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Abstract—To prevent epidemics of mosquito-transmitted ~ Standard vector control tools, like adulticide and
diseases like Chikungunya in Runion Island, we develop lavicide, together with mechanical control are useful
tools to control its principal vector, Aedes albopictus pyt cannot always be used for several reasons. Firstly,
Biological control to_ols, like the Sterile In_sect Technlque because Bunion Island is a hot spot of endemicity.
(SIT), are of great interest as an alternative to chemical o041y hecause mosquito can develop resistance to
control tools which are very detrimental to environment. . . . .

The success of SIT is based on a good knowledge of thénseCt'_C'deS' Thirdly, because only.approxw'nately 10%
biology of the insect, but also on an accurate modeling of Of the island can be treated, due to its chaotic landscape.
insects distribution. We model the mosquito dispersal with Therefore, it is necessary to consider new sustainable
a system of coupled parabolic PDEs. Considering vector alternatives or additional tools, like the Sterile Insect
control scenarii, we show that the environment can have Technique (SIT). SIT consists in releasing sterilized male
a strong influence on mosquito distribution and in the mosquitoes that will mate with wild females which won't
efficiency of vector control tools. be able to have offspring. Consequently, this will lead

Keywordsparabolic equation; existence; mosquito dis- t0 the decrease of the vector population [4], [5]. The
persal; modeling; numerical simulation; splitting algo- success of SIT is based on a good knowledge of the
rithm; vector control; Sterile Insect Technique. biology and the behavior of the vector, but also on an
accurate modeling of its dispersal to optimize the impact
of sterile males. The previous published models were
temporal models, and didn’t take into account the spatial

Chikungunya is an unusual vector-borne disease. Ficeimponent. But, it is necessary to consider a spatio-
isolated in Tanzania in 1953, it is now geographicallemporal model to obtain realistic simulations and to
distributed in Africa, India and South-East Asia. After aimulate several vector control strategies.
huge epidemic in Bunion Island and in India in 2006, In a previous paper [6], we have considered a dispersal
it appeared for the first time in Europe, in Italy, irmodel with only adult females splitted in two compart-
2007 (seel[1],[]12] and references therein). The symptomments: the blood meal searchers and the breeding site
that characterize Chikungunya are high fever, headackearchers. This led to a system of two partial differential
persistant joint pain that can last several weeks. One weguations. Here, we add the aquatic stage, immature
to reduce the risk of infection for the population is téemales, resting females, wild males, and finally, sterile
control the vector populations. The principal vector famales. This leads to a system of coupled (nonlinear)
Chikungunya, isAedes albopictusnosquito, commonly partial differential equations. After some theoretical re-
called the “Asian tiger”[[3]. sults and the presentation of the compartmental model,
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we present briefly the numerical methods based on th@aces”. The definition oiC' takes into account wind’s
operator splitting technique_|[7]. Finally, we end thelirection and strength. For the sake of simplicity, the
paper with some numerical simulations with and withowtffective attraction areas are represented as ellipses. The
chemical or biological control. attractor is set as one of the foci of the ellipse. The
other focus point is calculated as a function of wind’s
direction and strength. Outside the ellipse, there is no
Aedes albopictuss found in South-East Asia, theattraction and the related advection term is equal to
Pacific and the Indian Ocean islands, and up Noriero. Note that if there is no wind, the attraction area
through China and Japan. In the last twenty years,jdtreduced to a disk of which the center is the attractor.
has invaded several developed countries in Europe, thge reaction termy can be nonlinear, and represents
USA, Africa and South America (se€l [8] and referencefe time-evolution of the population (death-birth rates,
therein). migration, vector control...), and thus may depend on
When mosquitoes are not subject to stimuli, it ithe mosquito population;, and some environmental
possible to assume that they move randomly in aparameters (temperature, position in the domain,...).
direction [9]. This leads to a diffusion equation which we suppose that (z, 0) = u () for = € 2, whereuq
can be extended to take into account the landscagh be a continuous (or possibly discontinuous) function.
heterogeneity or correlated random walk. Therefore, wle may be possible to consider generalized boundary
have to incorporate advection terms or drift terms wheynditions, like Robin conditionﬁ-ﬁJrau = p(z, 1),
mosquitoes, stimulated by attractants, move preferalpyy g|| (z,t) € 09 x (0,T), whereii stands for the
in certain directions. exterior unit normal to the bounda@(. For the sake
For simplicity, we present the generic PDE that modeg§ simplicity we will consider homogeneous Neumann

the spread of a mosquito (sub)population. Of course, itdgundary conditions, i.ex = 0. Finally, we deduce the
now well recognized that the environment heterogenemmwing (quasi)linear parabolic equation:

can have an important effect [10], [11]. This is taken into
account in the model by assuming spatial and temporal

Il. THE MATHEMATICAL MODEL

L , ot -
variations in the parameters. So, let represent the gulst) =V -(D(,t)Vu) =V (C(,t)u)+V (-¢t) - Vu
number of insects. A possible modeling is to considgr +q(u,- 1), z € Qandt >0,
the following general advection-diffusion-reaction-like| w (x,y,0) = ug (z,y) >0, x €N
eqguation: Vi = 0, for all 2 € 99, andt > 0,
2)
ou . Problem [(2) is a (quasi)linear parabolic equation, for
o = VPV =V (Cu) =V Vu—yg (), () which it is possible to show the existence of a local

in a bounded domaif2 c R (wherel < n < 3) with solut?on. Moreover, under mik_j cc_)nditions it may be
a smooth boundary)Q. D (z,t) > 0 is the diffusion possible to show that the solution is global[12].
(dispersion) coefficient or the diffusivity[{ can even-

tually depend oru). Entomologists usually admit that™™ The Compartmental Model
there is no passive transportation Aédes albopictus In order to obtain some biologically interesting simu-
mosquito by the wind. Conversely, the blood-seekirlgtions, we take into account some biological facts about
mosquitoes will follow odors and carbon dioxide carriededes albopictu§3]. There are two main stages in the

by the wind; this is modeled by the terii (z,¢).Vu. development of mosquitoes: an aquatic stage and an adult
Indeed, it is well known that carbon dioxid€'(),), in stage. The aquatic stage gathers eggs, larvae and pupae.
interaction with other components, acts as an attractdifte adult stage can be divided into several compart-
and induces a direct response to guide the mosquit@nts: immature females, blood feeding females, breed-
towards the host. The breeding sites or the blood feediimg females, resting females and males. Since we assume
sites attractions are modeled by the tévm(C (z,¢) u). no sex differences in the aquatic stage, mosquitoes, after
Thus it is necessary to take this important fact intemergence, are distributed between the immature female
account: the ternV. - (C(z,t)u) represents a localizedcompartment and the male compartment, according to
attractants (or a repellings) due to the presence or notrofthe ratio of adult females mosquitoes to the total
(blood or sugar) meals (like animals, humans or fruits..mosquito population. After mating with males, immature
C(x,t) represents an advection velocity toward favorabfemales enter the feeding female compartment and seek
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ou U
871514 = Npgg(1 - ?A) 1y - up (2, t)dt — (na + Ma)ua,
0 .
% =V (DVuy) +V - Vuy — (My + By )uy +rnaua,
6uf — Uupr
- =V (DVuy) +V-Vuy = V(Cp(z)us) = (My + pgely)ug + poslyus + By —————uy whenuy, # 0,
ot upn + Uns
=V (DVUf) + ‘7 : VUf — V(Cf(i)ﬂf) — (Mf + ,LLfrlf)Uf + oy - up whenu,;,=0,
ou,. -
5; =V .- (DVu,)+V - Vu, — (Mg + prp1p)tr + fifr - ug,
Ju -
87: = V(DVub) +V - Vuy — V(Cb(x)ub) — (Mf + ubj'lb)ub + Urb * Up,
ou -
871]5\4 =V - (DVun)+V - Vupy — V(C(z)unp) — V(Cy(z)urpr) — My, -uns + (1 —7)0a - ua,
Oupss -
gf;f =V - (DVuns) + V- Vunrs — V(Cp(@)unss) — V(Co(2)uars) — Moms - tinzs + As - 1,
V(:L',t) € QT
uA(x7y70):qu(x7y) r€Q
ux (z,y,0) =0 x € Qwith X € {Y, f,b, M, M s}
Vux(z,y,t)-7=0 zedQand0<t<T with X € {A,Y, f,r,b, M, Ms}

®3)

for blood meals before going into the resting comparteeding females found a blood meal and become resting
ment. Afterwards, the females pass into the breedifgmales. 1, defines the area where sterile males are
compartment seeking for a breeding site to deposit eggsleasedC represents the attraction due to blood meals,
Once egg deposit is done, breeding females need blditk@ houses, andC, represents the attraction due to
and pass into the feeding compartment again. The edlys breeding sitesM4, My, My, M,, and M,,, are
laid by the breeding females supply the aquatic stagerespectively the mortality rates for the aquatic stage, the
In order to simulate SIT control, we add a steriignmature females, the mature females, the wild males
male compartment. Sterile males are released in specfitd the sterilized maleg. is the egg hatching ratgy,
places. The transmission rate between the immatigethe rate at which immature females become blood-
females and the feeding females is conditioned by tFeeding females, is the rate at which blood-feeding
proportion of non-sterile males to the whole male popfemales become resting femalgs, is the rate at which
lation, near the immature females. ContranAmmpheles resting females become breeding femalgs; is the
mosquito, Aedesmales are looking for young femaledate at which breeding females become blood-feeding
and thus, in general, they are located near the breedfffnales,Ngy, is the average number of eggs laid per
sites or near the hosts. female,K is the carrying capacity of a breeding site, and
We assume that resting females are not subjectedAtf) is the number of'sterile mrflles released periodically
the attraction of blood meals or breeding sites. Restifgch 7 days. Following [[4], [[5], we assume that the
females diffuse slowly, and their direction can be afrobability that an immature female becomes a feeding

fected by the wind. The rate of transmission from orf§Male depends on the ratjg %27, when sterile males

UM +UM s
compartment to another allows us to take into accouff€ released. o _ _
the average time spent by mosquitoes in each compartSyStem[() can be rewritten in the following way, with
ment. According to the previous explanations, we derivk = (wa, wy, w g, U, Upy Ung, UnLs)

model @). After rescaling, we considér = [—1,1]?, 5
Qr = Q x (0,T]. We set three indicator functions, au_ A(DVu) — V (C(z)u) + V(z,t) - Vu+
1,, 1y and 1,. Function 1, defines the area where ot FMu+ y(z,t) € Qr, )

the breeding females found a breeding site to lay eggy wvu-# =0, zeNand0 <t <T,
and become feeding femalels; defines the area where u(z,0) = ug (x) z €,

Biomath 1 (2012), 1209262, http://dx.doi.org/10.11145/j.biomath.2012.09.262 Page 301[7


http://dx.doi.org/10.11145/j.biomath.2012.09.262

C. Dufourd et al., Modeling and Simulations of Mosquito Dispersal. The Case of Aedes albopictus

with verify a CFL condition between the convective para-
meters, the space-steps and the time-step. Moreover,
this scheme minimizes the numerical diffusion and

0 00000 O0 O
0 001 0000 0 is even exact wher\t is chosen appropriately.
0 0O 0 1 0 0 0 O : ; ; H
vwn=| o | peo=penlo o o1 0 0 ol ¢ thedifusion process is solved using the method
0 0000 1 00 of lines (MOL) for which we consider the second-
N PO order finite difference method for the spatial dis-
cretization, and the TR-BDF2 (Trapezoide Rule -
O R 0 0 2nd order Backward Difference Formula) method
00 C; 0 0 0 0 for the time discretization.
¢t = SO 0 0 , « the reaction process is solved using the nonstandard
00 0 0 0 Cs+Ch 0 finite difference method [15].
00 0 0 0 0 Cr+Cy : . .
More details are developed in a forthcoming paper (see
—(Ma +na4) 0 0 also [6]).
e ﬂ;(gg%iﬂ) 7(Mffuﬁ1f) _Our schgme permits to provide several simulations
M 1) = 0 o ey with and without constant parameters. In particular, we
a _Orm 0 0 show that the solution converges, at least numerically, to
0 0 a steady state. The numerical algorithm is implemented
N in Scilab [16], while the visualization is obtained with
0 NEgg(l - TA)lb 0 0 wpy”
0 0 0 0 R” [17].
0 0 0 0
—(My + prp) 0 0 0
o ~(M; + 1) 0 0 [1l. SIMULATIONS AND DISCUSSIONS
0 0 Y We present some simulations in a homogeneous land-

) . scape, with time independent parameters, where there are

Problem [(#) is a (quasi)linear weakly coupled pay peeding sites and 5 blood-feeding sites as in[fig. 1. We

abolic system, for which it is possible to show thggq me that all these attractors have the same attraction
existence of a local solution. The existence of a uniqyg ce and domains of attraction. For each attractor, the
global solution may be proved using, for instance. [13}ye4 of attraction is defined as an ellipse depending on
To provide numerical simulations of systefr] (3), Whe wind's direction and strength. Note that, if there is

need to construct a reliable algorithm, that preservgs \ind, the area of attraction is reduced to a disk.
most of the properties of the system (positivity of the

solution, equilibrium, if any, and its (un)stability prop-
erties, ...). :

o ’ Breeding site Blood Feeding site

B. The Numerical Methods

We consider an operator splitting method [7]. This is
an interesting method that enables us to solve separately
each term of equation](1). So, we will solve successively
the convective term, the diffusive term, and the reaction
term, using the most efficient numerical method for each
process. The full system can also be rewritten as follows o5

0.0

w = f(a,u) = A(w) + D) +R (), ()

-1.0 0.5 0.0 05 1.0

where A represents the advective (or convective) terms,
D the diffusive terms an® the reaction terms. Briefly, Fig. 1. Homogeneous landscape with 5 houses (blood meals) and
« the advection process is solved using the Cornébreading sites
Transport Upwind scheme (CTU) [14]. It is a total
variation diminishing scheme, that preserves the When the landscape is homogeneous, without wind,
monotonicity of the solution providing that wethe mature females, i.e., the blood feeding females, the

Biomath 1 (2012), 1209262, http://dx.doi.org/10.11145/j.biomath.2012.09.262 Page4oﬂ


http://dx.doi.org/10.11145/j.biomath.2012.09.262

C. Dufourd et al., Modeling and Simulations of Mosquito Dispersal. The Case of Aedes albopictus

Mature females (total=9215) Mature femal

1.0 T

14 il }
12 05 ]
10

00 :
8

05
6

1.0

a

-1.0 -0.5 0.0 0.5 1.0

1.0

0.5

0.0

-0.5

-1.0
-1.0 -0.5 0.0 0.5 1

Fig. 2. Mature Females distribution with no wind, no vector controkig. 4. Mature Females distribution with North wind, and weekly
releases ofl000 sterile males, near the North breading sites, from
the 20th simulation day.
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Fig. 3. Mature Females distribution with North wind, mechanical 1.0 05 0.0 05 10
control and releases dfo00 sterile males per week, from the 20th
simulation day. Fig. 5. Mature Females distribution with North wind, and weekly

releases ofl000 sterile males, near the South breading sites, from
the 20th simulation day.

resting females and the breeding females, tend to gather
around the houses and the breeding sites (Fig. 2). This
distribution is quite disturbed when wind and vectopulsed sterile males releases near the breeding sites over
control get involved. Fig[]3, show the distribution othe same period of time. Fig] 6 shows that with an
females when we consider North Wind, the removal @ppropriate choice in the periodicity of the releases, and
the two East breeding sites and the releases of stetile number of released sterile males, SIT could be a
males. We notice that the majority of the mature femal@somising alternative to massive spraying.
tend to migrate North, following odors 6rO, carried by ~ However, in order to have the most efficient results
the wind. They gather around the Western attractors singging SIT, it is important to have a good knowledge on
the two East breeding sites no longer exist. Moreover, \lge environment and take it into account. For instance,
notice that the number of mature females has decreasaspare Figl | and Fi§] 5: they show the distribution of
This decrease can be explained by the fact that stemature females controlled with SIT near the North breed-
males have been released, but also because of the Nothsites, and near the South breeding sites, respectively.
migration that allows mosquitoes to leave the domainWe know that, with North wind, females tend to migrate

SIT is respectful towards the environment, and i®wards the North; this is also the case for the released
likely to be used as an alternative to the use of chemicdérile males. That is why Northern releases have a lower
products. On a temporal scale, we compare the impauipact on the number of mature females compared to
of a 7-days periodic massive spraying of DeltamethrfBouthern releases that are more efficient. Thus, it is more
around houses over a one-month treatment with 7-dagfficient to release sterile males downwind rather then
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be presented in a forthcoming paper. We could also
add other compartments (sugar feeding compartment,
sterile female compartment,... ). As we could see, the
environment has a non-negligible influence on mosquito
dispersal, and some works need to be done about land-
scape ecology because, so far, little is known about the
interactions between landscape, vegetation Aedes
albopictusdispersal[[11].
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Fig. 6. Comparison of the evolution of the number of mature females
with a weekly massive spraying control, and SIT with weekly releases
of 2000, 4000, 10000 and 20000 sterile males over one month. 1]
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Fig. 7. Evolution of the density of mature females with Northern
wind with two spatial strategies of SIT1000 sterile males released
per week) from the 20th day. [6]

upwind (on condition that the wind strength is not tor;
high, otherwise mosquitoes will hide wherever they can
rather than fly upwind). This result is even more obvious
when we have a look at the temporal evolution of thé®!
number of mature females depending on which spatial
strategy is chosen for SIT releases (fip. 7).

IV. CONCLUSION [9]

This work presents promising tool for modeling mos-
quito dispersal. Thanks to the numerical simulations we
could point out interesting results that can be a great Uel
for optimizing SIT. Our work can be helpful to propose
new field experiments; in particular it may be possible
to consider temperature-varying parameters. This will
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