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and its host preference.

Rift Valley fever virus (RVFV) is a zoonotic vector-borne infection and causes a potentially severe disease. Many
mammals are susceptible to infection including important livestock species. Although currently confined to Africa
and the near-East, this disease causes concern in countries in temperate climates where both hosts and potential
vectors are present, such as the Netherlands. Currently, an assessment of the probability of an outbreak occurring in
this country is missing. To evaluate the transmission potential of RVFV, a mathematical model was developed and
used to determine the initial growth and the Floquet ratio, which are indicators of the probability of an outbreak
and of persistence in a periodic changing environment caused by seasonality. We show that several areas of the
Netherlands have a high transmission potential and risk of persistence of the infection. Counter-intuitively, these are
the sparsely populated livestock areas, due to the high vector-host ratios in these areas. Culex pipiens s.. is found to
be the main driver of the spread and persistence, because it is by far the most abundant mosquito. Our
investigation underscores the importance to determine the vector competence of this mosquito species for RVFV

Introduction

Rift Valley fever virus (RVFV; Bunyaviridae: Phlebovirus)
was first isolated during an outbreak in the 1930’s in the
Rift Valley of Kenya [1]. Between 1930 and 1977 out-
breaks of RVF were limited to sub-Saharan Africa [2]. In
1977 the first documented outbreak north of the Sahara
occurred in Egypt, and since that time RVFV has been
found in Madagascar and smaller islands of the coast of
mainland Africa [2]. In 2000 the first outbreak occurred
outside Africa on the Arabian Peninsula in Saudi Arabia
and Yemen [3]. The increasing known area of distribution
and an outbreak out of Africa feeds the fear of an expansion
of the area affected by RVF and especially into the direction
of the Middle East and Europe [2].

Many mammalian species are susceptible to infection
with RVFV, including livestock such as cattle, goat,
sheep and camels [1,4], but also wildlife such as giraffe
and African buffalo [5,6]. RVFV infection in susceptible
livestock animals causes abortion in pregnant animals
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and high mortality rates of new-borns. In older ani-
mals, infection is generally mild or asymptomatic.
Birds and reptiles are refractory, and important live-
stock species such as pigs [7], horses and other equines are
resistant to the infection [4,8]. Susceptibility of deer-species
(either European, Asian or American) is unknown to date.

Humans can become infected with RVFV following
contact with infected animals or animal products, and
although less likely as a result of a mosquito bite. RVFV
infection in humans is generally mild or unapparent, but
occasional severe and potentially fatal complications
occur [2,4].

RVFV is a vector-borne infection primarily transmitted
by mosquitoes of many different species. These include
Culex pipiens sensu lato (L.) and Aedes vexans (Meigen),
which are both present in the Netherlands [8]. One African
vector species, Aedes lineatopennis (Ludlow), has been
found to transmit the virus to their eggs [9]. Based on this
knowledge, vectors of the genus Aedes are thought to
transmit the virus to their eggs (vertical transmission)
[8,10]. Other genera are thought not to transmit the
virus vertically. Mechanical transmission of the virus
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by other insects, such as stable flies, has been observed
in experiments [11].

The infection has entered and established itself in
regions previously free of RVFV [12]. The presence of
vectors and hosts does not automatically imply that an
outbreak will occur after introduction. Other epidemio-
logical, ecological and environmental factors, such as
temperature, host species composition and habitat over-
lap, determine the probability of an outbreak. To assess
the probability of an outbreak and persistence in a country
in the temperate zone we have chosen the Netherlands
as case. The Netherlands is a country with high and
low density livestock areas and potentially competent
vectors are present [13-15]. An outbreak of RVF in the
Netherlands would lead to massive economic losses, and
poses a risk for public health and animal welfare [16].
Therefore the transmission potential of RVFV needs to be
evaluated under the climatological and epidemiological
characteristics of this country.

Previous models of Rift Valley fever epidemiology
either reproduced a spatial epidemic using a network
model [17], or incorporated detailed information on the
different stages of the vector [10], or incorporated trans-
mission to humans [18]. These models have shown the
importance of decreasing the vector life span to reduce
the potential of a major outbreak. These models do not,
however, include seasonality of vector populations or
changing parameters values due to temperature fluctua-
tions. These effects are of importance to determine risk
of persistence in areas with clear temporal fluctuations,
such as the Netherlands.

For our purpose, a new mathematical model was de-
veloped to study the probability of a RVFV outbreak,
and the probability of persistence of the infection during
consecutive years. First, we apply the model to create
risk maps of the Netherlands showing high risk areas for
a RVFV outbreak and for persistence of RVFV in live-
stock. For these maps we consider host species to be cat-
tle, sheep and goats, and consider vector species to be
Aedes vexans vexans and Culex pipiens sensu lato as
vectors [8]. Finally, we conducted an uncertainty analysis
of the input parameters, which yielded knowledge about
influential input parameters and data gaps, which can
help focus future research and improve the accuracy of
the model predictions.

Material and methods

The mathematical model: general overview

The transmission potential of RVFV in the Netherlands
is assessed using a deterministic mathematical model.
Figure 1 shows the flowchart of the model. The parame-
ters and descriptions are given in Table 1. Detailed infor-
mation on the equations and model quantification is
given in the Additional file 1. This model describes the
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local spread of the infection in a predefined small area
in which all hosts and vectors mix homogeneously. In
this study 5 by 5 kilometre area grids were used, based
on the highest possible resolution for modelled mos-
quito abundances [19].

We assume constant host population sizes and no
effect of temperature on host related parameters. In
contrast, vector-related parameters are temperature
dependent based on average daily (24 h) temperatures
in The Netherlands between 1971-2000 [20]. Further-
more, vector populations fluctuate during the vector sea-
son. The vector season is the period in which vectors are
active between 21 of April and 23" of October, given the
temperature threshold for biting of 9.6 °C [21].

Activity and survival of mosquitoes during winter
months and especially how that affects the virus, is
poorly understood. Therefore, in our model we assume a
period of stasis during winter, i.e. the number of suscep-
tible and infected vectors and the number of susceptible,
infected and recovered hosts at the beginning of the vec-
tor season is equal to the situation at the end of the previ-
ous vector season. This implies that the infection cannot
die out during the winter in our model. The rationale be-
hind this assumption is that, without an outbreak, the
overwintering strategies of vectors and the virus cannot be
determined for RVFV in temperate countries like the
Netherlands in which an outbreak has never occurred. For
instance, the bluetongue virus overwintered in the country
unexpectedly, and it is not clear how [22]. Virus had
overwintered and the epidemic reactivated, when the con-
ditions were favourable again [22]. A similar pattern is
possible for RVFV.

For convenience we assumed stasis of the host as well.
To test the effect of stasis of the host we performed a
sensitivity analysis, to evaluate its impact (see Additional
file 1). We found that a reappearing epidemic after a sta-
sis period, very quickly returns to the pattern of a con-
tinued epidemic (Additional file 1: Figure S3).

Host species

The main host species are domestic cattle, sheep and
goat. Pigs and equines are resistant to natural infection.
Rodents are not taken into account, because they are
assumed to play a negligible role in the epidemiology
[23]. Also humans are assumed not to add to the epi-
demiology. Deer are not taken into account for the cre-
ation of risk maps, because it is unknown whether these
animals are susceptible to RVFV.

The abundances of livestock hosts per 5 x 5 km grid in
the Netherlands were acquired from a central database,
which contains the registered number of livestock per
holding in the Netherlands. The location of the animals
was assumed to be the location of the farm address. This
database is maintained by and opened to our use by
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hosts, I = infectious hosts, R

Figure 1 Schematic flowchart of the model. The boxes (compartments) depict the variables: X = uninfected vector eggs, Y = infected vector
eggs, S = susceptible vectors, LY = vectors in the extrinsic incubation period, /" = infectious vectors, sh= susceptible hosts, 1= latently infected
=recovered and immune hosts. The solid-line arrows depict the flow out of and into compartments. Dashed line
depict the influence of infectious vectors and infectious hosts on the flow from susceptible to latent infection and extrinsic incubation period.
Next to the arrows are the parameters determining that flow or influence: h(t) = hatching rate at time t, b(t) = biting rate at time t, ¢ =egg batch
size, = per egg vertical transmission probability, ¢ = transition rate of vector from extrinsic incubation period to infectious state, ¢’ = mortality
rate of vector, A" = per bite transmission from one infected individual of host to a susceptible vector, A" =the host specific per bite transmission
from a vector to a host, qbh = transition rate of host from the latent state to the infectious state, y = recovery rate of host.
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Table 1 Parameters and their definitions

Parameter Definition

1/9" Average latent period of host

V' ek Mean infectious period of host
(y")2 «k Variance infectious period of host
g Host mortality

1thedes(T) = a0 - a; T
1ilueT)=a0-a; T

dCuiex

b(T) mosquitces = bstope (T~ brmin)
1/edes (T) = T/ @max Psiope T)
1/0CuiexT) = 1/ @max- Psiope T)
¢

Baedes

Beutex

Qpedes

Aculex

Taedes, |

Tculex, j

Longevity of Ae. vexans as function of temperature T

Longevity of Cx. pipiens as function of temperature T

Increased mortality of infected Cx. pipiens

Biting rate of mosquito species as function of temperature T

Extrinsic incubation period Ae. vexans as function of temperature T. The slope is equal for Ae. vexans and Cx. pipiens.
Extrinsic incubation period Cx. pipiens as function of temperature T. The slope is equal for Ae. vexans and Cx. pipiens
Vertical transmission Ae. vexans

Host to Ae. vexans transmission probability

Host to Cx. pipiens transmission probability

Ae. vexans to host transmission probability

Cx. pipiens to host transmission probability

Relative preference of Ae. vexans for a host species j

Relative preference of Cx. pipiens for a host species j
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“Dienst Regelingen” of the Ministry of Economic Affairs,
Agriculture and Innovation (currently the Ministry of
Economic Affairs) to determine cattle, goat and sheep
density.

Vector species

Two mosquito vector species - Aedes vexans vexans
(Meigen), and Culex pipiens (L.) sensu lato - were indi-
cated as potential vectors in the Netherlands [8]. In the
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Netherlands Cx. pipiens subspecies pipiens and subspe-
cies molestus (Forskal) are found as well as hybrids,
these three types are meant with Cx. pipiens sensu lato,
with sensu stricto we depict Cx. pipiens subspecies
pipiens. Mosquito abundances of Ae. vexans and Cx.
pipiens sl. (Figure 2) were determined by extrapolation
from Belgian data [19]. We refer to Additional file 1 and
Ducheyne et al. [19] for more details on the methods
used.
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Figure 2 Vector abundance of mosquito species (in Logqo[n + 1]) and livestock abundance, per 5 by 5 km area in the Netherlands.
Vector, Cx. pipiens s.I. (L) and Ae. vexans (Meigen), abundances are extrapolated values from Belgian data based on spatial variables [19]. Cattle
and sheep & goat abundances (lower maps) are calculated from the per holding number of animals and the location of the farm addresses.
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The Dutch vector species are part of a species com-
plex: Ae. vexans vexans and Cx. pipiens s.l. Ae. vexans
vexans is the European sub-species of Ae. vexans. The
Arabian sub-species Ae. vexans arabiensis (Patton) was a
major vector in the Saudi-Arabian and West-African out-
breaks [24-26]. We assume that the Dutch Ae. vexans
vexans has the same vector competence as Ae. vexans
arabiensis. We will denote this species by Ae. vexans. The
situation for Cx. pipiens s.l. is more complex. The main
two sub-species Cx. pipiens sensu stricto and Cx. pipiens
molestus differ in host-preference. Cx. pipiens ss. is
strictly ornithophilic and does not bite on mammals,
while Cx. pipiens molestus is opportunistic and bites on
both birds and mammals. The sub-species hybridize to
form populations with intermediate preferences. For the
Netherlands it is unknown which species or hybrids are
present (pers. com. Dr E.J. Scholte). In this study we
assume that Cx. pipiens s.l. is purely biting on mammals
as a worst case assumption, and denote the species simply
by Cx. pipiens.

The mathematical model: description
Host
Host are categorized into four states: susceptible (s,
latent (L"), infectious (/") and recovered (R"). Host are
born susceptible, and will enter the latent state after
infection. After the latent state animals become infectious
and after clearance of the infection will become recovered.
Animals remain in the recovered class until death [4].

The force of infection is the per capita rate at
which hosts are infected, thus transit from the sus-
ceptible (5") to the latent state (L"). This rate is given

m
by Z(Agbi(t)(l/N}h) -I}’), which sums the infection
i=
pressure from all infected vectors of m vector species.
This summation includes the product of the numbers

of infectious vectors I}, the number of hosts Nl’", the
biting rate b;(t) of vector i and the term Af; The term
AZ. is the host specific per bite transmission from vector

i to host j, which is defined as the fraction of successful
transmission events from one infected vector of spe-
cies i to a host of species j per bite.

h
”ijN/

Ah = ;e ———————
ij U sn h
Zkzlﬂika

(1)

Here, a;; is the transmission probability per bite from
vector species i to host species j, which is multiplied by
the probability of a vector of species i biting a host of
species j. The probability of biting a host of species j is
calculated by multiplication of the preference 7; for host
j by vector species i with the number of hosts of species
j (N" ), divided by the sum of all preferences times host
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population sizes. The biting rate (number of bites per
vector per day) is not affected by the number of hosts
nor is the composition of hosts of influence on the biting
rate of an individual vector. After infection hosts are in
the latent class (L") with average length 1/ (o}h days. There-
after, hosts have a gamma-distributed infectious period of
on average k * ylh days. From the infectious state the hosts
enter the recovered state. The hosts remain in this state
until they die. Hosts die at rate /4}’.’ , and are replaced by
birth of new susceptible animals.

Vector

Insect populations are highly variable during a year and
therefore the vector population sizes are explicitly mod-
elled. The vector population size N*; depends on the
number of new adult vectors entering the population
hi(t) and the mortality of vectors (). For Cx. pipiens s.
1. the mortality rate increases with a factor d; if the vec-
tor is infected by RVFV [27].

Vectors have a latent state (in entomology called the
extrinsic incubation period) in which they cannot infect
hosts, and which is followed by an infectious state in
which they can infect hosts. These infectious vectors re-
main infectious until death.

The total force of infection on vectors is determined
by the summation of forces of infection by different host
species. This calculation includes the numbers of infectious
hosts Ih,, the biting rates b,(2) of vector i and the factors A;

These factors /;; are the probabilities of a random vector of

species i biting an infected individual of host j and resulting
in transmission of the virus to the vector:

g'nih'—hzﬁg'n#h' (2)
Zk:lﬂika N; Zk:l””‘Nk

Ay =B

Here, f3; is the transmission probability per bite of sus-
ceptible vector of type i on an infectious host of type j,
which is multiplied by the probability that a bitten host of
species j is bitten by vector species i (equal to Equation 1)
and the probability of biting the one infectious host is
given by dividing by the host population size: 1/N lh

Mosquitoes of the genus Aedes are thought to transmit
the virus from adult to egg. We developed a simple
model to mimic the influx and outflow of infected eggs
for Ae. vexans. The rate at which one female produces
eggs, is determined by the biting rate b,(t) and the batch
size ¢;. The batch size ¢; is determined in the model such
that the vector population size remains equal between
years (but fluctuates within a year). A fraction ¢; of eggs
of infectious vertical transmitting vectors will become
infected. After hatching and passing through larval
states, these eggs develop into infectious female vectors.
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Infected eggs form an extra infected state Y; (see Figure 1).
The number of hatching eggs is equal to the influx of new
female adults /(). This means that we only consider those
eggs that will survive, and the larvae and pupae will subse-
quently survive until emerging as adults. The rate of
producing eggs, ¢; b;(t), is, thus, the number of eggs
laid by a female that will survive at least until becom-
ing an adult female.

The biting rate b,(¢), mortality rate p}(¢) and rate of
transition from the extrinsic incubation period ¢! (¢)
change with time ¢ due to the temperature dependence
of these parameters. The average 24 h temperature is
described by a sine function (see Additional file 1:
Figure S1). Hatching parameter /,(¢) is the number of
eggs hatching at a certain moment in time and was
estimated such that the population size equalled the
observed seasonal pattern (see Additional file 1).

Initial epidemic growth rate and floquet ratio, Ry

RVFEV is not present in the Netherlands, hence the
country is in the so-called disease-free equilibrium. An
equilibrium can either be stable, which means that after
a disturbance, the system returns to the original state. In
our situation, this means that after introduction of an
infected vector or host, the transmission cycle is self-
limiting, i.e. no new infections occur even if enough sus-
ceptible hosts are present, and returns to the situation
without the infection. The other option is that the
disease-free equilibrium is unstable, meaning that a dis-
turbance (i.e. introduction of an infected vector or host)
will cause a major outbreak, which is only limited by a
depletion of hosts.

The stability of the disease-free equilibrium is often
determined by the well-known basic reproduction num-
ber, Ry. The basic reproduction number, Ry, is defined as
the expected number of secondary cases caused by one
primary case in a totally susceptible population [28].
However, the basic reproduction number R, is difficult
to determine for a seasonal system and if done, simplify-
ing assumptions have to be made which are not valid for
our purposes [28]. Therefore, we chose to use another
method, the newly defined Floquet ratio, Ry [29]. The
Floquet ratio, Ry is the expected number of cases caused
by a primary case after one complete cycle of seasons [29].

We will investigate the stability of the disease-free
equilibrium at two time scales. Firstly, the initial epi-
demic growth rate gives a measure for growth of the
number of infected hosts and vectors at the moment of
introduction. We will use the initial epidemic growth
rate, r, which can be calculated for each moment in time
(as opposed to Ry which is only applicable to the whole
cycle of seasons). The initial growth rate r is easily
derived from the model equations that are used to
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calculate Rr as well. The initial epidemic growth rate
r can be calculated by describing the increase in the
number infections by the transmission matrix T and
the decrease (by death and recovery) by matrix D
(see Additional file 1). If the real part of the largest eigen-
value of this matrix (T-D) in the disease-free equilibrium
is larger than zero using the Routh-Hurwitz criteria [30],
the disease-free equilibrium is unstable and a major
outbreak can occur. The initial epidemic growth rate
r will be transformed to €', so that it has the same
threshold property as the Floquet ratio Ry (i.e. e > 1).

Secondly, we will investigate the long term epidemic
growth which is the average growth in number of
infected hosts and vectors over multiple years. There-
fore, we have to deal with annually recurring patterns
(seasonality). The recently suggested Floquet ratio Rr
[29] uses Floquet theory in analysing the long term
multi-annual stability of a dynamic system. Application
of Floquet theory to the field of epidemiology has been
proposed previously [31], but has not been used fre-
quently by a lack of easy applicable methods [32] or by
simplification requirements of the model [29]. The algo-
rithm for Ry differentiates between the short term peri-
odic changes and long term changes in numbers of
infecteds [29]. In this algorithm the matrix (T-D) is
expanded into Fourier series, which are used to deter-
mine the Floquet ratio. If the Floquet ratio exceeds 1 the
disease-free equilibrium is unstable, and the infection is
expected to persist. The exact mathematics of the algo-
rithm used to determine the Floquet ratio are published
by Boender et al. [29].

Risk maps

Areas differ in host density and vector abundance,
resulting in different risks of an outbreak and of persist-
ence in each of these areas, which can be visualised by
risk maps. We created the maps to show the risk in dif-
ferent areas in the Netherlands of initial spread and of
persistence. Furthermore, we investigated which vector-
species contributes most to the spread by also creating
individual risk maps for Cx. pipiens and Ae. vexans.

Risk maps are created by overlaying input data com-
bined by specific calculations. Vector abundance (Figure 2)
is based on the geographic and climatological features of a
grid cell [19]. The host abundance for each grid cell are
the cattle, sheep and goats located in that grid cell based
on data of the Ministry of Economic Affairs, Agriculture
& Innovation (Figure 2). The host and vector abundance
and the estimates of the other parameter values are input
for the model. The model includes aspects of vector biol-
ogy, ecology, and virology.

Initial spread of RVFV is assessed at three moments
during the vector season: 30 days after the start of the
vector season (21°° May), half way (23" July), and 30 days
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before the end of the vector season (23" September).
Persistence of the infection is determined by the Floquet
ratio, Rz which summarizes growth over multiple years.
Rather than presenting a binary map with areas above
or below the threshold, we depict maps with the prob-
ability that the initial growth rate r or the Floquet ratio,
Ry; exceeds the threshold. This probability is based on
the accuracy and certainty of the estimated parameters
within biological plausible ranges (see Additional file 1).

Uncertainty analysis

In the uncertainty analysis, the model outcomes are cal-
culated with different parameter values sampled by Latin
Hypercube sampling [33] from their biological plausible
interval. The range in outcomes reflects the magnitude
of uncertainty introduced in the model outcome by the
uncertainty in parameter estimates.

Twenty-five parameters were analysed in the uncer-
tainty analysis. The 21 basic parameters of the RVF model,
the ratio between Cx. pipiens and Ae. Vexans, the ratio be-
tween Cx. pipiens s.l. and Cx. pipiens molestus, the per-
centage of refractory hosts and the vector-host ratio. The
vector-host ratio is varied in the uncertainty analysis by
sampling from the vector-host ratios observed in the grids
of 5 x 5 km areas. Additionally, the uncertainty in the esti-
mation of mosquito abundance is taken into account by
changing the estimated value by 10 fold (smaller or larger)
using an extra parameter, with which the original vector-
host ratio was thus multiplied.

The correlation between outcome of the model and
each of the sampled parameter values is determined by
the Kendall rank correlation coefficient (KRC) [34,35].
KRC coefficients of —1 or 1 represent a perfect correl-
ation of outcome with parameter, correlation of 0 means
no correlation.

Results

Risk maps

The map for risk of persistence of RVFV in the
Netherlands (Figure 3) shows that the areas with high
host abundance (Figure 2) have the lowest risk of a per-
sistent RVFV infection, due to the low vector-host ratio.

The risk of persistence of RVFV is almost com-
pletely due to the presence of Cx. pipiens as shown
by the map with Cx. pipiens being the only vector
(Figure 4). The low abundance of Ae. vexans (Figure 2)
in the Netherlands results in a minimal risk posed by
this vector (Figure 4).

The risk of outbreaks is higher halfway (July) and
around the end (September) of the vector season than at
the beginning (Figure 5). This is caused by higher vector
abundances (see Additional file 1) and by differences in
temperature affecting some model parameters of the
vector. Autumn is a risk period for outbreaks as well,
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but these outbreaks will be cut short by the decline in
mosquito abundances later in that year.

Uncertainty analysis
The vector-host ratio has the strongest effect (Figure 6)
due to the high level of uncertainty in vector abun-
dance (caused by the step from observed trap catch
to the estimated number per km? see Additional file 1).
Also parameters associated with the probability of virus
transmission by the vector (i.e. extrinsic incubation period
(EIP), the biting rate and vector mortality) are important.
When the vectors are biting on animals other than
livestock, the Ry is lower than without additional hosts.
If these animals are refractory, i.e. resistant to infection,
the Ry is lower than when these animals also contribute
to the transmission of RVFV. For our sparsely populated
livestock area (Table 2) the Ry crosses the threshold
when the number of refractory hosts is 0.65 times the
number of livestock animals, while this occurs if the
number of rodent hosts exceeds 3.48 times the number
of livestock animals. If the number of livestock (or animals
which have epidemiological equal properties) increases by
7.39 times the threshold is crossed as well (Figure 7).

Discussion

The mathematical model developed in this paper pro-
vides insight into the spatial risk (risk maps) and major
uncertainties of the potential risk of a Rift Valley fever
outbreak in the Netherlands.

Counter-intuitively, the areas at risk of RVFV are pre-
dominantly the sparsely populated livestock areas
(SPLAs, Figure 6) in which vector-host ratios are high.
No other sources than cattle, sheep and goats are as-
sumed in the area, such as wildlife or birds, to be
present for a blood meal of the mosquitoes, thus leading
to these high vector-host ratios. This results in a high
probability of an outbreak occurring, because an initial
infected host is bitten by many vectors. Stochastic fade-
out or depletion of susceptible hosts is in SPLAs very
likely to occur within the vector-season. Spill-over to
densely populated livestock areas (DPLAs) contributes
to an increased national impact of an outbreak in an
SPLA. However, spatial spread between areas was not
taken into account here.

The negative relationship between livestock density
and the probability of an outbreak occurring is well
known from other mathematical models of vector-borne
infections (e.g. [36]). Also, within the definition of the
vector-capacity, i.e. the potential of a vector-population
to transmit a disease, includes the vector-host ratio [37].
This high sensitivity to the vector-host ratio was not ob-
served in previous model studies of the potential of a
major RVFV outbreak, because these studies did not in-
clude this parameter in their analyses [10,17]. However,
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our results do confirm the importance of the vector-
lifespan found in these studies. The sensitivity to trans-
mission probabilities found by Gaff et al. [10] was not
observed in our analyses, and might have been obscured
by the high influence of the vector-host ratio. In the
bluetongue epidemic in France it has also been observed
that an increase in cattle density resulted in lower sero-
positivity [38], indicating that higher host densities
decrease the transmission potential. Due to the absence
of outbreaks in areas similar to the Netherlands it is
impossible to directly determine the risk of an outbreak,
therefore this risk needs to be determined from under-
lying mechanisms. Mathematical models are a good tool
to systematically follow an inductive line of reasoning
[39]. In our model this meant that we needed to trans-
late information from Africa to the situation in the
Netherlands. Mortality rates of animals are likely to be
much higher in naive European herds than in African
herds [4]. However, the uncertainty analyses showed that
this had little impact on our results. Also, other factors

that might be influenced by difference in susceptibility
between breeds, i.e. transmission probability and length
of the infectious period, were not found to have a sub-
stantial impact on the results.

The model was applied to the Netherlands, but this
country can represent other areas in the temperate zone
of at least northwest Europe. Livestock densities in some
areas of the Netherlands are very high, but in other areas
they are low (Figure 2). Our results indicate that areas
with similar livestock and environmental characteristics
should be considered at risk of RVFV outbreaks. Appli-
cation of the model to other areas is possible when
population dynamics of vectors and vector abundances
are known.

The overwintering strategies of viruses, such as RVFV,
in vectors cannot be determined in temperate zone, as
long as no outbreaks have occurred. For instance, the
bluetongue virus serotype 8 (BTV-8) overwintered in the
Netherlands, Belgium and Germany unexpectedly, and it
is still not clear how. For BTV-8 we do know that little
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Figure 4 Risk of persistence of RVFV in the Netherlands if the indicated vector is the only competent RVFV vector in the country.
Blue indicates a low probability (< 20%) of the Floquet ratio Ry exceeding the threshold of 1, and red indicates a high probability (> 80%).

"

happens in winter, and very quickly after reappearance
of the vectors, the epidemic reappeared. Cx. pipiens s.l.
is the main driver of a RVF-outbreak and can overwinter
in the adult stage [40] and thus, infectious vectors can
immediately become active again during the favourable
season. Obviously there is a gradual decline in vector ac-
tivity with declining temperature, and a gradual increase
with increasing temperature. We modelled this in the
form of a very abrupt end of transmission and an abrupt
reappearance (stasis during the vector-free season),
which, given the right choice of this winter period, does
hardly affect the results (see Additional file 1: Figure S4).

If RVFV cannot overwinter, persistence in the temperate
zone is not possible, and the calculations of persistence
(R7) are irrelevant. Based on the overwintering of BTV
in Europe and the survival of RVFV during inter-
epidemic periods in East-Africa, however, assuming sur-
vival during the winters is not unlikely.

Direct transmission of RVFV between mammals has
been suggested [41], but never been experimentally
proven to exist. Direct transmission increases the trans-
mission rate locally (see Additional file 1: Figure S3),
which could cause survival of the virus in absence of
vectors (e.g. during the winter). Furthermore, direct

season in which mosquitos are active.

Figure 5 Risk of RVFV outbreaks in May, July and September. Blue indicates a low probability (< 20%) of the exponent of the initial
epidemic growth rate (¢') exceeding the threshold of 1, and red indicates a high probability (> 80%). Day 1 (21 April) is the beginning of the
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value. For the explanation of parameters, see Table 1.
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Figure 6 Kendall Rank Correlation coefficients for 23 parameters in the uncertainty analysis. Parameters are orderd by their absolute KRC

Cx. pipiens s.s. — molestus ratio|

transmission increases the outbreak potential such that
densely populated livestock areas might be at risk of an
outbreak.

Cx. pipiens contributes by far most to the spread and
persistence of RVFV in the Netherlands (Figure 4), be-
cause it is by far the most common mosquito in the
country. As a result, the uncertainty analysis of the
model output shows that the results are strongly corre-
lated with the estimated abundance of this vector
population.

Here, Cx. pipiens is modelled as purely biting on
mammals (livestock), and not on birds. The vector cap-
acity for RVFV among livestock decreases if this mos-
quito takes blood meals from birds as well, which are
not hosts for RVFV. Part of the population of Cu.
pipiens might be ornithophilic (being Cx. pipiens s.s.)
and the exact composition of the mosquito species com-
plex in The Netherlands is still unknown (pers. com. E.J.
Scholte). Populations from the south of France are
known to be competent [14], but vector competence of

Table 2 Characteristics (in number per 5 by 5 km area) of a sparsely (SPLA) and a densely (DPLA) populated livestock

area in the Netherlands, and the resulting Floquet ratio Ry

Area Cattle Sheep & goat Ae. vexans Cx. pipiens Vector-host ratio Floquet ratio Ry
SPLA 125 75 3100 32500 178 4510'?
DPLA 11625 2875 3100 32500 2.5 610"

Mosquito densities are obtained from the modelled data and areas are selected with equal numbers of vectors.
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Figure 7 Effect of non-livestock hosts on the Floquet ratio Ry
for a sparsely populated livestock area. The R; was calculated for
an area with livestock density of 200 animals per 5x 5 km and on
the x-axis the number of additional hosts per livestock host.
Additional hosts were either refractory (i.e. birds), susceptible with
shorter infectious period (i.e. rodents), or susceptible and equal to
livestock characteristics.

the Cwx. pipiens sl. population in the Netherlands is
unknown. Also when other animals, such as wildlife or
rodents, are present in sparsely populated livestock
areas, this may decrease the transmission potential sub-
stantially. Less than one refractory host per livestock ani-
mal (i.e. 0.65) is required to reduce the spread potential
to values below the threshold. If refractory hosts are
birds, it is likely that the value of 0.65 additional refrac-
tory host per livestock animal is exceeded and the
threshold for spread is not reached. This will only occur,
when vectors will be actually biting these refractory
hosts. The model and thus the risk maps are in such a
case an overestimation of the risk of a Rift Valley fever
outbreak. Investigation into the vector properties of the
major potential vector species for RVFV, Cx. pipiens sl.,
is thus warranted.

Vertical transmission of the virus from adult Ae.
vexans to eggs has almost no effect on an outbreak and
even not on persistence of the infection in the
Netherlands, because of the minor role of this vector
species in the transmission (Figure 4). The existence and
role of vertical transmission is subject to controversy.
To our knowledge only one report [9] suggests the
possibility of RVFV transmission via eggs in a related
vector species, Ae. linneatopennis, which is not present in
Europe. Studies that reproduce these findings under la-
boratory conditions are unknown [4].

Also unknown is the impact of the stable fly Stomoxys
calcitrans (L.) which is highly efficient in transmitting
the infection mechanically between hamsters in the la-
boratory [11]. In contrast to mosquitoes, stable flies are
less likely to disperse over large areas, as their preferred
breeding sites consist of straw, hay and manure [42].
Hence, stable flies do not have to leave a farm to find
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suitable breeding sites. The stable fly might act as an
amplifying vector on a local farm if transmission be-
tween livestock hosts is as efficient as between hamsters:
after introduction of a RVFV infection by a mosquito
vector, the infection spreads very fast from animal to
animal due to the presence of stable flies. Stable flies
should be monitored during a RVFV epidemic to obtain
valuable epidemiological data. However, whether these
infected flies can be found during an entomological sur-
veillance depends on the time between collection of vec-
tors and virus detection, due to denaturation of the
virus. The half life time of the virus in aerosols is only
6 h [43].

Another unknown actor is deer. Several deer species
occur throughout Europe [44] and might play a role in
the epidemiology of RVFV. Livestock in unaffected areas
can get infected by migrating deer if these deer are
infected. However, to our knowledge no deer species
have been tested for RVFV competence and the prefer-
ence of vectors for deer is unknown.

In summary, areas with a high vector to host ratio are
most likely to experience an outbreak and persistence
of the infection. The high vector-host ratio in the
Netherlands is almost entirely due to the wide spread
abundance of Cx. pipiens s.l. Our investigation under-
scores the importance to determine the vector com-
petence and host preference of this mosquito species
and others associated with cattle, sheep and goat.

Additional file

Additional file 1: Model descriptions, parameterization and
analyses. This additional file has five parts: describing the model, the
parameterization, the reference curve used in the risk maps, and a
sensitivity analyses on the assumption of direct transmission and of stasis
during winter [4,79,11,15,19-21,25,27,36,40,45-67].
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