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Glossaire

Agent entomopathogene

Arbovirus

Capacité vectorielle

Compétence vectorielle

Cycle gonotrophique

Morbidité

Organismes tels que des champignons, des virus ou
encore des bactéries utilisés pour la lutte contre les insectes

nuisibles.
Virus ayant pour vecteur les arthropodes hématophages.

mesure efficacité de transmission d’un vecteur dans les conditions
naturelles. Elle tient compte de la compétence vectorielle, la bio-
écologie du vecteur et, plus particulierement, tout ce qui influe sur
les chances de contact entre le vecteur et I'hote vertébré (durée de

vie, densité, préférences trophiques, etc.).

Aptitude intrinseque d’un arthropode a transmettre un agent pa-
thogeéne modulée par des facteurs extrinseques tels que la tempé-

rature, ’humidité et le contact avec ’homme.

Succession des phénomenes physiologiques qui se produisent chez

les femelles moustiques entre 1’oviposition et le repas de sang.

Nombre des malades dans un groupe donné et pendant un temps

déterminé.



Nullipare

Oviposition

Pare

Résilience

Sérotype

Systéme déterministe

Systéme stochastique

Tétracycline

Thermonébulisation

Transgene

Transgénese

Transinfection

Vitellogenese

Femelles qui n’ont jamais pondu d’ceuf

Acte pour une femelle de pondre et de placer ses ceufs dans un

endroit particulier pour favoriser 1’éclosion.
Femelles qui ont pondu au moins une fois des ceufs

Capacité d’'un systéme vivant (ex : population) & retrouver les
structures et les fonctions de son état de référence aprés une

perturbation

Nom donné a une variété sérologique d’une espece ou sous-espece
de micro-organisme (bactérie, virus) basée sur des caractéristiques
de leurs antigénes de surface ou de leurs protéines reconnues par

des méthodes sérologiques.

Systeme pour lequel les mémes entrées produisent toujours exac-

tement les mémes sorties.

Synonyme d’aléatoire, en référence au hasard et s’oppose par dé-

finition au systéme déterminisme.

Antibiotique bactériostatique de la classe des cyclines (ou

tétracyclines)

Génération d’un brouillard dense de tres fines particules chargées

d’insecticides

Séquence isolée d’'un gene, transférée d’un organisme a un autre,

lors de la mise en ceuvre de la transgenése.

Incorporer un ou plusieurs génes dans le génome d’un organisme

vivant.

Infection d’un hoéte par une bactérie ou un virus prélevé sur un

autre hote, souvent par micro-injection.

Formation des matiéres de réserve (vitellus) de 1’ceuf
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CHAPITRE

Introduction générale

La mondialisation a été profitable au moustique tigre, Aedes albopictus (Skuse 1834). Originaire
d’Asie, cette espece invasive a pu coloniser I’Europe, I’Afrique et I’Amérique lors de ces quatre
dernieres décennies en raison de l'intensification du commerce international. Il constitue aujour-
d’hui une menace pour la santé humaine en tant que qu’insecte vecteur du virus de la dengue,
auquel 3,9 milliards de personnes, dans 128 pays, seraient exposées, et contre lequel, en ’absence
de vaccin ou de traitement spécifique, le controle des populations vectrices est la seule mesure de
lutte. Heureusement, a cceur vaillant rien n’est impossible et de nouvelles méthodes de lutte anti-
vectorielle voient le jour. Mais quelles stratégies de lutte sont les plus efficaces 7 A quel moment
doit débuter une action de controle? Pour combien de temps? Nombreuses sont les questions
auxquelles il est difficile de répondre. Mais & chaque question sa réponse et les modeles sont des
outils précieux pour nous aider. Mon travail de these s’est attelé durant trois ans a apporter des
réponses a ces questions a travers des approches de modélisation mathématique. J’ai développé
des modeles afin de mieux comprendre I'impact de la lutte anti-vectorielle sur les populations
d’Ae. albopictus. Mes travaux se sont focalisés en particulier sur les nouvelles méthodes de lutte

basées sur les lachers de males stériles.

n Aedes albopictus, I'ceil du tigre

1.1 Les maladies vectorielles

es maladies & transmission vectorielle sont  née dans le monde [187]. Le paludisme est la ma-

des maladies infectieuses transmises princi-
palement par des arthropodes hématophages, en
majorité des insectes. Elles seraient responsables
de plus de 17 % des maladies infectieuses et pro-

voqueraient plus d’un million de décés chaque an-

ladie vectorielle qui présente la plus forte morbi-
dité et de mortalité. Au niveau mondial, on es-
time en 2018 le nombre de cas et de déces dus
au paludisme a 228 millions et 405 000 respec-
tivement [181]. C’est pourquoi 2,7 milliards US$
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ont été investis en 2018 pour son controéle et son
élimination [181].

Il existe de nombreuses autres maladies a
transmission vectorielle, mais elles ne constituent
pas une priorité de santé publique, notamment
parce qu’elles n’affectent essentiellement que des
populations a faible revenu dans les régions en
développement d’Afrique, d’Asie et d’Amérique.
Elles sont donc classées comme "maladies tropi-
cales négligées" [188]. Le fardeau de ces maladies
tropicales négligées est mal compris, et jusqu’a
ces 5 a 10 dernieres années, ces maladies ont

manqué d’investissement pour leur étude [260].

Parmi ces maladies, I’Organisation Mondiale de
la Santé (OMS) met I'accent sur une maladie vi-
rale transmise par le moustique : la dengue [188].
Transmise par les moustiques du genre Aedes,
on estime a 390 millions le nombre de cas de
dengue par an [32]. Si de nombreuses infections
de dengue n’entrainent que des manifestations
bénignes, et donc une mortalité inférieure a celle
du paludisme, des complications potentiellement
mortelles peuvent survenir [182]. Par ailleurs, la
morbidité de la dengue n’a cessé d’augmenter,
passant de 2,2 millions en 2010 a 3,2 millions en
2015 [182].

1.2 Le moustique tigre : les contrastes géographiques

edes albopictus, appelé également "mous-
A tique tigre", représente un risque sanitaire
important puisqu’il s’agit, avec I'espece Ae. ae-
gypti, de I'un des principaux vecteurs respon-
sables du maintien, de la dispersion et de la trans-
mission de la dengue en zone urbaine. Originaire
d’Asie du Sud-Est, ce moustique vecteur a colo-

nisé les iles de 'océan Indien et de l'océan Paci-

fique [147, 65]. Au cours des années 80, il a étendu
son aire de répartition en Europe, aux Etats-Unis
et au Brésil [159] (Figure I.1). L’expansion de son
aire de répartition a été facilitée par l'intensifi-
cation du commerce international durant le 20¢
siecle. A titre d’exemple, le commerce des pneus
a été responsable de I'introduction du moustique
tigre aux Etats-Unis [202] et en Ttalie [61].

,’,i‘

FIGURE 1.1 — Carte de la distribution prédite d’Ae. albopictus en 2015 issue de
Kraemer et al. [125]. La carte représente la probabilité d’occurrence (de 0 en bleu a 1 en

rouge) d une résolution de 5km x 5Skm.
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1.2.1 Une espéce vectrice en milieu tropical

et sub-tropical

edes aegypti (Linnaeus 1762) a longtemps
A été considéré comme un vecteur plus ef-
ficace qu’Ae. albopictus pour la propagation de
nombreux agents pathogénes comme le virus de
la dengue. Hautement anthropophile, sa forme
pantropicale urbaine, Ae. aegypti aegypti a évo-
lué pour vivre tout son cycle de vie, des larves
a l'adulte, a proximité des humains, préférant se
nourrir de ces derniers méme en présence d’autres
mammiferes [205, 191]. A linverse, Ae. albopic-
tus est zoophile et anthropophile, et n’a pas cette
coexistence préférentielle avec les humains. Cette
espece serait en outre un moins bon vecteur parce
que les femelles Ae. albopictus prennent des repas
sanguins sur d’autres hotes, qualifiés de "culs-de-

: ou encore parce que leurs

sacs épidémiques",
compétence vectorielle” est moindre en compa-
raison de celle d’Ae. aegypti [205, 191]. Cepen-
dant, Ae. albopictus fut le seul ou principal vec-
teur des épidémies de dengue a Hawai [11], & La
Réunion [249], en Afrique centrale [174] et dans le
sud de la Chine [174]. Le contrdle d’ Ae. albopictus
occupe donc une place centrale dans les régions
ou ’espece est présente pour prévenir et controdler

les maladies vectorielles comme la dengue.

omme toutes les especes de moustiques, le
C cycle de vie d’Ae. albopictus est scindé
en deux phases : une phase aquatique et une
phase aérienne. Durant la phase aquatique quatre
stades larvaires se succedent puis, survient la for-
mation de nymphes d’ou émergeront par la suite
les moustiques adultes aériens. La durée de la
phase larvaire est de 8.8 (& 30°C') & 35 jours (a
15°C') [65]. L’espérance de vie des femelles et des
males adultes est respectivement de 20 et 15 jours

(2 30°C) a 39 et 31 jours (a 15°C)[65]. Les méales

1.2.2 L’invasion du moustique tigre en Eu-

rope

n FEurope, Ae. albopictus s’est installé

d’abord en Albanie en 1979, puis en Italie
en 1990 [221, 219]. En 2015, l’espéce est signalée
dans 20 pays d’Europe, principalement autour du
bassin méditerranéen [77]. En France, Ae. albo-
pictus a été détecté pour la premiere fois en 2004
dans le Sud-Est de la France. En 2018, il était
présent dans 42 départements de France métro-
politaine [196].

Les populations d’Ae. albopictus présentes
dans le bassin méditerranée sont capables de
transmettre la dengue [43]. Par ailleurs, des cas
de transmissions autochtones de maladies virales
sont régulierement signalés suite a I'introduction
de voyageurs infectés en Europe laissant redou-
ter '’émergence d’épidémie [257, 101] comme par
exemple I’épidémie de chikungunya de 2007 et
2017 en Italie [206, 248, 144]. On note égale-
ment en 2019 la premiere détection de cas locaux
de Zika sur le continent européen, transmis par
Ae. albopictus dans le sud de la France [99]. De
méme, si le risque lié au transport de moustiques
infectés par la dengue est faible [162], la littéra-
ture a déja rapporté des cas causés par ce mode

de transmission [253].

émergent avant les femelles, les fécondant ainsi
des leur émergence [54]. Des inséminations mul-
tiples peuvent avoir lieu a condition qu’elles se
fassent dans les 40 minutes suivant 1’émergence
des femelles [41]. Les males et les femelles adultes
se nourrissent de nectar [54, 24]. De plus, les fe-
melles sont hématophages, le sang étant néces-
saire a la vitellogenese et la maturation des ceufs
[54, 24] qui seront pondus juste apres la prise du
repas de sang [54, 24]. Les femelles pondent gé-

néralement les ceufs d’un méme lot par petites

1. individu héte d’un agent pathogene mais ne permettant pas sa transmission dans les conditions habituelles

(ex : chats, écureuils).

2. aptitude intrinseque d’un arthropode a transmettre un agent pathogene.
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quantités et distribuent ainsi leurs ceufs dans dif-
férents gites [203]. Ce comportement de ponte est
dénommé "skip-oviposition behavior' en anglais.
La succession de phénomenes physiologiques et
comportementaux ayant lieu de la prise de sang
jusqu’a l'oviposition est appelée "cycle gonotro-
phique". Sachant qu'un cycle gonotrophique est
réalisé entre 2 et 3,5 jours selon les conditions de
température, une femelle peut réaliser ainsi jus-
qu’a 6 cycles gonotrophiques au cours de sa vie
[65].

Aedes albopictus se disperse essentiellement
de proche en proche, en raison de son comporte-
ment d’oviposition par distribution des ceufs dans
différents gites larvaires. Ainsi, en matiére de dis-
persion active, Ae. albopictus parcourt en général
moins de 100 m par jour [172]. La colonisation
de nouvelles aires est le résultat d’une dispersion
passive via les activités de 'Homme et notam-
ment par les moyens de transports maritimes,
aériens et terrestre [193, 34]. Entre continents, la
voie de dispersion majeure se fait a I’état d’ceuf

ou de larve [193, 34]. A lintérieur d’un conti-

n Le controle du moustique tigre

nent ou d’un pays, le moustique tigre conquiert
de nouveaux territoire a ’état adulte en emprun-
tant les voies de communication terrestre (routes,
.) [85].

Aedes albopictus était a 'origine une espece

autoroutes, train, ..

forestiere d’Asie. Par la suite, ’espece a étendu
son aire de répartition aux zones urbaines et
péri-urbaines [63, 199] ou il colonise essentiel-
lement des gites créés par 'Homme (ex : cou-
pelles, pots de fleurs, pneus, boites de conserve,
...) [15], i.e. des gites pour la plupart cryptiques
[50]. Aedes albopictus est exophile et exophage,
la majorité de ses gites larvaires et des gites de
repos, de méme que son activité de piqiire, sont
en extérieur. .

En s’adaptant & des milieux plus tempérés,
Ae. albopictus a développé une sensibilité pho-
topériodique. Lorsque la durée de I’éclairement
journalier diminue, les femelles photosensibles vi-
vant en milieu tempéré pondent des ceufs dits
"dormants". Ils sont résistants a la dessiccation
et n’écloront qu’a la saison suivante, assurant la

survie de l'espece au cours de U'hiver [54, 24].

2.1 Les méthodes de contrdle conventionnelles d’Ae. albopictus en France

| n’existe aucun traitement antiviral spécifique
de la dengue [263]. Si un vaccin contre la
maladie est actuellement homologué, 'OMS pré-
conise son utilisation uniquement dans les pays
ou les données épidémiologiques indiquent une
forte morbidité [186]. Ce vaccin, le Dengvaxia ne
confere pas une protection compléte et son usage
est limité aux personnes ayant déja été infectées
par la dengue, du fait d’un risque accru apres la
premieére dose de vaccination d’hospitalisation et

de dengue grave chez les personnes n’ayant ja-

mais été infectées par la dengue [256]. D’autres
vaccins contre la dengue mais aussi contre le chi-
kungunya et Zika sont en cours de développe-
ment. Par conséquent, en l'absence de vaccins
pour la prévention et de thérapies pour le trai-
tement de la dengue et des autres arboviroses
transmises par les Aedes, les programmes de santé
publique favorisent actuellement la Lutte Anti-
Vectorielle (LAV) (cf. encadré ci-dessous) pour
prévenir ou limiter la transmission autochtone de

ces maladies.
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FiGURE 1.2 — Pulvérisations d’aldulticide autour des cas de dengue confirmés réali-
sées par I’ARS a La Réunion. Photographie ©A. Tran, Cirad

La lutte anti-vectorielle (LAV) - définition et objectifs

"La LAV inclut la lutte contre les arthropodes hématophages quand ces derniers sont des
vecteurs potentiels d’agents pathogénes pour ’homme ou les animauzx, ou lorsque la nuisance
qu’ils provoquent devient un probléme de santé publique ou vétérinaire.

Elle s’appuie sur des méthodes qui difféerent selon les vecteurs et selon les contextes épidémiolo-
giques et socio-économiques. Elle inclut la lutte biocide, la lutte biologique, la lutte génétique, la
protection individuelle, l’action sur [’environnement, [’éducation sanitaire, la mobilisation sociale
et ’évaluation permanente de toutes ces méthodes" [95].

"Elle a pour objectif de contribuer, au coté d’autres actions de santé publique, a minimiser les
risques d’endémisation ou d’épidémisation, a diminuer la transmission d’agents pathogenes par
des wvecteurs, a gérer les épidémies de maladies vectorielles, le tout dans un cadre stratégique

formalisé" [95].

L’OMS préconise une stratégie de LAV intégrée [150, 153] qui s’articule autour
de quatre piliers :

® la surveillance intégrée (vectorielle et épidémiologique) ;

® les traitements de LAV ;

® la mobilisation sociale ou participation communautaire ;

¢ la coordination inter et intra sectorielle (ou prise en compte de toutes les

possibilités de collaboration au sein des secteurs public et privé).

Le controle wvectoriel peut étre développé comme une activité de routine en période inter-

épidémique ou comme une activité durant une épidémie. Pour bien optimiser les ressources, les
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actions doivent cibler en priorité les aires ou les risques de transmission sont les plus élevés.

Dans le cadre de la LAV, la question de [efficacité des types de traitements vectoriels doit

toujours étre envisagée dans la perspective d’une stratégie intégrée, qui doit cibler simultanément

les différents stades de vie du vecteur en question et combiner des méthodes pour réduire la

densité, la longévité des adultes et la transmission d’agents pathogénes.

L’efficacité de la LAV s’évalue in fine en termes de réduction de lincidence de l’infection virale

et de ce fait s’inscrit dans des actions et des évaluations conceptuellement pluridisciplinaires. [20]

2.1.1 Les actions de lutte antivectorielle en

période inter-épidémique

n période inter-épidémique, la LAV a pour
but de prévenir I’apparition ou I’expansion
d’un cycle de circulation autochtone des virus
transmis. Elle permet également de réduire la
nuisance en période d’abondance des populations
de moustique. Pour Ae. albopictus, les actions de
LAV consistent principalement en la suppression
des gites larvaires [180]. Ae. albopictus étant exo-
phile, la recherche des gites larvaires est réalisée
a extérieur des habitations. Bien que la réduc-
tion des gites ait été déclarée comme la méthode
la plus efficace pour le contrdle d’Ae. albopictus
[86, 180], elle est difficile & mettre en ceuvre et
a maintenir, car elle nécessite une forte collabo-
ration communautaire [90]. De plus, les larves
d’Ae. albopictus peuvent se développer dans des
gites difficilement accessibles ou localisables par
des inspections visuelles [90].

Pour ce qui est des gites identifiés, mais diffi-
ciles d’accés ou impossible a supprimer, il est pos-
sible d’utiliser des larvicides chimiques a faible
toxicité comme le temephos, des régulateurs de
croissance comme le pyriproxyféne, des inhibi-
teurs de synthese de la chitine comme le difluben-
zuron ou un insecticide larvicide d’origine bio-
logique : le Bacillus thuringiensis subsp. israe-
lensis (Bti) [95, 17, 195, 260]. Le Bti est une
bactérie a Gram positif qui, grace a la produc-
tion de toxines, détruit la muqueuse intestinale

des organismes cibles sensibles [252, 129]. Les 1é-

sions intestinales qui en découlent empéchent les
larves de moustiques de s’alimenter et meurent
[252]. Différentes formulations anti-larvaires de
Bti se sont montrées efficaces en Europe contre
les larves d’Ae. albopictus|[4, 18, 220]. En Italie,
elles sont distribuées aux citoyens et recomman-
dées pour les milieux résidentiels en raison de leur
absence de toxicité, appropriée pour une utilisa-
tion par le public [210]. Cependant, le probléme
des gites difficilement localisables ou traitables
persiste.

En période interépidémique, ’appropriation
par les populations de ces actions de suppression
des gites larvaires passe également par la sensibi-
lisation et la diffusion de recommandations pré-
cises en matiere de réduction du contact homme-
moustique tels que 'usage de répulsifs corporels
(section 2.2.4), de vétements protecteurs, de pose
d’écrans anti-moustiques sur les ouvertures d’ha-
bitations, d’aménagement de I’habitat et des es-

paces verts.

2.1.2  Les actions de lutte anti-vectoriellle en
période épidémique

ors des situations d’urgence, pour supprimer
L une épidémie en cours ou pour prévenir une
épidémie naissante, les actions de LAV prati-
quées en période interépidémique (suppression
des gites larvaires, mobilisation sociale) sont ren-
forcées par des traitements résiduels d’adulticides
pour réduire la densité de femelles moustiques

hématophages, seules responsables de la trans-
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mission d’agents pathogenes (Figure 1.2). Actuel-
lement, les pyréthrinoides sont la seule famille
d’adulticides autorisée en Europe [1]. Parmi les
pyréthrinoides, la deltaméthrine est l’insecticide
le plus utilisé en France [19]. Il s’agit d’un insec-
ticide a large spectre, qui agit par contact et par
ingestion. Il cible les canaux sodium et bloque
la transmission de I'influx nerveux des insectes
(c.-a-d. un effet neurotoxique), les insectes dé-
cédent alors de paralysie [252; 129]. Ces adulti-
cides sont dispersés dans un périmetre de 100 a
150 m autour des cas isolés [20], correspondant

a la surface de dispersion active du moustique

2.2  Les méthodes de controles alternatives

‘utilisation conventionnelle des insecticides
L présentent de nombreuses externalités né-
gatives comme ’apparition de résistance, les ren-
dant moins efficaces, et leur impact sur 'environ-
nement, notamment leur toxicité pour les insectes
non cibles [76]. Par ailleurs, I'utilisation des trai-
tements de lutte conventionnelle est contrainte

par la difficulté a accéder a des jardins privés,

2.2.1 Le Piégeage de Masse

es pieges a moustiques furent initialement
L concus comme outils de surveillance, et
n’ont été envisagés que récemment comme stra-
tégie de lutte [244, 90, 5]. Les techniques de pié-
geage massif reposent sur ['utilisation de deux
types de pieges : les ovitraps et les BG-sentinels
(Figure 1.4). Un ovitrap est un petit récipient
d’eau et fournit un substrat sur lequel les femelles
gravides peuvent pondre [91]. Les ovitraps ex-
ploitent la propension comportementale d’Ae. al-
bopictus a pondre dans des gites artificiels de
taille réduite [241]. Quant au piege BG-sentinel
(Biogent sentinel), il s’agit d’un piége qui libére

du COs afin d’attirer les femelles en recherche

[172]. Par ailleurs, des pulvérisations spatiales de
pyrethroides adulticides sont réalisées autour des
foyers de transmission établie [180, 20]. Ces pul-
vérisations génerent un brouillard de gouttelettes
tres fines qui tuent les moustiques adultes par
contact de maniére quasi-instantanée [14]. Les
pulvérisations sont réalisées a 1’échelle d’un quar-
tier [20]. Il existe trois types de pulvérisations
des pulvérisations & UBV (Ultra Bas

Volume), des traitements autoportés par thermo-

spatiales :

nébulisation a chaud ou par traitement & froid
[180, 20].

qui ne permet pas un traitement exhaustif des
zones ol le virus circule [64]. De tout cela résulte
un rapport cotit/efficacité incertain. Comme ’a
souligné 'avis de 1’Anses de janvier 2013 [132],
il existe donc un besoin de méthodes alterna-
tives aux insecticides pour limiter la transmission
d’agents pathogenes par les moustiques, et plus

particulierement Ae. albopictus.

d’héte [126]. Ce piege exploite donc le comporte-
ment des femelles moustiques lors de la recherche
du repas de sang nécessaire pour la ponte. Les
pieges peuvent capturer également des méles a
la recherche de partenaires pour ’accouplement
[130, 230]. Ces pieges sont rendus létaux car ils
integrent soit des insecticides pour augmenter le
taux de mortalité des moustiques, soit des sur-
faces adhésives qui empéchent les moustiques de
s’envoler [194, 207, 208, 209, 258, 150, 80, 23]
(Figure 1.3).

La technique du piégeage de masse a per-
mis une réduction significative des populations
d’Ae. aegypti au Brésil aussi bien avec des ovi-
traps [160] qu’avec des pieges BG-sentinel [62],

de méme qu’en Italie pour controéler les popula-
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FIGURE 1.3 — Illustrations des A) piéges a ovitrap; B) et C) des pieges BG-
sentinel; D) et E) de la technique d’autodissémination; F) de la TIS. Les photos
et schémas des ovitraps et piéges BG-sentinel sont issus de https: //eu. biogents. com/ et
https: //www. bg-sentinel. com/ en/, respectivement. Les parois des piéges sont entourées
de surfaces adhésives qui empéchent les moustiques de sortir. D) Les écailles d’un tarse de
moustique forment une surface idéale pour ramasser les particules de poussiere de pyriproxy-
féne (représentées en rouge) [66]. E) Une station d’autodissémination entourée d’un large filet
pour empécher les femelles de pondre [/8]; F) Drone utilisé pour des lachers de moustiques
stériles au Brésil [125]


https://eu.biogents.com/
https://www.bg-sentinel.com/en/
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tions d’Ae. albopictus avec des pieges BG-sentinel
[81]. Cependant, le piégeage massif n’a d’effet si-
gnificatif que si une réduction au préalable des
populations de moustiques a été réalisée et s’il y
a une forte mobilisation communautaire [118]. De
plus, la différence d’attractivité entre les pieges et
les gites naturels nécessite encore des études sur
le terrain pour optimiser le nombre de pieges a
I'hectare [118].

2.2.2 L’autodissémination

ne approche pour contourner la difficulté
de localiser et de traiter les habitats lar-
vaires est la technique de l'autodissémination
(66, 90, 18, 93, 5]. Cette méthode repose sur
le postula qu’un biocide peut étre disséminé
par les femelles elles-méme, lors de 'oviposition
dans les différents gites larvaires au cours d’un
méme cycle gonotrophique [66] (Figure 1.3). Le
pyriproxyfene fait partie des biocides pouvant
étre autodisséminé [224]. Il s’agit d’un régula-
teur de croissance, analogue de I’hormone juvé-
nile, qui empéche la métamorphose de la larve
vers 'adulte [66]. Le pyriproxyféne est déposé
sous forme de poudre dans des pieges de repos
ou des piéges pondoirs (appelés stations de dis-
sémination). Les femelles adultes ayant visité la
station de dissémination et s’étant imprégnées
de pyriproxyfene le dispersent ensuite dans les
gites larvaires naturels, réduisant I’émergence des
nymphes en adultes au sein de la population lo-
cale de moustiques [116, 66] (Figure [.4).
L’autodissémination s’est avérée efficace pour
traiter les gites cryptiques qui ne sont pas affec-
tés par les méthodes de luttes conventionnelles
[152]. Sur le terrain, cette technique a permis une
augmentation de la mortalité des nymphales des
populations d’Ae. albopictus en Espagne [48] et
aux Etats-Unis [245, 246]. Cependant, comme les
techniques de piégeage massif, la différence d’at-

tractivité entre les stations de dissémination et

les gites naturels nécessite encore des études sur
le terrain pour optimiser le nombre de pieges a
I’hectare et leur efficacité avant d’envisager une

utilisation a grande échelle [152].

2.2.3 Les méthodes basées sur des lachers de

males stériles

i La Technique de [’Insecte Stérile

a technique de I'insecte stérile (TIS) est basée
L sur la libération d’'un grand nombre d’in-
sectes males stérilisés, par irradiation ou traite-
ment chimique, pour supprimer les populations
de moustiques vecteurs [79, 90, 18, 74, 93, 5]
(Figure 1.3). La TIS cible le systeme reproduc-
tif de I’espéce afin de réduire les stades juvéniles.
En effet, l'irradiation ou traitement chimique in-
duit des mutations dominantes létales aléatoires
dans les cellules germinales, qui agissent sur les
ceufs de la femelle pour empécher leur féconda-
tion [200]. Le concept est que les males stériles
s’accoupleront avec les femelles sauvages qui ne
pourront plus alors produire de progéniture le

5]. Seuls les males sont

reste de leur existence |
relachés car un lacher de femelles risquerait d’ac-
croitre la nuisance et la transmission d’agents
pathogenes et de diminuer efficacité de 'inter-
vention en détournant certains males stériles de
I’accouplement avec les femelles sauvages ciblées
[90, 5] (Figure 1.4).

La TIS s’est montrée efficace pour lutter
contre des insectes d’intérét médical, vétérinaire
et agricole comme les glossines [250], les lucilies
[264] et les mouches du fruit [82]. La TIS a éga-
lement été utilisée pour réduire les populations
d’Ae. albopticus en Italie [27]. Cependant, les es-
sais contre les moustiques ont rencontré moins
de succes [28, 124] en raison notamment du fort
taux d’accroissement naturel et de la forte den-
sité des populations [14]. En effet, la suppression

d’une espece cible avec la TIS n’est possible que
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si 1) les males stériles rivalisent avec succes avec
leurs concurrents sauvages; 2) le taux de libé-
ration des males stériles est suffisamment élevé
pour surpasser le taux naturel d’accroissement
de la population, afin de conférer aux maéles re-
lachés un rapport numérique suffisamment avan-
tageux pour induire une stérilité de la popula-
tion; et 3) la population cible est fermée (ab-
sence d’immigration) [79, 74, 100]. En outre, la
plupart des programmes qui ont permis la sup-
pression d’une population d’insectes ont démarré
les controles lorsque les populations sur le terrain
étaient de faible densité, soit du fait d’une instal-
lation récente de l'insecte-cible dans un nouveau
territoire, de la bio-écologie de 'insecte-cible (ex :
faible taux de reproduction, dynamique saison-
niére marquée) ou encore de 'action conjuguée
d’autres méthodes de lutte [79]. Aujourd’hui si
aucun cadre législatif ou réglementaire européen
n’existe pour encadrer les lachers de moustiques
males stérilisés [14, 40], des essais pilotes contre
Ae. albopictus ont déja eu lieu en Italie [27] et
a La Réunion [2]. J’ai porté une attention par-
ticuliere a cette méthode de contrdle lors de ma
these.

ii  La technique de [’Insecte Incompatible
Une version modifiée de la TIS, appelée la
technique de I'Insecte Incompatible (TII),

utilise les endosymbiotes Wolbachia afin d’in-
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duire une stérilité dans les populations cibles
[90, 18, 93, 5]. Les Wolbachia sont des protéo-
bactéries endocellulaires trouvées dans au moins
60 % des insectes connus [109], incluant Ae. al-
bopictus. Des moustiques méales transinfectés par
Wolbachia sont reldchés dans l’environnement
pour s’accoupler avec des femelles de type sau-
vage. Wolbachia induit la mort prématurée des
embryons en raison de 'incompatibilité cytoplas-
mique (IC) [266] apreés des croisements entre
males infectés et femelles sauvages non infectées.
Si les méles infectés sont relachés en nombre suffi-
sant, des accouplements incompatibles se produi-
ront et, finalement, la population de moustiques
s’effondrera [93] (Figure 1.4).

Cette stratégie a été déployée pour la pre-
miere fois contre les moustiques en 1967 en Bir-
manie ou des Culer quinquefasciatus infectés par
Wolbachia ont été relachés dans les populations
sauvages, démontrant la capacité de ces males in-
fectés a éliminer les populations locales de mous-
tiques [135]. La TII permettrait de surmonter la
réduction des performances des méles stériles due
a lirradiation de la TIS [79, 106, 107], bien que
cette perte de performances soit moindre dans le
genre Aedes [13]. Cependant, la question du sta-
tut réglementaire des insectes transinfectés par
Wolbachia dans 1'Union européenne et donc de
I'utilisation de la TII contre les moustiques n’est

pas encore déterminée [14].
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FIGURE 1.4 — Les stratégies de controles alternatives contre Aedes albopictus, figure
inspirée de ’article de Baldacchino et al. [17]. Bti : Bacillus thuringiensis var. Israelensis ;

TIS : Technique de l’Insecte Stérile ; TII : Technique de I’Insecte Incompatible; RIDL : Release
of Insects carrying a Dominant Lethal.
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iii  Release of Insects carrying a Dominant
Lethal

a TIS a été déclinée en une nouvelle mé-
L thode, la RIDL, ou "Release of Insects car-
rying a Dominant Lethal" [14]. Les moustiques
sont génétiquement modifiés au laboratoire, ce
sont donc des OGMs (Organisme Génétiquement
Modifié), pour leur conférer un transgéne res-
ponsable d’une létalité dominante, et la RIDL
consiste ensuite a relacher ces maéles transgé-
niques ; cette létalité est répressible, la progéni-
ture ayant besoin pour se développer d’'un com-
posant qui n’existe pas dans la nature, comme
la tétracycline [90, 18, 93, 5]. Contrairement &
la suppression de la population basée sur les
TIS et TII, la RIDL n’agit pas sur la ponte des
ceufs, mais sur les stades larvaires, puisqu’elle
empéche la croissance des larves en adultes [14].
Cette 1étalité tardive pourrait étre avantageuse
pour le contréle des populations de moustiques
[255, 197]. En effet, les densités larvaires dé-
pendent de ressources limitées (nutriments et es-
pace dans les gites larvaires), ce qui se traduit par
une compétition entre larves. A I'inverse, la 1éta-
lité embryonnaire générée par la TIS classique ré-
duit cette compétition, pouvant méme conduire a
des phénomenes de surcompensation, tels qu’une
réduction importante du potentiel de reproduc-
tivité des femelles n’engendrerait pas nécessaire-
ment une réduction de la taille de la population
cible [197] (Figure 1.4).

La RIDL d’Oxitec est la seule technique de
lutte contre les moustiques développée aujour-
d’hui a un niveau opérationnel en lutte antivec-
torielle [197, 100]. Cependant, la mortalité des
descendants de maéles transgéniques n’est pas de
100%, ce qui peut se traduire par une dissémi-
nation des transgenes dans Ienvironnement [87].
Pour le moment, les lachers de maéles transgé-

niques de moustiques ne sont pas autorisés en
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Europe [14].

2.2.4  Les produits répulsifs

ne autre alternative est celle des produits
U répulsifs naturels (ex. huiles essentielles de
plantes) ou synthétiques (ex. DEET) induisant
une modification du comportement des insectes
pour réduire le contact vecteur-humain [5]. Mais
les études rigoureuses utilisant des protocoles
pertinents et standardisés sont encore trop rares,
si bien que leur utilisation demeure aujourd’hui
encore largement empirique [56] (Figure 1.4). Ils
restent néanmoins préconisés pour la protection
individuelle en cas d’épidémie d’arboviroses, en
respectant les conditions d’utilisation notamment

pour les femmes enceintes et les jeunes enfants.

2.2.5 La lutte biologique

e terme de lutte biologique désigne I’ensemble
des ennemis naturels des insectes qui re-
groupent les organismes prédateurs ainsi que
I’ensemble des parasites et pathogenes des in-
sectes [95, 180] (Figure 1.4). Il existe de nombreux

agents entomopathogenes naturels :

® les champignons entomopathogenes sont
une alternative tres prometteuse aux mé-
thodes conventionnelles de contréle des
moustiques du genre Aedes. Par exemple, le
champignon Beauveria bassiana a entrainé
en laboratoire et en semi-field une réduc-
tion de la fécondité et de la survie des fe-
melles moustiques Ae. aegypti en recherche

d’un repas de sang [259].

® les copépodes sont également des enne-
mis naturels des moustiques puisque ce
sont des prédateurs de larves [180]. A la
Nouvelle-Orléans, les populations d’Ae. al-
bopictus vivant dans des piles de pneus ont
été éliminées 3 ans apres l'introduction de

Macrocyclops albidus [157]. Au Vietnam,
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I'utilisation de Mesocyclops spp. dans la
lutte & grande échelle, via une forte mobili-
sation communautaire, a permis d’éliminer
localement Ae. aegypti dans de nombreux
villages [119, 122, 169].

les densovirus, des virus spécifiques des
moustiques, peuvent augmenter la morta-
lité larvaire [49]. Toutefois, peu d’études
ont été réalisées sur le terrain en raison no-
tamment de la grande difficulté a produire
ces agents pathogeénes en masse [95].

les poissons larvivores tels que Gambu-
sia affinis sont des prédateurs des larves
d’Ae. albopictus [1415]. Cependant, il existe
peu de bibliographie quant a leur efficacité
en utilisation opérationnelle, et leur dissé-
mination a proximité ou dans des milieux
humides naturels pose question en termes

écologiques.

Bien que l'utilisation de ces agents de lutte
biologique essentiellement antilarvaires constitue
une alternative intéressante aux insecticides chi-
miques, leur utilisation opérationnelle dans un
programme de LAV se heurte & de nombreuses
contraintes. La biodisponibilité de ces agents en-
tomopathogenes dans les gites larvaires multiples
et variées parfois cryptiques, difficilement trai-
tables ou atteignables, constitue un obstacle im-
portant & leur utilisation [90]. De plus, Ae. al-
bopictus pouvant utiliser comme gite larvaire des
petits récipients remplis d’eau de facon éphémere,
il peut étre difficile de maintenir durablement les
populations d’agents de lutte biologique sur le
terrain [90]. Des contraintes financiéres peuvent
éfalement se poser en raison des cotits élevés de

production et de déploiement ces agents de lutte.

[5].

2.3 La boosted TIS : une méthode de lutte intégrée

ne méthode de contréle ne peut se suffire a
U elle-seule ni étre efficace a long terme. De
ce fait, la lutte doit étre intégrée en combinant
différentes méthodes de lutte afin de cibler les
différents stades de vie du moustique pour ré-
duire durablement la densité et la longévité des
moustiques, réduire le contact homme-vecteur, et
ainsi limiter la transmission d’agents pathogenes
[90]. Par exemple, les méthodes de contrdle al-
ternatives précédemment citées (section 2.2) sont
plus efficaces lorsqu’une réduction au préalable
des populations de moustiques est réalisée via des
pulvérisations d’insecticides ou des campagnes
de destruction des gites [79, 152, 74, 118, 100].
Cependant, la lutte intégrée des moustiques ne
consiste pas simplement a ajouter différentes mé-
thodes : si certaines pourraient agir en synergie,
d’autres pourraient en effet avoir des effets anta-

gonistes, ou étre simplement redondantes et en-
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trainer un gaspillage économique [185]. La stra-
tégie de LAV basée sur 'utilisation d’une combi-
naison de méthodes de LAV doit étre définie en
tenant compte des criteres d’efficacité, d’accepta-
bilité, de faisabilité et de durabilité. Lors de ma
these, je me suis attachée a étudier I'optimisation

de la LAV dans un contexte de lutte intégrée.

Une nouvelle approche de lutte intégrée qui
semble étre prometteuse est la combinaison de
la TIS et de la TII. L’exigence d’'une séparation
parfaite des males et des femelles avant le lacher
des males infectés est importante pour la TII.
La libération accidentelle des femelles peut en-
tralner la perte d’efficacité de la TII et transfor-
mer un programme de suppression des popula-
tions de moustiques en remplacement de la po-
pulation [14]. Lorsque la TII est couplée a la TIS,
les moustiques transinfectés par Wolbachia sont

irradiés a faible dose. Si cela n’a pas ou peu d’effet
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sur la survie ou la compétitivité des males infec-
tés [13], une faible dose est suffisante pour garan-
tir la stérilité des femelles infectées si certaines
se trouveraient libérées [35, 36, 137]. De plus, la
présence des Wolbachia (TII) pourrait réduire la
capacité des femelles moustiques a transmettre le
pathogene [167, 110]. La combinaison TII-TIS a
permis I’élimination durant 2 ans d’une popula-
tion d’Ae. albopictus dans une zone résidentielle
isolée au sein de la ville de Guangzhou en Chine
[267].

Mass rearing facility

En parallele, la "boosted TIS" (BTIS), est
une autre méthode de lutte intégrée, combinant
I’autodissémination et la TIS. Les males stériles
sont imprégnés d’un biocide transmis aux fe-
melles pendant ’accouplement (Figure 1.5). Les
biocides peuvent ensuite étre spécifiquement dis-
persés vers les gites larvaires par les femelles im-
prégnées [37, 38]. Ce concept est étudié dans le
cadre du projet REVOLINC (ERC Consolidator
grant no. 682387) dans lequel s’inscrit ma these

(https://revolinc.cirad.fr/).

Release center

(1) Mass rearing of Ae. albopictus

(2) Irradiation of Ae. albopictus males

(3) Coating of Ae. albopictus males with
pyriproxyfen powder

(5) Mating of sterile males with
wild females

(6) Contamination of larval habitats
by wild females

F1GURE 1.5 — Présentation du concept "Boosted TIS". Les mdales Aedes albopictus sont
élevés en masse en laboratoire. Ils sont imprégnés de pyriproxyféne (cercles rouges) puis libérés
par voie aérienne. Une fois dans ’environnement, ils s’accoupleront avec des femelles sauvages
qui a leur tour contamineront les habitats larvaires.
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n La modélisation : un outil de choix pour comprendre et optimiser la LAV

fin d’atteindre une meilleure efficacité® et
A efficience * possible de la LAV, la recherche
en lutte antivectorielle nécessite un ensemble
de disciplines scientifiques complémentaires. Si
les approches observationnelles et expérimentales
sont indispensables, 'expérimentation de nou-
velles méthodes de LAV et de stratégies de lutte
intégrée sur de large échelles spatiales et tem-
porelles reste coiiteuse et longue a réaliser. De
méme, la diversité des interactions entre orga-
nismes et avec l'environnement, leurs hétérogé-
néités spatiales et temporelles, ou simplement le
caractere cryptique de la plupart de ces inter-
actions, affectent nos capacités d’observation sur
le terrain, qui ne révelent que la partie émergée
d’un systeme complexe. Enfin, la faisabilité elle-
méme, les risques associés, et donc 'acceptabilité,
des expérimentations peuvent poser probléme.

En complément de ces approches observation-

nelles et expérimentales, la modélisation est une
approche cruciale pour améliorer la compréhen-
sion de phénomeénes complexes et optimiser les
options de gestion [94]. Si les modeles sont une
simplification de la réalité, ils doivent permettre
d’étudier des hypotheses qui sont difficiles a tes-
ter par le terrain ou ’expérimentation, et de tirer
des conclusions généralisables [158]. En particu-
lier, les modeles permettent de comparer 'impact
de différent scénarios de LAV sur la dynamique
prédite des populations de moustiques, voire in
fine sur la dynamique d’une maladie vectorielle.
Ils permettent ainsi de tester des hypotheéses, des
stratégies, et d’anticiper les risques associés. La
suite de 'introduction du manuscrit présentera le
développement de différents modeles qui visent a
étudier 'impact de la LAV et en particulier des

TIS et BTIS, sur les populations d’ Ae. albopictus.

3.1 Modélisation quantitative, statistique ou mécaniste

| existe une infinité de fagons de simplifier la
I réalité, et la meilleure dépend essentiellement
de la question posée [104]. Si tous les modeles
permettent de faire des projections et des pré-
dictions, il a souvent été suggéré qu’'une distinc-
tion peut étre faite entre les modeles qualita-
tifs (conceptuels) et les modeéles quantitatifs dont
font partie les modeles statistiques et les mo-
déles mécanistes [111, 251]. Les modeles sta-
tistiques tentent de trouver la fonction prédic-
tive d’une variable-réponse a partir de données
observées [240]. Basés sur des relations corréla-

tives, les modeles statistiques sont simples, mais

nécessitent des données pour la construction et

la validation du modele.

Les modeles mécanistes décrivent les connais-
sances biologiques, formalisées a l’aide de for-
mules mathématiques ou a l'aide de simulations
[240]. Si, a l'inverse des modeles statistiques, les
modeles mécanistes ne nécessitent pas de données
d’observation pour leur construction, ils néces-
sitent une quantité importante de connaissances
sur les processus biologiques. De tels modeles
sont adaptés pour tester in silico des stratégies
de contrdle ciblant des stades particuliers, et ainsi

aider a la prise de décision pour la surveillance et

3. Efficacité décrit la réalisation des objectifs. C’est la comparaison entre les objectifs fixés au départ et les
résultats atteints (d’on 'importance d’avoir des objectifs clairs au départ).
4. Utilisation rationnelle des moyens a disposition et vise a analyser si les objectifs ont été atteints & moindre

coiit (financier, humain et organisationnel).
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le controle des populations vectorielles [201, 240)].

Pour cette raison, je me suis concentrée lors de

3.2 Le choix du modele mathématique

1 existe une diversité de modeles qui consi-
deérent des processus différents et sont liés
a des hypotheses différentes (sous-jacentes a la
structure du modele). Le modele choisi doit étre
adapté a ’échelle spatiale, ’existence de données

et au modele biologique.

3.2.1 Représentation des populations ou des
individus

elon I’échelle a laquelle on se situe, on dis-
S tingue deux types de modeles : les modeéles
de type individu-centré et les modeles de type
masse-interaction [60].

Les modéles individu-centré représentent
explicitement les individus et les interactions
entre individus et avec leur environnement. Ces
modeéles peuvent étre tres réalistes, mais ils
peuvent étre complexes a définir et cofliteux en
temps de calcul [30]. C’est pourquoi les modeles
individu-centré sont adaptés pour des petites
échelles spatio-temporelles et des populations de
petite taille [236, 60, 102, 30].

Les modeles de masse-interaction repré-
sentent une population dans son ensemble dans
le but d’étudier les interactions dans et entre les
populations [236, 60]. Ce sont des modeles ana-
lytiques (équations différentielles ou matrice) qui
ne tiennent pas compte de la possible variabi-
lité individuelle. Ces modeles sont moins réalistes
que les modeles individu-centré car ils admettent
des hypotheses concernant la biologie individuelle
qui sont peu probables dans les systemes natu-
rels (ex : tous les individus sont semblables) [30].
Ce type de modeles est néanmoins plus adapté
pour représenter une population d’organismes

abondants, tels que les moustiques, ou pour des
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ma theése sur des modeles mécanistes.

grandes échelles spatio-temporelles pour les-
quels il peut étre fastidieux de suivre chaque in-

dividu au sein d’une grande population [75].

3.2.2  Les phénomenes aléatoires

omme I’écrit Stephen King, "La vie est sceur

du hasard." (The Green Mile). Intuitive-
ment, I’on comprend facilement que tous les in-
dividus d’une population ne peuvent avoir exac-
tement les mémes taux de survie et de reproduc-
tion. Au contraire, chaque individu a une singula-
rité et des traits d’histoire de vie différents. Pour
cette raison, il existe une dichotomie entre les
modeles mathématiques, avec les modeles dé-
terministes d’une part, et les modéles sto-
chastiques d’une autre. Les modeles déter-
ministes sont ceux ou les individus (ou popu-
lations) ont un comportement moyen. Il n’y a
pas de variabilité des parametres et des fonc-
tions du modele [47]. A Topposé, les modéles
stochastiques considerent qu’il existe de la va-
riabilité dans le fonctionnement des individus
(ou populations) [47]. Les modeles stochastiques
ont le meilleur potentiel pour simuler les varia-
tions des processus observés, mais cette variation
peut masquer les effets d’'un mécanisme particu-
lier. De plus, les modeles stochastiques contraire-
ment aux modeles déterministes permettent de
représenter les phénomenes d’extinction et les
phénomenes rares. En revanche, ils sont cotiteux
en temps de calcul. Ainsi, les modeles stochas-
tiques sont adaptés pour de petites populations
ou des études a petite échelle, ou le hasard a un
fort impact sur I’avenir des populations. A I'in-
verse, un modele déterministe est adapté pour

de grandes populations ou des études a grande
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échelle, comme dans le cas des moustiques [234].

3.3 Le développement d’un modele mathématique

La modélisation consiste a traduire un phé-
nomene observé en formalisation mathématique
ou en code informatique apres 1’élaboration d’un
modele conceptuel (par exemple, sous la forme
d’un diagramme). Lorsqu’il n’est pas possible de
déterminer les solutions mathématiques de forme
fermée d’'un modele, ce dernier repose sur des si-
mulations numériques pour approximer leurs so-
lutions. Le modele est alors qualifié de simula-
tionnel et fait opposition au modele analytique
[243, 242].

Lorsque 'on développe un modele, il est im-
portant de vérifier que le comportement de celui-
ci est en accord avec ce que I'on connait du sys-
teme observé. Dans un second temps, il est pos-
sible de passer a l’étape de validation du mo-
dele si des données d’observation qui n’ont pas
été utilisées pour le construire sont disponibles
[225]. Les variables simulées par le modeéle sont

alors confrontées aux données [218]. Un modele

est par essence faux puisqu’il s’agit d’une sim-
plification de la réalité. Toutefois, un modele va-
lidé est considéré comme acceptable dans le cadre
de I'utilisation initialement prévue, car la valida-
tion répond a des exigences spécifiques de per-
formance [215]. Par ailleurs, cette étape n’est pas
une étape obligatoire car elle ne permet pas de
tester une théorie scientifique ou d’attester d’une
« vérité » scientifique [47]. Elle est néanmoins
désirable pour évaluer la qualité du modele.

Les sorties des modeles produisent des
connaissances sur le phénomene observé et
peuvent étre utilisées dans les processus de prises
de décision. L’analyse du modele peut également
aboutir a une amélioration de la communication
entre modélisateurs et spécialistes des autres dis-
ciplines (par exemple en formulant des recom-
mandations sur les expérimentations & réaliser
pour mieux comprendre le phénomeéne étudié)
[242].

3.4 Modélisation de la dynamique des populations d’Aedes albopictus

a prise en compte de la dynamique de popu-
lation de I'insecte-cible dans les modeles est
cruciale pour comprendre et optimiser l'impact
de la LAV. L’étude de la dynamique de popu-
lations de moustiques renseigne sur ’abondance
des moustiques au cours du temps en un lieu
donné. Développer des modeles de dynamique de
population structurés en classes d’age peut s’avé-
rer crucial pour plusieurs raisons. Premiérement,
les méthodes de lutte vont cibler un stade en
particulier. Deuxiémement, I’OMS recommande,
comme nous l'avons déja souligné, de dévelop-
per des stratégies de lutte intégrée [185]. Pour

cette raison, le détail des différents stades de vie
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permettra de modéliser avec plus de précision les
différentes options possibles, c.-a-d. les combinai-
son de différentes méthodes de lutte, afin de dé-
finir la meilleure stratégie de lutte intégrée. En-
fin, la différenciation des stades adultes est im-
portante au niveau épidémiologique (nullipares/
pares), puisque ce sont les femelles pares qui ont
déja pris un repas de sang qui peuvent potentiel-

lement transmettre I’agent pathogene [46].

Cailly et al. [46] ont développé un modele gé-
nérique d’abondance des populations de mous-
tiques 1ié aux conditions météorologiques (tem-
pérature et précipitations). Il s’agit d’'un mo-

dele mécaniste basé sur des Equations Diffé-



CHAPITRE I. INTRODUCTION GENERALE

rentielles Ordinaires (EDO) dont chaque équa-
tion décrit un stade du cycle de vie du mous-
tique. Apres confrontation a des données ento-
mologiques, le modele permet de prédire les po-
pulations d’Anopheles hyrcanus, Anopheles ma-
culipennis s.l., Culex pipiens, Aedes caspius et
Ae. albopictus [16, 239, 89]. Ce modele a notam-

ment été adapté aux populations d’Ae.albopictus
a La Réunion par Tran et al. [240]. Ce modele
présente l'avantage d’étre tres robuste. De plus,
la modélisation de chaque stade de vie des mous-
tiques et I'impact du climat sur chacun des stades
sont de véritables atouts pour tester I'impact de
la LAV [46].

3.5 Modélisation de la TIS et boosted TIS pour lutter contre les moustiques

es modeles sur l'utilisation de la TIS pour
lutter contre les moustiques ont été déve-
loppés afin de 1) optimiser les stratégies des la-
chers de maéles stériles [255, 45, 88, 140, 112, 6,
168] 2) étudier I'impact de l’environnement sur
Vefficacité de la TIS [72, 153, 164], 3) évaluer
Ieffet de la TIS couplée a I'utilisation conven-
tionnelle d’insecticides [92, 108] et 4) évaluer le
bénéfice économique en cas d’épidémie de dengue
[9]. Par ailleurs, un modele a été développé pour
explorer 'impact de la BTIS sur les populations
d’Ae. albopictus [198] : ce modele avait pour ob-
jectif d’évaluer 'impact de la BTIS par rapport
a action de la TIS classique et de 'autodissémi-
nation.
L’ensemble de ces modeles sont des modeles
de masse-interaction, formalisés a 1’aide d’EDO,

pour la plupart déterministes et en temps continu

[79]. Toutefois, aucun de ces modeles n’integre
de données environnementales réelles, et ils n’ont
pas été validés sur des données entomologiques.
Or, la capacité vectorielle (abondance, durée de
vie, contact avec I’homme, fréquence des repas de
sang...) des moustiques, conditionnant la dyna-
mique de transmission d’un pathogene comme le
virus de la dengue, est dépendante de I’environne-
ment dans lequel ils vivent. Les relations de l'in-
secte avec son milieu doivent donc étre étudiées
avec plus de précision et a ’aide de nouveaux ou-
tils afin d’optimiser la LAV [94]. Ma these a donc
porté sur le développement de modeles implé-
mentant des lachers de males stériles, imprégnés
ou non d’'un biocide (mais aussi d’autres tech-
niques de LAV), appliqués a différents contextes
environnementaux et validés sur des données en-

tomologiques.

3.6 Modélisation de la transmission d’agents pathogenes par les moustiques

e but du controle des vecteurs étant au fi-
L nal celui des maladies vectorielles, et afin
de prédire lefficacité des méthodes de contrdle
des vecteurs sur la transmission d’agents pa-
thogenes, des modeles épidémiologiques doivent
étre construits et couplés aux modeles entomo-
logiques [94]. Les modeles épidémiologiques étu-
dient la transmission des pathogénes d’un indi-
vidu a un autre afin de prédire les épidémies

et leur ampleur dans le temps et l'espace [104].
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Pour ce faire, la trés grande majorité des modeles
épidémiologiques compartimentent la population
d’hotes selon leurs états cliniques et étudient les
flux d’hétes entre les différents compartiments
[121, 16, 10]. Le modele le plus classique est le
modele SIR, qui divise la population de taille NV
en trois compartiments avec les individus Sus-

ceptibles (S), Infectieux (I) et Guéris (R, pour
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"Recovered" en anglais) [104, 120] :

ds

P

dl

E =BS -+l (I-l)
dR

il

avec f la force d’infection qui est la vitesse a la-
quelle les individus sensibles sont infectés et qui
est fonction du nombre d’individus infectieux ; ce
parametre contient des informations sur les in-
teractions entre les individus qui conduisent a la
transmission de l'infection. « correspond au taux

de guérison de l'infection [104, 120].

Dans le cas de maladies & transmission vec-
torielle, deux systemes de transmission couplés
sont utilisés pour décrire les processus de trans-
mission entre le vecteur et ’héte (cf. modele cha-
pitre IV). De plus, des compartiments supplé-

mentaires peuvent étre rajoutés selon les ma-

n Objectifs et méthodologie

ladies étudiées. Bien souvent, un compartiment
pour des hotes infectés, mais non encore infec-
tants (E, pour "Exposed" en anlais) est ajouté
dans le cas de la modélisation de la transmission
de la dengue [171, 231, 114, 231, 52, 141, 51].
Les modeles semblent se concentrer sur la
compréhension de la dynamique de transmission
et seulement 37% des modeles incluraient une
mesure de controle, en particulier dans le cas des
modeles de dengue [201]. Les vaccins quand ils
existent, les lachers de moustiques adultes, 'uti-
lisation de larvicides et des moustiquaires im-
prégnées sont les méthodes de contrdle les plus
modélisées [201]. Si la plupart des modeles n’ont
considéré qu’un seul type de méthode de LAV, il
existe des modeles couplant plusieurs méthodes
de controles conventionnelles [44, 265, 73]. Etu-
dier 'impact de la TIS et de la BTIS sur la trans-
mission de la dengue dans un contexte de lutte

intégrée se révele ainsi étre un nouveau challenge.

4.0.1 Contexte et objectif général

a Réunion est un département francais situé
L au sud-ouest de I'océan Indien. Elle couvre
une superficie de 2512km? pour une population
de 850727 habitants et une densité de popula-
tion de 339,8 habitants par km?. La topogra-
phie est montagneuse et le littoral concentre la
moitié de la population [31]. L’ile est traversée
par un gradient de précipitations Est / Ouest,
allant d’une pluviométrie annuelle maximale de
15931 mm enregistrée dans 'Est (un des records
mondiaux), a une pluviométrie annuelle mini-

male de 183 mm dans 'ouest [161].

Aedes albopictus est le vecteur impliqué dans
les épidémies de dengue a La Réunion. En
1977-1978, lile fut touchée par une épidémie
de dengue affectant pres de 30 a 35 % de la
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population réunionnaise [166, 59]. Postérieure-
ment, une deuxieme épidémie de plus faible in-
tensité eut lieu en 2004 avec 228 cas cliniquement
compatibles avec une dengue [70]. Par la suite,
entre 2004 et 2017, I'tle a été en situation inter-
épidémique avec des cas de dengue sporadiques
fréquemment identifiés et des foyers de transmis-
sion dans 'ouest et le sud de l'ile [70]. Depuis
2017, une nouvelle épidémie de dengue affecte
I'ile. Seuls 100 cas ont été déclarés en 2017, mais
par la suite la circulation virale s’est intensifiée
et 25139 cas de dengue ont été déclarés de janvier
2018 a février 2020. Au départ, seul le sérotype
2 a été détecté en 2017 et 2018, puis une circula-
tion indigene du séroptype 1 a été relevé en 2019,
et en 2020 le sérotype 3 a également été identifié
dans I'Est et le Nord de I'ille [217]. Cette circu-
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lation séquentielle sur un méme territoire de dif-
férentes sérotypes aggrave le tableau clinique de
la dengue avec un risque accru de dengue sévere
chez des individus en infection secondaire et ter-
tiaire. On note également 1’émergence du virus du
chikungunya dans I’Océan Indien en 2004 et 1’épi-
démie majeure qui a frappé La Réunion en 2005
et 20006 avec la-encore Ae. albopictus pour vecteur
[204]. Au cours de cette épidémie, un tiers de la
population Réunionnaise a été infectée. Depuis,
un certain nombre souffre de complications neu-
rologiques et de douleurs articulaires chroniques
[179, 78].

Jusqu’en 1979, les actions de LAV a la
Réunion ne ciblaient que ’espece vectrice du pa-
ludisme, Anopheles arabiensis [59, 216, 192]. Sub-
séquemment, la maladie fut éliminée avec une
notification officielle prononcée en 1979 [165], et
elle ne sévissait plus que sous forme de cas im-
portés. C’est pourquoi 'objectif principal de la
LAV a été alors de lutter contre la réintroduc-
tion du paludisme, a cause de la persistance du
vecteur local (An. arabiensis) et d'un flux im-
portant de parasites a partir des pays voisins. La
prévention de la réintroduction a reposé sur le
dépistage passif et le traitement précoce des cas
importés, associés a une lutte antilarvaire gui-
dée par une surveillance entomologique méticu-
leuse. Ce n’est qu’en réaction aux épidémies de
dengue en 2004 que les actions d’éducation sani-
taire, de surveillance et de démoustication furent
étendues a Ae. albopictus [64]. De 2006 a au-
jourd’hui, PARS (Agence Régionale de Santé)
est en charge de la surveillance entomologique
d’Ae.albopictus et des actions de LAV conven-
tionnelles en période inter-épidémique et épidé-
mique (section 2.1.1). Aedes albopictus est omni-
présent dans les zones urbaines jusqu’a 1200 m
d’altitude et reste actif en hiver austral malgré
des températures moyennes pouvant descendre a
13 °C [63]. L’ARS focalise donc les actions de
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lutte dans les zones urbaines ou 1’espece colonise
essentiellement des gites larvaires anthropiques
[213]. En 2018, un plan ORSEC (Organisation
de la Réponse de la Sécurité Civile) a été dé-
clenché afin de mettre en ceuvre rapidement tous
les moyens de lutte nécessaires pour faire face
a I’épidémie de dengue [20]. Pourtant, I’épidémie
persiste toujours, soulignant I'importance de cou-
pler les méthodes de LAV utilisées en routine avec
d’autres méthodes alternatives afin d’optimiser et

améliorer 'efficacité de la lutte.

Les échanges entre La Réunion et la France
métropolitaine sont intenses, en particulier 1’été,
en juillet—aofit. Le risque de transporter des pas-
sagers infectés est important [33], notamment
dans le sud de la France, ou les populations
d’Ae. albopictus sont trées abondantes a cette pé-
riode de l’année. Quand cela arrive, des insec-
ticides sont pulvérisés autour des cas confirmés
(section 2.2). Mais l'utilisation de méthodes al-
ternatives aux insecticides, dans un programme
de lutte intégrée, pourrait étre utile pour réduire
I'utilisation des insecticides, en particulier en pé-

riode inter-épidémique.

La TIS est une méthode alternative pro-
metteuse mais sa mise en place suppose que le
nombre de males stériles surpasse celui des males
sauvages et demande donc des moyens de pro-
duction tres importants [8, 17, 137, 74, 93]. La
BTIS pourrait potentiellement limiter ce pro-
bleme. Toutefois, il s’agit d’un concept émergent
encore peu étudié. Comme 'expérimentation de
nouvelles stratégies de LAV reste tres cotiteuse,
les modeles mathématiques sont des outils de

choix pour les évaluer et les optimiser a priori.
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L’objectif général de la theése a donc été
d’évaluer et d’optimiser l'impact de mé-
thodes de lutte basées sur des lachers de
males stériles dans le cadre de la LAV inté-
grée sur les populations d’Ae. albopictus et

sur la circulation de la dengue, a La Réunion

principalement, mais aussi dans le climat

tempéré du Sud de la France métropolitaine.

4.0.2 Démarche scientifique

‘objectif général a été décliné en quatre ques-
L tions de recherche (Figure 1.6). La pre-
miére question était d’évaluer les effets de la
TIS et de la BTIS sur les populations de mous-
tiques Ae. albopictus a la Réunion. Pour ce faire,
les effets des deux méthodes de lutte ont été in-
troduits dans un modele de dynamique des popu-
lations naturelles d’Ae. albopictus a La Réunion.
Le modele est basé sur le modele de Tran et al.
[240]. Selon la classification de Turner et al. [243],

ce modele peut-étre décrit comme :

® meécaniste car il incorpore des processus
d’intérét a travers une description des élé-

ments sous-jacents et de leurs interactions;

spatialement explicite, car il localise les
quantités simulées dans un espace dimen-

sionnalisé ;

® déterministe, car il n’introduit aucune
source d’aléatoire dans les calculs (les
mémes entrées provoqueront toujours les

mémes sorties) ;
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® gsimulationnel, car les solutions reposent

sur des simulations numériques.

Apres confrontation du modele aux données
entomologiques récoltées par I’ARS, une
analyse de sensibilité a été réalisée pour identi-
fier les parametres-clés de la TIS et BTIS, et des
simulations ont été effectuées afin d’optimiser les
parametres concernant les lachers de males sté-
riles (chapitre II).

La seconde question de recherche était de
mesurer 'apport de la TIS et BTIS dans un
contexte de lutte intégrée. Pour cela, nous avons
intégré au modele la modélisation d’autres mé-
thodes de LAV : piégeage massif des moustiques
adultes, destruction mécanique des gites, auto-
dissémination. Le modele a été adapté en milieu
tempéré (Montpellier) afin de comparer, a 'aide
de simulations, 'impact des stratégies de lutte in-
tégrée entre milieu tropical et tempéré. Pour me-
ner a bien ce projet, j’ai encadré au cours de ma
deuxiéme année de thése une stagiaire de Master
2, Léa Douchet, qui a participé a I’adaptation du
modele en milieu tempéré (chapitre I11).

La troisieme question de recherche était
d’évaluer les effets de la LAV sur la transmission
du virus de la dengue a La Réunion. Le modele
de dynamique des populations de moustiques a
été couplé avec un modele épidémiologique SEI-
SEIR. Le modele a été confronté aux données
épidémiologiques de 2018 récoltées par I’ARS.
Puis, des analyses statistiques ont été réalisées
afin d’évaluer I'impact de 1’échelle des données
et des actions de LAV sur les sorties du modele
(chapitre 1V).
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Comprendre et optimiser l'impact des
de controle sur les populations d'Aedes albeopictus

Modéliser 1'impact de 1a TIS/BTIS sur les populations d'Ae. albopictus
(chapitre IT) 4

Premier o bjeCtif . tenir compte de la saisonnalité

identifier les parameétres de la TIS/BTIS influents
tester différents modes de lachés

\4

Modéliser l'impact de la TIS/BTIS dans un contexte de lutte intégrée
(chapitre III)

Stage de M2
L]

Léa Douchet §

Deuxiéme objectif

. tenir compte du climat sur les actions de lutte intégrée
comprendre les intéractions entre les méthodes de lutte

\4

Evaluer les effets de la LAV sur la transmission de la dengue
(chapitre IV)

Troisiéme objectif
modéliser I'épidémie de dengue de 2018

¢ Article soumis et accepté Article soumis JArticle en rédaction

FI1GURE 1.6 — Objectif et démarche scientifique de la these
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CHAPITRE

1|
La modélisation de la TIS et BTIS a La

Réunion

Parce qu’ Aedes albopictus est le vecteur impliqué dans la transmission des virus de la dengue et du
chikungunya a la Réunion, il constitue une priorité de santé publique sur I'ille. A cause de perspectives
toujours lointaines d’un vaccin capable de conférer une immunité protectrice contre ’ensemble des
sérotypes de la dengue et des limites des méthodes de lutte anti-vectorielle (LAV) conventionnelles
présentées en introduction (chapitre I section 2.1.1 et 2.1.2), les acteurs politiques de la Réunion
encouragent la recherche et I'expérimentation de nouvelles techniques de lutte contre les vecteurs,
notamment a partir de lachés de moustiques males stériles, telles que la Technique de I'Insecte Stérile
(TIS) et la Technique de 'Insecte Stérile renforcée (BTIS) [83]. Cependant, il est nécessaire de procéder
a une évaluation de chacune de ces techniques, avant d’envisager leur utilisation a grande échelle [83].

Ce constat a conduit au développement d’un modele mathématique, indispensable pour tester
in silico 'impact de la TIS et BTIS sur les populations d’Ae. albopictus. Un premier modele de
dynamique des populations d’Ae. albopictus avait été développé par Tran et al. (2020). Ce modele
présente sous forme de cartographie numérique la densité des moustiques a 1’échelle des zones de
surveillance entomologique (appelées "ALIZE"). Il est actuellement utilisé en routine par 1’Agence
Régionale de Santé de la Réunion (ARS). En développant un modele de dynamique des populations
basé sur cet outil, et en intégrant les effets théoriques de la TIS et BTIS, I’étude présentée dans ce

chapitre avait pour objectif de répondre aux interrogations suivantes :
®  Quel est 'impact de la TIS sur les populations d’Ae.albopictus?
®  Quel est la valeur ajoutée de la BTIS par rapport a la TIS?

®  Comment optimiser ces deux méthodes de lutte a la Réunion ?
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CHAPITRE II. MODELISATION DE LA TIS ET BTIS A LA REUNION

Article 1 : Modelling the control of Aedes albopictus mosquitoes based on sterile
males release techniques in a tropical environment

Cette étude a fait 'objet d’un article publié dans le journal "Ecological modelling" :

Haramboure, M., Labbé, P., Baldet, T., Damiens, D., Gouagna, L. C., Bouyer, J., Tran, A. (2020).
Modelling the control of Aedes albopictus mosquitoes based on sterile males release techniques in

a tropical environment. Ecological Modelling, 424, 109002.

Les annexes de article sont en annexe du manuscrit (Annexe 3).
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ARTICLE INFO ABSTRACT

Keywords: The Sterile Insect Technique (SIT), used to control insect populations, consists of releasing males sterilized by
SIT ionizing radiations. Wild females that mate with these males can no longer produce viable offspring, which may
Boosted SIT drives the population decline. Although this method has proved its efficiency, its effect may be more limited for
Vector control fast-reproducing large-population species, such Aedes albopictus. A novel approach, named ”boosted SIT” has

gzrl&rzﬁfg namics been designed to strengthen the SIT technique: It consists of coating sterile males with a biocide that will be
i ransferred to the mated females, which wi en contaminate the oviposition sites. This study is aimed ai
Mc?squlto ’ transferred to the mated femal hich will th taminate the oviposition sites. This study is aimed at

exploring demographic effects of both techniques (SIT and boosted SIT) through their inclusion in a weather-
driven abundance model of the Aedes albopictus population dynamics in the geographical context of La Reunion
Island. Sensitivity analysis showed that the date to start the release, as well as the quantity of sterile males
released and their competitiveness, are of key importance for both control methods. According to our results,
boosted SIT allows 1) Increasing the effectiveness of the SIT when the sterile males released are of medium
quality in terms of competitiveness, and 2) extending the optimal window to start the control period.

1. Introduction dengue and Zika, but their efficacy remains to be studied (Musso and

Gubler, 2016; WHO, 2018). Moreover, no disease-specific treatment for

Vector-borne diseases account for about 17% of the estimated global
burden of infectious diseases and are responsible for more than 700,000
deaths every year (World Health Organization and UNICEF, 2017).
Dengue is the most common and widespread arbovirus. The number of
dengue infections is estimated at 390 millions every year, of which 96
million induce clinical symptoms (of various severities) (Bhatt et al.,
2013). Dengue virus is transmitted by mosquitoes of the genus Aedes, in
particular Ae. albopictus and Ae. aegypti. These species are also vectors
of other arboviruses, including Zika and Chikungunya. The global dis-
tributions of these three arboviruses have recently expanded, causing
many severe disease outbreaks in wurban human populations
(Patterson et al., 2016). Different vaccines have been developed for

* Corresponding author.

these arboviruses exists (Caglioti et al., 2013). In this context, mosquito
control remains the cornerstone of disease prevention.

The "Tiger mosquito”, Aedes (Stegomyia) albopictus (Skuse) (Diptera:
Culicidae), a species native to the forests of Southeast Asia
(Smith, 1956), has expanded its distribution by adapting to new sources
of blood and environments. Its proximity with humans has enabled it to
colonize new territories through international trade (e.g. tire trade
(Reiter, 1998)). Although being less competent than its sister species
Ae. aegypti to transmit dengue viruses (Paupy et al., 2009), Ae. albopicus
was the only vector involved in some recent dengue outbreaks (Gasperi
et al., 2012; Paupy et al., 2009; Rezza, 2012; Wu et al., 2010).

For many mosquito-borne diseases, larvicides have demonstrated
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their efficiency to reduce transmission during outbreaks (World Health
Organization, 2009). However, Ae. albopictus uses multiple cryptic and
dispersed breeding sites of all sorts (tires, beverage cans, plastic items,
etc.). They are difficult to locate and treat, which significantly hinders
larvicides control of this vector (Connelly and Carlson, 2009). Mobili-
zation of the local communities to eliminate these diverse containers
used by peridomestic Ae. albopictus could be an effective solution, but
changing attitudes and behaviors can take many years (Gubler and
Clark, 1996; Tapia-Conyer et al., 2012; Winch et al., 1992). An in-
tegrated and sustainable control of Ae. albopictus is therefore necessary,
which cannot rely solely on the usual insecticide usage or the goodwill
of local communities, but must be supplemented by alternative treat-
ment methods (Achee et al., 2019).

A promising alternative for such a cryptic-breeding insect is the
Sterile Insect Technique (SIT). It relies on the mass-release of males
sterilized by ionizing radiation. Since female mosquitoes are in-
seminated by only one male during their life (with very rare excep-
tions), mating with such males negates their reproductive success,
hence causing the target population to decline (Dunn and Follett, 2017;
Flores and O’Neill, 2018). SIT has been shown to be effective in era-
dicating tsetse flies (Vreysen et al., 2014), screwworms (Wyss, 2000)
and medflies (Enkerlin et al., 2017). In the case of mosquito control,
success has been more variable, although particularly good results have
been obtained in Italy (Bellini et al., 2013) and more recently in China,
in combination with the Incompatible Insect Technique (IIT)
Zheng et al. (2019). Indeed, mosquito populations are generally very
large, and a significant reduction in their population therefore requires
the release of a large number of sterile males, whom breeding, sorting
from females and irradiating are costly.

An efficacy-improving upgrade, named boosted SIT, has recently
been proposed (Bouyer et al., 2016; Bouyer and Lefrancois, 2014): Its
rationale is that the released males are the best available vectors to
contaminate females with toxic agents that could be further dis-
seminated to other compartments of the target population by self-dis-
semination. It has been proposed to coat the sterilized males with
pyriproxyfen, an insect growth regulator that prevents the emergence of
adult mosquito from the aquatic pupae (Invest and Lucas, 2008; Maoz
et al., 2017): the insecticide could be transferred to females by mating,
which in turn could specifically contaminate their breeding sites. By
using females themselves as insecticide vectors, boosted SIT could
therefore drastically improve control of species with cryptic breeding
habits such as Ae. albopictus. However, many questions remain, such as
the number of males to be released for efficient control, or the mag-
nitude of the potential "boosting” effect. Both depend on the duration of
contamination of breeding sites (no consensus appears in the biblio-
graphy (Invest and Lucas, 2008)) and on the effectiveness of pyr-
iproxyfen transfers from males to females and from females to breeding
sites, parameters for which empirical data are not available yet.

In cases empirical data are lacking, mathematical models are often
useful for planning mosquito population management strategies. They
can be used to understand and predict population density in relation to
environmental variations (Ewing et al., 2016; Ezanno et al., 2015;
Roche et al., 2015; Tran et al., 2013), and to anticipate the effects of
population management measures under various scenarios (Cailly et al.,
2012). In the case of SIT, such theoretical models have been developed
in order to 1) optimize the strategies of sterile males releases (Almeida
et al., 2019; Cai et al., 2014; Evans and Bishop, 2014; Huang et al.,
2017; Li and Yuan, 2015; Multerer et al., 2019; White et al., 2010), 2)
study the impact of the environment on SIT (Dufourd and Dumont,
2013; Maiti et al., 2006; Mishra et al., 2018), and 3) evaluate the effect
of SIT coupled with standard use of insecticides (Fister et al., 2013;
Hendron and Bonsall, 2016). A recently-published model by
Pleydell and Bouyer (2019) specifically studied the efficacy gain of
boosted versus standard SIT in a theoretical population. Their results
suggest that boosted SIT could drastically reduce the required number
of males released. However, to our knowledge, none of these models
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have studied the effects of SIT or boosted SIT on Ae. albopictus popu-
lations under realistic environmental conditions.

The objectives of the present study were thus 1) to evaluate the
efficacy gain of boosted SIT in real geographical and climatic condi-
tions, with the example of La Reunion Island a tropical island where Ae.
albopictus is the main chikungunya and dengue vector (Delatte et al.,
2008), and 2) to optimize SIT and boosted SIT strategies in this context.
Between 2005 and 2006, Reunion Island was affected by a large chi-
kungunya epidemic, with more than 38% of the population infected
(ARS and IVS, 2010). An epidemic of dengue is currently spreading,
with more than 24,300 indigenous cases as of July 01, 2019 (ARS and
Préfecture Réunion, 2019). Located in the Indian Ocean, between Ma-
dagascar and Mauritius, La Reunion Island is a small volcanic island
(2512 km?) with a mountainous topography. Aedes albopictus mosqui-
toes are mainly found at low elevations in urban and peri-urban areas
(Boyer et al., 2014). Moreover, the island is characterized by an East/
West precipitation gradient, ranging from a maximal annual rainfall of
15,931 mm recorded in the eastern part, to a minimal annual rainfall of
183 mm in the West (Météo France, 2019). The island is characterized
by two seasons, with a hot and wet austral summer (from November to
March), and a rather mild and dry winter. La Reunion Island, with its
diverse landscapes and contrasting climate, is thus an excellent place to
study the impact of control methods against Ae. albopictus in a realistic,
variable, environment. Moreover, since the severe 2005-2006 chi-
kungunya epidemic, Ae. albopictus populations have been regularly
monitored by the Regional Health Agency. A deterministic model of Ae.
albopictus population dynamics has been recently developed by
Tran et al. (2020) and validated using these extensive entomological
data. This model realistically integrates the climatic variations of La
Reunion Island on the Ae. albopictus population dynamics (Tran et al.,
2013): i) Temperature impacts the development time of aquatic stages
and the mortality of larvae, pupae and adults, ii) rainfalls positively
impact the number of available breeding sites and the environmental
carrying capacity, iii) heavy rainfalls impact the mortality rates of
aquatic stages by flooding the breeding habitats (Dieng et al., 2012).
This model is currently used by the Regional Health Agency as a tool for
decision support, called "ALBORUN” (Tran et al., 2020).

In the present study, we modified this ALBORUN population dy-
namic model to integrate the potential effects of SIT and boosted SIT on
the Ae. albopictus populations in La Reunion Island. After controlling its
accuracy on the same entomological data used in Tran et al. (2020), we
first performed a global sensitivity analysis to identify the key para-
meters affecting the efficacy of SIT and boosted SIT. We then assessed
the optimal timing for both control methods under a tropical environ-
ment, taking into account the spatial heterogeneity of micro-climates in
La Reunion Island to produce a detailed map of the locally-optimal
starting months of the control period. Finally, we studied the effects of
two different sterile males release strategies, constant or density-de-
pendent, on Ae. albopictus populations.

2. Materials and methods
2.1. Study area

The study area is delimited by 1203 operational urban sectors de-
fined by the vector control service of the Regional Health Agency. 31
weather stations of the French Meteorological Service at La Reunion
Island provide the daily average temperature and rainfall intensity re-
cords from 2011 to 2016. Each operational urban sector is associated
with the nearest weather station (Fig. 1).

2.2. Weather-driven abundance model
To simulate Ae. albopictus population dynamics, we modified the

ALBORUN mechanistic model (Tran et al., 2020). ALBORUN computes
the densities of the different stages of Ae. albopictus life cycle, aquatic



M. Haramboure, et al.

315000E 330000E 345000 360000E 375000E 390000E 405000E

Operational urban sectors
Z A4 2
g 2
S 2
= . S
2 X Test site S
S Z
O Weather stations

Z 2
g 2
2 2
€ o
Z N 3
g %
g f

2 o S
i< Z

0 5 10km

Z 2
g 3
3 3
2

€ s

w

5000E 330000E 345000F 360000E 375000E 390000E

5
3
=
g
g
&

Fig. 1. Map of La Reunion Island with the localization of operational urban
sectors (defined by the Regional Health Agency) and their associated weather
stations (from the French meteorological service), in matching colors. The star
is the location of the Duparc sector, where sterile male release trials started in
July 2019..

(eggs: E, larvae: L, pupae: P) and aerial (emerging females: F,,, nulli-
parous females: F,, parous females: Fp), using a system of ordinary
differential equations (ODE). Parous females are females that have
taken a blood meal and oviposited at least once, whereas nulliparous
females did not yet lay eggs. Nulliparous and parous females are both
again divided into three compartments according to the gonotrophic
cycle, distinguishing between host-seeking females, engorged females
and females seeking a breeding site. In total, the model is composed of
10 compartments. It thus makes it possible to compute independently
and simultaneously the population dynamics in each operational urban
sector. The ALBORUN outputs have been validated using entomological
field data from La Reunion Island (Tran et al., 2020).

In the present study, ALBORUN was modified to assess effects of SIT
and boosted-SIT control strategies (Fig. 2):

1. As these strategies are based on the release of sterile males, a spe-
cific male compartment M was explicitly included; it computes the
number of wild males available for mating with females;

2. The number of compartments was reduced to avoid over-para-
metrization. The sub-compartments for nulliparous and parous fe-
males were thus aggregated into a single compartment each (nulli-
parous females: F,, parous females: Fp).

The modified model, called ’"mALBORUN?”, is therefore:
dE
E :fF(ﬁan + 52Fp) - (mE +fE)E
dL L
= =f,E - 1+ -2)+f)L
o e (me( KL) 1)
dP
E =fLL - (mp +fP)P
dF, p
= gf, Pexp| — 1+ — |- (mg, + Em
kel p( Mem( Kp)) (M, + Vg,,,)
dF,
7: = VFemFém - (mp + M, +fF)Ez
dF,
- =fFEl - (mF + /"F,)Fp
dt
M P
M _a- Ofp Pexp| = | 1+ — | | = Uy M

The Greek letters represent parameters that are not influenced by
weather: ; and f, respectively represent the egg laying rate of
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nulliparous and parous females, o is the sex-ratio, y;, is the rate of
emerging females that succeed in blood feeding (thus becoming gravid
but still nulliparous females, as they have not completed a full gono-
trophic cycle). fr correspond to the transition rate from nulliparous to
parous females. i, is the pupae mortality rate at emergence, i.e. the
transition from pupae to emerging adults, and up, corresponds to the
additional mortality rate during breeding-site seeking behavior. The
Arabic letters are weather-driven functions: f, is the transition rate from
stage x to the next, m, is the mortality rate at stage x, and K; and Kp are
the breeding-sites carrying capacity for larvae and pupae, respectively.
In the aquatic stage, larval and pupal competition are modeled by two
density-dependant functions modifying their mortality rate. The pupal
competition occurs at emergence: As the emergence time is short
(Clements, 2000), the classic formula of density-dependent survival rate

(1 = Heom (1 + KL;)) meaning that the competition induces a higher

death rate at emergence when pupae density P increases, can be ex-

Kp
(Cailly et al., 2012). Larval mortality (m;) is similarly increased when
their density L increases. Parameters and functions are similar to the
ALBORUN model by Tran et al. (2020) (Table: 1).

Due to the aggregation of female sub-compartments, the value of the
parameter u; and the function fr had to be reevaluated to ensure
consistency between the original and modified models. The value of u,
was estimated using a maximum likelihood method (”"Multi-Level
Single-Linkage” or MLSL algorithm, nloptr package, R software,
https://cran.r-project.org/web/packages/nloptr/index.html) to adjust
mALBORUN to the outputs of ALBORUN (i.e. the density of mosquitoes
for each compartment). In addition, the mALBORUN f value was ob-
tained by summing the times spent by the nulliparous and parous fe-
males in the host-seeking, blood-feeding and breeding site-seeking
compartments in ALBORUN.

For each time step, mALBORUN predicts the abundance of Ae. al-
bopictus for the seven stages and for each operational urban sectors. The
model was further validated using the entomological data from
Tran et al. (2020), i.e. a longitudinal study on the larval stages of Ae.
albopictus at five northern sites in 2012 and 2013 A Spearman test was
performed to assess the correlation coefficient between the observed
larvae abundances and those predicted by the model.

pressed as a probability rate using the formula exp(—,uem (1 + i)]

2.3. Modelling the effects of control methods

2.3.1. SIT model

mALBORUN (Eq. 1, Fig. 2) was then extended to include the effects
of sterile male releases for the SIT control method (mALBORUN-SIT
model, Fig. 3). The ODE thus becomes:

B+ 62) £, fi

/ Eggs (E) “ }Larvae (L) |—L& ‘\PuPae (P) ‘25
[ mgy my [‘1 4%) * v
| llfﬂ)ﬂp(‘—pf" [ +£)} cexp’ Qm[u%l‘)J
|
| Males (M)
‘ Vo,
|
| Nulliparous | my + g,
\ females (Fn)

~ e e - - - == —F

Mg+ fipy

Fig. 2. Diagram of the modified weather-driven abundance model. The com-
partments in blue correspond to the aquatic stages, those in yellow correspond to the
aerial stages.. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 3. Diagram of the mALBORUN-SIT model. The bolded and orange compartments are the compartments that have been added to mALBORUN (Fig. 2).

dE
L @+ B, — e + 1)
dL L
— =f.E—|m|1+—|+f |L
o Jg ( L( KL) fL)
dP
S =hL - (mo+ f)P
dF, p
detm = ofPPexp(—uem(l + E)) = (Mg, + Vg, Fom
dF, cM;
ol Enl1-——|- + + fe)E,
dr _ Vem ( cM; + M) (e + sty +Jp)
dF,
ar = fp B — (mp + ug)F,
dF; cM;
s s + F,
dt Vron Fe "M, + M = (me + )
a _ P
dt - U)prexp(_#em(l + FP)) - ’uMM
dM;
ar - P
Ms(Tvtart + n‘c*) = Ms(Tsmn + n‘f) + }\'Ms’ n=1, 2,3 (2)

where the equations that are different from mALBORUN (Eq. 1) are
bolded. M; is the abundance of sterile males in the population. The
simulated SIT control period starts at date Tyq, and a number A, of

M (F, +F, +F)kf 1 (1 B¢ ) iB
c(Mﬂ+Ms)+M FF B\ Bt ¢

males sterilized by radiation is released periodically (which increases
M); = and n are the periodicity and number of releases, respectively, nt*
is the moment immediately after the n" release. The irradiation affects
the mortality u,, of the sterile males (Balestrino et al., 2010; Oliva
et al., 2013). It also has an impact on their competitiveness ¢, which
summarizes the ability of sterile males to find females, mate and
transfer semen, as well as the number of females with whom they are
able to copulate with Oliva et al. (2012); ¢ is expressed relatively to
wild males, i.e. 0 < ¢ < 1 when sterile males M; are less competitive
than their wild counterparts M, ¢ = 1 when they are similar. In the case
where encounting leads to mating, and since females can only be fer-
tilized once, their spermatheca are filled with sterile sperm. Thus,
cM;

FEom

cM; + M
produce viable offspring; (Anguelov et al., 2012; Esteva and Mo Yang,
2005; Mishra et al., 2018; Thome et al., 2010)

For emerging females F,,,, p = is the probability to mate a
ging em> P oM, + M P ty

sterile male and (1-p) is the probability to mate with a wild male.
Females that mate with sterile or wild males become either sterile or
nulliparous, with a transition rate .

females become sterilized females F; (i.e. they cannot

2.3.2. Boosted SIT model
mALBORUN-SIT model (Eq. 2, Fig. 3) was then extended to in-
corporate the boosted SIT effects (MALBORUN-BSIT model, Fig. 4) and

P A
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Fig. 4. Diagram of the mALBORUN-BSIT model. The bolded compartments have been added to mALBORUN-SIT. The red-dashed compartments are those that can be

contaminated by the pyriproxyfen.
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the ODE becomes:
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3)

where the equations that are different from mALBORUN-SIT (Eq. 2)
appear in bold.

The objective of the boosted SIT is to impact the emergence of Ae.
albopictus via the pyriproxyfen through the contamination of breeding
sites. We therefore introduced B, the total number of breeding sites,
and B,, the number of contaminated breeding sites. In uncontaminated

breeding sites (probability 1 — BBC

) F,,, females and M males would

tot
emerge from pupae at the same rate as in the mALBORUN-SIT model.
However, this rate may be lower in contaminated breeding sites

(probability :C

), as emergence is inhibited by pyriproxyfen. Let ¢ be
tot

the proportion of adults emerging from pupae in pyriproxyfen-con-

taminated sites, the overall emergence rate would therefore be mod-

ified by the factor 1 — lfc (1 — ¢). When ¢ = 0 the effect of pyriprox-

tot
yfen is maximal: no pupae can emerge from a contaminated breeding

site ; conversely, when ¢ = 1, all pupae can emerge despite the presence
of pyriproxyfen (e.g. resistance of Aedes albopictus to pyriproxyfen),
which is equivalent to SIT alone (Fig. G1).

For this strategy, the released males are always sterile, but they are
also coated with pyriproxyfen; their abundance is noted M,.. During the
control period with the boosted SIT, a number A, of these males is
periodically released in the population (the periodicity z and the
number of releases n can be modified, see mALBORUN-SIT model).
When mating with females, M,. males transfer part of their pyriprox-
yfen coating to the females, thus contaminate them, the ”boosting”
effect being that these females would in turn contaminate the breeding
sites B.. This transfer results in these males loosing their coating, thus
becoming ”sterile-uncontaminated males” M. Since M, males can mate

with any females in the population, the number of contacts is
CMSCEO[

c(My. + M) + M
of adult females), and c the competitiveness of irradiated males (whe-
ther M,. or M,, sese mALBORUN-SIT model). The number of M, be-
coming sterile-uncontaminated males M is therefore

cM,. F, 1 .
——eclt  — " where kg allows to adjust the number of mates
c(My. + M) + M kg
necessary for the M, males to lose their coating. However, all released

males, whether still coated with pyriproxyfen (M) or having lost their

, where F,; = E, + F, + F, + F, (i.e. the total number
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coating (M,), are sterile, and can therefore sterilize females.
As in mALBORUN-SIT, the reproductive status of emerging females
F., in mALBORUN-BSIT will be determined by their first mating: if they

C(MYL‘ + MS) , they be_
c(My. + M) + M
come sterile females F, if they mate with a wild male (probability
1 — p), they become nulliparous gravid females F,,.

In order to limit the number of compartments, we did not make an
explicit distinction between contaminated and uncontaminated fe-
males. Any female can be contaminated by M. males: emerging F,
nulliparous F,, parous F, or sterile F;, even if the last three categories

cannot be fecundated. As F., females become F; after such mating,
My (B, + Fp + F) . -
——————— is the number of females contaminated with pyr-
c(Mg + M) + M
iproxyfen after contact with M. males. We thus considered that any
mated females (sterile or not) oviposit in larval breeding sites after a
time fr. If they were contaminated, they would then transfer some of
their pyriproxyfen to breeding sites, thus reducing their level of con-
tamination until complete decontamination. This imperfect transfer of
pyriproxyfen transfer is modelled by the factor ks, the number of fe-
males required to contaminate a breeding site. When 0 < kg < 1,
several females are required to contaminate a single breeding site
(imperfect transfer of pyriproxyfen from M,. males to females, rapid
decontamination of females, insufficient transfer of pyriproxyfen to the
breeding site, ...). When kg > 1, a single female can contaminate sev-
M (B, + Fp + K)
c(My. + M) + M
effective” number of contaminated breeding sites.

To compute the number of new contaminated breeding site, we also
considered the probability that a breeding site was not yet con-

mate with a sterile male (probability p =

eral breeding sites. Overall, kgfr is therefore the

taminated, ie 1 — —

. Finally, we took into account the possibility
tot
that a breeding site B, may remain contaminated for only a limited

period of time d.

2.3.3. Models outputs

At each time-step, the models predict the abundance of Ae. albo-
pictus for each stage and for each operational urban sector. Moreover,
four synthetic model outputs were computed to assess the impact of
both SIT and boosted SIT methods on the mosquito population
(Fig. Al):

1. the reduction rate was calculated as the size of females (F, + F,)
during the control period divided by i) the size of females without
control, to evaluate the effect of the SIT, and ii) the size of females
during the SIT control, to evaluate the added effect of the boosted
SIT.

2. the sterility rate was defined as the number of sterile females F; di-
vided by the total number of fertilized females (F, + F, + F)
during the control period.

3. the resilience corresponds to the time required to return to the nat-
ural dynamics. It was calculated as the number of days required
after a treatment period for the controlled population to reach the
same abundance as a uncontrolled population.

4. the reduction of emergence was estimated as the ratio between the
number of pupae present in contaminated breeding sites that be-
came adults during the boosted SIT control and the number of pupae
that became adults in a similar but uncontrolled population

2.3.4. Sensitivity analysis

A Sensitivity Analysis (SA) was performed on the four synthetic
outputs using the variance-based method of Fourier Amplitude
Sensitivity Test Saltelli et al. (2000) with the Sensitivity R package
(https://cran.r-project.org/web/packages/sensitivity/index.html). The
parameters of mALBORUN-SIT (u M,» €)» MALBORUN-BSIT (u Moo d, kg,
kg) and the parameters relative to the release (z, n, Tsare At Am,.) Were
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varied simultaneously using a uniform distribution. The boundaries of
the parameters were chosen according to knowledge from bibliography,
results of experiments and observational studies (Table: 2). The para-
meters contributing to more than 20% of the variance of a given model
output were considered to have a strong influence on the output. The
SA was replicated on four urban sectors selected randomly in the North,
South, East and West of the island to account for environmental
variability. Model sensitivity was analyzed over 256,000 simulations.
Only outputs with normally distributed variations were analyzed.

2.3.5. Release strategies

Release starting month:

We produced a map of the optimal release starting month for each
output of mALBORUN-SIT and mALBORUN-BSIT model. The release
starting date (Tyq,) varied from January to December. The optimal
release starting month corresponds to the month for which the output
values is maximum. Due to the inter-annual weather variations, the
simulations were replicated for three years (2013, 2014, 2015), and
since several operational urban sectors are connected to the same
weather station, the simulations were computed for only one sector per
weather station, selected randomly.

We have also performed an optimization in order to find the month
that gives the best value for all model outputs to summarize informa-
tion in only one map. For this purpose, we defined the function:

S (Tstares )
Resiliencey,

=— Reduction rate, + Sterility rate, +
Zy( 7 v Tty 365

+ Emergence reductiony)

with seurban sectors
y € [2013; 2015]

4

The higher the values of all outputs of the models (i.e. in terms of Ae.
albopictus populations control) for a given starting date (Tsy,) and
urban sector (s), the lower the value of the function f(Ts. $). It should
be noted that the resilience was divided by 365 days, so that any effect
lasting more than one year had a strong influence. A global and local
optimization algorithm from the nloptr R package (https://cran.r-
project.org/web/packages/nloptr/index.html)) was then used to mini-
mize the function f(Tswrs S)-

Number of sterile male released:

Two strategies differing in the number of sterile male released each
time (MALBORUN-SIT: 1,;,, mALBORUN-BSIT: 1) were compared:

1. In the first strategy, both A,, 4p, and v were constant during the
control period. Ten Ay, and A, values were tested from 1, to 10
times the sum of nulliparous and parous females at the beginning of
the control period; six r were tested, from 15 days down to 5. A total
of 60 simulations were performed for an extended release control
period of three or six month.

2. In the second strategy, Ay, and Ay, values were proportional to the
number of nulliparous and parous females at the release dates. The
values of Ay, Ay, 7, and the total number of simulations were si-
milar to the first strategy.

The SIT program has chosen one site for the their future sterile male
release trials corresponding to one of the operational urban sectors in
Reunion Island called "Duparc Sector” (Fig. 1). We therefore selected
this site to predict the impact of the two different release strategies on
the control of the local population of Ae. albopictus, for both SIT and
boosted-SIT methods.

2.4. Initialization and simulations
Models were implemented in R (http://www.rproject.org/). At

t = 0, the population consisted in 1000 eggs for each operational urban
sectors. Simulations ran over 6 years. We used the weather data from

Ecological Modelling 424 (2020) 109002

2011 to 2016 as the input of the models. The first year was not retained
for outputs computation. No sterile male has been released during the
last year, which allowed computing the time required for the Ae. al-
bopictus population to recover its natural dynamics, i.e. the resilience
time (in days).

3. Results

The ALBORUN model has been modified and simplified, in order to
model the effects of control methods (mALBORUN). As in the original
model, mALBORUN predicts the abundances of Ae. albopictus by stage
(eggs, larvae, pupae, adults: females and males) over time for each
operational urban sector, using daily rainfall and temperature data over
6 consecutive years as entries. The effects of the SIT (mMALBORUN-SIT)
and boosted SIT (mALBORUN-BSIT) were then introduced to predict
and compare the impact of the two control strategies under different
scenarios (Fig. 5).

3.1. mALBORUN is consistent with the entomological data

Simulated mosquito abundances of the modified mALBORUN
model, based on weather conditions, are consistent with the en-
tomological data collected at five locations in 2012 and 2013 in La
Reunion Island (Fig. 6). As in the original ALBORUN model (Tran et al.,
2020), the predictions were strongly correlated with the observed
abundances (P-value < 0.001) at sites with higher larval densities and
high seasonal variations (correlation coefficients for Saint-Paul: 0.86;
La Possession: 0.70; Sainte-Marie: 0.68; Sainte-Suzanne: 0.75). The
correlation coefficient was lower (0.61, P-value= 0.06) for the eastern
site (St-Benoit), where the observed abundances of Ae. albopictus was
lower ( < 20 larvae/trap) with few seasonal variations. Nevertheless,
the model reproduced the major trends in the intra-annual population
fluctuations for all sites: abundances indeed show a peak occurring in
March-April, at the end of the austral summer, and a minimum at the
end of the austral winter (Fig. 5).
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Fig. 5. Predicted adult females of Aedes albopictus population in La Reunion
Island A) Simulated number of adult females (nulliparous (F,) + parous (F,)) and
B) Daily rainfall (blue) and mean temperature (red) in the Duparc Sector.
Population dynamics without control (NALBORUN) is represented in solid line and
the population dynamics controlled with SIT (mALBORUN-SIT) and boosted SIT
(mMALBORUN-BSIT) are represented in long dashed line and in dotted line respec-
tively. The grey background indicates the control period and the colored bars sym-
bolize in orange the austral summer (November-March) and in light blue the austral
winter on the top panel. Parameter values and functions of the models are in Tables 1
and 2. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)



M. Haramboure, et al.

Ecological Modelling 424 (2020) 109002

Table 1
Parameters value and functions for ALBORUN (Tran et al., 2020) The letter R and T correspond to the daily rainfall and temperature respectively.
Parameters  Definition Value Ref
B Number of eggs laid/ovipositing nulliparous female 60 (Delatte et al., 2009)
B2 Number of eggs laid/ovipositing parous female 80 (Delatte et al., 2009)
o Sex-ratio at emergence 0.5 (Delatte et al., 2009)
HE Minimum egg mortality rate (day—1) 0.05 (Tran et al., 2013)
Hem Mortality rate during emergence (day ') 0.1 (Tran et al., 2013)
HE, Mortality rate related to seeking behaviour (day~!) 0.06 (Optimization)
Hm Mortality rate of males (day~!) 0.0735 (Oliva et al., 2013)
Tg Minimal temperature needed for egg development (°C) 10 (Delatte et al., 2009)
TDDg Total number of degree-day necessary for egg development ("C) 110 (Tran et al., 2013)
YFem Development rate of emerging females (day~!) 0.4 (Tran et al., 2013)
YFo Transition rate from ovipositing to host-seeking females (day ') 0.2 (Tran et al., 2013)
YFh Transition rate from host-seeking to engorged females (day ') 0.2 (Tran et al., 2013)
Trg Minimal temperature needed for egg maturation in females (°C) 10 (Delatte et al., 2009)
TDDg, Total number of degree-day necessary for egg maturation (°C) 77 (Delatte et al., 2009)
KLpy Standard rainfall-independent environment carrying capacity for Field observations
larvae
KLyar Standard rainfall-dependent environment carrying capacity for larvae Field observations
KPpy Standard rainfall-independent environment carrying capacity for Field observations
pupae
KPyar Standard rainfall-dependent environment carrying capacity for pupae Field observations
Functions  Definition Expression Ref
fe Transition function from egg to larva T -Tp . (Tran et al., 2013)
by if (6)> Tg.
0, otherwise.
fu Transition function from larva to pupa — 0.0007T2 + 0.0392T — 0.3911 (Tran et al., 2013)
fr Transition function from pupa to emerging adult 0.0008T2 — 0.0051T + 0.0319 (Tran et al., 2013)
mg Egg mortality 0.1, if R < 80. (Dieng et al., 2012; Tran et al., 2013)
Mg+ { ,  otherwise.
my Larva mortality 0,02 + 0.00076CEBI—10)) 4 {0_5’ if R < 80. (Delatte et al., 2009; Dieng et al., 2012)
0, otherwise.
mp Pupa mortality 0,02 + 0.0003¢(0.2228(T — 10))+{0_5’ if R <~80‘ (Delatte et al., 2009; Dieng et al., 2012)
0, otherwise.
my Female mortality 0.025 + 0.0003¢(0-1745(T—10)) (Delatte et al., 2009)
frg Transition function from engorged to oviposition site-seeking female T(t) — Trg o (Tran et al., 2013)
TDDp, e
0, otherwise.
fro Transition function from ovipositing to host-seeking female Yo + Baorm) (Pachka et al., 2016)
fr Transition rate from nulliparous to parous females 1
Ufpo + 1/7pn + g
K, Environment carrying capacity for larvae Kp(t) = KLy + KLyar Rnorm (t) (Tran et al., 2013)
Kp Environment carrying capacity for pupae Kp(t) = KPpe + KPygr Ruorm(t) (Tran et al., 2013)
Table 2
mALBORUN-SIT and mALBORUN-BSIT parameter values.
Parameters  Definition Value and bounds Ref
c Sterile males competitiveness 0.23 [0.01 — 0.9] (Bellini et al., 2007; 2013; Madakacherry et al., 2014; Oliva et al., 2012)

a b
Mt Mge
ke
kg

d
4
AMS 4 AMS(‘ b
T

n

Tstare

Mortality rate of sterile males (day~!)
Expected number of contaminating mating
Expected number of breeding sites that a
female contaminates

Expected decontamination rate at breeding
sites (day 1)

Proportion of pupae surviving to pyriproxyfen

Number of sterile males released /ha
Periodicity of the releases (day)
Number of releases

Starting date of the control period

0.087 [0.18 — 0.065]
1 [1-28]

1 [1-28]

0.048 [0.08 — 0.0065]
0.3 [0.02, 0.5]

1000 [600 — 6000]

7 [5—-10]

18 [13 —20]

01 sept. [1 Jan. - 31 Dec.]

(Balestrino et al., 2010; Oliva et al., 2013)
Current work
Current work

(Caputo et al., 2012; Darriet and Corbel, 2006; Devine et al., 2009; Sihuincha et al.,
2005; Snetselaar et al., 2014; Suman et al., 2014)

(Caputo et al., 2012; Chang Moh et al., 2008; Darriet and Corbel, 2006; Devine et al.,
2009; Snetselaar et al., 2014)

(Bellini et al., 2013; Carvalho et al., 2015; Harris et al., 2011; Romeo et al., 2020)
(Bellini et al., 2013; Romeo et al., 2020)

(Bellini et al., 2013; Romeo et al., 2020)

2 mALBORUN-SIT
> mALBORUN-BSIT
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Fig. 6. mALBORUN model validation. The simulated
dynamics of larvae (black lines) was compared to field
data (green points) collected in 2012 and 2013 at A)
Saint-Paul, B) La Possession, C) Sainte-Marie, D)
Sainte-Suzanne and E) Saint-Benoit sites. F) The sites
are located in the North of La Reunion Island. Parameter
values and functions of the model are in Table 1.
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Fig. 7. Effect of migration on resilience in mALBORUN-SIT A) and mALBORUN-
BSIT B). From one female every 40 days (introduction=1/40) to five females per
day (introduction=5) were allowed to enter the target population during and after
sterile male release. Weather data at the Duparc Sector from La Reunion Island were
used as example. Parameter values and functions of the models are in Tables 1 and 2.

3.2. The number of sterile males released, their competitiveness and the
timing of release are the key parameters of the control

To assess the most influential parameters, a SA was performed for
the mALBORUN-SIT and mALBORUN-BSIT models. We analyzed four
model outputs: the reduction rate, the sterility rate, the resilience time
and the reduction of emergence (see Methods). Surprisingly, it was
shown that the resilience time (i.e the time required after the treatment
stopped for a treated population to reach a size similar to a untreated
population) was not normally distributed. This was due to the complete
elimination of the population that was predicted for some parameters
sets: As the model was run on an isolated population, without migra-
tion, no resilience was possible. To verify whether these elimination
events were maintained in the presence of a limited migration or rather
a no-migration artifact, we simulated the introduction of adult females
into the population, from one female every 40 days to five females per
day. A total of 12 simulations were performed (Fig. 7). The results
showed that even very low immigration was sufficient enough for the
population to eventually return to its natural dynamics, in sharp con-
trast with the elimination predicted in the no-migration case: it thus
suggested that the local eliminations were indeed artifacts. Conse-
quently, we decided to perform another SA with the introduction of a
few females (one every 40 days as shown in Fig. 7).

For both models, the reduction rate relative to the number of fe-
males (F, + F,) without control was not normally distributed and could
therefore not be analyzed.

Considering mALBORUN-SIT model (Fig. 8A), the competitiveness
of the sterile males (c) was identified as the most influential parameter
for both sterility rate and resilience ( > 50%). The number of sterile
males released (1)) and the starting date of the control period (Ts.qr)
were the second most influential parameters (ca. 25% each), for both
outputs. Finally, a strong effect of the number of releases (n) was
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Fig. 8. Sensitivity indices of the Fourier amplitude sensitivity test (FAST) for
mALBORUN-SIT A) and mALBORUN-BSIT B) outputs. In dark grey, main effects;
in light grey, interactions. 256,000 simulations with 6400 points per parameter and
four replicates. Parameters contributing to more than 20% of the output variance
were considered to be influential parameters (identified by a star for each output).
See Table 2 for parameter definitions. To prevent the eradication artifacts due to the
absence of migration (see 3.2), one female was introduced every 40 days in each
operational urban sector. Parameter values and functions of the models are in
Tables 1 and 2.

detected on resilience, mainly through interactive effects.

For the mALBORUN-BSIT model (Fig. 8B), the results of the SA were
slightly different: while both the starting date of the control period
(Tswro) and the competitiveness of the sterile males (c) were the de-
terminants of the sterility rate and remained influential on resilience, ¢
appeared less determinant than in mALBORUN-SIT (ca. 25%). Simi-
larly, the number of sterile males released (4,4,) no longer had any in-
fluence. However, the number of releases (n) remained influential on
resilience, as well as two additional parameter, the mortality rate of
sterile males (u, ) and the expected duration of contamination at
larval sites (d).

We also assessed the main parameters influencing the observed
differences in reduction rates between SIT and boosted SIT applications.
They were again explained mainly by Tsqr, ¢ and Ay, rather (which is
surprising) than by parameters specific to mALBORUN-BSIT (kg, kg, d,
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¢). Finally, two of these specific parameters had, as expected, a strong
influence on the emergence ratio: the proportion of pupae surviving
pyriproxyfen ¢ and the expected duration of contamination at larval
sites —.

For both models, the SA showed that there was a high impact of
first-order parameter interactions on the outputs. For example, during
the control period, an Ae. albopictus population reduction rate of 0.8 can
be achieved either with ¢ =0.6 and A, = 2800 sterile males/ha, or with
a competitiveness of ¢=0.4 and Ay, =4000 sterile males/ha with the
SIT (Fig. 10A). Similarly for boosted SIT, c= 0.6 and Ay = 1200, or
c¢=0.4 and Ay =1800, achieve the same population reduction of 0.8;
note that fewer males need to be released compared to SIT (Fig. 10B).

3.3. Boosted SIT control should start later than SIT

As shown by the SA, the starting date of the release of sterile males
(Tsare) Was a key parameter for both SIT and boosted SIT. A map was
produced for each control method that shows the specific optimal Tsq,
for each operational urban sectors (that depends on local climatic
conditions). For SIT (Fig. 9A and Fig. B1), the date to begin the release
was optimal when the density of Ae. albopictus population was low, thus
on average, in October, at the end of the austral winter (May - October).
For boosted SIT (Fig. 9B and Fig. C1), the optimal date was postponed
by several months, on average in December, when the population
density of Ae. albopictus has already increased Fig. C1.

3.4. Boosted SIT carries higher benefits when sterile males are poor
competitors

The other important parameters identified by the SA were compe-
titiveness (c) and the number of sterile males released (mALBORUN-
SIT: A5, mMALBORUN-BSIT: 4,,,). However these two parameters are in
direct interaction: The more competitive the sterile males are, the fewer
released males are needed to obtain similar results in terms of relative
reduction rate or resilience. Although we plotted the impact of
paramter ¢ alone on Ae. albopictus population control with SIT and
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boosted SIT, (Fig. F1 and Fig. F2), it is more relevant to analyse the
combined effect of ¢ and A, /A y,.

We first analyzed how this interaction impacts the reduction rate in
female numbers (F, + F,), for each control method independently
(Fig. 10A: SIT, Fig. 10B: Boosted SIT). For both methods, the reduction
rate increased with ¢, 1y, and 4,4, but the competitiveness was clearly
the main determinant. In order to assess the added benefits of the
boosted SIT method, we also calculated the difference in the reduction
rate between mALBORUN-SIT and mALBORUN-BSIT for various com-
binations (Fig. 10C): It appeared that the boosted SIT was mostly
beneficial when the sterile males were poor competitors, but not too
poor (0.17 < ¢ < 0.4).

We then analyzed how the interaction between the number of sterile
males released and their competitiveness impacted the resilience time,
for each control method independently (Fig. 11A: SIT, Fig. 11B: Boosted
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SIT). As for reduction rate, and for both methods, the resilience time
increased with ¢, Ay, and Ay, but the competitiveness was again
clearly the main determinant. In order to assess the added benefits of
the boosted SIT method, we also calculated the difference in resilience
time between mALBORUN-SIT and mALBORUN-BSIT for various com-
binations (Fig. 11C): It appeared that boosted SIT was again mostly
beneficial when sterile males were poor competitors.

3.5. Constant releases are better than density-dependent releases

We compared the impact on reduction rates and resilience times for
two control strategies differing in the number of sterile males released
(mALBORUN-SIT: A,,, mMALBORUN-BSIT: A, ): i) A constant number
during the control period and ii) a number proportional to the number
of adult females at the time of release. The second release strategy has
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been proposed to reduce the rearing cost of the sterile males.

For both models, the first strategy appeared more efficient: the
population was reduced to a greater extent and returned to its initial
dynamics more slowly after the control period (Fig. D1). However,
while the difference between the two release strategies was relatively
small in terms of reduction rates, the resilience time was much more
affected, since it was reduced by about 3 times with the second strategy.
For example for SIT, with n=7 days and 4,,, =10 times the number of
females, the population was reduced by 95% and required 335 days to
return to natural dynamics with constant releases, while for propor-
tional releases the population was decreased by 82% and only needed
92 days to return to natural dynamics. Similar results were obtained for
boosted SIT (Fig. E1).

4. Discussion

We developed a weather-driven abundance model of Ae. albopictus
at La Reunion island (mALBORUN) based on the ALBORUN mechanistic
model Tran et al. (2020), and integrated the effects of SIT (mALBORUN-
SIT) and boosted SIT (mALBORUN-BSIT) on population dynamics.
These non-autonomous models include the impact of temperature and
rainfall, which are two important drivers of the mosquito dynamics
(Agusto et al., 2015; Delatte et al., 2009; Dieng et al., 2012; Kruijf et al.,
1973; Roiz et al., 2010; Tran et al., 2020). The predicted abundance of
mosquito populations follows environmental fluctuations (Fig. 5) and
was consistent with entomological field collections (Fig. 6). Thus, our
models are adapted to areas with a high climatic spatial heterogeneity,
as it is the case in La Reunion island. To our knowledge, these are the
first models that integrate real weather data in order to analyze the
effects of SIT and boosted SIT on mosquito populations. Non-autono-
mous models were chosen because, as White et al. (2010) pointed out,
environmental data are of major importance to optimize these control
strategies, particularly to determine the optimal period for effective
releases of sterile males (Fig. H1). Our results have indeed shown that
the multitude of microclimates in La Reunion island lead to different
optimal starting months depending on the areas concerned by the re-
lease of sterile males (Fig. 9).

4.1. Migration should be considered in future models

According to our results, both SIT and boosted SIT could lead to
virtual elimination of Ae. albopictus populations: in both models, as the
populations are modeled independently, some sets of parameters in-
duced a density equilibrium close to zero after treatment (Fig. 7).
Nevertheless, we have shown that this result is probably an artifact due
to the non inclusion of mosquito dispersal in the models. Although
Lacroix et al. (2009) has shown a relatively low dispersal ability for Ae.
albopictus, simulations showed that the introduction of even a tiny
number of females would result in a rapid recovery of the mosquito
population after the treatments (Fig. 7). It is still possible that some
Allee effect (not modelled here) may be induced by the reduction in the
number of successful mating when males densities become low (this
would increase the difficulty of finding a mate), which would delay the
population’s regrowth and increase the probability of sustainable
elimination after treatment (Li et al., 2007; Li and Yuan, 2015;
Strugarek et al., 2019). Nevertheless, our results are consistent with a
recent pilot trial of transgenic Ae. aegypti males releases in Brazil, which
showed that the population had not been eliminated despite a sig-
nificant decrease in wild mosquito populations during the control
period (Garziera et al., 2017). The future integration of adult mosquito
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migration into our model, taking into account the heterogeneity of
environment and its impact on migration rates, would therefore be a
crucial development to provide more accurate quantitative predictions
(Dunning et al., 1995).

4.2. Competitiveness vs. number of released males equilibrium, and control
timing are crucial for SIT efficiency

According to the SA results for the mALBORUN-SIT model, the
competitiveness and the quantity of sterile males released are the two
most important parameters that determine the effective control of Ae.
albopictus populations (Fig. 8A). Similarly to previous findings by
Pleydell and Bouyer (2019), appropriate combinations of these two
parameters values could indeed lead to important population reduc-
tions (Fig. 10). However, other studies have shown that this competi-
tiveness is highly variable depending on local conditions at the sterile-
males release sites (e.g. Bellini et al., 2007; Bellini et al., 2013;
Madakacherry et al., 2014; Oliva et al., 2012). Thus, an accurate esti-
mate of this competitiveness, in the environment where releases occur,
is necessary to improve the predictive capacity of the model and to
assess the efficiency of this strategy in a particular field context. As
underlined by White et al. (2010), reduced competitiveness of sterile
males can be offset by larger releases (Fig. 8), and our model allows an
accurate estimate of this balance. It should be noted that increasing the
number of released males would entail additional, and potentially high,
economic costs.

The starting month for the sterile males releases is also a crucial
parameter for the SIT control method (Fig. 9). According to our results,
the best date corresponds to the end of the austral winter, when the
wild mosquito populations are at the lowest density: As there are fewer
wild competitors, sterile males have a higher probability of mating with
females (Dufourd and Dumont, 2012; Huang et al., 2017; White et al.,
2010), which may partly compensate their lower competitiveness.
However, and despite the additional cost, we have shown here that the
full benefit of these early releases requires a significant and consistent
number of sterile males from the start (Fig. D1), rather than a number of
males released proportionally to the number of wild adult females (Cai
et al., 2014; Li and Yuan, 2015). Again our model allows for accurate
forecasts under various scenarios, and can therefore help control
agencies in making informed operational decisions.

4.3. Boosted SIT could be an interesting improvement, but some parameters
need to be evaluated before implementation

The mALBORUN-BSIT model analyses showed that coating sterile
males with pyriproxyfen could potentially improve the efficiency of the
SIT control. The additional population reduction due to this "boost” is
particularly strong (up to 45% more than SIT alone) for sterile males
with intermediate competitiveness (i.e. 0.2 < ¢ < 0.5, Fig. 10C); it
cannot compensate too poor males (¢ < 0.2), and provide lower im-
provements when they are already good competitors (¢ > 0.5). Simi-
larly, boosted SIT could significantly increase the population resilience
time, up to 75 more days again for males with intermediate competi-
tiveness and for reasonable number released (Fig. 11C). This strategy
would thus be most interesting in contexts where increasing the quality
of the males released is difficult, due to the direct effects of the ster-
ilizing radiations and/or the effects of mass-rearing in production fa-
cilities. However, an estimation of the relative costs of the coating boost
or of producing more males should be considered too, and our model
provides a reliable framework for such analyzes.
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As for SIT alone, the timing of boosted SIT implementation appears
crucial: the boost effects are more visible in early austral summer
(Fig. 9). This confirms the work of Pleydell and Bouyer (2019) who
have shown that the boosted-SIT must be applied when the population
begins to increase: when the population is too low, only a small amount
of pyriproxyfen is transferred to females and therefore to breeding sites,
so that the boosting effect is lost. It should be noted that, in choosing
conservative hypotheses for our study, we did not consider direct
contamination of breeding sites by males. Yet, this contamination may
occur as some Ae. aegypti males were found in sticky ovitraps
(Ritchie et al., 2003). Direct contact of contaminated males with
breeding sites could slightly increase the effectiveness of the pyr-
iproxyfen transfer from females under these conditions (Mains et al.,
2015). However, the obvious advantage of the boosted approach is that
the starting date of releases is delayed: consequently, fewer releases are
needed for a similar effect.

Two other parameters appeared to be significant (although much
less important than the previous ones) in the success of the boosted SIT
control method: the duration of pyriproxyfen contamination of
breeding sites, confirming (Pleydell and Bouyer, 2019), and the pro-
portion of pupae surviving pyriproxyfen, both related to the dose of the
contaminants. Crucially, the relative importance of these two para-
meters actually highlights the limitations of our predictions: although
qualitatively robust, our results should be taken with caution for
quantitative predictions. For several key parameters of the model, there
is indeed little or no empirical data, mainly because the concept of
boosted SIT is recent. Several studies are currently in progress to im-
prove the coating technique. Similarly, the efficiency of the male/fe-
male and female/breeding sites contamination remains to be de-
termined experimentally, both in the laboratory and under natural
conditions. Finally, we did not consider the potential direct impacts of
pyriproxyfen on female fecundity and/or on the hatching rate, which
could modify the boosting effect: some have been described, but they
appear to vary depending on the formulation of pyriproxyfen used
(Dell Chism and Apperson, 2003; Itoh et al., 1994; Mbare et al., 2013;
Unlu et al., 2017). Again, additional experimental studies are needed to
adjust the BSIT model to more realistic conditions and provide quan-
titatively accurate predictions.

4.4. SIT and boosted SIT should be part of integrated management strategies
against Aedes albopictus

Our study clearly shows that for realistic sets of key parameters, SIT
could provide effective control of mosquito populations, and that
boosted SIT could even improve this efficiency. Compared to the clas-
sical use of chemical insecticides, boosted SIT based on pyriproxyfen
would be used in a very targeted way, at very low doses. Moreover, the
contaminated mosquitoes are expected to specifically contaminate their
small and mostly artificial breeding sites, created and maintained by
humans, which should limit any risk of environmental contamination.
However, as with any use of chemical insecticides, the autodissemina-
tion of pyriproxifen to boost the SIT can lead to the development of
mosquito resistance (Tantely et al., 2010; Vontas et al., 2012; Zaim and
Guillet, 2002). mALBORUN-BSIT model provides a solid framework for
studying the potential evolution of insecticide resistance in mosquito
populations in order to prevent its occurrence or control its spread by
optimizing the use of the boosted SIT under various scenarios
(Barbosa et al., 2018). Moreover, if the coating with the pyriproxyfen is
more advanced, other candidates have been proposed, like the use of
natural biocides such as densovirus (Carlson et al., 2006). Again, our
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model provides the appropriate framework for evaluating this method
in silico.

SIT and boosted-SIT are not the only alternative control methods
available in the literature or in the field: they are and should be con-
sidered as alternative tools in a broader set, with complementary ac-
tions. Mass trapping of adult mosquitoes, for example, have shown
promising results (Barrera et al., 2017; Degener et al., 2014). While our
study focused on sterile males release techniques, Pleydell and
Bouyer (2019) studied, for example, the effects of SIT and boosted SIT
coupled with the disposition in the environment of artificial oviposition
sites contaminated with pyriproxyfen (autodissemination station). In-
teractions between different method controls used simultaneously or
sequentially could be positive or negative (Barclay, 1987; Knipling,
1979) and should be considered to optimize mosquito population
control. Our mechanistic model that takes into account the different
stages of the mosquito life cycle provides an appropriate framework for
implementing and testing alternative mosquito control methods com-
pared to, or in combination with, SIT and boosted SIT, and would be a
valuable tool to guide vector control policies. It could also be coupled
with an epidemic model to study the impact of control methods on the
basic reproduction rate (RO) of diseases (e.g. Danbaba and Garba,
2018a; Danbaba and Garba, 2018b; Dumont and Chiroleu, 2010;
Hendron and Bonsall, 2016; Mishra et al., 2018).

5. Conclusion

The control of Ae albopictus based on sterile males release techni-
ques in La Reunion Island was modelled for the first time with a
weather-driven model validated by entomological field data. The re-
sults show that sustainable control of Ae albopictus populations is pos-
sible with SIT, but depends strongly on an equilibrium between the
relative competitiveness of the sterile males compared to wild ones and
the number of males released, as well as on the starting month of the
control. It also showed that even low migration can affect population
dynamics and should be taken into account, and that it is preferable to
carry out pulsed releases with a constant number of males released
during the control period. Our study also showed promising results for
boosted SIT: it can significantly improve the efficiency of SIT when the
sterile males released have a moderate competitiveness, and allows for
later (and shorter) control implementation. Our model provides a solid
framework for the future development of operational tools to enable
control agencies to make informed decisions, particularly for the im-
plementation of integrated management strategies to control arbovirus
transmission.
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CHAPITRE

11
Impact de la TIS/BTIS dans un contexte

de lutte intégrée en milieu tropical et tem-

péré

J’ai étudié dans le chapitre II I'impact des deux méthodes de lutte basées sur les lachers de males
stériles, la TIS et BTIS sur les populations de moustiques tigres a la Réunion. Dans ce chapitre,
j'aborde la généricité du modele de dynamique des populations ainsi que la modélisation de différentes
stratégies de luttes intégrées dans divers contextes géographiques.

En effet, la dynamique des populations d’Ae. albopictus dépend des conditions climatiques. Alors
qu’en milieu tropical, elle est continue tout au long de I’année (chapitre I1), en milieu tempéré, les oeufs
entrent en dormance lors de I'hiver et résistent & la dessiccation jusqu’au printemps. Ce mécanisme
aboutit & une dynamique différente des populations de moustiques entre les milieux tropical (ex : La
Réunion) et tempéré (ex : France métropolitaine). Aussi, I’enjeu en matiére de santé publique en France
métropolitaine est de prévenir et de circonscrire le risque de développement de foyers autochtones de
cas de dengue suite a I'importation de voyageurs virémiques au cours de la saison favorables aux
moustiques vecteurs. C’est pourquoi j’ai choisi d’étendre le modele développé au chapitre 2 a la ville
de Montpellier ou Ae. albopictus est présent depuis 2011 et ou des actions de LAV sont menées par
I'EID Méditerranée (Entente Interdépartementale pour la Démoustication). J’ai ainsi pu comparer par
la modélisation la dynamique des populations d’Ae. albopictus et 'impact de la LAV sur celle-ci dans
des climats différents.

Parmi les différentes méthodes de LAV présentées dans I'introduction (sections 2.1 et 2.2), jai
introduit au modele de dynamique de population d’Ae. albopictus les effets de la destruction méca-
nique des gites sur les populations d’Ae. albopictus ainsi que 'impact de méthodes de LAV innovantes
(techniques de piégeage massif et d’auto-dissémination). Mon choix s’est basé sur des méthodes actuel-
lement mises en place (destruction mécanique des gites) ou sujettes a des essais pilotes a la Réunion
ou Montpellier en alternatives aux adulticides.

Cette étude avait pour objectif de répondre aux questions suivantes :
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CHAPITRE III. IMPACT DE LA TIS/BTIS DANS UN CONTEXTE DE LUTTE
INTEGREE EN MILIEU TROPICAL ET TEMPERE

®  Quel est 'apport de la TIS et BTIS dans des stratégies de lutte intégrée ?

®  Quelles sont les méthodes de LAV qui pourraient agir en synergie avec la TIS et BTIS? Ou a
I'inverse celles qui auraient des effets antagonistes, ou qui seraient redondantes lorsqu’elles sont
couplées a la TIS et BTIS?

®  Quelles sont les stratégies de lutte les plus adaptées aux milieux tropical et tempéré ?

Article 2 : What is(are) the most effective method(s) to control the tiger mosquito ?
Comparing sterile male releases and other methods in temperate and tropical cli-
mates

Cette étude a fait 'objet d’un article co-écrit avec une stagiaire de Master 2 que j’ai encadrée (Léa

Douchet). Celui-ci a été soumis au journal "Scientific report" :

Douchet, L., Haramboure, M., Baldet, T., ’Ambert, G., Damiens, D., Gouagna, L. C., Bouyer,
J., Labbé, P., Tran, A. (2020). What is(are) the most effective method(s) to control the tiger
mosquito ? Comparing sterile male releases and other methods in temperate and tropical climates.

Soumis dans Scientific Report.

Les annexes de l'article sont en annexe du manuscrit (Annexe 4).
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ABSTRACT

Background: The expansion of mosquito species worldwide is creating a powerful network for the spread of arboviruses. In
addition to the destruction of breeding sites (prevention) and mass trapping, methods based on the sterile insect technique
(SIT), the autodissemination of pyriproxyfen (ADT), and a fusion of elements from both of these known as boosted SIT (BSIT),
are being developed to meet the urgent need for effective vector control. However, the comparative potential of these methods
has yet to be explored in different environments. This is needed to propose and integrate informed guidelines into sustainable
mosquito management plans.

Methods: We extended a weather-dependent model of Aedes albopictus population dynamics to assess the effectiveness of
these different vector control methods, alone or in combination, in a tropical (Reunion island, southwest Indian Ocean) and a
temperate (Montpellier area, southern France) climate.

Results: Our results confirm the potential of SIT in temperate climates when performed early in the year (mid-March). In such
a climate, the timing of the vector control action was the key factor in its success. In tropical climates, the potential of the
combination of methods becomes interesting. BSIT and the combination of ADT with SIT were twice as effective compared to
the use of SIT alone.

Keywords: vector control, mass trapping, breeding site reduction, SIT, boosted SIT, autodissemination, Aedes albopictus,
dengue, modelling

1 Introduction

Native to Asia!, the tiger mosquito Aedes albopictus (Skuse, 1894) has colonized America, Africa and Europe along with the
intensification of globalization?. Its great ecological plasticity, due to specific traits such as its ability to colonize a wide
range of larval sites and to feed on a wide variety of hosts, its diapause capacity, and the tolerance of its eggs to desiccation>©,
has enabled this spectacular worldwide migration. The species has become established on every continent, from tropical to
temperate regions’. A vector of dengue, Chikungunya and Zika viruses, Ae. albopictus represents a major threat to human
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health®!'! and has been involved in numerous epidemics due to these viruses in tropical areas'>~!3. Although these viruses are
not yet established in Europe, their frequent introduction by infected travellers (e.g., Chikungunya in Italy, 2007'® and 2017'7)
increases the risk of outbreaks in regions where Ae. albopictus is abundant'”~20. As there are no effective vaccines against these
vector-borne diseases?!"22, vector control remains the cornerstone of disease prevention.

Insecticide spraying and the mechanical destruction of potential breeding sites constitute the classic solutions to control
outbreaks??. However, the behaviour of Ae. albopictus, which breeds in multiple cryptic and dispersed sites (tires, beverage
cans, plastic items, etc...), hampers the effectiveness of these methods?*. They therefore need to be supplemented to achieve
sustainable control®.

Mass trapping and the autodissemination technique (ADT) are alternative control methods that are based on the behaviour
of female mosquitoes>2®. Mass trapping consists of capturing females with artificial ovipositing sites (or ovitraps)>’> or
traps that mimic the presence of a blood-feeding source (Biogents Sentinel, BGS)3%3!; the traps also capture males in search
of a mate*>33. To overcome the difficulties of conventional insecticide-based methods to reach cryptic habitats, ADT uses
the ovipositing behaviour of females to deliver the lethal agent: female mosquitoes are attracted to artificial breeding sites
(stations) impregnated with a biocide, which they then transfer to natural breeding sites>*. Both methods have shown promising
reductions in mosquito populations>>~37, but their efficiency relies heavily on the attractiveness and the density of traps and
ADT stations?0-37:38,

Another alternative for the control of Aedes populations is the sterile insect technique (SIT), which relies on the mass-release
of males sterilized by ionizing radiation>>. As females generally mate only once at the beginning of their lives, those that mate
with sterilized males produce non-viable eggs, causing the target population to decline®>3%4°. Significant reductions have been
achieved in Italy*! and in China*>. However, since the processes involved in producing large numbers of sterile males (mass
rearing, handling and irradiation) may reduce their sexual performance*3, the number of sterile males must be much higher than
that of wild males for SIT to be effective, constituting a significant hindrance for large-scale application®”40-4446 - A modified
version of SIT known as boosted SIT (BSIT), which combines elements of SIT and ADT, has recently been proposed*’-43.
Released sterile males are coated with pyriproxyfen (PP), a biocide that inhibits the emergence of pupae*®>°. PP can be
transferred during mating to females which then, in turn, contaminate their breeding sites. However, BSIT remains in the
experimental phase for the time being.

Due to the diversity of approaches, target species ecological contexts and logistical constraints, it is difficult to directly
assess in the field the effect of each of these different techniques used alone, and even more so in combination. In such situations,
mathematical models are useful tools that can provide insight into the ecological response to different mosquito population
management strategies, and can help plan field trials (eg>'~®). Several models have been developed to predict and understand
the potential effects of SIT on mosquito populations®®>°-%°_ and two recent studies have assessed the potential impact of BSIT.
Pleydell et al. compared BSIT, SIT, and ADT in a constant environment’’, while Haramboure ef al. compared BSIT and SIT in
realistic tropical ecological settings using a weather-driven mosquito population dynamics model’!. Both studies concluded
that BSIT would require fewer released sterile males, or could tolerate irradiated males with lower competitiveness, compared
to SIT. However, to our knowledge, neither study used such models to compare all of the different control methods available,
including conventional insecticide-based methods and their combinations.

The objective of the present study was therefore to take advantage of the weather-driven abundance model developed
by Haramboure et al.”' to combine and compare different control methods against Ae. albopictus in realistic tropical and
temperate climates. We extended this model, originally developed for a tropical area (Reunion Island, Indian Ocean), to the
specificities (e.g., winter diapause) of a temperate area, Montpellier (France), where Ae. albopictus has been established since
201072, It should be noted that cases of Chikungunya transmitted locally by Ae. albopictus occurred in this city in 201473,
After controlling the model accuracy on entomological data from an Ae. albopictus population without vector control, we
performed a global sensitivity analysis to identify the key parameters affecting the impact of SIT and BSIT in temperate versus
tropical climates. We also integrated the effect of prevention (i.e., mechanical destruction of potential breeding sites), mass
trapping (ovitraps or BGS-traps) and ADT stations on Ae. albopictus populations. Simulations were used to assess the effects
of these different control methods, independently or in synergy with SIT and BSIT. This model thus provides a comprehensive
evaluation of current vector control methods against the tiger mosquito, and can help control agencies plan their mosquito
management strategies in different environments.

2 Results

Sterile male releases are the most efficient control methods

The weather-driven abundance model developed by Haramboure ef al.”! in the context of the tropical climate of Reunion Island

(Indian Ocean), and which already implements SIT and BSIT, was modified to i) adapt it to a temperate climate by taking into
account the winter season in Europe, with a diapause phase, and by modifying the values of the parameters to those observed in
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a temperate climate’#, and ii) implement other vector control methods (Figure 1): a) prevention, through the destruction of
breeding sites (triangles), b) ovitraps (hollow circles) which capture only females, c) BGS-traps (full circles) which capture all
adults, and d) ADT (diamonds) which contaminate the breeding sites (for more details see Methods). We then assessed the
effects of the different control methods and their combinations by measuring the induced reduction rate, i.e., the maximum
reduction of fertilized females compared to an untreated population, and the resilience, i.e., the time required for the population
to recover similar dynamics to that of the untreated one.

; 1 *  General :
—\ : _~"_ Diapause (z)
E <_/ / L P _P » M Relevant parameters

I

o1 tropical 3 b

b i . STand BSIT:
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Figure 1. Simplified diagram of the model. The Aedes albopictus life cycle is computed in 7 stages: 3 are aquatic stages
present in the breeding sites, eggs (E), larvae (L) and pupae (P), 4 are adult aerial stages, males (M), emerging females (F,,),
nulliparous females (F,) and parous females (F),). Black arrows indicate transitions between stages. Diapause only occurs in
the temperate climate and depends on the z parameter. Changes resulting from SIT and BSIT are indicated by grey lines and
boxes representing sterile males, whether PP-coated (M) or not (M), sterile females (F;) and contaminated breeding sites (B,).
The key parameters, in particular those affected by vector control actions, are: k;, and kp respectively the larval and pupae
carrying capacities, ¥,. the duration of the gonotrophic cycle, @ the relative competitiveness of sterile males, uy,, and tyy, the
mortality of sterile males, respectively PP-coated or not, v the breeding site PP decontamination rate, and ¢ the probability for
PP-exposed larvae to survive and pupate. Additional vector control actions were added to the model (orange): mass trapping
(full circles for BGS-traps and hollow circles for ovitraps) according to the probability of capture (respectively

CF,,.8Gs: €Cm,;,BGs and Cr, o,), prevention (triangles) by reduction of breeding sites (rp.y), and PP autodissemination
(diamonds for ADT) which depends on females contamination (Cr,, $).

Of all the vector control actions tested alone, SIT and BSIT were by far the most effective when used at an optimal time
(Figure 2). In the temperate climate (Figure 2, A), SIT provided effective control of the mosquito population with a reduction
rate close to 1 and a resilience of up to 3 years when used early in the year (around March). The PP-boost delivered by BSIT
provided no additional benefit, except when control started later in the year. The efficacy of both methods was strongly reduced
in the tropical climate, although BSIT proved to be more effective than SIT, with a reduction rate of 0.77 vs 0.41, respectively;
resilience was also doubled with the use of BSIT compared to SIT (Figure 2, B).

The other vector control methods, i.e., prevention, ovitraps, BGS-traps and ADT, showed very low resilience compared to
SIT and BSIT (less than one year in both climates). In the temperate climate, the reduction rate provided by these methods
was also much lower than SIT (< 0.35). In the tropical climate, a high reduction rate (0.69), 1.7 times higher than that of SIT,
potentially could be achieved by using ADT.

Finally, for both climates, the efficiency of prevention was directly correlated to the effort put into the method, represented
by the rate of breeding sites destroyed (Figure 3 and Figure 4). In contrast, the reduction rate obtained using ADT, ovitraps and
BGS-traps reached a plateau after which increasing the effort, i.e., adding devices, did not improve the effect. As shown in
Figures 3 and 4, the optimal number of devices were 1 ovitrap for 4 houses in a temperate climate and 1 per house in a tropical
climate, and more than 2 BGS-traps per house or 1 ADT station for 4 houses in both climates.
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Figure 2. Reduction rate and resilience of vector control actions against Aedes albopictus in (A) a temperate climate and (B) a
tropical climate. Three periods of actions were tested: early in the year (Early) when the mosquito population is low, midway in
the year (Mid) when the population is increasing, and later in the year (Late) when the population reaches its maximum.
Resilience is given in number of days. Red diamonds indicate the results of simulations for SIT and BSIT with a reference
number of released males (1,000 males/ha).

While other control methods are more efficient in large mosquito populations, sterile male releases should
start early in the season

As indicated above, SIT was generally more efficient (higher reduction rates and greater resilience) when it began early in the
year (Figure 2), when mosquito abundance is low (supporting results in Appendix A). For subsequent releases, the reduction
rate is reduced by a maximum of 10-fold in the temperate climate and by a maximum of 2-fold in the tropical climate (Figure
2). While the effect of BSIT was similar in the temperate climate, the optimal release period for BSIT was later in the tropical
climate, when the population starts to increase (Mid), favouring PP transfer between males and females; however, the longest
resilience for BSIT was obtained when mosquito abundance was low, i.e., early in the year.

Surprisingly, SIT can cause a temporary increase in the female population when performed during peak abundance in
a temperate climate (see Appendix B). This increase is specific to releases of less than 1,100 males per hectare and is not
observed in the tropical climate (Figure 2 and Figure 3), where the population is more stable throughout the year and does not
show such a high growth rate (Figure 4). This undesirable effect on the population is probably due to a reduction in larval
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competition, since it disappears when the density-dependent terms of the model are removed (see Appendix B).

The efficiency of the other vector control actions also depends on their timing (Figure 2). Breeding site destruction and
traps/stations were more effective for intermediate to large populations in both climates (reduction rate, Figure 2). The longest
resilience was also observed for actions performed later in the year (about five months in the temperate climate), although
resilience was much lower (about three weeks) in the tropical climate (resilience, Figure 2).

Vector control actions can be advantageously combined
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Figure 3. Reduction rate and resilience in the temperate climate for an increasing effort in vector control actions against
Aedes albopictus. Vector control actions (ovitraps, BGS-traps, ADT and prevention) are represented by grey bars. The benefits
added by combining them with 1) SIT (releases of 1,000 males/ha) and 2) BSIT (releases of 1,000 males/ha) are represented by
pink and blue bars, respectively. The effort devoted to each control action is indicated, either as a rate of breeding sites
destroyed for prevention, or as the number of traps/stations per house for ovitraps, BGS-traps and ADT. Three control periods
were tested: early in the year (Early) when the mosquito population is low, midway in the year (Mid) when the population is
increasing, and later in the year (Late) when the population reaches its maximum. The red dashed line indicates the number of
ovitraps, BGS-traps and ADT stations required to reach the plateau of maximum effect for the action performed alone. The
black arrows show the very specific case of the negative reduction rate alone caused by late releases of SIT without any other
vector control action.

By combining SIT or BSIT (releases of 1,000 males/ha, see Methods) with other vector control methods, the observed
responses were different and depended on the climate (Figures 3 and 4).

In the temperate climate, the combination of SIT with any other vector control action did not improve the reduction rate
produced by SIT alone in the optimal period (i.e., early treatment; Figure 3), although resilience could be extended (4123
days) with the use of traps (BGS-traps, ovitraps) at low density. When the mosquito population was high (late releases), BSIT
with prevention or traps (ovitraps, BGS-traps) appeared to be the best combinations: the reduction rate could be increased by
26% with the destruction of 50% of the breeding sites, or with the use of ovitraps (any effort). BSIT and ADT are redundant
for breeding site contamination, so that their combination appeared unnecessary. Finally, combining actions prevented the
population increase due to the late use of SIT (see above).

In the tropical climate, BSIT was more efficient than SIT alone (Figure 4). The combination of BSIT with prevention or
ovitraps could slightly increase the reduction rate (up to 14% with the destruction of 50% of the breeding sites and up to 7%
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for 1 ovitrap per house), but BGS-traps did not improve it, and the combination of BSIT and ADT was again of no interest.
However, combining BSIT with prevention, ovitraps or BGS-traps early in the season could greatly improve resilience (+270
days) without a significant decrease in the reduction rate. Moreover, this increase in resilience was observed for a small effort
on vector control actions: 10% of prevention (i.e., destruction of 10% of the breeding sites), 1 ovitrap, BGS-trap or ADT station
for 4 houses. Finally, and interestingly, simulations showed that the combination of SIT with ADT stations produced a higher
reduction rate (0.79 £ 0.003) than BSIT used alone (0.71) or in combination (0.76 +0.01), with an effort of 1 station per 2
houses (Figure 4).
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Figure 4. Reduction rate and resilience in the tropical climate for an increasing effort in vector control actions against Aedes
albopictus. Vector control actions (ovitraps, BGS-traps, ADT and prevention) are represented by grey bars. The benefits added
by combining them with 1) SIT (releases of 1,100 males/ha) and 2) BSIT (releases of 1,100 males/ha) are represented by pink
and blue bars, respectively. The effort devoted to each control action is indicated, either as a rate of breeding sites destroyed for
prevention, or as the number of traps/stations per house for ovitraps, BGS-traps and ADT. Three control periods were tested:
early in the year (Early) when the mosquito population is low, midway in the year (Mid) when the population is increasing, or
later in the year (Late) when the population reaches its maximum. The red dashed lines indicate the number of ovitraps,
BGS-traps or ADT stations required to reach the plateau of maximum effect for the action performed alone.

3 Discussion

Vector control measures are most effective and sustainable when they are fully integrated into a broader mosquito management
approach’®. Integrated mosquito management is not simply a matter of adding together different methods because while some
may act synergistically, others may have antagonist effects, or may simply be redundant, wasting money and effort’>. Moreover,
the environment is a critical factor to consider when optimizing mosquito control methods®’. Our weather-driven mechanistic
model, validated on entomological data in a temperate (Appendix C) and a tropical environment’!, thus provides the first
estimates of the combined effect of different control methods against the tiger mosquito. The model is based on the release of
sterile males (SIT or BSIT) and preventive mechanical destruction of breeding sites, mass trapping (ovitraps or BGS-traps) and
autodissemination of biocides (ADT) under different environmental conditions.
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Mechanical control methods have similar effects against Aedes albopictus in temperate and tropical envi-
ronments

According to the simulations, mass trapping (using ovitraps or BGS-traps) and prevention are the least effective control methods
against Ae. albopictus populations, with broadly similar magnitudes in tropical and temperate environments. However, mass
trapping and prevention are more efficient in a temperate environment when the population size is high, around mid-summer
(i.e., July-August). This is probably due to the fact that adult mosquito densities are reduced to zero during winter (whereas
there are always adults in tropical environments); early in the season, the density of the adult population therefore is too low to
capture a significant amount of females (Figure 2). A field study nevertheless suggests that mass trapping methods show a
significant population reduction only after a prior reduction in mosquito populations’®. However, no matter when the starting
date falls, a critical element in the control of mosquito populations with traps is the involvement of local communities’®. This is
even more important for prevention, because vector control can be constrained when private gardens are difficult to access,

hindering the exhaustive treatment of areas’’.

SIT is the most effective method to control Aedes albopictus in a temperate climate
In a temperate climate, SIT is much more effective at the beginning of the season, i.e., just after the end of the diapause of
Ae. albopictus eggs at the close of winter (Figure 5). As sterile males must compete with their wild competitors, starting the
releases when the population is at its lowest increases their probability of mating with a female for a given release rate®®67-78,
However, even later in the season, but before the peak of abundance, the potential efficiency of SIT far exceeds that of other
traditional vector control methods, so coupling vector control methods with SIT seems unnecessary in temperate environments
when the releases start early enough (Figures 2 and 3). The seasonal reduction in density due to climatic conditions therefore
suggests that a large investment in SIT would be more effective than investing in a combination of control methods’®.
Counter intuitively, however, and as shown in other studies®”-3%-81 the application of SIT during peak abundance could
increase population sizes at the start of the control effort by reducing larval competition (Appendix B). In this worst-case
scenario, the integration of another control method with SIT could then be a back-up solution; any method that reduces the
mosquito population prior to the application of SIT would indeed increase the effectiveness of SIT*+7.

SIT must be supported with other control methods against Aedes albopictus in a tropical environment

In contrast with temperate climate conditions, where only diapausing eggs survive the winter, a tropical climate offers favourable
temperatures throughout the year and facilitates the continuous dynamics of all stages of Ae. albopictus populations’!. The
seasonal reduction in mosquito density is therefore too limited to allow effective population control by SIT alone (Figure 2). In
this context, boosting SIT with pyriproxyfen (BSIT) and the combination of SIT with ADT have been shown to be the two
most effective combined control methods. The action of pyriproxyfen lasts longer in tropical climates due to the continuous
dynamics and more abundant populations of Ae. albopictus throughout the year. Moreover, the transmission mechanisms of
pyriproxyfen and the skip-oviposition behaviour of females for both methods are more effective with slightly larger mosquito
populations (i.e., mid release period, Figure 4), leading to more effective control’7!-32, They therefore also make it possible to
delay when control actions are implemented.

Coupling BSIT with prevention or ovitraps does not significantly increase the rate of reduction, but it does double the
resilience of control if implemented at an early stage. BGS-traps do not appear to have a significant effect on control, probably
because they also capture sterile males, but they also do not interfere with the effectiveness of SIT or BSIT (Figure 4).

Finally, the best combination in tropical environments seems to be SIT + ADT, with the highest reduction rates and the
longest resilience time obtained from only 1 station every 4 houses, with the increased effort reaching a plateau of efficiency
(Figure 4). However, this plateau is likely to depend on variables such as the density of local populations of Ae. albopictus or
the type of housing in the intervention area.

Further developments: towards an integrated operational tool

The weather-driven model presented in this study accurately describes the population dynamics of Ae. albopictus in different
environments. However, the parameters used were chosen from bibliographical and experimental knowledge, and several
parameters and processes, in particular for BSIT, remain unquantified. For those cases, we chose conservative assumptions. For
example, we neglected the potential direct transmission of pyriproxyfen from males to breeding sites®®, as the number of males
caught in ovitraps is low compared to females®*. Such conservative assumptions could lead to an underestimation of the BSIT
effect. However, the model could be easily adjusted if more precise measurements are published in the future.

Another potential limitation is that populations are modelled independently, effectively as isolated populations. As the
dimensions of the parcels in Montpellier and Reunion Island (more than 5 and 4 ha respectively) are larger than the active
flight distance of Ae. albopictus (less than 100 m®-39), it seems reasonable to neglect the dispersion of mosquitoes (arrival or
departure of individuals). However, a recent pilot trial of transgenic male releases in Brazil showed that it is very difficult to
eliminate non-isolated mosquito populations®’. Indeed, due to their high fertility, a few Ae. albopictus females could have a
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significant impact when population numbers are low, which could significantly reduce the expected resilience’!. The integration
of limited adult migration would therefore be a crucial development to provide more robust predictions.

Despite these limitations, our model can nevertheless be easily used as an operational tool for decision-making, allowing
the in silico experimentation of various vector control strategies. By computing the life cycle of Ae. albopictus in detail, the
modelling framework developed is flexible in design, so that any control protocol or integrated strategy, including the sequential
implementation of different methods, can be tested easily. A previous version (without any control action implemented) is in
fact already routinely used by the services in charge of vector control on Reunion Island to predict Ae. albopictus densities over
the entire island and identify priority intervention sites®®. The current version of the model allows early planning, so that vector
control stakeholders can test their own control scenarios. This model could easily be set up to run in an area where Ae. aegypti
is the main vector since the latter shares similar traits with Ae. albopictus.

Our model also could be used to test additional vector control strategies. Indeed, in this study, we focused on innovative
control methods which are currently in the testing phase on Reunion Island and/or in Montpellier, but other control methods
exist>3%. These methods include the Incompatible Insect Technique (IIT) and the Release of Insects carrying a Dominant
Lethal (RIDL), which are strategies based on the release of modified males inducing a reduction in the descendants*’. For
example, a combination of SIT + IIT made it possible to suppress Ae. albopictus populations from an island in China*?.
Likewise, we focused on the autodissemination of pyriproxyfen, but other biocides could be considered such as densoviruses™.
The advantage of our mechanistic model is that it details the life cycle of Ae. albopictus and thus it is possible to introduce the
effects of many strategies.

Furthermore, this model could help public health services as its structure allows it to be coupled with an epidemiological
model. Such a combined model would allow one to study not only the impact of vector control methods®®%%:91-3 but also
the effect of vaccination® or patient isolation®® on the basic reproduction rate (Rp) of vector-borne diseases, in particular for
dengue. The ensuing dengue propagation modelled could then be compared to observed field data®®°’. Finally, thanks to its
relatively simple visual displays and its versatility, our model could be used to increase community awareness and involvement.
By implementing different actions and visually comparing their impacts, it could help in mobilizing the public, which could
have a significant impact on the control of mosquito populations®®°?. For example, it could help to increase the use of traps
and limit the number of human breeding sites’®, which would contribute to better management and long-term sustainability of
mosquito populations!'0: 101,

4 Methods

Modelling the effects of SIT and BSIT

To model the effects of SIT and BSIT on Ae. albopictus populations in a temperate climate, we adapted the model developed for
Reunion, a French island with a tropical climate’'. It is a stage-structured continuous model of differential equations composed
of 11 compartments (Figure 1; the complete model is given in Appendix D) :

i) Seven compartments describe the mosquito’s life cycle: eggs (E), larvae (L), pupae (P), emerging females (F,;,),
nulliparous females (F;,), parous females (F,,) and males (M). The only difference between the tropical and the temperate
climate (apart from the parameters values) is that the z parameter has been added in the latter to take into account the winter
season. This allows the inclusion of a diapause period during which the transition from eggs to larvae is stopped, similar to the
model proposed by Tran et al.”* (supplementary information is in Appendix D).

ii) The last four compartments model SIT and BSIT control methods: released males, either sterile-only in the case of SIT
(M), or sterile and pyriproxyfen-coated (PP-coated) in the case of BSIT (M. ), sterile females (F;) and contaminated breeding
sites B, (Figure 1). Vector control begins at Ty, and ends after T days. During this period, Ax sterile males, with X = My, or
M respectively PP-coated or not, are released every A; days (pulsed releases). They die at a rate of iy, (or ty,, for PP-coated
males). The probability that these sterile males, PP-coated or not, mate with emerging females (F,,,) depends on their relative
competitiveness @ and abundance (M. and M respectively) compared to wild males (M), and determines the proportion of F,,
females that become sterile females (F;). Moreover, for BSIT specifically:

1. PP-coated sterile males (M) transfer some PP to all females they mate with, until their coating disappears after kr
matings, at which time they become M, males;

2. PP-contaminated females disseminate the contaminant (PP) in kp, breeding sites while laying eggs at each gonotrophic
cycle (Yee);

3. in these xp. PP-contaminated breeding sites, the larvae have a probability ¢ to survive and pupate, which affects the total
pupae emergence rate;

4. PP degrades in these breeding sites, which therefore decontaminate at a rate v.
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Environmental conditions have an impact on the population dynamics of Ae. albopictus in different parts of the model:
i) temperature has an impact on the development time of aquatic stages and the mortality of larvae (L), pupae (P) and adult
females (Fg, Fy, F)), ii) rainfall affects the number of available breeding sites and their carrying capacities (k;, kp), and
iii) heavy rainfall has an impact on the mortality rates of aquatic stages by washing out breeding habitats. Larval and pupal
competition was modelled by density-dependent functions’#. The study area is divided into independents parcels that take into
account the spatial heterogeneity of the distribution of breeding sites.

Parameter estimates were based both on expert knowledge and the literature. Parameters values for SIT and BSIT are
presented in Table 1; the values of the model life cycle parameters in temperate conditions are presented in Appendix E; see’!
for the life cycle parameters values in tropical conditions. The modelled population dynamics for temperate conditions without
any vector control actions have been validated on entomological data (Appendix C).

Modelling the effects of the other control methods

We then extended the model to simulate the effect of several alternative control methods, based on mechanical prevention,
ovitraps, adult traps and larvicide autodissemination stations (ADT). For these methods, we assumed that they were applied for
a specific period of time at a constant intensity and uniformly throughout the area. After this period, the system returned to its
initial state. They were computed independently or in combination with SIT or BSIT (the complete model is given in Appendix
D). Parameter estimations were based on both expert knowledge and the literature (Table 1)

Table 1. Parameters values of vector control methods

Parameter  Definition Value Range Reference
Tsrart Releases starting time - 1 Jan.- 31 Dec.  current work
T Release period length (days) 126 [30—180] 41
A Time between two releases (days) 7 [5—10] 4
Am; . Am,,  Number of sterile males released 1000 [600 — 6000] 4
® Sterile male competitiveness 0.23 [0.01-0.9] 102,103
Hwm,» Uy, Sterile male mortality 0.086  [0.065—0.18] 70
KF Number of contaminating matings 1 [1-38] current work
KBe Number of contaminating ovipositions 1 [1-8] current work
\% Duration of larval sites contamination (day~') 1/33 [1/100—-1/5] 70
] Proportion of larvae surviving PP exposure 0.3 [0.02-0.5] 70,83
prev Rate of breeding sites destruction - [0-0.5] current work
St ADT stations density (/house) - [0-2] 104,105
Or Ovitraps density (/house) - 0—2] 76
BGS BGS-traps density (/house) - [0—2] 31,106
O Trap or station attraction for gravid females 6.984 - 107
Oy BGS-trap attraction for host -seeking females 0.52 - 108
o, BGS-trap attraction for males 0.24 - 108
€ Proportion of males landing on feeding sources  0.0244 - 108

Prevention

Prevention, i.e., the mechanical destruction of potential breeding sites, was mathematically implemented in the form of a
reduction of the number of available breeding sites, expressed as a percentage of the initial values (B, (1 — Tprev)), and thus of
the carrying capacities (ky(1 — rprev) With x € {L, P}) for larvae and pupae, respectively.

BGS-traps

Commonly used BGS-traps capture both females (F},) and males (M,;;). Mass trapping control was implemented in the form of
an additional mortality rate due to capture, ¢, pgs, With x € {Fj,s; M,y }. We assumed that any adult mosquito entering the trap
would die:

1. Females (Fj,) are caught when seeking a host, i.e., parous or nulliparous females; their capture rate was thus Y,cCrpns BGs
per day. The probability of capture of females (crps pGs) Was estimated by the relative availability of traps, weighted by
their attractiveness for females (o, ), compared to other blood-feeding sources, i.e., the number of humans living in the
area Ny, (Eq. 1).

2. Males, wild or sterile (M,;; = M + M+ M), are captured while searching for a mate; their daily capture rate depends
on the probability that a male will land on the female’s blood-feeding source (€) and that this feeding source is in fact
a trap (cum,,,BGs), and is therefore expressed by €cy,, Bgs. We conservatively neglected the fact that males could also
be trapped when flying near the trap. The probability of males being caught was therefore estimated by the relative
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availability of traps, weighted by their attractiveness to males (04, ), compared to the number of females on other
potential blood-feeding sources, again N;,; (Eq. 1).

o, BGS

- ith c{F,:M, 1
aBGS+ Ny with  x € {Fjs; Muy } (D

Cx,BGS =

Ovitraps

Gravid females are attracted to ovitraps when they are looking for an ovipositing site. We assumed that only females were
caught by the ovitraps (no males) and that any female entering the trap would die with her offspring. This was implemented by
adding a specific mortality parameter (cr, o), equal to the probability of being caught, for nulliparous (£,) and parous (¥p)
females. The probability of females being captured by ovitraps is therefore the ovitraps density (Or) weighted by the relative
attractiveness of ovitraps (0tF,,0,) among all the available breeding sites, i.e., breeding sites (B;,) or ovitraps (Eq. 2).

Olpg Or

— kS 2
“Fe.Or Bior + ap, Or @

As a female can be captured only once per gonotrophic cycle, the ovitrap capture rate is thus Yeccr,,0; -

Autodissemination (ADT)
Similarly, gravid females may be attracted to ADT stations when looking for an ovipositing site. The main difference is that
females entering ADT stations do not die, instead they are coated with PP and contaminate the breeding sites which they visit
later. Contamination of gravid females (c, s;) was described by their probability of entering ADT stations instead of a breeding
site: we used the same approach as for ovitraps (Eq. 2), replacing the density of ovitraps Or by the density of ADT stations St.
We assumed similar attractiveness for ovitraps and ADT stations, and again that no males were caught.

We modelled the contamination of the breeding sites visited later as for BSIT (see above): at each gonotrophic cycle
(Ygc), contaminated females (ch s (F + F, + F 1)) laying in an uncontaminated laying site (in proportion B"”, ’BC) transfer
part of their PP-coating to it (x.). The number of newly-contaminated breeding sites thanks to ADT stations is therefore

cry 57 (Fa+ Fp + Fy) Kpe Yo (B o

I‘[)X‘

Initial conditions and simulations
The model was implemented in R (http://www.rproject.org/). The numerical solutions were estimated using the
implicit Runge—Kutta method from the DeSolve package.

At o, the population in each parcel consisted of 10° eggs (stage E).

To assess the effect of vector control actions in a tropical climate, simulations using tropical parameter values were
performed on four parcels from the North, South, East and West of Reunion Island. Each parcel was associated with the nearest
meteorological station to drive the population dynamics. Due to inter-annual weather variations, we worked with the average
daily temperature and rainfall recorded from 2012 to 2016 on the island.

The model was also used to identify key parameters affecting the efficiency of SIT and BSIT in a temperate climate
(Appendix F), and to assess the effect of vector control actions in a temperate climate. Five years of weather records (2014-
2018), daily temperatures and rainfalls, provided by the French meteorological organization, Météo France, were used as inputs.
The model was run for i) parcels corresponding to five residential areas for which entomological data were available to validate
the model (Appendix C), and ii) four parcels with the same characteristics (size and carrying capacities) as the parcels on
Reunion Island to compare the results in temperate and tropical climates.

Numerical analysis of vector control efficiency
Model outputs
We focused our analyses on two outputs from the model of Haramboure ez al.”':

* the reduction rate was computed by dividing the abundance of fertilized females during the vector control period by the
abundance they would reach at the same time in an untreated population, minus 1 (reduction);

* the resilience, i.e., the number of days after the end of the control required for the population abundance to reach a
similar level (less than 10% difference) to that of a population without vector control. Resilience was computed on eggs
and adult females.
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Effectiveness of vector control methods

The effects of ovitraps, ADT stations, BGS-traps and mechanical prevention have been assessed in different scenarios, alone
and in combination with either SIT or BSIT. In combination, it was assumed that the two vector control methods were applied
simultaneously, during the same time period. To provide realistic scenarios*! and to reveal potential interactions between the
methods, the number of males released in SIT and BSIT was set at 1,000 males per hectare. The resilience and reduction rate
were compared to determine whether SIT conferred a net benefit over the other control method alone, and whether BSIT could
increase this benefit. The outputs of these two models were computed for different levels of effort in prevention (rey), and for
different densities of trapping devices (BGS, Or) or ADT stations (S7) (Table 1).

Finally, three periods of vector control were defined according to the abundance of mosquitoes: i) the end of the winter,
when the population is lowest; ii) the beginning of the summer, when the population begins to increase; and iii) the end of the
summer, when the population has reached its peak (Table 2). They were tested in independent scenarios, respectively named
"Early release", "Mid release" and "Late release". The date of releases for the "Early release" scenario was defined based on the
basis of the best release date for SIT and BSIT, computed by an optimization process (see Appendix A).

Table 2. Typical starting date for vector control defined when the mosquito population a) is at its lowest (Early release), b)
begins to increase (Mid release) and c) has reached its maximum (Late release).

Tropical climate Temperate climate
North East South West All
a)Early || 6 Aug 5Aug 4Sep 23Oct 24 Mar
b)Mid || 8 Dec 1Nov 9Dec 24 Dec 20 May
c)Late || 21Jan 29Jan 13 Feb 5Feb 17 Jun

Given the wide climatic variations within Reunion Island, the three vector control periods were specific to each zone, North,
East, West and South in tropical climates, whereas in temperate climate, a single configuration for each period was applied on
all parcels (Tab. 2).
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CHAPITRE

IV

Modélisation de I'épidémie de dengue de

2018 a La Réunion

Les chapitres [I et I1] mettent en évidence 'impact de la LAV basée sur des techniques alternatives
aux adulticides. Ces études se sont focalisées sur le développement d’un modele de dynamique des
populations d’Ae. albopictus a la Réunion. Or, I'objectif initial de ces méthodes de LAV est de prévenir
I’émergence de nouvelles épidémies (chapitre I section 2.1).

Dans ce chapitre, ’objectif principal était donc de modéliser I’épidémie de dengue a La Réunion.
Pour cela, le modele de dynamique des population de moustiques a été couplé & un modele de transmis-
sion de la dengue. J’ai choisi de modéliser la transmission du virus dengue a une échelle plus large que
le modele de dynamique des populations, en lien avec les données que j’avais pour construire et valider
le modele. En effet, le modele épidémiologique a été développé a ’échelle de zones infra-communales
assez larges définies par 'INSEE (appelées "IRIS" dans I'article V), alors que le modele de dynamique
des populations avait été développé a une échelle plus fine, celle des zones ALIZES (chapitre 11).

Un second objectif fut d’identifier par une approche statistique les facteurs explicatifs des diffé-
rences entre les prédictions du modeéle et le nombre de cas confirmés de dengue. En effet, le modele de
transmission ne s’ajustait pas aux données sur ’ensemble des zones IRIS de 'ile. En définitive, I’étude
met en évidence 'impact des actions de LAV menées par ’ARS sur I’épidémie de dengue en 2018.

L’étude présentée dans ce chapitre est une étude préliminaire. Des analyses supplémentaires doivent
étre réalisées. En particulier, une analyse de sensibilité devrait étre réalisée pour identifier les para-
metres qui influencent le plus la transmission de la dengue et pour lesquels il est important d’avoir
une estimation précise. A terme, l'objectif sera de modéliser I'impact des différentes méthodes de LAV

sur la transmission de la dengue a la Réunion.
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CHAPITRE IV. MODELISATION DE LA DYNAMIQUE DE TRANSMISSION DE LA
DENGUE A LA REUNION

Article 3 : Modelling the dengue outbreak from La Réunion Island in 2018

Cette partie fait 'objet d’un article en cours de rédaction. Comme explicité dans le paragraphe
précédent, des simulations supplémentaires doivent étre réalisées afin de rendre cet article publiable.

Les annexes de article sont en annexe du manuscrit (Annexe 5).
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ABSTRACT

Dengue is the most prevalent arboviral infection transmitted by mosquitoes of the genus Aedes. Mosquito populations are
driven by temperature and precipitation which gives them a seasonal dynamic. Understanding how environmental conditions
affect epidemic dynamics is critical to understand the dengue transmission. Here, we developed a virus transmission model
applied at La Reunion Island where an unprecedented dengue outbreak occur since 2018. A weather-dependent model of
Aedes albopictus was coupled with a Susceptible-Exposed—Infected—Recovered (SEIR) compartmental model. The model
of Aedes albopictus was spatialized at the scale of operational mosquitoes control sectors while the epidemiological model
was spatialized at a larger scale, according to our data. We used the cumulative numbers of dengue cases in 2018 to
evaluate the model goodness-of-fit. The model correctly predicted the number of dengue cases in 58% of the island, but it
overestimates the number of cases in rest of La Reunion. Statistical analysis indicate an impact of vector control methods
on the transmission of dengue. Thus, the heterogeneous control strategies and the microclimate in at La Reunion lead to
important fluctuations in mosquito density and modify the transmission dynamics of dengue. In addition, the results highlight an
impact of modelling scale. The proposed model can be easily extend to understand the impact of different control method to
prevent the transmission of dengue fever in La Reunion.

Keywords: dengue, epidemiological model, Aedes albopictus, control vector, spatial scale

1 Introduction

Vector-borne diseases account for 17% of infectious diseases!. Among these, dengue is the most prevalent viral infection,
affecting around 390 million people per year” and which morbidity increased from 2.2 million in 2010 to 3.2 million in 20153,
Dengue is caused by a virus of the Flaviviridae family and there are four serotypes of the virus that cause dengue (DENV-1,
DENV-2, DENV-3 and DENV-4) and transmitted by mosquitoes of the genus Aedes*. Recovery from infection is believed
to provide lifelong immunity against that serotype. However, cross-immunity to the other serotypes after recovery is only
partial, and temporary. Subsequent infections (secondary infection) by other serotypes increase the risk of developing severe
dengue’. Dengue outbreaks occur when the virus is circulating among a human population with a large fraction of susceptible
individuals, and are usually preceded by a localized growth of vector abundance’. To date, no specific antiviral treatment exist
against the disease*. A vaccine is currently licensed, but the World Health Organization (WHO) recommends its utilization
only in countries where epidemiological data indicate a high burden of disease®. Thus, mosquito control remains the main tool
to prevent and limit dengue transmission®.

Aedes aegypti has long been considered the most efficient vector for dengue viruses. Although less competent, Ae. albopictus
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was however the sole or main vector of dengue epidemics in Hawaii’, in the Indian Ocean®, in central Africa® and southern
China’. The control of urban Aedes relies essentially on the mechanical or chemical suppression of breeding sites and on
adulticide sprays around reported dengue cases'. In particular, it was demonstrated that the reduction of breeding sites is the
most efficient method for controlling Ae. albopictus'''?. However, as Ae. albopictus breeds in multiple cryptic and dispersed
sites (tires, beverage cans, plastic items, etc...), these methods are difficult to implement and maintain, because they require a
strong community involvement!3. Moreover, the difficulty of accessing private gardens does not allow an exhaustive treatment
of the target areas'*. For these reasons, dengue transmission can persist in highly-populated places, despite significant efforts in
vector control 3.

In La Reunion, an island in the Western Indian Ocean, a major dengue outbreak occurred in 2004'°, followed by a larger
chikungunya (another arbovirus) outbreak in 2005-2006'7. Since then, health education, surveillance and Ae. albopictus control
strategies have become a major public health priority. Despite an active vector control program, a new dengue outbreak started
in 2018 in the island®. The measures adopted to stop the transmission have been further strengthened, but the outbreak persisted
in 2019 and 2020. Understanding the factors impacting the transmission of dengue in La Reunion Island is therefore needed to
optimize vector control accordingly.

Mathematical models are crucial tools to understand and to predic the dynamics of disease transmission , and to a priori
predict?! or to a posteriori evaluate®2? the impacts of vector control on disease spread. The model of malaria transmission
developed by Ross-Macdonald provided the classical theoretical framework for many modelling mosquito-borne diseases>.
One major compartment is however usually neglected, if not forgotten, in these models, i.e. the vector dynamics, which largely
depends on the weather conditions. Mosquito populations are driven by both temperature and rainfall. It is important to take
into account these two factors to better understand the dynamics of dengue transmission. Moreover, its models are applied to a
global scales. But at local scale, both the seasonality of the mosquito population and the role of control strategies can induce a
large variation in mosquito abundance. Specifically, seasonal dynamics of mosquito density follow the fluctuation of local
climate conditions, with peak abundance in the summer!®. We propose to study the transmission dynamics of dengue on a local
scale integrating the impact of temperatures and precipitation on the dynamics of mosquito populations.

In the last couple of years, we have developed weather-driven abundance models for La Reunion Island, to predict the
abundance of mosquito populations®* and to assess the impact of the control methods on Ae. albopictus dynamics>. The aim
of the present study was to couple these Ae. albopictus dynamics models with an epidemiological model of dengue virus
transmission between hosts and vectors, to predict its seasonal spread in La Reunion Island. We then compared the model
outputs with dengue cases data reported in 2018, using statistical analyses to assess its performances and to understand the
discrepancies between model predictions and observations, considering factors related to seasonality, spatial scale and vector
control.

18-20

2 Methods

2.1 Study area

La Reunion Island is a French department in the South-West of the Indian Ocean. The island covers an area of 2,500 km?
for a population of about 860,000 inhabitants, and a mean population density of 340 inhabitants per km?. The population
is located mostly (>50%) on the coast, where the density can triple to more than 1,000 inhabitants per km?>2%. La Reunion
Island is characterized by a humid sub-tropical climate with two seasons: the "austral summer" with hot temperature and heavy
precipitations (November—April) and the "austral winter" with mild temperatures, lower precipitations (May—October). The
temperature decreases progressively from the coast to the central mountains. However, the imposing relief of the island (the
maximum altitude is 3,700 metres) creates a wide range of microclimates.

In 1977-1978, the island was affected by an outbreak of dengue fever, caused by dengue virus serotype 2 (DENV-2)?7,
which affected 30 to 35% of the population®®. Subsequently, autochtonous dengue cases were regularly identified, with foci of
transmission of limited size, in the West and the South of the island (REFS: Vincent 2019). But since 2017, a new dengue
outbreak affects the island: only 97 cases were declared in 2017, but the viral circulation intensified to 25,139 cases of dengue
fever reported from January 2018 to February 2020. While only DENV-2 was detected in 2017 and 2018, seroptype 1 was also
detected in 2019, and an indigenous circulation of serotype 3 in the East and North of the island was identified in 2020%°.

Ae. albopictus is the only vector involved in dengue epidemics in Reunion Island. It is omnipresent in urban areas up to an
altitude of 1200m°.

2.2 Environmental Data
We used entomological, epidemiological and weather data organized on different spatial scales (Fig. 1):

1. the ALIZES areas ("Actions de Lutte Intégrée sur Zone et d’Education Sanitaire"; n = 1203) are operational sectors
defined by the vector control service of the Regional Health Agency (ARS). They correspond to units of inhabited areas
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at the scale of which prevention, surveillance and control interventions are co-organized. Their surfaces vary from 3 to
340 ha, to include on average 238 households. Specifically, information on the number of breeding sites is collected on a
regular basis by the vector control services for each ALIZES area®*.

2. The IRIS areas ("Ilots Regroupés pour I’Information Statistique"; n = 293) are defined by the French Institute for Statistics
and Economics Surveys (INSEE: "Institut National de la Statistique et des Etudes Economiques") and correspond to the
most detailed population census areas in Reunion Island in 2016. Their surfaces vary from 9 to 8312 ha, so that an IRIS
area can cover several ALIZES areas (Fig. 1). For each IRIS area, the following information was collected: the size of
the human population (INSEE, https://www.data.gouv.fr/fr/), the number of confirmed cases of dengue
fever reported from January to December 2018 and their date of occurrence (source: Regional Health Agency), and
the dates of the vector control interventions performed by the vector control service (i.e. suppression of breeding sites,
peri-residential adulticide treatment during day and space spraying during night, around isolated confirmed cases and in
emerging sources of contamination) during the year 2018.

3. Daily temperature (minimum and maximum) and rainfall were recorded from 2017 to 2018 by the meteorological service
“Meteo France” via a network of weather stations covering all urban areas of Reunion Island (Fig. 1).
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Figure 1. Study area. On the left, map of La Réunion Island with the delineation of the IRIS (green) and ALIZES (orange)
areas, weather stations being represented by purple dots. A zoom on the right shows that IRIS areas can encompass and
overlap several ALIZES areas.

2.3 Dengue transmission model

We developed a model of dengue virus transmission in Reunion Island associating two sub-models: an entomological model
running at ALIZES level, and an epidemiological model running at IRIS level. The abundance of Ae. albopictus female
mosquitoes simulated by the entomological model at ALIZES level is aggregated at IRIS level to be used as input in the
epidemiological model (Fig. 2).

2.3.1 Entomological model

Ae. albopictus abundance is computed using a mechanistic model developed for La Reunion Island by Haramboure et a
It consists in three aquatic stages (eggs E, larvae L and pupae P), and four aerial stages (males M, emerging females F,,,
nulliparous F, and parous F), females). Larvae and pupae compete for food and space in breeding sites. These competitions are
modeled using density-dependant functions.

1%,
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Figure 2. Data and sub-models organization according to ALIZES and IRIS scales. The green and orange squares correspond
to the data and sub-models organized at IRIS and ALIZES scales, respectively. The diagram represents the epidemiological
model, the corresponding diagram for the entomological model can be found in Haramboure et al.>. The orange arrows
correspond to the sums of females predicted by the entomological model in all ALIZES areas included into one IRIS area,
which will be then computed in the epidemiological model.

The model includes the impact of temperature and rainfall on the mosquitoes’ life cycle. Temperature impacts the
development time of aquatic stages and the mortality of larvae, pupae and adults. The rainfall affects the carrying-capacities,
estimated for each ALIZES area from field observations®*. Moreover, heavy rainfalls increase the mortality rates of aquatic
stages by flooding the breeding sites.

Full details of the model and its validation against entomological field data can be found in Haramboure ef al.?.

2.3.2 Epidemiological model

We used a classical SEI-SEIR epidemiological model. The vector population is represented by SEI equations (eq. 1). The
nulliparous females (F;,) were divided into two epidemiological stages for dengue transmission, Susceptible (S) and Exposed
(E), while parous females (F),) could also become Infectious (/) (see below). The host population is represented by SEIR
equations (eq. 2): human hosts (H) are subdivided into four compartments, Susceptible (S), Exposed (E), Infectious (/), and
the additional Recovered (R) compartment, due to potential immunity acquisition (Appendix 2). The SEI-SEIR systems of
equations thus are:

dF”S H]dbh
s VY R o_p 2R
dt A;I " ns Ny
an H[Clbh
th :Fnsw _FnE(mF +fF)
dF,,S H,abh
= —F (1

dt AZm[ P ps NH
dF,, Hjaby, .
th = FPSN— + frFug — Fp (mp + eip)
dF,

d:l = eipF,, — F,mp
dHg _ Fy,aby,

dt § Ny
dHE _ SFp,abm _ HE

dH;

= — aHg — yH

dr E— YO

dHg

R yH

di Yt
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Latin letters denote weather-driven functions, the Greek letters are constant parameters. Epidemiological parameters and
functions were estimated from literature (Table 1).

On the vector side (eq. 1), we make the assumption that the quantity of susceptible females (F,; and Fj) at the IRIS scale
is much larger than that of exposed (F,, and F},) and infectious females (F),) (Appendix A). Thus, the quantity of susceptible
nulliparous (F;,¢) and parous (F},,) mosquito females in a given IRIS area (/) is approximated, respectively, to the sum of
nulliparous (F;) and parous (F),) females estimated by the entomological model in the ALIZES areas (A) overlapping that IRIS
area (I): Yo~y Fn and Y 4, F),. The dynamics of exposed (F;,,; and F),;) and infectious (F},,) mosquito females is modeled as
follows: nulliparous females become parous at a transition rate noted (fr). Nl;ﬂliparous and parous females die at a natural

Hjab,
H

death rate mp. Susceptible females (F,

ns and Fp,.) become infected at a rate

, with a the daily mosquito biting rate, by, the

H,
probability of virus transmission from host to vector, and N—I the probability for susceptible females (F;;;) to meet infected

humans (H;) among the entire human population (Ny = HSH + Hg + H; + Hg). Then, infected but not infectious mosquito
females (F,, and F),.) become parous infectious females (F),,) after a latent period, defined by the temperature-dependent
function (ei,). The model does not include an infectious stage for nulliparous females, as we considered that the extrinsic
incubation period (1/eiy) is longer than the duration of the nulliparous stage (1/f#): the fastest extrinsic incubation period is 8
days at 36°C (REF), while the transition from nulliparous to parous lasts from 2 days to 3.5 days>'.

On the host side (eq. 2), the number of susceptible humans (Hs) becoming infected (Hg) by infectious mosquito females
H SF I abm

H

(Fp,) is expressed as , where a is the daily mosquito biting rate, b, is the probability of transmission from vector to

F, Hg

host, and is the probability for parous infectious females (F,

»;) to meet susceptible humans (Hy) in the entire human

H
population (Ng). After a latency, defined by the parameter ¢, exposed humans (Hg) become infectious (Hy). They recover
(HR), at arate y. The human population was supposed constant, thus human birth and mortality were ignored in this model.

Table 1. Parameters values and functions of the epidemiological model. The letter T corresponds to the daily temperature.

Notation  Definition Value Ref

o Intrinsic incubation period of dengue (day) 7 kR

Y Recovery rate (day™!) 1/7 32
0.00437 4-0.0943, if21°C <T <32°C.

a Average daily biting rate + ! T 33
0, otherwise.
0.0010447 (T — 12.286)+/32.461 — T, if 12.3°C <T < 32.5°C.

b, Probability of transmission from vector to host ( ) » ! T 34
0, otherwise.
0.0729T —0.9037, if 12.4°C <T <26.°C.

by Probability of transmission from hosts to vectors 1, if 26.6°C < T < 32.5°C. 34
0, otherwise.
4315701237 | 4f 12°C < T < 36°C.

1/ei, Extrinsic incubation period of dengue (day) ¢ ! T 3
0, otherwise.

mg Mosquito female natural mortality rate (day ") 0.025 4 0.0003¢(0-1745(T—10)) 3l

(r-10) .

fr Transition rate from nulliparous to parous females (day ') 0.2+ 77 T >10°C. %

0, otherwise.

2.4 Initialization and simulations
The entomological and epidemiological models were implemented in R (http://www.rproject.org/). Numerical
solutions were estimated using the explicit Runge—Kutta numerical scheme. They were run over one year, corresponding to the
year 2018, after a starting period of one year, corresponding to the year 2017. Att = 0, the Ae. albopictus population in each
ALIZES area was composed of 1000 eggs (E) and the human population in each IRIS area was assumed to be fully susceptible
to the virus. An infected human (Hj) was introduced in each IRIS at the respective date of the first case reported in 2018.

The temperatures recorded from 2017 to 2018 were an input common to both models, while precipitation data were used
only in the entomological model (Fig. 2). Each ALIZES and IRIS area was associated with the nearest weather station. Due to
the large size of the IRIS areas, it was possible that there were several weather stations within a unique IRIS area. In such cases,
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we took the daily average of the temperatures and of the precipitations recorded by all the corresponding weather stations.

2.5 Statistical analysis

For each IRIS area, the total numbers of infected (H;) and recovered (Hg) hosts predicted by the model were compared with the
corresponding cumulative numbers of observed dengue cases in 2018. The model goodness-of-fit was evaluated as the sum of
the differences between the simulated and the observed data (DifSimObs).

We defined 5 explanatory variables in order to understand differences between model predictions and observed data at
IRIS level. Two variables related to the data scales were considered: i) the size of the IRIS area (in ha) (ISize) and ii) the
variance in the sizes of the mosquito populations in the ALIZES areas comprised in the IRIS area (VarMosquito). Two variables
were related to vector control interventions with i) the response time after the appearance of the first dengue case (in days)
(TimeAction), and ii) the ratio of the number of dengue cases over the number of interventions (RatioAction). The fifth variable
corresponded to the month of appearance of the first dengue case in each IRIS (values ranging from 1 to 12) (MonthCase).

The structures of the 293 IRIS areas were compared using a principal component analysis (PCA) on differences between
the simulated and the observed data, with the package “ade4>. We excluded from the following analyses 24 IRIS where no
dengue case was reported in 2018.

We then used a Generalized Linear Model (GLM) to explore the effects of the 5 explanatory variables on differences
between the simulated and the observed data (DifSimObs). The GLM was thus:

DifSimObs = ISize + VarMosquito + TimeAction + RatioAction + MonthCase + € 3)

Due to data over-dispersion, we assumed a negative binomial distribution for the residuals €36, Moreover, correlations between
explanatory variables were first assessed using Spearman test, and interactions between significantly correlated variables were
included in the GLM. The model was simplified as follows: significance of the different terms was tested, starting from the
interaction terms, using likelihood ratio tests (LRT) corrected for overdispersion®”-3%, as described by>”; non-significant terms

(P > 0.05) were removed.

3 Resulis

3.1 The model accurately predicts the number of dengue cases in a majority of IRIS areas

The outputs of the epidemiological model were compared to the number of dengue cases reported in 2018 (Fig.4) for the 269
infected IRIS areas (Appendix 3). In 55% of them (n=148), the model correctly predicted the number of dengue cases (e.g.
Fig.4 A and B), i.e. with a difference on average 10 (+3) cases between the number of predicted and observed cases (from 0 to
36 additional cases). Conversely, the model overestimated this number in 40% of the IRIS areas (n=107), with on average 61
(£3) more cases predicted (max 100 additional cases), and underestimated it in only 5% of the areas (n=13), with on average
17 (£4) less cases predicted (max 53 cases not predicted) (e.g. Fig.4 C and D). The large majority (85%) of the areas where the
model overestimated the number of dengue cases were located in the South or in the West of the island. Moreover, all the areas
where the model underestimated the number of dengue cases were located in the Western part of the island.

3.2 No clear characteristics of the IRIS areas unequivocally explain the discrepancies, although they are
probably linked to vector control interventions

To better understand the causes of the discrepancies between predictions and observations, we first performed a Principal
Component Analysis (PCA) to identify groups of IRIS areas and links between explanatory variables (Figure 5). The PCA
explains 48.8% the total inertia with 27.5% on axis 1 and 21.3% of axis 2. Axis 1 is linked to the variance between mosquito
population sizes within an ALIZES area (VarMosquito), the date of appearance of the first dengue case and (MonthCase) and
the ratio of the number of dengue cases over the number of interventions (RatioAction). Axis 2 is linked to the the size of the
IRIS area (ISize) and the response time after the appearance of the first dengue case (TimeAction). However, most variability
was found between IRIS areas, whether the model accurately predicted the number of dengue cases or not, so that no particular
characteristics unequivocally explain the discrepancies.

Using a GLM (model AIC=271.3, parameter of dispersion = 0.85), we found that the differences between simulated and
observed data (DifSimObs) resulted from vector control interventions, as they significantly decreased in IRIS areas where the
first dengue case appeared later in the year (MonthCase, -1.14-0.08, Z=-14.2,p<2e~'®) or where the number of interventions
remained limited relatively to the number of cases observed (RatioAction, b=2.7£0.1,Z=2.2,p=0.02). Similarly the differences
between simulated and observed data significantly increased with the variable VarMosquito (1.5¢% +2¢797, Z=8.5, p<2¢~19),
suggesting an effect of the technical discrepancies between IRIS and ALIZES scales. Although significant correlations were
found between the ISize and VarMosquito variables (R;(267) = 0.15, p < 0.02) and between MonthCase and RatioAction
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Figure 3. Geographical distribution of the accuracy of the model predictions compared to observed data. A color gradient
going from blue to red via green represents the variable DifSimObs weighted by the number of observations. The green IRIS
are the IRIS with a difference from 0 to 36 additional cases between simulated number of infected (Hy) and recovered (Hg) and
the cumulative number of observed dengue cases. The IRIS in red and blue are the IRIS for which the model respectively
overestimates and underestimates the number of dengue cases. The IRIS in white are the IRIS where there was no dengue case
in2018.

variables (R;(267) = —0.3, p < 0.001) using Spearman tests, none of these interactions remained significant in the GLM (Table
2).

Table 2. Zy,ye and Py, for the various variables and interactions tested using the General Linear Model (GLM). For the
meaning of the different variables, see text.

Variable Average 3;?;?;?1 Value  PValue
ISize 0.014 43¢0 3.2 0.4
VarMosquito 1.5¢706 2,707 8.5 <2¢716
TimeAction -0.005 0.04 -14 007
RatioAction 2.7 0.1 22 0.02
MonthCase -1.14 0.08 -142 el
VarMosquito:ISize 26710 14710 1.7 0.2
MonthCase:RatioAction  0.08 0.07 1.4 0.3

To take into account a possible effect of the vector control interventions in the model, we added an adult mortality parameter,
x, representing the effect of adulticide pulverizations following the detection of dengue cases. Adulticide pulverization is
usually restricted to the closest proximity of dengue cases® %1440 5o that mosquitoes within an IRIS are are not all exposed to
the insecticide: we thus assumed that all of exposed and contaminated females were sprayed, because they are most likely
around the dengue cases, but weighted the x parameter by the IRIS size for males and susceptible females. We selected a small
IRIS comprising a single ALIZES in order to eliminate as much as possible the modeling scale effect (zero variance). x varied
from O to 1 and we retained the value for which the difference between the model and the observed data is minimum: a realistic
additional mortality of 0.14 during vector control interventions dramatically reduces the difference between the predictions
and the observed data (Appendix B). These simulations should be repeated on other IRIS to ensure that the addition of this
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Figure 4. Comparison of the simulated results with the observed dengue cases. The orange dots correspond to the cumulative
number of observed cases, the green line represents the cumulative sum of infected (Hy) and removed (Hg) cases simulated by
the model. We selected two IRIS where the model outputs fit the data and two others where the model and the outputs are
different.

parameter is crucial to model the epidemic dynamics. But due to the variable profile of IRIS, it is difficult to identify IRIS with
a low effect of data scales (ISize and VarMosquito).

4 Discussion

In this study we used a weather-driven abundance model of the Aedes albopictus population dynamics® coupled with a

SEI-SEIR epidemiological model to simulate dengue outbreaks on La Reunion Island. The predicted numbers of dengue
cases were compared with the actual 2018 dengue outbreak data. The results show that the model capture most of the dengue
dynamics in the island, and can thus be used to anticipate transmission patterns and test the potential impacts of various
anti-vectorial management strategies.

4.1 The Many cases of dengue in the West and South of the island

The South and the West of La Reunion island regions were the regions where the outbreak started and where the number of
recorded cases was the highest®. The populations of Ae. albopictus are driven by temperature and rainfall>>? 314143 The west
of the island is the region where the climate is hotter and drier. Paradoxically, this is the region where the number of breeding
site is the most important because the human store more water in small containers such as saucers or flowerpots, which are
favorable breeding sites for the development of Ae. abopictus larvae?*. The populations of Ae. albopictus are therefore more
abundant in the west of the island and the risk of transmission is therefore higher**. If the model overestimated the number of
dengue cases in the South or in the West of La Reunion island (Appendix 3), the conclusion of a high risk of outbreak in its
regions is not completely wrong. On the other hand, there is in the west a group of IRIS located in the heights of the island
where the model underestimates the number of dengue cases. Additional field studies, including studies to update estimates of
number breeding sites, are needed to understand why this underestimation of dengue cases.

4.2 Control methods had an impact on the dengue outbreak in 2018

Vector control had an impact on the dengue outbreak in 2018. Ae. albopictus populations are more abundant during the austral
summer, from November to April because the temperatures are warm and the rainfall is more numerous. There is also a peak in
the abundance of Ae. albopictus populations in March?*2>, This is why, when the first dengue case appears on an IRIS at the
beginning of the year, the model could overestimate the number of dengue cases due to the high abundance of Ae. albopictus
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Figure 5. PCA of 5 variables and 269 IRIS areas. The red variables are related to vector control interventions (TimeAction
and RatioAction), the orange ones are related to data scales (1Size and VarMosquito), and the blue variable to the dengue
outbreak (MonthCase). The green dots represent IRIS areas with accurate model predictions, the purple dots those where
predictions did not match the observed data.

populations*. We can thus conclude this is at this moment that the impact of vector control is most visible??. In addition, the
model overestimates the number of cases predicted in IRIS where interventions are high compared to the number of dengue
cases observed. These results confirm the study of*®, which suggested that control measures had contributed to reducing the
transmission of chikungunya during the 2005-2006 outbreak from La Reunion. The proportion of immune human required to
stop the transmission of the chikungunya should have been around 75% (In Comoros and Kenya, respectively 60% and 70% of
the population developed antibodies to stop the outbreak*”-4%), but only 38% of populations was contaminated and the lack of
resurgence in 2007 may well have been due to collective and individual vector control measures. A simple test consisting to
modeling with parsimony the mortality of adult mosquitoes in a small IRIS allow a better fit of outbreak model to observations
(Appendix B). More studies on the control methods currently used in La Reunion is important to modelling with more precision
the vector control and optimize them.

4.3 The choice of the spatial scale impacts the modeling of the outbreak

There is a dissociation between the epidemiological model, spatialized at the IRIS scale, and the entomological model,
spatialized at the ALIZES scale. The epidemiological model integrates both the densities of human populations, estimated by
INSEE at the IRIS scale, and all the abundances of Ae. albopictus populations predicted by the entomological model in the
ALIZES within the an IRIS area. We have made the choice of a double spatial scale in order to conserve these information,
which are indeed important for representing the transmission of dengue®. In addition, the Ae. albopictus abundances predicted
by the model were validated on entomological data in the study of>.

The epidemiological model assumes a homogeneous transmission of dengue virus within each IRIS, as it is conventional in
epidemiological models®’. However,this assumption was in conflict with real epidemic dynamic, which are heterogeneous at
the spatial and individual levels®'. Indeed, the diversity of biotopes within the island due to the mountainous topography and the
anthropogenic land-use modifications can influence the appearance of breeding sites®. Thus, the abundance of Ae. albopictus
and the transmission of the dengue virus may vary within an IRIS. Thus the hypothesis of homogeneous transmission could
overestimate the dengue cases in the IRIS where Ae. albopictus abundances vary greatly between the ALIZES zones. However,
this homogeneous transmission hypothesis does not seem completely aberrant because human can easily move at the IRIS scale
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(eg. to do their shopping, go to school/work, efc...). In addition, this scale seems to be the best trade-off between the scale of
the island (larger scale) and the scale of the ALIZE (smaller scale). A larger scale would only have increased the transmission
bias linked to the hypothesis of homogeneous transmission. Moreover, this scale is not relevant to test the impact of control
methods in different geographic and climatic within the island. Conversely, the hypothesis of a homogeneous transmission
would have been completely valid on the scale of the ALIZES area, but a modeling on a finer scale would have led to too much
stochasticity and it would have been very difficult, if not impossible, to test the validity of the model throughout the country.

4.4 Towards tool for dengue surveillance and control

For now, the epidemiological model was not developed to be a tool for the surveillance and control of dengue. The model
does not include mosquito dispersal and human mobility. If in the case of the Ae. albopictus, this is not a problem because its
dispersal distance (100m>?) is less than the size of the IRIS (at least 9 ha), human mobility can participate in the expansion of
the dengue virus>*>3. Moreover, the model only represents the transmission dynamics of serotype 2 in La Reunion island® and
the outbreack appeared in a largely non-immune population®®. Then we considered that the population was completely naive.
In fact, 97 dengue cases were reported in 20178, In addition, since 2019 and 2020, serotype 1 and 3 circulate on the island.
Thus, if we wish to prevent the emergence of a dengue outbreak, we should model the other dengue serotypes. But once again,
in the absence of available data, such model applied to La Reunion seems to be difficult.

4.5 Perspective: Modelling alternative vector control methods

No one can remain impassive to the fact that, despite all the efforts undertaken by the vector control agencies and despite all
the resources deployed, more than 6,000 cases were reported in 2018, Avoid the outbreak was perhaps not possible. This is
why it is essential to optimize the current control methods but also to establish other control methods in order to prevent a
new outbreak’’. The weather-driven abundance model was originally developed to test the impact of different vector control
methods on Ae. albopictus populations. Thus, the impact of the different control methods should be integrated into the model
in order to assess the impact of the control methods on the transmission of dengue.

References

1. Organization, W. H. & others. Vector control. Tech. Rep., World Health Organization. Regional Office for South-East Asia
(2017).

2. Bhatt, S. et al. The global distribution and burden of dengue. Nature 496, 504-507, DOI: 10.1038/nature12060 (2013).
3. Organization, W. H. Dengue and severe dengue. Tech. Rep., World Health Organization (2020).

4. World Health Organization and others. Dengue and severe dengue. Tech. Rep., World Health Organization. Regional
Office for the Eastern Mediterranean (2019).

5. Gubler, D. J., Ooi, E. E., Vasudevan, S. & Farrar, J. Dengue and Dengue Hemorrhagic Fever, 2nd Edition (CABI, 2014).
Google-Books-ID: TI_YBAAAQBAJ.

6. Organization, W. H. & others. Dengue vaccine: WHO position paper, July 2016-recommendations. Vaccine 35, 1200-1201
(2017). Publisher: Elsevier.

7. Afez, G. & Rios, M. Dengue in the United States of America: A Worsening Scenario?, DOI: https://doi.org/10.1155/2013/
678645 (2013). ISSN: 2314-6133 Library Catalog: www.hindawi.com Pages: e678645 Publisher: Hindawi Volume: 2013.

8. Vincent, M. et al. From the threat to the large outbreak: dengue on Reunion Island, 2015 to 2018. Euro Surveill 24, DOI:
10.2807/1560-7917.ES.2019.24.47.1900346 (2019).

9. Norman, Gratz. Critical review of the vector status of Aedes albopictus. Med. Vet. Entomol. (2004).

10. Baldet, T. et al. Avis du 31/07/2018 révisé le 23/10/2018 de I’ Agence Nationale de Sécurité Sanitaire et de I’ Alimentation,
de I’Environnement et du Travail (ANSES) relatif a "I’analyse de la stratégie de lutte anti-vectorielle (LAV) mise en ceuvre
a La Réunion depuis 2017". ANSES 1-86 (2018).

11. Estrada-Franco, J. G. & Craig, G. B. Biology, disease relationships, and control of Aedes albopictus. Biol. disease
relationships, control Aedes albopictus (1995). ISBN: 9789275130421 Publisher: Pan American Health Organization.

12. Organization, W. H. Dengue : Guidelines for Diagnosis, Treatment, Prevention and Control (WHO, 2009). Google-Books-
ID: dlc0YSIyGYwC.

13. Faraji, A. & Unlu, I. The Eye of the Tiger, the Thrill of the Fight: Effective Larval and Adult Control Measures Against
the Asian Tiger Mosquito, Aedes albopictus (Diptera: Culicidae), in North America. J Med Entomol 53, 1029-1047, DOLI:
10.1093/jme/tjw096 (2016).

69



14.

15.
16.

17.

18.

19.

20.

21.
22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

Delatte, H. et al. Aedes albopictus , vecteur des virus du chikungunya et de la dengue a la Réunion : biologie et contrdle.
Parasite 15, 3 — 13, DOIL: 10.1051/parasite/2008151003 (2008).

Ministry of Health of Singapore. Final Report of the Expert Panel on Dengue. (2005).

D’Ortenzio, E., Balleydier, E., Baville, M., Filleul, L. & Renault, P. Dengue a la Réunion et dans les iles du sud-ouest de
I’océan Indien. Médecine et Maladies Infect. 41, 475-479, DOI: 10.1016/j.medmal.2010.11.021 (2011).

Renault, P. ef al. A Major Epidemic of Chikungunya Virus Infection on Réunion Island, France, 2005-2006. The Am. J.
Trop. Medicine Hyg. 77, 727-731, DOI: 10.4269/ajtmh.2007.77.727 (2007). Publisher: The American Society of Tropical
Medicine and Hygiene.

Mordecai, E. A. et al. Detecting the impact of temperature on transmission of Zika, dengue, and chikungunya using
mechanistic models. PLOS Neglected Trop. Dis. 11, 0005568, DOI: 10.1371/journal.pntd.0005568 (2017).

Li, R. et al. Climate-driven variation in mosquito density predicts the spatiotemporal dynamics of dengue. PNAS 116,
3624-3629, DOI: 10.1073/pnas.1806094116 (2019).

Zhou, S. et al. Examining the Effect of the Environment and Commuting Flow from/to Epidemic Areas on the Spread of
Dengue Fever. Int J Environ Res Public Heal. 16, DOI: 10.3390/ijerph16245013 (2019).

Dumont, Y. & Chiroleu, F. Vector control for the Chikungunya disease. Math Biosci Eng 7, 313-345 (2010).

Li, M.-T. et al. The Driving Force for 2014 Dengue Outbreak in Guangdong, China. PLOS ONE 11, e0166211, DOI:
10.1371/journal.pone.0166211 (2016).

Perkins, T. A. et al. A review of transmission models of dengue: a quantitative and qualitative analysis of model features.
Dengue dengue hemorrhagic fever 99 (2014). Publisher: CAbi International Boston.

Tran, A. et al. Complementarity of empirical and process-based approaches to modelling mosquito population dynamics
with Aedes albopictus as an example—Application to the development of an operational mapping tool of vector populations.
PLOS ONE 15, 0227407, DOI: 10.1371/journal.pone.0227407 (2020).

Haramboure, M. et al. Modelling the control of Aedes albopictus mosquitoes based on sterile males release techniques in a
tropical environment. Ecol. Model. 424, 109002, DOI: 10.1016/j.ecolmodel.2020.109002 (2020).

Besson, L. Un Réunionnais sur quatre vit dans les Hauts. (2017). Publisher: Insee La Réunion-Mayotte.

Mora, B. L’épidémie de DENGUE a ’lle de la Réunion en 1977-1978. PhD Thesis (1979).

Coulanges, P., Clerc, Y., Jousset, F. X., Rodhain, F. & Hannoun, C. Dengue on Réunion. Isolation of a strain at the

Pasteur Institute of Madagascar. Bull. de la Soc. de Pathol. Exot. et de ses Fil. 72, 205-209 (1979). Publisher: Societe de
Pathologie Exotique/Masson.

Santé publique France. Dengue a la Réunion Augmentation du nombre de cas hebdomadaire. Point de situation au 26
Janvier 2020 (2010).

Delatte, H. et al. Geographic Distribution and Developmental Sites of Aedes albopictus (Diptera: Culicidae) During a
Chikungunya Epidemic Event. Vector-Borne Zoonotic Dis. 8, 25-34, DOI: 10.1089/vbz.2007.0649 (2008).

Delatte, H., Gimonneau, G., Triboire, A. & Fontenille, D. Influence of temperature on immature development, survival,
longevity, fecundity, and gonotrophic cycles of Aedes albopictus, vector of chikungunya and dengue in the Indian Ocean. J.
Med. Entomol. 46, 33—41 (2009).

Andraud, M., Hens, N., Marais, C. & Beutels, P. Dynamic Epidemiological Models for Dengue Transmission: A Systematic
Review of Structural Approaches. PLOS ONE 7, €49085, DOI: 10.1371/journal.pone.0049085 (2012).

Liu-Helmersson, J., Stenlund, H., Wilder-Smith, A. & Rocklov, J. Vectorial Capacity of Aedes aegypti: Effects of
Temperature and Implications for Global Dengue Epidemic Potential. PLOS ONE 9, €89783, DOI: 10.1371/journal.pone.
0089783 (2014).

Lambrechts, L. er al. Impact of daily temperature fluctuations on dengue virus transmission by Aedes aegypti. PNAS 108,
7460-7465, DOI: 10.1073/pnas.1101377108 (2011).

Dray, S., Dufour, A.-B. & Chessel, D. The ade4 Package — II: Two-Table and K-Table Methods. R News 7, 47-52 (2007).

Zuur, A. F,, Ieno, E. N., Walker, N. J., Saveliev, A. A. & Smith, G. M. GLM and GAM for count data. In Mixed effects
models and extensions in ecology with R, 209-243 (Springer, 2009).

Lebreton, J.-D., Burnham, K. P,, Clobert, J. & Anderson, D. R. Modeling survival and testing biological hypotheses using
marked animals: a unified approach with case studies. Ecol. monographs 62, 67118 (1992). Publisher: Wiley Online
Library.

70



38.

39.
40.
41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

Anderson, D., Burnham, K. & White, G. AIC model selection in overdispersed capture-recapture data. Ecology 75,
1780-1793 (1994). Publisher: Wiley Online Library.

Crawley, M. The R book chichester. UK: Wiley [Google Scholar] (2007).
Fontenille, D. et al. La lutte antivectorielle en France. IRD Editions (2009).

Kruijf, H. A. M. d., Woodall, J. P. & Tang, A. T. The influence of accumulated rainfall and its pattern on mosquito (Diptera)
populations in Brazil. Bull. Entomol. Res. 63, 327-333, DOI: 10.1017/S0007485300039092 (1973).

Roiz, D., Rosa, R., Arnoldi, D. & Rizzoli, A. Effects of Temperature and Rainfall on the Activity and Dynamics of Host-
Seeking Aedes albopictus Females in Northern Italy. Vector-Borne Zoonotic Dis. 10, 811-816, DOI: 10.1089/vbz.2009.0098
(2010).

Dieng, H. et al. The effects of simulated rainfall on immature population dynamics of Aedes albopictus and female
oviposition. Int J Biometeorol 56, 113—120, DOI: 10.1007/s00484-011-0402-0 (2012).

Benkimoun, S. et al. The basic reproduction number (R0) proves its efficiency to develop an operational dynamic mapping
tool for dengue surveillance and control in Reunion Island. Under reviewing (2020).

Erickson, R. A., Presley, S. M., Allen, L. J. S., Long, K. R. & Cox, S. B. A dengue model with a dynamic Aedes albopictus
vector population. Ecol. Model. 221, 2899-2908, DOI: 10.1016/j.ecolmodel.2010.08.036 (2010).

Boélle, P.-Y. et al. Investigating Transmission in a Two-Wave Epidemic of Chikungunya Fever, Réunion Island. Vector-
Borne Zoonotic Dis. 8, 207-218, DOI: 10.1089/vbz.2006.0620 (2008). Publisher: Mary Ann Liebert, Inc., publishers.

Sergon, K. et al. SEROPREVALENCE OF CHIKUNGUNYA VIRUS INFECTION ON GRANDE COMORE ISLAND,
UNION OF THE COMOROS, 2005. The Am. J. Trop. Medicine Hyg. 76, 1189-1193, DOI: 10.4269/ajtmh.2007.76.1189
(2007). Publisher: The American Society of Tropical Medicine and Hygiene.

World Health Organization. OMS | Chikungunya — Kenya (2016). Publisher: World Health Organization.

Lord, C. C., Woolhouse, M. E. J., Heesterbeek, J. a. P. & Mellor, P. S. Vector-borne diseases and the basic reproduction
number: a case study of African horse sickness. Med. Vet. Entomol. 10, 19-28, DOI: 10.1111/j.1365-2915.1996.tb00077.x
(1996). _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1365-2915.1996.tb00077 .x.

Reiner, R. C. et al. A systematic review of mathematical models of mosquito-borne pathogen transmission: 1970-2010. J.
The Royal Soc. Interface 10, 20120921, DOI: 10.1098/rsif.2012.0921 (2013). Publisher: Royal Society.

Favier, C. et al. Influence of spatial heterogeneity on an emerging infectious disease: the case of dengue epidemics. Proc.
Royal Soc. B: Biol. Sci. 272, 1171-1177, DOI: 10.1098/rspb.2004.3020 (2005). Publisher: Royal Society.

Wilke, A. B. B. et al. Urbanization creates diverse aquatic habitats for immature mosquitoes in urban areas. Sci Rep 9,
1-11, DOI: 10.1038/s41598-019-51787-5 (2019). Number: 1 Publisher: Nature Publishing Group.

Lacroix, R., Delatte, H., Hue, T. & Reiter, P. Dispersal and Survival of Male and Female Aedes albopictus (Diptera:
Culicidae) on Réunion Island. ment 46, 1117-1124, DOI: 10.1603/033.046.0519 (2009).

Stoddard, S. T. et al. The Role of Human Movement in the Transmission of Vector-Borne Pathogens. PLOS Neglected
Trop. Dis. 3, €481, DOI: 10.1371/journal.pntd.0000481 (2009). Publisher: Public Library of Science.

Stoddard, S. T. et al. House-to-house human movement drives dengue virus transmission. Proc. Natl. Acad. Sci. 110,
994-999 (2013). Publisher: National Acad Sciences.

Larrieu, S. et al. Dengue outbreaks: a constant risk for Reunion Island. Results from a seroprevalence study among blood
donors. Trans R Soc Trop Med Hyg 108, 57-59, DOI: 10.1093/trstmh/trt110 (2014). Publisher: Oxford Academic.

Luz, P. M., Struchiner, C. J. & Galvani, A. P. Modeling Transmission Dynamics and Control of Vector-Borne Neglected
Tropical Diseases. PLOS Neglected Trop. Dis. 4, €761, DOIL: 10.1371/journal.pntd.0000761 (2010).

Acknowledgements
Author contributions statement

71



CHAPITRE

Discussion générale

A Taide d’outils mathématiques, cette thése a eu pour objectif de mieux comprendre et d’op-
timiser I'impact de différentes méthodes de LAV et de leurs combinaisons sur les populations
d’Ae. albopictus et sur la transmission de la dengue. Nous nous sommes en particulier focalisés
sur la TIS et BTIS, des techniques basées sur des lachers de maéles stériles qui sont actuellement
en phase d’évaluation & La Réunion. Un premier modele de dynamique des populations, intégrant
les effets du climat a été développé afin d’explorer I'impact de ces deux techniques de controle
sur les populations d’Ae. albopictus a La Réunion. Par la suite, d’autres méthodes de LAV ont
été introduites au modele afin d’évaluer leur potentielles synergies, positives ou négatives, ou leur
redondances avec la TIS et BTIS. Ce modele a été ensuite étendu a la ville de Montpellier pour
comparer I'impact des méthodes de lutte dans différents contextes climatiques. Enfin, le modele
entomologique a été couplé avec un modele épidémiologique dans le but d’évaluer I'impact de la
LAV sur la transmission de la dengue a la Réunion. Dans cette section, nous mettrons en perspec-
tive nos principaux résultats au regard d’autres travaux scientifiques et discuterons notamment
les choix de modélisation. Ce manuscrit s’achevera par des perspectives de recherche suite a nos
travaux pour développer les connaissances dans le domaine du contrdle des moustiques Aedes

urbains, principaux vecteurs d’arboviroses humaines.
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n Retour sur les résultats majeurs

1.1 Des résultats en accord avec la littérature

e nombreuses études évaluant 'impact de 1a-
D chers de males stériles sur les populations
naturelles de moustiques par la modélisation sont
disponibles dans la bibliographie. Les principaux
résultats présentés dans les chapitres I et III
sont en accord avec les enseignements issus de
ces études visant a évaluer I'impact de la TIS sur
des populations de moustiques :

® Jes lachers de males stériles doivent démar-

rer au moment ou la population de mous-
tiques est faible [255, 72, 113];
les lachers périodiques avec une quantité de
males stériles constante au cours du temps
sont plus efficaces car elles permettent une
pression croissante au cours de la période
de contrdle [255, 72, 88, 113];
® la compétitivité et la quantité des maéles
relachés sont deux parametres importants
et dépendants [255, 198].

Le développement de ces modeles avait une fi-
nalité de recherche théorique, avec généralement
des hypotheses simplificatrices fortes (environne-
ment constant et/ou simplification des stades de
vie aquatiques et/ou adultes en une équation),
mais leurs auteurs, essentiellement des théori-
ciens modélisateurs, ont souligné 'importance de
réaliser des analyses adaptées a partir des don-
nées entomologiques, épidémiologiques et écono-

miques spécifiques & une région pour évaluer ’ef-
1.2 Des avancées significatives

es variations de la taille des populations de
moustiques sont difficiles a quantifier, et
les effets des interventions humaines comme la

lutte antivectorielle sont difficiles a distinguer des
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ficacité et l'efficience des différentes stratégies de
LAV, et les optimiser [9, 88].

Ma these est la premiere tentative pour adres-
ser cette limite, en présentant des modeles inté-
grant les effets de la TIS et BTIS dans un milieu
spatialement explicite (c.-a-d. tenant compte de
la distribution des gites larvaires et de 1’hétéro-
généité climatique). Pour cela, une collaboration
entre plusieurs disciplines, notamment des ento-
mologistes et des épidémiologistes a été néces-
saire, ainsi que le recommandent plusieurs au-
teurs pour le développement de modeéles utiles
et performants [95]. Grace aux travaux de re-
cherche réalisés au laboratoire ou sur le terrain,
nous disposons de nombreuses données sur Ae. al-
bopictus, comme ses traits de vie (durée de déve-
loppement, longévité, ....) et son écologie (ty-
pologie et productivité des gites larvaires, ...)
[54, 55, 65, 131, 178], ainsi que sur certaines mé-
thodes de LAV dirigées contre ses populations
naturelles [25, 175, 176, 177, 27, 26, 48, 97, 118].
Ainsi, des scénarios appropriés ont pu étre simu-
lés et fournir des estimations détaillées & 1’échelle
de La Réunion (milieu tropical) et de Montpel-
lier (milieu tempéré). Cependant, il faut rester
prudent car seule la dynamique des populations
d’Ae. albopictus a été validée a partir des données
d’observations récoltées par '’ARS a La Réunion

et 'EID méditerranée & Montpellier.

autres facteurs naturels qui modulent la présence
et ’abondance d’une espece d’insecte dans un en-
vironnement donné [255]. C’est pourquoi 1’éva-

luation de 'impact des méthodes de LAV sur
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les populations de moustiques cibles dans des
contextes opérationnels bien définis faisaient en-
core défaut [96]. Par ailleurs, des questions de-
meuraient quant a la faisabilité et a la capacité
des actions de LAV a s’intégrer efficacement dans
la gestion intégrée de la lutte contre les mous-
tiques [96]. Le développement et 1’analyse de mo-
deles spatiaux et temporels se présentait donc
comme une pierre angulaire de ’évaluation des
méthodes de LAV contre les maladies arbovirales.
Les modeles développés dans cette these ont ainsi
permis d’explorer I'impact de la TIS et BTIS cou-
plées a d’autres méthodes de LAV alternatives
aux adulticides dans un contexte opérationnel,
et constituent une premiere avancée qui doit bien
siir étre prolongée.

Le modele épidémiologique met aussi en
avant 'impact des actions de LAV menées par
I’ARS en 2018 pour freiner la transmission de la
dengue a La Réunion. Un modele avait déja été
développé couplant un modele de la dynamique
des populations de moustiques tigres [240] avec
le taux de reproduction de base (Ry') de Ross-
Macdonald pour produire des cartes dynamiques
du Ry de la dengue a partir de variables environ-
nementales a La Réunion ??. Ici, nous avons pré-
senté le premier modele épidémiologique étudiant
la transmission de la dengue entre les hotes et
vecteurs a 1’échelle infra-communale. Cependant,

ce dernier n’a pu étre validé que partiellement.

n L’approche choisie

En effet, les modeles de transmission sont géné-
ralement validés en les confrontant a des données
épidémiologiques de dengue a des échelles plus
larges [44, 142, 29]. A une échelle locale, des pro-
cessus non pris en compte par le modeéle peuvent
entrer en jeu (ex : mouvements humains, lutte
anti-vectorielle, ...).

Les modeles développés lors de cette theése
pourraient étre utilisés pour générer des ou-
tils opérationnels d’aide a la décision, mais ils
peuvent étre également utilisés comme des ou-
tils de communication et de sensibilisation. Nul
ne peut rester indifférent au fait que, malgré tous
les efforts de LAV déployés, 25, 139 cas de dengue
ont été confirmés de janvier a février 2020 [249].
Cette épidémie persiste encore lors de la rédac-
tion de ce manuscrit. Par ailleurs, la population
comime les autorités politiques sont dans I'attente
de la mise en place de méthodes de LAV alterna-
tives aux pulvérisations d’insecticides chimiques,
de moins en moins bien tolérés pour des raisons
écologiques et de santé, tout en améliorant ’ef-
ficacité de ce contrdle. Les enseignements issus
de cette these pourraient contribuer & la mise en
place d’essais pilotes de ces nouvelles méthodes
dans le contexte réunionnais, inciter a la mise en
place de nouvelles stratégies de LAV intégrées,
et encourager ’engagement communautaire qui
est indispensable a la réussite d’'un programme

de lutte contre ces vecteurs [103, 21, 118].

otre choix s’est porté sur le développement

de modeles mécanistes pour étudier I'im-

pact de différentes méthodes de LAV, seules ou
en combinaison, sur les populations d’Ae. albo-
pictus. Les modeles mécanistes fournissent un

cadre approprié pour I’évaluation préliminaire

de méthodes de controle, et les prédictions de
ces modeles permettent d’enmettre en évidence
les parametres-clés [46]. Par exemple pour la
TIS et la BTIS : dans la pratique, le nombre
réel de males relachés et la périodicité des la-

chers peuvent varier notablement autour des va-

1. nombre de cas directement générés par un cas infecté dans une population d’individus sensibles
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leurs prévues, en raison des variations de produc-
tion, de la gestion opérationnelle, de la faisabi-
lité et de la capacité en main-d’ceuvre et équipe-
ment, mais aussi des conditions météorologiques.
Les gestionnaires seront donc intéressés par les
risques de perte d’efficacité, voire d’échec, diis a
de telles fluctuations, et les adaptations & réaliser
en conséquence afin d’atteindre un objectif parti-
culier (par exemple la non-transmission locale de
la dengue). Ceci sous-entend une certaine flexibi-
lité de toute stratégie intégrée de LAV pour lui
permettre de s’adapter dans le temps aux évo-

lutions internes ou externes, de maniere relative

2.1 Le modele entomologique

ette theése est basée sur 'adaptation d’un
modele générique de dynamique des po-
pulations initialement appliqué aux especes
An. hyrcanus et An. maculipennis, 2 espéces de
moustiques vecteurs potentiels du paludisme, en
Camargue [46]. Ce méme modele a par la suite
été appliqué a deux autres espeéces de moustiques
d’intérét médical dans la méme région : Culex pi-
piens et Ae. caspius [89]. 1l a enfin été adapté
aux populations d’Ae. albopictus & Nice [239], a
La Réunion [240] et chapitre II) et & Montpellier
(chapitre I1I). Pour ces différentes espéces et ces
différentes régions, ce modele de dynamique des
populations a été a chaque fois validé a partir
de données de suivis de stades aquatiques (oeufs,
larves) ou adultes dans les différentes zones géo-
graphiques. C’est ce qui nous apporte ainsi une
confiance raisonnablement élevée quant & sa ro-
bustesse et a son caractere générique pour les po-
pulations de moustiques.

Un modeéle est dit simple lorsque sa formula-
tion (analytique ou non) comporte peu de para-
metres, et qu’il est possible d’en prévoir le com-
portement sans avoir recours & des simulations

[53, 151]. Ces modeles font opposition aux mo-
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ou dans la durée, de fagcon a garantir sa perti-
nence, son efficacité et sa durabilité. Mais a quel
moment et de quelle maniere peut-on envisager
d’utiliser un modele dans la prise de décision 7 11
importe de disposer d’une évaluation poussée du
modele par confrontation avec des données d’ob-
servation. Il est important de réaliser une ana-
lyse critique de la structure du modele, de ses
hypotheses, des conditions d’application, et des
valeurs et distribution des parametres a l’aide
d’analyses de sensibilité. C’est ce dont nous al-

lons discuter dans les parties suivantes.

deles complexes. Il parait évident apres la lec-
ture du manuscrit, que notre modele entomolo-
gique tombe dans la catégorie complexe, car il
prend en compte un ensemble de mécanismes bio-
logiques tels que la compétition entre les stades
aquatiques, la distinction entre les femelles pares
et nullipares, ainsi que l'impact de ’environne-
ment etc. En effet, il semblait important de mo-
déliser I'’ensemble du cycle de vie d’Ae. albopictus
dans un milieu explicite afin de pouvoir répondre
a l'objectif de ma these, et en particulier de pou-
voir modéliser 'impact d’une méthode de LAV
ciblant un stade particulier. Une trop grande sim-
plification du modeéle 'aurait rendu inadapté a
nos questions, peut-étre trop artificiel et irréa-
liste, et peu transférable au systéme réel corres-
pondant (pour la confrontation/validation) [47].
Cependant, nous avons pris le parti d’en réduire
partiellement la complexité, par exemple en syn-
thétisant le nombre de compartiments pour les fe-
melles adultes (femelles pares vs nullipares). Ceci
nous a permis d’avoir un modele plus parcimo-
nieux et de faciliter par la suite a la fois l'intro-
duction des effets de la LAV dans le modele et le

couplage avec un modele épidémiologique.
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2.2 La modélisation de la lutte anti-vectorielle

ﬁ I’exception de la TIS pour laquelle nom-

nous avons fait le choix de modéliser les autres

breux modeles ont déja été développés,

méthodes de LAV a partir d’un ensemble d’hypo-
theses conservatrices. Une représentation simple
de ces techniques permettait dans un premier
temps d’évaluer la significativité de leur impact
sur la suppression des populations d’Ae. albopic-
tus. Néanmoins, comme nous 'avons déja souli-
gné, les résultats présentés doivent étre considé-
rés avec précaution car 'impact des méthodes de
LAV sur les populations d’Ae. albopictus n’a pas
pu étre validé a l'aide de données terrain, que
ce soit dans le contexte réunionnais ou dans le
contexte montpelliérain. Actuellement, des essais

préliminaires de la TIS contre Ae. albopictus, me-
2.3 Le modele épidémiologique

L

la répartition des cas de dengue en 2018 a la

9 évaluation du modele épidémiologique a né-

cessité 'acquisition de données relatives a

Réunion. Ces données sont sensibles parce que
susceptibles d’aboutir a l’identification de per-
sonnes (J.-G. Ganascia, CNRS). C’est pourquoi
il a fallu réfléchir a une échelle spatiale qui 1)
ne permette pas de localiser exactement les in-
dividus infectés sur l'ile, 2) n’engendre pas trop
de stochasticité, et 3) permette tout de méme de
représenter la transmission de la dengue a diffé-
rents endroits de I'1le. Notre approche a été vali-
dée par ’ARS Réunion qui nous a permis d’utili-
ser ces données et nous les a transmises a 1’échelle
des IRIS. Par la suite, il sera crucial de réaliser
une analyse de sensibilité pour identifier les pa-
rametres épidémiologiques influencant le plus la

dynamique du modele, parameétres dont les va-

nés par I'IRD, ont été réalisés a la Réunion afin
d’estimer la survie, la dispersion et la compéti-
tivité des males stériles lachés dans I’environne-
ment [136]. De plus, des essais semi-field et des
essais pilotes de terrain de BTIS sont prévus a
La Réunion pour I'hiver 2021. Ces données per-
mettront d’évaluer I'impact de la TIS et de la
BTIS en situation terrain, et ainsi d’affiner notre
modele. De méme, des essais pilotes de la TIS
contre Ae. albopictus ont déja été réalisés a l'ile
Maurice [117]. En adaptant notre modele a l'ile
Maurice, il pourrait étre possible de confronter les
sorties du modele avec des données terrains dans
un contexte insulaire comparable a La Réunion
afin de valider les effets prédits de cette méthode
de LAV.

leurs doivent étre estimées le plus précisément
possible.

Si le modele entomologique est complexe, la
structure du modele épidémiologique reste rela-
tivement simple. En repartant de I’approche pro-
posée par [67] et [247] basée sur une matrice de
prochaine génération, il est possible d’obtenir la
formule analytique du Ry du modele (Annexe 1).
Le Ry est une mesure du succes de 'invasion d’un
agent pathogene dans une population : si Ry > 1,
une épidémie est possible si I'agent pathogene est
introduit ; tandis que si Ry < 1, l'introduction
échouera [104]. A terme, des simulations devront
étre réalisées pour étudier I'impact de la LAV sur
le Ry du modele afin de déterminer la quantité et
les caractéristiques de controles nécessaires pour
prévenir ’émergence d’une nouvelle épidémie a

la Réunion.

2.4 L’impact de la LAV sur la transmission de la dengue
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9apres le Haut Conseil des Biotechnologies,

"objectif visé par la LAV est la réduction

de la population d’Ae. albopictus sous le seuil re-

quis pour la transmission des pathogenes" [14].

Afin de répondre pleinement au dernier objectif
fixé par la these, il faudrait :

® évaluer les parameétres de la LAV qui

ont un impact sur la transmission de
la dengue. Une analyse de sensibilité glo-
bale du Ry doit étre réalisée, pour iden-
tifier les parametres de la TIS et de la
BTIS (par ex. nombre de lachers, récur-
rence, etc.) ayant un impact in fine sur la
transmission, en définissant une gamme de
valeurs pour chaque parameétre de la LAV a
I'aide d’estimations issues de la littérature,

et de données de laboratoire et de terrain.

estimer le pourcentage de femelles
stériles relachées qui pourraient étre
susceptibles d’entrainer une trans-
mission locale de la dengue. La TIS ou

la BTIS nécessitent une étape de sexage

pour séparer les méles des femelles, afin
d’éliminer ces derniéres avant d’effectuer
les lachers, pour éviter des piqiires supplé-
mentaires et une éventuelle transmission
[149]. Toutefois, les méthodes de sexage
ne sont pas optimales et 1 & 2% de fe-
melles stériles peuvent étre relachées avec
les méles [39]. En considérant par exemple
qu’il peut y avoir jusqu’a 6000 males ir-
radiés lachés par hectare chaque semaine
I’hiver a la Réunion, cela reviendrait donc
a lacher environ 60 & 120 femelles irradiées
a chaque fois. Grace a notre modele, il est
possible de réaliser des simulations tenant
compte de pourcentages variables de fe-
melles stériles introduites périodiquement
dans le systéme et d’évaluer leur impact
épidémique. Ceci permettrait de détermi-
ner les pourcentages induisant un bascule-
ment du Ry au dessus du seuil épidémique
(> 1), et ainsi d’évaluer la tolérance accep-

table en terme d’erreurs de sexage.

n Vers un modele prenant en compte les déplacements des populations d’hoétes

et de vecteurs

3.1 La dispersion des moustiques

a dynamique d’une population de moustiques
L est régulée par quatre processus : mort,
naissance, immigration et émigration, qui dé-
pendent en grande partie de I’environnement. Or
nous avons fait le choix de négliger la disper-
sion des moustiques dans le modeéle, car 1’échelle
spatiale de modélisation choisie, correspondant
aux zones de surveillance entomologique, était
supérieure a la distance rapportée dans la litté-
rature pour la dispersion active des moustiques
en milieu urbain (de l'ordre de quelques cen-
taines de metres aussi bien tropical que tempéré

[156, 136]). Or nous savons que la suppression des

77

populations apreés ’arrét des contrbles ne peut
persister que si les populations sont isolées [105],
ce qui n’est pas le cas pour Ae. albopictus dans
un contexte insulaire "hyper connecté" comme La
Réunion, avec une absence de structuration des
populations et d’isolement par la distance [134].
Cependant, modéliser a une échelle plus locale
la dynamique des populations de moustiques, in-
cluant les migrations aussi bien actives (vol des
femelles) que passive (via les moyens de trans-
ports humains [85]), permettrait de répondre a
d’autres questions telles que :

® Quelle est la zone tampon & réaliser autour
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d’une zone de traitement afin de limiter la
ré-augmentation des populations de mous-

tiques via des phénomenes de dispersion ?

Quel est I'impact du paysage (ex : occu-
pation du sol, fragmentation du paysage,
présence de corridors écologiques) sur 'ef-

ficacité des lachers de males stériles ?

L’intégration au modele de la dispersion des
moustiques peut étre envisagée par de nom-
breuses approches telles que : les modeles basés
sur des équations de diffusion-réaction [71, 212],
les modeles de méta-populations [148, 155], les

automates cellulaires [143], ou encore les modeles

3.2 Les déplacements humains

a transmission de la dengue présente des
L variations géographiques évidentes a La
Réunion. Cette hétérogénéité est causée par di-
vers facteurs, parmi lesquels les mouvements hu-
mains [154, 226, 69], puisque les sujets humains
asymptomatiques, et donc en pleine santé et
libres de tout mouvement, constituent le réser-
voir viral le plus important contribuant & I'infec-
tion des moustiques vecteurs [233]. Ces déplace-
ments humains peuvent étre simulés & 'aide de
modeles basés agents [143] ou encore & I'aide de
modeles de méta-populations [269, 268]. Pour le
moment, nous disposons seulement de données
relatives aux déplacements professionnels a la
Réunion, a I’échelle des communes (INSEE). Une
premiere approche modélisant ces déplacements
entre les communes de I'lle permettrait d’étu-
dier leurs impacts sur la dynamique de trans-

mission de la dengue et de cibler des zones de
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basés agents [115, 68, 98]. Dans la grande ma-
jorité des cas, méme si le paysage est explicite,
ce sont des paysages théoriques qui sont utilisés
[189, 222], car 'on sait peu de choses de I'impact
de l'occupation du sol et la structure du pay-
sage sur la dispersion des moustiques. Leurs effets
n’ont été que rarement intégrés dans les modeles
[238, 143, 47]. Si Lacroix et al. [131] ont étudié
la dispersion d’Ae. albopictus en milieu urbain
et rural a La Réunion, des études sur I'impact de
I’occupation du sol et la structure du paysage res-
tent essentielles & mener pour réaliser un modele
appliqué tenant mieux compte de cette dimension

spatiale.

LAV prioritaires pour enrayer la propagation de
la maladie sur ’ensemble du territoire lors des
périodes épidémiques. Néanmoins, ce type de mo-
bilité professionnelle ne couvre qu’une partie des
déplacements susceptibles d’engendrer des conta-
minations loin du lieu de domicile : le week-end
est aussi une période durant laquelle les gens
se déplacent et restent en extérieur, augmen-
tant leur risque d’exposition [57]. L’acquisition
de données téléphoniques mobiles offrirait une
source unique d’informations sur l'agrégation et
les mouvements humains : de telles données ont
été utilisées pour répondre a 1’épidémie d’Ebola
de 2014-2015 en Afrique de I’Ouest [237] et pour
la prévention de la dengue au Nord-Est du Bré-
sil [3]. Cependant, il s’agit de données a la fois
coliteuses en temps de traitement (et en argent),

mais également sensibles au niveau éthique.
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n Perspectives de I’étude

e but initial de ce doctorat était de modéliser
I'impact de la TIS et de la BTIS, méthodes

de LAV basés sur des lachers de méles stériles,
contre les populations d’Ae. albopictus. En expo-
sant la réflexion et les arguments qui ont justi-

fié les choix de modélisation réalisés, ainsi que

4.1 L’économie

‘impact économique des maladies vectorielles
L est considérable, et les pays affectés par des
maladies & transmission vectorielle connaissent
une croissance plus faible que les autres [262]. On
estime par exemple a 8,9 milliards de dollars US
le cotlit économique de la dengue a 1’échelle mon-
diale en 2013 [223]. Un vaccin contre la dengue
a été commercialisé récemment [256], qui a été
jugé tres rentable dans les pays ou la transmis-
sion du virus est élevée [58]. Cependant, il ne
confere pas une protection compléte et son usage
est limité aux personnes ayant déja été infectées,
du fait d’un risque d’hospitalisation et de forme
de dengue grave accru apres la premiere dose de
vaccination chez les personnes n’ayant jamais été
infectées par ce virus. D’autres vaccins contre la
dengue sont en cours de développement, certains
en phase 3 clinique, mais ils ne sont pas encore
disponibles opérationnellement.

Au niveau des méthodes de LAV, Alphey
et al. [9] prévoit que la RIDL pourrait éliminer
rapidement la dengue au sein d’une communauté
humaine, et & un cotit moindre (environ 2,30$ US
par cas évité) que les cotits directs et indirects dus
a la maladie (en moyenne 86-190 US$ par cas de
dengue). Récemment, Brady et al. [42] estiment
que les stratégies de remplacement de popula-
tions par des moustiques transinfectés par Wol-

bachia engendreraient un rapport cott-efficacité
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les résultats qui ont été obtenus, nous espérons
avoir montré que cet objectif a été en tres grande
partie atteint. Néanmoins ces travaux ouvrent de
nombreuses perspectives de recherche, dont une

partie sera présentée ci-apres.

brut inférieur a 1500$ US par DALY ("disability-
adjusted life years"; c.-a-d. les années de vie en
parfaite santé qui ont été perdues) évité dans les
aires urbaines densément peuplées.

Modéliser I'impact économique de la LAV est
donc crucial pour comparer in silico différentes
stratégies possibles. Si cette theése n’intégre pas la
dimension économique, il serait cependant pos-
sible d’utiliser le modéle épidémiologique déve-
loppé dans le chapitre IV, et des estimations
des cotts des différentes méthodes de la LAV,
pour comparer les cotlits simulés par cas évité
grace aux actions de LAV avec des estimations du
colit moyen de la dengue, et la prise en compte
d’autres dépenses, comme celles engendrées au
niveau des foyers pour la protection contre les
moustiques [235].

Bien qu’une évaluation économique doivent
étre réalisée pour comparer les différentes tech-
niques de LAV, il convient également d’étudier
les avantages potentiels plus larges pour la so-
ciété, tels que la préservation de la biodiversité
et de la santé résultant d’une utilisation réduite
des insecticides, ou au contraire les problemes po-
tentiels pour 'environnement liés aux techniques
de LAV, par exemple les piégeages d’especes non-
cibles dans les ovitraps, ou la diffusion incontrolée
de transgenes dans les populations sauvages pour
la RIDL [95].
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4.2 La modélisation de la résistance au pyriproxyfene

e controle des vecteurs s’est compliqué avec
I’apparition et la diffusion des résistances

aux insecticides (cf. définition dans I'encadré ci-
dessous). Dans le cas des moustiques, un grand
nombre de résistances a différents insecticides
chimiques [184, 190, 211, 146] et d’origine bio-
logique [173] ont été rapportés. Chez les popula-

La résistance aux insecticides - définition

tions d’Ae. albopictus a la Réunion, seul une ré-
sistance a la dieldrine (Rdl) a été détectée pour
le moment [232]. Des baisses de sensibilité no-
table aux pyréthrinoides utilisés en LAV (del-
taméthrine) ont néanmoins été récemment rele-
vées au sein des populations d’Ae. albopictus a

La Réunion (ARS, communication personnelle).

La résistance d’une espéce cible peut étre définie comme une diminution héréditaire de la sensibi-

lité a un insecticide chez certains individus [170]. Il s’agit d’individus porteurs d’un ou plusieurs

alléles de résistance leur permettant de survivre et de se reproduire en présence d’insecticide. L ex-

position répétée des populations d’insectes aux insecticides entraine une sélection de ces individus

résistants, et donc une augmentation de la fréquence des alléles de résistance dans les générations

sutvantes.

Ce processus de sélection dépend de plusieurs facteurs :

Facteurs biologiques : les insectes tel que les moustiques qui ont un temps de déve-
loppement court, de nombreuses générations par an, et une forte prolificité (stratégie r)
deviennent plus rapidement résistants, puisque la probabilité d’apparition d’un alléle de ré-
sistance par mutation est plus forte et la sélection plus efficace, que pour des insectes au
développement long, avec un nombre limité de générations et de descendants (stratégie k).

Par ailleurs, des flur géniques entre populations plus importants (migration) favorisent la

sa fréquence, son degré de dominance, l'avantage sélectif qu’il
confére en présence de traitements et le coit génétique (réduction de valeur sélective) qui lui
est associé en l'absence des traitement, et l'interaction (épistasie) entre différents génes de

résistance, peuvent aussi impacter la dynamique évolutive d’un alléle de résistance [158, 7] ;

([ ]

diffusion des genes de résistance ;
® Facteurs génétiques :
[ J

Facteurs opérationnels : cette dynamique évolutive dépend aussi de facteurs tels que
Uhistorique des traitements insecticides dans une zone géographique, la dose et le rythme
des applications, la rémanence du biocide, la nature des traitements, ’existence d’autres

sources de pressions sélectives [8/, 127, 128, 163, 12].

Lors de cette theése, j'ai porté une attention
particuliére au pyriproxyféne dans le cas de la
BTIS et de 'autodissémination. Le pyriproxyféne
n’a aucun effet mutagene ou toxique sur les mam-
miferes aux doses recommandées par I’OMS, car

il cible une voie métabolique spécifique de ’in-
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secte [261]. Il est utilisé contre les nuisibles d’inté-
rét en santé publique (ex : mouches domestiques,
cafards), les ravageurs agricoles (ex : pucerons,
aleurodes) et les insectes vecteurs d’agents pa-
thogenes (ex : moustiques) [229], contre lesquels

il est autorisé comme larvicide y compris dans
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les containers domestiques utilisés pour ’eau de
boisson [261]. Pour le moment, la résistance au
pyriproxyféne reste peu documentée, et seuls des
niveaux modestes de résistance ont été signalés
en Californie [228]. Cependant, il est nécessaire
d’anticiper les effets des mécanismes de résistance
aux insecticides utilisés en LAV pour ne pas re-
produire les erreurs du passé.

Barbosa et al. [22] ont modélisé I’évolution de
la résistance aux insecticides dans une population
de Clulex pipiens a I'aide d’un modele de dyna-
mique des populations. Le modele est scindé en
trois sous-populations de moustiques avec : les
moustiques sensibles (SS), les moustiques résis-
tants (RR) et les moustiques au génotype inter-
médiaire (SR). En l'absence de cotlit génétique
et de traitement insecticide, les sous-populations
tendent inévitablement vers un équilibre stable
avec une fréquence des alleles de résistance de 0.5
dans I’ensemble de la population. C’est pourquoi
les simulations du modele développé par Barbosa
et al. [22] ne montraient que les derniéres étapes

de propagation de la résistance apres les inter-

4.3 D’autres méthodes de LAV

ors de cette these, j’ai porté une atten-
L tion particuliere a la TIS et BTIS, mais il
existe de nombreuses autres méthodes qui pour-
raient étre utilisées pour contréler les populations
d’Ae. albopictus. L’avantage du modele est que le
cycle de vie du moustique est simulé avec suffi-
samment de détails pour permettre d’inclure faci-
lement I'impact de différentes méthodes de LAV.

Outre la TIS, il existe d’autres méthodes ba-
sées sur des lachers de males stériles tel que la
TII et la RIDL (cf. 2.2.3). L’action de la TII
sur les populations de moustiques est similaire
a la TIS. Ainsi, les hypotheses de la TII sont
les mémes que celles de la TIS dans les modeles
[71, 72, 140, 227]. A Pinverse, pour la RIDL |,
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ventions, en partant du postulat que les sous-
populations de moustiques résistants étaient déja
présentes. En I’absence d’information sur le cotit
génétique associé aux genes de résistance au pyri-
proxyféne, la modélisation de leur évolution dans
une population d’Ae.albopictus presque entiere-
ment sensible & La Réunion ne peut actuellement
pas donner de résultats solides.

Par ailleurs, le pyriproxyféne est tres effi-
cace contre de nombreux insectes, & tres faibles
doses, ce qui pourrait entrainer des problémes
d’ordre écologique s’il était répandu largement
dans les environnements naturels. Il serait donc
important d’évaluer cet effet dans le cadre de
techniques telles que la BTIS, pour laquelle les
femelles sont sensées en transporter dans leur
gites larvaires dispersés dans l’environnement.
Une telle dispersion pourrait en effet aussi affec-
ter de nombreuses especes d’insectes non-cibles
(alors que les populations d’insectes sont déja en
fort déclin, avec des réductions trés alarmantes
de leur abondance dans de nombreuses régions
du globe).

il faudrait modifier certaines hypotheses, car ces
techniques entralnent une augmentation des mor-
talités larvaires et n’agissent pas sur la viabi-
lité des ceufs. Des modeles ont par ailleurs déja
été développés pour étudier I'impact de la RIDL
sur la dynamique des populations de moustiques
[254, 9, 98].

La BTIS est un concept émergent et les pre-
mieres études ont porté sur le développement
d’une formulation de pyriproxyféne capable de se
transmettre des maéles aux moustiques femelles
lors de l’accouplement ou des tentatives de co-
pulation, puis des femelles aux gites larvaires.
Mais un champignon ou un virus pourrait étre

utilisé a la place du pyriproxyfeéne, avec une spé-
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cificité plus forte qui permettrait d’éviter les pro-
blemes écologiques évoqués plus haut. Les denso-
virus [38], qui sont tres spécifiques a 1’espéce cible
ou aux especes étroitement apparentées, sont un
exemple de candidats biocides [49] proposé en
association avec des males stériles. Dans le cas

du virus AeDNV isolé d’Ae. albopictus, seules les

4.4 D’autres especes cibles

urant ma these, je me suis focalisée sur la
modélisation des populations d’Ae. albo-
pictus. Avec une démarche similaire a celle pré-
sentée dans ce manuscrit et en modifiant les pa-
rametres ou en adaptant certaines hypotheses du
modele, il est possible de modéliser I'impact de

la LAV sur d’autres espéces nuisibles.
Actuellement, la TIS est une technique large-
ment utilisée pour lutter contre les mouches des
fruits [79]. De surcroit, la mouche orientale des
fruits, Bactrocera dorsalis, a été détectée pour la
premiere fois en 2017 a la Réunion et a aussi-
tot causé des dégats considérables sur les cultures
locales de mangues. Des mesures de surveillance
ont été renforcées et des traitements hebdoma-
daires avec un insecticide homologué sont réalisés
dans un rayon de 500 meétres autour des foyers
de forte densité de Bactrocera dorsalis Les ser-
vices de I’Etat a La Réunion [139]. En se basant
sur 'approche de modélisation utilisée dans cette
these, une étude de la faisabilité de la TIS pour-

rait étre réalisée.

Il existe pour le moment peu d’informations

concernant le controle des populations de mous-

B Conclusion

autres especes d’ Aedes ou de Culex sont sensibles
au virus. Pour le moment, la modélisation de la
BTIS avec un densovirus a l’aide du modele de
population développé dans cette these me semble
néanmoins difficile, car il existe trop peu d’infor-
mations sur les interactions entre les vecteurs et

les densovirus.

tiques avec la BTIS. En revanche, des expérimen-
tations réalisées en laboratoire sur la mouche tsé-
tsé vectrice de trypanosomes humaines et ani-
males en Afrique subsaharienne [214] réalisées
dans le cadre du méme projet ERC Revolinc,
ont été récemment publiées par Laroche et al.
[133]. Cette publication fournit des informations
a propos de 1) la persistance du pyriproxyfene
sur les males stériles de glossines (Glossina pal-
palis palpalis), 2) 'impact du pyriproxyféne sur
la survie des méles, 3) la dynamique du transfert
du pyriproxyfene d’'un male stérile a une femelle
pendant ’accouplement, 4) ainsi que I'impact du
pyriproxyféne sur la production de pupes et 5)
I’émergence des adultes. Par ailleurs au Sénégal,
les programmes opérationnels de contréle de la
mouche tsé-tsé avec la TIS sont remplacés de-
puis février 2020 par la BTIS en raison de la
résurgence de cette espece au sein de sites ré-
siduels (J. Bouyer, communication personnelle).
Une réadaptation complete du modele permet-
trait d’avoir une modélisation plus précise pour
prédire I'impact de la BTIS sur les populations

de ce vecteur d’intérét médical et vétérinaire.

L’objectif général de ma these était de com-
prendre et d’optimiser I'impact de la LAV

basée sur des lachers de males stériles (TIS et
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BTIS) sur les populations d’Ae. albopictus. Nous
avons développé un modele mécaniste qui repré-

sente ’ensemble du cycle de vie d’Ae. albopictus
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pilotés par des variables environnementales, en
milieu tropical et tempéré, et, comme une mé-
thode de LAV ne peut se suffire & elle seule ni
étre efficace a long terme, nous y avons intégré
les effets d’autres méthodes de LAV. Pour la pre-
miere fois, ce modele permet donc d’évaluer 1’im-
pact de différentes méthodes de LAV dans des
conditions géographiques et climatiques réelles,
et de les optimiser en conséquence. Enfin, une
premieére étape d’association de ce modéle popu-
lationnel avec un modele épidémiologique de la
dengue a ’échelle infra-communale & la Réunion
a été réalisée pour tester I'impact des stratégies
de LAV sur la dynamique du virus.

Cette these a mis en évidence que la modéli-
sation est une discipline a cheval avec plusieurs

autres disciplines. En effet, le développement de
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modeles intégrés ne peut étre 'apanage des seuls
modélisateurs et biomathématiciens, mais doit
impliquer une approche et des équipes multidis-
ciplinaires. Les résultats présentés dans ce ma-
nuscrit sont le fruit d’'un dialogue continu entre
les gestionnaires de la LAV et la communauté
scientifique, qui a permis de développer nos mo-
deles mathématiques d’une part et de les valider
d’autre part a ’aide de de données collectées dans
les laboratoires ou sur le terrain. Sans ces inter-
actions, il n’aurait pas été lors de cette these, et
il ne sera pas dans le futur, possible d’explorer
et de comprendre les changements provoqués par
les méthodes de LAV sur la dynamique des po-
pulations de vecteurs et celle des maladies qu’ils

transmettent.
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n Determination of the basic reproduction number (RO)

The transmission matrix (") of the epidemic model is :
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Fig. Al. Schematic representation of the models’ outputs. The re-
duction rate A), the sterility rate B), and the time to return to the
natural dynamics C) are the outputs for mALBORUN-SIT and
mALBORUN-BSIT models. The reduction of emergence D) is
mALBORUN-BSIT output only. The gray square corresponds to the
period of control. The black line corresponds to the outputs of the re-
ference mMALBORUN model, the blue and red lines correspond to the
outputs of mMALBORUN-SIT and mALBORUN-BSIT, respectively. In the
Figure B), the continuous line corresponds to the total number of fe-
cundated females (F, + F, + F), while the dotted line corresponds to
the number of sterile females f;. In Figure C), the vertical black dotted
line corresponds to the time needed to return to the natural dynamics
after treatment (resilience). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web ver-
sion of this article.)
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Appendix B. Map of the optimal starting month for SIT
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Fig. B1. Optimal starting month for the outputs of the mALBORUN-SIT model at La Reunion Island. Map of the optimal release starting month for the reduction rate A),

the sterility rate B), and the time to return to the natural dynamics C) are the outputs for mMALBORUN-SIT model over three years. The optimal month is the same for all the
sectors connected to the same weather station.
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Appendix C. Map of the optimal starting month for boosted SIT
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Fig. C1. Optimal starting month for the outputs of the mALBORUN-BSIT model at La Reunion Island. Map of the optimal release starting month for the reduction rate
between boosted SIT application and non-controlled population A) or SIT-controlled population B), the sterility rate C), the time to return to the natural dynamics D) and E) are
the outputs for mMALBORUN-BSIT model over three years. The optimal month is the same for all the sectors connected to the same weather station..
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Appendix D. Number of sterile males released for SIT
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Fig. D1. Constant versus density-dependent sterile males release in SIT The impacts of two release strategies for the number of sterile males, constant (strategy 1) and
proportional to the adult females density (strategy 2) are presented (on the left and right, respectively). The proportional reduction of the population size compared to a non-
treated population (NALBORUN-SIT vs. mMALBORUN) is represented with a contour plot (ranging from 0.55% to 0.9) for A) constant releases and B) proportional releases. The
resilience time is represented with a contour plot (ranging from 45 to 300 days) for C) constant releases and D) proportional releases. Ten values of A, were tested, from 1, to
10 times the number of adult females at the beginning of the control period (strategy 1) or during the release dates (strategy 2). Six t were tested, from 15 days down to 5 days.
(E) Population dynamics without control (in black), with constant releases (in red) and with proportional release (in green), for T = 7 days and Ay, = 10 (star on panels A, B, C
and D); the control period is grayed. The weather conditions of a single sector were used for the simulations (i.e. Duparc sector at La Reunion Island). To prevent the eradication
artifacts due to the absence of migration (see text), one female was introduced every 40 days in each the operational urban sectors. Parameter values and functions of the model
are in Tables 1 and 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Appendix E. Number of sterile males released for boosted SIT
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Fig. E1. Constant versus density-dependent sterile males release in the boosted SIT The impacts of two release strategies for the number of sterile males, constant (strategy
1) and proportional to the adult females density (strategy 2) are presented (on the left and right, respectively). The proportion reduction of the population size compared to a
non-treated population is represented with a contour plot (ranging from 0.6% to 0.9) for A) constant releases and B) proportional releases. The resilience time is represented with
a contour plot (ranging from 90 to 300 days) for C) constant releases and D) proportional releases. Ten values of Ay, were tested, from 1, to 10 times the number of adult
females at the beginning of the control period (constant releases) or during the release dates (proportional releases). Six t were tested, from 15 days down to 5 days. (E)
Population dynamics without control (in black), with strategy 1 (in red) and with strategy 2 (in green), for T = 7 days and Ay, = 10 (star on panels A, B, C and D); the control
period is grayed. The weather conditions of a single sector were used for the simulations (i.e. Duparc sector at La Reunion Island). To prevent the eradication artifacts due to the
absence of migration (see text), one female was introduced every 40 days in each the operational urban sectors. Parameter values and functions of the model are in Tables 1 and
2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Appendix F. Impacts of variations in sterile male competitiveness (c)

The reduction and sterility rates of the population increases sharply with increasing competitiveness (c) of the sterile males (M; or M, for SIT or
BSIT, resp.), until it reaches a plateau. While emerging females sterilization was modeled identically, a higher sterility rate was observed with
boosted SIT than with SIT. This difference is due to the fact that the greater population reduction induced by boosted SIT increases the probability of
sterile males to encounter emerging females and sterilize them. In terms of population resilience after the control period, no difference was observed
for the selected parameter set. Similarly, competitiveness (c) did not have much impact on pupal emergence for boosted SIT.

jon rate | Sterility rate | i | Fig. F1. Impact of the competitiveness parameter (c) variation on

= : : : : ! mALBORUN-SIT and mALBORUN-BSIT model outputs The dy-
namics of a population controlled with SIT (mMALBORUN-SIT) and
boosted SIT (MALBORUN-BSIT) are represented with dashed line and
dotted line, respectively. Parameter values and functions of the models
are in Tables 1 and 2.
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Fig. F2. Impact of the variation of the competitiveness parameter (c) on the number of adult females (nulliparous (F,) + parous (F,)) Competitiveness (c) increases
from purple (c = 0: low competitiveness) to yellow (c = 1: high competitiveness). The grey background indicates the control period. Weather inputs were those of the Duparc

Sector, Reunion Island. Parameter values and functions of the models are in Tables 1 and 2. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Appendix G. Variation of the proportion of pupae surviving to pyriproxyfen (¢) in the mALBORUN-BSIT model
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Fig. G1. Impact of the proportion of pupae surviving exposure to pyriproxyfen ¢ on the number of adult females (nulliparous (F,) + parous (F,)) Population dynamics
without control (mALBORUN) is represented in solid line and the population dynamics controlled with SIT (mnALBORUN-SIT) and boosted SIT (mALBORUN-BSIT) are
represented in long dashed line and in dotted line respectively. When ¢ = 0 (left), no emergence is possible so that the boosted SIT effect is maximum, for both population
reduction and resilience; when ¢ = 1 (right) all the pupae can emerge (e.g. resistance of Ae. albopictus to pyriproxyfen) so that the boosting effect is null. The grey background
indicates the control period. Weather inputs were those of the Duparc sector, Reunion Island. Parameter values and functions of the models are in Tables 1 and 2.

Appendix H. Autonomous and non-autonomous models
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Fig. H1. Number of adult females (nulliparous (F,) + parous (F,)) in autonomous and non-autonomous models Temperature and precipitation of the autonomous model
were set at the average value of temperatures and precipitation recorded in the Duparc sector from 2011 to 2016. Population dynamics without control (nALBORUN) is
represented in solid line and the population dynamics controlled with SIT (nALBORUN-SIT) and boosted SIT (mALBORUN-BSIT) are represented in long dashed line and in
dotted line respectively. The grey background indicates the control period. Weather inputs were those of the Duparc sector, Reunion Island. Parameter values and functions of the
models are in Tables 1 and 2.
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ANNEXE A. ANNEXE

“ Annexes de I'article 2

A Optimization of the sterile males releases date

To identify the best period for the sterile males releases, we optimized the starting date of releases similarly to Haramboure et
al.’!. The effectiveness of the SIT and BSIT was quantified by gathering 5 model outputs into a single value (3): the mean
reduction rate over the releases (no units), the resilience (years), the sterility rate (no units), the emergence reduction rate (no
units) and the increase rate of female population (no units). These outputs were computed relatively to the control model
(without any vector control actions). Since the increase in female population during releases is an undesirable effect, the female
increase rate was substracted to lower down effectiveness estimator. The release starting day (74,+) Was optimized to find the
overall maximal effectiveness value. Both global and local optimizations were performed using the algorithm from nloptr R
package (https://cran.r-project.org/web/packages/nloptr/index.html).

Effectivness = f(Tsian) 3)
= ZZReduction ratey, + Sterility ratey, + Resiliencey,
y p
+ Emergence reductiony, — Increase ratey,,

. p € Parcels,
with { € 2015 —2017].

Optimization of SIT and boosted SIT consisted of maximizing their respective effectiveness. Because of inter-annual
weather variations and field heterogeneity, these effectiveness were computed in three different years (2015, 2016 and 2017)
and on the four Reunion Island-like parcels linked to the Montpellier meteorological stations (see Methods). It thus takes into
account weather variability and field heterogeneity in both SIT and boosted SIT efficiency.

We defined the best release period as the time-frame of vector control actions that allows to reach at least 95% of the
maximal potential effectiveness.

The best starting period was found to be late March in the temperate climate. A 3.5-months interval extending from
February to mid-May allows reaching at least 95% of the maximum SIT and BSIT potential (Figure 5(A)). The 99% interval,
mainly driven by resilience augmentation, is much shorter and lasts 40 days for both SIT and BSIT. It takes place within the
firsts months of the favorable period, when the adult population is very low (Figure 5 (B)).

During control, and similarly in SIT and BSIT, the female population is heavily lowered during summer, approaching
extinction (Figure 5 (B)). A few individuals nevertheless survive and breed, leading to the population recovery the year after.
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Figure 5. Best release starting date in the temperate climate for a maximum SIT and BSIT effect. (A) Effectiveness at
different starting dates for SIT (blue) and BSIT (red). Periods reaching at least 95% and 99% of the maximum effect are
respectively filled in blue and red. (B) SIT and BSIT effect on female dynamics over time. The release starts at its optimal day
(March, the 24'") in year 2015. The scenario consists of 18 releases of 1000 males during a period of 4 months. Grey
background represents the mosquitoes favorable period, i.e.,. when no diapause occurs.

B Undesirable increase in female abundance

When started late in the mosquito season, SIT with late releases of less than 1100 males per hectare, has been found to cause a
temporary increase in female abundance (see Results), which is not a desirable effect of control. This undesirable increase of
female abundance has been reported in several studies®-8%-3!. We further investigated the causes by running two sets of three
simulations for SIT, BSIT and a control, one with larval competition and the other without (i.e., removing the competition
term 1+ m, eq. (4)). To allow comparison while avoiding the burst in population induced by the removal of larval
competition, the total numbers of adult males and females were caped at 200 individuals.

An increase in female abundance was observed for SIT, which disappeared with the removal of larval competition from
the model (Figure 6), suggesting that the sterile males releases induce a reduced larval competition, leading temporarily to
more emergence. This increase is not observed with BSIT, either with or without larval competition, probably because the

pp-contamination of breeding sites heavily lower down the larval population and overcome the effect of any competition
process.
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Figure 6. Population dynamics during late implementation of SIT or BSIT, with or without pupal competition. The release
period is filled in grey. We bounded the adult females abundance to avoid exponential growth of population when the
density-dependent (i.e., the competition) process are removed.

C Model validation in the temperate climate

The simulated population dynamic without any sterile male releases (eq. (4) : Ay, = Ay, = 0 and a = 0) has been validated on
entomological data recorded by the "Entente Interdépartementale de Démoustication (EID) Méditerranée”, the public agency in
charge of the mosquito control in the southeast France.

Ovitraps were placed in 5 residential areas (Table 3) located in Montpellier (Vert-bois, Pompigane Sud and Aiguelongue) or
in the adjacent city of Castelnau-Le-Lez (Volhe and Chevalerie) (Figure 7). Studied areas were described as discontinuous
medium to dense urban fabrics by the reference CORINE, an European reference describing the land-cover structure based on
satellite imagery'?. Ovitraps were mostly placed in sites shaded by vegetation. They consisted of 3L plastic black buckets
filled with 2L of tap water, in which a floating polystyrene square (5 x Scm) acted as an ovipositing support. Biolarvicide
Bacillus thuringiensis israelensis was added into the bucket to prevent the production of mosquitoes from the trap.

The number of trapped eggs were monitored weekly between April and November, in 2015, 2016 and 2017 (Table 3). The
trapping network in each parcel was composed of 8§ to 25 ovitraps. We considered that a reasonable-enough trapping effort was
performed to get an accurate description of the local Ae. albopictus population dynamics. Hatched and unhatched eggs were
removed from the trap each week for identification and count at the laboratory.

Table 3. Entomological record of Ae. albopictus in the Montpellier area

Location Year  Beginning End Number  Surface of trapping ~ Maximum mean number of eggs
of traps area (ha) per trap per capture session

Vert-Bois 2015 30 Avr 18 Nov 25 9.739 434.36

Vert-Bois 2016 12 Mai 24Nov 11 9.739 395.7

Vert-Bois 2017 26 Avr 19 Oct 19 9.739 294.2

Chevalerie 2016 12 Mai 24 Nov 10 5.876 377.2

Chevalerie 2017 26 Avr 19 Oct 8 5.876 259.25

South Pompignane 2016 12 Mai 24Nov 10 12.313 334.9

Volhe 2016 12 Mai 24Nov 10 9.954 483

Volhe 2017 26 Avr 19 Oct 11 9.954 228.36

Aiguelongue 2017 26 Avr 5 Oct 20 5.026 200.4

These observed data were then compared to the predictions of the model using a Spearman correlation test. The predicted
numbers of new eggs produced per week were independently computed as (Ve (B.Fn + BpF))). Model simulations were highly
consistent with the dynamics recorded in the field, with a significant correlation of 61% (pyaie =~ 10727).

However, the model tends to underestimate the number of new eggs produced at the beginning of the favorable period (April).
An early egg peak is observed in 2017 in all studied areas (Figure 8). This burst is not captured by our simulations and could
not be explained by temperature or rainfall fluctuations. It is probably responsible for the lower correlation (52%, pqiue =~ 0.01)
observed in the Aiguelongue area where the few records (24) provided were all performed in 2017. Eggs measured in Chevalerie,
Volhe and Vert-bois areas, were followed for more than one year and show higher correlation coefficients: 0.75 (pyarue =~ 10711,
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Figure 7. Study area. Colored points represent the two meteorological stations (blue for Prades-Le-Lez and red for
Montpellier’s airport) of the area. The same color code was used to link each parcel with its closest meteorological station.
Entomological data were provided for 5 parcels : Vert-Bois, Aiguelongue, South Pompignade, Chevalerie and Volhe (filled
parcels).

0.69 (Pyatue ~ 107%) and 0.65 (pyaue ~ 1071, respectively. The best fit to the entomological data was observed in the South
Pompignane neighborhood with a significant correlation of 86% (pyaue ~ 10~°); this area is the only one where no records
were performed in year 2017.
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Figure 8. Model vs. observed data in the Vert-bois area. (Top panel) Comparison of the numbers of new eggs sampled each
week in the entomological collection (red) and predicted by the model (black). (Bottom panel) Temperature and rainfall records
from Prades-Le-Lez meteorological station.

D Full model, modified from Haramboure et al. 71

The original model was developed for Reunion Island (southwest Indian Ocean, tropical climate) by Haramboure et al.”'.

The present model is an adaptation that allows for the temperate climate, using Montpellier (southern France, Mediterranean
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temperate climate, i.e., hot and dry summers vs. mild and humid winters) as a reference:

a
dt
dL L

7 fE <mL ( + hi-a rprev)) +fL> )

= ch(BnFn"f‘ﬁpr) - (“E +ZfE)Ea

dP
T fiL—(mp+ fp)P,
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Constant parameters are in Greek letters. They include mortality rates (ty being the mortality rate of compartment X, 11
compartments in total, see text), and the transition rates from emerging to nulliparous females (¥, ), and from nulliparous to
parous females (Ygc). e is then multiplied by the number of eggs laid per ovipositing nulliparous (f8,) and parous (f3,) females
to compute the egg-laying rate. An additional mortality rate is added for female compartments, due to their host-seeking
behaviour (u,). o is the sex ratio at emergence. Each male being able to fertilize several females, we assumed that the mating
probability for females was 1, i.e., independent of the male density.

Latin letters are weather-dependent functions that act on the mortality rates (), the transition rates (f;) and the environment-
defined carrying capacities (k) for the aquatics stages. Carrying capacities drive the density-dependent mortality at larval stage

(mL (1 + é)) and the pupae density-dependent success for adult emergence (exp (— UE,, (1 + ﬁ) ) ) Temperature impacts
my and f,, whereas k, is rainfall-dependent.

During diapause (dsart,dena), observed only in the temperate climate, the transition between the eggs and larvae compart-
ments is stopped by the z parameter that represents the egg dormancy process’*.

When SIT, or BSIT, starts (7y4,), a quantity of sterile males (Ax, with X = M or My, resp.), is periodically released into
the population (A;) during a given period of time 7. The sterile males have a probability to mate with an emerging females
(Fem) depending of their relative availability compared to the overall number of males, i.e., their proportion adjusted by the
competition parameter @: p = % No eggs produced by sterile females will hatch. Emerging females that encounter a
sterile male thus become sterile (F5), while the other become nulliparous (F,, probability 1 — p).

Moreover, for BSIT the released sterile males (Mj.) are also coated with pyriproxyfen (PP). Males attempt to mate with any

females of the population (F; = Fep, + F, + F), + F), even if already fertilized. Each encounter of a contaminated male with a
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female makes it loose a part of its PP coating until total decontamination after kK matings : ((D(M“;% %;’) The eventually
decontaminated males nevertheless keep their ability to sterilize females (). While laying eggs at each gonotrophic cycle

(Yec), PP-contaminated females transfer the contaminant to the breeding sites (m (Fy+ Fp + Fy) Yac ) but only to the

non-contaminated fraction (1 — 152, ) with B, the number of contaminated sites among all breeding sites (B;,;). Females loose

part of the contaminant at each oviposition, until total decontamination after k. gonotrophic cycles. Pupae emergence rate is
affected by the probability of the pupae to 1) grow in a contaminated breeding site and 2) to survive PP with a probability ¢

(1 — Blff,r (1— (]))) . Finally, breeding site become decontaminated at a rate v.

Bold sections of the equation (eq. (4)) model the vector control methods that are not based on sterile males releases : ADT
(Or, St), ovitraps (Or), BGS-traps (BGS) and prevention () through breeding site destruction.
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E Model parameters

Parameters and weather-dependent function have been adjusted according to expert knowledge and literature (Table 4 and 5).

The density of breeding sites B;,; was estimated from the urbanization level in each delimited subarea, as the mean number
of breeding sites per household (10 — 20) multiplied by the number of households per hectare (25 — 30) and the surface of
the parcel. All were estimated from field observations, as well as the distinction between permanent and rainfall-dependent
breeding sites.

Table 4. Parameters values in the temperate climate

Parameter Definition Value  Reference
o Sexe ratio at emergence 0.5 1o
B Eggs laid by ovipositing nulliparous female (per female) 95 1
By Eggs laid by ovipositing parous female (per female) 75 i
Yeem Transition rate from emerging female to nulliparous female (/day) 0.4 4
Yec Length of the gonotrophic cycle (/day) 0.2 74
Ug Egg mortality rate (/day) 0.05 (Lacour, unpublished)
ur, Minimum larva mortality rate (/day) 0.02 (Lacour, unpublished)
up Minimum pupa mortality rate (/day) 0.02 (Lacour, unpublished)
WFem Mortality rate during adult emergence (/day) 0.1 (Lacour, unpublished)
Uy Female mortality rate related to seeking behaviour (/day) 0.058  current work
U Male mortality rate (/day) 0.0735 110
Uur Female mortality rate (/day) 0.02 10
ke g, Standard rainfall-independent environment carrying capacity for larvae To our best knowledge
kr,, Standard rainfall-dependent environment carrying capacity for larvae To our best knowledge
kpp Standard rainfall-independent environment carrying capacity for pupae To our best knowledge
kp,,, Standard rainfall-dependent environment carrying capacity for pupae To our best knowledge
T Minimal temperature needed for egg development (°C) 10 10
TDDg Total number of degree-day necessary for egg development (°C) 110 (Lacour, unpublished)
dstart Beginning of the diapause period 30 Sept 12
dona End of the diapause period 10 Mar 12

Table 5. Functions adjusted for temperate conditions’*. R is the rainfall and T, the temperature at time t.

Function Definition Expression

fE Transition function from egg to larvae (T(t)—Tg)/TDDEg
L Transition function from larvae to pupae —000772 +0.0392T —0.3911
Ir Transition function from pupae to emerging adult ~ 0.000872 —0.00517 +0.0319
my, Larva mortality ur +0.0007exp(0.1838(T — 10))
mp Pupa mortality Up +0.0003exp(0.2228(T — 10))
mp Female mortality ur +0.0003exp(0.1745(T — 10))

Ruorm  Normalized weekly rainfall amount (Xi,_14R(i)) /100
kr, Environmental carrying capacity for larvae kg, +min (kL Rorm (1), k1,,,)
kp Environmental carrying capacity for pupae kpy, +min (kp,o, Ruorm(t),kp,,,)
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F Sensitivity analysis

A sensitivity analysis (SA) was performed on the model outputs to identify the key parameters of SIT and BSIT. Four model
outputs were studied : the reduction rate, the resilience, the reduction rate of BSIT compared SIT and the undesirable female
augmentation.

SIT parameters (Ay,, @, tar, ), BSIT parameters (A, V, Kge, KF» Uu,.) and parameters describing the release period (Tyqrs,
7, A;) were varied one by one through 100 trajectories to complete a Morris Sensitivity analysis''® with the sensitivity R
package. The grid of parameters space was discretized by 10 levels and the walking step was defined as %, following Morris’s
recommendations.

Each parameter space (Table 1)) was determined from literature or expert knowledge, except for Ty,,s, which was just
estimated.

As previously found for the tropical climate’!, the main parameters influencing the mosquito population dynamics are
essentially the same between SIT and BSIT (Figure 9). The elementary effect variance increases for most of the parameters
according to the absolute value of the elementary effect. Most parameters have few or no influence on the output values.
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Figure 9. Keys parameters of SIT and BSIT. Sensitivity analysis performed on SIT (blue triangles) and BSIT (red points).
Four outputs were studied, the reduction rate (A), the resilience (B), the reduction rate of BSIT compared to SIT (C), and the
female population augmentation (D). The variance (o) of each elementary effect is plotted against its absolute value (©*).
Parameters without influence (¢ = 0 and p* = 0) were removed.

For 3 outputs out of 4, the date for the start of the releases (Ty¢) is by far the most influencing factor (Figure 9 (A, C, D)).
Its elementary effect absolute value, describing its overall influence on the outputs, is 2 to 100 times higher than the effect of
other parameters. Its participation to the output has either a non-linear relationship with the value, or a strong interaction with
other inputs (high o). The length of the release (7) and the sterile male mortality (i) are parameters that can significantly
modify the population resilience after SIT or BSIT (Figure 9 (B)).

Even if the starting day of release remains by far the major influential parameter, BSIT is less sensitive than SIT to this
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parameter for the reduction rate and resilience outputs (Figure 9 (A, B)). The reduction rate of BSIT compared to SIT is mostly
influenced by the starting day of releases, and, to a much lesser extent, by sterile males competitiveness (@) and the number of
sterile males released (A,) (Figure 9 (C)). Male competitiveness, starting date of releases and the quantity of sterile males
released drive an undesirable augmentation of the females number in SIT, while none has been observed for BSIT (Figure 9
(D)). These parameters may act in interaction (high o). Boost related parameters (e.g. the decontamination rate, v, the larval
resistance to PP, ¢ and the PP transfers, kp. and kr) have few or no influence in the outputs (Figure 9).
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ANNEXE A. ANNEXE
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A Simulated abundance of Ae. albopictus females
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Figure 6. Sum of simulated abundance of A) females susceptible and B) exposed and infectious females in all IRIS areas
from La Reunion. The dark and light gray colors correspond to nulliparous and parous females respectively. The solid lines
are for susceptible females, the long dotted lines are the exposed females, and the little dotted line are the infectious females.
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B Impact of the vector control interventions
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Figure 7. Taking into account the vector control interventions dramatically improves how predictions fit the observations. The
orange dots correspond to the cumulative number of observed cases. The purple line represents the cumulative sum of infected
(Hj) and removed (Hg) cases predicted by the model without vector control interventions (x = 0). The green line represents the
model predictions where control interventions increase adult mortality, with x = 0.14.
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Le moustique tigre, Aedes albopictus, représente une menace sanitaire par la transmission de
maladies virales humaines. Malgré I'existence de moyens de lutte, le contrdle des populations
d’Ae. albopictus reste un enjeu contraint par une connaissance fine de leur dynamique dans
I’espace et le temps. Dans ce contexte, les modeles mathématiques sont des outils de choix pour
tester et optimiser ces stratégies de controle.

L’objectif de cette these était d’explorer les effets des méthodes de controle sur les populations
d’Ae. albopictus en milieu tropical (La Réunion) et tempéré (Montpellier). L’étude s’est basée sur
I'utilisation de modele déterministe détaillant I’ensemble du cycle de vie du moustique, piloté par
le climat et I’abondance de gites larvaires. Nous avons intégré au modele les effets de différentes
méthodes de lutte sur la dynamique des populations d’Ae. albopictus. Une attention particuliere
a été portée aux méthodes basées sur des lachers de males stériles. L’analyse du modéle nous a
permis de mieux comprendre et identifier les stratégies de lutte efficaces en terme de réduction
et résilience des populations d’Ae. albopictus, afin de les optimiser en conséquence.

Les stratégies de lutte intégrée ont pour objectif final de prévenir I’émergence d’épidémie. C’est
pourquoi le modele de dynamique des populations a La Réunion a été couplé avec un modele
épidémiologique. Des études supplémentaires devront étre réalisées pour ajuster les prédictions
du modele avant de pouvoir étudier 'impact de stratégies de lutte intégrée sur la transmission
de la dengue.

Mots clés : Aedes albopictus, modélisation, climat, lutte intégrée, dengue

- )

The tiger mosquito, Aedes albopictus, poses a health threat through the transmission of human
diseases. Despite fighting facilities, controlling the Ae. albopictus populations remains a stake
constained by a precise knowledge of their dynamics in space and time. In this context, mathe-
matical models are a tool of choice to test and optimize these control strategies.

The objective of this thesis was to explore the effects of control methods on Ae. albopictus
populations from tropical (La Réunion) and temperate (Montpellier) areas. The study was based
on a deterministic model detailing the life cycle of the mosquito, driven by weather and the
abundance of larval breeding sites. We incorporated into the model the effects of different control
methods on the Ae. albopictus populations dynamics. We gave a particular attention to methods
based on sterile male released. Analysis of the model allowed us to better understand and identify
effective control strategies in terms of reduction and resilience of Ae. albopictus populations, in
order to optimize them accordingly.

The main purpose of integrated control management is to prevent the emergence of epidemics. We
had therefore coupled the population dynamics model from La Réunion with an epidemiological
model. Further studies will need to be realized to adjust the model predictions before being able
to to study impact of integrated control strategies on dengue transmission.

Key words :Aedes albopictus, modelling, climate, integrated control management, dengue
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