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Abstract. The spatial and temporal trends of mosquito-
borne diseases have been shifting. Recently, there has
been an increase in cases of West Nile Fever across Ger-
many. In this study, we investigated the spatial and tem-
poral risk of West Nile virus transmission in Bavaria using
a mathematical model. The model incorporated epidemi-
ological, climatic, and bird distribution data. It generated
spatially and temporally explicit graphs depicting the
health states of mosquitoes and birds. Additionally, we
produced risk maps identifying areas in Bavaria at height-
ened risk for West Nile virus transmission.

Introduction

West Nile fever is an illness triggered by West Nile virus
(WNV), asingle strand RNA arbovirus from the Flaviviri-
dae family and one of the most widely spread flaviviruses
[1]. In 1937, thefirst case wasisolated at West Nile district
in Uganda and has since been occurred in al continents
[2]. Although WNV normally circulatesin asylvatic cycle
between mosquitoes and birds as hosts, mosquitoes can
also spread the virus to humans and animals, including
horses[2],[3]. Most of these animals and humans only ex-
perience mild viremia and are unable to serve as amplify-
ing hosts for the virus [4]. In 2018, the virus was for the
first time detected in 12 birds and 2 horses in eastern Ger-
many [5]. The first human autochthonous case of the in-
fection was detected in 2019 near Leipzig [6]. Suitable cli-
matic conditions with high temperatures in summer was
suspected to promote the spread of the virus.

While mosguitoes tend to spread the viruslocally, mi-
gratory birds are suspected to play arolein disseminating
the virus over long distancesto new areas[5].

With information on bird surveillance for WNV,
competence of vector mosquitoes and amplification suit-
ability of hosts, we were able to develop a climate-driven
process-based mechanistic mode calibrated with func-
tional traits of vector mosquito and host birdsto predict the
spatial and temporal risk of WNV infectionin in Bavaria

1 Materials and Method

We adopted a similar approach applied to show the spa-
tial and temporal pattern of WNV infection in Germany
between 2018 and 2022 by Mbaomaet al, [ 7]. We applied
the model in Bavaria and accounted for mosquito popu-
lation, pathogen transmission in migratory and residen-
tial birds.

1.1 Materials

Climate and bird data were used to parameterize and
force the model adequately. Cases of WNV infection
were collected from the Animal Diseases Information
System database of the FL1 from 2018 to 2022 [5]. Bird
distribution data was collected from E-bird online data-
base [8]. Temperature, rainfall and humidity data used to
drive our model were collected from E-OBS database[9].

1.2 Model Description

With a clear understanding of the entomology, life char-
acteristics, and functional ecology of both the WNV vec-
tor and its hosts, we used the mechani stic approach which
was developed by Mbaoma et al., 2024 [7] to generate
spatial and temporal predictions of potential WNV infec-
tion outbreak in Bavaria.
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Figure 1: WNV epidemic model showing two sections
depicting mosquito population and pathogen
transmission between mosquito, resident bird and
migratory bird with compartments:

Eggs (E), Larvae (L), Pupa (P ), New adults (A.p,),
Host-seeking adults (4,), Gravid adults (4),
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Ovipositioning adults (4,,),
Older host-seeking adults (4,y),

Older gravid adults (4, 4), Older ovipositioning adults (4,),
Susceptible mosquitoes (S);), Exposed mosquitoes (Ey;),

Infected mosquitoes (I),
Susceptible residential birds (Sg,.),
Susceptible migratory bird (Sg,,),
Exposed residential birds (Eg,.),
Exposed migratory birds (Egy,),
Infected residential birds (Ig,),
Infected migratory birds (Ig;,),
Removed residential birds (Rg;-),
Removed migratory birds (Rg,,),
..Dead residential birds (Dg,) ,
Dead migratory birds (Dg;,).

Mathematical epidemiology and population biology
were used to formulate the fundamental s of the compart-
mental model driven by severa ordinary differential
equations. The model consists of two sections: the first
describing mosquito population while the second de-
scribed pathogen transmission.

As described in the paper by Mbaoma et al. [7], dis-
ease-free mosquito population was explained by the sev-
eral equations.

E = dyu(BiAso + BrAz0) — (g + df)E
L=dfsE— (m,(1+L/k)+ f,)L
P =fiL—(mp+fp)P

m = foPoe (—uem (1+ k—)) -

—(m4 + Yaem)Aem
YAin = VaemAin — (Mg + tr + Var)Asn (1)
A.g = YanA1n — (mA + Upr + ng)Alg
= faghig — (M4 + lr + fa0) A1
Azh = fao(Aro + Azo) — (my + 1y + Yan)Azn
A = Yanlon — (mA + Upr + ﬁ4g)A2g
kA.ZO = fagAzg — (Mg + pr + fa0)Az,

The process of infection between mosquito and bird pop-
ulation is explained by thefollowing sets of Ordinary dif-
ferential equations, with Equation 2,3 and 4 explaining
health states of mosguitoes, migratory birds and residen-
tial birds respectively.

dSM = (ABTM (T) + Agmm (T))SM +A, —
—my(T)Su

M = Aorat (1) + Agma MNSu = (DEw — ()
—my(T)En

dI_M = ym(T)Em — mu(T)Iu

dSpr

NBr
e (bBr (bgr — mpy) > )NBr -
AMBr(T)SBr mBrSBr

dEgr
d? = Aupr(T)Sgr — VBrEpr — MprEpr
d’Br (3)
T = yBrEBr aBrIBr - mBrIBr
dRBr

= (1 vBr)aBrlBr — Mg Rg;

dDBr _
dt vBraBrIBr
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dsSg Np
dtm = (me - (me - mBm) % m) NBm -
Bm

AMBm (T)SBm - mBmSBm

di]im = Aem(T)Ser — YBmEBm — MBmEBm

d;Btm = meEBm - aBmIBm - mBmIBm (4)
dl;im =(1- vBm)aBmle — MpmRem

d[;% = UBm®Bm/Bm

Cross infection between mosguitoes and amplifying
hosts which are birds of interest was defined in Equations
5to 8.

A (T) = Sy Fyk (TP Pr - ®)
A (T) = OuFuk(TPumbom - (6)
Ipr
Apru(T) = 6MFbk(T)pBTMKLBr ©)
IBm
Aemm(T) = SuFpk(T)Dpmm - 8

Bm

Basic reproductive number was computed based on the
next-generation matrix approach applied in the precursor
model by Mbaoma et al [7] using the equation below:

(VM(T) +my (T))mM (T) Kpr Kgm
[[ YerPer(T) S_M]
(yBr + mBr) (aBr + mBr) KBr
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1.3 State Variables, Parameters and
Functions.

All state variables, parameters and functions used to de-

velop this model, including calibration and validation

processes have been described in a precursor publication

for WNV epidemic model by Mbaomaet a. [7].

2 Results and Discussion

2.1 WNV Transmission Risk Projection

for Bavaria
The inverse calibrated WNV epidemic model generated
spatial and temporal abundance of mosquito. It also gen-
erated different health states for hosts of interests which
include residential birds and migratory birds.

Due to limited occurrence recorded in Bavaria (just one
case), we assumed our model was performing at optimum
having been previoudly validated across Germany [7].

Functiona traits of mosquito which includes fecun-
dity, development rates, mortality rates, biting rates and
extrinsic incubation rates of WNV pathogen all re-
sponded to deviations in temperature [10],[11]. The
model was able to simulate various health states of mos-
quito and birds, with seasonal variation in Bavaria. Sus-
ceptible and parous host-seeking mosquitoes are espe-
cialy of interest for the transmission potential (Figure 2).
Also, we were able to simulate risk maps of WNV trans-
mission for Bavaria between 2017 and 2022 at NUTS3
levels, identifying potential hotspots for WNV infection
outbreaks (Figure 3).
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Figure 2: Simulated time series of health states for
susceptible (Sy;) and parous host-seeking

mosquitoes (4,,) between 2018 and 2022
in Bavaria.

2.2 Seasonal Variation of WNV Infection Risk

Several climate sensitive mosquito-borne diseases dis-
play seasonal variation [12]. In our model, several fac-
tors, including vector population, vectoral capacity, vec-
tor competence and amplifying host competence influ-
enced Ry rates.

Infection parameters, such as mosquito biting rate and
extrinsic incubation rate were important drivers which
was consistent with the role of environmental suitability
in driving infectious disease transmission [10]. The
model reasonable simulates seasona trend of Ry values.
The Ry values averaged across Bavaria show a low risk
of WNV transmission in 2018 and 2022 (Figure 4).
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Figure 4: The risk of West Nile Virus (WNV) infection
outbreaks, expressed as RO values, was assessed
across Bavaria from 2018 to 2022.

The red line represents the simulated daily RO values
aggregated on a weekly basis, while the blue dashed
horizontal line indicates the threshold at which
secondary cases can be directly generated by the
first case in a population where all individuals are
susceptible to infection.

3 Conclusion

We developed a process based WNV epidemic model
which was able to simulate areas prone to WNV trans-
mission in Bavaria. From our results, it was obvious that
WNV infection which is endemic in eastern Germany
may likely spread to the South with several hotspotsiden-
tified in Bavaria. Changing climate and migratory pattern
of short distance migratory birds have been identified as
key factors that could accelerate WNV infection spread.
The model considered juvenile and adult stages of mos-
quito life cycle in several compartments, and two bird
taxa with migratory and residential birds. Functional
traits of mosguitoeswere driven by climate. Host-feeding
preference of vector, transmission probability and mos-
quito to host ratio were all accounted for in the model.

In addition, spatial heterogeneity of climate forcings,
vectors and host species were considered. We developed
amodel that could be deployed at the backend of awarn-
ing system for Culex pipiens mosqguito popul ation occur-
rence and WNV transmission risk.

Publication Remark. This contribution isthe revised
version of the conference version published in

Tagungsband Kurzbeitrdge ASM SST 2024,
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