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Chapter I Figure 1.1. Thermal performance curves of ectotherms in temperate environments. Tmin and Tmax represent the minimum and maximum temperature at which organisms can perform, and Topt is the optimal temperature for performance. The green curve under the thermal performance curve is the temperature that the organism is exposed to during an average time and the average is represented as Thab. ΔT is the distance between Thab and Topt [START_REF] Johansson | Temperate insects with narrow seasonal activity periods can be as vulnerable to climate change as tropical insect species[END_REF] Web-asymmetry, the balance between the numbers of parasitoid and aphid species (negative values indicate more species in higher than in lower trophic-level); (D) Vulnerability, the weighted mean number of parasitoid species attacking a given aphid species; (E) Generality, the weighted mean number of aphid species exploited by each parasitoid species; and (F) ´H2´, the level of specialization within a network, from 0 (no specialization) to 1 (perfect specialization). There were no differences among climatic areas for the evaluated metrics. 

General background

The effects of the abiotic and abiotic aspects of the environment on biological parameters of organisms such as survival, growth, and reproduction, and the ways in which these effects are modified through seasonality, are receiving considerable attention by ecologists. Organisms, including insects encounter and respond to numerous abiotic and biotic stressors in the environment [START_REF] Bijlsma | Environmental stress, adaptation and evolution: an overview[END_REF][START_REF] Freedman | Ecological Effects of Environmental Stressors[END_REF]). An environmental stressor is one in which the organism is not able to entirely compensate for the selective conditions that injure its performance or fitness [START_REF] Angilletta | The evolution of thermal physiology in ectotherms[END_REF]. As ectotherms, insects have ecological requirements encompassing several specific conditions and resources such as climatic conditions and food (Chown et al. 2004). Hence, they respond in relative short time and low thresholds to abiotic factors and can be mediated through biotic interactions [START_REF] Gabrys | Cold Tolerance in Insects[END_REF]Colinet et al. 2015).

Insects often must be able to survive predictable and recurring periods of environmental stress, such as cold and heat events. [START_REF] Freedman | Ecological Effects of Environmental Stressors[END_REF] It is widely known that environmental variability and seasonality have profound effects on the abundances, distributions, and life histories and that they are capable to change their activity depending on the conditions of the surrounding environment (Denlinger and Lee 2010;[START_REF] Abram | Behavioural effects of temperature on ectothermic animals: unifying thermal physiology and behavioural plasticity[END_REF] and temperature is the main determinant of survival in changing environments [START_REF] Chapman | Long-range seasonal migration in insects: Mechanisms, evolutionary drivers and ecological consequences[END_REF]. For an insect species to survive in any given geographic location, its life cycle must be tightly synchronized to all biotic and abiotic factors required for its development and reproduction. For instance, temperate insects face seasonally cyclical environmental stress [START_REF] Sinclair | Cross-tolerance and Cross-talk in the Cold: Relating Low Temperatures to Desiccation and Immune Stress in Insects[END_REF]). To cope with the different environmental conditions, insects use a wide variety of behavioral and physiological strategies that allow them to sense environmental changes and respond appropriately to these environmental variations such as migration, remaining active and reproduce or entering diapause (Masaki 1980;Tauber et al. 1986;Tougeron 2019;Tougeron et al. 2020). For some insects, migration is one strategy for escaping extreme environmental conditions (e.g., extreme temperatures) and has been shown to occur in a great variety of taxa [START_REF] Wolda | Insect seasonality: why?[END_REF][START_REF] Saunders | Photoperiodism in insects: migration and diapause responses[END_REF]. On the other hand, remaining active during unfavorable conditions (e.g., winter conditions) allows insects to complete their development and sometimes reproduce, but with the risk of reaching their minimal temperature survival threshold (Danks 1991). This strategy involves essential behavioral and physiological traits (e.g., chill coma, heat/cold
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Chapter I General introduction 3 stupor), where thermal tolerance plays an important role (Langer and Hance 2000;Sorensen et al. 2001;Denlinger and Lee 2010;Le Lann et al. 2011;[START_REF] Gibert | Phenotypic plasticity, global change, and the speed of adaptive evolution[END_REF]. Another strategy employed by insects facing extreme environmental conditions is entering in diapause. Diapause is an adaptive strategy to overcome adverse environmental seasons such as frost events during winter (called winter diapause or hibernation) and when high temperatures and dry conditions are experienced during summer (summer diapause) (Masaki 1980;[START_REF] Denlinger | Hormonal Control of Diapause[END_REF]. Diapause is an alternative life-history strategy defined as a state of suspended development or with low metabolic activity [START_REF] Koštál | Conceptual framework of the eco-physiological phases of insect diapause development justified by transcriptomic profiling[END_REF]. This strategy can be triggered by abiotic signals, especially changes in the photoperiod and temperature, that are detected before unfavorable conditions occur (Masaki 1980;Tauber et al. 1986;Denlinger and Lee 2010;[START_REF] Denlinger | Hormonal Control of Diapause[END_REF].

Adaptation to seasonal changes includes the ability to predict the upcoming gradual changes in environmental signals early enough to prepare for the harsh conditions (Saunders 2020). In temperate regions, cold seasons alternate with warmer seasons, also switching between rainy and dryer times [START_REF] Wolda | Insect seasonality: why?[END_REF][START_REF] Johansson | Temperate insects with narrow seasonal activity periods can be as vulnerable to climate change as tropical insect species[END_REF]. Such climatic seasons tend to translate into seasonal activity patterns in many insects. Therefore, studying response across environmental gradients provides an expansive view of how insects adapt to spatial environmental heterogeneity (Danks 1991;[START_REF] Hoffmann | Environmental stress as an evolutionary force[END_REF]Gotthard 2001;[START_REF] Danks | Insect adaptations to cold and changing environments[END_REF]). To evaluate environmental variability, there are two general assumptions. First, the latitudinal or/and altitudinal gradient in geographic range size is a consequence of climatic variability and, second, that there is a matching cline with the life-history and physiological traits of the organisms/individuals present along this gradient (Gaston et al. 1998). The responses of insects also need to be addressed in response to their biotic environmental stimuli that act at a certain time (Langer and Hance 2000;Tougeron et al. 2020). In addition, the diverse and often indirect effects of climate change on insects will be difficult to predict unless there is a good understanding of the way environmental effects impact trophic interactions (Tougeron et al. 2020).

In this thesis, the winter parasitoid-aphid composition and overwintering strategies of parasitoids in a latitudinal gradient in Chile, Parasitoids have evolved several adaptations to synchronize their life cycle with their host, where diapause expression is subject to environmental conditions (photoperiod and temperature) and other cues such as host scarcity, maternal effect may play a marginal role (Brodeur and McNeil 1989;Polgár and Hardie 2000;Tougeron et al. 2017). This strategy may lead to a mismatch between pests and natural enemies in space and time, with potential positive or negative impact on biological control [START_REF] Gariepy | Why two species of parasitoids showed promise in the laboratory but failed to control the soybean aphid under field conditions[END_REF]Tougeron et al. 2017). Therefore, improving the knowledge of Chapter I General introduction 4 factors inducing diapause in parasitoids is important if we aim at improving biological control effectiveness.

Environmental stress

Understanding and explaining the pressures underlying differences in performance within and between species has been an important topic in Ecology and Evolution. Organisms must deal simultaneously and constantly with anthropogenic and natural environmental variations to effectively achieve their optimal fitness for a given context. It has been well documented that local environmental conditions affect organisms in different ways either by acting as constraints or by causing detrimental effects on their associated functions and processes [START_REF] Enders | Aphid Molecular Stress Biology[END_REF]. Environmental stress may be described as a force shaping adaptation and evolution in changing environments and may lead to a sharp reduction in survival and reproduction of affected populations [START_REF] Schulte | What is environmental stress? Insights from fish living in a variable environment[END_REF]. A variety of biotic and abiotic factors are included in this definition, ranging from physical stressors (e.g., climate) [START_REF] Mugabo | Environmental degradation amplifies species' responses to temperature variation in a trophic interaction[END_REF], chemical stressors (e.g., insecticides) [START_REF] Liess | Pesticides are the dominant stressors for vulnerable insects in lowland streams[END_REF]) and biological stressors (e.g., trophic interactions) [START_REF] Chattopadhyay | Climate Change: Impact on Biotic Stresses Afflicting Crop Plants[END_REF]. In natura, all these factors fluctuate and interact, and their effects have been recognized in diverse areas of research as physiology, behavior, biological control, with an increasing number of studies because of climate change (van Baaren et al. 2010;Williams et al. 2015).

Ectotherms during most of their life cycle, encounter simultaneously a considerable range of stressful stimuli that may threaten their fitness (Williams et al. 2015). Especially, temperatures have extensive biological implications for all organisms, since their biology is closely linked to the environmental temperature [START_REF] Bijlsma | Environmental stress, adaptation and evolution: an overview[END_REF]Huey 2010;Colinet et al. 2015). In addition, altered temperature regimes can also affect ectotherms indirectly by altering the quality of the biotic resources they utilize and/or their interactions with others organism. [START_REF] Ragland | The effect of fluctuating temperatures on ectotherm life-history traits: comparisons among geographic populations of Wyeomyia smithii[END_REF][START_REF] Fusco | Phenotypic plasticity in development and evolution: facts and concepts[END_REF][START_REF] Crutsinger | Local and latitudinal variation in abundance: the mechanisms shaping the distribution of an ecosystem engineer[END_REF]Van Dyck et al. 2015;[START_REF] Koštál | Conceptual framework of the eco-physiological phases of insect diapause development justified by transcriptomic profiling[END_REF].

Insects are among the most resilient, abundant and biodiverse ectotherms. They may be especially susceptible to thermal stress given that their physiology is limited by environmental temperatures [START_REF] Porcelli | Local adaptation of reproductive performance during thermal stress[END_REF]. They have evolved varied traits and strategies allowing them to detect and survive in thermal stressing environments. Under some selective pressures, individuals with particular sets of traits may be favored which may lead to optimal survival and reproduction [START_REF] Harrison | Ecological and environmental physiology of insects[END_REF]Colinet et al. Chapter I General introduction 5 2015). Therefore, the understanding of insect response to thermal stress, provides useful lens through which physiology and ecology can be linked with the implications to predicting responses to climate change.

Thermal stress: ecology of thermal adaptation

Temperature has been attributed a main role in the ecology and evolution of ectotherms and its effects extend from the molecular level to the whole organism (Angilletta Jr 2009). It is a key driver of organism distributions, meaning that temperature will have a vast impact on fitness and current species' ranges (Addo-Bediako et al. 2000;Vázquez and Stevens 2004;[START_REF] Vázquez | Ecological and evolutionary impacts of changing climatic variability[END_REF]. The importance of temperature in ectotherm performance (fitness) is well known [START_REF] Angilletta | The evolution of thermal physiology in ectotherms[END_REF]Angilletta and Dunham 2003;Terblanche et al. 2007;Angilletta Jr 2009).

In insects, the impact of temperature on the thermal performance is an important and direct biological consequence of climate variation and can be evaluated at different scales, since their basic physiological functions (i.e., growth, reproduction) are strongly influenced by environmental temperature (Sinclair et al. 2003;Turnock and Fields 2005). They respond to the whole thermal regime, which is characterized by patterns of absolute temperatures, seasonal variability and rates of change, together with other environmental components such as photoperiod (Atkinson 1994;Sinclair et al. 2003;Danks 2007). In temperate regions, thermal ecology is a good proxy of fitness of an organism because environmental temperature has a direct impact on all aspects of insect performance. This can be described by thermal performance curves (TPCs) that show a gradual increase in performance from a critical thermal minimum (Tmin) where fitness is zero, until reaching an optimal temperature (Topt) where performance is the highest, before decreasing towards a critical thermal maximum (Tmax) [START_REF] Johansson | Temperate insects with narrow seasonal activity periods can be as vulnerable to climate change as tropical insect species[END_REF]) (Figure 1.1).

Thermal stress can have rapid lethal or sub-lethal effect in insects, which has been widely reported (Chown et al. 2004;Danks 2007;Kellermann and van Heerwaarden 2019;[START_REF] Johansson | Temperate insects with narrow seasonal activity periods can be as vulnerable to climate change as tropical insect species[END_REF]).

However, understanding the impact of thermal stress on the development and reproduction of surviving insects could provide important basic information for insect ecology [START_REF] Perez | Adaptations to thermal stress in social insects: recent advances and future directions[END_REF]. Some studies of insect cold tolerance have addressed sublethal effects of cold injury, including those that may reduce fitness [START_REF] Atkinson | Ectotherm life-history responses to developmental temperature[END_REF]Bale 2002;[START_REF] Angilletta | The evolution of thermal physiology in ectotherms[END_REF]. Species inhabiting low temperature environments must either be able to tolerate or avoid these conditions to survive (Bale 2002). For instance, it has been Tolerance to extreme temperatures is possibly among the most important trait shaping the fundamental niche of insects (Addo-Bediako et al. 2000;Angilletta Jr 2009). Insect also have different levels of physiological sensitivity and may respond differently to cold stress. The effects of temperature on physiological processes strongly influence the ability of insects to carry out activities for their survival [START_REF] Macmillan | Mechanisms underlying insect chill-coma[END_REF]Colinet et al. 2015). In the last years, critical thermal limits (CTL) (Box 1) have received much attention since they provide insights into the way in which climate shapes variation in the ecology, distribution, and evolution of species (Terblanche et al. 2007;[START_REF] Mutamiswa | Life-stage related responses to combined effects of acclimation temperature and humidity on the thermal tolerance of Chilo partellus (Swinhoe) (Lepidoptera: Crambidae)[END_REF]. CTLs are considered as ecologically relevant because they provide an indication of the activity range for a population under acute exposure conditions [START_REF] Chown | Physiological variation in insects: hierarchical levels and implications[END_REF]Chown et al. 2004;Terblanche et al. 2007).

Chapter I General introduction 7 BOX 1. Critical thermal limits (CTLs)

The Critical thermal limits are described by the CTMin and CTMax and include also the preferred temperature (Le Lann et al. 2011). For testing theory about environmental limitations at low temperatures, critical thermal minima (CTMin) have been used as measures of fitness and performance in a wide variety of species. CTMin determination involve cooling an organism from a starting temperature until physiological failure (e.g., loss of muscle response) (Terblanche et al. 2007;[START_REF] Macmillan | Mechanisms underlying insect chill-coma[END_REF]Le Lann et al. 2011). When insects are cooled, two main kinds of response were identified corresponding to two different definitions: Locomotion trouble is used because it is an ecologically relevant parameter.

The animal is still able to walk but without coordination, which corresponds to the loss of coordinated muscle functions (CTMin1), whereas Chill coma (CTMin2) is a reversible state where neuromuscular transmission and movement cease that include a series of behavioral and physiological events (including CTMin1). In many research with insects, it has been observed that CTMin1 and chill coma have been used as synonymous, however this is incorrect. (Figure 1.2) (Terblanche et al. 2007;[START_REF] Hazell | Low temperature thresholds: Are chill coma and CTmin synonymous?[END_REF]. Chapter I General introduction 8

Thermal stress effects on life-history traits and fitness

Ectotherms experience repeated environmental thermal stress exposure on multiple time scales in natural environments [START_REF] Marshall | Repeated freezing induces a trade-off between cryoprotection and egg production in the goldenrod gall fly, Eurosta solidaginis[END_REF]. Selection acts on the ability of ectotherms to function optimally within the range of temperatures that they regularly face to minimize fitness costs during exposure to suboptimal temperatures [START_REF] Bale | IInsect cold hardiness: freezing and supercooling-an ecophysiological perspective Bale JS (2002) Insects and low temperatures: from molecular biology to distributions and abundance[END_REF]Angilletta Jr 2009). The effects of thermal stress can carry over different life stages and can even have a transgenerational effect (Tougeron et al. 2020).

Fluctuating temperatures (high or low ones) can allow development outside the temperatures where it would normally occur with consequences on performance (fitness) (Colinet et al. 2015) (Colinet et al. 2015). As measuring lifetime reproductive success is often difficult, traits positively correlated with reproductive success are often measured (e.g., morphology, development duration, longevity, egg load, or mating success) (Roitberg et al. 2001). For instance, it has been known that morphology (i.e., body size, shape), integrate the stress experienced during development and can thus provide a measure of developmental stability in changing environments (Colinet et al. 2015). On the other hand, it has been assumed the close relationship between temperature and development, vital for understanding a diversity of biological processes [START_REF] Honěk | Temperature and development time in insects: a general relationship between thermal constants[END_REF]. At low temperatures, slower development appears to be the norm when the minimum temperature is not detrimental [START_REF] Ratte | Temperature and Insect Development[END_REF]. The temperature-size rule predicts that development at low temperatures should result in larger insects (Atkinson 1994). These responses depend on the thermal mean that is used and its proximity to developmental thresholds (Colinet et al. 2015). Longevity is another trait affected by thermal stress in many species. For instance, it was observed in Cotesia marginiventris (Cresson) (Hymenoptera: Braconidae) where its life span declined significantly due to increasing temperature [START_REF] Butler | Predicting population dynamics of the parasitoid Cotesia marginiventris (Hymenoptera: Braconidae) resulting from novel interactions of temperature and selenium[END_REF]. Similar response was recorded in Drosophila melanogaster Meigen (Diptera, Drosophilidae) after cold stress exposition [START_REF] Koštál | Delayed mortality and sublethal effects of cold stress in Drosophila melanogaster[END_REF].

When the temperature is close to the lethal thermal limits, insects can harbor thermal injuries, which result in a decreased fecundity [START_REF] Melicher | Fluctuating thermal regimes extend longevity and maintain fecundity to increase shelf-life of Drosophila melanogaster cultures[END_REF]. Fecundity is a central component of fitness and can thus be used as a proxy to assess fitness consequences at low temperatures (Le Ralec et al. 2010;Hahn and Denlinger 2010). For instance, cold exposures (below 0•C) decrease reproductive output in Drosophila melanogaster [START_REF] Marshall | Repeated stress exposure results in a survival-reproduction trade-off in Drosophila melanogaster[END_REF]. Also, it has been reported that heat stress has detrimental effects on oocytes and ovarian development in females which could lead to a decrease in egg production in Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae) (Noor-Ul-Ane et al. 2018).

Chapter I General introduction 9

In addition, exposure to low temperatures may cause cellular damage, metabolism, and physiological perturbations (Zamorano et al. 2017). Cold exposure can induce chilling injuries that lead to a complex physiological disruption such as loss of ions and water homeostasis, which result in the disorder of neuromuscular functions, that can ultimately cause death [START_REF] Overgaard | The Integrative Physiology of Insect Chill Tolerance[END_REF].

Recent studies have also shown substantial levels of DNA damage in hemocytes when insects were heat and cold stressed, suggesting temperature stress can affect DNA integrity [START_REF] Lubawy | Thermal stress causes DNA damage and mortality in a tropical insect[END_REF].

Different types of responses to thermal stress

In insects, in addition to variability in environmental temperature and duration of the growing season, their responses to environmental stress are an important key to cope with different environments (Addo-Bediako et al. 2000;[START_REF] Hoffmann | Adaptation of Drosophila to temperature extremes: bringing together quantitative and molecular approaches[END_REF]Kellermann and van Heerwaarden 2019). In general, insects' response to environmental stressors depends on their intensity and duration. According to duration, stress is classified as acute (i.e., short-duration), or chronic (i.e., long-duration), with acute stressors being more frequent than chronic stressors [START_REF] Schulte | What is environmental stress? Insights from fish living in a variable environment[END_REF]. While some species expand rapidly and respond successfully to stressful environments, others tend to fail and consequently suffer population decline in response to stressful environments (Angilletta Jr 2009;Denlinger and Lee 2010;Colinet et al. 2015). To live successfully at low temperatures there is an integration of behavioral, developmental, physiological and biochemical syndrome of traits (Tauber et al. 1986;Danks 1991;Sinclair et al. 2003), which are shaped by genetic adaptations and/or plastic responses [START_REF] Sandoval-Castillo | Adaptation of plasticity to projected maximum temperatures and across climatically defined bioregions[END_REF]. These traits allow organisms to maintain steady internal conditions required for physiological functioning (Figure. 1.3) through different mechanisms such as plasticity or adaptation. 

Local adaptation to temperatures

The ability of natural populations to respond to environmental changes will depend on the level and type of perturbation the organisms experience, and on their capability to respond to them.

Temperature effects extend from the molecular level to the whole organism (Angilletta Jr 2009). Genetic variation for physiological and life-history traits inside natural populations is shaped by a random genetic drift, flow genes and natural selection or a combination of these and maintained by different process such as mutation and recombination [START_REF] Logan | Natural selection on thermal performance in a novel thermal environment[END_REF][START_REF] Lancaster | Gene expression under thermal stress varies across a geographical range expansion front[END_REF]. Understanding the extent to which exposure to extreme conditions impacts fitness traits is critical to recognize the evolutionary potential and constraints on thermal adaptation [START_REF] Porcelli | Local adaptation of reproductive performance during thermal stress[END_REF]. Insects that experience different thermal gradients may exhibit variation in adaptive responses to fluctuating temperatures (Colinet et al. 2015). Insects are able to adjust their physiology and behavior to maximize their fitness in extreme conditions [START_REF] Chown | Physiological variation in insects: hierarchical levels and implications[END_REF] through different mechanism such as plasticity (see below). Nevertheless, in the absence of broad gene flow, widely distributed species may be genetically structured into isolated populations. Divergent selective pressures in local environments can result in population differentiation according to their thermal biology, and their patterns of critical thermal limits (Overgaard and Sørensen 2008;[START_REF] Jackson | Local adaptation across a complex bioclimatic landscape in two montane bumble bee species[END_REF].

Insects with broad and/or restricted distributions experience some degree of spatial and temporal environmental variation. This variation includes large-scale climatic gradients where temperature changes Chapter I General introduction 11 with latitude or elevation or a small-scale (microhabitats) (Tougeron et al. 2016;Kellermann and van Heerwaarden 2019). Populations are locally adapted when populations have the highest relative fitness at their local environment and lower fitness in other parts of the range [START_REF] Heath | Adaptation of the Thermal Responses of Insects[END_REF][START_REF] Porcelli | Local adaptation of reproductive performance during thermal stress[END_REF][START_REF] Marshall | Evolutionary impacts of winter climate change on insects[END_REF]. Many studies have analyzed responses to thermal stress in insects and quantified local adaptation. In particular, critical thermal limits (CTLs) have received much interest to provide evidence of species distribution, ecology and evolution related to optimal thermal performance (García-Robledo et al. 2016), with many evidence from a variety of species demonstrating local adaptation to temperature ( see Sternberg and Thomas 2014 and references inside). For instance, adaptations have been observed on an evolutionary scale (multiple generations) in populations of drosophilid species (Drosophila spp) through differences both between and within species where the upper and lower thermal tolerance limits are correlated with the environmental gradient [START_REF] Hoffmann | Adaptation of Drosophila to temperature extremes: bringing together quantitative and molecular approaches[END_REF]. These results suggest that tolerance to extreme temperatures varies between species and populations of Drosophila, associated with the local temperature conditions experienced by the populations. Also, local adaptation was observed in winter diapause expression of aphid parasitoids where the incidence of diapause was higher in Canadian populations (harsh winter) than in French populations (mild winters) even when they experience French climate, suggesting a strong genetically determined local adaptation in harsh winter parasitoid populations (Tougeron et al. 2018d). Therefore, understanding the response of species to thermal challenges requires an understanding of their acute responses to environmental variability.

Plasticity as a response to environment variability

In general, phenotypic plasticity can be defined as the capacity of a single genotype to exhibit variable phenotypes in different environments [START_REF] Fusco | Phenotypic plasticity in development and evolution: facts and concepts[END_REF][START_REF] Gibert | Phenotypic plasticity, global change, and the speed of adaptive evolution[END_REF], it is common in insects and is often highly adaptive [START_REF] Whitman | Phenotypic plasticity of insects: mechanisms and consequences[END_REF]. Phenotypic plasticity can occur within a generation or over successive generations (transgenerational plasticity) [START_REF] Ghalambor | Non-adaptive plasticity potentiates rapid adaptive evolution of gene expression in nature[END_REF] and it is usually represented by the relationship between environment and phenotype for a given genotype called a reaction norm [START_REF] Uller | Developmental plasticity and evolutionary explanations[END_REF]. A reaction norm is a function or series of functions defining the change in a genotype's phenotype across a changing environment (Figure 1.4), where genotypes inherit the genetic capability to produce each of the different phenotypes in the various environments [START_REF] Nussey | The evolutionary ecology of individual phenotypic plasticity in wild populations[END_REF]. Plasticity can affect the genotype of different ways. Phenotypic plasticity It could be passive, Chapter I General introduction 12 anticipatory, instantaneous, delayed, continuous, discrete, permanent, reversible, beneficial or detrimental [START_REF] Whitman | Phenotypic plasticity of insects: mechanisms and consequences[END_REF].

Phenotypic plasticity could be crucial to enhance survival and explain variation in the success of species to resist a change in their environment [START_REF] Sgrò | What Can Plasticity Contribute to Insect Responses to Climate Change?[END_REF][START_REF] Abram | Behavioural effects of temperature on ectothermic animals: unifying thermal physiology and behavioural plasticity[END_REF][START_REF] Van Baaren | Plasticity in a changing world: behavioural responses to human perturbations[END_REF]. The role of behavioral and physiological plasticity in thermal adaptation has been widely recognized [START_REF] Abram | Behavioural effects of temperature on ectothermic animals: unifying thermal physiology and behavioural plasticity[END_REF]. This includes various developmental trajectories in response to specific environmental cues, and the ability of an individual to adjust its activity in response to environmental variations [START_REF] Seebacher | Physiological plasticity increases resilience of ectothermic animals to climate change[END_REF][START_REF] Sgrò | What Can Plasticity Contribute to Insect Responses to Climate Change?[END_REF][START_REF] Lafuente | Genetic basis of thermal plasticity variation in Drosophila melanogaster body size[END_REF]. Phenotypic plasticity may affect species distribution and vulnerability, it also may impact positively or negatively the ability to adapt to challenges arising in different environments with consequences on population persistence [START_REF] Leonard | Maladaptive plasticity facilitates evolution of thermal tolerance during an experimental range shift[END_REF]. For instance, it has been demonstrated that the physiological degree of cold hardening in Drosophila suzukii (Diptera, Drosophilidae) depend on the acclimation temperature to which the insects are exposed during its development [START_REF] Stockton | Phenotypic Plasticity Promotes Overwintering Survival in A Globally Invasive Crop Pest, Drosophila suzukii[END_REF]. In nature, predictable climatic variability favors the emergence of phenotypic plasticity, which plays an important role in the ecology and evolution of organisms [START_REF] Fusco | Phenotypic plasticity in development and evolution: facts and concepts[END_REF][START_REF] Sgrò | What Can Plasticity Contribute to Insect Responses to Climate Change?[END_REF][START_REF] Gibert | Phenotypic plasticity, global change, and the speed of adaptive evolution[END_REF]. This suggests that organisms with more plasticity in how they respond to the environment may have better capability to survive in novel and/or changing environments [START_REF] Gibert | Phenotypic plasticity, global change, and the speed of adaptive evolution[END_REF]. 
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As environmental variability exerts selection pressure on fitness traits, phenotypic plasticity (adaptive and non-adaptive) and bet-hedging that is an evolutionary strategy that decreases the temporal variance in fitness at the expense of a lowered arithmetic mean fitness (Gianella et al. 2021) are expected [START_REF] Joschinski | Diapause and bet-hedging strategies in insects: a meta-analysis of reaction norm shapes[END_REF] the latter more often in unpredictable environments. Adaptive plasticity evolves when the environmental cues are reliable and environments vary frequently (selection for plasticity is strong) [START_REF] Acasuso-Rivero | Adaptive phenotypic plasticity for life-history and less fitness-related traits[END_REF]. Genetic and environmental correlations (genotype x environment interaction G x E) are themselves plastic and plastic responses can facilitate adaptation involving genetic change [START_REF] Whitman | Phenotypic plasticity of insects: mechanisms and consequences[END_REF][START_REF] Acasuso-Rivero | Adaptive phenotypic plasticity for life-history and less fitness-related traits[END_REF], this is the first step in adaptation to new environments; reducing the cost of directional selection [START_REF] Ghalambor | Non-adaptive plasticity potentiates rapid adaptive evolution of gene expression in nature[END_REF]. The evolutionary response of an individual to selection pressure is dependent on the strength of the directional selection and the amount of genetic variance, allowing plastic individuals to have a higher fitness in the new environment [START_REF] Gotthard | The diapause decision as a cascade switch for adaptive developmental plasticity in body mass in a butterfly[END_REF]. Thus, understanding how plasticity in a trait impacts its heritability should allow predicting the rate of evolutionary change in a population [START_REF] Gibert | Temperature directly and indirectly influences food web structure[END_REF]. The diapause strategy is a good example of adaptive plasticity [START_REF] Sgrò | What Can Plasticity Contribute to Insect Responses to Climate Change?[END_REF]). However, plasticity can be non-adaptive when the phenotype produced is further away the optimum (sub-optimal) in terms of individual fitness [START_REF] Whitman | Phenotypic plasticity of insects: mechanisms and consequences[END_REF][START_REF] Ghalambor | Non-adaptive plasticity potentiates rapid adaptive evolution of gene expression in nature[END_REF]. For instance, extreme environments outside the range of historical conditions may produce non-adaptive plasticity because selection has not had the opportunity to shape the plastic response [START_REF] Ghalambor | Non-adaptive plasticity potentiates rapid adaptive evolution of gene expression in nature[END_REF]). However, it has been observed that "adaptive plasticity" impedes evolution, whereas 'non-adaptive' plasticity facilitates evolution [START_REF] Ghalambor | Non-adaptive plasticity potentiates rapid adaptive evolution of gene expression in nature[END_REF]. Plasticity and bet-hedging strategies are intricately related (Le Lann et al. 2021;[START_REF] Joschinski | Diapause and bet-hedging strategies in insects: a meta-analysis of reaction norm shapes[END_REF]). In the nature, environmental heterogeneity and climatic predictable variability favor the emergence of phenotypic plasticity, which plays an important role in the ecology and evolution of organisms [START_REF] Fusco | Phenotypic plasticity in development and evolution: facts and concepts[END_REF][START_REF] Sgrò | What Can Plasticity Contribute to Insect Responses to Climate Change?[END_REF][START_REF] Gibert | Phenotypic plasticity, global change, and the speed of adaptive evolution[END_REF]. However, in unpredictable thermal conditions plasticity will not be selected and bet hedging will be favored (Le Lann et al. 2021).

In addition, the effect of environmental conditions on phenotype expression may occur at distinct scales (Rodrigues and Beldade 2020): 1) Modification in progeny phenotype depends on parental environment, 2) modification in adult phenotype in response to adult environment (reversible changes in traits), acclimation correspond a classical example for this response [START_REF] Sgrò | What Can Plasticity Contribute to Insect Responses to Climate Change?[END_REF], and 3) change in phenotype that depends on the conditions experienced during development resulting in a phenomenon called developmental plasticity. [START_REF] Gotthard | The diapause decision as a cascade switch for adaptive developmental plasticity in body mass in a butterfly[END_REF]. For instance, facultative diapause in insects is Chapter I General introduction 14 a well-documented example of developmental plasticity [START_REF] Nylin | The effect of landscape context on the biological control of Sitobion avenae: temporal partitioning response of natural enemy guilds[END_REF], allowing insects to face with variable environments. Therefore, phenotypic plasticity in a variety of traits will be the first response of insects to environmental changes [START_REF] Gibert | Phenotypic plasticity, global change, and the speed of adaptive evolution[END_REF]. Understanding the role plasticity and bet-hedging play is important to better know the persistence of individuals and populations in response to changing environments [START_REF] Gotthard | The diapause decision as a cascade switch for adaptive developmental plasticity in body mass in a butterfly[END_REF][START_REF] Nyamukondiwa | Basal cold but not heat tolerance constrains plasticity among Drosophila species (Diptera: Drosophilidae)[END_REF][START_REF] Abram | Behavioural effects of temperature on ectothermic animals: unifying thermal physiology and behavioural plasticity[END_REF].

Fitness trade-offs for thermal stress

The expression of most physiological and life-history traits is negatively affected by high levels of thermal stress (see before). According to life-history theory, the fitness of individuals (e.g., reproduction, maintenance, dispersal) are limited by trade-offs that maximize fitness while balancing the energy cost [START_REF] Stearns | Trade-Offs in Life-History Evolution[END_REF], since individuals are unable to optimize the values of all their traits at the same time due to energetic constraints, maximizing the value of one trait [START_REF] Marshall | Repeated stress exposure results in a survival-reproduction trade-off in Drosophila melanogaster[END_REF]. More accurately, a trade-off may be defined as a decrease in the investment of non-selected characters that accompanies adaptation to new selective conditions [START_REF] Pörtner H 0 | Trade-offs in thermal adaptation: the need for a molecular to ecological integration[END_REF]. Life history traits are typically highly sensitive to environmental variability, these thermal sensitivities cause a limit on the ectotherm's performance associated to growth, development, and reproduction [START_REF] Angilletta | The evolution of thermal physiology in ectotherms[END_REF]. Trade-offs are a main assumption of optimality models of life-history evolution. They offer an explanation for the wide-ranging existence of variable life-history traits in natural populations [START_REF] Zera | The physiology of life history trade-offs in animals[END_REF]. In insects, unfavorable environmental conditions can produce important physiological and behavioral changes and, given limited resources, force survival and reproductive trade-offs (Lancaster et al.2017). For instance, it has been observed that starvation act as a positive stressor improving cold tolerance in Bombyx mori (Linnaeus) (Lepidoptera: Bombycidae), however at the same time, it acts as a negative stressor and decrease the heat tolerance, which suggest the existence of a trade-off between traits within an individual [START_REF] Hoffmann | Evidence for a robust sex-specific trade-off between cold resistance and starvation resistance in Drosophila melanogaster[END_REF]. It has been known that one potential cause of trade-offs is the higher allocation of a limited resource: a clear example is that energy allocated to reproduction is unavailable for somatic growth (Angilletta and Dunham 2003). Trade-offs are modulated by environmental context; thus, it is important to consider how environmental change affects trade-off shape [START_REF] Jessup | The shape of an ecological trade-off varies with environment[END_REF].

Trade-offs between expressed physiological traits can also occur during similar or different times in the life cycle of insects [START_REF] Zera | The physiology of life history trade-offs in animals[END_REF], since this latter is correlated with temperature (Angilletta and Dunham 2003).

Chapter I General introduction 15 Response to stressful temperatures may result in trade-off for a given characteristic related to fitness. It has been proposed that organisms may trade-off thermal tolerance and performance under heterogeneous thermal condition. For instance, it has been observed that repeated freezing events in D. melanogaster significantly increased cryoprotection but decreased egg production due to a shift in lipids [START_REF] Marshall | Repeated freezing induces a trade-off between cryoprotection and egg production in the goldenrod gall fly, Eurosta solidaginis[END_REF]. Therefore, integrating trade-offs is important to understand their response to modifications in seasonal environments (Tougeron et al. 2020). Predicting how often trade-offs limit the evolution of thermal tolerance has strong consequences for understanding species at risk to climate change (van Heerwaarden and Kellermann 2020).

Seasonal thermal stress

Seasonality describes predictable events referring to both periodic changes in the physical environment and the biological response to these changes [START_REF] Powell | Insect seasonality: circle map analysis of temperature-driven life cycles[END_REF]. Seasonal cycles in photoperiod and temperature are the most important cues used by organisms to maintain internal clock 1 .

Generally, the measurement of time has been closely linked to phenology [START_REF] Powell | Insect seasonality: circle map analysis of temperature-driven life cycles[END_REF]Kellermann and van Heerwaarden 2019) and strongly shapes all aspects of life cycle for ectotherms [START_REF] Williams | Understanding Evolutionary Impacts of Seasonality: An Introduction to the Symposium[END_REF]. Spatial and temporal variability of temperatures are often considered separately [START_REF] Roberts | Seasonal Strategies in Insects[END_REF]. However, in nature, temperatures fluctuate between seasons and varies among habitats [START_REF] Ragland | The effect of fluctuating temperatures on ectotherm life-history traits: comparisons among geographic populations of Wyeomyia smithii[END_REF]). In the last fifty years, ecologists have been paying attention to the effects of the abiotic environment on the development, survival and reproduction of insects and how these relationships are modified through time and space (Sinclair et al. 2003).

Changes in seasonal temperatures in insects often require thermal regulations. Therefore, depending on the time of the year, environment can provide resources and favor development or physical conditions are unsustainable and resources are scarce (Danks 2007). The alternation between favorable and unfavorable seasons in temperate regions is the most significant variation in temperatures [START_REF] Marshall | Evolutionary impacts of winter climate change on insects[END_REF]. During the winter season, low surface temperatures are the main feature accompanied by additional abiotic stressors such as wind, precipitation, and solar radiation [START_REF] Sinclair | Cross-tolerance and Cross-talk in the Cold: Relating Low Temperatures to Desiccation and Immune Stress in Insects[END_REF]). In the same way, summer conditions may also be stressful for insects due to the frequency or duration of high 1 An "internal-clock" is a central feature of time perception.

Chapter I General introduction 16 temperatures that also induce a decrease of available resources [START_REF] Andrew | Can temperate insects take the heat? A case study of the physiological and behavioural responses in a common ant, Iridomyrmex purpureus (Formicidae), with potential climate change[END_REF]. Seasonality tends to translate into seasonal activity patterns in insects. Often, cold seasons alternate with warmer seasons, and rainy periods may alternate with drier times [START_REF] Wolda | Insect seasonality: why?[END_REF]. In this context, environmental variation requires conservative physical and physiological adaptations in ectotherms, which determine species distributions and compositions [START_REF] Marshall | Evolutionary impacts of winter climate change on insects[END_REF].

Insects living in temperate environments have evolved different strategies to cope with the variability of environmental factors such as low winter temperature, summer heat, or low resource availability. These strategies involve behavioral and physiological mechanisms allowing to survive under weather changes and seasonality (Tauber et al. 1986;Tougeron et al. 2020). Below, some of the most relevant mechanisms found in insects are described: 1) Migration, allow insects to connect populations with their habitat requirements through their seasonal movements processes [START_REF] Bauer | Migratory Animals Couple Biodiversity and Ecosystem Functioning Worldwide[END_REF][START_REF] Wotton | Mass Seasonal Migrations of Hoverflies Provide Extensive Pollination and Crop Protection Services[END_REF]. 2) Diapause, an alternative developmental strategy characterized by developmental arrest initiated in advance of unfavorable seasonal conditions (Tauber et al. 1986;Tougeron 2019) which serve to overcome harsh conditions [START_REF] Powell | Insect seasonality: circle map analysis of temperature-driven life cycles[END_REF], and 3) ´remain active` that is a physiological mechanism for organisms living in temperate environments with strong seasonality [START_REF] Powell | Insect seasonality: circle map analysis of temperature-driven life cycles[END_REF]. Ectotherms, have direct temperature control (Danks 1987). Thus, an understanding of the physiological traits associated with seasonality is critical for understanding how animals cope with extended periods of stress. On the one hand, it is important to maintain resilience with respect to stochastic climate events and on the other hand, it is advantageous to adapt to changing climate to exploit new environments or persist in the environment of origin [START_REF] Kurylyk | Climate change impacts on groundwater and soil temperatures in cold and temperate regions: Implications, mathematical theory, and emerging simulation tools[END_REF].

Environmental gradients

An environmental gradient is a gradual change in abiotic factors and, consequently, in biotic factors, through space or time (Barletta and Dantas 2016). The environment is hyperdimensional and consists of all those external variables to the organism. Abiotic factors include temperature, humidity solar radiation; while biotic factors include the existing of all organisms [START_REF] Hohenegger | Species as the basic units in evolution and biodiversity: Recognition of species in the Recent and geological past as exemplified by larger foraminifera[END_REF][START_REF] Faith | Fundamentals of Ecology and Biogeography[END_REF]. Variability in the environment impacts the structure and dynamics of all organisms. These influences from individual to ecosystems level (Figure 1.5) (Danks 1991;[START_REF] Hoffmann | Environmental stress as an evolutionary force[END_REF]Gotthard 2001;[START_REF] Danks | Insect adaptations to cold and changing environments[END_REF]. To evaluate the environment variability and its consequences, there are two Chapter I General introduction 17 general assumptions. First, the latitudinal or/and altitudinal gradient in geographic range size is a consequence of climatic variability and, second, that there is a matching cline in the life-history traits (Gaston et al. 1998).

The latitudinal gradient of the increasing richness of biodiversity from the poles to the equator in many taxa of ectotherms is a recognized pattern in ecology. [START_REF] Willig | Latitudinal gradients of biodiversity: pattern, process, scale, and synthesis[END_REF]Hillebrand 2004). In the last decades many research also began to evaluate the latitudinal patterns involving ecological functions, evolutionary ecology, physiological and life-history traits, and species interactions (Addo-Bediako et al. 2000;[START_REF] Castañeda | Adaptive latitudinal shifts in the thermal physiology of a terrestrial isopod[END_REF]Chown et al. 2004;Frenne et al. 2013;[START_REF] Roslin | Latitudinal gradients: higher predation risk for insect prey at low Chapter I General introduction 51 latitudes and elevations[END_REF][START_REF] Buckley | Insect development, thermal plasticity and fitness implications in changing, seasonal environments[END_REF].

One of the long-studied patterns is the Rapoport's rule that states that the size of the distribution ranges of species are related to latitude. This rule was later extended to altitude [START_REF] Rapoport | Areografía :estrategias geográficas de las especies[END_REF]Stevens 1989;[START_REF] Willig | Latitudinal gradients of biodiversity: pattern, process, scale, and synthesis[END_REF]. This rule suggests that more variable climate at high latitudes results in broader physiological tolerances allowing species to inhabit larger ranges (Stevens 1989). The hypothesis of latitudinal biotic interactions predicts that the strength of biotic interactions increases from high to low latitudes (Schemske et al. 2009), suggesting that low levels of competition are due to lower species richness in temperate regions. This hypothesis was initially developed on the striking difference in the diversity and intensity of biotic interactions among tropical and temperate climates [START_REF] Roslin | Latitudinal gradients: higher predation risk for insect prey at low Chapter I General introduction 51 latitudes and elevations[END_REF]. Geographical gradients are characterized by gradual changes although sometimes may be more sudden. [START_REF] Körner | The use of "altitude" in ecological research[END_REF]. High latitudes (and altitudes) are often colder than low latitudes (and altitudes) with short growing seasons, conditions that challenge insects to complete their development and to reproduce [START_REF] Johansson | Temperate insects with narrow seasonal activity periods can be as vulnerable to climate change as tropical insect species[END_REF]). In the last century, climate change may be the largest anthropogenic disruption on natural systems and its impact on species is likely to vary geographically (Thomas et al. 2004). The high latitudes and high elevations are likely to experience greater warming than the global mean warming, especially in winter [START_REF] Deutsch | Impacts of climate warming on terrestrial ectotherms across latitude[END_REF]). In addition, climate models project that winter Chapter I General introduction 18 and nighttime temperatures (minimum temperatures) continue to increase disproportionately in temperate areas compared to others [START_REF] Falconnier | Contrasted response to climate change of winter and spring grain legumes in southwestern France[END_REF]). These climatic disturbances can shape ecosystems by influencing their species composition, structure and functional processes and the interactions between species and populations (van Baaren et al. 2010;Tylianakis and Binzer 2014;[START_REF] Tseng | Body size explains interspecific variation in size-latitude relationships in geographically widespread beetle species[END_REF]Tougeron et al. 2020). Consequently, there is a growing interest in understanding not only the factors of global environmental change and derived disturbances, but also their consequences on the different biological interactions [START_REF] Rosenblatt | Interactive effects of multiple climate change variables on trophic interactions: a meta-analysis[END_REF]). for which a major impact is expected at high latitudes [START_REF] Beck | The IPCC and the new map of science and politics[END_REF].

Studies comparing populations across sites with contrasting temperatures, such as latitudinal (and altitudinal) gradients, may provide a unique opportunity to investigate how organisms respond to thermal extremes on the structuring and functioning of communities and ecosystems (Addo-Bediako et al. 2000;Sinclair et al. 2003;Chown et al. 2004;Hodkinson 2005;Frenne et al. 2013;[START_REF] Roslin | Latitudinal gradients: higher predation risk for insect prey at low Chapter I General introduction 51 latitudes and elevations[END_REF].

Therefore, variation of temperature across geographic gradients is expected to produce physiological differentiation and local adaptation of natural populations depending on their thermal tolerances and physiological sensitivities [START_REF] Roberts | Seasonal Strategies in Insects[END_REF][START_REF] Pörtner H 0 | Trade-offs in thermal adaptation: the need for a molecular to ecological integration[END_REF][START_REF] Porcelli | Local adaptation of reproductive performance during thermal stress[END_REF], showing that these parameters usually co-vary with geographic clines (e.g., latitude) [START_REF] Castañeda | Adaptive latitudinal shifts in the thermal physiology of a terrestrial isopod[END_REF]).

Local adaptation and phenotypic plasticity to thermal environments can cause different patterns of thermal performance across the geographic range of ectothermic species [START_REF] Yampolsky | Adaptive phenotypic plasticity and local adaptation for temperature tolerance in freshwater zooplankton[END_REF][START_REF] Schulte | What is environmental stress? Insights from fish living in a variable environment[END_REF]. Whether geographic clines are adaptive depends on the trait and the environmental factors (e.g., temperature). In local adaptation, populations show genetic differences for environmental conditions corresponding to location-specific variations (e.g., local mean, minimum or maximum temperature) [START_REF] Lancaster | Gene expression under thermal stress varies across a geographical range expansion front[END_REF][START_REF] Xue | Adaptation of Drosophila species to climate change -A literature review since 2003[END_REF]. Local adaptation and phenotypic plasticity may develop together and usually is difficult to separate their relative influences (Lasse [START_REF] Fast | Local adaptation in brown trout early life-history traits: implications for climate change adaptability[END_REF]. For instance, it has been shown that geographic distribution of Drosophila has a strong correlation with its pattern of thermal tolerance. [START_REF] Xue | Adaptation of Drosophila species to climate change -A literature review since 2003[END_REF] and have greater cold tolerance [START_REF] Schmidt | Reproductive diapause and life-history clines in north american populations of Drosophila melanogaster[END_REF]. Moreover, because of the stronger influence of season length and temperature on the life cycle of insects, it can be expected a latitudinal variation in diapause expression among populations (Paolucci et al. 2013). In populations of D. melanogaster from higher latitudes in USA, it has been observed a greater diapause incidence at high latitudes than low latitudes [START_REF] Schmidt | Geographic variation in diapause incidence, life-history traits, and climatic adaptation in Drosophila melanogaster[END_REF]. Thus, environmental gradients represent a powerful framework for examining the extent to which locally adapted populations vary in their plastic response to environmental variability (De Frenne et al. 2013).
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Strategies employed by ectotherms to escape winter unfavorable conditions

Migration

Under unfavorable conditions, migratory species comprise a significant proportion of all animals [START_REF] Chapman | Seasonal migration to high latitudes results in major reproductive benefits in an insect[END_REF][START_REF] Chapman | Long-range seasonal migration in insects: Mechanisms, evolutionary drivers and ecological consequences[END_REF]. Under both behavioral and ecological definitions of migration, the migration is characterized by some degree of return. [START_REF] Chapman | Long-range seasonal migration in insects: Mechanisms, evolutionary drivers and ecological consequences[END_REF]. The range of movement can vary from within a short distance for some insect species (e.g., wingless aphids) to thousands of kilometers in the case of other species (e.g., butterflies) [START_REF] Sheikh | Diverse adaptations in insects: A Review[END_REF]. The occurrence of a species is typically related to the distribution of resources, but migratory species frequently move across unsuitable habitats while making migratory movements [START_REF] Flockhart | Unravelling the annual cycle in a migratory animal: breeding-season habitat loss drives population declines of monarch butterflies[END_REF]. Therefore, this strategy of the active insects may represent a multigenerational bet-hedging strategy that allows the offspring to avoid deteriorating environmental conditions [START_REF] Holland | How and Why Do Insects Migrate?[END_REF]. Numerous insect species, of several insect orders migrate poleward from low latitudes each spring to exploit temporary resources where they can reproduce during the summer but are unable to survive over winter [START_REF] Chapman | Seasonal migration to high latitudes results in major reproductive benefits in an insect[END_REF]. Studies on seasonal migration of insects are mostly focused on the monarch butterfly Danaus plexippus (Linnaeus) (Lepidoptera, Nymphalidae) [START_REF] Flockhart | Unravelling the annual cycle in a migratory animal: breeding-season habitat loss drives population declines of monarch butterflies[END_REF] but is also present in other insects [START_REF] Saunders | Photoperiodism in insects: migration and diapause responses[END_REF].

Diapause in insects

Depending on the predictability of temperature and photoperiod changes, dormancy is either quiescent or diapause mediated (Saunders 2020). Quiescence is the response of individual insects to a sudden unanticipated, non-cyclic and usually short duration deviation of normal environmental conditions that triggers the interruption of growth due to environmental conditions. This is probably a phenomenon confined to early winter when periods of adverse conditions (e.g., low temperature) induce a retardation of growth, development, and reproduction (Leather et al. 1995;Hance et al. 2007). The main differences between diapause and quiescence are that in diapause there is a definite preparatory phase (most often initiated by a temperature and photoperiod) which involves metabolic changes [START_REF] Diniz | Diapause and quiescence: dormancy mechanisms that contribute to the geographical expansion of mosquitoes and their evolutionary success[END_REF] Chapter I General introduction 20 Diapause is a well-studied seasonal survival strategy, where insects respond to environmental cues such as the autumnal changes in day length or night length (i.e., to photoperiod) and decrease in temperature that occur well in advance of approaching winter (Tauber et al. 1986;Tougeron 2019;Saunders 2020) and occurs at a species-specific stage of ontogenesis. Diapause is a dynamic state (Box 2) of low metabolic activity, genetically determined, neuro-hormonally mediated that include several phases. It is characterized by behavioral inactivity, morphogenesis, and reproductive functions arrest, and slowing growth. Contrary, summer diapause commonly occurs in areas with hot and dry summers (the "active" stages of the life cycle are restricted to cooler and wetter seasons) (see below). Once induced, diapause cannot be immediately terminated even if favorable conditions for development appear (Leather et al. 1995;Koštál 2006). On the contrary, in quiescence once the stimulus that induces the process ceases, physiological activity is restored [START_REF] Diniz | Diapause and quiescence: dormancy mechanisms that contribute to the geographical expansion of mosquitoes and their evolutionary success[END_REF].

Box 2: Diapause phases in insects

Diapause is a dynamic process consisting of three main successive phases (Koštál 2006). These phases are based on physiological processes, which are significantly modified by diverse environmental factors: (1) pre-diapause; (2) diapause; and (3) post-diapause and each phase may include some subphases (Figure 1.6). The induction sub-phase occurs at a genetically predetermined stage of the life cycle and occurs in anticipation of environmental stress. This receptive stage can occur during the life of the individual or in subsequent generations. During this phase, individuals respond to external signals called "token stimuli" (e.g., photoperiod, temperature, etc.) that opens the routes to diapause. These stimuli are either favorable or unfavorable per se, but they are harbingers of impending environmental changes. The preparation sub-phase generally follows the induction phase. During this phase, insects accumulate and store molecules such as lipids, proteins, and carbohydrates. These molecules are used in the maintenance of the insect during diapause and provide nutrition for the development that follows the termination of diapause. For instance, there may be alterations in the composition of the cuticle due to changes in the composition of carbohydrates and the addition of lipids or decrease in water. These phases are included in the pre-diapause phase. The diapause phase begins with the initiation sub-phase when morphological development stops. In some cases, this change can be very clear and includes the ecdysis going to a specific stage of diapause or it can be accompanied by color changes. There may be enzymatic changes in Chapter I General introduction 21 preparation for resistance to cold, probably decrease of metabolic rate represents the most general feature of this sub-phase. After, the maintenance sub-phase, the insect's metabolism remains at low rate and developmental arrest persists. In insects that expresses obligate diapause, termination sub-phase may occur spontaneously, without any external stimulus, in those with facultative diapause a token stimulus is needed for ending diapause. Diapause is terminated by a combination of unknown endogenous processes and specific change of environmental conditions (exogenous diapause), during which insects can respond developmentally to external conditions (Lehmann et al. 2017). Decrease of diapause intensity to its minimum level is promoted by specific changes in environmental conditions (e.g., chilling, freezing) and subsequent resumption of direct development is enabled. Finally, when unfavorable conditions are encountered after diapause termination, most insects remain dormant and enter a state of post-diapause quiescence which allow the organisms to continue development at low rate until reaching positive environmental conditions (Koštál 2006). In diapausing insects, the metabolic rate is held relatively low and constant. The individuals maintain their diapause ensuring that developmental arrest persists for a certain period of time (several weeks or months) (Koštál 2006). Different studies show similarities in specific gene expression between Chapter I General introduction 22 species, proposing the existence of a conserved suite of genes (named "tool-kit") that mediates the behavioral and physiological changes associated with the maintenance of the diapause state across insect species [START_REF] Poelchau | Deep sequencing reveals complex mechanisms of diapause preparation in the invasive mosquito, Aedes albopictus[END_REF]. The term "tool-kit" implies that there is a relatively small set of key regulatory genes for conserved developmental functions [START_REF] Wilkins | The Genetic Tool-Kit": The Life-History of an Important Metaphor[END_REF]. However, there is no consensus about tool-kit conservation across species. Some studies have said that if a diapause tool-kit occurs, it is conserved at the pathway level and not in expression patterns of individual transcripts [START_REF] Ragland | The effect of fluctuating temperatures on ectotherm life-history traits: comparisons among geographic populations of Wyeomyia smithii[END_REF][START_REF] Marteaux | Patterns of diapause frequency and emergence in swede midges of southern Ontario[END_REF][START_REF] Koštál | Conceptual framework of the eco-physiological phases of insect diapause development justified by transcriptomic profiling[END_REF].

Clock genes are linked to a range of physiological processes including metabolism and hormonal/endocrine signaling, that plays an important role in responding to the diapause inducing environmental signal [START_REF] Schiesari | Diapause. Delaying the developmental clock in response to a changing environment[END_REF][START_REF] Guo | Steroid hormone ecdysone deficiency stimulates preparation for photoperiodic reproductive diapause[END_REF]. Which hormones are involved depends on the species and the developmental stage in which diapause occurs [START_REF] Denlinger | Hormonal Control of Diapause[END_REF].

Ecdysteroids, juvenile hormones, and the neuropeptides that regulate their synthesis and release, are well-known contributors to diapause regulation. However, newly discovered roles for insulin signaling and additional neuropeptides have expanded our understanding of the regulatory schemes controlling diapause [START_REF] Denlinger | Hormonal Control of Diapause[END_REF][START_REF] Schiesari | Diapause. Delaying the developmental clock in response to a changing environment[END_REF].

Photoperiod in terms of specific effects exerts a powerful influence on insects' response in some basic physiological functions [START_REF] Saunders | Photoperiodism in insects: migration and diapause responses[END_REF]. Photoperiod is a reliable indicator of the coming winter season and insects usually use day-length to predict unfavorable conditions (Koštál 2006;[START_REF] Gill | Insect Diapause: A Review[END_REF][START_REF] Vázquez | Ecological and evolutionary impacts of changing climatic variability[END_REF]. This is the main factor governing diapause induction in many insects (Tauber et al. 1986;Saunders 2020) particularly in species of temperate regions. Diapause induction in some species vary with the interaction of these two factors suggesting that the influence of temperature on diapause induction varies with the photoperiod (and reversely) (Brodeur and McNeil 1989;Bale 2002). Populations of insects of different latitudes respond differently to different photoperiod and temperatures regimes.

For instance, populations at northern latitudes of Nasonia vitripennis (Hymmenoptera, Pteromalidae) show an earlier switch point and higher proportions of diapausing individuals in longer critical photoperiods.

In addition, other environmental stimuli may modulate the diapause expression such as availability of resource and quality (Danks, 1987, Tauber et al., 1998, Saunders, 2014), and intra-and interspecific interactions. Different ways have evolved in insects to use alterations in food quality and quantity (Masaki 1980). Predation is one of the main biotic factors determining individual fitness of the prey. For instance, it has been observed that the production of diapausing eggs by Daphnia magna may be influenced by food concentration under the threat of fish predation [START_REF] Mirosław | Food threshold for diapause in Daphnia under the threat of fish predation[END_REF].

Chapter I General introduction 23 Therefore, diapause progression during winter, correct timing of diapause ending is vital for synchronization of emergence with conspecifics and for mobilizing resources when conditions for growth and reproduction become favorable (Lehmann et al. 2017).

Summer diapause

Diapause not only improve survival of insects during winter but may also perform protective and synchronizing functions in summer [START_REF] Saulich | Diapause in the seasonal cycle of stink bugs (Heteroptera, Pentatomidae) from the Temperate Zone[END_REF]. Summer diapause (aestivation) is a phase of dormancy may be defined as diapause induced before the intensity of summer, and followed by reproductive, developmental, or feeding activities in autumn or winter (Masaki 1980). Insects may enter summer diapause to escape from the hot and dry weather and food shortage [START_REF] Saulich | Diapause in the seasonal cycle of stink bugs (Heteroptera, Pentatomidae) from the Temperate Zone[END_REF].

Physiological mechanism is similar to winter diapause and hormonal syndrome associated with summer diapause is quite similar to winter diapause (Masaki 1980;Tauber et al. 1986). For instance, it has been observed that the leaf miner parasitoid Chrysocharis pubicornis (Hymenoptera, Eulophidae) expressed diapause with the increase of photoperiod and temperature [START_REF] Larios | Effects of photoperiod and temperature on preimaginal development and summer diapause of Chrysocharis pubicornis (Zetterstedt) (Hymenoptera: Eulophidae), a pupal parasitoid of leafminers (Diptera: Agromyzidae)[END_REF], suggesting that summer diapause is induced to overcome harsh thermal conditions. In addition to limited food resources and intra and inter specific competition has been proposed as a factor selecting for diapause [START_REF] Lalonde | Some dynamical consequences of parasitoid diapause[END_REF]). It was observed in aphid parasitoids where summer diapause was induced by female competition in Aphidius avenae (Haliday) and Aphidius rhopalosiphi (De Stefani-Perez) (Hymenoptera: Braconidae) (Tougeron et al. 2018c).

Diapause Cost

Studies on life history evolution show evidence that winter and summer diapause are costly in terms of fitness [START_REF] Matsuo | Cost of prolonged diapause and its relationship to body size in a seed predator[END_REF]. Potential costs of diapause are of various sorts such as metabolic, reproductive, and behavioral ones. When food sources are scarce or unavailable, managing metabolic resources is important during diapause. Insects accumulate reserves prior to diapause, and metabolic depression during diapause promotes reserve conservation (Hahn and Denlinger 2010). Diapausing insects with low energy reserves do indeed have higher mortality during diapause [START_REF] Hahn | Meeting the energetic demands of insect diapause: nutrient storage and utilization[END_REF]. In addition, the energy reserves consumed during diapause have a great effect on post-diapause fitness [START_REF] Hahn | Meeting the energetic demands of insect diapause: nutrient storage and utilization[END_REF]. Prolonged diapause in females of Colorado potato beetle Leptinotarsa Chapter I General introduction 24 decemlineata (Coleoptera, Chrysomelidae) resulted in a lower offspring survival even though these offspring had faster development times [START_REF] Margus | Prolonged diapause has sex-specific fertility and fitness costs[END_REF]. Also, in the bruchid, Acanthoscelides pallidipennis Motschulsky (Coleoptera: Bruchidae), mating success (Burton-Chellew et al. 2007), fecundity and size [START_REF] Sadakiyo | Cost of Diapause on Life-History Traits Under Restricted Resources in Multivoltine Bruchid Acanthoscelides pallidipennis (Coleoptera: Bruchidae)[END_REF] of adults were reduced when emerging from diapausing pupae compared with the non-diapause individuals. Moreover, it has been observed that an increase in diapause length caused high mortality in diapausing individuals as well as a decrease in egg load, fat reserves and dry weight of emerging adults [START_REF] Ellers | A trade-off between diapause duration and fitness in female parasitoids[END_REF]. In the mosquito Anopheles gambiae (Culicidae, Diptera), inhabiting dry savannahs and semi-arid environments, there is a depression in reproduction that is influenced by gonotrophic dissociation over the dry season in diapausing individuals [START_REF] Yaro | Dry season reproductive depression of Anopheles gambiae in the Sahel[END_REF][START_REF] Lehmann | Seasonal Variation in Spatial Distributions of Anopheles gambiae in a Sahelian Village: Evidence for Aestivation[END_REF]. However, individuals that do not enter in diapause die off before or during harsh unfavorable seasons, being extremely costly [START_REF] Goto | Photoperiodism, Insects[END_REF].

Remain active as a strategy

Low temperatures are among the most important abiotic factors limiting the range of insects [START_REF] Rivers | Cold Tolerance in Insects[END_REF]. In mild environmental conditions, some insect species are known to survive the winter season by maintaining their activity (locomotion, flight, feeding and even reproduction) and entering in short periods of quiescence during the coldest days (Hance et al. 2007). Critical thermal limits (CTLs) in insects' performance at high (CTMax) and low (CTMin) temperatures are important adaptations that may be shaped by selection to climate variation [START_REF] Hazell | Low temperature thresholds: Are chill coma and CTmin synonymous?[END_REF]. However, ectotherms show little variation in CTMax but prominent changes in CTMin [START_REF] Gabrys | Cold Tolerance in Insects[END_REF]. Insects vary considerably in their ability to survive low temperatures (Clark and Worland 2008) where ecophysiological mechanisms have been involved to enhance the capacity of insects to survive low temperatures (Danks 1991;Bale 2002;Denlinger and Lee 2010). Cold hardiness has a highly variable genetic architecture with considerable heritable variation both within and among populations and species [START_REF] Marshall | Evolutionary impacts of winter climate change on insects[END_REF]. This is supported by lower lethal temperatures of winter adult morphs of Drosophila suzukii Matsumura (Diptera, Drosophilidae) than summer morphs.

Insects respond to cold environments through a series of physiological adaptations such as freezing tolerance (i.e., insects which have the ability to survive extracellular ice formation) and freezing avoidance by super cooling point (SCP), corresponding to the ability to prevent freezing of the body fluids (Sinclair Chapter I General introduction 25 et al. 2003;Hance et al. 2007). When freezing temperatures occur, insects may survive the formation of ice in their tissues (freeze tolerant), but in general ice formation is lethal (freeze intolerant) (Hance et al. 2007).

Proteins also act as antifreeze in insects producing a thermal hysteresis by lowering the freezing point of hemolymph while not affecting the melting point temperature (Addo-Bediako et al. 2000;Block 2003;Sinclair and Marshall 2018). Freeze-avoiding insects have the capacity to reduce the temperature at which their cell fluids crystalize by producing cryoprotectant molecules, removing ice nucleators, synthesizing antifreeze proteins to reduce the nucleation potential of seed crystals, and accumulating sugars and polyols [START_REF] Bale | IInsect cold hardiness: freezing and supercooling-an ecophysiological perspective Bale JS (2002) Insects and low temperatures: from molecular biology to distributions and abundance[END_REF](Bale , 2002;;[START_REF] Holmstrup | Supercool or dehydrate? An experimental analysis of overwintering strategies in small permeable arctic invertebrates[END_REF]Sinclair et al. 2003). However, the occurrence of freeze tolerance and freeze avoidance leads to the costs of each strategy [START_REF] Block | To Freeze or Not to Freeze? Invertebrate Survival of Sub-Zero Temperatures[END_REF].

In addition to affect fitness directly, remaining active as a strategy may produce associated costs (Hance et al. 2007). However, the costs depend on the length and severity of the environmental conditions, since the use of heat tolerance mechanisms have been associated with reduced survival, fecundity, body size, and mating success temperatures (Kristensen et al. 2007). For instance, in many studies focusing on the adult stage, reproductive costs after cold or hot hardening have been confirmed a decreased fecundity (Roux et al. 2010;[START_REF] Zhao | Night warming on hot days produces novel impacts on development, survival and reproduction in a small arthropod[END_REF][START_REF] Alemu | Costs and benefits of heat and cold hardening in a soil arthropod[END_REF]). In the same way a reduction in fitness-related traits in parasitoids exposed to low temperatures was observed, with an increase in development time and a reduction in the size [START_REF] Saeed | Transgenerational phenotypic plasticity of diapause induction and related fitness cost in a commercial strain of the parasitoid Aphidius ervi Haliday[END_REF]. Then, bet-hedging with individuals staying active and other diapausing can be advantageous especially in the context of climate change with more and more extreme climatic events (Le Lann et al. 2021).

Overwintering strategies: the case of aphid parasitoids

Parasitoids are insects that live in close relationships with their host, whose adult females lay their eggs inside or on the host. The parasitoid larvae develop by feeding on the host bodies, resulting in the death of the host (Godfray 1994). Insect parasitoids are important components of terrestrial ecosystems in terms of biodiversity, abundance, and ecological functions, whose life histories are closely linked to those of their hosts (Godfray 1994;Quicke 2012). Parasitoids play a crucial role in regulating population dynamics of their hosts in both natural and managed environments [START_REF] Leblanc | Estimating parasitoid impact on aphid populations in the field[END_REF][START_REF] Cloyd | How effective is conservation biological control in regulating insect pest populations in organic crop production systems?[END_REF]. The effect of environmental conditions such as temperature and photoperiod on these groups is of particular interest since these factors may disrupt the synchronization of their life cycles (Tougeron et al. 2020). Aphid hosts and parasitoids may respond differently to changes in the mean temperature due to Chapter I General introduction 26 trade-offs, evolutionary history and genetic background (Le Lann et al. 2021). Aphid parasitoids have several adaptations to synchronize their lifecycle with their aphid hosts (Langer and Hance 2000). Being ectotherms, parasitoids are expected to be sensitive to environmental variability both directly due to changes in abiotic conditions but also to biotic conditions due to their host (Polgár et al. 1995, Polgár & Hardie 2000, Tougeron et al. 2020a), and indirectly due to changes in the individual, population and community levels of lower trophic levels (Tylianakis et al. 2007;[START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]van Baaren et al. 2020). Winter conditions are both a selective pressure and a modulator of the overwintering strategies in aphid parasitoids (Andrade et al. 2016;Tougeron et al. 2017[START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF].

Diapause in aphid parasitoids

A review by [START_REF] Polgár | Induction of dormancy in aphid parasitoids: implications for enhancing their field effectiveness[END_REF] showed that diapause induction appears to be genetically determined in univoltine parasitoids independent of abiotic factors. In contrast, multivoltine parasitoids have species-specific regulatory systems and they seem to be able to respond to a variety of cyclical changing environmental abiotic factors like photoperiod and temperature and most of the aphids parasitoids (Braconidae, Braconidae) group are multivoltine species (Polgár and Hardie 2000). In addition, changes in host quality (i.e., species, size, morph), maternal effects including intra/inter specific competition may regulate parasitoid diapause (Brodeur and McNeil 1989;Langer and Hance 2000;Tougeron 2019;Tougeron et al. 2020). As any other insects, parasitoids need to accurately detect and use indicative cues of environmental variability (Le Lann et al. 2021). Commonly, in aphid parasitoids species, diapause is facultative and only a part of the population enters in diapause (Polgár & Hardie, 2000), in which specific developmental stages are sensitive to environmental stimuli (Tougeron, 2019). Diapause occurs in a genetically pre-determined stage of the insect life cycle (Koštál 2006;Tougeron et al. 2017) and it has been observed that cues acting on diapause initiation in aphid parasitoids act during embryonic and first-instar larval development (Brodeur and McNeil 1989). These species overwinter as a diapausing final-stage larva within the mummified host (Christiansen-Weniger and Hardie 1999) (Figure 1.7).

Therefore, diapause expression may be measured as the proportion of individuals entering diapause at this specific state of the total number of individuals evaluated [START_REF] Valera | Prolonged diapause in the ectoparasite Carnus hemapterus (Diptera: Cyclorrhapha, Acalyptratae) -How frequent is it in parasites?[END_REF]He et al. 2010). In different species of Aphidius for instance, temperature and photoperiod, as well as the interaction between these two factors are environmental stimuli that could trigger diapause initiation. In Aphidius nigripes parasitizing Macrosiphum euphorbiae (Hemiptera, Aphididae), the diapause reaches an incidence of 99% under low-temperature and short photoperiod (Brodeur and McNeil 1989). In the same way, diapause incidence above of 65% was recorded in similar conditions in A. ervi and A. rhopalosiphi showing that the diapause induction increases survival in winter in these species (Langer and Hance 2000). In some aphid parasitoids the percentage of individuals entering in diapause decreased with the increase in temperature as well as their aphid hosts as consequence of winter warming (Tougeron et al. 2017). Diapause helps maintaining the synchronization between hosts and parasitoids (developmental or phenological) (Polgár et al. 1995;Langer and Hance 2000) even though, pest and natural enemies may have different thermal preferences or different capacities to survive to extreme temperatures (Hance et al. 2007).

For parasitoids, in addition to environmental conditions, the quality of their environment depend on the suitability and abundance of hosts which vary throughout the seasons (Vercken et al. 2015), where maternal perception could contribute to diapause induction (Tougeron et al. 2020). Therefore, diapause expression may be sensitive to any modification in seasonal host densities and food shortage (Saunders 1966;Polgár et al. 1991). For instance, it has been shown that diapause incidence is higher when A. nigripes parasitizes smaller hosts (Brodeur and McNeil 1989). In addition, the parasitoid A. avenae have developed behavioral adaptations to respond to intra or interspecific competition (Tougeron et al. 2018c). Diapause levels and development times increase over generations trough transgenerational effects (Tougeron et al. 2020). Finally, for diapause termination, temperature is the main determinant directly on the parasitoid or indirectly through the aphid host (Tougeron et al. 2020).

Chapter I General introduction 28 Entering, maintaining, and terminating diapause may alter different aspects of the insect physiology since it is not reversible and involving cost-benefit balance and evolutionary trade-offs (Bale and Hayward 2010;Tougeron et al. 2020). However, there are few studies on the consequences of diapause on life history traits in aphid parasitoids. Longevity is often reduced in insects, including parasitoids, emerging from diapause due to physiological stress. For instance, diapausing Praon volucre have a reduced longevity and a negative relationship exists between the time to emergence and longevity in diapausing wasps (Colinet et al. 2010). In this case a higher lipid mass were present in diapausing mummies compared than non-diapausing ones. Reserves of lipids might improve survival during a long period of diapause but also as energy resources for eggs production after diapause (Colinet et al. 2010).

Also, population sex ratio emerged after diapause was male biased (Christiansen-Weniger and Hardie 1999).

Remain active as strategy in aphid parasitoids

In winters characterized by mild temperatures, the absence of lethal frosts allows aphids and their parasitoids to remain active [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]. Anholocyclic aphids (permanently parthenogenetic) or monoecious (non-host-alternating) [START_REF] Bell | Long-term phenological trends, species accumulation rates, aphid traits and climate: Five decades of change in migrating aphids[END_REF] are well known to adopt this strategy. Polgár et al. (1995) noted that parasitoids linked to anholocyclic aphids in areas with mild winters could present a plastic response to diapause induction, because these aphids may provide an alternative resource to enhance early parasitoid activity in winter. Anholocyclic cereal aphids under mild winters offer a new resource to the parasitoids throughout the seasons (Andrade et al. 2015). For parasitoids, the quality of their environment depends on both the suitability and abundance of hosts. Parasitoids that do not enter in diapause should be more cold-resistant to low temperatures during immature and adult stages [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]). Therefore, overwintering as an active adult in parasitoids may consequently become a more common strategy, suggesting that physiological and life-history traits can adjust rapidly through developmental thermal acclimation [START_REF] Rigaux | Relationship between acclimation of Aphidius rhopalosiphi (De Stefani-Peres) in autumn and its cold tolerance (Hymenoptera: Braconidae, Aphidiinae)[END_REF]Levie et al. 2005). For instance, cold stress as factor of selection in Aphidius avenae (=picipes) (Haliday) result in rapid adaptive to such stress [START_REF] Amice | Variability in responses to thermal stress in parasitoids[END_REF]. In Aphidius colemani, the quantity of fat available for potential emerging adults declined with duration of cold exposure (Colinet et al. 2006) and this may decrease their adult longevity.
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Biological control context

Climate change is a change in the long-term weather patterns that characterize the different regions of the world. Global average temperatures have increased by about 1 °C since the pre-industrial era and that anthropogenic warming is adding around 0.2 °C to global average temperatures every decade and may facilitate alien species invasions, causing greater damages to natural ecosystems and agroecosystems (Thomas et al. 2004;[START_REF] Pecl | Biodiversity redistribution under climate change: Impacts on ecosystems and human well-being[END_REF][START_REF] Marshall | Evolutionary impacts of winter climate change on insects[END_REF]. These seasonal and long-term changes would affect population dynamics of insect pests and the activity and abundance of natural enemies [START_REF] Furlong | Climate change and biological control: the consequences of increasing temperatures on host-parasitoid interactions[END_REF] 

How climate change affects biological control?

Biological control is a key ecosystem service that underpins sustainable approaches to their pest management, thereby providing significant environmental benefits. It has been known that the success of the biological control depends on the ability of natural enemies to become established in their new environment (Henry et al. 2010;He et al. 2010;[START_REF] Shields | History, current situation and challenges for conservation biological control[END_REF]. In parasitoids, changes in the seasonality may have consequences on host-parasitoid synchrony, food-web interaction, and ecosystem services such as biological pest control (Tougeron et al. 2020). In fact, desynchronization in host-parasitoid phenology may induce changes in parasitoid diapause expression (Tougeron et al 2020). It is known that the optimal temperature (Topt) for the development of natural enemies is significantly lower than that for their hosts [START_REF] Furlong | Climate change and biological control: the consequences of increasing temperatures on host-parasitoid interactions[END_REF], for this reason, climate change conditions would promote the development of more generations per year in insect pests and facilitate their dispersion [START_REF] Thomson | Predicting the effects of climate change on natural enemies of agricultural pests[END_REF]).

In the last years, there is much interest that climate change will affect ecological networks to become rewired because of the inability of heat-sensitive species to tolerate or adapt to changing climate [START_REF] Schmitz | Climate change effects on behavioral and physiological ecology of predator-prey interactions: Implications for conservation biological control[END_REF]. In this context these inconsistencies could contribute to asymmetrical outcomes in host-parasitoid interactions, resulting in reduced parasitoid efficacy and the possible exclusion or addition of parasitoids [START_REF] Furlong | Climate change and biological control: the consequences of increasing temperatures on host-parasitoid interactions[END_REF]. It has been known that variations in hostparasitoid food-web composition may decrease the effectiveness of biological control through increasing intraguild competition for the addition of new antagonist species (Tylianakis and Binzer 2014;Tougeron Chapter I General introduction 30 et al. 2020). Changes in aphid-parasitoid synchrony may have detrimental effects on biological control (Andrade et al. 2016;Tougeron et al. 2017Tougeron et al. , 2020)). If parasitoids emerge earlier than their hosts because their development shows a sharper response to temperature, it could lead to the eventual extinction of the parasitoid population [START_REF] Furlong | Climate change and biological control: the consequences of increasing temperatures on host-parasitoid interactions[END_REF]Zhang et al. 2017). Contrary, it is possible that potential aphid-parasitoid desynchronization does not have negative effects on biological control, since functional redundancy within a guild of parasitoids may control the aphid pest population (Tougeron et al. 2017;[START_REF] Feit | Resilience of ecosystem processes: a new approach shows that functional redundancy of biological control services is reduced by landscape simplification[END_REF]).

In addition, climate change can alter plant composition such as secondary metabolites (Zvereva and Kozlov, 2006). These modifications may change pest feeding behavior and the nutrient content of the pest, which can affect the parasitism efficiency (Ode et al., 2014). For instance, if plant quality reduces host size, parasitoids developing inside of smaller hosts may produce smaller parasitoids at emergence [START_REF] Kouamé | Influence of aphid size, age and behaviour on host choice by the parasitoid wasp Ephedrus californicus: a test of host-size models[END_REF], affecting their fitness, since smaller adult parasitoids have lower fecundity (Godfray 1994), reducing the efficacy of biological control. Therefore, predicting how climate change will affect natural enemies and pest represents an important research challenge [START_REF] Selvaraj | Potential impacts of recent climate change on biological control agents in agro-ecosystem: A review[END_REF][START_REF] Thurman | Biological control agents in the Anthropocene: current risks and future options[END_REF].

Biological model Aphids

Aphids include a large group of insects in the superfamily Aphidoidea (Hemiptera) that are phloem-feeding insects. In the world, it has been recorded more than 4000 aphid species, of which around 250 are among the most destructive pests causing serious damages in almost all agroecosystems worldwide, by decreasing the vigor of cultivated plants directly or acting as vectors of plant viruses causing diseases [START_REF] Blackman | Aphids on the World's Crops: An Identification and Information Guide[END_REF][START_REF] Schmidtberg | The Ontogenesis of the Pea Aphid Acyrthosiphon pisum[END_REF][START_REF] Hardie | Life cycles and polyphenism[END_REF]. One of the most relevant characteristics of aphids is that they show a variety of polyphenisms in response to environmental conditions (biotic and abiotic), including winged and/or wingless and sexual and/or asexual individuals in the same population (Figure 1.8A) [START_REF] Simon | Ecology and evolution of sex in aphids[END_REF]. Usually, aphids reproduce by combining sexual and asexual phases (holocyclic), alternating between primary winter host and secondary summer hosts (Figure 1.8B). Also in most aphids, cyclical parthenogens can produce cold-Chapter I General introduction 31 resistant diapausing eggs, providing a major short-term ecological advantage of sex [START_REF] Simon | Ecology and evolution of sex in aphids[END_REF].

However, under specific conditions, where the primary host is scarce and winters are mild, aphids are completely parthenogenetic (anholocyclic). Continuous asexual reproduction occurs in the autumn and winter with the winged females colonizing available host plants, then moving to the same host or others during the spring and summer (Figure 1.8C) [START_REF] Finlay | Response of the bird cherry-oat aphid (Rhopalosiphum padi) to climate change in relation to its pest status, vectoring potential and function in a crop-vector-virus pathosystem[END_REF][START_REF] Hardie | Life cycles and polyphenism[END_REF]. In general, aphid species attacking cereal crops in Chile are characterized by very low levels of genotypic and genetic diversity, suggesting that obligate parthenogenesis is the primary reproductive mode (Figueroa et al. 2018). The availability of host plants and their phenotypic plasticity that increases the chance of aphids to invade new environments, are among the main variables supporting their success as an invasive pest in new geographic areas (Figueroa et al. 2018;Rubio-Meléndez et al. 2019). They represent an important resource for their natural enemies which include hover flies, lady beetles, lacewings, Carabid beetles and spiders [START_REF] Zhao | Effects of agricultural intensification on ability of natural enemies to control aphids[END_REF] and their main parasitoids belong to the Aphidiinae group (Hymenoptera, Braconidae) (Starý 1995). 

A. Parthenogenetic Sitobion avenae

B. Holocyclic life cycle C. Anholocyclic life cycle
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Aphid parasitoids

Aphid parasitic wasps are important natural enemies that help to control pest aphid populations in different crops. They are grouped in two taxa: (1) the sub-family Aphidiinae (Hymenoptera: Braconidae) and ( 2) the genus Aphelinus (Hymenoptera: Aphelinidae). These taxa are specialized attacking aphids and lay their eggs in larvae and adult instars of their host (Figure 1.9A) (Le Ralec et al. 2010). Aphid parasitoids are solitary koinobiont parasitoids, i.e., parasitic larval stage that develops by feeding on a single host resulting in the death of its host and the resulting adult parasitoid is a free-living insect [START_REF] Mills | Parasitoids[END_REF]) (Figure 1.9B). The life histories of parasitoids are closely linked to those of their host (Godfray 1994). Parasitoids

respond to different stimulus to locate and recognize their hosts [START_REF] Rehman | Host selection behaviour of aphid parasitoids (Aphidiidae: Hymenoptera)[END_REF]. In hostparasitoid interactions, an important step for the parasitoid females is to locate and select suitable hosts to

Chapter I General introduction 33 optimize their fitness. Host preference determines host acceptance or rejection, and therefore affects their oviposition behavior (Henry et al. 2010;Zepeda-Paulo et al. 2013).. During immature development, the aphid represents the whole nutritional and physiological environment for parasitoids (Godfray 1994;Henry et al. 2010). Fitness of parasitoids may be estimated by measuring different life-history traits such as size, survival, development time, sex ratio, fecundity for females and mating ability for males, although these proxies are difficult to assess under natural conditions (Godfray 1994;[START_REF] Gibert | Phenotypic plasticity, global change, and the speed of adaptive evolution[END_REF].

The ability of a parasitoid to remain active under extreme temperatures is an important part of its fitness (Le Lann et al. 2021). Variation in temperature above and below the parasitoid's survival threshold results in adverse effects on physiological responses (Hance et al. 2007). For instance, in aphid parasitoid used as models in this study, the lower developmental thresholds for A. colemani a close species related to A. platensis (Tomanović et al. 2014) were estimated to be 2.9 °C (Zamani et al. 2007), while the temperature thresholds for A. ervi was estimated as 2.2 •C for egg-mummy development and 6.6 •C for mummy-adult development (Sigsgaard 2000). As observed by Colinet et al. (2007) and Sigsgaard (2000a), A. colemani and A. ervi showed a negative correlation with temperature during development suggesting that the developmental time of parasitoids is also temperature-dependent like with other ectotherms [START_REF] Zuo | A general model for effects of temperature on ectotherm ontogenetic growth and development[END_REF]). In addition, the seasonal activities of some parasitoid species seem to match their thermal tolerances (Le Lann et al. 2011). The resistant individuals may perform almost as well as those developed in optimal temperatures [START_REF] Ismail | Stress intensity and fitness in the parasitoid Aphidius ervi (Hymenoptera: Braconidae): temperature below the development threshold combined with a fluctuating thermal regime is a must[END_REF]), but show a reduction in their size showing that fluctuating temperatures induced less damage than the constant extreme low ones in A. ervi (Ismail et al. 2012).

However, in A. colemani the sex ratio after cold exposure indicates that males may be more susceptible to cold injury than females (Colinet et al. 2007).

On the other hand, in the aphid parasitoid A. ervi from mild winter areas the incidence of diapause expresses very low levels (between 5 and 10%) when exposed to short photoperiod and low temperature conditions (Tougeron et al. 2017;[START_REF] Saeed | Transgenerational phenotypic plasticity of diapause induction and related fitness cost in a commercial strain of the parasitoid Aphidius ervi Haliday[END_REF]). On contrary, populations from colder areas express high diapause levels (around 90%) (Tougeron et al. 2018d). While for A. platensis there are no known studies in this regard. However, it has been recorded that A. colemani did not express winter diapause when exposed to similar conditions (Benelli et al. 2014). Therefore, studying the thermal limits is therefore one of the ways to understand how extreme climatic events could affect the fitness of parasitoids.
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Chile as study case:

The Chilean central-south valley compromises a mosaic of agricultural, forest and natural habitats in a climatic gradient from the IV to the X region (Latitude 29° -42° S) and is characterized by arable fields typically annual crops (at the time that this work was carried out, 2016/17/18 season). Approximately, 39% of cereal sowings are carried out in the La Araucanía region, 24% in Biobío region and 14% in Maule diversity, suggesting that obligate parthenogenesis is the primary reproductive mode (Figueroa et al. 2018). Natural enemies associated with these aphids include parasitoid species of the Aphidiinae group

Chapter I General introduction 36 (Hymenoptera: Braconidae), many of which were introduced from Europe (Zuñiga et al. 1986;Starý 1995) approximately 50 years ago as part of a classical biological control program (Zuñiga et al. 1986). These species are represented mainly by the genus Aphidius, including A. ervi, A. uzbekistanicus, A. rhopalosiphi, A. avenae, A. platensis, and A. matricariae, although Praon volucre, P. gallicum and Lysiphlebus testaceipes were also recorded. Furthermore, S. avenae and R. padi appeared as the common resource for the same parasitoid assemblage (Zepeda-Paulo et al. 2013). Therefore, the study of aphid-parasitoid interactions are suitable biological models to explore ecological and evolutionary theories (Le Ralec et al. 2010) along a climatic gradient.

Research questions and hypotheses

In this research, we will tackle the following questions: Our general hypothesis is that parasitoids face different environmental conditions (abiotic and biotic) along a latitudinal gradient, that modify their overwintering strategies. On one hand, it is expected that parasitoids are more active in warmer than colder latitudes, therefore parasitoids may respond in a plastic way to environmental conditions through their physiological and life-history traits. On the other hand, harsher winter conditions may induce more diapause, and populations originating from cold winter areas will show a higher diapause incidence. We predict that diapause incidence on each species varies along the latitudinal gradient with more diapause incidence in coldest areas, influencing in turn aphid-parasitoids interactions. Therefore, a decrease of parasitoid activity during winter in the coldest areas should be observed.
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The diapause incidence of aphid parasitoid species will differentially affect the relative abundances of the different parasitoid species in a latitudinal gradient, affecting the composition of the natural enemy assemblages and their interactions with their aphid hosts:

o The winter composition of the parasitoid and aphid community differs according to temperature conditions encountered along the latitudinal gradient.

Abiotic and biotic conditions affect differentially the diapause incidence in aphid parasitoids:

o Winter conditions of temperature and photoperiod will have an effect on diapause, thus, the incidence of parasitoid diapause is higher at lower temperatures and photoperiods o Diapause expression is sensitive to any modification in seasonal host densities, food shortage and the maternal effects experienced by the mother, so, diapause incidence is higher when females encounter low aphid densities and when females experience high levels of interspecific competition Therefore, to synchronize with the life cycle of their hosts, parasitoids should thus enter in diapause if few hosts are available and suitable. o Chapter 2 (Composition and structure of winter aphid-parasitoid food webs along a latitudinal gradient in Chile). We test how the composition and food-webs may differ among different locations on a given latitudinal gradient. In this chapter, we evaluated the variation in species number and interactions within the guild of cereal aphids and their primary parasitoids and we Chapter I General introduction 38 include the secondary parasitoids along a latitudinal gradient during winter. Aphid hosts and their parasitoids may also respond to temperature variations that exist along a latitudinal gradient, therefore

We tested the following hypotheses: (1) The number of species expressing diapause and the rate of diapause within a population is higher in cold than warm areas, in turn influencing interactions within food webs; (2) the diversity and abundance of aphid and parasitoid species that are active during the winter increases in warmer areas; (3) a decrease in parasitoid activity during the winter in the coldest areas decreases the diversity of interactions (Shannon diversity of interactions index), affecting the proportion of possible links for each host-parasitoid pair species (connectance) and the symmetry of the network (web asymmetry). Likewise, declines in the weighted mean number of aphids used by each parasitoid species (generality) and the mean number of parasitoid species attacking each aphid species (vulnerability) should be observed.

Finally, since there is greater stability and less variation in the species composition in warm areas, the level of specialization (H2) should be greater in cold areas.

Part 3: We explore in the lab the overwintering strategies and life-history traits of several populations of parasitoids species collected along a latitudinal gradient in Chile. In addition, we evaluated the biotic and abiotic factors affecting the diapause incidence in parasitoids.

o Chapter 3 (Overwintering strategies and life-history traits of different populations of Aphidius platensis along a latitudinal gradient in Chile).

We assessed the effect of photoperiod and temperature on overwintering strategies of the main aphid parasitoid and measure the rate of diapause according to the origin of the populations. For the individuals that do not enter in diapause, we evaluate their physiological and life-history traits along a latitudinal gradient in link with their physiological thermotolerance. We used five populations of Aphidius platensis, the most abundant species in winter, sampled along a latitudinal gradient. In addition, the winter temperature variation along the latitudinal gradient was analysed.

The following hypotheses were tested: (1) A. platensis expresses low diapause levels, (2) if diapause is expressed, then its level should be higher in parasitoid populations from cold localities than from mild ones, (3) for individuals that remain active during the winter, developmental time should be longer and with larger body size in populations from cold latitudes according to the Chapter I General introduction 39 temperature-size rule, (4) adults from cold latitudes should be more cold-resistant than those from mild environments, affecting numerous other life-history traits, (5) since mass/size are positively correlated with fat reserve content and other life history traits, we expect that individuals from colder latitudes that develop in winter conditions, will have a higher fat content, and (6), they should display higher egg-load and produce larger eggs.

o Chapter 4 (Biotic and abiotic factors inducing winter and summer diapause in Aphidius ervi). In this chapter, the winter and summer diapause incidence was explored on Chilean populations of Aphidius ervi sampled across a latitudinal gradient on cereal fields. In addition, of abiotic conditions, we tested the effect of aphid host species, host density and of maternal competition on winter and summer diapause. We tested the following hypotheses: (1) Since there is no clear latitudinal gradient in temperature in the south-central valley of Chile, the frequency of diapause should be similar along the latitudinal gradient (2) The incidence of winter diapause in parasitoid offspring will be higher on A. pisum than on S. avenae. Besides, the level of diapause could be linked to the scarcity of the resources, which can also be experienced when host density decreases or when competition among parasitoids increases, thus: (3) When females face low aphid densities, the diapause incidence may increase in winter and summer conditions, and 4) The incidence of diapause may be higher when females experience an increase in competition levels in winter and summer conditions.

Part 4: In the Chapter V, the general discussion shows the main findings, connections among the specific chapters and reflections to the aims and hypotheses. Perspectives gives the future research insights of the research field, and we give the general conclusions. 

Introduction

One of the most important challenges faced by ecologists is determining the roles of latitudinal and altitudinal environmental gradients in structuring organism communities (Schemske et al. 2009;[START_REF] Dyer | Tritrophic interactions in tropical versus temperate communities[END_REF]. Areas with different environmental conditions provide an exceptional natural laboratory with which to investigate the roles of abiotic variations on the structure and function of ecosystems [START_REF] Ibáñez | Exploiting temporal variability to understand tree recruitment response to climate change[END_REF]Frenne et al. 2013). Some species are widely distributed along geographic gradients, so populations living at the upper and lower geographic extremes experience quite different environmental conditions, especially with respect to the local climate (Hodkinson 2005). The thermal environment is characterized by colder conditions [START_REF] Wielgolaski | High latitude climates[END_REF] at high latitudes and altitudes, with temperature being the most important abiotic factor that constrains the abundance and distribution of poikilothermic animals (Bale 2002), affecting their individual performance, ecological interactions, community composition (Bale 2002;Williams et al. 2015) and food-web stability [START_REF] Gibert | Temperature directly and indirectly influences food web structure[END_REF].

Species are linked together in networks of ecological interactions (e.g., mutualistic or antagonistic) that contribute shaping the community structure [START_REF] Paine | Road maps of interactions or grist for theoretical development?[END_REF][START_REF] Tylianakis | Ecological networks across environmental gradients[END_REF], and these networks change according to the turnover in species composition, which results from spatiotemporal environmental filtering [START_REF] Pellissier | Comparing species interaction networks along environmental gradients[END_REF]. Therefore, studying the differences in communities along environmental gradients may improve our understanding of the factors that shape the network structure.

Organisms distributed along environmental gradients respond to both direct variations in abiotic factors [START_REF] Van Veen | Apparent competition, quantitative food webs, and the structure of phytophagous insect communities[END_REF][START_REF] Tylianakis | Ecological networks across environmental gradients[END_REF]Zhang et al. 2017) and indirect variations through the responses of other species they interact with (Hodkinson 2005;[START_REF] Ings | Ecological networks -beyond food webs[END_REF]. A decrease in species richness at higher latitudes and altitudes (i.e., in coldest environments) is commonly observed [START_REF] Lawton | Are there general laws in Ecology?[END_REF]Hillebrand 2004), and communities in these environments are often less complex with fewer trophic levels and smaller interaction ranges (Vázquez and Stevens 2004;[START_REF] Neutel | Reconciling complexity with stability in naturally assembling food webs[END_REF]Schemske et al. 2009;van Baaren et al. 2020), which are important determinants of the food-web structure (Stevens 1989;[START_REF] Van Veen | Food webs[END_REF].

In temperate regions, winter conditions are among the major factors limiting the species distribution area and activity window (Bale and Hayward 2010;[START_REF] Kong | Linking thermal adaptation and life-history theory explains latitudinal patterns of voltinism[END_REF]. For example, food web structure simplification has been observed during winter, suggesting that community stability is vulnerable to abiotic changes that occur during this season [START_REF] Peralta-Maraver | Winter is coming: Food web structure and seasonality in a subtropical freshwater coastal lake[END_REF]. Three different

Chapter II: Winter aphid-parasitoid food webs 61 strategies have been developed by insect species living in temperate areas to allow them to survive winter: migration, remaining active, or entering diapause (i.e., developmental arrest) (Bale 2002;Hance et al. 2007;Bale and Hayward 2010). The relative use of these two last strategies leads to variations in the proportion of individuals/species that remain active or enter diapause (Paolucci et al. 2013) along geographic gradients, therefore affecting population dynamics and the food-web structure [START_REF] Dyer | Tritrophic interactions in tropical versus temperate communities[END_REF][START_REF] Petermann | Dominant predators mediate the impact of habitat size on trophic structure in bromeliad invertebrate communities[END_REF][START_REF] Pellissier | Comparing species interaction networks along environmental gradients[END_REF].

Host-parasitoid interactions are a good model that can be used to understand how environmental gradients affect the food-web composition and structure [START_REF] Stireman | Community ecology of the "other" parasitoids[END_REF]). Network metrics have been extensively used to evaluate the structures of ecological communities [START_REF] Van Veen | Apparent competition, quantitative food webs, and the structure of phytophagous insect communities[END_REF]Tylianakis et al. 2007[START_REF] Tylianakis | Conservation of species interaction networks[END_REF]. Here, we used six of these quantitative metrics to understand the effects of an environmental gradient on the food-web structure. The interaction-Shannon's diversity index (i.e., network entries), the realized proportion of potential links between host and parasitoid species (i.e., connectance), the weighted mean of host species per parasitoid species (i.e., generality), the weighted mean number of parasitoid consumers per host species (i.e., resource vulnerability), the balance between the numbers of host and parasitoid species (i.e. web asymmetry), and the level of specialization (i.e., H2)

were assessed (Bersier et al. 2002;[START_REF] Bascompte | Asymmetric coevolutionary networks facilitate biodiversity maintenance[END_REF][START_REF] Van Veen | Food webs[END_REF]. These metrics can be used to disentangle important patterns of how ecological communities change in response to environmental factors, including host-parasitoid interactions (Tylianakis et al. 2007;Tylianakis and Binzer 2014;[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]. They are often correlated but allow the assessment of slightly different web properties [START_REF] Luebert | Changes in host-parasitoid food web structure with elevation[END_REF] and are an appropriate way to elucidate general trends in the food-web structure [START_REF] Banašek-Richter | Sampling effects and the robustness of quantitative and qualitative food-web descriptors[END_REF].

Aphid hosts and their parasitoids may also respond to temperature variations that exist along a latitudinal gradient [START_REF] Gibert | Temperature directly and indirectly influences food web structure[END_REF]. Differences in the niche breadth among species inhabiting cold and warmer environments could lead to differences in the number of interactions that occur (Vázquez and Stevens 2004;[START_REF] Cirtwill | Latitudinal gradients in biotic niche breadth vary across ecosystem types[END_REF], whereby aphid-parasitoid communities have greater stability and less variation in warmer areas than in colder ones [START_REF] Luebert | Changes in host-parasitoid food web structure with elevation[END_REF][START_REF] Morris | Food web structure changes with elevation but not rainforest stratum[END_REF]. Therefore, the level of specialization decreases in colder areas due to a shortage of available hosts, leading to a high level of competition (Andrade et al. 2016). In addition, in the context of global warming, warmer winter conditions allow more species, including hosts and their parasitoids, to be active, resulting in changes to the food-web structure [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF](Tougeron et al. , 2020)). A particular consequence of these warmer winter conditions could be modifications to the overwintering strategies of parasitoids (Hance et al. 2007;[START_REF] Brose | Climate change in size-structured ecosystems[END_REF] Chapter II: Winter aphid-parasitoid food webs 62 et al. 2012). For example, Tougeron et al. (2017) showed that there has been a decrease in the expression of the diapause strategy across the whole guild of parasitoids in the western part of France as a consequence of recent warmer winters, which has, in turn, modified food webs [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]). In the same way, the aphid-parasitoid community structure can be partly predicted by climatic conditions, promoting thermal niche separation [START_REF] Woodcock | Parasitism of the beech leaf-miner weevil in a woodland: patch size, edge effects and parasitoid species identity[END_REF]Le Lann et al. 2011a;Andrade et al. 2016).

Nevertheless, parasitoids and aphids are not alone in the agroecosystem: hyperparasitoids may disrupt the parasitoid-mediated natural control of aphids [START_REF] Gagic | Food web structure and biocontrol in a four-trophic level system across a landscape complexity gradient[END_REF], becoming active on cereal fields during the winter, as a result of a decrease in the number of days below zero [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]Tougeron and Tena 2019). Interacting network approaches can help us to understand how natural enemies, such as parasitoids, may control crop host pests efficiently (Tylianakis and Binzer 2014) by linking the food-web complexity to the resilience and stability of ecosystems under exposure to environmental stressors (van Baaren et al. 2020). Such approaches may also help to predict the ecological consequences of climate change [START_REF] Boukal | Species interactions under climate change: connecting kinetic effects of temperature on individuals to community dynamics[END_REF]) during winter, although most studies have focused on the growth/spring season (see Tougeron et al. 2017[START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]Tougeron et al. , a, 2020;;[START_REF] Damien | Flowering cover crops in winter increase pest control but not trophic link diversity[END_REF].

The relation between the food-web structure and species composition depends on the mechanisms governing the overall relationship between climatic severity and the relative abundance of each species [START_REF] Luebert | Changes in host-parasitoid food web structure with elevation[END_REF][START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]. Therefore, food webs may differ among locations on a given environmental gradient (Tylianakis et al. 2007;[START_REF] Dyer | Tritrophic interactions in tropical versus temperate communities[END_REF][START_REF] Frank | Global dung webs: high trophic generalism of dung beetles along the latitudinal diversity gradient[END_REF]van Baaren et al. 2020). In this study, we evaluated the variation in species number and interactions within a guild of cereal aphids, their parasitoids, and hyperparasitoids along a latitudinal gradient in Chile during winter. This region is characterized by not possessing a clear north-south gradient in temperature, with areas presenting colder days than others along a transversal gradient (Alfaro-Tapia et al. 2021). We tested the following predictions: (1) The number of species expressing diapause and the rate of diapause within a species is higher in cold than warm areas, in turn influencing interactions within food webs; (2) the diversity and abundance of aphid and parasitoid species that are active during the winter increases in warmer areas; (3) a decrease in parasitoid activity during the winter in the coldest areas (Hance et al. 2007;[START_REF] Péré | Response of insect parasitism to elevation depends on host and parasitoid lifehistory strategies[END_REF] decreases the diversity of interactions (Shannon diversity of interactions index), affecting the proportion of possible links for each host-parasitoid pair species (connectance) and the symmetry of the network (web asymmetry). Likewise, declines in the weighted mean number of aphids used by each parasitoid species (generality) and the mean number of parasitoid species attacking each aphid species (vulnerability) should be observed. Finally, since there is greater Chapter II: Winter aphid-parasitoid food webs 63 stability and less variation in the species composition in warm areas [START_REF] Cirtwill | Latitudinal gradients in biotic niche breadth vary across ecosystem types[END_REF], the level of specialization (H2) should be greater in cold areas.

Material and methods

Study site

The study area covered a north-south latitudinal gradient of around 1200 km in the central-south (ODEPA 2017). This transversal valley is located between two mountain ranges with a north-south disposition, the Andes along the eastern border, and the Costa range along the shore in the west [START_REF] Luebert | Changes in host-parasitoid food web structure with elevation[END_REF].

Meteorological data

Meteorological data were obtained from June to September for the three years of sampling (2016-2018) from the meteorological stations (https://www.agromet.cl/) nearest to each of the nine localities.

Each year, the mean daily temperature (mean), minimal (Tmin) and maximum temperatures (Tmax) as well as the total number of hours with temperatures below zero (h < 0 °C), which is close to the developmental threshold of most Aphidius species (Sigsgaard 2000), were calculated (Table S2.

in

Chapter II: Winter aphid-parasitoid food webs 64 Appendix 2.1). Temperature is a main driver of diapause and fluctuations in the occurrence and abundance of the trophic networks of aphid and parasitoid species [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF].

Insect sampling

Two sampled dates between July and August (mid to the end of winter of the southern hemisphere) of each year, aphids and aphid mummies (dead aphid containing a developing parasitoid pupa) were randomly collected from cereal crops (wheat and barley) from an area of 1000 m 2 over a 40 min period by two people (following the protocol of Andrade et al. 2016). Fields at each locality were separated one from another by at least 500 m, and field borders were excluded to avoid potential margin effects. Living aphids were taken from the field and maintained in the laboratory at 20 °C under a 16:8 h photo regimen (L:D) on winter wheat for two weeks to wait for the potential mummification of each individual sampled. Mummies were maintained individually in 1.5 mL Eppendorf tubes under laboratory conditions until their emergence. Following their emergence, parasitoids and hyperparasitoids were freeze-killed at -20 °C and identified using morphological features (Starý 1995;Tomanović et al. 2014;[START_REF] Hothorn | Multcomp: simultaneous inference in general parametric models[END_REF]) under an optical stereo microscope. Hyperparasitoids were identified at the genus level.

Emergences from aphid mummies were recorded daily. Mummies that did not emerge for 25 to 30 days after the last emergence were then dissected, and their contents were identified as dead immature or adult parasitoids or a diapausing parasitoid prepupae (golden-yellow plump pre-pupa) (see pictures and description in Tougeron et al. 2017). Diapausing individuals were preserved in 95% ethanol for further analyses (see below).

Parasitoid diapause identification

The presence of diapausing individuals was observed after dissection of the mummies. In order to determine the species' identities, total DNA was extracted using a "cells and tissues" DNA isolation kit (Norgen Biotek Corp., ON, Canada) following the manufacturer's instructions. A fragment of the COI gene was amplified from the parasitoid DNA using the universal invertebrate primers LCO-1490 and HCO-2198 [START_REF] Folmer | DNA primers for amplification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates[END_REF]. PCR amplification was performed with a final volume of 25 µl containing 15 µl of the master mix, which included 0.25 µl Taq DNA Polymerase (5U/µl), 2.5 µl of buffer 1X, 0.2 mM Chapter II: Winter aphid-parasitoid food webs 65 dNTP, 3 mm MgCl2, 8.25 µl of ddH2O, 10 µl DNA, and 1 µM of each primer plus. The PCR cycling profile comprised an initial heating period of 95 °C for 4 min, followed by 36 cycles of 94 °C for 45 s, 50 °C for 45 s, and 72 °C for 1 min; 1 cycle of 72 ° C for 5 min; and a final extension step of 15 °C to infinity. PCR products were stored at 4 °C until their visualization in 1.5% agarose gel. All PCR products were sent to Macrogen Inc (Seoul, Korea) for purification and bidirectional sequencing. Once obtained, the DNA sequences were edited using BioEdit sequence alignment editor v7.2.5 [START_REF] Hall | BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT[END_REF] to generate a consensus sequence for each specimen. Finally, the sequences were compared and analyzed by BLASTn on NCBI (https://www.ncbi.nlm.nih.gov/) and the Barcode of life data system v4 (https://www.boldsystems.org/).

The species were determined by similarity alignment (≥98%) of the sequences of the diapausing individuals in the library.

Quantitative food-web metrics

Two trophic levels were considered in the food-webs: the first included aphid species and the second included primary parasitoids and hyperparasitoids, which were placed at the same level as it was not possible to determine the primary parasitoid that the hyperparasitoids emerged from. Quantitative food webs were constructed for each field and for nine localities based on pooled data. Quantitative network metrics were measured in accordance with Tylianakis et al. (2007) using the bipartite R package [START_REF] Beckett | Visualising bipartite networks and calculating some (ecological) indices Bersier LF, Banašek-Richter C, Cattin MF (2002) Quantitative descriptors of food-web matrices[END_REF]. We calculated the following metrics in accordance with [START_REF] Luebert | Changes in host-parasitoid food web structure with elevation[END_REF] and Tougeron et al. (2018): (1) Shannon's diversity of interactions, which represents the total number of interactions among species within dynamic aphid-parasitoid communities. For each species, the diversity was measured as the diversity of host inflow from each parasitoid species and the diversity of outflow from each host to its parasitoids; (2) Connectance, which represents the proportion of possible links actually observed in a food web and is calculated as the quantitative linkage density divided by the number of species in the network, e.g., hosts vs. parasitoids; (3) Web Asymmetry, which represents the balance between the numbers of parasitoid and aphid species. Negative values indicate that there are more species in higher than in lower trophic levels; (4) H2, which indicates the level of specialization within a network (0 = no specialization to 1 = perfect specialization); (5) Generality, which is the weighted mean number of host species (aphids) per consumer species (parasitoids); and (6) Vulnerability, the weighted mean number of consumers (parasitoids) per host species (aphids).
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Statistical analysis

First, a non-metric multidimensional scaling (NMDS) analysis was employed to assess group localities and years by climatic similarities based on a distance matrix using the metaMDS function in the "vegan" package (Oksanen et al. 2020), and the stress values were used as measurements of goodness of fit of data. Values equal to or less than 0.20 were considered meaningful for the analysis, in accordance with [START_REF] Clarke | Non-parametric multivariate analyses of changes in community structure[END_REF]. After that, a Principal Component Analysis (PCA) was performed to represent these categories, as done by Tougeron, Damien, et al. (2018). Then, using the bipartite package [START_REF] Beckett | Visualising bipartite networks and calculating some (ecological) indices Bersier LF, Banašek-Richter C, Cattin MF (2002) Quantitative descriptors of food-web matrices[END_REF], we built quantitative food webs showing the parasitoid and aphid community compositions in different localities/years during the winters of 2016 to 2018 along the environmental gradient, and the Food Web Designer v3.0 software [START_REF] Sint | Food web designer: a flexible tool to visualize interaction networks[END_REF] was used to plot the trophic interaction networks. Subsequently, a Generalized Linear Model (GLM) assuming a negative binomial distribution with a log-link function was used to evaluate the effects of environmental factors on the community composition by comparing the patterns of aphid and parasitoid abundance in relation to climate variables. When evaluating the effect of temperature on the abundance of aphid and parasitoid species in each locality and year of sampling, the mean of Tmin and mean number of hours below 0 °C were used as explanatory variables. We chose these variables because they are close to the freezing temperature and below the developmental threshold of most parasitoid species (Sigsgaard 2000). Additionally, they have great influences on the aphid abundance during the winter (Honek et al. 2018) and may be good predictors of the diapause frequency [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]). In addition to climatic variables, the effect of host resources on the presence of parasitoid species was evaluated, where the abundance of aphid species was used as an explanatory variable. Only the main primary parasitoids were considered for this analysis, and the A uzbekistanicus and A. rhopalosiphi complex (A. uzb/rho from here on) was considered a complex of species, as these species are closely related and are considered sister species [START_REF] Kos | On the Identity of Cereal Aphid Parasitoid Wasps Aphidius uzbekistanicus, Aphidius rhopalosiphi, and Aphidius avenaphis (Hymenoptera: Braconidae: Aphidiinae) by examination of COI mitochondrial gene, geometric morphometrics, and morph[END_REF].

Uncommon parasitoid species, representing less than 5% of the samples over the three-year period, were excluded from this analysis.

Finally, the effect of the winter conditions determined on the quantitative food web metrics (Shannon's diversity of interactions, Connectance, Web Asymmetry, H2, Generality and Vulnerability) were tested using GLMs assuming a Gaussian distribution and an identity-link function. Since quantitative food web metrics are strongly affected by the network size [START_REF] Morris | Experimental evidence for apparent competition in a tropical forest food web[END_REF]), the log of the total abundance of recorded insects was included as a covariate [START_REF] Luebert | Changes in host-parasitoid food web structure with elevation[END_REF]. For all analyses, the Chapter II: Winter aphid-parasitoid food webs 67 best model was chosen by using the Akaike information criterion and performing an ANOVA type II using the car package (Fox et al. 2016). Pairwise comparisons were done using 'Tukey tests', correcting for multiple comparisons with the 'single-step' method using the Multcomp package [START_REF] Hothorn | Multcomp: simultaneous inference in general parametric models[END_REF]. All the statistical analyses were conducted with the R 3.6.5 statistical software (R Core Team 2019).

Results

Environmental gradient determination

Our analysis showed a final stress value of 0.02 and a linear fit with R 2 = 0.99. The NMDS ordination results showed inter locality/year variability depending on the meteorological variables. Talca Metopolophium dirhodum (7.23%), and Schizaphis graminum (0.84%) (Hemiptera, Aphididae). Out of the 1493 recorded mummies, 68.72% were emerged individuals, 27.46% were non-emerged (dead larva/adult individuals), and 4.22% were diapausing individuals, including three parasitoid (2.52%) and one hyperparasitoid species (1.70%). Across all localities and years, parasitoid assemblages were dominated by primary parasitoids such as Aphidius platensis (61.60% of the total number of emerged individuals), Aphidius ervi (12.96%), and the A. uzb/rho complex (11.50%). Aphidius avenae, Aphidius matricariae, Praon

Chapter II: Winter aphid-parasitoid food webs 69 volucre, Lysiphlebus testaceipes, and Ephedrus sp. (Hymenoptera, Braconidae) constituted only 6.82% of the total number of emerged individuals. We also recorded 73 hyperparasitoid individuals identified as Phaenoglyphis sp, Alloxysta sp (Hymenoptera, Figitidae), Dendrocerus sp (Hymenoptera, Megaspilidae), and Asaphes sp (Hymenoptera, Pteromalidae) and one unidentified species (all hyperparasitoids together represented only 7.12% of all emerged individuals). The total numbers of aphids, aphid mummies, emerging parasitoids, and hyperparasitoids are summarized in Table 2.1. The relative abundance of species within the guilds of aphids and parasitoids and the food web structure differed across the locality/year gradient (see Figure . 2.2). There was a high level of variability in the relative proportions of aphids between localities/years. The proportion of R. padi among all aphids was higher in warm winter areas than, in mild, and cold winter areas respectively. The second-most-abundant aphid species was S. avenae, with low relative abundances in warm winter areas, follow of mild, and cold winter areas respectively. Additionally, M. dirhodum was not found in warm areas, while in mild and cold winter areas, it represented similar relative abundance. S. graminum represented less than 4.0% of parasitized aphids in all areas determined. Within the parasitoid guild, the species with the highest levels of abundance also had the broadest geographic distributions, whereas the less frequent ones were limited to a single year or locality, and important inter-annual variations were observed. The generalist parasitoid A. platensis was observed across the environmental gradient (except in Osorno, the southernmost locality) with a higher relative abundance of in warm, mild, and cold winter areas respectively. This parasitoid species was mainly associated with the aphid R. padi. Aphidius ervi, and the complex A. uzb/rho was mostly associated with two aphid species, S. avenae and M. dirhodum. The relative abundance of A. ervi was lower in warm than in mild and cold winter areas, and the relative abundance of A. uzb/rho was lower in mild than cold winter areas respectively. Finally, together, A. avenae, A. matricariae, Praon spp., L. testaceipes, and Ephedrus sp. were observed to have a relative abundance of around 8.0% in mild winter areas, and the relative abundance of A. matricariae and Praon spp. together in cold winter areas was 3.0%. The four hyperparasitoid genera were also detected to have higher relative abundance in mild winter areas than in cold winter areas but were not recorded in warm winter areas (Figure 2.2).
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Diapausing parasitoid and hyperparasitoid species in mild and cold localities

The proportion of diapausing individuals was 3.5%, 4.3%, and 3.9% in [START_REF] Stireman | Community ecology of the "other" parasitoids[END_REF], 2017, and 2018, respectively (Table 2.1), respectively (Table 2.1). In general, all diapausing species were recorded in both mild and cold winter localities (Table 2.2). Localities/years where no diapausing individuals were recorded were La Serena in 2016 and Chillan, Yungay, and Cunco in 2018. Three parasitoid species, A. ervi, A. uzbekistanicus, and P. volucre, and one hyperparasitoid species, Phaenoglyphis villosa, were found in diapause (Table 2.2). In 2016, all individuals in diapause were from the hyperparasitoid species P. villosa and were found on R. padi, S. avenae, and S. graminum. Of all the hyperparasitoids identified, three came from Praon sp. (two on S. avenae and one on R. padi) and were identified by the characteristic mummy of this genera. In the samples from the years 2017 and 2018, only primary parasitoid species were found in diapause. In 2017, we recorded ten A. ervi individuals on R. padi (1), S. avenae (6), and M. dirhodum (3). Two A. uzbekistanicus individuals were identified on R. padi, and five P. volucre individuals were found on R. padi. Finally, in 2018, we recorded five A. ervi individuals on S. avenae (4) and M. dirhodum (1), five A. uzbekistanicus individuals on R. padi (2), S. avenae (1), and M. dirhodum (2), and seven P. volucre individuals on R. padi (6) and S. avenae (1) (Table 2.2). Arrows represent the interaction strength (% of relative abundances)

between host-parasitoid pairs.

Active aphids:

Rhopalosiphum padi (Rp)

Sitobion avenae (Sa) Metopolophium dirhodum (Md)
Schizaphis graminum (Sg).

Active parasitoids :

Aphidius platensis (Ap)

Aphidius ervi (Ae) 

Aphidius

Effects of the temperature and host on the community composition

The selected climatic variables (mean of Tmin and hours below 0 °C) were not observed to have significant influences on the abundance levels of R. padi, S. avenae, or M. dirhodum. In the same way, the most abundant parasitoids, A. platensis, A. ervi and the complex A. uzb/rho, were not affected by changes in Tmin or by the mean of h<0 °C (Table 2.3 andFigure S2.2 in Appendix 2.2). In the analysis where aphid hosts were included as fixed factors to explain the parasitoid abundance during winter, the abundance of A. platensis (Figure 2.3 A) increased with the abundance of R. padi, whereas this species was not affected by the abundance of S. avenae or M. dirhodum (Table 2.3). In addition, the abundance of A. ervi (Figure . 2.3 B) was not affected by the abundance of R. padi; however, it significantly increased as the abundance levels of S. avenae and M. dirhodum increased (Table 2.3). Finally, the abundance of the complex A. uzb/rho (Figure 2.3 C) was positively linked to the abundance levels of R. padi, S. avenae, and M. dirhodum.

Quantitative food web metrics across the determined winter conditions

There were no significant differences in any of the food web metrics tested (Figure 2.4). The Shannon's diversity of interactions (GLM: ꭓ 2 = 3.90; df = 2, P = 0.14), connectance (GLM: ꭓ 2 = 1.96; df = 2, P = 0.37), web asymmetry (GLM: ꭓ 2 = 0.18; df = 2, P = 0.91), vulnerability (GLM: ꭓ 2 = 2.76; df = 2, P = 0.25), generality (GLM: ꭓ 2 = 0.06; df = 2, P = 0.97), and H2 index (GLM: ꭓ 2 = 0.86; df = 2, P = 0.65) were not affected by the winter conditions.
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Discussion

In this study, we described aphid-parasitoid food webs based on an extensive three-year dataset collected from nine localities. Despite the absence of a clear north-south latitudinal temperature gradient in the central-south Chilean valley, we managed to classify localities/years as either cold, mild, or warm winter areas. According to our results, the initial hypothesis that there was a cline in diapause expression was rejected. Only low levels of diapause incidence (around 4%) were observed in each of the three years of evaluation across the whole geographic gradient. Diapause only occurred in three of the nine parasitoid species, A. ervi, A uzb/rho and P. volucre, and one hyperparasitoid species, P. villosa. Given that these species are not among the four most abundant species, and as the rate of diapause of the most abundant species A. platensis was null (see also Alfaro-Tapia et al. 2021), the total level of diapause did not vary among climatic areas. Nevertheless, we observed changes in the compositions of aphid and parasitoid species, as their levels of relative abundance varied among the climatic areas, with fewer aphid and parasitoid species in warm winter areas than in mild and cold winter areas. The food webs were mainly dominated by R. padi and its parasitoid A. platensis, but we did not find support for our hypothesis concerning the six food web metrics analyzed. This suggests that environmental filtering in the warm, mild, and cold winter areas in central-south Chile does not influence the aphid-parasitoid trophic networks. This could be explained by the fact that the winters in the central-south valley of Chile are not cold enough than in other latitudes. In addition, this region suffers from relative interannual homogenization in temperature as a consequence of climate change. Specifically, there has been an increase in temperature in the Andes (+0.25°C/decade) (Falvey and Garreaud 2009) and an increase in the mean annual temperature of between 10-15°C in low and mid elevation zones (0-1000 m.) (Zambrano-

Bigiarini et al. 2017).

Our results show that most adult individuals within the parasitoid guild are active during winter.

The low level and/or the absence of diapause (e.g., for A. platensis) may be due to the overall mild winter temperatures in the central-south valley of Chile, which do not reach the necessary threshold to trigger diapause in aphid parasitoids, as observed by Tougeron et al. (2017[START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF] in cereal aphid-parasitoids from the west part of France. In our previous study (Alfaro-Tapia et al. 2021), A. platensis did not express diapause under fall and winter-like laboratory conditions. However, under the same conditions, we observed low levels of diapause in A. ervi (around 5%) on cereal aphids (Chapter IV), although these Chapter II: Winter aphid-parasitoid food webs 79 conditions usually induce a high level of diapause in other Aphidius parasitoid species in areas with cold winter conditions (Brodeur and McNeil 1989;[START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]). This suggests that either the conditions have never been cold enough in Chile since the introduction of this species to require diapause or that recent winter warming has led to a decrease in diapause. Parasitoids were introduced in the 1970s from France (e.g., A. ervi, A uzbekistanicus, A. rhopalosiphi, P. volucre) [START_REF] Zepeda-Paulo | Signatures of genetic bottleneck and differentiation after the introduction of an exotic parasitoid for classical biological control[END_REF]) and the United States (e.g., L. testaceipes) as part of classical biological control programs; however, other species may have been accidentally introduced on unknown dates and from unknown origins (e.g., A. platensis) (Starý et al. 1993). The low levels of diapause found in the studied populations may also be a response to continuous host availability throughout the winter season, since R. padi, S. avenae and M. dirhodum were all found to be present during the winter. In addition, we found a few individuals of only one hyperparasitoid species in diapause in one year, whereas the other hyperparasitoid species (i.e., Alloxysta sp, Dendrocerus sp, Asaphes sp) were recorded as being active every year, providing the first evidence that a large portion of the hyperparasitoid community is active during the winter in Chile.

In our study, the minimum temperature and the total number of hours below 0 °C over the winter did not explain the aphid species composition. The distribution of aphid species was not changed by the environmental temperature in the central-south valley of Chile. In areas characterized by mild winter conditions, the absence of lethal frosts allows aphids to remain active, leading to a dominance of parthenogenetic genotypes (Langer et al. 1997;Dedryver et al. 2001;Andrade et al. 2015). However, minimal temperatures and the mean duration of frost events are good predictors of aphid abundance (Honek et al. 2018;[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF], as low temperatures slow down the development and reduce the survival of aphids [START_REF] Brabec | Population dynamics of aphids on cereals: digging in the timeseries data to reveal population regulation caused by temperature[END_REF]. The difference between this finding and our results could be explained by the lack of frequent frost events during the study period in the central-south valley of Chile. Moreover, R. padi is the most abundant aphid species in winter across the environmental gradient, and it has been reported to harbor an obligate parthenogenetic reproductive mode in Chile (Rubio-Meléndez et al. 2019), allowing its persistence in winter temperatures and its adaptation to a large range of local conditions (Figueroa et al. 2018;[START_REF] Simon | Rapid evolution of aphid pests in agricultural environments[END_REF]. Similar patterns in the aphid species composition have been observed during winter in the west of France, an area that is also dominated by R. padi [START_REF] Alford | Could behaviour and not Physiological thermal tolerance determine winter survival of aphids in cereal fields?[END_REF]Andrade et al. 2016). R. padi usually shows greater cold tolerance than other cereal aphid species [START_REF] Alford | Could behaviour and not Physiological thermal tolerance determine winter survival of aphids in cereal fields?[END_REF][START_REF] Alford | The effect of landscape complexity and microclimate on the thermal tolerance of a pest insect[END_REF], providing it with a fitness advantage during winter. At the same time, it is also considered to be the strongest competitor during the plant vegetative growth stage of cereal crops, displacing other species of aphids [START_REF] Gianoli | Competition in cereal aphids (Homoptera: Aphididae) on wheat plants[END_REF]. Conversely, S. avenae and M. dirhodum were also
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Usually, winter is stressful for parasitoids, as temperatures come close to developmental and activity thresholds (Sigsgaard 2000;Zamani et al. 2007). It has been demonstrated that the temperature is fundamental for determining the temporal and geographical distribution of a species (Thomas et al. 2004;[START_REF] Boher | Biogeographic origin and thermal acclimation interact to determine survival and hsp90 expression in Drosophila species submitted to thermal stress[END_REF], through its diapause expression [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF], thermal tolerance (Le Lann et al. 2011b), and the thermal tolerance of closely interacting species, such as aphid hosts [START_REF] Alford | Could behaviour and not Physiological thermal tolerance determine winter survival of aphids in cereal fields?[END_REF]).

In our study, the minimum temperature and number of hours below 0°C were also not found to be good predictors of parasitoid abundance, probably because the winters are not cold enough. The parasitoid guild was smaller in warm winter areas (only A. platensis, A. ervi, and L. testaceipes were recorded) than in mild and cold winter areas with inter locality/year variability in terms of the species number and relative abundance. This is likely because the proportion of cereal fields in the landscape in the northern zone (areas with warmer winters) is lower than in other areas (ODEPA 2017). Moreover, climatic differences in the surveyed area may be an important factor that influences the local and seasonal availability of the host plants and aphids. Thus, the species composition and relative abundance of parasitoids will also be affected (Starý et al. 1993). Overall, the dominant parasitoid species (A. platensis) was found to exploit all recorded aphid species with significant levels of relative abundance. These results are supported by the high cold acclimation capacity observed in populations of A. platensis in Chile and their reasonably high fecundity at low temperatures (Chapter III, Alfaro-Tapia et al. 2021). On the other hand, A. platensis, together with A. ervi and A. uzb/rho, was found to constitute a large proportion of parasitoids in mild and cold winter areas that were mainly associated with S. avenae and M. dirhodum. Consequently, the changes in temperature over the study area did not explain the relative abundance of parasitoids. In contrast, our results showed compartmentalization of winter food webs through bottom-up effects, as the parasitoid abundance was directly explained by the aphid abundance (Andrade et al. 2016;[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]).

Indeed, the environmental distribution of parasitoids depends on the host plants and associated aphids present (Le Ralec et al. 2010). In addition, hyperparasitoids were observed to be active during winter and were most abundant in 2016 and 2017 (around 6% of the total emerged individuals). As previously reported elsewhere, hyperparasitoids are common in many host-parasitoid networks [START_REF] Tena | Parasitoid complex of black scale Saissetia oleae on citrus and olives: Parasitoid species composition and seasonal trend[END_REF][START_REF] Lohaus | Farming practices change food web structures in cereal aphid-parasitoidhyperparasitoid communities[END_REF]). These species can only be active in winter if their host, the primary parasitoids, is also available which, in turn, requires the presence of the aphid hosts (Tougeron and Tena 2019). Therefore, Chapter II: Winter aphid-parasitoid food webs 81 mild winter conditions could allow the development and activity of hyperparasitoids in Chile. This scenario has been also observed in the west of France, where the community of aphids and parasitoids has included active hyperparasitoids in winter since 2013 (Andrade et al. 2016;Tougeron et al. 2017). This has also been observed in other aphid-parasitoid communities in Citrus, where hyperparasitoids put a high level of parasitism pressure on the primary parasitoids year-round [START_REF] Gómez-Marco | Untangling the aphid-parasitoid food web in citrus: can hyperparasitoids disrupt biological control?[END_REF].

Variation in the relative abundance of parasitoid species and changes in the environmental conditions modify the quality and quantity of resources [START_REF] Stilmant | Host specialization in habitat specialists and generalists[END_REF]Honek et al. 2018). Overall, our analyses of quantitative food web metrics did not reveal marked changes in the interaction structure of cereal aphids and their associated parasitoids in relation to the winter condition along the central-south valley of Chile. The abundance of species usually accurately predicts network metrics at all levels [START_REF] Canard | Empirical evaluation of neutral interactions in host-parasite networks[END_REF]), but our analysis offers no evidence for consistent variation in Shannon's diversity of interactions based on winter conditions, probably because most of the trophic interactions only occur between a few aphid species and a small number of parasitoid species [START_REF] Luebert | Changes in host-parasitoid food web structure with elevation[END_REF]. Another explanation could be related to the low diversity of species and interactions normally occurring in more intensively managed agricultural fields compared with natural sites (Tylianakis et al. 2007). We did not find a strong level of support for the presence of a winter effect from the connectance of the studied networks. In our study, one generalist parasitoid, A. platensis, dominated the complete study system. This species is well adapted to the winter conditions of Chile (Alfaro-Tapia et al. 2021). No differences were found along the determined winter conditions, probably because the high number of A. platensis-R. padi interactions affects the interaction level. A similar pattern was observed in a rainforest stratum where the generalist species Melittobia australia (Hymenoptera, Eulophidae) dominates the system parasitizing Fabriogenia sp. (Hymenoptera, Pompilidae), rendering the connectance metric constant among different strata [START_REF] Morris | Food web structure changes with elevation but not rainforest stratum[END_REF]. Likewise, the balance between the number of parasitoids and aphid species ´Web asymmetry´ did not differ along the gradient, showing values close to zero. Therefore, the numbers of aphids and parasitoids were symmetric along the gradient, involving approximately the same numbers of aphid and parasitoid species. This result is similar to what was found in a long-term winter study carried out in the west of France, where the numbers of aphids and parasitoids in quantitative food webs were similar over years (Andrade et al. 2016;[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]. Both aphids and their parasitoids are mostly active in cereal crops of Chile in the winter, as has also been demonstrated in countries with mild winter climates (Polgár et al. 1995;Andrade et al. 2016;Tougeron et al. 2017[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF].
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In accordance with our hypothesis, generality did not increase under warm winter conditions.

The main parasitoid species recorded, A. platensis, A. ervi, and A. uzb/rho, were found to attack multiple aphid species. This happened despite the availability and relative abundance of their favorite hosts, which accept all aphid hosts encountered, even if they are not optimal (Eoche- Bosy et al. 2016;Alfaro-Tapia et al. 2021). Diverse parasitoid communities have been shown to enhance pest suppression through the complementary use of aphid host resources by niche partitioning [START_REF] Finke | Niche partitioning increases resource exploitation by diverse communities[END_REF]Andrade et al. 2016) via the addition of new species to the food web [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]). This niche overlapping was also observed in spring in the same system in the Central valley of Chile among A. ervi, A. uzbekistanicus, and A. rhopalosiphi (Ortiz-Martínez et al. 2019). In the same way, the climatic conditions were found to have no influence on the mean number of aphid parasitoids per host species (vulnerability). This suggests that parasitoids adjust their attack rate on each aphid species according to the overall mean availability of aphids [START_REF] Ives | Variability and parasitoid foraging efficiency: a case study of pea aphids and Aphidius ervi[END_REF], keeping the vulnerability of aphids constant across a latitudinal gradient [START_REF] Gagic | Food web structure and biocontrol in a four-trophic level system across a landscape complexity gradient[END_REF]. Finally, the degree of specialization tended to be constant along the gradient. The highly connected networks found in our study were characterized by low specialization. In winter, it has been demonstrated that parasitoids adopt generalist strategies due to a shortage of optimal hosts (Andrade et al. 2016;Tougeron et al. 2017;Ortiz-Martínez et al. 2019), suggesting that competition among adult parasitoids may be happening along the gradient. The increase in the number of hosts shared by parasitoids in Chile could be related to the possible reduction in host availability [START_REF] Peñalver-Cruz | Abundance and prevalence of Aphidius avenae (Hymenoptera: Braconidae: Aphidiinae) in Chile[END_REF]). However, the efficiency of parasitoids in controlling host pests depends on their genotype and their ability to oviposit and develop on different host species [START_REF] Raymond | Aphid parasitoid generalism: development, assessment, and Chapter V General discussion 182 implications for biocontrol[END_REF], while aphid parasitoid species are known to display different host resource exploitation strategies while exploiting the same host species [START_REF] Van Baaren | Playing the hare or the tortoise in parasitoids: could different oviposition strategies have an influence in host partitioning in two aphidius species?[END_REF][START_REF] Lann | Comparing resource exploitation and allocation of two closely related Chapter II: Winter aphid-parasitoid food webs 87 aphid parasitoids sharing the same host[END_REF]. Therefore, parasitoids may optimize the efficiency and stability of the biological control service throughout space and time [START_REF] Raymond | Aphid parasitoid generalism: development, assessment, and Chapter V General discussion 182 implications for biocontrol[END_REF].

Conclusion

Describing variations in food web structure is a critical first step towards improving the understanding of the aphid-parasitoid community composition and its function in agroecosystems along a gradient. Overall, our results suggest no that the temperature does not have a major effect on aphids and parasitoids within these sites and temperature range. Instead, a bottom-up effect was found to be the Chapter II: Winter aphid-parasitoid food webs 83 major driver of the host-parasitoid interactions described here. Our findings are in accordance with the neutral hypothesis, which states that the network structure could simply emerge from random encounters among individuals and is thus solely influenced by the species abundance [START_REF] Canard | Empirical evaluation of neutral interactions in host-parasite networks[END_REF]. Despite the presence of simple food-web structures along the winter conditions, the cereal crops present in the central-south valley of Chile support a high parasitoid abundance and a relatively large number of species, suggesting that overwintering parasitoid populations/species are not only active but also reproduce. Active foraging of parasitoids during the winter could be an important aspect of their biology that allows them to maintain aphid populations at low densities until spring. Therefore, the use of network-based approaches to understand the relationships between different trophic levels and biological control could yield important insights for pest reduction. Consequently, it will be necessary to follow the whole aphid-parasitoid-hyperparasitoid community in the coming years to determine the success of the biological control of aphids over the long term under fluctuating and changing environmental conditions. This community composition may change rapidly as a result of changes in the spatio-temporal dynamics of biological control as winter conditions may continue to be altered, as observed in other areas, like the west of France, which is experiencing increasing mild winter conditions [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF](Tougeron et al. , 2020)). 

Abstract

The onset of an overwintering strategy to overcome cold temperatures of a species of ectotherms can include remaining active or entering diapause. This in turn will depend on the relative costs of each strategy and therefore, could differ among populations along a latitudinal gradient. Thus, expecting higher levels of diapause in the coldest conditions and a higher incidence of individuals remaining active in the warmest conditions. We assessed the insect responses to photoperiod and temperature, in five Chilean populations of the aphid parasitoid Aphidius platensis. We analyzed the variation in winter temperature along the latitudinal gradient and, under controlled conditions, examining the potential effects of three constant conditions of photoperiod/temperature: 8:16LD (Light: Dark, hours) at 10°C, 10:14LD at 14°C, and 16:8LD at 20°C, on diapause levels. Finally, we measured cold tolerance (CTMin), developmental time, fresh body mass and size, fat and water content, and egg load for the emerging parasitoids. Our results showed no clear latitudinal gradient in temperature but differences among sites were clear. None of the five populations of A. platensis expressed diapause at any tested condition, suggesting that the environmental thresholds for diapause induction are perhaps not reached in this species under the studied latitudes. Insects from the coldest point in the gradient (Pinto) showed the lowest CTMin suggesting local adaptation. Moreover, physiological, and life-history traits seem to adjust rapidly through developmental thermal acclimation, showing that plasticity is involved in the parasitoid's responses to the temperature differences found among localities. Consequently, both local adaptation and phenotypic plasticity contribute to this species remaining active during the whole winter, being an effective strategy to diapause in relatively mild and stable thermal environments.

Introduction

Low temperatures are among the most important abiotic factors limiting the range and activity of ectotherms in temperate climates. Survival in winter depends on the magnitude, frequency, and duration of cold events (Bale 2002). Winter conditions are important drivers of individual performance, community composition and ecological interactions (Williams et al. 2015). Changes in photoperiod and temperature are widely used by insects to regulate temporal patterns of development and behaviour, including overwintering strategies [START_REF] Denlinger | Keeping time without a spine: What can the insect clock teach us about seasonal adaptation?[END_REF]. Insects have three options to survive winter conditions: migration, diapause (i.e., arrest of development) or activity to resist the cold (Leather et al. 1995, Bale 2002).

Diapause is a dynamic state of low metabolic activity, genetically determined and neurohormonally mediated. It is characterized by behavioral inactivity, morphogenesis and reproductive function arrest, and slowing growth (Denlinger 2002, Tauber et al. 1986). In aphid parasitoids, diapause occurs at a species-specific stage of ontogenesis (larval diapause) and, its expression is mainly regulated by environmental signals like shortening of day length and decrease in temperature and their interaction (token-stimuli), whereas, maternal effects only play a marginal role (Brodeur & McNeil 1989, Polgár & Hardie 2000, Tougeron et al. 2017) Another strategy employed by some species is to remain active during the winter. Relatively mild winters allow insects to complete their development (Langer & Hance 2000), and reach the threshold of temperature for their activity (Danks 1991). This strategy involves important behavioral and physiological adaptations (Danks 2007) to improve survival in winter conditions [START_REF] Gibert | Chill-coma tolerance, a major climatic adaptation among drosophila species[END_REF], Overgaard & Sørensen 2008), in which thermal tolerance plays an important role (Le Lann et al. 2011a). This feature can explain seasonal variations in a species' distribution and abundance (, Tougeron et al. 2016, Andreadis & Athanassiou 2017) as well as variation on the duration of the developmental stages as individuals need a minimum body size to survive these winter conditions (Gotthard 2001). In cold environments, tolerance depends on biochemical and physiological processes (Colinet et al. 2007c). Insects need to accumulate lipid reserves (Sinclair 2015, Sinclair & Marshall 2018,) and increase or decrease their water content according to the species (Lee 1991) in order to have a significant advantage to survive these stressful environments.

Chapter III Overwintering strategies of Aphidius platensis 97 Environmental gradients are known to exert a major effect on patterns of intraspecific variation and populations matching their physiology to the local thermal environment (Gaston & Spicer 1998, García-Robledo et al. 2016). Consequently, life-history traits and overwintering strategies covary with latitudinal or altitudinal clines [START_REF] Hardy | Scale insect host ranges are broader in the tropics[END_REF]. Winter conditions are characterized by shorter days and low temperatures with gradual changes along a given latitudinal gradient. Consequently, for any given year, diapause should occur sooner and more often at high latitudes (harsher winters) than at low latitudes (milder winters) (Zhang et al. 2017). This was demonstrated in different species (e.g.: Nasonia vitripennis Walker (Hymenoptera, Pteromalidae)), showing that northern populations (harsher winters) in Europe require longer photoperiods for diapause induction, than southern populations (milder winters), which express more diapause at shorter photoperiods (Paolucci et al. 2013). Equally, ecological conditions may affect the evolution of life-history strategies of a population (Lancaster et al. 2017). As life-history traits coevolve with the physiology of the organism, a single phenotype is formed, which has been referred to as a pace-of-life syndrome [START_REF] Ricklefs | The physiology/life-history nexus[END_REF][START_REF] Moschilla | Sex-specific pace-of-life syndromes[END_REF]. In winter, physiology and life-history traits may show inter-population variations along a geographic gradient for individuals that remain active. Parasitoids depend on a series of adaptations for survival and are highly susceptible to biotic and abiotic changes (Hance et al. 2007). The geographical origin of a population has a strong influence on their cold tolerance (Colinet & Boivin 2011); this is how individuals from high latitudes tend to be better adapted to colder environments than those from lower latitudes (Hoffmann et al. 2002[START_REF] David | The fly that came in from the cold: geographic variation of recovery time from low-temperature exposure in Drosophila subobscura[END_REF]. In addition, a negative relationship between body size and developmental temperature, favouring larger organisms developing in colder conditions, a phenomenon known as the `Temperature-Size Rule` has been described for a same species (Atkinson 1994, Angilletta & Dunham 2003). Moreover, life-history traits, that are often positively correlated all together, such as developmental time (Zamani et al. 2007), fat content [START_REF] Arrese | Insect fat body: energy, metabolism, and regulation[END_REF][START_REF] Foray | Does cold tolerance plasticity correlate with the thermal environment and metabolic profiles of a parasitoid wasp?[END_REF], survival (Colinet et al. 2006), early fecundity and body size (Le Lann et al. 2011b[START_REF] Horne | Insect temperature-body size trends common to laboratory, latitudinal and seasonal gradients are not found across altitudes[END_REF]) increase with decreasing temperatures, which is developmental plasticity. Finally, cold tolerance is also highly plastic to thermal conditions experienced prior to cold stress [START_REF] Foray | Does cold tolerance plasticity correlate with the thermal environment and metabolic profiles of a parasitoid wasp?[END_REF], and depends on both life-history timing and seasonal temperature profiles (Le Lann et al., 2011a;van Baaren et al., 2010). Therefore, life-history traits may be correlated with temperature along the latitudinal gradient and influences physiological traits such as cold tolerance (Addo-Bediako et al. 2000).

In this study, we compared the response of five populations of Aphidius platensis Brethes (Hymenoptera, Braconidae) distributed along a latitudinal gradient in the central-south valley of Chile, to Chapter III Overwintering strategies of Aphidius platensis 98 constant regimens of temperature and photoperiod simulating winter, fall and spring conditions. We measured diapause levels as well as physiological and life-history traits of active (non-diapausing) individuals. In this region, Rhopalosiphum padi (Linnaeus), Sitobion avenae (Fabricius) and Metopolophium dirhodum (Walker) (Hemiptera: Aphididae) are the predominant aphid species attacking cereal crops.

Their natural enemy guild is composed mainly by the Aphidiinae group, primarily the Aphidius genus (Starý 1995) and A. platensis is a common parasitoid species reported in Chile to use R. padi species as hosts (Alfaro-Tapia et al., in preparation). It is the most abundant and prevalent species in winter, along a gradient of 595 km with relatively mild winter temperatures but with clear differences in temperature due to a North-South latitudinal change (Alfaro-Tapia et al., in preparation). Therefore, the following hypotheses were tested: (1) A. platensis expresses low diapause levels, (2) if diapause is expressed, then its level should be higher in parasitoid populations from cold localities than from mild ones, (3) for individuals that remain active during the winter, developmental time should be longer and with larger body size in populations from cold latitudes according to the temperature-size rule, (4) adults from cold latitudes should be more cold-resistant than those from mild environments, affecting numerous other lifehistory traits, (5) since mass/size are positively correlated with fat reserve content (Colinet et al. 2007a, b), we expect that individuals from colder latitudes that develop in winter conditions, will have a higher fat content, and (6), they should display higher egg-load and produce larger eggs.

Material and methods

Meteorological data and gradient determination

During the winter of 2018, we obtained environmental values from meteorological stations (https://www.agromet.cl/), nearest to each of the five localities where A. platensis populations were collected along a latitudinal gradient of 595 km in the central-south valley of Chile: Rancagua (34°09′S, 70°44′W and 469 m altitude), Talca (35°22'S, 71°50'W and 189 m), Chillan (36°32′S, 72°04′W and 154 m), Pinto (36°41'S, 71°46'W and 519 m) and Temuco (38°55'S, 72°02'W and 114 m) (Figure 3.1 A). We evaluated the following environmental variables at each locality: minimum daily temperature (Tmin), maximum daily temperature (Tmax), mean daily temperature (mean), and the total number of hours (h) with temperatures below zero, which is close to freezing temperature and below the developmental Chapter III Overwintering strategies of Aphidius platensis 99 thresholds of most Aphidius species (Sigsgaard 2000). We chose these variables because they have a great influence on populations' persistence during winter (Honek et al. 2018) and may be good predictors of diapause level [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]). The central-south valley of Chile is a region along the west coast of subtropical South America, limited to the east by the Andes [START_REF] Garreaud | Warm Winter Storms in Central Chile[END_REF]) and to the west by the coastal mountain range. Although, as a consequence of climate change, inter-annual homogenization of temperatures has affected latitudinal gradients everywhere (Falvey & Garreaud, 2009) consistent temperature differences among localities can be observed [START_REF] Burger | Seasonal and elevational contrasts in temperature trends in Central Chile between 1979 and 2015[END_REF]. This area encompasses highly productive cereal crops in a temperature gradient, with mean temperatures ranging between 8.4 and 9.1°C, mean minimum temperatures ranging from 2.6 to 5.0°C, and mean maximum temperatures ranging between 12.2 and 13.6°C during winter [START_REF] Del Pozo | Zonas agroclimáticas y sistemas productivos de la VII y VIII Región. Serie Quilamapu[END_REF].

Insect sampling and rearing

Aphid mummies of the five populations were collected from cereal crops, between July 7th and August 22 th of 2018, along the above described latitudinal gradient. From north to south, we sampled one field in Rancagua, seven fields in Talca, two fields in Chillan, two in Pinto and four in Temuco. A minimum of 32 and a maximum of 167 mummies were collected from each field. Mummies collected were isolated individually in 1.5 mL Eppendorf tubes and kept in laboratory conditions at 20±1°C, 65±5 % RH, until emergence. Emerging parasitoids were identified at the species level using taxonomic keys (Starý 1995, Tomanović et al. 2014). Initially between 20 to 60 individuals of parasitoids identified as A. platensis were used to establish a mass rearing population on a polyclonal R. padi. The host population was collected prior to the establishment from cereal crops in the winter of 2018 from the central-south valley of Chile. Aphids were reared on potted wheat Triticum aestivum (Linnaeus) in Plexiglas cages of 0.40 m 3 and maintained at laboratory conditions at 20±1°C, 65±5% RH and photoperiod of 16:8 LD. After the establishment of the mass rearing population, species confirmation was made by molecular approaches (Tomanović et al. 2014). Finally, to prevent differential adaptation of parasitoids populations to the aphid strain, another polyclonal population of R. padi collected in Brittany (France) was used and maintained under the same conditions mentioned above. This aphid strain was highly suitable to parasitism, confirmed by the number of total mummies formed and the emergence rate (~90%) regardless of the tested conditions.
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Experimental conditions

To evaluate the effects of photoperiod and temperature on diapause incidence of the five populations described above parasitized aphids coming from each population were distributed among three different conditions: (1) winter condition: 8:16 LD (Light: Dark, h) at 10°C, (2) fall: 10:14 LD at 14°C, (3) spring condition: 16:8 LD at 20°C. These conditions were chosen for the following reasons. (1) Winter condition: at this temperature and photoperiod, Aphidius species from temperate climates are induced to diapause maintaining this state until spring (Langer & Hance 2000, Polgár & Hardie 2000, Tougeron et al. 2017). ( 2) Fall condition: parasitoids usually enter diapause in the fall, with photoperiod and temperature as influential abiotic factors (Brodeur & McNeil 1989). ( 3) Spring condition: this condition does not induce diapause in populations from temperate climates (Tougeron et al. 2017).

For the experiments, individual mummies from the mass rearing of each population were isolated from plants in gelatin capsules and checked for emergence twice each day. Emerging parasitoids were sexed and mated. To ensure mating, five newly emerged females were placed with two to three males of the same age in micro-cages (L=10 cm, Ø=5 cm) for 24 h with a diluted honey solution in water (30%) to feed them. Subsequently, these five mated females were introduced to cages of 30 cm 3 containing one wheat pot with 150±10 parthenogenetic synchronized R. padi aphids between second and third instar (Brodeur & McNeil 1989) at spring-like conditions. Honey solution and water were placed on cotton feeders to allow the parasitoids to survive. All females used in the experiments were less than two days old and naive in terms of oviposition experience. After 24 h, female parasitoids were removed from the cages and the 150±10 potentially parasitized aphids were randomly distributed on six wheat pots (≈25 aphids per pot). Pots consisted of plastic tubes (L=16 cm, Ø5 cm) filled with vermiculite substrate and were closed using 100% nylon white organdy mesh. Finally, two pots were placed in each of the three conditions. Each pair of tubes was considered as one replica. The experiment was repeated until there were at least 200 mummies for each condition per population. All the experiments were conducted within seven months after the establishment of the parasitoid populations.
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Measure of the diapause level

To evaluate the diapause level in each condition for each population, parasitized aphids were incubated in climate chambers (Sanyo, Osaka, Japan) under the three experimental photoperiod/temperature conditions described above. After three days, incubated aphids were checked daily until mummification. One-day-old mummies were individually confined in gelatin capsules. The aphids which had not become mummies within three days after the last mummification were considered as unparasitized. The collected mummies were checked daily for parasitoid emergence. Fifteen days after the last adult emergence, all the non-emerged mummies of each condition were dissected as in Tougeron et al. (2017). The dissections were performed under a stereoscopic microscope (65x Nikon SMZ800) linked to a video camera (JVC KY-F50) by carefully piercing a tiny hole in the mummy envelope without damaging the individual inside. In this way their state (dead immatures/adults or diapausing goldenyellow plump pre-pupa) could be accurately assessed following (Tougeron et al. 2017).

Measures of physiological and life-history traits

Since only non-diapausing individuals were obtained for the five populations in the three conditions, the following physiological and life-history traits were measured: At emergence, the cold tolerance of 750 parasitoids of the different tested conditions was measured using critical minimal temperatures (CTMin) as they are strongly linked to insect performance (Huey 2010). Other parasitoids were frozen at -20°C until further measurements. One batch of these parasitoids was used to measure water content (WC) and fat content (FC), where different parameters were calculated (dry mass DM, water mass WM, water content WC, lean dry mass LDM, fat mass FM and fat content FC). It has been demonstrated that these measurements affect the response of parasitoids to cold tolerance (Colinet et al. 2006, Hance et al. 2007, Colinet & Hance 2010). In addition, a second batch of females was used to evaluate the egg load at emergence and the mean volume of eggs. Finally, fresh body mass (FBM) and tibia length were measured. These measures are good indicators of fitness in parasitoid wasps and may be used as primary proxies (Roitberg et al. 2001). Many traits of parasitoids, including thermal tolerance (Le Lann et al. 2011a), WC and FC [START_REF] Ismail | Physiological costs of cold exposure on the parasitoid Aphidius ervi, without selection pressure and under constant or fluctuating temperatures[END_REF]) and fecundity [START_REF] Opp | Effects of host size on selected fitness components of Aphytis melinus and A. lingnanensis (Hymenoptera: Aphelinidae)[END_REF][START_REF] Rosenheim | Foraging and oviposition decisions in the parasitoid aphytis lingnanensis: distinguishing the influences of egg load and experience[END_REF], Roitberg et al. 2001) are positively correlated with body mass and size.
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Fresh body mass and hind tibia length measurements

FBM was measured with a microbalance Mettler Toledo®-XP6U-Mass Comparator (Me22; sensitivity: 1µg) for 75 females and 50 males of each population per condition. The right metathoracic tibia was measured using a camera connected to a stereoscopic microscope (65X of total magnification) using the ImageJ software [START_REF] Abràmoff | Image processing with ImageJ[END_REF].

Critical thermal minima (CTMin)

To assess cold tolerance in A. platensis, 25 females and 25 males that emerged from each condition and from the five different populations were individually transferred to a thin-walled glass tube (35 x 5 cm) adapted from [START_REF] Powell | Effect of long-term and rapid cold hardening on the cold torpor temperature of an aphid[END_REF] and topped with a cotton plug to maintain a stable internal environment and a constant relative humidity at 50±10% (Le Lann et al. 2011a). Ethylene glycol from a thermostat bath (Lauda RE320, Lauda-Königshofen, Germany) controlled the air temperature in the inner chamber of the column to cool the tube. The temperature in the inner chamber was recorded using a thermal probe (sensitivity of 0.1°C) (Comark C8600 TempScan Digital Bench Lab Scanning Thermometer).

Prior to the beginning of the experiment, parasitoids with no more than two hours of emergence, were allowed to acclimate in the glass tube for 15 minutes at 20°C. Parasitoids were then cooled from this temperature to the last critical limit at a rate of 0.75°C min -1 ; this temperature was chosen to avoid inducing a fast cold hardening response [START_REF] Powell | Effect of long-term and rapid cold hardening on the cold torpor temperature of an aphid[END_REF]. Two types of critical minimal limits (CTMin1 and CTMin2) were recorded as recommended in Terblanche et al. (2007) and, Le Lann et al. (2011a). The critical thermal minimum was evaluated as both 'locomotion trouble' when parasitoids were still able to walk but without coordination, corresponding to the loss of coordinated muscle functions (CTMin1), and 'total paralysis' when parasitoids become completely immobile and no appendage movements are visible.

At this temperature, individuals lose their ability to adhere to the wall of the tube and therefore fall, which is referred to as 'chill coma' (CTMin2) (Le Lann et al. 2011a), a reversible state highly correlated with the recovery time [START_REF] Andersen | How to assess Drosophila cold tolerance: Chill coma temperature and lower lethal temperature are the best predictors of cold distribution limits[END_REF]. After both CTMin measurements, parasitoids recovered from the cooling process, were placed individually in 0.2 mL Eppendorf tubes and stored in the freezer at -20°C.

Subsequently, FBM was measured as it can influence CTMin responses (Le Lann et al. 2011a).
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Water and fat content

To evaluate the WC and FC, we used the method described by [START_REF] Ismail | Physiological costs of cold exposure on the parasitoid Aphidius ervi, without selection pressure and under constant or fluctuating temperatures[END_REF]. Twenty-five females and twenty-five males emerged from each population and condition were stored at -20°C and measured. The FBM was obtained by weighing the individuals as described above. Parasitoids were then placed into an air oven at 60°C for three days and reweighed to obtain DM. WM was obtained as WM=FBM-DM and WC was calculated as a ratio between the WM and the DM (WC=WM/DM) [START_REF] Koštál | On the nature of pre-freeze mortality in insects: water balance, ion homeostasis and energy charge in the adults of Pyrrhocoris apterus[END_REF]). To evaluate the FC, each dried individual was placed for two weeks in a 1.5 mL Eppendorf tube containing 1 mL of the extracting solution based on chloroform: methanol (2:1) at room temperature under a fume hood. Parasitoids were then dried for 12 h in an air oven at 60°C to remove the extracting solution in order to measure the LDM. FM was obtained by subtracting LDM from DM, and finally the FC was calculated as: FC= FM/LDM. The FC is a good proxy of fitness as it can be used to characterize the costs associated with the maintenance and development in insects (Sinclair 2015, Sinclair & Marshall 2018).

Measure of egg load and volume of the eggs

The egg load and volume of the eggs were measured in twenty-five females stored at -20°C for each population and condition. After being weighed and having the tibia length measured, each female was placed in 50 µL of distilled water on a microscope slide and dissected under a stereoscopic microscope (65x Nikon SMZ800). All mature eggs were counted and photographed using a camera (Sony N50) mounted on the microscope. The length and width of 20 randomly chosen mature eggs from each female were measured with the numeric image analysis software ImageJ [START_REF] Abràmoff | Image processing with ImageJ[END_REF]) in order to calculate the volume of the eggs using the following formula: V = (2/3) * ∏(L/2*(w/2) 2 ), where, L=length, w=width, as in Le Lann et al. (2011b).
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Statistical analyses

Gradient determination

For our analysis, we performed a non-metric multidimensional scaling (NMDS) analysis to group localities by climatic similarities based on a distance matrix following a Principal Component Analysis (PCA) representation. Then, we used the minimum temperature (positively correlated with mean and maximum temperatures) and the number of hours with temperatures below zero (negatively correlated with the mean, maximum and minimum temperatures) for the statistical analyses. We used repeatedmeasures ANOVA. Localities were considered as a fixed effect, and the day was included as a random effect. Tukey HSD post hoc tests were used to detect differences among localities. For a better understanding of the gradient, mild and cold localities were combined in the tables and figures, although they were analyzed separately.

Parameters measured

Statistical models were fitted to the data to observe interactive effects of the population origin (five levels), and the tested conditions (three levels) on physiological and life-history traits. According to the structure of our data, a survival logistic-rank model (LR) (survival package) and generalized linear models (GLMs) were built. Although the sex of the parasitoids was not part of our predictions, we included it in our analyses as an additional fixed factor because many traits vary between males and females [START_REF] Ismail | Physiological costs of cold exposure on the parasitoid Aphidius ervi, without selection pressure and under constant or fluctuating temperatures[END_REF], Le Lann et al. 2011a). Only significant interactions are shown in the results. For the full models run, see supplementary material (Appendix 3.1, Table S 3.1). In addition, to observe if there was an effect of body size/mass, we used tibia length or FBM as a covariate. The best model structure was determined by stepwise removal of insignificant higher order interactions by using Akaike information criterion and performing an ANOVA type II from the car package (Fox et al. 2016). Pairwise comparisons were done using 'Tukey tests', correcting for multiple comparisons by the 'single-step' method using Multcomp package [START_REF] Hothorn | Multcomp: simultaneous inference in general parametric models[END_REF]. All statistical analyses were conducted with R 3.6.5 statistical software (R Core Team 2019).
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Additionally, a survival logistic-rank model was used adding a censoring factor for non-emerged mummies to evaluate the total developmental time. Models were compared using a likelihood-ratio chisquare method.

FBM, hind tibia length, CTLs (CTMin1 and CTMin2), WC and FC data were analysed using a GLM assuming a Gaussian distribution and 'identity' link function to compare differences between populations, conditions and sexes. In the case of CTLs, FBM was incorporated as a covariate and global correlations were performed using Pearson correlation tests on individuals emerged from the three conditions between FBM and CTMin1 and CTMin2. (Le Lann et al. 2011b). To establish differences in WC and FC, the tibia length was used as a covariate. Parameters measured to calculate the WC and FC (i.e., FBM, DM, WM, LDM and FM) were not used in the statistical analysis as these are highly correlated (see Appendix 3.2, Figure S 3.2). Pearson correlation tests were performed on FBM and hind tibia length.

Finally, the effect of the populations and environmental conditions on the egg load and volume of the eggs were analysed using a GLM model. As the Poisson model exhibited overdispersion a negative binomial distribution was used. A gamma error was used to compare the volume of the eggs. In both cases, tibia length was used as a covariate.

Results

Meteorological data and gradient determination

According to the NMDS analyses, Rancagua, Chillan and Temuco can be grouped together as 'mild winter localities' and Talca and Pinto as 'cold winter localities' supported by 0.20 stress value. The PCA representation shows that coldest winter localities were characterized by more hours below zero and mild winter localities by higher mean minimum temperatures (Figure 3 Chapter III Overwintering strategies of Aphidius platensis 107

Emergence rate, diapause expression, and developmental time

A total of 3,691 mummies were formed in laboratory induction tests. Overall, parasitoid emergences for each population were not reduced by low temperatures and a short photoperiod (Table 1).

The emergence rate was approximately 90% for all populations (GLM: ꭓ 2 =0.69; df=4, P=0.95) and for all conditions (GLM ꭓ 2 =0.42, df=2, P=0.81), without interaction between these factors. The dissection of the non-emerged mummies showed around 80% of fully formed adults and 20% of dead grey/dark adults and larvae (Table 3.1) among populations (GLM: ꭓ 2 =0.01; df=4, P=1.00) and conditions (GLM: ꭓ 2 =0.01, df=2, P=0.99).

Total developmental time was significantly different with respect to populations (LR: ꭓ 2 =35.9; df=4, P<0.001) and conditions (LR: ꭓ 2 =12,590.0; df=2, P<0.001), where individuals took an average of 13.30±0.03 (mean ± SE), 22.31±0.04, and 38.64±0.06 days to emerge from spring, fall and winter conditions, respectively. Also, an interaction between population x condition (LR: ꭓ 2 =12,590.0; df=2, P<0.001) was observed. This was mainly explained by the slightly faster emergence of Pinto (TukeyHSD, z=-82.59, P<0.001) and Chillan populations (TukeyHSD, z=3.72, P<0.001) when compared to the Temuco population under spring conditions, whereas individuals form the Pinto populations had a slower emergence (TukeyHSD, z=5.11, P<0.001) than those from Chillan under winter conditions (Figure 3.2). 

Fresh body mass (FBM) and size

There were no differences in FBM between the five populations (GLM: ꭓ 2 =1.02; df=4, P=0.91).

However, parasitoids were affected by the photoperiod-temperature conditions (GLM: ꭓ 2 =1,705.46; df=2, P<0.001). The FBM increased significantly with the decrease in temperature and photoperiod. Moreover, females were heavier than males (GLM: ꭓ 2 =41.89; df=1, P<0.001), and there was an interaction effect of population x condition (GLM: ꭓ 2 =21.10; df=8, P<0.05), where the emerged individuals from the Pinto population under fall conditions were slightly less heavy than the Chillan population, but similar to Talca, Rancagua, and Temuco (Table 3.2). A significant effect was observed for the parasitoid populations on the hind tibia length (GLM: ꭓ 2 =16.45; df=4, P<0.001) with a greater size of the parasitoids from Pinto compared to those from Chillan. However, similar to FBM, when temperature and photoperiod conditions decreased, emerging individuals were larger than those from the other conditions (GLM: ꭓ 2 =689.22; df=2, P<0.001). Likewise, females were larger than males (GLM: ꭓ 2 =70.56; df=1, P<0.001) (Table 2.2). In addition, both traits (FBM and size) were correlated positively each other (R=0.85, P<0.001). (See Appendix 3.3,

Figure S 3.3).
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Critical thermal limits

There was a significant effect of the population on CTMin1 (GLM: ꭓ 2 =9.46; df=4, P=0.05) and the CTMin2 (GLM: ꭓ 2 =308.43; df=4, P<0.001), individuals from the Pinto population were the most cold tolerant.

Condition significantly influenced the CTMin1 (GLM: ꭓ 2 =77.05; df=2, P<0.001) and the CTMin2 (GLM: ꭓ 2 =1,618.56; df=2, P<0.001): individuals that emerged under the winter condition had a lower CTMin1 and CTMin2 than parasitoids that emerged under the two other conditions. Furthermore, there was an effect of sex: CTMin1 (GLM: ꭓ 2 =11.86; df=1, P<0.001) and CTMin2 (GLM: ꭓ 2 =176.78; df=1, P<0.001), females were more cold tolerant than males (Figure 3.3 A and Figure 3.3 B). In addition, heavier individuals of both sexes had lower CTMin1 and CTMin2. Average CTMin2 for parasitoids assayed from Pinto were lower than those for individuals from other populations under the winter condition. Females from the Pinto population were more resistant to low temperatures under all conditions, as there was a highly significant population x condition (GLM: ꭓ 2 =27.88; df=8, P<0.001) and population x sex interaction (GLM: ꭓ 2 =10.79; df=4, P<0.05).

Finally, there was an effect of the FBM on the response of A. platensis to CTMin1 (GLM: ꭓ 2 =6.42; df=1, P<0.05) and CTMin2, (GLM: ꭓ 2 =727.93; df=1, P<0.001) with a strong positive correlation between FBM with CTMin1 

Water and fat content

There was a significant difference in WC among populations with a slight increase for the individuals from Chillan and Rancagua populations compared to those from the Pinto population, although similar when compared to the Talca and Temuco populations (GLM: ꭓ 2 =22.11; df=4, P<0.001). A significant increase was observed when individuals developed under winter conditions (GLM: ꭓ 2 =110.04; df=2, P<0.001). In the same way, females had a higher WC than males (GLM: ꭓ 2 =7.22; df=1, P<0.05), and interaction between populations x condition was observed (GLM: ꭓ 2 =17.41; df=8, P<0.05), where WC from Pinto decreased slightly under spring and fall conditions when compared to the other combinations (Table 3.3). Additionally, larger individuals had a higher WC (GLM: ꭓ 2 =282.69; df=1, P<0.001). The FC was significantly higher under cold winter populations (Pinto and Talca) compared to the other three populations (GLM: ꭓ 2 =32.17; df=4, P<0.001). Likewise, FC increased when temperatures and photoperiod Chapter III Overwintering strategies of Aphidius platensis 113 decreased (GLM: ꭓ 2 =11.94; df=2, P<0.001), and larger individuals had a higher FC (GLM: ꭓ 2 =30.69; df=1, 30 P<0.001) (Table 3). 31 32 

Egg load at emergence and volume of the eggs

There was no significant effect of the population on the number of mature eggs at emergence (GLM: ꭓ 2 =2.29; df=4, P=0.68) nor on the volume of eggs (GLM: ꭓ 2 =5.16; df=2, P=0.17). In contrast, a significant effect of the condition was observed a larger number of eggs at emergence under winter conditions (GLM: ꭓ 2 =9.53; df=2, P<0.01) as well a greater volume of the eggs (GLM: ꭓ 2 =82.31; df=2, P<0.001), when compared to the other two conditions. Additionally, there were significant interaction effects of population and condition for the number of eggs (GLM: ꭓ 2 =23.61; df=8, P<0.001) and the volume of the eggs (GLM: ꭓ 2 =15.64; df=8, P=0.05), suggesting that the effect on the population was dependent of the condition under which females developed (Figure 3 

Discussion

The results indicate that among the five localities, the coldest were Pinto and Talca, which did not follow a north-south gradient. No diapausing individuals were found, regardless of the population or condition, with similar emergence rates, as proposed by our first and second hypotheses. In concordance with our third, fourth and fifth hypotheses, developmental times of A. platensis were slightly different among populations and however this had no effect on the survival of their progeny. Although we showed few differences in the physiology and life-history traits among populations, individuals from Pinto were larger, resisted lower temperatures, had slightly lower WC and higher FC values than individuals from the other populations. This was not at the expense of a lower fecundity in individuals from Pinto, as there were no differences in the number and volume of the eggs compared to other populations. Regarding the effect of the simulated conditions, we observed that an increase in temperature and photoperiod induced a shorter developmental time, a reduced size and body mass, smaller WC, FC, number and volume of eggs, as expected from hypothesis three, five and six, respectively. Finally, life-history traits responded differently in both sexes as in general, females were larger, heavier, more resistant to low temperatures and had higher WC than males.

Cereal crops in central-south Chile offer an interesting study model to evaluate the overwintering strategies, since the environmental conditions can change from favourable to inhospitable through the latitudinal gradient (Danks 2007). Unexpectedly, our results revealed no clear north-south latitudinal gradient in temperature. However, we may classify our localities as 'cold winter' and 'mild winter' on a transversal gradient, with the second southernmost locality of Pinto being the coldest. Diapause was not expressed in A. platensis under fall and winter conditions, even for populations from the coldest areas.

This phenomenon can be explained as the fall and winter conditions we tested do not reach the threshold necessary to trigger diapause incidence (Tougeron et al. 2020). Low diapausing levels were observed in other parasitoids exposed to fall-like and winter-like laboratory conditions (Benelli et al. 2014, Tougeron et al. 2017). It has been recorded that some species such as Aphidius rhopalosiphi De Stefani-Perez and A. matricariae Haliday, show a decrease in winter diapause expression, due to warmer winters in Western France which could have modified diapause induction thresholds (Tougeron et al. 2017). Moreover, the parasitoids Aphidius avenae Haliday and Aphidius ervi Haliday, which are known to enter diapause in winter in the past, now have been reported to remain active in cereal fields (Andrade et al. 2016, Tougeron Chapter III Overwintering strategies of Aphidius platensis 118 et al. 2017) suggesting that 'remaining active' as an overwintering strategy may become common in insects (Tougeron et al. 2017). In regions with mild winters, the absence of lethal frosts allows aphids and their parasitoids to remain active (Andrade et al. 2016, Tougeron et al. 2019). Consequently, the overwintering strategy of A. platensis probably also depends on the occurrence of its main host R. padi, the most abundant aphid species in winter (Alfaro-Tapia et al., in preparation). However, it is not clear whether the A. platensis populations lost their capability to express diapause, or if they do not possess the genetic and molecular constitution needed to diapause. Loss of diapause expression may be genetically determined in parasitoids when maintained in non-diapausing conditions within a few generations (Tougeron 2019, Tougeron et al. 2020). Rapid evolutionary changes in life-history strategies can occur under some environmental conditions through the process of selection or plastic adjustments Van Dyck et al. 2015, Tougeron et al. 2019) and our results can be attributed either to phenotypic plasticity or to local adaptation due to genetic changes. This suggests some new perspectives on the environmental thresholds needed to induce diapause in Aphidius species.

Physiological and life-history traits of the individuals from the five populations, showed that some traits differed between populations and within each population according to the temperaturephotoperiod conditions. The processes of local adaptation and acclimation are often interdependent and different strategies allow species to occur over broad and variable environmental conditions (Blanquart et al. 2013, Merilä & Hendry 2014). In the present study we were able to observe consistent variation among populations related to the native temperatures where parasitoids were originally sampled. A. platensis from Pinto had a slower developmental time than Chillan population under winter conditions suggesting that slow development could be an adaptative response to cold environments, similar to what was observed in Drosophila melanogaster through clines or small regions (Austin & Moehring 2019) favouring an increase in performance with a decrease in temperature. Additionally, individuals from Pinto population were the biggest. Geographically, this pattern was observed in other taxa with increasing altitude and/or latitude (colder environments) (Chown & Klok 2003, Quicke 2012) which integrates physiological compromises in response to local conditions [START_REF] Arnett | Geographic variation in life-history traits of the ant lion, Myrmeleon immaculatus: evolutionary implications of Bergmann's rule[END_REF], Chown & Klok 2003), observing a significant advantage for survival at low temperature [START_REF] Renault | Is body size an influential parameter in determining the duration of survival at low temperatures in Alphitobius diaperinus Panzer (Coleoptera: Tenebrionidae)?[END_REF]. Cold adaptation may vary among populations as a consequence of direct or indirect effects of selection. A. platensis from Pinto were more resistant to cold temperatures (i.e., lower CTMin1 and CTMin2) than the other populations. This difference coincided with the temperature conditions (e.g., total hours below 0°C) of their natal origin at the pre-cordillera area with higher altitude. Therefore, the differences observed among Chapter III Overwintering strategies of Aphidius platensis 119 populations could be due to local conditions or genetic differentiation, perhaps due to limited gene flow favouring local adaptation (Blanquart et al. 2013). The Climate Variability Hypothesis (CVH) that describes how thermal limits vary across latitudes may explain our observations (Kellermann & van Heerwaarden 2019). Cold winter temperatures can help to predict local adaptations in A. platensis, suggesting that the association between minimum thermal tolerance and the minimum temperature of Pinto plays an important role in its distribution as a species, improving its fitness in its local environment (Kawecki & Ebert 2004). The slight decrease observed in WC in the population from Pinto could result from cold adaptation [START_REF] Renault | Is body size an influential parameter in determining the duration of survival at low temperatures in Alphitobius diaperinus Panzer (Coleoptera: Tenebrionidae)?[END_REF], Colinet et al. 2006), and may be associated with an increase in FC. It is known that the WC of insects resistant to cold is usually lower [START_REF] Precht | Limiting temperatures of life functions[END_REF], with high FC and variations between populations (Chown & Nicolson 2004). Since insects use fat to fuel their overwinter energy demands (Sinclair & Marshall 2018), a higher FC is usually associated with higher cold tolerance (Sinclair 2015, Sinclair & Marshall 2018). Nevertheless, the responses of the other traits were similar in all populations (e.g., fecundity). Therefore, we provide evidence that the native environmental conditions may exert an important effect on intraspecific variation and together with natural selection, produce differences in some traits, which are finally translated into local adaptations (Blanquart et al. 2013).

Temperature and photoperiod are effective sources of plastic responses (Van Dyck et al. 2015). The survival of the individuals of the five populations does not seem to be affected by the exposure to low temperatures and short photoperiods during the larval development, contrary to what was found by Sigsgaard (2000) who observed the highest mortality at 8°C and 12°C in A. ervi, A. rhopalosiphi, and Praon volucre Haliday. As predicted, development at different temperature-photoperiod conditions induced a plastic response in the size/mass, increasing when temperature and photoperiod decreased. These results suggest a close relationship between temperature, size and developmental time, a pattern commonly referred to as the temperature-size rule (TSR) (Atkinson 1994), also observed for other Aphidius species (Colinet et al. 2007ab, Le Lann et al. 2011b). Strong correlations between body size/mass of parasitoids that emerged from different conditions and different measured traits were observed. The difference in thermal tolerance (CTMin1 and CTMin2) between conditions could result from developmental time differences. Individuals emerged from winter conditions better tolerated low temperatures showing an acclimation effect. Acclimation may require changes in WC and FC, in fact, a significant increase in WC was observed in A. platensis developed at low temperatures. This was also observed for the closely related species A. colemani (Colinet et al. 2006), as well as in other species [START_REF] Renault | Comparative study of the metabolic responses during food shortage and subsequent recovery at different temperatures in the adult lesser mealworm, Alphitobius diaperinus (Coleoptera: Tenebrionidae)[END_REF]. Cold tolerance is Chapter III Overwintering strategies of Aphidius platensis 120 based on water content that remains unfrozen in many cold-hardened insects, allowing basal metabolism to continue at a low level (Block 2003, Colinet et al. 2006). Therefore, acclimation to low temperatures is characterized by an increase in water content (Lee 1991), compensated for by the loss of mass caused by fat use [START_REF] Nedved | Supercooling ability, fat and water contents in diapausing tropical beetle, Stenotarsus rotundus (Coleoptera: Endocychidae)[END_REF]. Insects primarily consume lipids during winter (Sinclair 2015) and commonly adjust their fat reserve and composition to thermal conditions to stabilize detrimental effects (Sinclair & Marshall 2018). Nevertheless, contrary to other studies, where the consumption of lipids reserves during cold exposure translates into a fitness cost (Colinet et al. 2006), the fat content in A. platensis does not seem to provide costs on life-history traits. Consequently, available fat reserve content is a key factor in the physiology of resource allocation for cold tolerance [START_REF] Ellers | Life history evolution in Asobara tabida: plasticity in allocation of fat reserves to survival and reproduction[END_REF], Colinet et al. 2007c). Higher fat contents are advantageous for survival at low temperatures [START_REF] Renault | Is body size an influential parameter in determining the duration of survival at low temperatures in Alphitobius diaperinus Panzer (Coleoptera: Tenebrionidae)?[END_REF], Colinet et al. 2006), which could explain the prevalence of A. platensis in winter throughout Chile.

In addition, it has been proposed that the fitness of a female parasitoid is determined by the number of viable offspring produced (Roitberg et al. 2001), which is strongly dependent on body size [START_REF] Ellers | Body size and the timing of egg production in parasitoid wasps[END_REF], Jervis et al. 2003) and fat content. The fecundity in A. platensis was highly sensitive to the conditions of temperature and photoperiod; developmental plasticity exists in eggs in response to the condition tested. In winter conditions, A. platensis produced more and larger eggs. These traits were highly correlated with FBM and followed a similar response to fat content. Large adult body size is often associated with increased resource carried over from the larval stage, and this is manifested as higher levels of energy reserves and high fecundity [START_REF] Ellers | Life history evolution in Asobara tabida: plasticity in allocation of fat reserves to survival and reproduction[END_REF][START_REF] Ellers | A field study of size-fitness relationships in the parasitoid Asobara tabida[END_REF][START_REF] Ellers | Body size and the timing of egg production in parasitoid wasps[END_REF]. Other Aphidiinae parasitoids such as A. rhopalosiphi showed a similar pattern as A. platensis, with more eggs produced at the emergence and larger eggs at low temperatures (10°C) (Le Lann et al. 2011b).

It is known that females and males undergo changes on different life-history traits when facing low temperatures (Zamani et al. 2007, Le Lann et al. 2011a b). Independently of A. platensis population and condition differences in cold tolerance between sexes were observed. Females were more resistant to cold than males, contrary to what was reported for A. avenae and A. rhopalosiphi (Le Lann et al., 2011a) but similar to what was reported for Aphidius gifuensis (Ashmead) by Liu et al. (2016). In Hymenoptera, males are haploid and females are diploid, suggesting that haplodiploidy plays an important role in thermal tolerance differences between sexes as diploid cells can repair the damage through DNA recombination (Roux et al. 2010). Another explanation is that females generally live longer than males, however, we did not find differences in A. platensis (unpublished data), therefore, this is not a general rule, making it difficult to draw a conclusion about sex (Colinet & Boivin 2011). Females have higher WC than males in all Chapter III Overwintering strategies of Aphidius platensis 121 populations, however the FC was similar. Also, these results may be related to the size/mass of the individuals, confirming that larger and fatter adults are more tolerant to colder environments when compared to smaller individuals (Colinet et al. 2007a b) which could explain why females were more tolerant. However, this may not be a general rule since some smaller individuals have been shown to be more resistant to cold in the winter than in spring for some Aphidius species (Ismail et al. 2012, Tougeron et al. 2016).

Understanding the consequences of climate variability on parasitoids is fundamental for biological control programmes (Hance et al. 2007). Mild winter temperatures could be favourable for increased parasitoid populations that depend on the availability of a suitable host over the winter period [START_REF] Santos | Taxonomic status and population oscillations of Aphidius colemani species group (Hymenoptera: Braconidae) in southern Brazil[END_REF]. It is known that an early appearance of parasitoids in the field could facilitate parasitism in winter and early spring, vital for effective biological control (Zepeda-Paulo et al. 2013, Tougeron et al. 2017[START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF][START_REF] Santos | Taxonomic status and population oscillations of Aphidius colemani species group (Hymenoptera: Braconidae) in southern Brazil[END_REF]. The maintenance of the population of A. platensis in the field is dependent on their acclimation capacity and reproduction over winter, and the absence of associated fitness cost suggests that A. platensis can remain active during winter acting against aphid pests in cereal fields in Chile. In particular, R. padi could be used as an alternative host for A. platensis, allowing the build up of a large population of parasitoids during the winter and could be useful to decrease populations of S. avenae, the most important aphid for cereals in spring at the beginning of the season (Zepeda-Paulo et al. 2013[START_REF] Ortiz-Martínez | The effect of landscape context on the biological control of Sitobion avenae: temporal partitioning response of natural enemy guilds[END_REF]. Therefore, the influence of seasonal weather and particularly temperature-photoperiod conditions on parasitoids should be considered to improve our understanding of their effectiveness as biological control agents in the field. 

Introduction

Understanding the mechanisms by which ectotherms respond to environmental heterogeneity is a fundamental goal of evolutionary ecologists [START_REF] Denlinger | Regulation of Diapause[END_REF]Hance et al. 2007). Ectotherms are mostly vulnerable to environmental and seasonal variability (Angilletta Jr 2009). Insects as small ectotherms are known to live in a wide range of thermal climates and have to adopt different strategies to resist unfavorable conditions [START_REF] Lehmann | Seasonal Variation in Spatial Distributions of Anopheles gambiae in a Sahelian Village: Evidence for Aestivation[END_REF][START_REF] Stange | Climate Change Impacts: Insects[END_REF]Thomas et al., 1992). In temperate areas, seasonality occurs between fluctuations of photoperiod and temperature that limit the resource availability and are reliable cues providing induction of stress response (Tauber et al. 1986;Angilletta Jr 2009;[START_REF] Klapwijk | Influence of experimental warming and shading on host-parasitoid synchrony[END_REF]Colinet et al. 2015). Insects experience some degree of spatial and temporal environmental variation (Danks 1991;[START_REF] Potter | Microclimatic challenges in global change biology[END_REF]Williams et al. 2015) and have evolved specific responses [START_REF] Gienapp | Climate change and evolution: Disentangling environmental and genetic responses[END_REF][START_REF] Kong | Linking thermal adaptation and life-history theory explains latitudinal patterns of voltinism[END_REF]. Such variation includes short and large climatic scale, according to the latitude or altitude [START_REF] Archibald | Seasonality, the latitudinal gradient of diversity, and Eocene insects[END_REF][START_REF] Hut | Latitudinal clines: An evolutionary view on biological rhythms[END_REF]). In the high latitudes (cold latitudes), seasonal variation in photoperiod is a more consistent factor than temperature, On the contrary, in low latitudes (warm latitudes) where seasonal variation in the day length is small-scale, temperature changes may have a higher predictive value than the photoperiod [START_REF] Hut | Latitudinal clines: An evolutionary view on biological rhythms[END_REF]. Therefore, insects living in the temperate zones have the capability to regulate different physiological functions such as metabolism, development, and reproduction to synchronize their life cycles with seasonality in space and time (Bale and Hayward 2010;[START_REF] Stange | Climate Change Impacts: Insects[END_REF]Williams et al. 2015).

To cope with the different environmental conditions, insects use a wide variety of behavioral and physiological strategies such as migration, remaining active and reproduce or entering diapause (Masaki 1980;Tauber et al. 1986;[START_REF] Denlinger | Regulation of Diapause[END_REF]Tougeron 2019;Saunders 2020;Tougeron et al. 2020a). Diapause is a dynamic state of decelerated or arrested morphological development accompanied by a major shutdown in metabolic activity, genetically determined with the neuro-hormonal system as a mediator and its expression is subject to both environmental and genetic factors (Tauber et al. 1986;[START_REF] Denlinger | Regulation of Diapause[END_REF]Saunders 2020). In temperate regions, diapause is often used to avoid winter conditions, however it is also used to avoid hot, dry summers and periods of food shortage [START_REF] Denlinger | Diapause[END_REF] The main environmental cues inducing winter diapause are the decrease of day length and temperature (Tauber et al. 1986;Leather et al. 1995;Tougeron 2019;Saunders 2020). On contrary, summer diapause is mostly induced by a decrease in food resource availability, overcrowding, or high competition for a limited resource on a patch Chapter IV Diapause in Aphidius ervi 138 in warm environmental conditions (Masaki 1980;[START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]). However, it has also been observed that temperature and photoperiod affect the maintenance and termination of summer diapause (Masaki 1980). Moreover, cues related to induction, maintenance, and termination such as host scarcity and maternal effects on summer diapause are not well understood yet [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF].

Diapause is an adaptation that parasitoids have evolved to synchronize their life cycle with their hosts and it is a resistance stage many parasitoids use to overwinter and over summer [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]. Commonly in parasitoids species diapause is facultative, and only part of the population enters in winter and/or summer diapause [START_REF] Polgár | Induction of dormancy in aphid parasitoids: implications for enhancing their field effectiveness[END_REF][START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]. Aphid parasitoid species diapause in the third final larval instar (prepupa diapause) (Polgár et al. 1991;Tougeron et al. 2017b), but the sensitive cues differ between embryonic, first (Aphidius nigripes) and the second larval instar (A. ervi) (Brodeur and McNeil 1989;Christiansen-Weniger and Hardie 1999). For parasitoids living in temperate latitudes, winter diapause occurs at short photoperiods and low temperatures (Brodeur and McNeil 1989;Christiansen-Weniger and Hardie 1999;Tougeron et al. 2017bTougeron et al. , 2018c;;[START_REF] Saeed | Transgenerational phenotypic plasticity of diapause induction and related fitness cost in a commercial strain of the parasitoid Aphidius ervi Haliday[END_REF], however, its rate of incidence varies among populations from harsh winter than mild winter climates (Tougeron et al. 2018c). This was observed in A. ervi where the diapause incidence was higher in Canadian populations (≈ 90%) than in French populations (< 20%) (Tougeron et al. 2018c(Tougeron et al. , 2019b)), proving the importance of photo-thermal regimen in the response of A. ervi to express diapause. In addition, for a given parasitoid species winter diapause is induced earlier and at a lower environmental threshold in high (cold) latitudes [START_REF] Winterhalter | Patterns of phenotypic and genetic variation for the plasticity of diapause incidence[END_REF]Paolucci et al. 2013). Contrary to winter diapause, summer diapause is triggered mainly by a decrease in host and food resources, as well as female competition, play a more important role [START_REF] Saulich | Summer Diapause as a Special Seasonal Adaptation in Insects: Diversity of Forms, Control Mechanisms, and Ecological Importance[END_REF][START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]) that can be mediated by increase of photoperiod and temperature (Masaki 1980).

Winter and summer diapause expression may be sensitive to any modification in seasonal host densities and food shortage (Saunders 1966;Polgár et al. 1991;[START_REF] Polgár | Induction of dormancy in aphid parasitoids: implications for enhancing their field effectiveness[END_REF]Tougeron et al. 2020a). In Aphidius parasitoids, where the aphid host continues its develop during parasitism, the aphid represents the entire physiological environment (Polgár et al. 1991). Changes in host quality (i.e., species, size, morph) can modify both winter and summer diapause expression [START_REF] Polgár | Induction of dormancy in aphid parasitoids: implications for enhancing their field effectiveness[END_REF]. For instance, it has been observed that Aphidius matricariae did not enter diapause parasitizing the anholocyclic aphid species Aulacorthum solani Kalt., Aphis gossypii Glover and Myzus ascalonicus Doncaster (Hemiptera, Aphididae) compared with parasitoids developed on Myzus persicae Sulzer (Hemiptera, Aphididae) (Polgár et al. 1995;[START_REF] Polgár | Induction of dormancy in aphid parasitoids: implications for enhancing their field effectiveness[END_REF], probably in response to aphid hormonal content Chapter IV Diapause in Aphidius ervi 139 (e.g., juvenile hormones and Ecdysteroids). For instance, diapause was induced when parasitized aphids by A. ervi where topically applied with the ecdysteroid agonist RH-5849 hormone (Christiansen-Weniger nd Hardie 1999). In addition, fat body of the host play an important role in energy storage and utilization demand during diapause of parasitoids (Hahn and Denlinger 2010) and large hosts could have better resources. Moreover, maternal perception of abiotic and biotic conditions could contribute to summer diapause induction (Tougeron et al. 2020a). through intra or interspecific competition in Aphidius avenae and Aphidius rhopalosiphi [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]). However, these cues inducing both winter and summer diapause are rarely investigated within of one species, so that a comparison of the response of the same species to different cues inducing winter and summer diapause may provide new insights to understand the mechanism of diapause development.

The aphid parasitoid Aphidius ervi (Haliday) (Hymenoptera: Braconidae) is a generalist species which can be found in many crops around the world (Van Emden and Harrington 2017). It was introduced into Chile from Europe in the 70's as a biological agent to control cereal aphids (Zuñiga et al. 1986) such as the grain aphid Sitobion avenae (Fabricius) (Hemiptera, Aphididae), however it is also successful parasitizing the pea aphid Acyrtosiphum pisum (Harris) (Hemiptera, Aphididae) on legumes (Zepeda-Paulo et al. 2013), its main host [START_REF] Schellhorn | Competition between native and introduced parasitoids of aphids: nontarget effects and biological control[END_REF]. In Chile, A. pisum hosts on legumes could serve as reservoirs for A. ervi in autum/winter (Daza-Bustamante et al. 2002), since Rhopalosiphum padi (Linnaeus) (Hemiptera, Aphididae), the predominant aphid species attacking cereal crops in winter is not a suitable host for A. ervi (Zepeda-Paulo et al. 2013), and S. avenae, a suitable host species for A. ervi is present in winter at low abundance (Chapter II) increasing its population at the beginning of the spring (Ortiz-Martínez and Lavandero 2017). A. ervi is known to enter in diapause the winter in response to short day lengths and low temperatures in different regions of the world with harsh climate (Christiansen-Weniger and Hardie 1999;[START_REF] Polgár | Induction of dormancy in aphid parasitoids: implications for enhancing their field effectiveness[END_REF]Tougeron et al. 2017bTougeron et al. , 2018c, b), b). However, in areas with mild winters such as Chile with available resources (anholocyclic cereal aphids which remain active during the winter) (Chapter II), this species was shown to express a decreasing diapause rate following winter warming (Tougeron et al. 2017b).

In this study, we first evaluated whether diapause incidence in Chilean natural populations of A. ervi vary along a latitudinal gradient with relatively mild winter temperatures. Second, we assessed whether similar biotic factors could trigger/induce winter and summer diapause expression of this species under winter and summer photoperiod-thermal regimes, respectively. Therefore, we tested the following hypotheses: (1) the frequency of diapause should be higher in populations from colder localities than from Chapter IV Diapause in Aphidius ervi 140 mild ones. (2) The incidence of winter diapause in parasitoid offspring will be higher on A. pisum than on S. avenae. Besides, the level of diapause could be linked to the scarcity of the resources, which can also be experienced when host density decreases or when competition among parasitoids increases, thus: (3) When females face low aphid densities, the diapause incidence may increase in winter and summer conditions, and 4) The incidence of diapause may be higher when females experience an increase in competition levels in winter and summer conditions.

Material and methods

Biological material

Aphids

The grain aphid Sitobion avenae and the pea aphid Acyrthosiphon pisum were collected from cereal fields (wheat and oat) and legumes (alfalfa) respectively from the Region del Maule, Talca (S 35°24′, W 71°40′) at the end of winter season of 2018. The two aphid species were maintained under controlled laboratory conditions at 20°C, 16 :8 light: dark (L:D) of photoperiod and 60 ± 5% R.H on oat Avena sativa and beans Vicia faba, respectively and refreshed in April of 2019. This allowed us the continued reproduction of aphids, parasitoids, and their use in the experimental bioassays.

Parasitoids

First, aphid mummies (i.e., aphid exoskeletons containing the parasitoid pupae) were collected of the five populations following a north-south latitudinal gradient in the central-south valley of Chile d during winter field samplings between July and August of 2018 on cereal crops: one field in Rancagua (34°09′S, 70°44′W and 469m), seven fields in Talca (35°22'S, 71°50'W and 189m), two fields in Chillan (36°32′S, 72°04′W and 154m), two in Pinto (36°41'S, 71°46'W and 519m), and four fields in Temuco (38°55'S, 72°02'W and 114m). These mummies were individually isolated in Eppendorf tubes of 1.5 mL with a small hole in the lid to allow ventilation until parasitoid emergence and maintained in laboratory Chapter IV Diapause in Aphidius ervi 141 conditions at 20 ± 1°C, 16 :8 L:D and 65 ± 5 % RH. Emerging parasitoids were identified to the species level using taxonomic keys (Starý 1995). Parasitoids identified as A. ervi were used to establish a laboratory population on S. avenae on oat pots in Plexiglas cages of 0.40m 3 and fed with honey solution (30%) and water. The laboratory populations were started with about 20 to 40 individuals for each population. These populations were used to evaluate diapause induction in a climatic gradient. In addition, since we found a low level of diapause for the 5 populations, new mummies of A. ervi were collected in Talca from aphids on alfalfa and cereal fields in autumn of 2019. Mummies were placed in 1.5 ml Eppendorf tubes and taken back to the laboratory until the emergence. After the emergence, parasitoids identified as A. ervi originating from both types of fields were mixed and reared on A. pisum on beans at the same conditions mentioned above and refreshed in spring of 2019 and autumn of 2020. It was shown that A. ervi showed a similar high fitness on both host species (Zepeda-Paulo et al. 2013). This laboratory population was used to evaluate the host effect, host density and female competition level on offspring diapause of A. ervi.

Winter diapause incidence in a climatic gradient: effect of photoperiod and temperature

We quantified diapause incidence for each population previously described in two constant conditions of photoperiod and temperature; 8:16 LD at 10°C (winter condition), and 16:8 LD at 20°C (noninducing diapause condition).Winter-like condition was chosen as it induces diapause in different Aphidius species (Polgár et al. 1991;Tougeron et al. 2017bTougeron et al. , 2019b) ) and the other condition is known for not inducing winter diapause in populations from mild winter climates (Langer and Hance 2000;Polgár and Hardie 2000;Tougeron et al. 2017a). For the experiments, individual mummies of each population of A. ervi were isolated from plants in Eppendorf tubes and checked for emergence twice daily. Adult parasitoids were sexed and mated. To ensure mating, four newly emerged females were placed with three males of the same age in a Petri dish of 4.5cm Ø for 24h. During this time, they were supplied with a honey solution diluted in water (30%) and then, stored in groups of four females in a Petri dish of 4.5cm Ø supplied with water and diluted honey solution. After this time, under non-diapausing condition, the four females were exposed together for 24 h to 100 ± 10 S. avenae of second instar on a wheat pot in a Plexiglas cage. Potentially parasitized aphids coming from each population, were distributed randomly by groups of ≈25 aphids on four wheat pots among two different conditions (two pots per condition) in Chapter IV Diapause in Aphidius ervi 142 climate chambers (Sanyo, Osaka, Japan). Pots consisted in plastic tubes (L = 16cm, Ø = 5cm) filled with vermiculite substrate, closed with 100% nylon organdy mesh. All females used in the experiments were one to two days old and naïve in terms of oviposition experience. Females had never been in contact with plants or aphids before the experiments and were used only once. Three days prior to a test, apterous parthenogenetic aphids of second and third instars of both species were synchronized on wheat (Brodeur and McNeil, 1989) to be used in the experiments. All potentially parasitized mummies were held under the experimental conditions until the mummies were dissected to determine the incidence of diapause 15 days after last emergence. To do that, we carefully made a tiny on hole on the mummy without damaging the individual inside under a binocular microscope (Nikon SMZ800N, 480x). The dead immatures/adults or diapausing golden-yellow plump pre-pupa were recorded (Tougeron et al. 2017b). In addition, the emergence rate was estimated as the mean proportion of parasitoids which emerged from the mummies formed (Henry et al. 2010) and the mortality rate was estimated as the mummies with non-emerged adults.

Host species effect on winter diapause incidence

To evaluate the host species effect (A. pisum and S. avenae) on the incidence of diapause, mummies were isolated in 1.5mL Eppendorf tubes until parasitoid emergence. In the same way and in the same conditions as in the previous experiment, four A. ervi mated females were allowed to parasitize together 100 ± 10 synchronized aphids of the same age and size within the same cohort of each aphid species.

Aphids were exposed to parasitoids while feeding on their host plant in a Plexiglas cage: fava bean and wheat for A. pisum and S. avenae, respectively. After the oviposition period (24 h), potentially parasitized aphids were sorted randomly by groups of 25 on four pots of beans and wheat plants respectively and covered with a transparent ventilated plastic cylinder (L = 30 cm, Ø = 10 cm). Each pot was considered as one replicate and two pots of each aphid host were incubated under the two experimental photoperiod/temperature conditions described above in climate chambers (Bioref-38, Pitec S.A, Chile).

After three days, incubated aphids were checked daily for mummification. When plants started to wilt, aphids were transferred to another plant with a small paintbrush. Formed mummies were individually confined into Eppendorf tubes and intact aphids which had not become mummies within three days after the last mummification were excluded from the observation. The experiment was replicated 10 times until Chapter IV Diapause in Aphidius ervi 143 200 mummies were obtained for each host and condition. The presence of diapause was evaluated as previously described.

Effect of host density on winter and summer diapause incidence

To test the effects of host density on diapause incidence, A. ervi coming from A. pisum were exposed to two levels of host density: 10 (low) and 75 aphids (high). These densities correspond to the number of aphids on wheat shoots in the fields [START_REF] Roschewitz | The influence of landscape context and farming practices on parasitism of cereal aphids[END_REF] and were chosen to have a situation with low and high host density, representing summer and winter conditions. A. ervi females are known to be able to adjust their oviposition strategies in response to increased host density through increasing parasitism and decreasing superparasitism [START_REF] Bai | Influence of Superparasitism on Development Rate and Adult Size in a Solitary Parasitoid Wasp, Aphidius ervi[END_REF]. Fifty aphids per female per day is the highest critical density (realized fecundities for 24h) at which the parasitoid can maximize its parasitism success [START_REF] He | Reproductive strategies of Aphidius ervi Haliday (Hymenoptera: Aphidiidae)[END_REF]. Naive mated females were individually introduced into experimental arenas to parasitize aphids. This experiment was replicated 20 times at low density and 15 times at high density using different females for each repetition. This experiment was done at both winter (10°C and 16:8 LD) and summer inducing diapausing conditions (24°C and 8:16 LD) of temperature and photoperiod.

Mummy formation as well as parasitoid emergence was checked daily. Diapause and mortality rates from non-emerged mummies were evaluated as previously described.

Females' competition on winter and summer diapause incidence

Single mated females were placed in a Petri dish (L = 1.3 cm, Ø = 5.5 cm) with diluted honey solution for feeding alone (without competition) or with 9 other females (with competition) under winter or summer like climatic conditions for 48 h, following [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]). This parasitoid density (10 females) induces summer diapause in other aphid parasitoids species: A. rhopalosiphi and A. avenae (Tougeron et al. 2018). Females from the competition treatment were randomly chosen and were offered individually 75 aphids in an experimental arena (L = 30 cm, Ø = 10 cm). This experiment was repeated with winter (10°C and 16:8 LD) and summer (24°C and 8:16 LD) conditions of photoperiod and temperature using fifteen different females for each competition treatment having a total of 60 females.
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Statistical analyses

All statistical analyses were carried out with R software (R Development [START_REF] Core | R: A language and environment for statistical computing[END_REF].

Generalized linear mixed-effects models (GLMMs) with binomial distributions and a logit-link function for proportional data were fit to establish differences in all experiments. First, to evaluate the winter diapause incidence in a latitudinal gradient, the effect of the population origin (five levels), and the tested conditions (two levels) were used as fixed factors. The effect of host species A. pisum and S. avenae (two levels) and the tested condition (winter and non-diapausing condition) were used as fixed factors to assess the effect of host species on winter diapause incidence. Besides, to evaluate if the same biotic cues such host density and female competition are involved on winter and summer diapause induction, the effect of the host density (low and high density) and two tested conditions (winter and summer conditions) were used as fixed factors. Moreover, differences in the diapause offspring according to female competition (two levels) and two tested conditions (winter and summer conditions) was evaluated. In all experiments, in addition to the proportion of diapause incidence (diapausing or non-diapausing), the emergence, and mortality rate (dead larvae/adults) were also set as response variables. In all models, the replicate was included as random factor. GLMMs analyses were applied because it can easily account for complex data structures with various levels and effectively deal with unbalanced data sets (van de Pol and Wright 2009, Fox and Weisberg 2011). The best model was chosen using the Akaike criterion and performing an ANOVA in the car package (Fox et al. 2009). Pairwise comparisons were developed using 'Tukey' tests, correcting for multiple comparisons by the 'single-step' method using Multcomp package (Hothorn et al. 2008).

Results

Winter diapause incidence in a climatic gradient: effect of photoperiod and temperature

Winter diapause was induced in A. ervi coming from cereal aphids exposed to the 10°C and 8:16 LD temperature-photoperiod condition but only at a low rate. The proportion of parasitoids entering winter Chapter IV Diapause in Aphidius ervi 145 diapause was not significantly affected by population origin (ꭓ 2 = 0.05; df = 4, P = 0.10), however, all tested populations expressed diapause at a low rate (around 5%) under winter conditions (ꭓ 2 = 49.53; df = 1, P = 0.001) without interactions between populations and conditions (Figure 4.1). The proportion of emerging individuals was similar among populations (ꭓ 2 = 0.12; df = 4, P = 0.10) but was higher in the non-diapause inducing condition (0.92 ± 0.01) than in the winter diapause-inducing condition (0.84 ± 0.01) (ꭓ 2 = 17.19; df = 1, P < 0.001) without interactions between population and condition factors. Similarly, mortality rate was similar in all populations (ꭓ 2 = 0.11; df = 4, P = 0.10) but this proportion increased in winter conditions 0.10 ± 0.01 compared to non-diapause inducing conditions 0.08 ± 0.01 (ꭓ 2 = 17.19; df = 1, P < 0.001) without interaction between factors. 

Host species effect on winter diapause incidence

The incidence of diapause was significantly higher on A. pisum than on S. avenae (ꭓ 2 = 31.38; df = 1, P < 0.001), in winter conditions (ꭓ 2 = 102.20; df = 1, P < 0.001), without interactions between host species effect and condition effect (Figure 4.2). Proportion of parasitoid emergence was significantly lower on A. pisum (0.83 ± 0.03) than on S. avenae hosts (0.89 ± 0.03) (ꭓ 2 = 8.99; df = 1, P < 0.01). Parasitoid emergence rate in winter conditions were lower (0.79 ± 0.02) than in the controlled conditions (0.94 ± 0.01) (ꭓ 2 = 40.23; df = 1, P < 0.001). There was a significant interaction between aphid species and tested condition (ꭓ 2 = 4.42; df = 1, P = 0.04), with a lower proportion of emerging individuals on A. pisum at winter conditions (0.73 ± 0.01).

There were no differences in parasitoid mortality according to the aphid species tested (ꭓ 2 = 0.65; df = 1, P = 0.42) with an average of 0.07 ± 0.01 on A. pisum and 0.08 ± 0.01 on S. avenae nor tested condition (ꭓ 2 = 1.00; df = 1, P = 0.32) with an average of 0.06 ± 0.01 in the controlled condition and 0.08 ± 0.01 in winter condition without interactions between factors. Chapter IV Diapause in Aphidius ervi 147

Effect of host density on diapause incidence

Proportion of diapause incidence was higher at winter conditions than at summer conditions (ꭓ 2 = 39.58; df = 1, P < 0.001). In the same way, there was a higher proportion of diapause incidence at low than at high host aphid density (ꭓ 2 = 8.06; df = 1, P < 0.01), reaching maximums of 0.20 ± 0.03 when females were exposed to low host density compared to the 0.11 ± .0.01 in winter and 0.02 ± 0.01 at high host density in summer condition (Figure 4.3). The mean proportion of parasitoids emerged from summer conditions was higher than in winter conditions (ꭓ 2 = 50.54; df = 1, P < 0.001). At the same time, there was lower emergence rate at low density than at high density (ꭓ 2 = 22.34; df = 1, P < 0.001) without interaction between condition and density treatment factors. A higher mortality rate occurred at winter than at summer conditions (ꭓ 2 = 8.07; df = 1, P < 0.01) as well as at low host density than at high host density (ꭓ 2 = 11.78; df = 1, P < 0.001) without interactions between factors (Table 4.1). 

Incidence of Females' competition on diapause

The diapause incidence was higher at summer inducing diapause condition (ꭓ 2 = 14.24; df = 1, P < 0.001): at 0.11 ± 0.01 than at the winter condition 0.05 ± 0.02. Similarly, diapause incidence was lower 0.06 ± 0.01 without female competition than at 0.10 ± 0.01 when there is competition (ꭓ 2 = 6.51; df = 1, P = 0.01), with an interaction between factors (ꭓ 2 = 9.82; df = 1, P < 0.01), meaning that diapause incidence was lower in summer condition when females were unexposed to competition than in the other combinations (Fig. 4). The proportion of parasitoids emergence increased at summer condition with an average of 0.87 ± 0.01 compared than winter condition 0.73 ± 0.02 (ꭓ 2 = 57.35; df = 1, P < 0.001). In contrary, the level of female competition did not affect the proportion of emergence (ꭓ 2 = 57.35; df = 1, P = 0.08) without interaction between factors. The proportion of mortality was lower 0.15 ± 0.01 at winter condition than at 0.70 ± 0.01 at summer condition respectively (ꭓ 2 = 31.57; df = 1, P < 0.001), however there was not a significantly effect according to exposed and unexposed females' competition (ꭓ 2 = 0.21; df = 1, P = 0.65) without interaction between factors (Table 4.1). 

Discussion

This study aimed to understand the main abiotic and biotic factors affecting the overwintering strategies of the parasitoid A. ervi in Chile. According to what was expected, A. ervi populations did not show variation in their diapause incidence according to their geographic locations. Moreover, we observed very low rates of diapause (about 5%) on cereal aphids. Our data present the evidence that diapause in A. ervi may be mediated by the aphid host at low temperatures and short photoperiod conditions as diapause rate were four times higher in A. pisum (20%) than in S. avenae (5%). Furthermore, our results show that low host density (resource scarcity) induce higher levels of diapause of A. ervi development on A. pisum at winter condition confirming in part our third hypothesis. Contrary as expected, we did not observe an effect of increasing maternal competition on winter diapause induction.

However, an effect of female competition was observed on summer diapause incidence. In this sense, our study provides evidence that in addition to environmental cues, diapause induction in parasitoids may be differentially influenced by the aphid species, host density, and female competition in winter and summer conditions.
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Latitudinal gradient and proportion of winter diapause

Insects confronted to cold environments usually need to adjust their life cycle to match seasonal changes in their environment by entering in diapause [START_REF] Polgár | Induction of dormancy in aphid parasitoids: implications for enhancing their field effectiveness[END_REF][START_REF] Bale | Insects and low temperatures: From molecular biology to distributions and abundance[END_REF][START_REF] Denlinger | Regulation of Diapause[END_REF][START_REF] Denlinger | Diapause[END_REF]Bale and Hayward 2010;Tougeron et al. 2020a). To do that, the majority of insects rely on temperature and photoperiodic cues for diapause [START_REF] Visser | Phenology, seasonal timing and circannual rhythms: towards a unified framework[END_REF][START_REF] Kong | Linking thermal adaptation and life-history theory explains latitudinal patterns of voltinism[END_REF]Saunders 2020), therefore diapause incidence varies between populations along environmental gradients (Danks 1991;Paolucci et al. 2013;Barletta and Dantas 2016;Zhang et al. 2017). Contrary to what was expected, we observed very low levels of diapause in A. ervi for all the tested populations under winter conditions, which represents standard conditions that typically induce diapause at higher rate in other populations of this parasitoid wasps in other climatic areas (Christiansen-Weniger and Hardie 1999;Langer and Hance 2000;Tougeron et al. 2018cTougeron et al. , 2019b) ) including mild winter ones (Tougeron et al. 2017b(Tougeron et al. , 2018c)). A latitudinal trend is generally observed for other parasitoids species such as Nasonia vitripennis Ashmead (Hymenoptera:

Pteromalidae) and Trichogramma dendrolimi Matsumura (Hymenoptera:

Trichogrammatidae), where the diapause incidence reached high levels and occurs sooner at north latitudes compared to south populations which experience mild winters (Paolucci et al. 2013;Zhang et al. 2017). This area is characterized by the absence of harsh winter and in the last years, it has been suffering relative temperature homogenization as a consequence of climate change with an increase of warming in the Andes of +0.25°C/decade (Falvey and Garreaud 2009). These environmental characteristics suggest a weak response of A. ervi from these populations to photoperiod and temperature (Tougeron et al. 2018c), thus, environmental thresholds for inducing high diapause rates are not reached in Chile. Similar responses were observed in French populations of A. ervi (Tougeron et al. 2017b(Tougeron et al. , 2018c)), suggesting that abiotic conditions are not the main cues inducing winter diapause compared to biotic signals (see below).

In Chile this parasitoid species was introduced in the 1970's from France as part of a classical biological control (Zuñiga et al. 1986) and A. ervi seems to be a genetically homogeneous population distributed in [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF], leading to a modification in overwintering strategies in some parasitoid species (Andrade et al. 2016;Tougeron et al. 2017b).

Effect of the host species on diapause induction

Our results show that in addition to environmental conditions, diapause induction in A. ervi was influenced by the host species attacked. Interestingly, even when A. ervi parasitize different aphid species, it exhibits greater plasticity for diapause induction, being higher on A. pisum than on S. avenae, suggesting that parasitoids do not respond the same way to both abiotic pressure (photoperiod and temperature) and host species. A similar pattern was observed in other areas with mild winter conditions where A. ervi expressed higher levels of diapause on A. pisum (around 30%) (Tougeron et al. 2019a) than S. avenae (around 10%) (Tougeron et al. 2017b). Thus, it seems that diapause expression of this parasitoid species on different host species can affect some life-history traits through winter. Any change in host quality across seasonal changes may be a selective pressure that may modify diapause expression in parasitoids (Polgár et al. 1991;Polgár et al. 1995;[START_REF] Polgár | Induction of dormancy in aphid parasitoids: implications for enhancing their field effectiveness[END_REF]. One explanation for our findings is that the pea aphid A. pisum is larger than grain aphid S. avenae which would give to parasitoid more reserves during the diapause. It has been shown that variation in aphid size is correlated with food quality [START_REF] Cohen | Body sizes of hosts and parasitoids in individual feeding relationships[END_REF]) and small aphids have fewer available resources for the parasitoid development based in different life-history traits. In parasitoids, the stock of reserves is provided by the and reserves accumulated prior to diapause are crucial for providing metabolic substrates during diapause and for post-diapause processes (Hahn and Denlinger 2010) even if the metabolism rate decreases [START_REF] Denlinger | Regulation of Diapause[END_REF].

The non-production of sexual morphs in S. avenae may also explain our results. It has been demonstrated that obligated parthenogenetic reproduction in S. avenae is predominant since their introduction in Chile because of the mild climate [START_REF] Figueroa | Genetic structure and clonal diversity of an introduced pest in Chile, the cereal aphid Sitobion avenae[END_REF](Figueroa et al. , 2018)), while in A. pisum it may still exist. In Chile, it has been recorded that parthenogenetic and sexual reproductive mode occur in cold areas [START_REF] Martel | Latitudinal trend in the reproductive mode of the pea aphid Acyrthosiphon pisum invading a wide climatic range[END_REF]. Therefore, physiological changes in A. pisum may exist when they are exposed to low temperatures that could trigger diapause at a higher rate. For instance, parasitoids are also able to respond to aphid hosts in different ways as a consequence of their endocrine activity as a signal to enter in diapause (Polgár et al. 1995;[START_REF] Polgár | Induction of dormancy in aphid parasitoids: implications for enhancing their field effectiveness[END_REF]. On the other hand, legumes probably do not harbor sufficient density of A. pisum to maintain active parasitoid populations in winter, suggesting that diapause in A. ervi may be adaptive to its main host [START_REF] Christiansen-Weniger | Development of the aphid parasitoid,Aphidius ervi, in asexual and sexual females of the pea aphid,Acyrthosiphon pisum, and the blackberry-cereal aphid, Sitobion fragariae[END_REF]. In contrary, Chapter IV Diapause in Aphidius ervi 152 cereals are abundant resources on which S. avenae could be at sufficient densities for maintaining a large part of A. ervi population active in winter (Alfaro-Tapia in prep). Therefore, A. ervi could use this cue as stimulius to express winter diapause present in perennial legumes during the period when cereal crops are not available (Daza-Bustamante et al. 2002).

Effect of host density on diapause incidence

Our results showed a negative correlation between host density and diapause induction, but not for summer diapause. Diapause induction in A. ervi seems to arise from the perception of host scarcity, providing the first evidence of host density inducing winter diapause in aphid parasitoids. Since our induction to diapause in this experiment was carried out in winter and summer conditions, it is possible that female parasitoids had captured the cues of resources scarcity directly in winter conditions. On contrary, in summer conditions the scarcity of resources may be captured by sensing competition (see below). Based on our results it is possible to suggest that the production of diapausing inducing by host scarcity in winter may be associated with an abrupt shortage of hosts in winter. The subsequent abundance of other host species has not been tested though (e.g., S. avenae). In Chile it has been observed that other aphid cereal species can maintain active populations of A. ervi during winter (Chapter II). Thus, entering in diapause at the beginning of winter in an alternative host such as A. pisum on legumes may allow parasitoids to synchronize their life cycle with seasonal climatic changes and host resources, since it has been shown that entering diapause earlier in the winter would prevent the overexploitation of an abundant resource in the future (Polgár et al. 1995). However, legumes probably do not harbor sufficient density of A. pisum to maintain active parasitoid populations in winter, suggesting that diapause in A. ervi may be adaptive to its main host (Christiansen-Weniger and Hardie 1997). Therefore, A. ervi could use this cue as stimuli to express winter diapause present in perennial legumes during the period when cereal crops are not available (Daza-Bustamante et al. 2002). On the other hand, we found a small proportion of diapausing individuals in summer without an effect of host density. This result is in accordance to what was found by Tougeron et al (2018c) to other aphid parasitoid species, where A. rhopalosiphi and A. avenae did not express summer diapause according to the number of hosts offered, suggesting that in the genus Aphidius, summer diapause is induced by the perception of female competition (see below) instead as host scarcity.
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Effect of maternal competition on diapause incidence

In A ervi, we observed that diapause induction is influenced by the perception of direct intraspecific competition among female parasitoids in summer conditions, but this signal could not select the winter diapause induction. Our results suggest that parasitoids may respond differently to the risk of intraspecific competition under winter and in summer seasonal conditions. These findings can be explained due to the fact that winter parasitoid population is small and this signal is probably never encountered in nature, since alternative hosts may exist in cereal crops during winter time (Chapter II).

While in summer, a decrease in populations of cereal aphids occur at the beginning of this season in the central south of Chile (Ortiz-Martínez and Lavandero 2017). Another explanation is that the main goal of parasitoids is to survive harsh winter conditions whereas in summer, it is to avoid host shortage. On the other hand, a different pattern was found in the summer diapause induction where A. ervi seems to detect environmental risks according to maternal experience. Similar results were observed in A. rhopalosiphi and A. avenae, where an increase in temperatures was associated with an increase in competition between females inducing higher diapausing levels [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF], suggesting that parasitoids may respond differently to the environmental risk. These variation in the response in summer and winter condition may be explained by the way of producing diapause offspring by female parasitoids. It has been known that mothers in some species of Aphidius that lay diapausing offspring only do this in part of their progeny, other produce only diapause progeny and others mothers may produce a mix of both [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF](Tougeron et al. , 2020b)). Thus, this response can be induced by the female parasitoids to enhance offspring fitness since the proportion of each offspring may be adjusted to the probability of encountering a stochastic environment (Menu et al. 2000;[START_REF] Marshall | When is a maternal effect adaptive?[END_REF] resulting in bet-hedging strategies. A bet-hedging trait is expected to evolve when the environment which parasitoids face will take in the immediate future is unpredictable [START_REF] Hairston | Dormancy and Diapause[END_REF], allowing to ensure its synchrony with its host (He et al. 2010). This strategy has been observed in other arthropod species such as Rhagoletis cerasi (Diptera: Tephritidae) [START_REF] Moraiti | Obligate annual and successive facultative diapause establish a bet-hedging strategy of Rhagoletis cerasi (Diptera: Tephritidae) in seasonally unpredictable environments[END_REF] and the mite Halotydeus destructor Tucker (Arachnida, Penthaleidae) [START_REF] Cheng | Summer diapause intensity influenced by parental and offspring environmental conditions in the pest mite, Halotydeus destructor[END_REF]) as a response to low quality of food and by environmental conditions experienced by parents respectively. In addition, it has been shown that maternal effects on winter diapause in Aphidius species may be significant but remains marginal compared to other environmental stimuli such as photoperiod and temperature (Langer and Hance 2000).
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Conclusion

The variability of stimuli that induce diapause in A. ervi may guarantee optimal exploitation of the available resources and offspring numbers surviving environmental harsh conditions. This result is consistent with the existence of several mixed signals inducing diapause in A. ervi, where dissociated mechanisms are involved in winter and summer diapause, but with weak levels in this species in Chile.

These results can be due to low genetic variability observed between individuals of A. ervi from different aphid hosts and geographic zones (Zepeda-Paulo et al. 2015). Hence, it is likely that these parasitoid wasps may use different strategies to parasitize and exploit different host permitting the parasitoid to adequately assess seasonal changes in the environment. 

General discussion

Overview

Understanding how climate influences insects' population regulation through species interactions is an important question in ecology. Host-parasitoid systems are among the most important ecological interactions affected by environmental changes due to the high trophic position of parasitoids, leading to the potential for the difference in phenological responses (seasonal strategies) and range modifications (Godfray 1994;Bale and Hayward 2010;Kehoe et al. 2018;Tougeron et al. 2020a). Diapause is an adaptation that allows parasitoids to synchronize with seasonal and host-resources changes (Polgár and Hardie 2000). It was shown that it is altered in some species in a changing environment (Brodeur and McNeil 1989;Tougeron et al. 2017Tougeron et al. , 2018Tougeron et al. , 2020)). Changes in diapause expression can occur either through genetic adaptations or through phenotypic plasticity when facing new conditions, with consequences in the community structure, as well as the ecosystem functioning (Tougeron et al. 2020a;Le Lann et al. 2021).

Throughout this Thesis, several determinants and ecological drivers have been explored in a guild of aphid parasitoids along a latitudinal gradient in the central south valley of Chile. We tested whether environmental conditions along this gradient led to a higher diapause incidence on high latitudes (colder) compared to low latitudes (warmer) and that both with a field sampling and with lab analyses. In addition, we explored whether diapause is regulated by biotic stimulus (i.e., host effect, host availability, and maternal intraspecific competition) in addition of abiotic stimuli (i.e., photoperiod and temperature), using laboratory and field approaches and their consequences on community stability.

Aphid parasitoids and their hosts are organisms with a wide distribution, living in different climatic conditions, many of which are found in cereal crops. Parasitoids are the main biological regulatory agents of aphid populations in different agroecosystems (Godfray 1994). Thus, variability in the parasitoid populations can affect aphid pest regulation (Neil and Jervis 2007). The extensive geographic distribution of this biotic interaction makes this an interesting model for the study of latitudinal patterns. (Chapter 2). Environmental variability may affect parasitoid species distributions, phenology, fecundity, and overwintering strategies with effects on community composition, and on the strength of biotic interactions. Usually, parasitoid species are exposed to stressful temperatures in their Chapter V.
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Chapter V General discussion 163 natural environments due to seasonal cycles. As other ectotherms, parasitoids have limited ability to regulate their body temperature and have thus required a range of strategies to support life in thermally stressful environments either through acclimation (plasticity) or genetic adaptation (Chapters 3 and 4).

Here we present a framework for elucidating the abiotic and biotic effects on seasonal strategies of parasitoids that integrates a mechanistic description of life-history trait responses that characterize the phenology of many ectotherms.

Based on the intensity of winter, the sampled localities were categorized as either cold, mild, or warm winter areas, over a transversal gradient considering their inter-annual variability (Chapters 2 and 3). It is well known that differential responses to temperatures should allow species to cope with different environments (Le Lann et al. 2021). However, very little is known about the mechanisms by which temperature affects overwintering strategies that operate at the individual level, and how much translates into direct and indirect effects on their populations and communities. (Chapters 3 and 4). We predicted that diapause incidence varies along the climatic gradient with more diapause incidence in the coldest areas. Therefore, a decrease of parasitoid activity in the coldest areas would be observed during the winter period affecting the network structure composition. Contrary to what we expected, the species of parasitoids recorded here did not show a clear effect of the latitudinal gradient in diapause expression.

Low levels of diapause incidence (around 4%) were observed along the latitudinal gradient in Chile.

Diapause was observed only in three of the nine parasitoid species, Aphidius ervi, A uzbekistanicus and Praon volucre and interestingly one hyperparasitoid species Phaenoglyphis villosa (Chapter 2), and therefore host-parasitoids interactions in cereal crops along the gradient did not differ in terms of food-web composition. Differences observed for the three studied areas were only in terms of the relative abundances of species inside the guilds with spatial and temporal variations, mainly for the less abundant species.

Seasonal overwintering in insects represents an adaptation to stressful environments (Tauber et al. 1986) and in parasitoid species short photoperiods and low temperatures are the main cues inducing winter diapause (Brodeur and McNeil 1989;Langer and Hance 2000;Tougeron et al. 2017Tougeron et al. , 2019a)).

Employing Aphidius platensis and Aphidius ervi as study models, we assessed the role of photoperiod and temperature, the main drivers of diapause induction, on diapause incidence of five Chilean populations along the climatic gradient (Chapters 2 and 3). These species were recorded as the most abundant species in winter along the central-south valley of Chile corresponded to the area of cereal production (Chapter 2). Contrary to our hypothesis, none of the five populations of A. platensis expressed diapause at any Chapter V General discussion 164 tested condition (8:16 LD (Light: Dark, h) at 10°C, 10:14 LD at 14°C, and 16:8 LD at 20°C) representing winter, fall and summer conditions respectively (Chapter 3). Usually, winter and fall conditions trigger diapause induction in other aphid parasitoids from temperate areas (Brodeur and McNeil 1989;Langer and Hance 2000;Tougeron et al. 2017) suggesting that diapause induction thresholds are not reach for A.

platensis.

A deeper understanding of the role of acclimation and local adaptation among parasitoid populations may complement information on the impact of climate on species distribution via the thermal biology of their individuals (e.g., thermal tolerance). Indeed, if the individuals do not enter in diapause, it means that they remain active during the while winter and need to be protected against cold spells. To increase knowledge in this research area, the present study examined patterns of thermal tolerance in five populations of A. platensis developing at different conditions of temperature and photoperiod. Specifically, we tested the hypotheses that the CTMin, defined as the temperature of loss of coordinated muscle function is lower in populations originating from the coldest climates. Our results showed that both local adaptation and phenotypic plasticity (acclimation) may contribute to temperature tolerance, with possible role of several concomitant physiological adjustments such as water and fat content in mediating differences in thermotolerance along a latitudinal gradient (Chapter 3).

For the parasitoid species A. ervi, low levels of diapause were expressed. These results suggest that diapause induction thresholds are not reached by the environmental cues (photoperiod and temperature) in the central-south valley of Chile (Chapters 3 and 4) but that other cues such as aphid host species, host availability and maternal competition could also play a more dominant role (Chapter 4), essential for synchrony between parasitoids and their hosts. Diapause in parasitoids may be influenced by the host species (Brodeur and McNeil 1989). Our results provide evidence that A. ervi was influenced by the host species attacked, as it exhibits a greater diapause level when developing on Acyrthosiphon pisum than on Sitobion avenae suggesting plasticity for diapause induction (Chapter 4). Moreover, we compared the influence of host density and female competition on induction of winter and summer diapause. Diapause in A. ervi was influenced by host density, especially in winter, providing evidence that resource availability affects winter diapause in aphid parasitoids, a phenomenon previously observed for other parasitoid insects such as N. vitripennis (Saunders et al. 1970). Finally, the adaptive significance of maternal effects has been increasingly recognized in diapause induction [START_REF] Mousseau | Maternal Effects in Insect Life Histories[END_REF].

This work provides some insight of the perception of direct intraspecific competition among parasitoid females in summer conditions affecting diapause induction, however, this effect was not observed during Chapter V General discussion 165 winter conditions. In consequence, during summer, the female competition experience may be translated into variation in diapause expression of their offspring for the case of summer diapause (Chapter 4).

Overwintering strategies in response to geographic variation

Insects of temperate regions are under strong selection to synchronize their life cycles to the seasonal changes in abiotic and biotic conditions. This selection is likely to vary spatially along latitudinal gradients, leading to different strategies to respond to their life-cycle regulation (Frenne et al. 2013), which in turn may destabilize trophic interactions and food web composition (Tougeron et al. 2020a). This study did not find either strong evidence of a clear climatic gradient, related to Central Chile's latitudinal variation nor response in diapause rates, as we found low levels of diapause incidence (around 4%), probably due to the fact that cold areas are not cold enough to induce diapause. Hence, available evidence does not provide support for the hypothesis that diapause in parasitoids increases with increasing latitude in mild winter areas such as Central Chile (Chapters 2 and 3). These results were confirmed by our laboratory experiments where diapause in A. platensis was not found for any of the populations tested and with low levels of diapause for the species A. ervi (around 5%) when faced with winter conditions inducing diapause in other aphid parasitoid populations (Chapters 3 and 4). Individuals within the aphid parasitoid guild were active during winter suggesting that the strategy of the major part of the parasitoid populations was to overwinter as active adults. The absence and/or low levels of diapause may be due to winter conditions in the central-south valley of Chile (Discussed in Chapters 2, 3 and 4). Recent studies suggest that the central-south valley of Chile has undergone relative inter-annual homogenization in temperatures as a consequence of climate change with a strong influence of the frontal system in central and southern Chile (Falvey and Garreaud 2009;Mutz et al. 2021). In the north-west of France, following winter warming, a decrease in diapause expression in some parasitoid populations in both natural and laboratory conditions was observed (Tougeron et al. 2017[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF](Tougeron et al. , 2020a)). In contrast to our results, some studies using other species of parasitoids such as Nasonia vitripennis Ashmead (Hymenoptera: Pteromalidae) and Trichogramma dendrolimi Matsumura (Hymenoptera: Trichogrammatidae) as models, showed high levels of diapause incidence at north latitudes characterized by severe climatic condition compared to south populations which experienced mild winters (Paolucci et al. 2013;Zhang et al. 2017).

Therefore, the current low diapause incidence in parasitoids could be understood as a response to mild winters happening in the central-south valley of Chile, which also allow the continuous host availability Chapter V General discussion 166 throughout the winter season, since the aphids Rhopalosiphum padi, Sitobion avenae and Metopolophium dirhodum were present in cereal crops throughout all the period. Previous studies have also recorded active anholocyclic cereal aphids under mild winters throughout the seasons in West Europe (Langer et al. 1997;Dedryver et al. 2001;Andrade et al. 2015), allowing resources for some parasitoids species to overwintering as active adults.

In winter, physiology and life-history traits vary along geographic gradients allowing individuals that remain active to cope with different environments, where thermal tolerance plays an important role when insects face unfavorable conditions (Turnock and Fields 2005;Angilletta Jr 2009). Variation in photoperiod and temperature along geographic gradients is expected to produce a plastic response and local adaptation of natural populations depending on their thermal tolerances (Begon et al. 2006;Blanquart et al. 2013;Merilä and Hendry 2014). We predicted that individuals from cold latitudes developing in different abiotic conditions (winter, fall and summer), should be more cold-resistant than those from mild environments. Our results showed that A. platensis populations from Pinto locality characterized as the coldest geographic locality among the latitudinal gradient (see Chapters 2 and 3), showed the highest CTMin. In addition, parasitoids developing in winter conditions were more resistant to cold than those developing in warmer conditions. These results may be attributed either to local adaptation due to genetic changes or to phenotypic plasticity (acclimation). The difference in thermal tolerance (CTMin1 and CTMin2) between the tested conditions (see Chapter 3) could result from differences in developmental time and body size, as individuals which emerged from winter conditions tolerated better the low temperatures (Chapter 3). Acclimating individuals to various environmental temperatures showed that phenotypic plasticity can play a prominent role in coping with thermal stress in aphid parasitoids (Levie et al. 2005). Acclimation produced changes in water and fat content (Lee 1991). It has been observed that cold tolerance is based on increased water content which remains unfrozen in many cold hardened insects, allowing basal metabolism to continue at a low level (Block 2003;Sinclair et al. 2003;Colinet et al. 2006). In the same way, insects adjust their fat reserve and composition to environmental conditions to stabilize detrimental thermal effects (Sinclair 2015;Sinclair and Marshall 2018). Similar results have been reported previously for other parasitoid species (Colinet et al. 2006(Colinet et al. , 2007c(Colinet et al. , a, b, 2010(Colinet et al. , 2015;;Colinet and Hance 2010;Colinet and Boivin 2011) which could explain the prevalence of A. platensis in winter throughout the central south of Chile during winter.

According to the thermal evolution model, the reduced gene flow between populations due to reproductive isolation may favor local adaptation at different areas on a latitudinal gradient in parasitoids Chapter V General discussion 167 (Angilletta Jr 2009;Tougeron et al. 2019a). Based on the critical thermal tolerance parameters measured (CTMin) (see Chapters 3), our findings were consistent with previous studies showing that cold temperature tolerance in Drosophila melanogaster (Diptera, Drosophilidae) might be locally adapted to native temperatures. This was observed in a study of heritable clinal variation involving more than 80 strains from 17 populations in the Eastern of Australia, where cold latitudinal strains recovered faster from chill coma (i.e., the time taken to recover after a cold shock) than warm strains (Hoffmann et al. 2002). In consequence, a strong selection for genomic variants underlies local adaptation, translating this genetic difference to variation in phenotypes and fitness within natural populations (reviewed by [START_REF] Adrion | Revisiting classic clines in Drosophila melanogaster in the age of genomics[END_REF]. The genetic differentiation over small distances could explain our results. For instance, it has been observed that populations of Diaeretiella rapae (Hymenoptera, Braconidae) were found to be genetically subdivided at a small range (less than 1 Km) explained by a relatively low dispersal rate [START_REF] Vaughn | Population genetics of an opportunistic parasitoid in an agricultural landscape[END_REF]. One pattern emerging from this study is that short-term exposure measurements (critical thermal limits) typically correlates with the climate of different population origins, coinciding with the local temperature conditions (e.g., total hours below 0° C). These findings are in agreement with the climatic variability hypothesis [START_REF] Janzen | Why mountain passes are higher in the tropics[END_REF], in which populations at cold environments display broader tolerance ranges than populations inhabiting warmer environments (Kellermann and van Heerwaarden 2019). This suggests that the association between thermal tolerance and the minimum temperature of origin area plays an important role on distribution of aphid parasitoids, improving their fitness on their local environment (Kawecki and Ebert 2004). In summary, the results support the idea that the critical thermal limits (CTL) have evolved in response to local minimal temperatures and that they allow parasitoids to distribute over a range of different climatic conditions within the range tested in this study (Chapter 2). During winter, active parasitoids that develop at low temperatures are probably submitted to repeated cold stresses, so the capacity to recover rapidly is an advantage which is correlated to better survival and reproduction.

Diapause expression: effects on parasitoid community and food-web structure in a climatic gradient

For ectothermic species, such as insects, winter temperature has long been recognized as a major environmental factor responsible for species abundance and geographic distribution. The food-web Chapter V General discussion 168 composition of the aphid-parasitoid species interactions in the central south valley of Chile were dominated mainly by the aphid R. padi and its parasitoid A. platensis. Other parasitoids A. ervi, A. uzbekistanicus/rhopalosiphi also constituted a large proportion of the parasitoids across the geographical range and were mainly associated to the aphids S. avenae and M. dirhodum but in low abundances, without variation for the food-web metrics analyzed (i.e., Shannon's diversity of interactions, Connectance, Web Asymmetry, the level of specialization (H2), Generality, and Vulnerability). This suggests no strong climatic filtering differences at warm, mild and colder winter areas within the range of winter conditions found in Chile, which does not act upon the aphid-parasitoid trophic networks. In fact, in our study, minimal temperatures and hours below 0° C were not good predictors of aphids and parasitoids abundance (Chapter 2). However, our study showed that network structure and food web composition changes for aphid and parasitoids, as their relative abundances vary among the climatic areas in the central south valley of Chile (Chapter 2). This is the first time that the aphid-parasitoids food-web in cereals was described in winter in Chile. The causes of the variations of the relative abundances between species are intriguing. The lack of differences found along the latitudinal gradient was probably due to the high frequency of interactions among parasitoid and aphid species, affecting the interaction levels since both aphids and their parasitoids are frequently active in winter with low levels of diapause in cereal crops. This pattern was demonstrated in some countries with mild winter climates (Andrade et al. 2015(Andrade et al. , 2016;;Tougeron et al. 2017[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF] with significant effects on food-web functioning. For instance, for the parasitoid community of cereal aphids in western France, diapause expression of Aphidius avenae decreased with the increase of temperature in winter (Tougeron et al. 2017). As a consequence, this species is now present and active in winter, which was not the case before 2010, affecting the abundances of other parasitoid species such as Aphidius rhopalosiphi and Aphidius matricariae recorded previously as dominant species (Andrade et al. 2016). This is due to some niche overlap. Therefore, competition among adult parasitoids of different species may be happening along the climatic gradient in Chile, since it has been demonstrated that parasitoids adopt generalist strategies in response to a shortage of their preferred hosts (Andrade et al. 2016;Ecoche-Bosy et al. 2016;Ortiz-Martínez et al. 2019). Many parasitoid communities have been shown to enhance pest suppression by a complementary use of aphid host resource through niche partitioning suggesting that parasitoids adjust their attack rates on each aphid species according to the overall mean availability of aphids [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]Ortiz-Martínez et al. 2019;Tougeron et al. 2020a). Our results showed that winter food webs were compartmentalized through bottom-up effects, as parasitoid abundances were directly explained by aphid abundances. Similar results were observed in Chapter V General discussion 169 aphid-parasitoid networks in cereal fields of Western France, where the abundances of the different species of aphids determined the abundance of parasitoid species in winter (Andrade et al. 2016;[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]Tougeron et al. , 2020a)).

In addition, interestingly, winter conditions allow the development and activity of hyperparasitoids species in Chile (i.e., Alloxysta sp, Dendrocerus sp, Asaphes sp) (Chapter 2). This has also been observed in other aphid-parasitoid communities in which hyperparasitoids are displaying a high parasitism pressure on the primary parasitoids on cereal crops in the west of France (Andrade et al. 2016;Tougeron et al. 2017). Also, we provided the first evidence of one hyperparasitoid species Phaenoglyphis villosa expressing diapause along the latitudinal gradient in the central-south valley of Chile.

In summary, our results provide a better understanding of the activity and abundance of parasitoids during winter along a latitudinal gradient in Chile, where winters are mild. These findings suggest a weak effect of mild winter conditions on aphid and parasitoid composition. Food-web structures in the latitudinal gradient supported a high number of species, suggesting that overwintering parasitoid populations/species were active with a bottom-up effect (Chapter 2). Therefore, network structure could simply emerge from random encounters among parasitoids and their aphid hosts with a major influence of aphid abundances as the main driver of aphid-parasitoid interactions.

How does host quality affect diapause expression in aphid parasitoids?

Although it has been recognized that winter diapause expression is regulated mainly by photoperiod and temperature as well as their interactions in aphid parasitoids (Tauber et al. 1986;Brodeur and McNeil 1989;Langer and Hance 2000;Tougeron et al. 2017;Tougeron 2019;Tougeron et al. 2019a), changes in host quality such as species, size and abundance over time may act as a selective pressure, which could as well affect diapause expression (Brodeur and McNeil 1989). Interactions among the generalist parasitoid species A. ervi and their aphid hosts S. avenae and A. pisum represent an excellent model to study different patterns on fitness traits (Zepeda-Paulo et al. 2013, 2015) including diapause (Christiansen-Weniger and Hardie 1999;Tougeron et al. 2017[START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]Tougeron et al. , 2019a)). The parasitoid A. ervi is the predominant parasitoid species controlling A. pisum and S. avenae although these aphids' species differ in several important aspects (e.g., plant host range and body size) (Daza-Bustamante et al. 2002). Diapause in Chapter V General discussion 170 A. ervi may be mediated by the aphid host under low temperatures and short photoperiod conditions (Chapter 4). In this study A. ervi entered prepupal diapause if they developed on the pea aphid A. pisum at greater frequencies (20%) when compared to parasitoids developing on the grain aphid S. avenae (5%).

The same pattern was observed in A. ervi populations of the west of France where A. ervi had a high frequency of diapause when developed in the pea aphid A. pisum (Tougeron et al. 2019b) whereas diapause expression was less frequent when A. ervi developed in S. avenae (Tougeron et al. 2017). One explanation for the higher diapause rate, is that larger aphids can offer better resources under an unfavorable environment, since the preference of female parasitoids is based on the rate of resource acquisition (Barrette et al. 2009). In addition, reserves must be sequestered to survive the diapause period and allow post-diapause development (Hahn and Denlinger 2010). Therefore, a high-quality host guarantees survival and reduces the mortality rate of parasitoids in stochastic environments (Chapter 4).

In consequence, parasitoids may suffer a scarcity of hosts in cereal crops at the beginning of the winter in Chile, so that A. ervi could use this signal as a stimulus to induced dispersal and then express diapause over aphids present in perennial legumes during this period. This suggests that parasitoids attacking different host aphid species exhibit greater plasticity in diapause induction consistent with the existence of mixed strategies in a population (Menu et al. 2000).

Parasitoids have evolved a diversity of physiological adaptations to survive within a given range of environmental conditions (Hance et al. 2007). Patterns of host use by parasitoids are predicted to be based on both the suitability and abundance of hosts responding to environmental variability through the seasons (Vercken et al. 2015). Effects of photoperiod and temperature on diapause induction have been studied to a certain extent in some aphid parasitoids species (Brodeur and McNeil 1989;Christiansen-Weniger and Hardie 1999;Langer and Hance 2000;Tougeron et al. 2017Tougeron et al. , 2019bTougeron et al. , a, 2020b)), but little work has been done on whether biotic cues may act similarly on winter and summer diapause (see [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]. As discussed in the Chapter 4, our findings showed the host density effect on winter diapause in aphid parasitoids, but not for summer diapause. The higher diapause incidence at low host density and in winter like laboratory conditions could be interpreted as a response to host shortage in winter as well as a density-dependent reaction process to avoid intraspecific aggression (superparasitism). Indeed, parasitoids adjust their oviposition strategy in response to host density through increasing parasitism and decreasing superparasitism [START_REF] He | Reproductive strategies of Aphidius ervi Haliday (Hymenoptera: Aphidiidae)[END_REF]. By contrast, and similar to what was observed by [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF] in other parasitoids species (A. rhopalosiphi and A. avenae), summer diapause in A. ervi was not affected by host resource scarcity, probably because in summer A. ervi could find other Chapter V General discussion 171 species to attack. This suggests that host density may potentially modify the interaction between parasitoids and aphids according to seasonality.

In addition to limited host resources, it has been proposed that female competition may act as a selecting factor inducing summer diapause in the progeny to avoid future competition [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]. Diapause may thus be induced through maternal effects according to the potential state of the environment at the next generation (Vercken et al. 2015). In our experiments, we observed a clear effect of female competition on summer diapause induction in the offspring of A. ervi but not in winter conditions.

These findings suggest that parasitoids may respond in a different way to the risk of intraspecific competition in summer than in winter (Chapter 4; [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]). This response in summer and winter condition may be supported by the way of producing diapause offspring by parasitoids. It has been shown that in some species of Aphidius, mothers produce diapausing progeny only in a part of their offspring, others producing only diapause progeny, and other mothers may produce a mix of both [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]). Therefore, parasitoids may use an adaptive 'bet-hedging' strategy, where the proportion of parasitoids entering diapause should match the probability of a parasitoid undergoing unpredictable summers [START_REF] Menu | Coin-Flipping Plasticity and Prolonged Diapause in Insects: Example of the Chestnut Weevil Curculio elephas (Coleoptera: Curculionidae) on JSTOR[END_REF]Le Lann et al. 2021). In consequence, cues acting in the maternal generation are expressed as phenotypic differences in the offspring and this response may vary according to the seasonality.

Implications for biological control

Aphidius species, a large group of hymenopteran insects, are well known biological control agents of aphid pests in different agroecosystems (Godfray 1994) and their performance is strongly regulated by environmental temperature (Hance et al. 2007). In aphid parasitoids, the optimal effectiveness of diapause and its synchronization with their host life cycle may influence parasitoid success which may be critical for their impact on aphid pest populations. Understanding how local and large-scale factors affect hostparasitoids interactions is a key challenge in biological pest control programs [START_REF] Raymond | Aphid parasitoid generalism: development, assessment, and Chapter V General discussion 182 implications for biocontrol[END_REF]. The mechanisms of success and failure of aphid biological control using parasitoids are not well understood yet, probably because of the lack of knowledge on the life-history strategies involved (Liu et al. 2016).

Our study provided insights of the parasitoid food web composition and their strategies to cope with harsh conditions along the latitudinal gradient in Chile (see discussion Chapters 2, 3 and 4). It has been demonstrated that temperature has a strong influence on the diapause expression during winter Chapter V General discussion 172 (Tougeron et al. 2017). The low diapause incidence recorded in aphid parasitoids in Chile is in concordance with other studies that have shown low levels of diapause expression in other regions with mild winters (see Tougeron et al. 2017Tougeron et al. , 2018cTougeron et al. , a, 2020a)). Mild winter temperatures could be favorable for increased parasitoid populations that depend on the availability of suitable hosts over the winter period (Tougeron et al. 2017). This result suggests the possibility of manipulating the agroecosystem to increase parasitoid populations using protective elements in the landscape as recommended by Tougeron et al. (2016), providing alternative hosts and adequate microclimate. Remaining active in winter could favor parasitoid species as biological control agents based on the parasitoids naturally present against aphid pests in cereal fields from Chile. Moreover, acclimation could play an important role in the mass production of parasitoids since thermal tolerance could be improved through prior acclimation (Chapter 3). In addition, the interest of knowing the winter strategy of parasitoid species can help to propose new biological control programs against other aphid species by building a winter population of parasitoids through habitat manipulation (Alvarez-Baca et al. in prep). The optimal temperature for cold storage should be based upon the need to reduce the risk of accumulated chilling damages (Colinet et al. 2007c;Colinet and Hance 2010). On the other hand, the variability of stimuli that induce diapause in parasitoids may guarantee the optimal exploitation of the available resources and sufficient numbers of offspring surviving environmental harsh conditions according to seasonality (Chapter 4). Successful adaptations to different environments should involve both local adaptations by genetic changes in diapause expression and plastic responses, including maternal effects (Chapters 3 and 4, [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF]) which could have an epigenetic response. Mothers are sensitive to cues inducing diapause affecting the phenotype of their offspring based on environmental conditions they experienced, providing significant fitness benefits if future conditions match the ones currently experienced by mothers [START_REF] Burggren | Epigenetics in Insects: Mechanisms, Phenotypes and Ecological and Evolutionary Implications[END_REF][START_REF] Reynolds | Epigenetic Influences on Diapause[END_REF] Modifications in overwintering strategies in both pests and natural enemies may disrupt food web composition and modify positively or negatively the effectiveness of biological control agents, due to increasing intraguild competition (niche overlapping) (Tylianakis and Binzer 2014;Andrade et al. 2016).

However, the mild winter conditions in the central south valley of Chile could provide enough favorable hosts to maintain the richness and/or abundance of parasitoids. This may improve the efficiency of biological control, if niche partitioning exists, promoting the coexistence of different parasitoids species whilst exploiting the same resources [START_REF] Outreman | Multi-scale and antagonist selection on life-history traits in parasitoids: A community ecology perspective[END_REF]. This suggests that quite low environmental filtering mediated by the climatic gradient through parasitoids contrasting traits might represent the dominant mechanism in structuring aphid-parasitoid assemblages in cereal crops. Therefore, Chapter V General discussion 173 understanding the mechanism that facilitates the co-existence of competing parasitoid species is fundamental for developing and implementing biological control programs against aphid pests [START_REF] Raymond | Aphid parasitoid generalism: development, assessment, and Chapter V General discussion 182 implications for biocontrol[END_REF]Ortiz-Martínez et al. 2019). Increasing the number of active parasitoids could enhance natural biological control of aphids through increased parasitism rates (Hance et al. 2007;Tougeron et al. 2017). Indeed, the high level of interactions between aphids and their parasitoids observed in this study is fundamental for the effectiveness of biological control strategies. Nevertheless, aphids and parasitoids are not alone and the presence of non-diapausing hyperparasitoids recorded in the centralsouth valley of Chile (Chapter 2) may reduce the efficiency of primary parasitoids biological control in the fields [START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF]Tougeron and Tena 2019). Therefore, it might be possible to implement national-scale biological control strategies such as Augmentative biological control for cereal aphids, since the species composition and abundance are similar in communities along the climatic gradient.

Perspectives and future directions

While abiotic stressors, including extreme temperatures, are common in nature, they are also a serious problem for agriculture. Low and high temperatures are considered to be some of the major sources of abiotic stress for pests and natural enemies (Langer and Hance 2000;Hance et al. 2007;Kellermann and van Heerwaarden 2019). The phenotypic expression of diapause depends on the genotype, environmental influences, and indirect genetic effects such as maternal effects. In this study, we observed that entering in diapause or not, for an aphid parasitoid, is influenced by different environmental cues. Therefore, the plasticity of individuals may ensure that at least part of the population will survive in a stochastic environment. These results highlight the need for further studies to evaluate the diapause in aphid parasitoids in a clear climatic gradient. In addition, it is necessary understand the mechanisms by which diapause is initiated in one part of the population and not in another, in species that express diapause partially (e.g., A. ervi), its genetic basis, and the evolution of this trait, which is critically important for the insect's life histories.

In temperate regions, the recurring seasonal conditions represent a fundamental physiological challenge for a wide range of insects. In response, many temperate insects enter diapause, an alternative physiological trait characterized by altered gene expression profiles, which mediate developmental arrest, metabolic depression, increased stress resistance, and other physiological changes (Tougeron 2019), Chapter V General discussion 174 allowing organisms to synchronize their life cycle with the seasonal environmental variations (Denlinger 2002). Although this work has identified different biotic and abiotic cues influencing diapause induction in parasitoids as well as plastic responses (acclimation) on the cold tolerance phenotypes and their effects on the community composition along the latitudinal gradient in Chile, it has not been possible to ascertain what mechanisms are underpinning this response. This raises questions about the mechanisms and costs of such adaptation and about the species ability to evolve to new conditions, which will be important for predicting the evolutionary and plastic responses (including epigenetic mechanisms) of aphid parasitoids in response to climate change. Epigenetic mechanisms such as DNA methylation and histone modifications have been identified as essentials for the phenotypic plasticity of insects in their interaction with the environment [START_REF] Burggren | Epigenetics in Insects: Mechanisms, Phenotypes and Ecological and Evolutionary Implications[END_REF]. In insect, diapause maybe categorized into three different phases:

Preparation, maintenance and termination (Koštál 2006); however, the molecular signals of the mechanisms driving development through these phases are only partly understood. Hence, the gene expression that influences diapause would be interesting to investigate.

On the other hand, insects have the capacity to adjust their physiological mechanisms during their lifetime to promote thermal tolerance and cope with sublethal conditions, a phenomenon referred to as thermal acclimation [START_REF] Enriquez | Cold acclimation triggers major transcriptional changes in Drosophila suzukii[END_REF]. However, mechanisms underlying physiological and molecular responses or acclimation to cold and heat stress are still largely unknown. The expression of up-regulated and down-regulated genes in cold acclimated flies Drosophila suzukii have been identified [START_REF] Enriquez | Cold acclimation triggers major transcriptional changes in Drosophila suzukii[END_REF], where many factors can be involved in insect cold hardening (Clark and Worland 2008). Cryoprotectants are used to maintain a liquid intracellular space and protect membrane bilayer structure in the cells. The best-known mechanisms of insect cold hardiness are carbohydrate cryoprotectants, AFPs and INAs or INPs (Clark et al. 2009;Storey and Storey 2012). In the same way, freeze-tolerant species may also produce antifreeze proteins along with ice nucleating proteins (Clark and Worland 2008). Ice nucleators have also been identified in extracellular matrices (ECM) of freeze-tolerant invertebrates. On the other hand, heat shock proteins (HSPs) and other chaperones have been identified as part of the cell preservation strategy for both cold and heat survival (Clark and Worland 2008;[START_REF] Sørensen | Expression of thermal tolerance genes in two Drosophila species with different acclimation capacities[END_REF]. HSPs promote to cold tolerance and improve to repair chill injuries (Sorensen et al. 2001). In parasitoids, developmental acclimation generally leads to a beneficial effect on cold tolerance, with an improvement of the critical thermal minimal (CTMin) (Chapter 3). Therefore, these mechanisms could explain the higher cold tolerance of the different species of aphid parasitoids when facing different climatic events (i.e., harsh winters), which is why their study is essential. Parasitoids can display high and Chapter V General discussion 175 efficient cold tolerance plasticity; this capability likely contributes to their invasive success in temperate cold regions.

In this thesis, we identified the role of the maternal effect as a signal inducing diapause in aphid parasitoids differently in summer and winter conditions. For this reason, maternal effects identified here (Chapter 4) and other transgenerational effects that increase the diapause expression [START_REF] Tougeron | Rapid responses of winter aphidparasitoid communities to climate warming[END_REF](Tougeron et al. , 2020b)), could be associated with epigenetic mechanisms. Epigenetic molecular mechanisms are important for numerous functions in many organisms, regulating developmental, ontogenetic trajectories, and environmental adaptations [START_REF] Villagra | Epigenetic Molecular Mechanisms in Insects[END_REF] and could be induced by conditions experienced by the maternal generation [START_REF] Reznik | Multigenerational maternal effect on diapause induction in Trichogramma species (Hymenoptera: Trichogrammatidae)[END_REF]. Therefore, future studies could use different techniques such as RNA interference to evaluate if DNA methylation is correlated with gene expression during diapause. Which providing us the opportunity of identifying an ecologically relevant epigenetic modification in diapause induction of the aphid parasitoids.

With the increasing availability of insect genomic resources and the number of completed genomes, the genomic resources available for parasitoids researchers' community are growing [START_REF] Dennis | Functional insights from the GC-poor genomes of two aphid parasitoids, Aphidius ervi and Lysiphlebus fabarum[END_REF]. This information could be used to explain changes in seasonal phenology, development under Understanding ecological and evolutionary responses of parasitoids to complex interacting factors linked to environmental change is a significant challenge that needs to be studied to get the ability to predict parasitoid dynamics and to anticipate the management of agroecosystems at different scales. To cope with increasingly fluctuating and unpredictable environments, parasitoid species can either evolve through rapid local adaptation and /or plasticity responses (Chapters 2, 3 and 4). In Chile, it has been projected that minimum and maximum temperatures will increase in the entire territory throughout all seasons [START_REF] Araya-Osses | Climate change projections of temperature and precipitation in Chile based on statistical downscaling[END_REF]. The future research of the impacts of climate change on insect pests and their natural enemies must concentrate on identifying the possible loss of synchrony between aphids and parasitoids in different crops, since the impacts of climate changes will be mitigated moving crops to new areas in Chile [START_REF] Melo | Agricultural and Forestry Land and Labor Use under Long-Term Climate Change in Chile[END_REF]. Therefore, it will be essential to follow the whole aphid-parasitoid community in the coming years. Additionally, the need to include hyperparasitoids in future studies is essential as part of biological control programs as hyperparasitoids may have huge potential to disrupt biological control in different agroecosystems (Tougeron and Tena 2019).

Chapter V General discussion 176 Therefore, aphid parasitoids have proved to be an ideal model insect for studying diapause and other strategies to cope with variable environments. Within this Ph.D. thesis, our combination of laboratory and field-based studies has identified that parasitoids have proved to be a useful guild in further substantiating the link between environmental conditions, diapause, and the implementation of cold tolerance mechanisms. However, would be useful to evaluate the overwintering strategies in aphid parasitoids on a clear climatic gradient with areas where colder winters occur.

Chapter V General discussion
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General conclusion

A trait-based understanding of temperature effects on parasitoids is important as it allows us to identify the types of strategies that facilitate or limit the species coexistence in thermally variable In addition to abiotic factors (photoperiod and temperature), diapause induction seems to arise from biotic factors. In this study, we provide evidence that diapause in parasitoids was influenced by the attacked host species and from the perception of host scarcity in winter diapause. Likewise, direct intraspecific competition among parasitoid females in summer conditions has been translated into increase of the diapause offspring, however, this effect was not observed in winter conditions (Part 3).

Therefore, modifications in parasitoid community composition are linked to shifts in diapause expression.

Thus, developmental plasticity and the observed evolutionary responses offer a mechanistic explanation for adaptive life-history variation in aphid parasitoids with implications in aphid parasitoid interactions suggesting that the success of parasitoids as natural agents depends strongly on host density and timing of seasonal activities.

Stratégies d'hivernage d'une guilde de parasitoïdes des pucerons des céréales le long d'un gradient latitudinal

Comprendre comment le climat influence la régulation des populations d'insectes à travers les interactions entre les espèces est une question importante en écologie. Pour les espèces ectothermes, telles que les insectes, la température est depuis longtemps reconnue comme un facteur environnemental majeur responsable de l'abondance et de la répartition géographique des espèces. Les systèmes hôtesparasitoïdes sont parmi les interactions écologiques les plus importantes affectées par les changements environnementaux en raison de la position trophique élevée des parasitoïdes, ce qui peut entraîner une différence de réponses phénologiques (stratégies saisonnières) et des modifications de l'aire de répartition (Godfray 1994;Bale and Hayward 2010;Kehoe et al. 2018;Tougeron et al. 2020a). La diapause est une adaptation qui permet aux parasitoïdes de se synchroniser avec les changements saisonniers et les ressources en hôtes (Polgár and Hardie 2000). Lors de cette thèse, plusieurs déterminants écologiques ont été explorés dans une guilde de parasitoïdes de pucerons des céréales le long d'un gradient latitudinal dans la vallée centre-sud du Chili. Nous avons testé si les conditions environnementales le long de ce gradient conduisaient à une incidence de diapause plus élevée sur les hautes latitudes (plus froides) par rapport aux basses latitudes (plus chaudes) et cela à la fois avec un échantillonnage sur le terrain et des analyses en laboratoire. De plus, nous avons exploré si la diapause était régulée par des facteurs biotiques (c'est-à-dire l'effet de l'espèce-hôte, de la disponibilité en hôtes et de la compétition intraspécifique entre femalles) en plus des facteurs abiotiques (photopériode et température), en utilisant des approches de laboratoire et de terrain.

Les parasitoïdes de pucerons et leurs hôtes sont des organismes à large distribution, vivant dans différentes conditions climatiques. Les parasitoïdes sont les principaux agents de régulation biologique des populations de pucerons dans différents agroécosystèmes (Godfray 1994). Ainsi, la variabilité des populations de parasitoïdes peut affecter la régulation des pucerons ravageurs (Neil and Jervis 2007). La vaste distribution géographique de cette interaction biotique en fait un modèle intéressant pour une étude à l'échelle continentale. Les conditions environnementales peuvent affecter la répartition des espèces de parasitoïdes, la phénologie, la fécondité et les stratégies d'hivernage avec des effets sur la composition de la communauté et sur la force des interactions biotiques. Habituellement, les espèces de parasitoïdes sont

Le résumé étendu

Le résume étendu 186 exposées à des températures stressantes dans leur environnement naturel en raison des cycles saisonniers.

Comme les autres ectothermes, les parasitoïdes ont une capacité limitée à réguler leur température corporelle et ont donc développé une gamme de stratégies pour survivre dans des environnements thermiquement stressants, soit par acclimatation (plasticité) ou adaptation génétique. Nous présentons ici un cadre pour comprendre les effets des facteurs abiotiques et biotiques sur les stratégies saisonnières des parasitoïdes qui intègre une description mécanistique des réponses des traits d'histoire de vie qui caractérisent la phénologie de nombreux ectothermes.

Sur la base de l'intensité de l'hiver, les localités échantillonnées ont été classées en zones à hivers froids, doux ou chauds, compte tenu de leur variabilité interannuelle, le long du gradient latitudinal dans la vallée centre-sud du Chili. Notre première hypothèse était que l'incidence de la diapause allait varier le long du gradient latitudinal avec une incidence de diapause plus forte dans les zones les plus froides. Par conséquent, une diminution de l'activité des parasitoïdes dans les zones les plus froides serait observée pendant la période hivernale, affectant la composition et la structure du réseau. Cependant, nos résultats n'ont pas permis de mettre en évidence un gradient latitudinal clair des taux de diapause, car nous avons obtenu de faibles niveaux d'incidence de diapause pour toutes les populations étudiées (environ 4%), probablement en raison du fait que même les zones les plus froides ne le sont pas assez pour induire de la diapause. Par conséquent, les preuves disponibles ne corroborent pas l'hypothèse selon laquelle la diapause chez les parasitoïdes augmente avec l'augmentation de la latitude dans la vallée centre-sud du Chili. La diapause n'a été observée, à un faible taux, que chez trois des neuf espèces de parasitoïdes échantillonnées, Aphidius ervi, A uzbekistanicus et Praon volucre et, fait intéressant, une espèce d'hyperparasitoïde Phaenoglyphis villosa. Par conséquent, les interactions hôte-parasitoïdes dans les cultures céréalières le long du gradient ne différaient pas en termes de composition du réseau trophique.

Les différences observées pour les trois zones étudiées n'ontconcerné que l'abondance relative des espèces à l'intérieur des guildes, avec des variations spatiales et temporelles, principalement pour les espèces les moins abondantes. Ces résultats ont été confirmés par nos expériences en laboratoire où la diapause chez A. platensis n'a été retrouvée pour aucune des populations, testées d'A. platensis et avec de faibles niveaux de diapause pour l'espèce A. ervi (environ 5%) même lorsque ces populations étaient soumises aux conditions hivernales induisant de la diapause chez d'autres populations de parasitoïdes de pucerons. Les individus au sein de la guilde des parasitoïdes de pucerons sont actifs pendant l'hiver, ce qui suggère que la stratégie de la majeure partie des individus, quelle que soit la population est d'hiverner sous forme d'adultes actifs. L'absence et/ou les faibles niveaux de diapause observés peuvent être dus aux conditions hivernales insuffisamment froides dans la vallée centre-sud du Chili. Des études récentes suggèrent que cette vallée a subi une relative homogénéisation interannuelle des températures en raison du changement climatique (Falvey and Garreaud 2009;Mutz et al. 2021). Dans le nord-ouest de la France, suite au réchauffement hivernal, une diminution de l'expression de la diapause chez certaines populations de parasitoïdes en conditions naturelles et en laboratoire a été observée (Tougeron et al. 2017[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF](Tougeron et al. , 2020a)). Contrairement à nos résultats, certaines études utilisant d'autres espèces de parasitoïdes telles que Nasonia vitripennis Ashmead (Hymenoptera : Pteromalidae) et Trichogramma dendrolimi Matsumura (Hymenoptera : Trichogrammatidae) comme modèles, ont montré des niveaux élevés d'incidence de diapause aux latitudes caractérisées par des conditions climatiques sévères par rapport aux populations du sud qui connaissent des hivers plus doux (Paolucci et al. 2013;Zhang et al. 2017). Par conséquent, la faible incidence observée de la diapause chez les parasitoïdes pourrait être comprise comme une réponse aux hivers doux qui se produisent dans la vallée centre-sud du Chili, qui permettent également une disponibilité continue en hôtes tout au long de la saison hivernale, puisque les pucerons Rhopalosiphum padi, Sitobion avenae et Metopolophium dirhodum étaient présents dans les cultures céréalières pendant toute la période. Des études antérieures ont également enregistré des pucerons des céréales anholocycliques actifs tout au long des saisons en Europe de l'Ouest, caractérisée par des hivers doux (Langer et al. 1997;Dedryver et al. 2001;Andrade et al. 2015), permettant à certaines espèces de parasitoïdes d'hiverner en tant qu'adultes actifs.

En hiver, la physiologie et les traits d'histoire de vie varient selon des gradients géographiques, permettant aux individus qui restent actifs de faire face à différents environnements. Parmi ces traits, la tolérance thermique joue un rôle important lorsque les insectes font face à des conditions défavorables (Turnock and Fields 2005;Angilletta Jr 2009). La variation de la photopériode et de la température le long des gradients géographiques devrait mener à une adaptation locale des populations naturelles en fonction de leurs tolérances thermiques (Begon et al. 2006;Blanquart et al. 2013;Merilä and Hendry 2014). Nous avons prédit que les individus se développant aux latitudes les plus froides devraient être plus résistants au froid que ceux des environnements doux. Nos résultats ont montré que les populations d'A. platensis de la localité de Pinto, caractérisée comme la localité géographique la plus froide parmi les localités étudiées présentaient le CTMin le plus élevé. De plus, les parasitoïdes se développant dans des conditions hivernales les plus sévères étaient plus résistants au froid que ceux se développant dans des conditions plus chaudes.

Ces résultats peuvent être attribués soit à une adaptation locale due à des modifications génétiques, soit à une plasticité phénotypique (acclimatation). La différence de tolérance thermique (CTMin1 et CTMin2) entre les conditions testées pourrait résulter de différences de durée de développement et de taille corporelle, car les individus émergés en conditions hivernales toléraient mieux les basses températures. L'acclimatation des individus à diverses températures environnementales a montré que la plasticité phénotypique pouvait jouer un rôle prépondérant dans la gestion du stress thermique chez les parasitoïdes de pucerons (Levie et al. 2005), produisant des changements dans la teneur en eau et en lipides (Lee 1991). Il a été observé que la tolérance au froid est basée sur une teneur en eau accrue qui reste non congelée chez de nombreux insectes acclimatés au froid (Block 2003;Sinclair et al. 2003;Colinet et al. 2006). De la même manière, les insectes ajustent leurs réserves de lipides aux conditions environnementales pour stabiliser les effets néfastes des stress thermiques (Sinclair 2015;Sinclair and Marshall 2018). Ces résultatspourraient expliquer la prévalence d'A. platensis en hiver dans tout le centresud du Chili. D'autre part, selon le modèle d'évolution thermique, le flux de gènes réduit entre les populations en raison de l'isolement reproductif peut favoriser l'adaptation locale à différentes zones sur un gradient latitudinal chez les parasitoïdes (Angilletta Jr 2009;Tougeron et al. 2019a). Sur la base de la tolérance thermique mesurée (CTMin), nos résultats sont cohérents avec les études précédentes montrant que la tolérance au froid pouvait être adaptée aux températures locales (Hoffmann et al. 2002). En résumé, les résultats soutiennent l'idée que les limites thermiques critiques (CTL) ont évolué en réponse aux températures minimales locales et qu'elles permettent aux parasitoïdes de se répartir sur une gamme de conditions climatiques différentes dans la gamme testée dans cette étude. Pendant l'hiver, les parasitoïdes actifs qui se développent à basse température sont probablement soumis à des stress thermiques froids répétés, et la capacité à récupérer rapidement est donc un avantage corrélé à une meilleure survie et reproduction.

Notre étude est la première à décrire les réseaux trophiques hivernaux de pucerons des céréales et de leurs parasitoïdes au Chili. Nos résultats montrent que la composition des réseaux trophiques est principalement dominée par le puceron R. padi et son parasitoïde A. platensis. D'autres parasitoïdes dont A. ervi etA. uzbekistanicus/rhopalosiphi représentent également une grande proportion des parasitoïdes présents dans l'aire géographique étudiéeet sont principalement associés aux pucerons S. avenae et M. dirhodum. Ces espèces sont cependant en faible abondance, sans que cela n'affecte les paramètres du réseau trophique analysés (diversité des interactions de Shannon, connectivité, asymétrie, niveau de spécialisation (H2), généralité et vulnérabilité). Cela suggère qu'il n'y a pas de fortes différences de filtrage climatique dans la gamme des conditions hivernales observées au Chili, qui n'agit pas sur les réseaux trophiques pucerons-parasitoïdes. En fait, dans notre étude, les températures minimales et les heures en dessous de 0°C ne se sont pas révélés comme de bons prédicteurs de l'abondance des différentes espèces de pucerons et de leurs parasitoïdes. Cependant, notre étude a montré que la structure et la composition du réseau trophique de pucerons et de parasitoïdes variaient au niveau des abondances relatives des différentes espèces selon les zones climatiques de la vallée centrale sud du Chili. Les causes des variations des abondances relatives entre les espèces ne sont pas connues. L'absence de différences observées le long du gradient latitudinal était probablement due à la fréquence élevée des interactions entre les espèces de parasitoïdes et de pucerons. Ce schéma a été aussi observé dans certains pays aux climats hivernaux doux (Andrade et al. 2015(Andrade et al. , 2016;;Tougeron et al. 2017[START_REF] Tougeron | Effect of diapause on cold-resistance in different life-stages of an aphid parasitoid wasp[END_REF] avec des effets significatifs sur le fonctionnement du réseau trophique. Par exemple, pour la communauté de parasitoïdes des pucerons des céréales dans l'ouest de la France, l'expression de la diapause d'Aphidius avenae a diminué avec l'augmentation de la température en hiver (Tougeron et al. 2017). En conséquence, cette espèce est maintenant présente et active en hiver, affectant l'abondance d'autres espèces de parasitoïdes telles que Aphidius rhopalosiphi et Aphidius matricariae enregistrées auparavant comme étant les espèces dominantes (Andrade et al. 2016). Cela est dû à un certain chevauchement de niche. Par conséquent, la compétition entre les parasitoïdes adultes de différentes espèces peut se produire le long du gradient climatique au Chili, car il a été démontré que les parasitoïdes adoptent des stratégies généralistes en réponse à une pénurie de leurs hôtes préférés (Andrade et al. 2016;Ecoche-Bosy et al. 2016;Ortiz-Martínez et al. 2019).

Nos résultats ont montré que les réseaux trophiques hivernaux étaient compartimentés par des effets ascendants, car les abondances de parasitoïdes étaient directement expliquées par les abondances de pucerons. De plus, les conditions hivernales ont permis le développement et l'activité d'espèces d'hyperparasitoïdes au Chili (Alloxysta sp, Dendrocerus sp, Asaphes sp). Ceci a également été observé dans d'autres communautés de pucerons-parasitoïdes dans lesquelles les hyperparasitoïdes exercent une forte pression de parasitisme sur les parasitoïdes primaires des cultures céréalières dans l'ouest de la France (Andrade et al. 2016;Tougeron et al. 2017). En outre, nous avons fourni la première observation d'une Title : Overwintering strategies of a guild of cereal aphid parasitoids along a latitudinal gradient Keywords : Diapause, thermal plasticity, local adaptation, host-parasitoid interaction, host effect Abstract: Insects as small ectotherms are known to live in a wide range of thermal climates and have to adopt different strategies to resist unfavorable conditions such as: migration, enter in diapause or remain active. Throughout this Thesis, different ecological drivers have been explored in aphid parasitoids along a latitudinal gradient in the central-south valley of Chile. We tested whether environmental conditions along this gradient led to a higher diapause incidence on high latitudes (colder) compared to low latitudes (warmer). In addition, we explored whether diapause is regulated by biotic stimulus (i.e., host effect, host availability, and maternal competition). We found an absence of a clear north-south latitudinal temperature gradient.

Based on the intensity of winter, the sampled localities were categorized as either cold, mild, or warm winter areas. Low levels of diapause incidence were observed along the whole latitudinal gradient.

Nevertheless, we observed changes in the compositions of aphid and parasitoid species, as their levels of relative abundance varied among the climatic areas, showing that most adult individuals within the parasitoid guild are active during winter.

In addition, diapause in aphid parasitoids was influenced by the attacked host species and from the perception of host scarcity in winter diapause. Likewise, direct intraspecific competition among female parasitoids in summer conditions has been translated into an increase of the diapause offspring, however, this effect was not observed in winter conditions. Thus, developmental plasticity and the observed evolutionary responses offer a mechanistic explanation for adaptive life-history variation in aphid parasitoids suggesting the success of parasitoids as natural agents depends strongly on host density and timing of seasonal activities.
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 11 The influence of temperature (Tmin and h<0°C) on the abundance of the dominant aphid species, Rhopalosiphum padi, Sitobion avenae and Metopolophium dirhodum, and the dominant parasitoid species, Aphidius platensis, Aphidius ervi and the complex Aphidius uzbekistanicus/rhopalosiphi, was tested. The influence of the exploited aphid species on the abundance of each parasitoid species was tested. Columns correspond to the tested dependent variables, the AIC value, and the estimate values determined in the analysis. Statistically significant p-values (≤0.05) are presented in bold. .................................................................................................................................................................................Results of exposure of aphids parasitized by five populations of A. platensis in three conditions of temperatures and photoperiod: Emergence rate, N° of mummies formed, N° of non-emerged mummies dissected 15 days after the last emergence and Proportion of dissected non-emerged mummies containing a dead adult the remaining proportion corresponds to dead larvae. No mummies in diapause were found. Mean ± SE are shown. The white part shows the mild winter localities and grey parts the cold winter ones. ......................... 109 Table 3. 2. Influence of different conditions on fresh body mass (mg) and hind tibia length (mm) at emergence (N = 50 ♂ and N = 75 ♀) of five populations of A. platensis from central south valley of Chile. Mean ± SE are shown. The shaded part shows the cold winter localities and the white part the mild winter localities. ................................... 111 Table 3.3. Values of water content (WC) and fat content (FC) of A. platensis from different populations of the central south valley of Chile tested in three different conditions. Mean ± SE are shown. The shaded part shows the cold winter localities and the white part the mild winter localities ..................................................................................... 114 Total number of mummies formed and emerging pattern of A. ervi parasitizing A. pisum at different levels of host density and competition (-C = without competition and + C = with competition) between parasitoid females at 10°C and 8:16 LD and 24°C and 16:8 LD temperature and photoperiod regimen. Values in brackets are proportions. Different letters indicate a significant difference between treatments (Tukey HSD post-hoc test (P < 0.05). ..................................................................................................................................................................................... 149

Figure 1 . 2 . 7 Figure 1 . 3 .Figure 1 . 4 .Figure 1 . 5 .

 127131415 Figure 1.1. Thermal performance curves of ectotherms in temperate environments. Tmin and Tmax represent the minimum and maximum temperature at which organisms can perform, and Topt is the optimal temperature for performance. The green curve under the thermal performance curve is the temperature that the organism is exposed to during an average time and the average is represented as Thab. ΔT is the distance between Thab and Topt (Johansson et al. 2020). .................................................................................................................................................... 6
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 11 Figure 1.1. Thermal performance curves of ectotherms in temperate environments. Tmin and Tmax represent the minimum and maximum temperature at which organisms can perform, and Topt is the optimal temperature for performance. The green curve under the thermal performance curve is the temperature that the organism is exposed to during an average time and the average is represented as Thab. ΔT is the distance between Thab and Topt (Johansson et al. 2020).
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 12 Figure 1.2. Diagram of behavioral and physiological thresholds measured. Onset of critical thermal minima is highlighted in light blue, beginning at the temperature at which locomotor efficiency is first compromised (locomotor trouble CTMin1). The threshold temperatures at which spontaneous movements and coordination are lost (entry to chill coma. Chill coma (CTMin2) the physiological state is highlighted in dark blue (Modified from Hazell and Bale, 2011).
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 13 Figure 1.3. Ecological tolerance curve. The green shaded area represents the population frequency distribution of one species along the environmental gradient (e.g., cool to warm temperature) (Faith and Lyman 2019)
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 14 Figure 1.4. Phenotypic plasticity in terms of reaction norms: A) A group of genotypes adapted to their environment of origin is exposed to a novel environment, which results in the expression of phenotypes that were not observed in the original environment. B) Proxy of fitness differences between phenotypes results in the retention of a subset of the genotypes, which increases the mean fit between the phenotype and the new environment, and C) Fine-fit response of reaction norms of genotypes compared to the origin population. The blue lines represent the reaction norms of one genotype which show an increased in plasticity (Modified from Uller et al. 2020).
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 15 Figure 1.5. Effects of environmental variation on individuals, populations and communities
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 16 Figure 1.6. Description of phases of insects' diapause during the different ontogeny stages, from embryo to adult according to Koštál (2006). Changes in diapause intensity are presented: dotted branches (a and b) apply to the constant conditions, while solid branch (c) applies to the change of environmental conditions.
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 17 Figure 1. 7. Golden-yellow prepupae diapausing of Aphidius ervi, 36 days following mummification.

Figure 1 .

 1 Figure 1.8. (A) Parthenogenetic grain aphid, Sitobion avenae, a cosmopolitan species on grasses and cereals. (B) Typical holocyclic life cycle of aphids. The species alternates between the primary winter host, and secondary summer hosts. Anholocyclic life cycle of aphids. Continuous asexual reproduction occurs with the winged forms moving from different host plants. Modified of Finlay & Luck (2011).

  Figure 1.9. (A) Aphidius platensis ovipositing on Rhopalosiphum padi (B) Biological cycle of an aphid parasitoid (https://twitter.com/KoppertCa)

  region. The main cereal crops are in an extension of 395,556 ha which includes wheat Triticum aestivum (56.89%), oat Avena sativa (34.59%), barley Hordeum vulgare (3.43%) and triticale that is a hybrid of wheat (Triticum) and rye (Secale cereale) (5.09%) among Coquimbo region and Los Lagos region (Figure1.10A)[START_REF] Nylin | The effect of landscape context on the biological control of Sitobion avenae: temporal partitioning response of natural enemy guilds[END_REF]. Gradient should include latitudinal variation (photoperiod, temperature and radiation variation) and altitudinal (for below zero days variation-frost, etc.). In Chile, historical temperature shows a descending trend over the ocean and on the coast, while in the central valley the trend has been rising, especially near and in the mountains(Falvey and Garreaud 2009). Chile's large latitudinal extent led to a variety of climatic gradient. According toMutz et al.(2021), the Niño Southern Oscillation, south Pacific Anticyclone and mid-latitude westerlies are important drivers on climate and weather in Chile, having a result of a large temperature gradient (Figure1.10B).The central-south valley of Chile is a region where the cereal aphids and their parasitoids have different origins(Starý et al. 1993). The first reports of Rhopalosiphum padi, Sitobion avenae, Metopolophium. dirhodum and Schizaphis graminum (the main pests on cereal crops (Nieto Nafría et al. 2016; Ortiz-Martínez and Lavandero 2018)) presence in Chile were made in the 1960-1970s (Zuñiga 1986). Their populations are characterized by low genetic variability and are predominated by few ´superclones' with low genotypic

o

  How do the composition and abundance of aphids and their parasitoids vary along the latitudinal gradient in Chile? o How is diapause expression partitioned among and within aphid parasitoid guild populations? o If Chilean aphid parasitoid express diapause, how plastic is this trait? o What are the main stimuli for diapause induction? What are the ecological consequences of abiotic and biotic environmental changes for aphid parasitoid fitness, population dynamics and community functioning?

1 .

 1 In the Part 1 of the research, Chapter I: General introduction, the background and state of the art are presented covering the topics of Environmental gradients, thermal tolerance, plasticity, dormancy in insect and overwintering strategies in aphid parasitoids. We detail the mechanisms by which latitudinal gradient may affect their overwintering strategies. In addition, the biological model of study and research questions and hypotheses are included. Part 2: In this part, we are interested in describing the structure of aphid-parasitoid assemblages in the central-south valley of Chile in winter.

  valley of Chile between 29 °S and 40 °S. It included nine localities (Figure 2.1. A) and was conducted over one to three consecutive years, depending on the sampling availability at each of the years and localities: La Serena in 2016 (N=4 fields); Rancagua in 2016 (N=3) and 2018 (N=3); Talca in 2016 (N=12), 2017 (N=6), and 2018 (N=9); Chillan and Pinto in 2018 (N=3); Yungay in 2016 (n=4), 2017 (N=3) and 2018 (N=3); Temuco in 2017 (N=4) and 2018 (N=4); Cunco in 2016 (N=5), 2017 (N=4), and 2018 (N=3); and Osorno in 2018 (N=4). The central-south valley is characterized by arable fields, mostly containing annual crops (2016/17 season). In terms of cereal production, approximately 39% is carried out in the La Araucanía region, 24% in the Biobío region, and 14% in the Maule region. The main cereal crops produced in this area (from Coquimbo region to Los Lagos region in Chile) are grown in a total of 395,556 ha. These include wheat Triticum aestivum (56.89%), oat Avena sativa (34.59%), barley Hordeum vulgare (3.43%), and triticale (Triticosecale Wittm. ex A. camus) and rye (Secale cereale) (5.09%)

  2018, Pinto 2018 and Cunco 2016/17/18 were grouped as 'cold winter localities'; Rancagua 2016/18, Talca 2016/17, Chillan 2018, Temuco 2017/18, and Osorno 2018 were grouped as 'mild winter localities'; and LaSerena 2016/17/18 was a 'warm winter locality'. In addition, the PCA representation showed that the coldest winter localities were characterized by having more hours below zero (h<0°C), and the warmest winter localities had the highest mean minimum temperatures (Figure2.1. B).

  Figure 2.1. (A) Map showing the nine localities where aphids and parasitoids were sampled during three consecutive years (2016-2018) along a latitudinal gradient in the central-south valley of Chile and (B) Principal components analysis (PCA) biplot based on climatic variables (mean minimal temperature 'Tmin' and number of hours below zero

  Figure 2.2. Quantitative aphidparasitoid food webs in the centralsouth valley of Chile. Horizontal bars represent the relative abundance of each aphid species (lower) and their parasitoids, including hyperparasitoids (upper points).

  uzb/rho (Au/r) Aphidius matricariae (Am) Aphidius avenae (Aa) Praon spp. (Pr) Lysiphlebus testaceipes (Lt), Ephedrus sp. (Ep) Active hyperparasitoids (Hy): Phaenoglyphis sp + Alloxysta sp + Dendrocerus sp + Asaphes Chapter II: Winter aphid-parasitoid food webs 72
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 2324 Figure 2.3. Generalized linear model results showing the relationship between the abundance per field for the main active aphid species (Rhopalosiphum padi, Sitobion avenae and Metopolophium dirhodum) and the abundance of the main active parasitoid aphid species: A) Aphidius platensis B) Aphidius ervi and C) Aphidius uzb/rho. The trend line shows the significant links between aphid species and parasitoids based on the negative binomial regression

  .1 B). Repeated measures ANOVA showed differences among localities of the mean minimum temperatures (df=4; F=11.35, P<0.001) and the Chapter III Overwintering strategies of Aphidius platensis 106 mean numbers of hours with temperatures below zero (df=4; F=4.95, P<0.001). For both environmental variables, Pinto and Talca were colder than Rancagua, Chillan and Temuco localities (Figure 3.1 C).
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 31 Figure 3.1 . Geographic and environmental gradient along the central south valley of Chile in winter 2018: (A) Study sites, (B) Biplot of the principal component analysis (PCA) for environmental variable in the meteorological stations near to the sampling localities. The PC1 and PC2 shows clear partitioning according to minimal temperatures 'Tmin' and numbers of hours below 0°C; (C) Total hours below 0°C (grey bars) and mean ± SE of minimum temperature (dots) for each sampled latitudinal locality (RN: Rancagua, TL: Talca, CH: Chillan, PN: Pinto and TM: Temuco).
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 3231 Figure 3.2. Probability of emergence in days since oviposition to emergence of A. platensis from five populations exposed to three conditions of temperatures and photoperiod (spring, fall and winter conditions). Different letters indicate a significant difference between populations and conditions. Tukey HSD post hoc test (P < 0.05). The white part shows the mild winter localities and grey parts the cold winter ones.

(

  Figure 3.3. C) and CTMin2 (Figure 3.3 D).
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 33 Figure 3.3. Critical minimal temperatures (CTMin) of males and females of five populations (RN: Rancagua, CH: Chillan, TM: Temuco, TL: Talca and PI: Pinto) of A. platensis exposed to three different conditions: (A) CT of loss of muscular function (CTMin1); (B) Fresh body mass of all tested individuals, correlated with the CTMin1, (C) CT of chill coma (CTMin2), and (D) Fresh body mass of all tested individuals correlated with CTMin2. Plots show the mean ± SE. Different letters indicate a significant difference between populations of A. platensis, conditions and sexes. Tukey HSD post hoc tests (P < 0.05). The white part shows the mild winter localities and grey parts the cold winter ones

  .4 A and Figure 3.4 B). Finally, the number of mature eggs increased with the size of parasitoids (GLM: ꭓ 2 =1,147.54; df=1, P<0.001) (Figure 3.4 C), with larger individuals producing larger eggs (GLM: ꭓ 2 =685.75; df=1, P<0.001) (Figure 3.4 D).
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 34 Figure 3.4 Effect of the three conditions on the five populations of A. platensis for the following parameters: (A) Mean number of mature eggs, (B) Correlation between the number of eggs and the tibia length, (C) Mean volume of eggs in mm3 and (D) Correlation between the volume of the eggs and the tibia length. Twenty-five females at their emergence were used to measure these life-history traits. Box plots showed the median; lower and upper quartiles; whiskers: smallest and largest non-outlier observations; dots: outliers. Different letters indicate a significant difference between populations, conditions and sexes. Tukey HSD post hoc test (P < 0.05). The white part shows the mild winter localities and the grey part shows the cold winter localities.
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 41 Figure 4.1. Map of sampling locations in central-south of Chile and proportions of emerged adults, dissected non emerged mummies containing a dead larvae/adult and dissected non emerged mummies containing a prepupal diapausing individual produced by Aphidius ervi females sampled from cereal fields on Sitobion avenae and tested at two different conditions of temperature and photoperiod: winter (10°C and 8:16 LD) and nondiapausing conditions (20°C and 16:8 LD). A total of 1282 mummies were formed in this laboratory experiment for both conditions tested.

Figure

  Figure 4.2. Proportion of diapause incidence in A. ervi parasitizing A. pisum and S. avenae at two conditions of temperature and photoperiod (winter and laboratorycontrolled conditions). The number of mummies is provided on the figure for each aphid host species and condition. A total of 1116 mummies were formed. Significant differences are shown (Post hoc Tukey test; P < 0.05): < 0.001 '***', < 0.01 '**', < 0.05 '*', and ns 'no significant'.
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 43 Figure 4.3. Proportion of diapause incidence in A. ervi parasitizing A. pisum at different conditions (winter and summer) and two levels of host density. The number of mummies formed is provided on the figure for each aphid host and condition. A total of 1235 of mummies were formed. Significant differences are shown (Post hoc Tukey test; P < 0.05): < 0.001 '***', < 0.01 '**', < 0.05 '*', and ns 'no significant'.

Figure

  Figure 4. 4. Proportion of diapause incidence in Aphidius ervi parasitizing A. pisum at two conditions (winter and summer) in relation to female parasitoid competition (-C=without competition and + C=with competition). The number of mummies formed is provided on the figure for each aphid host and condition. A total of 1838 of mummies were formed. Significant differences are shown (Post hoc Tukey test; P < 0.05): < 0.001 '***', < 0.01 '**', < 0.05 '*', and ns 'no significant'

  space and time among different aphid hosts (Zepeda-Paulo et al. 2015). In addition, anholocyclic aphid species have been available throughout the winter on cereal crops which allows aphid parasitoids to remain active (Chapter II) as well as in late spring and early summer in Chile (Zepeda-Paulo et al. 2013; Ortiz-Martínez and Lavandero 2017). A similar pattern was observed in mild climate areas in absence of Chapter IV Diapause in Aphidius ervi 151 lethal frosts

  different environmental conditions and what mechanisms are involved in inducing and terminating diapause.

  environments. In summary, because the geographical range of aphid parasitoid species covers a broad area in the central-south valley of Chile, we expected to find diapause differentiation in natural populations (Part 1). The results of this Ph. D research offer new insights into the effects of the cues inducing diapause in parasitoids. No latitudinal gradient in temperatures was recorded in the studied area, even if variation in minimal temperatures and the number of hours below 0°C may generate a transversal gradient (Parts 2 and 3). Also, thermal acclimation and local adaptation determine the fate of species facing environmental variability (Part 3) showing climatically determined responses.

  espèce d'hyperparasitoïde (Phaenoglyphis villosa) exprimant la diapause le long du gradient latitudinal dans la vallée centre-sud du Chili. En résumé, nos résultats permettent de mieux comprendre l'activité et l'abondance des parasitoïdes durant l'hiver, le long d'un gradient latitudinal au Chili, où les hivers sont doux. Ces résultats suggèrent un faible effet des conditions hivernales sur la composition des réseaux de pucerons et de leurs parasitoïdes. Le réseau trophique hivernal comporte un nombre élevé d'espèces. Par conséquent, la structure du réseau pourrait simplement émerger de rencontres aléatoires entre les parasitoïdes et leurs 2020a). Des températures hivernales douces pourraient être favorables à l'augmentation des populations de parasitoïdes qui dépendent de la disponibilité en hôtes pendant la période hivernale (Tougeron et al. 2017). Ce résultat suggère la possibilité d'aménager l'environnement autour des parcelles afin d'augmenter les populations de parasitoïdes en utilisant des éléments favorisant dans le paysage comme recommandé par Tougeron et al. (2016) ou Damien et al. (2017), fournissant des hôtes alternatifs et un microclimat adéquat. Rester actif en hiver pourrait favoriser les espèces parasitoïdes comme agents de lutte biologique à partir des parasitoïdes naturellement présents contre les pucerons ravageurs des champs céréaliers du Chili. De plus, l'acclimatation pourrait jouer un rôle important dans le lâcher massif de parasitoïde produits en entreprise, puisque la tolérance thermique pourrait être améliorée par une acclimatation préalable. Ainsi, il pourrait être possible de mettre en oeuvre des stratégies de lutte biologique à l'échelle nationale telles que la lutte biologique inondative contre les pucerons des céréales, puisque la composition et l'abondance des espèces sont similaires dans les communautés le long du gradient latitudinal. Par conséquent, les parasitoïdes de pucerons se sont avérés être un modèle biologique idéal pour étudier la diapause et d'autres stratégies pour faire face à des environnements variables. Au sein de ce doctorat, notre combinaison d'études en laboratoire et sur le terrain a identifié que les parasitoïdes se sont avérés être une guilde utile pour étayer davantage le lien entre les conditions environnementales, la diapause et la mise en oeuvre de mécanismes de tolérance au froid. Cependant, il serait utile d'évaluer les stratégies d'hivernage chez les parasitoïdes de pucerons sur un gradient climatique clair avec des zones où les hivers plus froids se produisent. Titre : Stratégies d'hivernage d'une guilde de parasitoïdes des pucerons des céréales le long d'un gradient latitudinal Mots clés : Diapause, plasticité thermique, adaptation locale, interaction hôte-parasitoïde, effet hôte Résumé : Les insectes, en
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Table 2.3. Results of model selection for the main aphid and parasitoid species present in winter.

  Insect dormancy: an ecological perspective. Biological Survey of Canada (Terrestrial Arthropods) De Frenne P, Graae BJ, Rodríguez-Sánchez F, et al (2013) Latitudinal gradients as natural laboratories to infer species' responses to temperature. J Ecol 101:784-795. https://doi.org/10.1111/1365-2745.12074

						Chapter I Chapter I		
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 21 Total number of fields sampled and frequency of cereal aphids, mummies, emerged parasitoids, hyperparasitoids, non-emerged parasitoids (dead larva/adult individuals), and diapausing individuals during winter on cereal crops in the central-south valley of Chile for each locality and year. Localities are presented from North (top of the table) to South (bottom of the table). The total percentage of diapausing individuals in each location and year is shown in parentheses.

		2016							2017							2018						
	Locality	Number of fields	Live aphids	Mummies	Emerged parasitoid	Hyperparasitoids	Non-emerged	Diapausing	Number of fields	Live aphids	Mummies	Emerged parasitoid	Hyperparasitoids	Non-emerged	Diapausing	Number of fields	Live aphids	Mummies	Emerged parasitoid	Hyperparasitoids	Non-emerged	Diapausing
	La Serena	4	214	53	29	0	24	0 (0.0)														
	Rancagua	3	241	126 66	0	60	4 (3.2)								3	64	22	15	0		1 (4.5)
	Talca	12	1054	360 199 39	122	16 (4.4)	6	607 206 134 6	66	12 (5.8)	9	678	167 135 2		9 (5.4)
	Chillan															3	546	114 87	3		0 (0.0)
	Pinto															3	154	45	38	0		3 (6.7)
	Yungay	4	222	65	30	3	39	1 (1.5)	3	152 54	34	7	13	1 (1.9)	3	55	1	1	0		0 (0.0)
	Temuco								4	264 83	56	7	20	1 (1.2)	4	452	32	29	0		2 (6.3)
	Cunco	5	314	61	27	0	34	2 (3.3)	4	200 52	40	6	6	3 (5.8)	3	12	0				
	Osorno															4	177	52	33	0		2 (3.8)
	Total	28	2045	665 351 42	279	23 (3.5)	17	1223 395 264 26	105 17 (4.3)	32	2138	433 337 5		17 (3.9)
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 2 2. Parasitoid (Aphidius ervi, Aphidius uzbekistanicus and Praon volucre) and hyperparasitoid (Phaenoglyphis villosa) species recorded in diapause during winter on different aphid species in cereal crops in the central-south valley of Chile for each locality and year sampled. The numbers of emerged non-diapausing and diapausing individuals and their respective percentages are shown in parentheses. The remaining percentage corresponds to the non-emerged (dead) individuals.

				A. ervi		A. uzbekistanicus	P. volucre	P. villosa
			Aphids	Mummies Emerged Diapausing Emerged	Diapausing Emerged	Diapausing Emerged	Diapausing
			R. padi	1 (1.5)		1	(1.6)		1	(1.6)	0	1	(1.6)
		Rancagua	S. avenae	7 (50.0)		1	(7.1)				0	1	(7.1)
			S. graminum	1 (5.2)		2	(10.5)		1	(5.3)	0	1	(5.3)
		Talca	R. padi S. avenae	2 (0.6) 6 (15.3)		3	(1.0)		10 11	(3.2) (28.2)	15 (4.9) 0	14 (4.5) 2 (5.1)
		Yungay	R. padi	3 (5.7)							0	1	(1.9)
	2016	Cunco	R. padi S. avenae	0 (0.0) 6 (26.0)		2 2	(6.5) (8.7)				0 0	2 1	(6.5) (4.4)
			R. padi	2 (1.1)	1 (0.6)	3	(1.7)	2 1.1	5	(2.9)	5 (2.9)
		Talca	S. avenae	8 (44.4)	3 (16.7)	3	(16.7)		4	(22.2)
			M. dirhodum	0 (0.0)	1 (33.3)					
		Yungay	S. avenae	2 (25.0)	1 (12.5)					
		Temuco	S. avenae	2 (18.1)	1 (9.1)	0			2	(18.2)
	2017	Cunco	S. avenae M. dirhodum	2 (50.0) 1 (14.2)	1 (25.0) 2 (28.6)	1 2	(25.0) (28.6)			
		Rancagua	R. padi	2 (15.3)		0			0		1 (7.7)
		Talca	R. padi S. avenae	3 (2.2) 7 (26.9)	2 (7.7)	7 1	(5.1) (3.9)	2 1.5 1 3.9	2 2	(1.5) (7.7)	4 (2.9)
		Pinto	S. avenae M. dirhodum	6 (40.0) 6 (37.5)	2 (13.3) 1 (6.2)	3 5	(20.0) (31.3)		0 0	
	2018	Temuco Osorno	R. padi S. avenae M. dirhodum	0 (0.0) 5 (62.5) 1 (2.2)		4 0 27	(16.7) (60.0)	2 4.4	0 1 0	(12.5)	1 (4.2) 1 (12.5)
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 2 3. Results of model selection for the main aphid and parasitoid species present in winter. The influence of temperature (Tmin and h<0°C) on the abundance of the dominant aphid species, Rhopalosiphum padi, Sitobion avenae and Metopolophium dirhodum, and the dominant parasitoid species, Aphidius platensis, Aphidius ervi and the complex Aphidius uzbekistanicus/rhopalosiphi, was tested.The influence of the exploited aphid species on the abundance of each parasitoid species was tested. Columns correspond to the tested dependent variables, the AIC value, and the estimate values determined in the analysis. Statistically significant p-values (≤0.05) are presented in bold.

	Selected model: Aphids sp ~ Tmin + h<0°C				
	Dependent variable	Parameter	AIC	χ 2	Df	p-value
	R. padi	Tmin	777.62	3.42		0.06
		h<0°C		0.86		0.35
	S. avenae	Tmin	596.83	0.26		0.61
		h<0°C		1.82		0.18
	M. dirhodum	Tmin	374.54	2.88		0.09
		h<0°C		1.08		0.29
	Selected model: Parasitoids sp ~ Tmin + h<0°C				
	A. platensis	Tmin	477.53	0.04		0.85
		h<0°C		0.07		0.80
	A. ervi	Tmin	271.59	0.01		0.92
		h<0°C		0.18		0.67
	A. uzb/rho	Tmin	238.19	0.22		0.64
		h<0°C		0.12		0.72

Selected model: Parasitoids sp ~ R. padi + S. avenae + M. dirhodum
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	A. platensis	R. padi	451.60	30.26	< 0.001
		A. avenae		1.33	0.25
		M. dirhodum		0.27	0.60
	A. ervi	R. padi	239.30	3.68	0.05
		A. avenae		7.37	0.01
		M. dirhodum		14.57	< 0.01
	A. uzb/rho	R. padi	197.53	5.45	0.02
		A. avenae		5.56	0.02
		M. dirhodum		53.16	< 0.001
			76		
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	Locality	Year	T mean	T min	Mean hours < 0°C
		2016	11.52	5.87	0.00
	La Serena	2017	11.34	6.09	0.00
		2018	10.80	5.49	0.01
		2016	8.79	3.94	0.28
	Rancagua	2017	8.75	3.30	0.32
		2018	9.14	2.95	1.08
	Talca Note: This thesis chapter was published in Entomologia generalis (2021) 2016 9.09 4.16 2017 7.85 3.05	0.40 1.29
	2018 DOI:10.1127/entomologia/2021/1186 7.71	2.49	1.85
		2016	9.31	4.46	0.50
	Chillan	2017	8.81	4.30	0.40
		2018	8.41	3.67	1.35
		2016	8.56	3.76	0.70
	Pinto	2017	8.05	3.49	0.97
		2018	7.77	2.22	2.09
		2016	8.87	3.87	0.67
	Yungay	2017	7.95	3.22	1.26
		2018	7.91	2.86	1.07
		2016	7.27	1.88	2.63
	Cunco	2017	6.81	2.85	1.87
		2018	7.12	2.78	1.54
		2016	8.12	4.02	1.01
	Temuco	2017	7.83	4.14	0.99
		2018	7.95	3.84	1.07
		2016	7.93	4.22	0.61
	Osorno	2017	7.14	3.67	0.74
		2018	7.22	3.27	0.84
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 32 Influence of different conditions on fresh body mass (mg) and hind tibia length (mm) at emergence (N = 50 ♂ and N = 75 ♀) of five populations of A. platensis from central south valley of Chile. Mean ± SE are shown. The shaded part shows the cold winter localities and the white part the mild winter localities.

	Population
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 33 Values of water content (WC) and fat content (FC) of A. platensis from different populations of the central south valley of Chile tested in three different conditions. Mean ± SE are shown. The shaded part shows the cold winter localities and the white part the mild winter localities

	Population

-08 3.6 Egg load at emergence and volume of the eggs

  Wald tests ꭓ 2 values given for GLM and logistic-rank test (LR) for survival analysis followed by Tukey's HSD multiple comparison P < 0.05 b Variable used as covariate in the analysis

			Chapter III		
			Overwintering strategies of Aphidius platensis		
	3.4 Critical thermal minima	CTMin2	GLM	Population	ꭓ 2 =308.43	P<2.2e -16
			Gaussian	Condition	ꭓ 2 =1618.56	P<2.2e -16
				Sex	ꭓ 2 =176.78	P<2.2e -16
				Population x Condition	ꭓ 2 =27.88	P=0.00
				Population x Sex	ꭓ 2 =10.79	P=0.03
				Condition x Sex	ꭓ 2 =1.91	P=0.38
				Population x Condition x Sex	ꭓ 2 =13.37	P=0.10
				FBM b	ꭓ 2 =727.93	P<2.2e -16
		Water content	GLM	Population	ꭓ 2 =22.11	P<0.00
			Gaussian	Condition	ꭓ 2 =110.04	P<2.2e -16
				Sex	ꭓ 2 =7.22	P<0.01
				Population x Condition	ꭓ 2 =17.41	P<0.03
				Population x Sex	ꭓ 2 =2.47	P=0.65
				Condition x Sex	ꭓ 2 =1.91	P=0.39
				Population x Condition x Sex	ꭓ 2 =7.53	P=0.48
	3.5 Water and Fat content ___________________________ Fat content P=3.03e Egg load Tibia length b ꭓ 2 =282.69 P<2.2e -16 P=0.91 GLM Population ꭓ 2 =32.17 P=1.76e -06 P<2.2e -16 Gaussian Condition ꭓ 2 =11.94 P=0.00 P<9.66 -11 Sex ꭓ 2 =0.70 P=0.40 P=0.01 Population x Condition ꭓ 2 =8.74 P=0.36 P=0.95 Population x Sex ꭓ 2 =0.25 P=0.99 P=0.10 Condition x Sex ꭓ 2 =0.28 P=0.87 P=0.81 Population x Condition x Sex ꭓ 2 =1.16 P=1.00 P=0.00 P<2.2e -16 Tibia length b ꭓ 2 =30.69 GLM Population ꭓ 2 =2.29 P=0.68 P<2.2e -16 Binomial Condition ꭓ 2 =9.53 P=0.01 P=0.80 Negative Population x Condition ꭓ 2 =23.61 P=0.00 P=0.62 Tibia length b ꭓ 2 =1147.54 P<2.2e -16 P=0.36 Volume of the eggs GLM Population ꭓ 2 =5.16 P=0.27 P=0.89 CTMin1 GLM Gaussian Population Condition Sex Population x Condition ꭓ 2 =9.46 ꭓ 2 =77.05 ꭓ 2 =11.86 ꭓ 2 =2.64 Gamma Condition ꭓ 2 =82.31 P<2.0e -16 P=0.05 Population x Condition ꭓ 2 =15.64 P=0.05 P<2.2e -16 Tibia length b ꭓ 2 =685.75 P<2.0e -16 P=0.00 P=0.95
	a			Population x Sex	ꭓ 2 =0.65	P=0.96
				Condition x Sex	ꭓ 2 =0.01	P=1.00
				Population x Condition x Sex	ꭓ 2 =1.25	P=1.00
				FBM b	ꭓ 2 =6.42	P=0.01
			132			
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 41 Total number of mummies formed and emerging pattern of A. ervi parasitizing A. pisum at different levels of host density and competition (-C = without competition and + C = with competition) between parasitoid females at 10°C and 8:16 LD and 24°C and 16:8 LD temperature and photoperiod regimen. Values in brackets are proportions. Different letters indicate a significant difference between treatments (Tukey HSD post-hoc test (P < 0.05).

	Parameter	Condition	Treatment	Total No. mummies	Mummies Emerged 1	Dead Parasitoid 2
		Winter	Low High	162 460	95 (0.58 ± 0.03) a 353 (0.76 ± 0.02) b	35 (0.22 ± 0.03) a 59 (0.13 ± 0.01) b
	Host density					
		Summer	Low High	162 451	136 (0.84 ± 0.02) c 406 (0.90 ± 0.01) c	23 (0.14 ± 0.02) b 37 (0.09 ± 0.03) b
	Female	Winter	-C + C	447 486	333 (0.74 ± 0.01) a 350 (0.72 ± 0.02) a	68 (0.15 ± 0.01) a 79 (0.16 ± 0.02) a
	competition	Summer	-C + C	444 461	398 (0.90 ± 0.01) b 395 (0.85 ± 0.01) b	37 (0.08 ± 0.01) b 27 (0.06 ± 0.01) b
	1 The remaining values correspond to number of emerged individuals		
	2 The remaining values correspond to number of alive plus diapausing individuals	

  tant qu'ectothermes, sont connus pour vivre dans une large gamme de climats et adoptent différentes stratégies pour résister aux conditions défavorables dont la migration, la diapause ou le maintien de l'activité. Tout au long de cette thèse, les réseaux trophiques de parasitoïdes de pucerons des céréales ont été étudiés le long d'un gradient latitudinal dans la vallée centre-sud du Chili. Nous avons testé si les conditions environnementales le long de ce gradient entraînaient une incidence de diapause plus élevée aux hautes latitudes (plus froides) par rapport aux basses latitudes (plus chaudes). De plus, nous avons exploré si la diapause était régulée par un stimulus biotique (c'est-à-dire l'effet de l'hôte, la disponibilité de l'hôte et la compétition maternelle). Nous avons constaté l'absence d'un gradient de température latitudinal nord-sud clair. Sur la base de l'intensité de l'hiver, les localités échantillonnées ont été classées en zones d'hiver froides, douces ou chaudes. De faibles niveaux d'incidence de diapause ont été observés tout au long du gradient latitudinal.Néanmoins, nous avons observé des changements dans la composition des espèces de pucerons et de parasitoïdes, car leurs niveaux d'abondance relative variaient selon les zones climatiques, montrant que la plupart des individus adultes au sein de la guilde des parasitoïdes étaient actifs pendant l'hiver. De plus, la diapause chez les parasitoïdes de pucerons était influencée par les espèces hôtes attaquées et par la perception de la rareté de l'hôte pendant la diapause hivernale. De même, la compétition intraspécifique directe entre les parasitoïdes femelles dans les conditions estivales s'est traduite par une augmentation de la progéniture en diapause, cependant, cet effet n'a pas été observé dans les conditions hivernales. Ainsi, la plasticité du développement et les réponses évolutives observées offrent une explication mécaniste de la variation adaptative du cycle de vie des parasitoïdes de pucerons, suggérant que le succès des parasitoïdes en tant qu'agents naturels de contrôle biologique dépend fortement de la densité d'hôtes et de l'activité saisonnière.

Zhang JJ, Desneux N,Benelli G, et al (2017) Geographic Variation of Diapause Induction Rates in Trichogramma drendrolimi (Hymenoptera: Trichogrammatidae) in China. J Econ Entomol 110:386-391. doi: 10.1093/jee/tow316
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Appendix 3.1. Table S3.1. General results of the different models tested for populations of A. platensis along the latitudinal gradient of Chile, when faced to three different conditions of temperature and photoperiod. For each level, the number of freedom degrees (df), the statistic test and the p value are represented. 

Subsection/Results

Variable

Abstract

Ectotherms, like insects, generally resist to harsh conditions inducing resource scarcity by diapause, which can happen in both winter and summer allowing them to synchronize their life cycle with the availability of resources. Photoperiod and temperature where shown to be the main cues inducing winter diapause whereas summer diapause was generally driven by weak resource density . However, winter and summer diapause were rarely studied on the same species. Therefore, identifying the cues acting in both winter and summer diapause in a same species is importantto develop a comprehensive view of insect resistance according to the harshness of the environement and therefore to predict the consequences of climate changes on populations. In this study, winter and summer diapause incidence of five Chilean populations of the parasitoid Aphidius ervi, sampled in cereal fields in different environmental conditions, was evaluated. For winter diapause, two hosts, = Acyrthosiphon pisum and Sitobion avenae were used. For both winter and summer-like conditions, female parasitoids were exposed to low (10 aphids) and high (75 aphids) host densities of A. pisum and to the absence or presence of intra-specific competition (1 and 10 competing females) at high host density. No difference was found in the proportion of diapausing offspring in all of the 5 populations (5%) for winter diapause. A significant host effect was shown, with higher diapause rates/levels in A. pisum (20%) than in S. avenae (5%). The diapause incidence increased with decreasing host density at winter-like conditions whereas it increased with the level of competition experienced by female parasitoids at summer-like conditions. In conclusion, diapause may be adaptive and other mechanisms such as phenotypic plasticity and bet-hedging in diapause allow parasitoids to synchronize their life cycle with seasonal climatic changes and host resources.

Key words: Climatic gradient, host effect on diapause, scarcity of resource; maternal competition Author's contributions AAT, JVB, CLL and BL conceived the ideas and designed methodology; AAT analyzed the data; AAT wrote the first draft. All authors contributed critically to the drafts and gave final approval for publication.
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