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Introduction

Rift Valley fever (RVF) is a zoonotic and vector-borne disease found in many countries of
Africa. It has causethbortion storm$in livestock in numerous countries including Kenya,
Tanzania, South Africa and Mauritania, as well as a series of epidemics (200 000 human cases
in Egyptin 1977, 155 deaths in Kenya in 2006 and 19 deaths in Madagasca-2H3)§l—

3]. Due to global changes (intensification of global trade and human mobility, climate change,
etc.), RVF, like other vector borne diseases, has become a genuine threat in other continents
[4]. For instance, RVF was reported in the Arabic peninsula in 26D [

Persistence of RVF was unexpected in Mayotte, a 370 km tropical island with 200 000
inhabitants in the Mozambigue Channel. RVF antibodies in cattle were identified for the first
time in 2004 serum databanK][ In 2008, human cases were genetically linked to the-2006
2007 Kenya outbrealg], and thus recent virus introduction through illegal animal import was
suspected. After the virus circulation was observed in Mayotte, a risk assessment procedure
evaluated the risk of persistencélas/’ [9], given the limited number of ruminants and their
dispersal, which would slow down the virus spread, the low vector activity at the time of the
assessment and the absence of a wild reservoir,. However, between March 2010 and August
2011, RVF incidence remained high among cattle born in Mayotte (12.9% IC95% =[9.6; 16.2])
and the virus was suspected to have become endéthi®Recent field studies in Kenya,
Mozambique and Tanzania have shown inter-epidemic activity of RVF as tvelt].

Reemergence of RVF in the Horn of Africa was attributed to abnormally high rainfall linked to
El Nifio. This could allow, in particulahedeggs infected by vertical transmission to finally
emerge I5-17]. However, interepidemic or endemic RVF activity has been poorly studied.

Mathematic modelling is a useful approach for investigating disease dynamics and address-
ing specific hypotheses in the absence of biological experiments ot &ath A theoretical
mathematical model had already shown that RVF could persist at least 10 years in a closed cat
tle population with two vector populations of constant sizelexand Aedesthe latter being
able of vertical transmissiofi(]. Persistence was also possible in a second model including a
human compartment, and using low and high sets of RVF transmission parameters, but the
authors emphasised the need to test their model against real data. They also underlined that
the conclusions on endemic equilibrium and sensitivity analysis were obviously highly depen-
dent on model parameterisation and desigi]|No model was tested against persistence data
from a real situation so far. Serological studies conducted in Mayotte may now allow that
comparison.

More RVF compartmental models have been developed in the recent years. One of the mair
differences between those models is the use of different vector population dynamics. Vector
population dynamics is complex but strongly influences vector-borne disease dynamics. For
instance, overwintering is a burning issue in order to understand Bluetongue or West Nile
Virus behaviour in temperate regior?]. Concerning RVF, the first models were based on
vector populations of constant siz&§,p1]. More realistic seasonal vector population dynam-
ics were later introduced to study RVF behaviour in specific areas like Califo#hiddxas
[24], South Africa P9, the Netherlandsg6 or Tanzania P7]. Vector population dynamics of
AedesandCulexwere obtained from local vector trappiritf26] or from more general equa-
tions for birth and development rates using local precipitation and temperatureXé@aid] |
Nevertheless, there are places where RVF vector dynamics and abundance are not well estab-
lished, hence, theoretical curves have to be used. For instance, €tatnised two sets of
parameters alternately to describe a wet and a dry seadofitiey defined the minimum ver-
tical transmission level necessary for persistence over time in this setting. Finally, Chamchod
et al compared the impact of a sinusoidal and a step function of vector abundance on RVF
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dynamics B1]. In this model, RVF introduction produced a first epidemic and could then per-
sist at a low sinusoidal level. New epidemics could be driven only by the introduction of new
susceptible animals or by a wet season very favourable to mosquito succeeding years of
drought. Still, the impact of various seasonal patterns on the drivers of epidemics and persis-
tence was not clearly addressed.

Before focusing on the specific situation of Mayotte, our aim was first to compare the proba-
bility of RVF persistence in different seasonal environments, in an isolated population. A theo-
retical framework was thus neede&d][combining all the exploitable information from
previous models and the knowledge we have on the biological system. We built a stochastic
compartmental model for the spread of RVF in a ruminant population. Four seasonal patterns
were tested, representing a baseline scenario of constant environment and 3 levels of sinusoid
environment, to study the sensitivity of the virus spread and persistence to type and amplitude
of seasonal forcin@f. For each scenario, we performed a sensitivity analysis on the variance
of different outputs describing short and long term dynamics. This will help designing specific
studies about significantly influential parameters or targeting those parameters for control in
each specific scenario. The model was secondly applied to Mayotte, where persistence has be
observed since 2004. In order to better fit the model to the observed situation in the island,
three serological surveys in Mayotte were conducted between 2012 and 2013 to complete the
existing knowledge on RVF serological status of cattle in Mayotte. New data on vector relative
abundance in Mayotte were also collected from 2010 to 2012. We reviewed the relevant litera-
ture on the competence of the vectors found in the field. These data allowed for adjusting trans-
mission rates to better reproduce the observed seroprevalence. We finally discussed the
relevance and the perspectives of our findings.

Materials and Methods
Model description

To study RVF persistence, we proposed a stochastic compartmental FRigdigbdapted

from Gaffet al previous workd. Our aim was a better understanding of RVF persistence
and humans are unlikely to play a major rolg [Therefore, we focused on domestic ruminants
and vectors but excluded humans. We considered three populations: ruminantNgsts (
adult vectorsNy) and vectors in the aquatic sta@éj.

Ruminant hosts were divided into four mutually exclusive health states: suscé&piiple (
latent (&), infectious (), and recovered and immunBy() animals. Ruminants could be
infected via two routes. First, susceptible rumina8§¥ ¢ould be infected by the bite of an
infected vectorl(,). Infection occurrence depends on the probability of success of the transmis-
sion per bite from an infectious vector to a susceptible lpg)(the biting rate §) and the
probability of contactl{,/Ny). Second, susceptible ruminarfg)could be infected by con-
tacts with infectious ruminantsy) either through direct contacts with biological fluids in case
of abortion and slaughter, or through aerosols. The direct transmission depends on the proba-
bility of contact (4/Ny) and the transmission rate(y). Since this route of transmission is
controversial and is assumed to be rare, this transmission rate was very low in our3dpdel |
After infection, incubating ruminant&(;) became infectious after a latent period of several
days (1/y) [1]. They remained infectiousy) for a short period (1/), before becoming immu-
nized Ry) for the rest of their life. Birth rateb(;) was assumed to be constant and applied to
susceptible and recovered animals. Latent and infectious ruminants were assumed not to
give birth, taking into account the very high abortion and neonatal death rate in infected ani-
mals [1]. All new-borns were considered to be susceptii|g (Mortality rate was constant
(my = by) and was applied to all health states.
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Fig 1. Conceptual model of Rift Valley fever (RVF) transmission. Flow diagram describing the model used for RVF spread in populations of adult
mosquitoes (V), aquatic stage of mosquitoes (A) and ruminants hosts (H). Each square represents a health state X in populationi (X;,) with X = S standing for
susceptible, E for latent, | for infectious, and R for recovered and immune animals. The description, values and references for all parameters can be found in
Table 1.

doi:10.1371/journal.pone.0130838.g001

Vectors consisted dfedesCulexandEretmapoditegenera all together since data was not
available to predict their respective abundance in a general context. The vector population was
divided into aquatici,) and adult Ny) stages. The aquatic stage (representing eggs, larvae,
and pupae all together) was divided into two mutually exclusive health states: susc@ptible (
and infectedl(y) individuals. The renewal ratb\), accounting for the egg laying rate and the
survival rate in the different aquatic stages until emergence, was constant and applied to all
adult vectors: susceptiblg,f, exposed and latenE(), and infectiousl{,) individuals. Individ-
uals in the aquatic stage could be infectgdiijy vertical transmission of RVF which could
occur, with a probability, for a proportionr of the infected adult vectork{) corresponding
to Aede$1534]. Other aquatic individuals were susceptil8g (Two main processes control
the size of the aquatic population: (1) the competition of larvae for food, modelled here with a
density-dependent mortality rate with a constant constigin(2) the competition for space at
emergence, modelled here with a seasonal function of the emergencétyateflecting the
change over time of the carrying capacity for the aquatic stage. The density-dependent
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mortality rate p,.N/K,) did not apply to a proportion of the infected aquatic stageg)(cor-
responding to eggs. We assumed that infected eggs belong onhAtxdidsgenus and there-
fore are able to resist to desiccation for long peri@fisihe emergence rate(t)) allowed
vectors to move from the aquatic stage to the adult stage. This rate was assumed to be season
with no prerequisite on the function type, which depends on environmental conditions and the
vector species. Such a seasonal pattern has been evidenced recently as a crucial process in m
quito life cycle irrespective of the gen@s|[

Adult vectors were divided into three mutually exclusive health states: susc&plible (
infected and latentd,), and infectiousl{,) individuals. Adult vectors could become infectious
via two routes: first, infectious adult vectdrg) could directly emerge from infected egigg (
depending on the emergence rat&)). Second, susceptible adult vect&g ¢ould become
infected &) by biting an infectious host(). The force of infection depends on the probability
of contact (4/Ny), the probability of transmission per bitgy(;), and the biting rate of adult
vectors ). Infected vectordg,) became infectioud\f) after an extrinsic incubation period
(1/ v) [36]. Adult vectors remained infectiouk,j until they die. The mortality rate of adult
vectors fny), corresponding to one over their lifespan, was independent of their health state.
Despite of the existence of studies showing a reduction in the lifespan of mosquitoes infected
by arboviruses, this phenomenon has been evidenced and quantified dkydimiensn the
case of RVF infectior8[/] and therefore was neglected here.

The model is described by the following system of ordinary differential equations (ODE):

8
ds, , I, I,
E/“bH&rib R.P CHHN_Hp C\/HqN—H S myS
G o iy ol
dt /4 CHHNHbCVHqNH S, ddyp myFE,
%:%dHEH orpm,H,
d
d—l?l/ulH m,R,
SvnsbEbor anp  app2 s Eqip
A
%%b\,arlv appd Db\l’<—NV IA
A
ds, | L,
E/“ ars, Q—NqN_HS/ m,
d I
TGRS, 8 b mE,
dl

g @HLb AE, myly

Next, a stochastic counterpart of this ODE system was run in discrete time (using a daily
time step) to allow us to estimate the probability of virus persistence. Health transition and
mortality rates (depicted by;) were transformed into probabilitiep;] as follows: for each
transition from compartmeritto compartmenf, p; = 1—exp(- t ;). The flow of individuals
between compartmentsindj ( N;) was then Nj = Binomia(N;, p;), with N; the number of
individuals in compartmenit In case of multiple transitions from a given compartment, a mul-
tinomial distribution was use®p]. Renewal rate in vectors and births in hosts followed Pois-
son and binomial distributions, respectively.
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Table 1. Parameters of the Rift Valley fever (RVF) spread model in mosquito and ruminant populations.

Host parameters

by
my
CHH
CvH
1y
1/
NHint

Vector
parameters

by
My
q
Chv
1/ v
r

®

Ka

doi:10.1371/journal.pone.0130838.t001

Description Value Unit Source
Birth rate 1/(5x365) per day [@9]
Mortality rate by perday -
Direct transmission rate 1/1000 per day [L,34,52]
Transmission probability from vector to host 0.4 - ROl
Duration of incubation 2 day [1]
Duration of viraemia 6 day [1]
Host population size 30 000 animal B7]
Description Value Units Source
Renewal rate 4 per day [64]
Adult mortality rate 1/20 per day 0,65]
Biting rate 1/4 perday [65]
Transmission probability from host to vector 0.6 - RO]
Duration of extrinsic incubation period 6 day O]
Proportion of Aedes in the vector population 50% - To our best
knowledge
Trans-ovarian transmission probability 1/279 xr - [15]
Proportion of eggs in the aquatic stages 44% - b4]
Emergence rate Environment perday  See (Eq 2)
dependent
Minimum development time before emergence in optimum 5 day [66]
conditions
Carrying capacity 10° mosquito  To our best
knowledge

Model parameterization, initial conditions and seasonal emergence
scenarios

Parameters used in the model are describéichirie 1 The numerical simulations were per-
formed using Scilab 5.3.39 (SeeS1 Figor the code). Transmission parameters were set to
the averaged low transmission set of @&l [2()] for a single vector compartment, taking
into account the biting rate.

To launch the simulation, a single infectious host was introduced into the ruminant popula-
tion. Simulations were run over five years.

Vector abundance has been simulated elsewhere either as precipitation and temperature
function, available for only few species of RVF competent ve@p$P 829, or parameter-
ized using data collected in the fieltB26]. To assess the importance of different model
parameters in the absence of longitudinal data pertaining to the mosquito populations, we sim-
ulated four possible scenarios for emergence raté3)( Each corresponds to a different rain-
fall pattern, with the view to study the sensitivity of the model to the type and size of seasonal
forcing of vector population abundance. Here is the description of the 4 scenarios that we
studied:

- scenaria: emergence rate was constant over the year representing a baseline scenario as usi
in some previous model&(,21,40Q;

- scenaridy: emergence rate followed a sinusoidal curve corresponding to a tropical environ-
ment where emergence is possible all year-round with a single rainy season. The average
value of the emergence rate was equal to the constant emergence rate in acenario
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Sinusoidal functions have been widely used to describe vector abundance in the absence of
more precise dat&p,31,3341];

- scenaria. emergence rate followed here a less favourable sinusoidal curve: same maximal
and minimal values as scenabibut with a lower mean;

- scenarial: the favourable season lasted for half a year during which emergence followed a
bell curve pattern with the same maximal values as in sceteatindc. In the second half
of the year, emergence rate was nil. Adult vectors were forced to die 20 days after the start o
the unfavourable period. This scenario corresponds to a more arid environment as
described in models applied to East or South Afrscsip].

Parameter is the minimal development duration of the aquatic stage. It drives the ampli-
tude of the emergence rate scenarios by setting the maximal value of the emergence rate. In th
simulation, the mean development duration was 1/10 days in sceaanmt, and 1/16 and
1/15 days in scenariaandd, respectively. This covers the observed range of development
duration for most mosquitoes which takes from a few days to weeks depending on environ-
mental conditions304344].

Equations and the resulting population abundance of these four scenarios are described in

Eq 2andFig 2
8
AP 1/4i
2y

. 2p 1
1

¢ 365
( .20 1 .
Sing——th-;t 24365k 1pp1l:365k 1bp182;in yeark
apv. 365y

0;t 21365k 1P p183: 36%;in yeark

ap v4a§m2£tpp1p%6$ Eqp

Model outputs

The model predicted the distribution of vectors and hosts in the different health states over
time. We also computed the probability of virus persistence over time (hereafteraitkst
tencé), defined as the proportion of the stochastic repetitions in which there was at a given
timet at least one infected vector (adult or aquatic stage) or one infected host. The number of
repetitions was a compromise between steady output distribution and simulation time. Each
simulation comprised 1500 repetitions of the stochastic model.

The following aggregated outputs were also considered:

- persistence one and five years after the introduction of the virus into the population;

- mean number of infectious vectors in the aquatic stagga()) in case of persistence, from
the second year after introduction until the end of the simulation (excluding the epizootic
peak during the first year);

- maximum proportion of infectious ruminants in year one, two, and three, in case of persis-
tence (axlyy in yeark);

- mean proportion of recovered animal®(seroprevalence) in case of persistenma(R;)
from the second year until the end of the simulation;

- mean proportion of ruminants infected via direct transmission in case of persistence.
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Fig 2. Aquatic stage emergence rate (A) and adult vector population patterns (B). The 4 lines represent the value taken by the emergence rate (t)and
the adult vector population (Ny) over time for each seasonality scenario. In the simulations, the one-year pattern is repeated for as many years as needed.

doi:10.1371/journal.pone.0130838.g002

Sensitivity analysis

First, we explored the model predictions assuming no vertical transmission in vectors for each
of the four seasonal scenarios. Second, to evaluate the effect of variations in the different
parameters (including vertical transmission) and their first order interactions on the
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aggregated outputs presented above, we carried out a sensitivity analysis using a Fractional Fe
torial Design sampling method ] (using the FACTEX procedure in SAS software. Copyright,
SAS Institute Inc. SAS and all other SAS Institute Inc. product or service names are registered
trademarks or trademarks of SAS Institute Inc., Cary, NC, USA.) for each of the four scenarios
with a variation of 10% below and above the nominal value of each parameter. Following this
method, 2187 sets of parameters were computed for each scenario made up of 1500 repetition
For each output in each scenario, a linear regression model was fitted with all of the principal
effects of the parameters and their first-order interactions. The global contribution of parame-
teri (including the principal effect plus interactions in which parameigmvolved) to the

variation in outputy was:

sgpi S§
Sy ’

with the total sum of squares of the model for output y, the sum of squares related to the princi-
pal effect for parametérfor output y (nil if parameter is not retained in the model), the sum

of squares related to the interaction between paramatat parametejrfor outputy (nil if

this interaction is not retained in the model). The sum of the contributions for oytpquals

the coef cient of determination of the regression moBelStatistical analyses were performed
with R 2.15.046].

G s

Case study: the island of Mayotte, France

The model was applied to the island of Mayotte, with vector transmission probability per bite
adjusted to what is known about RVF vectors in Mayotte. First, relative abundance of RVF
competent vectors was estimated based on recent entomological capiueeviewing the
literature on competence of these species allowed us to gather information on RVF transmis-
sion probability per bite for each species. Since transmission is expected to be affected by
numerous parameters in Mayotte environment (blood meal in dead-end hosts, lower contact
rates due to vegetation and animal handling), an adjusted contact rate coefkicveas esti-
mated, in this context, by comparing observed seroprevalence found in the literature until our
latest seroprevalence survey, in 2211 3, with the recovered hosts percentage predicted by
the model using a range of different set for transmission tes k andcyy x k. The detailed
steps to estimatg/y, G andk are described thereafter.

Observed vector abundance and known transmission probabilityVe considered vector
species found in a field study in Mayotte between 2010 and 2012 by thé&4&&¢ Régionale
de Santé&he regional health services) (s&g for details on the protocol).

Vectors were repeatedly trapped in five farms representing five different ecological sites
throughout the island. DisseminatioDR) and transmissionTR) probabilities for each spe-
cies were looked for in the literature excluding studies with intrathoracic inoculation of RVF
because it could overestimate the dissemination. We averaged the relative abundance for the
vector species with an availabBIR (respectivelyR) over the whole trapping period and over
the five sites. Then, the host-to-vectai) (respectively vector-to-hosgy) transmission
probability was estimated as the mean obdtlvalues (respectiveRRvalues) weighted by the
relative abundance of the respective species. Paramedercalculated taking into account
the proportion of competent vectors belonging to feslegienus found in the field study.
Mayotte has a tropical climate homogeneous for the whole terrifsty(Q with temperature
favorable to mosquitoes all year round. The dry and rainy seasons last on average six months
each, with rainfall under and above 100 mm per month, respectiwélififor precipitation
and temperature in Mayotte). Natural or anthropogenic sites are available all year round but
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their abundance depends on the season. Especially in rural/Aedas,aegyptias shown to
fluctuate between dry and rainy seaséf.[Hence, a sinusoidal seasonality (scengrivas

used because it is thought to better fit the entomological dynamics as observed in Mayotte
(Thomas Balenghien, personal communication). No difference was made in this model
between small ruminants and cattle. Viraemia is indeed about the same for these spédweies [
the absence of precise data on the extensive small ruminant production system in Mayotte (12
619 animals, mainly goats) we used the same value for birth rate as in&@ttBaged on our
knowledge, there is no significant seasonal variation in ruminant (cattle and small ruminants)
birth rate in Mayotte §9. The day/night cycle is more or less constant and most farmers are
not yet willingly trying to control births to adapt them to economic constraints. Hence, we
used a constant birth rate.

Observed seroprevalence in MayotteSeroprevalence data was collected between 2004
and 2011 in the bibliography and three times in the field between 2012 and 2013 in order to
compare the model outcome with observations in Mayotte.

Search engines were used to find publications on PubMgd/(www.ncbi.nlm.nih.goy/
and ScienceDirech{tp://www.sciencedirect.cojrusing key word$Rift Valley feveér AND
“Mayotte in English and French. Thirty-two publications were found. Local veterinary ser-
vices and research institutions were interviewed to find seroprevalence data in unpublished
documents, reports or databases. Original datasets were obtained upon request to the authors
in order to specify temporal frames and to calculate confidence intervals when necessary.From
May 2012 to April 2013, ruminants were selected to obtain a representative sample of the rumi-
nant population of Mayotte. We divided Mayotte into five zones to cover each agro-ecosystem
(Fig 3. The 30 farms included in the study were randomly selected from the most comprehen-
sive database available in Mayotte from@ambre deAgriculture de la Péche et dAgua-
culture de Mayotté€CAPAM, a local public agricultural institution). All ruminants older than
six months of age for cattle and three months of age for small ruminants (beyond colostral
immunity) belonging to the same owner were eligible for inclusion in the study.

Three rounds of blood sampling were conducted. The first round was collected between
May and July 2012, the second between September and December 2012, and the third betwee
February and April 2013. Blood samples were taken from all animals each time, regardless of
the results of previous samples. Sera were analyzed in LVAD (Departmental Laboratory of Vet-
erinary Analysis in Mayotte) with ID Screen RVF competition multi-species (IdVet, France), a
competitive ELISA kit for the detection of anti-RVF antibodies in ruminant sera or plasma.
Seroprevalence and 95% confidence interval taking into account clusterisation of sampling
were computed using thsurvey package in R46,50.

Ethics statements for the 2012013 serological survey.The study protocol was imple-
mented with the approval of the Direction of Agriculture, Food and Forestry (DAAF) of
Mayotte (Project Number NIP42). Animal sampling in this study was not subjected to the
approval of ethics committee neither to specific national of international regulations at the
time of sample collection. Consent for blood sampling on a herd was obtained from its owner
verbally after information in French or Shimaore. The animals were bled without suffering. No
endangered or protected species were involved in the survey.

Comparison of observed and predicted seroprevalence to estimate the likely contact rate
coefficientk. The SIR model was finally run with seasonal scermadjusted , 6,4 and
G4v parameters as explained above. A new parameter was intrdddd¢edake into account a
more realistic contact rate. Transmission rates were then Sgifa k” and“cyy X K”. We
used the least square approach to estirkaBur aim was to find the value &fthat minimized
the distance between the observed and the predicted seroprevalence. We defined the predicte
seroprevalence as the proportion of animals in the recovered status. To compare observed anc
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10 km

Serological study in Mayotte

® Farms

[ zones

Fig 3. RVF dynamics for different vector emergence scenarios. The 1% column shows the distribution of
hosts for each health state: susceptible (Sy) in green, infectious (Iy) in red and recovered (Ry) in blue, for
1500 model repetitions. The 2" column shows the infectious vectors. The 39 column shows the probability of
virus persistence. Each line corresponds to a scenario (Fig 2).

doi:10.1371/journal.pone.0130838.g003
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Fig 4. Sampled farms and zones in Mayotte.

doi:10.1371/journal.pone.0130838.9g004

predicted data, the time of virus introduction in the model was assumed to b& Mm/émber

2007 when the rainy season started and when approximately the first RVF IgM positive cow
was found in Mayotte, in November 2007.[Proportion of hosts already in the recovered sta-
tus at that date was estimated according to the literature review. Repetitions were kept only if
virus persisted more than three years and 7.5 months which was, to date, the minimum known
duration for RVF activity persistence in Mayottel[)]. For each period of seroprevalence

study, the same number of cattle as sampled in the field was sampled in the animal population
simulated by the model. For different valuek @fetween zero and one) and for each run, we
calculated the sum of square of the differences between the observed and the predicted
seroprevalence.

Results
Dynamics and persistence for each vector emergence scenario

The RVF dynamics observed in the simulations are representegl inAfter the introduction
of an infectious animal, epizootics could occur in repetitions for all scenarios with a peak of
around 40% of the ruminant population being infectionmagl,1). At the end of the Tyear,

PLOS ONE | DOI:10.1371/journal.pone.0130838 July 6, 2015 12/26



Modelling RVF Persistence, Application to Mayotte Island

in repetitions in which the virus persisted, almost 100% of the host population had become
infectious and had recovered. From the second year on, behaviours differed according to vecto
emergence scenarios. In scenarieew infections occurred constantly with the renewal of the
host population so that the infectious hosts remained steady at 0.4% of the population. In the
three other scenarios, when the virus persisted, small epizootics occurred early in the favour-
able season and reached about the same level every year. The maximal proportion of infectiou:
hosts in the 2 year axlyy,) attained 1.4, 3.4, and 4% for scenakias andd, respectively.

Peaks always occurred several days3%lays on average) before the maximal vector abun-
dance was reached. Yearly maximal proportion of infectious hosts was roughly stable from the
2" year onwardsrfiaxh;, andmaxl,s). In one repetition (over 1500), in scenatjove

observed an increase in year 4 of infectious hosts above the value of previous years, reaching
8% of the host populatiori-{g 4sectiorcl). Meanwhile, the mean proportion of recovered ani-
mals in case of persistenceganfy,) from the 2" year until the end of the simulation was of

98, 98, 95, and 94% for scenargl, ¢, andd, respectively; the mean number of infected vec-

tors in aquatic stage in case of persistence was very low (2103, 5,1.10°% and 8,0.10%

of the vectors in the aquatic stage for scenagjibsc, andd, respectively). Direct transmission

was responsible for very few new cases (5.4%4,6.2 x 10°%, 6.1 x 10°%, and 5.7 x 16%

of the total cases for scenadd, ¢, andd, respectively).

Without reintroduction, it was possible for RVF virus to persist year after year in the 4 sce-
narios but with different probabilities. In scenaraandb, the virus persisted in 100% of the
repetitions over 5 year§ig 4sectionalll andblll). In scenariog andd, the virus persisted
respectively in 80% and 20%,of the repetitions after the first year epidémidséctionli|
anddlll). Extinctions related to a lack of secondary cases occurred during the favourable sea-
son and persistence remained stable during the less favourable season. At the ed of the 5
year, persistence reached 64% (scecpaind 12% (scenarid). When assuming no vertical
transmission in vectors, persistence did not change at all for sceaaridb. It decreased a
little bit faster in scenarig reaching 55% five years after the introduction of the virus. In sce-
nariod, RVF virus went extinct without vertical transmission after the beginning of the first
unfavourable season, as expected.

Sensitivity analysis

In the sensitivity analysis, in scenaaiersistence reached 100% in most simulations. Hence,
the contribution of different parameters to the variation of this output could not be analysed.
For the other scenarios, eight parameters contributed to more than 2% of the variance of the
persistence one year after the introduction of the vifug fandS3 Fig and explained more

than 70% of the variance. Parameters common to the three scenarios were host population siz
(NH;ny), biting rate €)), mortality rate of adult vectorsr{,), carrying capacity of vectors in

aguatic stagek(y) and transmission probability from hosts to vectags{). They had a similar
contribution except biting rategf, which contributed twice more in scenarlwandcthan in
scenarial. Conversely, viraemia duration (1tontributed to almost half of the persistence
variance (43%) in scenaripmuch less (7%) in scenadoand was negligible in scenabio
Parameter, controlling maximal emergence rate, was influential only in scertasiodc.

Renewal rate of vectors was influential only in scerthaiod at a low level (4% of the vari-

ance). Persistence five years after the introduction of the virus depended, in dgegrrario

exactly the same parameters as in the first year. It was impossible to conclude for s@enario

the output distribution was bimodal (near 0 or 100%) instead of normal, which is obligatory

for analysis of variance. In scenadiditing rate () and host viraemia duration (1f were the

most influential parameters on persistence variance until year five (17% and 24% respectively)
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Fig 5. Parameter contributions to the variance of virus persistence one year after introduction. A
fractional factorial design was used. Persistence in scenarioa did not vary and is not shown here. Parameters
contributing to more than 2% of the variance have been retained (no interaction contributed to more than 2%
of the variance). See Table 1 for parameters, Fig 2 for scenario descriptions and S3 Fig for detailed
parameter contributions.

doi:10.1371/journal.pone.0130838.9g005

The contribution of parameter variations to the variance of other outputs is showp &
andS3 Figln all scenarios, adult vector mortalityy) was the main contributor to variance of
the mean number of infected vectors in the aquatic stageuih), which varied from 50 (sce-
narioa) to 500 (scenarid). For this output only vertical transmission ratg vas shown to be
an influential parameter{(2%).

More than half of the variance of the maximal proportion of infectious hosts in the first year
(maxly;) was explained in the four scenarios by viraemia duratior) éid biting rate ¢). In
subsequent yearsy@xly, andmaxlys), the situation differed between scenarios: viraemia
duration (1/) remained important only in scenariosindd, host birth rate i) had growing
influence in scenaridg candd, and adult vector mortalityngy,) was influential in scenarids
andconly.

The variance of the mean proportion of recovered animals in case of virus persistence from
year two to the end of the simulatioméanR;) was explained mainly by the adult vector mor-
tality (my) and the biting rated) in the scenariog, bandcand by the host birth rated(;) and
the biting rate €) in scenaria.

Case study: Mayotte

The entomological study conducted by ARY found at least eight mosquito species in
Mayotte known to be competent for RVF in the literatutelfle 3. 7.84% of the mosquitoes
from competent species belongededegenus (). Cx quinquevittatugccounted for 45% of
the overall diversity but transmission data were lacking for this species. The averaged dissemi-
nation and transmission rates were 11.04 and 9.47% respectively.

In the serological survey of 262013, we found 30, 33, and 29 positive animals out of 131,
157, and 161, respectively. Using all available knowledge (literafifiedn internal report of
2009 and the 2032013 serological survey), the seroprevalence observed between 2004 and
2013 ranged from 3% to 35%. At virus introduction, remaining seroprevalence was set to
16.2% as found in the raw data of the study from Cé&tréHig 7CandTable J.
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Fig 6. Parameter contributions to the variance of other model outputs. A fractional factorial design was used. To facilitate the interpretation, parameters
contributing to more than 10% of the variance are shown. Model outputs are: the mean number of infected vectors in the aquatic stage in case of persistece
(meanl,); the maximum proportion of infectious ruminants during the £ and 2" years in case of persistence (maxly; vs. maxlyy); the mean proportion of
recovered animals in case of persistence (meanRy) from the 2" year until the end of the simulation. SeeTable 1 for parameters and Fig 2 for scenario
descriptions and S3 Fig for detailed parameter contributions.

doi:10.1371/journal.pone.0130838.g006

Table 2. Relative abundance and competence studies review of potential RVF vectors found in Mayotte. Diversity was estimated from mosquito col-
lections carried out over two years (2010..2012) in farms in Mayotte, see [47] for protocol details. *NA(>0)Zmeans that evidences were found in the bibliogra-
phy that the species could disseminate or transmit RVF but no quantified data was available.

Vector species present in Mayotte Relative abundance (%) Dissemination rate DR (%) Transmission rate TR (%) Sources
Ae aegypti* 2.38 49.75 3.50 [67..69]
Ae albopictus* 2.43 22.26 5.33 [69,70]
Ae circumluteolus* 0.30 28.00 19.43 [68,71..73]
Ae fowleri* 0.06 40.29 52.00 [74..76]
An gambiae* 1.75 0.75 NA [69]
Cx antennatus* 2.60 16.50 38.17 [68,77,78]
Cx quinquefasciatus* 45.06 8.33 NA (>0) [36,67..69,79,80]
Er quinquevittatus* 11.38 NA (>0) 4.55 [67,71]
Others (not known as RVF competent) 34.04 - -

Total = 100 cpyv = 11.04 Cvn = 9.47

*RVF competent species

doi:10.1371/journal.pone.0130838.t002
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Fig 7. Predicted persistence and host infection dynamics with low transmission rates and observed
seroprevalence in Mayotte. (A) Persistence predicted by the model with parameters found inTable 2 and a
lower set of transmission rates (v = 0.09, cyy = 0.04, k= 0.6). (B) Host infection dynamics predicted by the
model with parameters found inTable 2 and a lower set of transmission rates (Cy = 0.09, ¢y = 0.04, k = 0.6).
Susceptible hosts (Sy) are in green, infectious () in red and recovered (Ry) in blue. (C) Observed
seroprevalence in ruminants in Mayotte from 2004 to 2013 is in purple. Seroprevalence predicted by the
model, from 2007 on, is in blue. Blue dots represent the median and arrows the 5 and 95% percentiles of the
1500 repetitions.

doi:10.1371/journal.pone.0130838.9g007

Given the model settings, the valu&aiiinimizing the distance between observed and pre-
dicted data was to be found around 0=6x(9.

Model predictions with values for, 6,4 andcyy, estimated using the entomological study
andk = 0.6 are found ifirig 8 The virus persisted in 25.5%, 9.5% and 2.1% of the repetitions
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Table 3. RVF serology studies in ruminants in Mayotte from 2004 to 2013. Data from 2004 to 2011 were obtained from a literature review. Original data
sets could be obtained when source is marked with an asterisk ¢ ). Data from 2012 to 2013 were obtained through new serological surveys. Design effect
refers to the clustering effect of the sampling design B1].

Study beginning- Number of animals Number of Number or % of positive Species Design Source

end tested farms 1gG tests effect

Oct 2004 - Feb 243 67 33 Cattle 141 [7]1*

2005

June 2006, Sept 130 39 16 Cattle 0.84 [71*

2006

June 2007-March 419 124 68 Cattle 2.39 [71*

2008

June 2008-Aug 267 12 42 Goat 5.43 [7]1*

2008

May 2009-Aug 382 36 135 Cattle 3.46 Dr Sébastien Girard
2009 unpublished*
July 2011, Aug 452 33 25.3% Cattle, goat, - [10]

2011 sheep

May 2012-July 131 29 30 Cattle 121 -*

2012

Sept 2012, Dec 157 28 33 Cattle, goat 1.68 -*

2012

Feb 2013-April 161 29 29 Cattle, goat 1.52 -*

2013

doi:10.1371/journal.pone.0130838.t003

after one, five and nine years respectively {A). Unlike the above four scenarios, the epizo-

otic maximum could be reached in year one, two or three and the maximum proportion of
infectious ruminantsrfiaxly,) could vary from year to year and reincrease even after few years
(Fig 7B. When the virus persisted, the proportion of recovered animals oscillated between 6.2
and 43.3% and the proportion of infectious animals increased at the middle of each year. The
predicted seroprevalence varied within the range of observed seroprevialgicg. (The

mean predicted incidence reached 1500, 3000 and 100 new cases per year in the first, second
and ninth year after virus introduction, respectively.

Fig 8. Distance between observed and predicted RVF seroprevalence in Mayotte used to determine the most likely value for transmission rate.
Sum of square of differences between observed and predicted seroprevalence were computed for each of the 1500 repetitions for different values of the
possible transmission rate occurring in Mayotte ).

doi:10.1371/journal.pone.0130838.g008
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Discussion

This stochastic model is the first one to be used to study RVF persistence probability and its
driving parameters over several years under different seasonal patterns of vector abundance. |
was able to mimic a large range of virus spread patterns, from obligate persistence in a constar
or tropical environment (without needing vertical transmission or reintroduction) to frequent
extinctions in an arid climate. In each seasonality scenario, key parameters influencing the
model predictions were identified. In addition, the model was applied to a real geographical
area (Mayotte) for which we have shown that lower transmission rates than assumed may
explain the observed seroprevalence for the last decade. RVF persistence was possible under
such a scenario of low transmission for more than 10 years.

Accounting for vector abundance seasonality in RVF modelling

Accounting for seasonality in vector abundance is a fundamental concern in vector- borne dis-
eases since vector and pathogen biology and development depend on temperature or precipita
tion. A recent literature review of mathematical models of mosquito-borne pathdggns [

noted that only 14 per cent of them included a variation of vector abundance, either sinusoi-
dally or based on a pattern derived from data. But applying it to Mayotte, with no longitudinal
data allowing deriving such equations, is a real challenge. Moreover, while in the Netherlands
and California, models could focus on two competent species only, 40 species of mosquitoes
are known to transmit RVF virus. In Mayotte, we have found eight species able to transmit
RVF virus. The preliminary use of equations from Gengl [28 on West Nile virus vectors

in New Jersey lead to almost constant development and egg laying rates and did not capture
the expert knowledge and the tropical seasonality observed in Maj/ftté/le decided to

focus on precipitation pattern influencing vector population dynamics by regulating larval hab-
itats availability 44 in an intertropical geographical area. Average temperatures oscillate
between 25 and 28°C all year round in Mayotte and thus cannot impact transmission nor
development time significantly as it would do in California or the Netherla?g&q]. Our
conceptual framework allowed us to compare 4 qualitative scenarios.

RVF dynamics and persistence depending on vector abundance
scenarios

In all the four scenarios, RVF persistence five years after virus introduction was possible with-
out the need for neither reintroduction of the virus nor for a wild reservoir. But the probability
of persistence varied between scenarios: it decreased as seasonality became less favorable to
vectors. This confirms the low level persistence observed in one previous model with constant
abundance(. In Gaffet al model, epizootic cycles were observed linked with the longevity

of the hosts. In our case, despite the low transmission rates (equivalent &b &dfiw sce-

nario), infection was facilitated by a higher vector/host ratio linked to our tropical environ-
ment-oriented model. Our average vector/host ratio is 30 times higher than int@hff

model, but only three times higher than in rainy season of Chéinéd [3(] and three times

lower than the sparsely populated area of Fisehal work [26]. In the constant scenario, as

soon as new susceptible hosts were born, they were exposed almost immediately to the virus,
independently of host population renewal rate. This difference is also noticeable in the size of
the first year epidemic peak: around 40% in our model against 0.12% to 12%éh &afbrk

[20). The important impact of vector/host ratio on epidemic size was also underlined in the
recent study of Chamchaat al [31]]
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The two first scenaricgandb with same mean emergence rate behaved identically in terms
of persistence. Unexpectedly, the two intermediate sinusoidal scdnamidsproduced very
different persistence probabilities confirming the complex influence of type and amplitude of
seasonal forcin@[. A variation in the dry season length, as between scenario b and c, can be
misleading about the assessment of the potential of persistence of RVF. Here we showed that,
in a tropical humid environment, persistence after one year was at least five times more likely
than in the drier environment proposed in scenatio

Subsequent epidemics seem extremely rare (only one run on 1500 in sceaagiavould
indeed probably require inter-annual precipitation variations, recruitment of susceptible ani-
mals or an asynchronous metapopulation systetBp,57.

Key parameters controlling RVF dynamics and persistence: use in
control measures design

According to this model, persistence control should not rely on the same strategies as epizootic
control. To prevent or reduce the impact of the first epizootic, a very quick and efficient vacci-
nation could be beneficial for all scenarios to reduce the duration of viraemia, responsible of
50% of the variation of this output. This supports the strategy suggested by Chazhehod

a constant environmen8[l]. For greater efficiency, Gaffal added the culling to the vaccina-

tion [40].

Sensitivity analysis of variance of persistence showed a more complex interplay of parame-
ters than the analysis of first year epidemic peak, but still no interaction was significant. Persis-
tence depended on different parameters for each scenario: it was mainly influenced by the
biological traits of vectors in the tropical wet scenabiaadcand by host related parameters
(mainly viraemia) in scenaridwhen a dry season occurred with no vector activity. While per-
sistence behaved the same, at first sight, in the constant and sinusoidal scenarios, their sensitiy
ity analysis diverged. A 10% variation had indeed almost no impact on scaperigistence.

In scenarial, viraemia controlled the proportion of infected eggs in overwintering eggs; hence
influenced the size of the emerging infectious vector population during the next rainy season,
and consequently likelihood of RVF persistence. This mechanism of persistence was also sug-
gested for overwintering by previous wos]. Moreover, for persistence on a longer term,

host birth rate became influential by allowing a larger susceptible population to be exposed to
minor new epizootics when the favourable season resumes.

It suggests that vaccination would be also useful to prevent persistence in arid climates (sce
nariod). In the other cases, potential targets for control measures include vector mortality rate
and biting rate. However, mosquito control is hard to implement in tropical islands such as
Mayotte, where animals are spread over large areas of forest in low concentrations. To limit the
risk for humans, mosquito control could be employed around houses, although the cost would
be high to be truly efficient since part of the population lives in poor construction suburbs or in
slums surrounded by dense vegetation and are not accessible to vehicles. Still, transmission
mainly via animal slaughtering and maybe via consumption of raw milk (a common traditional
practices in Mayotteq3]) would remain possiblel2,34]. In the future, our model could be
used to develop and evaluate control strategies using adapted indicators for seasonal environ-
ments, as proposed in Charrenal [54].

Transmission rates barely influenced persistence in this sensitivity analysis design, in accor-
dance to Chitnigt al and Fischeet al conclusions6,30). Therefore, uncertainty of their val-
ues, in the 10% proposed range above and under nominal values, would barely impact model
predictions. Transmission rates were influential only in &&dil’s model P0,26,3(] which
had a much lower vector/host ratio and a wide range of uncertainty. Direct transmission was
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not a remarkable influential parameter either. Moreover it was unsufficient to allow for persis-
tence in scenarid.

Limited information is available on vertical transmissiaf [ With a parameter value
lower than in earlier model2D,30, and within the range found in other model3d23], we
still observed persistence in our model. The sensitivity analysis showed that infected eggs
played a role only in scenarnit{5% and 13% of variance forand ), confirming previous
findings [30]. Vertical transmission in vectors was required in scersoioly for overwinter-
ing to occur. In the three other scenarios, even without vertical transmission, persistence could
occur.

Faran et al.37] found an impact of RVF infection on the survival®@filex pipiensavhich is
absent in Mayotte. As no further information was available on vectors found in Mayotte, we
did not take into account this possible reduction of vector lifespan due to infection. However,
this parameter was found as critical in the sensitivity analysis. Therefore, further lab work
should be conducted to better estimate this phenomenon. Birth rate is influential in epidemics
size and seroprevalence rate, thus further investigations on ruminant life traits in Mayotte (cat-
tle and small ruminant birth rate and pulse) and their evolution with modernization of farming
practices are recommended.

Persistence and transmission in Mayotte

Our work supports the hypothesis, developed in a previous siujiyttiat RVF has become
endemic in Mayotte. It circulated actively on the island with susceptible animals and a favor-
able environment for mosquito vectors to maintain virus transmission lodallyHirstly, field

data showed a stability of seroprevalence over the last decade and, secondly, our model could
reproduce an endemic situation without an epizootic peak.

We found eight RVF potential competent vector species in Mayatiex quinquefasciatus
abundance was remarkably high in our trapping compared to a recent sttjdgHjowing the
sensitivity of trapping method to their environment (in our case five ruminant farms).

In order to reproduce observed data, transmission rates were divided by more than five
compared to other model2(),24,25]. Owing to stochasticity, seroprevalence appeared to be
much more variable in this very low transmission situation than in the general framework
developed at first. There are several possible explanations for these low transmission rates in
Mayotte (1) transmission rates measuireditro cannot be easily extrapolated to field condi-
tions, (2) vector competence of Mayotte vectors has not been measured and can be poor, (3) a
recent study$6] suggested that the RVF virus strain circulating in the Comoros in 2011 was
hard to detect maybe because of a specific deleted virus strain or a low virus load in animals,
(4) the presence of dead-end hosts could lower the biting rate, (5) vector/host ratio might be
reduced due to dense vegetation and the relative isolation of herds (mean size of herd: five
bovines p7]). The use of low transmission rates may converge witheXaémodel P4
which found that when only few infectious mosquitoes were present at the beginning of the
simulation, and thus a low contact rate, with infected ones, the epizootic was longer and the
daily incidence was lower. This slower transmission could explain the absence of impact
noticeable in the ruminants of Mayotte because no abortion storm in a short period of time
would happen.

Interannual climatic variation in vector abundance could have been also added to eventually
better explain the seroprevalence peak observed, which the model tends to underestimate.
Indeed, above normal rainfall (199810 data obtained from MeteoFrance) observed in 2007-
2008-2009 rainy seasons in Mayotte and 22088 climate anomalies underlined by FAO
[59 could have facilitated the virus circulation.
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A wildlife reservoir, namely buffaloes, seemed to explain persistence in Kruger National
Park [47. It was not considered in Mayotte, since there are no wild ruminants and since other
wild mammals (rats and lemurs) have been tested negative for RVF, so far.

Livestock movements may play an important role in the spread of RVF. In Mayotte, there is
neither market to gather animals nor transhumance as observed in Eastern Africa. This
hypothesis should be further investigated by evaluating more closely movement practices, par-
ticularly when the French national identification database (BDNI) will be functional in
Mayotte. Nevertheless, mechanisms such as asynchrony of climate between different zones
connected by animal movements, as described in Favier &alvgre not necessary to allow
for persistence here. The maintenance through illegal animal introduction only, exclusively
from Anjouan, 70km distant-island of the Union of the Comoros is unlikely. Firstly, RVF cir-
culation level is also very low there (RVF was unnoticeable from July 2010 to august 2011)
[59. Secondly, the illegal transport of ruminants, which was quite common unti+-2008,
seems to have dropped drastically since then, according to veterinary services and local report
Since 2011 and the official attachment of Mayotte to France, illegal transport by boat between
Anjouan and Mayotte became also more controlled and thus more dangerous and expensive
making it less interesting to transport cattle, though not impossible (couple of live ruminants
are still seized every year). This aspect should still be carefully monitored to assess reemergen
potential.

The impact of RVF in Mayotte (abortion or loss of production in cattle and human cases) is
still unknown. Seroprevalence data showed the presence of IgG against RVF virus back to 200
[7]. The circulation of RVF virus between 2004 and 2007 in Mayotte is unclear since only IgG
but no IgM were found in cattle/]. An increase in seroprevalence was observed between 2007
and 2009 with records of seroconversions in ruminants until 200 1Human cases were
reported sporadically between 2007 and 2012 in the Comoros ArchipB&@@d.[Only one
RVF related abortion in ruminant was identified in Mayotte during this pertddl Only
active surveillance would help assessing RVF real impact and whether the circulation has now
faded out, like in 90% of our simulations five years after introduction, or has remained silent.

Conclusion and modelling perspectives

Seasonality in vector abundance has been shown to play a key role in shaping RVF persistenc
through a complex interplay between biological characteristics of vectors and virus and host
characteristics which importance varies from scenario to scenario. We have shown that RVF
persistence may occur in a single tropical population with a low transmission scenario without
the need for virus reintroduction and even with no or very low vertical transmission. Hence,
active surveillance must be maintained to better understand the risk related to RVF persistence
and to prevent any new introductions.

“This model can be easily adapted to other climatic conditions by rendering the emergence
function relevant for other vector species and areas, or by using longitudinal relative vector
abundance as observed in the field. In addition, parameters considered as constant in tropical
areas (e.g. incubation rate) can be replaced by temperature functions, more relevant for tem-
perate areds.

As the heterogeneity in the spatial distribution of vectors and hosts may impact arbovirus
spread to a large exterit]], an extension of our model to account for this heterogeneity
(urban slums, forest, agricultural zones and the archipelago metapopulation situation) would
enable us to better study RVF spread in a low transmission scenario and to link it with neigh-
bouring territories dynamics. Human activities could also be included, through many aspects:
(1) slaughter seasonality or farming practices may influence the persistence of RVF; (2) In
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urban areas, human behaviour might even be more influential than climate seasonality on vec-
tor dynamics §1863. Finally, building dynamic models for vector abundance adaptable to dif-
ferent localisations and environments have to be encouraged by extending our knowledge on
vector biology from field and laboratory works.

Supporting Information

S1 Fig. Model code for Scilab.
(PDF)

S2 Fig. Average monthly precipitations and temperature observed in MayoReecipita-
tions were obtained from the agriculture department of Mayotte (DAAF) and temperature
data were obtained from the public website of Meteofranites://donneespubliques.
meteofrance.f)/

(TXT)

S3 Fig. Complete results of the sensitivity analysis on variance of model outputs.
(PDF)

Acknowledgments

We specially thank the ARS for sharing their data (Mikidache Said, Hairya Inoussa, Omar Ous-
seni, Lassadi Hassani Ali, Ismael Nahouda, Mohamadi Madi Saindou, Naimoudine Berou and
Mu'uminat Cheick Ahmed who collected the entomological data, Marina Béral and Cyril Cze-
her who helped complete the database); Catherine Cétre-Sossah for the share of her serologic
data and her invaluable comments; Thomas Balenghien and Séverine Licciardi for their ento-
mological expertise; the CoopADEM-GDS of Mayotte and all the farmers for their help in the
serological surveys. We also would like to thank Sandie Arnoux who helped us in performing
part of the sensitivity analysis. Finally we sincerely thank David Wilkinson and the two review-
ers for their critical and very helpful comments.

Author Contributions

Conceived and designed the experiments: LC MC PE EC. Performed the experiments: LC MC
PE LD BZ. Analyzed the data: LC MC PE. Contributed reagents/materials/analysis tools: LD
BZ. Wrote the paper: LC MC LD PE EC BZ.

References

1. Bird BH, Ksiazek TG, Nichol ST, Maclachlan NJ. Rift Valley fever virus. J Am Vet Med Assoc. 2009;
234:883..893. doi: 10.2460/javma.234.7.883 PMID: 19335238

2. Pepin M, Bouloy M, Bird BH, Kemp A, Paweska J. Rift Valley fever virus (Bunyaviridae: Phlebovirus):
an update on pathogenesis, molecular epidemiology, vectors, diagnostics and prevention. Vet Res.
2010; 41: 40.

3. Andriamandimby SF, Randrianarivo-Solofoniaina AE, Jeanmaire EM, Ravololomanana L, Razafima-
nantsoa LT, Rakotojoelinandrasana T, et al. Rift Valley Fever during Rainy Seasons, Madagascar,
2008 and 2009. Emerg Infect Dis. 2010; 16: 963..970. doi: 10.3201/eid1606.091266 PMID: 20507747

4. Chevalier V. Rift Valley fever, athreat for Europe? 2010; Available:http://www.eurosurveillance.org/
ViewAtrticle.aspx?Articleld=19506

5. Abdo-Salem S, Gerbier G, Bonnet P, Al-Qadasi M, Tran A, Thiry E, et al. Descriptive and Spatial Epide-
miology of Rift Valley Fever Outbreak in Yemen 2000..2001. Ann N Y Acad Sci. 2006; 1081: 240..242.
doi: 10.1196/annals.1373.028 PMID: 17135517

6. Shoemaker T, Boulianne C, Vincent MJ, Pezzanite L, Al-Qahtani MM, Al-Mazrou Y, et al. Genetic anal-
ysis of viruses associated with emergence of Rift Valley fever in Saudi Arabia and Yemen, 2000.01.
Emerg Infect Dis. 2002; 8: 1415..1420. PMID: 12498657

PLOS ONE | DOI:10.1371/journal.pone.0130838 July 6, 2015 22/26



Modelling RVF Persistence, Application to Mayotte Island

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Cétre-Sossah C, Pédarrieu A, Guis H, Defernez C, Bouloy M, Favre J, et al. Prevalence of Rift Valley
Fever among Ruminants, Mayotte. Emerg Infect Dis. 2012; 18. doi:10.3201/eid1806.111165

Cétre-Sossah C, Zeller H, Grandadam M, Caro V, Petinelli F, Bouloy M, et al. Genome Analysis of Rift
Valley Fever Virus, Mayotte. Emerg Infect Dis. 2012; 18. doi:10.3201/eid1806.110994

Afssa. Avis de 'Agence frangaise de sécurité sanitaire des aliments sur le risque de propagation de la
fievre de la vallée du Rift (FVR) dans un département et une collectivité départementale francgais de
I’Océan Indien (la Réunion et Mayotte) [Internet]. 2008 Jul p. 156. Report No.: SANT-Ra-Rift. Available:
http://lwww.anses.fr/index.htm

Lernout T, Cardinale E, Jego M, Despres P, Collet L, Zumbo B, et al. Rift Valley Fever in Humans and
Animals in Mayotte, an Endemic Situation? PLoS ONE. 2013; 8: €74192. doi:10.1371/journal.pone.
0074192 PMID: 24098637

Owange NO, Ogara WO, Affognon H, B GP, Kasiiti J, Okuthe S, et al. Occurrence of rift valley fever in
cattle in ljara district, Kenya. Prev Vet Med. doi:10.1016/j.prevetmed.2014.08.008

Lagerqgvist N, Moiane B, Mapaco LP, Fafetine J, Vene S, Falk KI. Antibodies against Rift Valley Fever
Virus in Cattle, Mozambique. EID. 2013; 19. Available:http://wwwnc.cdc.gov/eid/article/19/7/13-0332_
article.htm

Sumaye RD, Geubbels E, Mbeyela E, Berkvens D. Inter-epidemic Transmission of Rift Valley Fever in
Livestock in the Kilombero River Valley, Tanzania: A Cross-Sectional Survey. PLoS Negl Trop Dis.
2013; 7. doi: 10.1371/journal.pntd.0002356

Kifaro EG, Nkangaga J, Joshua G, Sallu R, Yongolo M, Dautu G, et al. Epidemiological study of Rift Val-
ley fever virus in Kigoma, Tanzania. Onderstepoort J Vet Res. 2014; 81. doi:10.4102/ojvr.v81i2.717

Linthicum KJ, Davies FG, Kairo A, Bailey CL. Rift Valley fever virus (family Bunyaviridae, genus Phle-
bovirus). Isolations from Diptera collected during an inter-epizootic period in Kenya. J Hyg (Lond).
1985; 95: 197..209.

Linthicum KJ, Anyamba A, Tucker CJ, Kelley PW, Myers MF, Peters CJ. Climate and Satellite Indica-
tors to Forecast Rift Valley Fever Epidemics in Kenya. Science. 1999; 285: 397.400. doi: 10.1126/
science.285.5426.397 PMID: 10411500

Davies FG, Linthicum KJ, James AD. Rainfall and epizootic Rift VValley fever. Bull World Health Organ.
1985; 63: 941..943. PMID: 3879206

Keeling MJ, Rohani P. Modeling Infectious Diseases in Humans and Animals. 1sted. Princeton Uni-
versity Press; 2007.

Ezanno P, Vergu E, Langlais M, Gilot-Fromont E. Modelling the Dynamics of Host-Parasite Interac-
tions: Basic Principles. In: Morand S, Beaudeau F, Cabaret J, editors. New Frontiers of Molecular Epi-
demiology of Infectious Diseases. Springer Netherlands; 2012. pp. 79.101. Available: http://link.
springer.com/chapter/10.1007/978-94-007-2114-2_5

Gaff HD, Hartley DM, Leahy NP. An epidemiological model of rift valley fever. Electron J Differ Equ.
2007;2007: 1..12.

Mpeshe S, Haario H, Tchuenche J. A Mathematical Model of Rift Valley Fever with Human Host. Acta
Biotheor. 2011; 59: 231..250. doi: 10.1007/s10441-011-9132-2PMID: 21611886

Charron MVP, Balenghien T, Seegers H, Langlais M, Ezanno P. How Much Can Diptera-Borne Viruses
Persist over Unfavourable Seasons? Lopez-Ferber M, editor. PLoS ONE. 2013; 8: €74213. doi:10.
1371/journal.pone.0074213 PMID: 24023929

Barker CM, Niu T, Reisen WK, Hartley DM. Data-Driven Modeling to Assess Receptivity for Rift Valley
Fever Virus. PLoS Negl Trop Dis. 2013; 7: e2515. doi:10.1371/journal.pntd.0002515PMID: 24244769

Xue L, Cohnstaedt LW, Scott HM, Scoglio C. A Hierarchical Network Approach for Modeling Rift Valley
Fever Epidemics with Applications in North America. PLoS ONE. 2013; 8: €62049. doi:10.1371/
journal.pone.0062049 PMID: 23667453

Xue L, Scott HM, Cohnstaedt LW, Scoglio C. A network-based meta-population approach to model Rift
Valley fever epidemics. J Theor Biol. 2012; 306: 129..144. doi: 10.1016/}.jtbi.2012.04.029 PMID:
22564391

Fischer EA, Boender G-J, Nodelijk G, Koeijer AA de, Roermund HJ van. The transmission potential of
Rift Valley fever virus among livestock in the Netherlands: a modelling study. Vet Res. 2013; 44: 58.
doi: 10.1186/1297-9716-44-58 PMID: 23876054

Mweya CN, Holst N, Mboera LEG, Kimera Sl. Simulation Modelling of Population Dynamics of Mos-
quito Vectors for Rift Valley Fever Virus in a Disease Epidemic Setting. PLoS ONE. 2014; 9: e108430.
doi: 10.1371/journal.pone.0108430PMID: 25259792

Gong H, DeGaetano A, Harrington L. Climate-based models for West Nile Culex mosquito vectors in
the Northeastern US. Int J Biometeorol. 2011; 55: 435 .446. doi: 10.1007/s00484-010-0354-9PMID:
20821026

PLOS ONE | DOI:10.1371/journal.pone.0130838

July 6, 2015 23/26



Modelling RVF Persistence, Application to Mayotte Island

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45,

46.

47.

48.

49.

50.
51.

Rueda LM, Patel KJ, Axtell RC, Stinner RE. Temperature-dependent development and survival rates of
Culex quinquefasciatus and Aedes aegypti (Diptera: Culicidae). J Med Entomol. 1990; 27: 892.898.
PMID: 2231624

Chitnis N, Hyman JM, Manore CA. Modelling vertical transmission in vector-borne diseases with appli-
cations to Rift Valley fever. J Biol Dyn. 2013; 7: 11 .40. doi: 10.1080/17513758.2012.733427 PMID:
23098257

Chamchod F, Cantrell RS, Cosner C, Hassan AN, Beier JC, Ruan S. A Modeling Approach to Investi-
gate Epizootic Outbreaks and Enzootic Maintenance of Rift Valley Fever Virus. Bull Math Biol. 2014;
76:2052..2072. doi: 10.1007/s11538-014-9998-7 PMID: 25102776

Favier C, Chalvet-Monfray K, Sabatier P, Lancelot R, Fontenille D, Dubois MA. Rift Valley fever in West
Africa: the role of space in endemicity. Trop Med Int Health TM IH. 2006; 11: 1878.1888. doi: 10.1111/j.
1365-3156.2006.01746.x

Altizer S, Dobson A, Hosseini P, Hudson P, Pascual M, Rohani P. Seasonality and the dynamics of
infectious diseases. Ecol Lett. 2006; 9: 467..484. doi: 10.1111/].1461-0248.2005.00879.xPMID:
16623732

Gerdes GH. Rift Valley Fever. Rev Sci Tech OIE. 2004; 23: 613 623.

Ezanno P, Aubry-Kientz M, Arnoux S, Calilly P, LAmbert G, Toty C, et al. A generic weather-driven
model to predict mosquito population dynamics applied to species of Anopheles, Culex and Aedes gen-
era of southern France. Prev Vet Med. doi:10.1016/j.prevetmed.2014.12.018

Turell MJ, Kay BH. Susceptibility of selected strains of Australian mosquitoes (Diptera: Culicidae) to
Rift Valley fever virus. J Med Entomol. 1998; 35: 132.135. PMID: 9538572

Faran ME, Turell MJ, Romoser WS, Routier RG, Gibbs PH, Cannon TL, et al. Reduced Survival of
Adult Culex Pipiens Infected with Rift Valley Fever Virus. Am J Trop Med Hyg. 1987; 37: 403.409.
PMID: 3661832

Bret6 C, He D, lonides EL, King AA. Time series analysis via mechanistic models. Ann Appl Stat. 2009;
3:319..348. doi: 10.1214/08-A0AS201

Scilab Enterprises. Scilab: Free and Open Source software for numerical computation [Internet].
Orsay, France: Scilab Enterprises; 2012. Available:http://www.scilab.org

Gaff H, Burgess C, Jackson J, Niu T, Papelis Y, Hartley D. Mathematical Model to Assess the Relative
Effectiveness of Rift Valley Fever Countermeasures. Int J Artif Life Res. 2011; 2: 1.18. doi: 10.4018/
jalr.2011040101

Lawpoolsri S, Klein EY, Singhasivanon P, Yimsamran S, Thanyavanich N, Maneeboonyang W, et al.
Optimally timing primaquine treatment to reduce Plasmodium falciparum transmission in low endemic-
ity Thai-Myanmar border populations. Malar J. 2009; 8: 159. doi:10.1186/1475-2875-8-159 PMID:
19604346

Manore CA, Beechler BR. Inter-Epidemic and Between-Season Persistence of Rift Valley Fever: Verti-
cal Transmission or Cryptic Cycling? Transbound Emerg Dis. 2013; doi:10.1111/tbed.12082

Pratt HD, Moore CG (Chester G. Mosquitoes of public health importance and their control [Internet].
1993. Available: http://stacks.cdc.gov/view/cdc/21944

Clements AN. The Biology of Mosquitoes: Development, nutrition and reproduction. CABI Publ.; 2000.

Saltelli A, Chan K, Scott EM. Sensitivity analysis. Wiley Series in Probability and Statistics. New York
USA: J. Wiley & sons; 2000.

R Core Team. R: A Language and Environment for Statistical Computing [Internet]. Vienna, Austria: R
Foundation for Statistical Computing; 2013. Available:http://www.R-project.org

Balenghien T, Cardinale E, Chevalier V, Elissa N, Failloux A- B, Nipomichene TNJJ, et al. Towards a
better understanding of Rift Valley fever epidemiology in the south-west of the Indian Ocean. Vet Res.
2013;44:78. doi: 10.1186/1297-9716-44-78 PMID: 24016237

Bagny L, Delatte H, Elissa N, Quilici S, Fontenille D. Aedes (Diptera: Culicidae) Vectors of Arboviruses
in Mayotte (Indian Ocean): Distribution Area and Larval Habitats. J Med Entomol. 2009; 46: 198.207.
doi: 10.1603/033.046.0204 PMID: 19351070

Tillard E, Aubriot D, Balberini L, Berre D. Référentiel technique de ¥€levage bovin mahorais. Mayotte:
Cirad; 2013 May p. 90.

Lumley T. Complex Surveys: A Guide to Analysis Using R. John Wiley & Sons; 2011.

Reiner RC, Perkins TA, Barker CM, Niu T, Chaves LF, Ellis AM, et al. A systematic review of mathemat-
ical models of mosquito-borne pathogen transmission: 1970.2010. J R Soc Interface. 2013; 10. doi:
10.1098/rsif.2012.0921

PLOS ONE | DOI:10.1371/journal.pone.0130838 July 6, 2015 24126



Modelling RVF Persistence, Application to Mayotte Island

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

Mpeshe SC, Luboobi LS, Nkansah-Gyekye Y. Modeling the impact of climate change on the dynamics
of rift valley Fever. Comput Math Methods Med. 2014; 2014: 627586. doi:10.1155/2014/627586 PMID:
24795775

Sissoko D, Giry C, Gabrie P, Tarantola A, Pettinelli F, Collet L, et al. Rift Valley Fever, Mayotte, 2007..
2008. Emerg Infect Dis. 2009; 15: 568..570. doi: 10.3201/eid1504.081045 PMID: 19331733

Charron MVP, Seegers H, Langlais M, Ezanno P. Seasonal spread and control of Bluetongue in cattle.
J Theor Biol. 2011; 291: 1. 9. doi: 10.1016/}.jtbi.2011.08.041PMID: 21945148

Le Goff G, Goodman SM, Elguero E, Robert V. Survey of the Mosquitoes (Diptera: Culicidae) of
Mayotte. PLoS ONE. 2014; 9: €100696. doi:10.1371/journal.pone.0100696 PMID: 25004163

Maquart M, Pascalis H, Abdouroihamane S, Roger M, Abdourahime F, Cardinale E, et al. Phylogeo-
graphic Reconstructions of a Rift Valley Fever Virus Strain Reveals Transboundary Animal Movements
from Eastern Continental Africa to the Union of the Comoros. Transbound Emerg Dis. 2014; n/a.n/a.
doi: 10.1111/tbed.12267

DAAF Direction de l'Alimentation, de ' Agriculture et de la Forét de Mayotte. Recensement agricole
2010, Mayotte [Internet]. 2010. Available:http://daf.mayotte.agriculture.gouv.fr/RA-2010-les-resultats

FAO. Climate models predict increased risk of precipitations in the Horn of Africa for end of 2008.
EMPRES Watch. 2008;September 2008: 4.

Roger M, Beral M, Licciardi S, Soulé M, Faharoudine A, Foray C, et al. Evidence for Circulation of the
Rift Valley Fever Virus among Livestock in the Union of Comoros. PLoS Negl Trop Dis. 2014; 8: e3045.
doi: 10.1371/journal.pntd.0003045PMID: 25078616

InVS. bulletin hebdomadaire internationale n°372 31 octobre au 6 novembre 2012 [Internet]. 2012 p. 3.
Report No.: 372. Available: http://www.invs.sante.fr/content/download/49620/212231/version/40/file/
bhi_372_311012_061112.pdf

Maquart M, Temmam S, Héraud J-M, Leparc-Goffart |, Gtre-Sossah C, Dellagi K, et al. Development
of real-time RT-PCR for the detection of low concentrations of Rift Valley fever virus. J Virol Methods.
2014; 195: 92..99. doi: 10.1016/j.jviromet.2013.10.001PMID: 24120571

Charron MV, Kluiters G, Langlais M, Seegers H, Baylis M, Ezanno P. Seasonal and spatial heterogene-
ities in host and vector abundances impact the spatiotemporal spread of bluetongue. Vet Res. 2013;
44: 44, doi: 10.1186/1297-9716-44-44PMID: 23782421

Barrera R, Amador M, MacKay AJ. Population Dynamics of Aedes aegypti and Dengue as Influenced
by Weather and Human Behavior in San Juan, Puerto Rico. PLoS Negl Trop Dis. 2011; 5: €1378. doi:
10.1371/journal.pntd.0001378 PMID: 22206021

Tran A L’Ambert G, Lacour G, Benoit R, Demarchi M, Cros M, et al. A Rainfall- and Temperature-Driven
Abundance Model for Aedes albopictus Populations. Int J Environ Res Public Health. 2013; 10: 1698..
1719. doi: 10.3390/ijerph10051698 PMID: 23624579

Yamar BA, Diallo D, Kebe CMF, Dia |, Diallo M. Aspects of bioecology of two Rift Valley Fever Virus
vectors in Senegal (West Africa): Aedes vexans and Culex poicilipes (Diptera: Culicidae). J Med Ento-
mol. 2005; 42: 739..750. PMID: 16363157

Service M. Medical Entomology for Students. Cambridge University Press; 2008.

MclIntosh BM, Jupp PG, dos Santos |, Barnard BJ. Vector studies on Rift Valley Fever virus in South
Africa. South Afr Med J Suid-Afr Tydskr Vir Geneeskd. 1980; 58: 127.132.

Turell MJ, Linthicum KJ, Patrican LA, Davies FG, Kairo A, Bailey CL. Vector competence of selected
African mosquito (Diptera: Culicidae) species for Rift VValley fever virus. J Med Entomol. 2008; 45: 102..
108. PMID: 18283949

Moutailler S, Krida G, Schaffner F, Vazeille M, Failloux A-B. Potential Vectors of Rift VValley Fever Virus
in the Mediterranean Region. Vector-Borne Zoonotic Dis. 2008; 8: 749.754. doi: 10.1089/vbz.2008.
0009 PMID: 18620510

Turell MJ, Bailey CL, Beaman JR. Vector competence of a Houston, Texas strain of Aedes albopictus
for Rift Valley fever virus. J Am Mosq Control Assoc. 1988; 4: 94.96. PMID: 3193106

Mclntosh BM, Jupp PG, Anderson D, Dickinson DB. Rift Valley Fever. 2. Attempts to transmit virus with
seven species of mosquito. J S Afr Vet Assoc. 1973; 44: 57..60.

MclIntosh BM, Jupp PG, dos Santos |, Rowe AC. Field and laboratory evidence implicating Culex zom-
baensis and Aedes circumluteolus as vectors of Rift Valley Fever virus in coastal South Africa. South
Ajrican J Oj Sci. 1983; 79: 61..64.

Turell MJ, Linthicum KJ, Beaman JR. Transmission of Rift Valley fever virus by adult mosquitoes after
ingestion of virus as larvae. Am J Trop Med Hyg. 1990; 43: 677..680. PMID: 2267972

Turell MJ, Faran ME, Cornet M, Bailey CL. Vector Competence of Senegalese Aedes fowleri (Diptera:
Culicidae) for Rift Valley Fever Virus. J Med Entomol. 1988; 25: 262.266. PMID: 3404545

PLOS ONE | DOI:10.1371/journal.pone.0130838 July 6, 2015 25/26



Modelling RVF Persistence, Application to Mayotte Island

75.

76.

77.

78.

79.

80.

81.

Patrican LA, Bailey CL. Ingestion of immune bloodmeals and infection of Aedes fowleri, Aedes mcin-
toshi, and Culex pipiens with Rift Valley fever virus. Am J Trop Med Hyg. 1989; 40: 534.540. PMID:
2729509

Turell MJ. Effect of environmental temperature on the vector competence of Aedes taeniorhynchus for
Rift Valley fever and Venezuelan equine encephalitis viruses. Am J Trop Med Hyg. 1993; 49: 672.676.
PMID: 8279634

Gad AM, Hassan MM, el Said S, Moussa M|, Wood OL. Rift Valley fever virus transmission by different
Egyptian mosquito species. Trans R Soc Trop Med Hyg. 1987; 81: 694 .698. PMID: 2895516

Turell M, Presley S, Gad A, Cope S, Dohm D, Morrill J, et al. Vector competence of Egyptian mosqui-
toes for Rift Valley fever virus. Am J Trop Med Hyg. 1996; 54: 136.139. PMID: 8619436

Turell MJ, Lee JS, Richardson JH, Sang RC, Kioko EN, Agawo MO, et al. Vector competence of Ken-
yan Culex zombaensis and Culex quinquefasciatus mosquitoes for Rift Valley fever virus. J Am Mosq
Control Assoc. 2007; 23: 378..382. PMID: 18240513

Turell MJ, Dohm DJ, Mores CN, Terracina L, Wallette DL Jr, Hribar LJ, et al. Potential for North Ameri-
can mosquitoes to transmit Rift Valley fever virus. J Am Mosq Control Assoc. 2008; 24: 502.507.
PMID: 19181056

Dohoo I, Martin W, Stryhn H. Veterinary Epidemiologic Research. 2nd ed. Charlotte, P.E.I.: VER Inc.;
2009.

PLOS ONE | DOI:10.1371/journal.pone.0130838 July 6, 2015 26/26



