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General Introduction

1. Animal thermoregulation

1.1. A spectrum from ectothermy to endothermy

Every living organism has an optimal temperature range in which cell function and energy
expenditure are optimized. In animals, endothermy, is a thermoregulatory strategy of high
metabolic rate enabling sufficient body heat to maintain activity over a wide range of external
temperatures. Stable endothermy, or homeothermy, which has evolved in a convergent way in
birds and mammals, provide them with a relatively constant body temperature and open the
possibility of temporal and spatial niches inaccessible to strict ectotherms (Angilletta, 2009).
On the other hand, ectothermy, found in most fish, reptiles, amphibians and invertebrates, is
a metabolic strategy in which the body temperature is a function of the conditions of the

environment.

The body temperature of an ectotherm is the result of energy transfers between the
individual and its surrounding, such as conduction, convection, evaporation, and radiative
flows. In practice, there is a full spectrum of thermal strategies used by animals, from strict
thermoregulation, when body temperature is absolutely regulated to a constant level regardless
of external conditions, to virtually total thermal passivity - or thermoconformity -, when
temperature is perfectly linked to that of the immediate environment and its various

parameters such as the rate of light radiation and air movements (Huey and Slatkin, 1976)
(Figl).
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Figure 1. This graph, adapted from (Huey and Slatkin, 1976), shows body temperature as a function
of environmental temperature (often simplified as air temperature). When an organism is said to be a
thermoconformer, its body temperature is perfectly equivalent to that of its immediate environment.
When an organism is capable of adjusting its internal temperature whatever the environmental
conditions, it is said to be a thermoregulator. There is a whole spectrum of possible body temperature
regulation strategies between strict thermoconformism and perfectly stable temperature.

Thermoregulation involves any kind of physiological, morphological, or behavioral
mechanisms that enable an organism to modulate its body temperature (Angilletta, 2009).
Some ectotherms are capable, to a lesser extent, of producing internal heat by means of a high
metabolic rate (Heinrich, 1974), which enables them to be active at unfavorable times. This is
the case in some flying insects such as for example dragonflies, moths and bumblebees. These
insects need to produce heat in preparation for flight by increasing their thoracic muscular
activity, where the locomotor muscles are located (Heinrich, 1972, 1995).

Increasing body temperature is costly for ectotherms, and requires a high amount of
energy. Cold conditions are therefore associated with reduced activity as metabolic processes
slow down. (Buckley and Jetz, 2010; Dillon et al., 2010). However, the metabolic needs of
ectotherms to maintain activity are up to 10 times lower than those of endotherms, with the
possibility of surviving periods of scarce resources without nutrient reserve for a longer time,
unlike endotherms, which need to maintain a high energy expenditure to cope with the cold
(Pough, 1980; Porter, 2002; Koteja, 2004). In addition, high metabolic activity involves the
risk of overheating (Norris and Kunz, 2012). For instance, due to high heat production in
flight, some migratory birds of the genus Somateria have to reduce their flight time to avoid
hyperthermia (Guillemette et al., 2016). Similarly, in the beetle Scarabaeus sacer, the heat
generated by thoracic muscles during flight increases the danger of overheating in warm
ambient conditions (Verdu et al., 2012).



1.2. Thermal requirements and performances

Thermal performance curves define the relationship between a trait, such as locomotion,
growth rate or overall fitness, as a function of body temperature (Huey and Slatkin, 1976; Huey
and Stevenson, 1979). They reflect how thermally restricted the activity of an organism is, and
give an insight into how performance varies with environmental thermal variations (Fig 2). In
diurnal Lepidoptera, the biological model of this thesis, internal body temperature has direct
implications in many aspects of their ecology, and therefore fitness-related traits, such as
locomotor performance, predator avoidance, mate location, foraging, oviposition, and
dispersal (Watt, 1968; Kingsolver, 1983; Heinrich, 1993; Van Dyck et al., 1997; Kemp and
Krockenberger, 2002).

Measured Performance

Temperature

Figure 2. A standard thermal performance cutve. Thermal performance cutves are efficient tools to
describe the relationship between the performance of a trait and the body temperature (Huey and
Stevenson, 1979; Angilletta, 2009). As body temperature increases, performance reaches an optimum,
and drops at high temperatures. Above and below critical temperatures, performance is reduced

completely to a critical point.

Thermal requirement and performance measurements give us an idea of the
fundamental niches and global tolerances of species and populations, as well as their resilience,
a valuable information in the context of climatic change. The most immediately visible
performances in response to temperature in insects are locomotor abilities. Locomotor
abilities diminish as body temperature moves away from its temperature optimum, as

described in temperature performance curves.



To assess thermal tolerance, it is possible to test individuals' tolerance to heat and cold.
With some variations in protocols, two main methods are frequently used in research on
ectotherm thermal tolerance : dynamic and static assays. Dynamic assays involve exposing
individuals to a progressive temperature gradient, until a critical point is reached, at which the
individual loses locomotor performance (Gallego et al., 2016; Ashe-Jepson et al., 2023). The
trial often lasts several hours, providing information on the critical temperatures above or
below which injury accumulation makes activity impossible. These long trials come with the
risk of starvation and desiccation during the experiment. Static assays, on the other hand,
expose individuals abruptly to extreme temperatures (Ashoff and Schmitt, 2014; Montejo-
Kovacevich et al., 2020). The trial is shorter, often lasting less than an hour. The outcome
measured is the time until the loss of locomotion, or the time until full recovery of locomotor
function once the exposure to temperature stress has ended. The results obtained using both
methods are highly correlated and give comparable conclusions on heat tolerance across
Drosophila species (Jorgensen et al., 2019) and static assays may prove supetior to measure small
differences in thermal tolerance (Winther Bak et al., 2020). Even if it is difficult to compare
the thermal stress experienced during the tests to that of natural stress conditions endured in
fluctuating and unpredictable environments, both methods are reliable protocols for inter-
individual tolerance comparisons (Jorgensen et al., 2021).

2. Thermal control in ectotherms

Although they have less internal control of their body temperature than endotherms,
ectotherms use various morphological, physiological and behavioral strategies to buffer their
body temperature in a given direction.

2.1. Effect of radiation and colors on animal temperature regulation

According to the law of energy conservation, for each wavelength A, absorption, transmission
and reflection sum up to the incident light as 1 = Absorption (\) + Transmission (A) +
Reflection (A). The light absorbed by a material is transformed into thermal energy, resulting
in heating. Then, knowing the absorption properties of a body surface gives valuable
information about its thermal capacities. The spectrum of solar radiation reaching the earth's
surface accounts for around 48% of ultraviolet (UV) (~300 to ~400nm) and human-visible
light (~400 to ~700nm), and up to 52% in the near-infrared (NIR) (~700 to ~2500nm) (Fig
3). The latter wavelengths are therefore the largest contributor to the thermal heating of a

surface.

Not visible to animals, the optical properties of a body in the NIR are therefore mainly
the result of thermal adaptation, unlike UV and visible radiation, also involved in other aspects
of species ecology, such as intra and interspecific signaling or camouflage (Nussear et al., 2000;
Stuart-Fox et al., 2017). NIR reflectance was found to be well predicted by climatic conditions
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in large butterfly assemblages (Munro et al., 2019; Kang et al., 2021). These conclusions were
established by the description of full specimen surface reflection, using measurements on
photos taken using sensors sensitive to different wavelengths (Fig 3). Finally, all the elements
of an environment, such as animals, stones, vegetation, and even the atmosphere, generate
thermal radiation in the far infrared range, mostly between 8 and 12 um, a process directly
related to their temperature. A body's ability to absorb and emit these wavelengths depends
mainly on its intrinsic structural properties, which affect its thermal energy budget (Nortis,
1967; Porter and Gates, 1969).

(A) 1.0

0.8
0.6
0.4

0.2
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Figure 3. A) The standard irradiance of the solar spectrum reaching the earth at ground level shows
that the ultraviolet (UV) range (roughly 300 to 400 nm) represent around 5% of the total solar energy
distribution, human-visible wavelengths (400 to 700 nm) 43% and near-infrared (NIR) (700 to 2500
nm) around 52%. B) Photos in false colors from Munro et al. (2019), taken with different filters, shows
that the same butterfly have divergent patterns of light reflection in the a) UV, b) visible and ¢) NIR
wavelengths. Lighter colors indicate higher reflectance.

The color of a surface has a direct influence on its radiation absorption. Quite
instinctively, the darker the surface, the more light it absorbs and the hotter it gets, because
the energy absorbed is converted into heat. In butterflies, it has long been known that wings
play a vital role in increasing body temperature (Wasserthal, 1975), and that their degree of

darkness -referred as melanism- is positively correlated to heat absorption (Watt, 1968;



Schmitz, 1994). The degree of melanization is therefore linked to thermal performance and
activity and has been shown to be correlated with flight capabilities in diurnal butterflies
belonging to the families Pieridae, Papillionidae and Nymphalidae, with implications for
periods of activity, predator deflection and mating success (Guppy, 1986; Roland, 2006; Davis
etal.,, 2012). Using infrared cameras, it is now possible to determine with great precision which
colors on the wings are the most important in the overall heating of the butterfly, and to make
a direct link between the degree of melanization and thermal properties (Liao et al., 2019;
Krishna et al,, 2020). Its influence on fitness-related traits makes coloration an efficient
adaptive response to temperature conditions (Clusella Trullas et al., 2007), and the degree of
melanization is an important driver of the body temperature actually reached by insects given
the ambient environment.

The absorption properties of the wings may sometimes not be sufficient to modulate
temperatures, as they also depend on the size of the individuals or the convection movements
of the surrounding air (De Keyser et al., 2015). Along with coloration, body mass has a major
influence on an individual's thermal capacity. For instance, larger organisms reach a higher
temperature, take longer to reach thermal equilibrium, but maintain it longer than smaller
organisms (Porter and Gates, 1969). Their low convective coefficient means they absorb a
larger part of solar radiation. To avoid overheating, large ectotherms may then need greater
skin reflectance to decrease heat load. On the other hand, small ectotherms have higher
surface-to-mass ratios and greater convective heat transfer coefficients. Consequently, small
ectotherms like small lizards can afford to be melanistic without much overheating
consequence, as they can dissipate heat rapidly thanks to convective cooling (Nortis, 1967).

2.2. Behavioral and physiological thermoregulation

Most ectotherms rely on behavioral thermoregulation to maintain or adjust their body
temperature. They can therefore considerably limit the repercussions of acute temperature
variations, and limit their exposure to thermal extremes by maintaining themselves in a narrow
temperature range which includes their physiological optimum (Martin and Huey, 2008). This
can involves modifying posture, or increasing the surface area for heat exchange with the
environment. Basking is a very common behavior in butterflies (Clench, 1966; Barton et al.,
2014), and it involves orientating the wings towards the sun to collect light rays, or using the
contact substrate to conduct heat. To avoid overheating, on the other hand, they can also

move into the shade or minimize the exposure of their wings to the sun (Rawlins, 1980; Tsai

et al., 2020).

Spatial heterogeneity offers efficient refuges for buffering temperature. The choice of
microhabitats, in a more or less open environment, in or above the understory or even under
the leaves of a plant, can constitute more favorable conditions with minimal energy
expenditure to thermoregulate (Kleckova et al., 2014; Pincebourde and Suppo, 2016; Montejo-
Kovacevich et al., 2019). Moreover, the period of activity can vary during the day, along with
the intensity of sunlight. In Australian butterfly assemblages, lighter, smaller butterflies are
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more active in the middle of the day, while darker, larger individuals are more active during
the crepuscular hours (Xing et al, 2016). In addition, in some species, physiological
adaptations help to limit the impact of thermal stress, through heat-shock proteins or cryo-
protectants, especially in harsh environments (Vrba et al., 2017). Plus, many insects are also
able to regulate their internal temperature via heat generation by rapid muscle contraction
(Heinrich and Pantle, 1975). Thus, ectotherms possess a wide range of behavioral and
physiological adjustments to regulate their temperature. It has been suggested that the
morphological, physiological and behavioral characters linked to thermoregulation have
evolved jointly (Angilletta et al., 2000). It is difficult to predict which adaptive strategies evolve
according to a specific environment, as responses depend on the cost-benefit balance given
temperature variation through time and space, but also in the face of other selection pressures,

such as sexual interactions, competition and predation.

3. Morphological and physiological responses to climatic

conditions along ecological gradients

3.1. Variation of climatic conditions along altitudinal gradients

Studying trait variation along environmental gradients informs on the adaptive responses of
species and populations to climatic conditions. Latitudinal gradients are generally characterized
by a variation in conditions over a scale of several hundred kilometers, whereas elevation
represent a homogeneous variation in climate over short horizontal distances. For the latter,
this implies negligible variation in other parameters such as day length or seasonality, making
mountain systems particularly interesting for the study of climate related traits. Mountain
regions are in many cases biodiversity hotspots, especially for butterflies, remarkably
diversified in the Andes (Chazot et al., 2019; Dor¢ et al., 2022).

Among abiotic factors, temperature is undoubtedly the one that shows the greatest
spatial and temporal fluctuations. Temperature changes at an average rate of about 0.5 to 0.6°C
per 100 meters of altitude (Osborne, 2012) and is the parameter that most directly affects the
distribution of ectotherms (Dillon, 2000). In addition, atmospheric pressure and oxygen levels
decrease uniformly with elevation. They affect breathing and metabolic functioning. An extra
metabolic effort is even required if oxygen levels are too low for optimum performance
(Hodkinson, 2005). UV radiation, known to increase the risk of mutation and impair cellular
processes, is thought to be more important at higher elevation (Beckmann et al., 2014), but
the greater cloud cover in altitude can mitigate UV irradiation (Koérner, 2007). Unlike
temperature, precipitations, wind and seasonality do not vary consistently with altitude but are
more specific to the broader climatic zone, with regions at lower latitudes undergoing lower
climatic variability and higher annual precipitations (Deutsch et al., 2008).
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In addition to being home to a great number of plant and animal species, tropics
harbor the highest levels of genetic and phylogenetic diversity in genomes and clades of clades
of the major vertebrates and invertebrates taxa (Brown, 2013). In 1967, Janzen investigated
the relationship between latitudinal climatic variability and species diversity along elevation
gradients. He proposed that the lower seasonal variation in tropical temperatures selected
narrower thermal niches and more limited altitudinal dispersion, in contrast to temperate
regions where high climatic variability should select wider thermal tolerances. Under this
hypothesis, altitudinal ranges are smaller for tropical species because they have shaped narrow
thermal tolerance, which leads to high speciation. He hence comments that “mountains passes
are higher in the tropics”, meaning that vertical dispersal abilities are weak. Janzen's predictions
have received some support: the altitudinal range of vertebrate ectotherms is widest at high
latitudes, while tropical vertebrate ectotherms have a narrower altitudinal range (McCain,
2009). Likewise, in arthropods the thermal niche has been shown to be narrower in the tropics
than in temperate regions (Polato et al., 2018). As a result, climate warming, although predicted
to be of smaller in magnitude than in temperate regions, is likely to have the most deleterious
consequences on tropical species which are very sensitive to temperature change and are
already living close to their optimal temperature (Williams et al., 2007; Deutsch et al., 2008).

3.2. Physiological adaptation in response to temperature conditions

Since their physiological performance depends directly on temperature, ectotherms are
strongly affected by climatic fluctuations. They are constrained in their activity, particularly in
cold climates, i.e. at high altitudes and latitudes, and thermal limits typically follow a climatic
pattern (Clusella-Trullas et al., 2011; Sunday et al., 2011). The description of physiological
capacities allows direct comparisons between individuals, populations, species, or
communities, as well as the response of these groups to past or future variations (Sinclair et
al., 2012, 2016). In high latitudes, ectotherms experience greater seasonal variability and are
therefore exposed to a wider range of temperatures. Their thermal minimum is lower than that
of species inhabiting tropical climates, where the warm weather is annually more stable
(Clusella-Trullas et al., 2011). This trend is asymmetrical since upper thermal limits vary little
with latitude (Addo-Bediako et al., 2000; Sunday et al., 2011). Although studies on tolerance
along tropical elevation gradients are scarce, similar trends as those found with latitude have
been described for altitude : in terrestrial and freshwater ectotherms, thermal minimum decline

towards higher elevations, while upper maximum do not vary (Sunday et al., 2019).

Thermal performance can be sex- and size-dependent (Dillon et al., 2009; Oyen et al.,
2016), and tuned by plastic responses and adaptation (Kefford et al., 2022). Warm temperature
exposure may, for example, shift the thermal optimum of ectotherms to higher temperatures
while reducing it at low temperatures (Gilchrist et al., 1997), increase performance and fitness
at high temperatures (Bozinovic et al., 2013), increase the upper temperature limit (Jurriaans
and Hoogenboom, 2020), performance breadth (Jurriaans and Hoogenboom, 2020) or heat
resistance, like in tropical Heliconius butterflies(Nymphalidae) (Montejo-Kovacevich et al.,
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2019). Therefore, studies have now highlighted the role of plasticity in shaping phenotypic

responses to contemporary disturbances such as climate change (Charmantier et al., 2008).

Phenotypic plasticity can be a source of evolution if the resulting trait change goes in
the direction favored by directional selection in the new environment. However, it would
hinder evolution and maintain genetic variance if it enables to reach the new optimum
(Ghalambor et al., 2007; Gibert et al., 2019). Yet, not all changes resulting from plasticity are
adaptative. The direction of the change can be counter-beneficial to fitness-related traits.
Warm development conditions in ectotherms are frequently associated to shorter
development time, earlier sexual maturity, but smaller size and a lower reproductive success
(Kingsolver and Huey, 2008; Merild and Hendry, 2014).

3.3. Morphological variations along climatic gradients

In addition to physiology, morphology is one of the strongest drivers of thermal performance
in ectotherms. Given the thermal advantage offered by darker body colorations, which allow
light radiation to be absorbed more quickly and which results in faster heating, darker morphs
should be favored and be the dominant phenotypes in colder climates, i.e. higher altitudes and
latitudes. This assumption, also known as the thermal melanism hypothesis (TMH) (Clusella
Trullas et al., 2007), has been extensively studied in numerous insect clades and at various
geographical, continental and regional scales (Hegna et al., 2013; Zeuss et al., 2014; Xing et al.,
2016, 2018; Stelbrink et al., 2019), showing the existence of such melanism coloration gradients
along elevation and latitude (Fig 4). It thus reveal a genuine selective advantage of melanization
in cold climates, as shown for instance in alpine butterflies Colias sp., in which melanistic
individuals are less predated at high altitude because they are more efficient flyers (Ellers and
Boggs, 2004; Roland, 2006). On the contrary, environments with higher insulation host species
or individuals that harbor a lighter coloration, thereby avoiding overheating (Zeuss et al., 2014;
Stuart-Fox et al., 2017). However, even if the number of studies, particularly on altitudinal
gradients, is scarcer than in temperate regions, there is a mixed support for the thermal
melanism hypothesis in the tropics. Species and assemblages can show divergent trends,
sometimes running counter to TMH predictions (Dufour et al., 2018; Fiedler and Brehm,
2021), while other supporting it (Bishop et al., 2016; Xing et al., 2018).

As stated previously, visible colors represent only a small part of the incident solar
radiation, and optical properties of a body can be disconnected to a certain extent between
NIR and UV-visible (Stuart-Fox et al., 2017). Most recent studies have found that climatic
conditions are reliable predictors of wing coloration in butterfly assemblages across Europe
and Australia. Their most striking finding is that temperature is a better predictor of the
reflectance in the NIR range than the UV-visible reflectance (Munro et al., 2019; Kang et al.,
2021). The thermal melanism hypothesis suffers from an imbalance of studies on the subject

between the tropics and temperate climates. Moreover, the study of optical properties beyond
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UV-visible wavelengths, and their implications for heat absorption properties, in relation to

climatic conditions remains in its eatly stages.

Lightness (colour value)

Figure 4. An illustration of the geographical gradient of body coloration in insect assemblages in
Europe (Zeuss et al., 2014). The average color lightness of A) dorsal butterfly wings (434 species), B)
ventral butterfly wings and C) dragonfly bodies (107 species), increases with decreasing latitude, in
warmer climates, in other words, these insects are darker at higher latitudes. The authors hypothesize
that thermal adaptation is the main driver of the observed trend. The color lightness values were
calculated from photographs, each pixel was attributed a score between 0 (complete black) and 255
(complete white) and these values were averaged across all pixels to obtain a single-color value for each

species.

A biogeographical rule, known as Gloger’s rule, predicts a positive association between
melanization in hotter and more humid environments. Mainly applied in endotherms, such
observations have been made in ectotherms (Delhey et al., 2019). Melanin takes part in
resistance against pathogens: when a pathogen penetrates the host, melanin is produced and
used to encapsulate the foreign particle, thereby isolating it from the host. It also activates the
production of oxygen radicals that are toxic to both the host and the pathogen, resulting in an
efficient but costly defence for the host (Freitak et al 2005). Dark coloring is a way of
evacuating excess melanin (True, 2003). A possible underlying mechanism would be the
increased abundance of parasites and fungus in humid environments that would select for an
increased production of melanin, involved in immunity (Nappi and Christensen, 2005), or
inversely, a selection for darker individuals in colder climates which may result in an increased
acquisition of melanin precursors, and in a bias towards melanin-based immune responses.
Despite a support at an intra-species level, there is no evidence for a clear-cut correlation,
when studied in Australian and European butterfly assemblages (Dalrymple et al., 2018; Kang
et al., 2021). These biogeographical rules potentially have a simultaneous effect on the colors
and patterns observed along climatic gradients. Therefore, adaptive variation in animal
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coloration, especially in the UV-visible range, can be the result of a compromise between
thermoregulation and multiple functions such as camouflage, intra and inter specific signaling,
immunity, desiccation resistance, and protection against dangerous UV radiation (True, 2003;
Koérner, 2007; Clusella-Trullas and Nielsen, 2020). These selection pressures overlap and
sometimes contradict one another (Lindstedt et al., 2009; Hegna et al., 2013), resulting in

contrasting pattern of color variation, whose adaptative function is difficult to decipher.

Many studies have shown that wing coloration can be plastic in response to
temperature and that such temperature-dependent plasticity has adaptive potential. It has been
observed in many insect taxa, and studies that show an association between warm
developmental temperatures and the decrease in darkness in adult coloration are numerous :
between phenologically distinct populations of butterflies larvae (Hazel, 2002), following a
climatic change in beetles (Zvereva et al., 2019), or as a result of experimental conditions, as
in Aglais urticae (Nymphalidae) showing a direct link between degree of darkness and body heat
absorption (Markl et al., 2022).

Thermal melanism is likely subject to the influence of individual size. Color has a
greater thermal effect in larger ectotherms, due to body thermal inertia. This may explain why
seasonal color changes are more prevalent in large reptiles (Norris, 1967), and color does not
seem to be linked to thermal adaptation in small butterflies (De Keyser et al., 2015). In
Colombia, both coloration and size are drivers of thermal tolerance in butterfly community
(Khazan et al., 2022). There is some debate as to whether the size of ectotherms is in itself an
adaptive trait in response to temperature. For a given volume, a shape with a larger surface
area dissipates heat more rapidly, while large bodies retain heat longer. Bergmann's rule (James,
1970), states that an individual or species of colder climate will be larger than those living in
warmer conditions. Originally described in endotherms, a review of the literature by Shelomi
(2012) shows that in insects, such an association is not obvious, with as many studies
supporting it as finding the opposite variation or finding no trend at all, whether along

latitudinal or altitudinal gradient, and at intra or interspecific scale.

Finally, the significance of body coloration is modulated by behavioral
thermoregulation. Although cold ambient temperature can be detrimental to ectotherms,
heating through solar radiation makes it possible for them to colonize biotopes such as high
altitude or high latitudes, via behavioral adjustment, especially basking (Norris and Kunz, 2012;
Barton et al., 2014). Thus, high-altitude toads are able to increase their body temperature by
more than 20°C via basking on sunny days (Lambrinos and Kleier, 2003), and life at high
elevations is associated with more time spent basking during the day in vertebrate ectotherms
(Hertz and Huey, 1981; Lambrinos and Kleier, 2003). Plus, thermal stresses have the potential
to be reduced by microclimatic refuges. In the Andes, understory temperatures are lower than
in the canopy, and this difference is more marked at low altitude (Montejo-Kovacevich et al.,
2020), which could help animals to withstand periods of heat stress.
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4. 'The puzzle of thermoregulation in clearwing butterflies

4.1. Evolution of transparency in butterflies

Lepidoptera, which includes moth and butterflies, are known to exhibit a great variety of colors
and patterns on their large wings. Coloration may be pigmentary or structural in origin. The
scale-covered wings contain pigments of various types such as melanins, (responsible for the
dark colors) pterins, flavonoids, ommochromes, bile pigments or papiliochromes specific to
Papilionoidea (Nijhout, 1985). Microstructures on the surface of the scales also interact with
light resulting in very bright iridescent colors, as in the famous Morpho genus (Debat et al.,
2018). The great variation in melanism observed arises from the many ecological implications
of color in butterflies and their complex interaction, such as thermoregulation (Watt, 1968),
aposematic signaling (Hegna et al., 2013), crypsis (Majerus, 2009), sexual selection (Kemp,
2007), masquerade (Skelhorn et al., 2010), disruptive coloration and predator deflection (Vallin
et al., 2011), and pathogen resistance (Nappi and Christensen, 2005).

Species with transparent or translucent patches on their wings can be found in 31
tamilies, which corresponds to approximately a quarter of the extant 124 Lepidoptera families
(Gomez et al., 2021). Given that the vast majority of butterflies and moths are opaque and
coloured, transparency has likely evolved several times independently in Lepidoptera.
Transparency is the transmission of visible light through a material. Among the living
organisms, transparency is mostly present in aquatic environment, in the pelagos, where it
presents the advantage to offer camouflage in full sight (Johnsen, 2001). By contrast, in
terrestrial organisms, transparency is rare. Insect wings are among the few examples of
terrestrial transparency, along with there is the famous ‘glass’ frogs of the family Centrolenidae
(Rudh and Qvarnstrém, 2013), the leaves of high-altitude Himalayan plants Rbeum nobile
(Polygonaceae) (Omori et al.,, 2000) or the petals of the skeleton flower Diphylleia grayi
(Berberidaceae), a species living in the mountains of Japan.

Three main physical reasons may explain why transparency is rare on land. First, the
difference in refractive index is greater between chitin and air than between chitin and water,
which increases the reflection of light thereby cancelling the transparent effect (Pomerantz et
al., 2021). Second, terrestrial environment is more constraining for UV radiation that is filtered
out in water. By absorbing UV, melanin provides protection against this deleterious radiation.
Third, terrestrial life requires sufficient load bearing through relative tissue thickness and
rigidity, because the buoyancy of air is lower than water. Organic tissues absorb visible
radiation, and this absorption increases proportionally with thickness (Zaret, 1981).

In butterflies, transparency is achieved via a great diversity of structural modifications
in shape, insertion angle, coloration, or density: scales absent or highly modified in shape
(reduction in width, reducing them to piliform scales), a reduction of scale density on the wing
membrane, scales in higher density than opaque scales but pigmentless, scales erect on the
wing membrane letting light go through (Gomez et al., 2021) (Fig 5). The membrane itself of
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transparent wings undergoes structural modifications at the nanoscopic scale. The
nanostructures on the surface of the wings of some butterflies and moths limit the reflection
of the light by forming a progressive increase of the refractive index on the surface of the
tissue (Yoshida et al., 1997; Siddique et al., 2015; Pomerantz et al., 2021). In butterflies, a great
diversity of nanostructures shapes results in a wide range of light transmission percentage
through the membrane (Pinna et al., 2021).

Although it may seem anecdotal, the evolution of transparency in butterflies raises
serious questions about evolution, ontogeny, and ecological implications, especially
thermoregulation. At a multi taxon scale, a recent study on wing transparency in Lepidoptera
has revealed that transparent patches tend to transmit less light in the visible and near infrared
(400 to 1100 nm), and therefore absorb more, in high latitudes than in tropical climates
(Gomez et al., 2021). Following that, one might expect transparency to decrease with altitude
as well. These preliminary results suggest a thermal cost of transparency in butterflies, yet, it
does not provide any clues as to the thermal properties and absorption of the wings at longer

wavelengths.
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Figure 5. Examples of the diversity of scale morphologies to achieve transparent wing patches among
Lepidoptera. The scales can be piliform (P) or lamellar (L), they can be erect (E) or flat (F) on the wing
membrane, and can contain colored pigments (C) or they can be transparent (T). In some species the
wing membrane does not bear scales (N). after Gomez et al (2021).
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4.2. Ithomiini butterflies as a model for studying thermoregulation

Among Lepidoptera, the Neotropical tribe Ithomiini (Nymphalidae) represents an outstanding
group of butterflies. Almost 80% of its 396 species have transparent or partially transparent
patches on their wings (Fig 6,7). These butterflies, found from Southern Mexico to Northern
Argentina, have started diversifying 26.4 million years ago (Chazot et al., 2019) in the Andean
region, which constitutes the main hotspot for this clade in terms of species richness (Dor¢é et
al., 2022) (Fig 8). This high richness in the Andean region, and more generally the dynamic of
Ithomiine evolution, is closely linked to regional historical geology: around 23 million years
ago, the Amazon region experienced a marine incursion, from Peru to Colombia, known as
the Pebas formation, resulting in a loss of habitat and the extinction of most Amazonian
lineages (Chazot et al., 2019). During this time, there was no sign of migration between
northern and southern Andean populations, separated by the waters. It was only 10 million
years ago that mountain growth finally pushed the water towards the ocean, and marked a
great diversification, dispersal and exchange between the Andes and Amazonia. The other
parts of the Amazon and peripheral regions were the last to be colonized (Chazot et al., 2019).
Today, Ithomiine species are highly segregated along the elevation gradient in the Andes, and

some species can be found up to 3000 meters, a remarkably high altitude for diurnal tropical
butterflies (Chazot et al., 2014).

P o 8 el
Figure 6. Examples of wing color pattern diversity among Ithomiine butterflies. Species :
A) Methona confusa (photo: Violaine Ossola), B) Hypomenitis enigma (photo: Marianne Elias), C) Tithorea
harmonia (photo: David Geale), D) 1eladyris pardalis (photo: Anderw Neild), E) Preronymia alissa (photo:
Marianne Elias), F) Ithomia salapia (photo: Mélanie McClure), G) Melinaea mothone (photo: Marianne
Elias), G) Ithomia diasia (photo: Marianne Elias).
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Figure 7. Chazot et al., 2019’s Molecular phylogeny of 339 Ithomiini species out of the 396 recorded,
based on mitochondrial and nuclear gene fragments. The tree topology was obtained under maximum
likelihood inference, and branch lengths were estimated by Bayesian inference. This tree gives an idea

of how wing pattern and phylogeny are dissociated in Ithomiini.
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Figure 8. This map of the north-western region of the Neotropics, from (Doré et al., 2022) shows
the geographical distribution of the species richness of Ithomiini butterflies. It clearly demonstrations
the biodiversity-rich nature of the Andean region, which is a hotspot for these butterflies.

Recently, Ithomiine butterflies have been the subject of various ecological studies with
standout results. The widespread presence of transparency on their wings is surprising,
especially because these butterflies have the particularity to be toxic, via the presence of
pyrrolizidine alkaloids, and aposematic (i. e., their wing patterns are warning colorations that
predators learn to avoid), and as such Ithomiine butterflies are part of mimicry rings, where
co-occurring species have converged in warning color patterns (Beccaloni, 1997). Surprisingly,
unpalatability tends to be stronger in clearwing than in opaque species (McClure et al., 2019).
Pinna et al. (2021) suggest that transparent patches are in fact involved in the aposematic signal.
On the other hand, it has been shown that transparency reduces detection and attack by naive
predators (Arias et al., 2019, 2020, 2021). Transparency is therefore involved both in crypsis
and in aposematism. The study of the altitudinal distribution of mimicry rings gives us an
indication of the variation in wing pattern along elevation in the Andes. It seems that opaque
butterflies are restricted to low altitudes, while mimicry rings involving clearwing species are
existing up to very high altitudes (Chazot et al., 2014) (Fig 9), a surprising result in the light
of what we know about thermal melanism. The absorption of near infrared (NIR), which,
unlike lower wavelengths, are not visible to animals and not subject to biotic selection
pressures, could constitute a compensation mechanism for heating accumulation, especially in
high altitude species.
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Figure 9. Chazot et al (2014) showed that Ithomiini mimicry rings that include opaque species are

Mimicry pattern

only found in low to mid altitudes, in the Andean mountains, while transparent mimicry rings are found
at all elevations, and as high as 3000 meters above sea level.
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5. Aim of the thesis project and main questions

Past studies on thermal adaptation undeniably show the importance of a multidisciplinary
approach in ecology. Ithomiini butterflies represent an original system that challenges our
knowledge of ecological concepts because they feature an exceptional characteristic, wing
transparency. Their high diversity, with repeated colonization events of habitats at different
altitude, provides strong statistical power to investigate physical and physiological responses
to climatic conditions along a tropical altitudinal gradient.

In this thesis we will address the main following questions

How are thermal properties of transparent wings linked with climatic conditions? In
the first chapter, we will explore the thermal consequences of transparency and the distribution
of wing properties along the elevation gradient. We will compare the optical and thermal
properties of the wings of 42 ithomiine species of varying opacity, at different wavelengths,
and assess whether there is a thermal cost to transparency, and whether it is compensated for
by near-infrared absorption. We will examine how these properties are distributed along a
climatic gradient, and test if the biogeographical rules of thermal melanism apply to these
clearwing butterflies.

Is there a physiological adaptation to temperature along an altitudinal gradient? In the
second chapter, we will focus on the metabolic adaptation of these butterflies to altitude, by
comparing two communities at high and low altitudes in the Ecuadorian Andes. We will
compare their thermal requirements zz natura, while noting the potential thermoregulatory
behavior of different species in the field. In the laboratory, we will evaluate the thermal
tolerances of species from these communities to cold and hot stress, and determine whether
any differences of tolerances may be due to adaptation or phylogenetic conservatism.

Are physical and physiological thermal responses plastic? In the third chapter, we will
assess the thermally-induced plasticity of traits linked to thermal adaptation of these butterflies
in two species of Ithomiini from Panama, by rearing them at different temperature treatments.
We will examine larvae survival and development time, as well as potential changes in adult
coloration and adult tolerance to heat and cold. It will highlight the potential sensitivity of
immature stages to temperature and the potential room for adaptation of these butterflies,
especially in the current context of climate change.

Overall, answering these questions regarding thermoregulation in Ithomiini, and especially in
clearwing species, will help understand at which level these butterflies play to buffer the
variations in temperature of their environment, whether intrinsic physical properties emerging
from the butterfly's structure are primordial, if behavioral adjustments help to compensate for
intrinsic limitations, and to what extent the plasticity of these traits contribute to the evolution
of this lineage of tropical butterflies.
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Abstract

In contrast to most butterflies harboring opaque wing colorations, some species display large
transparent patches on their wings. Wing transparency, which entails a dramatic reduction of
pigmentation, raises the question of potential costs for vital functions, such as
thermoregulation, especially along climatic gradients. The thermal melanism hypothesis posits
that darker colorations should be favored in colder environments, which enables them to
absorb more radiation and maintain a body temperature compatible with activity. This
prediction extends to the near infrared (NIR) range, which represents a large proportion of
solar radiation. Here we assess the implications of wing transparency for light absorption and
thermal properties in 42 butterfly species from the neotropical tribe Ithomiini that range the
extent of transparency, from fully opaque to highly transparent, and we test whether those
species conform to the prediction of the thermal melanism hypothesis. We find that
transparent wings are less efficient than opaque wings to absorb light across UV, Visible and
NIR wavelength ranges, and are also less efficient to collect heat. Moreover, dark coloration
occupies a lower proportion of wing area as altitude increases, and ithomiine species harbor
more transparency at higher altitudes, where climatic conditions are colder, going strongly
against the prediction of the thermal melanism hypothesis. We discuss these surprising results
in light of recent studies suggesting that factors other than adaptation to cold, such as
predation pressure, physiology or behavior, may have driven the evolution of wing patterns in
Ithomiini.
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1. Introduction

Diurnal butterflies are known for the great variety of colors they display. The scales covering
their wings produce colorations through pigments (Stavenga et al., 2014) or structures (Tada
etal., 1997; Berthier, 2007). Coloration is involved in multiple functions, including intraspecific
signaling (Kemp, 2007); antipredator defenses such as crypsis and camouflage (Endler, 1984),
masquerade (Skelhorn et al., 2010), aposematism and mimicry (Poulton, 1887); as well as
thermal adaptation (Wasserthal, 1975). The balance between these selective pressures drives
the diversity of color patterns in butterfly wings (Postema et al., 2022).

In ectotherms, coloration has been shown to play an important role in determining
body temperature and activity, since the degree of darkness is positively correlated with
internal body temperature (Heinrich, 1973). Darker butterfly wings absorb more light, and are
associated with longer flight activity and larger flight distances in cold conditions than lighter
wings (Roland, 1982; Ellers and Boggs, 2004).

The thermal melanism hypothesis (TMH) posits that darker colorations provide
thermal advantages in cold environments (Clusella Trullas et al., 2007), especially for
ectotherms, as dark surfaces are more efficient to absorb heat from the environment than light
surfaces. Darker species or individuals are expected to live at high altitudes or latitudes,
whereas lighter ones are more likely to be present at lower altitudes and latitudes, which offer
warmer conditions. The existence of such melanism gradients has been shown in many case
studies, across geographical regions and wide ranges of taxa, from reptiles to insects (Guppy,
1986; Clusella-Trullas et al., 2008; Zeuss et al., 2014). However, visible colors represent only a
small part of the incident solar radiation reaching the earth's surface. Over 50% of the solar
energy lies in the near-infrared wavelengths (NIR, 700 to 2500 nm). NIR should then be of
particular importance in ectotherm thermal capacities, more than ultraviolet to red (i. e. 300
to 700 nm, hereafter UV-Visible range) (Stuart-Fox et al., 2017), since they are not involved
in other aspects of their ecology because they cannot be seen by most organisms. Recent
studies on communities of European (Kang et al., 2021) and Australian (Munro et al., 2019)
butterflies confirmed that reflectance in the NIR range is strongly correlated with climatic
factors, especially temperature, and more strongly compared to UV and Visible wavelengths.
In colder environments, butterflies tend to reflect less and therefore absorb more in the NIR.
These findings highlight that optical properties can be disconnected to a certain extent
between NIR and UV-Visible ranges. By contrast, no clear trends exist regarding humidity or
precipitation and wing darkness. Gloger’s rule, which predicts that darker individual should be
found in more humid climates, has been evidenced mainly for endotherms with little clear
support in ectotherms (Delhey et al., 2019; Kang et al., 2021).

In Lepidoptera, few species exhibit transparency on their wings, a feature that has
evolved multiple times independently (Gomez et al., 2021). Transparency is achieved by a large
diversity of wing microstructures, including a combination of scale shape or insertion

modification, reduced scale size or density, as well as a reduction of scale pigments (Gomez et
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al., 2021). In many cases, transparency is enhanced by the presence of nanostructures on the
wing membrane, which decreases reflection (Siddique et al., 2015; Pinna et al., 2021;
Pomerantz et al., 2021). Transparency has attracted recent research effort regarding its now-
established role in crypsis in various species (Arias et al., 2019, 2020, 2021), and its involvement
in predator-prey signaling in some clades of mimetic Lepidoptera (Pinna et al., 2021). Yet,
transparency may come at the cost of other functions involving wing coloration, notably
thermoregulation. While thermoregulatory processes are well documented in opaque species,
they are largely unknown in clearwing butterflies. A study focusing on wing transparency
across the entire Lepidoptera order found that clearwing species tend to transmit less light,
and thus absorb more, in high latitudes than in tropical climates, suggesting a thermal cost for
butterflies (Gomez et al., 2021). Yet, the actual impact of transparent wing patches on wing
thermal properties needs to be investigated.

Among Lepidoptera, Ithomiini is a remarkable neotropical tribe of ca. 400 species
(Chazot et al., 2019; Doré et al., 2022), 80% of which exhibit transparency on their wings to
some extent. Species are highly segregated along the elevational gradient, from warm lowlands
up to colder highlands, as high as 3,000 meters (Chazot et al., 2014; Dor¢ et al., 2022). Because
wing transparency in Ithomiini is achieved by a reduction in membrane coverage by scales
(Gomez et al,, 2021; Pinna et al., 2021), and is therefore associated with a lower quantity of
pigments, one might expect those areas to poorly absorb solar light. Previous studies of
geographical distribution of Ithomiini wing patterns revealed that the proportion of clearwing
species increases with altitude, to the extent that all species above 2000 m have transparent
wings (Chazot et al., 2014; Doré et al., 2022), contrary to the predictions of the TMH. Yet,
this observation is based on the UV-Visible range (Chazot et al., 2014; Pinna et al., 2021; Doré
et al., 2022), and optical transparency shown in that range may be dissociated from the
absorption properties in the NIR.

Here, we investigate for the first time wing traits relevant for thermal adaptation in 42
transparent and opaque Ithomiini species that represent the diversity of wing colorations, by
using Infrared imaging and spectrophotometry. We assess the distribution of these wing traits
in relation to the climatic conditions the species are exposed to in a phylogenetic framework.
Specifically, we characterize and quantify the optical and thermal properties of transparent and
opaque wing patches to investigate two mutually exclusive scenarios:

() Absorption compensation: in this scenario, the higher transmission and lower absorption of
wavelengths in the UV-Visible range of transparent wing areas are compensated by a high
absorption in the NIR, and the thermal capacities of transparent wings may be similar to or
even better than those of opaque wings. Under this hypothesis, adaptation to climatic

conditions may drive the altitudinal distribution of wing patterns in Ithomiini.

(i1) Thermal cost: in this scenario, the disconnection between wavelength ranges is not significant
enough, with transparent wings transmitting more and absorbing less in the NIR range than
opaque wings, therefore, reflecting similar absorption patterns at shorter wavelengths. This

results in transparency being costly in terms of intrinsic heating capacities. Under the thermal
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cost scenario, thermal properties may not be the main target of selection with regard to the

altitudinal distribution of wing patterns in Ithomiini.

In addition, assuming that opaque patches - even if not covering a high proportion of the wing
surface in transparent species — may follow the thermal melanism hypothesis, we tested
whether they represent a higher proportion of wing surface in species found in colder climates,
a mechanism that could also compensate for poorer thermal capacities of transparency under
the thermal cost scenario. The absence of evidence of compensation mechanisms (disconnection
NIR from UV-Visible range, or increased proportion of opaque patches with altitude) would
imply that factors other than wing color patterns, such as behavior or metabolism, explain
adaptation to colder highland habitats in Ithomiini.
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2. Results

To assess the thermal adaptation of Ithomiini butterflies, we examined the thermal and optical
properties of the wings of 42 species in relation to climatic conditions. Unless specified
otherwise, all statistical tests implemented Bayesian mixed models with Markov Chain Monte
Carlo correcting for phylogenetic relatedness, with an associated Bayesian posterior P-value
set to 0.05.

Wing optical and thermal properties

We first tested whether optical properties in the NIR wavelengths were correlated with those
properties in the UV-Visible range, and whether those properties differed between transparent
and opaque species, as defined hereafter. We measured transmission and reflection spectra on
a 5mm-diameter spot on one hindwing and one forewing for each specimen, spanning the
UV-Visible (300-700 nm) and NIR (700-2500 nm). We used the physical principle stating that
Transmission (A) + Reflection (A) + Absorption (A) = 1 to compute the total absorption spectra
over 300-2500 nm (Fig. 4C). The transmission of the patch in the UV-Visible range was set as
a measure for the degree of optical transparency. We split the species in two categories:
transparent, for which wing transmission was higher than 35%, and opaque for the others
(Table S1a, S1b, Fig.S1).

Overall, UV-Visible transmission (300-700 nm), i.e., transparency as perceivable by
butterflies and predators, was a good predictor of both overall absorption (300-2500 nm) and
NIR absorption (700-2500 nm, Table S2, Fig. 1). NIR and UV-Visible absorption were highly
correlated (Table S2, Fig. 1), be the species transparent or opaque. More transparent patches
absorbed less light than opaque patches whatever the wavelength considered, supporting the
thermal cost scenario for transparency (Fig. S2).

To investigate the thermal capacities of transparent wings and test whether they differ
from those of opaque wings, we heated up wings with a flash illumination, and imaged them
with an infrared camera to record temperature across the wing and its variation through time
(Fig. 4A-B). Image analysis showed that the average heating capacity of the wing spot,
represented by excess temperature AT (maximum temperature reached after illumination -
initial temperature), was closely related to its transparency, as estimated by the transmission in
the UV-Visible range (Table S3, Fig. 2). Hence, the more transparent the spot, the less it heated
up, in agreement with the #hermal cost scenario. AT of wing spots was also positively predicted
by the mean total absorption of the spot and by its NIR absorption (Table S3, Fig. 2).

Therefore, wings that absorbed more in the UV-Visible-NIR range or in the NIR range
heated up more. In an in-depth exploration of the intra-wing variation in heating capacity, we
extracted AT on various points on different parts of the wings (veins and cells, i.e., the parts
between veins), either in darkly colored patches DP (black to brown colors), lightly colored

patches LP (for opaque species only, yellow to orange colors), or transparent patches TP, and
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on light LV or dark veins DV. A close look at the different areas and structures of the wings
revealed that dark patches heated up significantly more than any other coloration on the wings,
transparent or light (DP>(LP,TP) in Table S4, Fig. S3). Moreover, light patches heated up
significantly more than transparent patches (LP>TP in Table S5, Fig. S3). Dark patches heated
up more than dark veins (DP>DV in Table S6, Fig. S3), but on the other hand, light veins
absorbed more heat than light patches (LV>LP in Table S7, Fig. S3). In all cases, the position
of the patch with respect to the thorax, proximal or distal, played a role in predicting AT, but
this varied according to the color of the patch considered, showing no clear-cut trend (Table
S4-7).
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Figure 1. Relationship between absorption and transmission spectra at different ranges: overall UV-
Visible-NIR (300-2500 nm) absorption against UV-Visible (300-700 nm) transmission, NIR (700-2500
nm) absorption against UV-Visible transmission, NIR (700-2500 nm) absorption against UV-Visible
(300-700 nm) absorption. All relationships are significant and the solid line is drawn from the
prediction of the Bayesian phylogenetic mixed model (see Table S2) (N opaque = 72, N transparent =
235).
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Figure 2. The thermal properties of wing spots represented by the Excess Temperature AT (T°final
— TCnitial) under a flash illumination, extracted from the thermal imaging, against their optical
properties at different ranges: UV-Visible (300-700 nm) transmission, UV-Visible-NIR (300-2500 nm)
absorption, and NIR (700-2500 nm) absorption. All relationships atre significant and the solid line is
drawn from the prediction of the Bayesian phylogenetic mixed model (see Table S3) (N opaque = 72,
N transparent = 235).

Wing trait distribution along climatic gradients

We tested whether climatic variables predicted the proportion of dark patches on the wings
of all the species, as posited by the TMH. We extracted 19 published average climatic variables
for each species (Doré et al., 2022) that included temperature and precipitation descriptors
and performed a PCA. PC1 and PC2 explained respectively 49 % and 27.1 % of the total
variation. Higher PC1 values corresponded to warmer climates, while higher PC2 values
corresponded mainly to wetter and more time-stable climates (tables S8, S9, Fig. S4). Pearson's
product-moment correlation tests showed that PC1 was strongly negatively correlated with
altitude (R=-0.95, N=42, p <.0001), meaning that species inhabiting higher altitude habitats
had a lower PC1 value. PC2 did not correlate with altitude (R=0.24, N=42, p=0.12).

To test if opaque and transparent species had similar climatic ranges we used the
Levene’s heteroscedasticity test on climatic variables. We found that opaque species were
restricted to warmer environments, while transparent species were ubiquitous and not
associated to particular altitudes (F =110.71, p <.005) (transparent species: mean=-0.27,
var=10.56, opaque species: mean=1.08, var=1.09), in contradiction with the TMH. Opaque
and transparent species did not significantly differ in their variance for PC2 (F=1.76, p=0.19)
(transparent species: mean=0.29, var= 3.88, opaque species: mean=-1.89, var=3.45), showing
that they did not segregate according to humidity or environmental stability gradients. Overall,
climate did not predict wing optical properties. The degree of transmission of the wing spots
over the range UV-Visible were not predicted by PC1, with a negligible positive effect for PC2
which goes against Gloget’s rule (Table S10, Fig. S5). There was no significant association of
spot absorption in the UV-Visible-NIR (Table S11) or NIR ranges (Table S12) with PC1 or
PC2. By contrast, the average AT of the whole wing surfaces was positively correlated to PC1
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(Table S13, Fig. 3). In other words, species living in warm environments heated up more than
butterflies living in colder environments.

Across all species, the proportion of dark surface on the wings increased with PC1 and
was therefore higher in warmer environments (Table S14, Fig. S6). We found a similar trend
when restricting the analysis to only transparent species (Table S15, Fig. S7). We examined
whether this proportion varied with climate within the proximal zones alone, because wing
conduction could be limited, and a patch was expected to have a greater thermal effect when
closer to the body. Again, the proportion of dark surface in the proximal zones increased with
PC1 (Table S16, Fig. S8), and was therefore higher in warmer environments, in contradiction
with the TMH. The proportion of dark surface did not correlate with PC2, except when
considering only proximal zones, indicating that proximally darker wings were associated with
more humid habitats. Finally, we found no effect of climatic variables on total wing area, a

proxy for butterfly size (Table S17).
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Figure 3. Wings mean Excess Temperature AT (T°final — T°nitial) under a flash illumination,
extracted from the thermal imaging, as a function of climatic principal component PC1. The
relationship is significant and the solid line is drawn from the prediction of the Bayesian phylogenetic
mixed model (see Table S13) (N opaque = 72, N transparent = 235).
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Figure 4. Examples of optical and thermal imaging on the wings of four species of different opacity.
A: Photos under standard illumination of the hindwings and forewings of four of the species studied,
Heterosais nephele, Melinaea menophilus, Hypomenithis thendelinda, Thyridia psidii. B: Visualization of the
thermal imaging in false colors of the same wings under a flash light. C: Corresponding measured
transmission (dashed lines) and reflection (dotted lines) spectra in percentage, for a spot of 5 mm of
diameter on the proximal forewing of each butterfly, from 300 to 2500 nm, and the resulting computed

absorption spectra (solid lines) for each wavelength A as Absorption(\)+ Transmission(A) +
Reflection(h) = 1.
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3. Discussion

Thermal properties correlate with optical properties in clearwing butterflies

The thermal imaging of Ithomiini wings reveals that opaque wings are on average more
efficient to heat up than transparent wings. Hence, transparency entails thermal costs, a
conclusion supported by the close-up study of the different wing patches, in agreement with
the thermal cost scenario. The darker the color, the more the patch heats up. Therefore,
transparent patches contribute little to wing heat absorption, in line with the long studied link
between melanization and heating capacities (Schmitz, 1994). Consistent with this finding, the
optical examination of the transparent wing spots reveals that the low absorption in the UV-
Visible wavelength range is not compensated by a higher absorption in the invisible NIR range,
and therefore wing transparency comes at the cost of light absorption. This result departs from
findings in other organisms where visible reflectance tends to be a poor predictor of NIR
reflectance (Nussear et al., 2000). Moreover, transparent spots always absorb less light than
opaque ones, regardless of the wavelength considered. This is in agreement with the
correlation of the UV—Visible and NIR spectra that has been previously described for
transmission (Gomez et al.,, 2021) or reflection (Munro et al., 2019; Kang et al., 2021) in
interspecific studies of butterflies taxa. Yet, veins in transparent Ithomiini species are always
covered with melanized scales. Those veins heat up significantly more than transparent and
even lightly colored patches, and likely represent a major part of the overall wing thermal
capacities by providing heat to the dynamic hemolymph flow system to the thorax (Tsai et al.,
2020). In Ithomiini, absorption decreases in long wavelengths, and is quite low in the NIR for
all the studied species. An interspecific comparison of the absorption of longer wavelengths
(~8-12 um), especially infrared radiated by the environment, remains to be carried out as this
wavelength range is supposed to have greater thermal impact. However, the thermal imaging
results clearly show that transparent patches are poorer at accumulating heat than opaque

patches, suggesting an absence of compensation in the far infrared range.

The altitudinal distribution of transparent species contradicts the thermal

melanism hypothesis

This study confirms the counterintuitive altitudinal distribution of Ithomiini wing patterns
(Chazot et al., 2014). While the opaque species are only found in warm climates, clearwing
species are ubiquitous and widely distributed, from hot lowlands to the cold Andean highlands.
Moreover, among clearwing species, the proportion of opaque patches on the wings decreases
in colder environments, i.e. at higher altitudes, challenging the long history of studies
supporting the TMH in butterflies and insects e.g.(Guppy, 1986; Roland, 2006; Hegna et al.,
2013; Zeuss et al., 2014), but adding to the observation that TMH does not apply to all taxa
or communities. For instance a recent study found support for TMH in geometrids but not in
noctuids found in the same study sites (Heidrich et al., 2021). Yet, these studies often focus
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on temperate climates. Neotropical case studies are scarce and show mixed support to the
TMH. Two closely related neotropical butterfly genera, Catastica and Leptophobia have a
divergent coloration distribution along altitudinal gradients (Dufour et al., 2018), possibly
explained by different behaviors and elevation ranges. While body and wing colorations
become darker with increasing altitude in Catastica, Leptophobia shows a reversed pattern,
similar to that observed in Ithomiini. In the case of Ithomiini, not only the non-conformity to
TMH is outstanding, but there is no high NIR absorbance to compensate the poor UV-Visible
absorption that would make highland butterflies more adapted to cooler conditions.

The NIR range is expected to be only subjected to thermoregulatory pressures, unlike
UV-Visible wavelengths involved in vision. Indeed, NIR reflection spectra of Australian and
European butterflies communities are well predicted by climatic conditions (Munro et al.,
2019; Kang et al., 2021). In contrast to their conclusions, our study of the absorption
properties of wing spots showed that in general, climatic conditions do not predict wing
absorption in any radiation range. Moreover, the exploration of wing heating capacities shows
that Ithomiini species living in colder environments are less efficient to heat up than species
living in warmer climates, adding even more to the thermal cost of transparency. Finally, there
is hardly any link between thermal or optical properties and humidity, and as such this study
does not support Gloger’s rule in Ithomiini.

Adaptation to cooler conditions is not the only thermal constraint faced by organisms,
as high temperature may also be challenging. Here we found that opaque species, which absorb
more radiation and have higher thermal capacities, live in environments where they are most
exposed to heat. For ectotherms, avoiding overheating (i.e. increasing body temperature above
a critical temperature threshold) can be challenging. Butterflies may have physiological
adaptations (Montejo-Kovacevich et al., 2020) or behavioral adjustments, such as changing
the position of their wings according to environmental radiation (Tsai et al., 2020).
Information on the metabolism and behavior of Ithomiini 7z natura would shed light on their
altitudinal adaptation, but are currently lacking.

In addition, microhabitat variability can result in individuals sharing the same overall
environment being exposed to contrasting light and temperature conditions. Microhabitat
preferences thus likely play a role in adjusting body temperature (Kleckova et al., 2014;
Montejo-Kovacevich et al., 2020, 20). However, in lowland ithomiine communities, butterflies
with transparent wing patterns mostly fly in the understory, close to the vegetation and out of
direct sunlight, while the proportion of species with opaque wings increases with height in the
canopy (Willmott et al., 2017). The latter are therefore more exposed to solar radiation, another

counterintuitive distribution in relationship to thermoregulation.
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Transparency under multiple selection pressures

Colorations in butterflies, and therefore wing optical properties, are under multiple selection
pressures as they are involved in anti-predator defenses, signaling to conspecifics and thermal
adaptation, with potential trade-offs (Postema et al., 2022). Consequently, selection for crypsis
and aposematism could be detrimental for thermal capacities (Heidrich et al., 2018). Wood
tiger moths are a good example of the phenomenon: larvae with large black patches are at a
thermal advantage compared to larvae with equally black and orange patches, but the latter
display a more efficient aposematic signal (Lindstedt et al., 2009). Imagoes display latitudinal
variation in wing pattern, consistent with the TMH, which incurs cost in the efficiency of

warning signals as melanic individuals experience more predation (Hegna et al., 2013).

In Ithomiini, the existence and pervasiveness of transparency is surprising given that
those butterflies are toxic and harbor aposematic signals. Previous work has shown that
transparency in Ithomiini reduces detection and attacks by naive predators (Arias et al., 2019).
Even though transparent patches are likely part of the aposematic signal (Pinna et al., 2021),
transparency may reduce predator learning speed and memorization of prey, as indirectly
suggested by the observation that unpalatability tends to be stronger in clearwing than in
opaque species (McClure et al., 2019). Thus, transparency may incur a cost on aposematism,
with a trade-off between crypsis and aposematism. A possible explanation for the unexpected
altitudinal distribution of transparency in Ithomiini species may be different predation
pressures at different altitudes in tropical mountains (Roslin et al., 2017), which may favor
crypsis over aposematism at higher altitudes, as observed in Andean arctiine moths or which
conspicuousness decreases with height (Fiedler and Brehm, 2021). Therefore, the altitudinal
distribution of color patterns in ithomiine may be primarily driven by predation rather than
climatic conditions.

Conclusion

In Ithomiini, the altitudinal distribution of wing patterns is unlikely driven by thermal
constraints, and goes against the predictions of the thermal melanism hypothesis. Transparent
wings have a low absorption of wavelengths in the UV-Visible-NIR range and this comes at a
cost regarding heating capacities. Conversely, transparency in these butterflies has probably
evolved in response to selection incurred by predation. The results question the critical
significance of wing color pattern for thermal adaptation in tropical ectotherms and lead the
way to further investigations about metabolic and behavioral thermoregulation, and their

relative contributions to climatic adaptation in these species.
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4. Materials and Methods

Specimen sampling, climatic data and phylogeny

We studied wings of dried Ithomiini butterfly specimens, preserved in glassine envelops,
collected between 2005 and 2018 in south America. We focused on 42 species represented by
two or more females to reduce the potential variance due to sexual differences (Table Sla,
S1b). Measurements were taken on one hindwing and one forewing of each specimen. The
selected species spanned a large range of wing coloration, from fully opaque to highly
transparent, and are evenly distributed along the altitudinal gradient and across the phylogeny.
GPS data on species distributions were obtained from a database that contains more than 3500
occurrences of specimens of the species studied here (Doré et al., 2022). We extracted the
corresponding 19 climate variables (Table S8-9., Fig. S4) from WorldClim2 historical climatic
data (Fick and Hijmans, 2017) with a resolution of 2.5 arc-minutes. Variables were averaged
for each species. For the phylogenetic comparative analyses, we used the most comprehensive
phylogeny of the Ithomiini to date (Chazot et al., 2019), which comprises 340 out of 393 extant

taxa.

Spcctroph()tomctry measurements

To quantify the extent to which wings transmit and absorb light, we performed
spectrophotometry measurements on a spot of 5 mm of diameter on the hindwing and
forewing of each specimen. For transparent species, the spot was in the proximal transparent
patch. For opaque species, the spot was located on the center of the proximal zone of the
wing. Since a wing can reflect and transmit a large proportion of the incident light, we
measured both total (specular + diffuse) reflection and total (specular + diffuse) transmission
spectra of each patch, with an Agilent CARY 5000 UV-Visible-NIR spectrophotometer,
equipped with an integrating sphere, over the range 300-2500 nm, which includes ultraviolet
(UV), Visible, and near-infrared (NIR) wavelengths. Wings were maintained in a black paper

mask with an opening of 5 mm of diameter.

Spectra were measured relative to a dark (paper mask without the wings, light off) and
to a white reference (Spectralon white diffuse reflectance standard), with the paper mask for
reflection, nothing for transmission, light on. The resulting total absorption spectra were
calculated for each wavelength A as Absorption () = 1 - (Transmission () + Reflection ()
according to the law of conservation of energy (Fig. 4). The negative values due to the noise
of the signal were fixed to zero with the function fixneg of the package Pavo in R (Maia et al,,
2013), and each spectrum was smoothed with the loess function in R. We quantified mean
absorption at different wavelength ranges, in the UV-Visible between 300-700 nm, in the NIR
between 700-2500 nm, and the total 300-2500 nm. Mean transmission in the UV-Visible range
300-700 nm was measured as a proxy for animal-visible transparency. We divided the species
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into two categories, transparent and opaque, based on a threshold of mean transmission at
35% in the UV-Visible, matching butterflies and predators’ visual perception (Table S16).

Thermal measurements

To characterize and compare the wing thermal characteristics, we measured wing temperature
kinetics following instant exposure to a flash light (Fig. 4B). We conducted stimulated heating
measurements on one hindwing and one forewing for each specimen, with a Neewer
professional photo system flash lamp N-300W set at maximum power, which emits over the
UV-Visible-IR range. Wings were recorded by an infrared camera T650sc 2019 FLIR Systems
equipped with a FLIR lens T197-915. Emissivity was set at 0.95. Wings were kept at a constant
ambient temperature of 23°C prior to the experiment. We placed each single wing horizontally
on a custom grid made of 3 human hair in a frame to minimize contact with any surface, 6 cm
below the camera and the flash and 30 cm above a table covered with white paper, to avoid
background interference with the measure. The flash lasted for 1/800 seconds. We started the
recording a few seconds before activating the flash, and let the record run for 10 seconds.

Each movie was recorded at 30 images.second .

From the movies, we extracted the thermal kinetics - temperature as a function of time
- of different regions of interest on the wings with FLIR ResearchIR Max software, and more
specifically the excess temperature AT as the difference between the maximal temperature
attained by the region of interest after the flash hits minus the temperature prior to the flash.
We extracted mean AT of the overall wing surface, mean AT of the spot measured in
spectrophotometry and finally AT of precise points of interest on each wings as follows: 6
points in the dark colored patches DP (black to brown colors), 6 points in light colored patches
LP (yellow to orange colors and for opaque species only), 6 points in the transparent patches
TP (for transparent species only), and 8 points on veins, assigned to a category depending on
their color: dark veins DV (black to brown) and light veins LV (yellow to orange).

Image analysis

We used digital photography to quantify the proportion of dark pigmented surface on the full
wings of all the specimens. Melanization in proximal zones of the wing can be of primarily
importance in thermoregulation as the zone is closer to the thoracic muscles (Wasserthal,
1975). We also quantified the color proportion separately on the proximal and distal zone of
each wing. We set the limit between the zones as the perpendicular line to the middle of the
transect line from the wing insertion to its apex. We cropped the photos for each zone
considered and the background was filled with green, a color ignored when calculating the
color proportions. In R, we used the getKMeanColors function from colordistance package
(Weller and Westneat, 2019) to sort the pixels in clusters according to their RGB values. We
set the number of clusters to two, corresponding to mainly dark and brown, versus
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transparent, or any other light colors in opaque wings. With Image] 1.52 (Schindelin et al.,
2012) we computed the total surface of each wing in mm?.

Statistical analyses

We explored various scenarios linking absorption, transmission, thermal capacities and
climatic variables across the 42 species of the dataset (see supplementary materials for model
details and results). Because specimens are not independent and the species are related through
the phylogeny, we implemented for each test Bayesian mixed models with Markov Chain
Monte Catlo, correcting for phylogenetic relatedness, using the R package MCMCglmm
(Hadfield, 2010) and the phylogeny from (Chazot et al., 2019). We controlled for chain
convergence visually and with the Heidelberg stationarity test diagnostic function of
convergence heidel.diag from the R package coda (Plummer et al.,, 2006). To get accurate
estimations of posterior distributions and avoid chain autocorrelation, we adjusted the
iterations, burn-in and thinning for each model to ensure an effective sample size across all
parameters of at least 1000. Models were run with a weakly informative prior for random effect
and residual variances (V = 1, nu = 0.002) not to constrain the exploration of parameter values.
We selected the best model with a backward selection of fixed parameters based on Bayesian
P-value of 0.05, within the 95% confidence interval excluding zero. In all the models, species
identity was implemented as a random factor. We included all individuals in the models unless

specified otherwise.
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Chapter 1 - Appendix

Supplementary Figures and Tables
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Figure S1. Legend next page.
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Figure S1. Distribution of optical and thermal traits along the phylogeny of the 42 ithomiine
species studied, averaged for both wings and all the specimens of each species. A: Mean UV-
-visible (300 to 700nm) transmission for a spot of 5 mm of diameter on wing proximal zone.
This value is used as a proxy for wing transparency. B: Mean UV-visible (300 to 700 nm)
absorption for a spot of 5 mm of diameter on wing proximal zone. C: Mean NIR (700 to 2500
nm) absorption for a spot of 5 mm of diameter on wing proximal zone. D: Mean Excess
Temperature AT (T°final — T®initial) in °C of the wings under a flash illumination.

Table Sla. List of the species and the number of specimens per species studied. All specimens
are females. The mean altitude of occurrence of each species is computed based on published
data (1), and the mean transmission over the UV-visible range (300 to 700 nm) of the
forewings and hindwings spots for each species are shown. The threshold for the division of

the species in two groups - opaque or transparent- was set at 35% of transmission for both

wings.
Genus, species Number of Mean altitude Mean Mean Category of
specimens of occurrence in transmission transmission the species
(females)  meters % of the % of the

Forewing spot Hindwing

in the UV- spot in the

Visible UV-Visible
Athesis acrisione 2 752.00 63.14 57.70 Transparent
Callithomia lenea 4 601.37 55.34 51.31 Transparent
Ceratinia poecila 5 768.17 31.31 27.29 Opaque
Dircenna dero 4 515.31 67.46 58.86 Transparent
Dircenna loreta 3 780.39 66.04 59.21 Transparent
Dircenna olyras 2 894.08 32.27 27.27 Opaque
Godyris duillia 4 1404.10 73.00 71.68 Transparent
Godyris hewitsoni 4 2041.00 66.75 62.41 Transparent
Godyris panthyale 4 2023.83 80.80 71.00 Transparent
Godyris zavaleta 4 367.73 62.69 58.12 Transparent
Greta morgane 2 750.07 74.59 78.45 Transparent
Heterosais nephele 4 551.40 65.87 67.07 Transparent
Hyalenna paradoxa 2 2195.87 68.64 59.61 Transparent
Hyalyris coeno 3 831.05 26.57 1.96 Opaque
Hyalyris mestra 3 1447.95 61.78 66.41 Transparent
Hyalyris oulita 4 1208.42 29.53 13.61 Opaque
Hypoleria xenophis 4 710.00 60.13 61.87 Transparent
Hypomenitis 4 1545.38 60.24 70.71 Transparent
alphesiboea
Hypomenitis ortygia 4 2030.49 71.43 59.42 Transparent
Hypomenitis 4 2166.95 63.62 66.13 Transparent
theudelinda
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Genus, species

Hypothyris cantobrica
Ithomia avella
Ithomia xenos
Mechanitis polymnia
Melinaea menophilus
Methona confusa
Methona curvifascia
Napeogenes larilla
Napeogenes sylphis
Oleria athalina
Oleria baizana
Ollantaya olerioides
Pagyris cymothoe
Patricia dercyllidas
Pteronymia oneida
Pteronymia sao
Pteronymia vestilla
Scada reckia
Thyridia psidii
Tithorea harmonia
Tithorea tarricina
Veladyris pardalis

Number of Mean

specimens
(females)

AN N AN BN BN P WD PSS DO PN D

meters

740.47
2006.97
1319.83
596.00
846.00
896.78
416.85
2146.11
411.50
2201.62
2119.44
2029.27
1191.62
2058.44
2179.98
104.86
333.96
743.90
788.93
543.08
1285.44
2036.77

altitude
of occurrence in

Mean
transmission

% of the
Forewing spot
in the UV-

Visible
15.10
57.29
36.96
13.35
4.76
53.25
52.81
62.37
43.99
37.95
40.46
57.74
72.16
47.89
52.71
52.91
58.99
51.94
48.52
3.78
2.09
59.91

Mean
transmission
% of the
Hindwing
spot in the
UV-Visible
12.86
57.08
41.94

7.99

4.58

47.36
48.14
63.30
73.55
69.26
57.80
65.48
7291
56.98
61.71
55.21
67.56
43.31
48.36

2.16

6.92

38.54

Category of
the species

Opaque

Transparent
Transparent
Opaque

Opaque

Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Opaque

Opaque

Transparent
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Table S1b. Overview of the species studied, ordered according to their mean altitude of
occurrence.

Mean

altitude of  Category of

occurrence the species
in meters

Genus, species

Pteronymia sao 104.86 Transparent

Pteronymia vestilla 333.96 Transparent

Godyris zavaleta 367.73 Transparent

Napeogenes sylphis 411.5 Transparent

Methona curvifascia 416.85 Transparent

Dircenna dero 515.31 Transparent

Tithorea harmonia 543.08 Opaque

Heterosais nephele  551.4 Transparent

Mechanitis polymnia 596 Opaque
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Callithomia lenea 601.37 Transparent

Hypoleria xenophis 710 Transparent

Hypothyris cantobrica 740.47 Opaque

Scada reckia 743.9 Transparent

Greta morgane 750.07 Transparent

Athesis acrisione 752 Transparent

Ceratinia poecila 768.17 Opaque
Dircenna loreta 780.39 Transparent
Thyridia psidii 788.93 Transparent
Hyalyris coeno 831.05 Opaque
Melinaea menophilus 846 Opaque
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Dircenna olyras 894.08 Opaque

|

Methona confusa 896.78 Transparent

Pagyris cymothoe 1191.62 Transparent

Hyalyris oulita 1208.42 Opaque

Tithorea tarricina 1285.44 Opaque

Ithomia xenos 1319.83 Transparent

Godyris duillia 1404 1 Transparent

Hyalyris mestra 1447.95 Transparent

Hypomfenltls 1545.38 Transparent
alphesiboea
Ithomia avella 2006.97 Transparent

Godyris panthyale 2023.83 Transparent
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Ollantaya olerioides

Hypomenitis ortygia

Veladyris pardalis

Godyris hewitsoni

Patricia dercyllidas

Oleria baizana

Napeogenes larilla

Hypomenitis
theudelinda

Pteronymia oneida

Hyalenna paradoxa

Oleria athalina

2029.27

2030.49

2036.77

2041

2058.44

211944

2146.11

2166.95

2179.98

2195.87

2201.62

Transparent

Transparent

Transparent

Transparent

Transparent

Transparent

Transparent

Transparent

Transparent

Transparent

Transparent
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Figure S2. Mean absorption spectra and 95% standard deviation of opaque and transparent
wing spots from 300 to 2500 nm. Absorption over the whole spectrum is significantly
correlated with transmission in the UV-Visible range, as tested by the Bayesian phylogenetic
mixed model (see Table S2) (N opaque species = 9, N transparent species = 33).
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Table S2. Retained Bayesian mixed models correcting for phylogenetic relatedness of the
optical relationship between absorption and transmission spectra of the wing spots at different
ranges, after backward selection of fixed parameters based on Bayesian P-value criteria. Fixed
effect estimates with 95% credibility intervals excluding zero are indicated in bold, associated
with a Bayesian P-value (*P < 0.05; **P < 0.01; **P < 0.001). The factors for which the

parameters were not significant are listed below the model.

. Lower 95 % Upper 95 % . .
. Posterior o o Effective Bayesian P-
Dependent variable | Parameter credibility  credibility X
mean size value
Interval Interval
(Intercept) 13.992 11.873 16.081 156309.039 < 0.001 ***
; Mean transmission over
Mean absorption of -8.450 -9.124 -7.790 102746.658 < 0.001 ***
the wing spot over | 300 to 700 nm
300 to 2500 nm phylogenetic variance 5.953 0.000 10.327 5927.130
Species identity 0.385 0.000 2.097 1548.627
residual variance 7.621 6.380 8.975 183185.405
(Intercept) 6.964 4.433 9.423 361960.677 < 0.001 ***
: Mean transmission over
Mean absorption of -5.326 -6.091 -4.540 108436.277 < 0.001%**
the wing spot over | 300 to 700 nm
700 to 2500 nm phylogenetic variance 8.348 0.000 14.321 7731.567
Species identity 0.490 0.000 2.689 1436.113
residual variance 10.727 8.941 12.581 353377.654
(Intercept) 6.038 2.134 10.106 32631.740 <0.01**
Mean absorption over
5.146 3.146 7.061 31417.877 < 0.001***
Mean absorption of | 300 to 700 nm
the wing spot over | Phylogenetic variance 8.328 3.367 14.214 4269.801
700 to 2500 nm Species identity 0.239 0.000 1.188 3244.589
residual variance 10.096 8.402 11.851 32559.210
Other fixed parameters not retained : Type of wing (opaque > transparent); Mean absorption
over 300 to 700 nm * Type of wing

58



Table S3. Bayesian mixed models correcting for phylogenetic relatedness of the relationship
between the thermal properties of the wing spots and their optical properties at different
ranges. Fixed effect estimates with 95% credibility intervals excluding zero are indicated in
bold, associated with a Bayesian P-value (*P < 0.05; **¥P < 0.01; **P < 0.001).

Lower 95 % Upper 95 %

Posterior Effective Bayesian P-
Dependent variable | Parameter credibility  credibility . v
mean size value
Interval Interval
(Intercept) 11.932 10.033 13.761 19500.000 < 0.001 ***
Mean transmission over
-1.546 -1.919 -1.167 13067.170 < 0.001 ***
300 to 700 nm
phylogenetic variance 5.232 2.449 8.410 3153.368
Species identity 0.128 0.000 0.597 1979.854
residual variance 1.586 1.331 1.877 18984.158
(Intercept) 12.364 10.100 14.534 18828.512 < 0.001 ***
Mean absorption over
0.983 0.671 1.280 14300.000 < 0.001 ***
Excess temperature | 300 to 2500 nm
AT of the wing spot | phylogenetic variance 7.256 3.170 11.700 2900.000
Species identity 0.267 0.000 1.190 1860.000
residual variance 1.612 1.350 1.901 19060.100
(Intercept) 12.548 10.000 14.954 19500.000 < 0.001 ***
Mean absorption over
0.596 0.351 0.864 14643.765 < 0.001 ***
700 to 2500 nm
phylogenetic variance 8.961 3.520 14.847 1935.934
Species identity 0.537 0.000 1.996 1608.264
residual variance 1.658 1.390 1.958 17949.578
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Figure S3. Excess Temperature AT (T°final — T initial) of different color patches and veins
on the wings, under a flash illumination, extracted from the thermal imaging. The tested pairs
shown here correspond to the Bayesian phylogenetic mixed model in the tables S4 to S7. The
significance of the effects corresponds to an estimated Bayesian P-value (*P < 0.05; **¥P <
0.01; ***P < 0.001) (N TP= 1407, N LP= 408, N DP=1829, N DV=2117, N LV= 325)
associated to a 95% credibility interval excluding zero.
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Table S4. Bayesian mixed model correcting for phylogenetic relatedness of the relationship

between the mean excess temperature AT of the Dark patches DP of butterfly and the Lighter

LP and Transparent patches TP, and the zone of the wing, proximal P or distal D. Fixed effect

estimates with 95% credibility intervals excluding zero are indicated in bold, associated with a

Bayesian P-value (*P < 0.05; **P < 0.01; **P < 0.001).

. Lower 95 % Upper 95 % . .
Dependent Posterior o o Effective Bayesian P-
i Parameter credibility credibility
variable mean value
Interval Interval

(Intercept) 20.212 18.400 22.076 591933.290 < 0.001 ***

Patch color DP>(LP,

™)) 11.775 12.000 11.507 592594.820 < 0.001 ***
Excess Zone (P>D) -1.253 -1.520 -0.990 596000.000 < 0.001 ***
t t Patch color DP>(LP,

emperature (P 1200  -0.915 -1.667 592931.730 < 0.001 ***

AT TP) x Zone (P>D)

phylogenetic variance  5.170 2.750 7.975 62364.570

Species identity 0.109 0.000 0.485 35697.100

residual variance 8.381 8.000 8.769 593640.220

Table S5. Bayesian mixed model correcting for phylogenetic relatedness of the relationship

between the mean excess temperature AT of patches and patch color (Light patches LP and

Transparent patches TP), and wing zone (proximal P or distal D). Fixed effect estimates with

95% credibility intervals excluding zero are indicated in bold, associated with a Bayesian P-
value (*P < 0.05; **P < 0.01; **P < 0.001).

. Lower 95 % Upper 95 % . .
Dependent Posterior s s Effective Bayesian
. Parameter credibility credibility .
variable mean size P-value
Interval Interval

(Intercept) 10.067 8.630 11.477 45300.000 <0.001 ***

Patch color (LP>TP) 2.813 1.609 4.080 9450.000 <0.001 ***

Zone (P>D) 1.683 2.020 1.340 49500.000 <0.001 ***
Excess Patch color (LP>TP) x e
temperature | zone (P>D) 2.055 2.433 1.670 49500.000 <0.001
AT phylogenetic

. 1.979 0.368 4.029 2602.930

variance

Species identity 0.817 0.000 1.624 4488.541

residual variance 2.925 2.733 3.118 49500.000
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Table S6. Bayesian mixed model correcting for phylogenetic relatedness of the relationship

between the mean temperature excess AT and Dark patches DP vs Dark Veins DV, and wing

zone (proximal P or distal D). Fixed effect estimates with 95% credibility intervals excluding
zero are indicated in bold, associated with a Bayesian P-value (*P < 0.05; **P < 0.01; **P <

0.001).
. Lower 95 % Upper 95 % . .
Dependent Posterior o . Effective Bayesian P-
i Parameter credibility credibility .
variable mean size value
Interval Interval
(Intercept) 19.570 17.441 21.620 48100.00 < 0.001 ***
Patch color (DP>DV) 5.517 5.870 5.163 49500.00 < 0.001 ***
£ Zone (P>D) -1.255 -1.610 -0.918 49500.00 < 0.001 ***
xcess
Patch color (DV>DP) x
temperature -3.491 -3.010 -3.958 49500.00 < 0.001 ***
AT Zone (P>D)
phylogenetic variance  5.896 1.310 11.043 3380.00
Species identity 1.567 0.000 3.357 5550.00
residual variance 14.068 13.500 14.706 49500.00

Table S7. Retained Bayesian mixed model correcting for phylogenetic relatedness of the

relationship between the mean temperature excess AT and light patches LP vs the Light Veins

LV, and wing zone (proximal P or distal D), after backward selection of fixed parameters based

on Bayesian P-value criteria. Fixed effect estimates with 95% credibility intervals excluding
zero are indicated in bold, associated with a Bayesian P-value (*P < 0.05; **P < 0.01; ***P <

0.001). The factors for which the parameters were not significant are listed below the model.

. Lower 95 % Upper 95 % . .
Dependent Posterior L o Effective Bayesian
. Parameter credibility credibility
variable mean P-value
Interval Interval
(Intercept) 8.514984 6.030 11.142413 91944.511 <0.007 ***
Patch color (LV>
LP) 3.513077 3.050 3.980312 464070.148 < 0.001 ***
Excess Zone (P>D) 1.33338 0.947 1.710718 596000 < 0.001 ***
hylogenetic
temperature | pnylog 7.346833  0.000 15386159  4531.189
AT variance
Species identity 1.560804 0.000 7.593318 1492.881
residual variance  5.784633 5.190 6.395479 596000
Other fixed parameters not retained in the best model : Patch color (LV> LP) x Zone (P>D)
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Table S8. Coordinates of WorldClim variables on the climatic principal component PC1.

WorldClim Variables Coordinates on PC1
Min Temperature of Coldest Month 0.937
Mean Temperature of Driest Quarter 0.926
Mean Temperature of Warmest Quarter 0.915
Annual Mean Temperature 0.908
Mean Temperature of Wettest Quarter 0.901
Mean Temperature of Coldest Quarter 0.895
Max Temperature of Warmest Month 0.885
Precipitation of Warmest Quarter 0.858
Precipitation of Wettest Quarter 0.776
Annual Precipitation 0.757
Precipitation of Wettest Month 0.759
Isothermality (Mean Diurnal Range/Temperature 0.549
Annual Range) (x100)

Precipitation of Driest Quarter 0.457
Temperature Seasonality (standard deviation x100) 0.432
Precipitation of Driest Month 0.443
Mean Diurnal Range (Mean of monthly (max temp - min 0.417
temp))

Precipitation of Coldest Quarter 0.337
Precipitation Seasonality (Coefficient of Variation) 0.107
Temperature Annual Range (Max Temperature of 0.011

Warmest Month - Min Temperature of Coldest Month)
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Table S9. Coordinates of WorldClim variables on the climatic principal component PC2.

WorldClim Variables Coordinates on PC2
Precipitation of Coldest Quarter 0.907
Temperature Annual Range (Max Temperature of 0.833
Warmest Month - Min Temperature of Coldest Month)
Precipitation of Driest Quarter 0.812
Precipitation of Driest Month 0.802
Annual Precipitation 0.608
Precipitation Seasonality (Coefficient of Variation) -0.607
Mean Diurnal Range (Mean of monthly (max temp - min 0537
temp))

Isothermality (Mean Diurnal Range/Temperature 0.507
Annual Range) (x100)

Temperature Seasonality (standard deviation x100) -0.452
Precipitation of Wettest Quarter 0.373
Max Temperature of Warmest Month -0.398
Mean Temperature of Wettest Quarter -0.367
Precipitation of Wettest Month 0.322
Mean Temperature of Warmest Quarter -0.344
Annual Mean Temperature -0.322
Mean Temperature of Coldest Quarter -0.291
Precipitation of Warmest Quarter 0.259
Mean Temperature of Driest Quarter -0.237
Min Temperature of Coldest Month -0.165
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Figure S4. Predicted coordinates of the studied species on the climatic principal components
as a function of their mean altitude of occurrence. The relationship is significant for PC1
(Pearson's product-moment correlation test: R= -0.95, n=42, p < .0001) but not for PC2
(Pearson's product-moment correlation test: R=0.24, n=42, p=0.12) (N = 42).
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Figure S5. Wing mean transmission (%) in the UV-Visible range (300-700 nm) as a function
of climatic principal components PC1 and PC2. The relationship is not significant for PCl1,
and is significant for PC2 (see Table S10), and the solid line is drawn from the prediction of
the Bayesian phylogenetic mixed model (N opaque = 72, N transparent = 235).
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Table S10. Retained Bayesian mixed model correcting for phylogenetic relatedness of the

relationship between the mean transmission of the wing spots over the range 300 to 700 nm

and climatic variables, after backward selection of fixed parameters based on Bayesian P-value

criteria. Fixed effect estimates with 95% credibility intervals excluding zero are indicated in
bold, associated with a Bayesian P-value (*P < 0.05; **P < 0.01; ***P < 0.001). The factors

for which the parameters were not significant are listed below the model.

Lower 95 %

Upper 95 %

Dependent Posterior . o Effective Bayesian
i Parameter credibility credibility X

variable mean size P-value

Interval Interval

Mean (Intercept) 38.144 22.690 53.214 9323.783 < 0.001%***

transmission | PC2 4.698 0.202 9.504 19500.000 0.048 *

f th i hylogenetic

of the wing | pnviog 291.857  63.653 570.576 1433.784

spot over | variance

300 to 700 | Species identity 144.982 35.479 275.447 1282.366

nm residual variance  60.095 49.943 70.440 19500.000

Other fixed parameters not retained: PC1; PC1 x PC2

Table S11. Retained Bayesian mixed model correcting for phylogenetic relatedness of the

relationship between the mean absorption of the wing spots over the range 300 to 2500 m and

the climatic variables, after backward selection of fixed parameters based on Bayesian P-value

criteria. Fixed effect estimates with 95% credibility intervals excluding zero are indicated in
bold, associated with a Bayesian P-value (*P < 0.05; **P < 0.01; ***P < 0.001). The factors
for which the parameters were not significant are listed below the model.

Lower 95 %

Upper 95 %

Dependent Posterior s s Effective Bayesian
. Parameter credibility credibility .
variable mean size P-value
Interval Interval

(Intercept) 18.187 12.226 24.068 14519.316

Mean 0.001***
i hylogenetic
absorption | phylog 45.574 12.876 87.789 1597.004
of the wing | variance
spot over | Speciesidentity 14.485 0.001 30.014 2264.057
300 to 2500 | residual
. 18.862 15.813 22.190 19500.000

nm variance

Fixed parameters not retained: PC1; PC2; PC1 x PC2
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Table S12. Retained Bayesian mixed model correcting for phylogenetic relatedness of the
relationship between the mean absorption of the wing spots over the range 700 to 2500 m and
the climatic variables, after backward selection of fixed parameters based on Bayesian P-value
criteria. Fixed effect estimates with 95% credibility excluding zero are indicated in bold,
associated with a Bayesian P-value (*P < 0.05; **P < 0.01; ***P < 0.001). The factors for

which the parameters were not significant are listed below the model.

. Lower 95 % Upper 95 % . .
Dependent Posterior . o Effective Bayesian P-
i Parameter credibility credibility X
variable mean size value
Interval Interval
M (Intercept) 9.835 5.645 14.080 18746.162 <0.001%**
ean
) phylogenetic
absorption . 25.140 10.090 43.846 1973.388
] variance
of the wing L .
Species identity 2.197 0.000 7.761 1023.411
spot over .
residual
700 to 2500 . 16.082 13.416 18.877 15939.104
variance
nm
Fixed parameters not retained: PC1; PC2; PC1 x PC2

Table S13. Retained Bayesian mixed model correcting for phylogenetic relatedness of the
relationship between the mean temperature excess AT of the full wing and the climatic
variables, after backward selection of fixed parameters based on Bayesian P-value criteria.
Fixed effect estimates with 95% credibility intervals excluding zero are indicated in bold,
associated with a Bayesian P-value (*P < 0.05; **P < 0.01; ***P < 0.001). The factors for
which the parameters were not significant are listed below the model.

Lower 95 % Upper 95 %

Dependent Posterior o o Effective Bayesian
. Parameter credibility credibility .
variable mean size P-value
Interval Interval
(Intercept) 13.317 11.100 15.647 18800.000 < 0.001***
PC1 0.810 0.198 1.421 17912.730 < 0.05*
Phylogenetic
. 7.464 2.770 12.917 1750.074
Mean excess | variance
temperature | Species
. . 0.828 0.000 2.324 1816.949
AT of the full | identity
wing Residual
. 2.256 1.890 2.658 18079.378
variance

Other fixed parameters not retained: PC2; PC1 x PC2; category of the species (transparent
or opaque); area of the wing; identity of the wing (forewing or hindwing)

Table S14. Retained Bayesian mixed model correcting for phylogenetic relatedness of the
relationship between the proportion of dark patches on the surface of each wing and climatic
variables, after backward selection of fixed parameters based on Bayesian P-value criteria.
Fixed effect estimates with 95% credibility intervals excluding zero are indicated in bold,
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associated with a Bayesian P-value (*P < 0.05; **P < 0.01; ***P < 0.001). The factors for
which the parameters were not significant are listed below the model.

Lower 95 % Upper 95 %

Dependent Posterior o o Effective Bayesian
. Parameter credibility credibility .
variable mean size P-value
Interval Interval
< 0.001
(Intercept) 50.492 40.770 59.900 48300 o
PC1 4.558 1.599 7.530 11300 <0.01 **
Wing identity < 0.001
Proportion . . . -3.886 -6.079 -1.731 49900
Forewing>Hindwing *okk
of dark .
phylogenetic
patches on . 123.971 27.181 242.779 2070
variance
the wings L .
Species identity 22.540 0.000 68.837 1270
Residual variance 92.840 77.400 109.543 29163.515

Other fixed parameters not retained: PC2; PC1 x PC2; category of the species (transparent

or opaque); area of the wing
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Figure S6. Proportion of dark coloration on the surface of butterfly wings as a function of
climatic principal component PC1. The relationship is significant and the solid line is drawn
from the prediction of the Bayesian phylogenetic mixed model (see Table S14) (N opaque =
72, N transparent = 235).
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Table S15. Retained Bayesian mixed model correcting for phylogenetic relatedness of the

relationship between the proportion of dark patches on the surface of each wing among

transparent species as a function of climatic variables, after backward selection of fixed

parameters based on Bayesian P-value criteria. Fixed effect estimates with 95% credibility

intervals excluding zero are indicated in bold, associated with a Bayesian P-value (*P < 0.05;
P < 0.01; *+P < 0.001). The factors for which the parameters were not significant are listed

below the model.

Lower 95 %

Upper 95 %

Dependent Posterior . o Effective Bayesian
. Parameter credibility credibility .
variable mean size P-value
Interval Interval
0.001
(Intercept) 49.073 39.100 58.651 49000.000 .
0.001
PC1 5.219 2.780 7.659 38812.461
Proportion of rkE
Phylogenetic
dark patches | Fhylog 104.112 44.500 180.245 5872.326
on variance
transparent Species identity  2.086 0.000 11.100 3568.089
wings Residual
. 65.149 53.200 78.500 45847.698
variance

Other fixed parameters not retained: PC2; PC1 x PC2; area of the wing; identity of the wing

(forewing or hindwing)
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Figure S7. Proportion of dark coloration on the surface of butterfly wings among transparent

species only as a function of climatic principal component PC1. The relationship is significant

and the solid line is drawn from the prediction of the Bayesian phylogenetic mixed model (see

Table $15) (N = 235).
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Table S16. Retained Bayesian mixed model correcting for phylogenetic relatedness of the

relationship between the proportion of colored patches in the proximal zone of each wing

among transparent species as a function of climatic variables, after backward selection of fixed

parameters based on Bayesian P-value criteria. Fixed effect estimates with 95% credibility

intervals excluding zero are indicated in bold, associated with a Bayesian P-value (*P < 0.05;
P < 0.01; #¥P < 0.001). The factor for which the parameters were not significant is listed
below the model.

Lower 95 %

Upper 95 %

Dependent Posterior Bayesian
F.> Parameter credibility credibility Effective size v
variable mean P-value
Interval Interval
(Intercept) 53.271 42.800 63.465 1280000 <0.001 ***
Proportion of | PC1 4.676 1.490 7.851 30600 <0.001 ***
dark patches PC2 3.292 0.641 5.967 984000 < 0.05*
i Wing identity forewin
n the | Wingidentity € 16478  -18.900 -14.054 1380000
proximal > hindwing <0.001 ***
zone of | Phylogenetic variance 104.876 0.000 206.986 10000
transparent Species identity 17.428 0.000 81.513 3413.408
wings Residual variance 89.498 72.400 107.592 1092255.180

Other fixed parameters not retained: PC1 x PC2
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Figure S8. Proportion of dark coloration on the surface of proximal zones of butterfly wings

among transparent species as a function of climatic principal component PC1. The

relationship is significant. The solid line is drawn from the prediction of the Bayesian
phylogenetic mixed model (see Table S16) (N = 235).
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Table S17. Retained Bayesian mixed model correcting for phylogenetic relatedness of the

relationship between the total area of the hindwing plus forewing of each butterfly and the

climatic variables. Retained Bayesian mixed model corrected for phylogenetic relatedness, after

backward selection of fixed parameters based on Bayesian P-value criteria. Fixed effect

estimates with 95% credibility intervals excluding zero are indicated in bold, associated with a
Bayesian P-value (*P < 0.05; *¥P < 0.01; ***P < 0.001). The factor for which the parameters
were not significant is listed below the model.

Lower 95 % Upper 95 %

Dependent Posterior o o Effective Bayesian P-
i Parameter credibility credibility X
variable mean size value
Interval Interval
Total surface | (Intercept) 759.086 519.548 997.923 59383.942 < 0.001***
f h hylogenetic
© the | P y & 86397.084 44978.920 135603.575 4361.406
hindwing variance
plus Species identity 1206.417 0.000 7524.155 1223.185
forewing of | residual
. 5080.964  3795.435 6458.049 59000.000
each variance
butterfly Fixed parameters not retained: PC1; PC2; PC1 x PC2
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Abstract

The Ecuadorian Andes is one of the richest terrestrial biodiversity hotspots, with a strong
altitudinal variation in abiotic factors, and a parallel strong altitudinal species turnover.
Ectotherm activity is constrained by environmental conditions, notably by ambient
temperature. Their body temperature is the result of morphological, physiological and
behavioral mechanisms. Their ability to buffer ambient temperature and to tolerate thermal
stress situations is directly related to their distribution. Here, we compared the capacity for
thermal buffering of low and high-altitude butterflies species of the tribe Ithomiini
(Nymphalidae), and explored their thermal tolerances under cold and heat stress conditions.
By taking phylogenetic relatedness into account in the analysis, we showed that the variations
observed are due to environmental adaptation and not only shared ancestry. The two
altitudinal communities showed divergent patterns of buffering strategy. The lowland species
were generally thermoconforming. On the other hand, highland species, despite not showing
a clear buffering pattern, did not have a strong thermoregulatory ability. We found that
highland species resisted longer to cold stress, but were less resilient to heat stress than species
of the lowland community. Our results highlight thermal sensitivity of highland populations,
and raises concerns about the impacts of climate change on Neotropical mountains, which are

among the most rapidly warming regions in the world.
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1. Introduction

Tropical regions have a narrow annual temperature range, and temperature segregation with
altitude is more marked in the tropics than in temperate regions (Janzen, 1967). Tropical
species are then expected to be more thermal and elevational specialists as they experience low
temperature variations, with narrow thermal niches, and a weak dispersal potential along
elevational gradient (Perez et al., 2016; Polato et al., 2018). It ultimately leads to high speciation
rate but also high vulnerability to temperature changes (Deutsch et al., 2008; Ghalambor,
2006), making tropical systems among the most vulnerable to climate change (Williams et al.,
2007). In the tropics, mountains offer the greatest variation in abiotic factors, and air
temperature changes at a rate of about 0.5 to 0.6°C per 100 m of altitude (Osborne, 2012).
This makes mountain communities a key study system to investigate adaptations to climate,
especially in ectotherms, which are highly dependent on the environmental temperature to be
active.

Ectotherms need to maintain their body temperature within a certain range to achieve
activity. Their tolerances to cold or heat stress exposure have limits beyond which conditions
are unfavorable (Huey and Stevenson, 1979; Angilletta, 2009). These tolerances are mostly
linked to climatic conditions, supporting the assumption that they are ecologically relevant to
thermal adaptation (Hoffmann et al., 2002; Khazan et al., 2022). Their ability to adjust their
body temperature in response to varying surrounding ambient conditions can be achieved
through strategies involving behavioural, physiological and morphological traits (Angilletta,
2009). Animals that are able to buffer and compensate for variations in ambient temperature
are called thermoregulators, while animals of which body temperature mostly follows that of
the environment are called thermoconformers (Bladon et al., 2020; Huey and Slatkin, 1976).

Studies linking tropical ectotherm buffering and tolerance responses to climatic
conditions is scarce in the literature. Tropical species have a narrower range of thermal
tolerance, and generally lower maximum and higher minimum thermal limits, compared to
what is described for high latitude species (Addo-Bediako et al., 2000; Clusella-Trullas et al.,
2011; Polato et al., 2018; Sunday et al., 2011). Similarly, thermal tolerance follows an altitudinal
gradient, mostly driven by an increased the cold tolerance in altitude, with little variation of
heat tolerance along the gradient (Sunday et al., 2019). Some studies on tropical species,
however, found that population tolerance to high temperatures decreases with elevation, as in
rolled-leaf beetles (Garcia-Robledo et al., 2016) and Heliconius butterflies (Montejo-Kovacevich
et al., 2020).

In a multi-taxon study of butterflies in Panama, a higher buffering ability has been
found in darker and larger species, but small species are more able to tolerate heat stress (Ashe-
Jepson et al., 2023a), yet, their average buffering ability is higher than that of European
communities (Laird-Hopkins et al., 2023). However, these last two studies have not controlled

for phylogenetic relationships between species, which limits the opportunity to interpret the
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results in terms of adaptation. Hence, there is a need for an interspecific study investigating
the questions of buffering ability and thermal tolerance in tropical communities along an
elevational gradient, with a proper phylogenetic control.

Here we explore this question in Ithomiini, a clade of butterflies of about 400 species
widespread in the Neotropics, and most specifically in the Andes, where their diversity peaks
(Doté et al.,, 2022). Ithomiine butterflies can be found from sea level up to 3000 meters
(Chazot et al., 2019; Doré et al., 2022), and species, which are mostly forest dwellers (Willmott
etal,, 2017), are highly segregated along altitudinal gradients (Chazot et al., 2014). Surprisingly,
high-altitude ithomiine species are much less melanic than low altitude species (Ossola et al.,
2023), at odds with the thermal melanism hypothesis which posits that ectotherms inhabiting
cold environments should be darker than those living in warmer climates (Clusella Trullas et
al., 2007). Moreover, many species have partially transparent wings, which is a thermal
disadvantage in terms of light and heat absorption (Ossola et al., 2023), and the proportion of
clearwing species increases with altitude. Adaptation to altitude in Ithomiini may therefore lie
in mechanisms other than dark colorations, such as physiological and behavioural adaptations,
making it a particularly relevant group to study buffering ability and thermal tolerance. Here
we study two communities of ithomiine butterflies at high and low altitudes in the Ecuadorian
Andes, and determine whether there are physiological differences in response to temperature.
We compare, on an interspecific scale and on a community scale, whether ithomiine species
differ in (i) their buffering ability by measuring their thoracic temperature in their natural
environment (Kleckova et al., 2014), and (ii) in their resistance to controlled cold and heat
stress conditions (Khazan et al., 2022; Montejo-Kovacevich et al., 2020). Within a phylogenetic

framework, we aim to test two predictions:

1) High elevation species should, on average, have a better buffering ability than low
elevation species. Indeed, to compensate for low temperatures, species living in colder
climates, in the highlands, should be able to elevate their body temperature relative to ambient
temperature more than those at lower altitudes, which should conform more to ambient

conditions.

2) Species sharing the same altitudinal niche should have similar thermal tolerance.
High-altitude species should, on average, be more resistant to cold and more sensitive to heat

than low-altitude species.

To test these predictions, we first performed linear regressions or mixed models, without
phylogenetic correction, which enabled us to detect significant associations between buffering
abilities, thermal tolerances and altitude, regardless of the cause of such associations. We then
performed phylogeny-controlled analyses, which enabled us to assess whether the associations
detected in the previous step entirely stemmed from phylogenetic relatedness or not. In the
first case (phylogeny explains everything), associations of buffering abilities or thermal
tolerances with altitude could be the result of random evolution along the phylogeny (i.e, only
lineages with a propensity for buffering or tolerate extreme temperatures could colonize a
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given altitude). In the second case (phylogeny does not explain everything), those associations

can be interpreted as the result of genetic or plastic adaptation.

2. Material and Methods

Study sites and butterflies

We studied 2 natural communities of ithomiine butterflies, at high and low altitudes, in the

Napo province of Ecuador. Sampling was carried out in December 2021 and December 2022.

We measured 434 individuals from 20 species in the highland community and 458 Individuals

from 45 species in the lowland communities, amounting to a total of 65 species and 892

individuals (Table S1). The lowland sites, in Archidona, Rio Pusuno and Tena, were on average
at 530 meters of altitude, and the highland sites at 2120 meters of altitude, around the Yanayacu
station, Cosanga. To describe the thermal characteristics of the collection sites, we extracted
bioclimatic data for all capture sites from the published WorldClim2 dataset (Fick and
Hijmans, 2017), with a resolution of 2.5 arc-minutes based on the sites coordinates (Table 1).

Table 1. Thermal characteristics of the collection sites of the populations from which individuals were
collected. The data were extracted from the published WorldClim2 dataset (Fick and Hijmans, 2017),

with a resolution of 2.5 arc-minutes based on the sites coordinates.

Collection site Archidona
longitude -77.800748
latitude -0.891977
Altitude (m) 609
Annual Mean Temperature (°C) 22.8

Mean Diurnal Range (Mean of monthly 9.9
(max temperature - min temperature)) (°C)

Max Temperature of Warmest Month (°C) 28.6
Min Temperature of Coldest Month (°C) 17.4
Temperature  Annual Range (Max
Temperature of Warmest Month-Min 11.2

Temperature of Coldest Month) (°C)

Tena
-77.8624475
-0.95212979
593

22.5

9.9

28.2
17

11.2

Rio Pusuno
-77.598851
-1.020119
397

23.8

9.9

29.5
18.3

11.2

Yanayacu
-77.891418
-0.601062
2120

16

12.3

23
9.2

13.8
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Buffering ability measurements

We sampled ithomiine butterflies in their natural habitat with insect nets. At the moment of
capture, we immediately applied a thermocouple type K probe against the thorax of the
butterflies through the mesh without handling or touching it, and registered its external
thoracic temperature (Kleckova et al., 2014). External thoracic temperature is a good proxy of
internal body temperature in butterflies as both do not differ a lot and the variance in this
difference is very low (Neve and Hall, 2016). We recorded the ambient temperature at the
instant and exact place of capture, noted the activity of the butterfly (with the following
categories: courtshiping, feeding, flying, resting, basking). Individuals collected were then kept
alive in glassine envelopes and brought to the lab for the experiments on the same or the very
next day following the capture. They were fed ad libitum with sugary water (10%).

Thermal tolerance: cold and heat shock tolerance experiments

Back to the lab, a given individual performed first a cold and then a heat static stress
experiment. In these static assays, the butterflies are exposed to a given temperature. The rate
of injury accumulation is constant over time, and the time at which individuals reach a state of
knock-out is recorded (Jorgensen et al., 2019). Individuals were fed ad /ibitum with sugary water
(10%) before and in between each test to avoid dehydration effects on behavioural response.
Cold and heat shock tolerance were measured with knock out tests, which enable to assess the
tolerance to extreme temperature shocks without acclimation (Ashoff and Schmitt, 2014;
Khazan et al., 2022; Montejo-Kovacevich et al., 2020).

First, we performed a cold shock experiment, during which the butterfly was placed in
a glass jar (320 cm3) with paper at the bottom for it to stand on, along with a thermocouple
type K probe to monitor the temperature experienced by the butterfly. The temperature inside
the jar was maintained at 5°C throughout the whole test, and was manually adjusted as the jar
was placed in or out a container with ice and water as needed. The butterfly was left in the jar
for 5 minutes and we monitored the time until we noticed knock out, i.e when the butterfly
was unable to move or stand on its legs. After 5 minutes, we took it out of the jar (i. e., the
butterfly was placed at room temperature) and recorded the time until which the butterfly

retrieves the capacity to stand on its legs, noted as the recovery time.

The heat shock trial was performed on individuals that went through a full recovery
to cold shock, on the same day or the very next day. Each butterfly was placed in a similar
glass jar, introduced in hot water bath ClearLine 062826CL to aim an inside temperature of
39°C throughout the whole trial. As in the cold test, temperature within the jar was constantly
monitored and adjusted by temporarily removing the jar from the water bath if needed. We
added wet cotton at the bottom to avoid dehydration. The time until knock out was monitored,
and the butterfly was immediately removed from the jar. Butterflies were then frozen and dried
to be weighted at the precision of 0.001g.
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Statistical analyses

Differences in butterfly activity at capture between the two communities was tested with a

Pearson’s chi square test, and their flight temperature condition with a Welsh t-test.

To explore butterfly buffering ability and compare them between the two
communities, we fitted simple linear regression models of Theqy against Ty of the 17 species
for which we had temperature measures for 10 or more individuals. We extracted the slope of
the relationship, its intercept and confidence interval, set at 0.95. The closest the slope to 1,
the more thermoconformer is the species or group tested, while a slope close to 0 would
indicate a thermoregulatory ability (see : Ashe-Jepson et al., 2023a; Bladon et al., 2020; Huey
and Slatkin, 1970).

We independently explored the effect of the altitudinal community on the air
temperature at which the butterflies were collected in flight, the buffering ability, and the

thermal tolerance to cold and heat stress.

To test whether the observed variations are due to the altitudinal community, we fitted
linear mixed models with the package nlme (Pinheiro et al., 2023), with backward variable
selection based on a p-value fixed at 0.05. Weight and sex were added as a variable in the
models, where applicable (see result tables).

In the cold and heat shock tolerance tests, the mean temperature and the standard
deviation of the temperature in the jar during the trials were added as fixed factors in the
statistical analysis. In the tests for the cold stress recovery, we also added as a fixed factor the
temperature difference between the ambient temperature experienced by the butterfly during
recovery, with the average temperature experienced by other butterflies during recovery of the

same altitudinal community.

To assess whether the effects detected in the first series of tests were entirely explained
by phylogenetic relatedness or not, we performed the same analyses, but controlling for the
phylogeny. We used the most comprehensive phylogeny to date (Chazot et al., 2019), which
comprises 339 out of 396 extant ithomiine taxa, including all the species of this study. When
the data concerned individual measurements, we implemented Bayesian mixed models with
Markov Chain Monte Carlo, correcting for phylogenetic relatedness, using the R package
MCMCglmm (Hadfield, 2010). We controlled for chain convergence visually and with the
Heidelberg stationarity test diagnostic function of convergence heidel.diag from the R package
coda (Plummer et al., 2000).

To get accurate estimations of posterior distributions and avoid chain autocorrelation,
we adjusted the iterations, burn-in and thinning for each model to ensure an effective sample
size across all parameters of at least 1000. Models were run with a weakly informative prior
for random effect and residual variances (V = 1, nu = 0.002) not to constrain the exploration
of parameter values. We selected the best model with a backward selection of fixed parameters
based on Bayesian p-value of 0.05, within the 95% credibility interval excluding zero. In all the
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models, species identity was implemented as a random factor. When the dataset was based on
the average measurements of the most common species (i. e., all analyses involving buffering),
we performed Phylogenetic Generalized Least Squares models (PGLS) using the package

caper in R (Orme et al., 2013), which allows one value per species.

3. Results

Highland and lowland habitats clearly have distinct temperature profiles, both in their average
or extreme temperatures as well as temperature range, confirming they can potentially exert
different pressures on species (Table 1).

Butterfly activity and buffering

Species activity was significantly dependent on the community it originated from (Pearson’s
chi square test, ¥*=32.004, df=3, p-value<0.001). A higher proportion of individuals of the
lowland community were flying while collected, with very few individuals inactive. We
recorded no butterfly basking in any of the collecting sites, regardless of the weather (Fig S1).

We found that the flight conditions for these two communities, i.e. ambient
temperature, were significantly different (Welsh two samples t-test: t = -65.363, df = 682.91,
p-value < 0.001). The average ambient temperature for which we recorded individuals flying
was 18.13°C in highlands, and 25.99°C in lowlands (Fig S2). These temperatures are slightly
above the usual average temperatures for these sites (Table 1), likely because butterflies can

only be collected during dry days, which are on average warmer than rainy days.

We compared the buffering ability of species and communities by calculating the slope
of body temperature against air temperature of the most common species (Table S2, Fig S3).
Whether in the linear model or with the PGLS model correcting for phylogeny, we found that
species from the highland community had a higher slope than species of the lowland
community. Highland species had and on average a slope >1, while the average slope in the
lowland community was <1 (Table S3, S4, Fig 1). There was no effect of butterfly dry weight
on the slope.
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Figure 1. Slope of the thoracic temperature against air temperature of the most common species
according to their communities. The significance of the difference between the two groups is based on
the PGLS model correcting for phylogenetic relatedness.

Thermal Tolerance to cold and heat stress

Highland butterflies were more resistant to a 5°C cold stress than their lowland counterparts.
The time until they felt into a knock-out state was significantly longer, as proven by the mixed
models and MCMCglmm models correcting for phylogeny (Table S5,S6, Fig 2, Fig S4).
Individuals with a higher weight resisted longer, an effect that was not held in the model
correcting for phylogeny, as it is related to phylogeny. By contrast, no significant difference
was found regarding the recovery capacity after the cold shock trial (Table S7,S8, Fig 2, Fig
S4).

Highland butterflies were less resistant to heat shock at 39°C than lowland butterflies,
as their time until knock out was significantly lower than that of lowland individuals according
to the linear mixed model and the MCMCglmm models correcting for phylogeny (Table
59,510, Fig 2, Fig S4). There was no effect of butterfly dry weight. Sex had no effect in either

of the tolerance tests.
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Figure 2. Thermal tolerance compatison between the highland and lowland communities of
butterflies. From left to right: Time until knock-out in seconds for the highland and lowland
communities during the cold shock experiment; time until recovery in seconds for the highland and
lowland communities during the cold shock expetiment (5 °C); and time until knock-out in seconds
for the highland and lowland communities during the heat shock experiment (39 °C). Each dot
represents the mean knock-out time of a species. The significance of the difference between the two
groups is based on the Bayesian p-value of the mixed models corrected for phylogeny.
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4. Discussion

In this study we investigated the response to temperature across an altitudinal gradient in
ithomiine butterflies. We found differences in buffering abilities and cold and heat tolerance
between lowland and highland species.

Ditference in buffering abilities between communities

Differences in the relationship between thoracic and air temperature were found between
species in communities of different elevations. Slopes of the lowland species are closer to 0
than at higher altlitude, indicating little need for thermal buffering. At high elevations, the
slopes were surprisingly greater than 1 for three out of five species, and no slope is less than
1. Although not predicted by theory, slopes greater than 1 have been reported in the literature:
in Calogpteryx damselflies, authors interpret such slope values as an indication of a
thermoregulatory ability: raising body temperature more as ambient temperature increases
could be a rapid way of reaching an internal temperature closer to the metabolic optimum,
thus avoiding prolonged suboptimal functioning (Schreiner et al., 2020). Yet, such values have
also been interpreted as a lower thermal efficiency, indicating that the effectiveness at
thermoregulating decreases when the thermal quality of the environment decreases, as
observed in butterfly imagoes (Bladon et al., 2020), larvae (Ashe-Jepson et al., 2023b), and
lizards (Nordberg and Schwarzkopf, 2019); or as neutral, such as in tortoise, whose buffering
strategy varies with the time of day (Hailey an