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Résumé

Les réponses comportementales des insectes restent peu connues dés lors qu'on s'éloigne de leur optimum
thermique. Les conditions plus extrémes et variables de température projetées pour les prochaines décennies
devraient pousser les organismes a la limite de leur capacité de fonctionnement, dans la mesure ou ils ne s'adaptent
pas rapidement aux changements. Les réponses comportementales a la température peuvent étre kinétiques
(résultant de l'accélération/ralentissement des réactions chimiques de 1'organisme en fonction de la température) ou
intégrées (résultant de l'intégration des informations thermo-sensorielles par le systéme nerveux central de l'insecte),
adaptatives ou contraintes. Distinguer entre ces différents types de réponse permettra de mieux comprendre et
prédire la réponse des individus aux nouvelles conditions provoquées par les changements climatiques. Les réponses

individuelles pourront alors permettent d’anticiper les conséquences sur les populations.

Dans cette these, plusieurs comportements d'dnaphes listronoti, un parasitoide des ceufs du charangon de
la carotte (Listronotus oregonensis) ont été observés, a I’intérieur de la fenétre thermique permettant ses activités.
Dans un premier temps, il a été montré que le comportement de marche des femelles A4. listronoti ne découlait pas
simplement d'une réponse kinétique a la température, mais correspondait a une réponse intégrée telle que 1'évitement
des conditions thermiques froides et la conservation de I'énergie aux températures élevées. Dans un second temps,
l'exploitation d'agrégats d’hotes a été comparée a différentes températures. La stratégie d'exploitation ne variait pas
avec la température, mais des contraintes liées a la manipulation de I'héte et a la détection des messages chimiques
a haute température ont été révélées. Ensuite, le comportement de cour et d'accouplement a été observé en fonction
de la température. Les températures suboptimales diminuaient le succeés d'accouplement, mais pas le transfert de
spermatozoides lors d’un accouplement. Des contraintes de reconnaissance entre les partenaires sexuels ont
¢galement été observées a températures infra- et supra-optimales. Enfin, un modele de simulation dynamique
intégrant le développement des différents stades de I’insecte et les comportements précédemment étudiés a été
conceptualisé. Ce modele permet de combiner les effets de la température sur les comportements d’un individu et
les conséquences sur la population de parasitoides, ainsi que sur la population de I’héte. L’ajout des comportements
dans les modéles populationnels n’apporte pas forcément de valeur ajoutée, mais il reste essentiel de les considérer,
en particulier dans le cadre des changements climatiques. En effet, si les réponses physiologiques telles que celles
associ¢es au développement augmentent jusqu'a un maximum d’environ 35°C, la plupart des comportements
deviennent sub-optimaux a partir de 30°C, et cessent presque complétement a 35°C. Dans un contexte de
changements climatiques, ces résultats permettent de mieux comprendre et potentiellement prédire les réponses

individuelles et populationnelles des insectes aux différentes conditions thermiques.

Mots-clés : Température — Ecologie comportementale — Parasitoide - Modélisation

il



Abstract

The behavioural responses of insects remain poorly understood once they move away from their thermal
optimum. The more extreme and variable temperature conditions projected for the coming decades should, to the
extent that insects do not adapt quickly to changes, push organisms to the limit of their ability to function.
Behavioural responses to temperature may be kinetic (resulting from the acceleration/slowing down of the
organism's chemical reactions as a function of temperature) or integrated (resulting from the integration of thermo-
sensory information by the insect's central nervous system), adaptive or constrained. Distinguishing between these
different types of response will help to better understand and predict the response of individuals to new conditions

caused by climate change. Individual responses can then be used to infer the consequences on populations.

In this thesis, several behaviours of Anaphes listronoti, a parasitoid of the carrot weevil (Listronotus
oregonensis) eggs, were observed, depending on the thermal window allowing its activities. Firstly, it was shown
that the walking behaviour of A. listronoti females was not simply a kinetic response to temperature, but also
corresponded to an integrated response such as avoidance of cold thermal conditions and conservation of energy at
high temperatures. In a second step, the exploitation of host patches was compared at different temperatures. The
exploitation strategy did not vary with temperature, but constraints related to host handling and detection of
chemical cues at high temperatures were revealed. Next, courtship and mating behaviour was observed as a function
of temperature. Sub-optimal temperatures decreased mating success, but not sperm transfer during mating.
Recognition constraints between sexual partners were also observed at infra- and supra-optimal temperatures.
Finally, a model integrating the development of the different stages of the insect and the previously studied
behaviours was conceptualized. This model makes it possible to combine the effects of temperature on the behaviour
of an individual and the consequences on the parasitoid population, as well as the host population. Adding behaviors
to population models does not necessarily add value, but it remains essential to consider them, particularly in the
context of climate change. Indeed, while physiological responses such as development increase to a maximum of
about 35°C, most behaviours become suboptimal from 30°C onwards, and cease almost completely at 35°C. In a
context of climate change, these results allow to better understand and potentially predict the individual and

population responses of insects to different thermal conditions.

Key-words: Temperature — Behavioral ecology — Parasitoid - Modeling
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Description des chapitres

Chapitre 1. Ce chapitre introduit la problématique générale et les objectifs de la thése.

Chapitre 2. Ce chapitre décrit, par une revue de littérature, le contexte général li¢ aux changements climatiques et

les concepts biologiques requis pour la compréhension de la suite du document.

Chapitre 3. Dans ce chapitre, j’identifie la contribution de mes co-auteurs ainsi que la mienne pour les quatre

articles scientifiques inclus dans cette these.

Chapitre 4. Le premier article scientifique de cette thése, intitulé : « Effect of temperature on the walking behaviour
of an egg parasitoid: disentangling kinetic response from integrated response » décrit la relation entre la

température et le comportement de marche d’une guépe parasitoides des ceufs, Anaphes listronoti.

Chapitre 5. Le second article scientifique, intitulé « The effect of temperature on host patch exploitation by an egg

parasitoid » décrit I’'impact de la température sur le comportement d’exploitation d’agrégat d’Anaphes listronoti.

Chapitre 6. Le troisieme article scientifique, intitulé « Low and high temperatures decrease the mating success of
an egg parasitoid and the proportion of females in the population » étudie comment le comportement

d’accouplement d’Anaphes listronoti est affecté par la température.
Chapitre 7. Le dernier article scientifique, intitulé « Individual behaviour and population dynamics under climate
change : Simulation of an insect parasitoid life cycle » décrit un mod¢le de simulation des populations du

parasitoide crée a partir des données comportementales des trois chapitres précédents.

Chapitre 8. Le dernier chapitre, la discussion générale, résume les principaux résultats obtenus, analyse leurs

implications pour les réponses des insectes aux changements climatiques, et suggére des perspectives de recherche.
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Chapitre 1 : Introduction générale
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Les changements climatiques actuels vont provoquer des conditions thermiques plus extrémes et variables
a I’échelle de la planéte (IPCC, 2013). Les organismes peuvent utiliser diverses stratégies d'adaptation incluant la
modification des aires de répartition, la plasticité phénotypique et 1'évolution (Williams et al., 2008). Cependant,
la rapidité, la variabilité et I’intensité des changements en cours rendent difficile 1'adaptation pour la plupart des
organismes (Chevin et al., 2010). Les insectes étant poikilothermes, la température affecte fortement tous les
aspects de leur cycle de vie (Kingsolver, 2009). Si les effets de la température sur la physiologie des insectes sont
relativement bien connus, il en va autrement des effets sur leurs comportements. En particulier, la distinction reste
complexe entre les réponses kinétiques (qui résultent de 1'accélération/ralentissement des réactions chimiques de
I'organisme en fonction de la température) et les réponses intégrées (qui s'ensuivent de l'intégration des
informations thermo-sensorielles par le systéme nerveux central de l'insecte) a la température (Abram et al., 2017).
Les théories d'optimalité considérent que les individus agissent de maniere a augmenter leur valeur adaptative dans
I'environnement ou ils ont évolué (Parker et Smith, 1990). Les nouvelles conditions thermiques limiteront
probablement la réalisation de leur plein potentiel. De plus, les conséquences des réponses comportementales
individuelles sur la population demeurent inconnues, mais constituent une information cruciale si nous voulons
étre en mesure de prédire les réponses des populations et des communautés aux changements climatiques
(Tenhumberg, 2004; Wong et Candolin, 2015).

Dans ce contexte, cette thése explore l'effet de la température sur trois comportements d'une guépe
parasitoide des ceufs, Anaphes listronoti : la marche lorsqu’associée a la recherche de I'hote, I'exploitation
d'agrégats d’hotes, et l'accouplement. Pour chaque comportement, j’ai tenté de déterminer si les réponses
observées étaient kinétiques ou intégrées, adaptatives ou en réponse a certaines contraintes. L'inclusion de ces
comportements dans un modele de simulation dynamique a ensuite permis de simuler selon la température les
conséquences des réponses comportementales des individus sur une population de parasitoides. Les objectifs de
la thése étaient de :

1. Dissocier les effets kinétiques des effets intégrés pour le comportement de marche, d’exploitation

d’agrégats et de reproduction ;
a. Hypothése 1 : La température affecte les comportements de maniere kinétique;
i. Prédiction 1 : Les comportements testés suivent la courbe théorique physiologique.
b. Hypothese 2 : La température affecte les comportements selon une réponse intégrée;
i. Prédiction 1 : Des réponses intégrées de type fuite, maintien du comportement ou
conservation de 1’énergie seront observées.
c. Hypothése 3 : Les réponses kinétiques et intégrées ne sont pas mutuellement exclusives;
i. Prédiction 1 : Des réponses kinétiques et intégrées seront observées pour un méme
type de comportement.
d. Hypothése 4 : Des contraintes physiologiques supplémentaires affectent les comportements;

i. Prédiction 1 : Des modifications comportementales ne pouvant étre expliquées par
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4,

une réponse kinétique ou intégrée seront observées.
Comparer les stratégies d'exploitation d'agrégats d’hdtes et de reproduction en fonction de la
température;
a. Hypothése 1: Les températures aux limites de la gamme thermique de fonctionnement
contraignent les stratégies d’exploitation d’agrégat d’hotes;

i. Prédiction 1 : Le temps de résidence diminuera lorsque la température augmente;

ii. Prédiction 2: L’allocation du temps sur l’agrégat variera en fonction de la
température, en particulier la méthode d’estimation du statut de 1’hote.

b. Hypothese 2 : Les températures aux limites de la gamme thermique de fonctionnement
contraignent les stratégies de reproduction;

i. Prédiction 1 : Le succes d’accouplement diminuera aux températures les plus basses
et les plus élevées de la gamme thermique testée;

ii. Prédiction 2 : Le sex ratio de la descendance augmentera lorsque la meére s’est
accouplée aux températures les plus basses et les plus élevées de la gamme thermique
testée.

Quantifier I'impact de la modification des comportements induite par la température sur la génération
suivante ;
a. Hypothése 1: Les températures aux limites de la gamme thermique de fonctionnement
contraignent les comportements de reproduction des femelles;

i. Prédiction 1 : Les femelles exploitant un agrégat a des températures infra- et supra-
optimales auront moins de descendants que celles exploitant I’agrégat a température
intermédiaire;

ii. Prédiction 2 : Les femelles exploitant un agrégat a des températures infra- et supra-
optimales auront une proportion de filles inférieure aux femelles exploitant un agrégat
a température intermédiaire;

iii. Prédiction 3 : Les femelles exploitant un agrégat a des températures infra- et supra-
optimales déposeront moins de descendants par hote que celles exploitant I'agrégat a
température intermédiaire.

Analyser l'importance d'inclure les comportements individuels dans un modéle mathématique
simulant la population d'un insecte en fonction des conditions thermiques ;
a. Hypothése 1: I est fondamental d’inclure les comportements dans les modeles de
population ;

i. Prédiction 1: Un modé¢le incluant les comportements génére des prédictions plus

fiables qu’un mode¢le ne les incluant pas, pour prédire une population de parasitoides

au champ.



b. Hypothese 2 : Les courbes thermiques de performance des comportements différent dans leur
étendue et leur température correspond a la performance optimale;

i. Prédiction 1 : Les gammes thermiques des comportements liés a la reproduction sont
plus restreintes que celles des autres comportements;

ii. Prédiction 2 : Les gammes thermiques des comportements sont plus restreintes que
celles liées aux processus physiologiques de I’insecte tels que le développement.

c. Hypothése 3 : Inclure les comportements dans un modele de dynamique des populations est
encore plus important pour des conditions de températures projetées dans le contexte des
changements climatiques;

i. Prédiction 1 : Les populations simulées selon le modele incluant le comportement
seront significativement différentes de celles simulées sans inclure le comportement,
pour des conditions thermiques telles que celles projetées par les changements

climatiques.

Les résultats obtenus dans le cadre de cette thése mettent de I’avant la variété et la complexité des réactions
comportementales des insectes en réponse a la température. Ainsi, par 1’utilisation d’un modéle kinétique nul tel
que suggéré par Abram et al. (2017), les mécanismes sous-jacents a I’expression d’un comportement en réponse
aux conditions thermiques ont pu étre étudiés. De plus, 1’existence de contraintes physiologiques autres que les
contraintes kinétiques sont constatées. Egalement, les expériences ont permis d’observer des mécanismes
physiologiques ou comportementaux d’adaptation aux conditions thermiques non optimales. Finalement, le
modele montre que chez les organismes ectothermes, 1’ajout des comportements dans les modeles populationnels
n’apporte pas forcément de valeur ajoutée, mais qu’il reste essentiel de les considérer, en particulier dans le cadre
des changements climatiques. Il révele également les limites de nos connaissances, notamment en ce qui concerne
I’allocation du temps au champ, et comment les conditions thermiques affectent cet aspect. Cette these illustre les
capacités d’adaptation remarquable a leur environnement dont font preuve les insectes, les parasitoides en
particulier, malgré les contraintes exercées par les conditions thermiques, et ce a I’échelle de I’individu comme de

la population.
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2.1 / Changements climatiques — ‘The times they are a-changin’ "’

2.1.1 / Changements climatiques : Etat de la situation et projections

L'effet des gaz a effet de serre sur I'augmentation des températures terrestres a été prédit par Arrhénius
(1896) il y a plus d’un siecle. Depuis, « le réchauffement du systeme climatique est sans équivoque. [...]
L’atmosphere et les océans se sont réchauffés, les quantités de neige et de glace ont diminué, le niveau de la mer
s est éleve, et les concentrations de gaz a effet de serre ont augmenté » (Stocker et al., 2013). D’ici la fin du siecle,
la température globale de surface augmentera d’au moins 1.5°C comparé a celle de 1’ére préindustrielle. Outre les
augmentations moyennes de température, des phénomeénes « extrémes » tels que des vagues de chaleur, des hivers
particuliérement froids et de fortes pluies sont observées plus fréquemment depuis 1950 (Stocker et al., 2013), et
il est « virtuellement certain » que leurs fréquences, intensités et durées augmenteront de concert avec les
températures globales moyennes (Easterling, 2000). La nature et l'intensité des changements varient d'une région
du monde a l'autre et entre les saisons (Sillmann et al., 2013).

Au Québec, en particulier, les températures journaliéres ont augmenté de 0.2 a 0.4°C par décennie et la
saison de gel s’est raccourcie (Ouranos, 2010). On prévoit d'ici 2080, dans le sud du Québec, un réchauffement
hivernal allant jusqu’a 3.8°C par rapport aux températures de 1961 a 1990. Pour I'été, le réchauffement atteindra
3.1°C (Ouranos, 2015) (Figure 2-1). Les précipitations devraient augmenter de 8.6 a 18.1%. Les changements
seront encore plus importants dans le nord de la province, avec des augmentations de température pouvant atteindre
6.5°C et 29.4% d’augmentation des précipitations (Ouranos, 2010). Dans le sud du Québec, I’accumulation de
neige diminuera pendant I’hiver, ce qui pourrait affecter différentes espeéces animales et végétales qui survivent

aux rigueurs de I’hiver grace a la protection du couvert de neige.

Différents scénarios climatiques ont été ¢laborés quant a la quantité de CO, que nous rejetterons dans
l'atmosphere a 1'échelle mondiale. On calcule ces scénarios selon les stratégies potentielles de réduction des gaz a
effet de serre mises en place au niveau des transports, de la construction, des industries, de I'agriculture et de la
foresterie (Stocker et al., 2013). Ils vont du plus pessimiste, RCP (Representative Concentration Pathways) 8.5
(ou les concentrations de CO; dans l'atmosphere en 2100 atteindraient plus de 1000 ppm, menant a une
augmentation de température d'au moins 4°C d'ici 2100) au plus optimiste, RCP 2.6 (450 ppm de CO, dans
l'atmospheére en 2100, ce qui permettrait de limiter le réchauffement a 1.5°C) (Stocker et al., 2013). Selon tous les
scénarios envisagés, a l'exception du plus optimiste (RCP 2.6), les températures continueront a augmenter apres

2100 (GIEC, 2013) (Figure 2-2).

"' Bob Dylan - The Times They Are a-Changin’ (1964)



Hiver 1961-1990 Eté 1961-1990

Hiver 2041-2070

Figure 2-1: Moyennes des températures hivernales et estivales observées (1961-1990) et projetées (2041-2070)
(Ouranos, 2010)
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Figure 2-2: Variations observées et projetées de la moyenne annuelle de la température a la surface du globe.
Figure tirée du Résumé a I’intention des décideurs du GIEC (2014)



2.1.2 / Conséquences générales sur les organismes

Des modifications écologiques en réponse aux changements climatiques s’observent déja (Hughes, 2000
; Walther et al., 2002) et s’inscrivent selon les prédictions d’un réchauffement climatique (Rosenzweig et al., 2008).
Les effets des changements climatiques sur les organismes varient fortement en fonction de la région étudice ; ils
risquent ainsi d'étre plus problématiques pour les organismes vivant dans des zones auparavant trés stables au
niveau météorologique, telles que les zones tropicales (Deutsch et al., 2008; Huey et al., 2009; Kingsolver, 2009;
Bonebrake et Mastrandrea, 2010; Bonebrake et Deutsch, 2012; Diamond et al., 2012), arctiques ou en altitude
(Parmesan, 2006). Ainsi en Arctique, ou le réchauffement s’avére le plus important, des changements conséquents
de compositions des communautés s’observent déja (Koltz et al., 2018). Les changements climatiques pourraient
¢galement favoriser les populations d'espéces invasives (Chown et al., 2007). De plus, les événements
imprévisibles (Zhu et al., 2019) et extrémes (Bale et al., 2002; Clusella-Trullas et al., 2011; Sergio et al., 2018),
ainsi que la variabilité des changements (Drake, 2005; Folguera et al., 2011; Paaijmans et al., 2013; Estay et al.,
2014; Vasseur et al., 2014) auront probablement plus d'importance pour les organismes que l'augmentation
moyenne de température. Williams et al. (2008) définissent trois types de réponse des populations animales a une
perturbation environnementale : la dispersion, la plasticité phénotypique des traits d’histoire de vie et l'adaptation

génétique.

Dispersion

La dispersion vers des régions aux conditions plus adaptées constitue une adaptation en réponse aux
changements. Plusieurs espéces « suivent » ainsi déja les conditions météorologiques/biotiques permettant leur
développement (Parmesan, 2006; Chen et al., 2011) en se déplacant vers le nord ou en altitude en réponse aux
changements climatiques (Parmesan et Yohe, 2003). Les capacités de dispersion de certaines espéces semblent
cependant insuffisantes pour suivre les changements environnementaux (Sirois-Delisle et Kerr, 2018). La
diminution de la connectivité des habitats limite également cette possibilité (Warren et al., 2001; Senior et al.,
2019). Ainsi, plusieurs especes sont en retard dans leur distribution géographique par rapport aux changements de
leur environnement (Menéndez et al., 2006). Actuellement, en considérant un réchauffement global de 3.2°C, 49
% des especes d'insectes verraient leur distribution géographique diminuer de moiti¢ (Warren et al., 2018). A
l'inverse, d'autres espéces, plus adaptées aux nouvelles conditions (par exemple certaines especes invasives),
gagneront en distribution (Thuiller, 2007).

A plus petite échelle spatiale, la recherche de microclimats adaptés au sein de l'environnement pourrait
jouer un réle important dans 'adaptation aux changements climatiques (Bonebrake et Deutsch, 2012; Woods et
al., 2015). Potter et al. (2013) et Pincebourde et Casas (2015) suggérent ainsi de considérer le microclimat plutét
que le macroclimat pour estimer les capacités d'adaptation et de dispersion des organismes en réponse aux

changements climatiques.



Réponse plastique

La plasticité phénotypique correspond aux différentes manieres dont un génome peut s'exprimer en
fonction de son environnement. Ainsi, la réponse plastique, incluant les réponses phénologiques, morphologiques,
physiologiques (Fuller et al., 2010) et comportementales (Candolin et al., 2014), représente un tampon face aux
changements environnementaux (Chevin et al., 2010; Kellermann et van Heerwaarden, 2019). Ces adaptations
constituent les premiéres réponses a une perturbation observée au niveau des populations (Wong et Candolin,
2015). Laréponse plastique permet de s'adapter a un changement environnemental sans nécessiter de changements
génétiques dans la population (Reed et al., 2011). Dans le cadre des changements climatiques, la plasticité
phénotypique s’avere la réponse la plus souvent observée (Bradshaw et Holzapfel, 2008; Charmantier et al., 2008;
Gienapp et al., 2008). A cause de la rapidité des changements documentés, elle pourrait représenter la seule
possibilité¢ d'adaptation pour les organismes a long cycle de vie (Fuller et al., 2010). Elle présente cependant
plusieurs limites : les colits de production et de maintien (Sgro et al., 2016), la question de son adaptativité
(Ghalambor et al., 2007; Sih, 2013), son ampleur face aux perturbations environnementales prévues (van Baaren
et Candolin, 2018) et finalement la diminution de la valeur adaptative des organismes par rapport aux conditions

optimales (Reed et al., 2011; Huey et al., 2012) (Figure 2-3).

L'une des réponses plastiques les plus fréquemment documentées en réponse aux changements climatiques
est le décalage phénologique (Parmesan et Yohe, 2003; Root et al., 2003). Ainsi, les arbres en Europe produisent
leurs feuilles plus tot dans I'année, suivant I'amplitude des changements climatiques (Menzel et al., 2006), les
oiseaux migrent plus tot (Gienapp et al., 2007) et les insectes s’activent plus rapidement au printemps (Forrest,
2016). Dans le cas particulier des ectothermes, grace a un début de la saison plus précoce et a leur développement
plus rapide a température plus élevée (Bale et al., 2002), le nombre de générations par année augmente chez les
especes multivoltines, qui ont plusieurs générations par année (Forrest, 2016). La plasticité phénotypique reste
malgré tout peu intégrée dans les modéles de simulation des réponses des espéces aux changements climatiques,
entre autres parce que nous manquons d'informations sur la plasticité des réponses, leur coiit et les conséquences
pour les populations (Sgro et al., 2016). Stillman (2003) et Serensen et al. (2016) ont cependant montré que la
réponse plastique sous forme d'acclimatation aux températures élevées reste limitée, en particulier pour les

organismes qui exploitent un environnement déja aux limites de leur capacité thermique.

Evolution
L'évolution est une stratégie d'adaptation qui se déroule a plus long terme. Bien que certaines études
décrivent des exemples d'évolution rapide en réponse aux changements climatiques (Bradshaw et Holzapfel, 2006;

Parmesan, 2006), le role de 1'évolution demeure souvent difficile & démontrer (Gienapp et al., 2008;
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Figure 2-3 : (a) Courbe de valeur adaptative thermique (performance) pour un ectotherme hypothétique, avec les
parameétres descriptifs ¢lés CTmin (Critical thermal minimum), CTmax (Critical thermal maximum), gamme de
tolérance, ampleur de performance et température optimale (T,) identifiés. (b) Avec les changements climatiques,
la distribution réalisée Ty (body temperature) peut se décaler plus haut. Si le réchauffement résulte en un Ty plus
proche du T, d'une espece (par exemple Ty, se décale de A vers B), alors le réchauffement devrait améliorer la
valeur adaptative ; mais si le réchauffement augmente Ty, au-dela de T, (si T, se décale de B vers C), la valeur
adaptative sera diminuée. (c,d) Les augmentations dans la distribution de Ty par le réchauffement peuvent avoir
des effets supérieurs sur les (c) spécialistes thermiques que sur les (d) généralistes thermiques. Traduction de la
légende de (Huey et al., 2012)

Chown et al., 2010). Plusieurs facteurs limitent cependant I'adaptation par évolution : elle requiert en effet la
présence de variants génétiques sur lesquels agir (Hoffmann et Sgro, 2011; Reed et al., 2011), que les traits d'intérét
soient héritables, et enfin que les changements observés ne soient pas trop rapides (Visser, 2008). De plus, la
variabilité prévue des conditions environnementales dans le cadre des changements climatiques pourrait ralentir,
voire empécher I’expression constante des pressions de sélection, et donc freiner 1'évolution de la population
(Wong et Candolin, 2015). Du reste, des expériences en laboratoire sur différentes espeéces de drosophile ont

montré que la capacité évolutive de résistance a la chaleur était généralement limitée (Krebs et Loeschcke, 1994;
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Kellermann et van Heerwaarden, 2019). A cause de ces contraintes, 1'adaptation par évolution semble limitée dans
le contexte de tres rapides changements climatiques (Etterson et Shaw, 2001). Ainsi, Quintero et Wiens (2013) ont
calculé que, pour s'adapter a la vitesse des changements environnementaux prévus, le taux d'évolution des

vertébrés devrait étre 10 000 fois plus rapide que les taux habituellement observés pour la plupart des espéces.

Réseaux trophiques

L'écologie des organismes jouera un rdle important dans leur potentiel d'adaptation aux nouvelles
conditions (Berg et al., 2010). On estime ainsi que les niveaux trophiques supérieurs ont des probabilités
d'adaptation moindre comparé aux niveaux inférieurs (Voigt et al., 2003) a cause des effets « bottom-up » de
perturbations des systémes (Aguilar-Fenollosa et Jacas, 2014). En effet, les niveaux supérieurs doivent s'adapter
non seulement aux nouvelles conditions environnementales, mais ¢galement aux changements provoqués par ces
nouvelles conditions sur les niveaux inférieurs (qualité de 1'h6te, indices chimiques, phénologie, distribution, etc.).
L'une des problématiques de I'adaptation différentielle des espéces aux nouvelles conditions reste la perte
potentielle de synchronisme entre les espéces qui interagissent entre elles (Bale et al., 2002; Visser et Both, 2005;
Hance et al., 2007; Castex et al., 2018; Renner et Zohner, 2018). Cependant, les études relatives aux effets
thermiques sur les organismes individuels, mais surtout sur les réseaux trophiques manquent cruellement (Petchey

et al., 2010; Thomson et al., 2010; Jamieson et al., 2012; Jeffs et Lewis, 2013).

Risque d'extinction

Face a des changements trop rapides ou importants, certaines especes n’ont pas la capacité de s'adapter
(Chevin et al., 2010). Dans ce cas, les populations peuvent diminuer ou méme s'éteindre. Les changements
climatiques représentent aujourd'hui la 4°™ cause d'extinction des espéces d'insectes aprés la destruction des
habitats, la pollution (en particulier causée par les pesticides) et les causes biotiques (pathogeénes et espéces
introduites) (Thomas et al., 2004; Sanchez-Bayo et Wyckhuys, 2019). On observe ainsi un déclin des populations
de certaines espéces de papillons depuis quelques années (Carnicer et al., 2019; Wepprich et al., 2019). Chez les
insectes en général, la biomasse a diminué de 80% dans les 30 derniéres années (Hallmann et al., 2017) et jusqu'a
40% des espéces d'insectes pourraient disparaitre (Sanchez-Bayo et Wyckhuys, 2019) en raison de tous ces
facteurs. Le probléme n'est pas limité aux insectes : nous observons actuellement les prémices de la 6°™ extinction
massive de la planéte (Barnosky et al., 2011; Bellard et al., 2012). Ainsi, 47% des 976 espéces étudiées (plantes et
animaux vertébrés et invertébrés) ont déja subi des extinctions locales en lien avec les changements climatiques,
et ce malgré le fait que les changements environnementaux actuels demeurent moins importants que ceux prévus
a la fin du siecle (Wiens, 2016). De plus, les effets négatifs du climat pourraient se voir amplifiés par d'autres
facteurs déstabilisant les écosystémes tels que la destruction des habitats, la diminution de biodiversité (Macfadyen
et al., 2018), et les espéces invasives (Molina-Montenegro et al., 2009), ou encore la multiplicité des facteurs de

stress, par exemple la chaleur, la sécheresse et I'exposition aux pesticides (Rohr et Palmer, 2013).
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Précédents changements climatiques

D'apres le scénario RCP 4.5 du Modéle de Systéme Climatique version 4 (Climate System Model version
4 - CCSM4) de la phase 5 du Projet d’Intercomparaison des Modeles Couplés (Coupled Model Intercomparison
Project phase 5 - CMIP5) (Meehl et al., 2012), le climat de 2040 sera similaire a celui du milieu du Pléiocéne. A
l'inverse, le scénario RCP 8.5 prévoit que le climat de 2150 ressemblera a celui de 'Eocéne, selon un réchauffement
65 fois plus rapide que celui de la derni¢re déglaciation (Nolan et al., 2018). Cela revient a inverser des millions
d'années de refroidissement sur une période de seulement quelques générations humaines (Burke et al., 2018).
L'étude des fossiles de ces époques nous aide a prédire les changements possibles au sein des populations et des
communautgs, tels que les modifications importantes observées dans la composition des communautés d'insectes,
en particulier la proportion d'herbivores (Wilf et Labandeira, 1999) lors du passage Paléocéne-Eocéne, ou encore
les changements de répartition géographique des espéces d'insectes (Coope, 1970), de végétaux (Graham et
Grimm, 1990; Davis et Shaw, 2001), de mammiféres et de mollusques (Graham et Grimm, 1990) selon les périodes
glaciaires et interglaciaires de 1'ére Quaternaire. Les changements d'aires de répartition tendent a se faire a I'échelle
de l'espéce plutdét que de 1’écosystéme (Graham et Grimm, 1990; Kidwell, 2015). La possibilité pour les
organismes de suivre spatialement les changements climatiques est malheureusement plus limitée aujourd'hui que
durant le Quaternaire, a cause de la destruction des habitats par l'activité humaine (Parmesan et al., 2000). D'autres
especes ne modifiaient pas leurs aires de répartition mais s'adaptaient aux changements (Parmesan et al., 2000).

Cependant, le réle du climat seul dans les adaptations biologiques, ainsi que dans 1’extinction des especes,
reste moins évident (Kidwell, 2015). Les extinctions du Quaternaire pourraient avoir ét¢ causées par des
changements de composition des communautés (Graham et Grimm, 1990) résultant de changements climatiques
plutot que directement des changements climatiques. Seulement, en se basant sur les observations datant de la
derniére glaciation, il demeure possible de prédire I’ampleur des changements que subiront les communautés en
termes de composition, de structure et de fonction (Nolan et al., 2018). Les écosystémes pourraient ainsi retrouver

une stabilité au 22°™ siécle (Nolan et al., 2018).

2.2/ Les insectes et la température — ‘Light my fire’’

Les insectes entrent dans la catégorie des organismes poikilothermes. Ils ne régulent pas leur température
corporelle de maniére physiologique, laquelle se maintient prés de la température ambiante. La température
constitue le facteur abiotique ayant le plus d’impact sur I'écologie des insectes (Messenger, 1959; Kingsolver,

2009) puisqu’elle affecte fortement tous les aspects de leur métabolisme, développement, reproduction (Clarke et

2 The Doors — The Doors (1967)
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Fraser, 2004) et comportement.

Les insectes ont la capacité de tolérer physiologiquement une certaine gamme de températures, comprise
entre le point thermique critique minimum (CTmin : température basse a laquelle les individus perdent la
coordination de leurs mouvements ou la force de se tenir debout ou de se relever (MacMillan et Sinclair, 2011), et
le point thermique critique maximum (CTmax : température la plus élevée a laquelle l'insecte peut bouger). En deca
et au-dela de ces deux points, l'insecte tombe dans un coma puis meurt (Figure 2-4) (Vannier, 1994). Le coma froid
se traduit par une absence de mouvement spontané ou de réponse a un stimulus & basse température. Cet état
réversible dépend de la température et de la durée d'exposition, ainsi que de la température de récupération
(MacMillan et Sinclair, 2011). Les valeurs des CTL (Critical Thermal Limits) dépendent de la vitesse
d'augmentation ou de diminution des températures (Lutterschmidt et Hutchison, 1997; Chown et al., 2009;
Terblanche et al., 2011; Allen et al., 2012; Overgaard et al., 2012). Les limites thermiques supérieures maximales
varient généralement d'un niveau trophique a l'autre, ce qui peut perturber I'équilibre des réseaux (Agosta et al.,
2018). De plus, leur potentiel d'augmentation chez les ectothermes terrestres semble limité, aussi bien par la
plasticité, 1'évolution (Hoffmann et al., 2013) que I'acclimatation (Allen et al., 2012). Dans le cadre des
changements climatiques, on utilise les CTmin €t CTmax pour prédire la distribution géographique de plusieurs

especes selon différents scénarios, bien que cette méthode ait ses limites (Kellermann et van Heerwaarden, 2019).
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Figure 2-4 : Courbe thermique d'un insecte hypothétique. Adapté de Vannier (1994)

On définit la température comme « optimale » des lors que le trait observé y est maximal. En dessus et en
deca de cette température (lorsque le trait reste exprimé mais de fagon moindre), on considere la température
comme suboptimale. On définit ainsi les températures infra- et supra-optimales comme la gamme de température
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allant de 1’optimum thermique de I’insecte jusqu’aux températures inférieures et supérieures (Figure 2-4) a partir
desquelles la performance de l'insecte diminue (Angilletta et al., 2002; Angilletta, 2006; Huey et al., 2012). Les
températures causant la mortalité de l'insecte sont définies comme des températures extrémes. Les courbes
thermiques définissent la sensibilité thermique d'un ectotherme et peuvent étre utilisées pour prédire la réponse
des organismes aux changements climatiques, malgré le manque de connaissances des mécanismes sous-jacents

de la température sur les ectothermes (Schulte et al., 2011).

2.2.1 / Effets biochimiques de la température

Enzymatique

Selon le modéle Boltzmann-Arrhenius, la vitesse des réactions chimiques se déroulant a l'intérieur du
corps de l'insecte est proportionnelle a la température (Dell et al.,, 2011). Deux facteurs conditionnent
essenticllement les réactions chimiques : la vitesse d'action des enzymes et le pourcentage de compaction des
protéines (leur structure 3D). La conformation des enzymes et donc leur vitesse de liaison avec le substrat dépend
de la température (Neven, 2000; Damos et Savopoulou-Soultani, 2012). Les changements dans la fluidité des
membranes peuvent affecter l'activité des enzymes liées, mais aussi poser des problémes au niveau de I'équilibre
ionique des compartiments biologiques et du potentiel électrique (Neven, 2000). Un mécanisme semblable
gouverne les protéines et les acides nucléiques : a température élevée, leur conformation 3D sera altérée (Neven,

2000).

Respiration et métabolisme

La respiration augmente avec la température jusqu'a atteindre un maximum, au-dela duquel elle diminue
(Neven, 2000). Une limitation en oxygene pourrait amplifier les effets déléteres des températures élevées (Neven,
2000; Verberk et Bilton, 2011) : I'oxygene est en effet nécessaire a la création d'ATP. Le métabolisme des lipides
et des glucides, la synthése des protéines et le maintien de l'intégrité de la membrane phospholipidiques par
l'altération des acides gras nécessitent également de I'oxygene (Neven, 2000). Le systéme de livraison de I'oxygene
pourrait ainsi fixer les limites thermiques, plutot que les fonctions moléculaires (Portner, 2001; Portner, 2002).

La respiration est fréquemment utilisée pour mesurer le taux métabolique des organismes (Chown and
Gaston, 1999). La taille et la température sont les plus grands prédicteurs du taux métabolique chez les ectothermes
(Gillooly, 2001). Ce dernier augmente avec la température, jusqu'a atteindre un maximum au-dela duquel il décline
(Schulte, 2015). Cet effet de déclin a hautes températures s'explique par la perte de stabilité des protéines. D'autres
mécanismes pourraient préciser cette réponse métabolique a la température, dont la Théorie métabolique de
1'écologie « Metabolic Theory of Ecology » (MTE) (Brown et al., 2004), I'hypothése de limite thermique par la
capacité de transport de l'oxygéne (Portner, 2001; Verberk et Bilton, 2011; Schulte, 2015), ou encore les

considérations bioénergétiques (Sokolova et al., 2012; Sokolova, 2013). Certains poikilothermes peuvent
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cependant compenser les changements de température en modifiant leur métabolisme pour maintenir une certaine
activité sur une large gamme thermique (Prosser et Nelson, 1981). D'apres la MTE, le taux métabolique des
individus dirige tous les aspects biologiques, écologiques et méme écosystémiques (Brown et al., 2004). Selon
certains auteurs, cette théorie représente une base conceptuelle a I'écologie. Elle permet d'expliquer plusieurs
comportements qui varient en fonction de la température, par exemple la prédation (Vucic-Pestic et al., 2010;
Sentis et al., 2012, 2013, 2014), le parasitisme (Wu et al., 2011; O’Connor et Bernhardt, 2018) ou la vitesse
d'alimentation (Rall et al., 2012).

Systeme nerveux

L'effet de la température sur le systéme nerveux des insectes varie selon le type de nerfs, allant de « pas
d'effet » jusqu'a une augmentation de l'activité (Kerkut et Taylor, 1958; Neven, 2000). Les mécanismes en jeu
incluent le gain synaptique et les délais synaptiques et de conduction (Montgomery et Macdonald, 1990). La
perturbation du systéme nerveux peut diminuer la capacité de l'insecte a percevoir la température, a intégrer les
informations environnementales et a réagir de mani¢re musculaire ou endocrine (Neven, 2000). Il existe cependant
des mécanismes de compensation a la température permettant le fonctionnement comportemental a différents

régimes de températures (Montgomery et Macdonald, 1990).

2.2.2 / Température et développement pré-imaginal

Une température ¢levée accélére les réactions chimiques, et donc la vitesse de développement des insectes.
En dessous d'une certaine température aucun développement ne se produit. Le développement accélere lorsque la
température augmente, puis diminue apres avoir atteint un maximum (Davidson, 1944; Damos et Savopoulou-
Soultani, 2012). Les effets de la température sur le développement des insectes ont été largement étudiés et
modélisés (Taylor, 1981; Régniere et al., 2012) et sont fréquemment considérés dans 1'évaluation des effets des
changements climatiques sur les especes et les communautés (Bale et al., 2002; Hance et al., 2007; Folguera et al.,

2011).

Les températures basses (Pandey et Johnson, 2005) ou élevées (Lepage et al., 2012) expérimentées durant
le développement diminuent la survie et la fécondité des différents stades et sexes (Wilkes, 1959; Colinet et al.,
2006). Cependant, a température élevée, le développement se faisant plus rapidement, des effets bénéfiques
peuvent se produire (Arendt, 1997). Par exemple, la mortalité liée a la prédation baisse, par réduction du temps
passé a un stade plus sensible (Bale et al., 2002). L'exposition a des températures assez basses pour arréter le
développement (ex : 4°C) méne a une diminution de la valeur adaptative directe, plus tard dans le développement

(Colinet et Boivin, 2011), ou a une diminution des capacités d'apprentissage (van Baaren et al., 2005, 2006) et de
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discrimination de I’héte chez l'adulte (van Baaren et al., 2005; Jerbi-Elayed et al., 2015). A température élevée, un
ectotherme se développe plus rapidement, mais 1'individu grandira moins qu'un autre qui se serait développé a une
température plus basse : ce phénomene correspond au Temperature Size Rule, ou TSR (Atkinson, 1994; Colinet et
al., 2007). La taille étant positivement corrélée a la valeur adaptative chez les insectes, aussi bien chez les males
que chez les femelles, mais surtout chez ces derniéres (Charnov et al., 1981; Hon¢k, 1993), cet aspect pourrait se
révéler critique dans le cadre des changements climatiques (Gardner et al., 2011; Tseng et al., 2018), mais nous

manquons encore d'études a ce sujet (Teplitsky et Millien, 2014).

2.2.3 / Effet de la température sur la physiologie/métabolisme de I'adulte

Longévité
En conséquence des changements dans le taux métabolique, la longévité des individus varie en fonction
de la température : a température élevée, les individus vivent moins longtemps, le métabolisme étant accéléré par

les réactions chimiques se produisant plus rapidement a hautes températures (Miquel et al., 1976).

Fécondité/Fertilité

Les traits reproducteurs sont plus sensibles a la température que les autres traits du cycle de vie (Jorgensen
et al.,, 2006; Keena, 2006; Zizzari et Ellers, 2011). Par exemple, la température expérimentée durant le
développement d'un individu a des conséquences directes sur sa fertilité/fécondité (Ali et al., 1997) en diminuant
la production des ceufs et des spermatozoides (Walsh et al., 2019), et en modifiant la quantité et la composition
des phéromones sexuelles émises (Roeser-Mueller et al., 2010). La température de développement peut également
avoir des conséquences indirectes par le TSR (Colinet et al., 2007). Cependant, les expositions a des températures
suboptimales au stade adulte affectent aussi la fécondité/fertilité des individus (Lecato et Pienkowski, 1972; Roux
et al., 2010), en particulier les méles (Sales et al., 2018). De plus, I'exposition de ces derniers a des températures

suboptimales peut diminuer la préférence des femelles a leur égard (Zizzari et Ellers, 2011).

Mortalité

La mortalité peut résulter de l'exposition a de hautes ou basses températures, mais les mécanismes
différent. A haute température, la mort de l'individu résultera directement d'un choc thermique (Cloudsley-
Thompson, 1962a), provoqué par I'accumulation de déchets que I'organisme ne métabolise pas assez rapidement
(Kenneth, 1932) ou par perte d'eau (Beament, 1959; Barker, 1988; Sterling et al., 1990). La mortalité thermique
varie d'un stade a l'autre, les stades immatures (Johnson et al., 2004; Greenberg et al., 2005), en particulier les
ceufs, étant généralement les plus sensibles a la mort thermique (Zhao et al., 2007; Lepage et al., 2012).

A basse température, le gel cause souvent la mort. On distingue a ce niveau deux types d'organismes : ceux

qui le tolérent et survivent a la formation de cristaux de glace dans leurs tissus (freeze tolerant), et ceux qui ne le
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font pas (freeze intolerant) (Lee, 1989; Sinclair et al., 2003). Les seconds, pour des températures inférieures a zéro,
modifient leur métabolisme pour que leurs tissus gelent a une température plus basse : ce qui correspond au point
de surfusion (supercooling point) (Renault et al., 2002). A cette fin, les individus diminuent la quantité d'eau dans
leurs tissus, éliminent les agents formateurs de noyaux de glace et produisent des cryoprotecteurs et des antigels
(Lee, 1989; Bale, 2002; Hance et al., 2007), et des noyaux de glace extra-cellulaires (Michaud et Denlinger, 2004).
L'exposition a des températures supérieures au point de surfusion peut cependant causer la mort par I’épuisement
des réserves énergétiques (Renault et al., 2002), les cotits physiologiques (Amice et al., 2008) ou 1’accumulation
des dégats, selon la température et de la durée d'exposition (Hance et al., 2007). Les effets défavorables des
températures extrémes changent avec la durée d'exposition (Johnson et al., 2004) et la vitesse de diminution ou

d'augmentation de la température (Yan et al., 2014).

2.2.4 / Adaptations

Acclimatation

L'acclimatation correspond a « toute modification facultative d'un trait physiologique en réponse aux
changements d'une variable environnementale. Les changements peuvent apparaitre en réponse a l'environnement
de développement ou aux modifications environnementales a long terme durant les derniers stades du cycle de vie
de l'organisme. Ces réponses peuvent étre bénéfiques, neutres ou négatives » (Wilson and Franklin, 2002). Les
conséquences de l'acclimatation sur le comportement et la performance de l'adulte varient selon le stade
d'exposition (adulte ou immature) (Krstevska et Hoffmann, 1994; Scharf et al., 2015).

L'acclimatation permet d'atténuer les effets néfastes de I'exposition aux températures basses (Powell et
Bale, 2005; Geister et Fischer, 2007; Marais et Chown, 2008; Lachenicht et al., 2010; Lessard et Boivin, 2013) et
¢levées (Ma et Ma, 2012; Kim et al., 2015). Par exemple, elle augmente le succes d'accouplement (Geister et
Fischer, 2007) et la locomotion (Lachenicht et al., 2010; Cavieres et al., 2016) a des températures ou la
performance était, sans acclimatation, plus basse. L'acclimatation a cependant des cofits, sous forme d'une perte

de valeur adaptative aux autres températures (Kristensen et al., 2008).

HSP : Heat shock protein

Lorsqu'exposés a des températures extrémes, les insectes synthétisent des protéines de protection, appelées
Heat Shock Proteins (HSP) (Feder et Hofmann, 1999; Lurie et Jang, 2007). Elles se caractérisent par leur masse
moléculaire, les plus étudiées étant celles de 60 a 80 kDA, en particulier les HSP70 (Neven, 2000). Plusieurs HSP
sont des molécules chaperonnes, qui aident au repliement des protéines lors de la maturation (la chaleur causant
la formation de protéines mal formées) (Parsell et Lindquist, 1993; Neven, 2000; Bowler, 2005). Elles protégent
ainsi l'organisme contre les effets délétéres des températures extrémes.

L'exposition de courte durée a des températures basses ou élevées, presque létales, s'appelle le choc
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thermique (heat shock). 11 se caractérise par la production supplémentaire de HSP dans les cellules (Bowler, 2005).
Ce mécanisme permet de compenser localement les effets des températures suboptimales (Sgro et al., 2016). Ainsi,
la survie des organismes augmente pour des températures supérieures a la température de choc thermique, mais
cet effet entraine des cofits, généralement relatifs a la longévité, 1'efficacité d'exploitation des ressources (Scott et
al., 1997) et la reproduction (Jergensen et al., 2006; Cui et al., 2008; Roux et al., 2010; Zizzari et Ellers, 2011;
Porcelli et al., 2017). Le choc froid (cold shock) peut, quant a lui, avoir des effets bénéfiques sur les capacités
reproductrices (Shreve, 2004), mais induit également des cotits métaboliques (Hoffmann et Hewa-Kapuge, 2000).

L'endurcissement (hardening), également déclenché par l'exposition a des températures presque létales,
n'induit pas forcément, a la différence du heat shock, 1a production de HSP par les cellules (Bowler, 2005). D'autres
mécanismes qui augmentent la stabilité des protéines entrent en jeu, par exemple I'accumulation de solutés de
faibles poids moléculaires et la modification du pH (Bowler, 2005). Le cold hardening résulte quant a lui de
I'accumulation de cryoprotecteurs tels que le glycérol (Lee et al., 1987; Lee, 1989) ainsi que des changements dans

la composition des acides gras phospholipidiques (Overgaard et al., 2005).

Thermorégulation comportementale

Les insectes utilisent plusieurs stratégies pour réguler leur température corporelle (Romanovsky, 2007),
aussi bien de maniére physiologique (Bicego et al., 2007) que comportementale (Stevenson, 1985a; Sunday et al.,
2014). Ces stratégies pourraient compenser, dans certaines conditions, les effets des changements climatiques
(Huey et Tewksbury, 2009).

Les insectes régulent leur température corporelle en se déplagant dans I'environnement jusqu'a trouver la
température correspondant au préférendum de fonctionnement (Dreisig, 1984). Ils détectent la température grace
a des sensilles thermosensibles situées sur les antennes et les pattes (Flores et Lazzari, 1996), et par la sensibilité
aux infrarouges (Robertson et al., 1996). s évitent ainsi les températures suboptimales (Coutant, 1977; Wittenburg
et Baumeister, 1999; Wang et al., 2008; Ma et Ma, 2012) ou dangereuses (Hadley, 1970), et se déplacent vers les
zones thermiques préférées pour eux (Cloudsley-Thompson, 1962b; Wiktelius, 1987; Bach, 1993; Blanford et
Thomas, 2000; Ahnesjo et Forsman, 2006; Dillon et al., 2009) ou leur progéniture (Roy et Thomas, 2003; Potter
et al., 2009; Krémer et al., 2012). Cet évitement des conditions suboptimales résulte de comportements ortho-
kinétiques (modification de la vitesse de mouvement) (Kivivuori et Lagerspetz, 1990) ou klino-kinétiques
(modification du taux de rotation) (Lagerspetz, 2000; Luo et al., 2010).

Si cette méthode de thermorégulation se montre efficace pour les petits insectes (Dillon et al., 2009), les
plus gros peuvent utiliser le comportement de basking (« 1ézarder » au soleil) (Stevenson, 1985b; Moriyama et
Numata, 2019), ou encore changer leur posture et orientation de son corps par rapport au soleil (Harmon et Barton,
2013) pour augmenter leur température corporelle (Stevenson, 1985b). La couleur de I'insecte a une importance
pour ces comportements, en affectant la quantité de chaleur transférée de l'environnement au corps (Willmer et

Unwin, 1981; Umbers et al., 2013). Certaines espéces utilisent cette technique afin de contréler les infections
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causées par des pathogenes et des parasites ; comportement appelé « fievre comportementale » (Adamo, 1998;
Karban, 1998; Elliot et al., 2002). A l'inverse, pour diminuer leur température corporelle, les insectes peuvent
rechercher de I'ombre, (Dreisig, 1984; Moriyama et Numata, 2019), ou encore favoriser I'évaporation de I'eau a la
surface de leur corps (Prange, 1996), dans un mécanisme proche de la transpiration chez les mammiferes
(Moriyama et Numata, 2019).

Une autre stratégie de thermorégulation possible consiste en l'activation des muscles de vol pour créer de
la chaleur endogéne, similaire au frissonnement chez les endothermes (Heinrich, 1974, 1995; Moriyama et
Numata, 2019). Cela permet a certaines especes d'augmenter la température de leur thorax jusqu'a 20°C par rapport
a la température de I'environnement (Adams et Heath, 1964). Ce phénomeéne s’observe surtout chez les « gros »
insectes (ex : papillons de nuit (Heath et Adams, 1967), bourdons, abeilles (Stone et Willmer, 1989), guépes
(Ghazoul et Willmer, 1994), coléopteres et cigales (Sanborn et al., 1995).

2.3 / Comportement — ‘Twist and Shout®’

« Le comportement correspond aux réponses coordonnées (actions ou inactions) des organismes complets
(individus ou groupes) a des stimuli internes et/ou externes, excluant les réponses plus facilement comprises
comme des changements développementaux » (Levitis et al., 2009). Changer son comportement constitue souvent
la premiere réponse d'un animal a une perturbation (Tuomainen et Candolin, 2011; Wong et Candolin, 2015). Ces
changements ne sont pas toujours adaptatifs (Tuomainen et Candolin, 2011) ou suffisants pour compenser les
changements environnementaux (van Baaren et Candolin, 2018) et ils auront des conséquences positives ou
négatives, selon les conditions et les especes, sur la population, les interactions interspécifiques et les écosystémes
(Wong et Candolin, 2015). Nos connaissances sur les rétroactions entre comportements individuels et processus
de population demeurent tres limitées (Ives, 1995; Levin, 2000; Tenhumberg, 2004; Wong et Candolin, 2015). Si
le comportement des insectes est étudié depuis des décennies (Matthews and Matthews, 2009), il fait 1’objet depuis
quelques années d’un intérét recrudescent ; par exemple dans le cadre de la lutte biologique (Ramirez-Romero et
al., 2012; Beltra et al., 2014; Mills et Heimpel, 2018; Heimpel, 2019; Kruidhof et al., 2019), de la problématique
des espéces invasives (Holway et Suarez, 1999) ou des changements climatiques et des atténuations potentielles
(Huey et Tewksbury, 2009; Sih et al., 2011; Tuomainen et Candolin, 2011; Andrew et al., 2013b; Harmon et Barton,
2013; Sih, 2013; Sih et al., 2016).

3 The Beatles — Please Please Me (1963)
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2.3.1 / Modéles d'optimalité

En écologie comportementale, la plupart des hypothéses reposent sur I'idée que les individus tendent a se
comporter de maniére optimale dans les conditions environnementales dans lesquelles ils ont évolué (Parker et
Smith, 1990), la sélection naturelle ayant favorisé les individus les plus efficaces pour ces conditions. On s'attend
donc a ce que, pour des températures optimales, I'insecte exprime des comportements qui maximisent sa valeur
adaptative, soit la capacité d'un individu a propager ses génes. Différents modéles théoriques dit d'optimalité
permettent de tester des hypothéses relatives aux différents comportements exprimés par les insectes. Ainsi, la
théorie de recherche optimale de ressources (Optimal Foraging Theory - OFT) stipule que l'effort de recherche
d'un prédateur/parasitoide devrait s’adapter a la répartition spatiale de son héte (Stephens et Krebs, 1986). L'un
des cas particuliers du OFT est le MVT, ou Théoréme de la valeur marginale (Marginal Value Theorem) (Charnov,
1976), qui décrit le temps que devrait passer un parasitoide ou prédateur a exploiter un agrégat de ressources, selon
la qualité de 'agrégat et la durée de transit entre les agrégats. La compétition locale pour l'accouplement, Local
Mate Competition (LMC) (Hamilton, 1967) prédit que les femelles gagnent a déposer plus de fils en présence de
femelles compétitrices, car ses fils s'accoupleront avec les filles de ses compétitrices et propageront ainsi ses génes
a la génération suivante. D’aprés tous ces modeles théoriques, afin d'agir de maniére optimale, les individus
doivent prendre des décisions en relation avec leur connaissance de l'environnement et leur capacité a recueillir
des informations sur cet environnement (van Alphen et al., 2003).

La notion de comportement « optimal » et les théories qui en découlent restent discutables (Pierce et
Ollason, 1987), entre autres les postulats sur lesquels elles se basent (Pyke, 1984). Malgré tout, I'é¢tude du
comportement des insectes demeure souvent conditionnée par cette notion d'optimalité. Or, comme vu
précédemment, les conditions environnementales telles que la température affectent la physiologie de I'insecte,
créant des contraintes métaboliques avec lesquelles il doit fonctionner. Dans ces conditions suboptimales, les

comportements des insectes, leur adaptabilité potentielle, ainsi que les mécanismes sous-jacents restent méconnus.

2.3.2 / Comportement et température
Gamme thermique du comportement

Les comportements sont considérés « optimaux » dans une certaine gamme thermique, et suboptimaux en
dega ou au-dela (Huey et Stevenson, 1979; Huey et al., 2012) (Figure 2-3.a; Figure 2-4). En dessous de cette
gamme, pour les températures infra-optimales, la fréquence et/ou l’intensité du comportement diminue
graduellement avec la température jusqu'a atteindre une fréquence nulle, avant l'entrée en psychrotorpeur (Cold
stupor). Pour les températures supra-optimales, la fréquence ou l’intensité du comportement augmente
graduellement avec les températures jusqu'a l'atteinte d'un maximum a partir duquel la fréquence ou I’intensité

chute brusquement, jusqu'a atteindre une valeur nulle, avant la thermotorpeur (Heat stupor) (Vannier, 1994). La
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gamme de températures optimales et les seuils inférieurs et supérieurs a partir desquels les comportements cessent
varient d'une espéce a l'autre et d'un comportement a l'autre (Heath et al., 1971; Moriyama et Numata, 2019)
(Figure 2-5). Les seuils thermiques des comportements différent parfois entre les sexes (Heath, 1967). Les
comportements liés a la reproduction ont généralement des gammes thermiques réduites par rapport aux autres
comportements, qui ont eux-mémes des gammes réduites comparées au fonctionnement physiologique de

l'individu (Moriyama et Numata, 2019) (Figure 2-5).

Comportements affectés par la température

La température ambiante affecte la plupart des comportements d’un insecte, dont la marche (Rott et
Ponsonby, 2000; Abram et al., 2015; Moiroux et al., 2016) et le vol (Caprio et Grafius, 1990; Ishiguri et Shirai,
2004). Ces modifications dans le déplacement influencent directement les comportements de recherche (Biever,
1972; Arnett et Gotelli, 2001; Kroder et al., 2007) et d'exploitation de I'héte. L'altération de la ponte (Ables et
Shepard, 1976), du taux de parasitisme (Zilahi-Balogh et al., 2006) et de prédation (Sentis et al., 2012; 2013), ainsi
que des capacités de défense des proies (Le Lann et al., 2014), influencent d'autant plus ce dernier. La température
modifie également la réponse fonctionnelle (Englund et al., 2011; Sentis et al., 2012, 2013). Des comportements
plus complexes, tels que l'accouplement, impliquant une certaine communication entre les individus, sont
¢galement altérés (Cook, 1994; Katsuki et Miyatake, 2009). Finalement, la température perturbe les interactions
entre les niveaux d'un réseau trophique, en modifiant le comportement de ces composantes (Rothley et Dutton,
2006). En plus des effets directs sur le comportement, la température a des effets indirects, en affectant d'autres
aspects du fonctionnement de l'insecte, par exemple la capacité de reconnaissance des indices chimiques. Ainsi,
I’anesthésie par le froid diminue la capacité de discrimination de certaines especes de fourmis (Tanner, 2009), et
les insectes stockés au froid durant leur développement émergent avec des capacités réduites d'apprentissage et de

reconnaissance des indices chimiques (van Baaren et al., 2005; 20006).
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Figure 2-5: Illustration schématique de la physiologie thermique des cigales adultes. Chaque activité est effectuée
dans une gamme limitée de température corporelle (barres vertes), entre les températures létales limites.
(Moriyama and Numata, 2019).

2.3.3 / Comportement vs physiologie

Les insectes, les hyménopteres en particulier, se révelent capables de taches cognitives assez complexes,
telles que l'apprentissage (Hollis et al., 2015) et la mémoire (de Bruijn et al., 2018), la stratégie de minimisation
des risques (bet-hedging) (Hopper, 1999; Starrfelt et Kokko, 2012) et la mesure d'intervalle de temps (Parent et
al., 2016, 2017). Les bases neurologiques du comportement des insectes, en particulier la prise de décision,
commencent a étre étudiées (Barron et al., 2015). Malgré ces avancées, la distinction entre les réactions
physiologiques et comportementales reste encore difficile.

Abram et al. (2017) ont défini deux voies mutuellement non-exclusives par lesquelles la température peut
affecter le comportement des ectothermes. Premiérement, les effets bottom-up, pour lesquels les réactions
biochimiques influencent directement les comportements a travers le taux métabolique, ce que les auteurs appellent
la “réponse kinétique”. Deuxiémement, les effets fop-down, résultent de l'intégration de l'information thermique
par le systéme nerveux central qui va définir le comportement qui s'ensuit, soit “la réponse intégrée” (Figure 2-6).
La distinction entre ces deux voies demeure complexe. Pour les dissocier, les auteurs suggerent la création d'un
modg¢le kinétique “nul”, ¢’est-a-dire de déterminer comment un individu se comporterait s'il n'était soumis qu'aux
effets bottom-up. Le comportement suivrait par exemple la réponse physiologique (Huey et Stevenson, 1979), les
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individus démontrant un comportement optimal seulement pour une certaine gamme de températures. On observe
typiquement cet effet chez les insectes pour la vitesse de marche par exemple (Dillon et Frazier, 2006; Lachenicht
et al., 2010). Dans le cas d'une réponse intégrée, ne pouvant s'expliquer par ce mécanisme biochimique, le
comportement ne suivrait pas la courbe physiologique de performance, avec trois alternatives : (1) le maintien de
l'efficacité du comportement malgré des conditions suboptimales (Pigliucci, 2006), (2) des comportements de
thermorégulation (Bicego et al., 2007; Hiickesfeld et al., 2011), et (3) la conservation de I'énergie (Sokolova et al.,
2012). Abram et al., (2017) proposent également |’utilisation de mutants insensibles a la température pour
distinguer les réponses kinétiques des réponses intégrées. Cette approche a par exemple permis de montrer que le

mouvement de drosophiles suivait une réponse intégrée a la température plutodt que kinétique (Soto-Padilla et al.,
2018).
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Figure 2-6: Effets kinétiques et intégrés de la température sur le comportement d'un ectotherme. Les effets
kinétiques (« bottom-up ») résultent ultimement des changements dans les taux de réactions biochimiques, qui
s'intensifient avec les multiples processus physiologiques cellulaires et systémiques pour influencer les processus
a I'échelle de I'organisme (le comportement). Les effets intégrés (« top-down ») résultent de la thermo-réception
et I'intégration de 1'information thermique par le systéme nerveux central (SNC) qui module ensuite les produits
comportementaux. Les effets kinétiques et intégrés agissent de concert pour déterminer le phénotype
comportemental d'un animal. Traduction de la Iégende de Abram et al. (2017).
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Ces définitions permettent de distinguer les réponses comportementales qui découlent uniquement de la
physiologie de celles dites « intégrées ». Cependant, le fait de savoir si une réponse découle d'un mécanisme
kinétique ou intégré ne renseigne pas sur son potentiel adaptatif. On distingue donc les réactions contraintes
(kinétiques ou intégrées), qui empéchent l'individu de réaliser son plein potentiel, et les réactions adaptatives, qui
permettent a l'individu de maintenir ou d’augmenter sa valeur adaptative selon les conditions environnementales.
Expérimentalement, distinguer entre ces deux options s’avere tout aussi complexe. Certaines hypothéses appuient
cependant l'idée que les organismes maintiennent certaines capacités lorsque la température change. Ainsi, d'aprés
I’hypothése de couplage des températures : Temperature Coupling Hypothesis (TCH), les signaux envoyés par les
émetteurs et reconnus par les récepteurs d'un message varient en paralléle avec la température afin de maintenir le
méme niveau de communication entre les deux participants sur une certaine gamme thermique (Doherty, 1985).
De méme, chez certaines espéces, les femelles ajustent leur comportement de ponte en fonction de la température
pour maximiser leur valeur adaptative ou celle de leur descendance (Mousseau et Fox, 1998). Dans le cas de
l'allocation des sexes, Moiroux et al. (2014) ont montré que les températures basses et élevées provoquaient toutes
deux une augmentation du sex ratio de la descendance déposée par les femelles parasitoides, mais que dans le

premier cas, la réponse était adaptative, alors que dans le second elle résultait d’une contrainte.

2.4 / Modélisation — ‘Welcome to the machine®’

2.4.1 / Principe général

La modélisation constitue une représentation mathématique simplifiée de la réalité. Elle permet de tester
des hypotheéses, de réaliser des simulations, et peut servir d'outils d'aide a la décision. De nombreux modéles ont
été développés dans le but de prédire les dates d'apparition des insectes et l'importance des populations. Ils se
basent généralement sur la phénologie et les calculs d’unités thermiques (ex : degrés-jours) (Pruess, 1983; Logan,
1988; Satake et al., 2006), et permettent de prédire la phénologie des espéces dans le temps et 1'espace, et ainsi la
mise en place des stratégies adaptées de lutte contre les ravageurs (Damos et Savopoulou-Soultani, 2012). Dans le
cadre d’études sur les changements climatiques, on utilise les mod¢les pour prédire la distribution géographique
de certaines especes (Aratjo et Luoto, 2007), ainsi que les facteurs météorologiques influencant le plus cette
distribution (ex : Gevrey et Worner, 2006). L'un des facteurs les plus important reste la température, qui affecte

directement le cycle de vie, la phénologie et la distribution des arthropodes (Bale et al., 2002). Les modéles basés

4 Pink Floyd — Wish you were here (1975)
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sur la température, qui utilisent les données de développement et de physiologie telles que la reproduction et le
taux de survie, ou la tolérance physiologique tels que les CTmin €t CTmax, sont largement utilisés pour prédire la
phénologie (Satake et al., 2006; Nietschke et al., 2007; Régniére et al., 2012) et la distribution des populations
d’insectes (Addo-Bediako et al., 2000; Jeschke and Strayer, 2008; Keith et al., 2008; Kearney et al., 2009a;
Kearney and Porter, 2009; Woodin et al., 2013).

La plupart des modéles considérent pourtant peu (voire pas du tout) les réponses comportementales des
insectes, immatures ou adultes, a la température. Or, ces réponses sont nombreuses et variées et pourraient conduire
a des modifications importantes au niveau des effectifs des populations (Tenhumberg et al., 2004). Bien que depuis
quelques années, un intérét se manifeste pour les effets des facteurs abiotiques sur le comportement des organismes
concernés, par exemple dans le cadre de la lutte biologique (Traniello et al., 1984; Villani et Wright, 1990; Wang
et al., 2004; Rothley et Dutton, 2006; Mills et Kean, 2010; Sentis et al., 2015), dans le contexte des changements
climatiques, peu de modéles de simulation incluent le comportement ou les interactions entre espéces (Araujo et
Luoto, 2007). Ces omissions pourraient résulter en des prédictions erronées de la réponse des espéces aux
changements climatiques (Aratjo et Luoto, 2007). Les comportements pourraient en effet étre décisifs dans
I’adaptation (Huey and Tewksbury, 2009; Kearney et al., 2009b; Sih et al., 2011; Tuomainen and Candolin, 2011;
Andrew et al., 2013; Sih, 2013; Sih et al., 2016) et les interactions entre espéces (Davis et al., 1998; Jiang and
Morin, 2004; Van der Putten et al., 2010; Harmon and Barton, 2013). Par conséquent, il devient crucial de créer
rapidement des liens entre I’écologie comportementale et la dynamique des populations (Ives, 1995; Levin, 2000;

Vet, 2001; Tenhumberg, 2004; Knowlton and Graham, 2010; Wong and Candolin, 2015).

2.4.2 / Modéeles de population basés sur les processus : Process-oriented population models

Les modéles de population basés sur les processus permettent d’inclure les mécanismes physiologiques et
comportementaux dans les modeles de dynamique des populations (Stimac, 1982; Bolliger et al., 2005; Hayes et
al., 2009). Ils se basent sur la représentation des différents « états » d'un objet selon une séquence temporelle
définie. Des « événements » font passer ces objets d'un état au suivant. Ce type de modélisation permet de décrire
le cycle de vie des insectes, les différents stades phénologiques mais aussi et surtout leurs comportements. On
retrouve par exemple ce type de modéle en écologie et en agriculture afin de modéliser les cycles de vie (Shaffer
et Gold, 1985; Graf et al., 2002; Satake et al., 2006). Les « états » de 1’objet dans ce cas correspondent aux stades
phénologiques de I’espéce, et les « événements » aux processus physiologiques ou comportements qui régissent
le passage d’un stade au suivant. L’une des problématiques liées a I’ utilisation de ce type de modéle reste le manque
de variabilité entre les individus : tous les individus du méme age se comportent de maniére identique. Si I’on
désire tenir compte de la variabilité inter-individuelle, il est possible de conceptualiser le modéle a 1’échelle des

individus plutét qu’a I’échelle de la population compléte ou de cohortes du méme age. On parle dans ce cas de
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modele basés sur I'individu (Individual-Based Model ou Agent-Based Model) (Huston et al., 1988; DeAngelis and
Mooij, 2005; Grimm et al., 2006).

2.4.3 / Modeéles basés sur l'individu : Individual-Based Models

Les modg¢les basés sur l'individu : Individual Based Models (IBM) se développent depuis plusieurs années
(Huston et al., 1988; DeAngelis et Mooij, 2005; Grimm et al., 2006). Ils simulent les populations composées
d'individus ou de groupes d'individus similaires, dont les jeux de traits varient entre les individus (DeAngelis et
Mooij, 2005). Les IBM se basent sur l'idée que les individus suivent plusieurs régles de base, desquelles peuvent
émerger des effets a plus grande échelle dans le systeme (Huston et al., 1988). Ce type de modele se montre utile
en présence de complexité comportementale et de petites populations (Judson, 1994; DeAngelis et Mooij, 2005).
Les IBM sont largement utilisés en écologie et dans d'autres disciplines (Grimm et al., 2006). Ils permettent
l'inclusion de variabilité entre les individus et dans leurs interactions avec I'environnement (Huston et al., 1988;

Judson, 1994; Grimm et al., 2006).

2.4.4 / Modeéles dynamiques

Lorsque les modeéles incluent une composante temporelle, ils sont appelés modeles dynamiques. Ils
calculent les variables du systéme au temps t en se basant sur 1’état du systéme au temps t-1 (Hannon and Ruth,
2009). Des exemples d’utilisation de modéles dynamiques basés sur I’individu incluent la prédiction du niveau de
contréle en serre par les parasitoides (van Roermund et al., 1997), ou encore les flux de nutriments et les
rendements en biomasse pour une ferme de moules (Brigolin et al., 2009). Un modéle dynamique orienté vers les
processus et basé sur l'individu permettrait ainsi de simuler une population d'insectes au cours du temps
(dynamique) en tenant compte de la variabilit¢ entre les individus (basé sur l'individu) et des processus
physiologiques et comportementaux régissant leur passage d'un stade au suivant (orienté vers les processus). Un
tel modele admet ainsi I'inclusion des effets de la température sur les différents processus, et permet d'en mesurer

les impacts sur la population finale.

2.5 / Mode¢les biologiques — ‘Who are the mystery girls?’’

5> The New York Dolls — Too much too soon (1974)
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2.5.1 / Listronotus oregonensis

Le charancon de la carotte Listronotus oregonensis (LeConte) (Coleoptera : Curculionidae) est un
coléoptere ravageur natif d’Amérique du Nord. On le détecte pour la premicre fois en 1967 au Québec ou il peut
causer jusqu’a 35% de dommages dans les champs de carotte (Perron, 1971). Plus récemment, en Ontario, les
dommages sont d'environ 5% dans les parcelles commerciales et atteignent 23.4% dans les parcelles non traitées
(Telfer et al., 2019), le seuil économique étant de 2% (Stevenson et Barscsz, 1997). Les adultes émergent au
printemps, se nourrissent sur les pétioles et les feuilles de la carotte, et pondent leurs ceufs dans le pétiole et le
calice a partir du stade 4 feuilles (Boivin, 1988). Les larves de premier et second stades se retrouvent dans le
feuillage, puis, en vieillissant, descendent dans la racine de la carotte (Collins et Grafius, 1986a). Les larves de
dernier stade sortent de la racine de la carotte pour former leur pupe dans le sol a une profondeur d’environ 7 cm
(Justus et Long, 2019). Les adultes émergent ensuite et, si la saison le permet, débutent la ponte de la génération
suivante (Figure 2-7). Une seconde génération s’observe depuis quelques années au Québec (Boivin, 1999) et
commence a poser des problémes économiques (Mason et Gillespie, 2013).

Le développement chez le charangon de la carotte est possible au moins de 18,3°C (47,8 jours) a 32,3°C
(27,2 jours) (Simonet et Davenport, 1981; Stevenson, 1986). A température plus basse, les ceufs éclosent, mais les
larves ne complétent pas toujours leur développement. La température la plus basse a laquelle les individus
deviennent actifs apres la sortie de diapause hivernale est 3,43°C (Rhéaume, 2009). Les conditions thermiques
affectent la ponte des femelles de fagcon similaire au développement : ces derniéres ne déposent des ceufs qu'entre
18,3°C et 32,3°C, avec un maximum a 29,4°C (Simonet et Davenport, 1981). Une interaction entre la température
et la photopériode régule également l'activité de ponte : afin de déclencher un méme taux de ponte, la température
doit étre d’autant plus élevée que la photopériode est courte (Stevenson et Boivin, 1990). Les dommages
économiques sont causés principalement par les larves qui creusent des galeries dans la racine des carottes, ce qui
provoque la mort de la plante ou des dégats suffisant pour la rendre invendable (Justus et Long, 2019). Différents
moyens de lutte existent pour contrdler le charangon de la carotte (Boivin, 1999; Justus et Long, 2019). Le principal
reste l'utilisation de pesticides (Martel et al., 1975; Pree et al., 1996; Bonham et al., 2009) malgré une efficacité
limitée (Telfer et al., 2018). Des méthodes culturales peuvent également étre employées (Rekika et al., 2008) ou
encore la lutte biologique incluant Bacillus thuringiensis (Saadé et al., 1996), les nématodes (Boivin et Bélair,
1989; Bélair et Boivin, 1995; Miklasiewicz et al., 2002; Gagnon et al., 2019), les carabes prédateurs (Baines et al.,
1990; Zhao et al., 1990; Lemay et al., 2018) et les guépes parasitoides telles que Microctonus hyperodae
(Cournoyer et Boivin, 2004, 2005a). Les hyménoptéres parasitoides du genre Anaphes (Hymenoptera :
Mymaridae) demeurent cependant 1I’ennemi naturel le plus efficace contre le charangon de la carotte (Boivin,

1999).
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Figure 2-7 : Cycle du charangon de la carotte. Dessins de larves a partir de la photo de Justus et Long (2018), pupe
et adulte a partir des dessins de Boyce (1927).

2.5.2 / Anaphes listronoti

Anaphes listronoti Huber (Hymenoptera : Mymaridae) est une gué€pe parasitoide des ceufs du charangon
de la carotte, décrite par Huber (Huber, 1992; Huber et al., 1997), présente en Amérique du Nord (Boivin, 1986).
Son seul autre hote connu appartient également au genre Listronotus : Listronotus sparsus (Say) (Huber et al.,
1997). Anaphes listronoti et 1'espéce morphologiquement (Huber et al., 1997) et génétiquement proche (Landry et
al., 1993) A. victus représentent le principal facteur de mortalité biotique du charangon de la carotte (Zhao et al.,
1991; Boivin, 1993). Dans les champs traités en Ontario, ces deux especes parasitent 33% des ceufs du charangon
de la carotte, contre 68 a 94% de parasitisme dans les champs non traités (Cormier et al., 1996). Au Québec,

environ 23% des ceufs de charangon de la carotte échantillonnés se trouvent parasités (Collins et Grafius, 1986a).

Anaphes listronoti est une espece grégaire facultative : les femelles déposent 1 a 6 ceufs dans un méme
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hote (Collins et Grafius, 1986b), mais vivent ensuite de manicre solitaire. Ce mode de vie affecte le potentiel
reproducteur des males et des femelles a travers la diminution de leur taille, lorsque plusieurs fréres et sceurs
partagent le méme hote. Ceci a pour conséquence la diminution du nombre de gameétes disponibles chez les deux
sexes (Boivin et Martel, 2012) et une longévité réduite (Collins et Grafius, 1986b). Comme pour de nombreux
hyménopteres parasitoides, les méles émergent plus tot et attendent I'émergence des femelles sur 'agrégat d'hotes
(Landry et al., 1993). Dés leur émergence, les femelles émettent des phéromones a longue distance pour attirer les

males (Cormier et al., 1998).

Dans un contexte de changements climatiques, plusieurs facteurs pourraient affecter négativement le cycle
de vie et les populations d'A. listronoti, en termes de recherche et d'exploitation de I1'hote, ou encore
d'accouplement. Ainsi, chez 1’espéce sceur 4. victus, les femelles ont la capacité de reconnaitre des kairomones
déposées par leur hote. Elles sont attirées par les odeurs de la matiére utilisée pour fermer les trous de ponte
contenant les ceufs (egg plug) et des feces de leurs hotes (Cournoyer et Boivin, 2005b). Les femelles A. victus
apprennent a associer des indices chimiques externes sur 'hdte avec la présence d'un ceuf déposé par une femelle
conspécifique a l'intérieur de cet hote (van Baaren et Boivin, 1998). Plus rare au sein des parasitoides, les femelles
A. victus ont la capacité de discriminer entre des hotes parasités par des individus de leur propre espéce
(discrimination intraspécifique) et ceux parasités par des individus de A. listronoti (discrimination interspécifique)
(van Baaren et al., 1994). Ces capacités de détection et de reconnaissance des indices chimiques de la présence de
I'h6te pourraient se trouver affectées a des températures suboptimales, la quantité et qualité des indices chimiques
émis et détectés variant avec la température chez les insectes (Sentis et al., 2015). De méme, l'exposition a
différentes températures affecte les capacités d'apprentissage et d'exploitation de I'agrégat des femelles (van Baaren
et al., 2005; 2006). Le contrdle exercé par A. listronoti sur le charangon de la carotte pourrait ainsi diminuer. La
durée de développement et la longévité des parasitoides diminuent lorsque la température augmente ; chez A.
victus, le développement est possible entre 11,5 (36,8 jours) et 34°C (11,4 jours), avec une durée minimale de 7,9
jours a 32°C (Traoré et al., 2006). La longévité d'A. listronoti varie selon la température : les individus vivent

environ 10 jours a 17°C, contre seulement 3 & 4 jours a 29°C (Collins et Grafius, 1986b).
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L’idée d’étudier I’effet de la température sur le comportement d’ Anaphes listronoti vient a ’origine de la
continuation d’un projet sur I’impact des températures infra- et supra-optimales sur les organismes, débuté par
Guy Boivin et Gaétan Bourgeois. Le projet qui a mené a cette theése s’est défini et développé au fil des lectures et
des discussions avec mes co-directeurs, Jacques Brodeur, Guy Boivin et Gaétan Bourgeois, et grace a de nombreux

échanges avec les membres des laboratoires Boivin et Brodeur.

Pour I’ensemble des chapitres, j’ai planifié et congu les expériences, recueilli les données, réalis¢ les
analyses statistiques, et rédigé les manuscrits, sous la supervision de mes directeurs Guy Boivin, Gaétan Bourgeois
et Jacques Brodeur. Les expériences ont été réalisées dans le laboratoire de Guy Boivin, au centre de recherche et
développement d’Agriculture et Agro-alimentaire Canada, a Saint-Jean-sur-Richelieu, QC. Pour chacun des
articles présentés dans cette thése, mes co-directeurs ont joué un réle crucial, en particulier pour aider au dispositif
expérimental et aux analyses statistiques, la révision des manuscrits, mais également au niveau du financement et

I’accés aux infrastructures.

Je décris a présent la contribution de mes co-auteurs pour chacun des chapitres.

Chapitre 4 : Augustin J., Boivin G., Brodeur J., Bourgeois G. Effect of temperature on the walking behaviour of

an egg parasitoid: disentangling kinetic response from integrated response.

J’ai congu et réalisé I’expérience, trait¢ les données, fait les analyses statistiques, et rédigé le manuscrit. Guy
Boivin a participé a I’¢laboration du dispositif expérimental, et Guy Boivin, Jacques Brodeur et Gaétan Bourgeois

ont contribué a 1’analyse des données et la rédaction du manuscrit.

Chapitre 5 : Augustin J., Boivin G., Bourgeois G. and Brodeur J. The effect of temperature on host patch

exploitation by an egg parasitoid.
J’ai congu et réalisé I’expérience, trait¢ les données, fait les analyses statistiques, et rédigé le manuscrit. Guy

Boivin a participé a 1’élaboration du dispositif expérimental, et Jacques Brodeur, Guy Boivin et Gaétan Bourgeois

ont contribué a 1’analyse des données et la rédaction du manuscrit.

Chapitre 6 : Augustin J., Bourgeois G., Brodeur J., Boivin G. Low and high temperatures decrease the mating

success of an egg parasitoid and the proportion of females in the population.
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J’ai congu et réalisé I’expérience, traité les données, fait les analyses statistiques, et rédigé le manuscrit. Guy
Boivin a participé a 1’élaboration du dispositif expérimental, et Guy Boivin, Jacques Brodeur et Gaétan Bourgeois

ont contribué a 1’analyse des données et la rédaction du manuscrit.

Chapitre 7 : AugustinJ., Bourgeois G., Brodeur J., Boivin G. Individual behaviour and population dynamics under

climate change: Simulation of an insect parasitoid life cycle

J’ai conceptualisé et codé le modele et compilé les simulations, fait les analyses statistiques et rédigé le manuscrit.
Les données d’évaluation du modele au champ ont été récoltées par Danielle Thidodeau, Julie Frenette et moi-
méme. J’ai fait le traitement de ces données. Gaétan Bourgeois a participé a la conceptualisation du modéele, et

Jacques Brodeur, Guy Boivin et Gaétan Bourgeois ont contribué a la rédaction du manuscrit.
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4.1 / Abstract

1. We investigated the effect of temperatures ranging from 10.8 to 34.2°C on seven walking parameters of
an egg parasitoid, Anaphes listronoti. We compared those responses to a theoretical kinetic model in order
to disentangle the kinetic response of the insect from its integrated response.

2. Walking speed increased continuously with temperature, but walking distance and duration were
maximized between 25 and 30°C, and decreased at higher and lower temperatures. At the lowest
temperature, females unexpectedly walked a greater distance and for a longer duration in comparison with
intermediate temperatures.

3. The number of walking bouts followed the same polynomial trend as walking distance and duration, with
a maximum between 30 and 35°C. The duration of walking bouts was maximised at 20°C and decreased
at lower and higher temperatures, whereas the duration of resting bouts linearly decreased with increasing
temperature. There was no effect of temperature on the turning rate of females.

4. For A. listronoti, walking speed and duration of resting bouts followed the kinetic response, but the other
behavioural components did not, especially at the lowest and highest temperatures. Walking distance and
duration were higher than expected under the kinetic response at 10.8 °C and lower than expected at
34.2 °C. This pattern suggests an integrated response combining behavioural escape from adverse
temperature and energy saving.

5. Our detailed analysis of the walking behaviour of A. listronoti illustrates the complexity of insect

behavioural responses to temperature and the difficulty involved in assessing underlying mechanisms.

Keywords : Walking behaviour — Thermal response — Anaphes listronoti — Kinetic vs. integrated response — Escape

behaviour — Climate change
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4.2 / Introduction

Temperature directly affects the metabolic rate of poikilothermic organisms through effects on enzyme
conformation and enzyme binding to substrate (Neven, 2000). The effects of temperature on insect development
have been widely studied and are frequently considered in assessments of the impact of climate warming on insect
species and communities (Bale et al., 2002; Hance et al., 2007; Folguera et al., 2011). In contrast, the influence of
temperature on insect behaviour has received much less attention (Abram et al., 2017), especially in the context
of climate change impacts and possible mitigation (Andrew et al., 2013b).

Walking is required for most behaviours performed by insects (Bell, 1990). For instance, walking is crucial
for female parasitoids that spend most of their adult life searching for hosts. Temperature can influence the time
that parasitoids spend walking both within (Moiroux et al., 2016) and between (Abram et al., 2015) host patches,
thereby modifying the parasitoids’ overall reproductive success. In a recent review, Abram et al. (2017) defined
two non-mutually exclusive pathways through which temperature may affect the behaviour of ectotherms. First,
there are bottom-up effects, where biochemical reactions directly impact behaviours through metabolic rate: the
“kinetic response.” Second, there are top-down effects, where organisms respond to temperature through their
central nervous system: the “integrated response.” In order to distinguish between kinetic and integrated responses
associated with walking behaviour, one has to first identify responses associated with each pathway. Under the
kinetic response, behaviours are affected by the biochemical reaction rates in a bottom-up manner. As
physiological processes also depend on biochemical rates we expect that, under the kinetic response, walking
behaviour patterns will closely follow those of the physiological response (Huey and Stevenson, 1979), with
individuals exhibiting optimal behaviour (e.g., maximum walking speed) only under a narrow range of thermal
conditions. This has typically been observed in insects for walking speed (Dillon and Frazier, 2006; Lachenicht et
al., 2010) as well as walking distance and duration (Suverkropp et al., 2001; Kjersgaard et al., 2015). Under the
integrated response, walking behaviour should not follow the physiological performance curve, and three main
scenarios can occur. First, individuals maintain maximum walking behaviour despite suboptimal conditions
(Pigliucci et al., 2006). In this scenario, walking behaviour remains constant over an extended range of
temperatures. Second, individuals avoid suboptimal thermal conditions, as reported in fish (Coutant, 1977),
nematodes (Wittenburg and Baumeister, 1999), branchiopods (Lagerspetz, 2000), and several groups of insects:
locusts (Robertson et al., 1996), aphids (Ma and Ma, 2012), fruit flies (Rosenzweig et al., 2008), house flies (Hafez,
1950), and cicadas (Heath et al., 1971). Third, in stressful thermal conditions, individuals move less to retain
energy (Sokolova et al., 2012). This results in lower activity (i.e., less time spent in movement and shorter walking
distance) than expected in the kinetic response scenario. For the relationship between temperature and walking
behaviour in insects, we expected the kinetic response to predominate over the integrated response because
walking speed is usually proportional to metabolic rate (Berrigan and Lighton, 1994). Metabolic rate usually
increases with temperature until it reaches a maximal point, after which it decreases (Schulte, 2015). Accordingly,
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an insect should walk faster for a longer time and over a greater distance as the temperature increases until it
reaches a critical thermal point, above which hindered movements disrupt walking, as for a typical physiological
response curve. However, this prediction is only based on biochemical aspects, and not energetic components; it
only holds true if the organism has the energetical resources to support increasing metabolic needs.

Anaphes listronoti (Huber) (Hymenoptera: Mymaridae) (Huber et al., 1977) is an egg parasitoid of the
carrot weevil, Listronotus oregonensis (LeConte) (Coleoptera: Curculionidae) (Leconte, 1862; Collins and
Grafius, 1986a). In Quebec, Canada, this parasitoid wasp can cause up to 85% mortality in carrot weevil eggs in
fields not treated with insecticides (Cormier et al., 1996). Since A. listronoti females live for only about 4 days at
25 °C and 2 days at 30 °C (Collins and Grafius, 1986b), temperature is likely to drastically influences their host
searching behaviour and reproductive fitness.

We investigated seven parameters of the walking behaviour of A. listronoti (speed, duration, distance,
number and duration of walking bouts, duration of resting bouts, and turning rate) along a gradient of six
temperatures covering the developmental range of the species. Our two main objectives were to characterize the
thermal response curve of each walking parameter and to distinguish between kinetic and integrated responses to

temperature.

4.3 / Materials and methods

Host and parasitoid

Anaphes listronoti was reared on carrot weevil eggs in the laboratory at 24 £2 °C and 50% relative
humidity under a photoperiod of 16 h of light and 8 h of darkness, in accordance with Boivin (1988). The colony
was established in 1991 from individuals collected in an untreated carrot field in Sainte-Clotilde, Quebec, Canada

(45°09'N, 73°41'W). Carrot weevil eggs were obtained as described in Martel et al. (1975).

Walking behaviour

The walking behaviour of A. listronoti was examined within six constant temperatures from 10.8 to
34.2 °C (Table 4-1), reflecting the range at which development occurs (Huber et al., 1997; Traoré et al., 2006). A
pre-test had shown that all wasps died after 1 h of acclimation at 40 °C. Temperatures were monitored using a
HOBO thermocouple temperature logger (model H08-001-02) placed inside the test Petri dish in the climatic
chamber. Anaphes listronoti is facultative gregarious, and one to six individuals can emerge from a single host egg
(Collins and Grafius, 1986b), with individuals that emerge singly from an egg being larger than those reared
gregariously. Because walking parameters are closely related to body size (Hurlbert et al., 2008; Parent, 2016), we
used only solitary-developed females of similar size (mean hind tibia length =285 = 19.07 um; Boivin and Martel,

2012). The tested parasitoid females, aged 0 to 24 h, were all mated but had no oviposition experience and no
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access to food. Females maintained individually in 300-uL Beem polyethylene capsules were randomly assigned
to a growth chamber (Sanyo, model MLR351H) 1 h before the test so that the insects could acclimate to the

experimental conditions (tested temperature, 50% relative humidity, 16,000 lux).

“Temperture | Deviation Min Max
10.78 1.24 10.2 133
15.88 .24 15.2 18.7
20.88 A3 15.81 21.33
25.70 115 258 255
25.05 1.659 23.2 30.7
38 0.58 3.3 3.2

Table 4-1 : Test temperatures (°C) (X, standard deviation, minimum, and maximum) for the study of walking
behaviour in Anaphes listronoti

Humidity higher than 50%, has been shown to have limited effects on parasitoid walking behaviour (Boldt, 1974)
and searching efficiency (Henderson et al., 2017). The females were then placed singly on moistened filter paper
in a 3.9-cm diameter Petri dish. Individual females were videotaped (USB digital Dino-Lite, model AMS5212NZT)
for 10 min, beginning when they started walking. Between the tests, the Petri dishes were washed with distilled
water, and the filter paper was changed. Twelve individuals were tested per temperature, and each female was used

only once. Experiments were run between 10:30 and 16:30.

Video analysis

The videos were analyzed using Biotrack software (http://www.bio-tracking.org/). Total walking distance
(in mm) and walking duration (in s) were calculated using X-Y coordinates of the wasp on each video frame.
Videos contained 15 images per seconds, allowing tracking both straight and curved paths through the succession
of numerous X-Y positions. Curved paths then consisted of a succession of very short straight bouts. Mean walking
speed (in mm s ') was calculated by dividing the total distance travelled by the time spent walking. The number
of walking bouts and their duration were also calculated, as was the duration of resting bouts (periods when wasps
were either grooming or standing still). Turning rate (in degrees s™!) was calculated based on differences in the
female orientation between each successive video frame. Their absolute values were added for the entire test

duration, and this sum (total rotation of the wasp, in degrees) was divided by the duration of the trial (in s).
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Data analyses

Linear and polynomial regressions were used to determine the effect of temperature on walking
parameters. The degree of polynomial regression chosen was the lowest polynomial degree with statistically
significant polynomial coefficients (p < 0.05) and the highest R* value. Two A. listronoti females walked for less
than 30 s during the 10 min trial (5% of the total time) and were removed from the analysis. Data were analyzed

with R software (R Core Team, 2016) using the stats package for the linear regression and the polynomial function.

4.4 / Results

Anaphes listronoti females walked greater distances at medium temperatures (20.9 to 29.4 °C) than at low
(10.8 and 15.9 °C) and high (34.2 °C) temperatures (third-degree polynomial: p = 0.015, R> = 0.10; y = —0.11x> +
7.12x* — 133.89x + 909.49; Figure 4-1A). Interestingly, females at 10.8 °C walked a greater distance
(155.8 £ 95.7 mm) than females at 15.9 °C did (108.3 & 65.8 mm). Walking duration followed the same pattern
(third-degree polynomial: p = 0.003, R* =0.15; y = —0.15x> + 9.50x* — 185.50x + 1290.57; Figure 4-1B), with a
bell-shaped curve from 15 to 34 °C and with time spent walking being higher at 10.8 °C than at 15.9 °C. Females
spent the most time walking (289.7 £ 137.6 s) at 29.4 °C, but in general, walking duration was less than half the
total time (206.54 + 141.08 s). Females walked faster as the temperature increased (linear regression: p = 0.03,
R?=0.05;y=0.01x + 0.66; Figure 4-1C). Walking speed was at its maximum at 34.2 °C (1.07 £ 0.52 mm s !) and
at its minimum at 10.8 °C (0.73 £0.14 mm ).

Walking bouts were more frequent at high temperatures than at low temperatures (third-degree
polynomial: p =0.001, R?=0.18; y = —0.003x> + 0.25x*> — 5.26x + 41.03; Figure 4-2A). First and second degree
polynomials were also significant for number of walking bouts, but R* with experimental data were lower than
with third-degree polynomial (first-degree polynomial : p = 0.003, R? = 0.11 ; second degree-polynomial : p =
0.006, R2=10.12). The duration of walking bouts followed a bell curve, with an optimum at 20.9 °C (second-degree
polynomial: p = 0.002, R* = 0.15; y = —0.14x> + 5.69x; Figure 4-2B). Third degree polynomial was also significant
for duration of walking bouts, but the R* was lower than for second-degree polynomial (p = 0.004, R? = 0.14).
Resting bouts were longer at low temperatures than at high temperatures (linear regression: p = 0.04, R*> = 0.05;

y=—1.67x + 105.41; Figure 4-2C).
Turning rates were similar at all tested temperatures (linear regression: p = 0.42, R*> = 0.001; Figure 4-3)

with a mean of 2.13 +2.84° s™!. Encounters with the Petri dish border often led to a slight turn, with the insect

following the border along the curve. This behaviour could have affected the mean turning rate of A4. listronoti
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females, although the number of times that females encountered the Petri dish border was similar across all

temperatures (6.3 £ 3.7 encounters, p = 0.90), as well as the time spent along the edge (250.9 + 187.6 s, p = 0.79).
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Figure 4-1 : Box plots of walking distance (A), duration (B), and speed (C) of Anaphes listronoti females at
different temperatures during 10 min of experiment duration. Data were analyzed using linear and polynomial
regressions. Boxes represent the 25th and 75th percentiles, the heavy line the median, whiskers 1.5 times the
interquartile range of the data, and data points represent outliers. Differences between individual thermic
treatments were not significant for walking distance (A) and speed (C) (GLM and Tukey post-hoc test), but they
were significant for walking duration (B). Significant differences between thermic treatments are represented with
different letters.
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Figure 4-2: Box plots of number of walking bouts (A), duration of single walking bouts (B), and duration of single
resting bouts (C) of Anaphes listronoti females during 10 min of experiment duration at different temperatures.
Data were analyzed using linear and polynomial regressions. Boxes represent the 25th and 75th percentiles, the
heavy line the median, whiskers 1.5 times the interquartile range of the data, and data points represent outliers.
Differences between individual thermic treatments were significant for number of walking bouts (A) and their
duration (B) (GLM and Tukey post-hoc test), but they were not for duration of resting bouts (C). Significant
differences between thermic treatments are represented with different letters.
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Figure 4-3: Effect of temperature on turning rate of Anaphes listronoti females. Boxes represent the 25th and 75th
percentiles, the heavy line the median, whiskers 1.5 times the interquartile range of the data, and data points
represent outliers.

4.5 / Discussion

Walking behaviour can be influenced by temperature for both invertebrate and vertebrate ectotherms
(Bennett, 1990). The purpose of the study was to investigate the effect of temperature on the walking behaviour
of the egg parasitoid 4. listronoti, and to distinguish between kinetic (direct effect of biochemical reactions to
temperature) vs. integrated responses (integration of and response to thermal information by the neural system) to
temperature for tested parameters. The kinetic response would fit a physiological response curve (bell-shaped
curve), whereas an integrated response will be noticeable through a broader thermal range, increased walking
values in the case of an escape behaviour and decreased walking values in the case of energy retention.

The walking behaviour of 4. listronoti females was greatly influenced by temperature. It is interesting to
note that most walking parameters did not follow a bell-shaped curve, even though this is typically observed for
arthropod development (Huey and Stevenson, 1979). At low temperatures, walking distance, walking duration,
and the duration of walking bouts were higher than expected from a bell-shaped curve (Figs. 4-1A, 4-1B, 4-2B).
Walking speed in ectotherms usually increases with temperature until a maximum is reached, after which walking
speed decreases (Dillon and Frazier, 2006; Lachenicht et al., 2010). In contrast, the walking speed of 4. listronoti
kept increasing with temperature, up to the highest temperature tested (34.2 °C) (Figure 4-1C). A preliminary
experiment had shown that all A. listronoti females exposed to 40°C died within the one-hour acclimation period.
The expected decrease in walking speed would likely be observed between 34.2°C and 40°C. Turning rate was the

only tested parameter that did not vary with temperature (Figure 4-3). These results suggest that walking behaviour
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is not based solely on the kinetic responses of 4. listronoti females to temperature (the direct consequences of
biochemical reaction rate), but rather corresponds to an integrated response (involving the neural network).
Parasitoid females perceived and processed thermal cues from the environment and responded in a coordinated
way, especially at the lower end of the species’ active thermal range. When they experienced cold temperatures,
females increased their walking distance and duration even though their walking speed was the lowest (Figure 4-
1).

Ecologically, the distance travelled is the most important walking trait for parasitoid females, because it is
closely related to the probability of finding hosts (Wajnberg and Colazza, 1998). At 34.2 °C, A. listronoti females
walked the fastest but for the shortest duration (Figure 4-1). As a result, they travelled smaller distances than did
females at 29.4 °C and 25.7 °C, which walked more slowly but for a longer time. The optimal range of
temperatures for walking behaviour in A4. listronoti females was therefore between 20 and 27 °C because walking
distance was at its maximum under those conditions.

Walking duration was generally less than half of the recording time. This may be due to the fact that
females were not exposed to food or host and thereby less motivated to forage in the experimental arena. Walking
duration was the highest between 20.9 and 29.4 °C (Figure 4-1B) but with different profiles (Figure 4-2). The
maximum duration of walking bouts was observed at 20.9 °C, whereas at higher temperatures, more walking bouts
of shorter duration were observed. At 10.8 °C, walking duration was higher than it was at 15.9 °C because of both
the number and the duration of walking bouts (Figure 4-2). Short walking distance and short walking duration
could be due to reduced endurance at suboptimal temperatures, as found in cockroaches (Full and Tullis, 1990).
Similarly, when temperature and walking speed increase, individuals tire faster and need to rest more frequently,
as their metabolic rates increase with an increase of both temperature (Berrigan and Partridge, 1997) and speed
(Shillington and Peterson, 2002). This results in a greater number of walking bouts of shorter duration at high
temperatures (Figure 4-2). The duration of resting bouts also decreased with increasing temperature, with female
walking patterns becoming more halting (Figure 4-2). Feeding the females could decrease this tiring effect,
although access to food had no effect on the parasitoid Cephalonomia stephanoderis walking activity and

searching capacity (Gomez et al., 2012).

Kinetic versus integrated response

To compare the behavioural and developmental responses of parasitoids to temperature, and to explore the
relative importance of kinetic versus integrated response, we analyzed two walking parameters (distance walked
and walking speed) compared to a theoretical performance response curve calculated using the formula (1) from
Vasseur et al. (2014), representing the theoretical kinetic response. o(T) designates the performance at temperature
T, Topt the temperature at which performance is the highest, Tmax the last temperature before which performance
becomes negative, and o, determines the steepness of the rising portion of the curve. Values were 34.2 for Top, 40

for Timax and 9.62 for o,
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Figure 4-4: Comparison between theoretical kinetic response and walking speed (A) and distance (B) of Anaphes
listronoti females along a temperature gradient. Theoretical kinetic response was calculated using formula (1) from

Vasseur et al. (2014).
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As seen in Figure 4-4A, walking speed and theoretical kinetic response follow a similar pattern over the
range of temperatures, indicating that insect walking speed is closely linked to biochemical rate, thereby suggesting
a kinetic response. However, it remains possible that this linear response does not correspond to a kinetic response,
as we could not measure walking speed at the temperature at which the inflexion part of the curve is expected to
occur. Under this uncertainty, the kinetic response represents the more conservative hypothesis, resulting only
from the biochemical reactions to temperature, contrary to the integrated response that requires additional
reactions: thermoreception, treatment of the information by the central nervous system, and behaviour. As a result,
we favor the kinetic explanation.

The same response is observed for the duration of resting bouts, which decreased proportionally as
temperature increased (Figure 4-2C). In contrast, distance walked does not follow the same pattern as kinetic
response, especially at low and high temperatures (Figure 4-4B). Such a difference likely arises from an integrated
response at low and high temperatures: the neurosensory system processes the thermal information and elicits a

behavioural response.

We previously identified three scenarios that could be associated with an integrated response: the
maintenance of the behaviour over a range of thermal conditions (Pigliucci et al., 2006), an escape response to
adverse temperatures (Rosenzweig et al., 2008; Ma and Ma, 2012), and the saving of energy until the return of
better conditions (Sokolova et al., 2012). We examined how each of these scenarios applies to the different walking
parameters measured for A. listronoti. For the first scenario, 4. listronoti females maintained constant walking
distance and duration (Figure 4-1A, B) over a certain range of temperatures, from 20.9 to 29.4 °C, but not at the
extreme temperatures. This first scenario does not apply to the other walking responses.

The second scenario, the escape response, would correspond to a greater walking distance and/or duration
at adverse temperatures and/or to a change in turning rate. Anaphes listronoti females walked greater distances
and for longer durations at the lowest temperature, suggesting that parasitoids spent more energy to find suitable
thermal conditions (with increased walking duration leading to longer walking distance). Escape behaviour can be
a component of behavioural thermoregulation, where the regulation of body temperature is achieved by selecting
a thermally adequate microclimate (May, 1979; Dillon et al., 2009). In Drosophila, both this thermal preference
(Rajpurohit and Schmidt, 2016) and walking speed of individuals (Gibert et al., 2001) can be affected by rearing
temperature, suggesting that rearing temperature would likely impact the escape behaviour of parasitoids as well.
Escape behaviour has been observed in insects facing high temperatures along a thermal gradient (Robertson et
al., 1996; Rosenzweig et al., 2008; Ma and Ma, 2012), with klinokinesis (in which the rate of turning of a moving
organism is proportional to the intensity of a stimulus) usually being the underlying mechanism (e.g., Rott and
Ponsonby, 2000; Angilletta et al., 2008). However, we found no effect of temperature on the turning rate of
A. listronoti (Figure 4-3), similar to what has been observed in other studies (see Abram et al., 2015 and references

therein). The escape response of A. listronoti seems to be associated with increased activity rather than with
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intensified turning rate. Atypical elevated activity at low temperatures was also observed in crayfish by Kivivuori
(1983), who suggested that the reason was “a lack of normal coordination of spontaneous walking”, with crayfish
walking continuously at low temperatures, as opposed to walking and stopping when foraging at intermediate
temperatures. This pattern might arise from increased excitability of the crayfish neuromuscular system in the
cold, leading to changes in activity level at low temperatures. Anaphes listronoti females also exhibited higher
activity at low temperatures by increasing walking duration but, in contrast to crayfish, walked less continuously
at the lowest temperature than at the intermediate ones. The underlying biochemical mechanism could, however,
be similar to the one described by Montgomery and Macdonald (1990) in crustaceans, i.e. an increase in the
synaptic activity at low temperature. Changes in spontaneous movement patterns due to modifications to the
central nervous system responses have also been shown in fish (Anderson and Mutchmor, 1968). Hyperexcitability
of the nervous system is observed in most animals when cold and heat extremes are reached, before the loss of
coordination, and is usually defined as the first step of chill coma (Hazell and Bale, 2011). This hyperexcitability
could explain the increased walking distance and duration observed at 10.8 °C for 4. listronoti. As such, this is not
an integrated response to temperature, but rather a kinetic response. It would be of great interest to further test the
escape response of A. listronoti females at low temperature. For example, by (1) placing individuals along a
thermal gradient and monitoring the temperature at which they do a half-turn (Lagerspetz, 2000 ; Ma and Ma,
2012), (2) placing them at ambient temperature, presenting them a cold object and noting their response
(Wittenburg and Baumeister, 1999), or (3) increasing temperature at a constant rate to observe when they escape
the arena (Wang et al., 2008).

The short walking duration of 4. listronoti females at 34.2 °C supports the third scenario, the saving of
energy, despite a high metabolic rate. In ectotherms, a given behaviour is more energy-costly at high temperatures
than at low temperatures (Weinstein, 1998). However, because heat damage can quickly occur when lethal
temperatures are approached (Chown and Nicolson, 2004; Colinet et al., 2015), and because longevity decreases
at high temperatures (Hance et al., 2007), this strategy would only be adaptive in environments where extreme
conditions do not last for a long time. For example, this type of coping mechanism will be detrimental to species
facing an extended heat wave. However, for prolonged extreme conditions, other adaptive behaviours could be
adopted, such as entry in stupor or torpor.

The observed behavioural responses of 4. listronoti to temperature and the described patterns indicate that
the integrated response scenarios are not mutually exclusive. For instance, we observed an escape response at low
temperatures (potentially driven by kinetic causes) and an energy-saving response at high temperatures for some
walking parameters. In addition, it remains difficult to disentangle kinetic from integrated responses using only
behavioural data: neurological insights are also required. Another option, suggested by Abram et al. (2017), is the
use of temperature-insensitive mutants to discriminate the two mechanisms. Walking behaviour temperature-
dependence seems more of a constraint at medium temperatures, where an increase in temperature leads to an

increase in the walking behaviour performance. However, at the high and low end of the thermal range, 4. listronoti
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females exhibit behaviour that could be adaptive in the thermal conditions in which they evolved: i.e. escaping
cold temperatures in which they could get kinetically “trapped” and avoiding spending unnecessary energy at high
temperatures. The walking behaviour of A. listronoti illustrates the complexity of insects’ behavioural responses
to temperature and the difficulty involved in assessing the underlying mechanisms. To add to the complexity,
metabolic rate affects behaviour under the kinetic response, but behaviour can also affect metabolic rate, for
example in the case of thermoregulation, creating a feedback loop between temperature, metabolic rate and
behaviour.

From an applied perspective, walking behaviour has been used as a factor to assess the efficiency of
candidate natural enemies in biological control (Wajnberg and Colazza, 1998). Our results suggest that biocontrol
agents would become less efficient at finding their host when temperatures are more variable, because walking
distance decreases at the low and high ends of the thermic range (Figure 4-1). The integrated behaviours, in the
form of an escape response and energy-saving mechanisms, could be adaptive on the short-term, but not during

long periods of sub-optimal conditions (e.g. heat waves).

Consequences of climate change

Most climate change models predict a 1.5 °C rise in global temperatures by the end of the century and an
increase in the frequency of extreme events such as heat waves (Stocker et al., 2013). This scenario means that
insects will more frequently encounter infra- and supra-optimal thermal thresholds. According to our results,
parasitoid females in that scenario would spend less time overall foraging for hosts, leading to a lower reproduction
rate. As A. listronoti females live for only 2 to 3 days at 29 °C in comparison with 5 to 6 days at 23 °C (Collins
and Grafius, 1986b), they have less time at high temperatures than at low temperatures to find and parasitize hosts,
despite being more efficient under warm conditions (Naranjo, 1993). The effects of suboptimal temperatures can,
however, be locally mitigated by physiological adaptations such as heat resistance induced by heat hardening (Sgro
et al., 2016). Thermal acclimation can also play a role in mitigating exposure to both extreme low temperatures
(Geister and Fischer 2007; Lachenicht et al., 2010) and extreme high temperatures (Ma and Ma, 2012; Kim et al.,
2015) as well as in increasing mating performance (Geister and Fischer, 2007) and locomotion (Lachenicht et al.,
2010). Finally, behavioural responses can help buffer exposure to thermal extremes when insects change the timing
of their foraging activities (Candolin and Wong, 2012), thermoregulate (Kearney et al., 2009; Huey et al., 2012;
Andrew et al., 2013a), select more favourable microhabitats (Wiktelius, 1987), and shift posture or orientation
(Harmon and Barton, 2013). However, complex behaviours such as host searching and mating, which often involve
sequential steps and chemical cues (Fasolo and Krebs, 2004; van Baaren et al., 2005; Sentis et al., 2015), could be

disrupted by suboptimal temperatures more than simple behaviours such as walking are.
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5.1/ Abstract

1. The effect of temperature during host patch exploitation behaviour of parasitoids remains poorly
understood, despite its importance for female reproductive success.

2. Under laboratory conditions, we explored the behaviour of Anaphes listronoti, an egg parasitoid
of the carrot weevil (Listronotus oregonensis), when foraging on a high-quality host patch at five
temperatures.

3. Temperature had a strong effect on the female tendency to exploit the patch. 4. listronoti females
parasitized more eggs at an intermediate temperature (20°C to 30°C) compared to those foraging
at the extremes of the range (15.9°C and 32.8°C).

4. For parasitized eggs, there was no difference in offspring sex ratio and clutch size between
temperatures.

5. Mechanisms of host acceptance within a patch differed between temperatures, especially at
32.8°C, where females used ovipositor insertion rather than antennal contact to assess whether a
host was already parasitized or not, suggesting that host handling and chemical cues detection
were probably constrained at high temperature.

6. Females spent less time on the host patch with increasing temperatures, but temperature had no
effect on patch-leaving rules.

7. At low temperatures, parasitoid performance was higher than expected, possibly due to the

efficiency of patch exploitation strategies.

Keywords: Patch leaving rules — Behavioral constraint — Parasitism — Anaphes listronoti — Listronotus oregonensis
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5.2 / Introduction

When reproductively active, female parasitoids spend a large portion of their time searching for and
exploiting host patches (Lauziére et al., 2000). In the context of the optimal foraging theory, the marginal value
theorem (MVT; Charnov, 1976) explores searching and ovipositional decisions made by parasitoid females. The
MVT predicts the duration a female should spend on host patches of various qualities, as modulated by travel
duration between patches. Several decision rules and statistical models have been developed to assess the extent
to which a female should exploit a patch (Wajnberg, 2006). Some of these rules and models stem from the idea
that, unlike an assumption from MVT, females are not omniscient and need to continuously acquire information
from the patch when foraging (Jorgensen and Fath, 2008). Acceptance or rejection of a given host often has an
incremental or decremental effect on the propensity to stay or leave a patch, depending on the species studied
(Wajnberg et al., 2003; Wajnberg, 2006). Several factors affecting patch residence time have been studied,
including patch quality, female age, egg load, previous experiences and abiotic conditions (Wajnberg, 2006).
However, the role of temperature, a decisive biotic factor influencing behavioural components of ectothermic
organisms (Abram et al., 2017), on host patch exploitation has scarcely been investigated (Amat et al., 2006;
Moiroux et al., 2016), despite the expected more extreme and variable thermic conditions under climate change
scenarios (Stocker et al., 2013).

Insect performance is typically maximized along a range of temperatures. Outside this range, at sub- and
supra-optimal temperatures, performances are reduced until temperature in both the low and high ends reaches a
lethal point (Vannier, 1994). However, a change in performance for a trait or behaviour does not necessarily infer
that an individual is operating under physiological constraints. In some cases, a behavioural change would be an
adaptation to local conditions in order to gain or maintain fitness. For example, a parasitoid female can alter sex
allocation in her progeny at high temperature to maximize her own reproductive fitness (Moiroux et al., 2014).
High temperature during insect development usually results in individuals developing faster and being smaller at
the adult stage than individuals reared at low temperature (Temperature-Size Rule (TSR); Atkinson, 1994; Colinet
et al., 2007), with adult size having more fitness consequences for females than for males (Charnov et al., 1981;
Hongk, 1993). However, as shown by Moiroux et al. (2014) and further reviewed by Abram et al. (2017), it can be
difficult to disentangle behaviours that represent an adaptive response to abiotic conditions from those that result
from a physiological constraint due to the effect of temperature on metabolic function. Abram et al. (2017)
suggested the use of a kinetic null temperature model to unravel the behavioural adaptive responses from the
constrained physiological responses. Such a null model describes only the kinetic effects of temperature on insect
behaviour and allows comparison of this response to other potential integrated behaviours. Integrated behaviours
result from the assimilation of thermic information by the central nervous system of the insect, followed by a

behavioural response to this information.
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The first goal of this study was to examine elements of the patch exploitation behaviour of an egg
parasitoid at sub- and supra-optimal temperature: percent parasitism, offspring sex-ratio, clutch size, residence
time and patch-leaving rules. We predicted that females would spend less time on the patch as temperature
increases, because of two potential phenomena : (1) the increase in metabolic rate with temperature, leading to an
acceleration of all behaviours (walking speed, host handling and oviposition), resulting in the patch being exploited
faster (kinetic response), and (2) an increase in subjective duration perceived by the female at higher temperature
(Parent, 2016), leading to a decreased residence time (integrated response). An alternative integrated response (3)
would be that, at low temperature, females would increase residence time because of the decrease between pre-
trial temperature and trial temperature, suggesting adverse environmental conditions such as rain or wind (Amat
et al., 2000).

The second goal was to differentiate between physiologically-constrained behaviour and adaptive
behaviour of females exploiting a patch at different temperatures using a kinetic null model (the metabolic rate of
the insect). If the response of females to temperature is kinetic (i.e., it follows the null model), studied behaviours
(number of ovipositions, antennal rejections, ovipositor rejections, residence times) will vary proportionally to
females’ walking speed. Walking speed is a proxy for kinetic response as it is proportional to metabolic rate
(Berrigan and Lighton, 1994; Berrigan and Partridge, 1997), leading to an increase in performance as temperature
increases until the reach of a tipping point, after which performance decreases (Huey and Stevenson, 1979;
Angilletta, 2006). Sex allocation and clutch size should, however, remain unchanged, as well as patch-leaving
rules. In the case of an integrated response, we expect the maintenance or an increase of the number of ovipositions
along the tested thermal range. We also anticipate an increase in sex ratio at high temperatures, because individuals
are smaller when they develop at high temperatures (TSR, Atkinson, 1994; Colinet et al., 2007), and being bigger
is more important for females than for males (Charnov et al., 1981; Hon¢€k, 1993). Accordingly, we expect females
to lay a smaller clutch size as temperature increases, because siblings developing from the same host are smaller
than those that developed alone in the host (Boivin and Martel, 2012). Females could compensate for smaller
offspring caused by TSR by laying only one egg per host. In addition, we hypothesized that extreme temperatures
would create additional constraints (indirect consequences of metabolic rate), leading to a decrease in efficiency
for the following parameters: (1) handling time (Sentis et al., 2013), (2) egg fertilization (through physical
impairment of the spermatheca muscular contraction or sperm motility (Moiroux et al., 2014) leading to an increase
in primary sex ratio (proportion of males), and (3) detection of chemical cues (Sentis et al., 2015) used to assess
patch quality (e.g. kairomones concentration) (Waage, 1979) or parasitism status (healthy vs. parasitized host)
(Van Baaren et al., 2005). For females exhibiting one or several of these behaviours, we predicted a reduced
performance compared to the kinetic null model. On the other hand, females could still maximize their
performance under non-optimal environmental conditions by adapting their behaviour to increase their own fitness
or the fitness of their offspring through integrated response to temperature, for example through maternal effect

(Mousseau and Fox, 1998). In this case, we should observe a higher performance than that expected under the null
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model. We defined performance here as the reproductive success of females, i.e. parasitism rate.

We examined the influence of temperature on host patch exploitation by Anaphes listronoti Huber
(Hymenoptera: Mymaridae), an egg parasitoid of the carrot weevil Listronotus oregonensis (LeConte) (Coleoptera:
Curculionidae). Anaphes listronoti females are moderately synovigenic, as they possess 70% of their final egg
load at emergence (Boivin and Martel, 2012), and facultatively gregarious, as 1 to 6 individuals can develop in the
same host (Collins and Grafius, 1986). Females of this genus can distinguish between hosts parasitized by
themselves, their conspecifics and other species (Van Baaren et al., 1994). Exposure to cold temperature during
the pupal stage can affect their learning capacity (Van Baaren et al., 2006), the number of eggs laid, their ability
to discriminate between parasitized and unparasitized hosts, and patch-leaving rules (Van Baaren et al., 2005).

However, the effects of adverse temperature during patch exploitation remain to be explored.

5.3 / Material and methods

Parasitoids

Anaphes listronoti was reared on carrot weevil eggs in the laboratory at 24°C + 2°C, 50% RH (relative
humidity) and 16L:8D following Boivin (1988). The strain originated from an Agriculture and Agri-Food Canada
(AAFC) untreated carrot field in Sainte-Clotilde, Quebec, Canada (45°09'N, 73°41'W).

Patch exploitation experiment

Females’ foraging behaviour on host patch was tested at five temperatures: 15.9°C, 20.2°C, 24.9°C,
28.4°C, and 32.8°C (maximum temperature variation = 1.4°C; N = 267). During pre-tests, no oviposition occurred
at 10°C, and all wasps were dead after 1-hour acclimation at 40°C. Temperatures were measured in the
experimental arena (Petri dish) using a thermocouple (Omega, model HH23). Host patches consisted of 16 freshly-
extracted carrot weevil eggs that were less than 24 h old. Eggs were placed inside a Petri dish (5.6 mm diameter)
on a humidified filter paper along a 1.5 cm square grid consisting of 4 x 4 eggs. Each egg on the grid was given a
position (rows: A, B, C, D and columns: 1, 2, 3, 4) so what emerged from the host egg could be linked to the
behaviour of the mother. The patch area was delimited by a 2.5-cm-diameter circle around the eggs. A 1-day-old
mated naive (no previous contact with hosts) female contained in a 300-uL. Beem® polyethylene capsule and the
Petri dish containing the eggs were placed in a growth chamber (Sanyo, model MLR351H) during 1 hour for
acclimation to tested temperatures. The female was then released in the center of the host patch and, based on pre-
tests, videotaped for 3 h or until she left the patch for 2 min. At the end of the behavioural observations, eggs were
placed individually in identified 300-uL Beem® polyethylene capsule and reared at 24°C +2°C, 50% RH, 16L:8D

until host or parasitoid emergence. Each female was only tested once. Experiments ran between 10:00 and 16:30.
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Video analyzing

Only videos of females that exploited a patch (oviposited in at least one host) and laid at least one female
progeny were included in the analysis (N =4, 14, 20, 23 and 20 at 15.9°C, 20.2°C, 24.9°C, 28.4°C, and 32.8°C,
respectively). Females that laid only sons were considered unmated and were removed from analysis (N = 7)
because the behaviour of virgin females could differ from that of mated females (Fauvergue et al., 2008). The
proportion of ovipositing females over all tested females was calculated for each temperature. The frequency and
duration of three types of interactions with host eggs were quantified: (1) antennal rejection — the female moves
away from the host egg following antennal contact; (2) ovipositor rejection — the female climbs on the host egg,
inserts her ovipositor for a short period of time (a few seconds to a few minutes) and then leaves; and (3)
oviposition — the female climbs on the host egg, inserts her ovipositor for several minutes, marks the egg by
walking around it and then leaves. We also calculated the time spent by the female without interacting with the

host (when she was exploring, resting or grooming) and the frequency of exploration outside the host patch.

Offspring production

Capsules containing host eggs were checked for emergence every 2 to 3 days. At 25°C, development lasts
10 to 11 days (Traoré et al., 2006). After 21 days, the remaining eggs were dissected, and the content was identified
as either a wasp, a weevil larva or an aborted egg. Wasps detected from dissection were included in the offspring
data (N =77, over 171 dissected eggs). In A. listronoti, primary sex ratio cannot be determined during oviposition
as for other egg parasitoid species (Van Baaren et al., 1995). The sex ratio was therefore assessed using emerged

wasps. Clutch size was also noted.

Null model

Previous data on A. listronoti walking speed under different temperatures (Augustin et al., 2020) was used
as a proxy for metabolic rate. This proxy represents the null thermic model (sensu Abram et al., 2017), i.e. the
metabolic effect of temperature on behaviour, without further response or constraint from the organism. Walking

speed (mm s™) in relation to temperature was calculated using the following equation:

(1) Walking Speed (T) =a*T + b

where T is the temperature (°C), a represents the increase in walking speed corresponding to an increase in
temperature, with a value of 0.01184, and b represents the theoretical walking speed of A. listronoti females at

0°C, with a value of 0.65471.

Data analyses
Linear and polynomial regressions were used to analyse the effect of temperature on the different variables

studied (oviposition/rejection behaviours and offspring parameters). A Cox proportional hazards model (Cox,
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1972) was used to determine cues used by females to leave the patch as related to temperature. The Cox model is
expressed in term of hazard rate or the probability per unit of time that a female would leave the patch. It is based
on the assumption that the hazard rate is the product of a baseline hazard and the effects of all the explanatory

variables. The model can be expressed as:

e z>=ho<t>exp[isizi<r>]
@

where 4 (¢ ; z) is the hazard rate, 4, (?) the baseline hazard, ¢ the time since the female entered the patch, and f3; the
regression coefficient giving the relative contribution of the covariates z; (z). The hazard ratio, given by the
expression exp(f;: z;), determines whether the covariable z; influences the patch-leaving tendency of the females. If
the hazard ratio is inferior to 1, the female patch-leaving tendency is reduced by this covariable. If the hazard ratio
is higher than 1, the patch-leaving tendency is increased by the covariable (Wajnberg et al., 2003; Van Baaren et
al., 2005). The variables tested were: number of antennal and ovipositor rejections, number of ovipositions, number
of times the female exited the patch (for less than 2 min), number of rejections of non-parasitized hosts, number
of rejections of parasitized hosts, rates of oviposition and rejection. The effect of each variable and the overall

significance of the model were tested using likelihood ratio tests.

5.4 / Results

Patch acceptance

Fewer A. listronoti females exploited the patches at low and high temperatures than at intermediate
temperatures (second degree polynomial, p <0.001, R?=0.16; Figure 5-1), with patch acceptance being maximum
at 28.4°C. The total number of females accepting the patch was low at 15°C (N=4), and analyses were run with
and without them. There was no difference in the significance of tested variables with and without the 15°C
treatment, except for duration of ovipositor rejection and clutch size, with lost and gained significance without the

15°C treatment, respectively. Therefore, we kept the 15°C treatment in our analyses.

Patch time allocation
When A. listronoti females did exploit the patch, patch time allocation was significantly affected by
temperature: both the frequency and duration of behaviours varied between temperatures (Figure 5-2).

Temperature had a significant effect on the number of antennal rejections (p = 0.003), ovipositor rejections (p =
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Figure 5-1: Percentage of tested Anaphes listronoti females that oviposited in at least one host egg (Listronotus
oregonensis) at different temperatures.

0.006) and ovipositions (p < 0.001; Figure 5-2b). Females spent overall more time performing antennal rejection
at low and intermediate temperatures compared to 32.8°C (p < 0.001, R? = 0.30; Figure 5-2a) due to a decrease in
both frequency and duration at high temperature (p < 0.001; Figure 5-2b). In contrast, they spent more time
performing ovipositor rejections at 32.8°C compared to other temperatures (p < 0.001, R?=0.32; Figure 5-2a) due
to a higher frequency of this behaviour. The durations of ovipositor rejections and ovipositions decreased from
15°C to 28.4°C but increased at 32.8°C (p = 0.002 and p < 0.001, respectively). Despite this change in oviposition
duration, females spent relatively more time ovipositing at intermediate temperatures than at low and high
temperatures (p = 0.01, R? = 0.09; Figure 5-2a) because of the increased frequency of the behaviour. There were
no significant relationships between temperatures and the number and duration of other behaviours (exploring,

resting and grooming, p = 0.09) or the frequency of temporary exploration outside the host patch (p = 0.14).

Patch-exploitation strategy

Females left the host patch earlier as temperature increased (p = 0.008; Figure 5-3), but cues used in patch-
leaving decisions did not change with temperature (Table 5-1). Females’ tendency to leave the patch increased
together with oviposition and rejection rates at almost all temperatures. All other tested covariables had no effect.
There was a significant correlation between the number of rejections and the number of oviposition (Pearson’s

correlation: 0.62 for antennal rejection and 0.24 for ovipositor rejection; p = 6.7 x 107 et 0.03 respectively).
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Figure 5-2: (a) Time allocation of behaviours of Anaphes listronoti females during host patch exploitation
(Listronotus oregonensis) as related to temperature. Other behaviours include grooming, resting and walking. (b)

Frequency and duration of A. listronoti females’ behaviours at different temperatures.
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15.9°C 20.2°C 24.9°C 28.4°C 32.8°C
Brse | exp(®) | p Brse | oxp®) | p Brse | ep® | P Brse | epB | p Brse | ep(B | p
Number of antennal rejection -0.01+0.02 0.99 04 | 0.02+0.01 1.02 0.1 0.006 + 0.008 1.006 0.5 -0.005 + 0.007 0.99 0.5 -0.003 £ 0.009 0.99 0.7
Number of ovipositor rejection | -0.09 +0.13 0.91 0.4 |-0.005+0.04 0.99 0.9 0.04 £ 0.04 1.04 0.3 -0.05 +0.04 0.95 0.2 -0.02 £ 0.02 0.98 0.4
Number of oviposition -0.14+0.2 0.87 04 | -0.07+0.11 0.93 0.5 0.07 £0.09 1.08 0.4 -0.03+0.14 0.98 0.9 -0.09 £ 0.08 0.92 0.3
Rejection of good host 0.33+0.26 14 0.05 | 0.01+0.01 1.01 0.4 0.04 +£0.02 1.04 0.09 -0.003 + 0.02 0.99 0.9 -0.02+0.01 0.98 0.2
Rejection of bad host -0.02 £ 0.02 0.98 0.3 | 0.01+0.01 1.01 0.3 0.003 + 0.008 1.003 0.7 -0.007 + 0.007 0.99 0.3 0.004 + 0.008 1.004 0.6
Total rejection -0.01+£0.02 0.99 0.4 | 0.01+0.01 1.01 0.2 0.006 + 0.007 1.006 0.4 -0.005 + 0.006 0.99 0.4 -0.004 +0.008 0.99 0.6
Number of patch exit -0.5+0.49 0.61 0.09 | 0.006 +0.03 1.006 0.8 0.07 £0.03 1.07 0.04* -0.03 +0.02 0.97 0.06 -0.02 £ 0.05 0.98 0.6
Oviposition rate 272+45 6.63x10" 05 | 83.1+26.1 1.2x10®¥ <0.001** | 829+185 1.09x 10®¥ <0.001** 103.5+23 9.08 x 104 <0.001 *** 239+10.7 253x10° 0.02*
Rejection rate 145+ 3.6 4.25 0.7 | 471+£1.55 110.5 <0.001** | 3.11+1.07 22.51 0.004 ** 3.68+1.2 39.46 0.001 *** 1.13+0.72 3.1 0.1

Table 5-1: Effects of different behavioural components on residence time of Anaphes listronoti females at different
temperatures when exploiting Listronotus oregonensis egg patches. Estimated regression coefficients § + se,
hazard ratios exp(p), and p-values were calculated from Cox regression models and likelihood ratio tests,
respectively.
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Figure 5-3: Patch-leaving hazard rate of Anaphes listronoti females when exploiting Listronotus oregonensis egg
masses at different temperatures.

Offspring number and sex ratio

Females parasitized fewer eggs at high and low temperatures (2™ degree polynomial regression, p <0.001,
R2 = 0.50) than at intermediate temperatures (Figure 5-4). Percent parasitism was higher when estimated from
video sequences than when calculated from parasitoid emergence and host egg dissection (Mann-Whitney test, p
=0.009): 13.6 + 16.9% of observed parasitized eggs yielded no offspring. This effect was greater at 32.8°C (29.7
+ 23.6%) than at 24.9°C and 28.4°C (Tukey — quasibinomial GLM, p = 0.04 and p = 0.003 — Figure 5-5).
Temperature had no significant effect on offspring sex ratio (linear regression: p = 0.35, mean sex-ratio: 0.16 +

0.11) and clutch size (linear regression: p = 0.08, mean clutch size: 1.26 + 0.22). However, when the 15.9°C
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treatment was removed from analysis, clutch size significantly decreased with temperature (linear regression: p =

0.02)

o L]
D ] B CJ -
= b
[an] O @
o ® 7] — © £
=
=0 E
E o _| =T
] w w i
= i
w O
T o _| T | o @
(i3] = - = T
0o r L
=
o - 4]
™ £ - N o g
. — Parasitism cbserved
T Parasitism at emergence
o - -7 ——- Walking speed ]
I [ [ [ I
159 202 249 26 4 32.6

Temperature (°C)

Figure 5-4: Percentage of Anaphes listronoti parasitism of Listronotus oregonensis eggs (X + SE), calculated from
either video sequences (black) or offspring emergence (grey), and walking speed calculated from formula 1; (see
text)

Null model

Anaphes litronoti performance, expressed by percent parasitism, was maximum at 28.4°C (Figure 5-4). It
was higher than expected under the null kinetic model at all sub-optimal temperatures and lower than expected at
the supra-optimal temperature. Duration of antennal rejection and patch residence time were the only variables
proportional to walking speed. For other variables, most significant responses followed a bell curve or a reverse

bell curve along the thermic range and thus differed from the kinetic null model.
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Figure 5-5: Percentage of Listronotus oregonensis aborted eggs in patches exploited by Anaphes listronoti females
at different temperatures. Boxes represent the 25th and 75th percentiles, the heavy line represents the median,
whiskers represent 1.5 X interquartile range of the data, and data points represent outliers. Different letters
represent significant differences between temperatures.

5.5 / Discussion

Temperature significantly influenced host patch exploitation by A. listronoti females under laboratory
conditions, with maximum parasitism observed at 28.4°C. The females spent less time on the patch with increasing
temperatures, and parasitism rate was lower at low and high temperatures, but there was no difference in offspring
sex ratio or clutch size. Time budget during patch exploitation differed between temperatures, especially at 32.8°C,
where females switched from antennal to ovipositor rejections while using the same cues for patch-leaving
decisions, i.e. oviposition and rejection rate. The null model showed that A. listronoti performance was higher than
expected under kinetic constraint only for sub-optimal temperatures, but lower than expected at supra-optimal

temperatures.

Patch acceptance
At all tested temperatures except 28.4°C, only half or less of the females exploited the host patch (Figure 5-

1), probably resulting from the artificial experimental conditions. Anaphes listronoti tendency to leave the host

90



patch without exploiting it was significantly affected by temperature. Fournier and Boivin (2000) showed that the
dispersal capacity of two Trichogramma species was influenced by environmental conditions, mostly wind, solar
radiation and temperature. In parasitoids, warm temperatures are usually associated with higher dispersal through
increases in walking and mostly flying capacities (Forsse et al., 1992; Langer et al., 2004; Gaudon et al., 2018). In
a previous study, we found that A. listronoti females walked a greater distance at intermediate temperature (20°C
to 30°C) than at lower and higher temperatures (Augustin et al., 2020). However, here we report the highest patch
departure rates at the lowest and highest temperatures tested. Reduced patch acceptance could be related to a lower
capacity of parasitoid females to detect chemical host-associated cues. In an aphid-ladybeetle system, Sentis et al.
(2015) showed that temperature modified both the nature and quantity of infochemicals emitted by the prey, as
well as the capacity of the predator to perceive these signals. Thus, high levels of A. listronoti patch departure at
the lowest and highest temperatures may result from a lack of kairomones detection, or their misreading by

searching females.

Time allocation to different behaviours

The duration of antennal rejections closely followed the kinetic response, as inferred by walking speed;
the higher the temperature, the faster the metabolism due to protein conformation and binding to substrate (Neven,
2000). However, the durations of ovipositor rejection and oviposition increased at 32.8°C, suggesting a constraint
to host handling at high temperature. Sentis et al. (2013) found that handling rate in ladybeetles follows a bell
curve, being lower than expected at high temperature as predicted by the metabolic theory of ecology (MTE)
(Brown et al., 2004). Anaphes listronoti females likely experienced difficulties handling host eggs with their
ovipositor at high temperatures, resulting in longer interactions with the host despite higher metabolic rate.
Females spent more time completing ovipositor rejection and less time performing antennal rejection at 32.8°C.
Anaphes females mark the host egg after oviposition by touching its surface with the antennae while walking over
it (Van Baaren et al., 1995). Females can learn to associate these external marking cues, detected with antennae,
with the presence of a parasitoid egg inside the host. Anaphes listronoti females can learn to detect cues from self,
conspecifics and females from other species (Van Baaren and Boivin, 1998). Yet, after exposure to cold at the
pupal stage, they are less efficient in assessing host status with external examination only and they need to insert
their ovipositor in the host to assess whether it was already parasitized (Van Baaren et al., 2005). In general, thermal
stress affects both memory consolidation and the rate of the active forgetting process (Abram et al., 2015 and
references therein). However, in our case, it is not clear whether thermal stress causes an impairment in detection
or learning of chemical cues. The observed changes in behaviour could thus arise from: (1) alterations in the
female’s host marking behaviour right after oviposition; (2) changes in the nature and/or quantity of marking
pheromones as a result of temperature, occurring between host marking and the next encounter; (3) changes in the
female’s capacity to recognize kairomones; (4) a combination of some or all of the above. In a previous study, we

found that 4. listronoti males failed to exhibit courtship and females refused to mate as frequently at low and high
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temperatures than at the optimum temperature (J. Augustin, unpublished data). This could also result from thermal-
induced impairment of the capacity of females to detect/recognize chemical cues.

Opposite to 4. listronoti, Trichogramma euproctidis females performed more ovipositor rejection at low
temperature (14°C) than at intermediate and high ones (24 and 34°C) (Moiroux et al., 2016). The authors suggested
that the external discrimination abilities of 7. euproctidis females are altered at low temperature. While the low
number of females exploiting the patch at 15°C does not allow us to draw conclusions about host rejection
mechanism at this temperature, the differences in host rejection behaviour at high temperatures between 7.
euproctidis (34°C) and A. listronoti (32.8°C) is interesting. Anaphes listronoti has only been observed in Canada,
where temperature during the summer rarely exceed 30°C. At the opposite, the 7. euproctidis strain used by
Moiroux et al. (2016) originated from individuals sampled in Egypt. The different thermic conditions experienced
by the two species in their environment could explain the different thermic adaptations and discrimination abilities.
While T. euproctidis females has a wider thermal range for host patch exploitation, they appear to be better adapted
to elevated temperature. Conversely, A. listronoti females are much less likely to encounter temperatures higher
than 30°C, and their sensory organs may not be adapted to such conditions. Consequently, their discrimination

abilities are lessened at 32.8°C compared to more intermediate temperatures.

Patch exploitation strategy

Anaphes listronoti residence time decreased with temperature, suggesting that host patch exploitation is at
least partially linked to the metabolic rate of the individual. Females used the same patch-leaving rules, except at
15.9°C, where we identified no behavioural components affecting patch-leaving rates of females (probably
because of the low N). For all other temperatures, oviposition rate significantly increased patch-leaving rates.
Rejection rates also significantly increased patch leaving at 20.2°C, 24.9°C, and 28.4°C, but not at 32.8°C. Number
of rejections and ovipositions are correlated, suggesting that they are both used as patch-leaving rules at almost all
temperature. At the highest temperature, females may have difficulties assessing whether the host was parasitized
or not (see above). Parasitoid females entering a host patch have an initial tendency to remain on it (Waage, 1979).
This propensity decreases with time until it reaches a threshold, at which females leave the patch. When a host
encounter, a rejection or an oviposition increases patch residence time, the underlying mechanism is defined as
incremental. Conversely, when these interactions with the host increase patch-leaving rates, the mechanism is
decremental (Waage, 1979). Anaphes listronoti females operate under a decremental mechanism because
ovipositions and host rejections increase patch leaving tendency. Decremental mechanisms are considered optimal
for species whose host patches are homogeneous in quality through the environment (Iwasa et al., 1981; Wajnberg,
2006). Under these conditions, it could be adaptive for females to rely on the same patch-leaving rules, as we
observed in this study, despite changes in temperature conditions. In addition, as seen in Figure 5-4, at low
temperature, 4. listronoti performance was higher than expected under the null model. However, at the hottest

temperature, performance is lower than expected. It might be that females lost time when assessing host quality
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because they perform ovipositor rejection, which takes on average 14.1 times longer than antennal rejection, to
discriminate non-parasitized vs. parasitized hosts. As a result, unlike for other temperatures, females do not rely
on host rejection rate as a patch-leaving rule; their decision is only based on oviposition rate.

Changes in residence time in relation to temperature followed changes in walking speed, but they were
not directly proportional; a two-fold increase in walking speed resulted in a one-fold decrease in residence time,
suggesting that metabolic rate is not the only mechanism responsible for residence time in A. listronoti. We
hypothesized that females should spend less time on the patch as temperature increases, and this effect should be
stronger than metabolic rate alone in the case of an integrated response. However, we observed something
different: the magnitude of changes in residence time is less than those in metabolic rate. Using the same patch-
leaving rules could provide a buffer effect to homogenize residence time when female parasitoids experience
different conditions. This could also be explained by the alteration of the female time perception by temperature:
for ectotherms, time subjectively passing by faster at high than at low temperature (Parent, 2016). Thus, at high
temperature, from a female’s perspective, relatively more time was spent on the patch. Accordingly, a female’s
perception time would affect her oviposition and rejection rate. In addition, despite the 1-hour acclimation before
females were released in the patch, it remains possible that observed behaviours are not a response to the
experienced temperature during patch exploitation, but rather a response to the increase or decrease in temperature
compared to the pre-trial temperature (Amat et al., 2006). Indeed, it could be advantageous for females to adjust
patch exploitation (residence time and number of ovipositions) after experiencing a drop in environmental
temperature (that could indicate adverse environmental conditions such as rain or wind). In all cases, females spent
less time on the patch as temperature increased, and this effect cannot be explained by the kinetic response alone.

Unfortunately, our data do not allow a definite identification of the mechanisms or strategies involved.

Offspring number and sex ratio

Females laid fewer offspring at low and high temperatures, through a decrease in parasitism rate. This can
be explained by reduced activity and differences in searching behaviour (McCutcheon and Simmons, 2001; Langer
et al., 2004). Clutch size is similar to other reports for 4. listronoti at 23°C: Our study, 1.26 & 0.22 eggs per host;
Collins and Grafius (1986), 1.29 + 0.47. Similarly, temperature did not affect clutch size of the egg parasitoid
Trichogramma dendrolimi (Schmidt and Pak, 1991). There was a small incidence of parasitoid-induced host egg
abortion (sensu Abram et al., 2016) from 15.9°C to 28.4°C, with parasitism leading to failed parasitoid offspring
development and host egg abortion. Percentage of egg abortion was significantly higher at 32.8°C (29.7% of eggs
aborted) compared to other temperatures (Figure 5-5).

Interestingly, offspring sex ratio did not vary with temperatures experienced by A. listronoti females when
exploiting a patch. In contrast, Moiroux et al. (2014) showed that Trichogramma euproctidis offspring sex ratio
increases at both low and high temperatures experienced by foraging females. Female parasitoids allocate a sex

ratio that increases their own fitness or their offspring’s fitness (Mousseau and Fox, 1998). For example, they
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produce more males at high temperature because size decreases with increasing temperatures during development
(Atkinson, 1994; Colinet et al., 2007), and being large is more important for parasitoid female fitness than for male
fitness (Charnov et al., 1981; Honé€k, 1993). Sex allocation by females can be constrained by defect egg
fertilization (Moiroux et al., 2014) or sperm depletion (King, 2000). Sex-specific survival (Wilkes, 1959; Colinet
et al., 2006) or dispersal capacity (Roy et al., 2003) under adverse temperatures can also affect secondary sex ratio.
No difference in secondary sex ratio was observed in A. listronoti, either because females did not adjust sex
allocation under the range of tested temperatures, there was no difference in mortality between sexes during
parasitoid development, or because females did change sex allocation, but differential embryonic or larval
mortality between sexes resulted in a similar secondary sex ratio at all temperatures. As the duration of the tests
only differed by about 3 hours between thermal treatments, and subsequent development occurred under the same
rearing conditions for about 12 days, we expect sex-specific mortality rate to be the same for all treatments.

Therefore, we privilege the first explanation, i.e. no differential sex allocation related to temperature.

Adaptive vs. constrained responses

The responses of 4. listronoti females to temperature during patch exploitation are partially driven by
kinetic response. An absolute kinetic response would result in females behaving the same at all temperatures, but
slower or faster as temperatures decreased or increased. This is not the case for A. /istronoti because females had
fewer host contacts at low and high temperatures than at intermediate temperatures, and patch exploitation
strategies differed between temperatures. As parasitoid performance was lower than expected at high temperature,
we suggest three potential constraints: increased handling time due to impaired coordinated movement (Sentis et
al., 2013), weakening of the muscular contraction of the spermatheca, leading to lower egg fertilization (Moiroux
et al., 2014), and reduced detection of chemical cues (Sentis et al., 2015). The first and the third constraints were
obvious at 32.8°C, with females spending more time interacting with host eggs than expected, rejection rate not
being used as a patch leaving rule, and females switching from antennal rejections to ovipositor rejections for host
quality assessment. The second constraint, the impairment of the muscular contraction of the spermatheca during
oviposition, was not observed; sex ratio remained constant along the tested thermic range. At low temperatures,
performance was higher than expected under the kinetic null model. This could either be an adaptive response of
the females to temperature or, as suggested earlier, a buffering effect due to use of the same patch-leaving rules.

Our results highlight the complexity of parasitoid behavioural responses to temperature. The frequency
and duration of behaviours may (1) simply result from changes in metabolic rate due to the kinetic effect of
temperature on insects, (2) be indirect consequences of the insect’s metabolic rate, such as handling time, or (3)
result from constraints arising from other sources, such as kairomones emission and perception at sub-optimal
temperatures (Van Baaren et al., 2005; Sentis et al., 2015). Anaphes listronoti females behave better than expected
at sub-optimal temperatures, but worse than expected at supra-optimal temperatures. This could have serious

consequences under ongoing climate warming for such a short-lived species (2 to 3 days at 29°C [Collins and
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Grafius, 1986]). Females would have less time to find and exploit hosts, and offspring will be smaller following
the temperature—size rule (Atkinson, 1994; Colinet et al., 2007), and thus have a lower fitness (Hongk, 1993). In
contrast, these results suggest that populations from temperate climates may perform better than predicted under

the kinetic null model at low temperature. This could be an interesting hypothesis to test in future research.
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6.1/ Abstract

Temperature influences all aspects of insect physiology and behaviour, including reproduction. Adverse
temperatures can decrease mating success and sperm transfer, leading to increased sex ratio in haplodiploid
organisms. We tested the effect of five temperatures on the reproduction of the egg parasitoid Anaphes listronoti.
Temperatures inferior and superior to 24.5°C decreased mating success by 30% to 40%, with a decrease of up to
80% at 35°C. Mating failures can arise from lack of encounters between sexes, absence of courting by the male,
or male rejection by the female. These behavioural malfunctions at low or high temperatures may result from either
a change in activity level or a disruption in chemical communication between sexes. Both courtship and copulation
duration decreased with increasing temperature. For mated females, there was no effect of mating temperature on
offspring number and sex ratio. However, the increased number of virgin females at adverse temperatures did
modify the simulated population sex ratio of the next generation, which increased from 0.2 at 24.5°C to 0.4, 0.5,
0.4 and 0.8 at 15.7°C, 20°C and 30°C and 35°C, respectively. The effect of temperature on courtship and copulation

success of A. listronoti could lead to a decrease of the number of females in the population.

Keywords: Mating success; Temperature; Sex ratio; Anaphes listronoti
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6.2 / Introduction

For haplodiploid organisms, males develop from unfertilized haploid eggs and females from fertilized
diploid eggs (Heimpel and de Boer, 2008). The population sex ratio of haplodiploid hymenopteran parasitoids
tends to be biased toward females (Hamilton, 1967) and is influenced by several factors (reviewed by Godfray
1994). These factors can be divided into three categories: (1) structural and physiological defects of either sex, (2)
impaired mating, and (3) environmental factors affecting sex allocation of foraging mated females. This last aspect
has been largely studied in hymenopteran haplodiploid parasitoids (Ode and Hunter, 2002). Sex allocation can

only occur when mating is successful and females have spermatozoids in their spermatheca to fertilize eggs.

Temperature governs all aspects of poikilotherm life (Bale et al., 2002; Hance et al., 2007), including
reproduction. Egg and sperm production, fecundity, fertility and embryogenesis are strongly affected by
temperature (Walsh et al., 2019). While the effects of temperature on individual development are well known
(Régnicre et al., 2012), its consequences on behaviour have received less attention (Abram et al., 2017). For
instance, insect mating behaviour follows a complex sequence of mate finding, courting behaviour and assessment
of partner quality (Alexander et al., 1997; Johansson and Jones, 2007). Each step is usually mediated by acoustic,
tactile or visual signals, as well as sexual pheromones (Ayasse et al., 2001; Candolin, 2003). Temperature has been
shown to affect mating through pheromone-related disruption: quantity, quality, recognition (Sentis et al., 2015)
or emission rate (Zhu et al., 2015; Bouwer et al., 2017). Temperature can also affect mating through physiological
disruption of behaviour, as female acceptance relies on proper courtship behaviour by the male (Matthews, 1982).
For example, Fasolo and Krebs (2004) found that heat stress affects both male courtship and female receptivity in
Drosophila mojavensis. Females can also rely on male motor performance when choosing their mate (Byers et al.,
2010), a trait affected by temperature (Montgomery and Macdonald, 1990). Exposure to adverse temperatures
during arthropod development and host patch exploitation can influence female ovigeny (Moiroux et al., 2018)
and offspring sex ratio (Roy et al. 2003; Colinet and Boivin, 2011; Moiroux et al., 2014). However, the impact of
adverse conditions on mating frequency and the subsequent consequences on individual fitness and population
dynamics remain partially explored. They can be important for short-lived species that cannot afford to delay

mating until more favourable climatic conditions.

Anaphes listronoti (Huber) (Hymenoptera: Mymaridae) is an egg parasitoid of the carrot weevil
Listronotus oregonensis (LeConte) (Coleoptera: Curculionidae). Both females and males can mate several times
(polygamy), although one mating is sufficient for fertilization of all oocytes (Boivin and Martel, 2012). Females
emit long-range volatile pheromones to attract males (Cormier et al., 1998). Courtship and mating behaviour of 4.
listronoti have been described by Collins and Grafius (1986a) as follows. Upon encountering a female, the male

increases its activity and starts wing fanning. Wing fanning increases the likelihood of securing a mate (Benelli et
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al., 2012) by enhancing the rate at which pheromones (Loudon and Koehl, 2000) and acoustic signals (Villagra et
al., 2011) are perceived by females. When approaching the female, the male touches her abdomen with his
antennae. Non-receptive females walk or fly away, while receptive females remain stationary and allow the male

to mount and copulate.

The main goal of this study was to examine the effect of temperature on 4. listronoti mating behaviour
and to estimate the consequence on sex ratio of the subsequent generation. Our first objective was to assess whether
and how courtship and mating behaviour of 4. listronoti males and females are disrupted at the low and high limits
of the thermal range of the species. We first hypothesized that sub-optimal temperatures impair male courtship
through changes in metabolic rate or disruption of chemical communication between sexes. We thus predicted that
females increasingly refuse to mate as temperature diverges from the optimum, i.e. the temperature at which mating
success is maximum. Impaired mating could also arise from the male not recognizing the female because of
impaired pheromonal and visual components (Jachmann and Van den Assem, 1993; Ayasse et al., 2001). We also
determined whether sub-optimal temperatures during mating affect the sex ratio of the female’s offspring and the
mechanism involved: lower mating success or impaired sperm transfer. We hypothesized that under suboptimal
mating conditions, sperm transfer is constrained by either reduced sperm motility at low temperature (Richards,
1963) or shorter copulation at high temperature (Simmons and Marti Jr., 1992; Katsuki and Miyatake, 2009). As
a consequence, we predicted that A. listronoti sex ratio would be higher (more sons) at extreme temperatures than
under optimal thermal reproductive conditions, i.e. a sex ratio of 0.16 at 24°C after one mating (Boivin and Martel,
2012). We then aimed to assess the effect of disrupted mating on A. listronoti population dynamics by calculating
the next generation sex ratio, assuming that females only had one mating opportunity. Sex ratio at the scale of the
population results from two main factors: sex allocation by individual females and proportion of virgin females in
the population (as they only produce male offspring). We hypothesized that mating under adverse temperatures
contributes to increased sex ratio in the subsequent population mainly through an increase in the proportion of
virgin females. Anaphes listronoti sex ratio is higher under field conditions (Collins and Grafius, 1986b) than when
reared in the laboratory (Boivin and Martel, 2012), possibly because of higher proportions of unmated females in

nature (Collins and Grafius, 1986b).

6.3 / Material and methods

Parasitoids

Anaphes listronoti was reared on carrot weevil eggs in the laboratory at 24 °C + 2 °C, 50% relative
humidity (RH) and 16L:8D photoperiod following Boivin (1988). The strain originated from an Agriculture and
Agri-Food Canada untreated carrot field in Sainte-Clotilde (45°09' N, 73°41' W) (1991), Quebec, Canada. The

first individuals were sampled in 1984, and new individuals from the field were added to the rearing every year.
1U3



Listronotus oregonensis eggs were obtained following Martel et al. (1975).

Mating success

The objective of this experiment was to measure the mating success of A. listronoti couples when exposed
to a range of temperatures, and to document causes of failure. We tested temperatures within the active thermal
range of the species: 10 °C to 35 °C (J. Augustin, personal observation). However, because no individuals mated
during pre-test at 10°C, the lowest temperature tested was 15.7°C. Virgin males and females, aged 0 to 24 h, were
maintained individually in 300 L. Beem® polyethylene capsules and placed in a growth chamber (Sanyo, model
MLR351H) for one hour prior to the test to acclimate to one of the five experimental temperatures: 15.7 °C, 20
°C, 24.5 °C, 30 °C and 35 °C (with maximum variation of 1.4 °C and relative humidity of 50.7% + 13.4). A total
of 177 couples were tested, with a minimum of 24 couples at 24.5 °C. All individuals developed at 24 °C + 2 °C
prior to the mating experiment. Temperature during the mating experiment was monitored using a HOBO Temp
Logger (model H08-001-02) placed beside the experimental arena in the growth chamber. To control for parasitoid
size, which can have an impact on mate choice and sex allocation (Godfray 1994), only individuals born singly
from the host egg were used, since they are all of similar size (Boivin and Martel, 2012). Tested females were
introduced in a glass vial (2 cm in height and 2 cm in diameter) placed over a filter paper, and the male was added
next. Couples were videotaped using a USB digital Dino-Lite AM5212NZT camera (Koonlung Inc., model E600)

throughout the duration (see below) of the test or until the end of mating.

Insects are poikilotherms, and their metabolic rate increases with temperature. According to the
physiological time concept (Taylor, 1981), the increase in metabolic rate implies that time passes faster for an
ectotherm as temperature increases. As tests consisted of a success/failure criterion of the mating encounter, test
durations needed to be comparable between thermic treatments, to ensure that all individuals had the same
opportunities. Thus, in order to control for physiological time, we adjusted the test duration to the tested
temperature using degree-minutes. Test duration was set at 10 min at 24 °C, the rearing temperature. For other
temperatures, test durations were calculated using degree-minutes, with a base temperature of 7 °C (Zhao et al.,
1991), established after the base temperature of the host (Simonet and Davenport, 1981). Physiological test
duration at 24 °C was thus (Ticest - Thase) * Test duration = (24 °C — 7 °C) * 10 min = 170 degree-minutes. We then
used this physiological time to calculate test durations for other temperatures. For example, at 15 °C, test duration
was 170 degree-minutes / (Tiest - Toase) = 170 / (15 °C — 7 °C) = 21.25 min. Resulting test times were 21, 13,9, 7
and 6 min at 15 °C, 20 °C, 25 °C, 30 °C and 35 °C, respectively. After each trial, vials were washed with distilled
water, and the filter paper was changed. Each individual was only tested once. Experiments were run between
10:00 and 12:30.

Mating behaviour
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Courtship and copulation durations were measured using video sequences from the previous experiment.
Courtship in A. listronoti starts with an increase in male activity, including wing fanning, and stops when the male
touches the female abdomen with its antennae. Copulation starts when the couple remains motionless after the
male has taken the characteristic mating position, and ends when the two individuals part. Absence of mating may
result from either: (1) no encounter between the individuals, (2) no courtship behaviour by the male when
encountering the female, or (3) the female refusing to mate (she would keep walking, not allowing the male to
adopt the copulation position, until she succeeded in dismounting the male or he gave up). Mating success,

expressed in percentages, was calculated for each temperature. When mating did not occur, the reason was noted.

To assess whether courtship and copulation behaviours resulted from metabolic rate or other physiological
and behavioural components on mating success, we compared their durations to the duration required for females
to walk a given distance under a specific temperature. Walking speed increases with temperature in 4. listronoti
(Augustin et al. 2020), and females require less time to cover the same distance at higher temperatures. If mating
behaviours are affected by temperature at a rate similar to the effect of temperature on walking speed, we can
consider that the effect mostly results from changes in metabolic rate. We used data from Augustin et al. (2020) to
calculate walking speed and duration (in seconds) for a 20-mm distance (arena diameter) according to temperature.

(1) Walking speed (T) = 0.012 T + 0.655

in mm/s, where T is the temperature (°C)

20

(2) Walking duration (T) = Walking speed (T

Daughter numbers (sperm number proxy)

We used the number of daughters produced by mated females (21, 21, 24, 22 and 13 mated females at
15.7°C, 20°C, 24.5°C, 30°C and 35°C, respectively) to estimate the number of spermatozoids transferred during
mating (Martel et al., 2008) at different temperatures. In order to make sure that the females had emptied their
spermatheca (a mean of 38.3 spermatozoids per female following one mating at room temperature [~ 22°C] with
a single male) (Boivin and Martel, 2012), we provided each female with 100 fresh host eggs over the course of
their life, i.e. 5 days (Collins and Grafius, 1986b). Females were placed in a Petri dish (54 mm diameter) containing
a first batch of 60 fresh carrot weevil eggs (< 24 hours old) on humidified filter paper, for 48 h. Next, they were
provided with a second batch containing 40 fresh eggs to exploit for another 48 h. Most females were dead by the
end of these two oviposition sequences. For those remaining alive, we offered them an additional batch of 10 eggs,
but we never observed any offspring emerging from the third batch. Anaphes listronoti females were thus given
more than twice the amount of host eggs they can parasitize, since they have a lifetime production of about 43
oocytes (Boivin and Martel, 2012). Oviposition took place at rearing conditions (24°C, 50% RH, 16L:8D), with

temperature treatments only differing during mating. Carrot weevil eggs were placed in individual 300 uL. Beem®
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polyethylene capsules and kept under rearing conditions (24°C, 50% RH, 16L:8D) until an adult wasp or a weevil
larva emerged. After 21 days, the remaining eggs were dissected to determine whether they contained a dead
parasitoid or a dead carrot weevil larva. If they contained neither, they were considered “aborted” (sensu Abram

et al., 2016). Dead parasitoids were included in female offspring calculation.

Population sex ratio

To determine the effects of mating temperature on the sex ratio (proportion of males) of the next
generation, we estimated the number of sons and daughters produced within a hypothetical population of 100
females for each mating temperature when considering their mating status. The total number of daughters and
sons, and the resulting population sex ratio were calculated using formulas (3), (4) and (5), respectively. Number
of daughters corresponds to the number of daughters laid by mated females. Number of sons corresponds to the
number of sons laid by mated females + total number of progenies laid by virgin females. Virgin A. listronoti

females lay the same number of progenies as mated females (Collins and Grafius, 1986D).

(3) N daugtherst = Ni females * Percentage of mated femalest * Mean number of progenyr * (1 — SRr)
(4) N sonst = (Ni females * Percentage of mated femalest * Mean number of progenyr * SRt) + Ni
females * (1 — Percentage of mated femalest) * Mean number of progenyr

(5) SR popr = N sons r/ (Ndaugtherst+ N sonsr)

with Ni being the number of initial females in the population (here 100), T the mating temperature, and SR the sex

ratio laid by females mated at temperature T.

Data analyses

Linear and polynomial regressions were used to assess the effect of temperature on courtship and mating
duration, and offspring data. Generalized linear regressions (GLM) (Nelder and Wedderburn, 1972) followed by a
Tukey post-hoc test were used to determine differences between temperatures for mating success and reasons for
unsuccessful mating. Wasps that laid less than 10 eggs (N = 3) were removed from the offspring analysis. All

analyses were conducted with the R software (RC Team, 2016).

6.4 / Results

Mating success
Compared to 25°C, lower and higher temperatures significantly decreased the percentage of encounters
between males and females in the arena (GLM, quasibinomial, p < 0.001) and the percentage of males that

exhibited courtship behaviour when interacting with females (GLM, quasibinomial, p < 0.001).

106



100
I

=2

un

un o _|

O [va)

U —

O -

@ _

L1 a8 —

3 B Encounter
c O Courtship
[ik] o O Mating
3 = |

o

ik ]

o

o &

- i

=

]

E D —

15 20 25 30 35

Temperature (°C)

Figure 6-1: Effect of temperature on encounter, courtship and mating success of 4. listronoti couples. Behaviours
are sequential, and percentages are expressed accordingly (encounter, then courtship, and finally mating). N =177

Mating was also significantly reduced at low and high temperatures (GLM, quasibinomial, p < 0.001;
Figure 6-1); it was maximum at 25°C (100%) and decreased to 20% at 35°C. Mating success at 35°C was
significantly different from all other temperatures, except 15°C. Mating failure was due either to an absence of
encounter between the two individuals, the male not exhibiting courtship or the female refusing to mate when the
male exhibited courtship. The relative proportions of those failures differed between temperatures. At 15°C, all
females accepted mating, and mating failure was due to the lack of encounter between mates (55.2 %) and males
not courting (44.8%). At 20°C, mating failure was due to the male not courting (44.3%), a lack of encounter
(22.3%) and female rejection (33.3%). At 30°C, all couples had an encounter in the arena but they did not mate
because the male did not exhibit courtship behaviour (50% of the time) or the female refused to mate (50% of the
time). At 35°C, mating failure was due to the male not executing courtship (54.1%), the lack of encounter between

the mates (37.5%), and the female refusing to mate (8.4%).

Courtship and copulation durations

Courtship duration was significantly affected by temperature (2™ degree polynomial, p = 0.02, R*> = 0.06;
Figure 6-2.A): the higher the temperature, the shorter the duration of courtship from 20°C to 35°C. However, at
15°C the duration of courtship was shorter than at 20°C. There was no relation between courtship duration and
walking duration (Wilcoxon test, p < 0.001), even when only comparing the linear part of the courtship duration

(Wilcoxon test, p < 0.001); the slope for courtship duration was much steeper than that of walking duration. As
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walking duration is used as an approximation of metabolic rate, there is no relation between courtship duration
and metabolic rate. Copulation duration significantly decreased with temperature (linear regression, p <0.001, R?
= 0.29; Figure 6-2.B). Copulation duration decreased almost proportionally with walking duration, although the
copulation duration slope is steeper (copulation; y =-1.57 x + 77.65 compared to walking; y = 30.22441 — 0.45758
x +0.00357 x?). The two slopes were significantly different (Wilcoxon test, p < 0.001).
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Figure 6-2: Effect of temperature on estimated walking duration (dashed line) and (A) measured courtship duration
(full line), and (B) measured copulation duration (full line) of A. /istronoti males. Means + SE. N =177

Offspring

The temperature at which females mated had no impact on offspring number (2™ degree polynomial
regression, p = 0.99, R? = 0.03) including the number of non-emerged parasitoids (parasitoids that were
recognizable as such after dissection of the egg, but died before emergence) (ANOVA, F476 = 1.67, P = 0.183).
Over the 8190 carrot weevil eggs incubated, 1312 were dissected; 25.1% of those dissected eggs contained non-
emerged parasitoids, 18.3% contained dead carrot weevil larvae and 56.6% were classified as aborted (no
parasitoid or carrot weevil larvae detected). There was no effect of temperature on the number of dissected eggs

(2™ degree polynomial regression, p = 0.31, R2 = 0.004).

Number of daughters (proxy for number of spermatozoids transferred)

Temperature during mating (2™ degree polynomial regression: p= 0.93, R? = 0.02), duration of copulation
(linear regression: p = 0.57, R? = 0.008) and their interaction (ANOVA, Fgs = 1.19, p = 0.28) did not affect the
number of daughters produced by females (Figure 6-3.A and B).
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Figure 6-4: Effect of temperature on offspring sex-ratio and the percentage of virgin females in the population. In
dark grey, the measured offspring sex-ratio produced by mated females (N = 82). In light grey, the calculated
offspring sex ratio of mated + virgin females (calculated using the proportion of virgin and mated females in the
population at a given temperature and the offspring sex-ratio of mated females at the same temperature). As virgin
females produce the same number of progenies as mated females, but only sons, the estimated sex ratio (proportion
of males) increases with the proportion of virgin females in the population.
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Population sex ratio
Population sex ratio increased between two and four-fold at sub-optimal temperatures because the number

of virgin females is greater in the population at extreme temperatures (Figure 6-4).

6.5 / Discussion

Sub-optimal temperatures significantly decreased mating success of A4. listronoti, mainly by reducing
encounter rates between males and females. Temperature during mating had a significant effect on mating
behaviours and their durations, but had no effect on offspring sex ratio of mated females, contrary to our second
hypothesis. However, mating temperature did have an effect on theoretical sex ratio at the scale of the population

through an increase in the proportion of virgin females.

Mating success

Our data show that 4. listronoti mating success decreases as temperature departs from the optimum, as
reported in other insect species (e.g. Kanno and Sato, 1979; Simmons and Marti Jr., 1992; Cook, 1994). Mating
success decreased by 30% to 40% with a 5°C change from the optimal temperature (25°C). This effect was greater
at 35°C, with a decrease of 80% in mating success (Figure 6-1). Considering that males and females were confined
in a small experimental arena and did not have to find each other over a distance, mating success would be even
lower under natural conditions. However, this effect could be mitigated by the capacity of parasitoids to select
suitable climatic conditions to initiate mating behaviours. For example, the aphid parasitoid Aphidius nigripes
exhibits a diel periodicity in female pheromone emission and male receptivity, peaking at sunrise and sunset
(McNeil and Brodeur, 1995), when temperature is usually lower. A similar diel periodicity is observed in A.
listronoti female pheromone release and subsequent male response (Cormier et al., 1998).

Low encounter rates at 15.7°C, 20°C and 35°C resulted from reduced activity of both mates. Male
parasitoids recognize females through visual and chemical cues (Jachmann and Van den Assem, 1993; Ayasse et
al., 2001). As temperature is not likely to affect visual cues, the absence of courtship behaviour when in presence
of a mate suggests that temperature disrupted chemical communication. Either the female capacity to release sexual
pheromones was impaired (less pheromones emitted or of different nature) (Sentis et al., 2015) or the male was
less able to detect or recognize chemical cues from the females (Linn et al., 1988; Bourdais et al., 2012). At 15°C,
males initiated courtship behaviour only when they had contacted the female with their antennae or when they
were very close to the mate (~1 mm; J. Augustin, personal observation). Low temperature has been shown to
impair the emission (Zhu et al., 2015; Bouwer et al., 2017) and dispersion rate (Boullis et al., 2016) of

semiochemicals. Reduced mating success under non-optimal temperatures could also be related to the energy
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required for courtship. For instance, increased running speed, as observed in 4. listronoti male courtship behaviour
(Cormier et al., 1998), is linked to increased metabolic rate (Fleming and Bateman, 2007). Extreme temperatures
could then prevent high activity of males through decreased endurance (Full, 1987). At 35°C, A. listronoti males
would frequently stop their courtship after a few unsuccessful attempts (J. Augustin, personal observation);
however, this is also observed in aphid parasitoids without any effect of temperature (Mackauer and Fraser, 1969).
One last option is that, at the low and high end of the range, individuals were more motivated to find a thermal
refuge than to search for a mate, hence the low encounter rate.

Few females refused to copulate, probably resulting from a behavioural impairment at sub-optimal
temperatures (not being able to push back the males), as observed in aphids trying to avoid parasitism (Le Lann et
al., 2014; Moiroux et al., 2015). This would increase mating success for males, but lower mate selection for
females. At more suitable temperatures, females can refuse to mate because they (1) do not recognize the male as
a potential mate or (2) refuse a low-quality partner (Ruther et al., 2009). The temperature-coupling hypothesis
states that temperature could affect the signal preference between mates (Ritchie et al., 2001). For A. listronoti,
there is likely a mismatch modulated by temperature between signal emission and preference between mates.

These results on thermal effects during mating may also result to some extent from the experimental
procedure, i.e. a sudden change in thermal conditions with tested individuals maintained at 22°C being placed at

15.7°C or 35°C without acclimatization. However, our data does not allow us to disentangle these two effects.

Courtship and copulation duration

Courtship and copulation durations (Figure 6-2) were negatively correlated to temperature, as observed
for other insect species (Kanno and Sato, 1979; Cook, 1994; Katsuki and Miyatake, 2009). For copulation, it likely
results from an increased metabolic rate with temperature (Figure 6-2.B). Males can adjust their ejaculate in the
presence of competitors to optimize their mating success (Martel et al., 2008). Do they also adjust copulation
duration to ensure complete sperm transfer based on temperature during mating? Our results (Figure 6-2.B) suggest
such a pattern, because copulation duration did not closely follow metabolic rate. The number of spermatozoids
transferred, estimated through the number of daughters produced, did not change with temperature, indicating
some type of adjustment by the male. The copulation duration slope is steeper than the walking distance slope,

suggesting that males need to adjust copulation duration at low temperature, but not at high temperature.

Offspring number and sex ratio

There was no significant effect of temperature or copulation duration on the number of daughters (as proxy
of number of sperm transferred) produced by A. listronoti females (Figure 6-3.A and B). Depending on the species,
the relation between the number of spermatozoids in the spermatheca and the number of daughters laid by a female
can be linear (Martel et al., 2008) or not (Chirault et al., 2019). Therefore, this method cannot inform us on the

exact number of spermatozoids transferred during copulation. However, as there was no difference in the number
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of daughters between thermal treatments, we can conclude that temperature experienced during mating did not
limit females in the number of spermatozoids received during ejaculation. Gilbert and Richmond (1982) suggested
that copulation duration in Drosophila melanogaster increases at low temperature because sperm motility is
reduced. Similarly, sperm velocity decreases with decreasing temperatures in cockroaches (Richards, 1963).
Contrary to other coleopteran species (Richards, 1963; Katsuki and Miyatake, 2009), the number of spermatozoids
transferred with the ejaculate did not appear to change with temperatures in A. listronoti. This can be explained by
the structure of the reproductive tract: in males of the Hymenoptera Dahlbominus fuscipennis, bundles containing
a similar number of spermatozoids form in the vesicular pockets of the male reproductive tract. These bundles are
discharged once directly into the vagina of the female during copulation (Wilkes, 1965). As a result, a uniform
number of spermatozoids is transferred during copulation, unrelated to copulation duration.

We hypothesized that sperm transfer would be impaired at sub-optimal temperatures, as observed in
Trichogramma euproctidis (Moiroux et al., 2014), where sperm velocity is reduced at low temperature. However,
in A. listronoti, copulation always resulted in sperm transfer at all tested temperatures, and females obtained
enough spermatozoids to produce the same ratio of males and females. For parasitoids, sex ratio usually increases
at extreme temperatures because of lower mating success, fewer spermatozoids transferred (King, 1987), disrupted
egg fertilization during oviposition or an adaptive response from the female to the environmental conditions
(Moiroux et al., 2014). Our data show that the increase in A. /istronoti population sex ratio (especially at high
temperature) would result from the lower proportion of mated females, and not from reduced sperm transfer during
copulation. Reduced mating success could, however, be balanced by subsequent mating opportunities during the
female life. But A4. listronoti lives for only 3 to 4 days at 26°C (Collins and Grafius, 1986b), and re-mating could

be scarce in nature.

We showed that temperature can affect sex ratio by preventing mate encounter and possibly disrupting
recognition between sexes. The consequences of an excess of males in a population resulting from the reproduction
of virgin females, as well as the increased sex ratio usually observed at higher temperatures, need to be investigated
thoroughly at the population level. In some Lepidosauria reptiles, male-skewed sex ratio can cause a decline and
even extinction of the population (Galliard et al., 2005; Grayson et al., 2014). In turtles, significant increases in
temperature, such as those expected under climate change, may decimate populations because of high mortality of
immature stages and no male production (Janzen, 1994; Hays et al., 2017). For insects, recent studies have shown
that diploid sterile males do increase the proportion of males in the population (Zayed and Packer, 2005; Fauvergue
et al., 2015). This increases the probability of extinction in small populations due to both the loss of successful
mating opportunities and the reduction in the number of daughters produced by mated females (Zayed and Packer,
2005; Fauvergue et al., 2015). The effect of extreme temperatures on sex allocation needs to be better understood

at the population level, especially in the context of climate change and biological control.
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7.1 / Abstract :

In the context of climate change, there is an urgent need for better understanding the effect of temperature
on animal behaviour, and for including these effects into predictive population models. In order to evaluate the
importance of such an inclusion, we created two population dynamics models. The first was based only on
development, mortality and oviposition rate data, and the second included behaviours in addition. Behaviours
incorporated in the second model were mating, host searching and host exploitation. In order to assess models
efficiency, we compared both their predicted populations to field populations of the modelled biological agent, an
egg parasitoid. Sensitivity analyses were carried out in order to evaluate the relative importance of each component
of the parasitoid life-cycle (development, mortality and behaviours) on population dynamics. Finally, we used the
two models to investigate the importance of including behaviours into population dynamics in the context of
climate change’s mean increase in temperature. Including behaviours into the population dynamics model did not
increase the efficiency for predicting field population: both models were equally efficient. Resulting parasitoid
population were however different, with the one modelled with the inclusion of behaviour being higher than the
one modelled with physiology processes only. Sensitivity analyses showed that mating probability, probability of
being active, searching between plants and host exploitation duration did not affect parasitoid population level.
However, host oviposition directly influenced parasitoid populations, as well as changes in parasitoid mortality
and parasitism rates. In addition to having different relative impact on the parasitoid population, behaviours and
development all had different thermal performance curves, with optimal temperature and tolerance range varying.
An addition of 3.1°C to the 2017 temperatures, mimicking climate change’s south Quebec mean increase in
temperature, resulted in different populations dynamics between the two models. Our analysis shows that, at
intermediate temperatures conditions, the inclusion of behaviours already change the dynamics of the simulated
population; but behaviours and their duration should specifically be included when studying more extreme

conditions, because physiology used alone misses certain effects of temperature on the life cycle of the individuals.

Key-words: Individual-Based-Model — Dynamic modelling - Behaviour - Anaphes listronoti
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7.2 / Introduction

The effect of temperature on ectotherm physiology has been extensively studied (Neven, 2000; Angilletta
et al., 2002; Folguera et al., 2011), leading to the development of several different models, both at the individual,
population and community scale. According to Boltzmann-Arrhenius model (Dell et al., 2011), the rate of chemical
reactions of an ectotherm is conditioned by two factors, that both depends on temperature: the rate of enzymatic
action and their conformation (Neven, 2000). Consequently, the metabolic rate (Clarke and Fraser, 2004) and the
developmental rate (Davidson, 1944; Logan et al., 1976; Taylor, 1981; Wagner et al., 1984; Damos and
Savopoulou-Soultani, 2012; Régniére et al., 2012) of ectotherms are dependent upon temperature. Temperature-
driven models using developmental and physiological data such as reproduction and survival rate, or physiological
tolerance such as the critical thermal minimum and maximum (CTmin and CTmax), are largely used to predict
population phenology (Satake et al., 2006; Nietschke et al., 2007; Régniére et al., 2012) and distribution (Addo-
Bediako et al., 2000; Jeschke and Strayer, 2008; Keith et al., 2008; Kearney et al., 2009a; Kearney and Porter,
2009; Woodin et al., 2013). However, recent research has put into perspective the significance of behaviour in
insect life cycle, and potential consequences on population dynamics (Tenhumberg, 2004). For example, Morales
and Ellner (2002) found that spatial spread in the landscape was severely underestimated in their model if they did
not include behavioral heterogeneity between individuals and time. Still few predictive models include behaviour
(Harmon and Barton, 2013) despite their importance in biological processes. Specifically, in the context of climate
change, behaviours may be decisive for species adaptations (Huey and Tewksbury, 2009; Kearney et al., 2009b;
Sih et al., 2011; Tuomainen and Candolin, 2011; Andrew et al., 2013; Sih, 2013; Sih et al., 2016) and interactions
(Davis et al., 1998; Jiang and Morin, 2004; Van der Putten et al., 2010; Harmon and Barton, 2013). Consequently,
bridges between behavioral ecology and population dynamics need to be readily established (Ives, 1995; Levin,

2000; Vet, 2001; Tenhumberg, 2004; Knowlton and Graham, 2010; Wong and Candolin, 2015).

“Process-oriented population models” allow the inclusion of both behaviour and physiology in population
dynamics (Stimac, 1982; Bolliger et al., 2005; Hayes et al., 2009). A population is structured by age or phenological
stage, and the transition from one stage to the next is conditioned by physiological and behavioural processes.
Processes can be fixed values or submodels incorporating ecological data. One issue is that these models calculate
processes altogether for all individuals of the same stage: at a given time, all those individuals behave the same. A
more powerful approach is to account for the variability in individual behaviours in the population. To this end,
instead of working with populations structured in age or phenological stages, the model can be designed at the
individual scale (Individual-based model) (Huston et al., 1988; DeAngelis and Mooij, 2005; Grimm et al., 2006).
This makes it possible to include variability between individuals and their interactions with their environment
(Huston et al., 1988; Judson, 1994; Grimm et al., 2006). Finally, as the model includes a time component, it

conforms to a dynamic model. Dynamic models calculate the simulated variables for a time t based on their state
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and external conditions (e.g. temperature) at t-1 (Hannon and Ruth, 2009). Example of use of individual-based
dynamic models include the prediction of the control level by a parasitoid in a greenhouse (van Roermund et al.,

1997), or of biomass yield and nutrient fluxes in a mussel farm (Brigolin et al., 2009).

In order to evaluate the importance of including individual behaviours into population dynamics, we
developed such a model for Anaphes listronoti Huber (Huber et al., 1997), an egg parasitoid of the carrot weevil
(Listronotus oregonensis (Le Conte)). This multivoltine species (Boivin, 1993) was chosen because data on its life
history, thermal biology (Collins and Grafius, 1986a; Traoré et al., 2006; Rhéaume, 2009; Boivin and Martel,
2012) and the effect of temperature on its behaviour (Augustin et al., 2020) are available. Data for its host,
Listronotus oregonensis (mortality for each stage, and the effect of temperature on development and oviposition
rate) is also sufficient to include it in the model (Simonet and Davenport, 1981; Zhao et al., 1991; Boivin, 1999;
Rhéaume, 2009). Another important consideration is that we had access to wild populations of both the parasitoid

and its univoltine host (Boivin, 1993) on an experimental farm, that allowed to evaluate the model.

Our first objective was to assess the effect of including individual behaviours into a population dynamics
model. Accordingly, we created two models, one that included individual behaviours and one that did not, and
tested their efficiency to predict a field population. First, we describe the data collection for the A. listronoti field
population from a Ste-Clotilde experimental farm in 2017. Second, we detail the model not including behavioural
components, based on laboratory data of Anaphes listronoti, Anaphes victus and Listronotus oregonensis. Third,
we describe the model including behaviour, based on behavioural data for Anaphes listronoti. Then, we compare
both models to the field population. We then carry out sensitivity analyses of biological processes included in the
model, in order to examine the relative importance of behavioural and physiological processes for the population
dynamics. Finally, we compare the outcome population of the two models (including and excluding behaviours)

for a mean increase in temperature of 3.1°C (climate change simulation).

7.3 / Field data for model validation

Populations and temperature data were collected in 2017 from a first-year carrot plot at the experimental
farm of Agriculture and Agri-Food Canada (AAFC) in Sainte-Clotilde (Lat : 45.166196°, Long. : -73.676439°).
The plot was 8 m x 20 m, with 9 rows of 100 carrots m™!, for a total of about 16 000 carrots. No pesticides were
used in the plot. We introduced 600 adult carrot weevils (300 males, 300 females) into the plot at the beginning of
the growing season, between May 30" and June 8" 2017. Part of the carrot weevils were obtained from laboratory
rearing at the AAFC research centre in Saint-Jean-sur-Richelieu (N = 500), and part were captured in another

carrot plot from the experimental farm using Boivin traps (N = 100). Since the test plot of the experimental farm
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was not used to grow carrot in previous years, we expected that no initial carrot weevil population would be

present. Hourly temperatures were measured using a HOBO Temp Logger (model H08-001-02) placed within the

carrot row (Figure 7-1).
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Figure 7-1 : Mean, maximum and minimum field temperatures measured by HOBO Temp Logger (model HO8-
001-02) placed within the carrot row.

Each week, 25 carrots were sampled from the plot, and the number of carrot weevil eggs was counted and
individually put in 300 unL Beem® polyethylene capsules at rearing conditions (25°C + 2°C, 50% RH and 16L:8D)
in order to check emergence for parasitism. Two species of Anaphes have been described in Quebec : Anaphes
listronoti and Anaphes victus (Huber et al., 1997), and a third one has recently been found in Listronotus
oregonensis eggs at the same experimental farm, but has not yet been officially described; it is referred to as
Anaphes sp. We wanted to include in the model only individuals of A. listronoti, so species were discriminated
using morphological criterion (Huber et al., 1997) and mating tests. Both males and females of the three species
only mate with individuals from their own species. Having rearings of the three species, we tried to mate
individuals emerged from the field to individuals from the rearings. If the mating was successful, we assumed that
the individual emerged from the field belonged to the species with which it mated.

Number of degree-days (DD) accumulated between field sampling and emergence in the laboratory was
calculated for each emerged adult 4. listronoti. Using these data and field temperatures, we calculated the date at
which the adult parasitoid would have emerged in the field. For example, one carrot weevil egg sampled on 27

June led to the emergence of two parasitoids after 6 days at rearing conditions (3 July). During these 6 days,
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parasitoid accumulated: (rearing temperature — base temperature) * 6 days = (25°C - 6°C) * 6 days = 114 DD. In
the field, based on HOBO data, it would have taken 8§ days to accumulate 114 DD. Thus, in the field population,
they were considered as having emerged on 5 July. Finally, the number of parasitoids obtained from the 25 carrots
sampling was adjusted to the 16 000 carrots present in the field by multiplying it by 640, assuming that the 25

carrots randomly sampled were representative of the parasitoid density in the plot.

7.4 / Model description

7.4.1 / Purpose
The purpose of the models was to simulate population dynamics of A. listronoti in relation to ambient
temperature. Both models include phenological stages, and the second model includes in addition behavioral

sequences (e.g. host searching of parasitoid females, as illustrated in Figure 7-2) of the egg parasitoid.

7.4.2 / Variables

Table 7-1 displays the biological variables of the parasitoid and its host included in the model, the
environmental variables, and the spatial structure of the habitat. Since development and mortality data are not
available for A. listronoti, we used Anaphes victus data, a sympatric, morphologically (Huber et al., 1997) and
genetically (Landry et al., 1993) close species of A. listronoti. They both parasitize the carrot weevil in Quebec
carrot fields (Cormier et al., 1996), and are raised under the same conditions in the laboratory. We expect both
species to share similar developmental duration in relation to temperature, and similar mortality rates. The six
developmental stages in Anaphes represent the immature stage, adult age 1, adult age 2, adult age 3, adult age 4
and adult age 5 (Rhéaume, 2009). The larval stages of the parasitoid are not separated in the model, as we do not
have data on their thermal requirements, but we do have data on the time required to go from oviposition to the
adult emergence based on temperature (Traoré et al., 2006). Mortality rates are daily mortality for both the
parasitoid and the host populations, caused by factors not explicitly modeled, such as predation (Rhéaume, 2009).
Thermal mortality was not added to mortality rate, as temperatures measured in the experimental field in 2017
within carrot rows (maximum measured temperature: 38.5°C, only occurring once) were not high enough to cause
temperature-related mortality (mean upper thermal limits for insects = 39.3°C (Hoffmann et al., 2013)). For
reproduction processes in the behaviour model, number of oocytes at female emergence, and number of
spermatozoids transferred during mating were calculated using the “rnorm” function of the R stats package (R

Core Team, 2016), using mean and standard deviation values from Boivin and Martel (2012) (Table 7-1).
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Figure 7-2: Diagram representing the life cycle of Anaphes listronoti and its host as included in the model
including behaviour. Boxes represent the different stages of the life cycle of the species, and arrows between the
boxes represent the events allowing the transition of individuals from one stage to another. Anaphes listronoti cycle
is represented in grey, and its host cycle, Listronotus oregonensis, is represented in blue. Carrot weevil eggs are
pale yellow following oviposition (stage “Egg 1) and turn brown after 24 h (stage “Egg 2”) (Boivin, 1999).
Anaphes listronoti females prefers the first egg stage.

Parasitoids development was sex specific because thermal base values differ between males and females
(Traoré et al., 2006). In contrast, the carrot weevil development values were the same for males and females
(Simonet and Davenport, 1981; Rhéaume, 2009), so they were not separated for calculation. The seven stages of
carrot weevil represent respectively the yellow egg stage (0 to 24 h, preferred stage of A. listronoti), brown egg
(24 h to hatching), larva, prepupa, pupa, adult and sexually mature adult (Simonet and Davenport, 1981). Host
stage preference of the parasitoid for <24h old weevil eggs was implicitly included as only eggs from this stage
were available for parasitism in both models. Carrot weevil behaviour was not modelled because A. listronoti
attacks only the immobile egg stage. The carrot weevil phenological model thus served only to provide a realistic
number of hosts to the parasitoid, using total number of carrot weevil females in the population and their

reproductive rates, based on Zhao et al. (1991).
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Parasitoids

Development Value Species Reference
Number of developmental stages (¢ + &) 6 A. victus Rhéaume, 2009
Minimal temperature for development and accumulation DH (Q) (°C) 6 A. victus Traoré et al., 2006
Minimal temperature for development and accumulation DH (J) (°C) 9 A. victus Traoré et al., 2006
Maximal temperature for development and accumulation DH (& + Q) (°C) 35 A. victus Traoré et al., 2006
DH requirement for adult emergence from host egg (&) 3408 A. victus Traoré et al., 2006
DH requirement for adult emergence from host egg (9) 4728 A. victus Traoré et al., 2006
Mortality
Daily mortality (%) - Immature stage 1 A. victus Rhéaume, 2009
Daily mortality (%) - 0-day old adult 4.55 A. victus Rhéaume, 2009
Daily mortality (%) - 1-day old adult 9.24 A. victus Rhéaume, 2009
Daily mortality (%) - 2-days old adult 31.6 A. victus Rhéaume, 2009
Daily mortality (%) - 3-days old adult 76.9 A. victus Rhéaume, 2009
Daily mortality (%) - 4-days old adult 100 A. victus Rhéaume, 2009
Biological values
Lifetime production of oocytes (mean + sd) 43.0+£2.5 A. listronoti Boivin and Martel, 2012
Number of spermatozoids transfered during mating (mean * sd) 38.3+£20.7 A. listronoti Boivin and Martel, 2012
Sex-ratio (3 /3 + Q) 0.16 A. listronoti Boivin and Martel, 2012
Clutch size (Number of parasitoid/host egg) 1.29 £ 0.47 A. listronoti Collins and Grafius, 1986
Carrot weevil
Development
Number of developmental stages 7 L. oregonensis  Simonet and Davenport, 1981
Minimal temperature for development and accumulation DH (°C) 7 L. oregonensis  Simonet and Davenport, 1981
Maximal temperature for development and accumulation DH (°C) 294 L. oregonensis  Simonet and Davenport, 1981
DH requirement for development from egg to larva 3120 L. oregonensis  Simonet and Davenport, 1981
DH requirement for development from larva to prepua 6144 L. oregonensis  Simonet and Davenport, 1981
DH requirement for development from prepupa to pupa 2736 L. oregonensis  Simonet and Davenport, 1981
DH requirement for development from pupa to adult 3120 L. oregonensis  Simonet and Davenport, 1981
DH requirement for development from adult to sexually mature adult 3144 L. oregonensis  Simonet and Davenport, 1981
Mortality
Daily mortality (%) — egg stages 4.15 L. oregonensis  Rhéaume, 2009, Boivin, 1999
Daily mortality (%) — larval stage 5.25 L. oregonensis  Rhéaume, 2009, Boivin, 1999
Daily mortality (%) — pre-pupa and pupa stages 1" L. oregonensis  Rhéaume, 2009, Boivin, 1999
Daily mortality (%) — adult stages 0.35 L. oregonensis  Rhéaume, 2009, Boivin, 1999
Biological values
Sex-ratio (3 /3 + Q) 0.5 L. oregonensis  Saade et al., 1996
Environment
Meteorological data

o HOBO Temp Logger
Temperature (°C) ; ; (model H08-001-02)
Habitat
Carrot plot (m x m) 20x 8 - -
Carrot plant (cm x cm) 10x 10 - -

Table 7-1: Variables used in the models
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In the physiology-only model, time step was of one day. In the behaviour-model, time step was of one
minute, in order to account for real duration of parasitoid behaviour (around one minute for mating to dozens of
minutes for patch exploitation). Wasps were only active during the photoperiod (from 6h00 to 21h00 based on data
from the on-site weather station). The first day of simulation was set on 5 July 2017, based on field population
emergence data. The last day of simulation was set at 10 days following the last day of carrot sampling: 22

September 2017, for a total of 80 days of simulation.

7.4.3 / Initialization

Initial values at the beginning of the simulation were identical between both models. Initial number of
adult carrot weevils was 600 (300 males + 300 females), based on the number of individuals introduced in the plot.
Initial number of adult parasitoids in the model was calculated based on field sampling emergence data: 640
females and 640 males. Initial number for immature stages for both species were 0. Initial values of number of
oocytes in adult parasitoid females in the behaviour-model were defined according to the “rnorm” normal
probability function from the R stats package (R Core Team, 2016), using biological values from previous studies

(Table 7-1).

7.4.4 / Input

We used hourly temperature measured in the field as inputs for temperature in the models. For the
physiology-only model (time step of one day), we calculated the minimum, maximum and mean temperature for
each day. For the behaviour model (time step of one minute), we duplicated the hour value of temperature to each
minute of the hour. For example, if the HOBO measured 15°C at 2PM and 16°C at 3PM, temperature for every
minute from 2PM to 3PM was set at 15°C, and for every minute from 3PM to 4PM was set at 16°C.

7.4.5 / Process overview and scheduling

Scheduling of the processes in the model was based on the parasitoid species ecology. Anaphes listronoti
individuals emerge in the first two hours of the photophase (Collins and Grafius, 1986a), so individuals started
being active right after sunrise. Both males and females are ready to mate upon emergence (Collins and Grafius,
1986b). Males emerge earlier and wait for females on the emergence patch (Landry et al., 1993), so mating was
the first event of the day. After mating, parasitoid females would start searching for host, and continue searching
and exploiting until nightfall (16 hours of daylight). At night, all individuals were inactive. The main differences

between the two model were : (1) the time steps, (2) the calculation at the individual level for female parasitoids
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in the behaviour model, and (3) the “parasitoid oviposition” part of the cycle, that was calculated as a single daily
value in the physiology-only model, but calculated using different sequential processes in the physiology +

behaviour model (Table 7-2).

7.3.5.1 / Physiology-only model

Anaphes listronoti females, males and carrot weevil were all modelled using separated matrix: one matrix
for the parasitoid females, one for the males, and one for the carrot weevils. Each line of the matrices represented
a cohort of individuals of the same age (Logan, 1988). Columns contained information for the cohort: cohort
number, stage, number of individuals and DH accumulated. For this physiology-only model, processes included,
in order, carrot weevil oviposition, parasitoid mating, parasitoid oviposition, and parasitoid and carrot weevil

mortality and development.

Carrot weevil oviposition
Number of carrot weevil eggs laid each day by individual females was calculated as a function of
temperature T using the formula calculated from Stevenson and Davenport (1981) (Figure 7-3a).

(1.1)  Oviposition (T) = —0.003 T3 + 0.154 T2 — 2.576 T + 13.091

Carrot weevil females start laying eggs when the plants reach the phenological stage 3 to 4 true leaves
(Boivin, 1988), but after that, plant phenological stage does not affect either carrot weevils’ egg-laying or 4.
listronoti exploiting behaviour (Collins and Grafius, 1986¢). Plant stage was thus not included in the model.
However, female weevil’s age does affect their egg-laying rate, as described in Rhéaume (2009). We considered
that female reached maturity at the beginning of our simulation, so days of simulation would represent the day

since reaching maturity of the females.

. day —(wﬂ
(1.2) Number of eggs per carrot weevil female (day) = (W *e  \10

)0.668 )0.675

Total number of eggs laid by carrot weevil females on a given day at a given temperature was calculated with
formula (1.3).

(1.3) Number of host eggs = Number of carrot weevil females * Oviposition (T) *
Number of eggs laid per female (day)

Parasitoid mating and oviposition

Number of mated parasitoid females was calculated every day as a proportion of total population using
the “rnorm” function, with the result of equation (2) as the value for mean (Figure 7-3b). Equation (2) was based
on data from Chapter 6 :

—0.481 T?+22.247 T—166.194
100

(2) Probability of parasitoid female mating (T) =
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Number of parasitoid eggs was then calculated using the “rnorm” function, with mean value calculated with
equation (3.1) modified from Rhéaume (2009), and including the effect of temperature on parasitism rate from
Chapter 5 : equation (3.2) (Figure 7-3c) :
(3.1) Number of parasitoid eggs = number of parasitoid females x NOmax *
Parasitism rate (T)
NOmax Was the maximum number of eggs oviposited daily by Anaphes females : 9.72 eggs (Rhéaume, 2009).
(3.2) Parasitism rate (T) = 0.004 T? + 0.201 T — 1.755
Sex ratio and clutch size were independent of temperature, based on experimental data (Chapter 5), so they were

calculated using fixed values from Table 7-1.

Development

Development represents the transition from one phenological stage to the next. This transition was based
on the accumulation of degree-hour (DH) since the reach of the current stage. Calculation was made for cohorts,
based on DH, for 4. listronoti females, males and carrot weevils. When a certain temperature threshold depending
on species, sex and stage (Table 7-1) was reached, all the individuals in the cohort grew to the next stage. DH

accumulation was calculated according to equation (4).

If T <Tbase;xi =0
4) If T = Tbase;xi =T — Thase
Accumulated DH during the day = Y22, xi

Thase represents the lowest temperature at which development is observed for a given species. It can vary depending
on the sex of the individual, as is the case of Anaphes (Table 7-1). Development in relation to temperature can be

illustrated as a rate of development per day, as shown in (Figure 7-3d).

Mortality
For Anaphes females, males and carrot weevils, natural mortality was calculated as a percentage of the
number of individuals in each cohort, with different mortality values depending on the stage (Table 7-1).

(5) Number of dead individual of stage = number of individuals * stage mortality

7.3.5.2 / Model including behaviour

As for the physiology-only model, Anaphes listronoti females, males and carrot weevil were modelled
using separated matrix: one matrix for the parasitoid females, one for the males, and one for the carrot weevils. In
the matrix representing the females parasitoid population, lines represented individuals, and each column
contained information for this individual (x and y position in the field, cohort, sex, stage, number of oocytes,

number of spermatozoids, degree-hours (DH) accumulated, dead or alive). For the A. listronoti males and carrot
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weevil population matrices, as individual biological data was not needed, each line represented a cohort of

individuals of the same age. One last matrix contained the host eggs position in the field (x and y position and

number of host eggs on the plant). 4. listronoti males and carrot weevil matrices were the same as the physiology-

only model. In this physiology + behaviour model, processes included, in order, carrot weevil oviposition,

parasitoid mating, host searching and host exploitation, parasitoid and carrot weevil mortality and development.

Parasitoid mating, host searching and host exploitation only applied to A. listronoti females (Figure 7-2). Mating

represented the probability for the female parasitoid to mate, and the subsequent filling of her spermatheca with a

certain number of spermatozoids. Host searching included three aspects: the probability of the female being active,

whether she moved from plant to plant, and the time required to do so. Host exploitation included the female

parasitism rate, offspring sex-ratio and the time spent exploiting the host patch. All behaviours were affected by

temperature.

Physiology-only model Physiology + behaviour model

Time step* Day* Minute*

Matrices* Anaphes females : cohort* Anaphes females : individual®
Anaphes males : cohort Anaphes males : cohort
Carrot weevil : cohort Carrot weevil : cohort

Initial values  Carrot weevil females : 300 Carrot weevil females : 300
Carrot weevil males : 300 Carrot weevil males : 300
Anaphes females : 640 Anaphes females : 640
Anaphes males : 640 Anaphes males : 640

Processes* Carrot weevil oviposition Carrot weevil oviposition

Anaphes mating
Anaphes oviposition*

Anaphes mortality
Anaphes development
Carrot weevil mortality
Carrot weevil development

Anaphes mating
Host searching®
Probability of being active
Mouvement duration
Host exploitation*

Patch exploitation duration

Parasitism rate

Search duration on empty plant

Anaphes mortality
Anaphes development
Carrot weevil mortality
Carrot weevil development

Table 7-2 : Comparison between the physiology-only model and the physiology + behaviour model. Parameters

that differ between the two model are indicated with an asterisk (*).
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Carrot weevil oviposition

Carrot weevil oviposition was calculated the same way as the physiology-only model, using equation (1.1),
(1.2) and (1.3). However, as the behaviour model accounted for female parasitoid movement between host plant,
number of host eggs per host plant was calculated in addition. Number of hosts laid in a single plant was calculated
by dividing total number of host eggs obtained in equation (1.3) by the total number of host plant in the field

(16 000), and then using the R “sample” function on each plant to determine the final number of host eggs on it.

Parasitoid mating

Mating relied on the probability of an individual female to mate given the temperature. Male number in
the population or on the female host plant were not included, as field data showed that males would always find
and reach virgin females at all observed weather conditions (unpublished data). Probability of female mating at
temperature T was calculated according to equation (2). Successful mating results in transmission of spermatozoids
from the male to the female spermatheca, allowing the female to lay daughters and sons (haplo-diploidy).
Temperature did not affect the number of spermatozoids transferred when mating occurred (Chapter 6), so number
of spermatozoids transferred was calculated for every temperature using the “rnorm” function from the R stats
package (R Core Team, 2016), using mean and standard deviation values from Boivin and Martel (2012). We
assumed that males and their spermatozoids stock were never the limiting factor, so we did not keep account of
spermatozoids number left for males. Virgin females had a possibility to mate once every morning, until they were
mated. Females of this species can mate several times (Boivin and Martel, 2012), but usually do it only once
(Collins and Grafius, 1986b). Measured mating duration (courtship + copulation, successful and unsuccessful) was
on average always inferior or equal to 1 min at all temperatures (Chapter 6) thus mating duration in the model was

set at one minute for all temperatures.

Host searching

Host searching included the probability of the female being active, whether she moved from plant to plant,
and the time required to do so. In order to simulate the female movement between plants, we represented the carrot
plot as a matrix of 200 x 80 cell, each cell representing one individual carrot plant.

The probability of female being active was calculated based on data from Augustin et al., (2020) (Figure 7-3e).:

—0.025T3+1.584 T?-30.916 T+215.096
100

(6) Probability of being active (T) =
Whether females were active or not was then defined stochastically with the sample function of R stats
pack (R Core Team, 2016), using the probability calculated in equation (6) to weight the probability of the female
being active or not. Inactive individuals could not move from one plant to another in search of new patches, and

could not oviposit in hosts on their current plant. Active individuals could move from their plant to an adjacent
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one, randomly (R sample function, 8 potential plants), and oviposit in host present on their current plant.
Movement was only allowed from one plant to an adjacent one, one at a time, because we lacked data on movement
at greater distance. Flight for parasitoids is possible, depending on the species, from 10 to 32°C (Langer et al.,
2004; Yu et al., 2009), but we do not know how the females move from one carrot plant to another in the field. We
assumed that, as the season advances, they need less and less to fly because adjacent carrot leaves become
entangled, rendering flying, an energetically costly activity (Harrison and Roberts, 2000), unnecessary. Movement
duration (min) from one plant to the next depended upon temperature, as walking speed (cm min') and distance
walked (cm) change according to temperature (Augustin et al., 2020). We first calculated walking speed according
to temperature:
(7.1) Walking speed (T) = 0.071 T + 3.928

Then we calculated movement duration between two plants (Figure 7-3f).:

Distance between two plants
Walking speed (T)

(7.2) Movement duration (T) =

The distance between two plants in the model was always 12.07 cm. As plants were represented in the
model as 10x10cm squares, distance between the center plant and the four directly adjacent plants was 10cm, and
the distance between the four other adjacent plants (diagonals) was 14.14 cm. We used the mean distance between
10 and 14.14 cm as the distance between two plants used in calculating movement duration. The effect of volatiles
from the infested host plant or the host on females searching patterns are not known for this species and thus were

not included.

Host exploitation

Host exploitation included the parasitism rate, offspring sex-ratio and the time spent exploiting the host
patch. Parasitism rate was dependent of ambient temperature (Chapter 5), and calculated using equation (3.2). Sex
ratio and clutch size were independent of temperature, based on experimental data (Chapter 6), so, as for the
physiology-only model, they were calculated using the fixed values in Table 7-1. Time spent exploiting the host
patch (min) depended on temperature. In the field, at the number of eggs present in patches (1-5 eggs), parasitism
rate did not vary with patch size (Collins and Grafius, 1986¢). We used data from Chapter 5 to calculate the effect
of temperature on patch exploitation duration (Figure 7-3g). We then used data from van Baaren et al. (2005a) to
adjust this equation to the average number of eggs found on carrot plants in natural conditions: 2 eggs (Boivin,
1999). After patch exploitation, number of oocytes and spermatozoids available to the female were adjusted
according to the progeny laid in the patch.

(8) Patch exploitation duration (T) = —0.286 T + 18.44
If no host was present on the plant, searching time was also dependent on temperature:

(9) Searching duration on empty plant (T) = —0.162 T + 10.452
In the same manner as for equation (8), equation (9) was obtained from the effect of temperature on patch

exploitation duration, and then adjusted to patches containing no healthy egg (taken as a proxy for plants containing
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no host) using van Baaren et al. (2005b) data (Figure 7-3h).

Behaviours were calculated each minute during daytime. At 21:00 (nighttime), behaviours stopped. For 4.
listronoti females and males, development and mortality were calculated. For carrot weevil, development,
mortality and oviposition were calculated. All these processes were only calculated once a day, at the end of the

day.

Development
Development was calculated for 4. listronoti females, males and carrot weevil the same way as for the

physiology-only model, using equation (4).

Mortality

For Anaphes females, natural mortality was calculated as a probability for the individual to die, based on
mortality rates from Rhéaume (2009) (see Table 7-1). The R sample function was then used to assess whether the
individual had died or not, based on the probability from its stage. For Anaphes males and carrot weevils, natural

mortality was calculated the same as the physiology-only model (Table 7-1), using equation (5).

7.4.6 / Design concept

Adaptive traits such as changes in host searching or patch exploitation behaviour based on learning (van
Baaren and Boivin, 1998; van Baaren et al., 2006), patch quality (van Baaren et al., 2005b), or the presence of
competition (Hamilton, 1967), were not included in the model. We did not include the effect of egg load and
spermatozoid stock on behaviour (Fletcher et al., 1994; Minkenberg et al., 1992), nor of mating status (Fauvergue
et al., 2008; Kugimiya et al., 2010; Wajnberg et al., 2006). Individuals did not predict the future conditions they
would experience. Females in our model did not learn and did not estimate the future consequences of their
decisions, or the future conditions they would experience. Basically, modelled A. listronoti females reacted only
to the current conditions without adjusting behaviour according to previous or future conditions. This approach
was chosen because the effect of temperature on all these aspects are not well-known yet, and thus including them

in the model would require several estimations based on untested assumptions.
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Figure 7-3: Temperature response curves of Anaphes listronoti females’ behaviour and development. Graphics (a)
through (g) respectively correspond to equations (1.1), (2), (3.2), (4), (6), (7.2), (8) and (9). For behaviour, mean
temperatures experienced during the active period of females (21.6°C) correspond to vertical dashed lines. For
development, mean temperatures were calculated from the 24 h temperatures (19.7°C), and are also indicated as
vertical dashed lines on the developmental rate graph. Projected temperatures for climate change (mean
temperatures + 3.1°C) are shown by vertical dotted lines. Maximum temperature experienced in 2017 (38.5°C) is
indicated with a vertical solid line.

No interaction between individuals was explicitly included. Even for mating, males only were considered
as spermatozoid sources, with no real interaction being modelled between males and females. If being on the same
plant as another parasitoid (male or female), the female would not change its behaviour. Anaphes listronoti is a

facultative gregarious species: females can lay 1 to 6 eggs in the same host (Collins and Grafius, 1986a). However,
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after emergence and mating, they live solitarily. The only interaction usually observed between adult individuals
is through the scrambled competition, where females compete for hosts. In the presence of a competitor, females
adjust their offspring sex-ratio (Hamilton, 1967), and their residence time (Mohamad et al., 2015). However, we
do not know how temperature affects this aspect, which is why it was not included in the model. Stochasticity was
included in the model in order to account for the variability of response between individuals when placed in a
same situation. The probability of an event occurring was modulated by temperature, being maximum at the
optimal temperature of the species for a given behaviour and decreasing as temperature differs from the optimum

temperature.

7.4.7 / Statistical analyses
Model comparison

The final parasitoid adult population in the field was used in order to check models efficiency. We
compared observed and simulated data using Root Mean Squared Error (RMSE), using the “rmse” function in the
R Metrics package (Hamner and Frasco, 2018). Area under the curve of simulated parasitoid population were
calculated using with the “auc” function of the R Metrics package (Hamner and Frasco, 2018), and the resulting
values were compared between the two models using Mann-Withney tests using the R “wilcox.test” function (RC

Team, 2016).

Sensitivity analyses

Sensitivity analyses serve to evaluate how much each input or internal process contributed to the model
outputs. In our case, it was used to evaluate how much each process in the model (development, mortality,
behaviours, host oviposition) affected the parasitoid populations output. All processes (durations, rates and
probabilities) included in the model (parasitoid mating percentage, probability of being active, moving from plant
to plant, parasitism rate, exploitation duration, development, and mortality, and carrot weevil oviposition) were
increased and decreased of 50% compared to their original value in the model. For example, if for a given
temperature the duration to move from one plant to the next was 2 min, it was modified to 3 min for a first
simulation (+50%) and to 1 min for a second simulation (-50%). In the case of probabilities, final values were
limited to O for lowest values and 1 for highest values, even if that did not represent a real 50% increase or decrease.
For example, if for a given temperature probability of mating was 0.8, it was set for a first simulation at 1 (+25%,
but probabilities were limited at 1), and for a second simulation at 0.4 (- 50%). The impact of these changes was
assessed using area under the curve of resulting populations. Percentage of increase or decrease in the population
was then calculated in reference to the initial simulated population. Differences between original simulated
population and simulated population resulting from increase and decrease in events were calculated using a Mann-

Withney test using the “wilcox.test” function in R.
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Climate change simulations

We used the projected increase in mean temperature during the summer for the southern Quebec to
simulate future weather conditions. CMIP5 (Coupled Modelled Intercomparison Project, that use the projected
CO; scenarios to run model climates) using the scenario RCP (Representative Concentration Pathways) 4.5
(representing a stabilization of our CO, rejections to 650 ppm in the atmosphere), projects a mean increase in
temperature of 3.1°C (1.9 to 4.2°C) in 2080 (Ouranos, 2015). We added this value to the temperatures measured
in our plot in 2017 to simulate the effect of the mean increase in temperature on populations. Area under the curve
of both simulated parasitoid population were calculated using with the “auc” function of the R Metrics package
(Hamner and Frasco, 2018), and the resulting values were compared between the two models using Mann-Withney

tests using the R “wilcox.test” function (RC Team, 2016).

7.5 / Results

7.5.1/ Physiology + behaviour vs. Physiology only

There was a significant difference between simulated populations modeled with physiology-only and
population modeled with physiology + behaviour (area under the curve, Mann-Whitney test, p < 0.001 — Figure
7-4). Populations modelled with behaviour were a little higher than those modelled with physiology-only (area
under the curve : 175 450 and 142 373 respectively). The physiology-only model fitted a little better the parasitoid
field population (RMSE for physiology + behaviour model = 1479 and RMSE for physiology-only model = 1461).
Population levels and peak dates were similar between measured and simulated values, except for around day 30,
where a peak occurred in simulated population but not in measured populations. Peaks in measured population are

less wide than those of simulated population.

7.5.2 / Sensitivity analyses

Increasing and decreasing mating and activity percentage, moving duration between plants and
exploitation duration did not affect 4. listronoti population number (Figure 7-5). On the other hand, parasitism
rate, carrot weevil oviposition, parasitoid DH requirement and mortality significantly affected the resulting number
of individuals in the parasitoid population. Increasing the parasitism rate increased the mean parasitoid population
by 21%, but the effect was not significant (p = 0.1). Decreasing parasitism rate by 50% significantly decreased the
parasitoid population by 58% (p < 0.001) (Figure 7-5). Increasing carrot weevil oviposition significantly increased
the parasitoid population by 48% (p = 0.006), and reducing it decreased parasitoid population by 51% (p < 0.001)
(Figure 7-5). Increasing DH requirement for parasitoid development by 50% led to a decrease in overall parasitoid
population of 38% (p < 0.001) and decreasing DH requirement increased the mean number of parasitoid adults in
simulated populations by 35% (p = 0.02). In addition, changes in DH requirement created a lag in parasitoid

population dynamics. Population peaked earlier or later when DH requirement decreased and increased
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respectively (Figure 7-5). Increasing parasitoid mortality rate by 50% led to a significant decrease of 23% in the
parasitoid population (p = 0.03), while decreasing mortality rate led to a significant increase of 41% in the

parasitoid population (p = 0.005) (Figure 7-5).
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Figure 7-4: Number of Anaphes listronoti adult parasitoids in measured and simulated field populations. Simulated
populations result from two different models: one including only physiological variables of the insect, and the
second including both physiological and behavioral variables. Both simulated populations curves represent the
mean of 10 simulations including stochastic process.

7.5.3 / Climate change

When adding 3.1°C to the 2017 temperature data in order to simulate projected future conditions, the
parasitoid populations resulting from the two model are also significantly different (area under the curve - p <
0.001, Figure 7-6). However, the difference between the two simulated population is not greater than for the 2017
temperatures. Physiology-only populations were higher under the 3.1°C mean increase in temperature than under
2017 thermic conditions (16% increase). On the opposite, populations resulting from the model including

behaviour were lower when temperatures increased (11% decrease).
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Figure 7-5 : Impact of 50% increase and decrease of behavioural and physiological traits on the simulated Anaphes
listronoti adult population dynamics. Full lines represent the original simulated population, dashed lines represent
the increase of the trait by 50%, and dotted lines the decrease of the trait by 50%.
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Figure 7-6 : Simulated populations including and excluding behaviour under 3.1°C warmer conditions compared
to 2017 measured temperatures. Both simulated populations curves represent the mean of 10 simulations including
stochastic process.

7.6 / Discussion

When looking at current field temperatures, there was a small difference between the two models, but both
were equally efficient at predicting field parasitoid population. When adding 3.1°C to 2017 measured
temperatures, differences persisted between the two simulated populations, but did not increase, contrary to our
expectations. Populations simulated with inclusion of behaviour were a little higher than population simulated
with physiology only. Behaviour and physiological processes have different relative impact on population
dynamics: while variations in most physiological processes lead to a variation of similar amplitude in the
population, the impact of variation in behaviour processes was less predictable. For a certain range of temperatures,
changes in behaviour had almost no impact on the final population, but outside this range behaviour performance
is greatly reduced, with potentially large impact on the parasitoid population. However, we lack information about

individual movement, time allocation and mortality in the field, and the impact of temperature on them.

7.6.1 / Physiology + behaviour vs Physiology only

There was no improvement in field population prediction when including behaviours into the model. It

could be that, at current weather conditions, that were representative of those in which the host-parasitoid
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association has evolved, both physiological and behavioural processes allowing the optimal functioning of the
species. In this range of temperature, changes in most behaviour performance lead to almost no changes in the
population. Thus, using only physiological processes such as oviposition and mortality rates in a prediction model
could be efficient, as, based on the sensitivity analyses, population dynamics is more sensitive to them. However,
if temperature frequently exceeds the temperature range in which the species has evolved, behaviour performance
drastically decreases, with a potential increased weight of the behavioural processes in the population dynamics.
Differences between measured and simulated populations that were observed around 30 days could be
explained by weather effects that were not included in the model, such as rain or wind. Winds > 10 km h! were
observed on day 17, 20, 33, 47, 50, 58 and 59. Heavy rains > 10 mm d-' occurred on day 4, 10, 20, 31, 32, 39, 45
and 61. High winds and rain observed on day 20 could account for the lower population around day 30, because
females would spend less time moving and searching for hosts in those conditions, so they laid fewer offspring,
that take about 11 days to emerge (Collins and Grafius, 1986a). In addition, at the beginning of the season, the
crop canopy cover is limited and does not protect the insects from adverse weather conditions. Fournier and Boivin
(2000) showed that wind >15 km h™! limited dispersion in two Trichogramma species. Similarly, Weisser et al.
(1997) showed that females of Aphidius rosae stayed on plant leaves during wind or rain. For the same species,
winds of 7.2 km h™! were sufficient to significantly decrease oviposition, and oviposition ceased completely in all
rain conditions (Fink and V&lkl, 1995; Weisser et al., 1997). Rain and wind thus have the potential to have large
effects on female foraging and host exploitation, and could explain the differences between measured and

simulated populations.

7.6.2 / Sensitivity analyses

Behaviours

Sensitivity analyses allowed the comparison of the relative importance of behaviours in the life cycle of
the insect and the consequent population levels. Behaviours linked with host exploitation (host oviposition and
parasitism rate) were the most sensitive. Changes of 50% in parasitoid mating percentage, activity, movement
between host plant and exploitation duration did not affect parasitoid population levels. However changes in
“physiological” processes such as mortality and DH requirements significantly affected population outcome. In
models that did not include behaviours, aphid mortality was the biological factor that affected most the peak
density of the aphid population model (Parry et al., 2006). Morgan (2000) found that mortality, instar duration,
longevity and fecundity all significantly affected the modelled aphid population, with mortality having the greater
effect. In a corn rootworm model, oviposition rate and developmental rate both affected significantly the modelled
population density (Garcia et al., 2014). However, as none of those models included behaviours, it is not possible
to assess their importance for the modelled populations.

A decrease in mating success did increase sex-ratio (proportion of males) in the population (0.18 in original
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simulated population vs 0.38 in 50% decrease in mating success population; p < 0.001), but it did not affect the
number of individuals in the population (fewer females would lead to fewer offspring and thus fewer individuals
overall). This can result from the females having a chance to mate every morning, and thus, even if they laid only
sons for a day or two, they could lay daughters for the rest of their lives after mating. Fauvergue et al., (2008)
showed that half of the released virgin Lysiphlebus testaceipes parasitoid females were mated by a wild male after
only 10 min, so virgin females could be rare in nature. Therefore, in both the model and in nature, proportion of
unmated females in the population may be low (Nadel and Luck, 1992; Martel and Boivin, 2004). In addition,
virgin females spent more time motionless compared to mated females, thus leaving smaller and more disperse
broods (Fauvergue et al., 2008). Anaphes listronoti virgin females also tend to start laying eggs later than mated
ones (Collins and Grafius, 1986a). Thus, virgin females seem to move and oviposit less than mated ones. Following
these two assumptions, the number of virgin females and the resulting increased proportion of males in the
population could be of only small effect on the overall population. The increase in mean sex ratio having no effect
on the number of individuals in the population can also be explained if the host eggs are the main limiting factor:
in the case of a bottom-up system. The parasitoid population would remain the same because the offspring potential
of all females is much higher than the offspring that is actually laid in the field. Thus, even a limited number of
females would be sufficient to maintain the same level of population for the next generation. In this bottom-up
system, parasitism and resulting population would be affected by host density. Both density-dependent and density-
independent parasitism exist, and both can be important for the system stability (Hassell, 2000). There is however
a strong effect of scale in the relation between parasitism and host density (Norowi et al., 2000); and if a large
body of studies documenting the density dependence at the plant scale exists, little is known about effects at larger

scale (Rusch et al., 2015).

Probability of being active was assessed every minute, which could explain why changing its value by
50% had no effect on subsequent population level : females had a lot of opportunities to become active. In addition,
when they were active, they spent several minutes exploring their current plant, ovipositing in the host and moving
to an adjacent plant. This ratio could also be of little importance for the overall offspring number of the female, if
another factor is more limiting than time spend active, for example, host density as suggested before. The same is
true for the movement between plants, for which 50% changes in value had no effect on resulting population
number. Mean duration between plants was 2 min, and changes of 50% resulted in durations of 1 to 3 min for
moving between plants. At the scale of the 24 h trial (or even the 16 h active period), this difference is negligible.
However, plants in the model were extremely simplified (2D square) and, when host eggs were present, active
females on the host plant would always find and oviposit in them. Yet, plant structure and habitat can strongly
impact the searching behaviour. Gols et al., (2005) and Gingras et al., (2008) respectively found that plant structure
had a clear impact on the time required by parasitoids to find the host, and on the searching behavior of the female

on the plant. In addition, plant species composition in the habitat affects the speed at which parasitoids find hosts
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(Buckowinsky et al., 2007). As a result, it is likely that time spend searching for host or in transit between host
patches is larger in reality than in our model, and that the search is not always successful (Gardner and Dixon,
1985). However, these aspects are little known in the field. In addition to the plant and habitat structure, the spatial
distribution of host is another critical factor in host searching (Cain, 1985; Vinatier et al., 2013; Loudapre et al.,
2019). This factor did not vary in our model, but it could affect the time parasitoid spent on a given patch and the
time spent looking for patches. Overall, searching efficiency in parasitoid is a crucial component of their fitness,
and should be integrated in population dynamics models (Vet, 2001). However, data is still lacking about how
temperature affects those aspects of the insect life. Movement (walking and flying) is dependent upon temperature
(e.g. Langer et al., 2004) and as such can alter host searching. However other factors are disrupted by temperature,
like chemical communication (Boullis et al., 2015; 2016; Sentis et al., 2015), and time perception of parasitoid,
with consequences on transit time and time spent exploiting a patch (Parent, 2016). Therefore, searching efficiency
is certainly affected by changes in temperature regimes, but we cannot yet predict how and to what extent. This is
likely one of the factors that limit the lifetime fitness of parasitoid females and, as such, represents one of the main

limitations of our behavioural model.

Variations in exploitation duration had no significant impact on predicted population either. Mean value
in the original simulated population was 12 min, and decreasing and increasing by 50% its value led to exploitation
duration of 19 min and 6 min, respectively. This difference was low at the scale of the trial. However, time is an
important factor in parasitoid ecology. Exploitation duration depends on patch characteristics, abiotic conditions
and biological state of the female (Wajnberg, 2006). All these factors could then contribute greatly to the final
level of population through time spent exploiting a given patch, mostly because most parasitoid species are
probably time-limited in field conditions (Bezemer and Mills, 2003). There are time-limited and egg-limited
foragers (Heimpel and Rosenheim, 1998; Heimpel et al., 1998; Rosenheim et al., 2008). The former usually does
not have enough time in their lifetime to oviposit all their potential offspring (Rosenheim, 1999; Wajnberg et al.,
2006), while the latter usually live long enough but does not have enough eggs to exploit host throughout its
lifetime. This concept of time as a finite resource (Ydenberg et al., 1994; van Alphen et al., 2003) is particularly
important when taking behaviours into account, because this is one of the main differences between our two
models, namely the time scale (minutes instead of days). The outcomes of the behaviours are important, but their
duration may be as important. Indeed, Le Lann et al. (2014) argued that the impact of temperature on locomotion
and host handling duration could decrease oviposition opportunities by females, making them time-limited. In our
model, host density was the factor affecting most the parasitoid population. It represented the limiting factor, in
that female reproductive success was not limited by their time spent foraging or their number of eggs available,
but by the number of hosts they were able to find. Unfortunately, our data does not allow us to know whether this
is an artefact of the model structure or a real biological effect in the studied population. However, given the

importance of the time-limitation studies of parasitoids in the literature, parasitoid females are likely more time-
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constrained in reality than in our model. This is another important limitation of our behavioral model.

The increase and decrease in carrot weevil oviposition was directly linked to changes in parasitoid
population (50% change in carrot weevil oviposition linked to 50% changes in parasitoid population (Figure 7-
5)), while changes in parasitism rate were not as direct. Host number seems to be the main limiting factors for the
parasitoid population, as increase and decrease in their number led to the same increase and decrease in parasitoid
population. Increasing parasitism rate only led to changes in population of 22%, probably because parasitism rate
reached 100%, and then the factor limiting exploitation became the number of host eggs and not the parasitism
rate. Decrease in parasitism rate also had a direct effect on population level (decrease of 58% of mean population).
This could be caused in nature by several factors, including wind and rain (Fink and V6lkl, 1995) or low and high
temperatures (Langer et al., 2004; Ayvaz et al., 2008). Mechanisms for this change could include a decrease in
walking distance at sub-optimal temperature (Augustin et al., 2020) and possible impairments in host

discrimination ability and learning (van Baaren et al., 2005a; 2006).

A 50% decrease and increase in DH requirement respectively increased and decreased significantly the
number of adult parasitoids in the population. These changes can be explained either by the lags between
emergence dates that arise from the increased development duration, or by mortality during immature stages. The
simulation always lasted 80 days, and as a result cohorts were not always at the same stage at day 80 (immature
stage or adult) depending on the DH required. The increase in population when less DH are required to complete
development can also result from the decreased mortality during immature stages, just because the individuals
spent less time at those stages. Mortality was calculated as a daily rate, so less days spent at the immature stages
would result in overall less individuals dead. On the opposite, the decrease in population when more DH are
required can be explained by the additional individuals that died during the immature stages, because they spent
more time at those stages. We would expect this mortality to be even higher in natural conditions because of the
predation risk. Egg stages are sensitive to predators and parasitoids because they cannot physically escape or
defend themselves: the longer an egg stays in the environment, the higher the chances that a predator or another
parasitoid can find and kill it (Benrey and Denno, 1997; Brodeur et Boivin, 2004). In fact, Culler et al. (2015)
found that a faster development following warming in the Artic resulted in a reduced mortality from predation in
mosquitoes. A decrease in number of individuals reaching adult stage should be compensated by the higher number
of offspring that females could lay, because females can live longer in these conditions (an increase in DH
requirement to pass from one stage to the other means that for a same temperature, the female will live longer).
This is however not what we observed in our simulations, probably because A. listronoti females oviposition rate

decreases with age (Rhéaume, 2009), so living longer does not necessarily mean an increase in offspring.

Increase and decrease in mortality rate had a significant effect on parasitoid population. Increasing
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mortality by 50% significantly decreased population by 24%. Fewer individuals got to the adult stage because of
increased mortality during the immature stage, and individuals did not live as long and so could lay fewer offspring.
This did not translate itself in a 50% decrease in population, probably because there were less females, so they
could each lay more offspring (opposite to previous modelling conditions where they seemed to be limited by the
number of host available). This effect could compensate some of the increased mortality. On the other hand,
decreasing mortality led to an increase in 48% of the population, even though there were no more host eggs
available. More individuals survived the immature stages and, even though no more host eggs were available,
adults were still present in the population. Mortality rates in our model corresponds to stochastic mortality,
representing everything that is not specifically included in the model. Parasitoid can die because of predation or
physiological causes, with potential consequence on oviposition strategies (Weisser et al., 1994; Volk and Kroupa,
1997). Despite the importance of these aspects, little is known about the frequency and causes of mortality of

insects in the wild, and how it influences individual behaviour (Iwasa et al., 1984).

Temperature and sensitivity

Temperature response curves and sensitivity allow us to extrapolate the effect of temperature on
population. An increase of 3.1 °C in temperature led to no change in mating probability, and no significant changes
in population based on sensitivity analyses. Increase of 3.1 °C led to an increase of 8% in parasitism rate, that
should increase parasitoid population based on sensitivity analyses. Mean increase of 3.1 °C in temperature led to
an increase in 22% in developmental rate, that could lead to an earlier emergence of individuals in the season, and
an increase in population levels. Increase of 3.1 °C led to increase in 22% for activity, a 4% decrease in movement
duration and a 7% decrease in exploitation duration. In order to observe changes of 50% in behaviour
performances, temperature would have to go below 14°C for mating, parasitism rate and DH requirements, and to
reach 33°C for mating, 35 °C for activity, 37 °C for parasitism rate, and more than 40°C for all other behaviours.
Mating success, activity and parasitism rate have the narrowest temperature range, similar to what Moriyama and
Numata (2019) found with cicadas, and Kellermann and van Heerwaarden (2019) for Drosophila. For Anaphes
behaviour, except for mating rate, as long as temperatures do not reach extreme values (> 35 °C), consequences
on parasitoid population should be limited (Figure 7-3). However, as more extreme events, including heat waves,
are expected for future years (Stocker et al., 2013), it is possible that those adverse conditions, occurring for several
days, could affect parasitoid population. As indicated in the literature, our thermic curves suggest that extreme
thermic events will be more problematic for insect populations than the mean increase in temperatures (Bale et al.,

2002; Clusella-Trullas et al., 2011; Sergio et al., 2018).

Physiology vs behaviour
When comparing the relative importance of behaviour and physiological components for the population

level, a trend appears. Changes in physiology (development, mortality, host oviposition rate) led to a proportional
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change in parasitoid population, with a predictable direction and a similar magnitude. For example, the increase
in mortality led to a decrease in population of about the same magnitude (50% increase in mortality, to 43%
decrease in population). On the other hand, changes in behaviour had more unpredictable effects on the final
population. Most behaviours were resilient (mating and activity percentage, movement between host plants,
exploitation duration): 50% changes in their value had no significant effect on the subsequent population. Only
parasitism rate had an effect on the population similar to the physiological components. This demonstrates the
importance of studying insect behaviours and, most importantly, their impact on population. However, as
previously indicated, durations of behaviours can also have great impacts on individual fitness and the resulting

population, and should therefore also be included in models.

7.6.3 / Simulation of climate change conditions

In a given species, physiological and behavioural traits can have different minimum, maximum, and
optimum temperatures (Moriyama and Numata, 2019). In conditions under which the species has evolved, it can
be expected that both physiological and behavioural traits lead to a high fitness at usually experienced conditions
(Huey et al., 2012). However, when conditions change, different traits, with different temperature response curves,
could have a different impact on fitness, depending on the shape of the temperature response curve and the level
of performance of those traits in previous conditions. If we take for example the behaviours included in this model
(probability of being active, mating success, exploitation) and development, they all have different temperature
response curve (Figure 7-3). Mating success had the lowest optimum temperature (23°C) compared to other
behaviours (parasitism: 26°C, activity: 27°C), and all movement, search and exploitation durations decreased as
temperature increased. Development had the highest optimum temperature with 31°C. Behaviours have, for this
species, lower optimum temperature than developmental rate. Temperature response curves are relatively wide for
this species, with performances that slowly decrease as temperatures move away from the optimum. This allows

the species to maintain a high fitness on a large range of temperatures.

Under mean temperature conditions experienced in 2017, all behaviours were sub-optimal. Adding 3.1°C
brings most of them closer to the maximum performance, but most still do not reach it. This explains the increase
in population observed in Figure 7-6 compared to Figure 7-4. However, things are different when considering
extreme temperatures. Maximum measured temperature during our trial period in 2017 was 38.5°C, well above
the optimum of all behaviours. This illustrates the importance of accounting for extreme temperatures in population
models, and one way to do that is to use time steps in minutes or hours, instead of days. Knowing the temperature
range of the behavioural and physiological traits studied is a crucial part of understanding the insect short-term
responses to climate change. Many studies have focused on critical thermal limits (CTLs) to try to predict insect

responses to climate change (Kellermann and van Heerwaarden, 2019), but A. listronoti temperature response
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curves show that temperatures below the CTLs (mean upper thermal limit for insects = 39.3°C (Hoffmann et al.,
2013)) can lead to adverse effects in the population. In our case, temperatures superior to 35°C were always sub-
optimal, and even lead to the failure of some behaviours (activity and mating). So the range of temperatures at
which a species can live may be lower than the range calculated using CTLs, just because, even if they are not

dead, they are not able to behave well enough to maintain their fitness (Kellerman and van Heerwaarden, 2019).

7.6.4 / Model limitations

One of the main constraint of our behavioural model is that it only took into account the effect of
temperature, while precipitations, wind and UV can all affect foraging by females and their oviposition behaviour
(Fink and VoIkl, 1995; Weisser et al., 1997; Fournier and Boivin, 2000; Cochard et al., 2017). The effects of these
factors on population and behaviour are however not as well-studied as those of temperature, but could be of great
importance in a changing climate that is expected to be more variable and more prone to extreme events (Stocker
et al., 2013). These effects would be even greater at the beginning of the season, where crop canopy cover is
limited and does not yet protect the insects from adverse weather conditions. We used the micro-environment of
insects by placing HOBO sensors directly into the plot, but most predictions model are based on weather station
data, that do not reflect exactly those micro-conditions. There was a significant 1.4°C mean difference between
our HOBO values and the weather station (Mann-Whitney test: p < 0.001). When possible, it is the microclimates
that insects experience that should be considered when modelling populations (Potter et al., 2013; Pincebourde
and Casas, 2015).

A second limitation is the use of 4. victus instead of A. listronoti data for development and mortality rates.
Since the two species are sympatric, morphologically (Huber et al., 1997) and genetically (Landry et al., 1993)
close, and attack the same host species (Cormier et al., 1996), we assumed that they have the same mortality rates
and development duration in relation to temperature. However, if this is not the case, emergence dates could be
shifted compared to the model output because of different responses to temperature during development, or
different thresholds between species. Similarly, if mortality rates are different between parasitoid species, the
number of individuals in the population would vary accordingly. Those aspects could thus partially explain the
differences between simulated and observed populations.

Another limiting aspect is the unsatisfactory estimation of behaviour durations. Behaviour durations can
have a great impact on females fitness and populations in field conditions (Bezemer and Mills, 2003; LeLann et
al., 2014). They should be included in populations models, but we still lack data on these aspects, especially how
temperature affect host searching.

Finally, mortality in our model did not include mortality caused by temperature, heavy rain or desiccation.
All those factors can increase mortality pressure to the population. Mortality due to temperature, in particular, was
not included in the model, as temperatures did not reach mean CTLs usually established for insect species

(Hoffmann et al., 2013), and that most thermal death kinetics studies start at 40°C (Hallman and Denlinger, 1998;
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Johnson et al., 2004). This could however be an important factor in population dynamics if temperature reach that

level.

7.6.5 / Biological control and pest management

If, as discussed previously, A. listronoti populations are limited by factors other than number of host eggs
available in the habitat, including time spent searching for and exploiting host patches, reduction in pest
populations would be lower than predicted by our simulations. However, our simulations show that A. listronoti
abundance could be mainly limited by the number of carrot weevil hosts available. In our model, parasitoid
populations, when adults are present, were high enough to significantly reduce number of host eggs, without
having to proceed with additional parasitoid introductions. According to the simulations, when adult parasitoid
females are active in the field, the number of carrot weevil eggs escaping parasitism is close to zero. However,
damages by only one carrot weevil larva can make the carrot unmarketable (Collins and Grafius, 1986¢). As a
result, carrots can still be strongly damaged when parasitoid adults of a given cohort have all died, but the next
cohort has not yet emerged. Parasitoid population levels thus seem high enough to control the pest, but their
cyclicity (adults are not always present) remains a problem. Anaphes listronoti females attack preferentially eggs
0 to 24 h old and are not efficient against older stages of the carrot weevil. Other natural enemies exist, including
A. victus, that attack older stages of the carrot weevil eggs (Picard et al., 1991), carabid predators that consume
eggs, larvae, pupae, and even adults (Baines et al., 1990; Zhao et al., 1990), and nematodes that inhibit the
maturation of the females reproductive system (Gagnon et al., 2019). Consequently, other natural enemies could
still contribute to reduce carrot weevil populations and prevent damages when A. listronoti adults are absent.

In the context of climate change, synchronism between A. listronoti and the carrot weevil seems to be
conserved, as we did not observe large differences in thermal range, or in performance when 3.1°C was added to
the 2017 temperatures. Both species have similar base temperature (Rhéaume, 2009), so they can be expected to
maintain their emergence period in the spring synchronized. Our climate change simulations also show that A.
listronoti still control the carrot weevil populations when temperature is 3.1°C in mean compared to 2017
temperatures. However, if thermal conditions are not only higher in mean but also more variables and extreme as
projected under climate change (Stocker et al., 2013), based on the parasitoid thermal performance curve, control
of the carrot weevil may decrease.

Several models are used in integrated pest management as decision tools, and the one described here could
also be of interest. However, the data required for a behavioural model is extensive, and not necessarily available.
Therefore, it seems hardly viable to create such a complex model to predict pest and natural enemy populations
for all species of interest. We show here that including behaviour into a population model is not always necessary
for predictive purposes, but remains of capital importance for understanding the biology and ecology of both pests

and their natural enemies, in addition to identifying gaps in our knowledge of their biology or ecology.
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7.7 /| Conclusion

Our results show that the use of physiological traits in predicting the temperature range could be sufficient
when predicting populations at our current temperature conditions. However, with higher mean temperatures and
more extreme events, it may not be the best choice. Simulated populations are different under warmer conditions,
because of the failure of behaviours at high temperature (optimum temperature for behaviours : 23-27°C) occurs
earlier than physiological failure (optimum temperature: 31°C). Different behaviours have different temperature
response curves, but also different relative importance in the final population, so this interaction needs to be
considered when including temperature and behaviours into population models. Control of the pest by its naturel
enemy thus seem affected mainly by the parasitoid cycle at time t (presence of active adults in the field, or in-

between generations), and the frequency and scope of extreme thermic events.
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La température affecte directement la physiologie des ectothermes et a des conséquences sur leurs
comportements. Les réponses comportementales des insectes a la température peuvent étre complexes et ont des
répercussions a I’échelle de la population. Les principales contributions de cette thése sont : (1) la description du
comportement de marche d’Anaphes listronoti en termes de réponses kinétiques et intégrées a la température; (2)
la démonstration que les stratégies d’exploitation d’agrégats a basses températures permettent une performance
plus élevée qu’anticipé par la réponse kinétique seule, mais une performance moins élevée a haute température;
(3) la démonstration que les températures basses et ¢levées durant 1’accouplement diminuent le succes
d’accouplement de A. /istronoti, mais n’ont pas de conséquences sur le sex-ratio de la descendance résultant d’un
accouplement réussi; (4) la création d’un modéle de dynamique des populations qui intégre I'effet de la
température sur les comportements des femelles 4. listronoti.

Cette thése illustre la complexité de 1’étude des réponses comportementales a la température, et
I’importance d’en connaitre les mécanismes et 1’adaptativité. Elle démontre également 1’intérét d’analyser les liens
entre comportements individuels et conséquences sur la population. Enfin, la thése précise nos connaissances sur
les divers types de réponses des ectothermes aux changements climatiques. Ces résultats ouvrent la porte a

plusieurs champs de recherche.

8.1/ Impact de la température sur le comportement et les populations d'Anaphes listronoti

Pour les femelles Anaphes listronoti, 1a température module les comportements de marche (Chapitre 4),
d'exploitation d'un agrégat (Chapitre 5) et d'accouplement (Chapitre 6). Si certains de ces comportements résultent
d'un mécanisme kinétique d'accélération ou de ralentissement du métabolisme (vitesse de marche, temps de
résidence sur une masse d’ceufs), la plupart d'entre eux semblent plutét résulter d'un mécanisme intégré de réponse
a la température (ex. : évitement des conditions thermiques non optimales a basse température (Chapitre 4),
conservation de 1'énergie a haute température (Chapitre 4), ajustement de la durée de copulation (Chapitre 6)). Ces
réponses peuvent se révéler adaptatives, par exemple lors de l'accouplement, le male ajuste la durée de la
copulation selon la température (Chapitre 6). A l'inverse, certains comportements sont affectés, non seulement par
la kinétique (vitesse de marche, Chapitre 4), mais également par des contraintes supplémentaires dues a la
température, par exemple la reconnaissance de signaux indicateurs de la qualité de I’hote lors de la ponte (Chapitre
5), ou la reconnaissance du partenaire sexuel (Chapitre 6). L'étude des comportements s’avere ainsi complexe,
d'autant que les deux mécanismes (kinétique et intégré) ne sont pas exclusifs. Puisque la température affecte les
comportements individuels, des effets s’observent au niveau de la population, par exemple la diminution du

parasitisme (Chapitres 4 et 5) ou du nombre de femelles dans la population (Chapitre 6).

159



L'inclusion des comportements de reproduction d'4. listronoti dans un modele de simulation dynamique a
permis de prédire 'effet de la température sur la génération suivante. Le modéle a également permis de mesurer
I'importance relative des différents comportements sur le nombre d’individus dans la population (Chapitre 7).
L'intégration dans le modele des comportements selon la température n'améliore pas significativement son
efficacité prédictive sous les conditions météorologiques actuelles. Cependant, pour des températures plus
variables et atteignant plus fréquemment les extrémes, telles que projetées par les changements climatiques, les
courbes thermiques comportementales suggérent que la capacité d'A. listronoti & maintenir 1’intégralité et la
fonctionnalité de ses comportements sera compromise. Il demeure ainsi d'autant plus important de comprendre les
mécanismes sous-jacents aux comportements des insectes en fonction de la température. La température n'affecte
pas de la méme maniére les composantes physiologiques et comportementales du cycle de vie, les traits n'ayant
pas tous les mémes courbes thermiques. Tout comme chez Drosophila melanogaster, les traits liés a la survie, au
développement et la reproduction suivent des courbes thermiques différentes (Kellermann et van Heerwaarden,
2019). Iltis et al. (2019) ont obtenu des résultats similaires chez les chenilles de Lobesia botrana, la température
affectant différemment certains traits de 1’histoire de vie. De plus, certains comportements ont davantage
d'importance pour la valeur adaptative de l'insecte que d'autres, notamment ceux qui sont liés a une perte

d'opportunité pour l'insecte (accouplement, incidence du parasitisme).

8.2 / Impacts de la température sur le comportement

Le comportement des insectes s’étudie depuis des décennies, ses causes et ses conséquences, aussi bien
dans une perspective évolutive, génétique que comparative (Matthews et Matthews, 2009). Cependant, depuis
quelques années, on observe un regain d’intérét dans des domaines plus appliqués, dont la lutte biologique
(Ramirez-Romero et al., 2012; Beltra et al., 2014; Mills et Heimpel, 2018; Heimpel, 2019; Kruidhof et al., 2019),
de la gestion des espéces invasives (Holway et Suarez, 1999) ou des changements climatiques et des atténuations
potentielles (Huey et Tewksbury, 2009; Sih et al., 2011; Tuomainen et Candolin, 2011; Andrew et al., 2013;
Harmon et Barton, 2013; Sih, 2013; Sih et al., 2016). L'une des principales problématiques de 1'é¢tude du
comportement concerne le manque de connaissances associées a la chalne causale depuis la réception des
informations environnementales et 1’expression d’un comportement, notamment au niveau des informations
thermiques. La question de 'adaptativité des comportements, en particulier dans le cadre de la réponse a la
température, représente un aspect important de leur étude (Abram et al., 2017). Une réaction a un stimulus découle-
t-elle d’une contrainte physiologique ? Ou correspond-elle a une réaction adaptée a la situation qui permet
d'augmenter la valeur adaptative de l'individu malgré des conditions non-optimales ? Plusieurs considerent les
réponses comportementales d’un animal comme un tampon face aux conditions environnementales (Candolin et

Wong, 2012) et donc, une adaptation a court terme aux changements climatiques (Huey et Tewksbury, 2009;
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Andrew et al., 2013; Harmon et Barton, 2013). Ainsi, la thermorégulation comportementale permet aux individus
d’éviter les températures trop élevées, par exemple en cherchant de I’ombre (Huey et Tewksbury, 2009; Harmon
et Barton, 2013). Néanmoins, si dans les conditions futures les informations environnementales perdent leur
fiabilité pour les individus, des pieges évolutifs pourraient se produire (Van Dyck et al., 2015; Faldyn et al., 2018).
Les organismes utilisent des indices tels que la température et la photopériode pour prédire les conditions a venir
et déterminer une réponse, par exemple entrer ou non en diapause a I’automne. Van Dyck et al. (2015) ont ainsi
montré qu’en présence de températures plus élevées a la fin de 1’été, les chenilles du 1épidoptére Lasiommata
megera continuent a se développer au lieu d’initier la diapause hivernale. On constate alors ’existence d’une

‘génération perdue’, pour laquelle le cycle n’est pas terminé et qui subira une forte mortalité.

8.2.1 / Réponses kinétique vs intégrée

L'utilisation d'un modele kinétique nul tel que suggéré par Abram et al. (2017) nous a permis chez A.
listronoti de distinguer les réponses kinétiques a la température des réponses intégrées, pour les trois types de
comportements étudiés, soit la vitesse de marche, I’exploitation d’agrégats et I’accouplement. Certains suivent la
réponse kinétique pour la gamme de températures testées (ex. : la vitesse de marche). D'autres relévent d’une
réponse kinétique pour une partie de la courbe thermique seulement (ex. : la distance parcourue ou le pourcentage
de parasitisme). La distinction entre ces deux cas de figure demeure complexe lorsqu'on quantifie uniquement les
réponses comportementales. Une des solutions a ce probléme consiste en l'utilisation d’individus mutants au sein
d’une population (Abram et al., 2017). Soto-Padilla et al. (2018) ont ainsi démontré que le mouvement de
drosophiles mutantes, dont on avait rendu inactifs les génes de thermo-réception, n'était pas affecté par la
température. Les drosophiles réagissent a la température par un contrdle cognitif, dont le résultat sur le

comportement se rapproche des modeéles de kinétique enzymatique.

8.2.2 / Comportement adaptatif vs contraint

Les chapitres 4, 5 et 6 ont permis de mettre en évidence plusieurs comportements potentiellement
adaptatifs en réponse & la température (par exemple, la durée de copulation (Chapitre 6)). A linverse, des
comportements contraints se produisent, certains li¢s a des difficultés physiques, comme ceux observés lors de la
manipulation de l'hdte ou de la parade nuptiale. Cependant, la plupart des contraintes observées étaient
vraisemblablement liées a la détection des messages chimiques (Chapitres 5 et 6). Ainsi, a hautes températures,
les femelles A. listronoti utilisent significativement plus les rejets suite a 1’insertion dans 1’héte de I’ovipositeur

que les rejets antennaires, puisqu’elles ne sont plus capables de détecter ou d'apprendre les stimuli chimiques
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associés au superparasitisme (van Baaren et al., 2005b; van Baaren et al., 2006; Chapitre 5). De la méme maniére,
la diminution du succés d'accouplement a basse température peut résulter d’un manque de diffusion et de
perception des phéromones sexuelles et, a haute température, par une mauvaise reconnaissance des deux
partenaires (Chapitre 6). Les femelles parasitoides utilisent généralement des phéromones a longue et courte
distances lors de la recherche d'hote (Vinson, 1976; Fatouros et al., 2008). De méme, les messages chimiques
constituent une composante cruciale de 'accouplement. Ainsi la recherche (McNeil et Brodeur, 1995; McClure et
al., 2007; Metzger, 2008), la reconnaissance (Singer, 1998; Howard et Blomquist, 2005; Ruther et al., 2011;
Ablard, 2012) et le choix du partenaire sexuel (Johansson et Jones, 2007) impliquent, au moins partiellement, des
phéromones sexuelles. Or, la température affecte non seulement les taux d'émission (Zhu et al., 2015; Bouwer et
al., 2017) et de dispersion (Boullis et al., 2016) des composés chimiques, mais également la capacité de

reconnaissance des messages par les individus récepteurs (Sentis et al., 2015).

8.2.3 / Individu vs population

Diftérentes températures provoquent des changements comportementaux a l'échelle de 'individu qui, dans
le cas des températures supra-optimales les plus élevées, diminuent la performance de tous les comportements
observés. Ainsi, a 35°C le succes d'accouplement diminue de 80%, le taux de parasitisme de 30% et la distance
parcourue par femelle parasitoide de 50% comparé a 25°C. En plus des baisses de performance, des pertes de
temps (ex. : plus de temps passé a exploiter l'agrégat pour une production moindre de descendants a basse
température), d'énergie et d'opportunités (ex.:rencontre de partenaire sexuel, disponibilit¢é des hotes) se
produisent. Cependant, selon nos résultats, les individus ne « gachent » pas vraiment d'opportunité. Ainsi, malgré
les températures sous-optimales, les femelles n'ont pas fait de super-parasitisme, ce qui ne diminuent donc pas les
probabilités de survie des ceufs déja pondus. Pour les espéces solitaires, une femelle pondant plusieurs fois dans
le méme hote épuise ses ressources sans augmenter sa descendance (Harvey et al., 2013). De méme, tous les
accouplements ont résulté en un transfert de spermatozoides. A basse température, les femelles A. listronoti n'ont
montré aucun comportement spécifique de sélection d’un partenaire sexuel, ce qui est avantageux pour les males
mais pas pour les femelles. Ces derniéres peuvent cependant s'accoupler avec plusieurs partenaires (Boivin et
Martel, 2012). De plus, les femelles vierges ont tendance a retarder la ponte ou a explorer les agrégats différemment
afin de maximiser leur valeur adaptative (Fauvergue et al., 2008). Egalement, la diminution de 50% d'activité et
donc de déplacement provoquée par les basses et hautes températures n’avait pas d’effet significatif sur la
population finale, tout comme le temps d'exploitation des hotes et de déplacement (Chapitre 7). Il semble donc,
pour la plupart des comportements, qu’il soit possible de compenser les effets délétéres des températures sous-
optimales lorsque l'individu rencontre subséquemment des conditions proches de son optimum thermique.

L'ajustement des périodes d'activités permet ¢également d’exprimer ces comportements en situation plus optimale.
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Par exemple, les comportements qui se déroulent aux moments ou les conditions sont plus clémentes, comme
I'accouplement qui se produit préférentiellement au début de la photophase (McNeil et Brodeur, 1995; Cormier et
al., 1998).

En plus de ces mécanismes individuels d'adaptation et de compensation, les différences comportementales
observées en laboratoire semblent « compensées » au niveau de la population. Selon les conditions expérimentales
modélisées, le nombre d'hétes disponibles s’avére le principal facteur limitant chez A. listronoti (Chapitre 7), plus
que la capacité de recherche et d'exploitation des hotes des femelles. Le comportement d'une femelle maximise
son succes reproducteur, et non l’accroissement de la population. Ainsi, s’il existe une grande variabilité
phénotypique au sein de la population, une femelle A, qui se déplace peu ou lentement, arrivera sur un agrégat
apres la femelle B, laquelle aura déja parasité les ceufs. Les comportements de la femelle A affectent le nombre de
ses descendants. Cependant, a I'échelle de la population et a court terme, il importe peu que ce soit la femelle A ou
B qui ponde dans l'agrégat, tant qu’une génération suivante survient. Cette diversité de comportement entre les
deux femelles peut découler de différences génétiques (Wajnberg et al, 1999; Gu et Dorn, 2000) ou
développementales (van Baaren et al., 2005b; Colinet et Boivin, 2011), ainsi que de I'état physiologique des
femelles : si elles sont accouplées ou non (Fauvergue et al., 2008), de leur réserve d'ceufs (Rosenheim et Rosen,
1991; Minkenberg et al., 1992), de leur age (Wajnberg, 2006), de leur expérience (Rosenheim et Rosen, 1991; van
Baaren et al., 2005a) ou encore du microclimat (Woods et al., 2015). Tous ces facteurs affectent I'histoire de vie
de l'individu mais, tel que démontré au Chapitre 7, lorsque le facteur limitant la population est le nombre d'hotes,
I’impact demeure réduit a 1'échelle de la population. Ainsi, chez les geckos, Grimm-Seyfarth et al. (2018) ont
démontré que I’effet de la température a 1'échelle individuelle n’a pas forcément de conséquences au niveau de la
population. Les auteurs expliquent ce phénomene par un effet tampon dii 2 une compensation (trade-off) au niveau
des traits individuels. Ces différences entre les opportunités individuelles et les conséquences populationnelles
renforcent le besoin pressant de créer des ponts entre ces disciplines (Ives, 1995; Levin, 2000; Tenhumberg, 2004;

Wong et Candolin, 2015).

8.3 / Changements climatiques

Les changements climatiques entraineront d'ici la fin du siécle des températures plus chaudes en moyenne
de 3.1°C pendant I'été dans le sud du Québec (Ouranos, 2015), ainsi que des conditions climatiques (dont la
température) plus extrémes et variables (Stocker et al., 2013). La plupart des études brossent un portrait plutdt
pessimiste du devenir des organismes en général (Roberts, 1988; Barnosky et al., 2011; Bellard et al., 2012), et en
particulier des insectes (Hallmann et al., 2017; Carnicer et al., 2019; Sadnchez-Bayo et Wyckhuys, 2019; Wepprich
et al., 2019; Cardoso et al., 2020), les changements climatiques étant identifiés en 4°™ position des causes

d'extinctions (Thomas et al., 2004; Sanchez-Bayo et Wyckhuys, 2019). Il est dés lors nécessaire d'analyser plus en
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détails les conséquences du réchauffement climatique sur les individus, les populations et les écosystémes.

8.3.1 / Augmentation moyenne de la température et variabilité

En se basant sur les courbes thermiques d'A4. listronoti, I'augmentation de 3.1°C des températures par
rapport aux conditions actuelles se révele bénéfique, aussi bien pour la physiologie que pour les comportements.
En effet, les températures moyennes actuelles au Québec se situent dans la zone infra-optimales d'4. /istronoti, et
cette augmentation de température de 3.1°C s'approcherait de leurs optimums thermiques. Cependant les
conditions plus variables et plus extrémes, en particulier les températures supérieures a 30°C, causent une
diminution, voire un arrét total de la plupart des comportements (déplacement, parasitisme, accouplement). Le
maintien de telles températures pendant plusieurs jours pourrait ainsi provoquer de fortes diminutions d'effectifs
dans la population, d'autant que la longévité des individus diminue lorsque la température augmente (7 jours a
23°C vs 4 jours a 26°C pour A. listronoti) (Collins et Grafius, 1986). Cet effet est d’autant plus important pour les
especes a vie courte. De plus, la limite thermique supérieure, permettant la survie chez les insectes, se trouve en
moyenne autour de 39.3°C (Hoffmann et al., 2013) et la plupart des études portant sur la kinétique de la mort
thermique ne considérent que des températures supérieures ou égales a 40°C (Hallman et Denlinger, 1998; Johnson
et al., 2004). Ce seuil de 40°C est encore rarement atteint au Québec, mais la situation pourrait changer dans les
années futures. Une mortalit¢ due a la chaleur pourrait ainsi venir s'ajouter aux effets physiologiques et
comportementaux déja présents a partir de 30°C. Nos résultats concordent ainsi avec les nombreuses études
indiquant l'importance majeure de l'augmentation de variabilité et d'occurrence des phénomeénes extrémes
comparée a I'augmentation moyenne des températures (Bale et al., 2002; Drake, 2005; Clusella-Trullas et al., 2011;
Folguera et al., 2011; Paaijmans et al., 2013; Estay et al., 2014; Vasseur et al., 2014; Sergio et al., 2018; Zhu et al.,
2019).

8.3.2 / Autres facteurs météorologiques

Outre la température, d'autres facteurs météorologiques se verront modifiés par les changements
climatiques, mais leurs effets sur les insectes restent moins étudi€s : concentrations de gaz a effet de serre, vent,
épisodes de sécheresse, précipitations, rayonnement solaire (Stocker et al., 2013). Les concentrations de gaz a effet
de serre (en particulier le CO,) altérent la croissance, la qualité (notamment le ratio C:N) (Roth et Lindroth, 1995;
Agrell et al., 2000), les mécanismes de défense (Johnson et Ziist, 2018) et, globalement, la survie des plantes
(Caulfield et Bunce, 1994; Agrell et al., 2000). Par conséquent, la performance des herbivores en est affectée (Roth
et Lindroth, 1995). La communication chimique entre 1'insecte herbivore et la plante hote (Stange, 1997), et entre

les individus se trouve altérée (Boullis et al., 2015; 2016; 2017), ainsi que la composition des communautés et le
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fonctionnement des écosystémes (Jones, 1998). Le vent affecte la capacité de dispersion des parasitoides
Trichogramma evanescens, de T. pretiosum (Fournier et Boivin, 2000) et d'Eretmocerus eremicus (Bellamy et
Byrne, 2001), ainsi que le comportement de recherche de I'héte chez Aphidius rosae (Fink et Volkl, 1995). De
plus, il influence la communication chimique (McNeil, 1991). A vitesse élevée notamment, il augmente la distance
a laquelle les messages chimiques sont portés (Marchand et McNeil, 2000) mais diminue la capacité de vol des
individus (Goldansaz et McNeil, 2006).

Les insectes détectent I'humidité relative et adaptent leurs comportements en conséquence (Chown et al.,
2011). Le stress hydrique résultant des changements climatiques aura donc un effet considérable sur les populations
d'insectes. Les pertes d'eau se produisent majoritairement au niveau de la transpiration respiratoire et de la cuticule
(Addo-Bediako et al., 2001; Bazinet et al., 2010). Les composantes cuticulaires, en particulier les CHC (Cuticular
Hydrocarbons), jouent donc un réle crucial dans 1'évitement des pertes d'eau (Gibbs, 2002; Chown et al., 2011).
Les insectes peuvent également adopter la stratégie d'éviter les conditions de sécheresse et de températures élevées
(Gibbs et al., 1998). Lorsque plusieurs facteurs de stress sont combinés, par exemple dans le cas d'une sécheresse
associée a des températures ¢levées, la capacité des parasitoides a controler les populations de leurs hotes diminue
(Romo et Tylianakis, 2013). A D’autre extréme du spectre de stress hydrique, les précipitations intenses ont
¢galement un effet important sur les insectes. Il existe ainsi un lien entre les précipitations annuelles et la limite
thermique maximale (CTmax) (Kellermann et Sgro, 2018) ainsi que la résistance a la sécheresse (Kellermann et al.,
2018). En plus des capacités d'adaptation, la pluie diminue voire interrompt complétement le comportement de
recherche de 1'hote et de ponte chez certains parasitoides (Fink et Volkl, 1995). Elle peut également affecter la
survie des herbivores en modifiant la qualité de la plante hote (Thacker et al., 1997).

Si la plupart des études liées aux changements climatiques portent sur les conditions estivales et les
périodes d'activité des insectes, les conditions hivernales affectent aussi 1’écologie saisonniére des individus,
notamment la diapause, la survie hivernale et le synchronisme des émergences printaniéres en fonction des
ressources (Bale et Hayward, 2010). Ainsi, la diminution anticipée de la couverture nivale au Québec (Ouranos,
2010) pourrait augmenter la mortalité des insectes exposés a des températures plus extrémes (Bale et Hayward,
2010). Les conditions de photopériode ne changeront pas pour une latitude donnée, mais les conditions thermiques
seront différentes. Ces deux facteurs agissants et interagissant comme parametre pour l'entrée et la sortie de
diapause, des comportements maladaptatifs pourraient subvenir, par exemple des entrées ou des sorties de diapause
alors que les conditions ne permettent pas la survie des organismes (Van Dyck et al., 2015), bien que les

populations puissent s'adapter aux nouvelles conditions (Tougeron et al., 2019).

8.3.3 / La vie trouve toujours un chemin

Finalement, pour répondre a la question posée par Roberts (1988) : Y a-t-il de la vie apres les changements
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climatiques?” (“Is there life after climate change?”). La réponse ne peut-&tre que positive. Les insectes possedent
des capacités impressionnantes d'adaptation aux conditions environnementales, que ce soit au niveau
physiologique (acclimatation, choc thermique, thermorégulation exogéne ou endogéne, etc.), comportemental
(sélection d’habitat, conservation de 1'énergie, décalage des périodes d'activité) ou évolutif (temps de génération
court permettant une évolution rapide des populations) (Chapitre 2). Ce dernier point importe dans le contexte des
changements climatiques a cause de la rapidité des changements observés, qui s’avere plus problématique pour
les organismes ayant de longs cycles de vie (Etterson et Shaw, 2001; Svenning, 2003; Visser, 2008; Quintero et
Wiens, 2013). Les capacités d'adaptation a court terme pourraient, selon les cas, permettre aux populations de
survivre assez longtemps pour s’adapter par évolution, ou dans le cas contraire, ralentir 1'évolution en diminuant
la pression sélective exercée (Buckley et al., 2015; Wong et Candolin, 2015). Ces capacités d'adaptation différent
selon les conditions, constantes ou variables, que rencontrent les populations en fonction de leur zone
géographique (Parmesan, 2006; Deutsch et al., 2008; Huey et al., 2009; Kingsolver, 2009; Bonebrake et
Mastrandrea, 2010; Bonebrake et Deutsch, 2012; Diamond et al., 2012; Koltz et al., 2018). Les écosystémes actuels
se modifient (Koltz et al., 2018) et de nouveaux équilibres se forment. Il reste en revanche difficile de prédire la
nature et 1'échelle temporelle de ces changements. Les précédents changements climatiques liés aux différentes
¢res géologiques ont provoqué des modifications de répartition géographique (Coope, 1970; Graham et Grimm,
1990; Davis et Shaw, 2001), des variations de composition des communautés (Wilf et Labandeira, 1999), des
adaptations au nouveau climat (Parmesan et al., 2000), mais également des extinctions (Graham et Grimm, 1990).
La situation se présente différemment aujourd’hui, notamment a cause de la multiplicité des perturbations
(Parmesan et al., 2000; Molina-Montenegro et al., 2009; Rohr et Palmer, 2013; Macfadyen et al., 2018), mais ces
changements historiques peuvent ainsi nous aider a prédire non seulement I'ampleur des transformations subies
par les communautés, mais également le moment approximatif d'un retour a la stabilité (Nolan et al., 2018). De
plus, de nombreuses stratégies sont proposées ou mises en ceuvre pour tempérer les effets des changements
climatiques et protéger les populations végétales et animales (Samways et al., 2020), laissant entrevoir un peu
d'espoir de limiter les dommages et de retrouver plus rapidement un nouvel équilibre. Les auteurs suggerent
d’améliorer I’'image des insectes aupreés du public, ainsi que de mieux communiquer leur importance aupres des
preneurs de décisions. Cela permettrait la mise en place de stratégies globales de protection des habitats, assurant
le maintien d’une complexité biotique (zones protégées, maintien de 1’hétérogénéité des habitats, diminution de

I’utilisation de pesticides) et de la connectivité fonctionnelle (corridors de conservation).

8.4 / Perspectives de recherche

Tel que suggéré tout au long de ce chapitre, plusieurs perspectives de recherche émergent des résultats

présentés dans cette thése, aussi bien dans le contexte des changements climatiques et des possibilités d’adaptation
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des organismes que de la lutte biologique.

8.4.1 / La communication chimique

En premier lieu, nous manquons de connaissances relatives a 1I’impact de la température sur la
communication chimique intra- et interspécifique (Yuan et al., 2009; Boullis et al., 2016). Les composés chimiques
constituent la majorité des informations utilisées par les insectes, que ce soit pour trouver des ressources (Fatouros
et al., 2008; Beyaert and Hilker, 2014) ou leur partenaire sexuel (Johansson et Jones, 2007). La température affecte
directement ces composés : les taux d'émission (Zhu et al., 2015; Bouwer et al., 2017) et de dispersion (Boullis et
al., 2016), mais également leur composition (Sentis et al., 2015) et leur demi-vie (McDonough et al., 1991) et donc
modifie I’'information qu’ils véhiculent; avec des conséquences sur la communication chimique (Laws, 2017). La
température altére également les capacités de détection et de reconnaissance des composés chimiques, que ce soit
lors de I’exposition directe aux conditions thermiques (McNeil, 1991; Reddy et al., 2002; Sentis et al., 2015), ou
lorsque les individus ont été exposés durant leur développement (Colinet et Boivin, 2011; Bourdais et al., 2006;
2012). De plus, la température affecte la mémoire des individus, et donc leur comportement de recherche des
ressources (Abram et al., 2015).

Nous avons émis au chapitre 5 plusieurs hypothéses permettant d’expliquer pourquoi, a haute température,
les femelles rejetaient les hotes parasités aprés insertion de l'ovipositeur plutdt que par contact antennaire. Ce
changement de comportement peut ainsi s'expliquer par : (1) l'altération du marquage par la femelle directement
aprés la ponte; (2) des modifications de la quantité et qualit¢ de phéromones de marquage a différentes
températures; (3) des changements dans la capacité de la femelle a reconnaitre les kairomones, ou (4) une
combinaison de toutes ces possibilités. Il serait par conséquent intéressant de tester ces différentes hypothéses, par
exemple en utilisant la chromatographie en phase gazeuse couplée a la spectrométric de masse (Gas
chromatography-mass spectrometry - GC-MS), permettant de séparer et identifier les composés chimiques
volatiles, combinée a des études comportementales (Conrad et al., 2017).

11 existe des exemples d’ajustement des préférences du signal en fonction de la température. Ainsi, chez
D. melanogaster, Riveron et al. (2009) ont montré que les changements de sensibilité olfactives pour deux
composés chimiques compensaient les changements thermiques subis. Ainsi a températures élevées, pour
lesquelles les concentrations de substances volatiles sont plus élevées, la sensibilité des mouches a ces substances
volatiles diminuait, et inversement a basse température. D’aprés 1’hypothése de couplage de la température
(Temperature Coupling Hypothesis - TCH) (Ritchie et al., 2001), les individus ajustent leurs préférences pour le
signal selon la température ressentie. Cet effet, permettant le maintien de la communication pour des conditions
thermiques variées, a ét¢ démontré chez certaines espeéces lorsque le signal est de nature acoustique ou

vibrationnelle (Ritchie et al., 2001; Greenfield et Medlock, 2007; Conrad et al., 2017; Jocson et al., 2019). Cet
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effet pourrait se retrouver également pour les signaux chimiques (Conrad et al., 2017), mais peu d’études ont été
réalisées a ce sujet.

Il serait ainsi intéressant de tester la TCH chez des parasitoides dans un contexte d'accouplement,
¢galement en combinant des expériences comportementales avec une chromatographie en phase gazeuse couplée
a la spectrométrie de masse. Une femelle vierge placée a différentes températures pourrait étre lavée avec un
solvant organique permettant de récupérer ses hydrocarbones cuticulaires (Steiner et al., 2006; Ruther et al., 2011).
Ces composés chimiques seraient ensuite testés sur un male, a différentes températures. On pourrait ainsi observer
s’il réagit différent aux composés en fonction de la température a laquelle était exposée la femelle lors de leur
émission, et la température du male lors de leur réception. On s’attendrait alors a ce que le male préfere (réagisse
plus fortement ou plus rapidement) aux composés €émis a la méme température a laquelle il est exposé lors du test
(Ritchie et al., 2001). De maniére complémentaire, on pourrait récupérer les substances volatiles émises par le
male lors de sa cour a différentes températures, y exposer la femelle également a différentes températures, et

observer si elle accepte de s'accoupler.

8.4.2 / Le systéme nerveux

Une partie importante de cette thése consiste en la distinction entre les réponses kinétiques a la température
et les réponses intégrées. La principale différence entre les deux repose sur le role du systéme nerveux central dans
la réponse observée. Par conséquent, [’une des perspectives intéressantes de recherche consisterait a étudier plus
en détail I’impact de la température sur le systéme nerveux des ectothermes, et surtout les conséquences sur leur
comportement. Kerkut et Taylor (1958) ont montré que 1’activité des ganglions isolés de cafards variait avec la
température. Les potentiels de synapse maximum se produisent a température intermédiaire (Prosser et Nelson,
1981). A températures extrémes, les circuits neuronaux défaillent a cause d’une perte (réversible) de I’homéostasie
ionique (Roberston et Money, 2012). Ainsi, les limites thermiques a la viabilité des organismes ne seraient pas
liées a la mort cellulaire ou la dénaturation des protéines, mais bien aux mécanismes de contréles homéostasiques
(Robertson et Money, 2012). La température affecte le systéme nerveux des insectes selon différents mécanismes :
en modifiant le taux des réponses (Walker, 1975) (ce qui correspondrait aux effets kinétiques), des effets de
compensation, d’ajustement (funing), d’acclimatation (Prosser et Nelson, 1981) et de thermotolérance grace aux
Heat Shock Proteins (Robertson, 2004a; Robertson, 2004b; Roberston et Money, 2012). Le systéme nerveux peut
¢galement étre protégé des températures extrémes par les hormones telles que 1’amine octopamine (Armstrong et
Robertson, 2006). Notre compréhension de I’effet de la température sur le systéme nerveux reste malgré tout
limitée (Roberston et Money, 2012), bien qu’elle s’aveére critique lorsqu’on s’intéresse a la détection des signaux

environnementaux, par exemple pour les études d’électro-antennographie (Olsson et Hanson, 2013; Schott et al.,
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2013) ou de thermorégulation (Nurme et al., 2019; Gonzalez-Tokman et al, 2020).

On peut s’intéresser de deux manieres a la facon dont la température affecte le systéme nerveux des
insectes : (1) au niveau de la réception de I’information et (2) au niveau du traitement de I’information. La premicre
maniére d’étudier la problématique est a ce jour plus aisée que la seconde, pour laquelle les connaissances
manquent encore. Dans le cadre du présent projet, on pourrait s’intéresser plus en détails a la maniére dont la
perception de I’information thermique affecte le comportement de I’insecte. La méthode préférentielle permettant
d’¢étudier cet effet reste 1’utilisation de mutants thermo-insensibles, tels qu’utilisés par Soto-Padilla et al. (2018)
chez Drosophila melanogaster. Les mutants n’étant plus capables de détecter la température ambiante, leurs
comportements seront seulement kinétiques, et non pas intégrés. Nous pouvons alors comparer leur réponse a
celles des individus non-mutants pour déterminer si la réponse a la température de I’espéce est de nature kinétique
ou intégrée (Abram et al., 2017).

Pour les especes dont 1’obtention de mutants thermo-insensibles est plus complexe, il demeure possible de
bloquer les récepteurs hygro-thermiques présents sur les antennes des individus, par exemple en utilisant de la
peinture, ou encore en retirant une ou les deux antennes (Flores and Lazzari, 1996). La majorité des thermo-
recepteurs étant présents sur les antennes des insectes (Flores and Lazzari, 1996; Gonzalez-Tokman et al., 2020),
il serait encore une fois possible de comparer le comportement en conditions de thermo-sensibilité standard
(individus témoins) et thermo-sensibilité diminuée (individus dont on a bloqué les thermo-recepteurs) afin de

déterminer la nature kinétique ou intégrée des réponses comportementales observées.

8.4.3 / L’importance de la variabilité inter-individuelle

L’une des questions soulevées par I’utilisation d’Individual-Based-Model est la variation inter-
individuelle. « Les écologistes ont longtemps décrit I’écologie d’une espéce comme un tout, et traité les individus
conspécifiques comme écologiquement équivalents. Par exemple la majorite des modeles de compétition
intraspécifiques, de dynamiques prédateurs-proie, ainsi que les structures de réseaux trophiques supposent que
tous les individus conspécifiques sont identiques » (Bolnick et al., 2003). On observe cependant un changement
de ce raisonnement. Ainsi plusieurs modéles commencent a tenir compte de la variation inter-individuelle, par
exemple dans le comportement de recherche des ressources (Goss-Custard et al., 1995; Vet et al., 2001), la
dispersion (Hawkes et al., 2009), le développement (Struelens et al., 2018), ou encore le risque d’extinction (Jager,
2001). Les études d’histoires de vie devraient également considérer 1’hétérogénéité entre la qualité et la
performance des individus (Hamel et al., 2009). En effet, cette variation inter-individuelle peut étre grande au
niveau de la physiologie (Chown, 2001) et du comportement (Jeanson and Weidenmuller, 2014), et avoir des

conséquences importantes sur les communautés (Bolnick et al., 2011). Ses bases peuvent €tre génétiques,
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épigénétiques (Herrera et Bazaga, 2011), physiologiques, résulter d’expériences précédentes, ou une combinaison
de tous ces facteurs (Jeanson et Weidenmuller, 2014). Minkenberg et al., (1992) ont par exemple rapporté que la
recherche de ressources et la ponte chez les insectes étaient fortement liées a la charge d’ceufs des femelles. La
performance de vol des individus Megarhyssa nortoni varie selon le sexe, la morphologie et I’histoire de vie des
individus (Fischbein et al., 2018). S’il est important de tenir compte de la variation existante, il est également
intéressant de la mesurer (Dingemanse et Dochtermann, 2017). L’existence de variations entre les individus au
sein d’une population est a la base de la sélection naturelle et sexuelle (Widemo et Saether, 1999), et constitue
donc un intérét particulier pour les possibilités d’adaptation aux changements environnementaux (Alonzo, 2015).
Elle peut ainsi étre considérée lors du développement de stratégies de conservation pour contrer les impacts des
changements climatiques (Macdonald et al., 2017). L’existence de génotypes adaptés aux nouvelles conditions
constitue d’ailleurs I’'une des limites potentielles d’adaptation par évolution aux changements climatiques

(Hoffmann et Sgro, 2011; Reed et al., 2011).

Dans le contexte des changements climatiques et d’organismes a courte vie, il serait intéressant de mesurer
I’effet des températures expérimentées précédemment sur le comportement a une température donnée. Les
femelles pourraient ainsi agir différemment en fonction des microclimats auxquelles elles ont été exposées au
cours de leur vie. Les individus savent-ils qu’ils sont dans des conditions non-optimales et attendent-ils
effectivement le retour des conditions plus adaptées, tel que parfois suggéré pour 1’accouplement (McNeil and
Brodeur, 1995)? Une femelle placée a une température élevée au début de sa vie va-t-elle ajuster son comportement
de ponte et de recherche d’hdte pour augmenter sa valeur adaptative? On peut par exemple observer un
comportement de ce type chez les femelles vierges, qui adaptent leur comportement en se basant sur de futures

opportunités d’accouplement (Fauvergue et al., 2008).

8.4.4 / La lutte biologique

Finalement, les résultats de cette thése sont d’intérét pour la lutte biologique, par la compréhension du
comportement des ennemis naturels dans le contexte des changements climatiques. Les connaissances actuelles
ne permettent pas encore de prédire efficacement ’effet des changements climatiques sur les insectes ravageurs
(Bale et al., 2002) et leurs ennemis naturels. En effet, il reste difficile de généraliser les prédictions des effets des
changements climatiques sur les insectes (Harrington et al., 2001; Romo et Tylianakis, 2013; Lemoine et al., 2014).
Les études portant sur les problématiques agricoles prédisent plutdt une augmentation des problémes liés aux
ravageurs, de par I’augmentation des populations de ravageurs (Deutsch et al., 2018) et la diminution du contrdle
par les ennemis naturels (Hance et al., 2007; Furlong et Zalucki, 2017), alors que les études portant sur les

problématiques de conservation prédisent une diminution des populations (Harrington et al., 2001), qui semble se
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confirmer (Hallmann et al., 2017; Carnicer et al., 2019; Sanchez-Bayo et Wyckhuys, 2019; Wepprich et al., 2019).
Il semble ainsi que les efforts de recherche et de mitigation doivent se concentrer sur les especes individuelles,
selon leur contexte écologique et évolutif (Lehmann et al., 2018). Ces connaissances sont nécessaires pour
s’adapter aux changements, en particulier dans le secteur agricole (Ladanyi et Horvath, 2010), et dans le cadre de

la lutte biologique (Thomson et al., 2010).

Dans ce contexte, des projets de recherche devraient inclure des tests des relations ravageurs-ennemis
naturels en conditions de changements climatiques, telles que celles réalisées par Barton et al., (2009). Plutt que
de seulement modéliser les populations selon des températures représentatives des changements climatiques, il
faudrait tester expérimentalement 1’effet de ces conditions thermiques sur les ravageurs, leurs ennemis naturels, et
les relations entre les deux, par exemple en augmentant la température de maniére artificielle (Barton et al., 2009),
ou en créant des conditions plus variables et extrémes. La température n’est d’ailleurs pas le seul facteur
d’importance pour les organismes, et les autres facteurs climatiques affectés par les changements globaux doivent
¢galement étre testés (Barton, 2017), par exemple les précipitations et le vent qui peuvent étre simulés
expérimentalement (Fink and Volk, 1995) d’aprés les conditions prévues par les changements climatiques. La
stabilité des systémes ravageurs/ennemis naturels pourra ainsi étre étudiée selon les axes de synchronisme et de
maintien du contréle du ravageur par 1’ennemi naturel, pour les conditions climatiques futures.

La modélisation reste un outil important, permettant entre autres de prédire les répartitions futures des
especes, ce qui pourrait permettre d’identifier les espéces invasives susceptibles de s’établir dans certaines régions.
Sachant que les CTmin et CTmax, fréquemment utilisées pour déterminer la future répartition géographique des
especes, ne sont pas forcément adaptées (Kellermann et van Heerwaarden, 2019), il serait possible de comparer
différentes mesures de performance thermique (gamme possible et optimale pour différent comportements,
développement, etc.) afin de déterminer un prédicteur plus fiable des répartitions des especes pour les conditions

climatiques futures.

8.5 / Conclusion

La température modifie le comportement de la gué€pe parasitoide des ceufs Anaphes listronoti. Certaines
réponses comportementales s’avérent de nature kinétique; d'autres sont intégrées. La distinction entre les deux
types de réponses reste complexe, d'autant qu'elles ne sont pas forcément exclusives pour un comportement donné.
De méme, certaines réponses sont adaptatives et d'autres résultent de contraintes selon des mécanismes physiques
ou chimiques, incluant la kinétique, la détection des messages chimiques et autres. La plupart des contraintes
observées semblent liées a la communication chimique et a la perte de temps provoquée par la diminution de
l'activité : des individus inactifs ne recherchent pas leurs hétes ou leurs partenaires sexuels.

Plusieurs mécanismes d'adaptation aux conditions thermiques sous-optimales existent a l'échelle
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individuelle (physiologique, comportementale, circadienne, phénologique, etc.), et ont des effets qui se répercutent
a I'échelle de la population. Ces mécanismes permettent a la population de se maintenir dans un environnement,
méme lorsque la plupart de ses composantes subissent des contraintes a leur développement et reproduction. Ainsi,
pour les conditions climatiques actuelles, des comportements individuels, tel que ceux mesurés au laboratoire chez
A. listronoti, permettent le maintien d’une population tout au long de la saison. Cependant, lorsque les conditions
deviennent plus variables et extrémes, certains comportements sont perturbés (accouplement, ponte, déplacement,
etc.), leur optimum thermique étant inférieur a 30°C. Quel sera le devenir de ces populations? L’espéce aura-t-elle
développé de nouvelles adaptations aux conditions futures?

Malgré le fait que la température soit considérée comme le facteur abiotique le plus important du cycle de
vie des insectes, de nombreux éléments manquent encore pour dresser une image compléte de l'effet des
changements climatiques sur leurs populations. D’autres facteurs abiotiques, moins bien étudiés, ont également
une importance non négligeable dans le cycle de vie et I’abondance d’un insecte, notamment les précipitations, la
radiation solaire et le vent. Les capacités d'adaptation des especes s’averent cependant grandes chez ces organismes
a courte génération. Ainsi, les conséquences écologiques négatives ne se réveleront sans doute pas aussi

considérables que précédemment envisagées.
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