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Abstract — In Europe, virological and epidemiological data collected in wild birds and horses suggest that a
recurrent circulation of West Nile virus (WNV) could exist in some areas. Whether this circulation is
permanent (due to overwintering mechanisms) or not remains unknown. The current conception of WNV
epidemiology suggests that it is not: this conception combines an enzootic WNV circulation in tropical
Africa with seasonal introductions of the virus in Europe by migratory birds. The objectives of this work
were to (i) model this conception of WNV global circulation; and (ii) evaluate whether the model could
reproduce data and patterns observed in Europe and Africa in vectors, horses, and birds. The model was
calibrated using published seroprevalence data obtained from African (Senegal) and European (Spain) wild
birds, and validated using independent, published data: seroprevalence rates in migratory and resident wild
birds, minimal infection rates in vectors, as well as seroprevalence and incidence rates in horses. According
to this model, overwintering mechanisms are not needed to reproduce the observed data. However, the
existence of such mechanisms cannot be ruled out.

West Nile virus / model / Europe / Africa / dissemination

1. INTRODUCTION

West Nile fever (WNF) is an emerging arb-
ovirosis caused by the West Nile virus (WNV)
(Flavivirus, Flaviviridae). The basic transmis-
sion cycle involves wild and domestic birds
as main hosts and mosquitoes, mainly from
the Culex genus, as vectors. This basic cycle
may be amplified under favourable ecological
conditions and lead to human and horse infec-
tions. The latter two are considered to be
dead-end hosts [9]. The disease is presumed
to be endemic in Africa, Europe, and Asia.
Introduced in New York City in 1999, WNV
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quickly spread through North, Central and
South America. The epidemiological character-
istics of this particular epidemic appear quite
different from the situation in Southern Europe
and the Mediterranean basin [76]. In this
region, the virus may be introduced periodically
into Europe from African endemic areas by
migratory birds [14].

Tsai [71] proposed two epidemiological
cycles that could operate more or less indepen-
dently in both Africa and Europe. The first is a
sylvatic cycle involving non-synanthropic bird
species and ornithophilic mosquitoes. The sec-
ond is an urban cycle involving synanthropic
bird species and opportunistic mosquitoes.
According to Tsai [71], migratory birds arriving
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in Europe from Africa introduce the virus into
the sylvatic cycle. Then, WNV could be
introduced in a peridomestic cycle, involving
peridomestic birds such as magpies and oppor-
tunistic mosquitoes; and occasionally into an
urban cycle, where its amplification would
cause human and equine epidemics.

However, virological and epidemiological
arguments suggest that enzootic cycles could
also be maintained in some specific locations
north of the Sahara. Viral phylogenetic studies
group circulating WNV isolates into two lin-
eages, I and II [57]. Strains from both lineages
circulate in tropical Africa. Therefore, strains
from both lineages thus could be introduced
into Europe by migratory birds. However, all
European isolates belong to lineage I [S7] with
the sole exception of lineage II strains recently
isolated from migratory birds and sheep in
Hungary [5, 24, 42]. All of the strains responsi-
ble for recent outbreaks in the Mediterranean
basin are genetically close and may have
evolved from those isolated in the 1960s in
the same region [57]. Thus, some WNV strains
may have been circulating in sylvatic cycles in
Europe since the 1960s. Indeed, in several
European countries, serological studies have
shown a low-level circulation of WNV: Czech
Republic [35], Poland [41], Romania [67],
France [36, 37] and Spain [46]. In these studies,
WNV circulation was demonstrated by seropos-
itive results in resident birds [36, 41, 67] and/or
in hatch-year migratory birds captured in
summer [35, 37, 46]. In specific areas (e.g.
Camargue, France), follow-up of wild avifauna
has shown a low but regular WNV circulation
[6]. In addition, a seroprevalence study con-
ducted on horses in France (2003) showed
prevalence rates increasing with age. This sug-
gested a recurrent WNV circulation in specific
places of the study zone, located near protected
bird conservation areas [23].

When studying WNV circulation patterns in
Southern Europe and the Mediterranean basin, it
is thus difficult to disentangle the roles of the
African and European study areas, the respec-
tive importance of resident bird populations,
and the importance of the migrant populations
that link both continents. In particular, while
epidemiological studies clearly demonstrate

Page 2 of 16 (page number not for citation purpose)

B. Durand et al.

recurrent WNV circulation in some European
areas, they have not determined whether the
virus is regularly re-introduced from Africa or
if it circulates permanently in Europe. The first
hypothesis does not account for the genetic
similarity of European isolates. Meanwhile, the
second hypothesis implies either a continuous
WNV circulation in specific areas of Mediterra-
nean countries where mosquitoes would remain
active yearlong, or the existence of virus over-
wintering mechanisms, such as transovarial
WNV transmission in mosquitoes [58], the exis-
tence of other competent vectors (e.g. ticks) that
could remain active yearlong [1, 55], overwin-
tering of infected females, or a direct virus trans-
mission between birds [3, 33, 43].

The goal of the study described in this
paper was to model WNV circulation between
Southern Europe and West Africa, with the
assumption that there is no WNV overwintering
mechanism in Europe. We then evaluated
whether the model made it possible to explain
independent serological data obtained from
wild birds trapped in Africa and Europe.

2. MATERIALS AND METHODS
2.1. Model

The model is a deterministic discrete time meta-
population model with a daily time step. The epide-
miological system is represented by a set of host
populations that share during their annual life cycle
a set of locations where vector populations live.
Some of the host populations are migratory and move
between locations during the year. Incidental hosts
(sentinel chickens and horses) are also living in each
location and are exposed to infectious bites. For each
host population, state variables are the proportions of
birds in each age class (nestlings, juveniles, and
reproductive adults) and health state (susceptible,
viraemic, and immune). State variables describing
vector populations correspond to the proportions of
mosquitoes in each of the three possible mosquito
health states: susceptible, latent (during the extrinsic
incubation period), and infectious (when biting, the
vector will transmit the virus to the host). Equations
describing bird and vector population dynamics are
provided in Supplementary data available on line at
www.vetres.org. The infection dynamics coupling
bird and vector populations is described in Figure 1.
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Figure 1. Structure of the metapopulation model. H,,.: proportion of birds in age class a, health state z of
population y; V. .: proportion of vectors living at location x that have the health state z; u,,,: daily mortality
rate of birds in age class a of population y; u,: vector daily mortality rate; 4, ,: force of infection for hosts in
age class a of population y; Tv: duration of viraemia in hosts; 7g,: duration of gonotrophic cycle in vectors
living at location x; Tx,: duration of the extrinsic incubation period in vectors living at location incubation
period in vectors living at location x; g, ,: proportion of bites that occur on birds of population y and age

class a; and p,,,: proportion of viraemic birds in population y and age class a.

The equations are provided in Supplementary data
on line.

2.2. Parameterisation
2.2.1. Population dynamic parameters

Three locations were considered: a wet African
area, a dry African area, and a European Mediterra-
nean area. Three resident bird populations live in
these areas, as do three vector populations. Two
migratory bird populations link the three areas: long
distance migrants (wet Aftican area—European area)
and short distance migrants (wet African area—dry
African area).

Resident and migratory bird populations represent
passerines. Population dynamic parameters given in
Table I were fixed according to published data. Pop-
ulations were assumed to be demographically stable.
The daily per-capita hatch rate as well as the juvenile
recruitment rate was computed to ensure this stability.
Migrations are represented as instantaneous changes
of bird population locations. Migration dates and
demographic importance of bird populations (when
they share the same area) are given in Table L.

The vector populations are represented by Culex
pipiens in the European area and Culex univittatus
in the two African areas. Indeed these two mosquito
species are part of the main WNV vector species in
Europe and Africa [34]. Population dynamic param-
eters were fixed based on literature data (Tab. II).
Seasonal abundance variations are represented by a
simple site-specific rectangular-shaped dynamic, with
a maximal value (relative abundance of 100%) dur-
ing a specific period of the year, and a base abun-
dance level (relative abundance < 100%) during the
rest of the year. In African areas, maximal abundance
period was assumed to coincide with the rainy season
(mid-July to mid-October). During the dry season,
this activity was null in the dry area. Due to irriga-
tion, a base level of vector activity remained in the
wet area. The corresponding relative abundance
was fixed at 20% by entomologists based on their
knowledge of the area'. In the Southern European
area, vectors were assumed to be active only between
mid-April and mid-October (Tab. II).

! Baldet T., Mondet B., personal communication.
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Table 1. Parameter definitions and values: hosts.
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Parameter Value References
Duration of fledging period 13 days [17-19]
Percentage of young fledged 0.65 [69]
Juvenile survival rate 0.35 [17-19]
Adult annual survival rate 0.45 [50]
Sexual maturity 1 year [17-19]
Migration: presence on breeding sites
Short distance migrants 15 June-15 Oct [53, 54]
Long distance migrants 15 Apr—15 Oct [17-19]
Hatch period
Wet African area residents Permanent [53, 54]
Dry African area residents 15 July—15 Oct [53, 54]
European area residents 15 Apr-30 July [17-19]
Short distance migrants 15 July—15 Oct [53, 54]
Long distance migrants 15 May-15 July [17-19]
Demographic weights
Wet African area, wintering period
Resident population 25% [53, 54]
Migrants (short, long distance) 75% (10%, 90%) [53, 54]
Dry African area, nesting period
Resident population 25% [53, 54]
Short distance migrants 75% [53, 54]
European area, nesting period
Resident population 75% [17-19]
Long distance migrants 25% [17-19]
Duration of viraemia 5 days [43]

2.2.2. Calibration of the infection dynamic
parameters

Tables I and II give the duration of the extrinsic
incubation period in vectors and that of infective vi-
raemia in birds. Both were fixed based on literature
data. Infective vectors were assumed to remain infec-
tive until they die [16]. Other infection dynamic
parameters (age-specific bite relative risk and site-
specific vector-host ratios) were estimated using pub-
lished seroprevalence data (Tab. III) obtained in wild
birds [15, 46]. These data were collected in a wet
African area (the Senegal river Delta, Senegal) [15],
in a dry African area (Ferlo, Senegal) [15], and in a
Southern European area (Seville area, Spain) [46].
Two age classes were considered for the variations
of the bite relative risk: nestlings, chosen as the refer-
ence class, and flying individuals (juveniles and
adults). Juvenile and adult bite relative risk (denoted
RR), as well as site-specific vector-host ratios
(denoted K, for area x) were estimated minimising
the log-likelihood of the above data (numbers of
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tested and seropositive birds) (Tab. III). These data
were assumed to result from a binomial process,
the epidemiological system being at its equilibrium
state and reproducing each year the same dynamic,
so-called limit cycle. To obtain a numerical estimate
of this state, the following procedure was applied:
bird and vector populations were initially fully sus-
ceptible, except for the wet African area, where infec-
tion was seeded in the vector population (0.1% of
vectors in the I state). The model was then run year
by year. Yearly absolute variations of state variables
were computed each January 1st. The simulation pro-
cess was stopped when these variations became neg-
ligible (< 10~" for each of the age- and health-state
specific state variables describing bird populations).
Using the resulting state as the initial situation, a
one-year dynamic was finally computed and consid-
ered a numeric approximation of the limit cycle.
Confidence intervals of parameter estimates were
computed from the Hessian matrix. The core of the
model was programmed using the C language. It
was embedded in the R environment [64] with which
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Table II. Parameter definitions and values: vectors.
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Parameter Value References
Average vectors lifetime

Africa 8 days [30]

Europe 16 days [31]
Duration of extrinsic incubation period

Africa 10 days [16, 39, 40]

Europe 14 days [21, 25, 38, 70]
Duration of the gonotrophic cycle

Africa 3 days [30]

Europe 4 days [31]
Activity period and relative abundance

Africa

Period with maximal abundance
Relative abundance
During this period
During the rest of the year
Wet area
Dry area
Europe
Period with maximal abundance
Relative abundance
During this period
During the rest of the year

15 July—15 Oct

[51]

100% Reference value
20% Expert opinion
0% Expert opinion

15 Apr—15 Oct

100%
0%

[7, 63]

Reference value
Expert opinion

statistical analyses were performed. The source code
is available upon request.

2.2.3. Sensitivity analysis

A systematic univariate sensitivity analysis was
conducted to study the effects of parameter variations
on the estimated values of the juvenile and adult bite
relative risk (RR), and of site-specific vector-host ratios
(K.). For each host and vector parameter (Tabs. I and
11), two alternative values were tested (dates: £1 week,
durations: +1 day, proportions: +5%), the calibration
process resulting in two different estimates of RR
and K. The dataset thus obtained was analyzed using
a generalized linear model for each of the four esti-
mated parameters (RR and the three site-specific K,).
The independent variables were the variations of the
estimates (taking as a reference the results obtained
with the default parameter set) and the dependent
variables were the host and vector parameters. The gen-
eralised linear models were finally used to predict the
effect of positive variations of host and vector param-
eters (dates: +1 week, durations: +1 day, proportions:
+5%) on the estimated values of RR and K, and to rank
the parameters according to these effects.

2.3. Exploitation

2.3.1. Epidemiological cycle and WNV
circulation pattern

Predicted annual dynamics of the epidemiological
system at the equilibrium state were studied using
two variables: the proportion of viraemic birds in
each of the five modelled populations, and the pro-
portion of infectious vectors in each of the three mod-
elled areas. We then focussed on long distance
migrants to quantify WNV flows between Africa
and Europe. For this population, we compared the
proportion of viraemic birds at two key periods of
the annual cycle: the prenuptial migration and the
post-nuptial migration. Computing the ratio of the
first proportion to the second allowed us to quantify
the global direction of WNV flows (from Africa to
Europe if the ratio is > 1, or from Europe to Africa
if the ratio is < 1).

We then computed annual cumulated incidence
rates of infection to evaluate the relative importance
of each population for global WNV circulation, the
references being the wet African area populations
(resident birds and vectors).
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Table III. Comparison of the predicted values with seroprevalence data observed in African and European
wild birds (used for model calibration), incidence data observed in African sentinel chickens and annual
infection incidence estimated in African and European horses (used to compute bite relative risk in

incidental hosts).

d

Animals Date Pop. Observed or estimated data Predicted data
Data® Rates (95% CI) References
Wild birds®
Wet African area 15 Nov R 6/51 0.12 (0.04-0.24) [15] 0.10
M 6/201 0.03 (0.01-0.06) [15] 0.05
Dry African area 1 Oct R+L 11/152 0.07 (0.04-0.13) [15] 0.07
European area 15 Apr R 4/271 0.01 (0.00-0.04) [46] 0.01
M 18/240 0.07 (0.04-0.12) [46] 0.07
Sentinel chicken”
Dry African area 0.14 (0.07-0.29) [13] 0.14
Horses®
Wet African area 0.21 (0.20-0.22) [14] 0.24
Dry African area 0.19 (0.18-0.21) [12] 0.22
European area 0.04 (0.03-0.04) [23] 0.03

# Observed seroprevalence in Djoud’j National park (Senegal, wet African area), Ferlo area (Senegal, dry
African area), and Seville area (Spain, European area).

® Observed incidence rate in Ferlo area (Senegal, dry African area).

¢ Annual incidence rates estimated from age-specific seroprevalence data collected in Senegal river valley
(Senegal, wet African area), Ferlo area (Senegal, dry African area), and Var area (France, European area).
4 Pop.: population, R: residents, M: long distance migrants, and L: local migrants.

¢ Number positive and number tested.
[ Confidence interval.

The three modelled areas are linked by migratory
bird populations that may be infected either on their
breeding grounds or on their wintering grounds. To
evaluate the respective importance of both infection
places, we computed for each migrant population
the proportion of infections occurring when birds
are on their breeding grounds (the Southern European
area for the long distance migrants and the dry Afri-
can area for the local migrants).

2.3.2. Computation of bite relative risks
in incidental hosts

Once calibrated, the model was used to compute
the bite relative risks for incidental hosts using inci-
dence data [12—-14, 23]. For horses, data were col-
lected in a wet African area (Senegal River valley,
Senegal) [14], a dry African area (Ferlo, Senegal)
[12], and a European area (Var, France) [23]. For
each of the three studies, the age of the animals
allowed us to compute an annual incidence rate of
WNV infection from age-specific seroprevalence
rates, as described in [11] (Tab. III). Using these
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annual rates, the bite relative risk for horses was com-
puted separately for each of the three modelled areas
(using Eq. 17, on line Supplementary data available
at www.vetres.org). Considering the bite relative risk
is independent of the area, estimated value was the
average of these three area-specific values. This value
was used to compute the predicted annual dynamics
of infection rates in horses living in each of the three
modelled areas. Bite relative risk was estimated sim-
ilarly for the sentinel chicken using data from a dry
African area (Ferlo, Senegal) [13] (Tab. III).

3. RESULTS
3.1. Parameter estimation
3.1.1. Calibration results
The estimated value of the bite relative

risk for flying juvenile and adult birds
(RR) was 0.32 (95% confidence interval (CI):
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Relative abundance of vectors during the dry season: wet Afr. area
Relative abundance of vectors during the dry season: dry Afr. area
Relative abundance of vectors in winter: Eur. area
Percentage of young fledged
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Population weight of mig. birds: wet Afr. area
Population weight of mig. birds: dry Afr. area
Population weight of mig. birds: Eur. area
Duration of fledgling period
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Gonotrophic cycle: Africa
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Avg. vector lifetime: Europe

PROPORTIONS
(A=+5%)

+1 day)

DURATIONS

(A:

Vet. Res. (2010) 41:32

Start of period with max. vector abundance: Africa
End of period with max. vector abundance: Africa
Start of period with max. vector abundance: Europe
End of period with max. vector abundance: Europe
Start of hatch period: Africa

End of hatch period: Africa

Start of hatch period: Europe

End of hatch period: Europe

DATES
(A=+1 week)

-0.15 0.

Flying indivual-Nestling
bite relative risk

T T 7T
00 0.10

1T T T 1T T T T

-4 -2 0 2 4-10 -5 0 5
Vector-host ratio: Vector-host ratio:
wet African area dry African area

L T
10-1.5 -05 05

Vector-host ratio:
European area

15

Figure 2. Effect of parameter variations on the estimated values of the bite relative risk for adults and flying
juveniles (ref.: nestlings) and of the site-specific vector-host ratios.

0.05-1.92), indicating a predicted bite risk 3
times higher in nestlings than in flying individ-
uals. The estimated vector-host ratio was higher
for the dry African area (14.1, 95% CI: 7.5—
26.5) than for the wet African area (5.8, 95%
CI: 1.5-22.1). For the European area, the esti-
mated vector-host ratio (2.6, 95% CI: 0.8-8.9)
was approximately half that of the wet African
area. Using these estimated parameters, pre-
dicted seroprevalence rates in bird populations
appeared close to the data used for model cali-
bration (Tab. III).

3.1.2. Sensitivity analysis

Sensitivity analysis results are summarized
in a tornado chart (Fig. 2). The most influential
parameter among date-valued parameters was
the end of the vector activity period. In the
European area, when this period ended later,
WNV circulation lasted longer, leading to a
lower estimate of the vector-host ratio. More-
over, long distance migrants arrived later on
their wintering grounds and were thus less

exposed to WNV circulation in the wet African
area. This led to a higher estimate of RR. Oppo-
sitely, when the rainy season ended later in
Africa, long distance migrants arrived on their
wintering grounds before the end of this maxi-
mal vector activity period. This led to a lower
estimate of RR, and to a higher estimate of
the vector-host ratio in the European area. Most
of the duration-valued parameters had little
effect on the RR estimate, except for the gono-
trophic cycle. An increase of the gonotrophic
cycle duration led to an increase of the vector-
host ratio estimate in the corresponding area,
since the proportion of vectors that bite a host
at a given day was lower. Finally, among the
proportion-valued parameters, the most influen-
tial was the relative abundance of vectors dur-
ing the dry season in the wet African area.
Indeed, in this case, WNV circulation was
increased in the wet African area, as was the
exposure of migrant populations on their win-
tering grounds. This led to a decrease of RR
estimate, to compensate for this higher expo-
sure during the dry season.
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Figure 3. Predicted annual variations of the proportion of infectious vectors in the wet African area (top,
thick line), in the dry African area (top, thin line), and in the European area (bottom, thin line). A-B:
Hatching periods for the bird populations living in Africa (top, not indicated for the resident population of
the wet area for which reproduction is not seasonal) and Europe (bottom). a—b: Presence of the migratory
populations on their breeding sites in Aftrica (top) and in Europe (bottom).

3.2. Epidemiological cycle and WNYV circulation
pattern

3.2.1. Predicted annual dynamics and WNV flows
between Africa and Europe

The overall proportion of infectious vectors
was predicted to be one log lower in Europe
than in Africa (Fig. 3), but remained low for
the three populations, with maximal values of
1% for the African areas and 0.1% for the Euro-
pean area. In the African areas (Fig. 3, top), the
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predicted proportion of infectious vectors
increased exponentially during the rainy season.
During the dry season, the base vector activity
level allowed a low WNV circulation level in
the wet area only. In the European area, the pre-
dicted proportion of infectious vectors increased
exponentially until the end of the vector activity
period (Fig. 3, bottom).

As for vectors, the magnitude of the pro-
portion of viraemic birds was predicted to be
approximately 10 times lower in Europe than in
Africa. Whatever the population, this proportion
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Figure 4. Predicted annual variations of the proportion of viraemic birds in the resident populations of Africa
(top, thick line: wet area, thin line: dry area) and Europe (bottom, thin line), and in the migratory populations
(dashed lines, top: short distance African migratory population, bottom: long distance migratory population).
A-B: Hatching periods for the bird populations living in Africa (top, not indicated for the resident population of
the wet area for which reproduction is not seasonal) and Europe (bottom). a—b: Presence of the migratory
populations on their breeding sites in Africa (top) and in Europe (bottom).

remained low throughout the year, with a max-
imal value of 3% for short distance African
migrants at the end of the rainy season. In resi-
dent African populations as well as in local
migrants, the predicted proportion of viraemic
birds peaked at the end of the rainy season,
the peak being sharper in the dry area residents
and in the short distance migrants (Fig. 4, top).
In resident birds of the European area, the
predicted proportion of viraemic individuals
increased until the end of the vector activity

period (Fig. 4, bottom, thin line). In long distance
migrants, the predicted infection dynamic was
parallel to that of resident European birds during
the breeding season, but the main peak occurred
after the post-nuptial migration due to the expo-
sure of birds to WNV circulation in the wet
African area (Fig. 4, bottom, dashed line).

In migrant populations, the predicted propor-
tion of viraemic birds upon arrival at the breed-
ing site was low: approximately one for 10°
birds in short and long distance migrants.
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Figure 5. Predicted annual variations of the daily infection rate for horses living in the wet African area
(top, thick line), in the dry African area (top, thin line), and in the European area (bottom, thin line). A—B:
Hatching periods for the bird populations living in Africa (top, not indicated for the resident population of
the wet area for which reproduction is not seasonal) and Europe (bottom). a—b: Presence of the migratory
populations on their breeding sites in Aftrica (top) and in Europe (bottom).

Furthermore, for long distance migrants, the
proportion of viraemic birds at post-nuptial
migration was 30 times higher than that pre-
dicted at prenuptial migration. The direction
of the WNV flow was thus clearly from Europe
to Africa, the post-nuptial migration being the
support of this flow, as well as the support of
a massive flow of susceptible birds, born in
Europe, to the wet African area. However, none
of these flows appeared essential to the overall
WNV circulation. Removing the long distance
migrant population from the epidemiological
system did not significantly affect WNV circu-

lation within Africa (virus ultimately disap-
peared from the European area only).

Finally, the sensitivity analysis showed that
the shape of the yearly limit cycle (illustrated
by Figs. 3 and 4) was not changed by variations
of parameters. In particular, it was the case for
the vector activity level during winter in the
European area (relative abundance of 5%, 10%
and 20% instead of 0%). Indeed, setting this vec-
tor activity level to 20% (as in the wet African
area during the dry season) resulted in a higher
estimate of RR, and to lower estimates of the
three vector-host ratios (Fig. 2). The limit cycle
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resulting from the calibration process showed
an increased virus circulation level in resi-
dent European birds. However, this increase
remained limited: at prenuptial migration, the
predicted proportion of viraemic birds was one
log lower in European residents than in residents
of the wet African area. Furthermore, removing
the long distance migrants from the epidemio-
logical system ultimately led to a disappearance
of WNV from the European area. Thus, even
when the vector activity during the winter in
Europe was strongly increased, the calibration
process resulted in an annual cycle without true
endemic circulation in Europe, WNV introduc-
tions by long distance migrants remaining nec-
essary to virus circulation in this area.

3.2.2. Relative importance of bird populations in
WNYV circulation

The predicted annual cumulated incidence of
vector infections was 2.6 times higher in the dry
African area than in the wet African area (refer-
ence population). For the European area, it was
17 times lower (ratio: 0.06). In bird populations,
the annual cumulated incidence of infections
was predicted to be similar in residents of the
wet African area (reference population) and in
short distance migrants (ratio: 1.1). Lower ratios
were obtained for the three other populations:
0.8 for residents of the dry African area, 0.4
for long distance migrants, and 0.1 for the
residents of the European area. In long distance
migrants, 79% of the infections occurred on the
wintering site (wet African area) and 21% on
the European breeding site. In contrast, for short
distance migrants, most of the contaminations
occurred on the breeding site (71%).

3.3. Incidental hosts

For horses, the bite relative risks estimated
separately for the three modelled areas were
3.5 for the wet African area, 3.8 for the dry
African area, and 5.3 for the European area.
Using the average value of 4.2, predicted yearly
incidence rates obtained for the three modelled
areas were close to the values estimated from
seroprevalence data (Tab. III). For sentinel
chickens, estimated bite relative risk was
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slightly lower than that obtained for horses:
2.7. In horses, the predicted annual cycle of
the daily infection rate showed marked varia-
tions (Fig. 5). In Africa, the infection rate
peaked at the end of the rainy season, the max-
imal value being higher in the dry area than in
the wet area. In Europe, the predicted peak of
infection rate was approximately two logs
lower, but started earlier.

4. DISCUSSION

Statistical and mathematical models have
been elaborated to link WNF incidence with
temperature data [73, 77] and to simulate
WNV circulation in epidemiological systems
[8, 20, 45, 65, 75]. These studies aimed to
quantify the basic reproduction number RO
and the effect of control measures on its value.
In all of these studies, the authors addressed the
North American context. In this study, we pro-
pose a metapopulation model for WNV circula-
tion between Europe and Africa. The bird
populations represented passerines, which are
generally considered as playing a major role
in WNV circulation [27, 43]. The survival rates
were assumed identical in the populations mod-
elled as were the time periods before nestlings
leave the nest. However, the reproduction pat-
tern varied according to populations, ranging
from a permanent to a seasonal reproduction.
Parameters were fixed based on literature data
save for the base activity level of vectors in
the wet African area which were fixed by ento-
mologists based on their prior experience and
knowledge. Key parameters relating to the
transmission of infection were calibrated using
relevant published data on anti-WNV seroprev-
alence in African and European bird popula-
tions, and in populations visiting both
continents during their annual life cycle. The
sensitivity analysis allowed identifying the
parameters that had the greatest influence on
estimated values of RR and site-specific vec-
tor-host ratios.

The predicted limit cycle appeared consis-
tent with independent data collected from wild
birds, vectors, and horses in various countries.
In wild birds, the predicted seroprevalence rate
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at the arrival of spring migrations in Europe
(1% for European resident birds, 7% for long
distance migrants) is close to that obtained in
Moravia (Czech Republic) (global rate of
5.6% for resident and migratory birds) [35]. It
is also close to the seroprevalence rate obtained
at the same period in Camargue, Southern
France: 0.8% in resident birds and 7.6% in long
distance migrants [37]. In vectors, the predicted
proportion of infected mosquitoes in Europe
(maximal value: 1/1 000) is also comparable
with minimal infection rates obtained in Portu-
gal (Cx. univittatus and Cx. pipiens: 2.8/1 000)
[26], Romania (Cx. pipiens: 0.19/1 000) [67],
and Russia (Cx. pipiens: 0.79/1 000, Cx. mode-
stus: 2.72/1 000) [29]. In incidental hosts, the
model allowed the reproduction of independent
serological data from Europe and Africa. The
model predicts that the infection rate of Euro-
pean horses peaks from mid-August to mid-
October, a period when equine clinical cases
were observed in past epidemics in France
[49, 56], Italy [4], Russia [61, 62], Romania
[10, 72] and Israél [74]. The predicted yearly
incidence rate (3%) is also coherent with the
proportion of IgM-positive horses reported in
France: 182/5 107 (3.5%) in 2000 [22] and
23/906 (2.5%) in 2003 [23]. In France, the fol-
low-up of sentinel horses by Bicout et al. (cited
by [44]) in 2001 and 2002 showed seroconver-
sion rates of 4.7% and 1.4%, respectively. In
Spain (2007), the seroconversion rate obtained
in a similar study was null (N =64, 95%
CI = 0-5.6%) [2]. These field results are coher-
ent with the predicted incidence rate for Euro-
pean horses. Regarding sentinel chickens, the
predicted incidence rate is different from what
was recently observed in the Italian Alps
(90%) [66]. However, as suggested by the
authors of that study, this very high incidence
rate may be explained by a direct, chicken to
chicken transmission. This transmission route
was not included in our model. In the study
used to estimate the chicken bite relative risk
[13], the existence of such a route could not
be ruled out: if it does exist, the chicken bite rel-
ative risk would have been overestimated.

The epidemiological situation obtained after
model calibration is a situation in which WNV
primarily circulates in the wet African area and
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is introduced by migratory birds into the dry
African area and the European area. The pro-
portion of viraemic birds arriving on the breed-
ing grounds at the time of prenuptial migration
is predicted to be low (one for 10° birds). How-
ever, the Palearctic-African bird migration sys-
tem comprises nearly 4 billion songbirds [52].
Therefore, even such a low proportion could
allow regular introductions of WNV from
Africa to Europe. Combined with the predicted
amplification of WNV circulation during the
hatching period in Europe, this low proportion
results in a net WNV flow clearly directed from
Europe towards Africa. However, this flow is
not necessary to the predicted WNV circulation
pattern: only the suppression of the resident bird
or vector population of the wet African area
interrupts the overall WNV circulation. The
estimate of the relative bite risk in flying indi-
viduals (adults and juveniles) versus nestlings
was < 1, suggesting an increased WNV circula-
tion during the hatching period. The results of
the sensitivity analysis suggest this result is
robust, since RR always remained < 0.50 in
the tested situations. This result was also in
agreement with field studies [15, 32], although
opposite results were recently obtained in the
USA [47]. The higher risk for hatchings could
be explained by the fact that (i) nestlings are
immobile and are not protected by feathers
which could make them more attractive to vec-
tors than adult and mobile birds; (ii) their
immunological system is immature, viremia
being consequently longer as demonstrated in
house sparrows and St. Louis encephalitis virus
[48]. When confirmed, this hypothesis would
imply a predominant WNV circulation on the
breeding sites and during the breeding periods.
The presence of bird species with an all year
round reproduction cycle would thus be a factor
favouring WN endemicity in the West African
areas in addition to the permanent activity of
vectors. Indeed, in the European area where
the resident bird population has a seasonal
reproduction pattern, the sensitivity analysis
showed that even with a year-round vector
activity, the calibration process resulted in a
limit cycle without true endemic WNV circula-
tion (i.e. maintained even without virus intro-
duction by long distance migrants). Estimates
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of vector-host ratios were consistent with the
ecological characteristics of modelled areas,
the values in the African areas being more than
twice higher than those in the European area.
The higher value obtained for the dry African
area was consistent with an intense WNV circu-
lation during the rainy season.

This model allows the reproduction of
observed patterns in birds, horses, and vectors
without including any persistence mechanism.
However, the existence of mechanisms such
as overwintering and vertical transmission in
vectors [21], direct bird to bird transmission
[33], and persistent infection in birds [43] can-
not be ruled out. Simplifying assumptions were
also made in our model. Mortality induced by
WNV was not considered since, usually, it is
assumed to be negligible in Southern Europe
and the Mediterranean basin [60]. Moreover,
in a context of epidemiological equilibrium,
such mortality (if it were significant) would
be included in the overall mortality. The appear-
ance of a more virulent strain could neverthe-
less induce changes in WNV dynamics and
increase virus transmission, as was suggested
by a recent modelling study that addressed the
North American context [28]. Passive immunity
to WNV was neglected as transmission of
maternal antibodies appears limited in passe-
rines [59]. The duration of migrations was also
not explicitly represented. Most of the long dis-
tance migrants use an intermittent flight strategy
during migrations: they fly at night and rest or
feed during the day. A recent study [68] has
shown that they also adopt this strategy while
crossing the Sahara. Thus, migrations should
not be considered as long non-stop flight during
which WNYV cannot circulate, but rather as a
succession of short night flights and of diurnal
stops, during which WNV can circulate if vec-
tors are present. Therefore, instead of including
an intermediate state for migration periods, we
chose to consider a situation in which, at a
given point of its migration route and between
two stops, a migrant population switches from
African conditions to European conditions (in
terms of vector abundance).

Lastly, the proposed model does not explain
the large preponderance of lineage I in Europe.
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Besides the existence of overwintering mecha-
nisms allowing an endemic WNV transmission
in some European areas, there could be two
possible explanations: (i) both lineages I and
IT are introduced equally in Europe but Euro-
pean vectors either are not or are poorly compe-
tent to transmit lineage II; (ii) lineage I is more
prevalent in Africa than lineage I and the prob-
ability of introduction of lineage I is higher than
for lineage II.

In conclusion, the proposed model is based
upon a simplified hypothesis about global
WNV circulation in Southern Europe and the
Mediterranean basin. This model satisfactorily
reproduces incidence and prevalence data from
several countries and continents that were col-
lected in wild birds, vectors, and incidental
hosts. Therefore, it does not seem necessary
to make additional assumptions about mecha-
nisms allowing a permanent viral circulation
in Europe to account for global WNV circula-
tion even if the existence of such mechanisms
cannot be ruled out.
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