phase I, thus a 
7.69% [1/13, (95% CI: 0.19, 36.03)] flock prevalence, which increased to 23.08% [3/13, 
(95% CI: 5.04, 53.81)] in phase III. The observed USUV flock prevalence increased from 
39.13% [9/23, (95% CI: 19.71, 61.46)] in phase I to 50% [10/20, (95% CI: 27.20, 72.80)] 
in phase II and 52.38% [11/21, (95% CI: 29.78, 74.29)] in phase III in the Utrecht area. 
In the Arnhem area, USUV flock prevalence decreased from 46.15% [6/13, (95% CI: 
19.22, 74.87)] in phase I to 23.08% [3/13, (95% CI: 5.04, 53.81)] in phase III.  

3.3. Antibody waning 

Eight animals remained seropositive for either WNV (n=1), USUV (n=4) or both viruses 
(n=3), throughout the complete study period of one year. These findings can indicate 
antibody persistence or reinfections in these animals. Forty-one chickens seroreverted 
from WNV (n=11), USUV (n=25) or FLAVI (n=5) seropositive to negative between 
sampling points. Twenty-seven out of 68 USUV positive chickens were repeatedly 
sampled and had an USUV positive status in phase I or II (without an increase in titre 
throughout the study period) and were selected to study waning of antibodies (see 
Figure 3). The intercept of the linear mixed-effects model was 6.07, which corresponds 
to an average estimated mFRNT titre of 432.7 for USUV at the first positive sampling. 
The model revealed an estimated average decline in log-transformed USUV titre of 
0.049 per week since the first USUV status sample. This means the mFRNT titre of 
chickens would fall below cut-off (titre of 160) in about 20 weeks and below a titre of 10 
(undetectable titre) in approximately 78 weeks. The sample size (n=13) for waning of 
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WNV antibodies was insufficient to perform a similar analysis. Four of these thirteen 
chickens had stable WNV titres above cut-off (80, 80, 1280 and 2560 respectively) at 
all sampling points, thus no waning of antibody titres, over a period ranging from 115 
and 439 days between first and last sampling. Seven chickens had a ≥4-fold decline in 
WNV titre (with 120-347 days between first and last sample) and the remaining two had 
a 2-fold decline between the first and last sample (208 and 347 days respectively). In 
total, eight (8/13) of these chickens seroconverted. 

 
Figure 3. USUV mFRNT titres for 27 repeatedly sampled chickens confirmed positive for USUV in 
phase I or phase II. The horizontal dashed line indicates mFRNT cut-off titre for USUV. Status at 
each sampling point is indicated by a coloured dot. 

3.4. Mosquitoes 

In total, 47 mosquitoes were captured during visits in phase II (n=36) and phase III 
(n=11) at 12 different sampling locations. Both female (40/47, 85.1%) and male (7/47, 
14.9%) mosquitoes were caught. The majority were Culex mosquitoes (59.6%) of which 
all but two were Culex pipiens/torrentium. The remaining two (male) Culex specimens 
were not identifiable to the species level. Other detected species were Anopheles 
maculipennis s.l. (23.4%), Anopheles claviger (4.3%) and Culiseta annulata (12.8%). 
Fifteen (15/40, 37.5%) of the female mosquitoes were engorged at the time of capture. 
The engorged females were all caught during phase II in September 2021 at five 
separate locations in the Utrecht area. Bloodmeal analyses revealed ten (all Cx. 
pipiens/torrentium, 66.7%) of the blood-engorged mosquitoes fed on chickens (G. 
gallus) and three mosquitoes (20%, two An. claviger, one Cs. annulata), all from the 
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same farm, fed on pigs (Sus scrofa). For the remaining two blood-engorged 
mosquitoes, the source of the bloodmeal could not be identified. 

4. Discussion 

This study investigated the potential of utilizing petting zoo and backyard chickens as 
sentinels to assess the extent of spread and circulation of WNV and USUV in two WNV 
outbreak areas in the Netherlands. Through systematic sampling of chickens around 
outbreak sites, previously undetected transmission of WNV and USUV in the 
Netherlands was captured in 2021. This underscores the utility of chickens in backyard 
and petting zoo settings as effective sentinels for detecting the presence of WNV and 
USUV.  

The observed prevalence of WNV at both individual and flock level in chickens around 
Utrecht and Arnhem showed an increase after May 2021, indicating active circulation 
of the virus during that year. This was corroborated by seroconversions in repeatedly 
sampled individuals across multiple locations. Furthermore, the detection of WNV 
antibodies in chickens located farther from the outbreak locations suggests a broader 
spread of the virus compared to areas identified through molecular surveillance in wild 
birds (58). Notably, WNV circulation in 2021 went unnoticed by syndromic surveillance 
in horses and humans, as well as in molecular surveillance of mosquitoes and wild 
birds. However, the circulation of WNV in the Netherlands was later further affirmed by 
the detection of virus in a wild-caught grey heron (Ardea cinerea) in 2022. The partial 
sequence obtained from this bird clustered with the 2020 WNV sequences from the 
Netherlands (126). In addition, USUV antibodies were consistently found in chickens 
and seroconversions were observed throughout the study period. Similar to the 
findings on WNV, this indicates active USUV circulation in both study areas. These 
findings corroborate the endemic nature of USUV in the Netherlands, supported by the 
annual detections in wild birds since 2016 (192). Surprisingly, no notable increase in 
blackbird mortality was observed in 2021 (220). Our findings underscore the 
significance of integrating chicken serological surveillance into existing surveillance 
efforts for early-detection and response to USUV and WNV outbreaks. 

Research on antibody waning after orthoflavivirus infections in animals is limited. 
Sentinel chickens are typically removed post-seroconversion, while recapturing wild 
birds is rare, complicating antibody decay tracking (208). Experimental infection 
studies often do not study long-term antibody kinetics (210). Our study estimates an 
average antibody decay to below cutoff at approximately 20 weeks post-initial positive 
sample. However, individual variation in neutralizing antibody development and 
persistence exists (76). Our findings align with a study in captive birds of prey showing 
a marked USUV antibody decline over six months (221). However, Bergmann et al. (194) 
reported prolonged USUV positivity in zoo birds over four years, suggesting possible 
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differential responses to orthoflavivirus infections between bird species. In our study, 
limited sample size hindered reliable analyses of WNV antibody waning, but some 
animals maintained stable antibody titres beyond 439 post-initial sampling. Compared 
to USUV, indeed longer WNV antibody persistence was previously reported in various 
bird species, (102,195,222,223). However, in none of these studied chickens were 
investigated. 

A few seropositive chickens showed increasing titres over time, possibly due to new 
exposures or co-infections with other orthoflaviviruses (224). These factors are not 
easily discernible in field investigations. Some chickens maintained persistent high 
antibody titres throughout the study, suggesting either reinfection or a prolonged half-
life of antibodies due to individual variation. Alternatively, chronic WNV infections may 
have led to recrudescence (225,226). In the case of USUV infections in 2020, chickens 
might have been infected months or even longer before the first sample was taken in 
early 2021, leading to potential underestimation of USUV-positive chickens and lower 
the expected timespan to go below cutoff. 

Apart from chickens, horses, dogs and other wildlife species are commonly used as 
sentinels for orthoflavivirus surveillance (95,97,185). However, horses may be 
vaccinated against WNV, rendering these individuals unsuitable as sentinels. 
Obtaining wildlife samples is challenging, and repeated sampling is often impractical 
(185). In contrast, chickens are logistically easier to procure, monitor and replace, 
enhancing their applicability as sentinel species. In addition, petting zoos and 
backyard chickens, often located in or near urban areas, may reflect human health 
risks related to WNV and USUV as shown previously (87). The detection of chicken DNA 
in the bloodmeals Cx. pipiens/torrentium further confirms that chickens in petting zoos 
are exposed to bites of an important WNV and USUV vector (199,227). Surveillance 
programs incorporating repeated sampling of sentinel animals, like chickens, are 
better poised to capture temporal changes in virus activity viral for timely and effective 
public health interventions compared to cross-sectional studies. 

In summary, this study provides strong evidence of the active circulation of both WNV 
and USUV throughout our study period, extending well beyond previously documented 
geographical detection range in the Netherlands. This also indicates that the total 
geographical range of WNV and USUV circulation is likely even larger, necessitating 
studies including broader perimeters from initial infection sites. Notably, no human 
cases were reported in the Netherlands during or after the study period. However, given 
the high antibody prevalence in chickens, our findings suggest the possibility of 
undetected human infections when relying solely on molecular and syndromic 
surveillance. 
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Overall, our study underscores the value of sentinel surveillance in petting zoos and 
backyard chickens in detecting virus circulation that might otherwise go unnoticed. 
Additionally, it affirms the utility of chickens as sentinels, complementing other 
surveillance methods such as wild bird and mosquito surveillance, as well as 
syndromic surveillance in horses and humans. Further insights into human infections 
could be gained through retrospective testing of bio-banked blood donors or 
hospitalized patient samples with a history of fever and/or neurological symptoms, 
collected from risk areas and during outbreak periods. 
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Supplementary material 

S1. Sensitivity and specificity of the protein microarray for USUV and WNV NS1 binding IgG 
antibodies (ROC curves)  

 
ROC curve based on median fluorescence values (RFU) on USUV NS1 and WNV NS1 on the 
protein microarray with estimated sensitivity and specificity relative to corresponding mFRNT 
confirmed serum samples. Included sera: SPF-TN and preArBO-TN samples as negatives, 
experimentally infected European Jackdaws (see supplemental Figure S2 panel C) and chicken 
sera from this study that are mFRNT-confirmed, as positives. (A) USUV PMA cutoff ≥3500 RFU at 
sensitivity and specificity of 94.1% and 94.1% respectively [AUC = 0.99]. (B) WNV PMA cutoff 
≥3500 RFU at 75.7% and 82.4% sensitivity and specificity [AUC = 0.91]. preARBO-TN = chickens 
sampled in 2006 before detection of USUV in the Netherlands; USUV-TP = chicken sera, 
collected in this study, confirmed via PMA and VNT: WNV-TP = samples from PCR and VNT 
confirmed WNV-positive European jackdaws. 
 
S2. Established mFRNT90 cut-offs for USUV and WNV IgG antibody detection in chickens. 
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S3. Characteristics of samples used in mFRNT validation. 

Sample group Species PCR 
VNT (cut-off ≥16) Blocking ELISA (Inhibition 

%)  
cut-off ≥40 WNV USUV 

SPF-TN 

G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 

preARBO-TN 

G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 
G. domesticus NT NT NT NT 

WNV-TP 

G. domesticus positive NT NT NT 
G. domesticus positive NT NT NT 
C. monedula positive 256 <8 NT 
C. monedula positive 32 <8 85 
C. monedula positive 256 8 NT 
C. monedula positive 256 <8 84 
C. monedula positive 32 <8 84 
C. monedula positive 16 <8 87 
C. monedula positive 32 <8 81 
C. monedula positive 192 <8 89 
C. monedula positive 32 <8 86 
C. monedula positive 128 <8 NT 
C. monedula positive 128 <8 74 
C. monedula positive 128 <8 75 
C. monedula positive 32 <8 91 
C. monedula positive 25 <8 90 
C. monedula positive 64 <8 89 
C. monedula positive 384 <8 91 

USUV-TP 
G. domesticus NT <8 32 NT 
G. domesticus NT <8 20 NT 

G. domesticus NT <8 23 NT 

(A) USUV FRNT90 cut-off at ≥1:160; SPF-TN = Specific pathogen-free chickens, preARBO-TN = 
chickens sampled in 2006 before detection of USUV in the Netherlands; USUV-TP = chicken sera, 
collected in this study, confirmed via PMA and VNT. (B) WNV FRNT90 cut-off at ≥1:80: WNV-TP = 
samples from PCR and VNT confirmed WNV-positive European jackdaws (228)* and chickens. 
NB: the red line intercepting the y-axis represents the cut-off limit. (C) Overview of samples used 
as positives (*TP) and negatives (*TN) to validate of the mFRNT. NB: samples tested on blocking 
ELISA were with the INgezim WNV Compac® commercial assay. 
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Abstract 

Background: Outbreaks of zoonotic emerging infectious diseases (EIDs) require rapid 
identification of potential reservoir hosts and mapping disease spread in these hosts 
to inform risk assessment and adequate control measures. Animals are often 
understudied when a novel EID is detected in humans and acquisition of animal 
samples is hampered by practical, ethical, and legal barriers, of which there is 
currently no clear overview. Therefore, the three aims of this study are (1) to map 
potentially available collections of animal samples, (2) to assess possibilities and 
barriers for reuse of these samples and (3) to assess possibilities and barriers for active 
animal and environmental sampling in the Netherlands. 

Methods: A literature search was performed to identify ongoing sampling activities and 
opportunities for reuse or active sampling. Semi-structured interviews with 
stakeholder organizations were conducted to gain further insight into the three 
research questions. 

Results: Various sample collections of surveillance, diagnostic and research activities 
exist in the Netherlands. Sample size, coverage, storage methods and type of samples 
collected differs per animal species which influences reuse suitability. Organizations 
are more likely to share samples, for reuse in outbreak investigations, when they have 
a pre-existing relationship with the requesting institute. Identified barriers for sharing 
were, amongst others, unfamiliarity with legislation and unsuitable data management 
systems. Active sampling of animals or the environment is possible through several 
routes. Related barriers are acquiring approval from animal- or property owners, 
conflicts with anonymization, and time needed to acquire ethical approval. 

Conclusion: The animal sample collections identified would be very valuable for use 
in outbreak investigations. Barriers for sharing may be overcome by increasing 
familiarity with legislation, building (international) sharing networks and agreements 
before crises occur and developing systems for sample registration and biobanking. 
Proactive setting up of ethical approvals will allow for rapid animal sample collection 
to identify EID hosts and potential spillovers. 
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Definition of terms 

Mandate: The delegated power to make decisions in the name of an administrative 
body. In this study, mandate implies: the decision of the Netherlands Food and 
Consumer Product Safety Authority (NVWA) to perform sampling on behalf of the 
Ministry of Agriculture, Nature and Food quality (229). 

State supervision: Actions that can be performed by veterinary services (230), in the 
Netherlands this is the Food and Consumer Product Safety Authority (NVWA), in order 
to request samples or data from a laboratory or actively take samples at an (suspected) 
outbreak location (231). 

Survey: a component of a surveillance system to systematically collect information 
with a predefined goal on a sample of a defined population group, within a defined 
period (232). 

Introduction 

During the past decades multiple outbreaks of emerging zoonotic diseases have 
occurred worldwide, including the most recent example of the COVID-19 pandemic (6). 
Pathogens causing zoonotic diseases pose a threat to human, animal and 
environmental health. With over 60% of all emerging infectious diseases (EIDs) in 
humans having a zoonotic origin, early identification of potential (reservoir) hosts, is 
one of the essential steps to prevent further spread of EIDs (6,233). Furthermore, spill-
back of a pathogen from humans to animals may occur, highlighting the need for rapid 
screening of key (potential) target species. This is important as undetected circulation 
may give rise to the emergence of new variants and potentially long-term circulation of 
pathogens within ecosystems (234,235). Rapid detection and origin investigations are 
pivotal to implement further response and control measures, in order to reduce human 
and animal morbidity and mortality. Additionally, economic and societal impacts may 
be averted. 

To adequately inform risk-assessment and response measures, One Health outbreak 
investigations should be designed strategically, depending on the specifics of the 
outbreak, and be performed timely, risk targeted, with sufficient coverage, sample size 
and metadata, and appropriate sampling and storage methods (234). Whilst this is 
widely recognized by the Quadripartite organizations (FAO, WHO, UNEP and WOAH), 
implementation is still hampered or slowed down (236–243). Additionally, EID outbreak 
response most often is focussed on humans. For instance, there is sporadic 
systematic surveillance of SARS-CoV-2 infections in potential animal host species, 
which can result in late detection of ongoing transmission (244). When SARS-CoV-2 
circulation in white-tailed deer was discovered in the USA, the virus had already widely 
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spread in multiple states (245,246). Mutations were detected in SARS-CoV-2 isolates 
from white-tailed deer, including a mutation in the receptor-binding motif, and possible 
spill-back from deer to humans was suggested (247). The potential implications of this 
spill-back highlight the importance of a One Health focus on rapid EID outbreak 
response (235). At the moment, animals are often understudied when a novel EID is 
detected in humans. Reuse of these existing samples not only allows for retrospective 
surveys to investigate the origin of an outbreak and time of emergence, but also limits 
the need of active sampling, which can reduce costs as well as animal handling and 
discomfort (248,249). Testing of existing samples at the same (reference) laboratory 
also assures comparability and validity of results. Acquiring appropriate animal 
samples for rapid EID outbreak response can be achieved by active sample collection 
or possibly by use of existing samples, collected for other purposes. However, the 
acquisition or collection of animal samples is often hampered by practical, ethical and 
legal barriers, of which there is no overview available (238–243). 

Identifying and overcoming these barriers is of particular relevance to the Netherlands 
as the country is vulnerable to EID outbreaks due to dense human- and livestock 
populations, international travel and transport hubs and a water-dominated landscape 
(250). Previous outbreaks of EIDs in the Netherlands that involved both animals and 
humans, are for example Q-fever, avian influenza, COVID-19 and West Nile virus. For 
that reason, we chose the Netherlands as a case study for this investigation. Barriers 
for rapid response need to be identified before solutions can be suggested. Therefore, 
the three aims of this study are: (1) To map potentially available collections of animal 
samples in the Netherlands, (2) to assess possibilities and barriers for reuse of existing 
collections of animal samples and (3) to assess possibilities and barriers for active 
animal and environmental sampling in outbreak situations. In this way, this study can 
provide input for other countries to assess and improve their response to EID outbreaks 
on the human-animal interface. 
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Methods 

In order to identify barriers which could hamper timely animal testing in case of an EID 
outbreak, we assessed the literature to identify previously described barriers for active 
sample collection or sample sharing as well as other barriers for timely research into 
animal reservoirs. Following the literature search, interviews were held to discuss the 
extent of identified barriers in practice and to identify potential additional barriers or 
possibilities for sample reuse or active sample collection. In this way we provide insight 
into the barriers that need to be addressed concerning EID detection. 

Literature search 

Literature searches were performed to assess current knowledge on our three research 
aims and serve as input for interview questions. The searches were carried out via two 
databases (Embase and Medline). Inclusion and exclusion criteria are listed in table 1 
and all search terms can be found in Annex A. Duplicates were removed and titles and 
abstracts were screened by two authors independently (in EndNote 20.0.1). Full text 
analysis of literature potentially suitable for inclusion after title and abstract screening 
was performed by two independent authors, any conflicts were resolved through 
discussion. Additionally, grey literature was obtained via personal communication and 
interviews as described later. Legislation applicable to either reuse or active collection 
of samples was identified via the Dutch national legislative database and included in 
the analyses. For research question one, full text documents were screened for the 
identification of sample collections and their characteristics including: surveillance 
objective(s), pathogen, coverage, sample size, sample type, storage method and 
storage period and metadata availability.  
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Interviews 

Semi-structured interviews were conducted by two authors, in two rounds. Round one 
was focused on research questions one and two. Round two was focused on research 
question three. Interviews were conducted between July 2021 and February 2022 and 
lasted approximately one hour. When requested, interview guides were shared with the 
organization(s) beforehand. Organizations were emailed with follow-up questions or 
when subjects needed further clarification after the interviews.  

Round 1 

In order to assess availability of identified sample collections for outbreak 
investigations, semi-structured interviews were conducted with relevant stakeholders 
defined as: organizations that are involved in collection and/or testing of animal 
samples and can affect and/or are affected by the process of collection and sharing of 
samples. Stakeholders were identified based on the Dutch Zoonoses Structure, a 
Google search for veterinary laboratories and snowballing (251). Fifteen key 
stakeholder organizations were identified: private laboratories and slaughterhouses (5, 
of which one through snowballing); organizations performing statutory tasks (5); a 
university medical centre (1) and poultry, pig and cattle sector representatives (3). Via 
e-mail, all 15 organizations were invited and asked to appoint one or two 
representatives for an online interview. The appointed representatives were 
interviewed using a standardized set of four closed and eleven open (follow-up) 
questions. Questions were directed to verifying the overviews of ongoing sampling 
activities and to identify opportunities, conditions and barriers for sharing in case of an 
EID outbreak. Legal implications for sample sharing, identified in legislation and during 
interviews, were discussed with three legal experts belonging to three of the invited 
organizations carrying out statutory tasks.  

Round 2 

To assess opportunities for timely active collection of animal or environmental 
samples as part of the response to an outbreak, with emphasis on legislation, semi-
structured interviews were conducted with relevant stakeholders defined as: 
organizations that are involved in active animal or environmental sample collection 
and/or can affect or are affected by the process of collection and testing of samples. 
Eight relevant stakeholders were identified: Organizations performing statutory tasks 
(3); the Dutch Zoonoses Signalling Structure (251) (1); the animal ethical board (1) and 
sector representatives (3). All organizations were invited and asked to appoint one or 
two representatives for an online interview. Interview questions focused on legislative 
opportunities, criteria and barriers for active collection of animal and environmental 
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samples. Questions were derived from findings in legislation and information obtained 
during the first round of interviews. 

Data analysis 

To assess barriers and facilitate rapid identification of existing animal sample 
collections for reuse in EID outbreak, identified sample collections and their 
characteristics were compiled in a table per animal species. This overview was verified, 
supplemented and if necessary, altered based on interview results. The overview of 
sample collections was restricted to longitudinal sampling activities, as it was 
infeasible to get a complete overview of all short-term (project based) studies because 
of the numerous organizations involved and since a lot of these studies are not 
published in (grey) literature.  

Interview results were compiled (in Microsoft Excel) and analysed to identify conditions 
and barriers for reuse of samples and active sample collection. Conditions were 
defined as: requirements for sharing or active collection of samples mentioned by at 
least two stakeholders. Barriers were defined as: reasons or circumstances that could 
hamper reuse or active collection of samples, mentioned by at least two stakeholders. 
Literature, legislation and interview results were analysed to identify all options for 
setting up rapid response surveys, the options were summarized in a decision tree 
figure, which can be found in Annex C. 

Results 

Animal sample availability and characteristics 

The literature search for potentially available animal sample collections in the 
Netherlands resulted in 56 papers. Of those, only one fitted the inclusion and exclusion 
criteria. This paper mainly described wildlife surveillance activities (114). Two 
documents describing livestock surveillance were found in grey literature (252,253). 

An overview of sampling activities, available samples and their characteristics is 
shown in table 2 (see Annex B for expanded results). This overview includes samples 
collected for surveillance, diagnostics (including autopsies), and longitudinal surveys 
involving slaughterhouses or hunters. For wildlife, both opportunistic and targeted 
sampling activities were identified which were performed by governmental or 
academic institutions (114). For livestock, sample collection was mostly performed as 
part of surveillance programs with varying objectives and for a wide range of pathogens 
(252).  

During round one, online interviews were completed with eleven of the 15 invited 
organizations. One organization did not respond, and all three sector representatives 

Chapter 6

114



declined the interview invitation. During round two, online interviews were completed 
with four of the eight invited organizations. Additionally, one organization responded to 
our questions via e-mail. Sector representatives decided not to take part in the 
interview study. 

Interviews revealed companion animals (horses and pets) are only sampled for 
diagnostic purposes. Anecdotal sampling of zoo animals was mentioned during 
interviews. Sample sizes were lower for wildlife (<1000 per month) than for companion 
animals (>1000 per month) and livestock (>2000 per month) with highly variable storage 
times. Wildlife samples are often stored for a long period (≥1 year) whereas diagnostic 
or surveillance samples of companion animals and livestock generally are kept for 
short term storage only (≤1 month), except for positive samples. For these species, 
respondents indicated they are able to retain new samples coming in via the existing 
sample streams if requested, allowing for reuse of these samples. Availability of 
metadata such as location, date of sampling, age, sex, and vaccination status varies 
depending on the species. For wildlife, data on location, sampling date and species are 
generally available. For diagnostic samples, metadata availability depends on the 
sample submission forms which are not always filled out completely.  
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Conditions and barriers for sharing 

The second literature search for possibilities and barriers for sample reuse, initially 
resulted in 48 papers. None of these papers passed the inclusion and exclusion 
criteria, as they were focused on either biobanking, data sharing or experimental 
studies and none of them described sharing of physical samples between 
organizations. Physical sharing of samples is essential if reuse involves for instance 
testing for newly discovered pathogens, or when specific expertise for testing is 
required.  

If samples are available and suitable for outbreak investigations, organizations must 
be willing and able to rapidly share. All respondents indicated they would in principle 
be willing to share samples for EID outbreak response, but noted it is unclear who 
would be responsible for initiating this process. Options for sharing were mentioned to 
be case dependent. The conditions and barriers indicated by respondents are listed in 
table 3. There were some clear differences for conditions and barriers between 
organization types. Authorship on future publications was not always a condition for 
private companies in contrast to organizations performing statutory tasks and the 
university medical centre. Proportionality between relevance of the research question 
with the sample value was not an issue for private companies as their flow of samples 
is large and samples would be destroyed anyway. For organizations storing wildlife 
samples, limited numbers and high value of samples lead to high scrutiny regarding the 
research relevance. Private companies have less, or sometimes even no experience 
with Material Transfer Agreements (MTAs) for sharing samples, and thus require more 
time setting these up. 

All respondents indicated that absence of a pre-existing relationship with the 
organization requesting the samples would restrict sharing options or result in a more 
time-consuming sharing process. Next to the listed conditions in table 3, permission 
from third parties was mentioned as a prerequisite for sharing in specific situations. For 
example, governmental approval may be necessary for sharing samples collected as 
part of (partly) government funded surveillance or monitoring programs. When samples 
are tested for notifiable diseases, laboratories indicated coordination with the 
Netherlands Food and Consumer Product Safety Authority is endorsed since positive 
results will demand their response. This could also lead to a restriction of the 
pathogens for which testing is permitted. Resistance to participation among livestock 
farmers was mentioned, mainly because of fear of negative publicity in case results are 
(incorrectly) presented in the media. This resistance could lead to restrictions in 
sharing. Finally, respondents mentioned livestock sectors as important stakeholders 
to consult when they financially contributed to sample collection. Although sectors do 
not have the legal ability to decide about sharing samples of farmers, as individual 
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farmers have to give permission, they represent the sector in discussions with the 
government and their judgement on cooperation can influence the willingness of 
individual farmers to cooperate. Sector representatives were identified and invited as 
stakeholders but as they decided not to take part in our study, we cannot include their 
views. For wildlife there are less concerns about approval from third parties since no 
animal owner rights are involved. Furthermore, two private laboratories mentioned the 
shipment of all samples abroad, with one of them mentioning mandatory destruction 
of samples within one week. Storage of samples in a High Containment Unit, 
mentioned by one organization, results in an obstruction for rapid access to these 
samples. 

Table 3. Conditions and barriers for acquiring samples from different organizations.  

 Number of organizations for which 
conditions and barriers apply (total n=11) 

Conditions for sharing 
Pre-existing relationship with requesting organization 11 (100%) 

Restrictions on pathogens tested for 11 (100%) 

Authorship on future (scientific) publication 8 (72.7%) 

Proportionality relevance research with sample value 5 (45.5%) 

Barriers for sharing 

Experience with MTAs* 

9 (81.8%): Yes, but MTAs have to be adjusted 
per case. 

2 (18.2%): Very limited/no experience with 
MTAs. 

Data management system does not allow for 
selection of samples (i.e., by region) 

4 (36.4%) 

Sample retrieval (time) dependent on staff availability 10 (90.9%) 
* Material Transfer Agreement 

Legal possibilities and barriers 

Even though metadata might be available, it cannot always be shared with other 
organizations. To adhere to the General Data Protection Regulation (GDPR), samples 
from domestic animals have to be anonymized prior to sharing, unless each individual 
owner gives permission. As acquiring individual approval is often infeasible, the 
location is removed from the metadata or transferred into a two-digit postal code (255). 
Legal experts indicated this anonymization conflicts with the Animal Health Law in 
case of notifiable diseases, since notification requires the exact location of the 
sampled animal (256). Six organizations, both private and academic, indicated their 
unfamiliarity with privacy regulations, especially for notifiable diseases. As a result, 
samples might be anonymized at a higher level than legally necessary because of 
precautions taken by the sharing organization. Additionally, pathogens allowed to be 
tested for might be restricted and setting up MTAs will be more time consuming. 
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Legislation and interviews with legal experts revealed the Dutch government has the 
legal possibility of enacting state supervision to enforce organizations to share data or 
samples (231). This act requires a certain level of urgency and proportionality, which 
can lead to discussions with involved stakeholders. Because of these discussions, the 
act is seldom applied. How often this act has been executed during the past decade is 
unknown. 

Active sample collection  

No relevant scientific literature was identified with regards to possibilities and barriers 
for active sampling in the Netherlands, for which the literature search resulted in 100 
articles. Most of the articles discussed human samples, diagnostic methods or 
mathematical modelling and were therefore excluded. 

Diagnostic-, non-invasive- and environmental sampling 

Active sampling of animals or the environment can be performed in several ways. For 
research purposes, there are multiple sampling options for which no ethical approval 
is needed. When there is a diagnostic purpose, defined by European law as: 
“procedures and techniques performed by veterinary surgeons...including taking blood 
samples from an animal, or animals within a herd, to assist in clinical management e.g., 
disease diagnosis”, active sampling of animals is possible with owner approval, but 
without ethical approval (257). Other legal possibilities for sampling without ethical 
approval are environmental sampling (e.g., air, dust, water), non-invasive sampling of 
animals (e.g., feathers) or their products (e.g., eggs, milk), and sampling of dead 
animals (258). Environmental sampling, such as collection of sewage or surface water, 
is possible but requires approval from the property owner when sampling on private 
property. For non-invasive sampling of domestic animals (e.g., feathers), permission 
from the animal owner(s) is required. Acquiring animal products (e.g., bought in stores) 
and subsequent testing of these products does not require permission of animal 
owners. Sampling of dead and hunted wild animals is allowed and possible with the 
cooperation of hunters.  

Ethical approval 

Ethical approval is needed for field studies for which a scientific research question is 
the main objective and in case the animal suffers an equal or greater amount of fear 
relative to injection of a needle (258). The process of writing the proposal and acquiring 
the approval often takes up to six months. However, the ethical board indicated that 
there are possibilities to apply for accelerated approval or an umbrella approval. 
Currently, One Health surveys to map the sources and spread of newly emerging 
diseases are considered to be research. Umbrella approvals could potentially be used 
for the rapid setup of One Health surveys if the required sample- size and type, species 
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and region can be covered. An umbrella approval is a more general approval that 
describes a certain research question to be answered and declares why and how many 
animal samples need to be taken2. Accelerated approval is only considered if the 
outbreak causes ‘significant acute societal impact’, but is rarely used as governmental 
mandates will likely be initiated in these cases.  

Governmental mandates 

In addition to active sampling for research purposes, the government has several 
options embedded in legislation to perform sampling according to the aforementioned 
methods, without ethical- or animal owner permission. The Dutch Animal Health Law 
enables the government to organize active animal sampling by governmental mandate 
(229). This is solely possible for notifiable diseases. European legislation describes a 
list of notifiable diseases for European member states (259). Nationally, additional 
veterinary diseases can be made notifiable by the Chief Veterinary Officer, when 
advised by the Dutch Zoonoses Advisory group, based on a risk-assessment (260). 
When such a mandate is enacted, the animal species, number of samples and type of 
samples to be taken at the (suspected) outbreak location, are determined based on 
available literature. The actual sampling and transport of specimens is performed 
according to predefined protocols. Next to this, the Public Health Law enables 
environmental or non-invasive sampling at (suspected) outbreak locations when the 
public health authorities suspect a human infection of zoonotic origin, originating from 
this location. Another option is the enactment of state supervision, which allows for 
active sampling of animals and the environment for outbreak investigation purposes 
but restricts sampling to (suspected) outbreak locations. This sampling is performed 
according to predefined protocols. These last two options are (also) possible for non-
notifiable diseases. 

Discussion 

This manuscript presents an overview of opportunities and barriers for rapid screening 
of animal populations, using the Netherlands as a case study. Even though this study 
focused on the Netherlands, our results and recommendations can be extrapolated to 
other countries and may inspire other countries to conduct similar investigations 
(261,262). Rapid animal sampling or screening in case of detection of novel or zoonotic 
human pathogens is essential for outbreak investigations and control.  

  

 
2 https://orco.baruch.cuny.edu/wp-content/uploads/sites/36/2021/01/Umbrella-
Protocol-Submissions.pdf 
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Reuse of samples 

Multiple existing sampling activities as well as long-term stored samples were 
identified in the Netherlands, showing potential for reuse. Similar sample collections 
for surveillance and diagnostic testing are in place in other (European) countries, 
resulting in an extensive number of potentially useful samples (263). In addition to the 
identified samples, material from for instance natural history collections or biobanks 
could be used (248). 

However, this study identified several barriers for their use in outbreak investigations. 
Namely, the absence of a (regularly updated) sample collection overview, the variation 
in sample storage conditions (time, temperature, which samples are stored) and 
collection of sample metadata. This is in part related to the organization of surveillance 
activities in the Netherlands, which consist of a mix of public and private initiatives. 
Awareness of sample availability is therefore reliant on personal connections and 
networks. Absence of a network between organizations may lead to delays when 
samples are needed for outbreak investigation, as development of such networks is 
challenging in times of crisis especially as it is often unclear who is responsible for 
initiating this. A similar split in public and private surveillance initiatives exists in other 
countries, leading to similar barriers (264,265). 

When suitable samples are identified, sharing opportunities are influenced by 
legislation, especially regarding anonymization of sample metadata. Respondents 
reported unfamiliarity with legislation related to sample sharing, including the GDPR. 
Due to this unfamiliarity, hesitancy towards sharing may arise, potentially even leading 
to unwillingness to share, or anonymization of metadata at a higher level than legally 
necessary. Sample usefulness might decrease due to anonymization of privacy 
sensitive data such as location of sampling, as important data gets lost. When samples 
are shared for notifiable disease testing, sample locations cannot be anonymized, and 
animal owner permission is required. Acquiring permission can be time consuming and 
difficult to achieve, especially in cases where owners do not acknowledge the potential 
risk of the pathogen of concern or when they fear economic losses due to public 
opinion and media attention (261,266). Although we are the first to describe these 
barriers for physical sample sharing, similar reservations in sharing due to legislation 
and concerns about negative publicity are described for multiple countries, related to 
data sharing (241,267). It is therefore expected these barriers will also apply for 
physical sample sharing in other countries. If these barriers cannot be overcome, 
active sampling in outbreak response might be required.  
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Active sampling 

We identified multiple options for active sampling, namely, diagnostic, environmental, 
non-invasive (including dead animals) sampling, and additional sampling via ethical 
approvals or governmental mandates. Since animal sampling is performed mainly to 
safeguard public health, both the Animal Health Law, the Public Health Law and GDPR 
apply and influence sampling possibilities. This can result in unclarity, delays and 
sometimes hesitancy to initiate sampling. In case active sampling is not enforced by 
the government, ethical approval is often needed. Acquiring this approval can be a 
time-consuming process, and thus hamper a rapid response. Since ethical approval 
for projects involving animals is required in all EU member states, and in multiple 
countries outside of the EU, this barrier is also relevant in an international context. 
Environmental and non-invasive sampling is possible without ethical approval, but 
positive results may conflict with the GDPR if samples can be traced back to one likely 
source. Especially for notifiable diseases, this could lead to conflicts as further 
investigations or control measures might be required based on the Public- or Animal 
Health Law. Conflicts between these laws are thus very context and case dependent. 
Although legislation might differ between countries, similar complexity due to the 
involvement of multiple laws is observed, including county-specific legislation (268). 

Recommendations  

First of all, we recommend to registering public, private and research sample collection 
activities to create insight into available sample streams for reuse in outbreak 
investigation. The overview created in this manuscript is a first step to generate more 
insight herein. Central registration of sample collection activities could aid in the 
identification of useful samples and might improve consistent metadata collection to 
improve European animal health surveillance efforts (263). In our research short-term 
projects were not included because we aimed to develop an overview with continuous 
streams available for future use. However, short-term projects may provide additional 
options for reuse of samples when properly registered in a database. As an example, a 
recently performed cross-sectional serosurvey for Brucella canis in the Netherlands, 
could potentially provide 600 additional dog sera (269).  

To assure rapid sharing of the identified sample collections, we also recommend 
setting up sharing networks or appointing one or more coordinating organizations. To 
facilitate rapid sharing within these networks, agreements based on broad scenarios 
can clarify expectations and mutual benefits for all stakeholders involved and increase 
willingness to share (264,265). For EID outbreak response in an international context, 
identification of international stakeholders and building of collaboration networks is 
recommended (114,267). 
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Besides networks, legislation is also of influence on national and international sharing 
possibilities. As mentioned before, confusion with regards to legislation can lead to 
hesitancy to share samples. Internationally, legal barriers have been described for data 
sharing in SARS-CoV-2 response projects, including components such as the Nagoya 
protocol (240,270). Familiarization with legislation through education or with help from 
legal experts when setting up (protocols for) sharing or active sampling could improve 
rapid response outbreak investigation.  

Finally, the identified options for active sampling are mainly directed at livestock 
outbreak locations and their direct surroundings, except for sampling initiated for 
research purposes. Consequently, wider investigation of the potential role of wildlife is 
lacking, risking undetected circulation and spillback of new variants. Therefore, we 
recommend to facilitate more broad ethical approvals, umbrella approvals, with 
sufficient flexibility to perform response screening for zoonotic EID outbreak 
investigation. Recognition of the importance of response surveys among all 
stakeholders could be a start to investigate how ethical approval can be granted for this 
kind of research.  

The findings of this study have a number of important implications for establishing One 
Health preparedness. An infrastructure containing sample collection overviews and 
protocols facilitating sample sharing can prevent delays in the identification of suitable 
samples for EID research and waste of potentially valuable samples. Long-term stored 
(historical) samples can provide additional information on spatiotemporal disease 
spread of EIDs exemplified by the identification of MERS antibodies in archived camel 
samples (271). Furthermore, historical samples can serve as reference in serological 
assays by providing a pre-emergence background serological profile. Proactive setting 
up of ethical approvals will allow for rapid animal sample collection in affected areas 
to rapidly identify EID hosts and potential spillovers. In this study, we underpin the need 
and show the way forward to achieve a more rapid response to EID outbreaks to 
safeguard both human and animal health. 
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Supplementary material 

Annex A – Literature search terms 

1. Identify potentially available collections of animal samples in the Netherlands  
Database searches combined the following sets of search terms (in title/abstract/keywords):  
1)  
Livestock  
“farm animal”  
Animal  
“domestic animal”  
“pet animal”  
Wildlife  
“wild animal”  
Zoonos*  
Zoonotic  
“Animals, Domestic"  
"Animals, Wild” 
2) near  
Surveillanc*  
Biosurveillanc*  
Sampl*  
3)  
Netherlands  
Holland  
Dutch  
 
2. Identify possibilities and barriers for sharing of animal samples during/after outbreaks  
Database searches combined the following sets of search terms (in title/abstract/keywords):  
1)  
Livestock  
“farm animal”  
Animal  
“domestic animal”  
“pet animal”  
Wildlife  
“wild animal”  
Zoonos*  
Zoonotic  
“Animals, Domestic"  
"Animals, Wild”  
2)  
Gap  
Gaps  
Barrier*  
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Constraint*  
Opportunit*  
Possibilit* 
3)  
Reus*  
Sharing  
Share  
4)  
Sample*  
Specimen  
 
3. Identify possibilities and barriers for active sampling of animals during/after outbreaks  
Database searches combined the following sets of search terms (in title/abstract/keywords):  
1)  
Livestock  
“farm animal”  
Animal  
“domestic animal”  
“pet animal”  
Wildlife  
“wild animal”  
Zoonos*  
Zoonotic  
“Animals, Domestic"  
"Animals, Wild”  
2)  
Outbreak*  
3) near  
Investigation*  
Response  
Surveillanc*  
Survey  
Sampling  
4)  
Gap  
Gaps  
Barrier*  
Constraint*  
Opportunit*  
Facilitator*  
Possibilit* 
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Annex C – Decision tree 

This decision tree shows the two identified routes for sample collection: reuse of 
existing samples or active collection of samples. For each step, criteria and 
possibilities are shown. This decision tree can be used to identify options to set up 
rapid response surveys in case of an EID outbreak. 

 
Figure 1. Decision tree for rapid response sampling in animals in the Netherlands (Created with 
Lucid App). Lab: laboratory; MTA: Material transfer agreement; NVWA: Netherlands Food and 
Consumer Product Safety Authority 

 

Chapter 6

130



  

 Opportunities and barriers for rapid response screening

131

6





Chapter 7.
The potential of Rift Valley Fever virus (RVFV) 
outbreaks in current and future scenarios in 

the Netherlands

Kiki Streng1, Mariken de Wit1, Martha Dellar2, Wim H.M. van der Poel1,3,
Boris V. Schmid1*, Quirine ten Bosch1*

In preparation

Affiliations
1 Wageningen University and Research, Quantitative Veterinary Epidemiology, Wageningen, the
Netherlands
2 Deltares, Utrecht
3 Wageningen Bioveterinary Research, Lelystad, the Netherlands



Abstract 

Rift Valley Fever virus (RVFV), is a zoonotic mosquito-borne virus, belonging to the 
family Phenuiviridae, genus Phlebovirus. Outbreaks of Rift Valley fever (RVF) pose a 
threat for human and animal health, as well as the economy. Currently, the virus is 
present in Africa and the Arabian peninsula. However, inevitable changes in 
agricultural policies, land use and climate will likely increase the risk of outbreaks in 
areas like the European Union (EU). The Netherlands is a country in the EU with very 
high human and livestock densities and was identified as being at highest risk of RVFV 
introduction in the EU. 

This study compares the potential of RVFV outbreaks between a reference and two 
future scenarios for 2050 in the Netherlands. These scenarios are based on two distinct 
Shared Socioeconomic Pathways (SSPs). We developed an SEIR-SEI model that 
includes two vector (Culex pipiens/torrentium and Aedes vexans) and host (cattle and 
sheep) species. The ordinary differential equations were used to construct a Next 
Generation Matrix to derive the basic reproduction number (R0). R0 values were 
calculated across space and time and used to compare the potential for RVFV 
outbreaks between scenarios. 

Our results indicate that the transmission season will likely be prolonged in both future 
scenarios, especially in SSP5, the “fossil-fuelled” scenario. The daily mean R0 in the 
calculated grid cells reaches higher values in SSP5 compared to the other scenarios. 
Low estimated R0 values are mainly observed in regions with very low livestock 
densities, which are especially prominent in May and September. Higher R0 values are 
first observed around river systems and wetlands in June, when Ae. vexans populations 
are high. Two possible RVFV introduction locations, Schiphol airport and the Rotterdam 
harbour, are located in areas with relatively low R0 values as well as a relatively small 
number of consecutive days where R0 is above 1. 

Future research is needed to elucidate the size and impact of potential outbreaks of 
RVFV in the Netherlands. While absolute estimates of R0 for emerging pathogens 
should be considered with caution and are highly sensitive to model assumptions, the 
future trends illustrated in this study are robust to a range of assumptions. Further 
sensitivity analyses will be needed to assess the robustness of the outcomes with 
regards to uncertainty and variation in future scenarios and underlying biological 
assumptions of the model. The results of this study highlight the need for increased 
preparedness for RVFV due to an increased potential for outbreaks in the future, which 
includes the development of safe and effective vaccines.   
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1. Introduction 

Plebovirus riftense, previously called Rift Valley Fever virus (RVFV), is a zoonotic 
mosquito-borne virus, belonging to the family Phenuiviridae, genus Phlebovirus (12). 
Rift Valley Fever (RVF), the disease caused by RVFV, affects humans and ruminants 
such as cattle (Bos taurus), goats (Capra hircus) and sheep (Ovis aries). The causative 
agent of RVF was first identified in 1930 in a man from Kenya (272). Currently, the virus 
is present throughout Africa and more recently introduced on the Arabian Peninsula 
(17). Outbreaks of RVF pose a threat for human and animal health, as well as the 
economy. There is no human vaccine available, but the virus was prioritized in 2018 by 
the World Health Organization (WHO) on the list of diseases for which urgent 
acceleration of R&D is needed (273). Vaccine development is ongoing as RVF is a target 
disease for the Coalition of Epidemic Preparedness Innovations (CEPI). RVF is listed by 
the World Organisation for Animal Health (WOAH) and has an A listed status in 
European Animal Health Law, which means the immediate eradication measures must 
be taken as soon as it is detected (274). 

Transmission of the virus to animals takes place mainly via mosquito vectors, 
predominantly Aedes and Culex spp. (275). Aedes spp. are known to vertically transmit 
the virus to their offspring, via eggs that may remain viable for very long periods of 
drought (173). Flooding of dry areas may lead to explosive increase in numbers of 
mosquitoes. Therefore, outbreaks are often associated with extreme or increased 
rainfall. Direct transmission between animals is subject to debate in current literature 
(275). Young animals are extremely susceptible and mortalities of 70-100% may occur 
in lambs and kids, with calves being less susceptible (20-70% mortality) (276). In adult 
animals, the signs of disease tend to be non-specific but abortion rates may approach 
85% or 100% in cattle and sheep respectively (276). There is no specific treatment 
available. Vaccination is the only suggested method to effectively prevent disease in 
animals. An attenuated vaccine is available for livestock, but may cause foetal 
abnormalities and abortion in pregnant animals (277). New vaccines are being 
developed, but no vaccine is currently registered for use in the EU (275,278). 

While serological studies have not detected RVFV infections in ruminants in the 
European Union (EU) (279,280), a number of studies report the potential threat of 
introduction and spread of RVF to the EU. Changes in climate, and travel as well as 
trade of animals or animal products have been mentioned as potential drivers for 
introduction of RVFV (16,281–283). Risk evaluation by Dufour et al. (284) estimated a 
moderate to high impact of RVF on animal health and the economy. Risk factors for 
local transmission and establishment described in literature are often related to the 
abundance of competent vectors, hosts, and climate conditions (285). The risk of local 
transmission within the EU was assessed as moderate by the European Food Safety 
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Authority (EFSA) in 2020. This classification is based on the presence of competent 
vectors and full susceptibility of all hosts within the EU. The probability of 
establishment varies per country but ranges from moderate to very high (283). 

The Netherlands is a country in the EU with very high human and livestock densities. 
The country has a lot of water rich areas (deltas, wetlands) and competent RVFV 
vectors are widely present (35,200). The RVFV introduction risk by animal trade is 
assumed very low (283). The probability of RVFV entry via infected mosquitoes is 
considered medium, as the Netherlands has large transport and travel hubs like 
Schiphol airport. Therefore, the Netherlands was identified as being at highest risk of 
RVFV introduction in the EU (283). Reduction of livestock numbers has been topic of 
debate to reduce the impact on climate and emissions. Even though discussion on the 
differences between intensive livestock production versus extensive or organic farming 
with regards to spread of mosquito-borne viruses is ongoing, no concrete knowledge 
based on modelling or literature exists.  

Currently, no studies have investigated the difference between future scenarios 
(climate, land use, agricultural policies) on the potential of RVFV outbreaks. This is 
important, especially for countries like the Netherlands facing the highest introduction 
risk of the EU, combined with the high human and livestock densities and no registered 
human nor animal vaccines. Inevitable changes in agricultural policies, land use and 
climate will likely affect the risk of major outbreaks in the future. In order to be prepared 
for future scenarios, we aim to compare the potential of a RVFV outbreak between a 
reference and two future scenarios for 2050 in the Netherlands. We construct a Next 
Generation Matrix (NGM) to derive the basic reproduction number (R0) across space 
and time. This is used to compare the potential of RVFV outbreaks between scenarios. 
R0 estimates provide information about the potential vulnerability to and scale of future 
outbreaks. We calculated R0 for each day and location to explore variations in outbreak 
risk across the year and between regions. High R0 values indicate a higher risk of major 
outbreaks, which would require more rigorous control measures. 

2. Methods 

We developed an SEIR-SEI model that includes two vector and two host species (Figure 
1) and derived the NGM in order to obtain the daily R0 estimates for each 1km2 grid cell. 
To study the potential effects of changes in climate, land use, and livestock farming, 
outcomes of two future scenarios were compared with a reference scenario. The two 
future scenarios represent hypothetical situations of the Netherlands around 2050. An 
overview of the input data, data handling, model structure and outcome measures is 
shown in Figure 1. 
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Figure 1. Overview of the input data (daily mean temperature, daily Culex pipiens/torrentium 
arbitrary abundance, daily probability of occurrence Aedes vexans, cattle abundance, land use 
and sheep abundance), data preparation and the SEIR-SEI model. 

2.1 Model structure and assumptions 

Culex pipiens/torrentium and Aedes vexans (Meigen) were included as competent 
RVFV vectors in the model, as both are present in the Netherlands (24,286). Vectors are 
categorized into three states: susceptible (𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓  for Cx. pipiens/torrentium and 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  for 
Ae. vexans), exposed (𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓  𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) or infectious (𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓  𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚). Two competent host 
species, cattle (Bos taurus) and sheep (Ovis aries), are categorized as susceptible (𝑆𝑆𝑆𝑆ℎ𝑐𝑐𝑐𝑐  
for cattle and 𝑆𝑆𝑆𝑆ℎ𝑝𝑝𝑝𝑝  for sheep), exposed (𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑐𝑐  and 𝐸𝐸𝐸𝐸ℎ𝑝𝑝𝑝𝑝), infectious (𝐼𝐼𝐼𝐼ℎ𝑐𝑐𝑐𝑐  and 𝐼𝐼𝐼𝐼ℎ𝑝𝑝𝑝𝑝) and 
recovered (𝑅𝑅𝑅𝑅ℎ𝑐𝑐𝑐𝑐  and 𝑅𝑅𝑅𝑅ℎ𝑝𝑝𝑝𝑝) (Figure 1). The total number of cattle, sheep, Cx. 
pipiens/torrentium and Ae. vexans are indicated by 𝑁𝑁𝑁𝑁ℎ𝑐𝑐𝑐𝑐, 𝑁𝑁𝑁𝑁ℎ𝑝𝑝𝑝𝑝, 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓  and 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, 
respectively. Direct transmission between competent hosts was not included in the 
model. Vectors and hosts were assumed to mix homogeneously within each grid cell. 
Biting rate, extrinsic incubation period and mortality rate of vectors were assumed to 
be temperature dependent. The proportion of bites on competent hosts (cattle and 
sheep) for each vector was a function of the total number of competent hosts in each 
grid cell. Due to their respective biting preferences, Ae. vexans had a higher proportion 
of bites on competent hosts compared to Cx. pipiens/torrentium (287,288) 
(supplementary material S.7). Transmission probability upon infectious bite, intrinsic 
incubation rate and disease induced mortality rate were kept constant across current 
and future scenarios.  

Daily mean temperature data for the reference scenario was obtained via the Dutch 
Meteorological Institute (KNMI), for a period of 30 years (1991-2020) (289). 
Temperature data for future scenarios were based on climate predictions, where daily 
mean temperatures over the period which were averaged for each day number, based 
on a 30-year period (2036-2065) (290). Parameter values and functions for temperature 
dependent parameters, including references, are shown in Table 1. Abundance (on an 
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arbitrary scale) of Cx. pipiens/torrentium was obtained from Krol et al. (291). The 
probability of occurrence of Ae. vexans for all scenarios was obtained from Dellar et al. 
(292) and transformed to abundance using a generalised additive model as described 
in the Supplementary Material (S4.1). Livestock census data was obtained from the 
Netherlands Enterprise Agency (RVO) census from the 1st of April 2022 for both cattle 
and sheep. Farm location data was transformed into 1km2 grid structure by calculating 
the sum of animals located within each grid cell based on coordinates of the farm. 
Cattle abundance was assumed to remain constant, while sheep abundance 
increased over the lambing season (Jan-Apr) and declined during slaughter season 
(Sept-Oct) to return to the same abundance as the 1st of January. Parameter values 
related to both host types are shown in Table 2. More information on the input data and 
data preparation steps can be found in the supplementary material S.1-S.5. 
 
Table 1. Parameter values (and functions) vectors. T = temperature (degrees Celsius). 

Parameter Definition Value / formula References 

𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖 
Biting rate of 
vector i 

Cx. Pipiens/torrentium: 0.344
(1+1.231(−0.184∗(𝑇𝑇𝑇𝑇𝑇20))

 

Ae. vexans: 1+0.12
� 1
0.0173∗(𝑇𝑇𝑇𝑇𝑇𝑇.6)�

 
(293–295) 

𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖 
Proportion of bites 
of vector i on 
competent hosts 

See supplementary material S.7 (287,288) 

∅𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗  
Relative 
preference of 
vector i for host j 

Cx. pipiens/torrentium-cattle: 0.5 
Cx. pipiens/torrentium-sheep: 0.5 
Ae. vexans-cattle: 0.8 
Ae. vexans-sheep: 0.2 

Cx. pipiens: NA 
Ae. vexans: 
(296) 

𝛳𝛳𝛳𝛳𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗 

Proportion of 
blood meals taken 
on host 
population j 

 ∅𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗∗𝐹𝐹𝐹𝐹𝑗𝑗𝑗𝑗
∅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∗𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖+ ∅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∗𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖

 (295) 

𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗 
Transmission 
probability of 
vector i to host j 

Cx. pipiens/torrentium to cattle: 0.94 
Cx. pipiens/torrentium to sheep: 0.94 
Ae. vexans to cattle: 0.38 
Ae. vexans to sheep: 0.38 

(286) 

𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖  
Incubation rate of 
vector i 

Cx. pipiens/torrentium (T>13, else 0):  
(7.38 ∗ 10−5) ∗ 𝑇𝑇𝑇𝑇 𝑇 (𝑇𝑇𝑇𝑇 𝑇 11.4) ∗ (45.2− 𝑇𝑇𝑇𝑇)0.5 

Ae. vexans: 
(8.84 ∗ 10−5) ∗ 𝑇𝑇𝑇𝑇 𝑇 (𝑇𝑇𝑇𝑇 𝑇 9) ∗ (45.9− 𝑇𝑇𝑇𝑇)0.5 

(297) 
 
 

𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖 
Mortality rate of 
vector i 

Cx. pipiens/torrentium (T<32, else 0.17): 
1

(−4.86∗𝑇𝑇𝑇𝑇𝑇169.8)
 (+ 0.0714 diapause rate* from Sept 

15th) 

Ae. vexans: 1
(25.8−0.45∗𝑇𝑇𝑇𝑇)

 

(297,298) 
*supplementary 
material S.7 
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Table 2. Parameter values (and functions) hosts and related references. 

Parameter Definition Value / formula References 

𝜌𝜌𝜌𝜌𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖  
Transmission 
probability from 
host j to vector i 

Cattle to Cx. pipiens/torrentium: 
0.14 
Cattle to Ae. vexans: 0.14 
Sheep to Cx. pipiens/torrentium: 
0.14 
Sheep to Ae. vexans: 0.14 

(286) 

𝜀𝜀𝜀𝜀𝑗𝑗𝑗𝑗  
Incubation rate host 
j 

Cattle: 0.5 
Sheep: 0.5 

(276) 

𝛾𝛾𝛾𝛾𝑗𝑗𝑗𝑗  Recovery rate host j 
Cattle: 0.2 
Sheep: 0.2 

(298) 

𝜇𝜇𝜇𝜇𝑗𝑗𝑗𝑗  Mortality rate host j 
Cattle: 4.48e-4 
Sheep: 5.278e-4 (+ 0.0195 for 
slaughter 7th Sept-27th Oct) 

(299) & expert 
opinion 

δ𝑗𝑗𝑗𝑗  
Disease related 
mortality rate host j 

Cattle: 0.0176 
Sheep: 0.0312 

(295,300) 

Derivation of the basic reproduction number (R0) 

A daily R0 was estimated for each grid cell in which (one or both) competent hosts as 
well as (one or both) vectors were present. First the transmission matrix (T) and 
transition matrix (Σ) were created based on equations 1-8 of the infected subsystem. 
The transition and transmission matrix are available in supplementary material S.8 and 
S.9. These matrices were used to obtain the next generation matrix (NGM), which was 
constructed according to the method described by Diekmann et al. (301), using 𝐾𝐾𝐾𝐾 =
−𝑇𝑇𝑇𝑇Σ−1. From the NGM, we derived the daily R0 for each 1 km2 grid cell over a one-year 
period (1st of April until 31st of October). 

Culex pipiens/torrentium infected subsystem: 

𝑬𝑬𝑬𝑬𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 = 𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓 ∗ 𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓 ∗ 𝛳𝛳𝛳𝛳𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗ 𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓 ∗
𝐼𝐼𝐼𝐼ℎ𝑖𝑖𝑖𝑖
𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖

∗ 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓 + 𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓 ∗ 𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓 ∗ 𝛳𝛳𝛳𝛳𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝 ∗ 𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗
𝐼𝐼𝐼𝐼ℎ𝑖𝑖𝑖𝑖
𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖

∗ 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓  − 𝜇𝜇𝜇𝜇𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓 ∗  𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓  −

𝜀𝜀𝜀𝜀𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓 ∗ 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓  (1) 
 

𝑰𝑰𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 = 𝜀𝜀𝜀𝜀𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓 ∗ 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓 − 𝜇𝜇𝜇𝜇𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓 ∗ 𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓  (2) 
 
Aedes vexans infected subsystem: 

𝑬𝑬𝑬𝑬𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 = 𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚 ∗ 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚 ∗ 𝛳𝛳𝛳𝛳𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 ∗
𝐼𝐼𝐼𝐼ℎ𝑖𝑖𝑖𝑖
𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖

∗ 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚 ∗ 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚 ∗ 𝛳𝛳𝛳𝛳𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗
𝐼𝐼𝐼𝐼ℎ𝑖𝑖𝑖𝑖
𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖

∗ 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝜇𝜇𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  𝜀𝜀𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  (3) 

𝑰𝑰𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 = 𝜀𝜀𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝜇𝜇𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  (4) 
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Cattle infected subsystem: 

𝑬𝑬𝑬𝑬𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 = 𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓 ∗ 𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓 ∗ 𝛳𝛳𝛳𝛳𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗ 𝜌𝜌𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗
𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖

∗  𝑆𝑆𝑆𝑆ℎ𝑐𝑐𝑐𝑐 − 𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚 ∗ 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚 ∗ 𝛳𝛳𝛳𝛳𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗
𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖

∗  𝑆𝑆𝑆𝑆ℎ𝑐𝑐𝑐𝑐 − 𝜇𝜇𝜇𝜇ℎ𝑐𝑐𝑐𝑐 ∗

𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑐𝑐 −  𝜀𝜀𝜀𝜀ℎ𝑐𝑐𝑐𝑐 ∗ 𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑐𝑐  (5) 

𝑰𝑰𝑰𝑰𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 =  𝜀𝜀𝜀𝜀ℎ𝑐𝑐𝑐𝑐 ∗ 𝐸𝐸𝐸𝐸ℎ𝑐𝑐𝑐𝑐 − 𝜇𝜇𝜇𝜇ℎ𝑐𝑐𝑐𝑐 ∗ 𝐼𝐼𝐼𝐼ℎ𝑐𝑐𝑐𝑐 − δ𝑐𝑐𝑐𝑐 ∗ 𝐼𝐼𝐼𝐼ℎ𝑐𝑐𝑐𝑐 − 𝛾𝛾𝛾𝛾𝑐𝑐𝑐𝑐 ∗ 𝐼𝐼𝐼𝐼ℎ𝑐𝑐𝑐𝑐  (6) 

Sheep infected subsystem: 

𝑬𝑬𝑬𝑬𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 = 𝛼𝛼𝛼𝛼𝑓𝑓𝑓𝑓 ∗ 𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓 ∗ 𝛳𝛳𝛳𝛳𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝 ∗ 𝜌𝜌𝜌𝜌𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝 ∗
𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖

∗  𝑆𝑆𝑆𝑆ℎ𝑝𝑝𝑝𝑝 + 𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚 ∗ 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚 ∗ 𝛳𝛳𝛳𝛳𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗
𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐹𝐹𝐹𝐹ℎ𝑖𝑖𝑖𝑖

∗  𝑆𝑆𝑆𝑆ℎ𝑝𝑝𝑝𝑝 − 𝜇𝜇𝜇𝜇ℎ𝑝𝑝𝑝𝑝 ∗

𝐸𝐸𝐸𝐸ℎ𝑝𝑝𝑝𝑝 −  𝜀𝜀𝜀𝜀ℎ𝑝𝑝𝑝𝑝 ∗ 𝐸𝐸𝐸𝐸ℎ𝑝𝑝𝑝𝑝(7) 

𝑰𝑰𝑰𝑰𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 =  𝜀𝜀𝜀𝜀ℎ𝑝𝑝𝑝𝑝 ∗ 𝐸𝐸𝐸𝐸ℎ𝑝𝑝𝑝𝑝 − 𝜇𝜇𝜇𝜇ℎ𝑝𝑝𝑝𝑝 ∗ 𝐼𝐼𝐼𝐼ℎ𝑝𝑝𝑝𝑝 − δ𝑝𝑝𝑝𝑝 ∗ 𝐼𝐼𝐼𝐼ℎ𝑝𝑝𝑝𝑝 − 𝛾𝛾𝛾𝛾𝑝𝑝𝑝𝑝 ∗ 𝐼𝐼𝐼𝐼ℎ𝑝𝑝𝑝𝑝  (8) 

 
2.2 Future scenarios 

In this study we compare the potential impact of RVFV outbreaks between a ‘reference’ 
and two future scenarios. Future scenarios are based on the Dutch One Health Shared 
Socio-economic Pathway (SSP) scenarios SSP1 and SSP5 as described by Dellar et al. 
(112). These scenarios are based on global and European SSPs, combined with new 
insights through (grey) literature research and stakeholder consultation. SSP1 is paired 
with the RCP2.6 and KNMI low emissions climate scenarios, while SSP5 is paired with 
RCP8.5 and KNMI high emissions climate scenarios (302). SSP1 and SSP5 were chosen 
for this study specifically as they represent two distinct agricultural scenarios in which 
the farming practices, next to environmental factors, are very distinct. Land use maps 
for these scenarios are based on Dellar et al. (303) and are described in supplementary 
material S2. 
 
Description of scenarios based on Dellar et al. (112) 

SSP1 “Together green” is the circular and nature-based scenario. Biodiversity is 
increased and agricultural land is more closely connected to nature. Organic 
agriculture is increased while technological innovations allow for higher productivity. 
Livestock numbers are strongly reduced (-50% cattle) as agriculture becomes more 
sustainable and less intensive. More attention is given to animal welfare and animal 
health in general. Extreme weather events are more common than in the reference 
scenario, but due to the high level of climate change mitigation these events are not as 
extreme as in SSP5. Deliberate flooding might be executed as a strategy to ‘live with 
water’. There is more space for nature (+3% surface area compared to reference) and 
urban areas (+2% compared to reference). 
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SSP5 “After us comes the deluge” represents a fossil-fuelled economy scenario. Very 
limited to no attention is given to sustainability and circularity. Biodiversity decreases 
and extreme weather events and flooding occur more frequently compared to SSP1. 
Nature surface area decreases (-2%) compared to the reference scenario, while urban 
surface area increases (+6%). As the human population increases, there is a big drop 
in agricultural land and all livestock is concentrated in specific regions. Management 
practices represent factory-like conditions and no attention is given to animal welfare. 
This intensification results in increased productivity. Due to this intensification and 
synthetic proteins becoming more popular, the number of livestock remains fairly 
constant compared to the current situation (about -10%). 

Implementation of scenarios 

In SSP1, cattle numbers decrease with 50% (112). Our implementation of this 
reduction was achieved in two steps. Firstly, we used the reference land use map and 
the 2022 livestock census data to calculate the distribution of cattle across land use 
types (urban, pasture, crops, forest and non-forest nature (NFN)). Then, we projected 
the SSP1 land use map over the 2022 livestock census data. As SSP1 has a large 
increase in NFN grid cells, many current-day cattle farms "move into" future NFN. As 
we assume a similar distribution of the cattle population across land use types in SSP1, 
this resulted in a net reduction of cattle of 70.9% for cattle present in SSP1 urban areas, 
38.7% for cattle in pasture, 48.8% for cattle in cropland, and 76.9% and 96.7% for cattle 
present in forest and NFN, respectively (supplementary material Table S3). Sheep are 
not as intensively farmed as cattle so massive reductions are not expected for SSP1. 
The reduction of 6% compared to the reference (supplementary material Table S2), will 
take place in NFN grid cells, as this land use type increases with 105% in SSP1 and does 
not accommodate that many sheep (expert opinion). However, sheep will still be used 
for landscape management in green urban areas, pasture, agroforestry, dunes and on 
dikes. 
 
In SSP5, cattle numbers remain fairly constant compared to reference (-10%) (112). 
However, due to the increased human population and recreational areas, many 
geographical areas are not suitable to agricultural farming in 2050. All cattle are 
removed from urban, forest and NFN grid cells. An increase (5.4%) of cattle in pasture 
grid cells is observed as farming becomes more intensive. Small sheep farms (10-20 
sheep) are deemed unsustainable due to high land prices and are thus removed. 
Furthermore, urban areas become more intensively developed resulting in less (green) 
space for animals. Therefore, an additional 60% reduction of sheep in urban areas was 
accounted for. This leads to a 13% reduction of sheep compared to the reference. More 
information on the number of cattle and sheep per land use type can be found in the 
Supplementary material (Tables S3 and S4). 
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3. Results 

The Netherlands encompasses 35,502km² of grid cells that have a land use type 
(urban, pasture, crops, nature, or non-forest nature). The basic reproduction number 
(R0) was estimated for all grid cells with one or both competent hosts and one or both 
competent vectors. For the reference and SSP1 scenario this resulted in estimates for 
approximately 77% of the total land surface of the Netherlands, corresponding to 
27,261 grid cells. For the SSP5 scenario, results were calculated for a reduced number 
of grid cells (26,489) due to the lower number of grid cells with competent hosts. 
Consequently, the SSP5 scenario included 772 fewer grid cells compared to the 
reference and SSP1 scenario. 

Both future scenarios are characterized by an earlier peak in Ae. vexans relative 
abundance and an earlier decline compared to the reference. In SSP5, Ae. vexans 
populations peaked earliest due to the warmer conditions, although the expected 
range of rising temperatures were also expected to lead to shorter mosquito lifespans, 
especially in July and August (297) (supplementary material, Figure S10). In contrast to 
SSP5, peak relative abundances of Ae. vexans occurred slightly later in SSP1 
(supplementary material, Figure S7b). Culex pipiens/torrentium populations peaked at 
comparable levels in reference and SSP scenarios, yet both SSP5 and SSP1 scenarios 
exhibited an earlier increase in abundance compared to the reference (supplementary 
material, Figure S5). The number of sheep fluctuate over the year, but are modestly 
reduced from ±1.15 million in the reference scenario (on the 1st of January) to ±1.07 
million in SSP1 and ±1 million in SSP5. The number of cattle will be more drastically 
reduced, from ±2.8 million in reference to ±1.4 million in SSP1 and to ±2.5 million in 
SSP5. 

The transmission season is prolonged in both future scenarios (longest in SSP5) (Figure 
2). The daily mean R0 in the calculated grid cells reaches higher values in SSP5 
compared to the other scenarios (Figure 2). The proportion of grid cells with an R0 value 
above one increases during May, after which it remains constant at about 70% 
throughout the transmission season (Figure 3). At the start of the transmission season, 
the R0 is mainly dominated by Ae. vexans for which abundance peaks in June-July. Cx. 
pipiens/torrentium peaks in August and dominates the later part of the transmission 
season. From the second half of August, a declining trend in mean R0 starts, and after 
the 15th of September a sharp decline is observed in all scenarios as we assume this is 
when diapause of Cx. pipiens/torrentium starts , which leads to a rapid decline in host 
seeking mosquitoes. Across all grid cells, the highest number of consecutive days 
where R0>1 was 175 days in the reference scenario, compared to 190 days in the SSP1 
scenario and 193 days in the SSP5 scenario. This again indicates a higher potential for 
(large) outbreaks in the future scenarios, especially SSP5, compared to the reference. 
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Figure 2. Mean daily R0 values over all grid cells with competent host(s) and vector(s) (reference 
and SSP1 have 27,261 grid cells, SSP5 has 26,489 grid cells). Dashed line indicates R0=1. 
 

 
Figure 3. Proportion of land surface area of the Netherlands with an R0 above 1 over time. 

Spatially, we observed relatively similar patterns of R0 across scenarios over the 
transmission season (Figure 4). Low estimated R0 values are mainly observed in regions 
with very low livestock densities, which are especially prominent in May and 
September. This finding follows from the assumption that, if few livestock hosts are 
available, mosquitoes will revert to non-competent hosts for their blood meals. Higher 
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R0 values are first observed around river systems and wetlands in June, when Ae. 
vexans populations are high. In July and August, higher R0 values are predominantly 
seen in the north and east, where livestock densities are high (Figure 4). Two possible 
RVFV introduction locations, Schiphol airport and the Rotterdam harbour, are located 
in areas with relatively low R0 values as well as the number of consecutive days R0 is 
above 1 (Figure 5). 

 
Figure 5. Maximum number of consecutive days of R0 above 1 within study period (1st of April – 
31st of October). Large travel and transport hubs Schiphol airport and Rotterdam harbour are 
indicated by cyan dots. Cells without competent hosts are shown as green (zero days with R0>1). 
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4. Discussion 

In this study, we investigated the potential for Rift Valley fever virus (RVFV) outbreaks in 
the Netherlands under one reference and two future Shared Socioeconomic Pathway 
(SSP) scenarios. Our analysis revealed that the transmission risk and duration of the 
transmission season increased in both future scenarios.  

The potential transmission season of RVFV was longest in the "fossil-fuelled" scenario 
(SSP5), the scenario in which temperatures were highest and Ae. vexans abundance 
peaks earliest. The SSP5 scenario demonstrated the highest mean R0 across all 
locations, indicating a more consistent transmission risk. However, a lower number of 
grid cells had competent vector(s) and host(s) in SSP5. As this is the first study to 
investigate the differences of RVFV transmission between different SSP scenarios, we 
cannot compare our findings with others. For West Nile virus (WNV), another mosquito-
borne virus transmitted by (mainly) Culex species mosquitoes, Farooq et al. (304) have 
shown a predicted increase in WNV risk in all future scenarios, especially in Western 
Europe and for the SSP5 scenario, which is in line with our findings.  

Monthly mean R0 values were highest in areas with high Ae. vexans abundance in June 
(in wetlands and surrounding rivers) and in areas with high livestock densities in July-
August. During July and August the abundance of Cx. pipiens/torrentium, which is 
present nationwide, is highest and thus facilitates transmission across the country 
(200). The number of consecutive days with R0>1 was higher in both future scenarios 
compared to the reference scenario. As import risk via animal trade is considered to be 
low, the main risk for introduction comes from imported infectious vectors (283) which 
may be imported via air or sea transport (16). Two major travel and trade hubs (Schiphol 
airport and the Rotterdam harbour) are located in areas with a relatively low number of 
consecutive days with an R0>1, which potentially reduces the probability of 
establishment, although this is dependent on connectivity to higher risk locations.  

One of the main factors that affects our outcomes is the estimation of the vector-to-
host ratio, which is closely linked to the input data for hosts and vectors and the host-
preference of vectors. The vector-to-host ratio is an important parameter that can 
significantly influence the R0 estimates (305,306). In this study, livestock input data was 
relatively detailed. However, decisions in data handling did have an effect on vector-
to-host ratios (removal of veal calves, redistributing sheep from large sheep farms 
across local regions). Estimating the relative abundance of vectors, especially Ae. 
vexans, was challenging. We used data from a field experiment carried out at a single 
location in the Netherlands to estimate the number of daily bites per month by both 
vectors separately. With these estimates we obtained a scaling parameter value for 
both vector species. The model demonstrated a less satisfactory fit for Ae. vexans 
compared to Cx. pipiens/torrentium. This could be due to the fact that a very small 
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number of observations of Ae. vexans landings and bites on cattle and sheep were 
made during the field experiment, which in turn could be due to a varying number of 
observations moment per month. This could have led to a lower estimate of the scaling 
parameter for Ae. vexans. Moreover, the scaling parameters used in the model are 
reliant on host-preferences, for which very little information is available. Additionally, 
it was difficult to estimate the proportion of total bites on competent hosts. We based 
this on the assumption that an equal total number of (competent and non-competent) 
hosts is available in each location, given the wide range of animals these mosquitoes 
bite on (219,307,308). For the future scenarios, we assumed that the non-competent 
hosts are reduced in the same percentages as competent hosts. Due to the inherent 
uncertainty in the vector-to-host ratios, the absolute R0 values in our results are of 
limited value. Nevertheless, the relative changes in R0 across scenarios, such as the 
length of the transmission season, spatial differences and increased values in future 
scenarios, are likely to be robust. 

Furthermore, it should be noted that the temperature and mosquito input data was 
averaged over 30-year periods. This allowed us to generate a general approximation of 
RVFV transmission in future scenarios, but does not capture inter annual variation. 
Both future scenarios will experience more extreme weather events such as floods, 
which are now averaged out over 30 years and thus might lead to less extreme results 
(112). Past outbreaks as well as other modelling studies have shown that transmission 
risk differs significantly between years (17,295). 

One other study has investigated RVFV transmission potential in the Netherlands (298). 
In contrast to our findings, Fischer et al. (298) found a higher risk of RVFV transmission 
potential and persistence in areas with low livestock densities, which is largely due to 
the assumption that no non-competent hosts are present in their model. This results in 
lower estimated risk of persistence in the north (Friesland), and higher risk in areas with 
low numbers of sheep and cattle. The use of a different outcome measure complicates 
comparing our results with their findings. A hazard map for the establishment of RVFV 
by Esser et al. (285) showed the highest risk in the south (provinces of Zeeland an 
Limburg) which was likely due to higher estimated temperatures in their input data. Our 
results also show some areas in the south-west (Zeeland) that have high yearly mean 
R0 values, but a strong contrast is observed when comparing the most northern 
province (Friesland). The method of risk calculation by Esser et al. (285) was based on 
ranking grid cells based on presence of risk factors for establishment that consisted of 
abiotic conditions, vector abundance and host availability. The low risk estimate by 
Esser et al. could be due to their estimates of (ruminant) livestock abundance. 
However, direct comparison of outcomes is not possible due to the different 
approaches used. 
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Further research is needed to elucidate the potential impact of RVFV outbreaks in the 
Netherlands. While absolute estimates of R0 for emerging pathogens should be 
considered with caution and are highly sensitive to model assumptions, the future 
trends illustrated in this study are robust to a range of assumptions. Sensitivity 
analyses need to be performed to assess the robustness of the outcomes with regards 
to changes in parameter values. This is especially important for the vector-to-host 
ratio, as this was difficult to estimate and likely has a large influence on the R0 values. 
Future modelling efforts could incorporate additional components of the model such 
as differences in flood risk, housing types of animals, wildlife (as potential competent 
or non-competent hosts) (63), movement of hosts (travel and trade) and transmission 
by direct contact for each scenario. In this study we have only modelled daily R0 values, 
which does not allow for conclusions about the potential extent and severity of 
outbreaks for humans and animals. Moreover, surveillance (early-detection) and 
response, as well as the quality and accessibility of health care are different in future 
scenarios and thus might result in altered probability of a timely response (112). 

The results of this study highlight the need for increased preparedness for RVFV 
outbreaks in the future. It is essential to establish sustainable plans for surveillance, 
prevention and response. This includes the development of safe and effective vaccines 
for humans and animals, in order to safeguard their health and welfare, as well as the 
economy. 
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Supplementary material 

Input data and data handling 

S.1 Temperature 
Daily mean temperatures were obtained from the Royal Netherlands Meteorological 
Institute (KNMI) (289). For the future scenarios, the ensemble data for the KNMI wet 
and dry scenario were averaged (Figure S1). 
 

 
Figure S1. Mean daily temperatures for the reference and future scenarios 
 
S.2 Land use 
Current and future land use maps were created by Dellar et al. (303) (Figure S2). An 
overview of the grid cells per land use type in each scenario is shown in Table S1. The 
land use maps were used to guide the locations of livestock and relative abundance of 
mosquitoes in future scenarios as described below. 
 
Table S1. Number of grid cells (%) for per land use type in each scenario. Increase or decrease 
in future scenarios is shown in green/red as percentages compared to reference. *Non-forest 
nature 

Land use type Reference (% of total) SSP1 (% of total) SSP5 (% of total) 
Urban 5398 (15.2) 5998 (16.9)           ↑11% 7453 (21.0)              ↑↑38% 
Pasture 10551 (29.7) 7516 (21.2)         ↓↓29% 9129 (25.7)                ↓13% 
Crops 14562 (41.0) 14345 (40.4)              = 13623 (38.4)              ↓6% 
Forest 3021 (8.5) 3602 (10.1)            ↑19% 3082 (8.7)                        = 
NFN* 1970 (5.5) 4041 (11.4)        ↑↑↑105% 2215 (6.2)                  ↑12% 

 
 
 

Potential of Rift Valley Fever virus outbreaks

149

7



Figure S2. Land use map for each scenario. 
 
S.3 Livestock population 
An overview of sheep and cattle numbers per land use type for each scenario are shown 
in Table S2 and Table S3, respectively. The majority of sheep farms are small farms 
(<100 sheep). However, large farms may hold up to 5000 sheep. Based on expert 
opinion, we distributed sheep from large farms (>500 animals) over a 11x11km grid 
around the grid cell of the farm coordinates. This was done by moving a proportion of 
sheep to pasture in the surrounding area. A gaussian distribution matrix was used to 
distribute sheep of large farms over the surrounding (11x11) grid cells. Animals that 
were located in grids without a land use type (e.g. sea) were removed from the dataset. 
 
Sheep lambing peaks between January and April and usually takes place indoors after 
which animals are turned out to pasture (R. Everts, personal communication). We 
assumed a 1:20 male to female ratio and an average of 1.8 lambs per ewe per year. This 
was implemented by setting the input data at 1st of January and increasing the 
population with a daily growth rate of 0.00834 (final population/starting 
population^(1/120)-1) until the 1st of May. Then, we assumed a stable population until 
the 7th of September after which many animals are sent to slaughter and the population 
returns to the same level as the 1st of January. We thereby assume a stable population 
over the years. 
 
Table S2. Sheep numbers and percentages per scenario for each land use type. 

Land use type Sheep reference (%) Sheep SSP1 (%) Sheep SSP5 (%) 
Urban 114879 (10.0) 147311 (13.7) 116270 (11.6) 
Pasture 577892 (50.4) 442710 (41.1) 472674 (47.3) 
Crops 400518 (34.9) 388825 (36.1) 338412 (33.9) 
Forest 30596 (2.7) 53412 (5.0) 38148 (3.8) 
Non-forest nature 22242 (1.9) 45548 (4.2) 33161 (3.3) 
Total 1146127 1077806 (-6%) 998665 (-13%) 
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Figure S3. Sheep distribution for each scenario at 1st of January. 
 
Table S3. Cattle numbers and percentages per scenario for each land use type. 

Land use type Cattle reference (%) Cattle SSP1 (%) Cattle SSP5 (%) 
Urban 76809 (2.8) 38404 (2.8) 0 (0) 
Pasture 1608777 (57.6) 804388 (57.6) 1533672 (61.0) 
Crops 1047556 (37.5) 523778 (37.5) 980856 (39.0) 
Forest 45768 (1.6) 22884 (1.6) 0 (0) 
Non-forest nature 15054 (0.5) 7527 (0.5) 0 (0) 
Total 2793964  1396982 (-50%) 2514528 (-10%) 

 

 
Figure S4. Cattle distribution for each scenario. 
 
S.4 Vector populations 
Abundance (on an arbitrary scale) of Cx. pipiens/torrentium was obtained from Krol et 
al. (291) (Figure S5). The probability of occurrence of Ae. vexans for all scenarios was 
obtained from Dellar et al. (292). For both vector species, the ensemble mean of the 
1991-2020 model was used for the reference scenario. For the future scenarios, we 
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averaged ensemble means for the wet and dry KNMI scenarios (2036-2065) for both 
SSP1 and SSP5. 

 
Figure S5. Mean abundance of Culex pipiens/torrentium in all scenarios.  

S.4.1 Aedes vexans probability of occurrence to arbitrary abundance 

The available probability of occurrence maps for Ae. vexans needed to be transformed 
to relative abundance estimates, for all scenarios. For that purpose, we trained a small 
generalised additive model (GAM) in mgcv, using a dataset of 183 trapping efforts 
where Ae. vexans was caught, and 1136 where Ae. vexans was not caught. This dataset 
is the same dataset used by Dellar et al. (292), but also included number of mosquitoes 
per catch (data not shown). The GAM model was trained to predict the observed 
relative abundances, using the following predictor variables: (1) presence/absence 
maps (292), (2) precipitation and temperature from a 30-year climate normal from 
1991-2020 (289), and (3) land use type, and a negative binomial function to link the 
predictions to the observations. The model is described in the following terms: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ~ 𝑠𝑠𝑠𝑠(𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = fs, 𝑘𝑘𝑘𝑘 = 5) + 𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑘𝑘𝑘𝑘 = 5)
+ 𝑠𝑠𝑠𝑠�𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 , 𝑘𝑘𝑘𝑘 = 5� + 𝑠𝑠𝑠𝑠(𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝, 𝑘𝑘𝑘𝑘 = 5) + 𝑠𝑠𝑠𝑠�𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 , 𝑘𝑘𝑘𝑘 = 5� 

That is, abundance is predicted by the fitted non-linear relationships of presence per 
land use type, daily temperature normal, daily temperature normal of 30 days prior, 
precipitation normal, and daily precipitation normal of 30 days prior. Here, “normal” 
refers to a 30-year baseline, e.g. for the reference scenario that period covers the 
average daily temperatures in the time period 1991-2020. For the future scenarios, 
these cover the predicted average daily temperatures for the period of 2036-2065. 

No additional reduction penalties were applied on the non-linear relationships other 
than setting the number of knots to 5, and using the default tp smooths and a factor-
smooth interaction when fitting the importance of presence per land use type. The 
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quality of the model was tested using DHARMa, with no substantial problems found 
(one outlier in the data, one mildly significant residual pattern in the upper quantile for 
temperature). The response curves of the GAM model are shown in Figure S6, and the 
results of the model are shown in Figures S7a and S7b.  

 
Figure S6. GAM response curves. Top-left plot shows the relationship between probability of 
presence and contribution to abundance per land use type, when correcting for temperature and 
precipitation and temperature and precipitation 30 days before. Land use legend is (0) urban, (1) 
pasture, (2) cropland, (3) forest, (4) non-forest nature, as per (303). 

Figure S7a. Abundance (arbitrary unit) of Ae. vexans for each scenario. 
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Figure S7b. Mean abundance of Aedes vexans for all scenarios over time. 

S.5 Scaling the vector-to-host ratio 

As the exact number of mosquitoes per grid cell is not available from data, a scaling 
parameter was calculated for each vector species in order to achieve the vector-to-
host ratio. This scaling parameter was estimated based on a field experiment as 
described executed by Elbers et al. (in preparation). In this field experiment, 
mosquitoes were aspirated from a cow and sheep for 5 minutes per hour on a farm in 
the Netherlands throughout one vector season. From this data, we calculated average 
daily number of bites for Cx. pipiens/torrentium and Ae. vexans for each month and 
host type. With these values, we estimated a scaling parameter. The number of cattle 
and sheep, biting rates, proportion of bites on competent hosts and the relative 
number of mosquitoes per species were taken from the input data for the grid cell 
where the experiment was carried out. The average numbers of hosts (𝑁𝑁𝑁𝑁ℎ𝑐𝑐𝑐𝑐  𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎 𝑁𝑁𝑁𝑁ℎ𝑝𝑝𝑝𝑝), 
relative abundance of vectors (𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖), biting rates (𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖) and proportion of bites on hosts 
(𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖) were calculated per month for the months June, July and August.  

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  (𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖 ∗ 𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 𝑣𝑣𝑣𝑣𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)/(𝑁𝑁𝑁𝑁ℎ𝑝𝑝𝑝𝑝 + 𝑁𝑁𝑁𝑁ℎ𝑐𝑐𝑐𝑐) ∗  𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖  ∗ 𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖 ∗ 𝛳𝛳𝛳𝛳𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐  (S1) 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜𝐵𝐵𝐵𝐵 𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  (𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖 ∗ 𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 𝑣𝑣𝑣𝑣𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)/(𝑁𝑁𝑁𝑁ℎ𝑝𝑝𝑝𝑝 + 𝑁𝑁𝑁𝑁ℎ𝑐𝑐𝑐𝑐) ∗  𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖  ∗ 𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖 ∗ 𝛳𝛳𝛳𝛳𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝  (S2) 

Using equations S1 and S2, we estimated the scaling value by minimising the sum of 
squared errors between observed and predicted number of bites on cattle and sheep 
per month. The scaling factor of Cx. pipiens/torrentium was used as multiplication 
factor for mosquito abundance input data to transform the arbitrary units into realistic 
vector-to-host ratios. The fit for the Ae. vexans scaling factor was not as robust as that 
for Cx. pipiens/torrentium, as very limited counts were observed in the field experiment 
(and Ae. vexans peaks at specific points of the year in specific locations (Figure S8). 
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Figure S8. Fit of the scaling model compared to the observed field experiment data for Cx. 
pipiens/torrentium (left) and Ae. vexans (right) for the grid cell where te field experiment was 
carried out. 

Parameterization 

S.6 Transmission probabilities 

Transmission probabilities were assumed to be independent of temperature. A recent 
literature review by Drouin et al. (286) shows an overview of the vector competence of 
multiple mosquito species for RVFV based on previous (laboratory) studies. We used 
the overall dissemination rates (%) of 13.6 for Ae. vexans and 13.5 of Cx. 
pipiens/torrentium which results in host to vector transmission probabilities of 0.14 for 
both species. For the vector to host transmission probabilities, we used the 
transmission rates among mosquitoes having a disseminated infection (%). These 
were 38.3 for Ae. vexans and 93.6 for Cx. pipiens, resulting in transmission probabilities 
of 0.38 and 0.94, respectively. 

S.7 Temperature dependent parameters 

As the extrinsic incubation period, biting rate and mortality rate of mosquitoes are 
assumed to be temperature dependent. These parameters were calculated daily for 
each grid cell for all three scenarios. 

Biting rates 

Cx. pipiens/torrentium biting rates were based on Rubel et al. (293). This formula does 
not result in negative biting rates at temperatures lower than 10 degrees Celsius in 
contrast to other formulas like that of Shocket et al. (297) (Figure S9). The Ae. vexans 
biting rate function results in values below 0 in case temperatures are low (<9.6 
degrees Celsius), all values below 0 were set to 0 (Figure S10). 

Potential of Rift Valley Fever virus outbreaks

155

7



 
Figure S9. Mean daily biting rates of Culex pipiens/torrentium in all scenarios over all grid cells. 

 
Figure S10. Mean daily biting rates for Aedes vexans in all scenarios over all grid cells. 

A parameter representing the proportion of total bites from vectors to competent hosts 
(cattle and sheep) was implemented based on the assumption that a proportion of 
bites will be on non-competent hosts. In cells having relatively large numbers of 
competent hosts, all bites are assumed to be on competent hosts. For lower numbers 
of competent hosts, we assume Cx. pipiens/torrentium to be ornithophilic and Ae. 
vexans to be mammophilic (287,288). For Cx. pipiens/torrentium, we calculated the 
99% percentile of competent hosts for each day in cells with at least one competent 
host, (which then receive 100% of bites) and scaled down from the 99% percentile. For 
Ae. vexans we scaled from the 50% percentile of cells with at least one competent host, 
resulting in more cells where 100% of bites are on competent hosts. 

Additionally, a relative preference for cattle and sheep was incorporated separately for 
both vector species using the following equation, which was based on Cecilia et al. 
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(295). This proportion of blood meals of vector i taken on host population j was 
calculated as follows: 

𝛳𝛳𝛳𝛳𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗 = �
∅𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗 ∗ 𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗

∅𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝 ∗ 𝑁𝑁𝑁𝑁ℎ𝑝𝑝𝑝𝑝 +  ∅𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 ∗ 𝑁𝑁𝑁𝑁ℎ𝑐𝑐𝑐𝑐
� 

Where ∅𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗  is the relative preference of one of the vector species for one of the host 
species and 𝑁𝑁𝑁𝑁ℎ𝑝𝑝𝑝𝑝 and 𝑁𝑁𝑁𝑁ℎ𝑐𝑐𝑐𝑐  are the total number of hosts for that host species in the grid 
cell. 

Mortality rates 

Mortality rates of Cx. pipiens/torrentium were calculated based on a formula by 
Shocket et al. (297), which states a maximum mortality rate of 0.17 for temperatures 
higher than 31 degrees Celsius. From the 15th of September, the mortality rate was 
changed into a diapause rate for Cx. pipiens/torrentium to simulate diapause and 
removal of host-seeking mosquitoes from the population. This starting date of the 
diapause period was based on data from Field et al. (309) and Blom et al. (310). Daily 
mosquito counts were then calculated by subtracting the mosquito count of the 
previous day times the diapause rate (0.071429) from the mosquito count of the 
previous day. For Ae. vexans the mortality rate was based on a function by Fischer et 
al. (298), which was based on a laboratory study on Ae. vexans mosquitoes by Costello 
and Brust (311) (Figure S11). Infection with RVFV was not assumed to have an effect on 
mosquito mortality. For Cx. pipiens, only one study exists that suggests increased 
mortality in mosquitoes infected with RVFV (312). For Ae. vexans these studies do not 
exist. 

 
Figure S11. Mortality rates for Aedes vexans in all scenarios. 
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Extrinsic incubation rates 

The incubation rates for Ae. vexans were based on a formula by Shocket et al. (297) for 
Ae. taeniorhynchus, as no published function was available for Ae. vexans (Figure S12). 
For Cx. pipiens/torrentium, the incubation rates were based on Cx. pipiens/torrentium 
infected with West Nile virus as described in Shocket et al. (297) (Figure S13) as no data 
was available for infections with RVFV. 

 
Figure S12. Daily mean incubation rates for Aedes vexans in all scenarios over all grid cells. 

 
Figure S13. Daily mean incubation rates for Culex pipiens/torrentium in all scenarios over all grid 
cells. 
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Chapter 8.
General discussion



The overall objective of this thesis is to provide insight in the epidemiological situation, 
(response) surveillance options and potential risk of mosquito-borne viruses (MBVs) in 
animals in the Netherlands, in order to inform future research and surveillance 
strategies. This was done by executing multiple cross-sectional surveys, a longitudinal 
survey, questionnaires, interviews as well as statistical and mathematical modelling 
approaches.  

In this discussion, I will focus on how this thesis has filled knowledge gaps about MBV 
circulation and possibilities for research and surveillance with a focus on the 
Netherlands in different animal species. Furthermore, I will discuss the use and 
interpretation of serological methods, implementing One Health arbovirus research 
and surveillance in practice, and raise ethical questions related to MBV surveillance in 
animals. I will broaden the scope to put this thesis into context of the One Health PACT 
(OHPACT) research consortium. Finally, I will sum up the conclusions and provide 
recommendations and an outlook for the future. 

8.1 Epidemiological insights 

Usutu virus (USUV) caused a large outbreak in 2016 in the Netherlands that resulted in 
bird die-offs of mainly blackbirds (Turdus merula), and evidence of circulation has been 
found in wild birds, humans and mosquitoes in the subsequent years (55,56,123). West 
Nile virus (WNV) was first detected in mosquitoes and a bird in 2020 (58). In the same 
year, human cases of WNV were retrospectively detected in two regions (57,125). 
Funding of testing suspected cases in horses (Equus caballus) was then implemented 
to lower the (financial) barriers for reporting, in order to detect WNV circulation early 
(313). In 2021 and 2022, 33 and 66 serum samples of horses with unexplained 
neurological signs were submitted. None of these could be confirmed as WNV 
infections (313). No human or equine cases were observed in 2021 and 2022, which 
may create the impression that the virus was not circulating. However, in chapter 5, 
we describe circulation of WNV in both areas in 2021 in petting zoo and backyard 
chickens (Gallus gallus domesticus), which remained undetected by other surveillance 
methods. Additionally, in chapter 4 we found evidence of WNV infections in wild boars 
(Sus scrofa) already in 2018 and 2019, suggesting undetected introduction(s) before 
the first official detection in 2020. In October 2022, one WNV positive bird was sampled 
in a new region (126). The syndrome surveillance system resulted in one clinical WNV 
equine case detection in 2023, but the location of infection remained unclear as the 
horse originated from Germany (314). 

As the baseline seroprevalence of WNV and USUV was still unknown, cross-sectional 
serological studies in several animal species were carried out and described in this 
thesis. The results of chapter 2 show us that the seroprevalence of USUV and WNV is 
very low in dogs (Canis lupus familiaris) and horses in the Netherlands. We found an 
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observed seroprevalence of 0.27% for WNV in horses (0.0% in dogs) and 0.39% for 
USUV in dogs (0.0% in horses). In the neighbouring country Germany, repeated 
seroprevalence studies between 2010 and 2022 of WNV in horses found prevalences 
between 0% and 13.77% in (107,149,315,316). These seroprevalences were dependent 
on the period and region of sampling, as some studies were risk-based (sampling 
animals in regions where an outbreak had occurred previously). It must be noted that 
all of these studies mention a proportion of the seropositive horses had (potentially) 
been abroad and/or vaccinated. A serosurvey in southern France in 2016 revealed 
higher USUV and WNV seroprevalences in 235 horses of 3.85% and 13.19%, 
respectively. The high WNV seroprevalence in horses was most likely due to a WNV 
outbreak in the area in 2015 as all horses were unvaccinated (74). The same study 
reports that a serosurvey in the same region revealed lower seroprevalences of 1.08% 
for USUV and 0.54% for WNV in (pet) dogs 2019-2020 (74), which is similar to our results 
as similar screening and confirmation methods were used. In chapter 4, we 
investigated seropositivity of wild boars in the Netherlands from 2018 to 2021. Based 
on the findings in chapter 2 and published literature, we expected slightly higher 
prevalences in wild boars, as vector exposure is suggested to be higher in this species 
(109). However, we found much higher proportions of wild boar with neutralizing 
antibodies against WNV and/or USUV, with a declining trend that was observed over 
the four-year period. For USUV this was in line with in the observed trends in Dutch 
blackbirds (192). We also found that in 2018, many of the USUV infected wild boars are 
classified as equivocal, due to cross-reactive WNV titres, if interpreted by the classical 
method of interpretation. The probability of WNV infection within the ELISA positive 
wild boars increased over the period 2018-2021, which is in line with the expansion of 
WNV circulation over these years as also described in chapter 5 for 2021 (58,188,207). 
In that study, seroprevalence and flock prevalence of WNV increased after May 2021, 
indicating circulation that year. Comparing seroprevalences of chapter 4 and chapter 
5 is hampered by the use of different serological assays and interpretation methods. 
Nevertheless, both studies have shown the possibility of detecting (local) WNV 
circulation in absence of human and equine cases. 

Furthermore, while it was not the focus of chapter 4, we found multiple wild boars with 
high Tick-Borne Encephalitis virus (TBEV) neutralizing titres in VNT. we found 
indications for a declining trend in TBEV positives from 6.2% in 2018, to 5.3%, 4.3% and 
2.6% in 2019-2021, respectively. This is remarkable as an increase in human TBEV has 
been observed during those years (142). It is also in contrast with studies from Belgium 
that reported an increasing seroprevalence of TBEV in wild boars; from 4.2% in 2013 to 
9.27% in 2019-2020 (131,317). Interestingly, It should be noted that these percentages 
could be an underestimation of the results, as the sensitivity of the used screening 
assay (competitive ELISA) for TBEV is suggested to be low (318). Therefore, further 

 General discussion

165

8



research using a more sensitive screening test for TBEV is needed to investigate the 
TBEV seroprevalence in wild boars in the Netherlands. 

Sindbis virus (SINV) was not known to circulate in the Netherlands, but had already 
been detected in many European countries, including Germany (163). Two previous 
studies did not detect SINV in Dutch mosquitoes (169,170). Chapter 3 describes the 
first seropositive horses and wild birds, as well as one PCR positive wild bird. The 
seroprevalence of 0.82% in horses found is lower than the 3.5% (6/171) found in 
Swedish horses (106). This is not remarkable as SINV has been known to circulate in 
Sweden for years (167,319). For many countries, the seroprevalence of SINV is still 
largely unknown. No human cases of SINV have been detected outside of Sweden and 
Finland in Europe so far. Even though all bird ringers in our study were seronegative, we 
cannot exclude the possibility that humans in the Netherlands have been infected, 
potentially without symptoms or without being diagnosed, as awareness among 
healthcare professionals is probably low.  

Most of the MBVs currently present in the Netherlands do not have a major impact on 
animal health. However, it is expected that due to changes in the drivers of emergence, 
new viruses will be introduced in the coming decades. In chapter 7 we modelled the 
outbreak potential of Rift Valley Fever virus (RVFV) in the Netherlands in a reference 
and two future scenarios. The future scenarios are based on Shared Socio-Economic 
Pathways (SSPs), that were transformed to One Health SSPs for the Netherlands by 
Dellar et al. (112). SSP1 which represents a “nature inclusive” scenario and SSP5 which 
is a “fossil-fuelled” scenario (112). Results indicate that the transmission season is 
prolonged in both future scenarios and is longest in SSP5. Higher R0 values are first 
observed around river systems and wetlands in June, when Ae. vexans populations are 
high. Two possible RVFV introduction locations, Schiphol Airport and the Rotterdam 
harbour are located in areas with lower transmission risk and shorter periods during 
which transmission can occur. Many drivers of MBV emergence are increased in SSP5; 
an increase in temperature and extreme weather events, huge growth in travel and 
trade, as well as land use and agricultural changes (112). These changes will increase 
the risk of RVFV import of infected livestock or vectors through travel and trade 
(16,320). 

All these findings aid in better understanding of exposure and transmission dynamics 
of MBVs in the Netherlands. This information may be used to guide development of 
sustainable surveillance systems to enhance preparedness. 
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8.2 Different animal species in current and future research & surveillance 

Based on the findings in this thesis, suitability of animal species for MBV research and 
surveillance varies. This suitability depends, as mentioned in chapter 1, on many 
factors such as; the presence and abundance of the animal species, access to 
samples or options for active sampling, goal of the surveillance system, role in the 
transmission cycle, and host-feeding behaviour of vectors. Many previous studies have 
mentioned different sentinel species as the optimal way for early-detection (chapter 
1). As the factors mentioned are different in every setting, one cannot easily compare 
the suitability of animal species between, or even within, countries. The idea behind 
the use of (sentinel) animal species in MBV surveillance is based on the ability to detect 
infection before human cases appear (Figure 1). This would allow for a rapid response 
to prevent human disease and economic impact. 

 
Figure 1. Early detection of zoonotic diseases in animals to prevent higher costs of outbreak 
control and human disease. (Figure adapted from (321)) 

Chickens could be a promising sentinel species in the Netherlands for the detection 
circulation of USUV and WNV, and potentially other MBVs, in absence of human and 
equine cases (chapter 5). Multiple countries such as Greece, Serbia and United States 
have showed similar results, even though human cases may also appear before 
seroconversion in chickens is observed (209,322,323). The sensitivity of the sentinel 
chicken system depends on many factors like the sampling interval (often weekly or 
biweekly), the number of chickens per flock (ranges from 2-30) and flock placement 
(76). Sampling of chickens on a (bi-)weekly basis is laborious and cost intensive, and 
diagnostic tests should be capable of operating with small volumes. Despite these 
downsides, our findings indicate that petting zoo and backyard chickens are good 
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sentinels for USUV and WNV surveillance (chapter 5). Especially as these animals 
were mostly located in urban or semi-urban areas, they could point towards potential 
risks for public health. Additional advantages are the fact that no new chicken flocks 
have to be bought/placed, as well as the fact that petting zoos are (according to my 
experience) very willing to participate. Further research on the sampling interval and 
cost-effectivity is needed to quantify the effectiveness of backyard and petting zoo 
chickens for use in MBV surveillance. Furthermore, investigation of mosquito species 
and their blood-feeding patterns in petting zoos is necessary, as we only collected 
mosquitoes via aspirators after visual inspection (which resulted in low numbers of 
mosquitoes caught) and not by placing mosquito traps targeting blood-fed females. 

The Netherlands hosts a substantial poultry industry, and it has been proposed to 
utilize commercial laying hens for MBV surveillance. As we found a significant stream 
of poultry samples in chapter 6, this could be a promising approach. Key 
considerations in establishing such a system include: (1) the extent of exposure of 
commercial poultry to competent mosquitoes and relevant viruses; (2) the impact of 
the local vector-host ratio on the system's sensitivity; and (3) whether seropositivity in 
laying hen farms offers insights into human health risks (Figure 1). With regards to the 
first consideration, it is hypothesized that free-range poultry are more frequently 
exposed to competent mosquitoes compared to indoor housed poultry. However, 
there is currently no literature available to support this statement. Therefore, I 
performed a pilot study in two closed and one free-range laying hen farms in September 
2020. For this pilot, CO2 baited BioGents BG-Pro traps (Biogents, Regensburg, 
Germany) were placed inside and outside the barns for four consecutive days. 
Additionally, mosquito resting traps were placed indoors. Results of this pilot study are 
shown in Figure 2. Four blood fed Culex pipiens/torrentium mosquitoes were caught in 
total (two in each of the closed farms). The average ratio of indoor/outdoor caught 
mosquitoes was highest in the free-range farm, but did not differ significantly from the 
closed farms (Figure 2). It is thus confirmed that competent vectors enter “closed” as 
well as free-range laying hen farms. More research is needed to investigate the other 
two considerations, and further elucidate a possible difference between closed and 
free-range farms. With regards to consideration 3 (insight to human health risk), one 
could argue that the spatial patterns of poultry farms throughout the Netherlands is 
biased, as farms are clustered in specific regions of the country (324). Currently, the 
Dutch poultry sector is still hesitant due to insecurity about economic consequences 
in case seropositive animals would be detected. As shown in chapter 6, establishment 
of collaborations and networks between stakeholders are needed to lower barriers and 
hesitancy related to sharing of samples.  
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Figure 2. Results of the pilot study in poultry farms. (A) Total mosquito counts per species for 
three poultry farms. (B) Indoor/outdoor ratio of mosquitoes caught in pilot study with three laying 
hen farms. 

The low seroprevalences of MBVs in horses allow for trend observations over longer 
time periods as well as detection of clinical cases as a large proportion of the 
population is still susceptible. Low seroprevalences might be due to low exposure to 
mosquitoes in relation to housing conditions or the presence of other hosts such as 
(wild) birds. Considering the known circulation of USUV and WNV in the Netherlands 
and results of chapter 4 and 5, but the low seroprevalence in horses, they might not be 
the most suitable species to target for early-detection by serology. Furthermore, even 
though we identified a large stream of diagnostic samples for horses (chapter 6), 
missing metadata such as vaccination and travel history hamper their use in MBV 
surveillance.  

In literature, equine WNV infections are suggested to occur before human cases 
appear (107,152), comparable to what is shown in Figure 1. However, the predictive 
value of equine infections for human disease is very country- or even region dependent. 
In some regions, human cases are not preceded by equine infections and in other 
regions, only equine infections are detected without any human cases in the same area 
during that transmission season (322,325,326). Interestingly, we did observe SINV 
seropositivity (and one potential clinical case) in horses without human case detection 
(chapter 3), in contrast to what had been observed for WNV in 2020 and before. The 
absence of clinical WNV infections in horses could be due to a high WNV vaccination 
rate or low exposure to vectors, but current data on these topics are unavailable as our 
serosurvey was focused on non-vaccinated horses. Chapter 2 did reveal many horse 
owners are aware of vaccination (85%), but a smaller proportion actually considers 
vaccination or had already vaccinated their horse(s) (50.7%). The discrepancy between 
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detection of cases in horses versus humans is, however, most probably related to the 
awareness and surveillance efforts. Horse owner knowledge is high (chapter 2), so we 
could expect WNV cases to be recognized by owners. Nevertheless, we noticed a 
hesitancy from owners and veterinarians to notify suspected cases (personal 
communication). Two main reasons for this hesitancy are (1) fear and uncertainty 
about the response from the Netherlands Food and Consumer Product Safety 
Authority (NVWA) to detection of a case and (2) the lack of treatment options. The lack 
of transparency about response procedures has also been mentioned for other 
diseases such as Avian Influenza and African Swine Fever (327,328). The lack of 
treatment options applies to multiple MBVs, potentially resulting in missed diagnoses 
of other MBVs as well. Additionally, costs for diagnostic tests have to be paid by the 
owner when suspected cases are not officially notified, which is another barrier for 
diagnosing possible cases (personal communication). 

Low seroprevalences were also observed for dogs. Dutch pet dogs are often housed 
indoors and repellents are frequently used (chapter 2), potentially lowering exposure 
to vectors. This is in agreement with a recent study from Namibia that found lower 
seroprevalences in dogs compared to horses, and proposed vector abundance, host-
preference and housing conditions as possible explanations (329). For dogs that spend 
more time abroad (i.e. military or hunting dogs), it is suggested that seropositivity in 
dogs might precede detection of human cases (95–98). The Netherlands does not have 
an extensive system of military dogs that spend a lot of time outdoors and animals may 
travel abroad, making their use limited for MBV surveillance. Use of commercial 
diagnostic sample streams is, just like in horses, hampered by unknown travel history 
and other metadata. For dogs, many samples are shipped to Germany as large 
laboratories test and store their samples there, and are therefore also difficult to 
recover and test for other pathogens (chapter 6). Repeated sampling of these species 
is challenging, as this would require different sampling strategies and additional ethical 
approvals. Nevertheless, a small proportion of dogs may show clinical signs due to 
infections with WNV or TBEV, thus awareness and testing of suspected cases could 
help to detect circulation (330–334). 

In contrast to horses and dogs, a large proportion of wild boars showed neutralizing 
antibodies against WNV, USUV and/or TBEV. As samples are already collected and 
animals are often young (<3 years), this species might be a very suitable indicator 
species for surveillance of arboviruses. Studies from Italy and France, among others, 
have suggested the use of boars due to their high exposure to vectors and strong 
antibody response (109,335). Symptomatic surveillance and repeated sampling are 
not possible in these animals, and their geographical spread is quite limited in the 
Netherlands. Wild boar serum samples are often of low quality, which is often related 
to the collection method, shipment and number of free-thaw cycles (336,337). 
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Haemolysis and autolysis can affect diagnostic results and interpretation, especially 
in neutralization assays (185). These factors limit their useability, but as shown in 
chapter 4 and in literature, infections in wild boars may occur earlier than in domestic 
animals and/or humans, which emphasizes their potential value (109). For future 
studies, other samples collection methods, such as intracavernous venipuncture, 
could be used to obtain less haemolysed sera (336). The detection of TBEV and WNV 
infected boars highlights the need to inform hunters and other high-risk groups about 
use of preventative measures and vaccination. 

The Netherlands has a very high livestock density. It would be interesting to investigate 
the use of domestic ruminants, pigs and poultry for zoonotic arbovirus surveillance. 
Livestock species can be clinically affected by, and be a risk for infection of humans, 
for viruses such as Rift Valley Fever virus (RVFV) and Japanese encephalitis virus (JEV), 
and TBEV. Syndromic surveillance should be in place for RVFV and JEV, as these 
pathogens could have a large impact on animal health. TBEV testing in (small) 
ruminants is a promising approach to not only prevent animals disease but also serve 
as a potential public health benefit since raw milk products from such animals can be 
infectious and may cause disease in humans (338,339). Furthermore, surveillance of 
other orthoflaviviruses, alphaviruses or orthonairoviruses without a major impact on 
livestock health could also be effective (340–343). As an example, Serbia started using 
calves as sentinels for WNV as a high seroprevalence in horses limits their use in 
surveillance (344). Many livestock samples are collected (chapter 6) in the 
Netherlands and thus offer potential for surveillance and potentially even repeated 
testing. Unfortunately, we were not able to test these species in this thesis, partially 
due to the aforementioned hesitancy for testing notifiable diseases combined with the 
need for owner approval. Even for non-notifiable viruses, hesitancy was present due to 
fear of media attention and subsequent losses in sales. 

Wild birds are known reservoir hosts for most of the MBVs described in this thesis. 
Surveillance of live and dead wild birds has been extensively described in literature 
(76,345). In chapter 3 SINV seropositivity in wild birds around a SINV positive bird and 
seropositive horses was 10.9%. A proportion of these birds was considered to be Dutch 
resident birds and thus, together with the seropositive horses, provides strong 
evidence for local transmission. A major advantage of research or surveillance of 
viruses like WNV, USUV and SINV in wild birds is the possibility for virus detection and 
thus phylogenetic analyses if a sequence can be obtained. This information can be 
analysed to study geographical spread and evolution of viruses (56,346), as was also 
done for the partial sequence in chapter 3. While virus detection in other species is 
possible, it is less likely to be successful. The Netherlands has an existing wild bird 
ringing infrastructure that is very useful for MBV surveillance (58,147). Disadvantages 
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of the use of wild birds are the limited option to resample animals, and the unknown 
origin or migration patterns of some birds. 

Besides the studied species in this thesis, livestock and other animal species might be 
suitable for MBV surveillance. Multiple studies have been published on the use of 
various zoo animals, rodents and other wildlife species such as ungulates 
(92,93,100,194,347–349). In the Netherlands, studies in roe deer (Capreolus 
capreolus) have been performed but were focused specifically on TBEV (136,137,350). 
Use of zoo animals, rodents and other wildlife species for MBV surveillance in the 
Netherlands thus requires further study. 

8.3 Serological methods & interpretation 

Under optimal conditions, MBV infections can be confirmed through PCR, detection of 
immunoglobulin M (IgM) and/or a significant rise in (neutralizing) antibodies in 
combination with clinical signs (5,130,351). However, for non-recent infections, this 
confirmation is often not feasible. Interpretation of serological studies of arboviruses 
is hampered by the use (and lack of standardisation) of different assays, co-circulation 
of related viruses and cross-reaction of antibodies. Additionally, very limited 
knowledge is available about antibody kinetics over time, especially in animals. 
Different assays for serological diagnosis of arbovirus infections are used both within 
and across studies (352). Interpretation of the results from serosurveys using different 
assays is thus challenging, as is also shown in this thesis. 

Generally, sera are first screened using an antibody binding assay such as an ELISA, 
Microsphere immunoassay (MIA) or Protein Microarray (PMA) (117). These assays can 
use different antigens, which for orthoflaviviruses are often the envelope (E) protein (as 
used in chapters 2 and 4) or non-structural 1 (NS1) protein (as used in chapter 5). The 
choice of assay format and antigen highly influences sensitivity and specificity of the 
assays (130,353). The E protein is involved in membrane fusion and is a major target for 
neutralizing antibodies (117). Amino acid homology of (specific domains of) the E 
protein is high among orthoflaviviruses, resulting in a cross-reactive (neutralizing) 
response (354). NS1 is required for virus replication but is also a highly immunogenic 
and important for the development of (non-neutralizing) protective antibodies 
(117,214). The use of (recombinant) NS1 is therefore often suggested as an alternative 
to the E protein for serological diagnosis to enable differentiation between cross-
reactive orthoflaviviruses (214,214).  

Positive screening samples can then be confirmed using a receptor-binding blocking 
assay such as HI, or a neutralization assay such as a Virus Neutralization Test (VNT), as 
gold standard. As cross-reactions may still occur in confirmatory assays, parallel tests 
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are ran for viruses within the serogroup that co-circulate in the area of interest. 
Diagnostic guidelines and algorithms from literature and the World Health 
Organization (WHO) and World Organisation for Animal Health (WOAH) recommend 
using a four-fold or greater difference between two titres to confirm infection 
(30,355,356). Interpretation by using a four-fold titre difference is based on a 
classification scheme for Togaviridae (genus Alphavirus) from the 80’s (357). Forty-nine 
flaviviruses were grouped in antigenic complexes based on this classification scheme 
following experimental infections in mice (127). Both the probability and magnitude of 
cross-reaction, as well as waning of antibodies affect the development and 
persistence of (cross-reactive) neutralizing titres. The probability and magnitude of 
cross-reactivity may differ between to viruses, as we describe for USUV and WNV in 
chapter 6. Neutralizing titres are further complicated by original antigenic sin (OAS) 
and waning of antibodies. The phenomenon OAS means that if an animal gets infected 
with, for example, WNV after it already had been infected with USUV in the past, the 
neutralizing antibody response for USUV can be much stronger compared to that of the 
infecting virus (WNV). For many virus combinations, very little knowledge exists on the 
probability and extent of cross-reaction and OAS (352). Antibody persistence is also 
very rarely studied and may differ between viruses and species, as discussed in 
chapter 5. Studying this phenomenon can help us estimate the time past infection, and 
possibility for animals to become seronegative after a certain period. This is important 
in the view of using animals as sentinels as shown in chapter 5. In chapter 6 I show 
that using statistical methods to disentangle serological outcomes may aid in 
understanding dynamics of cross-reactivity. These types of models provide promising 
approaches as they have been used for multiple serogroups, species and research 
questions of MBVs as well as viruses like influenza and SARS-CoV-2 (182,183,358). 

The lack of representative confirmed positive and negative serum samples of multiple 
animal species further hampers analyses of sensitivity and specificity, which are 
needed for accurate seroprevalence calculations. Ideally, a historical group of sera 
from the same species and region is used as a negative control. Experimental 
infections or PCR/IgM confirmed cases are often used as positive controls. 
Unfortunately, such samples are often not available for the species of study. Even 
though species-independent assays such as specific ELISA formats (as in chapter 2 
and 4) and VNT are used, it is known antibody development differs per species and thus 
may affect the outcomes and assay interpretation. It could be interesting to study 
sequential infections with multiple viruses in experimental settings, or acquire 
samples from field setting assess the cross-reactive responses in different animal 
species. 
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The world is rapidly changing, and changes in climate, land use, travel and trade will 
most likely result in introduction and spread of new emerging zoonotic MBVs. 
Introduction of new viruses will further complicate serological interpretation as co-
circulation and related cross-reactions will become common. Therefore, we need (1) 
accurate knowledge on age, disease, vaccination status and origin of animals sampled 
within surveillance systems, (2) development of sensitive multitarget and serological 
tests that are able to capture immune responses to a broader range of viruses, (3) 
development of models that allow us to better interpret serological findings in a co-
circulation context. Diagnostic panels should not be restrictive to known circulating 
viruses (e.g. WNV, USUV) but be able to detect viruses with low or unknown circulation 
(e.g. SINV, RVFV, JEV, Louping Ill virus, Bagaza virus). 

8.4 Setting up One Health MBV research and surveillance in practice  

Prioritization and planning surveillance activities for zoonotic MBVs requires effective 
communication between stakeholders to divide roles and responsibilities. The Dutch 
zoonoses structure involves many stakeholders from the public and animal health 
domains, each with its own jurisdiction and mandates (chapter 6). For some MBVs 
such as RVFV, there are legal obligations for surveillance and response practices which 
are already allocated at specific institutes. For other viruses, the surveillance objective 
should be agreed upon between relevant stakeholders (359), as this clarifies priorities 
and facilitates collaboration and data sharing. Decisions made for prioritization and 
plans of action with regards to surveillance and response sometimes lack 
transparency. Clear communication of these decisions enhance trust and 
understanding in follow-up procedures and allow for better collaboration (360). It 
further clarifies the responsibilities and goals for each stakeholder. While for MBV 
research a common objective among research institutes is not required, regular 
communication regarding aims and results with relevant stakeholders is 
recommended to ensure all parties remain informed and up-to-date. 

Based on the findings in this thesis, the majority of Dutch horses and dogs are currently 
still susceptible for orthoflaviviruses which provides opportunities for surveillance for 
as well as detection of clinical cases. Detection of clinical cases requires awareness 
of owners and veterinarians, combined with accessible (low cost) diagnostic 
opportunities and cost compensation. Unclarity of response by the NVWA and 
procedures can be solved by clear response plans and communication about these 
plans. In high-risk regions, the use of sentinel backyard and petting zoo chickens may 
be very useful to indicate public health risk, because these chickens reside in or near 
urban areas with high human densities. Wild boars are ideal candidates for continuous 
surveillance as samples are already collected and stored but their geographic range 
may be limiting. Similar sampling streams are available for livestock, but further 
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research is needed to investigate the potential of commercial poultry and other 
livestock species for sustainable MBV surveillance. Use of livestock samples requires 
removal of the hesitancy for sharing samples that will be tested for notifiable or 
emerging pathogens. Also, the effect of different housing systems on MBV exposure 
needs to be evaluated. This is not only interesting for surveillance purposes but also 
may result in higher or lower risk for future agricultural systems. 

Many promising sample streams and existing collaborations do already exist, which 
can be built upon when designing a sustainable research and surveillance plan for 
MBVs. Responsibilities of laboratory diagnostics, case detection, communication and 
control need to be divided between stakeholders and clearly communicated. 
Awareness of the general public, veterinary and human health professionals relies on 
robust communication channels that reach the target audience. For veterinarians such 
a communication channel does currently not exist. The government should anticipate 
and enhance preparedness, as outbreaks of MBVs are likely to become more frequent 
in the future. Dutch One Health stakeholders should thus, collectively, prepare 
response plans for outbreaks that are yet to come. This also includes land use planning 
and climate adaptation decisions, as they have an effect on MBV outbreak risk as 
shown in chapter 7. Furthermore, biobanking of relevant samples with sufficient 
accompanying metadata provides the option for rapid response surveillance, or serve 
as reference samples of specific populations as indicated in chapter 6. 

8.5 Ethical considerations of surveillance and control options 

Research and surveillance of zoonotic MBVs, as described in this thesis, often makes 
use of animal samples. In most cases, blood or serum samples of animals are 
sufficient to provide information on the circulation and spread of MBVs. As shown in 
Figure 1 and described by the Dutch Emerging Zoonoses Information and Priority 
system (EZIPs) list, prevention of impacts of outbreaks on public health or the economy 
are often the main goals of surveillance. However, public health and economic 
interests may easily conflict with animal welfare or ecosystem health in zoonotic 
disease surveillance or control (361). One clear example is the culling of healthy 
animals during zoonotic disease outbreaks. In case of significant human health risks, 
the use of animals in surveillance can be justified (361,362). But what defines 
‘significant human health risks’? And what about viruses with a high impact on public 
health but a negligible risk for animal health? 

We could question whether (invasive) sampling of animals is justified if we are looking 
for viruses with a limited impact on human health or the economy. A simple solution 
could be the reuse of already collected samples, non-invasive samples, or use of 
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environmental samples as described in chapter 4 and 6. For some viruses we might be 
able to directly tackle the risk for public health by using available vaccines in humans, 
animals, or both. An example is TBEV, for which commercial vaccines are available in 
Europe. Currently, TBEV vaccination is not actively promoted nor frequently applied in 
humans in the Netherlands, because of the low infection risk for humans (142). Even 
potential high risk groups such as bird ringers have a very low vaccination rate of about 
5% (8/157) (147). This could be increased by actively promoting vaccination in risk 
groups, thereby lowering disease risk for relevant groups. Additionally, the use of 
existing samples of wildlife and (small) ruminants, or even non-invasive samples like 
cheese and milk could be used in surveillance as a relatively simple and potentially 
cost-effective approach. 

Selection of viruses to survey (and potentially research funding) is often done based on 
ranking their impact, which in some cases is incorporated in legislation. An interesting 
example of an emerging threat is Japanese Encephalitis Virus (JEV). JEV is placed 3rd on 
the Dutch EZIPs list, but has the lowest ranking (E) in the European Animal Health Law 
(AHL) (113,363). In contrast to the EZIPs classification, the AHL does take into account 
animal health and welfare impacts. The high EZIPs classification of JEV is mainly due to 
the potential economic damage and high human mortality. For the AHL, the expert 
panel did not list JEV as highly transmissible. No consensus could be reached about 
whether the disease has a significant environmental or animal welfare impact, or 
whether it results in high morbidity and significant mortality rates in animals. The AHL 
listing report quotes from the Australian response strategy (364): “due to the time taken 
to establish a diagnosis, continuing virus transmission by insects, the wide range of 
hosts and the lack of clinical signs in most infected animals, control by slaughtering 
exposed animals is inappropriate.” This raises the question for a virus that is that high 
on the EZIPs list, but slaughtering exposed animals is not an option, how we would 
future control outbreaks?  

Control of future MBV outbreaks becomes particularly intriguing when considering the 
contrast between JEV and RVFV. The placement of RVFV as 11th on the EZIPs is mainly 
because of lower human mortality compared to JEV. In contrast, it is an A listed disease 
by the AHL and control of outbreaks by culling of ruminants is mandatory in the EU. 
Currently, no JEV nor RVFV vaccines registered for animals in EU. In my opinion, 
preparedness for JEV and RVFV is essential as outbreaks would have a large impact, 
whether it is on human health, animal health, their welfare or the environment. 
Especially since there are no, or only very drastic control options, early-detection of 
these viruses is crucial. The results of chapter 7 underscore the need for preparedness 
as the RVFV outbreak potential and duration of the transmission season will likely 
increase in the coming decades. Preparedness would include the development of 
surveillance and response plans, and include ethical considerations to weigh the 
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importance of public health, animal health and the economy, combined with efforts to 
develop and license effective vaccines. 

Early detection of MBV circulation is useful when appropriate prevention and control 
measures can be taken to prevent new cases in animals or humans (Figure 1). Control 
options for MBV outbreaks are often limited, which leads to the question what are 
actionable responses to early detection or outbreaks of MBVs. Current mosquito 
control strategies (such as pesticide application) often involve risks for the natural 
environment. With regards to animals, control of outbreaks for viruses with a domestic 
animal reservoir might include culling and movement or trade restrictions. For humans, 
prevention of mosquito bites and removal of breeding sites are currently the main 
pillars in communication strategies from the Dutch government to prevent infections. 
Additionally, according to European legislation, blood donations from an outbreak 
region will be molecularly tested to prevent transmission via blood products (313). 
Nevertheless, the limited effective control options highlight the need for resilient 
landscape configuration and development of safe and effective vaccines. As there are 
substantial differences in tissue tropism, pathogenicity and outcome of disease 
between viral species, these need to be taken into account when developing vaccines 
(60). Until safe and effective vaccines become available, publicly available action 
plans are needed to enhance transparency and trust between all stakeholders. This 
preparedness is required to detect cases early and already develop tools for vaccines 
and decide on vaccination strategies (365). 

Zoonotic diseases are part of life and a certain level of risk is thus unavoidable, 
although MBV outbreaks may have a significant impact on human and animal health, 
the environment and economy. Even though these outbreaks can have profound 
impacts, they must be understood within the broader context of global health 
challenges. Effective policy decisions require not only scientific understanding but also 
informed public engagement, acknowledging the complexity of these risks. Policy 
decisions on prioritization thus requires a broad and informative public dialogue (361). 

8.6 Results of this thesis in relation to the OHPACT consortium 

The research consortium (OHPACT) aimed to gain systemic understanding of 
mosquito-borne diseases, and of how their emergence and transmission is influenced 
by major environmental and social changes. This thesis has provided insight in the 
baseline seroprevalence of WNV, USUV and SINV in horses and dogs (chapter 2 and 3) 
and undetected circulation of WNV and USUV (chapter 4 and 5). These studies have 
shown that USUV, WNV and SINV have been circulating despite the fact that no human 
nor equine cases were (officially) reported. In accordance with our results in horses 
and dogs, a study in bird ringers indicated a low level of exposure of WNV and USUV in 
the Netherlands (147). This study also indicated the complexity of interpreting 
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serological results in these low-prevalence settings, as I have also shown in this thesis. 
Tools that might aid in improving arbovirus surveillance such as alternative sample 
types or fieldable assays have been investigated and/or developed within the 
consortium and could potentially be applied in MBV research and surveillance in 
animals (71,366). Next to these options for alternative sample types and diagnostic 
methods, we have identified promising sample streams that could be used in MBV 
surveillance (chapter 6). 

Design of MBV research and surveillance programmes largely depend on their 
transmission cycle and thus their vectors. Therefore, studies on vectorial capacity are 
of great importance (367). Studies from OHPACT show the complexity of mosquito 
population dynamics and behaviour, and thus their role in arbovirus transmission and 
overwintering (35,169,219,368,369). Even more complexity comes into play when we 
take into account the role of birds, humans (or other host species), co-infections with 
other diseases and environmental factors (370–372). Constant increase in knowledge 
of the transmission cycle is gathered and allows for better understanding of the current 
transmission dynamics (370). This knowledge can be used to develop more refined 
models to understand or anticipate MBV transmission (370). 

Even though understanding current transmission dynamics is already complicated, 
researchers within OHPACT have attempted to predict what might happen in the 
future. One Health based future scenarios were developed for the Netherlands (112). 
Based on these scenarios, land use maps were created that allow us to model 
mosquito and host populations on a more detailed level (303). Predictions of Cx. 
pipiens/torrentium populations (291) were subsequently created using the scenarios 
and land use maps by Dellar et al. (303). The scenarios, land use maps and mosquito 
predictions were all used in chapter 7 of this thesis. Integration of these methods 
allowed us to detect differences between future scenarios (SSP1 and SSP5) that are 
likely due to differences in drivers such as the rise in temperature and land use changes 
combined with policy decisions that lead to changes in the number and distribution of 
livestock species. 

8.7 Conclusions and further research 

One Health surveillance for zoonotic arboviruses has to be based on a commonly 
agreed goal. For this goal, the importance of animal and environmental health should 
not be overruled by public health or economic interests. In ideal situations, we would 
be able to detect viral circulation early (or even predict) before clinical cases in human 
or animals occur (Figure 1). However, such practices are often costly and labor-
intensive, raising the question of whether the effort is justified in achieving the intended 
goals. Conducting cost-efficiency analyses is crucial to designing sustainable 
surveillance systems that, ideally, fit a multi-virus purpose. 
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Animals can be very useful in MBV surveillance, but not all species are equally suitable 
in the Netherlands. Lowering the barriers for notification of suspected cases, 
combined with the development and availability of diagnostic tests will support early-
detection by syndromic surveillance. Active surveillance can be performed in high-risk 
regions by using sentinel chickens, mosquitoes and wild birds. Additionally, existing 
systems and sample streams provide extra information on the introduction, local 
spread and/or endemicity of zoonotic arboviruses. We should make use of the 
extensive veterinary and food safety systems that are already in place. Further research 
is required to investigate the potential use of specific livestock species, zoo animals, 
wild rodents and ungulates as well as other sample types that are less invasive. 

Fundamental research is needed to generate knowledge on (species specific) immune 
responses, cross-reaction and antibody waning in animals. This information can be 
used in statistical models to interpret serological surveillance results. Furthermore, 
models to predict (the impact of) MBV outbreaks require local estimates for vector 
competence, host-feeding behaviour and heterogeneity in MBV transmission cycles. A 
clear communication and distribution of responsibilities between academic, 
governmental and commercial partners can help to acquire this knowledge and jointly 
design an appropriate sustainable zoonotic arbovirus surveillance system for the 
Netherlands. 

8.8 Outlook 

In a densely populated country as the Netherlands, it is essential to acknowledge we 
have a shared responsibility to safeguard environmental, animal and human health and 
welfare. Even though zoonoses may be a part of the natural world around us, drivers of 
emergence of zoonotic MBVs are often related to human behaviour. It is important to 
avoid creating a perfect habitat for emerging MBVs in a country with a high livestock 
density, many wetland areas and increasing human-wildlife-livestock interface. Not 
only will researchers and other stakeholders have to focus on developing disease 
prevention measures like vaccines and biosafety measures. The focus should be on 
configuring our landscape to build resilient ecosystems that can mitigate the impact of 
MBV outbreaks. This includes dealing with underlying problems such as climate 
change and biodiversity loss. Only in this way, we can create a sustainable and healthy 
country for all ecosystems. 
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“My only wish, in presenting this communication, is that note be taken of my 
observations, and that the truth of my suspicions and conceptions be left to the 
decisive evidence furnished by direct experimentation. This does not signify, however, 
that I am at all desirous of evading the discussion of the views which I have just 
enunciated; on the contrary, it will be with great pleasure that I will listen to any remarks 
or objections which my distinguished colleagues may deem proper to make” - Dr 
Charles Finlay, Havana, August 11th 1881 
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Summary 

Mosquito-borne viruses (MBVs) are an emerging threat. Drivers of emergence, such as 
changes in climate, land use, travel and trade result in an expansion of geographical 
range of vectors and virus circulation. Many important zoonotic MBVs belong to the 
genera Alphavirus (family Togaviridae), Orthoflavivirus (family Flaviviridae) and 
Phlebovirus (family Phenuiviridae). Examples of viruses from these families are Sindbis 
virus (SINV), West Nile virus (WNV) and Rift Valley Fever virus (RVFV), respectively. 
Diseases caused by members of these virus families do not only have a large public 
and animal health impact, but also an economic, socio-ethical and environmental 
impact. Given the increasing emergence of MBVs, surveillance is imperative to enable 
swift responses in terms of public and animal health policies, control measures and 
prevention strategies. Animals can be used to research and survey MBVs, either by 
observation of clinical cases or active surveillance such as serosurveys.  

The overall objective of this thesis is to provide insight in the epidemiological situation, 
(response) surveillance options and potential risk of mosquito-borne viruses in 
animals in the Netherlands, in order to inform future research and surveillance 
strategies.  

Very little is known about the current seroprevalence of MBVs in the Netherlands. 
Therefore, in chapter 2, a serosurvey among horses (Equus caballus) and dogs (Canis 
lupus familiaris) is described, species that are suggested to be good sentinels for 
orthoflavivirus circulation. Furthermore, I studied the knowledge and Health Belief 
(perceptions of health risks and factors influencing their health behaviour, including 
their knowledge, perceptions, and determinants of behavioural intention) of horse 
owners with regards to MBVs by using an online questionnaire. The serosurvey revealed 
a very low seroprevalence of WNV and Usutu virus (USUV) in both horses and dogs. The 
questionnaire revealed that Dutch horse owners have a high knowledge level and 
health belief with regards to MBVs compared to the Dutch general public. These results 
indicate that many dogs and horses remain susceptible to WNV and USUV, offering 
opportunities for trend analyses and surveillance. In chapter 3, the horses sampled in 
chapter 2 were tested for neutralizing SINV antibodies, together wild bird and human 
samples collected from bird ringers. In addition, mosquitoes and wild birds were tested 
for SINV RNA. One SINV positive bird and a seroprevalence of 0.82% (3/368) in horses 
was detected, while no humans or mosquitoes were (sero)positive. Thereafter, 10.91% 
(12/110) of wild bird samples were found seropositive in a 16 kilometre radius around 
the seropositive horses and the SINV positive bird. This study highlights the potential of 
using animal samples to detect local circulation of MBVs that would otherwise not be 
detected through human case detection.  

224

Summary



Active sampling of animals for surveillance requires ethical permission as it is 
considered an animal experiment. Therefore, testing of existing (biobanked) samples 
may provide a more cost-effective solution and could lower animal discomfort. 
Therefore, in chapter 4, I tested 1,504 biobanked samples of Dutch wild boars (Sus 
scrofa) for USUV and WNV neutralizing antibodies. Then, I used a three-level Bayesian 
statistical model to analyse the neutralizing antibody responses. Serological 
interpretation of MBVs from the same serocomplex is challenging. Next to the unknown 
probability and extent of cross-reactivity, serological interpretation is complicated by 
an unknown time of infection and antibody persistence. In areas of co-circulation, 
interpretation of serological results is further complicated by the fact that individuals 
may be sequentially infected by multiple viruses from the same serocomplex. The 
statistical model revealed extensive cross-reactivity between USUV and WNV. The 
model results indicate that USUV prevalence was much higher in 2018 compared to 
the classical serological interpretation (four-fold neutralizing titre difference between 
viruses). Notably, the results show the presence of WNV infections in wild boars in or 
before 2018. These findings highlight the potential use of wild boars for orthoflavivirus 
surveillance, as these animals potentially have a higher exposure to vectors and 
samples are regularly collected for surveillance purposes of other pathogens. 

Chickens are another species often used in MBV surveillance. Some studies suggest 
the use of sentinel chickens as indicators for human health risk. In chapter 5, repeated 
sampling of chickens in petting zoos and backyards was performed to investigate their 
potential use in MBV surveillance in the Netherlands. In total, 639 sera from 348 
chickens were collected in three phases over the course of one year in two regions 
where WNV had been detected in 2020. Results of this study indicate circulation of 
both WNV and USUV in 2021, as chickens seroconverted during this period. This 
circulation of WNV went undetected by other surveillance methods such as syndromic 
surveillance in humans and horses. Furthermore, waning of USUV antibodies indicates 
that chickens could potentially be reused as sentinels in the following season(s). The 
use of petting zoo and backyard chickens thus seems a promising approach to detect 
orthoflavivirus circulation and potentially point towards public health risks. 

It is essential to investigate the options for MBV (response) surveillance in animals to 
enhance preparedness for future outbreaks. Therefore, in chapter 6, I investigated the 
availability of sampling streams related to animals that are currently collected in the 
Netherlands. This resulted in an overview of ongoing sampling efforts in pets, livestock 
and wildlife. As many laboratories and institutes collect and test samples, the 
opportunities for rapid selection and sharing of these samples were investigated. This 
study revealed multiple barriers and requirements that need to be dealt with before 
samples can be shared between (research) institutions, hampering a rapid response to 
emergence of infectious pathogens. 
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As we live in a changing world, where drivers of disease emergence result in 
geographical spread and increase in circulation of MBVs, it is essential to investigate 
the effects of these changes on potential outbreak risk. In chapter 7, I developed a 
model to investigate the difference in potential outbreak risk of RVFV in the 
Netherlands between three scenarios. With this model I compare a reference (current) 
and two future scenarios representing a ‘nature inclusive’ and extensive (SSP1) and 
‘fossil-fuelled’ highly intensive (SSP5) scenario around 2050. The outcomes reveal that 
the transmission season of RVFV is longest in the SSP5 scenario, and shortest in the 
reference scenario. The mean basic reproduction ratio (R0) reaches the highest values 
in the SSP5 scenario, while a lower proportion of the country has an R0 value above 1. 
More research is needed to investigate the sensitivity of the outcomes to parameter 
values and input data, especially with regards to the vector-to-host ratio. However, this 
study shows that the changes in temperature, vectors and livestock will have an effect 
on the outbreak risk of RVFV in the Netherlands in the future. 

In chapter 8 I interpret the findings of this thesis with regards to the current evidence 
of circulation of MBVs in the Netherlands, as well as describe potential approaches for 
future research and surveillance. Furthermore, I discuss the findings in the context of 
the One Health PACT consortium, which this project was a part of. Finally, I present an 
outlook with regards to emerging infectious diseases in a changing world and how 
humans have a key role to play in preparedness and prevention. 
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Muggen-overdraagbare virussen vormen een opkomende bedreiging voor de 
diergezondheid en volksgezondheid in Nederland. Klimaatverandering, landgebruik, 
reizen en handel zijn aanjagers van deze opkomst. Zij zorgen ervoor dat het leefgebied 
van muggen en virussen wordt vergroot. Veel belangrijke muggen-overdraagbare 
virussen behoren tot de geslachten Alphavirus, Orthoflavivirus en Phlebovirus. 
Voorbeelden van virussen uit deze geslachten zijn respectievelijk het Sindbis virus 
(SINV), Westnijlvirus (WNV) en Riftdalkoortsvirus (RVFV). Ziekten die veroorzaakt 
worden door deze virussen hebben niet alleen een grote impact op de volksgezondheid 
en diergezondheid, maar uitbraken kunnen ook grote economische en 
maatschappelijke impact hebben, evenals impact op de (leef)omgeving en milieu. 
Aangezien muggen-overdraagbare virussen op steeds meer plekken voorkomen, is het 
van groot belang deze te monitoren. Deze monitoring zorgt ervoor dat men snel kan 
reageren met dier- en volksgezondheidsbeleid, controlemaatregelen en preventieve 
maatregelen om verdere uitbraken te voorkomen. Dieren kunnen gebruikt worden in 
deze monitoring van muggen-overdraagbare virussen. Enerzijds kunnen virussen die 
ziekte veroorzaken in dieren gemonitord worden door ziekte- en sterfgevallen van 
dieren in de gaten te houden. Daarnaast kan men ook actief infecties in dieren (die niet 
ziek zijn) monitoren door bijvoorbeeld het bloed van deze dieren te onderzoeken op 
virus of antistoffen. Op deze manier kan men erachter komen of deze dieren 
geïnfecteerd zijn (geweest), wat betekent dat het virus waarnaar gezocht wordt in de 
omgeving waar dit dier zich bevindt heeft gecirculeerd.  

Het overkoepelende doel van dit proefschrift is om inzicht te verschaffen in de huidige 
epidemiologische situatie, opties voor (respons) monitoring en het potentiële risico van 
muggen-overdraagbare virussen in dieren in Nederland. Hiermee kunnen vervolgens 
toekomstige onderzoek en monitoring strategieën worden opgesteld. Dit is belangrijk 
om voorbereid te zijn en zo snel mogelijk te kunnen reageren op toekomstige uitbraken. 

Er is zeer weinig bekend over de huidige seroprevalentie van muggen-overdraagbare 
virussen in Nederland. De seroprevalentie is het percentage individuen, in dit geval 
dieren, in een populatie dat positief test op (antistoffen tegen) een ziekteverwekker in 
een bloedmonster. De seroprevalentie kan dus worden onderzocht door 
bloedmonsters van een groep dieren te testen op antistoffen. Hoofdstuk 2 van dit 
proefschrift beschrijft een seroprevalentie onderzoek bij honden en paarden. In de 
literatuur worden honden en paarden namelijk als potentieel goede verklikkers voor 
orthoflavivirus (zoals WNV) circulatie genoemd. Naast de testen in honden en paarden 
heb ik ook een online vragenlijst uitgezet bij paardeneigenaren en verzorgers. Deze 
vragenlijst was bedoeld om de kennis en “Health Belief” (dit zijn de percepties met 
betrekking tot gezondheidsrisico’s en factoren die hun gedrag hierin beïnvloeden) van 
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deze mensen te testen. De seroprevalentie studie liet zien dat er maar een heel klein 
percentage honden en paarden antistoffen had tegen WNV en Usutu virus (USUV, een 
ander orthoflavivirus). De vragenlijst liet zien dat Nederlandse paardeneigenaren zeer 
hoog scoren op kennis en Health Belief in vergelijking met de algemene Nederlandse 
bevolking (die in een andere studie was onderzocht). De seroprevalentie resultaten 
geven aan dat veel honden en paarden in Nederland nog geïnfecteerd kunnen raken 
met WNV en/of USUV, wat mogelijkheden biedt voor trendanalyses en monitoring op 
de langere termijn. In hoofdstuk 3 hebben we de paardenmonsters verzameld in 
hoofdstuk 2 onderzocht op antistoffen tegen Sindbis virus samen met monsters van 
wilde vogels en mensen. Aanvullend hebben we ook muggen en wilde vogel monsters 
onderzocht op het virus zelf. We vonden Sindbis virus in één vogel, naast een 
seroprevalentie van 0.82% (3/368) in paarden. Geen van de mensen had antistoffen en 
ook vonden we het virus niet in muggen. Daarna bleek 10.91% (12/110) van de wilde 
vogels, die bemonsterd waren in een straal van 16 kilometer rond de positieve paarden 
en virus positieve vogel, antistoffen te hebben. Deze studie geeft aan dat diermonsters 
goed gebruikt kunnen worden om lokale circulatie van muggen-overdraagbare virussen 
te detecteren die niet zouden worden gevonden door alleen te kijken naar humane 
gevallen (ziekte). 

Voor bemonstering van dieren in het kader van virus monitoring is ethische 
toestemming nodig, omdat dit wordt gezien als een dierproef. Daarom kan het testen 
van reeds verzamelde monsters (vanuit bijvoorbeeld een biobank) mogelijk een meer 
kosteneffectieve oplossing bieden, waarbij ook het ongemak voor dieren wordt 
verlaagd omdat er geen dieren specifiek voor de monitoring hoeven worden 
bemonsterd. In Nederland worden jaarlijks monsters verzameld en opgeslagen van 
wilde zwijnen om te testen op varkenspest en andere ziekten. Daarom heb ik in 
hoofdstuk 4 1504 monsters van Nederlandse wilde zwijnen getest op antistoffen tegen 
WNV en USUV. Daarna heb ik een statistisch model gebruikt om de resultaten te 
analyseren. Interpretatie van de hoeveelheid antistoffen tegen muggen-overdraagbare 
virussen is namelijk ingewikkeld. Dit komt omdat antistoffen van virussen uit eenzelfde 
familie soms zo op elkaar lijken dat ze met elkaar kruis-reageren. Dit betekent dat USUV 
antistoffen ook reageren in een WNV test, en het dus moeilijk maken om duidelijk te 
krijgen met welk virus het dier geïnfecteerd is geweest. Daarnaast weten we ook niet 
wanneer een dier precies geïnfecteerd is geraakt, en weten we ook weinig over hoelang 
antistoffen in het lichaam aanwezig blijven. In regio’s waar meerdere soortgelijke 
virussen circuleren wordt dit nog verder gecompliceerd omdat dieren gedurende hun 
leven ook met twee (of meer) verschillende virussen geïnfecteerd geweest kunnen zijn 
geraakt. Het statistische model in hoofdstuk 4 liet, zoals verwacht, zien dat er veel 
kruisreactie was tussen WNV en USUV in de zwijnen monsters. De resultaten laten 
daarnaast zien dat de USUV seroprevalentie veel hoger was in 2018 dan wanneer de 
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uitslagen met de klassieke methode zouden worden geïnterpreteerd (die kijkt naar een 
4-voudig verschil tussen de USUV en WNV uitslag). Een interessante bevinding was de 
aanwezigheid van WNV infecties in wilde zwijnen in, of voor, 2018. Deze bevindingen 
laten de mogelijkheden voor monitoring van orthoflavivirussen in wilde zwijnen zien. 
Wilde zwijnen hebben mogelijk een hogere kans gebeten te worden door muggen 
gezien hun leefomgeving. Daarnaast worden monsters van wilde zwijnen jaarlijks 
verzameld en opgeslagen voor andere doeleinden en kunnen dus ook worden gebruikt 
voor onderzoek naar andere ziekteverwekkers. 

Kippen worden ook vaak gebruikt in het monitoren van muggen-overdraagbare 
virussen. Sommige studies suggereren dat ‘verklikker’ kippen als indicator kunnen 
worden gebruikt voor risico’s voor de volksgezondheid. In hoofdstuk 5 hebben we 
kippen van kinderboerderijen en uit achtertuinen herhaaldelijk bemonsterd om te 
onderzoeken of deze dieren kunnen worden gebruikt in orthoflavivirus monitoring in 
Nederland. In de loop van één jaar hebben we in drie fases in totaal 639 bloedmonsters 
van 348 kippen verzameld in twee regio’s waar WNV was gevonden in 2020. Resultaten 
van deze studie laten zien dat zowel WNV als USUV hebben gecirculeerd in beide 
regio’s in 2021. Dit weten we omdat kippen die eerst negatief waren gedurende deze 
periode antistoffen hebben ontwikkeld tegen één of beide virussen. Deze circulatie van 
WNV bleef onopgemerkt in andere monitoringssystemen zoals het observeren van 
ziekte bij paarden en mensen. Daarnaast laat de studie zien dat USUV antistoffen in 
kippen zodanig snel afnemen dat kippen mogelijk opnieuw kunnen worden ingezet in 
monitoring in een volgend seizoen. Het gebruik van achtertuin en kinderboerderij 
kippen lijkt dus een goede mogelijkheid om virus circulatie te detecteren en mogelijk te 
wijzen op volksgezondheidsrisico’s.  

Het is essentieel om de opties voor respons monitoring van muggen-overdraagbare 
virussen in dieren te inventariseren om de paraatheid voor toekomstige uitbraken te 
vergroten. Daarom heb ik in hoofdstuk 6 onderzocht of er reeds beschikbare 
monsterstromen van dieren zijn in Nederland. Dit resulteerde in een overzicht van 
doorlopende monsterstromen in huisdieren, landbouwhuisdieren en wilde dieren. 
Omdat er veel laboratoria en instituten betrokken zijn bij het verzamelen en testen van 
monsters, werden ook de mogelijkheden voor het snel selecteren en delen van deze 
monsters onderzocht. De studie liet zien dat er meerdere hindernissen en voorwaarden 
zijn waar rekening mee gehouden moet worden voordat monsters gedeeld kunnen 
worden tussen (onderzoeks)instellingen. Dit zorgt voor een vertraging in de gewenste 
snelle respons op uitbraken van opkomende ziekteverwekkers. 

Omdat we leven in een snel veranderende wereld, waar aanjagers van 
ziekteverspreiding zorgen voor een verhoogde circulatie en verspreiding van muggen-
overdraagbare virussen, moeten we ook kijken wat de effecten zijn van deze 
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veranderingen op potentiële uitbraken. In hoofdstuk 7 heb ik daarom een model 
ontwikkeld om het verschil in potentiële uitbraak risico van RVFV in Nederland te 
vergelijken tussen drie scenario’s. Met dit model vergelijk ik een referentie (de huidige 
situatie) met twee toekomstscenario’s die een natuur inclusief en een hoog-intensief 
scenario rond 2050 vertegenwoordigen. De uitkomsten laten zien dat het transmissie 
seizoen van RVFV het langst is in het hoog-intensieve scenario, en het kortst in het 
referentie scenario. Het gemiddelde reproductiegetal (R0) behaalt de hoogste waardes 
in het hoog-intensieve scenario, terwijl een lager percentage van het totale 
landoppervlak een R0 waarde boven de 1 laat zien. Er is meer onderzoek nodig om de 
gevoeligheid van de uitkomsten voor een aantal model waardes en data te 
onderzoeken, vooral met betrekking tot de vector-gastheer (mug/dier) verhouding. 
Desondanks laat deze studie al wel zien dat de veranderingen in temperatuur, muggen 
en landbouwhuisdieren een effect zullen hebben op het uitbraak risico van RVFV in 
Nederland in de toekomst. 

In hoofdstuk 8 interpreteer ik de bevindingen van dit proefschrift met betrekking tot het 
huidige bewijs voor circulatie van muggen-overdraagbare virussen in Nederland, 
evenals de mogelijkheden voor toekomstig onderzoek en monitoring. Daarnaast plaats 
ik de bevindingen in context van het One Health PACT onderzoeksconsortium, waar dit 
project onderdeel van uit maakt. Ten slotte presenteer ik een visie met betrekking tot 
opkomende infectieuze (dier)ziekten in een veranderende wereld en hoe mensen een 
sleutelrol spelen bij paraatheid en preventie.  
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