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Abstract

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
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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.

Key words

Psychoda; Critical Thermal maximum,; plasticity; heat tolerance; thermal limit; Wild

pollinator.

1. 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 (Angilletta, 2009;
Pincebourde et al., 2017). 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
(Hoffmann, 2010; Santos et al., 2011). Thermal tolerance limits are extensively used by
macroecologists to infer the vulnerability of ectotherms to environmental issues including
climate change (Pinsky et al., 2019; Sunday et al., 2011). 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 (Bennett et al.,
2018; Sunday et al., 2011), and to infer the potential response of species distributions to
climate change (Sunday et al., 2012). 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 (Clusella-Trullas et al., 2021). The inter- and
intra-specific variability of ectotherms’ thermal tolerance has become a hot topic in global

change biology and conservation biology.
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At the inter-specific level, the variance of thermal tolerance limits is considerable for a given
latitude (Sunday et al., 2011). This variability can be explained by both adaptation to current
extreme temperatures and by phylogenetic constraints (Bennett et al., 2021). 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 (Pincebourde and Casas, 2015). At the intra-specific
level, thermal tolerance limits of ectotherms vary according to their own plasticity (Ma et al.,
2021) but also in relation to methodological issues (Terblanche et al., 2007). The maximum
critical temperature (CTmax) is one of the most common metrics used to inform on a species
thermal tolerance limit (Angilletta, 2009; Huey and Stevenson, 1979). The CTmax is
described as the temperature at which the ectotherm losses the control of its mobility under
controlled warming conditions (Kingsolver and Umbanhowar, 2018). This loss of locomotor
coordination can be characterized by a stop of locomotion, a knockdown or a particular flight
behavior in some flying insects (Lutterschmidt and Hutchison, 1997). The estimation of
critical thermal limits can be achieved using a dynamic assay (Jergensen et al., 2021, 2019;
Rezende et al., 2020; Terblanche et al., 2011, 2007). In this dynamic method, both the
temperature at the start of the experiment and the rise in temperature influence the CTmax of
individuals (Kingsolver and Umbanhowar, 2018). For instance, a steeper temperature ramping
often results in a higher CTmax than a slow temperature increase, which accumulates stress
during the slow warming (Terblanche et al., 2007). Those methodological considerations
require the CTmax to be measured at several ramping values or using particular
methodologies (Jargensen et al., 2019) 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 (Terblanche et al., 2011), exposure to
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pollutants, or acclimation (Dinh et al., 2016). Basically, the local adaptation hypothesis
suggests that the thermal tolerance of organisms exposed to hot environments is higher than
organisms from relatively colder habitats (MacLean et al., 2016; Sunday et al., 2012).
However, acclimation to low or high temperatures is certainly one of the most plastic
mechanisms with beneficial effects for survival (Willot et al., 2021). In general, acclimation
to elevated temperature enhances the CTmax (Kingsolver and Umbanhowar, 2018; Pandey et
al., 2021), in line with mechanisms of heat hardening (Serensen et al., 2019). The acclimation
time also plays a crucial role in the hardening process and a longer acclimation time favors
higher CTmax (Peck et al., 2014), 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 (Barley et al., 2021; Gunderson et al., 2017).

The issues above about the variability of CTmax are partially integrated into the most
complete database of thermal limits for ectotherms (Bennett et al., 2018). Insects, which
represent the vast majority of biodiversity on earth (Bar-On et al., 2018), 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 (Larson
et al., 2001). Wild pollinators are playing a crucial role in the ecosystem service of pollination
of wild and cultivated plants (Garibaldi et al., 2013), and determining their thermal limits

should help to anticipate their breakdown as the climate continues to warm up.
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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 (Kite et
al., 1998). 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 (Laurence, 1954; Speirs et al., 2020). 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 (Chartier et al., 2013) (but see Gibernau et al., 2004 for a
discussion on rewards). The other peculiarity of Arum flowers is that they produce heat during
anthesis (i.e. thermogenesis; Marotz-Clausen et al., 2018). The structure of the flower and its
floral chamber ensures that pollinators remain trapped for a day in the flower (Bermadinger-
Stabentheiner and Stabentheiner, 1995). 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 (Albre et al., 2003) in particular the afternoon. For this study we hypothesized that
pollinators would visit several flowers consecutively. Hence, based on the local adaptation
hypothesis (MacLean et al., 2016), 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
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temperature increase during a dynamic (ramping) procedure. We expected an impact of
acclimation and rate in temperature increase consistent with previous studies (Sgrensen et al.,
2019; Terblanche et al., 2011). 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)
(Hoffmann et al., 2013). 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.

2. Materials methods

2.1 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 Redborg et al.,
1983). 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
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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 (Laina et al., 2022;

Szenteczki et al., 2020).

2.2 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 (Albre et al., 2003).
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 (Lack and Diaz, 1991). 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 121" and May 18™ 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
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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" or 1°C.minY). Throughout the experiment, the slope for the
two ramps of the CTmax had a respective average rate of 0.10 + 0.01 °C.min* and 1.00 +
0.04 °C.min! (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 (Jgrgensen
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et al., 2019). Based on temperature readings in the collection area, the mean maximum

temperature for the hottest month was 24°C (June 2021).

2.3 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.

3. Results

3.1 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
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displayed the maximal temperature of 34.5°C. Globally, flower temperature increased with

ambient air temperature but the slope is much lower than 1.

3.2 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 (F15237=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.mint) compared to a slope of 1°C.min! (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, while
the CTmax was the same for all acclimation times with a rate of 0.1°C.min"%. Moreover, the

CTmax was lower with a rate of 0.1°C.min (Figure 2B).

10
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Table 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) and acclimation time (0, 15, 90, 180 min) of
P. sigma and P. uncinula. The statistics of the model are respectively F4 106 = 41.49, p <
0.001, r2 = 0.55 and F7,100 = 24.53, p < 0.001 and r> = 0.59

Species Source Df Mean Square F-ratio P-value

P. sigma Rate 1 0.8607 92.95 <0.001
Acclimation time 3 0.2253 24.33 <0.001
Error 126 1.1667

P.uncinula Rate 1 1.6450 140.330 <0.001
Acclimation time 3 0.0284 2.419 0.07
Rate:Acclimation time 3 0.0943 8.048 <0.001
Error 109 0.0117

4. 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 (Bennett et al.,
2018) 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 (May, 1988). This
asymmetry encourages us to study the smallest creatures, which are under sampled
(Koztowski and Gawelczyk, 2002), 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" century (Biever and Mulla, 1966; Redborg et al., 1983; Satchell, 1947b; Solbe and
Tozer, 1971), 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,
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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; (Somero, 2010; Stillman, 2003)), joining a global analysis demonstrating
that level of plasticity of CTmax may not depend on the basal CTmax (Gunderson and
Stillman, 2015). 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 (Terblanche et al., 2007). The
choice of a high rate of temperature increase inevitably produces a high CTmax value
(Kingsolver and Umbanhowar, 2018). 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 (Albre et al., 2003). 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
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possibility for acclimation or other plastic responses that could help to tolerate high

temperatures (Ma et al., 2021).

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; (Albre et al., 2003)). 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 (Sgro et al.,
2016; Willot et al., 2021). 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 (Sinclair et al., 2016) 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 (Sgro et al., 2010). Similarly, 4 h exposure to 35°C induced an increase in
thermal tolerance in Liriomyza flies which display thermal limits around 40°C (Huang et al.,
2007). 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 tolerance — we 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
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heat would inform on their ability to initiate this hardening response (Huang et al., 2007; Ma

etal., 2021).

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
(Clusella-Trullas et al., 2021). 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 (Sunday et al., 2014). 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 (Biever and Mulla, 1966). 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-
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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
(Clusella-Trullas et al., 2021; Urban et al., 2016). 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 Sunday et al., 2011; (Bennett et al., 2018)). Indeed, the
CTmax ranges from 29.5°C to 56°C (N=71 data; mean 36.3°C) for arthropods under
temperate latitudes (Pincebourde and Casas, 2019; Sunday et al., 2011). 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 (Geiger, 1965) 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 (Allen et al., 2015; Zellweger et al.,
2020). 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.

15



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

Author contributions

Conceptualization and experimental design: ML, SP; experiments and monitoring: LG, ML
Data and statistical analyses: ML; Original draft writing and preparation: ML, SP; Review

and final editing: ML, CRL, SP.

Funding Sources

This study as supported by a PhD fellowship from the University of Tours to ML.

Declaration of competing interest

The authors declare no conflict of interest.

Data availability

Data will be made available on request.

Acknowledgements

This study as supported by a PhD fellowship from the University of Tours to ML. We are
grateful to Marc Gibernau for his help in species identification, and to Joél Meunier for advice
on statistical analysis. We also thank Mélissa Haouzi for providing us with horse dung for
breeding. Finally, we thank the two anonymous reviewers and the associate editor for their

help and advice, which contributed to improve the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.jtherbio.2022.103339.

16



379

380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

References

Albre, J., Quilichini, A., Gibernau, M., 2003. Pollination ecology of Arum italicum (Araceae).
Bot. J. Linn. Soc. 141, 205-214. https://doi.org/10.1046/j.1095-8339.2003.00139.x

Allen, C.D., Breshears, D.D., McDowell, N.G., 2015. On underestimation of global
vulnerability to tree mortality and forest die-off from hotter drought in the
Anthropocene. Ecosphere 6, art129. https://doi.org/10.1890/ES15-00203.1

Angilletta, M.J., 2009. Thermal Adaptation: A Theoretical and Empirical Synthesis, Oxford:
Oxford University Press. OUP Oxford.

Barley, J.M., Cheng, B.S., Sasaki, M., Gignoux-Wolfsohn, S., Hays, C.G., Putnam, A.B.,
Sheth, S., Villeneuve, A.R., Kelly, M., 2021. Limited plasticity in thermally tolerant
ectotherm populations: evidence for a trade-off. Proc. R. Soc. B Biol. Sci. 288,
20210765. https://doi.org/10.1098/rspb.2021.0765

Bar-On, Y.M., Phillips, R., Milo, R., 2018. The biomass distribution on Earth. Proc. Natl.
Acad. Sci. 115, 6506-6511. https://doi.org/10.1073/pnas.1711842115

Bennett, J.M., Calosi, P., Clusella-Trullas, S., Martinez, B., Sunday, J., Algar, A.C., Aradjo,
M.B., Hawkins, B.A., Keith, S., Kiihn, 1., Rahbek, C., Rodriguez, L., Singer, A.,
Villalobos, F., Angel Olalla-Térraga, M., Morales-Castilla, 1., 2018. GlobTherm, a
global database on thermal tolerances for aquatic and terrestrial organisms. Sci. Data
5, 180022. https://doi.org/10.1038/sdata.2018.22

Bennett, J.M., Sunday, J., Calosi, P., Villalobos, F., Martinez, B., Molina-Venegas, R.,
Araujo, M.B., Algar, A.C., Clusella-Trullas, S., Hawkins, B.A., Keith, S.A., Kihn, 1.,
Rahbek, C., Rodriguez, L., Singer, A., Morales-Castilla, 1., Olalla-Tarraga, M.A.,
2021. The evolution of critical thermal limits of life on Earth. Nat. Commun. 12, 1198.
https://doi.org/10.1038/s41467-021-21263-8

Bermadinger-Stabentheiner, E., Stabentheiner, A., 1995. Dynamics of thermogenesis and
structure of epidermal tissues in inflorescences of Arum maculatum. New Phytol. 131,
41-50. https://doi.org/10.1111/j.1469-8137.1995.tb03053.x

Biever, K.D., Mulla, M.S., 1966. Effects of temperature on the developmental stages of
Psychoda alternata (Diptera- Psychodidae). Mosq. News 26, 416-419.

Chartier, M., Péelozuelo, L., Buatois, B., Bessiére, J.-M., Gibernau, M., 2013. Geographical
variations of odour and pollinators, and test for local adaptation by reciprocal
transplant of two European Arum species. Funct. Ecol. 27, 1367-1381.
https://doi.org/10.1111/1365-2435.12122

Clusella-Trullas, S., Garcia, R.A., Terblanche, J.S., Hoffmann, A.A., 2021. How useful are
thermal vulnerability indices? Trends Ecol. Evol.
https://doi.org/10.1016/j.tree.2021.07.001

Dinh, K.V, Janssens, L., Stoks, R., 2016. Exposure to a heat wave under food limitation
makes an agricultural insecticide lethal: a mechanistic laboratory experiment. Glob.
Change Biol. 22, 3361-3372. https://doi.org/10.1111/gcbh.13415

Garibaldi, L.A., Steffan-Dewenter, 1., Winfree, R., Aizen, M.A., Bommarco, R., Cunningham,
S.A., Kremen, C., Carvalheiro, L.G., Harder, L.D., Afik, O., Bartomeus, I., Benjamin,
F., Boreux, V., Cariveau, D., Chacoff, N.P., Dudenhoffer, J.H., Freitas, B.M.,
Ghazoul, J., Greenleaf, S., Hipdlito, J., Holzschuh, A., Howlett, B., Isaacs, R.,
Javorek, S.K., Kennedy, C.M., Krewenka, K.M., Krishnan, S., Mandelik, Y.,
Mayfield, M.M., Motzke, I., Munyuli, T., Nault, B.A., Otieno, M., Petersen, J.,
Pisanty, G., Potts, S.G., Rader, R., Ricketts, T.H., Rundléf, M., Seymour, C.L.,
Schuepp, C., Szentgyorgyi, H., Taki, H., Tscharntke, T., Vergara, C.H., Viana, B.F.,
Wanger, T.C., Westphal, C., Williams, N., Klein, A.M., 2013. Wild Pollinators

17



427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475

Enhance Fruit Set of Crops Regardless of Honey Bee Abundance. Science 339, 1608—
1611. https://doi.org/10.1126/science.1230200

Geiger, R., 1965. The Climate Near The Ground, universallibrary. Harvard University Press.

Gibernau, M., Macquart, D., Przetak, G., 2004. Pollination in the Genus Arum — a review.
Aroideana 27, 30.

Gunderson, A.R., Dillon, M.E., Stillman, J.H., 2017. Estimating the benefits of plasticity in
ectotherm heat tolerance under natural thermal variability. Funct. Ecol. 31, 1529
1539. https://doi.org/10.1111/1365-2435.12874

Gunderson, A.R., Stillman, J.H., 2015. Plasticity in thermal tolerance has limited potential to
buffer ectotherms from global warming. Proc. R. Soc. B Biol. Sci. 282, 20150401.
https://doi.org/10.1098/rspb.2015.0401

Hoffmann, A.A., 2010. Physiological climatic limits in Drosophila: patterns and implications.
J. Exp. Biol. 213, 870-880. https://doi.org/10.1242/jeb.037630

Hoffmann, A.A., Chown, S.L., Clusella-Trullas, S., 2013. Upper thermal limits in terrestrial
ectotherms: how constrained are they? Funct. Ecol. 27, 934-949.
https://doi.org/10.1111/j.1365-2435.2012.02036.x

Huang, L.-H., Chen, B., Kang, L., 2007. Impact of mild temperature hardening on
thermotolerance, fecundity, and Hsp gene expression in Liriomyza huidobrensis. J.
Insect Physiol. 53, 1199-1205. https://doi.org/10.1016/j.jinsphys.2007.06.011

Huey, R.B., Stevenson, R.D., 1979. Integrating Thermal Physiology and Ecology of
Ectotherms: A Discussion of Approaches. Am. Zool. 19, 357-366.
https://doi.org/10.1093/icb/19.1.357

Jorgensen, L.B., Malte, H., @rsted, M., Klahn, N.A., Overgaard, J., 2021. A unifying model to
estimate thermal tolerance limits in ectotherms across static, dynamic and fluctuating
exposures to thermal stress. Sci. Rep. 11, 12840. https://doi.org/10.1038/s41598-021-
92004-6

Jorgensen, L.B., Malte, H., Overgaard, J., 2019. How to assess Drosophila heat tolerance:
Unifying static and dynamic tolerance assays to predict heat distribution limits. Funct.
Ecol. 33, 629-642. https://doi.org/10.1111/1365-2435.13279

Kingsolver, J.G., Umbanhowar, J., 2018. The analysis and interpretation of critical
temperatures. J. Exp. Biol. 221, jeb167858. https://doi.org/10.1242/jeb.167858

Kite, G.C., Hetterscheid, W.L.A., Lewis, M.J., Boyce, P.C., Ollerton, J., Cocklin, E., Diaz, A.,
Simmonds, M.S.J., 1998. Kite et al. 1998 - Inflorescence Odours & Pollinators of
Arum and Amorphophallus.pdf. Reprod. Biol. 295-315.

Koztowski, J., Gawelczyk, Adam.T., 2002. Why are species’ body size distributions usually
skewed to the right? Funct. Ecol. 16, 419-432. https://doi.org/10.1046/j.1365-
2435.2002.00646.x

Lack, A.J., Diaz, A., 1991. The pollination of Arum maculatum L. — a historical review and
new observations. Watsonia 18, 333-342.

Laina, D., Gfrerer, E., Scheurecker, V., Fuchs, R., Schleifer, M., Zittra, C., Wagner, R.,
Gibernau, M., Comes, H.P., Horger, A.C., Détterl, S., 2022. Local Insect Availability
Partly Explains Geographical Differences in Floral Visitor Assemblages of Arum
maculatum L. (Araceae). Front. Plant Sci. 13. https://doi.org/DOI:
10.3389/fpls.2022.838391

Larson, B.M.H., Kevan, P.G., Inouye, D.W., 2001. Flies and flowers: taxonomic diversity of
anthophiles and pollinators. Can. Entomol. 133, 439-465.
https://doi.org/10.4039/Ent133439-4

Laurence, B.R., 1954. The Larval Inhabitants of Cow Pats. J. Anim. Ecol. 23, 234-260.
https://doi.org/10.2307/1982

18



476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525

Lutterschmidt, W.I., Hutchison, V.H., 1997. The critical thermal maximum: data to support
the onset of spasms as the definitive end point. Can. J. Zool. 75, 1553-1560.
https://doi.org/10.1139/297-782

Ma, C.-S., Ma, G., Pincebourde, S., 2021. Survive a Warming Climate: Insect Responses to
Extreme High Temperatures. Annu. Rev. Entomol. 66, 163-184.
https://doi.org/doi.org/10.1146/annurev-ento-041520-074454

MacLean, H.J., Higgins, J.K., Buckley, L.B., Kingsolver, J.G., 2016. Morphological and
physiological determinants of local adaptation to climate in Rocky Mountain
butterflies. Conserv. Physiol. 4, cow035. https://doi.org/10.1093/conphys/cow035

Marotz-Clausen, G., Jurschik, S., Fuchs, R., Schaffler, 1., Sulzer, P., Gibernau, M., Détterl, S.,
2018. Incomplete synchrony of inflorescence scent and temperature patterns in Arum
maculatum L. (Araceae). Phytochemistry 154, 77-84.
https://doi.org/10.1016/j.phytochem.2018.07.001

May, R.M., 1988. How Many Species Are There on Earth? Science 241, 1441-1449.
https://doi.org/10.1126/science.241.4872.1441

Pandey, A., Rajesh, M., Baral, P., Sarma, D., Tripathi, P.H., Akhtar, M.S., Ciji, A., Dubey,
M.K., Pande, V., Sharma, P., Kamalam, B.S., 2021. Concurrent changes in thermal
tolerance thresholds and cellular heat stress response reveals novel molecular
signatures and markers of high temperature acclimation in rainbow trout. J. Therm.
Biol. 102, 103124. https://doi.org/10.1016/j.jtherbio.2021.103124

Peck, L.S., Morley, S.A., Richard, J., Clark, M.S., 2014. Acclimation and thermal tolerance in
Antarctic marine ectotherms. J. Exp. Biol. 217, 16-22.
https://doi.org/10.1242/jeb.089946

Pincebourde, S., Casas, J., 2019. Narrow safety margin in the phyllosphere during thermal
extremes. Proc. Natl. Acad. Sci. 116, 5588-5596.
https://doi.org/10.1073/pnas.1815828116

Pincebourde, S., Casas, J., 2015. Warming tolerance across insect ontogeny: influence of joint
shifts in microclimates and thermal limits. Ecology 96, 986-997.
https://doi.org/10.1890/14-0744.1

Pincebourde, S., van Baaren, J., Rasmann, S., Rasmont, P., Rodet, G., Martinet, B.,
Calatayud, P. -A., 2017. Chapter Nine - Plant-Insect Interactions in a Changing
World, in: Sauvion, N., Thiéry, D., Calatayud, Paul-André (Eds.), Advances in
Botanical Research, Insect-Plant Interactions in a Crop Protection Perspective.
Academic Press, pp. 289-332. https://doi.org/10.1016/bs.abr.2016.09.009

Pinsky, M.L., Eikeset, A.M., McCauley, D.J., Payne, J.L., Sunday, J.M., 2019. Greater
vulnerability to warming of marine versus terrestrial ectotherms. Nature 569, 108-111.
https://doi.org/10.1038/s41586-019-1132-4

Redborg, K.E., Hinesly, T.D., Ziegler, E.L., 1983. Rearing Psychoda alternata (Diptera:
Psychodidae) in the laboratory on Digested Sewage Sludge, with Some Observation
on its Biology. Environ. Entomol. 12, 412-415.

Rezende, E.L., Bozinovic, F., Szilagyi, A., Santos, M., 2020. Predicting temperature mortality
and selection in natural Drosophila populations. Science 369, 1242-1245.
https://doi.org/10.1126/science.aba9287

Santos, M., Castafieda, L.E., Rezende, E.L., 2011. Making sense of heat tolerance estimates in
ectotherms: lessons from Drosophila. Funct. Ecol. 25, 1169-1180.
https://doi.org/10.1111/j.1365-2435.2011.01908.x

Satchell, G.H., 1947a. The larvae of the British species of Psychoda (Diptera: Psychodidae).
Parasitology 38, 51-69. https://doi.org/10.1017/S0031182000016413

Satchell, G.H., 1947b. The ecology of the british species of Psychoda (Diptera: Psychodidae).
Ann. Appl. Biol. 34, 611-621. https://doi.org/10.1111/j.1744-7348.1947.th06392.x

19



526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574

Sgro, C.M., Overgaard, J., Kristensen, T.N., Mitchell, K.A., Cockerell, F.E., Hoffmann, A.A.,
2010. A comprehensive assessment of geographic variation in heat tolerance and
hardening capacity in populations of Drosophila melanogaster from eastern Australia.
J. Evol. Biol. 23, 2484-2493. https://doi.org/10.1111/j.1420-9101.2010.02110.x

Sgro, C.M., Terblanche, J.S., Hoffmann, A.A., 2016. What Can Plasticity Contribute to Insect
Responses to Climate Change? Annu. Rev. Entomol. 61, 433-451.
https://doi.org/10.1146/annurev-ento-010715-023859

Sinclair, B.J., Marshall, K.E., Sewell, M.A., Levesque, D.L., Willett, C.S., Slotsbo, S., Dong,
Y., Harley, C.D.G., Marshall, D.J., Helmuth, B.S., Huey, R.B., 2016. Can we predict
ectotherm responses to climate change using thermal performance curves and body
temperatures? Ecol. Lett. 19, 1372-1385. https://doi.org/10.1111/ele.12686

Solbe, J.F. de L.G., Tozer, J.S., 1971. Aspects of the Biology of Psychoda alternata (Say.)
and P. severini parthenogenetica Tonn. (Diptera) in a Percolating Filter. J. Appl. Ecol.
8, 835-844. https://doi.org/10.2307/2402686

Somero, G.N., 2010. The physiology of climate change: how potentials for acclimatization
and genetic adaptation will determine ‘winners’ and ‘losers.” J. Exp. Biol. 213, 912—
920. https://doi.org/10.1242/jeb.037473

Sarensen, M.H., Kristensen, T.N., Lauritzen, J.M.S., Noer, N.K., Hgye, T.T., Bahrndorff, S.,
2019. Rapid induction of the heat hardening response in an Arctic insect. Biol. Lett.
15, 20190613. https://doi.org/10.1098/rsbl.2019.0613

Speirs, N.B., Mahadik, G.A., Thoroddsen, S.T., 2020. How drain flies manage to almost
never get washed away. Sci. Rep. 10, 17829. https://doi.org/10.1038/s41598-020-
73583-2

Stillman, J.H., 2003. Acclimation Capacity Underlies Susceptibility to Climate Change.
Science 301, 65-65. https://doi.org/10.1126/science.1083073

Sunday, J.M., Bates, A.E., Dulvy, N.K., 2012. Thermal tolerance and the global redistribution
of animals. Nat. Clim. Change 2, 686-690. https://doi.org/10.1038/nclimate1539

Sunday, J.M., Bates, A.E., Dulvy, N.K., 2011. Global analysis of thermal tolerance and
latitude in ectotherms. Proc. R. Soc. B Biol. Sci. 278, 1823-1830.
https://doi.org/10.1098/rspb.2010.1295

Sunday, J.M., Bates, A.E., Kearney, M.R., Colwell, R.K., Dulvy, N.K., Longino, J.T., Huey,
R.B., 2014. Thermal-safety margins and the necessity of thermoregulatory behavior
across latitude and elevation. Proc. Natl. Acad. Sci. 111, 5610-5615.
https://doi.org/10.1073/pnas.1316145111

Szenteczki, M.A., Godschalx, A.L., Galman, A., Espindola, A., Gibernau, M., Alvarez, N.,
Rasmann, S., 2020. Within-species floral odor variation is maintained by spatial and
temporal heterogeneity in pollinator communities. bioRxiv 2020.09.29.318089.
https://doi.org/10.1101/2020.09.29.318089

Terblanche, J.S., Deere, J.A., Clusella-Trullas, S., Janion, C., Chown, S.L., 2007. Critical
thermal limits depend on methodological context. Proc. R. Soc. B Biol. Sci. 274,
2935-2943. https://doi.org/10.1098/rspb.2007.0985

Terblanche, J.S., Hoffmann, A.A., Mitchell, K.A., Rako, L., le Roux, P.C., Chown, S.L.,
2011. Ecologically relevant measures of tolerance to potentially lethal temperatures. J.
Exp. Biol. 214, 3713-3725. https://doi.org/10.1242/jeb.061283

Urban, M.C., Bocedi, G., Hendry, A.P., Mihoub, J.-B., Pe’er, G., Singer, A., Bridle, J.R.,
Crozier, L.G., Meester, L.D., Godsoe, W., Gonzalez, A., Hellmann, J.J., Holt, R.D.,
Huth, A., Johst, K., Krug, C.B., Leadley, P.W., Palmer, S.C.F., Pantel, J.H., Schmitz,
A., Zollner, P.A., Travis, J.M.J., 2016. Improving the forecast for biodiversity under
climate change. Science 353. https://doi.org/10.1126/science.aad8466

20



575
576
S77
578
579
580
581
582
583
584
585
586

587

Willot, Q., Loos, B., Terblanche, J.S., 2021. Interactions between developmental and adult
acclimation have distinct consequences for heat tolerance and heat stress recovery. J.
Exp. Biol. 224, jeb242479. https://doi.org/10.1242/jeb.242479

Zellweger, F., De Frenne, P., Lenoir, J., Vangansbeke, P., Verheyen, K., Bernhardt-
Rdmermann, M., Baeten, L., Hédl, R., Berki, I., Brunet, J., Van Calster, H.,
Chudomelov4, M., Decocq, G., Dirnbéck, T., Durak, T., Heinken, T., Jaroszewicz, B.,
Kopecky, M., Malis, F., Macek, M., Malicki, M., Naaf, T., Nagel, T.A., Ortmann-
Ajkai, A., Petiik, P., Pielech, R., Reczynska, K., Schmidt, W., Standovar, T.,
Swierkosz, K., Teleki, B., Vild, O., Wulf, M., Coomes, D., 2020. Forest microclimate
dynamics drive plant responses to warming. Science 368, 772—775.
https://doi.org/10.1126/science.aba6880

21



588

589

590
591
592
593

594

595

596

597

598

599

Legend of figures

40 —

T i it " -
30
55 ‘:
20— o

15

10

Flower temperature: Peak 4 (°C)

| | |
0 10 20 30

Ambient temperature (°C)

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.
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Figure 2: Thermal tolerance limits (CTmax) of the two species as a function of acclimation
time (at 25°C) and the rate of temperature increase during the ramping, for (A) P. sigma
(n=131) and B) P. uncinula (n=117). Points are means + standard error. Significant
differences (p < 0.05) in the Post-hoc test (Package emmeans version 1.5.1-1) are shown with

different letters on the graphs.
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