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Abstract

Mosquito-borne flaviviruses remain a significant public health and ecological concern,
influenced by climate change, environmental variability, and the range expansion of
entomologically relevant mosquito vectors. In recent years, West Nile virus (WNV) and
Usutu virus (USUV) have become endemic in parts of Europe, including Germany, pos-
ing risks to birds, humans, and other vertebrate hosts. Despite increasing surveillance,
important questions remain about the factors driving their spatial spread, seasonal

outbreaks, and the success of intervention strategies.

This PhD thesis investigates the transmission and spread of mosquito-borne flaviviruses
through mechanistic modelling frameworks that integrate mosquito ecology, eco-
epidemiological processes, and environmental variables. Initially, a process-based
ordinary differential equation (ODE) model was developed to simulate the popula-
tion dynamics of Culex pipiens s.s./Cx. torrentium, the primary vectors of WNV and
USUV in Germany. The model incorporated temperature-, rainfall-, and photoperiod-
dependent processes governing mosquito development, mortality, reproduction, and
overwintering. Validation against mosquito surveillance data from 106 sampling sites
demonstrated good agreement between simulated and observed mosquito phenology,

with temperature as the primary driver of mosquito seasonal dynamics.

Building on these insights, ODE and partial differential equation (PDE)-based eco-
epidemiology models were developed to investigate the transmission dynamics and
spatial spread of WNV and USUV. These models incorporated temperature-dependent
transmission processes, spatial diffusion to represent local dispersal, and advection to
capture directional movement associated with migratory birds. Furthermore, optimal
control theory was applied to evaluate the timing, intensity, and cost-effectiveness of
intervention strategies, including mosquito control, equid vaccination, and personal

protective measures.

Results obtained show that temperature is also a key variable influencing seasonal
transmission patterns and regional differences in WNV and USUV infection risk. Trans-
mission remains mainly localised, driven by environmental conditions and vector
abundance, with eastern Germany and the Upper Rhine Valley identified as consistently
high-risk areas for both viruses. Simulations that include migratory bird movements
indicate that changes in mosquito feeding behaviour towards migratory hosts may
significantly accelerate WNV spread, supporting the hypothesis that migratory birds

ix



might facilitate its long-distance dispersal. Conversely, USUV spread appears to be
driven mainly by short-range processes involving highly vulnerable resident bird species,
especially the Eurasian blackbird (Turdus merula), which is consistent with its relatively

slower spatial spread during the early years of endemicity.

Optimal control analyses suggest that mosquito control efforts started in early spring and
intensified in early May may reduce the August peak in the infectious bird population.
Furthermore, a combined approach of mosquito control methods, human PPE adoption,
and equid vaccination could be the most effective strategy for both human and equid
hosts. These results further indicate that targeting overwintering mosquito populations
can lessen the intensity of interventions needed during the transmission season. To
aid decision-making, a free and open-source web application has been developed,
allowing users to explore the impact of different control strategies under various
temperature projections, such as low-mitigation (SSP126), intermediate (SSP245),

and high-emission (SSP585) scenarios.

Although WNV and USUV differ in their public health implications, the models highlight
their shared ecological transmission pathway, driven by common vector species. This
suggests that integrated control strategies can simultaneously reduce the impact of
both viruses. The general findings of this thesis advance the understanding of the
ecological and climatic factors influencing arbovirus transmission in Germany and
provide a quantitative basis for developing climate-informed surveillance and control

strategies.



Zusammenfassung

Durch Stechmiicken iibertragene Flaviviren stellen ein zunehmendes Problem fiir die
offentliche Gesundheit und die Okologie dar, das durch den Klimawandel, Umweltverén-
derungen und die Ausbreitung entomologisch relevanter Stechmiickenvektoren beein-
flusst wird. In den letzten Jahren sind das West-Nil-Virus (WNV) und das Usutu-Virus
(USUV) in Teilen Europas, darunter auch in Deutschland, endemisch geworden und
stellen ein Risiko fiir Vogel, Menschen und andere Wirbeltierwirte dar. Trotz verstérk-
ter Uberwachung bleiben wichtige Fragen zu den Faktoren offen, die ihre rdumliche
Ausbreitung, saisonalen Ausbriiche und die Wirksamkeit von Interventionsstrategien

bestimmen.

Diese Dissertation untersucht die Ubertragung und Ausbreitung von durch Stech-
miicken iibertragenen Flaviviren mithilfe mechanistischer Modellierungsansatze, die
Stechmiickenodkologie, 6ko-epidemiologische Prozesse und Umweltvariablen integri-
eren. Zunachst wurde ein prozessbasiertes Modell auf Grundlage gewohnlicher Dif-
ferentialgleichungen (ODE) entwickelt, um die Populationsdynamik von Culex pipiens
s.s./Cx. torrentium, den wichtigsten Vektoren von WNV und USUV in Deutschland,
zu simulieren. Das Modell bertiicksichtigt temperatur-, niederschlags- und photope-
riodenabhédngige Prozesse, welche die Entwicklung, Mortalitdt, Reproduktion und
Uberwinterung der Stechmiicken steuern. Die Validierung anhand von Uberwachungs-
daten aus 106 Fangstandorten zeigte eine gute Ubereinstimmung zwischen simulierten
und beobachteten Phidnologiemustern, wobei sich die Temperatur als der wichtigste

Treiber der saisonalen Stechmiickendynamik erwies.

Aufbauend auf diesen Erkenntnissen wurden ODE- und PDE-basierte 6ko-epidemiologische
Modelle entwickelt, um die Ubertragungsdynamik und raumliche Ausbreitung von WNV
und USUV zu untersuchen. Die Modelle beriicksichtigen temperaturabhingige Uber-
tragungsprozesse, rdumliche Diffusion zur Beschreibung lokaler Ausbreitung sowie
Advektion zur Erfassung gerichteter Bewegungen von Zugvogeln. Dariiber hinaus
wurde die Theorie der optimalen Steuerung angewendet, um den Zeitpunkt, die
Intensitdat und die Kosteneffizienz verschiedener Interventionsstrategien, darunter
Stechmiickenbekdmpfung, Impfung von Equiden und personliche Schutzmalinahmen,

zu bewerten.

Die Ergebnisse zeigen, dass die Temperatur ein zentraler Faktor fiir saisonale Ubertra-

gungsmuster und regionale Unterschiede im Infektionsrisiko von WNV und USUV ist.
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Die Ubertragung bleibt {iberwiegend lokal begrenzt und wird durch Umweltbedingun-
gen sowie die Vektorhaufigkeit bestimmt, wobei Ostdeutschland und das Oberrheintal
als Gebiete mit dauerhaft erhohtem Risiko fiir beide Viren identifiziert wurden. Simu-
lationen unter Beriicksichtigung von Zugvogelbewegungen deuten darauf hin, dass
Veranderungen im Wirtswahlverhalten von Stechmiicken zugunsten von Zugvogeln
die Ausbreitung von WNV erheblich beschleunigen konnen und damit die Hypothese
unterstiitzen, dass Zugvogel zur Ausbreitung des Virus iiber grol3e Entfernungen beitra-
gen. Im Gegensatz dazu scheint die Ausbreitung von USUV hauptsachlich durch
kurzreichweitige Prozesse bestimmt zu werden, an denen besonders anfillige resident
lebende Vogelarten beteiligt sind, insbesondere die Amsel (Turdus merula), was mit
ihrer vergleichsweise langsameren rdumlichen Ausbreitung wahrend der frithen Phase

der Endemizitit iibereinstimmt.

Analysen zur optimalen Steuerung legen nahe, dass Ma3nahmen zur Stechmiicken-
bekdmpfung, die bereits im frithen Frithjahr beginnen und Anfang Mai intensiviert
werden, den Hohepunkt der infektiosen Vogelpopulation im August reduzieren kon-
nen. Dariiber hinaus erwies sich ein kombinierter Ansatz aus Stechmiickenbekamp-
fung, personlichem Schutz und der Impfung von Equiden als die wirksamste Strategie
zum Schutz menschlicher und equiner Wirte. Die Ergebnisse zeigen ferner, dass die
Bekdmpfung {iberwinternder Stechmiickenpopulationen die Intensitat der wahrend der
Ubertragungssaison erforderlichen Manahmen verringern kann. Zur Unterstiitzung
von Entscheidungstriagern wurde eine frei verfiigbare Open-Source-Webanwendung
entwickelt, mit der die Auswirkungen verschiedener Bekdmpfungsstrategien unter
unterschiedlichen Temperaturszenarien - darunter SSP126, SSP245 und SSP585 -

untersucht werden konnen.

Obwohl sich WNV und USUV hinsichtlich ihrer Bedeutung fiir die 6ffentliche Gesund-
heit unterscheiden, verdeutlichen die Modelle ihren gemeinsamen 6kologischen Uber-
tragungsweg iliber dieselben Vektorarten. Dies legt nahe, dass integrierte Bekamp-
fungsstrategien die Auswirkungen beider Viren gleichzeitig reduzieren konnen. Die
Ergebnisse dieser Dissertation tragen zu einem besseren Verstdndnis der 6kologischen
und klimatischen Faktoren bei, welche die Ubertragung von Arboviren in Deutschland
beeinflussen, und liefern eine quantitative Grundlage fiir die Entwicklung klimaorien-

tierter Uberwachungs- und Bekampfungsstrategien.
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1 Introduction

1.1 Mosquito-borne diseases

Despite decades of progress in medicine, public health, and disease control technologies,
mosquito-borne diseases remain a growing public health concern and impose substantial
global epidemiological and economic burdens. Factors such as climate change, rapid
urbanisation, land-use changes, socio-economic shifts, and increased international
travel have been linked to the spread and re-emergence of various mosquito-borne
disease pathogens (Franklinos et al., 2019; Tatem et al., 2006; Zayed, 2020). These
factors affect mosquito survival, biting frequency, gonotrophic cycles, the extrinsic
incubation period (Brugger and Rubel, 2009; Rubel et al., 2008), and particularly the
distribution of vectors and pathogens, ultimately influencing the force of infection
(Anderson and May, 1991; Shocket et al., 2020). To date, more than half of the world’s
population lives in areas at risk of mosquito-borne infections (Moura-Neto et al., 2019;
Ross et al., 2022; Varghese et al., 2023; World Health Organization, 2025), as various
mosquito species keep spreading into regions that were once considered low-risk (Baker
et al., 2021; Ryan et al., 2017).

Over 3,500 mosquito species have been identified worldwide, found on every continent
except Antarctica, with only a few being medically relevant (Hawkes and Hopkins,
2021). Anopheles gambiae is regarded as the most deadly mosquito species due to its
high vector capacity, driven by its strong anthropophily, high survival rate, frequent
human biting, and high vector competence for Plasmodium parasites (Garrett-Jones
and Shidrawi, 1969; Takken et al., 2024; Wamae et al., 2015). Mosquitoes of the
Aedes genus are also significant vectors because of their substantial high global disease
burden. This burden results from their role in causing large outbreaks of dengue, Zika,
chikungunya, and yellow fever, leading to increased morbidity and socioeconomic
impacts worldwide (Powell et al., 2018; Powell, 2018).

Mosquito-borne diseases are caused by diverse pathogens, including viruses, bacteria
and protozoan parasites. Among these, arthropod-borne viruses (arboviruses) consti-
tute a distinct subgroup characterised by transmission via infected mosquitoes, such
as Aedes and Culex species (Schulz and Becker, 2018). These viruses usually circu-
late in complex enzootic cycles involving mosquito vectors and vertebrate hosts, and
they may cause symptoms ranging from mild febrile illness to severe neurological or

haemorrhagic disease (Franklinos et al., 2019; Huang et al., 2019).



1.2 Arboviruses

Recent centuries have seen a worldwide rise in arbovirus infections, with every continent
except Antarctica experiencing at least one outbreak. To date, various arboviruses have
been documented globally, including dengue fever, chikungunya, Zika, yellow fever,
Oropouche, West Nile, Usutu, and St. Louis encephalitis. Dengue is considered as the
most widespread arbovirus, causing the highest number of cases in the Americas, with
cyclical epidemics occurring every three to five years (Center for Disease Control, 2025;
World Health Organization, 2023). In 2024 alone, over 13 million dengue cases were
reported across North, Central, and South America, as well as the Caribbean, with the
risk remaining high in these regions (Center for Disease Control, 2025; Haider et al.,
2025). Notably, in 2024, Europe reported more than 300 locally acquired dengue cases,
surpassing the total number of cases recorded over the previous 15 years, highlighting

the threat this virus is posing in temperate regions.

Chikungunya virus is another globally distributed arbovirus that has a significant impact
on human populations. Outbreaks of chikungunya have occurred in Africa, the Ameri-
cas, Asia, Europe, and islands in the Indian and Pacific Oceans. The Americas have
continued to bear the heaviest burden of chikungunya for several years (de Souza et al.,
2024). Several vaccines have been approved worldwide for specific arboviruses. For
example, at least one human vaccine has been approved for yellow fever, Japanese en-
cephalitis, dengue, tick-borne encephalitis, and chikungunya virus (Center for Disease
Control, 2025). However, challenges related to arboviruses still remain. Key setbacks
include restrictions for certain groups and settings, limited access and coverage, among
others, leaving large susceptible populations unprotected (World Health Organization,
2019; Weber et al., 2024).

Among these arboviruses are West Nile virus and Usutu virus, two closely related
mosquito-borne flaviviruses that share similar transmission cycles involving Culex
mosquitoes and avian amplifying hosts. Originally endemic to Africa, both viruses have
expanded their geographic range in recent decades, establishing sustained, recurring

transmissions in large parts of Europe.

1.3 West Nile virus epidemiology

WNV is a mosquito-borne virus of the Flavivirus genus in the Flaviviridae family of
the Japanese encephalitis antigenic complex (Calisher et al., 1989). It circulates
between mosquitoes and birds (Petersen et al., 2013), with humans and other mammals
considered incidental dead-end hosts. Culex mosquitoes are the dominant vectors,

while several bird species are susceptible to the virus. WNV was first isolated in 1937



from the blood of a febrile patient in the West Nile district of Uganda, after which it
was named (Smithburn et al., 1940).

Historical WNV outbreaks occurred in Israel during the mid-20th century and again in
1980 (Katz et al., 2001; Marberg et al., 1956). Subsequently, between 1997 and 1998,
the virus was associated with the deaths of thousands of domestic geese, prompting
large-scale culling measures to limit further transmission (Giladi et al., 2001). In
Europe, the first major outbreak of the West Nile disease occurred in Romania in 1996,
resulting in a significant number of human cases and marking the emergence of WNV
as a major public health concern on the continent (Tsai et al., 1998). By 1999, the virus
had spread to the Western Hemisphere, arriving in New York City (Giladi et al., 2001).
Genetic analysis revealed that the New York isolates shared over 99.8% genetic identity
with the virus isolated from the brain tissue of an Israeli goose in 1998 (Lanciotti et al.,
1999), highlighting the impact of vector and host movement in spreading arboviruses.
The virus then spread swiftly across North America, reaching Canada, the Caribbean
and Latin America within a few years (Dauphin et al., 2004; Hayes et al., 2005; Komar
and Clark, 2006). It was considered the leading cause of mosquito-borne encephalitis
in the United States (Gould et al., 2025). WNV outbreaks were frequently reported in
southern and eastern Europe during the early and mid-2010s, including in Hungary
(Frank et al., 2022). Resident birds are believed to be responsible for WNV amplification,
while infected migratory birds are thought to facilitate the long-distance spread of the

virus (Semenza et al., 2016).

In 2018, Europe faced its worst outbreak of WNV cases, with 2,000 confirmed human
infections and a notable increase in WNV infections in horses and birds, reaching
regions previously free of WNV (Aberle et al., 2018; Camp and Nowotny, 2020). That
year was marked by a prolonged and unusually warm summer (Aberle et al., 2018;
Semenza and Suk, 2017), indicating the impact of climate variability in amplifying
mosquito populations and speeding up viral replication. Since then, the virus has been
detected annually, with expanding geographic spread and increasing case numbers in
birds, horses, and humans, underscoring the need for urgent action to better understand
the complex mechanisms behind WNV transmission and spread (Téth et al., 2025).

To date, WNV vaccines are only licensed for equids (Cendejas and Goodman, 2024),
while preventive measures for humans primarily rely on recommendations to use
equipment that minimises contact with mosquitoes, along with mosquito reduction
methods (Bellini et al., 2014). By the year 2025, WNV continued to cause human
fatalities across Europe, with surveillance data reporting approximately 63 confirmed
deaths continent-wide. Italy was the most affected country, with 48 human deaths as

of 3 October 2025, and several hundred human cases (European Centre for Disease



Prevention and Control (ECDC) and European Food Safety Authority (EFSA), 2025).

1.4 Usutu virus epidemiology

Usutu virus (USUV) is another emerging mosquito-borne zoonotic virus belonging to
the Flaviviridae family in the Japanese encephalitis serocomplex (Gaibani and Rossini,
2017; Weissenbock et al., 2002). The virus is closely related to other significant
human pathogens, including Japanese encephalitis, dengue, yellow fever, Saint Louis
encephalitis, and WNV (Kuno et al., 1998; Poidinger et al., 1996; Weissenbock et al.,
2002). USUV was first isolated in 1959 from mosquitoes in South Africa near the Usutu
river, after which it was named (Woodall, 1964). The virus was initially confined to
sub-Saharan Africa, but has extended its range to the European continent (Weissenbdck
et al., 2013). In 2001, a massive die-off of common blackbirds (Turdus merula) in
Vienna, Austria, provided the first evidence of the successful introduction of USUV into
Europe (Weissenbock et al., 2002). However, retrospective testing later revealed that
USUV had already reached Europe by the mid-1990s (Weissenbock et al., 2013), when
the virus RNA was detected in archived blackbird tissues from the Tuscany region of
Italy in 1996.

Since then, several European countries have experienced repeated epizootics in wild
and captive birds, mainly driven by summer temperatures (Rubel et al., 2008). In
Germany, USUV was first detected only in 2010 in a pool of Culex pipiens mosquitoes
captured in Weinheim (Upper Rhine valley) as part of a mosquito-based surveillance
program (Vilibic-Cavlek et al., 2020). In the following year, 2011, the virus caused a
mass die-off among the blackbird population (Turdus merula), in the Upper Rhine valley
(south-west of Germany) and surrounding areas (Liihken et al., 2017; Ziegler et al.,
2016). This marked the first major USUV-induced avian epizootic in Germany. The
circulating USUV lineage confirmed in Germany was suspected to have been imported
from Italy, rather than Austria (Engel et al., 2016), demonstrating the ability of the

virus to to reach distant regions.

In 2014, more USUV cases were detected in western Germany, specifically in the
city of Bonn (Ziegler et al., 2016). These two outbreaks confirmed that USUV had
successfully established a local transmission cycle in Germany, facilitated by native
mosquito vectors and the highly susceptible blackbird population. The virus continued
circulating in Germany after 2014. Its local expansion remained confined to the south-
west and western regions of Germany between 2011 and 2015, with occasional isolated
cases towards the north, involving wild and zoo birds. In 2016, a new USUV case was
documented in two captive juvenile owls at the Berlin Zoological Garden (north-eastern

Germany). From 2016 onwards, USUV activity increased significantly. Surveillance



data from 2016 to 2018 reported many more USUV-positive wild and captive birds,
including not only blackbirds, but also great grey owls in zoos (Stork et al., 2021).
Since then, the virus has spread to much larger parts of Germany, and was described
as endemic in many regions by 2018 (Cadar et al., 2017; Stork et al., 2021; Ziegler
et al., 2016).

It is evident that USUV circulation among birds and mosquitoes is generally high, yet
reported human cases remain relatively low. This discrepancy is likely due to under-
detection, as many infections are asymptomatic, as indicated by higher seroprevalence
in blood donor studies (Ashraf et al., 2015; Stork et al., 2021). The first severe human
neuro-invasive case in Europe was documented in Italy in 2009, involving a woman
with meningoencephalitis (Ashraf et al., 2015; Pecorari et al., 2009). Since then,
approximately 105 laboratory-confirmed infections have been reported in EU/EEA
countries including Austria, Croatia, Czechia, France, Germany, Hungary, Italy, and the
Netherlands from 2012 to 2021 (Angeloni et al., 2023). In 2025, Europe recorded its
first fatal case of autochthonous USUV infection in a 61-year-old immunocompromised
woman from Hungary (Szabé et al., 2025). She developed severe neuro-invasive
disease and died after 37 days, with USUV detected in multiple body tissues. This case
further illustrates that USUV can be fatal in vulnerable patients (Szab¢ et al., 2025).

Several factors contribute to the emergence and continued spread of USUV and WNV.
There is no doubt that USUV receives less attention compared to WNV due to its rarer
and milder human cases, making its current surveillance largely dependent on avian
mortality rather than human clinical disease. Climate warming in Europe has further
extended the duration and severity of summers by increasing the number of days
with suitable temperatures for transmission, increasing mosquito populations, and
reducing the extrinsic incubation period (Brugger and Rubel, 2009; Rubel et al., 2008).
Vegetation, land use changes, different host species, and other unknown ecological
factors also influence the geographical distribution of the viruses in Europe (Engel
et al., 2016; Krol et al., 2023). Continued climate change, bird migration, and shifts in
vector ecology are likely to affect the future spread of USUV and WNV, underscoring
the importance of coordinated surveillance for early detection and risk assessment.

1.5 Mosquito control methods

Mosquito control remains the most essential intervention against mosquito-borne
diseases (Bellini et al., 2014). Because no single intervention offers a complete solution,
effective management relies heavily on an integrated framework that targets various
stages of the mosquito life cycle (Achee et al., 2019; Bellini et al., 2014). Despite

their broader application, mosquito control efforts often face challenges such as vector



diversity, uncontrolled urbanisation, and growing resistance to insecticides (Silva et al.,

2018), reducing their overall effectiveness.

1.5.1 Control of aquatic stages

Mosquito eggs, larvae and pupae can be suppressed through the removal or modifi-
cation of aquatic breeding sites, including the elimination of standing water (World
Health Organization, 2013). This method is crucial for mosquito control because many
breeding sites are man-made, predictable, and can be managed through environmental
changes (Gu et al., 2006; Kloter, 1983). Efforts include removing or modifying stagnant
water in urban and peri-urban areas, such as catch basins, storm water drains, rain
barrels, irrigation channels, and poorly maintained sewage systems. These actions
reduce larval populations and, may consequently, reduce the risk of mosquito-borne
disease outbreaks (Carlson et al., 2004; Howard, 1911). Gu et al. (2006) noted that
source reduction not only reduces aquatic habitats but also delays vectors’ ability to

locate oviposition sites, thereby prolonging the gonotrophic cycle.

Despite its benefits, source reduction has notable limitations. One main challenge is pub-
lic perception of environmental modification (Dale and Knight, 2017), as mosquitoes
often breed and develop in economically vital wetlands, leading to political debates
(Floore, 2006; Webb, 2021). Moreover, Cx. pipiens commonly breed in storm drains,
catch basins, sewer systems, and other difficult-to-access aquatic habitats, which can
limit the effectiveness of source reduction through habitat removal or modification
(Becker et al., 2012; Liu et al., 2019; Minakawa et al., 1999). Larviciding involves
the regular application of biological or chemical insecticides to stagnant water bodies
(Floore, 2006; Howard, 1911; Tusting, 2014). An integrated approach combining
source reduction and larviciding ensures that breeding sites that cannot be modified
can still be treated with larvicides. Various types of larvicides are already available,
such as Bacillus thuringiensis subsp. israelensis (Bti), Bacillus sphaericus, spinosad,
methoprene, pyriproxyfen, and diflubenzuron (Su, 2022). However, these larvicides
often face challenges such as resistance and the need for frequent reapplication across
different environments, their effects on non-target species, etc., further reducing their
effectiveness (Rumbos and Athanassiou, 2020; Ser and Cetin, 2015; Su, 2022).

1.5.2 Adult control

Adult control methods refer to techniques aimed at killing mosquitoes during their aerial
stage. The most common method is the use of pyrethroids (Floore, 2006). Adulticides
have been of great use over the past years, but they are known for their adverse effect

on non-target species such as pollinators and aquatic invertebrates, raising ecological



and environmental concerns (Yadav et al., 2023). In Europe, adulticides are commonly
used in many European countries, however, their usage is highly regulated and can
only be employed in emergencies (Chaskopoulou et al., 2011). For example, in Greece,
recent experimental aerial spraying of deltamethrin and d-phenothrin against WNV
mosquitoes was conducted during a WNV outbreak (Bellini et al., 2014; Chaskopoulou
et al., 2011). Other adult mosquito control methods include mass trapping. For
example, host-seeking female mosquitoes can be targeted using carbon dioxide-baited
traps, such as BG-Sentinel and CDC light traps, while gravid traps can be used to
capture ovipositing females (Becker et al., 2020; Benelli et al., 2016; Jaffal et al.,
2023; Seelig). Although mosquito traps are mainly used for surveillance, strategic
deployment at high densities can help reduce populations, especially in confined or
semi-urban areas (Barrera, 2016, 2022; Jaffal et al., 2023; Pontifes et al., 2024; Poulin
et al., 2017).

The World Health Organization emphasizes the importance of using non-chemical
strategies to control mosquito populations (Bouyer, 2024). This has motivated scientists
to develop alternative methods such as the Sterile Insect Technique (SIT) and the
Wolbachia Incompatible Insect Technique (IIT). SIT is a species-specific approach that
involves releasing large numbers of irradiated, sterile male mosquitoes, which mate
with wild females and reduce the number of viable offspring (Bouyer, 2024). This
ultimately leads to a decline in mosquito populations. One large-scale SIT release trial
was conducted in Havana, Cuba, to control Aedes aegypti. Approximately 1.27 million
sterile males were released into a 50-hectare treatment area over 20 weeks, where they
demonstrated excellent mating success and caused significant sterility among the wild
population. By the final weeks, ovitrap indices and egg counts dropped significantly,
confirming that the sterile males effectively suppressed the natural vector population
(Gato et al., 2021).

An alternative to the SIT is the Wolbachia method, which introduces naturally occur-
ring endosymbiotic bacteria into mosquitoes (Zug and Hammerstein, 2012). This
bacterium is considered eco-friendly and safe and can disrupt the mosquito’s ability
to transmit viruses, although outcomes vary depending on the specific host-symbiont
pairing (Benelli et al., 2016; Minwuyelet et al., 2023). There are two main approaches:
population replacement and population suppression. In the replacement strategy,
male and female mosquitoes carrying the bacteria are released into the environment.
When these mosquitoes breed with wild ones, the Wolbachia spreads through subse-
quent generations until nearly all local mosquitoes carry the bacteria. The resulting
Wolbachia-infected mosquitoes effectively block the replication and transmission of
viruses, without necessarily killing the mosquito, thereby reducing the risk of disease

transmission (Moreira et al., 2009). In contrast, the suppression strategy involves



releasing only Wolbachia-infected males that induce cytoplasmic incompatibility when
they mate with uninfected females, leading to non-viable offspring and eventually, a
decline in the mosquito population (Lees et al., 2015). The Wolbachia method provides
a sustainable, chemical-free solution that effectively transforms mosquitoes into a
tool for public health control (Moretti et al., 2025). Several large-scale field trials
have demonstrated significant success with Wolbachia methods. In Niterdi and Rio de
Janeiro, Brazil, large-scale releases resulted in huge public health benefits, with Niterdi
experiencing a 69% reduction in dengue cases, a 56 % reduction in chikungunya, and
a 37% reduction in Zika cases across treated areas (Pinto et al., 2021). In Yogyakarta,
Indonesia, a rigorous cluster randomised controlled trial achieved a 77% reduction
in dengue incidence and an 86% decrease in dengue-related hospitalisations (Utarini
et al., 2021). A study by Ong et al. (2022) further cements that combining the SIT
with Wolbachia IIT reduced the Aedes aegypti population by 98% and dengue incidence
by 88%.

1.6 Organisation of the PhD thesis

This PhD thesis is structured as follows:

Chapter 1 presents the background of the study.

Chapter 2 discusses the relevant state of the art and literature review of mecha-
nistic models for WNV and USUV, which formed the backbone of this thesis.

Chapter 3 is the discussions and conclusions.

Appendix has the list of published papers that make up this PhD thesis.



2 State of the art

Mathematical models of mosquito-borne infections have advanced since their early
development in the twentieth century (Reiner et al., 2013). More than a century ago,
Sir. Ronald Ross developed the first model of malaria transmission (Ross, 1911, 1923).
About fifty years later, MacDonald expanded and operationalised this framework during
the era of Global Malaria Eradication (Macdonald, 1950, 1952a,b, 1956). The extended
version became famously known as the Ross-MacDonald theory, which forms the basis
of many modern studies on vector-borne disease modelling today. The evolution has
ranged from deterministic models to modern spatially explicit approaches, shaping
much of today’s quantitative epidemiology and ecological modelling of mosquito-borne

diseases.

Progress in computational modelling and software developments has further supported
the application of mathematical models to real-world scenarios. Nonetheless, varia-
tions in assumptions, parameter sources, and model formulations continue to produce
divergent conclusions across studies. Modern research on mosquito-borne disease
modelling has considered incorporating temperature-dependent parameters, heteroge-
neous landscapes, and mobility processes to better represent mosquito dynamics in
large-scale predictions (Barman et al., 2025; Tuff et al., 2016). Despite these advances,
uncertainties remain regarding long-range spread, seasonal re-emergence, and the
influence of environmental forcing on outbreak trajectories. This chapter reviews the
key theoretical developments, modelling approaches, and analytical tools that are the

backbone of the work presented in this thesis.

2.1 Processes-based models for mosquito seasonal dy-

namics

Process-based models have become important tools for understanding mosquito popu-
lation dynamics and their responses to environmental conditions by explicitly represent-
ing mosquito life stages and the biological processes governing development, survival,
and reproduction. Early mosquito population models employed stage-structured sys-
tems of ODE-based models to link mosquito abundance to climatic variables such as
temperature and precipitation (Bhowmick et al., 2025; Cailly et al., 2012; Ezanno
et al., 2015; Tran et al., 2013). For Culex species, several mechanistic models have

been developed to investigate seasonal population dynamics and their implications for



arbovirus transmission. For example, Yu et al. (2018) developed a temperature-driven
ODE model for the West Nile virus vectors Cx. pipiens and Cx. restuans in southern
Ontario, incorporating temperature-dependent development, mortality, and diapause
processes. Validation against mosquito surveillance data demonstrated that the model
successfully reproduced observed seasonal abundance patterns and could serve as a

forecasting tool for mosquito surveillance and control.

A broader approach was proposed by Ezanno et al. (2015), who developed a generic
weather-driven mechanistic model for mosquito species in the genera Anopheles, Culex,
and Aedes in southern France. By incorporating environmental drivers such as tem-
perature and precipitation, the model reproduced observed abundance patterns and
highlighted the importance of weather conditions in shaping mosquito population dy-
namics. More recently, Frantz et al. (2024) extended mechanistic modelling approaches
using an age-structured PDE framework that explicitly incorporated mosquito age and
developmental stage. Their formulation enabled tracking of mosquito abundance
across developmental and reproductive stages, producing realistic seasonal abundance
patterns and providing a more detailed representation of mosquito population structure

than traditional stage-structured ODE models.

2.2 Mechanistic models of West Nile virus

Multiple models for WNV dynamics have been developed and extensively studied.
Bergsman et al. (2016) developed a mathematical model for the transmission of WNV
involving resident and migratory bird populations, along with the mosquito population.
The model’s properties were analysed mathematically, and the basic reproductive
number was calculated. The interaction of WNV in both resident and migratory bird
species was examined using the American Crow (Corvus brachyrhynchos) as the resident
bird and the American Robin (Turdus migratorius) as the migratory bird. Results from
the model showed that seasonal outbreaks depended primarily on the number of
susceptible migrant birds entering the local population each season. Additionally, the
early growth rates of seasonal outbreaks were more strongly affected by the migratory
bird population than by the resident bird population.

Research further highlights that the link between vector activity and viral spread
overlaps but is not identical (Bhowmick et al., 2023). While temperature significantly
affects mosquito abundance, especially through its impact on the extrinsic incubation
period, and mosquito feeding behaviour, environmental factors alone cannot fully
explain where and how the virus spreads across different areas. Other researchers
point out that spread results from a mix of climatic conditions and biological factors

such as vector competence, natural habitat suitability, feeding preferences, and bird
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movement routes (Bhowmick et al., 2023; Ferraguti et al., 2023). For this reason,
Bhowmick et al. (2023) developed a meta-population, network-based model to describe
the regional spread of WNV. The model uses separate movement kernels for mosquitoes
and birds, fitting their different dispersal ranges, including short-range movement for
vectors and long-range migration for birds. This approach helps simulations reflect
both local survival and long-distance jumps, which are often seen in real-world WNV

outbreaks.

More studies support the hypothesis of WNV spread through avian movement, e.g.,
(Owen et al., 2006; Zhang et al., 2018; Zhuang and Wang, 2021). Zhang et al. (2018)
developed a two-patch model for the spread of WNV between two distinct geographical
regions. The model incorporated the mobility process, which describes how contact
transmission occurs between individuals from and between these regions. The basic
reproductive number was calculated assuming that host birds can migrate between
regions, but mosquitoes cannot. Numerical simulations showed that WNV becomes
endemic in both patches when birds move back and forth between the regions. However,
multi-group and multi-patch models are inherently discrete, often dividing the system
into parts based on different locations, with disease dynamics in each location described
by an ODE sub-system (Zhuang and Wang, 2021). This leads to large systems of
ordinary differential equations (van den Driessche, 2008), which can be expensive to

solve.

This limitation of ODE-based multi-population models can be addressed by partial
differential equation (PDE)-based models, which are continuous in nature. Maidana
and Yang (2009) proposed one of the first PDE models for WNV propagation. The
model, which consists of a system of reaction-diffusion-advection terms, is analysed,
and travelling-wave solutions are determined. Results from the study indicate that the
virus propagated from New York City to California as a consequence of bird migration
and advection. Since then, several PDE-based models have been studied to expand
knowledge of the spread of WNV, for example, Lin and Zhu (2017) and Wang et al.
(2019).

Laperriere et al. (2011) developed the first environmental temperature-driven process-
based model for WNV comprising 19 compartments: 4 for mosquitoes and 5 for each
for birds, humans and equids. The model was simulated for 2002-2009, driven solely
by environmental temperature. Simulated incidences are mainly determined by host
and vector population dynamics, virus transmission, and herd immunity, respectively.
Monthly cases for birds, equids, and humans in the Minneapolis metropolitan area
were used to fit the model. The model accurately captured the major peaks in the

observed time series for each species.
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Building on the biological foundation introduced by Laperriere et al. (2011), Mbaoma
et al. (2024) developed another ODE-based WNV model with 28 compartments, specifi-
cally designed for Germany. The framework includes 13 mosquito compartments, 10 of
which describe the general mosquito life cycle driven by climatic variables. This model
divided the bird population into residential and migratory groups, consistent with
suspected dissemination pathways of WNV (Bergsman et al., 2016; Lelli et al., 2011;
Lord and Calisher, 1970; Owen et al., 2006). Parameters for the bird species consid-
ered most vulnerable in Germany were estimated in this study. The model successfully
generated spatially and temporally explicit maps of the basic reproductive number,
illustrating the dynamics of WNV occurrences across Germany and showing that these
were closely linked to deviations from daily climatic means, indicating the influence
of climate change on vector-borne disease dynamics. The results provided evidence
that WNV could spread rapidly towards western Germany following rapid increases in

temperature and amplifying host birds, particularly short-distance migratory birds.

Bhowmick et al. (2020) formulated and studied a dynamic model to describe the
spreading process of WNV in the presence of migratory birds in Germany. The model,
which includes recurring presence of migratory birds through a mechanistic ODE-based
system, indicated that after introducing WNV into Germany, the basic reproduction
number remains above the critical value in many regions of Germany. While under-
standing the WNV transmission dynamics is essential for anticipating risk, prevention
ultimately depends on strategic intervention. To date, at least three anti-WNV vaccines
have been licensed and approved for use in horses (Seino et al., 2007). However, no
vaccine exists for humans or birds. As a result, mosquito control remains the most
frequently used method for WNV management. Various control measures have been
examined in the literature, with the most common mosquito control strategies being
source reduction methods, adulticiding, and larviciding (Becker et al., 2010; Bhowmick
et al., 2025, 2024; Mahyoub et al., 2016).

Mathematical models have played a big role in quantifying and guiding mosquito
control efforts. Models enable these interventions to be tested under realistic ecological
and climatic scenarios prior to field deployment, identifying where, when, how and for
how long controls should be applied for maximum effectiveness. The theory of optimal
control has formed the foundation of most WNV models developed to date. Abdelrazec
et al. (2015) developed a model to evaluate the impact of adulticide, larvicide and
human protection measures. Numerical simulations of their optimal control problem
indicated that larviciding was the most effective strategy for managing an ongoing
WNV epidemic. Other studies further reinforce the idea that mosquito reduction efforts
are more effective than human protective measures (Blayneh et al., 2010). Moreover,
Bwman et al. (2005) stated that WNV can be eradicated from the mosquito-bird cycle
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and dead-end hosts, provided that the chosen strategy can reduce the reproductive
number below 1.

WNV research available so far has laid a solid groundwork for understanding WNV
epidemiology and for developing and testing intervention strategies. However, a
lot of questions regarding the spreading patterns, spatial dynamics and climate-host

interactions are still open, and this study seeks to provide answers to some of them.

2.3 Mechanistic models of Usutu virus

Despite its high mortality in the avian population, the epidemiology of USUV remains
understudied (Cheng et al., 2018) compared to WNV. This is evidenced by the fact that
many parameters, such as the extrinsic incubation rate for USUV, remain inconclusively
derived to date (Liihken et al., 2017), despite the virus arriving in Europe more than 23
years ago. Using the available data, many models rely on WNV parameters, as the two
viruses are closely related. Rubel et al. (2008) developed the first mechanistic model
for USUV. The model comprises vector-host compartments, along with weather-driven
mosquito parameters. It was simulated using air-temperature data for Vienna, Austria,
from 2001 to 2005, corresponding to the years when USUV emerged in Austria. Results
from the model aligned with observed dead-bird data, including the peaks in the
number of infections, during those years. Since this study, several extensions have

been introduced.

Brugger and Rubel (2009) used the model of Rubel et al. (2008) with four different
climate-warming scenarios defined by the Intergovernmental Panel on Climate Change,
IPCC, with 20 different model-scenario combinations. The simulations predicted
that USUV would persist in the host population after the 2003 epidemic peak. The
time-series plots of USUV-specific annual blackbird mortality predicted that outbreak
frequency would increase from the beginning to the end of the century. Results of the
worst-case scenario identified an endemic equilibrium with a decline of the blackbird
population of about 24%. Moreover, the annually averaged basic reproduction number
for the period 1901-2100 suggested that undetected major outbreaks before 2000 were
unlikely, whereas USUV is likely to become endemic after 2040.

Assuming random variation in temperature data, reproduction data of birds, and the
number of birds found to be infected, Reiczigel et al. (2009) extended the deterministic
model by Rubel et al. (2008) to a hierarchical Bayes model. This hierarchical Bayes
approach proved fruitful in transforming the deterministic model into a stochastic
version. It enabled Bayesian point and interval estimation and the quantification of

prediction uncertainty, while also enhancing model fit.
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Some studies have highlighted the importance of combining ecological suitability
models with mechanistic transmission dynamics when evaluating USUV risks (Cheng
et al., 2018; Meineri et al., 2014). A similar model analyses by Cheng et al. (2018)
showed that a Maxent niche model and a temperature-driven SEIR framework produce
overlapping yet distinct risk maps across Europe. While the Maxent model more
accurately reflected observed distribution patterns, its correlation-based design may
underestimate future spread in new areas. In contrast, the SEIR model replicated known
outbreak sites but was highly sensitive to temperature, resulting in high predicted R,,
values even in regions lacking evidence of real transmission. These findings emphasize
that relying on a single model for assessing vector-borne disease risks may result in

incomplete conclusions.

Some studies also considered the formulation and analysis of population-level USUV
models (Cheng et al., 2018; Rubel et al., 2008). In addition, other researchers have
approached USUV modelling differently by developing multi-scale models that also
examine the virus’s in-host dynamics (Heitzman-Breen et al., 2024). In the study
by Heitzman-Breen et al. (2024), a multi-scale modelling framework was utilised
to model USUV transmission and epidemiology by integrating within-host infection
processes, bird-to-vector transmission, and population-level epidemiological dynamics.
The study combined laboratory inoculation experiments with dynamical models to
estimate incidence in birds and mosquitoes using within-host viral load measurements
and mosquito infection proportions. A key finding was that prediction uncertainty
at one biological scale propagates into subsequent scales, affecting epidemiological
forecasts. Their work also proposed optimal experimental designs and recommended
types of experiments to enhance model identifiability at the transmission scale, thereby

increasing the robustness of epidemiological predictions.

2.4 Summary

Indeed, significant progress has been made in understanding WNV and USUV trans-
mission through mathematical modelling. Existing models have identified key mecha-
nisms, including temperature-driven seasonal dynamics, invasion thresholds, density-
dependent phenology, and overwintering effects, while providing baseline and refined
temperature-dependent mosquito parameters that shape modern mosquito-borne dis-
ease models. However, ODE models in the literature assume localised dynamics and
fail to capture the spatial heterogeneity of Germany, which affects the spread of WNV
and USUV. Although ODE-based models offer a more convenient framework for under-
standing the primary interactions of a virus and testing control strategies, no existing
models in the literature address optimal control strategies in Germany for either virus.
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Furthermore, existing spatially explicit models assess virus suitability based on the
reproductive number and temperature, and discuss migratory birds as dispersers of
WNV to previously uninfected regions. However, these models do not incorporate the
known seasonal flyways of migratory birds, to better understand virus spread. This
thesis seeks to fill these gaps and advance scientific knowledge by providing PDE-based
models that complement existing ODE-based models discussed here. Additionally, the
control methods are modelled and explored in a web-based application that is publicly
accessible even to non-scientific audiences, in line with modern scientific practices of

making science accessible to all.

2.5 Objectives of the PhD project

The objectives of this PhD project are to:

1. Develop a weather-driven process-based model for the seasonal dynamics of

Culex pipiens s.s./Cx. torrentium in Germany.

2. Develop and analyse a spatially explicit reaction-diffusion PDE model for WNV
transmission in Germany, incorporating migratory bird movement, and tempera-
ture forcing, in order to quantify the location, speed, and spatial extent of viral
spread.

3. Develop and analyse a spatial PDE model of USUV transmission in Germany and

neighbouring countries, characterising its regional spread.

4. Study optimal control strategies for WNV, including vector reduction methods, hu-
man protective measures, and equid vaccination, using scenario-based modelling

and sensitivity analysis.

5. Develop a free, open-source web-based Shiny application that transforms model
outputs into an interactive decision-support tool, since mosquito control efforts

like source reduction and larval treatments often rely on citizen support.
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3 Discussions and conclusions

Given the increasing threat of mosquito-borne diseases, it is essential to understand their
spreading patterns (Colén-Gonzalez et al., 2021). To do this, models that explicitly
include spatial heterogeneity, temporal patterns, climatic factors, and vector-host
interactions are needed. This chapter discusses results of this PhD thesis based on
these factors. Initially, the modelling frameworks from a methodological standpoint
are examined, highlighting how temperature influences the epidemic spread at both
temporal and spatial level. This also supports the selection of the modelling approaches
used here. Next, the main scientific findings from all the published studies are examined,
along with their biological and epidemiological implications. Finally, the chapter
concludes with remarks on the overall contribution of this PhD thesis and offers

suggestions for future research.

3.1 Methodological framework

In this PhD thesis, ODE-based models are used to investigate mosquito seasonal dynam-
ics, WNV transmission patterns, and the effectiveness of control strategies, while PDE-
based models are employed to study the transmission dynamics and spatial spread of
WNV and USUV. The mosquito-related parameters are primarily temperature-dependent
and were obtained from published studies, including (Cailly et al., 2012; Ezanno et al.,
2015; Tran et al., 2013; Heidecke et al., 2025; Laperriere et al., 2011; Mbaoma et al.,
2024; Rubel et al., 2008), while several others were assumed values within biologically
plausible ranges when empirical estimates were unavailable. Due to limited exper-
imental data, parameter values describing host populations were similarly adapted

from the existing literature.

3.1.1 Culex pipiens s.s./Cx. torrentium process-based model

Process-based mosquito population models provide a mechanistic framework for de-
scribing the seasonal dynamics of mosquito vectors by explicitly representing the
biological processes governing development, survival, reproduction, and overwintering.
Unlike epidemiological models that focus on pathogen transmission between hosts
and vectors, process-based models are primarily concerned with the ecological drivers
of vector abundance (Bhowmick et al., 2025; Cailly et al., 2012; Ezanno et al., 2015;
Lutambi et al., 2013; Tran et al., 2013). In this PhD thesis, a process-based model
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was developed for Culex pipiens s.s./Cx. torrentium, the principal vectors of WNV and
USUV in Germany. The model incorporated temperature-, rainfall-, and photoperiod-
dependent processes to describe mosquito development, mortality, reproduction, and
diapause, thereby enabling realistic simulation of seasonal mosquito phenology under

temperate climatic conditions.

A major advantage of process-based mosquito models is their explicit representation of
the mosquito life cycle and the environmental processes governing stage transitions.
By dividing the population into their life stages, such as eggs, larvae, pupae, adults,
and overwintering individuals, the model provides mechanistic insights into seasonal
mosquito dynamics. This stage structure is also highly relevant for vector control, as
different interventions target different life stages (Lutambi et al., 2013). Consequently,
the model can be used not only to investigate the environmental drivers of mosquito
abundance but also to identify life stages that may be most effective to target for

population suppression.

Despite these advantages, process-based mosquito models do not explicitly represent
pathogen transmission between mosquitoes and hosts and therefore cannot directly
quantify infection dynamics or disease risk. While they provide valuable ecological
insights into vector abundance, seasonality, and overwintering behaviour, additional
modelling frameworks are required to investigate the epidemiological consequences of
these ecological processes. The seasonal mosquito dynamics characterised by process-
based models therefore motivated the development of eco-epidemiological ODE models

to investigate the transmission dynamics of WNV and USUV.

3.1.2 WNV-ODE-based models

An ODE-based model was developed to investigate the transmission dynamics and
control of WNV, capturing transmission between mosquitoes and birds together with
spillover infections in humans and equids. The compartmental framework consisted
of susceptible, exposed, infectious, recovered, and disease-induced mortality classes,
enabling the analysis of transmission pathways, epidemic potential, and intervention
strategies over time. This approach enables the systematic examination of the under-
lying transmission mechanisms and facilitates the derivation of threshold quantities
and equilibrium points that define epidemic potential (Hethcote, 2000; Hoang and
Ehrhardt, 2025). In particular, the application of ODE frameworks in this work allowed
for clear interpretation of epidemiological parameters and supported comparative

analyses of the basic reproductive numbers for WNV.

One key advantage of ODE-based models is their flexibility in formulating and analysing

optimal control strategies (Bussell et al., 2019). The relatively simple mathemati-
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cal structure of ODE systems provides a convenient setting for incorporating time-
dependent interventions and applying established optimal control techniques such as
Pontryagin’s Maximum/Minimum Principle (Lenhart and Workman, 2007a,b). This
facilitated the exploration of control timing, intensity, and trade-off, providing the
necessary conditions for the existence of optimal control, which is more challenging to
explore within more complex modelling frameworks. Moreover, the computational effi-
ciency of ODE models enabled extensive scenario exploration and sensitivity analyses,

thereby supporting robust assessment of parameter uncertainty and model behaviour.

Despite these advantages, ODE-based models often struggle to accurately represent
spatial heterogeneity and localised transmission processes, which are crucial for under-
standing the spread of mosquito-borne diseases. The implicit assumption of homoge-
neous mixing in population-averaged ODE model limits their capacity to account for

spatial variation in vector abundance, and the environmental conditions.

3.1.3 WNV & USUV PDE-based models

To address the limitations of ODE models, PDE-based models were used to expand un-
derstanding of WNV and USUV transmission beyond dynamics confined to predefined
population-aggregated units. This was achieved by including diffusion and advection
terms, allowing for the random and directed movement of specimens across heteroge-
neous landscapes. This thesis uses PDE models to determine whether observed spatial
patterns can be explained solely by the random dispersal of birds and mosquitoes or if
directed transport is necessary. Furthermore, this spatially explicit approach is essential
for capturing temperature-driven spread patterns, which ODE-based models fail to

capture (Sego et al., 2021).

Even at the spatial level, the temperature-dependent mosquito parameters were inte-
grated into the model, given that changes in temperature often affect regions where the
infection is most likely to establish and become endemic. Such a formulation enables
the study of temperature-dependent wave-like invasion fronts and spatial gradients in
infection intensity as examined in (Maidana and Yang, 2009), which are key features of
WNV and USUV propagation. These features arise naturally from the model structure
rather than being imposed through predefined connectivity or regional coupling, such

as in meta-population, cellular automata, and multi-patch models.

Although PDE-based epidemic models have several strengths, they also have notable
limitations. For instance, diffusion and advection coefficients represent effective
population-level transport processes that cannot be directly measured in the field.
Their estimation thus depends on indirect validation through spatial patterns rather

than direct data collection. Moreover, PDE models assume spatial smoothness, which
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may oversimplify ecological boundaries. The limited amount of observed data also
affects the validation process, as PDE solutions are continuous in nature while ob-
served data are usually discrete. This discrepancy further complicates the validation
of PDE models with observed spatial and discrete data. A summary of the modelling
frameworks used in this thesis is shown in Figure (3.1).

Process-based mosquito
life-cycle model

v

WNV & USUV
Models

ODE Model PDE Model

(Temporal) (Spatio-temporal)
* WNV temporal dynamics * Spatial heterogeneity
* Optimal control * WNV & USUV spread
* Shiny App R @ * Temperature forcing
* When to start controls? * High circulation areas
* When to stop controls? * Spreading speeds
* Constant controls * Transmission corridor

Figure 3.1: Overview of the modelling frameworks used in this thesis. ODE models were employed
to examine the temporal dynamics of Culex vectors responsible for transmitting WNV, and WNV
transmission dynamics, optimal control strategies, and the web-based Shiny App. The PDE model
provided a spatially explicit representation of both the WNV and USUV models under the influence
of diffusion, advection, and temperature forcing.

3.2 Environmental forcing

Environmental forcing was incorporated into the process-based mosquito model through
temperature, rainfall, and photoperiod, as these variables are known to be among
the principal environmental drivers influencing the life cycle of Culex mosquitoes
(Ciota et al., 2014; Farooq et al., 2023; Groen et al., 2017). Temperature governs key
physiological processes such as development, survival, reproduction, and diapause
termination, while rainfall/precipitation influences the availability and persistence of
aquatic breeding habitats required for immature mosquito stages (Ciota et al., 2014;
Ezanno et al., 2015). Photoperiod plays a crucial role in regulating diapause induction

and seasonal activity, particularly in temperate regions where overwintering is an im-
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portant component of the mosquito life cycle (Ezanno et al., 2015). Climate data used
to parametrise the model were obtained from publicly available meteorological datasets
and interpolated to provide continuous environmental forcing throughout the simu-
lation period. During the model simulation, temperature-dependent functions were
used to describe developmental, mortality, and reproductive rates, whereas rainfall
was incorporated through its effects on the carrying capacity. Photoperiod-dependent
functions regulated the induction and termination of diapause, thereby controlling the

transition between active and overwintering populations.

3.3 Historical temperature trends in Germany

Daily gridded temperature data were obtained from the E-OBS datasets in the Coperni-
cus Climate Data Store (Cornes, 2020), which provides Europe-wide meteorological
derived from quality-controlled in-situ station observations. The datasets span the
period from 1965 to 2024. Daily minimum (tn), mean (tg), and maximum (tx) air
temperatures were extracted at a spatial resolution of 0.1° x 0.1°. From these datasets,
climate indicators such as the spatial distribution of the number of heatwave events in
Germany and the timing of early mosquito-favourable seasons, indicating the premature

onset of mosquito activity over the years, were explored.

As also defined by Tomczyk and Sulikowska (2017), a heatwave is characterised as a
period of at least three consecutive days with maximum air temperatures reaching or
exceeding 30°C. The spatial distribution of heatwave events across Germany between
1965 and 2024 is shown in Figure (3.2). During the early decades (1965-1984),
fewer than 22 events were observed. Since then, the number of heatwave events has
increased across the country. The last decade recorded a more significant rise in events,
surpassing 38 events (Figure 3.2). The most affected regions include the Upper Rhine
Valley and the eastern parts of Germany. Interestingly, these are the regions where
USUV and WNV were isolated in 2011 and 2018, respectively (Liithken et al., 2017;
Ziegler et al., 2016, 2019).

Using station-based datasets obtained from the German Weather Service (DWD)
(Deutscher Wetterdienst, 2024), selected weather stations in Hamburg, Berlin, Halle,
and near Weinheim were examined from 1972 to 2024. In Hamburg, the Fiihlsbuttel
station (ID: 01975) was chosen for its consistent reporting of minimum, mean and
maximum daily temperatures during this period. The same criteria applied to the
Berlin-Dahlem (FU) station (ID: 00403). Since no DWD station is located in Weinheim,
where USUV was first isolated in Germany, this station is represented by Mannheim
station (ID: 05906), which is closer to Weinheim. Similarly, Halle (Saale), where WNV
was first detected, is represented by the Leipzig airport station (ID: 02932). Using this
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data, a high number of heatwave events occurred in the decade 2012-2021 (Figure
3.3). Berlin experienced the highest number of heatwave events in a single year, with
five in 2018. These increasing heat events which promote mosquito activity in Germany

correlate and highlight the rising risk of arboviruses in recent decades.
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Figure 3.2: Number of decade heat wave events observed in the period 1965-2024.
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Figure 3.3: Number of heat wave events observed in the period 1972-2024, in selected stations in

Berlin, Halle, Hamburg, Mannheim.

Climate change also affects spring temperatures, which, together with photoperiod,

define the onset and end of the mosquito favourable seasons (Rauhoft et al., 2026).
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Although no studies have established a temperature threshold for the onset of Culex
mosquito season in Germany, many studies often rely on models and collected mosquito
data. Moreover, laboratory experiments on Cx. pipiens demonstrate that larval develop-
ment and survival to adulthood are not possible at 7°C, while it can be achieved at 10°C
(Almirén and Brewer, 1996; Ewing et al., 2016; Loetti et al., 2011; Mbaoma et al., 2024).
Accordingly, it is reasonable to assume a minimum temperature threshold of 12°C sus-
tained for a period of ten consecutive days as the start of Culex development-favourable
window. The requirement of at least ten consecutive days above the temperature thresh-
old ensures that an isolated single-day or short temperature spikes are not classified
as heatwaves. Data from 1965-2024 (Figure 3.4) show a negative correlation trend
suggesting that earlier years experienced minimum thresholds for a sustained period
of 10°C, in late May, compared to recent years. The earliest onset within this period
was observed on the 29th of April 2018, the year WNV was detected in Germany for
the first time.
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Figure 3.4: Onset of theoretical mosquito activity season based on (T = 12°C for 10 consecutive
days 1965-2024), with r=-0.45.

3.4 Impact of temperature on the basic reproductive

number

The basic reproduction number (R,) was calculated using the next-generation matrix
for the WNV and USUV models described in equations (3.1 and 3.2). Since both viruses
are transmitted by the same mosquito species, their mosquito parameters (biting rate,
extrinsic incubation rate and mortality rate) are assumed to be identical. However,
significant differences in susceptibility and mortality among bird species have been
documented (Mbaoma et al., 2024). Blackbirds (Turdus merula) are highly susceptible
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to USUV, with a high mortality rate. Conversely, WNV is considered primarily amplified
by various bird species, including both resident and migratory species (Ain-Najwa et al.,
2020; Bergsman et al., 2016; Mbaoma et al., 2024; Rubel et al., 2008). Following
Mbaoma et al. (2024), resident and migratory birds were represented respectively by
the northern goshawk (Accipiter gentilis) and the hooded crow (Corvus cornix), chosen
because of their high susceptibility to the WNV. Specifically, the northern goshawk was
selected to represent resident birds because of its largely sedentary behaviour and high
WNV mortality, which limits its role in sustained transmission but makes it a valuable
sentinel for detecting active circulation. In contrast, the hooded crow was chosen as
a short-distance migratory bird species because of its broad distribution in Germany,
partial migratory behaviour, urban colonisation, and documented capacity to develop
viraemia while experiencing relatively low WNV-induced mortality (Mbaoma et al.,
2024).

In contrast, USUV shows strong host specificity, with the highest susceptibility consis-
tently observed in Eurasian blackbirds (Turdus merula), which are widely considered the
primary sentinel and amplifying host in Europe (Weissenbdck et al., 2002). Large-scale
mortality events in blackbirds were first recorded during the 2001 outbreak in Austria
(Rubel et al., 2008; Weissenbock et al., 2002) and have since been repeatedly ob-
served across Germany, the Netherlands, Belgium, Switzerland, southeast England and
Italy, where USUV is now endemic (Schilling et al., 2025; Vilibic-Cavlek et al., 2020).
Experimental and field studies indicate that blackbirds develop high viraemia and
severe systemic infection, often leading to rapid death, making them highly sensitive
indicators of local USUV transmission. Other bird species, including house sparrows
(Passer domesticus), common starlings (Sturnus vulgaris), canaries (Serinus canaria),
great grey owls (Strix nebulosa), and common kingfishers (Alcedo atthis), have also
been shown to be susceptible to USUV infection (Becker et al., 2012). Compared
with Eurasian blackbirds which experiences consistently high mortality during USUV
outbreaks (Musto et al., 2022), these species generally exhibit lower or less frequent
infection-related mortality, with many infections remaining subclinical or identified pri-
marily through surveillance rather than mass die-offs. Therefore, USUV epidemiology
in Germany is dominated by high susceptibility and mortality in European blackbirds,
supporting their role as the most crucial species for surveillance and early detection of
the virus (Becker et al., 2012; Ziegler et al., 2016). The temporal and spatial trend
for the basic reproductive numbers for the WNV and USUV were compared over the
period 1972-2024 (equations 3.1, 3.2), and (Figure 3.5), using parameters defined in
Table (3.1).

An increasing trend in the (R,) values is observed over the years (Figure 3.5), with 2018

showing the highest risk for both viruses. Notably, this was the year when WNV was
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first confirmed in Germany, and USUV was detected across nearly the entire country,
correlating with rising temperatures over the years. R, values for WNV are higher
than those for USUV, partly because of the WNV huge dependence in temperature,
compared to USUV (Figure 3.5-3.7). Additionally, multiple bird species, such as
Northern goshawks and other birds of prey, are highly susceptible to WNV compared to
USUV, which circulates only in blackbirds. In addition, WNV shows a more widespread
pattern and has a much larger impact on human health, attracting greater attention
and surveillance than USUV (Zannoli and Sambri, 2019).

At the spatial level, the decadal reproductive number for WNV remains higher than
that for USUV (Figures 3.6 and 3.7). The risk is low during the initial decades, namely
1965-1995. However, recent decades show an increased risk, with the last decade
exhibiting the highest risk, as indicated by the elevated R, values (Figures 3.6 and 3.7).
Spatial patterns of the basic reproduction number reveal heterogeneity in environ-
mental suitability driven by temperature. Using identical mosquito demography and
temperature-dependent vector traits, both USUV and WNV displayed broadly similar
spatial gradients, with higher risk concentrated mainly in eastern Germany, as well
as in western and southwestern regions. This presents a similar transmission corridor
for WNV and USUV (Zannoli and Sambri, 2019), highlighting regions with a greater
likelihood of repeated seasonal transmissions. In the event of implementing control

measures, these regions should be prioritised.

The basic reproductive number R, for WNV is given by:

Ro(x) = y/RES + Ry, (3.1)

where Rges = Yv@BPvDv:Y s !
Ko (152
iu’V(arB + nu‘rB)(YrB + urB)(YV + IU’V) 1+ .
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while that for USUV is given by:
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Table 3.1: Definition and values of WNV and USUV parameters for simulating the basic reproductive

numbers.
Parameter Definition Pathogen Value Source
by(x) birth rate of mosquitoes WNV 0.0666 (Bergsman et al., 2016)
b,g(x) birth rate of resident birds WNV 0.00342 (Rubel et al., 2008)
bp(x) birth rate of migratory birds WNV 0.0014 (Bergsman et al., 2016)
uy (T, x) natural mortality rate of mosquitoes WNV&USUV  f(T) (Rubel et al., 2008)
urg(x) natural mortality rate of resident birds WNV 0.0005 (Mbaoma et al., 2024)
Ump(x) natural mortality rate of migratory birds WNV 0.00023 (Mbaoma et al., 2024)
yv(T,x) latency rate on mosquitoes WNV&USUV  f(T) (Heidecke et al., 2024)
yrg(x) latency rate on resident birds WNV 0.196 (Mbaoma et al., 2024)
Yma(x) latency rate on migratory birds WNV 0.285 (Mbaoma et al., 2024)
a,g(x) removal rate of infectious resident birds WNV 0.867 (Mbaoma et al., 2024)
Apmp(x) removal rate of infectious migratory birds WNV 0.4 (Mbaoma et al., 2024)
v,g(x) proportion of dead resident birds WNV 0.655 (Mbaoma et al., 2024)
Vg (%) proportion of dead migratory birds WNV 0.103 (Mbaoma et al., 2024)
pyr(x) probability of a new resident bird infection WNV 0.97 (Mbaoma et al., 2024)
Pym(x) probability of a new migratory bird infection WNV 0.9 (Mbaoma et al., 2024)
pry(x) probability of a new mosquito infection from a resident bird ~ WNV 0.4 (Mbaoma et al., 2024)
Py (x) probability of a new mosquito infection from a migratory bird WNV 0.7 (Mbaoma et al., 2024)
B(T,x) mosquito biting rate WNV&USUV  f(T) (Rubel et al., 2008)
d(x) mosquito to resident bird ratio WNV&USUV  varies assumed
yg(x) latency rate of birds Usuv 0.667 (Rubel et al., 2008)
ag(x) removal rate of birds USuv 0.0182 (Rubel et al., 2008)
vg(x) fraction of birds dying due to the infection Uusuv 0.3 (Rubel et al., 2008)
ug(x) mortality rate of birds USuv 0.0012 (Rubel et al., 2008)
py(x) probability of virus transmission by infectious birds Uusuv 0.125 (Rubel et al., 2008)
pp(x) probability of virus transmission by infectious mosquitoes Usuv 1.000 (Rubel et al., 2008)
Ky environmental carrying capacity of mosquitoes WNV&USUV 2 x 10° assumed
K, carrying capacity of resident birds WNV 110 x 10°  assumed
K.z carrying capacity of migratory birds WNV 110 x 10°  assumed
Kp environmental carrying capacity of birds Usuv 110 x 10®  assumed
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Figure 3.5: Basic reproductive number for WNV and USUV, for the period 1972-2024.
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Figure 3.6: Decadal WNV basic reproduction number Ry(x) for the period 1946-2025.
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Figure 3.7: Decadal USUV basic reproduction number Ry(x) for the period 1946-2025.

3.5 Spreading pattern of West Nile virus in Germany

WNV presents a unique spatio-temporal spreading pattern influenced by the combined
effects of temperature suitability, host movement, and landscape heterogeneity. Fol-
lowing its initial establishment in Halle (Saale) in 2018, the virus has expanded across
nearly the entire country, with persistent high circulation areas emerging in regions
that favour high mosquito activity. These areas then serve as sources for further spread,
demonstrating that WNV propagation in Germany is not uniform but rather occurs
through local amplification followed by gradual dispersal into surrounding areas. In
addition to seasonal fluctuations, the spatial expansion in Germany mainly follows an
anti-clockwise pattern. This pattern indicates that host movement, including that of
migratory bird species, plays a vital role in facilitating long-distance dispersal beyond

initial establishment sites.

Results obtained from the simulation of the WNV PDE model highlighted that when
mosquito bites meant for residential birds are channelled to migratory birds, then WNV
spreads faster than the case when bites are biased towards resident birds. This spreading
mechanism may explain the observed pattern of gradual geographic expansion marked
by sporadic emergence of new infection regions that were previously uninfected.
Identifying high circulation areas may help support targeted screening of organ, tissue
and blood donors, given that WNV transmission through transplantation has been
documented and associated with severe clinical outcomes (Anesi and Silveira, 2019;
Frank et al., 2022; Sambri, 2016; Soto et al., 2022).
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3.6 Spreading pattern of Usutu virus in Germany

In contrast, USUV showed a different geographic distribution and progressed more
slowly. It generally remained localised, especially from 2011 to 2015, with recurrent
activity in areas where it was already present. Similar to WNV, the spread of USUV
is strongly affected by seasonal variation, with transmission mainly occurring during
periods that favour mosquito activity and viral development (Ziegler et al., 2019, 2020).
As a result, the spatial persistence of USUV in localised regions during the initial years
of infection led the model to focus on resident birds only, influenced by the diffusion
process. This aligns with the biology of USUV, given its high viraemia in Eurasian
blackbirds that are considered less migratory (Lithken et al., 2017; Rubel et al., 2008).

Over the years, USUV and WNV exhibited contrasting spreading patterns: USUV mainly
expanded clockwise, while WNV spread anticlockwise across Germany. The model
simulations showed that these differences resulted from the viruses being introduced
at different locations and times, which shaped their spreading directions. Despite this,
both viruses follow similar major infection routes, largely governed by temperature

suitability, which favours Culex mosquito activity and virus amplification.

3.7 Control of West Nile virus and Usutu virus

Control of WNV in Germany typically depends on integrated One Health surveillance
efforts that include vector monitoring, dead-bird surveillance, veterinary reports, and
human diagnostics (Frank et al., 2022). The virus mainly persists through a complex
mosquito-bird enzootic cycle, in which birds serve as amplifying hosts, while Culex
mosquitoes are the primary vectors. This enzootic cycle is difficult to break, given the
widespread distribution of Culex vector species and the bird migration (Marino et al.,
2025). Surveillance of mosquitoes and birds often detects WNV activity weeks before
human and equid cases emerge (Eidson et al., 2001; Tsioka et al., 2025), reinforcing

the importance of increased bird and mosquito testing as early warning tools for WNV.

As a result, a model for the control of WNV was developed and used to examine the
role of awareness and educational campaigns against WNV, based on bird infections.
These campaigns aim to promote the early adoption of personal protective equipment
(PPE), thereby reducing mosquito-human contact. The simulation results indicate that
if humans begin using PPE immediately after WNV detections in birds, the incidence
of human infections can be prevented or minimised. This timing allows for effective
public health interventions before the virus spillover into humans, as supported by

some surveillance studies (Eidson et al., 2001; Tsioka et al., 2025).
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Conversely, PPE are primarily designed for humans and may not serve as a practical
means of protection for equids against mosquito exposure. Thus, for equids, vaccination
remains the main and approved preventive measure against WNV infection (Cendejas
and Goodman, 2024). Incorporating vaccination into the model, the effect of increasing
vaccine coverage on equine infection dynamics was examined. A consistent decrease
in equid infections was observed as coverage increased. This outcome reflects the
reduction in the force of infection during periods of active viral circulation when equids
are vaccinated. Although equids are dead-end hosts and do not contribute to onward
transmission, lowering their infection rates is epidemiologically and clinically relevant,
as equid cases form a substantial disease burden and may serve as important sentinel
indicators of local transmission intensity (Chevalier et al., 2025; Monath et al., 1985;
Ward and Scheurmann, 2008).

While PPE and vaccination reduce disease risk in humans and equids, respectively,
neither intervention directly targets the underlying enzootic transmission cycle sus-
tained by mosquitoes and birds. Consequently, control strategies aimed at mosquito
populations remain central to reducing overall transmission intensity. In the model pre-
sented here, interventions that decrease mosquito abundance, such as physical removal
and destruction of potential breeding sites, the use of larvicides, and the application
of adult mosquito controls, were examined. These control measures were modelled
using an adjoint system to determine the optimal timing and duration based on the
temperature data. Findings from this analysis indicated that breeding site removal
and larviciding should commence in early spring and continue through mid-summer,
stopping entirely before the end of July. This aligns with other research emphasising
spring temperatures as crucial for WNV phenology, e.g., (Farooq et al., 2023), and
studies advocating early mosquito suppression prior to emergence (Morreale et al.,
2024). Since mosquito populations are at their lowest in spring, it is logical to begin
control efforts early to curb population growth before summer amplification, thus
reducing the effort required later. Delaying mosquito control until mid-summer usually
shifts the focus towards more expensive strategies, as mosquitoes and breeding sites
become more widespread and dispersed. Bellver-Arnau et al. (2025) further supports
this argument by suggesting that, for optimal results, mosquito controls should be
preventive rather than reactive, aligning with the findings from the optimal control

model presented in this thesis.

Adult mosquito control methods focus on strategies that target mosquitoes during
their adult phase. These strategies directly reduce the vector population and include
actions such as modifying or treating overwintering sites with adulticides. Although
adulticide spraying has traditionally been used during human WNV outbreaks and

has yielded positive results (Carney et al., 2008), its use is increasingly discouraged
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due to documented negative impacts on non-target species, ecosystem health, and the
development of insecticide resistance. The optimal control analysis presented in this
thesis shows that controlling adult mosquitoes is the most effective and cost-efficient

method when performed before the peak transmission season.

The model suggests that winter or late-winter interventions may be particularly effective
because Culex mosquitoes often overwinter in sheltered and relatively predictable
habitats, such as in cellars, basements, tunnels, and other underground structures.
Targeting these overwintering populations before spring emergence could reduce the
number of infected mosquitoes available to initiate transmission in the following
season (Dorge et al., 2020; Sauer et al., 2023). However, this hypothesis remains
theoretical and requires further investigation. If applied successfully, such control
efforts could reduce the number of adult mosquitoes emerging in the subsequent spring,
thereby lowering early-season vector abundance and delaying seasonal amplification.
Additionally, limiting vector populations at the start of the transmission season might
help decrease disease burden the following season (Field et al., 2022; Kobayashi et al.,
2012; Liu et al., 2016; Peffers et al., 2021; Romiti et al., 2025; Sauer et al., 2022;
Thomas et al., 2009).

USUV and WNV share similar enzootic transmission cycles involving Culex mosquitoes
and bird hosts, often co-circulating in the same ecological and climatic zones (Zannoli
and Sambri, 2019). Consequently, vector control measures targeting WNV, like larval
source management, adult mosquito control, and mosquito and bird surveillance, are
also effective for USUV without needing major modifications. This overlap offers an
opportunity for integrated, cost-effective vector control strategies that could reduce

transmission of both viruses, especially in areas where both viruses co-circulate.

3.8 Conclusion

Understanding the spatio-temporal dynamics and control of mosquito-borne flaviviruses
is essential for protecting human and animal health. Results from the process-based
model demonstrated that the seasonal phenology of Culex pipiens s.s./Cx. torrentium in
Germany can be realistically reproduced using temperature-, rainfall-, and photoperiod-
dependent processes. The reliance on environmental data including the predicted
data that are routinely available suggests that the model could support early-warning
systems by forecasting periods of increased mosquito abundance and informing targeted

vector surveillance and control activities.

An important question examined in this thesis is when mosquito control measures are

most effective. The optimal control analyses indicated that interventions targeting
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mosquito populations could be most beneficial when implemented early, particularly in
late winter or early spring, before large-scale vector amplification occurs. Conversely,
control measures taken during peak summer transmission require more effort and cost
to achieve similar infection reductions. These findings support the hypothesis that
targeting and modifying mosquito overwintering sites provides a valuable opportunity
for targeted off-season interventions, potentially reducing the need for intensive control
during the transmission season (Cox et al., 2025). Additionally, this strategy can also

help prevent outbreaks at the beginning of the mosquito season.

The temperature-dependent PDE models in this study show that WNV and USUV
transmission in Germany heterogeneously distributed, influenced by local temperature
conditions that impact vector populations and virus incubation. This demonstrates
that spatially explicit PDE models capture heterogeneity missed by non-spatial models,
emphasising the need to adopt spatially explicit approaches for developing region-

specific interventions.

Results obtained here demonstrate that movement processes such as diffusion and
advection are important for understanding how mosquito-borne viruses spread across
regions. Diffusion models the local dispersal of vectors and hosts (Fick, 1855), resulting
in local expansion of infections. In contrast, advection describes long-distance transport
capturing the directed movement of species by a known velocity field (Boyd, 2001).
Migratory birds, for instance, act as effective carriers of flaviviruses, facilitating the
rapid spread along migration routes for migratory birds and transporting disease
pathogens to distant locations (Dusek et al., 2009; Lord and Calisher, 1970; Rappole
et al., 2000). This interaction between local diffusion, long-range advection, and
temperature-dependent mosquito parameters connects small-scale transmission with
regional spread, providing insights into how new hotspots may emerge in previously

unaffected areas.

Although WNV and USUV differ in their public health impacts and surveillance levels,
the modelling results here show that both viruses follow similar ecological transmission
pathways as they are amplified by the same vectors. This indicates that vector control
strategies designed for WNV could also be effective against USUV, particularly targeting
the vectors themselves. The lower risk associated with USUV, as indicated by the
basic reproductive number, should therefore, not discourage proactive control efforts,

especially considering its widespread occurrence in bird populations.

Effective intervention strategies should focus on both local transmission hotspots and
the larger pathways that facilitate virus spread. Specifically, control and surveillance
efforts need to be extended along major migratory bird flyways, which may significantly

contribute to the long-distance dissemination of mosquito-borne flaviviruses. Resources
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should also prioritise high-risk hotspots identified in the eastern regions and in the
northern, western, and southwestern (Upper Rhine Valley) areas, where ecological
conditions and vector populations consistently support virus transmission. Focusing on
these critical corridors and hotspots can improve early detection, reduce geographic
spread, and enhance the efficiency of control measures by directing resources to where

they will be most effective.

Like any modelling study, this research has limitations that must be acknowledged. The
models developed in this study use parameter values from the literature, which can
differ across regions and years. Although the spatial framework accounts for large-scale
heterogeneity, it does not explicitly include finer details such as micro-habitat variability,
human behaviour, and local control measures, which are all important in ecological
models. Uncertainty in climate forecasts and surveillance data can also affect long-term
risk assessments. Additionally, Germany lacks systematic arbovirus surveillance, so
models rely on sparse data from sporadic or incidental citizen-reported cases. For
example, the lack of any USUV cases in Germany between the years 2011-2015 could
also be partly attributed to under reporting of cases, and not necessarily ecological
factors. These limitations point to areas for future improvement, which will help better

understand the mechanisms behind the global spread of mosquito-borne diseases.

3.9 Take-home message

1. Environmental forcing can forecast seasonal mosquito abundance and arbovirus

risk, supporting early-warning systems and targeted control.

2. Climate change is increasing the suitability of Germany for WNV and USUV trans-
mission by extending favourable conditions for mosquito survival, development,

and seasonal activity.

3. Transmission risk is spatially heterogeneous, highlighting the importance of

region-specific surveillance and intervention strategies.

4. Spatial diffusion and advection processes provide a realistic representation of

how infected vectors and hosts contribute to disease spread across landscapes.

5. Migratory birds may facilitate the long-distance introduction and dispersal of

WNV into previously unaffected regions.

6. Seasonal transmission periods alone can sustain WNV and USUV circulation in

temperate environments.

7. Early-season mosquito control may be more effective than delayed interventions
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10.

in reducing peak infections.

. Climate change influences not only the magnitude of outbreaks but also their

timing and geographical distribution.

Integrating mosquito ecology, climate drivers, and spatial transmission processes
within a PDE framework enables realistic prediction of arbovirus emergence and

spread.

The modelling frameworks developed in this thesis can support climate-informed
surveillance, risk assessment, and control of mosquito-borne diseases in Germany

and beyond.
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this cumulative PhD thesis (Duve et al., 2026b,c; Rauhoft et al., 2026). The articles are
included as PDF files in their published form and have not been edited or reformatted.
They provide the methodological and scientific foundation for the analyses and findings
presented in the main chapters of this thesis. In addition, the manuscript Duve et al.
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ARTICLE INFO ABSTRACT

Keywords: West Nile virus (WNV) is a climate-sensitive mosquito-borne arbovirus that circulates between mosquitoes of
West Nile virus the genus Culex and birds, with potential spillover to humans and other mammals. Recent trends in climatic
Diffus“"" change, characterised by early and/or prolonged summer seasons, increased temperatures, and above-average
:dvecdnon rainfall, are likely to have facilitated the spread of WNV in Europe. In this work, we formulate a spatial WNV
lvll)tfse;uitoes model as a system of parabolic partial differential equations (PDEs), incorporating diffusion, advection, and
Migratory birds temperature-dependent parameters, namely the mosquito birth rate, mosquito biting rate, extrinsic incubation

Resident birds rate, and mortality rate. Diffusion represents the random movement of both mosquitoes and birds across space,
while advection captures the directed movement of migratory birds. The model is first studied mathematically,
and we show that it has non-negative, unique, and bounded solutions in time and space. Numerical simulations
of the PDE model are performed using temperature data for Germany (2019-2025). The simulation results
showed strong agreement with the reported WNV cases among birds and equids in Germany. The observed
spread patterns throughout the years were mainly driven by the combination of temperature, diffusion
processes of hosts and vectors, and the biting preference of mosquitoes between resident and migratory birds.
The model better explained the observed WNV spreading pattern, including distant, isolated cases in Germany,
when more bites were allocated to migratory birds than to resident birds.

1. Introduction

West Nile virus (WNV) is an arbovirus of the Japanese encephalitis antigenic complex of the Flaviviridae family. It was first detected in a
febrile patient from the West Nile district of Northern Uganda in 1937 [1], but is now considered the most geographically widespread arbovirus
worldwide [2]. The virus circulates in an enzootic cycle between Culex (Cx.) mosquitoes and birds, with regular spillovers to humans, equids, and
other mammals [3-5]. Birds are considered amplifying hosts because they develop sufficient viremia, allowing infection of mosquitoes, whereas
humans, equids, and other mammals are considered dead-end hosts [6]. Most humans infected with WNV are asymptomatic, but a few may develop
fever, headache, rash, among others [7], including the risk of a fatal outcome [8]. Infected equids often exhibit ataxia, lethargy, and weakness as
signs of the infection [9]. Multiple theories have been proposed to explain the introduction of new WNV cases in a previously unaffected region.
There is evidence that migratory birds play an important role in the spread of the pathogen [6]. For example, birds captured during their seasonal
migration have tested positive for WNV in Israel [10-13]. Migratory birds likely spread the virus to stopover sites in Europe as they travel from
the south to the north [4,14]. In contrast, considering the speed and duration of migratory birds’ flights, along with the duration of viremia, other
researchers argued that the short-distance movements of resident birds better explain the spread pattern of WNV [6].

Several mathematical models for WNV have been formulated. Many models emphasise the role of climatic conditions in the dynamics of WNV,
as temperature plays a critical role in mosquito life-history traits and virus replication. Thereby, temperature-dependent functions are used to
model mosquito and virus development rates [15-17]. These are included in ordinary differential equations (ODEs) to analyse the dynamics of
WNV. However, local transmission dynamics are generally modelled within the vector and host populations, without accounting for geographic
spread. Fesce et al. [18] estimated the basic reproductive number of the WNV infection and used it to quantify the infection spread in mosquitoes
and birds, to classify areas with temperatures suitable for the outbreak of WNV. Other studies focus on controlling WNV, e.g., Bowman et al. [19]
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simulated mosquito-reduction methods and personal protective measures. A potential spill-over from birds to equids and humans was modelled by
Laperriere et al. [16] using temperature-driven parameters and providing values for parameters governing development and transitions between
compartments. Other models analysed differences in seasonal trends using sinusoidal (trigonometric) functions to represent seasonal variations of
the WNV disease dynamics [20-22]. Such models typically show seasons when mosquitoes are most likely to be active without accounting for
climatic factors.

Different modelling frameworks also include the role of migratory birds in WNV transmission. Bergsman et al. [23] formulated an ODE model
that investigates the interplay of WNV in both resident and migratory hosts. The model considers the yearly seasonal outbreaks that depend
primarily on the number of susceptible migrant birds entering the local population each season, demonstrating that the early growth rates of
seasonal outbreaks are more influenced by the migratory than the resident bird population. For Germany, Mbaoma et al. [17] recently developed
an ODE model for WNV by incorporating the complete life cycle of Cx. pipiens as a vector, and resident birds, migratory birds, and humans as hosts.
The study concluded that short-distance migratory birds such as the hooded crow were identified as important hosts in maintaining the enzootic
transmission cycle of WNV in Germany. These ecological patterns for bird migration provide the fundamental biological basis for incorporating
migratory birds into our model. This is mainly because bird movement patterns may determine where the virus can be introduced and how quickly
it can spread during transmission seasons.

Although ODE-based models allow us to understand the transmission dynamics of WNV, they generally do not consider the spatial movement of
hosts and vectors across different regions without incorporating additional mechanisims, such as those in multi-patch models or distance-dispersal
kernels. For example, Bhowmick et al. [24] used an ODE-based modelling approach in combination with different distance dispersal kernels to
describe the spreading process of WNV through migratory birds in Germany. As a promising alternative, researchers have incorporated spatial
variation and disease spread across different geographical regions into ODE-based models using partial differential equation (PDE) methods. Lin
and Zhu [25] developed a reaction-diffusion PDE model for the spatial spread of WNV in mosquitoes and birds in North America using free-boundary
conditions. Another study of WNV propagation was conducted by Maidana and Yang [26], who proposed a spatial model to analyse WNV spread
across the USA and calculated the travelling wave speed. The model considers a system of PDEs that describes the movement of mosquito and
avian populations through diffusion and advection. Results from this study show that mosquito movements do not play a major role in the spread,
while bird advection is an important factor for lower mosquito biting rates.

Maidana and Yang [27,28] also made significant contributions to the spatial modelling of WNV using PDE models, and their framework is the
basis of this study. Unlike previous WNV PDE models in the literature, our model considers not only resident birds but also migratory birds as
hosts, thereby capturing seasonal changes in WNV transmission patterns driven by bird migration. Furthermore, we simulate the model in Germany,
accounting for spatial heterogeneity, identifying high circulation areas, and giving theoretical insights into the contribution of migratory birds to
WNV spread. In Germany, WNV was first detected in August 2018 in birds from the Southeastern region of Berlin [29]. Since then, WNV has been
established in Germany and has spread. Germany lies along migration routes of birds between Europe, the Mediterranean, and Africa [30]. A study
conducted by Nussbaumer et al. [31] indicates that most migratory birds arrive in the northeastern region of Germany during spring and leave
the country in early autumn via the southwestern direction. First WNV strains confirmed in Germany were closely related to strains previously
detected in Austria and the Czech Republic [29], indicating a potential route of introduction, and their ability to overwinter in Cx. pipiens [32]
allows the virus to persist in the long term.

2. Model formulation

Building on ODE-based models developed by Laperriere et al. [16] and Mbaoma et al. [17], we formulate a model for the spatial spread of
WNV in Germany for the years 2019-2025, using 2018 data as initial distribution pattern. Our spatial model consists of a system of semi-linear
parabolic PDEs that account for diffusion, advection, and reaction processes, together with temperature-dependent mosquito biting, latency, and
mortality rates. In addition, our model includes the populations of mosquitoes and resident and migratory birds. The population of mosquitoes at
time 7 and geographic location x = (x, y), is divided into three compartments: susceptible .S}, (, x), exposed Ej, (¢, x) and infectious I}, (¢, x), with the
total population given by Ny (z,x) = Sy (1, x) + E, (t, x) + I, (1, x). Mosquitoes are recruited into the susceptible class via a logistic recruitment term:
by Ny L} - N— governed by the environmental carrying capacity Ky, .

In the suscept1ble state, mosquitoes get infected by biting an infectious resident bird 7,5 and/or migratory bird I,,; at a temperature-dependent
mosquito biting rate

0.344
p(T,x) = s 1)
1+ 1.231e=0-184(T — 20)

and a probability of acquiring the infection of p,;, and p,; (Table 1), from resident and migratory birds respectively. When multiple bird host
types are present, mosquito bites are distributed among the hosts based on host density and biting preferences. Because of this, we here introduce
bite-allocation fractions ¢, and g,,, which represent the proportions of mosquito bites on resident and migratory birds, respectively. Under a density-
rB cN, mB
—B ___ and g, = —"8
N,.g+cN,p N,g+cN,
where N, = S, + E.p+ I,y + R.g and N, = S,p + E,.p + I,,5 + R, are the total resident and mlgratory blrd"populatlons '3 0 is the

host-preference parameter that controls how mosquito bites are divided between resident and migratory birds. When ¢ > 1, migratory birds are
more attractive, leading to a higher proportion of bites on them. Conversely, when 0 < ¢ < 1, the attractiveness of migratory birds is reduced,
resulting in more bites on resident birds. When ¢ = 1, bites are split based on host availability, which corresponds to density-dependent allocation
without a specific feeding preference [23].

The force of infection on mosquitoes is therefore given by

dependent assumption, these fractions are defined as proportional to local host abundance, such that g, =

qrprVﬁ(T x)IrB + qmpmMﬁ(T’ J‘:)ImB
NrB NmB

Agy(T.X) = 2y, + Ay,

A successful contact between infectious birds and susceptible mosquitoes at location x and time ¢ sends susceptible mosquitoes to the exposed
class. The latency rate on mosquitoes was fitted in [15], and is given by

1
T.ox)= — 2
(X = T + 5,36 @
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Fig. 1. Flow chart diagram describing the transmission dynamics of WNV in Germany. Solid arrows represent transitions between compartments, while dotted
lines represent interactions between different states. Image created in BioRender, with the licence: Arbovirologie (2025) https://BioRender.com/8a0gfj1. Content not
licensed under the Creative Commons Attribution (CC BY) license.
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and from the exposed stage, mosquitoes progress to the infectious class (I},). Mosquitoes die at temperature-dependent natural mortality rate of
uy (T, x), where

0.0025T2 — 0.094T + 1.0257
3
10
defined in [45]. Spatial and temporal plots of the thermal functions (Egs. (1), (2), and (3)) are presented in Section S1 of the Suplementary material.
The host population consists of resident and migratory birds. This population is divided into susceptible S;, exposed E;, infected I;, recovered R;,
and dead D, hosts, with j = rB,mB, and for easier readability, we denote resident birds by subscript (rB), and migratory birds by (mB). The
recruitment into the susceptible bird populations is modelled using a logistic growth with density-dependent recruitment:

b;N; [1- % , following Bhowmick et al. [33]. Susceptible resident and migratory birds get infected by interacting with infectious mosquitoes,

uy (T, x) =

with a biting rzjlte P(T, x) defined in Eq. (1), and a probability of acquiring the infection of py, and py,, respectively.

In mosquito-borne disease models, the mosquito-to-bird ratio is crucial because it determines the per-bird biting pressure [16,17,33], which
influences the disease burden. Vogels et al. [34] argued that mosquito abundance is limited by the availability of host blood meals, and bird density
directly impacts mosquito feeding success. As a result, the number of bites an individual bird receives mainly depends on the ratio of mosquitoes
to birds, rather than solely on mosquito or bird density. Because of this, we introduce the mosquito-to-bird ratio parameter ¢ for resident and
migratory birds.

For simplicity of the model, this ratio is considered as an effective seasonal measure of mosquito biting pressure per host, instead of a population
count over time. In WNV models, Bhowmick et al. [33] simulated their ODE model with a mosquito-to-bird ratio ranging from 10 to 30, while
Laperriere et al. [16] used a ratio of 30. Another study by de Freitas Costa et al. [35], which aimed to investigate the conditions necessary for the
circulation of WNV in Germany and the Netherlands, found that larger proportions of susceptible birds and higher vector-host ratios were required.
The study showed that WNV circulation in the Netherlands was rarely sustained when vector-host ratios fell below approximately 1:100. We here
inferred different yearly ratios whose values ranged between 30 and 60 (Table 2). The force of infection on resident birds is thus given by

T,x)I,(t,x
ay (T, %) = 4,9y ST, )1y ( )’ @
Ny
while that of migratory birds is
T,x)I,(t x
AVm(Ta x) — qm¢meﬂ( ) V( ) (5)
Ny

The latency rates on resident and migratory birds are given by y, and y,,z respectively, while their recovery rates are given by a,5 and a,,5.
Proportions 1 — v, of resident birds and 1 — v, of migratory birds recover from the infection, while the proportions v, and v, die at the rates
a,p, and a,,p respectively. Resident and migratory bird species can also die naturally at rates y,5 and y,,p.
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2.1. Diffusion and advection processes

Diffusion describes the process by which matter is transported from one part of a system to another due to random molecular motions [36].
The concept of diffusion dates back to the 19th century, when Fick [37] recognised the transfer of heat by conduction driven by random molecular
motions and quantified this process using the heat-conduction equation previously derived by baron de Fourier [38]. To date, the diffusion process
has attracted significant attention, especially in mathematical biology. In ecological modelling, diffusion is used to describe the random movement
of species from areas of higher concentration to areas of lower concentration [39], influencing their spatial distribution patterns. On the other
hand, the advection process refers to the directional flow of a substance by a known velocity vector field [40]. The combined effects of diffusion
and advection, along with the ODE terms, form an advection—diffusion-reaction PDE system that models how a phenomenon spreads over time
and space. Reaction terms govern local transmission at each location, while diffusion and advection model the movement of species, including
infectious ones.

In this study, we define diffusion for mosquitoes and for both resident and migratory birds as they move locally in search of resting/breeding
sites, food, and other needs. The advection process is defined for migratory birds only, as we can account for their seasonal directional migration
patterns. Diffusion is denoted by the Laplacian operator (4), with diffusion coefficients for mosquitoes, resident, and migratory birds denoted by
D,.D,, D, in km?/day respectively. Furthermore, we set the diffusion coefficients so that mosquito diffusion is lower than that of resident and
migratory birds, as mosquitoes are considered insects with a small radius of action [26,41,42]. A lower diffusion coefficient is assigned to resident
birds compared to migratory birds to highlight the greater mobility of migratory birds. To improve the interpretability of diffusion coefficients, we
define the root-mean-square displacement (RMSD). The RMSD describes the dispersal distance species move from the initial source under diffusion
alone after a time = [43,44], and it is calculated using the formula:

RMSD = /2pDr,

where p = 2 is the spatial dimension, D is the diffusion coefficient and 7 is the time step. We denote the advection term by the gradient operator (V),
with a velocity A = [v,,v,] km/day, in a two-dimensional plane. The schematic diagram of our PDE model and the governing system of equations
are shown in Fig. 1 and system (6).
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The total populations of mosquitoes, resident birds and migratory birds are given by N, =Sy, + E,, + Iy, N,y =S,p + E,g+ I,g+ R.5, N,,p =
S8+ Eng + 1,5+ R,p, while the initial conditions are given by:
Sy 0,x) = wi(x), Ey0) = yy(x), Iy(0) = w3(x), S,p0,x) = wy(x), Ep0,x) = ws(x), I,g0,x) = ye(x), Rp(0,x) = yy(x), D,p(0) = 0,
S50, %) = y(x), E,p(0,%) = wo(x), 1,,5(0,x) = wy9(x), R,,5(0,%) =y, (x), D,,5(0) > 0, where,
() | 2*0) a() 9()
=(x, )€, A=—24— y=|=Z 20
x=(x,y) Ews + Py ax oy
We assume the system moves in a region 2 c R?, with a smooth boundary 92 according to Fick’s law [37], so that in the initial conditions,
x € 2, where y, € C%(2) N C(2) and subject to the homogeneous Neumann boundary conditions:

Sy 0E, oI, 0S,5 O0Eg 0L ORy 0S,5 O0E,; 0L,z OR,p

on on on on on on on on on on on ’

for x € 092, t > 0, and n is the unit outer normal to £2. The state variables and initial conditions are summarised in Table (S1) of the Supplementary
material, while model parameters are shown in Table 1.



P. Duve et al.

One Health 22 (2026) 101386

Table 1
Definition of parameters used in system (6).
Parameter Definition Value Source
by (x) Birth rate of mosquitoes 0.0666 [23]
b,p(x) Birth rate of resident birds 0.00342 [45]
b,,5(X) Birth rate of migratory birds 0.0014 [23]
py (T, x) Natural mortality rate of mosquitoes Eq. (3) [16]
H,p(x) Natural mortality rate of resident birds 0.0005 [17]
Hyp(X) Natural mortality rate of migratory birds 0.00023 [17]
7y (T, x) Latency rate on mosquitoes Eq. (2) [15]
7,5(X) Latency rate on resident birds 0.196 [17]
Vg (%) Latency rate on migratory birds 0.285 [17]
a,5(x) Removal rate of infectious resident birds 0.867 [17]1
a,,5(x) Removal rate of infectious migratory birds 0.4 [17]
V,p(X) Proportion of dead resident birds 0.655 [17]
V(%) Proportion of dead migratory birds 0.103 [17]
Py, (%) Probability of a new resident bird infection 0.97 [17]1
Py m(X) Probability of a new migratory bird infection 0.9 [17]
Py (X) Probability of a new mosquito infection from a resident bird 0.4 [17]
Py (%) Probability of a new mosquito infection from a migratory bird 0.7 [17]
(T, x) Mosquito biting rate Eq. (1) [45]
B(x) Mosquito to resident bird ratio Table 2 Assumed
D, (x) Diffusion coefficient of mosquitoes Table 2 Inferred from the data
D,(x) Diffusion coefficient of resident birds Table 2 Inferred from the data
D;(x) Diffusion coefficient of migratory birds Table 2 Inferred from the data

A(1,x) = [v,30,]

Advection vector for migratory birds (in km/day)

[1;1] & [-15-1]

Estimated Section 5

3. Mathematical properties of the model

The mathematical proofs for the positivity, uniqueness, boundedness and well-posedness of the model and its solution are shown in Section S3

of the Supplementary material.

4. Steady states and the reproductive number

The PDE system (6) admits a non-trivial WNV-free equilibrium point &° such that
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&9 is positive if and only if by > uj, for j = V,rB,mB. The uniqueness of &0 can be verified using [[46], Lemma 2.1]. The basic reproductive

number of the deterministic part of our model is computed following [47], as follows:

Let .#, be the matrix of new infections, and ¥, the matrix of transitions, then
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Partial derivatives evaluated at the WNV-free equilibrium point yield:
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and
[ =y =y 0O 0 0 0 0 ]
v My 0 0 0 0
V= 0 0 ~VrB ~ HrB 0 0 0
0 0 YrB —%p ~ HB 0 0
0 0 0 0 ~YmB — MmB 0
| 0 0 0 0 YmB —@yug — Hmp |

The basic reproductive number R,(x) is thus given by the spectral radius of FV~!, which gives
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Since all parameters of the model are positive, and the equilibrium point is also positive, then Ré‘” and Rg“g are non-negative. The basic
reproductive number R, (x) is plotted for the entire country and compared with observed data for 2018-2025 (Fig. 2). R,(x) shows high circulation
areas in the eastern parts of Germany, with other regions in the southeastern and northern parts also showing circulation, which is in agreement
with the observed data. Moreover, we also included the 2025 case data to evaluate whether our R((x) risk map can predict regions where future
cases may occur. Indeed, as of March 2026, 2025 WNV cases were observed in the east, north, and southwest of Germany, regions previously
flagged as high-risk by R,(x). This result is important because it allows potential high-risk regions to be identified before seasonal outbreaks occur.
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Fig. 2. The basic reproductive number R;(x) compared to observed data.
5. Simulation framework

Based on available WNV data in Germany, birds of the Accipitridae family were the most affected species in 2018 [17,48]. Therefore, as also
done by Mbaoma et al. [17], we used parameters associated with northern goshawks and raptors for the resident bird, both of which fall under
the Accipitridae family. Migratory birds in the model represent species that move over short to long distances, particularly along the northeast to
southwest seasonal migratory routes. Parameters for these birds are based on those observed in corvids, as they are among the most frequently
reported WNV-positive birds, second only to raptors and tits [17]. For a detailed derivation of these parameters, we refer the reader to [17] and
the references therein.

Initial population densities of infectious birds and mosquitoes are estimated to be high in Halle (Saale), the main WNV hot spot in 2018, followed
by Berlin, and, lastly, lower densities in Laage, Poing, and Plessa, as indicated by the 2018 WNV observed case data [49]. On the other hand, initial
densities of susceptible hosts and mosquitoes are assumed to be spatially homogeneously distributed across the entire country. A 2-dimensional
Gaussian function of the form

G- x0)2 + (v — yp)?
fx)=e 202
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is used to define the initial condition peaks. (x, y,) are the central coordinates specifying the nodes of the infected regions, and o is the standard
deviation. ¢ = 40 km in Berlin and Halle Saale (main hotspot regions), and 20 km in other infected areas.

The effect of host-specific feeding allocation is first examined using a baseline scenario with ¢ = 1, in which mosquito feeding preference depends
solely on bird densities. This scenario is used to infer diffusion coefficients and compare model predictions with observed data. Two additional
scenarios are then defined: scenario 1, with ¢ = 0.4, in which mosquitoes primarily feed on resident birds; and scenario 2, with ¢ = 3, in which
mosquitoes prefer migratory birds.

The model runs on a daily time step from 1 March to 30 November each year, spanning 2019 to 2025. Each year, the final solution for that year
is saved and used as the initial condition for the next, but starting with zero exposed and infectious birds. Such an initialisation reflects the short
duration of WNV viremia in birds, which lasts only a few days [50-52], and may be cleared before the next spring. The only reservoirs considered
in this work are mosquitoes, which overwinter with infected specimens carrying the virus into spring [32,53]. These start and end dates are chosen
because WNV activity is known to be high in summer. Spring and autumn are included to account for the seasonal bird migrations into Germany in
spring and out in autumn. This choice also enables the incorporation of new data from ongoing WNV surveillance activities. For instance, the initial
conditions for 2020 were updated when a new WNV case was confirmed in Hamburg, north of Germany, which may have influenced subsequent
spread patterns observed in the north.

In the process, we use inverse modelling to infer the diffusion and advection coefficients that may have influenced the observed spreading
pattern. This is done by running the model with different coefficients and visually comparing the model output to the observed data. The final
coefficients are selected based on their ability to replicate the observed pattern, while respecting the biological constraints of the magnitudes,
i.e., D; < D, < Dj;. This approach is primarily used because the available data are limited and sparse; therefore, our main goal is to explain the
observed qualitative spread pattern of WNV.

Temperature strongly influences the activity of Cx. pipiens including their ability to transmit WNV [54]. This motivated us to model mosquito
parameters using temperature-dependent functions, namely: mosquito biting rate (T, x), latency rate y, (T, x), and mortality rate u, (T, x). ERA5
reanalysis data on single levels from 1940 to present are downloaded from the Copernicus Climate Data Store [55]. The data is first cleaned, and
the years 2019-2025 are subsequently extracted for interpolation onto the mesh and used to compute the temperature-space dependent mosquito
functions. During the simulation process, A(T, x),y, (T, x) and u(T, x) are dynamically updated based on the temperatures at different locations in
Germany. Advection, representing the directed movement of migratory birds, is fixed throughout the years. The spring-to-early summer movement
is described by the vector field [v,; v,] =[1;1] while the late summer-to-autumn movement is described by [v,; v,] = [-1;-1] in km per day. To
solve our PDE model, we use the MATLAB PDE Toolbox [56], which uses the finite element method. The toolbox solves PDEs of the form:

2
mZTZ+dg—?—V~(cVu)+au=f, 8

In our case, m = 0, d = 1, and a = 0. Matrices ¢ and f represent the diffusion coefficients and reaction terms, respectively, and are included
in Section S4 of the Supplementary material, along with the pseudo-code for the simulation procedure. The map of Germany is downloaded as a
shapefile from [57] and simplified using MapShaper [58]. The observed data indicate presence only, as no absence data are available, and for this
reason, we qualitatively present our results on a Low-High scale for better interpretation.

6. Model fitting

To fit our model predictions, we compared simulated cases with observed data. The observed data comprises bird and equid infection cases,
as well as mortality, obtained from the World Organisation for Animal Health (WOAH) [59]. Due to the lack of systematic WNV surveillance in
Germany, many dead birds go undetected, while others are discovered at decomposed stages, which can affect PCR tests. Domesticated equids
are usually easier to diagnose because owners often report sick animals. Given that birds are the amplifying hosts, it is reasonable to assume
that, before equid cases are reported, an amplifying host was infected first and might have gone undetected. Moreover, our observed bird data is
dominated by dead birds, while the equid data is dominated by infected equids. Because of this, our model fitting compares merged WNV-related
events observed in birds and equids, with the compartment of dead resident birds, given the high WNV-related deaths observed in birds of the
Accipitridae family [17,48]. Firstly, we aggregate both the simulated and observed data within the GADM (Database of Global Administrative
Areas) level-2 administrative units of Germany (N = 356) [57], comprising both rural districts (Landkreise) and urban districts (kreisfreie Stidte).
The PDE solution u(x, y,1,) is extracted at the final time step, and the domain @ is divided into 356 sub domains {Qi}i]:l corresponding to the
GADM level-2 administrative units, such that Q = U,’i | 2;. For each ;, the mean simulated number of cases is given by \QL,I fﬂ,- u(x,y,tp) dA,
where |€,| is the area of the region ;.

Observed cases are aggregated using the formula Z;V:"I’S 1Qi(x ;»Vjstr), where 1 2,(x;,¥,t5) is the indicator function equal to 1 if the observed
point lies within ©;, and 0 otherwise, and N is the number of observed points per region.

Boundaries are shrunk inwards using the polybuffer function [56] from the toolbox to prevent misclassification near borders. The
isinterior operator [56] is then applied to prevent double-counting elements located on regional borders. Thus, only points lying strictly
within the interior of a polygon are counted as belonging to that region.

Lastly, Spearman’s rank correlation coefficient (p) [60] is applied to quantify the degree of spatial correspondence between simulated and
observed patterns in each district. Spearman’s (p) is calculated using the formula:

N 2
6%im1 9

CNWNE-1) ©

p=1
where d; is the difference between the rank of the simulated and observed points, and N is the number of administrative units. A positive p indicates
that locations with a high density of simulated cases correspond to locations with a high density of observed points. Conversely, a negative p implies
that high values in one pattern correspond to low values in the other, indicating an opposite relationship. A p close to zero suggests the absence of
a monotonic spatial relationship [60]. P-values are computed to assess whether the observed correlation occurred by chance, with smaller p-values
(< 0.05) indicating that the correlation is unlikely to have occurred by chance.
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Table 2
Summary values for the diffusion coefficients (D,, D,, D;), in km? per day; RMSD for each species in km; Spearman’s correlation
coefficient and P-values, for the case ¢ = 1, corresponding to density-dependent bite allocation proportional to host availability.

Year D, D, D, RMSD, RMSD, RMSD, by P P-value

2019 1.0 3.0 10.0 33.2 57.4 104.9 60 0.42 59x 10716
2020 1.0 3.0 10.0 33.2 57.4 104.9 30 0.49 23x 1075
2021 1.0 3.0 10.0 33.2 57.4 104.9 40 0.48 34x1073
2022 2.0 4.0 10.0 46.9 66.3 104.9 50 0.50 1.3% 1072
2023 1.0 3.0 10.0 33.2 57.4 104.9 50 0.44 1.0x 1077
2024 1.0 3.0 10.0 33.2 57.4 104.9 30 0.42 L1x 107
2025 1.0 3.0 10.0 33.2 57.4 104.9 30 0.43 49x 10717

7. Results

For all scenarios, the model is initialised with 2018 WNV cases data. Under the baseline scenario, where mosquito biting is solely influenced by
host availability, a strong visual agreement between the simulated and observed patterns is evident throughout the 2019-2025 simulation period
(Fig. 3). The model’s main strength lies in its ability to identify high circulation areas that were initially localised in 2018. The RMSD estimates
indicate that WNV-mosquito infections reached an average annual dispersal range of 46.9 km in 2022, and 33.2 km for all other years. However,
resident birds dispersed an average range of 66.3 km in 2022 and 57.4 km in all other years. In migratory birds, an annual RMSD of 104.9 km
was observed over the years (Table 2). The RMSD for mosquitoes remained lower than that for resident and migratory birds, while the RMSD for
resident birds was lower than that for migratory birds, reflecting the greater mobility of avian hosts compared to mosquito species. Still under the
baseline scenario, Spearman’s correlation coefficients (p) were all statistically significant with values greater than 0.4 (Table 2, Fig. 4).

In 2023, the model accurately predicted an isolated case in the northwestern region (next to the Dutch border) and another isolated case in
the southwestern region close to the Upper Rhine valley (Fig. 3(f)). This suggests the model’s ability to anticipate under-reported spread patterns
mainly driven by temperature, mosquito, and bird movements.

When mosquito preference is biased towards resident birds (scenario 1, c=0.4), the model predicts a slower spatial expansion of WNV (Fig. 7).
Although resident birds may experience increased local transmission, the reduced infection probability among migratory birds limits long-range
dissemination of the virus. Only in 2025 did the model manage to detect the isolated case observed in 2023 along the Upper Rhine valley. This
outcome suggests that local amplification alone is insufficient to reproduce the observed national-scale spread and highlights the critical role of
migratory-mediated dispersal, which can involve either short or long-distance migration, in shaping WNV spreading patterns.

In contrast, when mosquitoes bite migratory birds instead of resident birds (scenario 3, c=3), the spread of WNV becomes rapid (Fig. 6). This
occurs when mosquito bites that might have gone to resident birds are instead taken by migratory birds. It is clear that by the year 2022, cases
observed in 2024 were already being predicted by the model. Due to their directional dispersal patterns, infected migratory birds could serve as
long-range carriers, establishing the virus in new locations beyond primary endemic areas. Therefore, host-specific feeding behaviour might play
a crucial role in long-distance transmission dynamics.

8. Discussions and conclusions

Understanding the WNV spreading pattern allows early detection of WNV outbreaks. Identifying high-circulation areas also supports early
planning and resource allocation for preventive measures. At the same time, implementing systematic surveillance programs to understand the
spread of WNV is costly. Therefore, in this study, we modelled the spread of WNV in Germany using a temperature-driven PDE model with advection
and diffusion processes. We proved that our model has non-negative, bounded, and unique solutions, and that the system (6) is well-posed.

In agreement with previous studies [17,23,33], at the temporal level, the basic reproductive number (R,(x)) indicates that the presence of
migratory birds increases the number of amplifying local hosts. At the spatial scale, R((x) identified low-high risk regions of public health interest,
which agreed with the observed WNV cases in birds and equids, and other temperature-driven WNV models, e.g., by Mbaoma et al. [17]. The
reproductive number identified regions in the eastern parts of Germany as high circulation areas, a result similar to that obtained in [17,24]. In
addition, R (x) flagged regions in the north, south and southwest of Germany as new circulation areas. Our approach explains the drivers of WNV
spread in Germany and infers estimates of spreading speeds. In particular, from the simulation of our PDE model, we computed the annual RMSD,
which estimates the average displacement of the infection over a given period, and due to a lack of real host movement data, we chose diffusion
coefficients that best matched the observed data.

Scenario analyses comparing the model with different mosquito biting preferences between resident and migratory birds were explored. Results
indicated that when a large proportion of bites is allocated to resident birds, WNV spread is very localised (Fig. 7). In contrast, when migratory
birds receive more bites, a more rapid spread is observed (Fig. 6) and the model detected 2023, 2024, and 2025 cases as early as in 2022 (Fig.
6(e)). While this comparison is based on limited, sparse data, the alignment between simulated spreading pathways and known migratory bird
flyways is consistent with the hypothesis that long-range, directed bird migration may contribute to WNV dissemination. This observation is also
supported by a recent study by Téth et al. [61]. Our results suggest that migratory birds may still have played a role in shaping the WNV spread
pattern in Germany, even if they may not be the primary source of infection. Thus, effective surveillance and prevention efforts of WNV may also
be implemented at key stopover sites, where migratory birds are likely to rest and interact with local mosquitoes.

The 2023 data showed an isolated WNV case near the Dutch border (Fig. 3(f)). That year, no WNV cases were reported directly across the Dutch
border, suggesting that the German case may have resulted from internal dispersal rather than immediate cross-border importation. However, given
regional differences in surveillance intensity and reporting, the absence of reported cases may not necessarily indicate the absence of infection.
Therefore, while the spatial agreement is promising, results near national boundaries should be interpreted with caution, given our modelling
assumptions on homogeneous Neumann boundary conditions, which prevent cross-border inflows. Notably, in 2023, the model identified a region
between the Dutch border and parts of the north of Germany as a possible high-circulation area, a finding confirmed by the observational data for
the year 2024 (Fig. 2 and Fig. 3(f)).
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Fig. 3. Model simulation compared to observed data of WNV in Germany between the years 2019-2025, for the case when ¢ = 1, corresponding to density-
dependent bite allocation proportional to host availability.
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Fig. 4. Scatter plots for Spearman’s rank correlation showing the monotonic relationship between model predictions and observed data for the case ¢ = 1,
corresponding to density-dependent bite allocation proportional to host availability.
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Fig. 5. Spatial comparison between simulated and observed WNV cases in Germany (2019-2025), on a log,, scale.

Our model uncovers a transmission corridor for WNV that spreads from the east in an anticlockwise direction, likely reflecting the temperature
gradient suitable for mosquito activity. Interestingly, the circulation areas identified in our model agree with those in the study by Di Pol et al. [62],
which aimed at modelling the temperature suitability for the risk of WNV establishment in European Cx. pipiens populations. As of March 2026,
WNV bird and equid cases for 2025 had been reported in the eastern, northern, and southwestern regions, regions that were previously flagged as
circulation areas in previous years (Fig. 2, right). This is an indication of seasonal recurrence supported by empirical evidence from North America
and Southern Europe WNV events that show that once introduced into ecologically suitable regions, WNV tends to establish persistent seasonal
transmission with annual reemergence [7,63]. The overwintering of WNV-infected Culex mosquitoes likely plays an important role for the local
persistence of the virus [32].

Results from our spatially explicit PDE model suggest that temperature, mosquito-feeding preference, together with species movement through
diffusion and advection, play a significant role in the spread of WNV in Germany. However, while our model successfully simulates WNV dispersal
in Germany, limitations exist. For instance, factors such as land use influence the overall spatiotemporal distribution of mosquito populations [64],
which is important for modelling mosquito abundance. Additionally, we used only temperature as the weather variable to account for heterogeneity
in mosquito parameters, whereas precipitation, wind speed, and wind direction also affect mosquito distribution and activity [65]. If spatially
resolved datasets for all these factors are accessible, they can be considered to improve the spatial heterogeneity of our PDE model. Estimating
diffusion and advection coefficients through inverse modelling may introduce uncertainty and potential identifiability issues, as different parameter
combinations can yield similar model outputs [66,67]. Even if our diffusion coefficients were estimated within a biologically plausible range
consistent with previous studies and known dispersal behaviour of species, exploratory simulations (not presented here) indicated that the
qualitative model behaviour remained reasonable even for different combinations, and thus values chosen here represent one plausible scenario.
Future work could address this limitation by adopting more systematic estimation frameworks, such as Bayesian approaches [68]. To better capture
spatial heterogeneity, another step could be to use spatially varying diffusion coefficients, since movement patterns are not constant in reality.
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Fig. 6. Model simulations compared with observed WNV cases in Germany (2019-2022) under Scenario 3: ¢ = 3, representing preferential biting of migratory
birds.

Moreover, our PDE model could also be extended to a stochastic PDE system to incorporate additional random effects that deterministic PDEs
cannot model.

The low correlation coefficients observed in model fitting may have partly resulted from the sparse and discrete nature of the reported
observational data. Future work incorporating higher-resolution surveillance data could improve the model’s calibration accuracy. Furthermore,
the choropleth maps presented in Fig. 5 indicate that the model overestimates cases in some towns, where no WNV cases were confirmed. Although
this could be true given the continuous nature of the PDE model, the lack of systematic surveillance might also lead to under-reporting of observed
cases. This is evidenced by the fact that most data arises from incidental or passive detection rather than systematic monitoring [69], and thus our
simulation results should be viewed as minimum estimates rather than representing the full WNV situation.
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Fig. 7. Model simulation compared to observed data of WNV in Germany between the years 2019-2025, for the case when ¢ = 0.4, corresponding to the case
when resident birds are preferred, and there is a reduced mosquito feeding on migratory birds.
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S1 Plots for mosquito parameters
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(a) Space-dependent thermal mosquito parameters for the year 2024.
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Figure S1: Spatio-temporal mosquito parameters used in the model. The parameters (T, x) and u, (T, x)
are adapted from [1], while v (T, x) from [2].

S2 Initial conditions

Unlike ODE-based models that rely on total population counts, spatially explicit PDE models inter-
pret state variables as population densities, typically measured in individuals per unit area. Thus, it
is important to convert the ODE-based initial conditions in Table (S1) into population densities per
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unit area by dividing susceptible classes by the total area of our mesh (cleaned map of Germany).
From the mesh, we obtained a total domain area of approximately A = 356,280 km? for mainland
Germany. The other compartments are localized around the infection points for 2018, and thus they
are only divided by the total area around the infection, which we denote B.

Table S1: Definition of variables used in system (6), as defined by the authors.

Variable Definition Value Units

Sy (0,x) susceptible mosquitoes 20 x 10°/A mosquitoes/m?
Ey(0,x) exposed mosquitoes 10,000/B mosquitoes/m?
I,(0,x) infectious mosquitoes 10,000/B mosquitoes/m?
S,5(0,x) susceptible resident birds 110 x 10°/A birds/m?
E,5(0,x) exposed resident birds 10,000/B birds/m?
I.5(0,x) infectious resident birds 10,000/B birds/m?
R,5(0,x) recovered resident birds 10,000/B birds/m?
D,5(0,x) dead resident birds 10,000/B birds/m?
Smp(0,x) susceptible migratory birds 5x 10°/A birds/m?
E,.5(0,x) exposed migratory birds 10,000/B birds/m?
I,5(0,x) infectious migratory birds 10,000/B birds/m?
R,.5(0,x) recovered migratory birds 10,000/B birds/m?
D,,5(0,x) dead migratory birds 10,000/B birds/m?

S3 Mathematical properties of the model

Theorem 1. System (6) has non-negative and unique solutions that are bounded in [0, 00).

Proof. We write system (6) together with the corresponding initial conditions, in the Banach space
of continuous functions that include the boundary, 8 = C(), as follows [3]:

oX(t,x)
= LX)+ f(X(6x), t>0, (S1)
X(t,O) = Xy = Opu1,

where



Sv(f,X) Sv(O,X) DlASV(tax)
Ev(t,X) Ev(O,X) DlAEV(tax)
IV(tyx) IV(O)X) DlAIV(tax)
SrB(tax) SFB(O:x) DZASrB(t:x)
E, p(t,x) E,5(0,x) Dy AE,p(t, x)
X(t,x)=| Ig(t,x) |, X(0,x)=| I,5(0,x) |, ZX(t,x)= DyAIg(t,x)
RrB(tsx) RrB(07x) DZARrB(t7x)
SmB(th) SmB(O,X) D3ASmB(th)_A'VSmB(th)
EmB(t;x) EmB(O:x) D3AEmB(t;x)_A'VEmB(t)x)
ImB(t)x) ImB(O’x) DBAImB(trx)_A'VImB(t’x)
_RmB(th)_ _RmB(OJx)_ _DSARmB(th)_A'VRmB(th)_
and
Ny
fi=  byNy 1_K_ —[Ay(T) + AmV(T) + uy ISy,
1%
fo= [A(T)+AmV(T)]Sy —(yy + uy)Ey,
fs=  vvEy —uyly,
N
fa= erNrBI:l_KrB:|_[)'Vr(T)+.u'rB]SrB;
rB
fo= Ave(T)S;g—Lrr8 + BlE s,
f= { fo= 7vrgErp— oy +urpllip,
f7 = (1 - vrB)arBIrB _.u‘rBRrB:
_ NmB
f8 - meNmB 1— K_ - [AVm(T) +.umB]SmB;
mB
fo= Aym(T)Spmp —[Ymp + UmpEms;
flO = YmBEmB - [amB + nu'mB]ImBa
(f11= (1= vup)tmplnp — bmpRup-

Next, we show that f is locally Lipschitz in 9. Thus we show that

VKc4®,3dL:

If (X1) = f (X)lloo < LIIX7 —Xslloo, VX1,X5 €K,

where L is the Lipschitz constant.

N, N,
We observe that for Ay, = by Ny, [1 — K—V] , A\,g =b,gN,p [1 - KrB ] and A5 = b,gNyup [

14 rB

1_‘7&
KmB

]



[Av1 - sz] - |:7Lrv15v1 - A’rVZSVZ:I - I:kmvlsv1 - Amvzsvz] - .bbv(sv1 _sz)
|:7LerSV1 - ArVZSVZ] + Dmvlsv1 — Amvzsvz] —(rv + uy)[Ey, —Ey,]
vvlEv, — Ey,] —uy Iy, —Iy,]

[ArB1 - ArBz] - (AVrISrBl - AVrzsrBz) — UrB [SrB1 - Sr32]
Avr,Sre, — Avr,Srg, — (1B + Urp)Erp, — Eyp, ]
vrelErg, — Erp,]1— (a5 + urp)llr5, — I8, ]

(1—v5)a,p [IrB1 - IrBz] —UrB [RrB1 _RrBz]

[Amg, — Am,] = [Avm, Smp, — AvmySms,] — Um[Smp, — Sms, ]
Avin,SmB, — Avm,Sms, — (Ymp + Ump)[Emp, — Ems, ]

YmB[EmBl - EmBz] - (amB + aU'mB)[ImBl - ImBZ]

(1 - va)amB[ImBl - ImBz] —UmB [RmB1 _RmBz]

Simplifying, we obtain ||f (X;) — f (X5)|leo =

= Ssup | |:Av1 —sz] —Svl[krvl - Ar\/2]|

xX€N

Vosup| = Ay, [Sy, = Sv, 1= Sy, [Amy, — Amy, ] — Ay, [Sv, — Sy, 1= wv (Sy, — Sy,))

X€E€N

VvV suplyy[Ey, — Ey,]—uy[ly, — Iy, ]l

X€E€N

V. sup |[ArB1 - ArBZ] - A'Vrl [SrB1 _SrBZ] _SrBz[A'Vrl - A'Vrz:l —UrB [SrB1 _SrB2]|

xeQ

N SUI_) |AVr1 [SrBl - SrBz] + SrBz[AVrl - A'Vrz] - (YrB + :urB)[ErBl - ErBZ:”

X€E€N

\4 SUI_) h/rB[ErBl _ErBz] - (arB + nu'rB)[IrBl - IrBz:”

X€N

vV sup |(1 - vrB)arB[IrBl - IrBz] _.urB[RrBl _RrB2]|

xeQ

\4 SUP |[Am}31 - AmBz] - Ale [Sm}31 - SmBz] - SmBZ[Ale - Asz] —Ump [SmBl _SmB2]|

xX€N

\ SUP M'le [SmBl _SmBZ] + SmBZ[)Lle - Asz] - (YmB + AumB)[EmBl - EmBZ:”

X€N

\ SUP h/mB [EmBl - EmBZ] - (amB + numB)[ImBl - ImBz]l

X€E€N

vV sup |(1 - va)amB[ImBl - ImBz] —UmB [RmBl _RmBz:”-

xeQ

By the triangular inequality, and some simplifications, we arrive at

”f(Xl)_f(XZ)”oo < (nU'V + VrBQrB + vaamB) ”Xl _leloo,

(52)

and thus f is locally Lipschitz in 9. By [[4], Theorem B.17], [5], and [[6], Theorem 14.4], there
exist a local smooth and unique solution of system (6) in 2. We observe that system (6) can be
written in the form of system (14.12) in the book [6], together with initial data defined in system
(14.13). By [[6], Theorem (14.14)], the solutions of system (6) are always positive.

O



S$3.1 Well-posedness of the model in a feasible region

Theorem 2. System (6) is well-posed mathematically and biologically, and for any
(Sv(0,x),Ey(0,x),1y(0,x),S,5(0, x), E (0, x), I,5(0, x), R, 5(0, x), S5 (0, x), Erpp (0, x),
I,,5(0,x),R,,5(0,x)) €X, system (6) admits a unique positive solution: (Sy(t,x), Ey(t,x), I (t,x),
S.5(t,x),E.g(t,x),I.5(t,x),R.5(t,x),S,5(t,x), Epp(t,x), [5(t,x),Ryp(t,x)) €X, satisfying:

(SV(t:x))EV(t)X)JIV(tax)JSrB(t:x))ErB(t:x))IrB(t:x))RrB(t>X)asmB(tyx)>EmB(tax))ImB(tax))RmB(t)x) €
C12((0, 00) x £2) x C12((0, 00) x ), where X := C()) x C(Q).

Moreover, there exist another constant C; > 0 independent of initial data, such that the solution
(Sv(t,X),Ev(t,X),Iv(t,X),SrB(t,X),ErB(t,X),I,«B(t,X),RrB(t,X),SmB(t,X),EmB(t,X),ImB(t,X),RmB(t,X))
satisfies:

ISy (t, 3l Leo () + 1 Ev (£, )| Loy + [y (£, X)| oo @) + 1S5 (E, X Lo () + 1 Erp (£, X[ Loo (o) +

L5 (t, 3oy + IIR-p(t, X poo () + [Smp(t, XDl Leo () + 1Emp (t, )| poo () + 1 Tmp(t; X)L () +
”RmB(t;x)”LOO(Q) < Cy, forallt>Ty> 0.

Proof. We follow the approach presented in [7, 8]. Using the regularity theory of parabolic PDEs
[9], system (6) admits a unique non-negative classical solution

(S;(t,x), Ej(t,x),I;(t, x),R;(t,x)) € CP*((0, T,,) x 2) x CV2((0, T,,,) x ),

where T, represents the maximal existence time of the solution. By the strong maximum principle

[10], then S;(t, x), E;(t,x),I;(t,x),R;(t, x), where j = rB,mB are positive in (0, T;,) x €.

Summing up the equations gives

N _pan bN[l Nj] N I
JENG TP I AR RO RS E

ot K;

subject to homogeneous Neumann boundary conditions VN; -n =0 on d€2 and non-negative initial
data N;(x,0) = Nj(x) = 0. Integrating over 2, we get

d N;
— | Nj(x,t)dx= [bj—,uj]Nj dx — bj—]dng Ni(x,t)dx, x €Q, t > 0,7 < bj gy,
dt Q Q Q Kj Q ’

yielding
f Nj(x,t)dx < J etbi,mﬂXNjo(x) dx, xe€Q,t=>0.
Q Q

Thus, [|S;(t, )l 1> 1E;(E, iy 11;(E, iy, and [[R;(¢, )l 11q) are bounded for all 0 < t < T,.
By the positivity of S;(t,-), E;(t,-), I;(t,-), Rj(t,-), and [[7], Lemma (3.1)], with o = py = 1, we
conclude that there exist a positive constant C; that does not depend on initial data such that the
solution S;, E;, I;, R; satisfies

1S;(t, Mooy + I1E;(E, ooy + I1;(E, ooy + IIR;(t; Mooy < Cr, VE > T,

Similar arguments can be made for the mosquito population, thus we conclude that system (6) is
well-posed. O



S4 Simulation framework

The toolbox solves PDEs of the form

d%u du
mﬁ+da—v~(cVu)+au—f,

and in our case, m = 0,d = 1, a = 0, and matrices ¢ and f are given by:

while

¢ =[Dy;Dy;Dy; Dy; Dy; Dy; Dy; 0; D3; D3; Dy D3 0],

(uy (T, )Ny —  [Ap(T, %)+ AmV (T, x) + uy (T, x)1Sy,
Av(T,x)+ AmV(T,x)]ISy  —  [yv(T,x)+py(T,x)]Ey,
rv(T,x)Ey  —  uy(T,x)Iy,

preNeg —  [Ay(T,x) + prplS;s,

Ave(T,x)S,g — [vrp+urslEs,

vreErs — lawg+ 08105,

(I—v)agl,g — UrsRrs,

a-gVrplrp,

UmeNmp  —  [Avm(T,x) + UmplSmp —A - VS,
Aym(T,x)Smp  —  [YmB + UmplEmp —A - VEp3,
YmBEmp — [0mp+Umpllmg —A-Vigg,
(I—vmp)amplmg  —  UmRm —A: VRpp,

\ VmBXmB ImB .

(83)

(54)

The matrix c consists of the diffusion coefficients, while f stores reaction and advection terms. The
model is solved as follows [11]:



Algorithm S1 Pseudo-code for solving system (7) using Matlab’s PDEToolbox

Step 1: Create the PDE model with N equations
model « createpde (N)
Step 2: Define the geometry
geometryFromEdges (model,g)
Step 3: Generate a mesh for the geometry
gm « generateMesh(model)
Step 4: Add boundary conditions to the PDEModel
applyBoundaryCondition(_)
Step 5: Specify coefficients of the PDE model
specifyCoefficients(model,"m",0,"d",1,"c",c,"a",0,"f",f)
Step 6: Give initial conditions or initial solution
setInitialConditions(model,initial_value_vector)
Step 7: Solve the PDE system
results « solvepde(model)
Step 8: Extract the solution
S0l <~ results.NodalSolution
Step 9: Plot the solution

Plot Sol using pdeplot ()

The map of Germany is downloaded as a shape file from (https://gadm.org/download country v3.html)
and simplified using mapshaper [12]. Matlab codes for the full implementation and the data are
freely available in our Zenodo repository [13] and they can be used to extend our model, or adopt

for any country.
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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/Pride1234/W West Nile virus (WNV) is a mosquito-borne virus in the genus Flavivirus that circulates between mosquitoes
est-Nile-virus-control and birds, whereas humans, equids, and other mammals are dead-end hosts. Since its emergence in Germany
Keywords: in 2018, the virus has spread across the country, highlighting the need for effective intervention strategies.
West Nile virus However, it remains unclear how different strategies should be combined and timed to effectively reduce WNV
Temperature transmission under temperature-driven dynamics. In this study, we develop a temperature-dependent, process-
Mosquito control based model to evaluate the effectiveness of WNV control strategies, such as mosquito reduction methods,
Behavioural dynamics equid vaccination, and the use of personal protective equipment (PPE). Human behavioural responses to
Equid \;accination infection risk are incorporated through imitation dynamics that capture how individuals adopt PPE based on

ontrol app

perceived infection risk and social influence. An optimal control problem has been formulated and studied to
determine the seasonal timing of mosquito controls under temperature forcing. Results suggest that mosquito
controls initiated in early spring and intensified in early May, may reduce the August peak in the infectious
bird population. Moreover, a combined scenario of mosquito control methods, human PPE adoption, and
equid vaccination could be the best strategy among dead-end hosts. The analysis of various combinations
of constant controls is available as an interactive application, allowing users to explore intervention strategies
under different temperature projections corresponding to the low-mitigation (SSP126), intermediate (SSP245),
and high-emission (SSP585) scenarios.

1. Introduction be fatal (Petersen et al., 2013; Sambri et al., 2013). Symptoms in
equids include ataxia, weakness, depression, dysphagia, and frequent
The circulation of West Nile virus (WNV) in Europe has been ob- stumbling (Salazar et al., 2004; Schuler et al., 2004). WNV symptoms in

served for several decades (Sambri et al., 2013). Today, many countries birds vary by species, but some species are at risk of developing ataxia,
in Southern and Southeastern Europe have confirmed cases in birds, abnormal head posture, and rapid death (Phalen and Dahlhausen,
equids, humans, and other mammals, while several other countries 2004).

remain at risk of WNV (Bakonyi and Haussig, 2020). Climate warm-
ing has a significant role in the establishment and spread of WNV
globally, including Europe (Erazo et al., 2024), posing a substantial
public health and economic challenge (Paz, 2015; Watts et al., 2021;
Ziegler et al., 2019a,b, 2020). The enzootic cycle involves different
Culex species and birds, with a risk of spillover to humans, equids, and
other mammals (Vogels et al., 2016, 2017).

Mammals are dead-end hosts as they do not develop viremia high
enough to infect mosquitoes, while birds are considered the amplifying
host (Nemeth et al., 2007). Most cases in humans are asymptomatic,
but mild symptoms may include vomiting, or skin rash, headache, ease Prevention and Control, 2024), and most importantly, on measures
or confusion, among others, and in some cases, the infection can to reduce mosquito populations (Bellini et al., 2014). Thereby, several

In Germany, the first case of WNV was reported in August 2018, in a
bird from Eastern Germany (Ziegler et al., 2019a,b, 2020). Over the fol-
lowing years, annual circulation was observed, particularly in central-
eastern Germany (Fig. 1). To date, there is no specific cure for WNV,
and treatment only relies on managing symptoms (Colpitts et al., 2012),
while vaccines are only available for equids (Sambri et al., 2013).
Thus, preventive measures for humans rely mainly on recommenda-
tions to use personal protective measures that reduce contact between
mosquitoes and humans (Petersen et al., 2013; European Centre for Dis-
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mosquito control methods are available, e.g., breeding-site removal,
larvicides, adulticides, and biological control methods such as the
introduction of natural enemies (Cailly et al., 2012; Ferede et al., 2018;
Takken and Knols, 2009). The European Centre for Disease Prevention
and Control (2024) further stresses that people should consider using
mosquito bed nets, sleeping in screened or air-conditioned rooms,
wearing clothing that covers most of the body, or using mosquito
repellents.

Several process-based models have been developed to assess various
control measures and their timing for WNV. Early modelling studies
focused on describing the interaction between mosquito vectors and
avian hosts to understand the ecological drivers of WNV transmis-
sion (Bhowmick et al., 2024; Laperriere et al., 2011; Mbaoma et al.,
2024). These models provided valuable insights into how environ-
mental factors and host-vector interactions influence the spread of
WNV. Subsequent studies then extended these frameworks by in-
corporating additional host populations and intervention strategies,
such as mosquito control and vaccination. Bowman et al. (2005)
found that adulticiding is more effective than personal protection for
controlling the spread of human WNV. According to Thomas et al.
(2009), mosquito spraying during autumn is more effective than in
summer. Bhowmick et al. (2024) demonstrated that ultra-low volume
spraying only temporarily reduces the reproductive number. The com-
bination of bird immunisation and mosquito control approaches is the
most cost-effective strategy against WNV (Malik, 2018). Blayneh et al.
(2010) concluded that mosquito reduction should be prioritised over
personal protection measures, and Abdelrazec et al. (2015) highlighted
larviciding as the most effective ongoing strategy while emphasising
the importance of seasonal timing.

Although these models have improved our understanding of WNV
dynamics, many assume constant intervention strategies and do not ex-
plicitly consider how environmental factors, particularly temperature,
influence the timing and effectiveness of mosquito control measures.
Additionally, human behavioural responses, such as the adoption of
personal protective equipment, are rarely incorporated into WNV trans-
mission models despite their potential importance in reducing spillover
infections. These limitations highlight the need for modelling frame-
works that integrate environmental drivers, behavioural responses, and
multiple intervention strategies to better inform WNV control.

An interdisciplinary perspective, such as the One Health approach,
is particularly important for zoonotic pathogens like WNV, as it in-
tegrates knowledge from ecology, animal health, and human health
to design and evaluate control strategies (Cendejas and Goodman,
2024). In this study, we analyse the effectiveness of several intervention
strategies within a system of ordinary differential equations (ODEs),
including larviciding, adult mosquito control, and PPE adoption. In
addition, we incorporate the physical removal of mosquito breeding
sites and the vaccination of equids, two interventions that have not
been explicitly considered together in previous modelling studies. The
model is driven by real-world temperature data for Berlin, allowing
environmental conditions to influence mosquito dynamics and the ef-
fectiveness of control measures. Furthermore, we formulate and solve
an optimisation problem to determine the timing of mosquito con-
trol strategies, driven by temperature. Finally, we explore constant
intervention levels ranging from 0 to 90% and evaluate different combi-
nations of controls. These scenarios are implemented in our interactive,
open-access web-based application, which enables users, including non-
specialists, to explore the effects of different intervention strategies
and their combinations without requiring expertise in programming or
mathematical modelling.

2. Model formulation
Our model consists of a system of first-order ODEs, extending the

work of Laperriere et al. (2011), Mbaoma et al. (2024), and Rubel
et al. (2008). We here focus on capturing control methods against
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WNV. Temperature-dependent parameters of the model are fitted from
various datasets in Laperriere et al. (2011) and Rubel et al. (2008), and
thus, for a more detailed derivation of the baseline WNV model and the
thermal parameters, we refer the reader to the studies by Laperriere
et al. (2011) and Rubel et al. (2008).

2.1. Mosquito population

In this study, the mosquito population is divided into four classes:
mosquito larvae (L,,), susceptible adults (.S),), exposed adults (E,,),
and infectious adults (I,,). The larval population increases through
oviposition by adults, assuming that all adult mosquitoes under study
are females. This recruitment process is proportional to the total adult
mosquito population N,, = S, + E,;+1,,, thereby linking larval births
to adult abundance. Overwintering dynamics are modelled via a hiber-
nation rate §,,, which regulates the fraction of adult mosquitoes that
lay eggs each year. Following Rubel et al. (2008), the fraction of non-
diapausing adult mosquitoes is described by a photoperiod-dependent
logistic function

1
1417757 x (1:339(D — 18.177))”
where D denotes the daytime length (in hours). The photoperiod de-

pends on calendar day d and geographic latitude ¢ through a standard
astronomical relationship (see Rubel et al., 2008 for full derivation):

Sp(D)=1- €h)

D = 7.639 arcsin [tan(e)tan(qb) + _ 00146 +12,

cos(e) cos(¢)
with solar declination
27z(d — 80)

365 ) '

The geographic latitude is fixed to Berlin (¢ = 52.52°N), one
of the WNV hotspots in Germany. Fig. 2 shows the spatio-temporal
distribution of the function §,, at selected locations to indicate its
heterogeneity driven by the photoperiod over Germany.

Although photoperiod primarily regulates diapause cues in tem-
perate regions, daylight length alone is insufficient to determine the
onset and intensity of transmission activity (Eldridge, 1968; Field et al.,
2022; Spielman and Wong, 1973). Temperature acts as an additional
environmental variable, modulating the general activity, development,
survival, and feeding behaviour of mosquitoes (Eldridge, 1968; Rubel
et al.,, 2008). Moreover, viral replication within the mosquito vec-
tor is strongly temperature-dependent. Low temperatures prolong the
extrinsic incubation period (EIP), potentially preventing mosquitoes
from becoming infectious before they die. In contrast, higher tem-
peratures accelerate viral replication and shorten the EIP, thereby
increasing transmission potential (Andreadis et al., 2014; Vollans et al.,
2024). As a result, we here introduce temperature-dependent larval
birth rate (b, (T)), mosquito development rate (b,,(T)), larvae mortality
rate (u;(T)), adult mortality rate (u,,(T)), biting rate (k(T)), and the
extrinsic incubation rate (y,,(T)), defined in Table 2. The temperature-
dependent larval birth and death rates were fitted by Rubel et al. (2008)
and are given by:

e = 0.409 sin(

0.7998

b (T) = , (2)
L) 1+ 1.231¢=0-184T - 20)

and

up (T) = 0.0025T2 — 0.094T + 1.0257 3)

respectively. Thus, the natural birth term of mosquito larvae governed
by temperature and photoperiod is then given by:

LM
(1 —up)b (T)3 (D) [1 - K—] Ny,
M

where u; € [0,1) represents the level of implementation effort of
breeding site removal. When u; = 0, then, the breeding site removal has
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Observed animal WNV cases in Germany from August 2018 to December 2025 (left) and WNV cases for the different species (right). Data obtained

from World Organisation for Animal Health (WOAH) (2018 - 2025) for the period 2018-2025.
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no impact on larval production and mortality. In contrast, u; ~ 1 cor-
responds to maximal effectiveness, meaning that full implementation

may completely suppress larval recruitment and effectively increase its
M

M

mortality. The term |1 — is the density-dependent limiting factor

in the breeding sites.

As introduced earlier, the European Centre for Disease Prevention
and Control (2023) encourages the use of larvicides to increase the
mortality of mosquito larvae; thus, we define a parameter u, € [0,1)
to represent larviciding. Mosquito larvae that survive the larval stage
develop into susceptible adults class (.S;,) at a temperature-dependent
larval development rate:

b (T)

10 -

Susceptible mosquitoes get infected by biting infectious birds at a
temperature-dependent mosquito-biting rate of

0.344
1+ 1.231e=0.184(T —20)

by (T) = 4

k(T) = ()
and a probability that a successful bite of a susceptible mosquito on an
infectious bird leads to a new mosquito infection pz = 0.125. The force
of infection on mosquitoes is thus given by

Oy k(T)pglp

Agu (@) = X
B

©

Fraction of active (non-hibernating) mosquitoes driven by photoperiod at selected locations (left) and for the entire country on 1 June (right).

while the natural mortality rate of adult mosquitoes is given by the
function
u(T)

uu(T) = =5 )

For all adult mosquitoes, we consider the use of adult control
measures denoted u3, which increase the adult mosquito mortality rate.
Such measures can include adulticide sprays or traps that use mosquito
lures to attract and capture adult mosquitoes, such as carbon dioxide
traps, human-mimicking odours, or visual cues. Recently, Sauer et al.
(2023) carried out a field study to identify overwintering sites for
Cx. torrentium and Cx. pipiens pipiens. Their results indicated that Cx.
torrentium are mainly dominant in animal burrows, while Cx. pipiens
pipiens in human-made sites. Motivated by this overwintering behaviour
of Culex vectors, we include the elimination of adult-overwintering sites
as part of adult control methods for Culex mosquitoes. Although this
control method has not yet been implemented in practice, it has been
discussed in various studies, e.g., Kobayashi et al. (2012), Liu et al.
(2016), Sauer et al. (2022), given that overwintering mosquitoes are
potentially easy to target and can be detected at high concentrations
in their overwintering sites. After a successful interaction between sus-
ceptible mosquitoes and infectious birds, susceptible mosquitoes move
to the exposed compartment (E,,). The extrinsic incubation period in

the exposed stage is given by , where
rm(T)
0.0093T —0.1352 if T > 15,
ru(T) = . (8)
0 otherwise,
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Fig. 3. Observed relative frequency of the nestlings of northern goshawks (Courtiol, 2020; Merling de Chapa et al., 2020) with fitted Gamma distribution (left)

and bird birth rate as a function of the calendar day (right).

and from this stage, mosquitoes progress to the infectious class (I,,).
Temperature-dependent functions are summarised in Table 2 and Fig
(1) of the Supplementary material.

2.2. Bird population

The primary bird species responsible for WNV amplification in
Germany remains unknown, but it is suspected that multiple species
may be involved (Mbaoma et al., 2024; Michel et al., 2018; Offergeld
et al., 2025). Surveillance data from Germany indicate that birds from
the Accipitridae and Passeridae families were the most affected species
between the years 2018-2025 (Fig. 1 and Mbaoma et al. (2024), Ziegler
et al. (2019b)). The most frequently observed Accipitridae species dur-
ing this period included the northern goshawk and other raptors, while
the Eurasian blackbird (Turdus merula) were also affected (Ziegler et al.,
2019b). The blackbird is one of Germany’s most common breeding
birds, with approximately 10 million breeding pairs reported nation-
wide (Gerlach et al., 2019). Considering the high population of black-
birds and the frequent WNV infections observed in northern goshawks,
these two species are used in this study as representative avian hosts.

Rubel et al. (2008) modelled blackbird birth rates by fitting a
Gamma distribution to the observed frequency of blackbird nestlings,
based on data from Poland. The resulting curve has the form

a—1
by, ) = 11%5 (x/p)*”"exp(—x/p)
BI (@)
which produces a right-skewed birth-rate function with a peak in
nestling frequency around day 115.

For northern goshawks, we used surveillance data from a citizen
science project published by Courtiol (2020), Merling de Chapa et al.
(2020). The data showed that urban goshawks breed earlier than their
rural counterparts. Since our model is specific to Berlin, we extracted
only Berlin urban data and fitted it to the Gamma distribution in Eq.
(10), with x = d — d,). This resulted in fitted parameters a = 6.867, f =
2.935,d, = 98, with a predicted peak in nestling frequency around day
115, the same day predicted by the function by Rubel et al. (2008).
Here, d, marks the start of the breeding season. Based on this data, the
annual per-capita recruitment rate was estimated as 1.5614 offspring
per adult per year, leading to an estimated birth rate function of
northern goshawks:

(x/)*"'exp(=x/p)
BI (@)

The seasonal recruitment of susceptible birds is then modelled as
a weighted mixture of the species-specific birth functions derived for
northern goshawks and blackbirds. Such a formulation accounts for the
fact that multiple bird species contribute to the pool of susceptible hosts
involved in the transmission cycle. The combined recruitment function
is therefore expressed as

. x,a,f>0, 9)

an.g(d) =1.5614 , x,a,p>0. (10)

bg(d) = pbg, (d)+(1=p)bg, (d). (€N)

where b B, (d) and b B,,(d) denote the seasonal birth functions for north-
ern goshawks and blackblrds respectively, and d represents the day of

the year. The parameter 0 < p < 1 determines the bird recruitment
rate to the overall seasonal recruitment pattern, based on birth rates
of northern goshawks and blackbirds. We examine the sensitivity of
the seasonal birth-rate function bgz(d) to the mixing parameter p, illus-
trating how different values of p influence the timing and magnitude
of seasonal recruitment (Fig. 3, right). The recruitment rate into the
susceptible bird population is thus defined by

boy |1- N8| N
B()—K—B B>

while their natural mortality rate by gz = 0.0005.

The population of birds is divided into susceptible (Sp), exposed
(Ep), infectious (Ip), recovered (Rp), and dead birds (Dp), with Nz =
Sp+Ep+Ip+Rp, and a force of infection between infectious mosquitoes
and susceptible birds of
ayg (1) = KDy Pplu a12)

Ky

In Eq. (12), py, = 1.0 is the probability that a successful bite by an
infectious mosquito on a susceptible bird leads to a new bird infection,
and ¢ is the mosquito to bird ratio. The intrinsic incubation period of
exposed birds is given by -, where yg = 0.196, and from this stage,
exposed birds progress to tLLe infectious compartment. A proportion
vp = 0.655 of infectious birds die due to the WNV, at a rate of ap =
0.867, while a proportion (1 —vp) recover from the virus at a rate of aj.
Parameter definitions and sources are summarised in Table 2.

2.3. Human population

Laperriere et al. (2011) and Mbaoma et al. (2024) modelled the
human population by dividing it into susceptible (Sy;), exposed (Ep),
infected (Ij;), recovered (Ry), and deceased (D) compartments. In
this study, we adopt these four compartments and integrate human
behavioural adoption of PPE through game-theoretic and imitation-
dynamics modelling.

Bauch (2005) initially examined imitation dynamics to predict vac-
cination behaviour based on disease prevalence. We here use this
approach to model how people may decide to start using PPE in
response to WNV prevalence in birds. In this formulation, PPE use
is assumed to begin once an increase in WNV cases among birds
is observed, as bird infections are typically detected before human
cases (Tamba et al., 2024). Thus, the proportion of humans using PPE
is here defined by x, while 1 — x are those who are unprotected at any
time 7, with the rate of change of x described by the equation
Lj{—): =gx(1 —x) [—rp + r,-mIB] . 13)

In this equation, ¢ is the imitation rate that measures how quickly
people adopt PPE due to factors such as social influence, imitation,
what they hear, and what they observe within their social circle.
r, measures the perceived inconvenience, frustration, or annoyance
due to PPE use, r; measures the perceived infection risk, and m in-
dicates how much disease prevalence in birds affects PPE adoption

by susceptible humans. Notably, when r;mIg > r,, more people use
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PPE, whereas when r;mlp < r,, fewer people do. This enables us
to model PPE adoption as a game in which players are susceptible
humans who are undecided about adopting PPE, considering their
potential impacts on people’s daily socio-economic, cultural, and emo-
tional livelihoods (Bauch, 2005; N’konzi et al., 2022). The reduced
version of Eq. (13) is given by Eq. (14) and the full derivation is shown
in Section S2 of the Supplementary material.

% =xx(1 —x) [-1 + ol]. a4

It follows that when x = 0, individuals do not use any PPE, whereas
when x = 1, the entire susceptible population adopts PPE, representing
the maximum level of protective behaviour in the model.

The population of susceptible humans in Berlin is obtained from
Amt fiir Statistik Berlin-Brandenburg (2024), which reported an es-
timated population of approximately 3,685,265 in 2024. This office
further reported 33,749 births, and 37,686 in the Berlin-Brandenburg
area (Amt fiir Statistik Berlin-Brandenburg, 2025a) during the same
year. Additionally, Berlin is one of the major cities with high migration
populations (Heider et al., 2020; Amt fiir Statistik Berlin-Brandenburg,
2025b), with a 2024 net migration of 27,107, as reported by Amt fiir
Statistik Berlin-Brandenburg (2025b). Based on this data, we estimate
the crude per-capita daily recruitment rate (bj;) of susceptible humans
in Berlin as the sum of the crude birth rate and the crude net migration
rates, yielding estimates of b;; = 0.0000452 per day while the natural
mortality rates of humans is calculated from the crude death rates of
humans in Berlin yielding u; = 0.0000280 per day. Full calculations
are presented in the Section S3 of the Supplementary material.

The force of infection on humans is given by

1= x)6,, k(T 1
. :( x) M[i Py PH M (15)
M

Susceptible humans progress to the exposed class via the force of
infection in Eq. (15). In the exposed class, the intrinsic incubation
period is given by %, where y, = 0.25. As dead-end hosts, humans
do not infect mosquitoes, instead, infected humans either recover at a
rate ay = 0.5 or die at a rate v; = 0.004 due to WNV (Laperriere et al.,
2011; Mbaoma et al., 2024). The mosquito to human ratio is assumed
to be ¢y =03 -3.

2.4. Equid population

The population of equids is divided into susceptible (Sy), vacci-
nated (Vg), exposed (Ey), infected (Ij), recovered (Rj), and dead
(D). Official statistics from the Landesamt fiir Lindliche Entwicklung,
Landwirtschaft und Flurneuordnung (LELF; the state of Brandenburg
department responsible for rural development and agriculture) report
that approximately 45,000 horses are kept in Berlin and Brandenburg
combined (Landesamt fiir Landliche Entwicklung, Landwirtschaft und
Flurneuordnung (LELF), 2026). Given that there is no publicly available
census of equids in Berlin, we use this statistic as the baseline regional
susceptible equid population, while exposed, infected, recovered, and
deceased are initialised to zero. Susceptible equids are recruited at
a birth rate of by = 0.00016 and die at a natural mortality rate of
up = 0.00011 adopted from Laperriere et al. (2011). Mosquitoes can
bite either unvaccinated or vaccinated equids, with a force of infection

OSpk(Mpppele
&ME = K—.
M

A successful bite from an infectious mosquito on susceptible equids
moves them to the exposed compartment. The force of infection for
vaccinated equids is controlled by the threshold (1 — ¢g), where cp
is the vaccine effectiveness. When ¢ = 0, the vaccine is ineffective,
and vaccinated equids progress to the exposed compartment just like
unvaccinated ones. Conversely, when ¢, = 1, the vaccine is 100%
effective, and no vaccinated equids will be infected with WNV. The
population of exposed equids is then increased via a combined force

(16)
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infection: Ay, Sg+(1—cg)Ap Vi, and exposed equids can die naturally
at a rate of u. The intrinsic incubation period of equids is é, where
yg = 0.05. Equids in all compartments may die naturally at a rate ug,
while a proportion v = 0.04 of infected equids may die due to WNV
and progress to the Dy compartment at a rate a; = 0.2. A proportion
1 — vg recover at a rate of ap. The mosquito to bird ratio is assumed
to be ¢ = 3, while the vaccination rate ranges from 0 to 1, as we aim
to investigate different levels of vaccination rates. The vaccine waning
rate is estimated as 0.00190 per day (full derivation shown in Section
S3 of the Supplementary material).

2.5. Model flowchart and system of equations

The flowchart diagram of our model is shown in Fig. 4, and the
complete set of equations for system (17) is given.

dL
d_tM = [(1—upb (T)8y Ny — (uy +uy +uy)Ly ]
x [1= L] = by MLy,
Ky
ds
Mosquitoes: d_;M = by(M)Ly = gy (T) + up (1) + 3] Sy
dE
d_tM = Agy(D)Sy — lrase(T) + up (T) + uz]1 Eyy,
dl
d_:” = yu(MEy — [y (D) +uslly,,
ds, Np
ar o bB[l_K_B]NB—[’IMB(TH”B]SB’
dE
_dtB = Aup(MSp —rp+ uplEp,
c1ee ) dl
Birds: d_tB = ygEp—lag+ uglly,
dR
—L£ = (-vpagly - ugRy,
dt
dD
L apvplp,
dt
ds
d_tH = byNy—(1=x)yy(T)Sy — uySy,
dE
— = (0 =0hyy(DSy = (g + 1) Eg.
dl
d_H = yuEy—(ag+up)ly,
Humans: th
d_t” = (-vpayly —puyRy,
dD
—_—H _ vgegly,
dt
dx
= - kx(1—x) [-1+ oI,
das
d_tE = bpNp+wpgVp — Ayp(D)SE — (ug + 0p)SE,
dav,
d_f = 0pSp—(op +up)Vg — (1= cp)Ay (V.
dE;
| =E = AyeMSe+ (=) Ay (MW = [vg + uglEp,
Equids: d‘;’
dd_tE = }’EEE_[QE"'ME]IE’
RE
2 = U-veeplp —ppRg,
dD;
il vpaply,

a7

with Ny, = Ly + Sy + Eyy+ Iy, Ng =Sp+Ep+1Ip+ Ry, Ny =
Sy+Eg+Ig+Ry, Np=Sg+Vg+ Eg+Ip+ Rg. Initial values used
and a summary of the description of the state variables are shown in
Table (S1) of the Supplementary material, while parameter values are
summarised in Table 2.
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Fig. 4. Flow chart diagram for the process-based model of WNV with control interventions in bold black colour. Red arrows and compartments indicate infected
classes. Diagram created in BioRender with license Arbovirologie (2026) (https://BioRender.com/8a0gfj1). Content not licensed under the Creative Commons

Attribution (CC BY) license.

3. Methods

A global sensitivity analysis was conducted to evaluate the influ-
ence of control parameters on WNV transmission dynamics. Sensitivity
indices were determined using the Partial Rank Correlation Coeffi-
cient (PRCC) method (Blower and Dowlatabadi, 1994; Marino et al.,
2008), which measures the strength of monotonic relationships be-
tween model inputs and outputs. Parameter values were sampled via
Latin Hypercube Sampling, a stratified Monte Carlo technique, with
1000 simulations per run (Fig. 7).

The model was then simulated for the period 2018-2025 using
temperature data derived from the ERA5-Land Monthly Averaged Data
from 1950 to Present for Berlin, obtained through the Copernicus
Climate Data Store (CDS) (S.J., 2019) (Figs. 5(a)-5(c)). The data were
first interpolated to daily resolution to provide temperature inputs
for the model’s temperature-dependent parameters, aligning with the
solver’s daily time step. Linear interpolation along the temporal dimen-
sion was performed using xarray.interpolate_na() function in
Python (Hoyer and Hamman, 2017). Model solutions were scaled to the
observed data, and Spearman’s correlation coefficient was calculated
between the monthly observed and simulated time series for each year
to assess the similarity in seasonal epidemic dynamics.

Control parameters were varied within their reasonable ranges to
examine the impact of increased interventions on WNV dynamics. To

explore different control scenarios, an interactive web-based Shiny
application was developed to enable users to test different combina-
tions of intervention strategies and their epidemiological outcomes in
real time. Firstly, climate projections from the CMIP6 dataset in the
CDS (Copernicus Climate Change Service, 2021) were used to simu-
late the model for the years 2026-2046. Three shared socioeconomic
pathway scenarios were considered, i.e., SSP1-2.6, SSP2-4.5, and SSP5-
8.5, representing low, intermediate, and high greenhouse gas emission
factors. These scenarios were included, to assess how different climate
predictions may influence temperature-driven WNV dynamics, which
has an impact on control intensity and timing. For each SSP scenario,
controls can be implemented over user-defined time intervals and
explored under each scenario. Our application was implemented using
the RShiny package in R (Chang et al., 2025), and is freely available
as a free open-source tool at (4 or via the link: https://zero-west-nile-
virus.bnitm.de/.

In the app, users can specify the simulation period, and the start
and end dates for implementing the controls (default: 1 January 2026
to 31 December 2046), and run the model by clicking the p» button.
The model is then solved dynamically, and simulations of infectious
mosquitoes and birds, humans, and equids are immediately displayed.
A 10% threshold, defined as 10% of the maximum simulated value
for each compartment, is included to help users explore intervention
combinations that lower epidemic curves below this level.
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Table 1
Interpretation of the weight parameters and control costs in the objective functional, and their assumed values.
Parameter Description Interpretation Value
A, Weight associated with mosquito larvae (L) Represents the epidemiological cost associated with high 0.0001/max(LM)
mosquito larval abundance.
A, Weight associated with adult mosquito population Represents the epidemiological cost associated with the large 0.0001/max(NM)
(Ny) number of adult mosquitoes that influence WNV transmition.
Ay Weight associated with infectious birds (/) Represents the epidemiological cost of WNV infection in 0.1/max(IB)
birds.
o Cost coefficient for breeding-site removal (u,) Represents the economic and operational costs associated 50
with environmental management interventions such as
habitat modification and removal of standing water.
¢, Cost coefficient for larviciding («,) Represents the cost associated with the application of larval 50
control measures.
oy Cost coefficient for adult mosquito control (u3) Represents the economic and operational cost of adult 10*

mosquito control measures.

To determine the necessary conditions for the optimal timing and
effort level of mosquito controls under temperature forcing, an optimal
control framework was formulated. For this, an objective functional
(Eq. (18)) was defined to minimise both the eco-epidemiological bur-
den of WNV and the economic costs associated with implementing
mosquito control over a 24-month period. This functional penalises
high mosquito abundance (both larval and adults) and bird infections
while also accounting for the costs of applying control strategies. The
objective functional (Eq. (18)) integrates three components: mosquito
larvae, adult population, and infectious birds, together with quadratic
costs associated with the three control measures: breeding-site removal
(uy), larviciding (u,), and adult mosquito control (u3). Such a for-
mulation helps us understand the necessary conditions under which
mosquito control is most effective, based on temperature predictions,
thereby minimising mosquito larvae, adult mosquitoes, and infectious
bird populations at the minimum possible cost. The optimal control
problem was formulated using Pontryagin’s Maximum Principle (Pon-
tryagin, 1987), which introduces adjoint (costate) equations associated
with the state variables by minimising the objective functional:

T
1
J= /0 ALy + ANy + A3 + 5 [e12(t) + cyu3(®) + c3u3(1)] dr, (18)

subject to the state system (17), without dead-end hosts, and the
admissible control set

U = {0, uy(1),u3(0) 1 0 <u;(1) < 0.5, 1 € [0,T], i = 1,2,3}.

Here, A, A,, A; are normalised weight constants of the state vari-
ables, while ¢;,c,,c; are cost coefficients associated with the con-
trol variables, whose values are defined in Table 1. The functions
uy (1), uy(1), u3(t) represent bounded Lebesgue measurable controls on the
interval [0, Tf], with T indicating the terminal time of controls. An up-
per bound of 0.5 was imposed on the control functions, assuming that
the interventions may not be fully effective (Blayneh et al., 2010). The
full derivation and proof are provided in Section S6 of the Supplemen-
tary material. The optimal control problem was then solved numerically
using the forward-backward sweep method (Lenhart and Workman,
2007; Rodrigues et al., 2014), where the state system (17) was solved
forward in time and the co-state system (S6 in the Supplementary mate-
rial) backward in time using a forward Euler scheme, together with the
control characterisations (Eq. (19)), until convergence. A, A,, A; were
normalised using maximum values from the uncontrolled simulation,
and their values chosen such that A, > A,; A,, A, < A, indi-
cating that reducing infectious birds is more important than reducing
mosquito abundance. Similarly, the cost coefficients ¢, c,,c; are such
that ¢; > ¢, ¢y, reflecting the very high costs associated with adult
control methods compared to larviciding and breeding site removal
(Table 1).

4. Results
4.1. Model fit

The observed data used in this study are very sparse because no
systematic WNV surveillance was conducted in Germany during the
study period. As a result, reported cases are sporadic and unevenly
distributed over time. To enable a meaningful comparison between the
model results and observations, both the simulated and observed data
were aggregated into monthly totals to minimise daily fluctuations and
highlight the overall seasonal patterns of WNV transmission (Laperriere
et al., 2011; Rubel et al., 2008).

4.2. Sensitivity analysis of the control variables

Sensitivity analysis was performed to assess the contribution of each
control parameter to the host populations (Fig. 7). Negative PRCC
values indicate that increasing the control effort is associated with
a decrease in the corresponding infectious/infected host population.
Conversely, positive PRCC values indicate that increasing the control
effort increases the infected host population (Marino et al., 2008).

4.3. Behavioural dynamics of PPE adoption

Human adoption of PPE was examined in relation to WNV preva-
lence in birds (Fig. 8). The parameter w, which represents the sensitivity
of human behavioural response to increases in the infectious bird
population, was varied such that PPE adoption begins to increase
when I; > ”i) Simulations were performed for x = 4 x 10~* and
w = 0.001, 0.005, 0.008. These values correspond to behavioural
response thresholds of approximately 1000, 200, and 125 infectious
birds, respectively. Smaller values of w therefore represent a delayed
behavioural response, in which PPE adoption occurs only when the
outbreak becomes relatively large, whereas larger values represent
earlier adoption of PPE as the infectious bird population begins to rise.

4.4. Impact of vaccinating equids

The effect of the vaccination rate on WNV control was assessed by
varying the vaccination rate between 0 and 1 (Fig. 9).

4.5. Optimal control problem

The control functions for the optimal control problem were derived
analytically using Pontryagin’s Maximum Principle, together with the
characterisation and adjoint system (Section S6 of the Supplementary
material). Simulations (Fig. 10) indicate that intervention efforts are
concentrated early in the transmission season. Breeding site removal
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Fig. 5. Temporal dynamics of WNV compared to the observed cases for the period 2018-2025.

and larviciding and adult control reach their maximum peak values on
11 May, 10 May and 24 April of the first year of simulation (Fig. 10), re-
spectively. In contrast, the peak number of infectious birds occurs later
on 13 August. Thus, the maximum effect of control by breeding-site
removal occurs approximately 13 weeks before the peak in infectious
birds. Given that the objective was to minimise mosquito populations
and infectious birds, while penalising adulticiding, the average control
intensities remained relatively low throughout the season (with ; =
0.0031, @1, = 0.0024, i3 = 0.00059), highlighting that the optimal control
strategy relies mainly on breeding site removal and larviciding, while
the adult control is applied only at lower levels.

uf(t)=min 0.5, max < 0,

>

(brdp Nar + Ly)(1 = Ly /Kpp)dy } }

1
Ly (1 =Ly /KA
w6y = min { 0.5, max {0, 2L~ L/ Ko AL

[}
Syt + EppAz + Ingdy }}
c ’

u;‘(t) =min<{ 0.5, max { 0,

19

5. Discussion and conclusions

We investigated the impact of different control measures against
WNV. We adapted the model originally developed by Rubel et al.
(2008) to describe the dynamics of Usutu virus in Austria and later
extended by Laperriere et al. (2011) to capture the transmission dy-
namics of WNV among birds, humans, and equids. Recent advances
in interdisciplinary research have enabled the incorporation of human
behavioural responses into epidemiological models. In particular, we
modelled the adoption of PPE using imitation dynamics derived from
evolutionary game theory (Bauch, 2005). This framework allows the
integration of mosquito ecology, epidemiological dynamics, and human
behavioural responses, while accounting for factors such as perceived
inconvenience, limited awareness, or misinformation that may reduce
the willingness to adopt protective measures.

Using temperature data for Berlin, we simulated the population
dynamics of infectious birds, dead birds and infected equids, for the
period 2018-2025 (Fig. 5). Our model accurately predicted the known
seasonal pattern for WNV dynamics in temperate regions. Some years
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Fig. 6. Temporal comparison of observed and simulated WNV infections in birds (2018-2025). Blue bars show monthly observed cases, while the green line

represents the corresponding monthly model simulations.

had more cases than others, highlighting the impact of seasonal varia-
tion in yearly temperatures. To assess the model’s performance, monthly
averaged predictions were compared with observed surveillance data
over the study period (Fig. 6). The model successfully reproduced
the seasonal dynamics of WNV transmission, capturing the overall
seasonal timing and monthly peaks of occurrences. Particularly in
2020 and 2022-2025, the model correctly identified peak months for
both infectious and dead birds, yielding average Spearman correlation
coefficients of 0.53 and 0.52, respectively, between observed and
predicted seasonal patterns. For equids, the model identified the July
peak in 2020 and the August peaks in 2024 and 2025, yielding p = 0.63
for the overall WNV dynamics. Although agreements are evident in
some years, discrepancies between observed and predicted patterns
may partly be attributed to the lack of systematic WNV surveillance
in Germany.

We explored different levels of individuals’ reactions to disease
prevalence in birds (w) and how these influence PPE adoption and
WNYV infections in humans (Fig. 8). The simulations show that when

individuals adopt PPE promptly following reports of WNV cases in
birds, the number of human infections can be substantially reduced
(Section 4.3). In particular, when individuals respond quickly to in-
creases in WNV prevalence in birds (larger »), PPE adoption occurs ear-
lier and reduces spillover transmission to humans. This result is consis-
tent with several studies indicating that WNV infections in mosquitoes
and amplifying hosts are typically detected at least two weeks before
human cases are reported (Angelini et al., 2010; Petrovi¢ et al., 2018;
Veksler et al., 2009). Conversely, delayed responses (smaller ) prolong
periods of unprotected human exposure to infectious mosquitoes before
protective behaviour increases, leading to higher numbers of human
infections. This result further highlights the importance of early risk
communication based on bird surveillance, which can encourage the
timely adoption of PPE and reduce human infections.

Simulations of equid vaccination indicate that increasing the vacci-
nation rate leads to a substantial reduction in WNV infections among
equids. As shown in Fig. 9, higher vaccination rate results in a decline
in the number of infected equids. However, even at relatively high
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Fig. 7. Tornado plots showing the PRCC values for the control variables of the population dynamics of WNV infectious birds, WNV infected humans, and WNV

infected equids.
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in birds.

vaccination rates, the vaccine alone may not eliminate equid infections
completely as some vaccines mainly reduce the number of viremic
horses, duration and severity of clinical signs and WNV-mortality
(Bowen et al., 2014). Indeed, when vaccination is complemented with

10

mosquito-reduction strategies (mosquito reduction methods + equid
vaccination in the control app), the model with interventions predicts
a larger decline in equid infections, a result supported by Cendejas and
Goodman (2024).
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Fig. 10. Simulation of the infectious bird population compared to the control profile.

Sensitivity analysis of the seasonal recruitment function revealed
that the simulated epidemic dynamics were better reproduced for
values of p close to one (Fig. 3). This suggests that recruitment functions
with a temporal timing and magnitudes similar to those observed for
northern goshawks may produce epidemic patterns that more closely
match the observed dynamics. Importantly, this result does not imply

11

that northern goshawks dominate the avian community, but instead
demonstrates how recruitment timing and magnitude shape the avail-
ability of susceptible hosts.

Results from the sensitivity analysis of the control parameters (Fig.
7) indicate that the most effective control method is the use of adult
controls, as it yields the highest PRCC values across all hosts. This result
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is consistent with the conclusion of Bowman et al. (2005), who stated
that on average adult control methods such as adulticiding are more ef-
fective at preventing WNV spread in humans than personal protection.
Breeding site removal follows on the list. Larviciding and PPE are also
negatively correlated with the infected human population, highlighting
that larviciding with perfect seasonal timing is highly effective, as also
indicated by Abdelrazec et al. (2015). The adoption of PPE by humans
reduces the population of infected humans, further complementing
mosquito control efforts. On the other hand, vaccination of equids is
also highly negatively correlated with the population of infected equids,
indicating the need to intensify vaccination campaigns and efforts to
curb WNV infections in equids.

Temperature fluctuations may also have economic implications, as
larger outbreaks may require increased resources for control, whereas
smaller outbreaks may require comparatively fewer resources (Barber
et al., 2010). For this reason, an optimal control problem that considers
temperature- time-dependent controls was studied. Results obtained
suggest that breeding site removal and larviciding started before 1
April, aligning with rising spring temperatures, and maximised around
11 May, may have the potential to reduce the August peak in bird in-
fections. Because the optimal controls reach their highest levels several
weeks before the peak in infectious birds, the model results indicate
that preventive measures may be implemented well before the epidemic
peak, when mosquito populations begin to increase. This aligns with
the suggestions from the European Centre for Disease Prevention and
Control (2023), of preventively applying mosquito control methods
before and during the transmission season, while starting awareness
campaigns and other protective measures at the start of the WNV
transmission season. On the other hand, adult control methods such
as modifying overwintering sites may be implemented earlier (before
March). While this result is theoretical, it is supported by other mod-
elling studies, including Fesce et al. (2025) and Thomas et al. (2009).
However, it should be noted that some adult mosquito control methods,
such as winter adulticiding, are not yet well-established and may
raise questions regarding their practical feasibility; therefore, further
research is needed to evaluate their applicability. Additionally, this
analysis indicates that temperature monitoring and forecasts can act as
early warning indicators for the timely deployment of control measures.

Finally, a Shiny application was developed to explore the potential
impact of future climate projections on WNV transmission and con-
trol. The app enables users to evaluate various intervention strategies
under different climate scenarios without requiring mathematical/com-
putational skills, thereby supporting climate-informed surveillance and
control planning. Users can define the start and end of both the sim-
ulation and the control implementations. From the app, users can
explore the effects of different control combinations at different time
periods. Explorations indicate that although interventions reduce early-
season transmission, they may also delay the epidemic peak within the
same period. This occurs because early control suppresses infections
and preserves a larger susceptible population, which can enable a
later resurgence once interventions end and environmental conditions
remain favourable for transmission. These rebound dynamics can be
seen in the app, and they are mainly because, in uncontrolled scenarios,
high infection levels naturally decrease the number of susceptible
hosts, whereas control measures reduce infections and preserve a larger
susceptible population. A similar pattern occurs in host species, given
that infected birds often die from WNV, whereas humans and equids
typically recover with prolonged immunity (Papa et al., 2011; Tolnai
et al., 2025).

Mosquito reduction methods alone may not fully reduce the risk
of arbovirus transmission, but they remain important for suppressing
WNV risk across different host groups. To complement them, an inte-
grated approach that combines mosquito control methods, human PPE
adoption, and equid vaccination may be the best strategy to reduce the
WNV burden in humans and equids. For bird infections, more research
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is still needed to determine which methods can complement mosquito
reduction efforts to lower infection rates. A study by Malik (2018)
provided a theoretical framework that considers bird vaccination and
other methods to reduce contact between mosquitoes and birds, as
birds are the amplifying hosts of WNV. This suggests that mosquito
reduction efforts remain an important strategy for disrupting the WNV
transmission cycle.

Our WNV control model can be further improved in the future,
e.g., by considering other mosquito control efforts, such as the use of
modified mosquitoes, including sterile insect techniques and Wolbachia
mosquitoes (Atyame et al.,, 2015; Lees et al.,, 2015). Furthermore,
other environmental factors, such as precipitation, wind speed, and
direction, can be incorporated to support temperature in long term
predictions under climate change (Bhowmick et al., 2025; Mbaoma
et al.,, 2024). In recent years, advanced epidemiological modelling
approaches, including system identification techniques and artificial
intelligence-based adaptive policy frameworks, have been developed
to improve the prediction and control of epidemic outbreaks (Farooq
et al., 2022; Tutsoy, 2021). These approaches support the growing
role of data-driven methods in complementing traditional mechanistic
epidemic models, and this forms a possible direction for the extension
of this work.

6. Limitations of the study

The lack of a system surveillance for WNV in Germany limits the
reliability of observed cases. For model fitting, we relied on the WNV
data from World Organisation for Animal Health (WOAH) (2018 -
2025), which are spatially and temporally sparse and subject to under-
reporting, particularly regarding the large proportion of asymptomatic
cases, resulting in incomplete detection of local WNV activity. In a
real-world situation, uncertainty is a natural part of epidemiological
modelling. It can range from incomplete knowledge of model parame-
ters (parametric uncertainty), assumptions made in the model structure,
and external factors like climate variability. Both the size and form of
these uncertainties is often unknown, and hence, they must be taken
into account when interpreting model predictions (He et al., 2009; King
et al., 2015; Li et al., 2024). Moreover, our WNV control strategies are
scenario-based. Thus, due to the absence of field-tested intervention
data in Germany, the study aims to provide a qualitative assessment
of some of the available WNV control strategies.
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Table 2

Definition of parameters used in system (17).
Parameter Definition Value Source
5y (D) fraction of non-overwintering mosquitoes Eq. (1) Rubel et al. (2008)
b, (T) birth rate of mosquito larvae Eq. (2) Rubel et al. (2008)
u(T) mortality rate of mosquito larvae Eq. (3) Rubel et al. (2008)
by (T) birth rate of adult mosquitoes Eq. (4 Rubel et al. (2008)
k(T) mosquito biting rate Eq. (5) Rubel et al. (2008)
Agn(T) force of infection on mosquitoes Eq. (6) Rubel et al. (2008)
(T mortality rate of adult mosquitoes Eq. (7) Rubel et al. (2008)
u(T) latency rate of mosquitoes Eq. (8) Rubel et al. (2008)
Pu transition probability by infectious mosquitoes 1.0 Laperriere et al. (2011)
Ky, carrying capacity of mosquito population 3,300,000 Laperriere et al. (2011)
Ny in minimum number of adult mosquitoes 500,000 Laperriere et al. (2011)
by crude per-capita daily recruitment rate of susceptible birds Eq. (11) defined by the authors
Hp crude per-capita natural mortality rate of birds 0.0005 Mbaoma et al. (2024)
78 latency rate of birds 0.196 Mbaoma et al. (2024)
Apnp(T) force of infection on birds Eq. (12) Rubel et al. (2008)
¢p mosquito to bird ratio 50-300 defined by the authors
Vg proportion of infectious birds that die due to WNV 0.655 Mbaoma et al. (2024)
ag removal rate of infectious birds 0.867 Mbaoma et al. (2024)
Pp transition probability by infectious birds 0.125 Laperriere et al. (2011)
Ky carrying capacity of bird population 1,159,340 defined by the authors
by recruitment rate of susceptible humans 0.0000452 defined by the authors
Hy natural mortality rate of humans 0.0000287 defined by the authors
TH latency rate of humans 0.25 Laperriere et al. (2011)
Ay (T) force of infection on humans Eq. (15) Laperriere et al. (2011)
bu mosquito to human ratio 0.3-3 defined by the authors
7% proportion of infected humans that die due to WNV 0.004 Laperriere et al. (2011)
ay removal rate of infected humans 0.5 Laperriere et al. (2011)
K imitation rate 0.00001 defined by the authors

individuals’ sensitivity to the WNV prevalence in birds varies defined by the authors

by birth rate of susceptible equids 0.00016 Laperriere et al. (2011)
HE natural mortality rate of equids 0.00011 Laperriere et al. (2011)
YE latency rate of equids 0.05 Laperriere et al. (2011)
Ape(T) force of infection on equids Eq. (16) Laperriere et al. (2011)
b mosquito to equid ratio 3 defined by the authors
Vg proportion of infected equids that die due to WNV 0.04 Laperriere et al. (2011)
ap removal rate of infected equids 0.2 Laperriere et al. (2011)
0p vaccination rate of equids [0-1] defined by the authors
wg vaccine waning rate 0.0019 defined by the authors
cp vaccine effectiveness 0.5 defined by the authors
U removal and destruction of potential mosquito breeding sites varies defined by the authors
Uy larvicides varies defined by the authors
Uy adult control varies defined by the authors

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ecolmodel.2026.111605.

Data availability

The cleaned West Nile virus data and the code for our app are freely
available at https://github.com/Pride1234/West-Nile-virus-control.
The original datasets can be requested from the World Organisation
for Animal Health (WOAH) (2018 - 2025) website.
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Figure S1: Temperature-dependent mosquito functions fitted in [1].

S2 PPE adoption by humans

The proportion of humans using PPE is here defined by x, while 1—x are those who are unprotected
at any time t, with the rate of change of x described by the equation

dx
It =qx(1—x)[—rp+rl-m13:|. (S
In this equation, g is the imitation rate that measures how quickly people adopt PPE due to factors

such as social influence, imitation, what they hear, and what they observe within their social circle.
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The parameter r, measures the perceived inconvenience, frustration, or annoyance due to PPE use,
r; measures the perceived infection risk, and m indicates how much disease prevalence in birds
affects PPE adoption by susceptible humans. Notably, when r;mIz; > r,, more people use PPE,
whereas when r;mlg < r,, fewer people do. This enables us to model PPE adoption as a game in
which players are susceptible humans who are undecided about adopting PPE, considering their po-

tential impacts on people’s daily socio-economic, cultural, and emotional livelihoods [2, 3]. Setting

K= i, w= mri’ Eq. (S1) simplifies to:
"p Tp
d
d_)tc =kx(1—x)[—1+ wi].

The new dimensionless scaling parameter « > 0 quantifies individuals’ sensitivity to WNV preva-
lence in birds, indicating the strength of their response when deciding whether to use protective
measures. A higher value of w means individuals are more cautious and prioritise PPE use upon
observing WNV cases in birds. Conversely, lower w values show hesitation to adopt PPE despite in-
creasing bird cases. This parameter captures the impact of educational initiatives, media campaigns,
and other awareness efforts in informing people about WNV circulation in their communities and
the benefits of PPE adoption versus the risks of not using them. The rate of PPE adoption increases

1
whenever w > —. It follows that when x = 0, individuals do not use any PPE, whereas when

B
x =1, the entire susceptible population adopts PPE, representing the maximum level of protective
behaviour in the model.

_33,749+27,107
3,685,265 x 365

- ~ 0.0000452 per day. (52)

Crude death rates of humans in Berlin are calculated as:

B 37,686
3,685,265 x 365

Ur ~ 0.0000280 per day. (83)

S3 Equids: vaccination waning rate

Leading WNV vaccines are estimated to be more than 95% effective [4]. Moreover, a study by
Long et al. [5] investigated whether a single immunogenic dose of a live Flavivirus chimaera WNV
vaccine protects horses and concluded that this vaccine induces a protective immune response to
WNV infection in horses that lasts up to 12 months. After completion of the primary vaccination
course of the Equilis WNV vaccine, the European Medicines Agency [6] reported that the vaccine
confers protective immunity for up to 12 months in horses. Using this evidence, and assuming no
booster shots are administered to the equids, we consider the maximum duration of vaccine-induced
immunity to be 12 months. At the time of vaccination (t = 0), immunity is assumed to be at its
maximum level. Thereafter, vaccine-induced immunity in equids is assumed to wane exponentially
at a rate wg, such that.

dQ

dt = _wEQ’ (84)

where Q(t) denotes the immunity level at time t and wy is the vaccine waning rate.

Solving (S4) gives

Q(t) =Q(0)e™ ¥,



and therefore

WEg z—%ln(%).

Assuming immunity declines from 100% at t = O to 50% after one year (t = 365 days), i.e.
Q(365)/Q(0) = 0.5, we obtain

In(0.5) .
= _02) o 0.00190 day .
“E= " 365 v

S4 Initial conditions

Table S1: Definition of variables used in our model and their initial conditions.

Parameter Definition Value Source
Ly mosquito larvae 1 defined by the authors
Su susceptible mosquitoes 500,000 [7]
Ey exposed mosquitoes 0 [7]
Iy infectious mosquitoes 100 [7]
Sg susceptible birds 100,000 Defined by the authors
Eg exposed birds 0 [7]
Iy infectious birds 1 Defined by the authors
Ry recovered birds 0 [7]
Dg dead birds 0 [7]
Sy susceptible humans 3,685,265 [8]
Ey exposed humans 0 [7]
Iy infected humans 0 [7]
Ry recovered humans 0 [7]
Dy dead humans 0 [7]
x fraction of susceptible humans that adopt PPEs variable Defined by the authors
Sg susceptible equids 45000 [9]
Vg vaccinated equids 5 defined by the authors
Eg exposed equids 0 [7]
Iy infected equids 0 [7]
Ry recovered equids 0 [7]
Dg dead equids 0 [7]

S5 Positivity of solutions and existence of a feasible region

Our model describes a biological population. Thus, it is crucial to show that the state variables
describing the populations at different compartments are always non-negative for all time t > 0.

Proof. To prove that the solutions of our model are positive, we use proof by contradiction and we
show that none of the state variables will change its sign at any time t > 0.

Suppose the solutions are not positive for some time t > 0. Then there should exist a point T €
(0, t) where any of the variables changes its sign or hits the value zero first. Suppose L, is the
first variable to hit zero, i.e., Ly;(7) = 0, then for any t € (0,7), Ly (t) > 0,S,,(t) > 0, Ey,(t) >



0,1,(t) > 0,Ny(t) > 0,S5(t) > 0,Ep(t) > 0,I5(t) > 0,Rz(t) > 0,Dg(t) > 0, Sy (t) > 0,Ey(t) >
0,Iy4(t) > 0,Ry(t) > 0,Dy(t) > 0,Sg(t) > 0,Vg(t) > 0,Eg(t) > 0,Ig(t) > O,Rg(t), Dg(t) > 0,

dL
while M <0, i.e., is decreasing in this interval. From the first equation of our system,
dLy(7) Ly(7)
% = [(1—=u1)by 6 Ny (T)—(up +us +ug) Ly (7)] [1 - ]_bMLM(T) = (1—uy)b 6y Ny (7) > 0.
M

dLy(7)
d

t
Similarly, we can show that none of the variables can hit the value zero, implying that the solutions
remain positive for all time ¢t > 0. O

This contradicts the assumption that < 0, and thus Ly,(t) cannot hit the value zero first.

S6 Derivation of the optimal controls

Theorem 1. Given the optimal control variables (u;,u;,ug) and the objective functional:

Ty
1
J= f ArLy +AxNy +Aslp+ 5 [c1W(T) + cu3(T) + cqud(T) ] de, (S5)
0

where the constants A;,A,,As are positive weight constants for the state variables, ¢y, c,, c3 are weight
constants or cost balancing factors over time corresponding to each control variable, Ty is the terminal
or final time, then there exist optimal controls [uI(T), uy(T), ug(T)] given by

uj(t) = min {0.5, max{o, (b1 6Ny + Ly )(A = Lyt /Ky )Aq }}
G
Ly (1—Ly /Ky A
{ug(t):min{O.S,maX{O, m( m/Kn) 1}}’ 56)
Ca
SypAe + Eypda + Iy A
u§(t)=min{0.5,max{O’ MA2 T EyAz T iy 4}}’
C3

Proof. The necessary conditions an optimal control problem must satisfy are defined in the Pontrya-
gin’s Maximum Principle [10]. The principle converts our optimal control problem together with the
objective functional defined in Equation (S5), into a problem of minimizing pointwise the Hamilto-
nian (5#) with respect to the control variables (u;(t),u,(t), us(t)), where the Hamiltonian is given
by the formula:

1 1 1 , , . ,
H = ALy +ANy +Aslg+ 5cluf + 5c2u§ + 5c3u§ + ALy, + AoSy, + AsEy, + Ay,

+  AsSy+ AgEy + Agly + AgRj + AoDj. (S7)



Substituting the derivatives of the state variables, we get:

1 5, 1 5.1 4
F = AlLM+A2[SM+EM+IM]+ABIB+§C1u]+ic2u2+§C3u3
[ L
+ A4 {(1—u1)bL5M(5M+EM+IM)—(ML+u1+uz)LM}[1—K—M]—bMLM]
| M
[ 1) IS
+ A bMLM_@_(MM+U3)SM]
| B
[ & I,S
+ As %_[YM*—MM—FHBJEM]
B

+ AqlymEm — [y +usliy]

[ N, o IS
+ o bB[l__B]NB_ mBMPsIm B—MBSB]
5 Kp Ky
K IS
b g PO |
5 M
+ A;[ypEg—[ap+upliz]
+ Ag[(1—vg)agly —ugRg]
+ Aglapvplg]
(S8)
The variables A1, A,, -+, A9 are the adjoints to the state variables and should satisfy
)[1:_3_‘%; 1’2:_3_‘%; A;z—a—%; A;:_a_%; Alsz—a—%;
oLy R OFy, o1, 2S5
, J FC / FE / H
LU P L X3
O, a1, R, DN
Taking partial derivatives, we have
A= (ML+u1+u2)[1—KM]7Ll+ e M7L1+(/11—7Lz)bM—A1,
M M
, &y Bsl L
Ay = %[AZ_%]"‘(MM+u3)12—(1—u1)bL5M[1—K—M]7L1—A2,
B M
/ L
Ay = (YM+‘uM+u3)l3_(1_u1)bL6M|:1_K_M:|l1_YMA4_A2:
M
/ o S L
Xy = PP 1 G+ usha— (=)t [ 1 22 2 -
M M
, Sy Bu b5l 2bsN,
Ag = w[15—16]+1@7‘5+( - B—bs)ls,
M B
/ 2bgN,
Ao = (YB+.UB))"6_YBA7+( z B—bB)As’
B
/ o S 2bgN,
Xy = DB, T (s — (1 vpdaghs — oo+ (22—, ) 25—,
B B
/ 2byN
Ay = MBAB‘F( 2 B—bB)As,
B
Ay = 0
(59)



with transversality conditions A,(T) = A5(T) -+ = A¢(T) = 0. Moreover, [u{(t), uy(t), ug(t)] satisfy
the conditions

3_%20’ 8%:0 8%:

0
3u1 3u2 3u3 ’

implying that;

{ C2U2_LM|:1_I<_]A.1=O, (510)

in the interior of the control set % . Solving Equation (S10) for (u;,u,, u3) in %, we get the optimal
solution as:

u*(t)—min{o 5 max{O (bLéMNM—I_LM)(l_LM/KM)Al}}
\= .9, , ’
G
Ly (1—Ly /Ky)A
{uE(t):min{O.S,max{()’ m( C]:[/ M) 1}}, s
SyAy+EyAs+IyA
u§(t)=min{0.5,max{0’ M2 MA3 T Ly 4}}’
\ C3
|
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Abstract

Background Mosquitoes are well known for their ability to transmit pathogens, including various arthropod-borne
viruses (arboviruses) of veterinary and medical interest. In Europe, the increasing public health relevance of mosquito-
borne pathogens highlights the need to understand how environmental drivers shape mosquito population dynam-
ics relevant to transmission risk. Culex pipiens sensu stricto (s.s.) and Culex torrentium (collectively referred to here as Cx.
pipiens s.5./Cx. torrentium) are the primary vectors of Usutu virus and West Nile virus in Europe and are commonly
found in and around human settlements. The prediction of their spatial-temporal abundance supports early assess-
ment of arbovirus transmission risk and the planning of effective intervention methods, such as vector control.

Methods A process-based model was developed to simulate the spatial-temporal occurrence of Cx. pipiens s.s./Cx.
torrentium in Germany, with a particular focus on depicting realistic overwintering behaviour, including, diapause
induced through photoperiod and temperature in the larval stage. The model output is driven by local tempera-
ture and rainfall data provided by the European re-analysis and observations for monitoring data set and evaluated
with field data from 106 sampling sites in Germany.

Results A significant association between relative simulated and observed mosquito abundance was found for 75%
of the sampling sites, using site-specific beta regression models. An overall beta mixed-effects model across all sites
was also significant (estimate = 2.17, standard error = 0.062, Z-value = 35.03, p-value < 0.0001, marginal R>=0.4).

Conclusions This model offers a robust framework for the depiction of the mosquito population dynamics of Cx.
pipiens s.s./Cx. torrentium under current and future climate scenarios, thereby supporting vector surveillance and con-
trol strategies across Europe.
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Background

Mosquitoes (Culicidae) are small dipteran insects
of global importance due to their role as vectors of
numerous pathogens affecting humans and animals.
Their life-cycle consists of four distinct stages: egg,
larva, pupa and adult. The immature stages develop in
aquatic habitats. Female mosquitoes depend on blood
meals for egg production, and thus pathogens can be
ingested and subsequently transmitted during the next
gonotrophic cycle. Male mosquitoes do not feed on
blood under natural field conditions. Following a blood
meal, female mosquitoes undergo a resting period dur-
ing which they digest the ingested blood to develop
eggs [1], which are then laid in standing water bodies.
Culex pipiens sensu stricto (Cx. pipiens s.s.) and Culex
torrentium (collectively referred to here as Cx. pipiens
s.s./Cx. torrentium) are very important mosquito vec-
tors of aboviruses of medical and veterinary relevance
[2], with a high vector competence for Usutu virus and
West Nile virus (WNYV) [3, 4]. Since their initial emer-
gence in Germany, where Usutu virus was first detected
in 2011 and WNYV in 2018, these pathogens have been
detected each year in birds, mosquitoes and humans
[5-8]. WNV and Usutu virus are mosquito-borne fla-
viviruses that are maintained in enzootic transmis-
sion cycles between mosquitoes and avian hosts, with
humans and other mammals acting as incidental dead-
end hosts. While most human infections are asympto-
matic, both viruses can cause neuroinvasive disease,
particularly in elderly and immunocompromised indi-
viduals, and they have emerged as significant public
health concerns in several European countries. Culex
pipiens s.s./Cx. torrentium are widely distributed and
have broad host-feeding patterns, including birds, non-
human mammals and humans, making them suitable
bridge vectors [9]. These characteristics have resulted
in these two mosquito species being a main target for
surveillance and risk assessment efforts [10, 11]. How-
ever, although Cx. pipiens s.s./Cx. torrentium are sepa-
rate species, the females cannot be morphologically
differentiated. They are sibling species that frequently
occur in sympatry across Europe, with Cx. pipiens s.s.
being ubiquitous throughout Europe while Cx. torren-
tium abundances increase in more northern and cooler
regions. However, each of these species has distinct
biological and ecological characteristics. For exam-
ple, Cx. pipiens s.s. is easily captured with CO,-baited
traps, while Cx. torrentium seems to be disproportion-
ately underrepresented in such captures [12]. In addi-
tion, Cx. torrentium has a higher vector competence
for WNV compared to Cx. pipiens s.s. [3]. Also, these
two species use different overwintering sites, with Cx.
pipiens s.s. predominant in anthropogenic sites, such
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as cellars, and Cx. torrentium more frequently found in
abandoned animal burrows [13].

Entomological monitoring through systematic mos-
quito collections provides the foundation for identifying
the spatial-temporal risk of mosquito-borne pathogen
transmission. Field-based mosquito surveillance, includ-
ing collection using CO,-baited traps and subsequent
taxonomic identification and arbovirus screening, is
logistically demanding and difficult to sustain at high
spatial and temporal resolution. Process-based (mecha-
nistic) models describe dynamic systems by representing
the biological processes that determine system behav-
iour rather than relying on statistical correlations. Build-
ing on the foundations laid by Lotka [14], these models
provide a framework linking environmental drivers to
population dynamics. In the study reported here, we used
a process-based model to simulate the life-cycle of Cx.
pipiens s.s./Cx. torrentium, using temperature-, precipi-
tation- and photoperiod-dependent equations to capture
developmental and mortality rates. This type of model
enables the spatial-temporal mosquito abundance to be
estimated while at the same time allowing the simula-
tion of changing conditions, such as control measures
[15]. Several process-based models for mosquitoes have
been published for Europe, with a focus on the Mediter-
ranean region (southern France or Italy [15-18]). These
models showed a high level of performance in terms of
estimating the temporal mosquito abundance, but they
were generally only validated with field data from a few
sampling sites or relatively small areas. Consequently, a
process-based model for Cx. pipiens s.s./Cx. torrentium,
two of the most important vectors in Central Europe, and
a large-scale, site-specific evaluation is missing.

In this work, we developed and validated a process-
based model for Cx. pipiens s.s./Cx. torrentium in Ger-
many. To achieve this, we adjusted the generic model for
Aedes albopictus originally proposed by Cailly et al. [15]
and later extended to further species, including “Culex
pipiens’, by Ezanno et al. [16]. We extend the model by
replacing predefined seasonal start and end dates with
explicit, photoperiod- and temperature-driven diapause
dynamics. The model further incorporates sex-differ-
entiated life stages and revised temperature-dependent
transition and mortality functions, allowing realistic rep-
resentation of overwintering behaviour under temperate
European conditions.

The aim of this study was to develop and validate, for
the first time in Germany, a process-based model for Cx.
pipiens s.s./Cx. torrentium, perform site-specific valida-
tion to capture local population dynamics, compare the
performance of this process-based model to that of a
temperature-dependent correlative model and assess the
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Fig. 1 Flow chart of the process-based model for the life-cycle of mosquitoes Culex pipiens sensu stricto and Culex torrentium (Cx. pipiens s.5./Cx.
torrentium). Boxes represent compartments or different life stages. Solid lines represent the development from one stage to another and dashed
lines represent the interactions between the different compartments. Previously published compartments, transition and mortality rates are
highlighted in blue. For specific definitions, see Table 1 and section Mathematical model for the life cycle of Cx. pipiens s.s./Cx. torrentium

relative importance of model parameters on overall mos-
quito dynamics using a sensitivity analysis.

Methods

Mathematical model for the life cycle of Cx. pipiens s.s./Cx.
torrentium

The model consists of different compartments (Fig. 1) for
mosquito abundance in aquatic stages. These are male
and female eggs (Ear, Er); larvae (L, Lr); pupae (Par, Pr)

and diapause-conditioned pupae (Pp); and adult stages:
emerging males and females (AME;,;; AFE;,), nulliparous
host-seeking females (AFy); nulliparous resting females
(AFR) and nulliparous oviposition site-seeking females
(AFo); parous host-seeking females (AFPy); parous rest-
ing females (AFPg) and parous oviposition site-seeking
females (AFPp); and diapausing stages: emerging adult
females (AFp;) and overwintering adult females (AFpy;
Eq. 1).
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The transition between the aquatic stages is tempera-
ture-dependent (¢1(T), ¢2(T), ¢3(T); Eq. 2; Fig. 2a). Pre-
vious laboratory and semi-field studies suggest that
diapause is induced at photoperiods < 15 h of light and
temperatures lower than 20 °C [19, 20]. This is repre-
sented in our temperature- and photoperiod-dependent
function ¢g(P,T) inducing diapause (Fig. 2b; Eq. 3).
Adult females that do not enter diapause remain in the
reproductive (non-diapausing) state, which is governed
by the temperature- and photoperiod-dependent non-
diapause maintenance rate ¢9(P, T). The rate of diapause
termination is also temperature- and photoperiod-
dependent (¢19(P, T); Eq. 4; [21]). The development of
eggs begins at temperatures exceeding T4,. Development
is over when the cumulative daily temperatures exceeds
TDDy,. Additionally, temperature-dependent mortality
rates were utilised for larvae and pupae (ur(7T), up(T);
Eq 5; Fig. 3). Rainfall increases the environmental carry-
ing capacity for larvae (K7) and pupae (Kp) by increasing
the standard environmental carrying capacities (kj, k)
using the normalised rainfall over a period of 14 days
(Eq 6). The competition for resources within the breeding
site is taken into account by the density-dependent larval

mortality of yuz (T) [1 + WT)} (16, 22, 23].

Ky

The pupal density dependence was previously com-
bined in an exponential decay function using the mor-
tality at emergence (iien) as scaling factor. We propose
that the mortality at emergence (ien;) is not a matter of
resources since pupae do not take up any nutrients. Con-
sequently, the mortality at emergence can only be a sto-
chastic event or a matter of actual space restriction by
density. We thereby replaced the scaling factor with g

and strongly reduced it compared to jiey. The mortality
at emergence was kept outside of the exponential decay
function.

A proportion o of mosquito eggs are female while a
proportion of (1 — «) are male. Based on the assump-
tion that all female mosquitoes mate before seeking a
host, emerging females (AFE;,) and emerging diapaus-
ing females (AFp;) mate before the females progress
either to the host-seeking stage (AFy) or the overwin-
tering stage (AFpy). As also implemented by Ezanno
et al. [16], it is assumed that females mate only once.
In contrast, males can mate several times. Asman [24]
showed that under laboratory conditions male Cx. tar-
salis mosquitoes can inseminate up to eight females
over 21 days. Thereby, the number of females which get
fertilised by males is highly dependent on the popula-
tion density of sexually active male mosquitoes [25].
When sexually active males are scarce in the environ-
ment, the number of inseminated females that progress
to the host-seeking stage is proportional to the number
of available males multiplied by the number of females
each male can inseminate. This is denoted as ngAMEgu,
where ng is the number of females each male insemi-
nates. After mating, female mosquitoes progress to
the host-seeking stage at a rate of ¢4. Blood-feeding
induces the resting stage at a rate of ¢5 before females
start seeking an oviposition site to lay eggs at a rate of
¢6(T) (Eq 7). Female mosquitoes become parous after
depositing eggs at a rate of ¢;. The cycle repeats until
the mosquitoes die and are removed from the popula-
tion. During the diapausing stage, the overwintering
females die at a rate of yp. Female adult mosquitoes in
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general die at a rate of uusr(7T) (Eq 5), while for host-
seeking females AFy and AFPp, an additional host
seeking mortality u, is added. Adult males are shown
to have shorter longevity especially during the highest
and lowest temperatures [26]. Therefore, an additional
mortality rate for males uap(7T) (Eq. 8) was generated
based on the general adult mortality rate but was more
constrained in the temperature range (Fig. 3).

dE
— = ¢rlnpAFPo + nyAFo] — [91(T) + e (T))Er,
dEym
e (1 — a)¢7[npAFPo + nNyAFo] — [¢1(T) + ne(T)Eym,
dLr Lr+ Ly
— = T)-Ep — T Y1+ —— ) |Lp,
it &01(T) - EF {ti)z( ) + L )( + K )} F
dL Lr+L
= 1(T) - En {¢2<T) + ML(T)<1 + u)}m,
t K
dPr
e &2(T) - ¢9(P,T) - Lr — [¢p3(T) + up(T)]PF,
dPpy
e $2(T) - Ly — [up(T) + ¢3(T)]Pu,
dPp
T $2(T) - pg(P, T) - Lr — [up(T) + ¢3(T))Pp,
Py + Pp + Pr
dAMEg,, -8 <1 + K )
pran $3(T) - Par - (1 — fhem) - P — wam(T) - AME,
Py + Pp + Pr
dAFpm _ (T)-Pr-(1 ) -’ <1 * Kp > i AM, Afem  4p (T) - AF,
P @3 r Hem) - € ¢4 min q 1o EmAFDl T AR, Em WAF Em»
Py + Pp + Pr
dAFp, ¢3(T) - Pp - (1 ) - (1 " Kp ) in { noAM APt 4p (T) - AF,
= “Pp-(1-— e —min<{n _—, - . ,
7 3 D Hem 0AMem i E, AT WAF D1
dAFpy . AFp1
= AMg,,—, AF, — . P, T AFDo,
0t min {Vlo E AFp; + AFp,, Dl} [¢a - $10(P, T) + uplAFpy
AP _ i AM, Abm g\t (P, T) - AFpy — [¢5 + pr + par(T)IAE,
P ¢4 min q 1o EmAFDl T A, Em @4 - h10(P, D2 — [¢5 + wr + Har Hs
dAFR
T ¢5 - AFg — [¢6(T) + nar(T)]AFR,
dAFo
pra ¢6(T) - AFR — [¢p7 + nar(T)]AFo,
dAFPy
Pk ¢7 - [AFo + AFPo] — [¢5 + iy + nar(T)]|AFPy,
dAFPg
T ¢5 - AFPy — [¢p6(T) + uar(T)]AFPg,
dAFPg

T ¢6(T) - AFPR — [¢p7 + pnar(T)]AFPo.




Rauhdft et al. Parasites & Vectors

(2026) 19:207

Page 6 of 16

==  Male adult = == Female adult and larvae

$1(T), $2(T), $3(T) = 14 0110—-1)

1
W lf T < 15°C
¢3(P, T) = _
1+e —05
0 otherwise
P—-11
e 05 ) .
$10(P, T) = p—11 T >6%C
1+e 05
0 otherwise
wr(T), up(T), pap(T)
0.86 " X
71+e0~2(45_T) if T > 20°C
= 0.86 )
54T otherwise
14+e 5

Ki(R),Kp(R) = kx + (Rnorm(R) + 1) X € {/, p}

T —Tag
—= ifT>T
¢6(T) ={ TDDy, A
0 otherwise
! if T > 20°C
_———  ifT >
14 o0-2(40 — T)
uam(T) = 1 )
— otherwise
1+ e_g

()

1.00 - _ -
~ ~ ” -
N e
\ ,
. \ 4 .
~. < \ /7 e
0.75 < \ ’ R
N \ / ’
] . \ / N
] \ \ ’ J
© . / ’
- \ \ /.
20.50 C ;o
E . \ /7
€ \ \ Vi /.
(] ‘\ \ / .
= . \ ’ 7
N \ ’ ’
0.25 \ \ /
N \ 4 R
« \ / 4
. ’ V2 ’
~ ‘o ) ~ N _ . /’ o
0.00 TS
-20 0 20 40 60
Temperature (°C)
Fig. 3 Temperature-dependent mortality rates
0.5 Model initialisation and parameterisation

Following previous implementations of climate-driven
mosquito population models, simulations were initial-
ised with 10° male and female eggs each (Ey, EF) to
avoid numerical extinction at the start of the simula-
tion period [17]. In addition, small non-zero numbers
(1000 specimens each) of emerging females (AFg,)
and emerging diapausing females (AFp;) were assigned
at initialisation to ensure that all coupled stage transi-
tions in the model equations were defined from the first
time step. The remaining compartments initially con-
tain zero specimens, allowing population dynamics to
develop from temperature-, rainfall-, and photoperiod-
driven processes. Simulations from each sampling site
were initialised using site-specific environmental data
starting from 1 January 2015, which is 1 year prior to
the first mosquito field sampling, to ensure that model
outputs at the time of validation were not influenced by
the choice of initial conditions. The simulations ended
on 31 December 2023.

The majority of model parameters were derived from
published literature (Table 1). Existing temperature-
dependent development and mortality functions from
studies conducted in Mediterranean regions led to
unrealistic population collapse under temperate cli-
matic conditions and were therefore unsuitable for
Central and Northern Europe.

To address limitations of temperature-dependent
mortality and developmental functions derived primar-
ily from Mediterranean studies, biologically plausible
functions were reformulated for temperate climatic
conditions. The functional shape and range of the
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Table 1 Table of all model parameters, their definitions, values or functional forms, and biological origin

Parameter Definition Value Reference Origin

& (T) Egg development rate Eq.2 [16° Cx. pipiens sss.

$2(T) Larval development rate Eq.2 [16])? Cx. pipiens s.s.

@3(T) Pupal development rate Eq.2 [1ep® Cx. pipiens s.s.

ba Host-seeking rate 0.143 el Cx. pipiens s.5./Cx. torrentium
b5 Resting rate 0.885 [1e] Cx. pipiens s.5./Cx. torrentium
¢e(T) Oviposition site-seeking rate Eq.7 el Cx. pipiens s.s./Cx. torrentium
b7 Egg-laying rate 0.2 [16] Cx. pipiens s.s./Cx. torrentium
Ps(P,T) Diapause induction rate Eqg.3 [19, 20] Cx. pipiens s.l.

9P, T) Non-diapause maintenance rate 1—¢s(P,T) [19, 20] Cx. pipiens s.l.

¢10(P, T) Diapause termination rate Eq.4 [21] Cx. pipiens s.l.

E Egg mortality rate 0.0262 el Cx. pipiens s.5./Cx. torrentium
i (T) Larval mortality rate Eq.5 [27, 28)° Cx. pipiens sss.

up(T) Pupal mortality rate Eq.5 [27,28)° Cx. pipiens s.s.

uar(T) Mortality rate of female adult mosquito Eq.5 [27, 28] Cx. pipiens s.s.

wur(T) Host-seeking mortality 0.08 [16] Cx. pipiens s.s./Cx. torrentium
am(T) Mortality rate of male adult mosquito Eq.8 [27,28] Cx. pipiens s.s.

up(T) Mortality rate of diapausing female mosquito 0.02 [30] Cx. pipiens sss.

o Sex ratio at emergence stage 0.5 [16] CX. pipiens s.s./Cx. torrentium
B Strength of pupal density dependence 0.003 [a] CX. pipiens s.s.

Te Minimal temperature for egg maturation (°C) 9.8 [16,31,32] Cx. pipiens s.l.

TDDjg Degree-days for egg maturation (°C) 644 16,31, 32] Cx. pipiens s.l.

K| Larval standard environmental carrying capacity 8x 108 [16,31,32] Cx. pipiens s.l.

Kp Pupal standard environmental carrying capacity 107 [16,31,32] Cx. pipiens s.l.

Cx. Culex, s.I. sensu lato, s.s. sensu stricto

@ Functional forms or parameter magnitudes were informed by laboratory experiments conducted under fluctuating temperature regimes and supported by

published studies

temperature—mortality relationship were informed by
published experimental studies on Cx. pipiens s.s./Cx.
torrentium (e.g. [27, 28]) and supported by independent
survival (Additional file 1: Figure S1) and development
(Additional file 1: Figure S2) experiments conducted by
the authors under fluctuating temperature regimes in a
climate chamber. These sources were used to define bio-
logically realistic response shapes, while the viable tem-
perature range was broadened to reflect survival under
Europe-wide climatic conditions and heterogeneous
environments.

This approach is consistent with recent assessments
highlighting the limited transferability of temperature-
dependent parameters derived under restricted cli-
matic conditions and the need for biologically plausible
extrapolation when applying mechanistic models across
broader environmental gradients [29]. Model param-
eters were defined a priori to ensure biologically plausible
seasonal timing, without reliance on calibration to field-
derived abundance data.

Validation

Data for the validation of the process-based model were
collected with CO,-baited mosquito traps on a weekly, bi-
weekly or daily basis from April to October in 2016-2017
and 2021-2023 (Fig. 4). In 2016, 41 sites were sampled;
in subsequent years, 33 (2017), 22 (2021), eight (2022)
and seven (2023) sites were sampled. All traps were run
for approximately 24 h. For the 347 traps (of 3365 sam-
pling events) that ran for > 24 h, the daily average was
calculated. Five sampling sites were active across multi-
ple years. All mosquitoes were identified by morphology
using the taxonomic key by Becker et al. [1]. The blood-
fed status of the caught mosquitoes was assessed using
the Sella score [33], with mosquitoes categorised as unfed
(Sella score 1) or as blood-fed (from freshly engorged to
gravid; Sella score 2-7). Only female mosquitoes with a
Sella score of 1 were used for validation, since these are
the specimens considered to be host-seeking. Data from
sampling sites were included in the analysis only if: the
sites were sampled on at least six dates over 6 months per
year, a total number of > 30 Cx. pipiens s.s./Cx. torren-
tium females were captured per year and > 10 mosquitoes
were captured during the seasonal peak; this threshold
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Fig. 4 Map of Germany showing all sampling sites used to validate
the process-based model

was considered to be the minimum necessary to catch
a representative seasonal dynamic. The final validation
data set consisted of 106 sampling sites (Additional file 2:
Tables S1, S2) with 73,540 Cx. pipiens s.s./Cx. torrentium
females (mean per day = 26.69; 95% confidence interval
[95% CI] 21.31—-32.08). Culex pipiens s.s./Cx. torrentium
females cannot be reliably distinguished by their mor-
phology. Due to the ubiquitous distribution of Cx. pipi-
ens s.s. and the fact that Cx. torrentium is less frequently
captured using CO,-baited traps, the potential inclusion
of Cx. torrentium is expected to have little effect. How-
ever, to account for this uncertainty, we refer to these
specimens collectively as Cx. pipiens s.s./Cx. torrentium
throughout this manuscript.

Mean daily temperature and daily rainfall data (Euro-
pean Reanalysis and Observations for Monitoring
[EURO4M] E-OBS v29 dataset; https://www.ecmwf.int/
en/forecasts/dataset/european-reanalysis-and-obser
vations-monitoring) were obtained from the ECA&D
project (http://www.ecad.eu, [34]) and extracted for
each sampling site for the period 2015-2023. For each
sampling site and sampling date, the sum of simu-
lated nulliparous and parous host-seeking females was
compared with data from the field-caught samples.
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Therefore, smoothed rolling means were calculated
for the captured mosquito counts, the process-based
model output and the temperature-only baseline, using
a rolling window length of 4 days to reduce short-term
fluctuations. For each sampling site, all smoothed time
series were subsequently normalised to relative val-
ues to remove differences in absolute magnitude and
to focus on temporal dynamics. Because the response
variable was bounded between 0 and 1, site-level infer-
ence was based on beta regression. Two beta regression
models were fitted per site, with one model relating
relative observed mosquito abundance to mechanis-
tic model output and a second model relating relative
observed abundance to daily mean temperature as a
baseline comparison. Temperature-only models were
included to assess how well temporal patterns could be
explained without an explicit population model.

A Student’s t-test was used to determine whether
the correlation between the model’s simulations and
actual mosquito counts from field data was signifi-
cantly different from the correlation between temper-
ature alone and field data. Validation for all available
data was conducted with a beta mixed-effects model,
which analysed the relative number of simulated host-
seeking female mosquitoes from the model and the
relative number of field-collected female mosquitoes
with a Sella score of 1. Hereby, the sampling site was
used as a random effect. Again, we used an additional
beta mixed-effects model to examine whether the pro-
cess-based model provided any advantage over simply
quantifying mosquito phenology based solely on tem-
perature data. Model performance was quantified using
regression coefficients, pseudo-R? and mean squared
error (MSE) for site-specific analyses. For the pooled
analysis across all sites, regression coefficients together
with MSE and marginal and conditional R* from beta
mixed-effects models were used to assess model per-
formance. A complementary scatterplot analysis of
observed versus modelled relative abundance was per-
formed at different levels of aggregation (Additional
file 1: S3). Specifically, values were first analysed at the
original site-specific temporal resolution, then aggre-
gated across sites within each year by calendar week
and finally aggregated across sites and years by calendar
week.

Consecutive generations per season

To account for the importance of the length of the mos-
quito biting season, we evaluated temperature- and
photoperiod-dependent developmental transition rates
within the process-based model to estimate generation
turnover. For each life stage, the developmental time was
calculated as the inverse of the corresponding transition
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rate, 7;(T) = m, where ¢;(T) denotes the temperature-
dependent developmental rate of each life stage. Total
generation time was obtained by summing the develop-
mental times across all life stages.

Developmental rates were evaluated using a 7-day
mean temperature at the onset of each life stage. Based
on the resulting total generation time, the maximum
number of consecutive generations that could be

completed within a season was calculated for each raster
cell; these served as a proxy for the effective length of the
mosquito season.

This model-based calculation was performed for each
grid cell of the Europe-wide E-OBS raster for the time
period 2021-2024. Due to known artefacts in the E-OBS
dataset near the domain boundaries [35], maps were vis-
ually inspected and regions with implausible high or low



Rauhoft et al. Parasites & Vectors (2026) 19:207

values were excluded prior to calculating area-weighted
minimum, mean and maximum numbers of consecutive
generations for Europe as a whole. In addition, a buffer
zone of 50 km inside national borders was applied before
calculating country-level summaries for Sweden, Ger-
many and Spain, which represent northern, central and
southern European regions, respectively.

Sensitivity analysis

We conducted a sensitivity analysis to gain insights into
factors that influenced the general phenology of the
population of host-seeking females (sum of nulliparous
and parous females) throughout the simulation period.
To this end, parameters were resampled using the Latin
Hypercube Sampling, which is an efficient stratified
Monte Carlo sampling method that allows for simultane-
ous sampling of the multidimensional parameter space
[36, 37]. The simulation was carried out for 1 year, with
1000 simulations per run. Partial rank correlation coef-
ficients (PRCCs) were computed for each selected input
parameter and for the output variables (phenology of
host-seeking females) for the entire simulation period.

Software

All analysis was performed in R (version: 4.5.2) using
the RStudio IDE (version: 2026.01.04) [38]. Addition-
ally, functions from the following packages were used for
data preparation, visualisation and analysis: betareg [39],
DHARMa [40], performance [41], dplyr [42], tidyr [43],
ggplot2 [44], scales [45], rstatix [46], stringr [47], deSolve
[48], sensitivity [49], lhs [50], knitr [51], plyr [52], ggpubr
[53], zoo [54], raster [55], geosphere [56], lubridate [57]
and xtable [58].

Results

Validation

The process-based model depicted a seasonal dynamic
for every life stage for each sampling site (Fig. 5b, c). With
an average pseudo-R*-value of 0.54 (95% CI 0.49-0.59),
site-specific beta regression demonstrated a significant
positive association between the field data and model
output for 79 sampling sites (Fig. 6; Additional file 2:
Table S1); the remaining 21 sites showed no significant
correlation. In contrast, site-specific beta regressions
only correlating temperature with mosquito field data
had an average pseudo-R>-value of 0.37 (95% CI 0.32 -
0.41). The process-based model accounts for significantly
more variation in the field data than does the daily aver-
age temperature alone (£, = 5.05, p < 0.0001) and showed
similar model error on the relative scale (MSE,, 401 =
0.012; MSEemperature = 0.016). The beta mixed-effects
model over all sites, which relates relative field captures
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to relative model predictions was significant (estimate [E]
=2.17, standard error [SE] = 0.062, Z = 35.03, p < 0.0001)
and explained 40.42% of the variation for the fixed effect
only (marginal [marg.] R* = 0.4) and 262.06% accounting
for random variation among sampling sites (conditional
[cond.] R* = 0.62). Again, the association between tem-
perature and the field data was significant (E = 2.14, SE =
0.07, Z = 29.55, p < 0.0001), but explained less variation:
32.41% for the fixed effect (marg. R* = 0.32) and 56.71%
accounting for random variation among sampling sites
(cond. R* = 0.57). The process-based model showed a
similar model error on the relative scale compared to the
temperature (MSE,,;o4e; = 0.02; MSEemperature = 0.02).

Consecutive generations per season

Calculation of the theoretical maximum number of con-
secutive generations per year for Cx. pipiens s.s./Cx. tor-
rentium resulted in a range of one to 10 generations per
year across Europe, with an average of seven generations
(Fig. 7). For example, in Spain, six to 10 generations were
possible, with an average of nine generations; in Sweden,
three to eight generations per year were calculated, with
an average of six generations; and in Germany, the num-
ber of generations ranged from five to nine, with an aver-
age of eight generations.

Sensitivity analysis

In the sensitivity analysis, we observed that, in particular,
the egg, larval and pupal development rates as well as the
host-seeking, diapause entering rate and the number of
females each male inseminates are positively correlated
to the phenology of the population of host-seeking adults
(PRCCs > 0.2; Fig. 8). A strong negative impact (PRCCs
< — 0.2) on the phenology was found for the larval and
pupal mortality rate and the mortality of adult females.
The egg development rate contributed the most to the
phenology (PRCCs = 0.52), followed by the larval devel-
opment rate (PRCCs = 0.51). The strongest negative
impact on the phenology was shown for the mortality
rate of adult female mosquitoes (PRCCs = — 0.71).

Discussion

Our updated model with adapted temperature-depend-
ent mortality and transition rates and overwintering
compartment was able to depict the seasonal dynam-
ics of Cx. pipiens s.s./Cx. torrentium for a temper-
ate region. Although we observed strong site-specific
differences in mosquito phenology, the developed
process-based model was able to capture a large pro-
portion of the observed variability. The newly added
compartments, designed to integrate the overwinter-
ing period of the mosquitoes, successfully captured the
mosquitoes’ behaviours observed in the field. Female
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Cx. pipiens s.s./Cx. torrentium overwinter, while the
males do not survive [13, 30]. The inseminated females
overwinter in burrows, barns and cellars and are the
ones that start the new population by laying eggs in the
beginning of the favourable season, after successfully
feeding on a host. Photoperiod is considered to be the
main trigger for the induction of the diapause [19, 20].
However, only during low temperatures was the thresh-
old of < 15 h daylight found to induce diapause under
laboratory conditions. Previous publications either
relied on predefined favourable and unfavourable sea-
sons to simulate overwintering behaviour [16] or, when
diapause was explicitly modeled, it was triggered during

a nulliparous stage rather than the larval stage [59]. To
the authors’ knowledge, this study represents the first
process-based modelling approach that explicitly cap-
tures biologically realistic overwintering dynamics in
Culex mosquitoes. However, characterisation of the
overwintering ecology of Culex mosquitoes still con-
tains important knowledge gaps, particularly regarding
the termination of diapause at the end of the unfavour-
able season; in this context, more research is needed to
fully grasp the relationship between temperature and
photoperiod, and the termination of diapause [21, 60].
The inclusion of the overwintering stage allowed for
a dynamic start and end of the season. Since natural
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Fig. 7 Raster map of maximum number of consecutive generations per year for Cx. pipiens s.s./Cx. torrentium over Europe

photoperiod variations remain constant from year to
year, only temperature thresholds can postpone the
induction or termination of diapause, thereby short-
ening or extending favourable and unfavourable sea-
sons. The temperature-dependent transition rates were
designed to produce biologically meaningful values
across the entire viable temperature range, with sig-
moid functions reaching an upper plateau around the
temperature optima. Previously used transition rates
only delivered meaningful rates in a temperature range
suitable to the respective study area. On this basis, the
calculated maximum number of consecutive mosquito
generations has the advantage that it does not only con-
sider the beginning and ending of the favourable season
but also incorporates meteorological data of the entire
season. Previous studies have also highlighted the
importance of the seasonal length in disease transmis-
sion risk [61]: a longer biting season is associated with a
higher transmission risk. Also, the vertical transmission

of a pathogen by an infected mosquito to its offspring
plays a role in the persistence of WNV in temperate
regions [62]. Therefore, this process-based model and
the extracted maximum number of consecutive genera-
tions provides a framework for a more realistic assess-
ment of the local virus transmission risk.

Although not all sampling sites showed a significant
association in the site-specific beta regression models,
the beta mixed-effects model across all sampling sites
demonstrated a significant association between relative
simulated and observed host-seeking female mosquito
abundance. At the same time, mosquito phenology was
shown to be strongly temperature-dependent, although
temperature alone explained less variation in the data
set than the process-based model. The MSE differed
only marginally between the process-based model and
the temperature-only baseline, reflecting the strong
temperature dependence of mosquito phenology, which
largely determines the timing of seasonal dynamics. In
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Fig. 8 Sensitivity analysis for the phenology of host-seeking females

contrast, the higher explained variance of the process-
based model indicates that incorporating mechanis-
tic life-cycle processes improves the representation of
population structure and variability beyond tempera-
ture alone. The absence of a significant association at
some sites likely reflects local heterogeneity in habitat
structure, sampling intensity and microclimatic condi-
tions that are not explicitly resolved by gridded envi-
ronmental inputs, rather than a systematic failure of
the model framework.

It should be noted that mosquito data collected from
the field can be easily biased by various factors, such as
sampling rhythms, weather conditions, trap position or
errors by the volunteers running the trap, possibly lead-
ing to additional challenges in the validation of process-
based models. Previous publications addressed such
issues by averaging the mosquito collection data over
several traps sampled on a weekly or biweekly basis and
then using these data for validation on a regional scale
[16-18]. In our study, we validated the model based on
a large-scale data set from 106 sampling sites across Ger-
many. We did not average the data from different sam-
pling sites, thereby preserving the full variability of the
mosquito collection data, allowing a detailed assessment
of the model accuracy. Consistent with this, the scat-
terplot analysis (Additional file 1: Figure S3) shows that
agreement between observed and modelled abundance
increases with increasing levels of aggregation across
sites, suggesting that discrepancies at fine temporal and
spatial resolution are primarily driven by variability in the
observational data rather than by structural limitations
of the model. While stronger aggregation would likely

-0.50 -0.25

improve apparent model performance, it would also
mask site-specific variability and short-term dynamics. In
addition, part of the mismatch at daily resolution likely
arises from intrinsic oscillations of the model around
the environmental carrying capacity that emerge from
density-dependent processes. The remaining discrepan-
cies therefore reflect a combination of model-inherent
dynamics and environmental and sampling-related noise,
including weather conditions (e.g. wind, rainfall) and var-
iation in trap performance. Incorporating such processes
explicitly, for example through an observation model or
by accounting for trap success and environmental con-
straints, represents an important direction for future
model development.

A process-based mosquito population model can
be a very useful tool as it can provide valuable ecologi-
cal insights, e.g. seasonal dynamics of the population or
the potential maximum number of consecutive genera-
tions per season. Several parameters need further inves-
tigation to improve the accuracy of our process-based
model. On the one hand, factors such as host-seeking
rate or environmental carrying capacities rely on expert
estimation, in contrast to temperature-dependent tran-
sition rates and mortality rates during the aquatic life
stages, which could be at least experimentally meas-
ured in climate chambers. The sensitivity analysis indi-
cates that mosquito phenology in the model is primarily
driven by temperature-dependent development and
mortality processes, while parameters related to host-
seeking behaviour and density dependence introduce
additional variability, highlighting both the biological
realism of the model and key targets for future empirical
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refinement. Future work could explore Bayesian cali-
bration approaches for selected parameters, potentially
using reduced-form or surrogate versions of the model,
to formally quantify parameter uncertainty while retain-
ing the mechanistic structure [63]. Additional compart-
ments for process-based mosquito population models
could be considered, i.e. life stages such as resting adult
male mosquitoes, however, we still lack the necessary
ecological knowledge.

While precipitation was represented in the model
through its effect on aquatic habitat availability, heavy
rainfall events can also negatively affect immature mos-
quito stages through the flushing or washout of breeding
sites [64]. The magnitude of such effects depend strongly
on the characteristics of the breeding site (e.g. size of
container habitats) and the intensity of short-term rain-
fall, which cannot be captured by daily mean gridded
precipitation data. Incorporating rainfall-induced flush-
ing effects therefore represents an important direction
for future model development, particularly in the context
of increasing rainfall variability and extreme precipita-
tion events under climate change scenarios.

In addition, the model does not differentiate between
Cx. pipiens s.s. and Cx. torrentium, two closely related
sibling species which probably have different tempera-
ture dependencies [65]. Knowledge of the thermal biol-
ogy of Cx. torrentium, in particular, is scarce, and it is not
yet possible to separate these two species in our model
approach. In Central and Northern Europe, these species
occur sympatrically and females can only be reliably dis-
tinguished using molecular methods, as morphological
characteristics alone are insufficient for female identifi-
cation [1], which limits the availability of species-specific
field data for model validation. Although not stated as
such, previous modelling approaches for “Culex pipiens”
in Europe treated both species collectively as Cx. pipiens
s.s./Cx. torrentium because field collections were based
on CO,-baited traps targeting females that can not be
distinguished by morphological means [16, 18]. Given
the predominance of Cx. pipiens s.s. in most regions,
the potential inclusion of Cx. torrentium is expected to
have little influence on model outcomes. This expecta-
tion is also supported by the fact that Cx. torrentium is
disproportionately less captured by CO,-baited traps
compared to Cx. pipiens s.s. [12]. Nonetheless, this sim-
plification introduces uncertainty, especially in regions
such as Northern Europe where Cx. forrentium occurs in
high abundance [66]. Future versions of this model could
benefit from integrating species-specific thermal and
developmental parameters once sufficient experimental
and field data become available. Such data would enable
a more accurate assessment of the species’ respective
ecological niches, overwintering behaviour and vector
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competence. Currently, however, the scarcity of field data
on Cx. torrentium remains a major constraint for param-
eter differentiation and model validation..

Conclusions

Overall, this work shows that process-based models
grounded in mechanistic thermal biology, and explic-
itly driven by temperature, photoperiod and rainfall,
can meaningfully approximate seasonal Cx. pipiens s.s.
and Cx. torrentium dynamics in temperate regions, and
therefore provide a useful basis for more realistic assess-
ments of local arbovirus transmission risk.
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Abstract

Usutu virus (USUV) is a flavivirus of the Japanese encephalitis complex transmitted between
Culex mosquitoes and birds, a transmission pattern similar to that of the West Nile virus (WNV).
In Germany, the first case of USUV was detected in 2010 in mosquitoes collected in the town
of Weinheim, and by 2018 the virus had spread to almost the entire country. Interestingly, the
infection front exhibited a clockwise rotational spread pattern throughout the years, a pattern
completely different from that of the WNV. This clockwise progression corresponded closely with
the spatial temperature gradient, suggesting that warmer regions probably facilitated faster viral
amplification and onward transmission. Understanding the drivers that influence the spread-
ing patterns of arboviruses is important as it guides surveillance and implementation of con-
trol strategies. In this study, we develop a reaction-diffusion partial differential equation (PDE)
model to investigate the spatial spread of USUV in Germany within an extended domain that
includes some neighbouring countries (Belgium, the Netherlands, and Luxembourg), thereby
capturing cross-border transmission processes. Mosquito parameters, i.e., extrinsic incubation
rate, mortality and biting rates, are temperature-driven, as temperature plays an important role
in the activity of mosquitoes. Our model qualitatively reproduced the main spatial trends of
USUV in Germany and surrounding countries. The heterogeneous spread pattern arises from
the interplay of diffusion and spatially varying temperature, which together may influence de-
termine regions with higher transmission potential.

Keywords: Usutu virus, diffusion, spread, birds, partial differential equations

1 Introduction

Mosquito-borne arboviruses are a global health concern. Despite their main relevance in tropi-
cal countries, Europe has recorded an increased number of mosquito-borne disease cases, both
imported and autochthonous (Calzolari, 2016). Factors such as climate and land-use change, or
long-distance travel, among others, have been closely linked to the expansion of several medically
relevant mosquito species in the European continent (Cheng et al., 2018; Kolimenakis et al., 2021;
Mangili and Gendreau, 2005; Semenza and Paz, 2021). Among the tropical viruses in Europe, the
Usutu virus (USUV) has stood out in recent years as a particularly lethal pathogen for birds, espe-
cially blackbirds (Turdus merula) (Liihken et al., 2017). USUV is a mosquito-borne flavivirus of the

*Corresponding author: pride.duve@bnitm.de



Japanese encephalitis complex and circulates between birds and transmitted by mosquitoes, espe-
cially of the Culex genus (De Madrid and Porterfield, 1974; Jost et al., 2011; Lithken et al., 2017).
European blackbirds have been identified as the most susceptible amplifying host, while humans,
equids, and other mammals are considered dead-end hosts, a transmission cycle similar to that of
West Nile virus (WNV) (Nikolay, 2015).

USUV was first isolated from Cx. neavei mosquitoes in South Africa in 1959 near the Usutu river
(Woodall, 1964). More than five decades later, the virus was retrospectively detected to have caused
an extensive die-off of common blackbirds in the Tuscany region of Italy, in 1996 (Weissenbock et al.,
2013). Since then, USUV has been confirmed in Austria, Hungary, Germany, the United Kingdom
and other European countries (Simonin, 2024).

In Germany, the first case of USUV in mosquitoes was isolated from a pool of Cx. pipiens biotype
pipiens trapped in August 2010 in South West Germany (Jost et al., 2011). The phylogenetic anal-
ysis of this strain showed a close relationship with the USUV strain from Italy (Engel et al., 2016),
indicating the spread within the European continent. Soon after, Germany experienced high black-
bird mortality events (Becker et al., 2012b; Cadar et al., 2017a), and at least two cases of human
infections were recorded among healthy blood donors (Allering et al., 2012; Cadar et al., 2017b).
Infected blackbirds often show neurological clinical signs such as overturning, pedalling, and in-
coordination (Musto et al., 2022). On the other hand, infected humans may exhibit mild symptoms
ranging from rash, jaundice, fever, and many more (Cadar and Simonin, 2022; Roesch et al., 2019).
However, the emergence of neuroinvasive USUV disease has been also documented, including a re-
cent fatal autochthonous case in an immunocompromised patient in Hungary in 2025 (Té6th et al.,
2025; Szabd et al., 2025).

To date, USUV remains a major concern, with its re-emergence continuously threatening the avian
population, and a potential to cause disease to humans (Vilibi¢-Cavlek et al., 2025). Despite its
growing public health and veterinary importance, USUV remains understudied compared to other
arboviruses (Cheng et al., 2018). Its genetic similarity with WNV and co-circulation in the same
ecological niche further complicates its diagnosis and can have negative effects on its epidemiol-
ogy (Nikolay, 2015). Thus, a further understanding of its spreading pattern, climate drivers, and
spillover risks to mammals is required (Liihken et al., 2017). Moreover, a deeper understanding of
the underlying factors influencing transmission patterns and the geographical spread of USUV can
help to develop effective early warning systems. Therefore, in this study, we formulate and study a
PDE model for USUV with an aim of mechanistically linking local transmission processes with spatial
movement of mosquitoes and birds, and environmental heterogeneity via temperature gradients, in
order to explain and model the spread of USUV.

Although the primary focus of this study is Germany, the inclusion of neighbouring regions such
as the Netherlands, Belgium, and Luxembourg helps us better capture cross-border transmission
dynamics, particularly in border areas where reported cases indicate possible spillover driven by
ecological connectivity and host movement.

Several models have been studied to understand the transmission dynamics of USUV. Rubel et al.
(2008) developed and calibrated the first model to explain USUV dynamics in Austria. The com-
partmental model consists of bird and mosquito populations, with temperature-dependent mosquito
parameters. This model draws insights on how temperature patterns can be coupled with traditional
process-based models to explain the USUV transmission cycle. Since then, many models have been
studied, extended from this initial model considering further epidemiological and ecological factors.
Reiczigel et al. (2009) extended this model into a hierarchical Bayesian model which adds stochas-
ticity to deterministic models. The stochastic version improved the fitting to real-world USUV data,
revealing the structure of inter-dependencies between different model parameters.

Brugger and Rubel (2009) modelled USUV using five global climate models with temperature-
dependent parameters. The model considered four different climate-warming scenarios defined by



the Intergovernmental Panel on Climate Change, IPCC (20 different model-scenario combinations).
Results from the simulation of the worst-case scenarios identified an endemic equilibrium with a
decline of the blackbird population of about 24%. Machine learning models such as Maxent, are
well known for their high predictive accuracy, especially when there is presence-only data. There-
fore, Cheng et al. (2018) compared an environmental niche model with the compartmental model
by Rubel et al. (2008) to evaluate the risk of USUV circulation in Europe. The study showed that
the mechanistic model was able to capture the transmission potential but could overestimate the
local transmission risk. On the other hand, the environmental niche models reproduced observed
patterns yet underestimated emergence risk for new, previously uninfected regions. Liihken et al.
(2017) studied a boosted regression tree-based model to identify areas suitable for USUV circula-
tion and the effects of the virus on breeding bird populations in Germany. This modelling approach
identified the southwestern region of Germany as the high-risk zone of USUV, although the virus
circulation affected all federal states by the year 2018 (Michel et al., 2019).

While USUV models have been useful in identifying risk areas and potential outbreak drivers, such
as temperature and rainfall, key uncertainties remain. Most existing models focus on the fixed
spatial-temporal distribution of USUV. In fact, some models only explain the spatial distribution
pattern in specific years without considering movement of USUV-infected specimens in time and
space. However, in reality, hosts and vectors are not stationary but move locally roughly random
manner in search of food, shelter and other dispersal factors (Hamer et al., 2014; Michel et al.,
2019). Mathematically, this movement can be described by the diffusion process, represented by the
Laplacian operator (A) added to each equation, which causes the population densities to flow from
initially infected areas to more suitable ones across the domain. As a result, such a model becomes
a reaction-diffusion PDE model, which can better depict real spatial patterns of USUV. Therefore,
in this study, we extend the ordinary differential equation based model originally developed by
Rubel et al. (2008) for the dynamics of USUV in Austria and we formulate a reaction-diffusion PDE
model that includes bird and mosquito populations. This model incorporates the diffusion process,
to simulate the random movement of birds and mosquitoes, while the reaction terms describe their
interactions at each point in time and space.

2 Model description

In this study, we adopted the ordinary differential equation model by Rubel et al. (2008). This model
is extended to include the diffusion process representing the random movement of both mosquitoes
and birds, and mosquito parameters depend on the spatial temperature data for Germany, Nether-
lands, Belgium and Luxembourg. Our extended version consists of a system of PDEs with popula-
tions of mosquitoes and birds (Figure 1 and system 6). The mosquito population at any given time
t and location x € (x,y) is divided into susceptible: Sy, exposed: Ey, and infectious mosquitoes:
I, with a total population Ny, = Sy, + Ey, + I;,. Mosquitoes are recruited into the susceptible class via

a logistic recruitment term: by Ny, [1 - K—V} . Susceptible mosquitoes that interact with infectious
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birds progress to the exposed class, with a temperature dependent mosquito biting rate:

0.344

B(T,x) = ;
141.231¢—0-184(T —20)

€3]

and a probability of acquiring an infection from a successful bite of an infectious bird of p,. The
force of infection on mosquitoes is given by

pvﬂ(Tax)IB )

Agy(T,x) = N
B

(2



In the exposed class, mosquitoes are infected but not yet infectious. Only after an incubation period

1
of ———— days they become infectious at a latency rate:
YV(T: x)

1
,—0.09T +5.36’

Yv ( T, x) = (3)
which was fitted for WNV in Cx. pipiens by Heidecke et al. (2025). A WNV latency rate is adopted
because suitable USUV data to estimate the USUV extrinsic incubation period is unavailable. How-
ever, given the similarities between the two viruses, this assumption is reasonable (Rubel et al.,
2008). Mosquitoes in all health states die at a natural death rate:

0.0025T% —0.094T + 1.0257
v (T, x) = 0 ; )

fitted in Rubel et al. (2008).

The population of birds under study is divided into susceptible: Sz, exposed: Ep, infectious: I,

recovered: Rp, and dead birds: Dg. Birds are recruited into the susceptible class through a logistic
N

recruitment rate of by Ny [1 - K—B] , Where Ny = Sp + Eg + Iz + Ry is the total bird population. With

B
a force of infection

¢p(x)pp(x)B(T, x)Iy

A'VB(Tﬁx): N,
\'

)

susceptible birds (Sg) move to the exposed class (Ez). The parameter p; measures the probability
that a successful bite by an infectious mosquito leads to a new bird infection, while (T, x) is the
mosquito biting rate and ¢y is the mosquito to bird ratio. Similar to WNV models (Bhowmick et al.,
2020, 2023; Laperriere et al., 2011; Mbaoma et al., 2024), the mosquito to bird ratio is an important
factor that determines the per biting pressure each bird receives, and therefore how efficiently a virus
can spread.

Birds leave the exposed class (Ez) at a latency rate of y5, where they become infectious. A pro-
portion vy of infectious birds (I3) die due to the USUV at a rate ap, while a proportion 1 — v
recovers at the same rate. The natural mortality rate of birds at all life stages is denoted by ug. The
schematic diagram of the model under study is shown in Figure (1), while the corresponding system
of equations is described by system (6).
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Figure 1: Flow chart diagram for the transmission dynamics of USUV. Red colours indicate infected
classes, while dotted lines indicate cross-infection between birds and mosquitoes. Figure created
using BioRender. Arbovirologie (2025), https://BioRender.com/r9wek95. Content not licensed un-
der the Creative Commons Attribution (CC BY) license.

The system of equations becomes:

as N,

—~ = DjASy, + bva[1——V]—[ABV(T,X)‘FMV(T,?C)]SV,
at Ky

BE,

ar DiAE, +  Agy(T,x)Sy —[yy(T,x)+uy(T,x)]Ey,

dI

8_: = DAL, +  yy(T,x)Ey — uy(T,x)Iy,

28 N,

=2 = D,ASp  + bBNB[1——3]—[AVB(T,X)+MB]SB,

ot Kg 6)
OE,

a2 DyAEg  + Ayp(T,x)Sg—[yp +uplEs,

ol

Fr DyAly + ygEg—[ag+ugllp,

oR,

P D,ARg  + (1—wvg)agly—ugRg,

dDg ) [

9YB _ aply,

3t gAglp

subject to the initial conditions: Sy (0,x) = vy ;(x), Ey(0,x) = 5(x), I(0,x) = ¢3(x), Sz(0,x) =
1/)4(3(): EB(OJX) = ¢5(x)1 IB(OJX) = ¢6(X)RB(09X) = ¢7(X), DB(O’X) = DBO) Wherex = (X>}’) € Q;
az(')Jraz(')

R We assume the system moves in a region 2 ¢ R?, with a smooth boundary
X y

and A =




according to Fick’s law (Fick, 1855), so that in the initial conditions, x € ©, where v); € C2(Q)NC(Q)
and subject to the homogeneous Neumann boundary conditions:

SSV_aEV_SIV_ésB_aEB_%_%_
v dv dv dv v v v

0,

forx € 9Q, t > 0, and v is the unit outer normal to Q. Variables and parameters used in the model
are summarized in Table (1).

Detailed proofs of the existence, positivity, and boundedness of solutions to the PDE model are
presented in Appendix (6.1).

3 Methods

3.1 Temperature forcing

Temperature is a key environmental variable for USUV transmission and spread (Rubel et al., 2008).
It is known for its influence on the mosquito life-history traits, including biting rate, development
time, survival, and dispersal. In addition, viral processes such as the extrinsic incubation period
within the mosquito shorten at higher temperatures, increasing transmission potential. Conse-
quently, temperature directly modulates the effective transmission rate and can create seasonal win-
dows when outbreaks are possible, especially in temperate regions such as Germany. In this study;,
temperature-dependent parameters, i.e., mosquito biting rate, latency rate and mortality rate, are
adopted from experimental studies (Rubel et al., 2008) and (Heidecke et al., 2025). The thermal
functions are defined in Eqn. (1, 3, 4) and their spatio-temporal plots in Fig. (2).
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(a) Space-dependent thermal mosquito parameters for the year 2018.
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Figure 2: Spatio-temporal mosquito biting rate 3(T, x), mortality rate u (T, x) and extrinsic incubation rate
vy (T, x) over the geometry (merged maps of Belgium, Germany, Luxembourg and the Netherlands).



3.2 USUV free equilibrium point and the local reproduction number

System (6) admits an USUV-free equilibrium point & :

. 0 O 70 ¢0 0 70 PO 0] — By
&: [S9,EQ,10,80,EQ,10,RS, DY ] = [KV [1 -

],o,o,KB[1—“—B],o,0,o,o]. %)
", b

B

The uniqueness of &, follows from [(Wang et al., 2018), Lemma 2.1]. The local basic reproductive
number denoted by Ry(x) is the average number of new infections produced by a single infectious
mosquito or bird. In this case, we use it to create spatial USUV risk maps such that regions where
Ro(x) imply a higher risk, compared to regions where it is low. Ry(x) is computed using the next
generation matrix method defined by (Diekmann et al., 2009), and applied in an USUV model by
(Rubel et al., 2008). Infected terms of system (6) are re-written in terms of the rate of appearance of
new infections in compartment i, denoted F;, and the rate of transfer into and out of compartment
i, denoted V;, where i = Ey, Iy, Eg, Iz (van den Driessche and Watmough, 2002), such that:

pyB(x)I5S 1 i 1
VN—BV (yv(x)+ py(x)) Ey
B
0 —1v(x)Ey + uy (x)Iy
gz(x) = , and /V(x) =
x)IyS
¢prﬁ( ) VB (YB+UB)EB
Ny
0 | —rveEg+(agtug)ls |
Taking partial derivatives, we have:
[ pyB(x)Sy T i
0 0 0 VN—OV yy(x)+uy(x) 0 0 0
B
0 0 0 0 —rv uy O 0
F(x)= , and V(x)=
0
0 ¢prﬂ(x)53 0 0 0 0 yp+ug 0
Ny
0 0 0 0 i 0 0 —yp ap+tup|

The basic USUV reproductive number is given by the largest eigenvalue of the matrix FV ™!, and is
given by

Re(x) = J (PO (GBI

v8(x) + up(x)]lap(x) + up(x)] Lyv () + oy () Juy (%)

The USUV reproductive number (Ry(x)) represents the average number of new infections caused by

a single infected mosquito or bird, in a completely susceptible population. In precise, (Ro(x)) can
be written as




ﬂ(x)PvYB ﬂ(x)Pva(x)
Role) = vy xrim, where o = () S + i) ™0™ = Gy () iy G ity ()

can be interpreted as the average number of new bird infections per infectious mosquito, and the
average number of new mosquito infections per infectious birds, respectively. (Ry(x)) shows the
spatial variation of USUV across different regions (Figure 4). For a specific location in Germany,
higher values of (Ry(x)) indicate a heightened USUV risk compared to regions with lower values.
The spatial heterogeneity in (Ry(x)) further reflects temperature associated geographical variation
of USUV transmission and spread.

3.3 USUV data

Unlike many human and animal (pet and livestock) infectious diseases, USUV circulation is not easy
to detect because it primarily affects wild bird populations, which are more challenging to moni-
tor. Human clinical surveillance is limited because infections in humans are usually asymptomatic.
In some instances, infections have been identified incidentally through blood donor screening (An-
geloni et al., 2023), but such detections may not reliably reflect broader infection patterns.

As a result, a nationwide surveillance programme was established in Germany, encouraging citizens
to report and submit dead birds for laboratory testing. This citizen science initiative, led by the
Bernhard Nocht Institute for Tropical Medicine, enabled large-scale spatial and temporal monitor-
ing of USUV circulation nationwide. However, as with most passive surveillance systems, certain
limitations need to be recognised, including potential reporting bias towards urban areas, varia-
tion in carcass condition caused by shipping delays and decomposition, and occasional inaccuracies
in recorded collection locations. Despite these challenges, USUV data for Germany indicated a
widespread presence across the country by 2018 (Figure 4), with regions in the southwest (along
the Upper Rhine valley) and Hamburg showing high circulation.

While the available German surveillance data largely depend on passive monitoring of dead birds,
the available data from the Netherlands were collected within a comprehensive One Health active
surveillance program for USUV in 2016. This nationwide monitoring system included sampling of
live, free-ranging birds and dead birds until 2022. Live birds were captured by trained volunteer bird
ringers across the country and sampled via throat and cloacal swabs, as well as blood, for serological
testing. Dead birds were mainly reported through citizen submissions and examined at the Dutch
Wildlife Health Centre, where necropsies were performed, and brain tissue was tested for USUV.
From 2019, mosquitoes were also sampled for USUV, and all submitted birds underwent systematic
testing regardless of the suspected cause of death (Miinger et al., 2025).

The increased USUV circulation in both birds and humans in the neighbouring Luxembourg prompted
the initiation of passive surveillance as an early warning system (Snoeck et al., 2022; Vilibic-Cavlek
et al., 2020). A total of 61 samples were tested as part of surveillance based dead-bird monitoring.
During the surveillance period, 33 birds were examined, and only one Eurasian blackbird (Turdus
merula) detected in September 2020 tested positive for USUV, marking the first confirmed case in
the country.

In Belgium, USUV circulation has also been documented primarily through regional passive surveil-
lance, rather than a continuous nationwide monitoring program similar to that in Germany and the
Netherlands. Following unusual bird mortality events, USUV was first detected in southern Belgium
in 2016, with confirmed cases identified through RT-qPCR testing of dead wild birds submitted to
wildlife rehabilitation centres (Benzarti et al., 2020; Cadar et al., 2017a). Between 2017 and 2018,
expanded passive monitoring detected numerous USUV-positive birds across several species, partic-
ularly Eurasian blackbirds (Turdus merula), indicating active local transmission and suggesting the
virus had become established (Benzarti et al., 2020).



Our data for fitting the model thus comes from various heterogeneous sources. More precisely, the
German and Dutch data mainly originate from citizen science projects conducted in those countries.
Cases from the Netherlands are published in Miinger et al. (2025) and van den Brand et al. (2025),
while the single case observed in Luxembourg in 2020 has been documented in (Snoeck et al.,
2022), and the Belgian cases were reported in several studies, including (Cheng et al., 2018; Qiu
et al., 2025). Citizen science data from Germany are published along with this study. Consequently,
the data are only intended for reference to help identify regions with higher circulation risks.

3.4 Simulation framework

In the model simulation, the densities of susceptible birds and mosquitoes are assumed to be spatially
homogeneously distributed across the entire domain. An estimated area for mainland Germany;,
Netherlands, Belgium and Luxembourg from our simplified geometry is A=426,840 km? ~ 4.2684 x
10'! m?. Thus, assuming a total bird population of 110 million all over Germany, we estimate a bird
density of 110 x 10°/A ~ 2.6 x 10~ susceptible birds per square meter. Given the high abundance of
Culex mosquitoes (Becker et al., 2012a; Rudolf et al., 2013; Walther and Kampen, 2017), we assume
an initial susceptible mosquito population of 2 x 10° /A yielding a density of 0.00467 susceptible
mosquitoes per square meter.

Diffusion coefficients are estimated using inverse modelling, by adjusting them within the species
reasonable mobility rates per day. The selected values are then interpreted using the root-mean-
square displacement (RMSD), a metric that describes the dispersal distance species move from the
initial source under diffusion after a time 7 (Einstein, 1905; Metelmann, 2019). The RMSD is
calculated using the formula:

RMSD = +/2pD~,

where p = 2 is the spatial dimension, D is the diffusion coefficient and 7 is the time step.

Although reported cases likely under-represent the true extent of circulation due to a risk of under-
reporting, they nevertheless serve as reliable indicators of regions where transmission is active.
Because of this, we seed initial conditions for the infected classes in the Southwestern (around
Weinheim) and Western regions (around Bonn), as described in the observed dataset. Infections
were confirmed in these regions and their surroundings by the end of 2011, and thus the initial
condition distribution is centred at these regions, according to a Gaussian distribution:

(e =x)* + (¥ —y0)°
flt,x)=e 202 . )

In eq (9), (xg,Yo) are the central nodes of the infected regions, and o = 40 km is the standard
deviation which controls the spatial radius over which the initial infection is present. Integrating
eq (9) over the mesh gives the total mass B, which normalizes initial conditions for infected classes
defined by the Gaussian. To ensure effective interaction of reaction terms during the simulation
process, we choose initial infected populations in such a way that Sy, /A—Ey /B —1I;,/B > 0 and
Sg/A—Eg/B—I5/B—Rp/B > 0. The model variables and initial conditions are summarized in Table

(1.

Our PDE model is solved numerically using the Matlab PDEToolbox (The MathWorks, Inc., 2025),
which solves PDEs of the form:
d%u du

mﬁ+da—v-(cVu)+au=f. (10)



Table 1: Definition of state variables and parameters.

Variable/Parameter Definition Value Source

Sy susceptible mosquitoes (mosquitoes/m?) 2x107/A defined by the authors
Ey exposed mosquitoes (mosquitoes/m?) 10 x 10%/B defined by the authors
Iy infectious mosquitoes (mosquitoes/m?) 10 x 10%/B defined by the authors
Sg susceptible birds (birds/m?) 110 x 10°/A defined by the authors
Eg exposed birds (birds/m?) 1x10°/B defined by the authors
Iy infectious birds (birds/m?) 1x10°/B defined by the authors
Ry recovered birds (birds/m?) 1x10%/B defined by the authors
Dy dead birds (birds/m?) 1x10°%/B Defined by the authors
B(T,x) mosquito biting rate Eq (1) (Rubel et al., 2008)
yv(T,x) latency rate of mosquitoes Eq (3) (Heidecke et al., 2025)
uy(T,x) mortality rate of mosquitoes Eq (4) (Rubel et al., 2008)
ye(x) latency rate of birds 0.667 (Rubel et al., 2008)
ag(x) removal rate of birds 0.0182 (Rubel et al., 2008)
vg(x) fraction of birds dying due to the infection 0.3 (Rubel et al., 2008)
ug(x) mortality rate of birds 0.0012 (Rubel et al., 2008)
p,(x) probability of virus transmission by infectious birds 0.125 (Rubel et al., 2008)
py(x) probability of virus transmission by infectious mosquitoes 1.000 (Rubel et al., 2008)
¢p(x) mosquito to bird ratio Table (2) defined by the authors
Ky environmental carrying capacity of mosquitoes Sy(0,x) (Rubel et al., 2008)
Kp environmental carrying capacity of birds Sp(0,x) (Rubel et al., 2008)
Dy(x) diffusion coefficient for mosquitoes Table (2) defined by the authors
Dy(x) diffusion coefficient for birds Table (2) defined by the authors

In our case, m = 0,d = 1, a = 0, and matrices ¢ and f are defined in Appendix (6.3). The matrix ¢
consists of the diffusion coefficients, while f stores reaction terms. The full algorithm for the solver
is fully explained in our West Nile virus study (Duve et al., 2026). It is important to compare our
model results with the observed data. However, given that the PDE model produces a continuous
solution, while the observed data is discrete, fitting the model is not straightforward. We fitted our
model predictions by aggregating our annual PDE solution and the annual observed data into the
GADM level-2 administrative units of Germany (Global Administrative Areas, 2024), comprising 356
rural districts (Landkreise) and urban districts (kreisfreie Stadte). We then tested for a Spearman’s
correlation between the simulated districts and observed, by checking if high predicted regions
correspond to regions with high observed cases.

4 Results

With USUV initially detected in Weinheim and Bonn in 2011, a notable range expansion is observed
towards Belgium, the Netherlands, and northern Germany (Figure 5). Cases increased since 2011,
although the spread has been slower over the years. The root mean squared displacement (RMSD)
in both mosquitoes and birds increased steadily during this period. The Spearman’s correlation
values, reported as p, ranged from 0.29 to 0.44 across all years (2011-2018), indicating a weak
positive monotonic relationship between the observed data and the model predictions (Figure 8).
This could be because the PDE solution is continuous and highly sensitive to small values, similar
to noise, which may be present in regions without confirmed cases. On the other hand, under-
reporting cannot be ruled out either. However, despite this, there is some visual agreement between
the observed distributions and the predicted cases, with the main circulation area remaining in the
south-west (around the Rhein valley) (Figures 5, 6, 7, 8). In 2016, an isolated case was recorded in
the eastern part of Germany, within Berlin, and more cases were observed in the Netherlands. Since
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Table 2: Values for the diffusion coefficients for mosquitoes and birds (D;,D,) in km? per day, root mean
squared displacement (RMSD) in km, mosquito to bird ratio (¢5) Spearman’s rank correlation coefficient (p),

and p-values.

Year D, D, RMSD; RMSD, ol P p-value
2012 3.0 6.0 57.4 81.2 30 0.37 5.5x 10713
2013 8.0 10.0 93.8 104.9 40 0.38 1.8x 10713
2014 3.0 6.0 57.4 81.2 40 0.40 6.1x1071
2015 6.0 9.0 81.2 99.5 30 0.41 1.4x1071
2016 5.0 8.0 74.2 93.8 50 0.44 5.7x 10718
2017 5.0 8.0 74.2 93.8 30 0.41 3.4x 10716
2018 5.0 8.0 74.2 93.8 40 0.29 4.4x1078

then, a rising number of new cases has been detected in Belgium, the Netherlands, and subsequently
across Germany. Luxembourg lies in a low-risk area (Figure 4), and the first case in this country was

reported in 2020.
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Figure 4: USUV data for the years 2011-2020 (Left) and the basic reproductive number Ry(x) (Right), for

the year 2018.
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Figure 5: Model simulation compared to observed USUV data during the years 2011-2018.
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5 Discussions

This study provides new insights into the spread of USUV in Germany, taking into account cross-
border dynamics with the Netherlands, Belgium, and Luxembourg since its first detection in Ger-
many in 2010. We developed a reaction-diffusion PDE model for mosquitoes and birds, incorpo-
rating temperature-dependent mosquito parameters. We proved mathematical properties such as
non-negativity, uniqueness of solutions and the well-posedness of the model (Appendix 6.1). The
basic reproductive number Ry(x) is used to assess low- and high-risk regions, with high Ry(x) val-
ues indicating heightened risk. Ry(x) values ranged between 0.3 and 2.2 (Figure 4), and regions
with higher values indicate a heightened risk of USUV transmission. Our Ry(x) is primarily driven
by temperature, thereby providing a spatially explicit transmission risk map for USUV, especially
since Cx. pipiens are ectothermic insects (Ciota et al., 2014; Vinogradova, 2000). The Ry(x) map
aligned well with observed data and findings from Cheng et al. (2018), identifying high-risk areas
and further supporting the role of temperature in mapping USUV risk.

Notably, Ry(x) identifies areas around central Germany as having a lower risk for USUV circulation,
whereas regions in the south-west (around the Rhine valley) are classified as high risk. This is mainly
due to the region’s favourable temperature for the establishment of USUV. Although other factors,
such as landscape structure or reduced anthropogenic breeding habitats, may influence risk, the
model’s capacity to replicate observed patterns using only temperature suggests that temperature is
a key variable, a conclusion supported by Rubel et al. (2008).

Our PDE model successfully traced the spread pattern of USUV from Weinheim and Bonn, along with
their surrounding regions, in 2011, and continued through 2018, when the virus was confirmed in
almost all parts of Germany, parts of the Netherlands, and Belgium. USUV spread in a clockwise
direction, entirely opposite to the spread pattern observed for WNV (Duve et al., 2026), despite both
viruses sharing the same vector. Model simulations suggest that the differing spatial spread patterns
of the two viruses mainly result from variations in their introduction pathways. Specifically, USUV
was first introduced to southwest Germany, while WNV in Germany spread from the east. These
distinct entry points influenced the subsequent direction and timing of spread, producing different
spatial trajectories despite similar transmission mechanisms.

Although the spreading patterns of WNV and USUV differ, it is notable that both viruses spread along
the same transmission corridor which is mainly shaped by regional temperatures (Figure 5 and Duve
et al. (2026)). This result is supported by some studies that highlight the shared ecological niches
between the two viruses (Simonin, 2024). Moreover, the transmission corridor is also in agreement
with areas of high USUV suitability identified by Cheng et al. (2018) using a combination of mech-
anistic and the Maxent models. However, a PDE model further provides detailed information about
the spreading patterns and speeds without being limited to suitability only. Because both viruses
are now co-circulating in Germany (Schopf et al., 2024) and the same temperature-driven corridor,
surveillance and control measures can be concentrated in this zone to improve early season detec-
tion and interventions. Therefore, interventions aimed at controlling mosquito populations, such
as habitat reduction and larval source management, may reduce the transmission of both viruses
simultaneously. Consequently, vector control strategies implemented for WNV in Germany are likely
to offer parallel benefits in limiting the spread of USUV,

A mosquito to bird ratio ranging between 30 and 50 was chosen as it produced a realistic spread
pattern that biologically meaningful diffusion alone could not reproduce. Lower ratios failed to
generate sufficient biting pressure to sustain transmission spread across the country, whereas higher
ratios lead to unrealistically rapid spread. Given that bird sampling was not systematic across loca-
tions, the observed data probably contain sampling biases that might affect the true spatial pattern.
This affected our model fit procedure, as we obtained low correlations in the model fit process.
Furthermore, our modelling work can be improved by the use of spatially varying diffusion coeffi-
cients than will further support the spatial heterogeneity of the landscapes. A systematic method
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for estimating diffusion coefficients can further improve the uncertainties in the choice of diffusion
coefficients.
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6 Appendix

6.1 Mathematical analysis of the model
Theorem 1. System (6) has non-negative and unique solutions that are bounded in [0, 00).

Proof. We write system (6) together with the corresponding initial conditions, in the Banach space
of continuous functions that include the boundary, 8 = C(), as follows:

% = @X(t,x)+ f(X(t,x)), t >0,
X(t,O): Xy = Og7,
where
5y (6,%) | [5,(0,%) ] [ D,ASy(t,%)]
Ev(t,X) Ev(O,X) DIAEV(t:x)
IV(th) IV(OJx) DIAIV(tax)
X(t,x)=|Sz(t,x) |, X(0,x)=|S85(0,x) |, LX(t,x)= | D,ASy(t,x) |,
EB(tax) EB(O,x) DZAEB(t:x)
IB(tnx) IB(OJX) DZAIB(th)
_RB(tax)_ _RB(O)X)_ _DZARB(t)x)_
and

(£, = bvNV[1—%]—[ABV(T)+MV(T)]SV,

v
fo= Agy(T)Sy — (yv(T) +uy(T))Ey,
fs= vv(T)Ey —uy(T)Iy,

f= { fa= bBNB[l_]Kli]_[AVB(T)‘i“U‘B]SB,

fs= Ayp(T)Sp—[vp + uplEp,
fe= vpEg—lag+ uglls,
f= (1—vg)agly —ugRp.

Next, we show that f is locally Lipschitz in 9. Thus, we show that

VKc®,3L: |[If(X1)—fX2)lloo £ LIIX; —X5lle0, VX1,X5 €K,

N, N,
where L is the Lipschitz constant. Setting Ay = by Ny [1 — K—V] and Ag = bgNp [1 — K—B], we
14 B
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observe that X; — X, =

|:Av1 - sz] - [ABvl Sy, — ABVZSVZJ - .UV(SV1 - 5v2)
[kalsvl - ABVZSVZJ —(rv + uy)[Ey, —Ey,]
vvlEv, — Ev,]—uy[ly, —I,]

[/\B1 - ABz] - (szslsB1 - AVBZSBZ) —Up [531 - 532]
Avg,Sg, — Avg,Sp, — (vp + up)[Ep, — Eg, ]
v8lEp, — Ep,]—(ap + up)llp, — Iz, ]
(1—wvp)aglls, —Ig,] —up[Rp, —Rp,]

Simplifying, we obtain [|f (X1) — f (X2)lleo =

= Ssup | |:Av1 - sz] - Svl [ABVI - )LBVZ:“

X€N
V. sup|—Agy,[Sy, — Sy, 1= uv(Sy, —Sy,)l
X€E€N
VvV sup|yy[Ey, — Ey, ] —py[Iy, — Iy, ]|
X€E€N
VvV sup|[Ap, —Ap,]—Ayp, [Sp, —Sp,1—Ss,[Avs, — Avs, ] —us[Sp, — Sz, ]l
X€E€N
VvV sup|Ayp [Sp, —Sp,1+ S, [Ave, —Ave,]1—(vp + us)[Ep, — Ep, ]
X€N
VvV sup|yp[Ep, —Ep,]—(ag + up)llp, — Iz, ]l
XEN
VvV sup|(1—vg)agllp, —Ip,]—us[Rp, — Rz, ]l
X€N

By the triangular inequality, and some simplifications, we arrive at

Ilf (X1) — fF(X)lloo < (uy + vgag) X7 —Xsllco>

and thus f is locally Lipschitz in 9. By [(Capasso, 1993), Theorem B.17], (Mora, 1983), and
[(Smoller, 1983), Theorem 14.4], there exist a local smooth and unique solution of system (6)
in . We observe that system (6) can be written in the form of system (14.12) in the book (Smoller,
1983), together with initial data defined in system (14.13). By [(Smoller, 1983), Theorem (14.14)],
the solutions of system (6) are always positive. O

6.2 Well-posedness of the model in a feasible region

Theorem 2. system (6) is well-posed mathematically and biologically, and for any

(Sy(0,x),Ey(0,x),1,(0,x),S5(0, x), E5(0,x), I5(0,x),R5(0, x)) € X, system (6) admits a unique pos-
itive solution: (Sy(t,x),Ey(t,x),Iy(t,x),Sg(t,x),Eg(t,x),I5(t,x),Rg(t,x)) € X, satisfying:

(Sy(t,x),Ey(t,x), Iy(t,x),Ss(t,x), Eg(t,x),I5(t,x),Rz(t,x) € C12((0, 00) x £2) x C12((0, 00) x
Q), where X := C(Q) x C(Q).

Moreover, there exist another constant C; > 0 independent of initial data, such that the solution
(SV(t7 x)) EV(t) x): Iv(t, X), SB(t) X): EB(t) X)7 IB(ta x))RB(t) X)(t, X)) SatisﬁeS:

ISy (£, 3|l oo () HIEv (£, 3 oo @y HII Ty (, X Loo () FISE (£, 3| Loo () HIIEp (£, Xl oo () + 15 (£, X[ oo )+
IRE(t, x)[|Loo(q) < Cy, for all t > Ty > 0.
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Proof. We follow the approach presented in (Peng and Zhao, 2012; Wang and Dai, 2022). Using the
regularity theory of parabolic PDEs (Pao, 1993), system (6) admits a unique non-negative classical
solution

(Sg(t,x), Eg(t,x),I5(t, x),Rp(t,x)) € C*((0, T,) x ) x CH*((0, T,,) x ),

where T,, represents the maximal existence time of the solution. By the strong maximum principle
(Protter and Weinberger, 1984), then Sy(t, x), Ez(t, x), I5(t, x),R5(t, x) are positive in (0, T,,) x .

Summing up the equations gives

ON; N
—. = Z8ANp + bgNp | 1— — [—upNg —apvplp,
at Kz

subject to homogeneous Neumann boundary conditions VNg -n = 0 on dQ2 and non-negative initial
data Nz(x,0) = Ng(x) = 0. Integrating over 2, we get

d N,
—f Ng(x,t)dx =J [bg — ug]Ng dx—J bB—B dx < FJ Np(x,t)dx, x €Q, t > 0,7 < bg 1nqx»
dt Jq Q o Ks Q

yielding

J Np(x,t)dx < f eth:mﬂXNBo(x) dx, xe€,t=>0.
Q Q

Thus, |ISg(t, L) 1Es(t, i@y 1s(t, 1), and [IRp(t, )l 1) are bounded for all 0 < t <
T,,. By the positivity of Sg(¢, ), Eg(t,-), I5(t,), Rg(t,-), and [ (Peng and Zhao, 2012), Lemma (3.1)],
with o0 = py = 1, we conclude that there exist a positive constant C; that does not depend on initial
data such that the solution Sg, Eg, I, Rp satisfies

ISg(t, ooy + IEs(t, ooy + g (t, Il Looq) + IRB(t, Loy < C1, VE > T

Similar arguments can be made for the mosquito population, thus we conclude that system (6) is
well-posed. O

6.3 Matrices used in the PDEToolbox

¢ =[Dy; Dy;Dq; Dy; Dy; Dy; Dy; 0],

while

Ny

by Ny 1_K_ —  [Apy(T,x) + uy(T,x)]Sy,
%

2'BV(T:x)SV - [Yv(T,X)+Mv(T,X)]Ev,

rv(T,x)Ey — uy(T,x)Iy,
N

f:{bBNB[l—K—E} = [Avp(T,x) + uplSs, (11)

Avp(T,x)Sy  — [yp+uglEg,

vgEg — [ag+uplls,

(1—vglagly — ugRpg,

\agvglp.
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