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ABSTRACT

Thermal limits across life stages do not predict contemporary geographic distributions

Sarah Ouimette

Rapid and ongoing climate change is causing a complete redistribution of life on Earth. To
predict species’ geographic responses to climate change, it is critical that we establish the role of
species’ thermal tolerances in shaping their climatic envelopes. Using experimentally-derived
measures of thermal limits and a database of georeferenced occurrence records, we test whether
thermal limits can predict the hottest and coldest temperatures experienced within the geographic
distributions of 13 North American odonate species. We measure thermal limits in both odonate
larvae and adults to account for potential life stage-related differences. Lastly, we use a time-
calibrated phylogeny of North American odonates to estimate the effects of evolutionary history
on the relationship between species’ thermal and climatic limits. We find that, even after
accounting for ontogenetic differences and phylogeny, thermal limits do not translate into
climatic limits. Further, we determine that species’ thermal limits are constrained by phylogeny,
while climatic limits appear to have evolved free from phylogenetic associations. This suggests
that the evolvability of odonates’ thermal limits is limited and that currently, species are in
disequilibrium with their environment. Additionally, other traits or processes, such as biotic
interactions, are potentially shaping odonates’ geographic distributions. In the face of climate
change, odonates are unlikely to adapt to novel environmental conditions and thus will likely
have to continue to shift their geographic distributions in order to track their ancestral thermal
niches. Further, purely climate-based models will likely be insufficient for predicting odonates’

geographic responses to climate change.
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INTRODUCTION

Rapid climate change brings new urgency for understanding how species’ thermal tolerances
shape their geographic distributions. The global redistribution of organisms is one of the most
prominent biotic responses to ongoing climate change (Parmesan and Yohe 2003, Sunday et al.
2012). The geographic distributions of countless species have shifted and/or contracted (Thomas
et al. 2004, Chen 2012, Kerr et al. 2015), and considerable variation exists in both the direction
and magnitude of these shifts (Parmesan et al. 1999, Ott 2010, Sunday et al. 2011, Lenoir and
Svenning 2015). To understand species’ geographic responses to climate change, we need to
establish the processes shaping the margins of species' geographic distributions. Dispersal ability
(Arribas et al. 2012), biotic interactions (Wisz et al. 2013, Araujo and Rozenfeld 2014), glacial
history (Pinkert et al. 2017b), and physiological thermal tolerances (Calosi et al. 2008, 2010,
Bozinovic et al. 2011) are all key factors which can shape species’ distribution. However,
species’ responses to increasing temperatures will largely depend on the role of species’ thermal
limits in shaping their distributions (Pither 2003, Sunday et al. 2014, 2015). Evolutionary history
and adaptive capacity jointly determine species’ thermal limits (Grigg and Buckley 2013).
Further, it is well established that species’ thermal limits and their adaptability are not constant
throughout ontogeny (Bowler and Terblanche 2008). Despite this, the effects of evolutionary
history and ontogenetic variation on species’ thermal limits is often overlooked in the field of
macroecology.

Thermal tolerances often predict the species’ climatic envelopes, defined here as the
climatic conditions experienced within species’ geographic distributions (Gaston and Spicer
2001, Calosi et al. 2008, 2010, Bozinovic et al. 2011, Slatyer et al. 2013). Studies also show
direct links between species’ thermal breadths and the climatic variability experienced within
their distributions (Addo-Bediako et al. 2000, Gutiérrez-Pesquera et al. 2016). Fewer studies
investigate the relationship between species’ thermal limits and the limits of their climatic
envelopes (Kimura 2004, Huey et al. 2009, Duarte et al. 2012, Kellermann et al. 2012b, Sunday
et al. 2012, Andersen et al. 2015). Here, we define the upper and lower limits of species’ climatic
envelopes as species’ climatic heat and cold limits. Studies assessing the relationship between
species’ thermal tolerances and their climatic envelopes often focus on ectothermic species. The

results from these studies are equivocal, some finding direct links between thermal and climatic



limits (Duarte et al. 2012, Andersen et al. 2015), while others do not (Kimura 2004, Kellermann
et al. 2012b, Gouveia et al. 2014). A potential explanation for this lack of consistency in the
relationship between climatic envelopes and thermal tolerances could be that these studies almost
always focus on one life stage - the adult. Considering that life stages differ in their morphology
and physiology, life-stage specific estimates of thermal tolerance may not always be
representative of the species’ entire thermal niche (Bowler and Terblanche 2008, Kingsolver et
al. 2011).

Ontogenetic variation in thermal tolerances is a crucial aspect of ectotherm thermal
biology, yet studies rarely account for it in the context of macroecology and macrophysiology
(Radchuk et al. 2013, Levy et al. 2015, MacLean et al. 2016). Most ectotherms have complex life
cycles with ecologically and morphologically distinct life stages (Kingsolver et al. 2011, Stoks et
al. 2012). Each life stage can inhabit completely different habitats (i.e. terrestrial versus aquatic)
and experience different levels of seasonal and diurnal environmental variation (Coyne et al.
1983). Numerous studies demonstrate marked life stage-related differences in ectotherms’
physiological responses to high and low temperatures (Vernon and Vannier 1996, Terblanche et
al. 2005, Rinehart et al. 2006, Marais et al. 2009, MacLean et al. 2016). As an example, in the
tropical butterfly Bicyclus anynana, the pupal stage’s upper thermal limit is 4 °C higher than the
adult stage (Sinclair 1999). Macroecological studies rarely integrate these stage-related
differences in species’ thermal tolerances, the majority focussing on the more conspicuous adult
stage (Addo-Bediako et al. 2000, Kingsolver et al. 2011, Radchuk et al. 2013, Chiu et al. 2015).
Overlooking the sensitivities of earlier life stages can result in erroneous estimates of species’
thermal tolerances, especially when variation throughout ontogeny is substantial (Addo-Bediako
et al. 2000). It may also result in inaccurate conclusions regarding the relationship between
species’ thermal tolerances and their climatic envelopes (Klockmann et al. 2017). More
alarmingly, this can lead to gross over- or underestimates of species’ sensitivities to climate
change (Kingsolver et al. 2011, Levy et al. 2015). Given that species’ thermal tolerances in
different life stages are underpinned by the different physiological mechanisms they likely differ
in the level to which they are evolutionarily conserved.

Conservatism in species’ thermal tolerances across their life cycle can influence the
relationship between thermal and climatic limits (Kellermann et al. 2009). Thus, understanding

the extent to which thermal limits are phylogenetically conserved can have important



implications for predicting species’ distributions and responses to climate change (Tingley et al.
2009). Closely related species can have more similar traits, either because they are locally
adapted to similar environments or because they share an evolutionary history (Freckleton and
Jetz 2009). Phylogenetic inertia refers to the case when species’ traits are representative of past
evolutionary history rather than adaptations to current climatic conditions (Hansen 1997,
Blomberg and Garland 2002, Labra et al. 2009). If a species’ thermal limits demonstrate
phylogenetic inertia, they may reflect ancestral rather than current thermal regimes (Wiens and
Graham 2005). This can cause species to be in disequilibrium with current environmental
conditions (Kellermann et al. 2012a). Alternatively, species’ may track their ancestral thermal
niches throughout their geographic distributions (Wiens and Graham 2005). Generally, upper
thermal limits tend to be more conserved across phylogeny than lower thermal limits (Addo-
Bediako et al. 2000, Aratjo et al. 2013, Grigg and Buckley 2013). Resultantly, species,
particularly from higher latitudes, tend to under fill the warmest parts of their potential
environmental niches (Sunday et al. 2011). In contrast, species’ cold thermal limits, which tend
to be less conserved, are often more closely related with current environmental temperatures
(Kimura 2004, Sunday et al. 2012, Aragjo et al. 2013, Andersen et al. 2015). Since these results
are from studies focused on adult life stages, it remains unclear whether these trends are
consistent in earlier life stages.

Evolutionary history can also have a significant impact on species’ climatic envelopes
(Wiens and Donoghue 2004). Species’ traits, such as thermal tolerance, ultimately shape their
climatic envelopes; these traits are determined by species’ evolutionary history and their adaptive
capacity (Wiens and Donoghue 2004). Phylogenetic niche conservatism (PNC) is the tendency
of phylogenetically-related species to retain similar traits over time due to a limited adaptive
capacity or a lack of selective pressure (Harvey and Pagel 1991, Wiens and Graham 2005). If the
traits that determine species’ distributions are highly conserved this can cause closely related
species to display more similar geographic distributions. Consequently, species’ climatic
envelopes would also show evidence of evolutionarily conserved. The strongest drivers of PNC
in species’ climatic envelopes are likely those related to physiological traits since physiology
likely plays a predominant in shaping these envelopes (Wiens and Donoghue 2004). Integrating

PNC and evolutionary history into the relationship between species’ thermal tolerances and their



climatic envelopes requires a biological model with a well-characterized evolutionary history
and known geographic distributions.

In this sense, odonates are an ideal model for investigating whether thermal tolerances
shape species’ distributions whilst concurrently accounting for both ontogenetic variation and
phylogenetic relationships. Odonates originated in the tropics during the Carboniferous
(Pritchard and Leggott 1987, Misof and et al. 2014). However, several adaptations to cold
temperatures allowed younger lineages to persist in temperate regions (May 1976). Species from
the families Coenagrionidae and Libellulidae are among the youngest of the group (Rehn 2003,
Turgeon et al. 2005). Having evolved under drastically different climatic regimes, odonates are
an ideal group to assess the role of evolutionary history in shaping the relationship between
thermal and climatic limits. Further, odonates are also particularly sensitive to temperature.
Dragonflies and damselflies are poikilothermic ectotherms, meaning their body temperatures
closely match their environment (Corbet 1980). Several aspects of odonate physiology and
ecology relate to temperature, including egg-laying rates (Mcvey 1984, Martens 1993), egg and
larval development rates (Pritchard et al. 1996, Suhling et al. 2015), adult flight (May 1981,
Marden 1995), emergence time (Richter et al. 2008, McCauley et al. 2015), voltinism (Braune et
al. 2008), and production of pigmentation for thermoregulation (Pinkert et al. 2017a).
Temperature also shapes to odonate community structure (Burgmer et al. 2007) and is positively
correlated with species richness (Eversham and Cooper 1998). Odonates pronounced geographic
responses to climate change further exemplify their sensitivity to temperature is (Hickling et al.
2005, Flenner and Sahlén 2008). Odonate species, particularly from lentic habitats, show
pronounced poleward distributional shifts in order to track shifting isotherms (Hickling et al.
2005, Flenner and Sahlén 2008, Grewe et al. 2013).

In addition to strongly responding to climate, odonates have marked life stage-related
differences in nearly all aspects of their biology (Corbet 1980). Odonates transition from an
aquatic larval stage to a terrestrial adult (Corbet 2004). Due to this extreme habitat shift, stage-
related differences in odonates’ thermal tolerances are thought to be particularly pronounced
(Kingsolver et al. 2011). Lentic odonate species inhabiting permanent water bodies can survive
for years as larvae (McPeek 2008). In North America, these larvae must endure partial or
complete freezing of the water bodies they live in. In contrast, the adult stage is ephemeral,

living on average for a few days or weeks depending on the species (Corbet 2004). Adults



emerge during the summer; they experience higher average temperatures and substantially
greater diurnal variation than the larval stage (Corbet 1999). Adults and larvae experience
distinct climatic conditions; thus, different physiological mechanisms likely drive their thermal
tolerances. For example, oxygen limitations can drive the upper thermal limits of odonate larvae
(Verberk and Calosi 2012, Chown et al. 2015). In contrast, adults have much higher oxygen
delivery capacities and respiratory control, and thus their upper thermal limits are probably
related to processes such protein denaturation, loss of membrane function, and dehydration
preventing evaporative cooling (Pdrtner 2001, Chown and Terblanche 2006, Bowler and
Terblanche 2008). If odonate species’ thermal limits determine their distributions, we expect that
the limits of both the adult and larval stage will play a role in shaping this relationship. As a
consequence, integrating the thermal tolerance of both larvae and adults is deemed important for
improving predictions of species’ climatic heat and cold limits based on their thermal limits.

In this study, we determine whether odonate species’ thermal limits shape their climatic
envelopes. Further, we investigate the role of ontogenetic variation and evolutionary history in
shaping this relationship. To achieve this, we used controlled laboratory experiments to estimate
the thermal limits of 13 odonate species in both their larval and adult life stages. We then
estimated their climatic envelopes using a database containing over 19,000 georeferenced
occurrence records for which we extracted climatic variables. To investigate the influence of
evolutionary history, we used a time-calibrated phylogeny of North American odonates
(Arrowsmith et al. in press) to perform phylogenetic regressions and estimate the phylogenetic
signal in species’ thermal tolerances and climatic envelopes. Specifically, we tested, (1) thermal
limits shape climatic limits; (2) life stages differ in their physiological thermal tolerances; (3)
accounting for stage-related differences improves predictions of species distributional limits, and
(4) closely related species demonstrate more similar thermal and climatic limits than distantly
related species. Taken together, these hypotheses will elucidate the importance of considering
life-stage related differences in species’ thermal tolerances, and the influence of evolutionary

history, when predicting species’ distributions.



METHODS

Study System and Site

Thermal tolerance experiments were framed in the context of a common garden, whereby all
individuals were collected from the same locality, during the same season. We acknowledge the
potential for intraspecific variation in species’ thermal tolerances throughout their geographic
distributions; although, it is not directly assessed here due to the logistic constraints of obtaining
comparable measures of species’ thermal tolerances throughout each of their distributions
(Clusella-Trullas and Chown 2014). Consequently, we must rely on the assumption that
interspecific differences in species’ thermal tolerances exceed intraspecific differences between
populations (Spicer and Gaston 1999).

All odonate larvae and adults used for thermal tolerance experiments were collected from
the Réserve Faunique Duchénier (Rimouski, QC, Canada, 48.287, -68.337). This nature reserve,
which spans over 272 km? and includes over 130 lakes, is located in the lower Saint-Lawrence
region in the boreal forest. Its forest is dominated mainly by sugar maple (Acer saccharum),
yellow birch (Betula alleghaniensis), balsam fir (Abies balsamea), black spruce (Picea mariana),
and northern white cedar (Thuja occidentalis). Lakes within the reserve are well vegetated; their
riparian zones are dominated by feathered reed grasses, mosses and low shrubs. The main
predators within these lakes are fish, predominantly brook trout (Salvelinus fontinalis) and arctic
char (Salvelinus alpinus). These lakes also serve as breeding grounds for many dragonfly and
damselfly species. The average temperature and mean annual precipitation from the nearest
weather station are 4.4 °C and 686.5 mm, respectively (Environment Canada 2017).

To select target species for our study we compiled a list of the most abundant dragonfly
and damselfly species in Rimouski, QC, using publicly available inventories (Abbott 2006,
Savard 2011) and published range maps (Paulson 2011). All species included in the list of
candidate species were lentic, non-migratory and could be found in well-vegetated or forested
lakes in their larval stage. To determine which lakes within the reserve had the highest
abundances of odonate larvae from our candidate species list, we conducted preliminary
sampling in over 20 lakes. We chose to focus this assessment on the larval stage since larval and
adult abundances are typically tightly correlated (McCauley 2006, McPeek 2008). We also

selected for species with distinct geographic distributions (see Figure 1) to maximize differences



in their climatic envelopes. Based on abundances obtained during preliminary sampling and
species’ geographic distributions, we selected 13 target species for our study (see Table Al). Of
the 20 different lakes visited, we selected 10 as sampling sites for specimen collection (see Table
A2). Sampling sites were chosen based on abundance of our target species, accessibility, canopy
openness in the riparian zone, and minimal anthropogenic disturbance (Arrowsmith et al. in

press).

Specimen collection and maintenance

Larvae

We sampled odonate larvae from June to September 2017 and May to August 2018. Odonate
larvae abundances fluctuate seasonally (Wissinger 1989), therefore two field seasons were
required in order to collect and test a sufficient number of individuals of each of our target
species to estimate their physiological thermal limits. Larvae were collected in the mid-afternoon
from the riparian zones of the lakes found at our 10 different sampling sites using D-framed
aquatic nets. Given the obvious differences in sizes and wing pad development, we concluded
that individuals used for thermal tolerance testing had not all reached the same instar in their
larval development. The identification of instar number is not well established for the species
included in our study, as it is for some other species (Leggott and Pritchard 1985). Further,
individuals needed to be collected throughout the entire summer in order to attain sufficient
sample sizes for thermal tolerance measures. For these reasons, we were unable to control for
instar number when estimating species’ thermal limits. Despite this, given that each species was
sampled throughout the summer, we estimate that we obtained a similar range of instars for each
species. We sampled larvae by passing a D-framed aquatic net on the surface layer of the lake
sediment or along submerged vegetation. After collection, larvae were placed in individual
polyethylene cups with water from the sampled lake and transported back to the laboratory in an
insulated Styrofoam box to reduce temperature variation during transport. Upon arrival to the
laboratory, larvae were transferred into large round polyethylene containers (diam. = 11.5 cm,
depth = 10.0 cm, vol. = 900 mL) filled with pre-aerated dechlorinated tap water at room
temperature. A rectangular piece of mesh was placed inside each container to provide a surface
for gripping and emerging if individuals reached this stage (Apodaca and Chapman 2004).

Before conducting thermal tolerance tests, larvae were placed in temperature-controlled



incubators (MLR-352H-PA, Panasonic Healthcare, Wood Dale, IL, USA) at constant
temperature for 7 to 10 d to reduce the effects of previously experienced thermal history
(Terblanche et al. 2007). Acclimation temperatures were chosen within the range characterizing
each life stages’ natural habitat, while still employing the same temperature differential between
subgroups of each life stage (A =10 °C).

Larvae used for physiological cold and heat limit estimates were exposed to 10 and 20
°C, respectively. Incubators were set to a relative humidity of 85 % and a 12 D : 12 L light
regime for 7 to 10 d. Individuals used for CTmax Were placed into incubators (MLR-352H-PA,
Panasonic Healthcare) set to 20 °C, while those used for SCP testing were ramped from 20 to 10
°C at 0.5 °C h! and then kept constant at 10 °C for the remainder of the exposure period.
Containers were bubbled regularly to ensure that oxygen levels remained near saturation
(Sesterhenn et al. 2013). In order to avoid high mortality rates during the exposure period, larvae
used for CTmax experiments were fed Daphnia sp. daily throughout the exposure period except
on the day they were tested. Larvae used for SCP testing were not fed, since mortality rates at 10
°C were relatively low, and because food content in the gut can introduce additional variability in

SCP (Sinclair et al. 2015).

Adults

Adult sampling was carried out on clear, sunny days from mid-June to early-September 2017 and
mid-June to late-August 2018, since this coincides with the emergence and peak activity period
of adult odonates in Quebec (Paulson 2011). We conducted sampling over two field seasons in
order to collect a sufficient number of individuals for thermal tolerance testing; this was
especially critical for species where the adult emerges only for a relatively short period of time
(ex: Cordulia shurtleffii). We sampled adults at the same sites as larvae in order to maximize the
chances of capturing the same species in both life stages (McCauley 2006, McPeek 2008).
Adults were collected using butterfly nets; once captured individuals were placed in square mesh
cages (mesh size = 0.001 cm, height = 15 cm, length = 15 cm, depth = 15 cm). Cages were built
out of mesh so that temperatures remained near the outside temperature and so that specimens
had a surface for gripping. Adults were transported back to the laboratory within 4 h of capture

to reduce the amount of time spent in potentially stressful conditions. Upon arrival back to the



lab, cages containing adults were placed directly inside temperature-controlled incubators (MLR-
352H-PA, Panasonic Healthcare).

Adults used for physiological cold and heat limit estimates were exposed to 15 and 25
°C, respectively. The relative humidity of the incubators was set to 60 %, and the lighting was on
alD: 1-5L light regime for 2 to 6 h. Individuals used for CTmax testing were ramped from 20
°C to 25 °C at 3 °C h'!, while individuals used for SCP testing were ramped from 20 °C to 15 °C
at the same rate. We exposed adults to higher acclimation temperatures than larvae since on
average they experience higher temperatures in their natural habitats (Corbet 2004). Adults were
exposed for 2 to 6 h, which is much shorter than the larval exposure period which lasted 7 to 10
d. The length of the exposure periods was chosen relative to the length of time spent in each life
stage. On average odonates’ larval stage lasts for several months whereas the adult stage lasts
only for a few days or weeks (Paulson 2011). Further, adults were much more sensitive to
captivity than larvae; conserving adults in incubators (MLR-352H-PA, Panasonic Healthcare) for

over 12 h resulted in mortality rates above 50 %.

Determination of heat tolerance

Larvae

To determine larvae’s critical thermal maxima (CTmax) we used the dynamic ramping method,
which involves increasing the temperature at a set rate until a set of predefined endpoints are
observed in all individuals (see Lutterschmidt and Hutchison 1997). All CTmax were carried out
in a computer-controlled water bath (F32 HL, Julabo, Allentown, PA, USA). Experiments on
larvae commenced at 20 °C; following a 10 min recovery period, the temperature of the bath was
ramped at 0.5 °C min™!. Ramping rates can influence species’ thermal tolerances (Terblanche et
al. 2007); if they are too slow species may become acclimated resulting in overestimates of their
thermal range, but if they are too fast there may be a mismatch between species body
temperature and the temperature of the water bath (Ernst et al. 1984). We ramped larvae at 0.5
°C min! since previous experiments have shown that similar rates are suitable for aquatic
macroinvertebrates (Dallas and Rivers-Moore 2012). Within the water bath (F32 HL, Julabo)
larvae were placed in individual aluminum wells (diam = 7.5 cm, depth = 3.0 cm, vol = 100 mL)
filled with pre-aerated, dechlorinated tap water. The temperature of the wells was monitored

directly using a thermocouple (K type, Omega, Laval, QC, Canada) connected to a calibrated



digital thermometer (HH802U, Omega). The thermocouple (K type, Omega) was placed in one
of the six wells, preliminary tests confirmed that the temperature did not differ significantly
between wells. During preliminary experiments, the following behavioral endpoints were
identified in odonate larvae: 1) loss of muscular control, attempts to crawl or swim result in
uncoordinated movement of individual’s limbs; 2) onset of muscular spasms, individual exhibits
involuntary rapid and repeated muscular contractions; 3) no response to stimuli, individual no
longer exhibits voluntary nor involuntary movements and they do not respond to three
consecutive rapidly executed sprays with a pipette. No response to stimuli was selected to define
species’ CTmax in the larval stage since it was readily observed in all individuals and the least
variable behavioral endpoint within species. Further, this endpoint is ecologically relevant since
it represents a state in which the larva would no longer be able to escape conditions that would
lead to its death in nature (Lutterschmidt and Hutchison 1997). Following CTmax tests larvae

were preserved in 70 % ethanol and identified to the species level.

Adults

Dynamic ramping experiments on adult odonates were performed in air, within a custom-made
thermal chamber connected to a computer-controlled water bath (F32HL, Julabo). Preliminary
trials confirmed that the temperature within the chamber was homogeneous throughout ramping

experiments. We employed a faster ramping rate for adults, 1 °C min !

, since they experience
more rapid fluctuations in temperature within their terrestrial habitats than do larvae in their
aquatic habitat (Corbet 2004). Thus, since our goal was to obtain ecologically relevant estimate
of thermal tolerances rather than comparable estimates across life stages we used a faster
ramping rate for adults compared to larvae. Although, we used differential rates for adult and
larvae, we ensured that both rates were within the range typically employed for thermal tolerance
experiments (0.1 — 1 °C min’'; Terblanche et al. 2007). Once individuals were placed in the
thermal chamber, they were kept at 25 °C for 10 mins before commencing the ramping
experiment. This 10 min period allowed individuals to recover from being transferred from their
mesh cages into the thermal chamber. The following behavioral endpoints were identified in
adult odonates during ramping experiments: 1) first attempt to fly, the first time the individual

deliberately beats its wings and either lifts completely or partially off the bottom on the chamber,
2) last attempt to fly, the last instance where the individual deliberately beats its wings and lifts
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completely or partially off the bottom of the chamber, 3) abdomen curl, the last instance where
the tip of the individual’s abdomen curls downwards to its thorax, 4) onset of spasms, the first
instance where the individual exhibits uncoordinated muscular contractions of its legs and/or its
wings, 5) no movement, when the individual’s breathing becomes indiscernible and it no longer
displays any voluntary or involuntary movement. No movement was chosen to define adult
odonate species’ CTmax since it was consistently observed in all individuals and it represents a
state that would lead to death in nature (Lutterschmidt and Hutchison 1997). All adult specimens

used for CTmax tests were preserved in glassine envelopes and identified to the species level.

Determination of supercooling points

Larvae

As a result of limited mobility and water freezing before larvae reach a consistent endpoint, it
was impossible to reliably measure critical thermal minima (CTmin) in odonate larvae. Therefore,
we used supercooling points (SCP) as proxies for species’ cold tolerances (Sinclair 1999). The
SCP is defined as the temperature at which an organisms internal body fluids begin to freeze
(Sinclair et al. 2015). It is detectable due to latent heat produced upon the induction of the phase
change (Sinclair et al. 2015; see Figure 1A). For measurements, an individual that was blotted
dry and (as in Frisbie & Lee 1997) equipped with a precision fine wire thermocouple (type T, 2
m length, 0.13 mm diameter, 36-gauge, Omega), which was first threaded through a small hole
in a 5 mL Eppendorf cap (as in Sinclair et al. 2015). A small piece of blue tack was then applied
just below the beaded end of the thermocouple, which was secured to the top of the individual’s
abdomen using superglue (modified from Sinclair et al. 2015). The individual was then placed
inside the Eppendorf, and the top was sealed using cling wrap and laboratory parafilm. The
larvae could not be submerged in water for SCP measurements because the thermocouples (type
T, Omega) do not function in ice and because inoculative freezing can alter species’ SCP.
(Frisbie and Lee 1997). SCP measurements were carried out inside a computer-controlled water
bath (F32 HL, Julabo) filled with Ethylene glycol (70%). A maximum eight individuals were
measured per test. Once each individual was equipped with a thermocouple and secured into a
sealed Eppendorf, it was lowered into the bath. Eppendorfs were submerged to the lid and held
secure within the water bath (F32 HL, Julabo) by aluminum wells with holes in the bottom. The

computer-controlled water bath was programmed to decrease at 0.5 °C min™! from either 10 or 20
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°C depending on the acclimation temperature of the given subgroup. Each thermocouple was
connected to a high precision data logger (CR1000, Campbell Scientific, Edmonton, AB,
Canada), which logged the individual’s body temperatures every second using the Campbell
Scientific PC400 software on a laptop computer. SCP tests were terminated once a clear upward

spike in temperature was observed (see Figure Al).

Adults

The method described above was also used to measure SCP in adult odonates, with certain
modifications to adjust for the differences in individual morphology between the life stages. Due
to their larger size, the adult individuals were placed in aluminum wells, instead of inside
Eppendorfs within the water bath (F32 HL, Julabo). The aluminum wells were not sealed
because they were not completely submerged in the water bath (F32 HL, Julabo), and were
immersed such that the Ethylene glycol solution (70%) would not flood the wells. Further, the
temperature of the water bath (F32 HL, Julabo) was decreased from 15 or 25 °C based on the
subgroup’s acclimation temperature. Since adults are terrestrial and thereby experience more
rapid declines in temperature than do aquatic larva, we used a faster cooling rate (1 °C min™) for
adult SCP measurements. All individuals used for SCP testing were preserved in glassine
envelopes and identified to the species level. Species’ thermal limits were estimated based on
the average values of SCP and CTmax obtained for the given species following physiological

testing (see Table A3).

Estimation of species’ climatic envelopes

We used known occurrence records and associated climatic variables to define the climatic heat
and cold limit of each of our target species. We compiled publicly available occurrence records
from OdonataCentral (Abbott 2006), georeferenced vouchers from the Ouellet-Robert
entomological collection at the University of Montreal Biodiversity Centre, and field data
previously collected by Arrowsmith et (in press). To improve the databases reliability, records
without an associated georeference, locality or which provided an unreliable georeference (i.e. in
the ocean) were removed. Duplicate records were also removed to ensure that the dataset was
representative of species’ distributions rather than relative abundances or sampling biases. The

final database contained 19,111 records. We extracted climatic variables from WorldClim
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(Hijmans et al. 2005) to the coordinates of each of the filtered occurrence records for our target
species. To estimate species’ climatic heat and cold limits, we used the average of the 95
percentile of the hottest temperatures of the warmest month (BIO5) and 5™ percentile of the
coldest temperature of the coldest month (BIO6) experienced within each species’ geographic
distributions, respectively. The average values of these extractions were calculated for each
species (see Table A4). All geographic information system (GIS) operations were performed in

R studio version 1.1.383 (R Core Team 2017) using the raster package (Hijmans 2017).

Statistical Analysis

We tested the hypothesis that species’ thermal limits determine their climatic limits using a series
of ordinary least squares (OLS) regressions. More specifically, we modelled species’ climatic
heat and cold limits, respectively using CTmax and SCP as predictor variables. The full model
predicting species’ climatic heat limits included CTmax of the adult and larval stage, and their
interaction. Similarly, the full model predicting species’ climatic cold limits included adult and
larval SCP, and their interaction. Each full model was compared to a reduced model which
excluded the interaction and two other reduced models which either additionally excluded the
thermal limit of the adult or larval stage (see Table 1). To conclude whether odonate species’
thermal limits translate into climatic limits we determined the significance of each model at the
0.05 level and assessed their Akaike’s Information Criterion (AIC) weights. The AIC weights
provide the likelihood of the model given the data. Assumptions of normality and
homoscedasticity were assessed using Shapiro-Wilks test and the studentized Breusch-Pagan
test, respectively. All OLS models met both the assumptions of normality (minimum W = 0.893,
p =0.127) and homoscedasticity (maximum BP = 4.663, minimum p = 0.324).

To determine whether species’ thermal tolerances in their adult and larval stage are
coupled we calculated Pearson’s correlation coefficient for both CTmax and SCP. Normal
distributions were found for species’ CTmax (minimum W = 0.918, p = 0.239) and SCP
(minimum W = 0.847, p = 0.034) as well as in the sample sizes (minimum W =0.899, p =
0.128). We avoided direct comparisons between the thermal limits of the adult and larval stage
due to methodological differences in their measurement. To further investigate whether
accounting for stage-related differences of species’ thermal tolerances improved predictions of

their climatic envelopes we used AIC-based model selection. Using the above-mentioned set of
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OLS models, we determined whether models which included the thermal tolerances of both life
stage had a better fit, than those which included only one life stage. Model fit was compared
using AIC scores. The models with the lowest AIC scores were classified as the best fit models;
if models differed by less than 2 AIC scores they were considered statistically equivalent
(Johnson and Omland 2004).

Species’ traits are likely to be more similar among closely related species (Wiens and
Graham 2005). To account for potential phylogenetic non-independence in our dataset we ran all
OLS models within a phylogenetic generalized least squares (PGLS) framework (Grafer 1989,
Symonds and Blomberg 2014). To conduct this analysis we trimmed a previously assembled
phylogenetic tree (Arrowsmith et al. in press) using the R package ape (Paradis et al. 2004) to
include only our target species. PGLS models were constructed assuming that thermal tolerance
traits evolved under Brownian motion (Symonds and Blomberg 2014). If the phylogenetic signal
in the full model’s residuals was strong, PGLS rather than OLS models were used for model
selection (Revell 2010). Assumptions of normality and homoscedasticity were verified using
Shapiro Wilks test and residual versus fitted diagnostic plots, respectively. All PGLS models met
the assumptions of normality (minimum W = 0.895, p = 0.136) and homoscedasticity (visual
assessments).

To estimate the degree to which thermal and climatic limits are phylogenetically
conserved we estimated the phylogenetic signal in each set of traits (Wiens et al. 2010). Using
the trimmed phylogenetic tree, we estimated Blomberg’s K for SCP and CTmax in the larval and
adult life stages and for species’ climatic heat and cold limits. Blomberg’s K is a commonly
implemented test used for detecting phylogenetic signal (Munkemuller et al. 2012). It is based on
a model of trait evolution via Brownian motion (Blomberg et al. 2003). Values of K were
estimated in using the R package ape (Paradis et al. 2004). A K value equal to zero indicates that
traits are evolving independently from phylogeny. If K is less than one, this indicates that a
phylogenetic signal is present, but it is less strong than it would be if the traits were evolving
under Brownian motion. A value of K equal to one means that the trait is evolving in complete
accordance with Brownian motion. A value of K above one indicates that traits are even more
similar between species that if the trait were evolving under Brownian motion, which would
indicate evolutionary conservatism (Blomberg et al. 2003). Values of K near or above one would

support PNC (Wiens et al. 2010). To assess similarities between species’ thermal limits we
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performed a series of permutational multivariate analyses of variance (PERMANOVA)
modelling differences in species’ CTmax or SCP. If the term Species was significant, we
employed post-hoc Dunn’s tests to determine which species differed significantly from each
other. Non-significant differences between the thermal tolerances of closely related species
would further support for PNC. All statistical analyses were performed in R studio version

1.1383 (R Core Team 2017).

RESULTS

Odonate species’ climatic envelopes could not be predicted based on their physiological thermal
tolerances (Table 1). The model for predicting climatic heat limits which included only the
critical thermal maxima (CTmax) of the adult life stage had the lowest Akaike’s Information
Criterion (AIC) score but was non-significant (p = 0.392; Table 1). Similarly, the model for
predicting climatic cold limits with the lowest AIC included only the supercooling points (SCP)
of the larval stage and was also non-significant (p = 0.155; Table 1). Species’ with the highest
physiological tolerances for heat and cold did not correspond with those experiencing the highest
and lowest temperatures within their geographic distributions (Figure 3).

We found no significant correlation between adult and larval CTmax (Pearson’s
correlation coefficient = 0.234, n = 13, p = 0.441; Figure 2) nor SCP (Pearson’s correlation
coefficient = 0.272, n = 12, p = 0.369; Figure 2). The number of individuals used to calculate
species’ average CTmax and SCP varied between 4 and 34 (Table A3), however we did not find
that averages were biased by sample sizes (Table A5). Contrary to our expectation, the
integration of both life stages into models predicting species’ climatic limits did not improve
model fit (Table 1). Models which included the thermal tolerances of only one life stage were
statistically equivalent (A AIC < 2) to those that included both life stages (Table 1). This was true
for both models predicting climatic heat limits (maximum A AIC = 1.722; Table 1) and those
predicting climatic cold limits (maximum A AIC = 1.895; Table 1).

The phylogenetic signal in the residuals of all full models, estimated within a
phylogenetic generalized least squares (PGLS) framework using Pagel’s lambda (1), was weak

(maximum A = 0.248; Table 1). This indicates that the relationship between species’ thermal and
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climatic limits is relatively unconstrained by phylogeny. Thus, ordinary least squares (OLS)
models rather than PGLS models were used for model selection and comparison. This weak
phylogenetic signal could be, at least partially related, to the lack of a phylogenetic signal in
species’ climatic limits (Figure 3).

Values of Blomberg’s K for climatic heat and cold limits were low indicating that the
trait is not evolving under Brownian motion. Enallagma ebrium had the highest physiological
capacity to tolerate cold temperature, yet Aeshna eremita demonstrated the lowest climatic cold
limits (Figure 3). In addition to this, closely related species such as Lestes disjunctus and Lestes
congener show pronounced differences in both their climatic heat and cold limits, despite having
similar thermal tolerances (Figure 3). Although species’ climatic limits showed weak
phylogenetic associations, species’ thermal tolerances, particularly cold tolerance, were strongly
constrained by phylogeny.

Odonate species’ SCP in both their adult and larval life stages show strong phylogenetic
conservatism (Figure 3). Estimates of Blomberg’s K for SCP were close to one in the larval stage
and equal to one in the adult stage (Figure 3), indicating that cold tolerance has evolved in
accordance with Brownian motion. As a result, closely related species have very similar cold
tolerances in both their larval (Fi2,140=9.686, p <0.01; Figure 2A) and adult stage (F11,172 =
15.89, p <0.01; Figure 3A). Across both life stages species from the suborder Zygoptera
(damselflies) had lower cold tolerances than those from the suborder Anisoptera (dragonflies;
Figure 3). In contrast, the phylogenetic signal in species’ heat tolerances was relatively weak
(Figure 3). However, most species did not differ significantly in terms of their heat tolerances in
the larval (Fi2224 = 1.598, p = 0.09; Figure 2A) nor adult life stage (Fi12,20s=2.877, p <0.01;
Figure 3A). The conservatism of thermal but not climatic limits complements the results from
the AIC-based model selection, which also indicate that species’ thermal limits do not translate

into their climatic limits (Table 1).

DISCUSSION

Understanding the role of thermal tolerances in shaping species’ geographic distributions is

pivotal for predicting species’ sensitivities to ongoing climate change. One of the most widely
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recorded biotic responses to climate change is the global redistribution of the Earth’s biota
(Parmesan and Yohe 2003). Researchers frequently use climatic niche models to forecast
species’ geographic responses to climatic shifts; these models rely on the assumption that climate
and species’ thermal tolerances determine their geographic distributions (Guisan and
Zimmermann 2000). Here, we ask if odonate species’ thermal tolerances shape their climatic
envelopes and whether ontogenetic variation in thermal limits and constraints imposed by
evolutionary history modify this relationship. Contrary to our initial expectation, odonate
species’ thermal limits do not translate into the climatic limits experienced within their
distributions. Further, we find that adult and larval thermal limits are decoupled, but that the
integration of the thermal limits of both life stages does not improve predictions of species’
climatic limits. Lastly, we show stronger phylogenetic signal in SCP than CTmax, suggesting
that cold tolerance evolved more recently than heat tolerance in odonates. We find only a weak
phylogenetic signal in species’ climatic limits derived from their geographic distributions.
Overall, these results suggest that odonates’ thermal tolerances are decoupled throughout
ontogeny and constrained by evolutionary history, but that they do not determine species’
climatic envelopes.

Given that ectotherms rely on their external environment to regulate their body
temperature (Hofmann and Todgham 2010), we expected that odonates’ thermal limits would be
related to their climatic limits. However, previous studies also report a low degree of
correspondence between ectothermic species’ thermal tolerances and current climatic conditions
(Kimura 2004, Arribas et al. 2012, Kellermann et al. 2012b, Munguia et al. 2012). In addition,
the link between species’ thermal tolerances and climatic envelopes is often especially weak in
the Northern hemisphere (Sunday et al. 2011). Our results add to a large body of evidence which
suggests that purely climate-based models may be insufficient for predicting ectothermic
species’ geographic distributions and responses to climate change (Davis et al. 1998).

The mismatch between odonate species’ thermal and climatic limits emerges even after
accounting for life stage-related differences in species’ thermal tolerances. Adult and larval
critical thermal maxima (CTmax) and supercooling points (SCP) are poor predictors of species’
climatic heat and cold limits, respectively. The mismatch in the larval stage could be the result of
using macroclimatic air temperatures rather than lake temperatures to estimate species’ climatic

limits. Nonetheless, although we find that it is not the case for North American odonates, we
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still support the claim that ontogenetic differences in species’ thermal limits have the potential to
explain previously observed discrepancies between species’ thermal tolerances and climatic
envelopes (Levy et al. 2015). Here, we find that both species’ upper and lower thermal limits are
decoupled between the larval and adult life stages. This result aligns with previous research,
which demonstrates substantial variation in species’ heat and cold tolerances throughout their life
cycles (Bowler and Terblanche 2008, Marais et al. 2009, Klockmann et al. 2017, Zhao et al.
2017). The decoupling of heat and cold tolerances indicates that different physiological
mechanisms underpin these traits (Kingsolver et al. 2011). For macroinvertebrates, that transition
from an aquatic to a terrestrial habitat, oxygen limitation likely drives upper thermal limits in the
larval stage (Verberk and Calosi 2012). Adults do not share this limitation since they have a
higher capacity for oxygen delivery (Stevens et al. 2010). A previous study suggests that life
stages differ in their supercooling points primarily due to differences in their body masses and
lipid contents (Vernon and Vannier 1996). The decoupling of both heat and cold tolerances
throughout ontogeny suggests that measuring a single life stage to estimate the thermal limits of
a species with a complex life cycle will result in unrepresentative estimates (Addo-Bediako et al.
2000). Thus, our results still highlight the importance of considering life stage-related differences
in species’ thermal tolerances, even though they do not improve predictions of geographic
distributions in this study (Kingsolver et al. 2011, Levy et al. 2015). We suggest that future
studies should evaluate the effects of ontogenetic variation in taxa where thermal tolerances are
known to have a significant impact on species’ distributions (Calosi et al. 2008, 2010, Duarte et
al. 2012, Andersen et al. 2015). A potential explanation for the lack of improved predictive
power following the integration of both life stages could be due to the constraints imposed by
evolutionary history.

In the following study, we find evidence of phylogenetic conservatism in species’
thermal limits, but not their climatic limits. Since we find a mismatch between species’ thermal
and climatic limits, we propose that evolutionary history rather than local adaptation is shaping
species’ thermal tolerances. Although we find only a weak phylogenetic signal in species’ CTmax,
species across the phylogeny generally show no significant differences in their larval or adult
heat tolerances. The common ancestor of all odonates evolved under tropical conditions during
the Carboniferous (Corbet 2004). Thus, homogeneity in species’ CTmax could be the result of

phylogenetic conservatism at a higher taxonomic level than those measured here; i.e. beyond the
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genus, family, and suborder level. Retaining their ancestral heat tolerances likely results in niche
underfilling of odonates climatic heat limits (Sunday et al. 2011). Since we collected all
specimens from the same locality, an alternative explanation could be that all measured species
are locally adapted to the climate of this region (Castaneda et al. 2004). We expect that this
alternative is unlikely, given the high level of conservatism and limited adaptability generally
reported for ectothermic species’ upper thermal limits (Terblanche et al. 2006, Aragjo et al.
2013).

In terms of cold thermal limits, we found a strong phylogenetic signal in both adult and
larval SCP. Although odonates originated in the tropics, a few younger lineages developed
adaptations to cold that allowed them to expand into temperate climates (May 1976, Rehn 2003).
The strong phylogenetic signal in species’ SCP indicates that species retain these ancestral
adaptations to cold. Further, the fact that the phylogenetic signal is stronger in SCP compared to
CTmax, indicates that species evolved their cold tolerances later in the phylogeny. This result is
consistent with odonates evolutionary history; they originated from a tropical ancestor and later
radiated into temperate climates (Rehn 2003, Turgeon et al. 2005). Coenagrionidae is among the
youngest odonate families (Rehn 2003, Turgeon et al. 2005). Here, we find that species from this
family, such as Enallagma ebrium, have particularly low SCP. Facing climate change, species
with phylogenetically constrained thermal tolerances tend to have a higher propensity to shift
their geographic distributions, rather than to adapt to novel environmental conditions (Wiens and
Graham 2005, Soberon and Nakamura 2009, Wiens et al. 2010). Studied attribute this response
to the low evolvability of these species’ thermal limits (Wiens and Graham 2005, Soberon and
Nakamura 2009, Wiens et al. 2010). In response to rapid climate change, odonates are shifting
their geographic distributions poleward, potentially to track their ancestral thermal niches
(Hickling et al. 2005). These strong phylogenetic relationships in odonate species’ thermal
tolerances did not translate into their climatic envelopes, which appear to be evolving almost free
from phylogenetic associations.

The lack of phylogenetic signal in species’ climatic limits indicates that the traits or
processes that shape them are likely not evolutionarily conserved. Dispersal ability and biotic
interactions both have the potential to modify the extent to which species “fill their thermal
niches (Aratjo and Luoto 2007, Duncan et al. 2009, Arribas et al. 2012). Studies show that lentic

species, such as those included in this study, generally have high dispersal capacities. (Hof et al.
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2006, Grewe et al. 2013, Pinkert et al. 2017b). Further, closely-related species such as Lestes
congener and Lestes disjunctus display large differences in both their geographic distributions
and climatic envelopes. Their morphologies are nearly identical; thus, they likely display very
similar flight performances. For this reason, we do not expect that their dispersal abilities drive
said differences in their distributions. Recent poleward shifts in odonates geographic
distributions suggest that even weaker dispersers within the clade are still capable of reaching
newly suitable habitats (Hassall and Thompson 2008). In contrast to dispersal, biotic interactions
often play a significant role in shaping odonate community structure, richness and distributions
(McPeek 2008). More specifically, predation by fish in the larval stage can prevent specific
species from persisting within a given area, while facilitating the persistence of other species
(Crowder and Cooper 1982, Mcpeek 1990, Johansson and Brodin 2003). Generally, fish tend to
exclude larger dragonflies, allowing smaller dragonflies and damselflies to persist within these
lakes and ponds (McPeek 2008). It has yet to be determined whether these interactions scale up
to the continental level to affect the distributions of North American odonates.

Our study suggests thermal tolerances are not the main determinants of North American
odonates’ geographic distributions. Species adult and larval thermal limits could not predict the
hottest and coldest temperatures experienced within each species’ distribution. Despite the
decoupling of adult and larval thermal limits, their integration did not improve predictions of
species’ climatic limits. The lack of phylogenetic signal in species’ climatic limits indicates that
traits or processes unconstrained by phylogeny likely shape these limits. Biotic interactions,
although not evaluated here, have the potential to influence the large-scale distributions of
odonates. In contrast to climatic limits, thermal limits appear to be closely associated with
phylogeny. This suggests that odonates have a limited ability to shift their upper and lower
thermal limits in response to environmental change. Thus, we expect that in response to climate
change odonates will continue to shift their geographic distributions, rather than adapt to new

climatic conditions.
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TABLES AND FIGURES

Table 1. Akaike’s Information Criterion (AIC) based model selection used to estimate North

American odonate species’ climatic heat and cold limit based on their critical upper thermal

maxima (CTmax) and supercooling points (SCP) in their adult (ad) and larval (Iv) life stages.

GLS PGLS

Model AIC AAIC  AIC p AIC AAIC  AIC A
weight weight

Heat Limit
CTmax_ad+ CTmax lv+int. 61.474  3.649 0.063 0.890 63.324  3.549 0.065 0.248
CTimax_ad+ CTmax v 59.547  1.722 0.166 0.738 61.390 1.615 0.171 0.231
CTmax_ad 57.825  0.000 0.392 0.519 59.775  0.000 0.383 0.106
CTmax_Iv 57.887  0.062 0.380 0.546 59.787  0.012 0.381 -0.111
Cold Limit
SCP_ad + SCP_lv + int. 69.676  3.866 0.073 0.595 64.982 2333 0.159 -0.422
SCP_ad + SCP_lv 67.705  1.895 0.195 0.370 64.774  2.125 0.177 -0.347
SCP_ad 67.384 1.574 0.229 0.370 65.065 2.416 0.153 -0.474
SCP_lv 65.810  0.000 0.503 0.155 62.649  0.000 0.511 -0.470

Models with AIC values which differ by less than 2 are considered statistically equivalent. Estimates of A indicate
the phylogenetic signal present in the residuals of the regression model. AIC weights give the likelihood of the

model given the data. Values of p indicates the significance of the model. OLS = ordinary least squares; PGLS =

phylogenetic generalized least squares, int = interaction term; CTmax = critical upper thermal maximum; SCP =
supercooling point; ad = adult; Iv = larva.
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Figure 1. Geographic distributions of the 13 North American odonate species included in this
study. Observations were used to estimate the heat and cold limits of species’ climatic envelopes.
(A) Aeshna umbrosa; (B) Aeshna canadensis; (C) Aeshna interrupta (D) Aeshna eremita; (E)
Hagenius brevistylus; (F) Cordulia shurtleffii; (G) Ladona julia; (H) Leucorrhinia proxima; (I)
Lestes congener; (J) Lestes disjunctus; (K) Enallagma boreale; (L) Enallagma ebrium; (M)
Ischnura verticalis. Species from the same taxonomic family are shown in the same color; (blue)
Aeshnidae (yellow) Gomphidae; (orange) Corduliidae; (red) Libellulidae; (purple) Lestidae;

(green) Coenagrionidae.
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Figure 2. Correlation between the thermal limits of odonates in their adult and larval life stages.
(A) correlation between the critical thermal maxima (CTmax; °C) of adults following exposure to
25 °C for 2 to 6 h and larvae following exposure to 20 °C for 7 to 10 d; (B) correlation between
the supercooling points (SCP; °C) of adults after exposure to 15 °C for 2 to 6 h and larvae

following exposure to 10 °C for 7 to 10 d. Each point represents individual odonate species.
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Figure 3. Phylogenetic signal in North American odonate species’ thermal and climatic limits
across their life cycle. The average values of species’ critical thermal maxima (CTmax) and
supercooling points (SCP) in the adult and larval stage, as well as their average climatic heat and
cold limits are shown along with the associated values for Blomberg’s K.

*p<0.001
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APPENDIX

Table Al. Summary of the taxonomic classification of the odonate species included in this

study.

Species Common name Authority  Suborder  Family Genus

A. umbrosa Shadow darner Walker, Anisoptera  Aeshnidae Aeshna
1908

A. canadensis ~ Canada darner Walker, Anisoptera  Aeshnidae Aeshna
1908

A. interrupta Variable darner Walker Anisoptera  Aeshnidae Aeshna
1908

A. eremita Lake darner Scudder, Anisoptera  Aeshnidae Aeshna
1866

H. brevistylus ~ Dragonhunter Selys, Anisoptera  Gomphidae Hagenius
1854

C. shurtleffii American emerald Scudder, Anisoptera  Corduliidae Cordulia
1866

L. julia Chalk-fronted Uhler, Anisoptera  Libellulidae Ladona

corporal 1857

L. proxima Belted whiteface Calvert, Anisoptera  Libellulidae Leucorrhinia
1890

L. congener Spotted spreadwing  Hagen, Zygoptera  Lestidae Lestes
1861

L. disjunctus Common spreadwing  Selys, Zygoptera  Lestidae Lestes
1862

E. boreale Boreale bluet Selys, Zygoptera  Coenagrionidae  Enallagma
1875

E. ebrium Marsh bluet Hagen, Zygoptera  Coenagrionidae  Enallagma
1861

1 verticalis Eastern forktail Say, Zygoptera  Coenagrionidae  Enallagma
1839
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Table A2. Sampling sites located within la Réserve Faunique Duchénier where odonate adults

and larvae were collected for this study.

Sampling Site Latitude Longitude Substrate

Lac Bébé 48.205 -68.549 Some vegetation, cobble, gravel
Lac Blanc 48.178 -68.651 No vegetation, cobble, gravel
Lac Croise 48.131 -68.639 Ample vegetation, mud, silt
Lac Cyprien 48.093 -68.740 Ample vegetation, mud, silt
Lac Dugas 48.214 -68.626 Ample vegetation, mud, silt
Lac France 48.198 -68.583 No vegetation, cobble, gravel
Lac Portage 48.186 -68.674 Ample vegetation, mud
Lac Quatres Martres 48.144 -68.684 Ample vegetation, mud, silt
Lac Rond 48.146 -68.710 Ample vegetation, mud, silt
Lac Touradi 48.139 -68.672 Some vegetation, cobble, gravel
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Table A3. Summary of species’ physiological thermal limits (°C; = SE) in their larval and adult

stage. CTmax = critical thermal maxima; SCP = supercooling point; n = sample size.

Species

A. umbrosa
A. canadensis
A. interrupta
A. eremita

H. brevistylus

C. shurtleffii
L. julia

L. proxima
L. congener
L. disjunctus
E. boreale
E. ebrium

1. verticalis

Larvae Adults

CTinax SCP CTimax SCP

Mean(SE) n  Mean(SE) n Mean(SE) n Mean(SE) n
44.68 15 -4.40 19 50.85 4 NA 0
(0.31) (0.20) (0.75)
45.18 14 -4.53 5 50.33 20 -3.07 15
(0.43) 0.71) (0.44) (0.51)
44.28 6 -4.53 14 53.73 4 -2.56 4
0.77) (0.29) (2.45) (0.04)
43.96 36 -4.33 14 50.72 17 -3.19 19
(0.40) (0.42) (0.64) (0.39)
44.57 14 -4.99 16 53.26 15 -3.12 15
(0.53) (0.30) (0.69) (0.35)
45.01 23 -4.27 19 50.99 16 -3.69 16
(0.57) (0.25) (0.60) (0.51)
46.41 27 -4.03 16 51.97 26 -4.33 17
(0.33) (0.39) (0.41) (0.47)
44.12 10 -5.46 8 51.34 19 -4.09 17
(0.55) (0.65) (0.63) (0.51)
44.50 22 -6.55 12 50.86 14 -7.65 7
(0.49) (0.23) (1.36) (0.92)
43.78 4 -6.92 8 47.48 24 -7.01 19
(1.05) (0.33) (0.78) (0.41)
44.52 4 -5.78 3 50.34 16 -6.69 15
(0.38) (1.05) (1.00) (0.54)
45.49 28 -6.60 6 50.57 24 -8.30 22
(0.83) (0.51) (1.30) (0.50)
44.65 34 -7.84 13 49.76 19 -5.57 18
(0.46) (0.64) (0.69) (0.40)
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Table A4. Species’ climatic heat and cold limits (°C; = SE) respectively calculated based on the

95 percentile of the hottest temperatures of the warmest month (BIO5) and 5 percentile of the

coldest temperatures of the coolest month (BIO6) and the total number of occurrence records

used to extract these values.

95t percentile

5" percentile

Total Occurrence

Species BIOS (SE) BIO6 (SE) Records
Aeshna umbrosa 26.809 (0.336) -25.442 (0.281) 2059
Aeshna canadensis 25.588 (0.311) -25.471 (0.163) 1082
Aeshna interrupta 25.126 (0.443) -29.002 (0.316) 1420
Aeshna eremita 22.637 (0.476) -32.376 (0.175) 855
Hagenius brevistylus 29.525 (0.424) -23.514 (0.168) 1253
Cordulia shurtleffii 24.008 (0.421) -30.908 (2.168) 1153
Ladona julia 25.680 (0.291) -24.842 (0.715) 1061
Leucorrhinia proxima 24.331 (0.416) -29.944 (0.356) 847
Lestes congener 27.447 (0.371) -24.073 (0.225) 1698
Lestes disjunctus 24.832 (0.405) -28.977 (0.276) 1626
Enallagma boreale 25.185 (0.484) -29.888 (0.299) 1520
Enallagma ebrium 26.157 (0.291) -24.611 (0.188) 1308
Ischnura verticalis 28.582 (0.203) -22.038 (0.172) 3229
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Table AS. Correlations between average thermal tolerance traits in the larval or adult life stages

and the number of individuals measured to obtain averages for each species. CTmax = critical

thermal maxima; SCP = supercooling point.

Physiological Trait Sample Size Range  Pearson’s correlation coefficient p

CTmax Larvae 4-36 0.364 0.222
CTimax Adults 4-26 -0.477 0.100
SCP Larvae 3-19 0.439 0.133
SCP Adults 4-22 -0.240 0.452
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Figure Al. Body temperature of an odonate larva during supercooling point (SCP) experiment.
The body temperature of the individual is gradually cooled until it’s internal body fluids begin to
freeze at which point we observe a spike in the individual’s body temperature indicating the start
of the phase change. The individual’s lowest body temperature before the temperature increases

is classified as its SCP, indicate by an arrow.
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Figure 2A. Upper and lower thermal limits of North American odonate species in their larval
stage. (A) Critical thermal maxima (CTmax) measured after exposure to 20 °C for 7 to 10 d.

(B) Supercooling points (SCP) measured after exposure to 10 °C for 7 to 10 d. Bars represent
mean values for each species (°C; = SE). Letters indicate significant differences between species
following false discovery rate (FDR) corrections (p < 0.05). AU - Aeshna umbrosa; AC —
Aeshna canadensis; Al — Aeshna interrupta; AE — Aeshna eremita; HB — Hagenius brevistylus;
CS — Cordulia shurtleffii; L) — Ladona julia; LP — Leucorrhinia proxima; LC — Lestes congener,
LD — Lestes disjunctus; EB — Enallagma boreale, EE — Enallagma ebrium; IV — Ischnura

verticalis.
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Figure 3A. Upper and lower thermal limits of North American odonate species in their adult
stage. (A) Upper critical thermal maxima (CTmax) measured after exposure to 25 °C for 2 to 6 h.
(B) Supercooling points (SCP) measured after exposure to 15 °C for 2 to 6 h. Bars represent
mean values for each species (°C; = SE). Letters indicate significant differences between species
following false discovery rate (FDR) corrections (p < 0.05). AU - Aeshna umbrosa; AC —
Aeshna canadensis; Al — Aeshna interrupta; AE — Aeshna eremita; HB — Hagenius brevistylus;
CS — Cordulia shurtleffii; L] — Ladona julia; LP — Leucorrhinia proxima; LC — Lestes congener;
LD — Lestes disjunctus; EB — Enallagma boreale; EE — Enallagma ebrium; IV — Ischnura

verticalis.
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