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Simple Summary: Ecological interactions among organisms underpin the stability of ecological networks, which are responsible for species biodiversity in ecosystems. These interactions are currently threatened by environmental risks, mainly due to human activities, such as air pollution. Among air pollutants, tropospheric ozone (O 3 ) is known to disrupt chemical communication between plants and their pollinators. Alarmingly, its concentration is likely to increase by two-four-fold in the next two decades. However, the direct effects of O 3 on the behavior of pollinators themselves have not been investigated so far, even though insect behavior is key to their ecological interactions. In this study, we evaluated the potential effects of O 3 at different field-realistic concentrations on the behavior of the fig wasp Blastophaga psenes, the exclusive pollinator of the Mediterranean fig species Ficus carica. We found that O 3 , even at low concentrations, induced abnormal motility in fig wasps, and that exposed individuals might only have a reduced chance of recovery. Overall, our findings indicate that O 3 can affect pollinator behavior, which may have detrimental implications for pollination systems.

Introduction

Current global change substantially threatens the balance of ecosystems through decreased species abundance and diversity [START_REF] Potts | Global Pollinator Declines: Trends, Impacts and Drivers[END_REF]. Many synergistic drivers contribute to this loss in biodiversity, including habitat destruction/fragmentation [START_REF] Goulson | Decline and Conservation of Bumble Bees[END_REF][START_REF] Winfree | A Meta-Analysis of Bees'Responses to Anthropogenic Disturbance[END_REF], the use of agrochemicals [START_REF] Kevan | Log-Normality of Biodiversity and Abundance in Diagnosis and Measuring of Ecosystemic Health: Pesticide Stress on Pollinators on Blueberry Heaths[END_REF][START_REF] Halm | Modes of Honeybees Exposure to Systemic Insecticides: Estimated amounts of Contaminated Pollen and Nectar Consumed by Different Categories of Bees[END_REF], decreasing resource diversity [START_REF] Biesmeijer | Parallel Declines in Pollinators and Insect-Pollinated Plants in Britain and the Netherlands[END_REF], climate change [START_REF] Williams | Can Vulnerability Among British Bumblebee (Bombus) Species Be Explained by Niche Position and Breadth?[END_REF][START_REF] Dormann | Prediction Uncertainty of Environmental Change Effects on Temperate European Biodiversity[END_REF], and air pollution [START_REF] Agathokleous | Ozone Affects Plant, Insect, and Soil Microbial Communities: A Threat to Terrestrial Ecosystems and Biodiversity[END_REF][START_REF] Blande | Effects of Air Pollution on Plant-Insect Interactions Mediated by Olfactory and Visual Cues[END_REF].

All these environmental risks impact living organisms through changes in their phenology, distribution, and behavior [START_REF] Wong | Behavioral Responses to Changing Environments[END_REF][START_REF] Gérard | Global Warming and Plant-Pollinator Mismatches[END_REF]. Such processes depend on species' ecological traits and often involve cascading effects [START_REF] Furlan | Small Population Size and Extremely Low Levels of Genetic Diversity in Island Populations of the Platypus, Ornithorhynchus anatinus[END_REF]. Among these effects, changes in behavior may lead to drastic modifications and/or disruptions of crucial species interactions, including plant-pollinator interactions [START_REF] Wong | Behavioral Responses to Changing Environments[END_REF].

Among pollinators, insects exhibit spectacular and diverse behaviors that are key to their participation in ecological interactions. These behaviors can be acutely sensitive to environmental stressors, such as exposure to chemicals [START_REF] Augusiak | The Influence of Insecticide Exposure and Environmental Stimuli on the Movement Behaviour and Dispersal of a Freshwater Isopod[END_REF]. Specifically, a change in behavior is very often the first response of an organism to an environmental change. Such behavioral modifications can potentially facilitate adaptation in a changing world by improving the survival and reproduction of species, or hinder it by interfering with physiological processes or disrupting species interactions (reviewed in [START_REF] Wong | Behavioral Responses to Changing Environments[END_REF]). These interactions between species underpin the stability of the ecological networks that shape biodiversity. Understanding changes in the behavior of interacting species is therefore essential to predict the future stability of ecological networks in a changing world. However, the effects of environmental stressors on pollinator behaviors remain understudied, especially the effect of air pollution. Tropospheric ozone (O 3 ) is one of the most damaging air pollutants, known to have detrimental effects on organisms [START_REF] Iriti | Oxidative Stress, the Paradigm of Ozone Toxicity in Plants and Animals[END_REF][START_REF] Vanderplanck | Ozone Pollution Alters Olfaction and Behavior of Pollinators[END_REF], and whose concentration is likely to increase by two-four-fold in the next two decades [START_REF] Cooper | Global Distribution and Trends of Tropospheric Ozone: An Observation-Based Review[END_REF]. Here, we tested whether ozone exposure episodes (local seasonal peaks of >40 ppb 

Materials and Methods

Biological Model

Blastophaga psenes (Hymenoptera, Agaonidae) is a solitary and tiny fig wasp, which is diurnal (active during the day), lives generally less than one day, and does not feed at the adult stage [START_REF] Kjellberg | Longevity of a Fig Wasp (Blastophaga psenes)[END_REF]. This fig wasp species is intimately associated with Ficus carica (Moraceae) for its reproduction and is its exclusive pollinator. Blatophaga psenes has two generations per year that coincide with flowering of fig trees. Wasp larvae overwinter as the last larval stage in the male figs produced in summer. In spring, the overwintering wasps complete their development and emerge in summer in search of receptive figs (usually between 10 am and 5 pm), generally located on a different tree, in which they multiply [START_REF] Kjellberg | Longevity of a Fig Wasp (Blastophaga psenes)[END_REF][START_REF] Proffit | Chemical Signal is in the Blend: Bases of Plant-Pollinator Encounter in a Highly Specialized Interaction[END_REF]. Because of their ecological traits, fig wasps are probably highly susceptible to environmental stressors, as they have a reduced chance of recovery (i.e., reduced lifespan) and plasticity (i.e., reduced lifespan and highly host-specialized interaction), and no possibility for nutritional resilience (i.e., an inability to feed as adults).

Ozone Exposure and Behavioral Assays

In July 2018, newly emerging adult female wasps were collected from mature figs, taken randomly from different male trees ("Terrain d'Expérience" of the "Centre d'Écologie Fonctionnelle et Évolutive-CEFE", pesticide-free, Montpellier, France), and tested shortly after their exit from their natal fig. Groups of fig wasps (around 11 individuals) were placed into a laboratory fumigation chamber, which consisted of a glass bottle of 500 mL with a filter paper of 2 cm × 2 cm loaded with 200 µL of distilled water prior to O 3 exposure. Ozone was produced using the photolysis of molecular oxygen subjected to UV radiation at a wavelength of 185 nm (UV photometric Ozone Analyzer, Model 49i, Thermo Scientific) and delivered continuously in a flow through the fumigation chamber (flow rate of 1.5 L•min -1 ). One extremity of the fumigation chamber was connected to an analyzer generator in the generator mode, pushing air containing different O 3 concentrations into the bottle at a flow rate of 1.5 L•min -1 , while the other extremity was connected to an analyzer generator in the analyzer mode, where air was extracted at a flow rate of 1.5 L•min -1 to ensure that the desired O 3 concentration was present in the bottle. Before entering the system, the air was cleaned of any VOCs by using an activated carbon filter. We used exclusively Teflon tubes to connect the pump, the VOC filter, and the O 3 generator and analyzer (Figure 1 

Statistical Analyses

All analyses were performed in R version 3.4.0 [START_REF] Team | A Language and Environment for Statistical Computing[END_REF]. To estimate the probability of an individual displaying motility after an O 3 episode, non-parametric Kaplan-Meier curves were estimated using the "survfit" function (R package "survival"). Individuals that displayed abnormal motility or distress behaviors (including death) were the exact observations, while those that remained active or were not followed-up until the end of the survival tracking were the censored data. We used a log-rank test ("survdiff" function, R package "survival") to test for differences in Kaplan-Meier curves among the O 3 concentrations. Post hoc tests were conducted using pairwise log-rank tests adjusted for false discovery rate (FDR) ("pairwise_survdiff" function, R package "survminer"). Furthermore, we used multivariate generalized linear models (ManyGLM) to analyze the effects of O 3 exposure on fig wasp behavior in detail ("mvabund" R package [START_REF] Wang | Mvabund Statistical Methods for Analysing Multivariate Abundance Data[END_REF]). By correcting for negative binomial responses, this multivariate method allows for the handling of zero-inflated multiple count data without normality assumption [START_REF] Wang | Mvabund-An R Package for Model-Based Analysis of Multivariate Abundance Data[END_REF][START_REF] Warton | Distance-Based Multivariate Analyses Confound Location and Dispersion Effects[END_REF]. Moreover, it has more statistical power than distance-based multivariate analyses such as perMANOVA [START_REF] Warton | Distance-Based Multivariate Analyses Confound Location and Dispersion Effects[END_REF][START_REF] Warton | Regularized Sandwich Estimators for Analysis of High-Dimensional Data Using Generalized Estimating Equations[END_REF]. As there are no extant mixed-effect models for the ManyGLM method, we analyzed the effect of O 3 exposure for each hour of survival tracking separately. When significant difference was detected, multiple pairwise comparisons were conducted followed by the univariate test procedure implemented in ManyGLM. We reported unadjusted p-values for all tests, because the detectability after adjustment for multiple comparisons would be very low given the high number of comparisons, but interpreted the results with caution [START_REF] García | Escaping the Bonferroni Iron Claw in Ecological Studies[END_REF][START_REF] Nakagawa | A Farewell to Bonferroni: The Problems of Low Statistical Power and Publication Bias[END_REF].

Results and Discussion

The probability of an individual displaying motility after an O Such negative effects on fig wasps' behavior could be explained as due to oxidative stress triggered by O 3 episodes. Previously, O 3 has been shown to induce molecular damage such as the oxidation of proteins, lipid peroxidation, and damage to DNA; it also causes the deregulation of intracellular signal transduction, which could disrupt the whole organism and lead to death (reviewed in [START_REF] Kodrík | Hormonal Regulation of Response to Oxidative Stress in Insects-An Update[END_REF]). To support this hypothesis, further experiments are required to evaluate the direct effect of O 3 on fig wasp individuals by assessing oxidative stress biomarkers, such as levels of lipid peroxidation and total reactive antioxidant potential [START_REF] Kodrík | Hormonal Regulation of Response to Oxidative Stress in Insects-An Update[END_REF][START_REF] Telesnicki | Direct Effect of Ozone Pollution on Aphids: Revisiting the Evidence at Individual and Population Scales[END_REF]. However, as fig wasps probably vary in their susceptibility to O 3 (i.e., among-individual variation), differences in these oxidative stress markers should be assessed in several individuals every hour during the hourly monitoring, which involves an experimental setup with adequate replicates. Indeed, comparing the effect of exposure regimes by assessing oxidative stress markers only in surviving individuals at the end of the trials (i.e., after five hours) would lead to biases, such as the absence of difference, as only the tolerant fig wasps would be accounted for (i.e., oxidative stress underestimated) [START_REF] Telesnicki | Direct Effect of Ozone Pollution on Aphids: Revisiting the Evidence at Individual and Population Scales[END_REF]. With respect to the chances of recovery of O 3 -exposed fig wasps, our study noted that the effect of exposure lasted up to five hours after the cessation of O 3 exposure, at least, with even stronger effects over time. This limited possibility of recovery is reinforced by the ecological traits of this pollinator species. Indeed, the flight period of fig wasps (i.e., diurnal species, active between 10 a.m. and 5 p.m.) exposes them to high O 3 concentrations. As an additional point, their reduced lifespan (generally less than 24 h), as well as their inability to feed as adults, does not allow for the activation of endogenous antioxidant defense systems (i.e., energetically costly processes requiring time to be activated) [START_REF] Beaulieu | Behavioural Antioxidant Strategies to Cope with High Temperatures: A Study in a Tropical Butterfly[END_REF] and prevents them from benefiting from a protective effect of dietary antioxidants [START_REF] Bonvehí | Evaluation of Polyphenolic and Flavonoid Compounds in Honeybee-Collected Pollen Produced in Spain[END_REF][START_REF] Johnson | Plant Phenolics as Dietary Antioxidants for Herbivorous Insects: A Test with Genetically Modified Tobacco[END_REF].
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  O 3 ) result in a change in the behavior of the fig wasp Blastophaga psenes, the exclusive pollinator of the Mediterranean fig species Ficus carica, and discuss the implications for the fig/fig wasp pollination system.

  ). Individuals were exposed to 0 (control, n = 10 with 11 ± 3 individuals per trial), 40 (n = 10 with 11 ± 2 individuals per trial), 80 (n = 11 with 11 ± 3 individuals per trial), 120 (n = 9 with 12 ± 1 individuals per trial), or 200 ppb (n = 10 with 11 ± 3 individuals per trial) for 60 min based on the recorded O 3 episodes in the French Mediterranean region [17,20,21]. All O 3 exposures were conducted in a greenhouse ("Terrain d'Expérience") maintained at 25 • C under natural light, generally between 11 a.m. and 12 a.m.
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 1 Figure 1. Experimental setup for the controlled and continuous flow during O 3 exposure of fig wasps at 0, 40, 80, 120, or 200 ppb. After O 3 exposure, the fumigation chambers were disconnected from the O 3 generator and analyzer and maintained at 25 • C under natural light inside the greenhouse. We then performed observations to assess the probability of motility of the exposed fig wasps, without disturbing them inside the glass bottle. Groups of individuals were monitored hourly for 5 h to track survival and record behavioral responses. Five distinct behaviors were observed: (1) motility, (2) abnormal motility, (3) moderate distress behavior (i.e., individuals alternately lying on their backs or upright), (4) severe distress behavior (i.e., individuals lying on their backs, unable to right themselves), and (5) death.

  3 episode significantly differed according to the O 3 concentration (Kaplan-Meier analysis, χ 2 = 180, df = 4, p < 0.001). While control individuals (exposed to 0 ppb O 3 ) remained mostly active over time and even until the end of the tracking (after five hours), the individuals exposed to O 3 exhibited a decreasing probability of being active over time, which was significant at 80, 120, and 200 ppb O 3 (p < 0.001 for 0 vs. 80 ppb O 3 , 0 vs. 120 ppb O 3 and 0 vs. 200 ppb O 3 ) with an even more pronounced decrease at 120 and 200 ppb O 3 compared to 80 ppb O 3 (p < 0.001 for 80 vs. 120 ppb O 3 and 80 vs. 200 ppb O 3 ) (Figure 2, Appendix A).

Figure 2 .

 2 Figure 2. Kaplan-Meier curves depicting the probability of motility over time for each O 3 regime. Crosses indicate points of censored data. Different letters indicate significant differences (p < 0.05) in the probability of motility between O 3 regimes based on pairwise log-rank tests. The multivariate analyses showed that the proportion of individuals displaying abnormal motility significantly increased one hour after O 3 exposure at 120 and 200 ppb compared to both the control (0 ppb) and 40 ppb (0 vs. 120 ppb O 3 , p = 0.011; 40 vs. 120 ppb O 3 , p = 0.016; 0 vs. 200 ppb O 3 , p = 0.042; and 40 vs. 200 ppb O 3 , p = 0.021) (Figure 3b, Appendix A). At three hours after the O 3 episode the proportion of individuals displaying motility significantly decreased when exposed to 200 ppb O 3 compared to the

Figure 3 .

 3 Figure 3. Behavior of fig wasps exposed to O 3 regimes for one hour (0, 40, 80, 120, and 200 ppb). After O 3 exposure, individuals were left in climate-controlled conditions and monitored hourly for 5 h to track survival and record behavioral responses. Each subfigure (a-f) corresponds to one of the monitoring moments. Five distinct behaviors were observed: (1) motility, (2) abnormal motility, (3) moderate distress behavior, (4) severe distress behavior, and (5) death. Data are expressed as the mean percentage of individuals displaying the different behaviors. Asterisks indicate significant differences (**, very significant, *** extremely significant) in the behavior of exposed fig wasps between O 3 regimes.

1 Exposure at 40 ppb O 3 (n = 10 with 11 ± 2 Individuals per Trial)

  

		0 h	1 h	2 h	3 h	4 h	5 h
	Motility	11 ± 2	11 ± 2	10 ± 2	10 ± 2	9 ± 3	8 ± 3
	Abnormal motility	0					

Exposure at 80 ppb O 3 (n = 11 with 11 ± 3 Individuals per Trial)

  

		0 h	1 h	2 h	3 h	4 h	5 h
	Motility	11 ± 3	11 ± 3	9 ± 3	8 ± 3	8 ± 2	7 ± 3
	Abnormal motility	0					
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