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Abstract: The mosquitcAedes(Segomyid albopictus(Skusg (Diptera: Culicidag is an
invasive species which has colonized Southern Europe in the last two decades. As it is a
competent vector for several arboviruses, its spread is of increasing public health
concern and there is a need fappropriatemonitoring tools.In this paper, wehave
developed a modelling approach to predict mosquito abundance over time, and identify the
main determinants of mosquito population dynamics. The model is temperathde
rainfall-driven, takes into account egg diapause during unfavourable peaiatigjas used

to model the population dynamics oke. albopictusin the French Riviera since 2008.
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Entomological collection®f egg stagdérom six locationsin Nice conurbation were used

for model validation. We performed a sensitivity analysis to identify the key parameters of

the mosquito population dynamics. Results showed that the model correctly predicted
entomological field data (Pearsowarrelation coefficiat valuesrange from 0.73to 093).

The mo d erhainscontrol points were related mdul t 6s mortal ity rat
capacity in pupae of the environment, ath@ beginningof the unfavourable period.

The proposed model can be efficiently used asohto predictAe. albopictugpopulation

dynamics, ando assess the efficiency of different control strategies.

Keywords: Aedes albopictysarbovirus population dynamigsnodelling sensitivity analysis

1. Introduction

TheAsian tigermosquitoAedeqSegomyiag albopictus(Skusg (Diptera: Culicidag is a competent
vector for several arboviruses, such as denguechikdngunya viruse§l]. Originally indigenous to
SouthEast Asia, the species has spread during the last decades to Africa, the Middle East, Europe an
the Americag2]. Since 1990the Asian tiger mosquitbas rapidly colonized Southern Eurdpeg It is
the only invasive mosgto species currently installed in continental France, present since 2004 on the
Ctt e dob ALl Itscoatiguing spread is of increasing public health concern, strengthened by
a recentchikungunyaoutbreak in Italy in 20077], and thefirst occurence of autochthonous dengue
andchikungunyacases irsoutherrFrance in 201(8,9].

Due tothe urgent need for intensive monitoring and fisksed surveillance ohe. albopictus
populations modelling approaches have been used to map the areas of its potential distidi@uibh
Moreover, nechanistic modelling approaches have been successfully used to predict the temporal
dynamics ofAe. aegyptusing either stochast[é2] or deterministianodels[13], or discuss the impact
of mosquito population dynamics arhikungunyavirus transmission tahe human populatioron
La Rénion island France[14,15] Such models are useful to identify the control points of the
population dynamics, and test some control stratd@@sIn Europe, Polettet al. recentlymodelled
the temporal dynamics oRe. albopictusin Italy and discussed the transmission potendgél
chikungunya viru$16].

In this paper, weresent aveatherdriven abundance model depicting the annual and-arteuval
variations ofAe. albopictugpopulationstaking into account diapause procesd®e used the generic
framework proposed recently I8ailly et al.[17] for modelling moguito populationsand we defined
parameters and functions to adapt this generic modketésian tiger mosquitdrhe model was used
to simulateAe. albopictugpopulations itheC?! t e d 6 A zusing dailyeamfallcand temperature
data. Entomological collectionof egg stagefrom different municipalities were used for model
validation and a sensitivity analysisvas performedto identify the key parameters driving the
mosquito population dynamics.
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2. Material and M ethods
2.1.StudyArea

The study area includes the municipality of Nice and neighbouring municipdiibes the
French Riviera regionwhere entomologicalongitudinal surveys onAe. albopictus populations are
performed since2008 (Figure 1).In this region located in South Eastern France, the climate is
typically Mediterraneajwith warm, very dry summers and mild, wet winters. Total annual raingall
around 750 mm and temperatures usually vary betweei On winter, and 34 € in summer.
Aedesalbopictuspopulations are mainly installed in urban areas, as in Nice, a densely populated city
with a population over 340,000habitants, and in the residential areas of neighboring municipalities.

Figure 1. Study area includimp the municipalities of Nicel.a Gaude,CagnessurMer,
VilleneuvelLoubet, and Biat Source © IGN BD Adresse vad EID Mdliterrané,
Sepember2011.
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2.2.EntomologicaData

Mosquito sampling was performed in different locations of Nice conurbation,i ng ovi t |
networks placed mostly in sites shaded by vegetatidbhe surveillance ofeggswas choserfor
detecting invasive mosquito species suchasalbopictusin Southeastern Francet allows targeted
and rapid sampling efforts and an optimaktbenefit ratio[5,18]. Ovitrapsare artificial egglaying
containers made upwith 3 L black plastic buckets (Dillewijn Zwap&kAalsmeer, The Netherlasd
filled with 2 L of tap waterandthe biolarvicide Bacillus thuringiensis israelengBti) to prevent the
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production of mosquitoes in the trfi®], in which afloating polystyrene square {55 cm) was added

to provide a support for ovipositiohe samplingwas conducted isix different locations of Nice
conurbation mainly in dscontinuousurban fabricincluding individual houses with gardenilice

(1: Nicedowntown 2: residential arean the outskirts of Nige CagnessurMer, La Gaude, Biot, and
Villeneuve Loubet. Networks of between 15 and 50 ovitraps were colldnteeekly, and weeklyin
CagnessurMer (Table 1). We considered the fortnightly frequency as an acceptable compromise
between representativéata (average period of time separating two generations during summer,
considering around three days for embryogenesis, seven days of larval development and five days fo
mating, blood engorgement and oviposition) and reasonable trapping effort ineterdag20,21]
Surveys were stopped at the end of egelar aftetwo consecutive negative sampldsapping areas
were considered free of insecticide treatments realized during the plan @fisaetnination of
chikungunya virugrom 2008 to2011, except three ovitraps located in Nicwithin a distance of 200

m from the insecticide spraying. Thus, results from thésee ovitraps after the treatments were
removed from the analysiblatched and unhatched eggsA&. albopictusvere countedn laboratory
under stereomicroscopeggs ofAe.(Finlaya) geniculatusthe only other mosquito species to lay eggs
into ovitraps in soutleastern France, were morphologically discriminated fAmm albopictuseggs

using a stereomicroscof?,23]

Table 1. Entomological collections for the surveillanceAddesalbopictusCt t e d6 Az ur
area France 2008 2011.

Campaign Trapping season Ovitrap network Result

Annual max. of

. the mean number
. o Surface of the Sampling
Location Year Beginning End Nb traps . of collected eggs per
trapping area (ha)* frequency

ovitrap per
capture session

Nice 1 2008 25Mar 8 Dec 30 328.7 biweekly 170
Nice 1 2009 16 Apr 9 Dec 50 517.7 biweekly 233
Nice 1 2010 15Apr 2Dec 50 517.7 biweekly 462
Nice 1 2011 21 Apr 14 Dec 50 517.7 biweekly 311
Cagnessur-Mer 2010 21Jun 15Nov 15 30.5 weekly 177
CagnessurMer 2011 28 Mar 28 Nov 18 41.6 weekly 169
La Gaude 2010 16 Jul 8 Oct 22 17.9 biweekly 566
Biot 2010 16 Jul 8 Oct 25 40.3 biweekly 830

VilleneuvelLoubet 2011 6 May 30Nov 15 3.8 biweekly 1,108
Nice 2 2011 11May 18 Nov 15 2.7 biweekly 654

* computed as the surface of the smallest polygon including all ovitraps with a buffer distance of 50 m.
2.3.EnvironmentaData

Daily rainfall and temperature data from 2008 to 24cbrded in Nicéirport were obtained from
the national meteorological serviédlé® Franceo. Indeed, ve assumed thalhe population dynamics
of Ae. albopictusis mainly driven by these two factor§) temperatures have a strong impact on
the survival ofAe. albopictus populations, and on the development of aquatic st@Z@24,25]

(i) precipitations favor the availability of breeding sites,, any small recipient filled with water
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where Ae. albopictus females lay their eggsMoreover, we considered th#te eg hatching is
triggered by rainfall events but also by human water supply, @agden wateringn summey [20].
Indeed,larval surveys carried out since 2008 showed the importance of small and medium containers
sampled in gardens in the productivifg. albopictué6 p op u[26lht i ons

2.4.ModelDescription
2.4.1.AedesalbopictusLife Cycle

As for all mosquito species, thédd cycle of Ae.albopictusincludesthreewaterdependenstages
(egg, larva,and pupa), and one aerial stage (addlbe lifespan in each stage dependsseweral
factors, such as temperature, or water availabiifyer emergence and inseminatidemale adults
successively(i) seek a human host to take a blood m@glrest in a sheltered plackiring the few
days needed for the eggs to matamad (iii ) searchfor sitesto lay their eggsThe Asian tiger mosquito
breeds in artificial containexs any type (metal, glass, stone, plastic, rubbtr), or in small natural
water bodies such as tree holes or rock pf$ Eggs hatch after a desiccation per{telv days to
several months) when they are submerged in water by rainfall or artffemaling. The larvae then
mature through four stages before entering pupation. Adult mosquito emerges from the pupa at the
surface of watern temperate climagg Ae. albopictussurvive the unfavorable period (winter) as eggs
in dormancy (diapause) thaill hatch during the next favorable season (spring).

2.4.2.Modelling AedesalbopictusPopulation Dynamics

The generic model of mosquito population dynamics developed by €aglly[17] represents all
of the steps of the mosquito life cycle (&ig2). It considers ten different stages: three aquatic stages
(E, eggs;L, larvae;P, pupae), one emerging adult stage, threenulliparous stagesA(n, Aug, Aio),
and three parous stages, Axg Aoo). In the adult stage, females only are represefabus females
are females thiahave oviposited at least once, whereas nulliparous females have never laid eggs.
Adults are subdivided regarding their behaviour during the gonotrophic cycle (h;séelsing;

g, transition from engorged to gravid; o, owfimn site seeking). Once parous, females repeat their
gonotrophic cycle until death. The events driving the transitions between stages are: egg mortality or
hatching, larva mortality, pupation (moult of larvae to pupae), pupa mortality, adult emergence,
mortality, engorgement, egg maturing, and oviposifidre model takes into accourgriitydependent
mortality of the larval stage[28], and pupa densitydependentsuccess of adult emergence
Densitydependent mortality was assumed at the larval stagesabas been often observigB,29]

Pupa densitygependent success of adult emergence was assumed as emergence success was foul
negatively correlated to pupa dengB9].

The model is based on a system of ordinary differential equations (ODE)eBegpopulationsn
temperate climatethe eggs stop hatching at the beginning of the unfavorable period, during which
diapause occurs. All other stages will continue their development or transition to the next stage. Thus,
the ODE system is:
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Figure 2. Model diagram ofAedes albopictupopulation dynamics in temperate climate.
Aquatic stages are drawn in blue, adult females in yellow. The green compartments indicate
the adult females which move to seek for a host or an ovipositionAsitgpted from

Cailly et al.[17]. Reprinted from Eological Modelling, 22/24 February 2012, Cail}yP,;

Tran A.; BalenghienT.; L 6 A mpGg; Tdty, C.; EzanngP., A climatedriven abundance
model to assess mosquito control strategies, Pa@é3, Topyright (2012), with
permission from Elsevier
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Model parameters are in Greek letters. They are constant. For stagis ¥e transition rate to the
next stagegx the mortality rate, anflx the egg laying ratel is the sexatio at the emergence.is an
additional adult mdality rate related to the sdal behavior appliedonly on adult stages involving
risky movements (host or oviposition site seeking).

Model functions are in Latiletters. They depend on pareters andveatherdrivenfunctions {.e.,
functions of temperature, humidity or precipitation varying over time). For stafjgis<the trasition
function to the next stage the mortality functionandkx the environmerdt sarrying capacity which
limits the population growtdue to densidependenprocesses
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2.4.3.Parameters andunctionsof theModel

We defined specific parameter values, forcing functions, transition functions between stages of the
life cycle, and mortality functions tadaptthe modelto Ae. albopictusn the region ofNice. As our
modelneglectsmosquito dispersal (arrival or departure of individuals),dimensions of thsurface
used for simulation he to be larger than thactive flight distance of mosquitaese. albopictus
having a distance of dipersal ofabout 100 m{31], our model is used for simulating the mosquito
population dynamics over a squared surig@@ater thad ha.

Because of thiarge phenotypic variability of the Asian tiger mosqui2@], parameter values were
based on expert kmdedge of localAe. albopictuspopulation biology[25,26,32] supported and
completed by scientific literature (Table 2).

Table 2. Parameter values of the model of mosquito population dynamics adapted to
Aedes albopictus Mediterranean temperate climate

Parameter Definition Value Reference

b, Number of eggs laid by ovipositing nulliparous females (per female) 95 [25]

b, Number of eggs laid by ovipositing parous females (per female) 75 [25]

3L Standard environment carrying capacity for larvae (lahzh® 250,000 To our best knowledge
op Standard environment carrying capacity for pupae (pupde ha 250,000 To our best knowledge
G Sexratio at the emergence 0.5 [24]

€ Egg mortality rate (ddy) 0.05 (Lacour, unpublished)
L Minimum larva mortalityrate (day™) 0.08 (Lacour, unpublished)
ep Minimum pupa mortality rate (da$) 0.03 (Lacour, unpublished)
€em Mortality rate during adult emergence (683y 0.1 (Lacour, unpublished)
€a Minimum adult mortality rate (day) 0.02 [25]

€ Adult mortality rate related to seeking behavior (ty 0.08 To our best knowledge
Te Minimal temperature needed for egg development (T) 104 [24]

TDDe Total number of degreday necessary for egg development (C) 110 (Lacour, unpublished)
Jpem Development rate afmerging adults (da}) 0.4 To our best knowledge
Jah Transition rate from hosteeking to engorged adults (45y 0.2 To our best knowledge
o Transition rate from oviposition sieeking to hosseeking adults (das) 0.2 To our best knowledge
Tag Minimal temperature needed for egg maturation (€) 10 [24]

TDDag Total number of degredays necessary for egg maturation () 77 [24]
tstart Start of the favorable season 10 Mar [32]
tend End of the favorable season 30 Sept [32]

The end of the favorable period is defined as the moment when 90% of eggs laid enter into
diapause. Diapause is genetically programmeflenalbopictugpopulations. It isnduced by a short
photoperiod27]. In Nice area, egg diapause initiation occuexdgally during September, so diapause
processes occur in the modebrh 30 Septembeto 10 March the following year[32]. During this
period, only eggs survive until the start of the next favorable season when they hatch if they are
immerged in waterThe standard environment carrying capacities for langgednd pupaesp) were
estimated as follows: the maximal larval and pupal densities observed in laboratory (iduaisliv
per cm?f water surfacg33]) was multiplied by the surface of a typica. albopictusreeding site
(=50 cmg the number of breeding sites per household (~20), and the number of households per
hectare (~25), all of these values beingnested from field observatiorj26].
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The two forcing function variables are temperaturg §nd precipitation (P), both varying over
time. Daily mean temperature and precipitation were used. Precipitation is known to trigger egg
hatching of Aedesspecies breeding in odbor oviposition sited34]. However, in humamade
environments artificila flooding (e.g, watering of gardens) is likely to be the main driver of
Ae. albopictusegg hatching in summer, when rainfall events are scarce. Thus, we considered that the
development ofAe. albopictuseggs is driven by(i) the occurrence of rainfallvents in springand
(i) temperature, using the concept of degiag, the quantity of accumulated heat necessary for
development from one stage to anothir. spring, hatching occurs only with rainfall events:
thetransition function from egg to larfg(t) will be null if no rainfall event occurs at timéP(t) = 0).
Otherwise, it is driven by temperature, usirnge tdegrealay relation, also used to express the
development rate of engorged adults becoming gravid attime

gT(t)- Ty

fx )= { TDD,
I 0 otherwise

if T()>T, ,Xin{E;Ag} (2)

Values of & and TDDx are given in Table 2.

The development of other aquatic stages (larvae and pupae) is positively correlated to temperature
within an optimum rang¢24]. Non-linear relations were used to express the relationships between
temperature (in €) anddevelopment rate of larvae and pupae according to observatiates
laboratory controlled condition4]. These functions are given in Tal8elt should be noted that
atmospheric temperature was used as a proxy of water temperature. This approxamasiaied by
the small size of the urban breeding sited@falbopictusin Nice region

Table 3. Functions of the model of mosquito population dynamics adapted to
Aedes albopictus Mediterranean temperate climate

Function Definition Expression
fe Transition function from egg to larva Equation(2)
f Transition function from larva to pupa fL(t) =10.0007.T&@) +0.0392.T(t)T 0.3911

fp Transition function from pupa to emerging adul fg(t) = 0.0008.T@) 1 0.0051.T(t) + 0.0319
Transition function from engorged adult to

fag oviposition sitéd seeking adult Equation (2)

m. Larva mortality (dal") me(t) = exp{ T(t)/2) +&,

me Pupa mortality rate (d&j) me(t) = exp{ T(t)/2) +¢&p

Ma Adult mortality rate (day) ma(t) = maxEA; 0.04417+ 0.00217.T(t))
ke Environment carrying capacity of larvae ‘(Ha Equation(3)

ke Environment carrying capacity of pupae'tha Equation(3)

Temperature also impacts the mortality rates of larvae, pupae and adults. Expressions were
derived fromShamaret al. [35], considering one different function for each stage, and adapted to the
observations oAe.albopictus[24] (Table 3).

Finally, we considered that the precipitations impadt e envi ronment &kgofcarr
aguatic stages (larvae and pupae), increasing the number of breeding sites avaehlalfmypictus
which is essentially an outdoor breefizgi 38]:

kx ()= kx® (Prom{t)+1), Xin {L;P} 3)
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Valuesofesx, t he standard environmentdos carrying ¢cC
Prorm(t) is defined as the rainfall amount summed over a two weeks period, and normalized in order to
vary between 0 and 1.

2.4.4.Model Outputs

The model predicts th@bundance of mosquitoes per stégel, P, Aem Ain, Arg, Ato, Aoh, Aog, Azo)
over time. In addition, the dynamic information computed by the model was aggregated using average
output valuedollowing Cailly et al. [17]: the adult peaknjaximum number o&dults observed in a
yeal), the attack rat¢average of the daily number of hesteking adultsA, = Asn + Agn) during the
21 days around the peak datem)d he parity ratgratio of the total number of parous females to the
total number of femalg¢sThese aggregated outputs were chosen because of their epidemiological
importance. They will be used to perform the sensitivity analysis of the n®eelign2.6). Finally,
to allow the comparison between tbatomological collections fronthe ovitraps s described in
Section2.2) and the predictions of the model, the abundance of eggs laid athlymee. albopictus
females E(t), was computed as:

E (1) = Gao(5:A () + £, A, (1)) 4)
2.4.5.Initial ConditionsandSimulations

The differential equations were discretized usingekgicit Euler method that we implemented in
Scilab 5.1[39]. Simulations were run ovdive years(2008 2011, and one first year with average
values of precipitation and temperature, not retained for output computation). Initially, the population
consisted ofl0® eggs (stage E)ycorresponding td January.

2.5.Validation

Because the collected eggs in ovitragge removed after sampling,ewcompared the observed
average numbeof eggsper trap(relative to the maximum value of the observed average number of
eggs per trapin each site (Nicd and-2, CagnessurMer, La Gaude, Biotand VilleneuveLoube)
with the simulated abundances of eggsvly laid (E) (relative to the maximum value of simulated
eggs abundance over the 20811 period) The degree of associatibetweerobserved and simulated
number of eggat the time of ovitrap collectiowas assessedifeach collection site by calculating the
Bravais Pearson correlation coefficient.

2.6.SensitivityAnalysis

We carried out a global sensitivity analysis, varying simultaneously all of the inpdehmeters
described in Tde 2 (20 parameters) using aftional factorial desigf@0]. Such a desiganabled us
to estimate the sensitivity indices for the principal effects and theofwstr interactions between
parameters (3 levelger factor: the nominal valuel%, generating,286 scenarios). Based on the
model realizations implemented in this design, the contributions of the variation factors to the output
variability were evaluated using a linear regression appr¢4@h For eachaggregatedoutput
(as described iBection2.4.4), a linear regression model was fitted with all the principal effects of the
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factors and their firsbrder interactions. A minimum variance criterion was defined: factors or
interactions accounting for more than 1% of the output variance were retainge imodel.
The contribution of factor or interactianto the variation in outpuy was the ratio of the sum of
squares related ioon the total sum of squares of the model for ougpdihe sum of the contributions
for outputy equaled the coefficienf adetermination of the regression model

3. Results and Discussion
3.1.Aedesalbopictus Population Dynamiés Urban Areasof South Eastern France

The d/namics ofAe. albopictuspopulationsintheC* t e do6Azur area prese
variability with a 6monthperiod ofadultactivity anda 6-monthperiodof egg diapausé-hefirst eggs
of the year are laid at the beginning of May. Mosquito density is maximal earlylatel\August and
early Septembedepending oryears and cities. Ovipositicactivity decreasebetweemmid-September
and mid-October, with a residual egg laying activity reniagn untii November or December.
Sampling results did nathow evidence of continuous oviposition activity during wintenlike the
situation re@orted inRome Italy [41].

Based on observed temperatures and pitatgns from 2008 to 2011lthe model showed
Ae albopictusadult mosquitoes to be present in Nice from May to November with a maximum
population in late Augusearly Septembe(Figure 3) The nuniber of eggs reaches a maximum at the
beginning of the unfavorable period, when eggs stop hatching while adult females continue oviposition
activity. The egg reserve decreashsing winter time, allowing the survival of the population.
Differences betweenyears were due to differences in weather variables, the model being
otherwise deterministic.

Figure 3. Aedes albopictupopulation dynamics simulated over four years according to
temperatures and rainfall, Nice region, 202@L1.(a) Daily meantemperature (red) and
rainfall (blue). p) Simulated number of individuals in the aquatic stggggs, larvae and
pupae) (c) Simulated number of individuals in the aerial stages (ulliparous hosseeking

Aig: nulliparous engorgedAs,: nulliparous seeking oviposition siteAxy: parous
hostseeking;Axg: parous engorgediy,: parous seeking oviposition Sitélhe alternation

of favorable and unfavorable periods is represented in white and grey, respectively.
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3.2.ModelValidation

Simulated mosquito abundances wdmnghly consistent with field datacollected in Nicel,
2008 2011 (Figure 4a)), with a crosscorrelation value r = 0.79. For the four years under
consideration the model reproduces well the abundance peak of catches occurring in late August
When considering 2010 and 2011, for both years the model simulates well the pomradm in
May and its decline imutumn Yet, the model overestimates the abundances of eggs at the start of the
favorable period (AprilJuly) in 2008 and 2009, and all over the year in 2008010 and 2011,
egg abundances were also slightly overestimated in April and M&ymodel also correctimulaed
the abundance dke. albopictusn the five other sites (Fige 4(b)), with correlation coefficients of
0.73 for Biot(2010) 0.77 for Cagnessur-Mer (2010 2011) 0.87 for La Gaud€2010) 0.92 for Nice-2
(2011) and0.93 for VilleneuveLoubet(2011) Altogether, hese results demonstrate that our model
nicely predicts the dynamics @é¥fe. albopictusn various environments dhe urban areas of NiGea
and for different years
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Figure 4. Model validation.(a) The smulated dynamics of egglsid at time tE(t)

(black line) based on observed temperatures and precipitations from 2008 to 2011 was
compared to the mean number of eggs collected per ovitrap incKiycarea(red dots)

using relative abundancekhe alternation of favorable andfamorable periods is represented

in white and grey, respectivel{h) Simulated and observed eggs abundances, Nice area,
2010 2011.Symbok represent the observed mosquito abundance data in the different sites,
andthe black line is theimulated mosquitabundance
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3.3.KeyModel Parameters

The variations in the peak in adult abundance, in the attack rate and in the parity rate were mainly
explained bysix of the 20 parametershe mortality rate at emergenca), the carrying capacity in
pupae of theenvironment &), the end of the favourable period,§, the sexratio {), the transition
rate from hosseeking to engorged adults,f), and to a much lesser extent the transition rate from
oviposition siteseeking to hosseeking adultso,) (Figureb).
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Figure 5. Contribution of model parameters to model output variance. Only parameters
contributing to more than 1% of output variance were retained here. No interaction

was retained.
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Therefore, the better these parameters are known, the more precise the model will be in predicting
these outputs. Further knowledge thus is needed concerning especially the mortality rate at emergenc
and the carrying capacity in pupae, which are quiteedam parametersA lower mortality at
emergence, a higher carrying capacity in pupae, a longer favorable period, and a high&o sex
increased the peak abundance inltadand the attack rate (Figu&. A shorter development of
hostseeking adults etreased the attack rate. As expected, a longer favorable period also favored a

higher parity rate.

Figure 6. Variations of model outputs (in lines) with parameters contributing to more than
10% of their variance (in columns): 3 levels were tested pevrf@ocbminal value $0%).

For each considered parameter and model output, -afwbwhisker diagram graphically
depicts the maximum, minimum, median, lower and upper quartiles values of the model
output obtained from the simulations with three differen¢lewf the parameter tested.
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3.4.Discussion

As far as we know, our modes the firstmechanisticmodel of the dynamics of populations of
Ae. albopictusin a temperate climate counttgking into account diapause procesdesven by
two weathewariable® temperature and rainfallit describes the whole mosquito life cycle and takes
into account egg diapausaltogether, he simulations of the model were highly consistent with the
number of eggs collected in ovitrafiem six different sites othe Nice area over the 2008011
period The model probably overestimates the populatiomseofalbopictusn 2008 and 2009 because
at that time this invasive species was not yet fully established in Nicflarea

These resultglearly show that the underlying assumptioos the main drivers oAsian tiger
mosquitodynamicsin this region(i.e., the impacts of temperature, rainfall, and artificial floodiagg
correct and thatthe model could be used to predict the dynamicéef allopictus populations of
following years. Yet, additional entomologicdataon adult populations and dataiginating from
different cities of Southern France where the Asian tigesquitois now installed wouldtrengtlen
confidence inthe model predictios. The model could be applied on other Mediterranean areas
where the Asian tiger mosquito is already installed and suryeysth as Rom[42], Athens[43],
Barcelong44], andTirana[45]. Moreover, it would be instructive to test the model in other temperate
climates (United States of America or Japan) where European invasive populatfmsatifopictus
come from[46].

It should be noted that our model was eaai\apted from a generiojechanistic climateriven
model of mosquito populations developed by Cadtyal. [17]. Our results confirm thability of
Cai | | y d applisdordAadphelespeciesn [17]0 to predict the dynamics of different species of
mosquito populations, in different geographical araad over several yearslhis model could be
efficient and useful if used on other exotic mosquito invasive species establithadpeartemperate
area. the Asian bush mosquithe (Finlaya) japonicus(present since 2007 in northern Switzerland,
2008 in southern Germany and 2002 in Belgiumg, (Finlaya) koreicus (identified in 2008 in
Belgium and 2011 in Italy), thgellow fever mosquitoAe. (Stegomyia aegypti (established in
Georgia, Abkhazia and Russiagnd to a lesser extete. (Ochlerotatu$ atropalpus|[3]. Indeed,
these species have a similar biology with the Asian tiger mosquito: generally introduced by used tire
trade, they breed iartificial containers and survive to cold winter temperature; they are hbitean
in urban environments, increasing sanitary risk in regard as their proven or potential vect@#]status

Using a mechanistic approach, wan study the impact of tempera&s and rainfall on the
dynamics ofAe albopictus and our results are consistent with effed¢snonstrated ircorrelation
studieg[20]. Temperature is recognized to have a stronger influenée oalbopictusabundance than
precipitation[47], and it is also the main driver of our moddndeed,most ofthe mortality and
transition ratesare temperaturdependent functionsTemperature drives the mortality and transition
rates functions in two different ways: higher temperatures favour higher transitesnbetween stages,
although mortality rates decrease with temperature. Yet, according to our simulations in the Nice area,
the impact of temperatures is rather favourabl&dalbopictuspopulations: the peak of abundance occurs
with the highest temperatures observed in summer (Figure 3).

On the other handprevious observational studies stress ldek of clearrelationship between
precipitations andAe. albopictusabundancesthese studes showing either a positive effect of
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rainfall [38], a negative effecf20] or no effect at al[42]. BecauseAe. albopictusfemalesbreed
mainly in small artificial containers, Rokt al.[20] suggest thathe seasonal patterof Ae. albopictus
population dynamicsnight be more influenced by variations in human water supply than changes in
precipitations. In this study, we followed this assumptomefineegg hatchingin our model, this
functionis driven byrainfall in spring, andemperatue-driven later on(Equation(2)), assuming that
regular artificial flooding events trigger the egg hatching during the dry montkssnofer time
Our resultsstres the relevance and importance this assumption in the urban environmenttio#
Nice region. Indeed, simulations withnaegg hatching function driven by rainfathe whole year
(hatchingoccurringonly with rainfall eventsshow thatAe. albopictugpopulations would be quasi
absent during the summer months of dry years such as 2009, andwthairifalls may lead to an
extinction of theAe albopictuspopulation Figure 7.

Figure 7. Aedes albopictusadult population dynamicsvith an egg hatchingfunction
driven either by rainfall or artificial floodingSimulationswere computed for different
thresholds applied to daily rainfall for triggering egg hatchitg 0 mm, P > 2 mm, and
P>4mm).

The sensitivity analysisidentified six key parameterdor the population dynamics modeif
Ae. albopictusAn improved knowledgef those parametettiroughlaboratoy or field studieswill
increase the precision of the model predictidrige sexratio of Ae. albopictugpopulationshas been
well studied[24]. The mortality rate at emergenceasured ithefield will have tobe compared with
laboratory dataThe transition ratecould be better estimated from tahtorystudies under adrolled
temperature conditions

The sensitivity analysisdemonstrateshe importancefor an invasive mosquito population in a
temperate clirate of the duration of the favorable period@o survive mosquito phenologymustbe



