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A B S T R A C T

Compartmental SIR and SEIR models have become the state of the art tools to study infection cycles of
arthropod-borne viruses such as West Nile virus in specific areas. In 2018, the virus was detected for the
first time in Germany, and incidents have been reported in humans, birds, and horses.

The aim of the work presented here was to provide a tool for estimating West Nile virus infection scenarios,
local hotspots and dispersal routes following its introduction into new locations through the movements of
mosquitoes. For this purpose, we adapted a SEIR model for West Nile virus to the conditions in Germany
(temperatures, geographical latitude, bird and mosquito species densities) and the characteristic transmission
and life trait parameter of a possible host bird and vector mosquito species. We further extended it by a spatial
component: an agent-based flight simulator for vector mosquitoes. It demonstrates how the female mosquitoes
move within the landscape due to habitat structures and wind conditions and about how many of them leave
the region in the different cardinal directions.

We applied the space–time coupled model with a daily temporal and spatial resolution of 100 m × 100 m
to the Eurasian magpie (Pica pica) and the Asian bush mosquito (Aedes japonicus japonicus). Both species are
widely distributed in Germany and discussed as important hosts and vectors, respectively. We also applied
the model to three study regions in Germany, each representing slightly different climatic conditions and
containing significantly different pattern of suitable habitats for the mosquito species.
1. Introduction

1.1. Background

West Nile virus (WNV) is an arthropod borne pathogen maintained
in enzootic transmission cycles between birds (amplifying hosts) and
ornithophilic mosquitoes (vectors) (Chancey et al., 2015; Marini et al.,
2018). Humans, horses and other mammals may be dead-end hosts. In
2018, Europe experienced an intense and long heat wave, bringing the
continent its worst WNV epizootics and epidemics to date. Germany
was affected for the first time with 12 confirmed infections in birds
and 2 in horses (Ziegler et al., 2019; Kampen et al., 2020; Ziegler et al.,
2020). In the following years, repeated cases occurred in the affected
regions in Germany and beyond, indicating that the virus hibernates in
local mosquito populations (Kampen et al., 2020; Ziegler et al., 2020;
Neupert, 2020; Pietsch et al., 2020).

Many bird species seem susceptible to the virus (Linke et al., 2007),
but only some develop high viraemiae and death rates (Jourdain et al.,

∗ Corresponding author at: Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB), Müggelseedamm 310, 12587 Berlin, Germany.
E-mail address: antje.kerkow@igb-berlin.de (A. Kerkow).

2007; Pérez-Ramírez et al., 2014). Especially birds of prey and corvids
were observed to have high mortality from WNV-2 in Europe. Severely
affected species include Northern goshawk (Accipiter gentilis), house
sparrow (Passer domesticus), Eurasian magpie (Pica pica) and hooded
crow (Corvus cornix) (Calistri et al., 2010; Zehender et al., 2017;
Bażanów et al., 2018; la Puente et al., 2018; Hubálek et al., 2018, 2019;
Napp et al., 2019). Based on field studies in Spain, Napp et al. (2019)
propose the Eurasian magpie as a sentinel species. It is one of the most
common corvid species in Europe, sedentary and showed high virus
susceptibility, virus titres and mortality in experimental studies (de Oya
et al., 2018).

The main vectors of WNV in Europe are supposed to be mosquitoes
of the widespread Cx. pipiens complex including the two biotypes
Cx. p. pipiens and Cx. p.molestus, as well as Cx. torrentium and
Cx.modestus (Leggewie et al., 2016; Tran et al., 2017; Bhowmick et al.,
2020; Holicki et al., 2020). Besides those, Ae. vexans and Ae. japonicus
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japonicus are also considered species (Kampen et al., 2020). Especially
the potential future role of the invasive Asian bush mosquito Ae. j. ja-
ponicus is currently hotly debated (Schaffner et al., 2009; Kampen
et al., 2020). Laboratory experiments with specimens collected in
Switzerland and the US revealed a significantly shorter virus incubation
period (Turell et al., 2001) and significantly higher dissemination and
transmission rates than Cx. pipiens sl. (Veronesi et al., 2018; Wagner
et al., 2018; Turell et al., 2001; Sardelis and Turell, 2001), but an-
other laboratory study with individuals caught in Germany showed
a resistance to infections with West Nile virus (Huber et al., 2014).
Aedes j. japonicus was detected in Germany in 2008 (Koban et al., 2019)
and is mainly established in the western and southern part of the
country (Kampen et al., 2020).

Because of the medical relevance of the virus it is highly important
to take precautionary measures in the potential risk areas. Models shall
help to understand the complex interrelationships that contribute to
the establishment of an epizootic, identify high-risk areas, and assess
the effect of precautionary measures. So far, WNV models focused
either on the spatial or the systemic component. The spatial mod-
els identify potential risk areas by modelling the habitats of vector
mosquitoes (Cooke et al., 2006; Diuk-Wasser et al., 2006; Pape et al.,
2008), host birds (Durand et al., 2017) or an overlap of both (Tran
et al., 2017). Other spatial approaches aim to identify WNV risk areas
by analysing the climate and other spatial features of areas where
epizootics have occurred (Brownstein et al., 2002; Harrigan et al., 2014;
Tran et al., 2014).

Compartment models based on differential equations are much
more complex and focus on the systemic component. They consider
both seasonal and temperature-dependent population densities of host
birds and vector mosquitoes and simulate the development of the
infection processes after virus introduction in a given region. Since
about 20 years these models have been successfully used to study
arbovirus infection cycles like that of WNV (Thomas and Urena, 2001;
Wonham et al., 2004; Laperriere et al., 2011; Simpson et al., 2012).
The models are called SIR or SEIR models, which refers to the infection
stages in which the model organisms can be found: ‘‘Susceptible’’, (‘‘Ex-
posed’’), ‘‘Infected–infectious’’ and, only valid for the vertebrate hosts,
‘‘Recovered and Immune’’. They assume a homogeneous distribution
of host birds and vector mosquitoes in a given outbreak region and
are usually calibrated by means of the number of encountered dead
birds (Rubel et al., 2008; Laperriere et al., 2011).

Due to the assumption of homogeneity in previous compartmental
WNV models, it was not possible to locate the risk areas more precisely,
to investigate influences of regionally different contact rates between
hosts and vectors, and to estimate simultaneously the spread of the
virus within the region and beyond. To achieve this, one needs a spatial
component that considers the locations and movements of the animals.
In the work presented here, we will extend a compartment model for
WNV by a spatial component: a flight simulator and localiser for vector
mosquitoes. We focus on the local occurrence and movements of vector
mosquitoes to estimate the virus spread because it can be effectively
controlled by decimating mosquito populations. On the wild bird side,
no vaccination exists so far and population control would be difficult
to establish and not be a socially accepted measure. Furthermore, the
active (autonomous) movements of mosquitoes are usually of smaller
distance and more predictable than those of the vector birds.

We further discovered that in existing compartmental WNV mod-
els (Wonham et al., 2004; Laperriere et al., 2011) the calculation of an
unknown parameter in the infection equations, the vector population
size in the epidemic area, is problematic. This is because the contact
rate of vector mosquitoes with host birds has a huge impact on the
equations in these models, but is solely derived from observations
of temperature-dependent blood digestion. The linkage between the
duration of blood digestion and frequency of host contacts is plausible.
However, it was numerically not considered that the vector mosquitoes
2

integrated in the model (an aggregation of Culex pipiens sl. and other
Culex species, especially Cx. tarsalis) do not feed exclusively on the
host birds with every required blood meal. Other birds as well as
mammals, amphibians and reptilians are, for example, also used by
both biotypes of Cx. pipiens (Apperson et al., 2004). As a result of this
set-up, the population density of the vector mosquitoes was calculated
to be significantly too low, in our opinion. Conversely, if the model is
applied to new epidemic areas with only a few case numbers and if
mosquito densities confirmed by monitoring campaigns are integrated,
the model will considerably overestimate the course of infection due to
the high contact numbers. The problem becomes even more apparent
when the model is applied to the mosquito species Ae. j. japonicus,
which is mammophilic and therefore seeks out humans and mammals
more frequently than birds for its blood meal (Molaei et al., 2009;
Schönenberger et al., 2016). The model thus needs a factor for the
proportion of mosquito blood meals taken on the host birds.

1.2. Objectives

We aimed to provide a model that, after introduction of the virus
into a new area, can (i) predict the potential regional extent of an
epizootic based on realistic density data of host birds and amplifying
vector mosquitoes, (ii) identify high-risk transmission hotspots within
the region, and (iii) estimate the local spread of the virus into sur-
rounding areas by mosquito emigration. The latter two model features
are intended to support targeted mosquito control measures to contain
the virus. Furthermore, we are investigating the effects of consistent
population losses on the mosquito side due to unfavourable regional
landscape patterns on infection chains.

1.3. Model implementation and applications

We numerically adapted an existing model for WNV implemented
for Minneapolis in the US (Laperriere et al., 2011) and extended it
by a spatial component, an agent based flight simulator for vector
mosquitoes. Agent-based models (ABMs) have successfully been used
for the dispersion modelling of insects and other mosquitoes (Knighton
et al., 2014; Parry et al., 2006; Manore et al., 2015). The advantage
of this type of model is that it can represent environmentally induced
behaviour changes, random decisions, interactions between individuals
(the agents) and agent heterogeneity (de Almeida et al., 2010).

The space–time coupled model is applied to 3 study regions in
Germany with a size of 625 km2 each, but a considerably different num-
ber and distribution of vector mosquito habitats and slightly different
climatic conditions. The host birds in the model are represented by the
Eurasian magpie (P. pica), and the vector mosquitoes by the Asian bush
mosquito (Ae. j. japonicus). The latter was used for the development of
the spatial component because a well validated, model-based habitat
map for the species in Germany already exists (Kerkow et al., 2019).
Due to its high resolution, it is a suitable basis for flight simulations and
local density estimates. The magpie, on the other hand, was integrated
into the model not only because of its host characteristics described
in Section 1.1, but also because the species occurs in urban habitats,
especially in parks, cemeteries, allotment gardens, as well as in semi-
open and open landscapes (Geodon et al., 2014). Therefore, its habitat
may overlap with that of Ae. j. japonicus to a large extent (Kerkow et al.,
2019), principally allowing for frequent contacts with the mosquito
species.

1.4. Summary of model innovations

Our work presents the following innovations to existing WNV mod-

els:
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(i) a numerical adaptation that considers mosquito blood meals
on organisms other than the host birds. This is useful for the
integration of real density data of vector mosquitoes and thus
enables the model to be applied to regions where the virus has
not yet circulated for a long time and where case numbers are
still low.

(ii) the extension by a spatial component, an agent-based flight
simulator for vector mosquitoes which illustrates the possible re-
gional distribution and, taking into account the habitat structure,
simulates the self-motion of the mosquitoes and estimates how
many of them would probably leave the region towards which
cardinal points.

(iii) an adjustment in the calculation of infection trajectories by
estimated habitat-related persistent population losses on the
mosquito side.

2. Materials and methods

2.1. Overview

The model has two components that interact with each other. These
are, on the one hand, a temporal component, an adaptation of the
SEIR model of Laperriere et al. (2011), that describes the population
dynamics of host birds and vector mosquitoes by means of temperature-
and seasonal-dependent ordinary differential equations and calculates
the proportions of the mosquito and bird specimens in their respective
infection stages. On the other hand, there is a spatial component that
describes local occurrences and movements of vector mosquitoes and
estimates the impact of different landscape structures on populations as
well as the daily emigration rate from a possible epidemic area towards
the different cardinal points. By manipulating the mosquito population,
the spatial component intervenes in the differential equations of the
temporal component. The composite model has a daily time resolution
and a spatial resolution of 100 m × 100 m.

Entities in the model are Eurasian magpies (Pica pica), female
mosquito imagoes and female mosquitoes in pre-imaginal, aquatic
stages (males have no blood meals and thus do not contribute to
the trans-sylvatic transmission cycle). The mosquitoes belong to the
species Aedes japonicus japonicus (Asian bush mosquito). For the sake
of simplicity, we call the imagoes ‘‘mosquitoes’’ and the mosquitoes in
the preimaginal stages ‘‘larvae’’ as it is done in Laperriere et al. (2011).

The spatial component is based on a two-dimensional habitat suit-
ability map for Ae. j. japonicus. The map has been developed using a
nested modelling approach consisting of (i) a part that models the
global, climatic requirements (Wieland et al., 2017; Früh et al., 2018;
Kerkow et al., 2020) and (ii) a separate part that integrates local land
use requirements and the influence of wind speed (Kerkow et al., 2019).
It covers the area of Germany, has a resolution of 100 m × 100 m and
shows the habitat suitability as values between 0 and 1. The grid map
can be freely downloaded under the link ‘‘https://doi.org/10.4228/zalf.
dk.90’’. Due to its high score in evaluation as measured by the hit rate
of data that were not included in a model training, we assume that it
correlates with the larval density in areas where the invasive species is
already established and widely distributed since several years.

Process overview and scheduling. A main simulation calls both, the
temporal component (SEIR model) and the spatial component (flight
simulator), and synchronises the mosquito population size and the
number of infectious mosquitoes. At each time step, first the numbers
of mosquitoes and birds in their respective infection stage is changed
by the daily hatching and mortality rates implemented in the temporal
component. The temporal component uses the information stored by
the main model for the previous day for the calculations. The numbers
of infectious and non-infectious mosquitoes are then communicated
to the spatial component which may reduce it by simulated deaths
due to large energy consumption (e.g. after long flights or long stays
in unsuitable landscapes). The reduced number is then transmitted to
the main component. At the beginning of the simulation, the temporal
component uses initialisation parameters.
3

Fig. 1. Location of the study regions, their nearest weather stations, and, as a risk
indicator for epizootics, illustration of the number of local hot days defined by a
maximum air temperature higher than 30℃ (annual mean of the long-term period
1981–2010). Geodata source: German Weather Service.

2.2. Study regions

We selected three regions within the grid based habitat suitability
map with sizes of 625 km2 (25 km × 25 km) for model applications
(Figs. 1 and 2). In each of them, the occurrence of Ae. j. japonicus
has been documented for several years (Werner and Kampen, 2013;
Kampen et al., 2016; Walther and Kampen, 2017; Kampen et al., 2017;
Koban et al., 2019). In areas that include our study regions 2 and 3, the
species has spread rapidly and the larval numbers on the sampling sites
have increased dramatically since the first evidence. Region 1 appeared
to have a lower spreading potential and larval numbers at the collection
sites were partially declining.

The regions differ in their climatic conditions. The average annual
temperature and the number of hot days (average temperature above
30℃) increases from north to south (Fig. 1). The occurrence of a high
number of hot days is an important risk indicator for the occurrence
of mosquito-borne diseases (Brugger and Rubel, 2009; Filippelli et al.,
2020). Furthermore, the regions differ in their average habitat suitabil-
ity for Ae. j. japonicus as calculated by Kerkow et al. (2019). It is 0.35
in region 1, 0.66 in region 2 and 0.79 in region 3 (Fig. 2).

2.3. Temporal component

2.3.1. Compartments
The model is based on 9 compartments (ordinary differential equa-

tions) that describe the populations and infection stages of mosquitoes
and birds by means of a density-dependent approach. An overview of
the SEIR model including the influence of the flight simulator is given
in Fig. 3.

The mosquito compartments include larvae (𝐿𝑀 ), virus susceptible
(𝑆𝑀 ), exposed (𝐸𝑀 ) and infectious mosquitoes (𝐼𝑀 ). The mosquitoes
develop from the larvae, whose number is initially determined by the
average estimated habitat suitability of the region (see Section 2.3.3).
Both, larvae and mosquitoes have general temperature-dependent mor-
tality rates but cannot succumb to infection. The number of suscepti-
ble and infectious mosquitoes is also corrected by losses (𝑥𝑆𝑀

, 𝑥𝐼𝑀 )
communicated by the flight simulator.

The bird compartments are susceptible (𝑆𝐵), exposed (𝐸𝐵), infec-
tious (𝐼𝐵), recovered (𝑅𝐵) and dead birds (𝑅𝐵). Chicks are always
virus succeptible after hatching. Recovered birds have always acquired
immunity and the dead birds refer only to those that have succumbed

https://doi.org/10.4228/zalf.dk.90
https://doi.org/10.4228/zalf.dk.90
https://doi.org/10.4228/zalf.dk.90
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Fig. 2. Top (a,b,c): Study regions and their habitat qualities for Aedes japonicus japonicus on a scale from 0 (poor quality) to 1 (high quality). The habitat map was created using a
separately published model (Kerkow et al., 2019) and includes climatic and landscape features as well as regional mean wind speeds. Particularly good habitats are less exposed to
wind and belong, for example, to green urban areas, cemeteries, gardens, zoos or deciduous forests. Bottom (d,e,f): Satellite images of the study regions visualising the landscapes.
Fig. 3. Possible chain of infection stages that vector mosquitoes and host birds in the model may undergo; The crosses symbolise the mortalities to which the animals are subject
at each stage of infection depending on season and temperature. The dashed arrows symbolise the virus exposure of mosquitoes and birds after contact with an infectious animal
of the other species. On the mosquito side, the influence of the spatial model extension (the flight simulator) becomes visible by the determination of the number of larvae and
the energy-related mosquito mortality.
to WNV. Like the mosquitoes, all birds have a general temperature-
dependent mortality rate. Infection occurs upon mixing a fraction
of infectious and susceptible mosquitoes or birds, respectively. Verti-
cal virus transmission from mosquito females to offspring as well as
horizontal transmission between birds is neglected.

The compartment equations (Eq. (1)–(9)) are taken from previous
compartment models for Usutu virus and WNV (Rubel et al., 2008;
Laperriere et al., 2011), but we introduced a species specific probability
of the mosquitoes taking blood meals on a bird and an additional
probability of taking blood meals on a host bird when feeding on a bird.
Both factors affect the virus transmission rates (see Eqs. (10), (11)).
4

Mosquitoes:
𝑑𝐿𝑀
𝑑𝑡

= (𝑏𝐿(𝑇 )𝛿𝑀 (𝐷)𝑁𝑀 − 𝑚𝑀 (𝑇 )𝐿𝑀 )
(

1 −
𝐿𝑀
𝐾𝑀

)

− 𝑏𝑀 (𝑇 )𝐿𝑀 (1)

𝑑𝑆𝑀
𝑑𝑡

= (𝑏𝑀 (𝑇 )𝐿𝑀 − 𝑚𝑀 (𝑇 )𝑆𝑀 − 𝜆𝐵𝑀 (𝑇 ,𝐷)𝑆𝑀 ) − 𝑥𝑆𝑀
(2)

𝑑𝐸𝑀
𝑑𝑡

= 𝜆𝐵𝑀 (𝑇 ,𝐷)𝑆𝑀 − 𝛾𝑀(𝑇 )𝐸𝑀 − 𝑚𝑀 (𝑇 )𝐸𝑀 (3)
𝑑𝐼𝑀
𝑑𝑡

= (𝛾𝑀(𝑇 )𝐸𝑀 − 𝑚𝑀 (𝑇 )𝐼𝑀 ) − 𝑥𝐼𝑀 (4)

Birds:
𝑑𝑆𝐵 =

(

𝑏𝐵 − (𝑏𝐵 − 𝑚𝐵)
𝑁𝐵

)

𝑁𝐵 − 𝜆𝑀𝐵(𝑇 ,𝐷)𝑆𝐵 − 𝑚𝐵𝑆𝐵 (5)

𝑑𝑡 𝐾𝐵
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𝑑𝐸𝐵
𝑑𝑡

= 𝜆𝑀𝐵(𝑇 ,𝐷)𝑆𝐵 − 𝛾𝐵𝐸𝐵 − 𝑚𝐵𝐸𝐵 (6)
𝑑𝐼𝐵
𝑑𝑡

= 𝛾𝐵𝐸𝐵 − 𝛼𝐵𝐼𝐵 − 𝑚𝐵𝐼𝐵 (7)
𝑑𝑅𝐵
𝑑𝑡

= (1 − 𝜈𝐵)𝛼𝐵𝐼𝐵 − 𝑚𝐵𝑅𝐵 (8)
𝑑𝐷𝐵
𝑑𝑡

= 𝜈𝐵𝛼𝐵𝐼𝐵 (9)

The number of susceptible mosquitoes exposed on a simulation
day (𝜆𝐵𝑀 ) depends on the proportion of active mosquitoes (𝛿𝑀 ), the
transmission rate from infectious bird to susceptible mosquito (𝛽𝐵 , see
Table 3), and the average ratio of infectious birds to all P. pica host
birds (𝐼𝐵∕𝐾𝐵) (Eq. (10)). The number of exposed birds (𝜆𝑀𝐵) depends on
the fraction of active mosquitoes, the transmission rate from infectious
mosquito to susceptible bird (𝛽𝑀 , see Table 3), and the average ratio
of infectious mosquitoes to P. pica host birds (𝐼𝑀∕𝐾𝐵) (Eq. (11)).

𝜆𝐵𝑀 (𝐷, 𝑇 ) = 𝛿𝑀 (𝐷)𝛽𝐵(𝑇 )
𝐼𝐵
𝐾𝐵

(10)

𝑀𝐵(𝐷, 𝑇 ) = 𝛿𝑀 (𝐷)𝛽𝑀 (𝑇 )
𝐼𝑀
𝐾𝐵

(11)

The differential equations were solved with the Euler method (a
omparative test for the solution of the decoupled SEIR model with the
unge–Kutta(4) method showed only a marginal deviation compared to

he calculation with the Euler method – uncertainties in the parameter
stimation have a greater influence on the calculated infections). To
rigger West Nile virus infections in the study regions during a model
pplication, we introduce infectious birds into the system 3 times a
ear: 2 at the beginning of March (after the arrival of migratory birds),
at the end of July (end of the main chick hatching period) and 4

t the beginning of October, as some WNV vector bird species migrate
ntercontinental in autumn.

.3.2. Temperature and day length
The temporal component is driven by means of daily average tem-

erature data and the day length. Temperature data was obtained from
he German Weather Service. We chose one to three weather stations
lose to every study region (Fig. 1) and, if they were several, calculated
he average temperature. The temperature values are smoothed with

weighted average filter and a window size of 2 (Fig. AF1 in the
ppendix).

For the calculation of the day lengths (Fig. AF2 in the appendix),
e apply the Brock model (Brock, 1981; Forsythe et al., 1995) which
aps the latitude of the location and the day of the year on the day

ength (equation AE2 in the appendix). Our study regions are located
t latitudes 48.9, 50.6 and 52.4. We run all model applications by the
verage day length of the regions of 50.6. Tests showed that the slightly
ifferent latitudes of the regions do not lead to any difference in the
odel results regarding the number of infected birds and mosquitoes.

.3.3. Initialisation
The initial conditions and initialisation parameters of the temporal

omponent are listed in Table 1. Our model applications start on
anuary 1st and we assume that no infection has yet been introduced
nto the region, hence all mosquitoes and birds are assigned as virus
ucceptible. As in the model applications of Laperriere et al. (2011),
he bird population is set to the maximum as defined by the carry-
ng capacity of the region, and the minimum number of mosquitoes
equired to prevent extinction is 15% of the carrying capacity of the
arvae. The estimation of the respective regional carrying capacities for
osquito larvae is given below, for birds it is explained in the appendix.
ote that the carrying capacity of the bird population makes it appear

hat the number can be determined that accurately, but this is not the
ase. At an early stage of modelling, we tried to estimate the number
recisely because the original SEIR model was unreasonably sensitive to
hat parameter. By integrating the blood meal rate on vector birds, we
5

ade the model no longer sensitive to small changes in bird numbers. i
able 1
nitial conditions and initialisation parameters.
Term Value Description

𝐾𝐵 8,226 Carrying capacity of host birds (magpies)
𝐾𝑀𝑚𝑎𝑥

19,900,000 Carrying capacity of mosquito larvae in a perfect habitat
𝐾𝑀𝑅1

6,965,000 Carrying capacity of mosquito larvae in Region 1
𝐾𝑀𝑅2

13,134,000 Carrying capacity of mosquito larvae in Region 2
𝐾𝑀𝑅3

15,721,000 Carrying capacity of mosquito larvae in a Region 3
𝑁𝑀𝑚𝑖𝑛

𝐾𝑀× 0.15 Minimum number of mosquitoes

𝑆𝐵 𝐾𝐵 Amount of susceptible birds
𝐸𝐵 0 Amount of birds exposed to WNV
𝐼𝐵 0 Amount of infectious birds
𝑅𝐵 0 Amount of recovered (immune) birds

𝐿𝑀 0 Amount of mosquito larvae
𝑆𝑀 𝑁𝑀𝑚𝑖𝑛

Amount of susceptible mosquitoes
𝐸𝑀 0 Amount of mosquitoes exposed to WNV
𝐼𝑀 0 Amount of infectious mosquitoes

Carrying capacity of mosquito larvae. To estimate the capacity for any
model region in Germany, we first studied the literature to find the
maximum density in a perfect habitat in Central Europe. We then
adjusted this value to the size of the model region and multiplied
it by the mean percentage habitat suitability according to Kerkow
et al. (2019). To determine the highest possible population density, we
considered a study in the Netherlands (Ibañez-Justicia et al., 2018), in
which several sample plots were examined in large allotment garden
complexes where Ae. j. japonicus has been established for several years.
Allotment gardens are ideal habitats for Ae. j. japonicus due to their rich
vegetation structure, irrigation systems and the presence of numerous
suitable breeding habitats (rain barrels, flower pots etc.). All possible
breeding habitats were counted in the study and the larvae identified.
At the time of the highest larval density (September 2015), 242 con-
tainers on an area of 6.8 ha contained 4,335 larvae of Ae. j. japonicus.
This results in 63,750 larvae/ km2, of which an estimated 31,875 are
female, assuming an equal distribution of the sexes. Based on these
observations, we have set the maximum carrying capacity K𝑀𝑚𝑎𝑥

to
19,900,000 for our study regions, which cover 625 km 2.

2.3.4. Parameter estimation
The constant parameters in the differential equations are sum-

marised in Table 2. They were each determined on the basis of the
results of literature research. See chapter ‘‘Constant parameters’’ in
the appendix for further explanations. Temperature and daylength
dependent parameters are summarised in table (Table 3). Again, a
detailed description of these parameter calculations can be found in
the appendix. However, we would like to be more precise about the
calculation of the transmission rate (𝛽𝐵(𝑇 )) at this point.

The transmission rate from an infectious bird to a susceptible
osquito (𝛽𝐵(𝑇 )) is the product of the bird biting rate, the proportion

f bird bites on host birds, and the transmission efficiency 𝑝𝐵 . To what
xtent Ae. j. japonicus visit the WNV host bird species compared to other
ird species is not specifically known for central Europe. It is likely
hat bird species whose habitats overlap with those of the mosquitoes
ill be preferred, and that a high bird species diversity reduces the

ikelihood of a vector mosquito encountering a host bird. We made
odel applications with the assumption that specimens of the species
e. j. japonicus do not prefer any bird species for their blood meals.
ince in Germany the magpie accounts for about 5.7% of the total
ird population (Geodon et al., 2014, p. 59 and p. 397), we integrated
hat factor in the transmission rates and found that, with this setting,
ransmission cycles cannot occur in any scenario. Only when at least
0% of the avian blood meals are taken on this host bird, epizootics can
e triggered in the warmest region of Germany (R 3). This is why we
ork with a 75% preference factor for magpies over other bird species
n the model applications presented here.
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Table 2
Constant parameters.
Term Description Value Reference

𝑚𝐵 Average mortality rate of magpies 0.001404 d−1 Tatner (1986)
𝛾𝐵 Rate infected–infectious magpies 0.333 d−1 de Oya et al. (2018)
𝜈𝐵 Portion of magpies dying due to WNV infection 0.43 de Oya et al. (2018)
𝛼𝐵 Removal rate of magpies due to WNV infection 0.28 d−1 de Oya et al. (2018)

𝑝𝑀 Transmission efficiency from infectious mosquito to bird 1.0 de Oya et al. (2018), Sardelis and Turell (2001)
𝑝𝐵 Transmission efficiency from infectious bird to mosquito 0.17 Veronesi et al. (2018)
𝑃 Proportion of Ae. j. japonicus blood meals taken on birds 0.18 Schönenberger et al. (2016)
Table 3
Temperature and daylength dependent parameters.
Parameter description Function

Biting rate 𝑘(𝑇 ) = 0.344
1 + 1.231𝑒−0.184𝑇−20

Larva hatching rate 𝑏𝐿(𝑇 ) = 2.325𝑘(𝑇 )
Mosquito hatching rate 𝑏𝑀 (𝑇 ) = 0.1𝑏𝐿(𝑇 )

Larva mortality rate 𝑚𝐿(𝑇 ) = 0.0025𝑇 2 − 0.094𝑇 + 1.0257
Mosquito mortality rate 𝑚𝑀 (𝑇 ) = 0.1𝑚𝐿(𝑇 )

Transmission rate 𝐼𝑀 to 𝑆𝐵 𝛽𝑀 (𝑇 ) = 0.75𝑃𝑘(𝑇 )𝑝𝑀
Transmission rate 𝐼𝐵 to 𝑆𝑀 𝛽𝐵 (𝑇 ) = 0.75𝑃𝑘(𝑇 )𝑝𝐵
Rate infected-infectious mosquitoes 𝛾𝑀 (𝑇 ) = 1

0.0093𝑇 − 0.1352
for 𝑇 > 15; else: 0

Fraction active Ae. j. japonicus 𝛿𝐽 (𝐷) = 1 − 1
1 + 40, 000𝑒1.559(𝐷(𝑑−30)−18.177)

Hatching rate magpies 𝑏𝐵 (𝑥) = 0.614
(𝑥∕𝛽)𝛼−1𝑒−(𝑥∕𝛽)

𝛽𝛤 (𝛼)
, 𝑥 > 0, 𝛼 = 4.43, 𝛽 = 7.67

Transformed Julian calendar day 𝑥 = 𝑑 − 120
d
z
m
b
a

2.4. Spatial component

2.4.1. Agents
In the spatial component, the mosquitoes are bundled together

to form super-agents (super-mosquitoes) which only unite individuals
with the same infection status. Super-agents are a common way to
speed up the runtime of an ABM with a large number of agents (Parry
and Bithell, 2012). One super-mosquito can comprise 10, 100 or 1,000
individuals, depending on the setting. We here present model applica-
tions with a super-agent factor of 10. For the visualisation of infectious
mosquitoes, the factor should not exceed 100, for the visualisation of
all mosquitoes, however, a factor of 1,000 is advisable to keep the
computing time at an acceptable level.

The super-mosquitoes are characterised by the study region, the
position within the grid (row, column), the stage of infection (either
infectious or not infectious) and an energy level (it is not energy in the
biological sense but rather a kind of probability of further survival.)
In addition, it is recorded whether a super-mosquito tried to leave
the region during the entire model run and if so, in which cardinal
direction.

Birds are not implemented on an individual level in the model and
not exactly located. We assume the vector birds to move widely in
comparison to the mosquitoes and being equally present throughout.
Interaction between birds and mosquitoes only exists in so far as
the mosquitoes visit birds for their blood meals. However, since we
assume an equal spatial distribution of the birds, the proportion of
infected mosquitoes and birds caused by the infection forces is only
numerically calculated and then the infectious mosquitoes are added
(as super-mosquitoes) to or removed from the spatial flight simulation.

2.4.2. Flight behaviour
With each simulation step, the super-mosquitoes can move on the

grid map with 100 m × 100 m resolution and a size of 625 km2 (we call
t ‘‘mosquito world’’) in any direction within the Moore neighbourhood.
he distance they travel has some stochasticity, but it is controlled
y a flight motivation resulting from the habitat suitability of the
urrent location, and additionally by the main wind direction in the
6

tudy region when the habitat suitability at the current location is c
poor. If the habitat is well suited, a super-mosquito will most likely
remain there or not fly far. In cells with medium habitat quality, it
mostly stays there, but sometimes flies further to meet its needs. In an
unsuitable habitat, it is more likely to fly long distances than in habitats
with medium suitability. This enables the super-mosquito to leave this
location more quickly. Every super-mosquito constantly loses energy
every day to a small extent, and a potentially large amount due to
long-distance flights. The energy can be recharged during stays in good
habitats. If a certain threshold value is exceeded, they die. The energy
equation was set up in such a way that observations on population
trends in the regions in Germany, where Ae. j. japonicus occurs, can be
reproduced. The motivations and resulting distances are defined based
on the following considerations:

Flight motivations. Active dispersal rates of female mosquitoes are gen-
erally dependent on the density and distribution of their preferred
blood hosts, the availability of breeding habitats, terrain characteristics,
and weather (Petrić et al., 2014; Verdonschot and Besse-Lototskaya,
2014). Regarding terrain characteristics, vegetation and land use play
a particularly important role. They can represent natural barriers,
ecological corridors and stepping stones for dispersal. Landscapes that
support the spread of Ae. j. japonicus are mosaics of smaller deciduous
forests (less than 500 ha), vineyards and areas with private houses and
gardens. Barriers, however, are e.g. large forest areas and intensively
cultivated fields (Sáringer-Kenyeres et al., 2020; Seidel et al., 2016;
Tannich, 2015).

Based on the insights described above, we have introduced a flight
motivation in the flight simulator which is landscape dependent. We
differentiate between low, medium and high motivations, which are
assigned to the mosquitoes when they are in cells with values ≥ 0.8
to 1.0, ≥ 0.3 to 0.8 and 0 to < 0.3. According to the model of Kerkow
et al. (2019) whose output we use as a basis for the mosquito worlds,
the category with the highest habitat quality (1.0 to ≥ 0.8) includes
iscontinuous urban fabrics, green urban areas, cemeteries, gardens,
oos, and deciduous forests. The middle one (0.8 to ≥ 0.3) covers
ost notably mixed forests, woodland–shrub transition zones, fruit and

erry plantations, and the last one (< 0.3 to 0) mainly landscapes with
n open character such as farmland, pastures and airports, but also

ontinuous urban fabrics and coniferous forests.
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Fig. 4. Distribution curves used to generate random flight distances for (a) moderately motivated and (b) low motivated super-mosquitoes.
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light distances. For Ae. j. japonicus we are not aware of any published
results of mark-recapture experiments that would help to estimate
the flight distances in certain landscapes and under certain weather
conditions. There is evidence that individuals in a perfect habitat do
not fly long distances and hardly spread out, which may explain the
findings that larger contiguous forest areas sometimes act more as
barriers than as corridors. For a location in Belgium (a second-hand
tire company with a neighbouring small woodland) no evidence of
dispersion could be found even after 6 years, although there are suitable
stepping stones, a settlement in direct connection as well as further
woodlands and tree rows at distances of only a few hundred metres
linear distance (Egizi et al., 2016). Also, species of the genus Aedes and
specially the urban-domestic, container-breeding species are known
o be rather weak flyers (Verdonschot and Besse-Lototskaya, 2014)
nd no behaviour like that of long-distance fliers was documented for
e. j. japonicus, i.e. ascending high into the air immediately after adult
mergence, facilitating far wind drifts (Service, 1980).

An approximate indication of flight distances is given by a doc-
mentation of the spread of Ae. j. japonicus in West Germany (North
hine-Westphalia) (Kampen et al., 2016). There, an average dispersal
f about 10 km to 20 km per year was recorded between 2012 and
015, with some exceptions of up to 50 km. As it is known that
e. j. japonicus also spreads passively to a large extent, especially along
oads (Egizi et al., 2016), we suggest that the exceptional dispersal
ates exceeding 2 km/year are due to this cause (as stated before, the
light simulator only takes into account self-motion of mosquitoes and
o passive dispersal). Assuming that the annual main activity and thus
he dispersal period is 200 days/year (from mid-March to mid-October),
he maximum flight distances would range from 500 m to 1 km/day.

Evaluations of mark-recapture experiments of various mosquito
pecies show that most individuals remain at the site and the prob-
bility of recapture decreases with increasing distance (Verdonschot
nd Besse-Lototskaya, 2014). To the summarised data on Ae. albopictus,
hich is also described as a weak flyer like Ae. j. japonicus and which
as similar habitat requirements, we have fitted a normal distribution
Fig. 4a) to generate probabilities for the flight ranges of Ae. j. japonicus
uper-agents with medium flight motivation (we did not consider a
at-tail distribution as often used in dispersal modelling of e.g. pollen
Nathan et al., 2012) since we do not model passive motions that would
llow for increased long-distance dispersal). The data was divided
y 100 before the fitting to convert the metres to map units. The
istribution has the mean value at zero and a standard deviation (𝜎) of
.4. For super-mosquitoes with low flight motivation, we have reduced
he standard deviation of the fitted normal distribution to 0.6 so that
hey rarely fly further than 100 m or 200 m and the probability of
taying in the cell is relatively high (Fig. 4b).

To determine the flight direction and next location of a low and
7

edium motivated super-mosquito on the grid map, its flight range is s
andomly divided into two segments: Westward/Eastward and North-
ard/Southward. The direction taken in each case is determined by the
lgebraic sign of the randomly generated flight distance and by means
f another random generator.

We assume that the mosquitoes fly longer distances in unsuitable
abitats as they are not able to satisfy all their needs (availability
f breeding habitats, host animals or shelter provided by vegeta-
ion). Therefore, we implemented a random generator for the super-
osquitoes in these habitats, which generates equally distributed flight
istances between 0 map units and 3 to 4 map units (depending on
ind conditions) for Westward/Eastward and the Northward/Southward
ovements, respectfully. This results in a maximum flight distance of
24 m (3 map units) to 566 m (4 map units) per day, when the (super-)
osquito flies the direct route in a diagonal direction of the Moore
eighborhood.

Various studies in wind tunnels and in the field show that
osquitoes are more likely to fly upwind than downwind (Kennedy,
940; Midega et al., 2012; Endo and Eltahir, 2018). This is probably
ue to the appetising flights in which they follow smells that are
ransported by the wind (Verdonschot and Besse-Lototskaya, 2014). At
ind speeds of 3 km/h and above, however, many species stop flying
nd seek shelter on the ground or in the vegetation (Service, 1980).

As stated above, the poor mosquito habitats are mainly open land-
capes offering limited protection, so we assume that the influence
f the wind is particularly noticeable in these. Using data from the
urrounding weather stations of the study regions, we analysed the
ain wind directions and found that for each region, movement in a
esterly and southerly direction would be more likely (Fig. 5). Hence,
e let the super-mosquitoes fly up to 400 m towards west and south and
p to 300 m towards north or east. This results in a 1.3 times higher
robability of a super-mosquito flying in the direction with the stronger
ind conditions.

.4.3. Boundary effects
We have implemented two options for the area boundaries of the

tudy regions. In ‘‘open’’ mode, the super-mosquitoes can leave the
egion and the loss is compensated by hatchings (see Section 2.4.5)
f new super-mosquitoes with the same infection status. This mode
erely prevents a potential mass accumulation at the edge of the study

egion. In ‘‘closed’’ mode, the super-mosquitoes cannot leave the region.
n emigration attempt is registered and the cardinal point is saved
n the first time. However, the flight is not executed and the super-
osquito remains in its cell. The distribution pattern hardly differs

etween the applications of both options (we could not observe any
ass accumulation of super-mosquitoes at the borders in closed mode).
owever, the calculation time is significantly longer in the open mode,
o we will only apply the closed mode in this work.
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Fig. 5. Wind roses showing the multi-annual distribution averages of wind speeds and directions for the 3 study sites within the period 2011–2019.
2.4.4. Energy
The super-mosquitoes in the flight simulator have an energy level

that causes them to die during long stays in unsuitable habitats or after
covering large distances. This makes large areas with unfavourable
conditions to dispersion barriers. It is known that long distance flights
are highly energy consuming for mosquitoes (Verdonschot and Besse-
Lototskaya, 2014), but we have no information about the distance
covered by Ae. j. japonicus under certain habitat conditions. We thus
adapted the energy control in a way that a significant reduction of the
population can occur in region 1, but the population remains stable in
regions 2 and 3. This is consistent with observations made in systematic
monitorings (Koban et al., 2019; Kampen et al., 2016).

For the energy level of a super-mosquito, which can take on values
between 1 and 100, we use the following balance equation:
𝑑𝐸
𝑑𝑡

= 𝛿prev𝐸 − 𝛿const − 𝛿f light𝐹 + 𝑏𝑄 (12)

where 𝛿prev is the inverse time unit, 𝐸 is the energy on the previous time
unit, 𝛿const is a constant energy loss per time unit, 𝛿f light is the energy
loss per flight distance and time unit, 𝐹 is the Euclidian flight distance
between the start and destination cells (the cells have a resolution of
100 × 100 m2, so the distance is given in hectometres), 𝑏 is a boosting
factor per time unit, and 𝑄 is the quality value of the new cell (the
quality values are between 0 and 1 and we handle them equivalent
to energy units per time unit). For the simulations, we set 𝛿prev =
1 per time unit, 𝛿const = 4EU (energy units) per time unit, 𝛿f light = 8EU
per time unit and flight distance, and 𝑏 = 50EU per time unit.

2.4.5. Control of all super-mosquitoes
To apply certain processes (hatchings, deaths) to all super-

mosquitoes in the simulation, we have drawn up two lists at a higher
hierarchical level in the programme. They contain the infectious and
non-infectious super-mosquitoes with all their characteristics. On this
level, we also count the number of super-mosquitoes that have tried to
leave the region and whether it was the first time.

Hatching. The hatching function is used for 3 different purposes.
Firstly, to locate the super-mosquitoes on the first day of simulation
(spatial initialisation), secondly, when the SEIR model calculates an
increase in mosquitoes compared to the previous day, and thirdly, when
super-mosquitoes have emigrated in open model mode and this loss is
to be compensated.

By hatchings, the super-mosquitoes appear at random locations in
the study area, but preferably in patches with good habitat qualities.
The larvae are not represented in the spatial component for runtime
reasons, but the mosquitoes hatch in the larval breeding sites, which
are implemented based on the following considerations: The greater the
habitat suitability, the more breeding sites should be available since the
presence of these was one of the main considerations when preparing
the habitat suitability map (Kerkow et al., 2019). The breeding sites
of Ae. j. japonicus are water-filled natural or artificial containers such
as flower dishes, cemetery vases, wells or tree holes. They are often
not permanently present and filled with water, so their location should
be habitat-related but also have a stochastic component. Furthermore,
8

breeding habitats may be located outside but close to actual main
habitats.

To achieve this, we have created copies from the habitat maps and
reduced its spatial resolution to 500 m × 500 m (in the following, we
refer to 100 m × 100 m units on the map as cells and larger areas
measuring 500 m × 500 m as patches). The values of all individual
habitat qualities within each 25 ha patch were summed up and again
scaled to values between 0 and 1 for each study region. The super-
mosquitoes first hatch on the low-resolution map. A weighted random
generator ensures higher hatching rates with increasingly better habitat
suitability. The super-mosquitoes are then transferred back to the orig-
inal map with 100 m × 100 m resolution. The allocation within each
25 ha patch is random. All newly hatched super-mosquitoes start with
the maximum energy level of 100.

Deaths. If the temporal model component reduces the number of
mosquitoes compared to the previous day (this happens almost every
day in autumn) and if, as a result, the number of mosquitoes is lower
than in the spatial component, then the corresponding number of
super mosquitoes in the respective infection stage is also removed
from the spatial component. The selection is random. Super-mosquitoes
that have died due to a loss of energy are already included in the
comparison.

2.4.6. Observation
For each time step, the number of larvae, the number of mosquitoes

and birds in their respective infection states, and the number of super-
mosquitoes that have emigrated (open mode) or tried to emigrate at
least once (closed mode) in the respective directions (see Chap. 2.4.3)
can be displayed. For this purpose, the data are stored during the sim-
ulation. Furthermore, the spatial distribution of all super-mosquitoes
and the infected super-mosquitoes is stored in arrays. Using these, we
display (i) the movements of the mosquitoes during the entire simula-
tion period in a video and (ii) the distribution of the super-mosquitoes
on the day with the highest infections in a single map.

3. Results

As the composite model is not validated, does not include all major
WNV hosts and vectors, and as the rate of blood meals on the host
birds is unknown (it can vary considerably from region to region), the
calculated amplitude of WNV case numbers in birds and the infection
rate in mosquitoes is not yet reliable. For the sake of completeness, we
have presented these results in the appendix.

The results of the spatial distributions of the Ae. j. japonicus popula-
tions in late summer (at the time when most infectious mosquitoes are
present) show that the super-mosquitoes accumulate strongly in cells
with very good habitat qualities (values from 0.8 to 1) (Fig. 6). The
majority of these cells contain deciduous forests and human settlements
in all 3 study regions (see Fig. 2).

In region 1, very poor and very good habitats are particularly
strongly separated from each other (Fig. 1a). This enables to assess
the spatial extent at which a dispersion barrier is effective. The energy
and flight distance settings resulted in the super-mosquitoes moving a
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Fig. 6. Left: Distribution of female, non-diapausing super-mosquitoes in all stages of infection at the day with the highest number of infectious mosquitoes in study region 1 (a),
2 (b) and 3 (c); Right: Cumulative number of super-mosquitoes that attempted to emigrate to each of the cardinal points for the first time during the entire simulation period in
study region 1 (d), 2 (e) and 3 (f). The term ‘‘Others’’ stands for the options north-east, south-east, south-west and north-west.
maximum of about 2 km away from the very good habitats. Already at
a distance of 1 km, the super-mosquito density decreases rapidly. As a
result, the area with the poor conditions in the centre was not a strong
dispersion barrier, but an area in the north-east of the region remained
super-mosquito-free throughout the simulation (Video S1, Fig. 6a). Also
in region 2, many super-mosquitoes are able to cross the area with poor
habitat characteristics, which extends from the north-west to the centre
and is mainly characterised by arable land (video S2, Fig. 6b). Small
towns and villages between the crop lands serve as stepping stones
(Fig. 2e).

The number of super-mosquitoes being eliminated from the simula-
tion during the entire simulation period due to low energy levels was
about 228,700, 53,600 and 134,200 for regions 1, 2 and 3, respectively
(Table 4). The reduction in total maximum mosquito population from
applications of the linked model in 2018 compared to applications of
the SEIR model without spatial extension was 9.82% in Region 1, 1.1%
in Region 2, and 0.05% in Region 3 (Table 5). In region 1, repeated
use of model applications resulted in a higher risk of infected super-
mosquitoes being prematurely removed from the simulation than in the
regions 2 and 3. This is due to the large proportion of unfavourable
habitats in region 1.

The number of total emigration attempts is almost three times
higher in region 3 and almost twice as high in region 2 than in region
1. However, if only the first emigration attempts are considered, the
differences are smaller (Table 4, Fig. 6). In region 1, approximately
9

the same number of super-mosquitoes emigrate towards south and west
during the entire simulation. On the one hand, these are the main wind
directions in all study regions (Fig. 5) and, on the other hand, more
areas with high occurrence probabilities have intersections with the
borders in the west and south of region 1.

In region 2, about the same number of super-mosquitoes made the
first attempt to emigrate towards the north, east and south. Much less
good and very good mosquito habitats border the eastern edge of the
region, and only a third of the super-mosquitoes tried to leave the
region for the first time in this direction. In region 3, there were about
twice as many first attempts to emigrate towards the east and south as
towards the north or west. Also here, the result is related to the very
good mosquito habitats located along the edge of the region and not to
the main wind directions.

Runtime. The application of the coupled model to the year 2018 on
a machine with an Intel(R) Core(TM) i7-4510U processor with 4 CPU
lasts 9 min, 20 min and 28 min for the 3 study regions, respectively,
and a super-mosquito factor of 100. Without saving the arrays for each
simulation day which serves to create the flight videos, the runtime
is reduced by about 3 min. With a super-mosquito factor of 1.000, the
runtime can be reduced even more to a maximum of 3 min. However,
with a factor of 10, the runtime is 6 h 13 min for region 1, 1 d 1 h 47 min
for region 2 and 1 d 6 h 22 min for region 3.
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Table 4
Emigration attempts and energy-related deaths of super-mosquitoes (1 super-mosquito refers to 10 individuals) in the application of the linked
model for the year 2018.

First emigration attempts Total attempts Energy-related deaths

North East South West Others Sum 𝑆𝑀 + 𝐸𝑀 𝐼𝑀
Region 1 12,167 6,165 34,922 34,542 14 87,810 111,701,473 228,685 1
Region 2 43,028 44,251 42,274 12,960 11 142,524 217,099,996 53,621 0
Region 3 22,923 49,596 50,841 31,226 7 154,593 321,748,672 134,199 0
Table 5
Comparison of the development of mosquito populations as well as the course of
infection measured by the maximum number of infected mosquitoes and birds in model
applications with and without spatial coupling.

SEIR Coupled model

Region 1 𝑁𝑀 10,429,570.00 9,405,828.00
Region 1 𝐼𝑀 89.71 47.77
Region 1 𝐼𝐵 5.76 4.40

Region 2 𝑁𝑀 19,046,930.00 18,852,660.00
Region 2 𝐼𝑀 372.22 362.76
Region 2 𝐼𝐵 18.42 17.98

Region 3 𝑁𝑀 26,893,620.00 26,881,040.00
Region 3 𝐼𝑀 5241.68 5234.14
Region 3 𝐼𝐵 225.22 224.94

4. Discussion

We introduce the first compartment model for West Nile virus,
which also simulates the abundance and movements of a vector
mosquito species in a spatial extension and thus helps to estimate
where virus hotspots could be located and towards which direction
the virus is likely to be carried from a region by active flights of the
mosquitoes. The temporal component (SEIR model) is exploratory. This
means that the results are not yet validated. The SEIR model was
adapted to the conditions in Central Europe and a realistic size of
the mosquito population. Originally, the SEIR model was implemented
for Minneapolis in the US and validated with the number of detected
dead sentinel birds (Laperriere et al., 2011). The flight simulator is
implemented on the basis of literature studies and we scaled it in such
a way that population development data available for all three study
regions could be reproduced.

4.1. Temporal model component

Validation of the results of our exploratory SEIR model applications
is not possible because (i) the evidence of WNV-RNA in German wild
bird populations is still very low, (ii) it is uncertain whether the
Eurasian magpie is or will be a major vector in Central Europe, (iii)
there are very likely several bird and mosquito species that act as
efficient hosts and vectors, so the model should be extended to deal
with this, and (iv) there is still a lack of clarity about multiple factors
that influence the vector competence of Ae. j. japonicus. This includes in
particular the degree of ornitophily and the rate of blood meals on the
corresponding host bird species. Furthermore, we coupled the model
components in such a way that poor habitat structures negatively affect
mosquito populations, thus the spatial model plausibly intervenes in the
equations of the original SEIR model.

Other uncertainties include that data on the virus incubation period
among vector mosquitoes in relation to temperature is extremely lim-
ited and that the function used here is based solely on an experiment
with Cx. tarsalis. In addition, the results of laboratory experiments on
Ae. j. japonicus to investigate the dissemination rate and transmission
efficiency for WNV are not consistent. While Huber et al. (2014)
found resistance to infection in individuals from south-west Germany
and could not identify co-infections with other flavi-viruses or the
10

Wolbachia bacterium of the mosquitoes which could bias the results,
Veronesi et al. (2018) were able to demonstrate dissemination rates of
15.6% for strain NY99 and 18.3 for FIN in Swiss individuals.

Furthermore (v), the carrying capacity of Ae. j. japonicus larvae in
the study regions is only estimated based on a habitat map derived
from a nested modelling approach (Kerkow et al., 2019) and on a
study indicating the larval abundance in an ideal habitat. The habitat
map, however, was not validated with abundance data but with occur-
rence data mainly derived from the citizen science project ‘‘Mueckenat-
las’’ (Walther and Kampen, 2017). A check of the correlation between
abundance data from a systematic monitoring and of the different habi-
tat qualities, as performed for example in the studies of Mushinzimana
et al. (2006) and Chaves and Moji (2017), is therefore an important
project for the future.

There are additional factors that may play a role in the development
of a WNV epizootic that we have not considered to focus on the
essential factors and to not excessively modify the evaluated SEIR
baseline model. First, the development of the mosquito population
in the model is dependent on the carrying capacity of the larvae,
temperature-dependent hatching and death rates, and the proportion of
non-diapausing mosquitoes as a function of the season. In fact, winter
frosts (Reuss et al., 2018) and precipitation (Chianese et al., 2019) also
affect population development.

Moreover, there is evidence that some species of mammals and am-
phibians, e.g. squirrels, rabbits and frogs, are also susceptible to WNV
infection and develop high levels of viraemia. This way of transmission,
however, is supposed to play only a minor role (Chancey et al., 2015).

The model neglects vertical transmission paths for mosquitoes and
horizontal paths for host birds. However, there are indications for
vertical (trans-ovarian) transmissions in different species of the Culex
genus. The transmission efficiency can vary between 10 to 40% (Nelms
et al., 2013). It is also assumed that vertically infected mosquitoes
facilitate the hibernation of the virus in many regions (Calistri et al.,
2010; Ciota, 2017; Dohm et al., 2002; Nelms et al., 2013). However,
no published results are yet available indicating vertical transmission of
WNV in Ae. j. japonicus. Birds can become infected horizontally through
consumption of infected birds of prey, feather-picking and oral contact
with the faeces of other birds. Horizontal transmission in birds could
play a major role. It is suspected to be the reason why birds of prey
and feather-pickers, such as crows and hawks, become infected in
nature frequently (Komar et al., 2003; Yaremych et al., 2004; Pérez-
Ramírez et al., 2014). Scenario analyses to investigate the effects of
different trans-ovarian transmission rates in mosquitoes and horizontal
transmission rates in birds remain an important future task for disease
modellers, but adjustments can easily be made in the SEIR model.

The influence of infections of the birds and mosquitoes with other
pathogens is also neglected in our model. However, the susceptibility
of host birds may be affected by previous infections with viruses from
the group of Japanese encephalitis viruses, which includes the Usutu
virus occurring in Germany (Pérez-Ramírez et al., 2014). The vector
competence of the mosquitoes as well as population size and sex ratio
can also be influenced by cross-infection with the bacterium Wolbachia
pipientis (Ciota, 2017; Gao et al., 2020).

4.2. Spatial model component

The flight simulator can predict the locations of mosquito hotspots

within a region as well as dispersion barriers and stepping stones for
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potentially infected mosquitoes of the species Ae. j. japonicus. The flight
simulations can also be used to assess how efficiently the virus can
spread from a region to the respective cardinal points through active
flights of the mosquitoes. This is useful after a sudden local introduction
of the virus as it was the case in 2018 in some places in Germany. As the
model is freely available and based on free software, it can be adapted
to new research results and applied to other regions.

As mentioned in chapter 4.1, the model needs to be extended for
other vector mosquito species. We have implemented the flight simula-
tor for the Japanese bush mosquito Ae. j. japonicus, since there are yet
no comparable high-resolution habitat maps for Germany available for
other vector species like Cx. pipiens, further species of the Culex agg., or
e. vexans.

Although numerous studies provide information on the propagation
peed of the invasive Japanese bush mosquito (Damiens et al., 2014;
eidel et al., 2016; Egizi et al., 2016; Kampen et al., 2016; Montarsi
t al., 2019), it is not possible to determine the extent of the influence
f passive propagation by traffic in any of the observations. Studies
uggest that Ae. j. japonicus and other invasive species of the genus
edes spread over longer distances by means of transport (Egizi et al.,
016; Eritja et al., 2017). However, in our model we have concen-
rated on the active spread of the mosquito. One reason for this is
hat transport-assisted dispersal must involve different control mea-
ures than dispersal away from transport routes by the self-motion of
osquitoes. On the other hand, there are already models that estimate

ong-distance spreads of the virus by birds (Maidana and Yang, 2008,
009), or a combination of long-distance spread by both, birds and
osquitoes (Liu et al., 2006).

The flight simulator is implemented as an agent-based model. ABMs
re computationally intensive and therefore not well suited to deal with
arge numbers of individuals, such as millions of mosquitoes in our
ase. However, by bundling several mosquitoes into super-mosquitoes,
e were able to bring the run times into an acceptable range of only

everal minutes with a super-mosquito factor of 1,000. The other side
f agent models is that they can be extended in many ways. Thus,
dditional host bird and vector mosquito species, each with different
irus transmission characteristics, could be added in the future resulting
n a multi-agent model.

. Conclusions

We have adapted a WNV compartment (Susceptible–Exposed–
nfectious–Removed) model for both a potential host bird and vector
osquito species (Pica pica and Aedes japonicus japonicus) occurring

n Germany and coupled it with a flight simulator for the vector
osquitoes. The flight simulator is an agent-based model built on a
abitat map for the mosquito species being invasive in Germany, data
n local temperature and wind conditions, and studies on the flight
ehaviour of this and other mosquito species.

The spatial extension of the SEIR model is the first step in devel-
ping a tool that can estimate for a region (i) whether an epizootic
an emerge after virus introduction, (ii) how large the vector mosquito
opulation is, and (iii) where vector mosquito hot spots, dispersal
orridors, stepping stones and barriers are located. In addition, (iv) the
odel can calculate the probability of infectious mosquitoes leaving

he region in the respective cardinal directions. The model extension
s not only a visualisation tool, but also intervenes in the differential
quations of the SEIR model. This applies in particular to regions
ith few suitable habitats, where the potential size of the mosquito
opulation is reduced on a daily basis as a result of long flight distances.

Since many bird and mosquito species are hosts and vectors of West
ile virus, the current version of the model cannot yet reliably deter-
ine the extent of an epizootic. In a next step, it must be expanded to

nclude other important bird and mosquito species with their respective
ife-trait parameters, virus incubation times, transmission rates, and
o forth. Moreover, we plan to extend the model further so that the
11
oupled model can run in parallel for many, somewhat smaller patches
ith presumably different numbers of host birds.

The spatially extended WNV model, implemented in Python 3.7,
s freely available under the Creative Commons Attribution - Non
ommercial 4.0 (https://github.com/akerkow/bush-mosquito-flight-
imulator) and a tool aimed at modellers involved in planning control
easures for WNV vector mosquitoes. It is particularly useful for

pplications in regions where the virus has been recently introduced.
or model applications, we recommend selecting the size of the study
rea to cover the territories of the host birds surrounding the reported
NV cases. Local ornithologists may be consulted to assist with this. It
ould also be advantageous if blood meal data were available for the

elevant mosquito species for the region under study.
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