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Abstract. West Nile virus (WNV) is maintained in transmission cycles involving bird reservoir
hosts and mosquito vectors. While several aspects of the infection cycle have been explored
through mathematical models, relatively little attention has been paid to the theoretical effect
of seasonal changes in host and vector densities. Here we consider a model for the transmission
dynamics of WNV in a temperate climate, where mosquitoes are not active during winters,
so that infection dynamics can be described through a sequence of discrete growing seasons.
Within-season host and vector demography is described through phenomenological functions
of time describing fertility, mortality and migration. Over-wintering of infection is assumed to
occur through diapausing mosquito females, with or without vertical transmission.

We introduce a parameter Sy that, similarly to Ro but easier to compute, yields a threshold
condition for infection persistence in this semi-discrete setting. Then we study the possible
dynamical behavior of the model, by exploring parameter values through a Latin Hypercube
Sampling and accepting only those values yielding solutions respecting a few conditions obtained
from the qualitative patterns observed in yearly patterns of mosquito abundance and virus
prevalence.

For some parameters the posterior distribution is rather narrow, implying that simple qualitative
agreement with data can yield information on parameter difficult to estimate directly. For other
parameters, the posterior distribution is instead similar to the prior. Simulations of multi-year
dynamics after a first introduction of the virus always asymptotically result, if So > 1, in a
pattern of yearly identical infections; however, their amplitude may be very different, even for
the same value of Sp, in correspondence to the uncertainties about several parameters.
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1. Introduction

West Nile Virus (WNV) is a mosquito-borne virus of the Flaviviridae family, which is a neuropathogen for
humans, horses and birds. West Nile virus is maintained by enzootic cycle involving mosquitoes, vectors,
and reservoir birds. Humans, horses and other mammals are considered as dead-end host for the virus
[11,30].

Because of their local abundance, vector competence in the laboratory [68] and frequent reports of
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infection with WNV in nature [3,4], several mosquito species have been tested for WNV (see Center for
Disease Control [CDC]) and have thus been considered as vectors. Vector species which bites mammals can
act as bridge vectors causing spillover in human population. Nevertheless. Culez (Cx.) pipiens species
is considered, on the basis of the data documenting feeding on birds and mammals [29], as the main
epizootic and endemic vector of WNV in Europe [31] and Northeastern and North Central United States
[4,52]. This is one of the most widespread mosquito species, with a distribution covering all temperate
regions.

In competent birds viremia lasts 1-7 days post infection (depending on infected species). During this
period, birds are able to transmit WNV to susceptible mosquitoes and, subsequently, develop life-long
immunity [48]. Birds can be classified as highly competent hosts (HCH) or mildly competent hosts
(MCH) [13,36], according to the duration of viremia.

In USA the first reported human outbreak of West Nile Disease (WND) was reported in 1999 in New
York City. Then the virus spread into many US states and in few years became endemic.Since the first
reported cases, human incidence of WND has shown oscillation. In 2012 there was peak in incidence [15]
after three years of low circulation in humans.

In Southern Europe the dynamics of the infection seems to be different. Outbreaks were reported in
several areas of Europe, followed by spatial expansions in the following years and decreases or even
disappearances in the initial areas. The infection prevalence seems to move like a wave during the years
[25)

The model we have developed is not tailored to a specific area, but assumes a generic temperate climate;
its aim is to investigate whether different parameter values can lead to different qualitative behaviors,
reminiscent of the different dynamics of WNV infection observed in different areas.

There exists an extensive literature of mathematical models for WNV.

As far as we know, the first models were presented in [67], where a difference equation model for West Nile
virus was proposed, while systems of ordinary differential equation modeling WNV transmission in the
mosquito and bird populations were proposed in [12,19,72], on the basis of the classical Ross-McDonald
malaria model [2,44]. Their study has been extended in several directions, such as the spatial diffusion
of the infection [41,42,46], more detailed mathematical analysis [32], heterogeneity in the competence of
reservoir species [1,21,66], also involving human and equine population in the model [39].

Only few papers [20] take into account the seasonality of the species involved in the transmission,
although it is well known that climate and weather strongly influence the biology of vectors in different
forms like changes in reproduction, population size, and blood feeding [62].

In some models [5,6] seasonality has been introduced by assuming sinusoidal fluctuations in transmis-
sion coeflicients or other parameters, with the main aim of arriving at a consistent definition of Ry in
a periodic environment. Here we instead aim at building a reasonably realistic, but still rather simple
system, capable of yielding qualitative conclusions about patterns in infection dynamics. In this respect
one fundamental feature of mosquito-borne infections in temperate climates is that in winter there are no
active mosquitoes, thus no infection transmission. Correspondingly, the model will be based on a system
of differential equations describing demography and infection transmission during the summers coupled
by rules for population survival and stage transition during winters.

Indeed, the mechanisms that allow for the efficient overwintering and subsequent amplification of West
Nile virus have not been elucidated. In the literature, different explanations have been proposed for the
overwintering of WNV: it may occur through infection amplification during bird migrations, but this
is not completely understood [22, 56, 71]. Otherwise, overwintering could be due to mosquitoes: as they
generally survive winter as diapausing adults, it is possible that mosquito larvae, infected vertically, would
then enter diapause as they develop into adults, without taking a blood meal, and survive winter; they
could then transmit the infection in the following season [8,28]. Alternatively, adult mosquitoes infected
by feeding on a infected avian host could then enter diapause and survive the winter [53]. Indeed, Bailey
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et al. [7] analyzed data providing evidence to support the theory that a significant number of diapausing
Culez pipiens, which have taken a prehibernation blood meal, do not develop eggs and can survive the
winter at rate comparable to diapausing non blood fed mosquitoes.

In this paper, we will assume that WNV overwintering occurs through the mosquito population, according
to either one of the above mechanisms.

The main aim of this paper is to study the dynamical behavior of the resulting models from the qualitative
and semi-quantitative point of view. First, we elucidate the conditions under which the infection can
persist, persistence depending on the threshold quantity Sy. Second, we simulate the models that include
the different over-wintering mechanisms using parameter values sampled from a feasible set and select
those values that yield outcomes compatible with known qualitative features of mosquito population and
WNV infection. This allows us to examine the annual and multi-annual dynamical behaviors that are
expected, depending on the overwintering mechanism, as a consequence of the seasonality of mosquito
demographic traits.

We do not aim at fitting a specific dataset, but rather at exploring the effect of generic seasonal patterns
on the dynamic of WNV infection. Because of this focus, the model is greatly simplified in other respects,
most importantly we will consider only one type of reservoir hosts (birds) without distinguishing between
hosts differing in competence. This issue has been examined in detail in several recent models [50, 66].

2. Modeling the population dynamics

We start by modeling the populations involved in the transmission, birds and mosquitoes, in a disease
free state. We divide the years in two periods: one (named (0,7")) during which infection transmission
occurs due to mosquitoes being active. A second period (7', 365) (having chosen 1 day as the time unit)
where no infections occur.

2.1. Bird population

The bird population is modeled taking into account, in an extremely simple way, the breeding season and
the outgoing migration. Let by the fertility, d; the mortality and m; the outgoing migration rate of the
bird population. We assume that death rate is constant over the summers, while births and migration
are concentrated in part of the season. Precisely, we assume that at time ¢ = 0 the migrating birds
have already arrived at the region being modeled and the breeding season is just starting. Egg hatching
occurs, at constant rate, up to time ¢7; after ¢7, as there are no births or immigrations, the bird population
decreases because of deaths, and, beyond time t3, also because of outgoing migration.
The bird population dynamics is then described by the following equation:

Np(t) = Np(t)(P(t)by — di — Q(t)m1) Np(0) = kp (2.1)
where
ro={y mn e aw-{) iE 0

with 0 <t} <5 <T.
In the left panel of Figure 2 we show the solution of equation (2.1) with the parameter values and
initial condition Np(0) = kp that will be used in the rest of the paper.

2.2. Mosquito population

Mosquitoes go through four separated and distinct stages of its life cycle: egg, larva, pupa and adult.
Only female mosquitoes bite animals, requiring a blood meal to obtain the necessary nutrients for the
development and maturation of eggs.

In what follows, we consider only females and neglect explicit consideration of immature stages; instead,
because of its importance for infection transmission, we take into account the gonotrophic cycle by
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dividing adult females into two stages: the compartment of resting mosquitoes, G(t), composed by the
mosquitoes that, after a blood meal, need a period to digest and metabolize it; F'(t), the adults searching
for hosts on which to feed on. Their dynamics can be described by the following equations

{F(t) = f(G(t) — d(t)F(t) — aF(t) + G(t) 23)
= aF(t) — eG(t) — d(t)G(t) '

In the model, « is the rate at which mosquitoes leave the searching stage (as they have completed a
blood meal); hence 1/« is the mean length of the questing period: it is assumed that its length does not
depend on host density, as their number is never a limiting resource. Similarly the mean length of the

1
resting period is —, as the exit rate from the compartment G(t) is e.
€

The rate f(¢) at which new adults enter the population is f(t) = b(¢)(1 — p(t)) where b(t) represents
the fertility and p(t) the probability that new adults enter diapause at time ¢; finally, d(¢) the mortality.
These functions are assumed to be periodic, in order to reproduce the seasonal dynamics of mosquito
population. We used
b(t) = b2(0.75+ 0.25sin((t + s1) 7))

p(t) = 0.5+ L arctan(A(t — s2)) (2.4)
d(t) = do(1+ Bsin((t + s3) 7))

These functions have been obtained by coupling function modeling mosquito demography responses to
temperature and photo-period [64] to an average temperature cycle in a warm-temperate climate. In
Figure 1 we plot the functions with the parameter values that have been used in the rest of the paper.

Note that in model (2.3) it is assumed that new adult mosquitoes develop immediately from newly laid
eggs. Of course, this is not biologically realistic, as some time is necessary to go through all the immature
stages (eggs, larvae, pupae); moreover, the developmental time will also depend on temperature [45] and
thus will vary during the season. For the sake of simplicity, we neglect this important factor in the present
analysis, but we simply sketch in Appendix B how it could be handled.

In the right panel of Figure 2 we show the result of simulating the model using the functions and
parameter values described above. It seems that the qualitative features of mosquito dynamics resemble
the data on densities of Culex pipiens mosquitoes obtained for United States [29] and for Italy [64].

3. The model of infection dynamics

We build a model using a standard SIR epidemiological framework to model enzootic transmission between
an avian population and the Culex Pipiens mosquito population. The avian hosts are divided into classes
of susceptible (Sp), infected (Ip) and recovered (Rp) individuals, so the total population size is Np(t) =
Sp(t) + Ip(t) + Rp(t). Newborn birds are all susceptibles (Hamer et al, 2008); after becoming infected,
birds recover at rate v and develop life-long immunity to further West Nile infection. They can also die
because of West Nile infection at rate pwy n.

It is assumed that mosquitoes do not recover from infection with WNV. The population is divided into
four compartments, i.e. Sy, Epr, Gpr and Ips. Sy and Iy represent the questing mosquitoes that are,
respectively, susceptible and infected from West Nile virus. Fy; and Gy represent those in the gonotrophic
cycle that have or have not been infected.

1
When a susceptible mosquito bites (at rate a—B) an infected bird, it becomes infected with probability

B and enters the gonotrophic cycle. We assun?e that the latent period is completed during the resting
period, so it will be infectious by the time of the following feeding period.

Both E)j; and Gy produce eggs. E)jy mosquitoes give birth to already infected mosquitoes with prob-
ability v of vertical transmission.

61



P. Moschini, D. Bisanzio, A. Pugliese

A seasonal model for West Nile Virus

0.14

0.12 §

0.1}

rate

0.08 |

0.06

18 20 22 24 26 28 30 32 34 36 38
week number

0.078

0.076 |

0.074 |

0.072 ¢

rate

0.07 ¢

0.068

0.066 —_—
18 20 22 24 26 28 30 32 34 36 38
week number

rate

rate

08

0.6

0.4

0.2t

0 L L L L L
18 20 22 24 26 28 30 32 34 36 38

week number
0.15

0.1y

0.05 |

0 1 1 1 1 1 1 1 1
18 20 22 24 26 28 30 32 34 36 38
week number

FIGURE 1. fertility rate function b(t), diapause rate function p(t), mortality rate function
d(t) and recruitment rate function f(¢) using (2.4) with parameter values A = 0.4,B =
0.2, 51 = 30, 55 = 110, 53 = 20, L, — 100 and Lz = 180

Birds.
1800

1600 -

1400 -

1200

1000

Individuals

mosquito abundance

xxx

is 20 22 24 26 28 30 32 34 36 38
week number

FIGURE 2. Left panel: a simulation of model (2.1) with d; = 1.37 - 1073, b; = 0.023,
my = 0.03, 7 = 30, t5 = 120, all values in days or (days)~!. Right panel: a simulation
of model (2.3)—(2.4) with parameter values as in Fig. 1.
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When a bird is bitten by an infected mosquito (compartment Ij), it will become infected with a prob-
ability Sp. The relative flow chart is shown in Figure 3. The following system of differential equation,

f(t)v+e

FIGURE 3. Flow chart of the model.

with ¢ € [0, 7], describes West Nile virus transmission between vectors and hosts, and incorporate the
vector biting rate («), the transmission rates Sp from vector to host and 8j; from host to vector during
the summer season of length 7.

Brln(t)

Sp(t) = P(t)biNp(t) — di1Sp(t) — QWSBU) — Q(t)m1Sp(t)
jB(t) = aﬁifIBAEIt(;)SB(t) — ’Y[B(t) — MWNIB(t) — dllB(t) — Q(t)mllB(t)

Rp(t) =~Ip(t) — diRp(t) — Q(t)m1 Rp(t)
San(t) = F) (1= v)Ea(t) + Gar(t)) — d(t)Sar(t) — aSar(t) + eGar(t)

(3.1)
EM(t) = BAZ\?B{?;;)SM@) — GEM(t) — d(t)EM(t) + OéIM
Cur(t) = o 2B T ReO + U= B)ls) o oy o aiyGan(t)

. Ng(t)
IM(t) = f(t)I/EM(t) + €EM(t) - d(t)IM(t) — OzIM(t)
Di(t) = b(t)p(t)vEn (t);

In (3.1), P(t) and Q(t) are the step functions described in (2.2). Furthermore, the compartment Dj
represents the number of vertically infected mosquitoes that enter diapause. We do not instead take
into account the number of not infected diapausing females, as these are irrelevant for the dynamics of
infection. All parameters are described in Table 1.
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Parameter [ range/value [

description

references

b1 0.023 birth rate of birds elaboration from [55]
dy 0.0014 death rate of birds elaboration from [55]
my 0.003 out-going migration rate of birds guess
kg 10? bird density at the start of summer elaboration from [55]
b (0,0.5] coefficient of fertility function for mosquitoes [18,45,49]
da (0,0.2] coefficient of mortality function for mosquitoes [18,45,49]
knr [10*,2-10°] | mosquito density at the start of the summer [17,49]
e [0.2,0.7] biting rate of mosquitoes [61,72]
BB [0,1] vector to host transmission probability whole feasible interval
B [0,1] host to vector transmission probability whole feasible interval
vy [0.1,0.3] recovery rate of birds [37]
LW N [0,0.5] death rate of birds due to WNV infection [37]
€ [0,0.2] rate at which mosquitoes end the egg-laying stage | [27]
v [0,0.1] vertical transmission probability [54]
tT 30 end of breeding period guess
t5 120 start of outgoing migration guess
TABLE 1. Parameter values and meaning. The rates have units per day, while densities
are per hectare.
This system of equation will hold for each summer season n = 1,2, .... Its initial conditions depend on

the final conditions of the system of the previous summer, as explained in the next Section.

4. Overwintering and disease persistence
in the multi-year model

We denote by S%(t), Ig(t)...,t€[0,T],n=1,2,... the densities of birds or mosquitoes in the different
compartments depicted in Fig. 3 at time ¢ of summer n. These variables will satisfy equations (3.1) for
each n and ¢ € [0,7T)]. The initial conditions will depend on the overwintering mechanism of West Nile
virus.

As discussed in the Introduction, we consider two different mechanisms for overwintering, assuming
either survival of unfed diapausing adults, infected through vertical transmission; or survival of adult
mosquitoes that have been infected by feeding on an infected bird. In both cases, we assume that all
infected bird recover during the winter and, if alive, they will be immune at the beginning of the following
year; p is the birds’ probability of surviving winter.

We assume that the total density of birds (kp) and of mosquitoes (k) are the same at the beginning
of each summer. Furthermore, no mosquito will be in the gonotrophic cycle or in diapause: hence S7,(0)+
I7,(0) = k.

In summary, the initial conditions are

SB(0) = ki — Rp(0)
I5(0) =0
5(0) = p(I " (T) + Ry~ (1))
S1(0) = ks — I3 (0) (4.1)
E2,(0)=0
G7,(0) =0
D™(0) =0

We still have to assign I}, (0); this will depend on the overwintering mechanism. In the first case

(transmission through unfed diapausing adult females) we obtain
I3,(0) = 6, D7 H(T) (4.2)
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where J,, is the probability of surviving winter for a diapausing female. Note that D}’*l(T) > 0 only
if the probability of vertical transmission v is positive. This will be then assumed; otherwise, infection
persistence would be impossible.

The second overwintering is that normal adults can survive winter, yielding

I3(0) = 8 Iy (T) (4.3)

where now ¢y, is the probability of surviving winter for adult females.
In this case we assume, for the sake of simplicity, that v = 0, as vertical transmission is not needed for
infection persistence.

4.1. Sp: a long-term threshold quantity

The solution of (3.1) with initial conditions (4.1) can be seen as a function y(¢; In7(0), Rp(0)) where y(t)
is the vector

(Sp(t), IB(t), Rp(t), Sm(t), Enm(t), Gr (), In(t), Dr(1))

as the initial conditions (4.1) are fixed but for the values Ip;(0) and Rp(0).
One can then summarize the whole system as a discrete map

(I3(0), R (0)) = F(I3;(0), Ry~ (0)). (4.4)
If (4.2) hold, the map is
F(Q,R) = (6,ys(T; Q, R), p(y2(T; Q, R) + y3(T'; @, R))). (4.5)
Using instead (4.3), we have
F(Q,R) = (6ny7(T; Q, R), p(y2(T5 Q. R) + y3(T; Q, R))). (4.6)

It is then easy to see that the persistence of the disease is determined by the value of p(F’(0,0)),
the spectral radius of the Jacobian matrix of F'; F' can be seen as the the Poincaré map of the periodic
(because of the sequence of summers and winters) system. The infection will persist over the years when
p(F’'(0,0)) > 1, while it will go extinct for p(£”(0,0)) < 1 [6,70].

As shown in Appendix A, p(F'(0,0)) > 1 if and only if the same is true for its first entry, £/(0,0)11;
thus it is convenient to define ars, (0)

/ M
So = F{,(0,0) = oI 1(0)
The infection will persist [go extinct] when Sy > [<] 1.
In Appendix A, it is also shown how Sy can be computed by differentiating (3.1) with respect to the
initial condition @ = Ip;(0) to obtain the variational system

W =afpz—(v+pwN +di + Q()mi)w w(0) =0

2 =bt)1—pit))vu+eu—d(t)z — az z(0) =1

= ozﬁMw}g\,";Eg —eu—d(t)u+ az u(0) =0

¢ =b(t)p(t)ru ¢(0) =0 (4.7)
SM = b(t)(l —p(t))GM—d(t)SIV[—OZSM+6GM SM(O) = kM
GM:aSM*EGM*d(t)GM GM(O):O

Ng ZPblNB—leB—Q(t)mlNB NB(O) =kp

oIy OEy 0D;

ol _
Q"

to compute Sy.

Here w = =. The derivatives of the other variables are not needed

50"~ 90 %~ a0
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Finally Sy can be obtained from (4.7) in the two cases, either as
Sy = 6,6(T) (4.8)

or as

St = 6,2(T). (4.9)

5. Model parameters

5.1. Method of selecting acceptable values

The resulting model is rather rich of parameters. There exist several information on the demography of
Culex spp. mosquitoes in the laboratory under different environmental conditions [18,23,27,43,58], and
of several passerine species [55], on WNV competence of several bird species [37,57,68] and of mosquitoes
[61].

While detailed information are essential for parameter estimates in a model for a specific context, our
approach is to build a model that describes a generic scenario for WNV infection in a warm-temperate
climate, but in which species composition (hence WNV competence) may differ, as well as yearly environ-
mental conditions. Hence, after setting a few parameters (bird demography, season length) to reasonable
values (but they can clearly be scaled), we sampled all other parameter values looking for those yielding
solutions compatible with a few accepted properties, in order to encompass different plausible scenarios
of WNV dynamics.

Precisely, we set the parameters of bird demography to average values of passerine species [55] with
an average life of an adult bird 2 years, implying that the death rate is dy = 1/(2 - 365 days).

The summer is considered to last 150 days from May 1 to September 30; thus, survival over the summer
is approximately 0.81; consistently, p (survival over winter) has to be set to 0.74.

We assume that the breeding season starts on May 1 and ends after 30 days, during which period every
couple of adult birds produces two offsprings; this means that the birth rate is by = 0.023 (days)~!. We
assume that migration starts at the end of August with a rate differing from species to species and from
region to region. As a value that produces realistic population values, we selected m; = 0.03 (days) .

As for the other parameters, we used literature data to obtain ranges for most of them (see Table 1).
Concerning the probabilities of transmission from infected mosquito to susceptible birds, or from infected
bird to susceptible mosquito, it is well known that they depend in a fundamental way on the bird species
involved [37,57,61,68]; Malik et al. [47] used this information together with an estimate of species compo-
sition of the birds being biten by mosquitoes to produce aggregate estimates of transmission probability.
Infection transmission will also depend on host feeding patterns [63,66]; as we wish to explore all species
compositions compatible with observed patterns of WNV infection, we instead let these parameters vary
in the whole feasible range (0, 1). Finally, we use the Latin Hypercube sampling [51] (with uniform priors
on the prescribed range for each variable) to obtain samples of acceptable parameter values. A sample
was deemed to be acceptable, if it gave rise to solutions satisfying the constraints specified below. Note
that Malik et al. [47] used Latin Hypercube sampling to perform a sensitivity analysis of Ry on param-
eter values; while the sampling procedure is similar (using however normal and gamma distributions for
parameters), their objective is very different from ours.

The sample was realized in two stages. First of all, we generated 10,000 samples of the parameters
involving mosquito population, be,ds and kjs, obtaining a (10,000 x 3) matrix. For each sample, we
solved (2.1) and (2.3) and selected only those samples such that the solution satisfied the following two
constraints related to population dynamics without infection:

a) peak density of mosquito population has to be around (this is made precise below) 1,000 times the
peak density of birds. The value 1,000 has been calculated using the mean number of mosquitoes
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collected at peak level and bird density obtained from field work data published in [40]. The precise
constraint is that a simulation acceptable only if

maxye 0,7y (Nas(t))

666 <
~ maxyc(o,1)(Np(t

< 1,500 (5.1)

b) Mosquito density at the start (early May) and the end (late September) of the season has to be
about 5% of the peak density [64]. Precisely, this has been implemented as the following constraint on
simulations:

Ny (0) Ny (T)
maxe (o,7)(Nas(t))” maxee (o) (Nas(t))

0.035 < <0.07. (5.2)

Then each selected parameter set of by,ds and kjps (a subset of the original 10,000) was combined with

another matrix of samples of dimensions (3,000 x 7) including the parameters involved in the transmission
a, B, Bm, ¥, pwN, € and v.
For each resulting combination of parameters, we solved (3.1) with initial conditions typical of the sit-
uation after some years. Thus, a certain proportion of the birds will be immune (because of infections
having occurred in the previous years) and a small fraction of the emerging mosquitoes will be infected,
after over-wintering;:

The constraints required of the solutions were:

1. the peak of infected mosquitoes is a couple of weeks after the peak of the total population of the
mosquitoes (middle of July because of the assumptions on mosquito population dynamics);

2. enough susceptible birds are left at the end of season;

3. if no vertical transmission is assumed (see Section (4), infected mosquitoes at the end of the season
must be more than at the start (otherwise the infection could not ever persist).

Precisely, if t* € [0, 7] is the peak time, i.e.

I (t*) = max (Ine())

te(0,T)
then the constraints are
1.
.3
> o7 (5.3)
)
2.
Sp(T) > 0.02 kg (5.4)
3.
Ing(T) > Ipg(0)  (when no vertical transmission is assumed). (5.5)

This rejecting procedure left us with 198 sets of parameters that satisfy the constraint for the model
without vertical transmission, and 3,271 for the model with vertical transmission.
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FIGURE 4. Posterior distribution of some model parameters for the case with vertical transmission

5.2. A posteriori parameter distributions

The procedure produced a posteriori distributions of all parameters. While for several parameters the
posterior distribution is quite similar to the uniform prior, for others (6p, Sy and « in Figure 4) one
sees an apparent mode with more likely values for the biting rate « in the interval [0.45,0.7], and for the
transmission probabilities S5 in (0,0.2] and Sps in [0.1,0.2]. The fourth panel in the same Figure shows
a 2-dimensional plot of the joint distribution of S5 and Bj;. An expected, strong negative correlation
emerges between the estimates of the two parameters with a higher frequency of samples with 5y, > Gp
(probability of transmission bird-to-mosquito higher than vice versa), in agreement with values used in

most models.

The results for the case without vertical transmission are similar. We compare in Fig. 5 the box-plots
of the estimates of the transmission probabilities in the case with or without vertical transmission.
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Transmission probabilities

FIGURE 5. in yellow the values of Sp are shown and in orange the values of Bj; of the
model with/without vertical transmission (left/right respectively)

6. Multi-year simulations

We simulated the model in the case of an initial introduction of the infection starting from one migrating
bird that had been infected in its winter grounds. Thus the initial conditions are

SE(0)=kp —1

IL(0) =1

RE(0)=0

S1,(0) = ks (6.1)
G (0) =0

EL(0)=0

13,(0)=0

With these initial conditions, we ran several simulations of the model, each time choosing the parameter
values from the posterior distribution shown in the previous Section; the parameter ¢, (or 4, according
to the over-wintering scheme considered) has been adjusted so as to yield the value of Sy that had been
prescribed for a set of simulations.

In Figure 6 we give an illustration of the difference in solutions that share the same value of Sy
but are obtained with different parameter values, all satisfying the constraints (5.1)—(5.5) concerning
annual patterns. Precisely, Figure 6 displays 20 years of simulations obtained with the first six parameter
combinations selected (for the sake of clarity, they are listed in Table 2), all with Sy = 2. These simulations
include vertical transmission, while the case without vertical transmission is illustrated in Appendix C.

One may note that, although they all reach persistence (as expected since Sy > 1) arriving at a
repeating pattern every year, the resulting infection level differs widely among simulations, as well as the
transient: there are simulations (panel a) in which introduction of the infection results in an explosive
epidemics in the first year, followed by few years in which the infection is barely detectable before reaching
the stationary state; in other simulations (panel e) there is an almost steady increase of infection level to
reach the stationary level. On the other hand, Figure 7 displays simulations obtained using the same set of
parameters, but having set §,, so as to obtain Sy = 0.8, 1.5, 2, 4. One may note that, even when Sy < 1,
the infection can be detected for the first 2-3 years. For values of Sy > 1, after the initial outbreak, the
infection decreases sharply both in mosquitoes and birds; then the disease starts increasing, converging
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Multi-year model with vertical transmission
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FIGURE 6. Simulations of the model with vertical transmission with Sy = 2. Parameter
values for each panel are shown in the corresponding column of Table 2
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l Panel H a) [ b) [ c) [ d) [ e) [ f) ‘
bo 0.1266 0.1266 0.1062 0.1062 0.1062 0.1062
do 0.0624 | 0.06244 0.0549 0.0549 0.0549 0.0549
kar 91,447 91,447 193,717 | 193,717 | 193,717 | 193,717
o 0.6236 0.3852 0.5936 0.5032 0.5761 0.2618
B 0.2428 0.7274 0.0328 0.1851 0.1006 0.0780
B 0.1563 0.1520 0.5591 0.1655 0.0952 0.8120
¥ 0.1838 0.2157 0.2393 0.1606 0.2160 0.1522
Hw N 0.1664 0.2778 0.1224 0.2309 0.0056 0.0554
€ 0.1463 0.1164 0.1226 0.1205 0.1495 0.1196

v 0.0345 0.3632 0.0287 0.0359 0.0517 0.0581

TABLE 2. Value of the parameters related to the plots in Figure 6

to a stationary solution that depends on the value of Sy. Still, up to values of 4 for Sy, we never observed
multi-annual oscillations.

We also looked at the pattern of infection within each year; specifically, we looked at the 20th year
of simulations, as a stationary situation had been reached by then. In particular we examined the peak
time of infection in birds and mosquitoes, and the proportion of immune birds.

In panel a of Figure 8, we show the peak times of infected birds vs. infected mosquitoes at the 20th
year. It can be seen that, for all parameter samples, the infection peak in the mosquito population occurs
before, or at most simultaneously, than the peak of the bird population.

In panel b of Figure 8 boxplots of the density of immune birds (Rp) are displayed for the beginning
and the end of the 20" season.

7. Discussion

The model examined in this work is built on a standard SIR-SIS host-vector epidemic model. There
are three aspects on which it differs from more usual models for vector-borne infections: a realistic
seasonal dynamics with no transmission during winter and varying population densities during each
summer; consequently, explicit mechanisms of infection overwintering, for which we explored two different
possibilities, both based on the assumption that the virus overwinters in infected mosquitoes; finally, a
detailed description of the mosquitoes’ gonotrophic cycle, resulting in only a fraction of mosquitoes
actively biting at any one time.

The resulting model is rather rich in parameters. Independent estimates on most of them is scarce;
hence we used the Latin Hypercube sampling scheme and rejected those samples that yielded solutions
that did not satisfy some constraints. The method can be considered as a simple example of Approximate
Bayesian Computation [10]: in it, parameters are rejected if the distance between simulated data and
observations is above some threshold; in our case, the threshold is given by conditions (5.1)—(5.5) that
refer not to specific observations but to generally accepted values.

The posterior distribution (the one obtained after rejection of samples) of most parameters is similar
to the prior distribution, so that inference on parameter values is limited. However, for a few parameters,
the posterior distribution is far from flat; for instance (Fig. 4), the value of « is likely to be in the higher
proposed range (0.5-0.7), implying that the time spent searching for hosts by a mosquito is relatively
short.

Another clear feature (Fig. 4d) is the highly negative correlation between the probabilities of transmission
(from mosquito to bird S5 and from bird to mosquito Br): in essence the product of these probabilities
can be estimated with some accuracy from field data, but not the single value of 8 or g, although
it is more likely (see Fig. 5) to obtain estimates with Sy > Bp, especially in the case of overwintering
without vertical transmission. Notice that instead laboratory experiments yield a value of 8g close to 1
[37], while a value of 8y definitely lower [68]. The estimates shown in Fig. 5 are not in contradiction with
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Multi-year model with vertical transmission
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FIGURE 7. Simulations of the model with vertical transmission with with parameter
values listed in column a) of Table 2) for different values of Sy = 0.8,1.5,2,4

experiments, if one takes into account that mosquitoes feed on a variety of different bird species that differ
widely in their infection competence [34], especially since, from the modeling point of view, infection is
relevant only if it result in enough viremia to infect vectors. As the model has a single class for ‘birds’
on which mosquitoes feed, the resulting estimate of transmission probability is an average depending on
competence of bird species, mosquito feeding preferences, and infection probability. Definitely, a more
accurate model would include different bird species on which mosquitoes feed significantly, with different
transmission probabilities for each of them. Moreover, a recent field study performed in US has shown
that particular bird species can reduce spread of WNV (dilution effect) due to their high contact rate
with mosquitoes but low competence for the virus [40]. Simpson and colleagues [66] investigated the effect
of composition of bird population and mosquito feeding behavior on WNV transmission through a model
considering two bird species with different competence and mosquito attractiveness. Including more than
one bird species in our model would have greatly increased the number of parameters and equations.
However, we preferred to adopt the current simpler model to better capture the effect of seasonality and
virus overwintering on transmission dynamics of WNV.

Concerning this aspect, several mechanisms have been proposed for WNV overwintering [59], that
involve winter persistence either in birds, or in mosquitoes. In the present model we considered two
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FIGURE 8. On the left, peak time of infected birds vs. peak time of infected mosquitoes.
On the right, initial and final values of Rp in the 20th year of simulations. In both cases,
we set Sy = 2

different possibilities, both involving the mosquitoes.

The first mechanism assumes that infection is transmitted to the following year by mosquitoes that
have entered diapause as unfed adults in the previous year, and must have become infected by vertical
transmission [54]. The second mechanism assumes instead that a fraction of (non-diapausing) adult
mosquitoes survive the winter and, if they had been infected during feeding, can transmit the infection
in the following year [60].

The results obtained with either model are relatively similar; given that the model developed mainly
aims at a qualitative description of the phenomena, it appears that the observed patterns may be com-
patible with both mechanisms. One may however note that, in the Latin Hypercube sampling it has been
much easier finding parameters yielding consistent model simulations assuming overwintering of unfed
diapausing adults, and vertical transmission. We can then say that this hypothesis receives some support
by the current analysis, beyond the well-known evidence for survival through winter of diapausing adult
adults and for vertical transmission [28].

As for overwintering mechanisms involving birds, Reisen [59] suggests that this could depend either
on enzootic cycles in winter possibly involving oro-fecal transmission or on long-term infections of birds
that survive the acute infection; typically, viremia in birds lasts just a few days but WNV RNA has been
isolated in bird tissues up to 8 months after infection. With the present work we cannot exclude that
these pathways are relevant for WNV overwintering, but we show that overwintering through diapausing
females is consistent with the known features of seasonal WNV epidemics. In principle, one could also
imagine that infection is brought back into Europe every spring by infected migratory birds arriving from
little known endemic areas [33] but this can be definitely excluded for North America [24].

From the theoretical point of view, we defined a quantity, named Sy, that determines multi-year
persistence of the virus. Intuitively, it can be defined as the expected number of infected female mosquitoes
at the start of one season produced by one infected female mosquito at the start of the previous season.
A similar corresponding definition could be given if overwintering occurred through infected birds, or
through both. This model is a special case of periodic epidemic models analyzed by several authors
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[6,70], with a part of the year with no infection transmission and through which no bird remains infected.
Thus, instead of Sy, one could rely on the more traditional reproduction number Ry, whose definition
and properties in the periodic case have been detailed by Bacaér and co-authors in a series of papers
[5,6]. Indeed, Sy and Ry share the threshold property (Sp is larger, equal or smaller than 1 if and only
if Ry is larger, equal or smaller than 1), and Ry has some other additional nice properties. However we
think that Sy has a more intuitive definition, can be computed easily and describes well the initial trend
of infection growth from one year to the next one.

The choices used on how mosquito fertility, mortality and diapause induction depend on time within a
season yield a mosquito seasonal dynamics that follows a pattern similar to the one seen in the data from
[29], as shown in Figure 2. Indeed, the functions used are simply descriptive and not based on physiological
mechanisms. It would be worthwhile examining the possibilities of using laboratory data (as obtained
in [18] and already used for modeling population dynamics [49]) on the dependence on temperature of
demographic parameters of Culex mosquitoes, coupled with an average temperature profile in the area of
interest. Temperature could also have an impact on vector competence of mosquito vector species [69], a
factor that should be taken in account when modeling WNV transmission in temperate regions. Possibly,
other climatic factors beyond temperature are relevant for life history traits in the field (certainly diapause
induction depends on photo-period), as is demonstrated in the recent analysis by [64] and in agreement
with what is generally observed in reality [29]. Population dynamics of mosquito species is also affected by
rainfall, thus, indirectly affecting circulation of WNV [65], and presumably resulting in different patterns
at a local scale.

Outputs of model simulations are also typical infection dynamics during a season, but comparing them
to actual data is difficult, as there are very limited longitudinal data. A relevant feature emerging from
the simulations is that the time of the season when infected mosquitoes reach the maximum (peak-time)
occurs consistently before peak-time of infected birds; this seems in agreement with field observations
[29].

The general multi-year pattern shows that after a large outbreak following the first introduction, a
drop in cases occurs for several years, followed from an increase towards a stationary level, often with
oscillations, especially if Sy is relatively large. Such a pattern is somewhat reminiscent of the trend
in human cases in United States from 1999 to 2013 [14] and reflects in an increased number of immune
individuals in the bird population [38]. Recent modeling work [16] suggests that WNV is still in ascending
phase in North America.

The epidemiology of WNV in Europe has been rather different, with several sporadic outbreaks and
epidemic clusters often lasting a few years [9]. In the simulations with Sy < 1 but close to 1, we can
note (see Fig. 7) that infection may persist for 2-3 years, before the disappearance of the disease; indeed,
over most of the season the instantaneous reproduction number (computed using the current values of
parameters) may be larger than 1 and cause an outbreak; if overwinter survival of infected mosquitoes is
such that Sy is close to 1, the number of survivors may be enough to start an outbreak in the following
year, and perhaps even the one after. In reality, this process will be facilitated by infection spread into
areas not initially affected. A similar pattern can be expected also for Sy close to but greater than 1,
considering the possibility that the infection is eradicated because of stochastic fluctuations, when the
prevalence predicted by the current deterministic model is very low.

Certainly, the model lacks biological realism in several aspects: ifirst of all, it is assumed that there is a
single type of birds, while in reality Culex spp. feed on a variety of birds and mammals, some of which will
be totally incompetent for WNV transmission, others will differ in their level of competence; implicitly,
the model assumes that all birds on which mosquitoes feed have some average competence, which may
have very different effects from assuming that birds are highly heterogeneous in competence [34, 37, 66],
because of species and age. Moreover, the model disregard changes in feeding preferences [35] that have
been shown by mathematical models [50] to strongly affect infection dynamics. One can also note that
bird demography has been modeled in a rather stylized way, and that no attention has been paid to
mosquito larval stages in contrast to the detailed modeling of adults. Finally, we have assumed only one
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possible route for WNV over-wintering, while several mechanisms may play complementary roles.
Despite all these over-simplifications, we believe that the current model captures some important patterns
resulting from the seasonal nature of mosquito-borne infections in temperate climates, and helps in
understanding which overwintering mechanisms are compatible with available data. More detailed and
realistic models could be built, when adequate data are available, over this backbone.

A. Proof of the threshold property of Sy

Here we compute explicitely the eigenvalues of the matrix F”(0,0) where F is defined through either (4.5)
or (4.6).
It is convenient to rewrite (3.1) as a’(t) = f(¢,x(¢)) where

.’)S(t) = (IB(t)va(t)>EM(t)7D ( )7RB(t)7SB(t)aSM(t)vGM(t)) (Al)

and f(t,x) rpresent the right hand side of (3.1), reordered in the corresponding way.
We denote z(t; Q, R) the solution of (3.1) with initial conditions given by (4.1) with Ip;(0) = Q,
Rp(0) = R. It is immediate to see that x;(¢;0,0) =0 fori=1...5.
We can then write
5 am(T;Q,R)‘ 5 8w4(T;Q,R))
v aQ O=R=0 v OR Q=R=0

F'(0,0) =
0 (am(T;Q,R) | 975(T:Q, R)) ’ 0 (am(T;Q,R) n 8z5(T;Q’R)) '
0=R=0 OR OR OQ=R=0

(A.2)

0Q 0Q

if F' is defined through (4.5). If F' is defined through (4.6), one needs only to substitute dxs(T; @, R) to
dy24(T;Q, R) in the first row of (A.2).

As well known, U(t) = V(g r)z(t;Q, R) is an (8 x 2) matrix that can be obtained by solving the
variational system

Ul(t) = V:L’f(tv x(t§ Q, R))U(t)

with initial conditions Uy 1(0) = Us 2(0) = 1, Us,1(0) = U7 2(0) = —1 and U; ;(0) = 0 for all other pairs
(i,7)-

To compute F’(0,0), we need the matrix U(t) computed for @ = R = 0. It can be easily seen that
afl ( (t;0,0)) = 0 for ¢ < 5, j > 6. Hence, the equations for the first 5 rows of U(t) do not depend on

the other ones, and we can compute

O0x;(T;Q, R Ox;(T5;Q, R .
ui(t) = % ony D= % ony =L
solving the systems

u'(t) = A(t)u(t) o' (t) = A(t)v(t) (A.3)

*(’Y‘F,LLWN‘Fdl‘FQ(t)ml) OéﬂB 0 0 0

0 —(d#t)+a) f)y+e O 0
where A(t) = aBy ?Vlg(g e —(e+d(t) 0 0 (A.4)

0 b(t)p(t)y 0 0

'y 0 0 0 —(di +Q(t)m1)

with initial conditions . .

w(0)=(01000)" v(0)=(00001)
n (A.3) Sy (t) and Np(t) represent the solutions of (3.1) obtained with initial conditions (4.1) with
Iy (0) = Rp(0) = 0, hence they are the solutions of (2.3) and(2.1). Precisely, they solve

Sy = b(t)(1—p(t))Gar — d(t)Sy — aSas + G S (0) = ks
GM = aSM — GGM — d(t)GM GM(O) =0 (A5)
NB :PblNB—leB—Q(t)mlNB NB(O) :kB
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From the structure of matrix A, one immediately sees that v;(¢t) =0 for i = 1...4. Hence, from (A.2),
one sees that (F(0,0)), , = 0; the eigenvalues of F’(0,0) are then its diagonal elements. Notice that the
result is the same if F' were given by (4.6).

Furthermore from (A.3)—(A.4), one obtains
(F'(0,0))y = pvs(T) = pe” T Jar QO <1,

Hence p(£7(0,0)) < 1 if and only if So < 1, where Sy is defined as Sp = (F'(0,0)), ;. We then have
So = 0,us(T) or Sy = dus(T) according to Whether F is defined through (4.5) or through (4.6). This is
exactly the definition given in (4.8) or (4.9) of the main text.

B. Model with immature stages

Since immature stages of mosquitoes do not contribute to infection transmission, the simplest method to
include immature stages of mosquitoes in the models considered in the main text is to assume there is a
delay 7 between the time of egg laying, and that of adult emergence.

Thus, system (2.3) becomes

G(t) = aF(t) — eG(t) — d(t)G(t). (B.1)

{F(t) — b(t —7)(1 = p(t — 7))o G(t — 7) — d(t)F(t) — aF (t) + €G(1)
The rate at which new mosquitoes enter the host-seeking adult population at time ¢ depends on fertility
b(t — 7) of mosquitoes in the gonotrophic stage G(t — 7) 7 time before, times the probability 1 — p(t — 7)
of not producing diapausing adults, times the probability ¢ of surviving through the juvenile stages.
Similarly, the main model (3.1) would be changed to

$5(t) = P()br Ny (t) — di S (t) — amSB(t) — Q)miSs(t)
Bl (t)

jB(t) = QWSB(t) - ’yIB(t) - NWNIB(t) - dlfg(t) - Q(t)mlfg(t)

RB(t) = yIp(t) — diRp(t) — QmiRp(t)

Sar(t) =b(t — 7)1 — p(t — 7))o (1 = v)Epr(t — 7) + Gar(t — 7)) — d()Sar(t) — aSas(t) + eGar(t)
E]V[(t) = QWSM@) — EEk[(t) — d(t)EM(t) + OZIM(t)

Cun(t) = o 2B T RO + U= Bu)Is®) o oy ) — a)Gas(t)

, Np(t)
I.]V[(t) = b(t — T)(]. 7p(t — T))O'I/E]\/[(t - 7') + EEM(t) - d(t)IM(t) — Oéljw(t)
Di(t) =b(t — 7)p(t — T)ovEpN(t — T).

(B.2)
A deficiency in the above models is that the delay between egg-laying and adult emergence is fixed,
while it is well known that developmental times strongly depend on temperature and other environmental
features [43]. This problem could be handled by allowing for variable developmental times, although this
leads to more complex models [26]. Alternatively, one can explicitly model the population dynamics of
several immature stages (eggs, different instar larvae, pupae) with temperature-dependent rates of moving
to the next stage [49].
Another useful improvement of the models would be considering bird age-structure, or at least distin-
guishing between hatch-year and older birds, as it has been shown [29] that the former play an important
role in WNV dynamics. This will be the focus of future work.
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FiGURE C.1. Simulations of the model without vertical transmission with Sy = 2. Pa-
rameter values for each panel are shown in the corresponding column of Table C.1.
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l Panel H a) [ b) [ c) [ d) [ e) [ f) ‘
bo 0.1266 0.1266 0.1062 0.1062 0.1062 0.1062
do 0.0624 | 0.06244 | 0.0549 0.0549 0.0549 0.0549
ke 91,447 | 91,447 91,447 | 193,717 | 193,717 | 193,717
« 0.5187 | 0.5132 0.5562 0.3071 0.5827 0.6891
BB 0.1013 0.1769 0.0876 0.0992 0.0606 0.1110
B 0.6621 0.3181 0.3399 0.9991 0.5784 0.1112
¥ 0.1981 0.2334 0.1543 0.1605 0.1982 0.2174
Uw N 0.3476 0.3622 0.0478 0.4646 0.3548 0.1249
€ 0.1203 0.1340 0.1346 0.1438 0.1327 0.1175

TABLE C.1. Value of the parameters related to the plots in Figure C.1

C. Simulations of the model without vertical transmission

The results regarding the model without vertical transmission are displayed in the following Figures.

The results are qualitatively quite similar to the case with vertical transmission.

Figures C.2 show how the disease reaches a stable point more slowly than in the case of the model
with vertical transmission.
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Ficure C.2. Simulations of the model without vertical transmission with parameter
values listed in column a) of Table C.1 for values of Sy =0.2,1.5,2,4
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