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Pollinating insects can be exposed to temperatures far from ambient air when visiting flowers, reducing their warming tolerance. Typically, such scenario occurs when flowers are exposed to solar radiation. The case of thermogenic flowers is particular because they warm up even when they are not exposed to solar energy. The flowers of Arum attract their pollinators with a deceptive method and trap them for a whole day, thereby imposing elevated temperature to visiting insects. Therefore, we predict a relatively high basal thermal tolerance in those insects. The aim of this study was to assess the thermal tolerance and warming tolerance of females of two fly species (genus Psychoda) pollinating Arum sp. (thermogenic plant). We measured their critical temperature (CTmax) and its response to rate of temperature increase as well as acclimation period to moderate temperature of 25°C. We found relatively low CTmax (33.7°C on average) for both species, and a weak response to acclimation period and ramping rate. In general, the thermal tolerance increased with a rapid ramping in temperature.

To evaluate the warming tolerance, we compared thermal tolerance limits to flower temperatures measured in the field. We highlighted that the temperature of the thermogenic floral organ could reach values close to the thermal tolerance threshold of pollinators. This discovery raises questions about the sustainability of the interaction between these thermogenic plants and their pollinators.

Introduction

Ectotherms depend on the heat in their environment and a multitude of biological traits (e.g. growth, size, lifespan, reproduction) is governed by their body temperature [START_REF] Angilletta | Thermal Adaptation: A Theoretical and Empirical Synthesis[END_REF][START_REF] Pincebourde | Chapter Nine -Plant-Insect Interactions in a Changing World[END_REF]. As a consequence, the thermal niche of ectotherms is constrained by temperature patterns, and to a large extent by the maximal temperature they can sustain [START_REF] Hoffmann | Physiological climatic limits in Drosophila: patterns and implications[END_REF][START_REF] Santos | Making sense of heat tolerance estimates in ectotherms: lessons from Drosophila[END_REF]. Thermal tolerance limits are extensively used by macroecologists to infer the vulnerability of ectotherms to environmental issues including climate change [START_REF] Pinsky | Greater vulnerability to warming of marine versus terrestrial ectotherms[END_REF][START_REF] Sunday | Global analysis of thermal tolerance and latitude in ectotherms[END_REF]. Indeed, the past decade has seen the emergence of a compiled dataset of thermal tolerance limits across animals that is now widely used to estimate their vulnerability across realms and geographical extents [START_REF] Bennett | GlobTherm, a global database on thermal tolerances for aquatic and terrestrial organisms[END_REF][START_REF] Sunday | Global analysis of thermal tolerance and latitude in ectotherms[END_REF], and to infer the potential response of species distributions to climate change [START_REF] Sunday | Thermal tolerance and the global redistribution of animals[END_REF]. However, the use of thermal tolerance limits, such as the CTmax (maximal critical temperature), in this context should be done with caution especially when we consider the variability of this trait [START_REF] Clusella-Trullas | How useful are thermal vulnerability indices?[END_REF]. The inter-and intra-specific variability of ectotherms' thermal tolerance has become a hot topic in global change biology and conservation biology.

At the inter-specific level, the variance of thermal tolerance limits is considerable for a given latitude [START_REF] Sunday | Global analysis of thermal tolerance and latitude in ectotherms[END_REF]. This variability can be explained by both adaptation to current extreme temperatures and by phylogenetic constraints [START_REF] Bennett | The evolution of critical thermal limits of life on Earth[END_REF]. Local adaptation of thermal limits can occur at very fine spatial scale, in response to the microclimatic patterns such as a single leaf temperature pattern [START_REF] Pincebourde | Warming tolerance across insect ontogeny: influence of joint shifts in microclimates and thermal limits[END_REF]. At the intra-specific level, thermal tolerance limits of ectotherms vary according to their own plasticity [START_REF] Ma | Survive a Warming Climate: Insect Responses to Extreme High Temperatures[END_REF] but also in relation to methodological issues [START_REF] Terblanche | Critical thermal limits depend on methodological context[END_REF]. The maximum critical temperature (CTmax) is one of the most common metrics used to inform on a species thermal tolerance limit [START_REF] Angilletta | Thermal Adaptation: A Theoretical and Empirical Synthesis[END_REF][START_REF] Huey | Integrating Thermal Physiology and Ecology of Ectotherms: A Discussion of Approaches[END_REF]. The CTmax is described as the temperature at which the ectotherm losses the control of its mobility under controlled warming conditions [START_REF] Kingsolver | The analysis and interpretation of critical temperatures[END_REF]. This loss of locomotor coordination can be characterized by a stop of locomotion, a knockdown or a particular flight behavior in some flying insects [START_REF] Lutterschmidt | The critical thermal maximum: data to support the onset of spasms as the definitive end point[END_REF]. The estimation of critical thermal limits can be achieved using a dynamic assay [START_REF] Jørgensen | A unifying model to estimate thermal tolerance limits in ectotherms across static, dynamic and fluctuating exposures to thermal stress[END_REF][START_REF] Jørgensen | How to assess Drosophila heat tolerance: Unifying static and dynamic tolerance assays to predict heat distribution limits[END_REF][START_REF] Rezende | Predicting temperature mortality and selection in natural Drosophila populations[END_REF][START_REF] Terblanche | Ecologically relevant measures of tolerance to potentially lethal temperatures[END_REF][START_REF] Terblanche | Critical thermal limits depend on methodological context[END_REF]. In this dynamic method, both the temperature at the start of the experiment and the rise in temperature influence the CTmax of individuals [START_REF] Kingsolver | The analysis and interpretation of critical temperatures[END_REF]. For instance, a steeper temperature ramping often results in a higher CTmax than a slow temperature increase, which accumulates stress during the slow warming [START_REF] Terblanche | Critical thermal limits depend on methodological context[END_REF]. Those methodological considerations require the CTmax to be measured at several ramping values or using particular methodologies [START_REF] Jørgensen | How to assess Drosophila heat tolerance: Unifying static and dynamic tolerance assays to predict heat distribution limits[END_REF] and to be compared to estimate the realized range of CTmax values.

Beyond the assessment method, the thermal tolerance limits of organisms are modulated in response to environmental factors, including starvation [START_REF] Terblanche | Ecologically relevant measures of tolerance to potentially lethal temperatures[END_REF], exposure to pollutants, or acclimation [START_REF] Dinh | Exposure to a heat wave under food limitation makes an agricultural insecticide lethal: a mechanistic laboratory experiment[END_REF]. Basically, the local adaptation hypothesis suggests that the thermal tolerance of organisms exposed to hot environments is higher than organisms from relatively colder habitats [START_REF] Maclean | Morphological and physiological determinants of local adaptation to climate in Rocky Mountain butterflies[END_REF][START_REF] Sunday | Thermal tolerance and the global redistribution of animals[END_REF].

However, acclimation to low or high temperatures is certainly one of the most plastic mechanisms with beneficial effects for survival [START_REF] Willot | Interactions between developmental and adult acclimation have distinct consequences for heat tolerance and heat stress recovery[END_REF]. In general, acclimation to elevated temperature enhances the CTmax [START_REF] Kingsolver | The analysis and interpretation of critical temperatures[END_REF][START_REF] Pandey | Concurrent changes in thermal tolerance thresholds and cellular heat stress response reveals novel molecular signatures and markers of high temperature acclimation in rainbow trout[END_REF], in line with mechanisms of heat hardening [START_REF] Sørensen | Rapid induction of the heat hardening response in an Arctic insect[END_REF]. The acclimation time also plays a crucial role in the hardening process and a longer acclimation time favors higher CTmax [START_REF] Peck | Acclimation and thermal tolerance in Antarctic marine ectotherms[END_REF], although this effect depends directly on the choice of acclimation temperature and duration relative to the basal thermal tolerance limit. However, these acclimation capacities are not equal across species and could depend on the basal CTmax [START_REF] Barley | Limited plasticity in thermally tolerant ectotherm populations: evidence for a trade-off[END_REF][START_REF] Gunderson | Estimating the benefits of plasticity in ectotherm heat tolerance under natural thermal variability[END_REF].

The issues above about the variability of CTmax are partially integrated into the most complete database of thermal limits for ectotherms [START_REF] Bennett | GlobTherm, a global database on thermal tolerances for aquatic and terrestrial organisms[END_REF]. Insects, which represent the vast majority of biodiversity on earth [START_REF] Bar-On | The biomass distribution on Earth[END_REF], are well represented in this database but with a strong bias towards ants and herbivore insects. Pollinator insects are represented mostly by bees, wasps and drosophila, thereby highlighting the gap in our knowledge on thermal limits of wild pollinators including other Dipteran species. Indeed, the order Dipteran is the second most important group of flower pollinators in the world [START_REF] Larson | Flies and flowers: taxonomic diversity of anthophiles and pollinators[END_REF]. Wild pollinators are playing a crucial role in the ecosystem service of pollination of wild and cultivated plants [START_REF] Garibaldi | Wild Pollinators Enhance Fruit Set of Crops Regardless of Honey Bee Abundance[END_REF], and determining their thermal limits should help to anticipate their breakdown as the climate continues to warm up.

Here we focus on insect pollinators for which the thermal biology remains totally overlooked: flies of the genus Psychoda (Diptera), also called moth flies. Several species in this group are visitors for flowers of Arum (Arum maculatum and Arum italicum) in Western Europe [START_REF] Kite | -Inflorescence Odours & Pollinators of Arum and Amorphophallus[END_REF]. The two species of Psychoda (Psychoda sigma and Psychoda uncinula) are cosmopolitan. These moth flies are found in relatively humid environments to carry out the larval part of their life cycle [START_REF] Laurence | The Larval Inhabitants of Cow Pats[END_REF][START_REF] Speirs | How drain flies manage to almost never get washed away[END_REF]. Indeed, the larvae in the genus Psychoda are semi aquatic (e.g. P. alternata that is found in pipes) and feed on decomposing organic material (Satchell, 1947a). Although the biology of these moth flies has been neglected, the pollination system was intensively studied. The flower of Arum attracts these insects by a deceptive method. This means that the plant provides no apparent benefit during the pollination process [START_REF] Chartier | Geographical variations of odour and pollinators, and test for local adaptation by reciprocal transplant of two European Arum species[END_REF] (but see [START_REF] Gibernau | Pollination in the Genus Aruma review[END_REF] for a discussion on rewards). The other peculiarity of Arum flowers is that they produce heat during anthesis (i.e. thermogenesis; [START_REF] Marotz-Clausen | Incomplete synchrony of inflorescence scent and temperature patterns in Arum maculatum L. (Araceae)[END_REF]. The structure of the flower and its floral chamber ensures that pollinators remain trapped for a day in the flower [START_REF] Bermadinger-Stabentheiner | Dynamics of thermogenesis and structure of epidermal tissues in inflorescences of Arum maculatum[END_REF]. Thus, moth flies are subjected to the floral temperature which can reach 30°C (M. Leclerc, pers. obs.) and be about 10°C warmer than ambient air [START_REF] Albre | Pollination ecology of Arum italicum (Araceae)[END_REF] in particular the afternoon. For this study we hypothesized that pollinators would visit several flowers consecutively. Hence, based on the local adaptation hypothesis [START_REF] Maclean | Morphological and physiological determinants of local adaptation to climate in Rocky Mountain butterflies[END_REF], one can expect higher CTmax in those species exposed to a warm micro-environment in the floral chamber compared to insects living in open-air all time.

The general objective of this work was to gather knowledge on the thermal biology of two species of Psychoda, which are pollinators of Arum flowers. We determined the variation in CTmax in relation to the duration of acclimation before the measurement and to the rate of temperature increase during a dynamic (ramping) procedure. We expected an impact of acclimation and rate in temperature increase consistent with previous studies [START_REF] Sørensen | Rapid induction of the heat hardening response in an Arctic insect[END_REF][START_REF] Terblanche | Ecologically relevant measures of tolerance to potentially lethal temperatures[END_REF]. More precisely, an increase in the acclimation duration should promote the thermal tolerance limits by heat hardening mechanisms. In the same way, a faster rate in temperature increase should generate higher thermal tolerance limits. Moreover, the two species studied here visit the same 'hot' flowers. As such, a difference of thermal tolerance between the two species was not necessarily expected, particularly given that they belong to the same genus (phylogenetic constraint on the divergence of the CTmax) [START_REF] Hoffmann | Upper thermal limits in terrestrial ectotherms: how constrained are they?[END_REF]. Overall, we anticipated relatively high thermal tolerance limits in these species, compared to most temperate insects, given the elevated temperatures they encounter within the flowers. Finally, we put into ecological perspective these CTmax values by comparing the CTmax of the two flies with flower temperature patterns measured at our study site. We assessed the extent to which those pollinators are close to their thermal tolerance limits when visiting these hot flowers.

Materials methods

Biological material

The individuals we used in our experiments came from a laboratory rearing (>10 generations) that was initialized from flies collected in floral chambers of Arum italicum in April 2020 near Tours, France (47°22'54.4"N, 0°50'07.5"E). The rearing was held in a climatic chamber at 20°C and photoperiod 10:14 (light-dark) (adapted in our laboratory from [START_REF] Redborg | Rearing Psychoda alternata (Diptera: Psychodidae) in the laboratory on Digested Sewage Sludge, with Some Observation on its Biology[END_REF]. The flies were reared in containers (glass jars with dimension 6.5 x 6.5 x 12.5 cm) on a substrate composed of horse dung and dechlorinated water. The substrate was changed every month so that the nutritional quality was maintained across generations. The substrate was hydrated twice a week to maintain a semi-aquatic medium for larvae. We focused on females for the experiments below because mostly females visit the Arum flowers [START_REF] Laina | Local Insect Availability Partly Explains Geographical Differences in Floral Visitor Assemblages of Arum maculatum L. (Araceae)[END_REF][START_REF] Szenteczki | Within-species floral odor variation is maintained by spatial and temporal heterogeneity in pollinator communities[END_REF].

Experimental design:

The temperature in floral chambers of Arum italicum was measured for two purposes: (i) to set biologically relevant acclimation and start temperatures for the ramping assay (see below), and (ii) to compare the CTmax of the flies to the temperature they experience when visiting the flowers. Arum italicum produces four peaks of thermogenesis and three are associated with the male organ of the flower, which is present in the floral chamber [START_REF] Albre | Pollination ecology of Arum italicum (Araceae)[END_REF].

We focused exclusively on the maximum temperature of the fourth peak because it occurs when the moth flies are present (trapped) in the flower chamber [START_REF] Lack | The pollination of Arum maculatum L.a historical review and new observations[END_REF]. Right before anthesis, we equipped 21 different flowers with thermocouples connected to the HOBO Onset 4 channel thermocouple logger (UX120-014M). One thermocouple was inserted into the male part through the integument of the floral chamber while another thermocouple was held in the open air near the flower, under the shade, to measure air temperature. The loggers were set to record temperature every second. The flowers were sampled between April 12 th and May 18 th 2021 at the same site that was used for the collection of insects.

We tested the combined effect of acclimation time at moderate (sublethal) temperature and rate in temperature increase during the experiment on the CTmax on females of both Psychoda species. Measurements of CTmax were performed on adult female Psychoda sp. using a heating system with a Peltier module connected to a manual temperature control station with a precision of 0.1°C. The use of a Peltier system made it possible to control precisely the temperature of the set-up. We placed on the Peltier a block of aluminum dug with 9 wells (capacity of 0.3 mL) to receive individual insects. The wells were covered with a transparent plexiglass plate to prevent the insects from leaving and to be able to observe them.

The aluminum block was separated from the Peltier module with a copper plate covered on both sides with a layer of thermal paste. A temperature probe connected to the control station was inserted between the copper plate and the aluminum block. In addition, we controlled the actual temperature in the wells and inside the block with two thermocouples connected to a HOBO Onset 4 channel thermocouple logger (UX120-014M). The temperature corresponding to the CTmax was taken from the reading of HOBO thermocouple in the well when we observed a knockdown of the insect (e.g. disorganized spiral flight or complete loss of mobility). We had 2 or 3 runs for each treatment with 6 to 8 individuals for each run. In total, we measured the CTmax for 131 P. sigma and 117 P. uncinula. The room temperature was constant at 25°C throughout the experiments with a relative humidity of about 50%.

For the acclimation procedure, we exposed the individuals of Psychoda sp. to a moderate temperature (25°C) during different times (0, 15, 90, or 180 min) right before the measurement of CTmax, thereby simulating roughly the visit of a flower (see below; mean temperature was 26°C). To acclimate insects at 25°C, we placed the flies individually in perforated tubes of 2mL in a climatic chamber set at 25°C under light. These treatments of acclimation were crossed with different rates of temperature change (ramping). We tested the impact of rise in temperature on the thermal limit of moth flies by varying the slope of the temperature increase (0.1°C.min -1 or 1°C.min -1 ). Throughout the experiment, the slope for the two ramps of the CTmax had a respective average rate of 0.10 + 0.01 °C.min -1 and 1.00 + 0.04 °C.min -1 (Mean + standard deviation). The starting temperature was 25°C for all runs, corresponding to the acclimation temperature. Indeed, Jorgensen et al. recommended using the average maximum temperature of the hottest month as the starting temperature [START_REF] Jørgensen | How to assess Drosophila heat tolerance: Unifying static and dynamic tolerance assays to predict heat distribution limits[END_REF]. Based on temperature readings in the collection area, the mean maximum temperature for the hottest month was 24°C (June 2021).

Statistical analyses

The raw data presented a log-negative distribution (skewness of -1.6; calculated with function skewness of package moments (0.14 version)). Therefore, they were transformed using the following equation: (log10(max(CTmax+1) -CTmax) to normalized the data and to match the requirements for parametric tests (determine graphically using the plots of the model). We tested the impact of three factors: species, acclimation time and rate of temperature increase, and their interactions, on the CTmax of the female Psychoda with an analysis of variance (ANOVA) in the software R (version 4.0.3; R Development Core Team, 2020). We had a significant interaction between these three factors. Therefore, we decomposed the model according to the species and we reused ANOVA model considering only the factors of acclimation and rate of temperature increase. We used the function emmeans of package emmeans (1.5.2-1 version) to make pairwise comparisons on means. A correlation analysis between air temperature and flower temperature was made using a Pearson correlation test.

We fixed the level of significance using a probability threshold of 0.05.

Results

Flower temperature

The ecological relevance of thermal biology traits can be assessed by comparing them to the temperatures actually experienced by species in their environment. We found that the floral temperature was always warmer than the ambient air in A. italicum (Figure 1). The temperature experienced by the Psychoda sp. when visiting the flowers averaged 26.0 + 2.7°C (Mean + standard deviation) for the 21 flowers. The flower temperature was correlated positively to ambient air temperature (Spearman correlation: 0.57; p < 0.01). One flower displayed the maximal temperature of 34.5°C. Globally, flower temperature increased with ambient air temperature but the slope is much lower than 1.

Thermal tolerance of Psychoda species

The mean thermal tolerance values across all treatments ranged from 32.0°C to 35.4°C for P. sigma and from 31.2 to 35.5 for P. uncinula (Figure 2). We obtained an interaction between Psychoda species, acclimation time and rate of temperature increase that influenced the CTmax (F15,237 = 17.81, p < 0.001 and r² = 0.52 -Table S1). When we decomposed the model by the species factor, we observed different results for P. sigma and P. uncinula (Table 1). However, the CTmax values remained similar for the two species of Psychoda.

For P. sigma, acclimation time and rate of temperature increase modified the CTmax (Table 1). An exposure to a moderate temperature (25°C) before measuring the CTmax influenced its thermal tolerance (Table 1). We showed a decrease of CTmax when females were exposed for 15 and 180 min at 25°C (Figure 2A). The rate of temperature increase had a strong impact on the CTmax (Table 1). The CTmax was lower when the rate of temperature increase was low (0.1°C.min -1 ) compared to a slope of 1°C.min -1 (overall means: 33.1°C and 34.7°C, respectively).

For P. uncinula, we showed a significant impact of interaction between the rate of temperature increase and acclimation time (Table 1). The CTmax of females decreased when they were exposed at 25°C (independently of acclimation time) with a rate of 1°C.min -1 , while the CTmax was the same for all acclimation times with a rate of 0.1°C.min -1 . Moreover, the CTmax was lower with a rate of 0.1°C.min -1 (Figure 2B). 

Discussion:

Information on the thermal tolerance of ectotherms is extremely useful when assessing their potential vulnerability to environmental hazards including climate change (Clusella-Trullas et al., 2021). This knowledge is now accessible for a limited number of species [START_REF] Bennett | GlobTherm, a global database on thermal tolerances for aquatic and terrestrial organisms[END_REF] relative to global number of species inhabiting Earth. In particular, among insects, this database is strongly biased towards rather large species. However, the body size distribution of biodiversity is asymmetric and peaks at a size of around 1 cm [START_REF] May | How Many Species Are There on Earth?[END_REF]. This asymmetry encourages us to study the smallest creatures, which are under sampled [START_REF] Kozłowski | Why are species' body size distributions usually skewed to the right?[END_REF], including these Psychoda sp. Near nothing is known on the thermal biology of Psychoda species. The only studies available date back to the middle of 20 th century [START_REF] Biever | Effects of temperature on the developmental stages of Psychoda alternata (Diptera-Psychodidae)[END_REF][START_REF] Redborg | Rearing Psychoda alternata (Diptera: Psychodidae) in the laboratory on Digested Sewage Sludge, with Some Observation on its Biology[END_REF]Satchell, 1947b;[START_REF] Solbe | Aspects of the Biology of Psychoda alternata (Say.) and P. severini parthenogenetica Tonn. (Diptera) in a Percolating Filter[END_REF], on a species of non-pollinating Psychoda (P. alternata). Species of moth flies are very atypical because they are subjected to the temperature of the flowers that they visit daily (pollination events). Contrary to our expectations, our results show that these insects, which visit flowers that are warmer than ambient air, have a rather low CTmax in general. In addition, the modulation of their CTmax is very limited, at least for the acclimation time at 25°C and the rate of temperature increase. This result seems to contradict the general idea that the CTmax is more plastic when it is low basally (the trade-off hypothesis of thermal tolerance plasticity; [START_REF] Somero | The physiology of climate change: how potentials for acclimatization and genetic adaptation will determine 'winners' and 'losers[END_REF][START_REF] Stillman | Acclimation Capacity Underlies Susceptibility to Climate Change[END_REF]), joining a global analysis demonstrating that level of plasticity of CTmax may not depend on the basal CTmax [START_REF] Gunderson | Plasticity in thermal tolerance has limited potential to buffer ectotherms from global warming[END_REF]. However, a non-negligible modulation of heat thermal tolerance is found in Psychoda flies in response to changing the rate of temperature increase and the duration of acclimation procedure.

As expected, the CTmax of Psychoda is primarily altered by the rate of temperature increase in the ramping assay. Usually, it is recommended to use rates close to those encountered in natural environments, most often between 0.1°C and 0.25°C [START_REF] Terblanche | Critical thermal limits depend on methodological context[END_REF]. The choice of a high rate of temperature increase inevitably produces a high CTmax value [START_REF] Kingsolver | The analysis and interpretation of critical temperatures[END_REF]. Indeed, the organisms experiencing a rapid rate in temperature increase also spend less time at stressful sublethal temperatures. Therefore, they accumulate less thermal stress during the same amount of time than individuals under a slow warming rate. However, moth flies are subject to fast temperature variations when they arrive in a hot flower of Arum [START_REF] Albre | Pollination ecology of Arum italicum (Araceae)[END_REF]. Indeed, the temperature of the flower can be up to 15°C higher than the ambient air when the pollinators enter the flower. They are subject to an increase of 10 to 15°C within a very short time (a few minutes depending on their behavior; M. Leclerc, pers. obs.). Therefore, the highest CTmax values obtained with the higher rate of temperature increase certainly is more relevant in this pollination system. We may expect Psychoda to be slightly more tolerant to high temperatures when they successively visit several flowers with high temperatures. On the other hand, a fast warming rate may limit the possibility for acclimation or other plastic responses that could help to tolerate high temperatures [START_REF] Ma | Survive a Warming Climate: Insect Responses to Extreme High Temperatures[END_REF].

The acclimation time at a moderate temperature (25°C) mattered for the CTmax to a lesser extent than the rate of temperature increase. Moth flies frequently encounter this temperature in flowers even if ambient air is well below 20°C (see Figure 2; [START_REF] Albre | Pollination ecology of Arum italicum (Araceae)[END_REF]). Often, short term acclimation to moderate or sublethal temperatures is thought to benefit the insect since it allows to develop heat hardening process, increasing thereby the CTmax [START_REF] Sgrò | What Can Plasticity Contribute to Insect Responses to Climate Change?[END_REF][START_REF] Willot | Interactions between developmental and adult acclimation have distinct consequences for heat tolerance and heat stress recovery[END_REF]. In Psychoda, acclimated females (15 and 180 min at 25°C) had a lower CTmax than the non-acclimated individuals (control) in P. sigma. Acclimation had no effect in P. uncinula females. The acclimation temperature may already be above the optimum temperature for these organisms [START_REF] Sinclair | Can we predict ectotherm responses to climate change using thermal performance curves and body temperatures?[END_REF] and as long as this optimum is not quantified, we cannot exclude that exposure to 25°C even for a short time could already cause thermal stress accumulation. Nevertheless, short-term acclimation to temperatures (37°C) close to basal CTmax (about 41°C) was still able to generate an increase in the CTmax of drosophila flies [START_REF] Sgrò | A comprehensive assessment of geographic variation in heat tolerance and hardening capacity in populations of Drosophila melanogaster from eastern Australia[END_REF]. Similarly, 4 h exposure to 35°C induced an increase in thermal tolerance in Liriomyza flies which display thermal limits around 40°C [START_REF] Huang | Impact of mild temperature hardening on thermotolerance, fecundity, and Hsp gene expression in Liriomyza huidobrensis[END_REF]. However, we measured the thermal tolerance of Psychoda directly after acclimation without recovery time, contrasting to most designs applied to study the effect of acclimation on thermal tolerancewe did this to simulate situation in flowers. It is therefore possible that the lack of recovery time impeded Psychoda flies to mount up a physiological response underlying hardening. Therefore, we cannot exclude that the Psychoda fly, if it survives the exposure to high temperature in the first visited flower, would develop heat hardening response for the next visited flower the day after. The quantification of HSPs (Heat Shock Proteins) in acclimated versus non-acclimated individuals at different times after exposure to heat would inform on their ability to initiate this hardening response [START_REF] Huang | Impact of mild temperature hardening on thermotolerance, fecundity, and Hsp gene expression in Liriomyza huidobrensis[END_REF][START_REF] Ma | Survive a Warming Climate: Insect Responses to Extreme High Temperatures[END_REF].

The warming tolerance of organisms (difference between the temperature in the habitat and the upper thermal limit) is often used to refer to the vulnerability of species to climate change [START_REF] Clusella-Trullas | How useful are thermal vulnerability indices?[END_REF]. The thermal landscape of moth flies is rather extensive and ranges from the cool forest litter to warm thermogenic plants that can reach 30°C. Thus, when individuals of P. sigma are within the flowers, their warming tolerance is reduced (Table 1;

Figure 2). This warming tolerance observed in Psychoda is consistent with data already inferred for most ectotherms [START_REF] Sunday | Thermal-safety margins and the necessity of thermoregulatory behavior across latitude and elevation[END_REF]. However, one flower displayed a floral temperature higher than the CTmax of the mothflies we studie here (Figure 1). Larger sampling of flower temperatures could be considered to determine if it was a flower with an isolated heating mechanism or if this pattern that is dangerous for the mothflies is more common than expected. Nevertheless, in a context of global changes and an increase in the intensity and frequency of heat waves, we can hypothesize that flower temperatures would be even warmer as ambient air increases. One consequence might be that pollinators would be exposed to temperatures closer to their upper thermal limit. The impact of environmental change on the thermogenesis ability of Arum should be studied to assess this hypothesis.

The first and apparently the only thermal biology studies on Psychoda date from about 60 years ago [START_REF] Biever | Effects of temperature on the developmental stages of Psychoda alternata (Diptera-Psychodidae)[END_REF]. Our study is the very first to provide knowledge on moth flies that pollinate Arum flowers. The thermal environment of those flies when they are trapped in the flower during almost an entire day is particularly different from ambient conditions. The thermogenic flower exposes its pollinator to temperatures that are around 25-27°C, sometimes higher. Therefore we expected the moth flies to be adapted to this microenvironment, involving selection of the most heat tolerant individuals across generations [START_REF] Clusella-Trullas | How useful are thermal vulnerability indices?[END_REF][START_REF] Urban | Improving the forecast for biodiversity under climate change[END_REF]. Our result somehow contradicts this hypothesis because the CTmax values that we report are several degrees lower than most temperate insects (when comparing with values in the database GlobTherm; or when looking at a subset of data for insects in [START_REF] Sunday | Global analysis of thermal tolerance and latitude in ectotherms[END_REF][START_REF] Bennett | GlobTherm, a global database on thermal tolerances for aquatic and terrestrial organisms[END_REF]). Indeed, the CTmax ranges from 29.5°C to 56°C (N=71 data; mean 36.3°C) for arthropods under temperate latitudes [START_REF] Pincebourde | Narrow safety margin in the phyllosphere during thermal extremes[END_REF][START_REF] Sunday | Global analysis of thermal tolerance and latitude in ectotherms[END_REF]. Our prediction was based on the fact that pollinators would visit several flowers consecutively, thereby spending almost their entire adult lifetime within flowers. However, mothflies may develop an aversion to flowers might develop after this deceptive experience (deception by the plant), making them exposed to such temperature only once in their life. The density of flowers in the locality of the insects should also matter by modifying the encounter rate. Another (non-mutually exclusive) explanation could be that these two Psychoda are living in the leaf litter and the females normally lay eggs on decomposing organic matter (in dung or in decomposing plant material in the litter). This litter environment is particularly buffered from temperature extremes [START_REF] Geiger | The Climate Near The Ground, universallibrary[END_REF] which could select for low basal heat tolerance in those species.

However, forest canopies are suffering from climate warming, leading to the opening of canopies and to the increase in litter and soil temperatures [START_REF] Allen | On underestimation of global vulnerability to tree mortality and forest die-off from hotter drought in the Anthropocene[END_REF][START_REF] Zellweger | Forest microclimate dynamics drive plant responses to warming[END_REF]. Looking at the floral temperature in this context could be interesting to determine the warming tolerance of theses pollinators. We can hypothesize that the warming of the forest floor causes an increase in floral temperature, thus reducing the warming tolerance. Finally, we obviously lack critical data before we can pretend to estimate the vulnerability of Psychoda species to climate change and the sustainability of the interaction between Arum and their pollinator in this context. 

Legend of figures

Table 1 :

 1 Statistic outputs of the ANOVA model on log-negative of CTmax as function of the rate of temperature increase (0.1 and 1°C.min -1 ) and acclimation time (0, 15, 90, 180 min) of P. sigma and P. uncinula. The statistics of the model are respectively F4,126 = 41.49, p < 0.001, r² = 0.55 and F7,109 = 24.53, p < 0.001 and r² = 0

Figure 1 :

 1 Figure 1: Plot showing the maximum temperature of the fourth temperature peak of Arum flowers (dots) as a function of the ambient temperature (near the flower). The line represents the 1:1 line, where the temperature of the flower would be equal to air temperature. The dotted horizontal line represents the mean of CTmax of two species of Psychoda in this study.

Figure 2 :

 2 Figure 2: Thermal tolerance limits (CTmax) of the two species as a function of acclimation
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