© 2021. Published by The Company of Biologists Ltd | Journal of Experimental Biology (2021) 224, jeb141309. doi:10.1242/jeb.141309

e Company of
‘Blologlsts

COMMENTARY
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ABSTRACT

Temperature is an important environmental factor governing the ability
of organisms to grow, survive and reproduce. Thermal performance
curves (TPCs), with some caveats, are useful for charting the
relationship between body temperature and some measure of
performance in ectotherms, and provide a standardized set of
characteristics for interspecific comparisons. Endotherms, however,
have a more complicated relationship with environmental temperature,
as endothermy leads to a decoupling of body temperature from
external temperature through use of metabolic heat production, large
changes in insulation and variable rates of evaporative heat loss. This
has impeded our ability to model endothermic performance in relation
to environmental temperature as well as to readily compare
performance between species. In this Commentary, we compare the
strengths and weaknesses of potential TPC analogues (including other
useful proxies for linking performance to temperature) in endotherms
and suggest several ways forward in the comparative ecophysiology of
endotherms. Our goal is to provide a common language with which
ecologists and physiologists can evaluate the effects of temperature on
performance. Key directions for improving our understanding of
endotherm thermoregulatory physiology include a comparative
approach to the study of the level and precision of body temperature,
measuring performance directly over a range of body temperatures and
building comprehensive mechanistic models of endotherm responses
to environmental temperatures. We believe the answer to the question
posed in the title could be ‘yes’, but only if ‘performance’ is well defined
and understood in relation to body temperature variation, and the costs
and benefits of endothermy are specifically modelled.

KEY WORDS: Temperature, Heterothermy, Thermal profiles,
Scholander—Irving model, Critical limits, Thermal tolerance

Introduction

Over the last few decades, there has been a concerted effort to
increase both our understanding of the physiological mechanisms
that drive species range distributions (e.g. Kearney and Porter, 2009;
Buckley et al., 2010; Kearney et al., 2010; Maino et al., 2016;
Mathewson et al., 2017; Buckley et al., 2018) and our knowledge of
the ability of species to feed, grow and reproduce in response to
warming environmental temperatures (e.g. Creel et al., 2016; Attias
et al., 2018; Cooper et al., 2019; van de Ven et al., 2019). At the
moment, many of these models are species or taxa specific and there
is, as of yet, no unifying model for assessing endotherm
performance in the face of changing global climates. Developing
a full mechanistic understanding of the effects of temperature on a
species’ performance, and ultimately fitness, is labour intensive;
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therefore, shortcuts, models and/or proxies are common (Huey
et al., 2012; Sinclair et al., 2016).

One commonly used conceptual model in thermal physiology is the
‘thermal performance curve’ (TPC; Fig. 1). Predominantly applied in
studies of ectothermic organisms, these curves are the result of
assessing some form of performance (e.g. running speed, growth rate,
heart rate) in relation to body temperature (7},), which in ectotherms is
often closely related to environmental temperature (Fig. 1; Huey and
Slatkin, 1976; Angilletta, 2009; Schulte, 2015; Sinclair et al., 2016).
TPCs usually follow a characteristic shape: performance increases as
T, increases, peaks at a certain temperature (the optimal temperature,
Tope; Fig. 1), and then decreases sharply as temperatures continue to
rise (Huey and Stevenson, 1979). The temperatures bookending the
TPC (CTpjn and CT,y,y) are the threshold temperatures beyond which
the index of performance equals zero (Huey and Slatkin, 1976;
Somero et al., 2016). The shared characteristics of TPCs — CTip,
CTnax and T, — allow for direct comparisons with both current and
past environmental temperatures, as well as among species and
populations (Dowd et al., 2015; Sinclair et al., 2016). Further,
comparing the characteristics and limits of TPCs among species
allows for relatively straightforward assessment of the limits on
performance and distribution of species in relation to environmental
temperature (Sunday et al, 2012, 2014). Understanding these
relationships has proven useful in both understanding physiological
adaptation to local climates and predicting responses to changing
temperatures (Deutsch et al., 2008; Huey et al., 2009, 2012; Sheldon
and Tewksbury, 2014; Sinclair et al., 2016).

In ectotherms, there has been significant interest in modelling
performance as a function of environmental temperature for predicting
the effects of climate change on range boundaries and population
growth (e.g. Deutsch et al., 2008, Levy et al., 2015; Dillon et al., 2016;
Sunday et al, 2014). Although this may seem relatively
straightforward, there are a number of assumptions about the
relationships that must be made (Fig. 2). As a result, several
commentators have pointed out a host of conceptual and practical
difficulties due to the broad array of assumptions that must be made
about the relationships among performance, 7;, and environment
(Stevenson et al., 1985; Sinclair et al., 2016; Khelifa et al., 2019). For
example, even small ectotherms are able to behaviourally
thermoregulate (Fig. 2; Kearney et al., 2009), decoupling the
relationship between body and environmental temperatures.
Similarly, seasonal acclimation and local adaptation may
significantly change the shape of the TPC, altering the relationship
between Ty, and performance (Fig. 2; Khelifa et al., 2019). Yet, both
the shape and the standard parameters of TPCs (7, CTyax and
CTpin) continue to be used by numerous researchers (Sinclair et al.,
2016). Our goal in this Commentary, however, is not to focus on
ectotherms, as TPCs in this group have been thoroughly dissected by
the above commentators, and we direct our readers to these reviews.

The question we posed in the title is not easy to answer, and the
issues involved in measuring and applying ectotherm TPCs extend
equally to endotherms. Fundamentally, thermal performance in
endotherms can be considered in two ways. The first — performance
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Fig. 1. Thermal performance curves in ectotherms. A hypothetical thermal
performance curve (TPC) for an ectotherm (adapted from Huey and
Stevenson, 1979), showing an increase in performance (often metabolic rate,
and generally assumed to be correlated with fitness, but see discussion in
Sinclair et al., 2016) as body temperature (T}) increases until the optimal
temperature (Top) is reached. Performance is reduced completely at
temperatures below the critical minimum (CT,;,) and above the critical
maximum (CTax). In most ectotherms, T, closely follows ambient temperature
(T,); therefore, the x-axis for TPCs is often equivalent to T, (but see Sinclair
et al., 2016, and Fig. 2 for caveats).

in relation to 7, — is predominantly of interest to evolutionary
biologists and physiologists (Angilletta, 2009; Angilletta et al.,
2010; Lovegrove, 2012a). The second — the relationship between
performance and environmental temperatures — is of greater interest
for determining fitness and predicting vulnerability to changes in
climate (Huey et al., 2012; Urban et al., 2016). Here, we will briefly
highlight the first, but focus on the second interpretation of thermal
performance in the hopes of bridging the gap between ecologists
and physiologists with the goal of better modelling endotherm
fitness in a rapidly changing world.

Endotherms employ not only behavioural but also a wide variety
of physiological mechanisms to regulate body temperature and,
compared with ectotherms, they have significantly more variable
energetic and water costs. Thus, connecting temperature and
performance in endotherms is no simple task (Fig. 2C; Angilletta
etal., 2010; Boyles et al., 2013; McCain and King, 2014; Levesque
et al., 2016; Withers et al., 2016). At present, there is no model
describing the relationships among environmental temperature, 7T;,
and fitness in endotherms that is as standardisable or as useful as
TPCs have been for ectotherms (Clarke and Rothery, 2008;
Angilletta et al., 2010; Huey et al., 2012). Our objective for this
Commentary is therefore to discuss potential TPC analogues or
proxies — a way to predict performance from environmental
temperature — for endotherms to break down the conceptual links
between air temperature and fitness as (outlined in Fig. 2), and to
provide a potential framework for future comparative studies of
endotherms.

Linking air temperature to body temperature

Many comparative analyses in thermal biology aim to understand the
pressures that the thermal environment places on an organism
(Fig. 2A; ‘Goal of TPC approach’). The boundaries of TPCs (CT i,

Box 1. Scholander-Irving curves are not thermal
performance curves
Using the Scholander—Irving model as an analogue for a thermal
performance curve (TPC) is substantially flawed (reviewed in Mitchell
etal., 2018; Boyles et al., 2019). In endotherms, the capacity to vary heat
production and loss leads to a different relationship to ambient
temperature compared with that of ectotherms, and species with more
energy-efficient means of evaporative water loss or higher flexibility in
body temperature (T,) have different responses to high ambient
temperature (T,), which can complicate inter-specific comparisons
(McKechnie et al., 2016; Smit et al, 2018; Gerson et al., 2019;
McKechnie and Wolf, 2019). When attempting to draw a direct
equivalent to ectotherm TPCs, some of the terms describing the
thermoneutral zone (TNZ), in particular the use of ‘critical’ for lower and
upper critical limit (Tj; and T, respectively) are deeply misleading (see
figure; Mitchell et al., 2018). The ‘critical’ limits of the TNZ refer to threshold
temperatures at which metabolism, or evaporative water loss, starts to
increase compared with basal rates, rather than the absolute bounds to
thermal tolerance or to performance. The vast majority of small birds and
mammals spend most of their lives at temperatures below their T, (Porter
and Kearney, 2009; Humphries and Careau, 2011; Swanson et al., 2017),
and will preferentially choose a T, below their T\; when active (Refinetti,
1998; Gordon, 2012). A large mammal, particularly one that can store
large amounts of water, can survive at temperatures above their TNZ for
extended periods of time, especially if they have access to water (Schmidt-
Nielsen et al., 1957; Hetem et al., 2016; Boyers et al., 2019). In contrast,
few ectothermic species can survive more than short bouts at T, below
their CTyi, or above their CT .. Therefore, the TNZ cannot be considered
a tolerance breath in the same way as ectothermic T, between CT,;;, and
CTmax (see box figure below; reviewed in Mitchell et al., 2018), yet large
databases and macroanalyses continue to treat it as such (Araujo et al.,
2016; Khaliq et al., 2017; Bennett et al., 2018; Sunday et al., 2019).
Perhaps most importantly, Scholander-Irving curves cannot be
considered analogous to TPCs because they do not measure fitness, or
even performance, nor were they ever intended to. Constrained by the
techniques used to measured them, the curves apply only to a very narrow
range of circumstances: that of a resting, non-reproductive, non-digesting
animal under stable thermal conditions (Porter and Kearney, 2009;
Rezende and Bacigalupe, 2015). An individual that persists in such a state
will very likely have zero fitness. At present, there are, unfortunately, few
consistent comparable measurements of the limits of thermal tolerance in
endotherms. In addition to lethal temperatures, some other good
measurements exist, such as temperatures at which wild dogs (Lycaon
pictus) hunt less on warmer days (Rabaiotti and Woodroffe, 2019), or
temperatures above which desert birds can no longer gain weight while
foraging (du Plessis et al., 2012; Cunningham et al., 2013; Conradie et al.,
2019). As the collection of these ecologically relevant values becomes
more common, we encourage their inclusion in large comparative
datasets rather than the relatively useless boundaries of the TNZ.
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Fig. 2. Assumptions embedded in using thermal performance curves to predict fitness. (A) Comparative and predictive studies of thermal biology rely on,
through a series of logical steps, relating air temperature to fithess impacts in animals. Here, we outline some of the relationships modelled by various approaches
(e.g. relating air temperature to T), and some of the modulators of these relationships (e.g. behavioural thermoregulation). Examples are given in the text. The
relationship between T, and Ty, is particularly complex, and we have briefly outlined the various feedback loops for ectotherms (B) and endotherms (C).

In both ectotherms and endotherms, the relative strengths of each feedback relationship vary in a species-specific way. We have represented internal processes
in red and environmental processes in blue. In general, ectotherms (B) have a relatively low rate of basal metabolism (MR, metabolic rate) which, combined with
poor insulation and generally small body sizes, and therefore a low capacity to retain heat, means that they rely predominantly on behavioural means of
thermoregulation with some capacity to use evaporative cooling. In contrast, endotherms (C) have relatively high basal metabolic rates (BMR), which are the result
of leaky mitochondrial membranes that produce heat as a by-product. Outside of the thermoneutral zone, heat produced by BMR is supplemented by either
activity or thermogenesis, the rates of which are determined by ambient temperatures. Additionally, as T, approaches or surpasses the upper limits of
thermoneutrality, either T, increases via heat loading or it remains cool via an increase in the rate of evaporative water loss (reviewed in McKechnie and Wolf,

2019). Evaporation is, in turn, impacted by humidity, and high levels of ambient heat and activity can lead to heat stress.

and CT,,,,) are one of the most commonly used proxies for thermal
tolerance in macroanalyses (Deutsch et al., 2008; Sunday et al.,
2011). In its purest form, a TPC has T;, on the x-axis, yet (for the
reasons mentioned above) this is of limited use in predicting effects of
environmental temperature on performance. Linking air temperature
(which is the most readily available environmental data) to T3, is
therefore the first conceptual link that must be made when
considering the effects of environmental temperature on fitness. In
both ectotherms and endotherms, the relationship between air
temperature (which refers specifically to temperature measured in

the shade at 2 m from the ground) and the thermal environment
actually experienced by the animal (including radiation, wind speed
and humidity; reviewed in Mitchell et al., 2018) must be described. In
practice, this link usually comes with the assumption that behavioural
thermoregulation has minimal effect in terms of both microclimate
selection and the effect of the animal on microclimate temperatures.
However, as the impact of behavioural thermoregulation is well
appreciated in both ectotherms and endotherms (see reviews in
Kearney et al., 2009; McCain and King, 2014; Abram et al., 2017,
Mitchell et al., 2018), we will not belabour this point here.
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The next link that must be made is the relationship between
microclimate temperature and 7;,. In ectotherms, this is often
presumed to be completely predictable, but practically there are
several feedback loops in this relationship (Fig. 2B; reviewed by
Seebacher, 2009; Andrade et al., 2015), including the effects of
humidity and air movement (IUPS Thermal Commission, 2003). By
contrast, endotherms have a more flexible relationship between
external temperatures and fitness because of their ability to manipulate
internal temperatures, if there is sufficient energy intake, using varying
rates of both heat production and heat loss (Fig. 2C; reviewed in
Mitchell et al., 2018; McKechnie and Wolf, 2019), potentially
complicating comparative approaches. As a result, complex
mechanistic physiological or biophysical models such as Dynamic
Energy Budget and NicheMapper have been developed to estimate the
relationships between environmental temperature and performance (as
outlined in Fig. 2). These models incorporate both biological and
physical energy flows to model the energy and water budgets of
animals under varying environmental conditions. However, there are
few species for which sufficient data exists to deploy them (Fig. 2C;
Kearney and Porter, 2009; Kooijman and Kooijman, 2010).

Almost all endotherms are thermal specialists (sensu Huey and
Slatkin, 1976) as they are, for the most part, only capable of activity
over a very narrow range of 7;, compared with ectotherms (Angilletta
et al., 2010; Boyles and Warne, 2013; Clarke, 2017; Seebacher and
Little, 2017). However, it is likely, at least in mammals, that
endothermy evolved via heterothermy (Crompton et al., 1978; Grigg
etal., 2004; Lovegrove, 2017), and that a degree of variability in both
the level and precision of 7;, regulation is the norm rather than the
exception in mammals. Thus, mammals may have greater thermal
breadth than was first thought (Lovegrove, 2012a; Boyles et al.,
2013). Whether a higher level of variability in active T}, leads to a
similar drop in performance to that seen in generalist ectotherms (see
Huey and Hertz, 1984) is presently unknown (Angilletta et al., 2010;
Boyles and Warne, 2013). Differing degrees of Tj, variability in
endotherms have yet to be directly examined using the ‘generalist’
versus ‘specialist’ dichotomy that predominates the ectotherm
literature, providing an interesting and promising avenue for research.

Some knowledge of both the level and precision of T}, regulation
is essential for understanding the interactions between air and body
temperature, as low and loose regulation comes at a much lower
metabolic cost than strict homeothermy (Grigg et al., 2004;
Levesque et al., 2014). As most existing 7}, datasets focus on
single values (generally the mean Ty,) rather than the full range of T3,
exhibited by an animal (Boyles et al., 2013; Clarke and O’Connor,
2014), this is an area of research that could benefit from more data
collected from free-ranging endotherms across a wide range of
phylogeny and zoogeography. If we know the lability of a species’
body temperature and how this lability affects performance, then
these variables can be taken into account in predictive models
(reviewed in Levesque et al., 2016). Such models are unlikely to
look anything like a simple performance curve but may look
something like the thermoregulatory polygons proposed by
Rezende and Bacigalupe (2015; Fig. 3C).

Defining performance and linking it to body temperature

The notion of a ‘thermal performance curve’ requires that the y-axis
presents ‘performance’. In ectotherms, this usually means a whole-
animal measure such as developmental rate, running speed,
reproductive output or some other measure that is readily relatable
to fitness (but see Sinclair et al., 2016). The idea of a TPC for
endotherms is particularly captivating because it suggests that we can
build bottom-up models predicting endotherm performance from a

few physiological parameters measured in the laboratory (semsu
Buckley et al., 2010). Yet, examples of direct measures of T, versus
performance in endotherms (with the exception of humans, e.g. Bergh
and Ekblom, 1979; Sawka et al., 2012) are rare, largely because of the
difficulties in manipulating 7, in a standardisable way. A handful of
studies, mostly in small mammals, have been able to measure whole-
body performance (in the form of righting time, running speed or the
ability to pull a weight) at higher 7;, with mixed results, with some
showing an increase in performance at higher 7, (Seymour et al.,
1998; Rojas et al., 2012; Stawski et al., 2017; Treat et al., 2018),
whereas others found no difference (Wooden and Walsberg, 2004).
Studies that directly measure muscle performance in relation to muscle
temperature in endotherms (with the exception of studies on humans)
are equally rare and have found differences according to which muscle
(core versus periphery) is measured, the temperatures under which the
muscles developed, as well as the species (Angilletta et al., 2010;
James et al., 2015; Little and Seebacher, 2016; Rummel et al., 2018).
As the data are taxonomically sparse, we currently lack large
comparative studies; however, higher 7;, in mammals generally
correlates with faster running speed (Lovegrove, 2012b), higher basal
metabolic rate (Clarke et al., 2010) and greater thermogenesis, which
supports the hypothesis that muscle power scales with temperature
(Clarke and Portner, 2010; James, 2013).

The metabolic theory of ecology (MTE) hypothesises that
individual metabolic rates drive life history and ecological processes;
therefore, a TPC with metabolic rate on the y-axis could link 7;, and
fitness (Brown et al., 2004; Clarke, 2006). However, this hypothesis
has been significantly criticised in ectotherms (Price et al., 2012;
Sinclair et al., 2016), and the variable control of 7, in endotherms only
exacerbates the issues. In a similar vein, the search for a readily
available analogue for thermal performance in endotherms that could
be used in biogeographical or macroecological analyses has led to the
use of parameters from species’ Scholander—Irving curves (Scholander
et al., 1950b; but see Box 1) as a means to relate air temperature to
performance and thermal tolerance (Aratjo et al., 2013; Riek and
Geiser, 2013; Khaliq et al., 2014; Fristoe et al., 2015; Buckley and
Huey, 2016; Bennett et al., 2018).

Scholander—Irving curves are estimated using resting metabolic
rate (RMR) measured in inactive endotherms in the lab over a range of
air temperatures. The lowest RMR is equal to the basal metabolic rate
(BMR) when the animal is adult, post-absorptive, awake, resting,
non-torpid, drug-free and non-reproductive. The thermoneutral zone
(TNZ) is defined as the temperature range where RMR is lowest, and
RMR increases outside of the TNZ. RMR increases at temperatures
below the lower critical limit (77.) as a result of thermogenesis
(metabolic heat production). Upper critical limits (7,.) are more
contentious and have been variably defined as either the temperature
at which evaporation increases (IUPS Thermal Commission, 2003;
Withers et al., 2016) or the rate at which metabolism increases (King,
1964; Riek and Geiser, 2013; Khaliq et al., 2014). It is worth noting,
however, that not all species demonstrate an increase in metabolic rate
at high temperatures and only a limited number of studies measure
evaporative water loss; therefore, the values for 7,. in most
comparative datasets are, in fact, not comparable (reviewed in Wolf
et al., 2017; McKechnie and Wolf, 2019; Thonis et al., 2020).
Energetically neutral changes in thermal conductance (the rate at
which heat is lost from the body) such as changes in posture or blood
flow allow for BMR to remain stable over a range of ambient
temperature (7,) within the TNZ (Scholander et al., 1950a). All of
these changes result in the emergence of a common ‘L- or U-shaped’
relationship between air temperature and metabolic rate that can be
compared among species (but see Box 1).
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Fig. 3. Potential TPC analogues for endotherms. A few proxies for thermal performance in endotherms have been proposed. (A) Direct measures of
performance: ideally, an understanding of the relationships between performance and T, in endotherms would be obtained by directly observing performance in
relation to temperature. However, as endotherms control their internal temperatures, there must always be a choice between measuring performance (e.g.
strength, running speed, fitness) in relation to T, versus performance in relation to T,. The ability of endotherms to selectively vary the former can make
‘performance’ in the latter difficult to compare between species. Performance at different muscle temperatures is very difficult to assess, as it involves multiple
physiological parameters and a choice between evaluating performance in relation to T, or Ty,. There has been more success in measuring performance

in relation to T, (e.g. Creel et al., 2016; Attias et al., 2018; Cooper et al., 2019; van de Ven et al., 2019), but the physiological and behavioural responses involved
are often species specific. These have not been used in any comparative studies to date. (B) Mechanistic niche modelling (Kearney and Porter, 2009): niche
modelling aims to incorporate mechanistic physiological traits into species distribution models which classically relied on using current geographical
distributions to determine the suite of environmental variables that limit species ranges. As applied to endotherms, it includes incorporating biophysical ecology
(interactions between the animal and its environment) as well as the effects of body shape and size on the fundamental niche (Porter and Kearney, 2009).
These are the most useful models for predicting range shifts and responses to climate change, and they can be comparable between species. Two primary
examples of niche modelling are the NicheMapper model (e.g. Kearney et al., 2010) and Dynamic Energy Budget modelling (Kooijman and Kooijman, 2010).
However, these models require a large amount of physiological data and are time consuming to construct. GIS, geographic information system T, lower critical
limit; T,c, upper critical limit. (C) Thermoregulatory polygons (Rezende and Bacigalupe, 2015): these expand the Scholander—Irving model to include
environmental temperatures and increases in heat production due to activity. Their utility and drawbacks are similar to those of Scholander—Irving curves (see
Box 1) in that they assume that T,, remains constant and that heat exchange cleanly follows Newton’s Laws of Cooling. They also have air temperature as the x-
axis, which is potentially problematic for the reasons outlined in Fig. 2. Not used in any comparative studies to date, as data only exist for a handful of species.

If Scholander—Irving curves describe the relationship between et al., 2015). Furthermore, important characteristics, such as the
heat production and heat loss in an endotherm at rest, can they be  slope of thermal sensitivity of metabolic rate below the lower critical
extrapolated to active animals? The ready answer is ‘maybe’, but  limit and the breadth of the TNZ, are largely shaped by thermal
whether the number of caveats involved allows for comparable conductance, which, in turn, is determined by posture and the
metrics between species is debatable. The first major hurdle is that ~ degree of vasoconstriction or vasodilatation, both of which change
Scholander—Irving curves are mostly measured during the rest phase  significantly with activity (Aschoff, 1981; Lovegrove et al., 1991;
where, in most endotherms, metabolism and 7, are reduced Rezende and Bacigalupe, 2015; van der Vinne et al., 2015).
significantly compared with the active phase (Aschoff, 1983; Similarly, excess heat produced during activity leads to a decrease in
Schleucher and Prinzinger, 2006; Tattersall, 2012; van der Vinne the temperature at which thermogenesis (at the lower limit) and
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evaporative cooling (at the upper limit) occur. The limitations of
using the TNZ as a proxy for thermal tolerance have recently been
reviewed by Mitchell et al. (2018). They suggest expanding the
classical TNZ model to include a ‘prescriptive zone’, a wider range of
temperatures that encompasses all temperatures where a species can
operate normally (forage, grow, reproduce, etc.), a ‘tolerance zone’,
where they can survive but perhaps not for long or where they cannot
reproduce, and finally a ‘survival zone’ bounded by the upper and
lower lethal temperatures (Box 1). At present, the data needed to
delineate all of these zones are largely unknown for most endotherms
and, as we outline below, future efforts should focus on collecting the
data needed to characterize these, as well as determining how they are
linked (or not, as the case may be) to the TNZ.

Relating air temperature to fitness in endotherms

‘Overall, an evaluation of vulnerability proxies for endotherms
requires further investigation. Perhaps the first step is developing a
full mechanistic understanding of factors that increase endotherm
vulnerability to warming...’ Huey et al. (2012)

A number of potential metrics have been proposed that could
serve a similar function to TPCs linking performance to air
temperature (reviewed in Fig. 3). One clear example of this approach
is found in the extensive literature on the effects of temperature on
milk production in dairy cattle (Johnson, 1965; Fuquay, 1981,
Baumgard and Rhoads, 2013). All of these metrics have their utility,
as well as their drawbacks; however, we lack much of the data
necessary for a comprehensive synthesis. A combination of
mechanistic niche modelling (to determine performance in
relation to air temperature; Fig. 3B) and direct measures of
performance in relation to environmental temperatures (Fig. 3A)
would be the closest direct equivalent to TPCs. The number of
species from which both are available is, at present, limited to a
small handful. The increased use of biologging may help to increase
this number, with accelerometers providing a direct measure of
activity (Chmura et al., 2018) and heart rate providing a proxy for
aerobic performance (Halsey et al., 2019), as well as concurrent
measures of T, to correlate with activity levels (Menzies et al., 2020;
Thompson et al.,, 2020). At present, there are no laboratory
experiments that can serve as equally good proxies for relating
environmental temperature to performance.

One alternative is to avoid the use of mechanistic models at all.
For instance, top-down approaches can successfully predict lethal
heat events in widely distributed endotherms such as humans. For
example, using machine-learning methods, Mora et al. (2017) found
that the occurrence of ‘lethal heat days’ (that is, days that cause
significant human mortality) are related to both mean daily air
temperature and mean daily relative humidity. In endotherms, it is
clear that the ability to dissipate heat is key for survival at high
temperatures, a process which is impaired in high-humidity
conditions (Gerson et al., 2014; Withers and Cooper, 2014) and
can be highly species specific (Fig. 2; reviewed in McKechnie and
Wolf, 2019). A better understanding of how differing means of
evaporative cooling can impact responses to high temperature is
needed before predictions can be widely generalised across species.

Conclusions and the way forward

If we were to directly answer the question posed in the title, our
answer would be, yes, endotherms do have TPCs, but they differ
dramatically depending on what you want to use them for.
Performance in relation to air temperature will be vastly different to
performance in relation to 7y, and there is often no clear link between

the two. In addition to metabolic control, the central thermoregulatory
system in endotherms is also closely linked to systems controlling
other homeostatic functions, such as osmoregulation, biological
rhythm generation (i.e. ultradian, circadian and seasonal rhythms),
respiration, appetite and sleep, all which have been shown to vary
considerably at both the intraspecific and interspecific level (Aschoff,
1963; Romanovsky, 2007; Williams et al., 2014; Maloney et al.,
2019). However, with the notable exception of our own species, the
central mechanisms underlying these functional relationships are
poorly understood. Are there particular characteristics of endotherms
that we can use to predict their performance in the face of changing
temperatures? Does having a generalist-type T, response curve lead to
a similar generalist-type response to environmental temperatures, or
are they decoupled? What, if anything, is the relationship between 7;,
and performance in endotherms and how dependent is it on both
ecology and phylogeny? Answers to these questions could greatly
improve our understanding of endothermy and our ability both to
understand the past evolutionary history of endotherms and to better
predict their future in a changing world.

We currently have some, but not all, of the data needed to answer
these questions, and a concerted effort is needed to collect
comparable data from species across a wide phylogenetic and
geographical range. At what air temperatures is foraging impeded and
how does microclimate availability or humidity affect this? To what
degree does a greater ability to pant or sweat affect performance?
Does acclimation to high temperature impede the ability to respond to
cold temperatures and vice versa? These questions have been
answered in individual species, but as of yet there are no easy ways to
generalise the answers. Fundamentally, the way forward depends on:
(1) precise definitions of ‘performance’ in studies (i.e. do we mean
direct muscle performance or fitness?), (2) recognition and further
comparative study of heterothermy in endotherms and its relationship
to performance metrics, and (3) integration of the costs and benefits of
Ty, regulation into ecological studies of endotherms. Our ability to
synthesise and draw generalities grows with the number of species for
which detailed mechanistic physiological models or in-depth field
studies are available. With more data, there is hope for better
classifications of phenotype (e.g. activity patterns, level of
heterothermy, capacity to heat or cool) that will allow for more
accurate generalisations. These generalisations will then aid in
refining our ability to access and predict the vulnerability of species to
climate change as well as broaden our understanding of endotherm
physiology in relation to environmental temperature.

Acknowledgements

The genesis of this Commentary was a series of conversations with Brent Sinclair
and the participants of the ‘Gastropod Thermal Biology and Climate Change in the
Tropics’ workshop held in Brunei Darussalam in December 2014. We wish to thank
the Ecology and Evolution of Everything group at UMaine, Andrew Clarke, and two
anonymous reviewers for helpful comments and discussion. Maine Agricultural and
Forest Experiment Station publication number 3749.

Competing interests
The authors declare no competing or financial interests.

Funding

D.L.L. was supported by the USDA National Institute of Food and Agriculture, Hatch
project number ME021911 through the Maine Agricultural & Forest Experiment
Station. K.E.M. is supported by Natural Sciences and Engineering Research Council
of Canada (NSERC) Discovery Grant RGPIN-2019-042.

References

Abram, P. K., Boivin, G., Moiroux, J. and Brodeur, J. (2017). Behavioural effects
of temperature on ectothermic animals: unifying thermal physiology and
behavioural plasticity. Biol. Rev. 92, 1859-1876. doi:10.1111/brv.12312

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



https://doi.org/10.1111/brv.12312
https://doi.org/10.1111/brv.12312
https://doi.org/10.1111/brv.12312

COMMENTARY

Journal of Experimental Biology (2021) 224, jeb141309. doi:10.1242/jeb.141309

Andrade, D. V., Gavira, R. S. B. and Tattersall, G. J. (2015). Thermogenesis in
ectothermic vertebrates. Temperature 2, 454-454. doi:10.1080/23328940.2015.
1115570

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

Angilletta, M. J., , Jr, Cooper, B. S., Schuler, M. S. and Boyles, J. G. (2010). The
evolution of thermal physiology in endotherms. Front. Biosci. 2, 861-881. doi:10.
2741/e148

Aradjo, M. B., Ferri-Yafiez, F., Bozinovic, F., Marquet, P. A., Valladares, F. and
Chown, S. L. (2013). Heat freezes niche evolution. Ecol. Lett. 16, 1206-1219.
doi:10.1111/ele.12155

Ara(jo, M. B., Ferri-Yafiez, F., Bozinovic, F., Chown, S. L. and Marquet, P. A.
(2016). Erratum to Araljo et al. (2013). Ecol. Lett. 19, 591-592. doi:10.1111/ele.
12597

Aschoff, J. (1963). Comparative physiology: Diurnal rhythms. Annu. Rev. Physiol.
25, 581-600. doi:10.1146/annurev.ph.25.030163.003053

Aschoff, J. (1981). Thermal conductance in mammals and birds: its dependence on
body size and circadian phase. Comp. Biochem. Physiol. A Mol. Integr. Physiol.
69, 611-619. doi:10.1016/0300-9629(81)90145-6

Aschoff, J. (1983). Circadian control of body temperature. J. Therm. Biol. 8,
143-147. doi:10.1016/0306-4565(83)90094-3

Attias, N., Oliveira-Santos, L. G. R., Fagan, W. F. and Mourao, G. (2018). Effects
of air temperature on habitat selection and activity patterns of two tropical
imperfect homeotherms. Anim. Behav. 140, 129-140. doi:10.1016/j.anbehav.
2018.04.011

Baumgard, L. H. and Rhoads, R. P., Jr. (2013). Effects of heat stress on
postabsorptive metabolism and energetics. Annu. Rev. Anim. Biosci. 1, 311-337.
doi:10.1146/annurev-animal-031412-103644

Bennett, J. M., Calosi, P., Clusella-Trullas, S., Martinez, B., Sunday, J., Algar,
A.C., Aradjo, M. B., Hawkins, B. A., Keith, S. and Kiihn, I. (2018). GlobTherm, a
global database on thermal tolerances for aquatic and terrestrial organisms. Sci.
Data 5, 180022. doi:10.1038/sdata.2018.22

Bergh, U. and Ekblom, B. (1979). Physical performance and peak aerobic power at
different body temperatures. J. Appl. Physiol. 46, 885-889. doi:10.1152/jappl.
1979.46.5.885

Boyers, M., Parrini, F., Owen-Smith, N., Erasmus, B. F. N. and Hetem, R. S.
(2019). How free-ranging ungulates with differing water dependencies cope with
seasonal variation in temperature and aridity. Conserv. Physiol. 7, coz064. doi:10.
1093/conphys/coz064

Boyles, J. G. and Warne, R. W. (2013). A novel framework for predicting the use of
facultative heterothermy by endotherms. J. Theor. Biol. 336, 242-245. doi:10.
1016/}.jtbi.2013.08.010

Boyles, J. G., Thompson, A. B., McKechnie, A. E., Malan, E., Humphries, M. M.
and Careau, V. (2013). A global heterothermic continuum in mammals. Glob.
Ecol. Biogeogr. 22, 1029-1039. doi:10.1111/geb.12077

Boyles, J. G., Levesque, D. L., Nowack, J., Wojciechowski, M. S., Stawski, C.,
Fuller, A., Smit, B. and Tattersall, G. J. (2019). An oversimplification of
physiological principles leads to flawed macroecological analyses. Ecol. Evol. 9,
12020-12025. doi:10.1002/ece3.5721

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M. and West, G. B. (2004).
Toward a metabolic theory of ecology. Ecology 85, 1771-1789. doi:10.1890/03-
9000

Buckley, L. B. and Huey, R. B. (2016). Temperature extremes: geographic
patterns, recent changes, and implications for organismal vulnerabilities. Glob.
Change Biol. 22, 3829-3842. doi:10.1111/gcb.13313

Buckley, L. B., Cannistra, A. F. and John, A. (2018). Leveraging organismal
biology to forecast the effects of climate change. Integr. Comp. Biol. 58, 38-51.
doi:10.1093/icb/icy018

Buckley, L. B., Urban, M. C., Angilletta, M. J., Crozier, L. G., Rissler, L. J. and
Sears, M. W. (2010). Can mechanism inform species’ distribution models? Ecol.
Lett. 13, 1041-1054. doi:10.1111/j.1461-0248.2010.01479.x

Chmura, H. E., Glass, T. W. and Williams, C. T. (2018). Biologging physiological
and ecological responses to climatic variation: new tools for the climate change
era. Front. Ecol. Evol. 6, 92. doi:10.3389/fevo.2018.00092

Clarke, A. (2006). Temperature and the metabolic theory of ecology. Funct. Ecol. 20,
405-412. doi:10.1111/j.1365-2435.2006.01109.x

Clarke, A. (2017). Principles of Thermal Ecology: Temperature, Energy and Life.
Oxford, UK: Oxford University Press.

Clarke, A. and O’Connor, M. I. (2014). Diet and body temperature in mammals and
birds. Glob. Ecol. Biogeogr. 23, 1000-1008. doi:10.1111/geb.12185

Clarke, A. and Pértner, H.-O. (2010). Temperature, metabolic power and the
evolution of endothermy. Biol. Rev. Camb. Philos. Soc. 85, 703-727. doi:10.1111/
j.1469-185X.2010.00122.x

Clarke, A. and Rothery, P. (2008). Scaling of body temperature in mammals and
birds. Funct. Ecol. 22, 58-67.

Clarke, A., Rothery, P. and Isaac, N. J. B. (2010). Scaling of basal metabolic rate
with body mass and temperature in mammals. J. Anim. Ecol. 79, 610-619. doi:10.
1111/j.1365-2656.2010.01672.x

Conradie, S. R., Woodborne, S. M., Cunningham, S. J. and McKechnie, A. E.
(2019). Chronic, sublethal effects of high temperatures will cause severe declines

in southern African arid-zone birds during the 21st century. Proc. Natl Acad. Sci.
USA 116, 14065. doi:10.1073/pnas.1821312116

Cooper, C. E., Withers, P. C., Hurley, L. L. and Griffith, S. C. (2019). The field
metabolic rate, water turnover, and feeding and drinking behavior of a small avian
desert granivore during a summer heatwave. Front. Physiol. 10, 1405. doi:10.
3389/fphys.2019.01405

Creel, S., Creel, N. M,, Creel, A. M. and Creel, B. M. (2016). Hunting on a hot day:
effects of temperature on interactions between African wild dogs and their prey.
Ecology 97, 2910-2916. doi:10.1002/ecy.1568

Crompton, A. W., Taylor, C. R. and Jagger, J. A. (1978). Evolution of
homeothermy in mammals. Nature 272, 333-336. doi:10.1038/272333a0

Cunningham, S. J., Martin, R. O., Hojem, C. L. and Hockey, P. A. R. (2013).
Temperatures in excess of critical thresholds threaten nestling growth and survival
in a rapidly-warming arid savanna: a study of common fiscals. PLoS ONE 8,
e74613. doi:10.1371/journal.pone.0074613

Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., Ghalambor, C. K.,
Haak, D. C. and Martin, P. R. (2008). Impacts of climate warming on terrestrial
ectotherms across latitude. Proc. Natl Acad. Sci. USA 105, 6668-6672. doi:10.
1073/pnas.0709472105

Dillon, M. E., Woods, H. A., Wang, G., Fey, S. B., Vasseur, D. A., Telemeco, R. S.,
Marshall, K. and Pincebourde, S. (2016). Life in the Frequency Domain: the
Biological Impacts of Changes in Climate Variability at Multiple Time Scales.
Integr. Comp. Biol. 56, 14-30. doi:10.1093/icb/icw024

Dowd, W. W., King, F. A. and Denny, M. W. (2015). Thermal variation, thermal
extremes and the physiological performance of individuals. J. Exp. Biol. 218,
1956-1967. doi:10.1242/jeb.114926

du Plessis, K. L., Martin, R. O., Hockey, P. A. R., Cunningham, S. J. and Ridley,
A. R. (2012). The costs of keeping cool in a warming world: implications of high
temperatures for foraging, thermoregulation and body condition of an arid-zone
bird. Glob. Change Biol. 18, 3063-3070. doi:10.1111/.1365-2486.2012.02778.x

Fristoe, T. S., Burger, J. R,, Balk, M. A., Khaliq, I., Hof, C. and Brown, J. H.
(2015). Metabolic heat production and thermal conductance are mass-
independent adaptations to thermal environment in birds and mammals. Proc.
Natl Acad. Sci. USA 112, 15934-15939. doi:10.1073/pnas.1521662112

Fuquay, J. W. (1981). Heat stress as it affects animal production. J. Anim. Sci. 52,
164-174. doi:10.2527/jas1981.521164x

Gerson, A. R., Smith, E. K., Smit, B., McKechnie, A. E. and Wolf, B. O. (2014).
The impact of humidity on evaporative cooling in small desert birds exposed to
high air temperatures. Physiol. Biochem. Zool. 87, 782-795. doi:10.1086/678956

Gerson, A. R., McKechnie, A. E., Smit, B., Whitfield, M. C., Smith, E. K., Talbot,
W. A., McWhorter, T. J. and Wolf, B. O. (2019). The functional significance of
facultative hyperthermia varies with body size and phylogeny in birds. Funct. Ecol.
33, 597-607. doi:10.1111/1365-2435.13274

Gordon, C. J. (2012). Thermal physiology of laboratory mice: defining
thermoneutrality. J. Therm. Biol. 37, 654-685. doi:10.1016/j.jtherbio.2012.08.004

Grigg, G. C., Beard, L. A. and Augee, M. L. (2004). The evolution of endothermy
and its diversity in mammals and birds. Physiol. Biochem. Zool. 77, 982-997.
doi:10.1086/425188

Halsey, L. G., Green, J. A., Twiss, S. D., Arnold, W., Burthe, S. J., Butler, P. J.,
Cooke, S. J., Grémillet, D., Ruf, T., Hicks, O. et al. (2019). Flexibility, variability
and constraint in energy management patterns across vertebrate taxa revealed by
long-term heart rate measurements. Funct. Ecol. 33, 260-272. doi:10.1111/1365-
2435.13264

Hetem, R. S., Maloney, S. K., Fuller, A. and Mitchell, D. (2016). Heterothermy in
large mammals: inevitable or implemented? Biol. Rev. 91, 187-205. doi:10.1111/
brv.12166

Huey, R. B. and Hertz, P. E. (1984). Is a jack-of-all-temperatures a master of none?
Evolution 38, 441-444. doi:10.1111/j.1558-5646.1984.tb00302.x

Huey, R. B. and Slatkin, M. (1976). Cost and benefits of lizard thermoregulation.
Q. Rev. Biol. 51, 363-384. doi:10.1086/409470

Huey, R. B. and Stevenson, R. (1979). Integrating thermal physiology and ecology
of ectotherms: a discussion of approaches. Am. Zool. 19, 357-366. doi:10.1093/
icb/19.1.357

Huey, R. B., Deutsch, C. A., Tewksbury, J. J., Vitt, L. J., Hertz, P. E., Pérez,
H. J. A. and Garland, T., Jr. (2009). Why tropical forest lizards are vulnerable to
climate warming. Proc. R. Soc. B 276, 1939-1948. doi:10.1098/rspb.2008.1957

Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A. M., Jess, M. and
Williams, S. E. (2012). Predicting organismal vulnerability to climate warming:
roles of behaviour, physiology and adaptation. Phil. Trans. R. Soc. B 367,
1665-1679. doi:10.1098/rstb.2012.0005

Humphries, M. M. and Careau, V. (2011). Heat for nothing or activity for free?
Evidence and implications of activity-thermoregulatory heat substitution. Integr.
Comp. Biol. 51, 419-431. doi:10.1093/icb/icr059

IUPS Thermal Commission. (2003). Glossary of terms for thermal physiology -
Third edition (Reprinted from the Japanese Journal of Physiology). J. Therm. Biol.
28, 75-106. doi:10.1016/S0306-4565(02)00055-4

James, R. S. (2013). A review of the thermal sensitivity of the mechanics of
vertebrate skeletal muscle. J. Comp. Physiol. B 183, 723-733. doi:10.1007/
s00360-013-0748-1

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_


https://doi.org/10.1080/23328940.2015.1115570
https://doi.org/10.1080/23328940.2015.1115570
https://doi.org/10.1080/23328940.2015.1115570
https://doi.org/10.2741/e148
https://doi.org/10.2741/e148
https://doi.org/10.2741/e148
https://doi.org/10.1111/ele.12155
https://doi.org/10.1111/ele.12155
https://doi.org/10.1111/ele.12155
https://doi.org/10.1111/ele.12597
https://doi.org/10.1111/ele.12597
https://doi.org/10.1111/ele.12597
https://doi.org/10.1146/annurev.ph.25.030163.003053
https://doi.org/10.1146/annurev.ph.25.030163.003053
https://doi.org/10.1016/0300-9629(81)90145-6
https://doi.org/10.1016/0300-9629(81)90145-6
https://doi.org/10.1016/0300-9629(81)90145-6
https://doi.org/10.1016/0306-4565(83)90094-3
https://doi.org/10.1016/0306-4565(83)90094-3
https://doi.org/10.1016/j.anbehav.2018.04.011
https://doi.org/10.1016/j.anbehav.2018.04.011
https://doi.org/10.1016/j.anbehav.2018.04.011
https://doi.org/10.1016/j.anbehav.2018.04.011
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.1038/sdata.2018.22
https://doi.org/10.1038/sdata.2018.22
https://doi.org/10.1038/sdata.2018.22
https://doi.org/10.1038/sdata.2018.22
https://doi.org/10.1152/jappl.1979.46.5.885
https://doi.org/10.1152/jappl.1979.46.5.885
https://doi.org/10.1152/jappl.1979.46.5.885
https://doi.org/10.1093/conphys/coz064
https://doi.org/10.1093/conphys/coz064
https://doi.org/10.1093/conphys/coz064
https://doi.org/10.1093/conphys/coz064
https://doi.org/10.1016/j.jtbi.2013.08.010
https://doi.org/10.1016/j.jtbi.2013.08.010
https://doi.org/10.1016/j.jtbi.2013.08.010
https://doi.org/10.1111/geb.12077
https://doi.org/10.1111/geb.12077
https://doi.org/10.1111/geb.12077
https://doi.org/10.1002/ece3.5721
https://doi.org/10.1002/ece3.5721
https://doi.org/10.1002/ece3.5721
https://doi.org/10.1002/ece3.5721
https://doi.org/10.1890/03-9000
https://doi.org/10.1890/03-9000
https://doi.org/10.1890/03-9000
https://doi.org/10.1111/gcb.13313
https://doi.org/10.1111/gcb.13313
https://doi.org/10.1111/gcb.13313
https://doi.org/10.1093/icb/icy018
https://doi.org/10.1093/icb/icy018
https://doi.org/10.1093/icb/icy018
https://doi.org/10.1111/j.1461-0248.2010.01479.x
https://doi.org/10.1111/j.1461-0248.2010.01479.x
https://doi.org/10.1111/j.1461-0248.2010.01479.x
https://doi.org/10.3389/fevo.2018.00092
https://doi.org/10.3389/fevo.2018.00092
https://doi.org/10.3389/fevo.2018.00092
https://doi.org/10.1111/j.1365-2435.2006.01109.x
https://doi.org/10.1111/j.1365-2435.2006.01109.x
https://doi.org/10.1111/geb.12185
https://doi.org/10.1111/geb.12185
https://doi.org/10.1111/j.1469-185X.2010.00122.x
https://doi.org/10.1111/j.1469-185X.2010.00122.x
https://doi.org/10.1111/j.1469-185X.2010.00122.x
https://doi.org/10.1111/j.1365-2656.2010.01672.x
https://doi.org/10.1111/j.1365-2656.2010.01672.x
https://doi.org/10.1111/j.1365-2656.2010.01672.x
https://doi.org/10.1073/pnas.1821312116
https://doi.org/10.1073/pnas.1821312116
https://doi.org/10.1073/pnas.1821312116
https://doi.org/10.1073/pnas.1821312116
https://doi.org/10.3389/fphys.2019.01405
https://doi.org/10.3389/fphys.2019.01405
https://doi.org/10.3389/fphys.2019.01405
https://doi.org/10.3389/fphys.2019.01405
https://doi.org/10.1002/ecy.1568
https://doi.org/10.1002/ecy.1568
https://doi.org/10.1002/ecy.1568
https://doi.org/10.1038/272333a0
https://doi.org/10.1038/272333a0
https://doi.org/10.1371/journal.pone.0074613
https://doi.org/10.1371/journal.pone.0074613
https://doi.org/10.1371/journal.pone.0074613
https://doi.org/10.1371/journal.pone.0074613
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1093/icb/icw024
https://doi.org/10.1093/icb/icw024
https://doi.org/10.1093/icb/icw024
https://doi.org/10.1093/icb/icw024
https://doi.org/10.1242/jeb.114926
https://doi.org/10.1242/jeb.114926
https://doi.org/10.1242/jeb.114926
https://doi.org/10.1111/j.1365-2486.2012.02778.x
https://doi.org/10.1111/j.1365-2486.2012.02778.x
https://doi.org/10.1111/j.1365-2486.2012.02778.x
https://doi.org/10.1111/j.1365-2486.2012.02778.x
https://doi.org/10.1073/pnas.1521662112
https://doi.org/10.1073/pnas.1521662112
https://doi.org/10.1073/pnas.1521662112
https://doi.org/10.1073/pnas.1521662112
https://doi.org/10.2527/jas1981.521164x
https://doi.org/10.2527/jas1981.521164x
https://doi.org/10.1086/678956
https://doi.org/10.1086/678956
https://doi.org/10.1086/678956
https://doi.org/10.1111/1365-2435.13274
https://doi.org/10.1111/1365-2435.13274
https://doi.org/10.1111/1365-2435.13274
https://doi.org/10.1111/1365-2435.13274
https://doi.org/10.1016/j.jtherbio.2012.08.004
https://doi.org/10.1016/j.jtherbio.2012.08.004
https://doi.org/10.1086/425188
https://doi.org/10.1086/425188
https://doi.org/10.1086/425188
https://doi.org/10.1111/1365-2435.13264
https://doi.org/10.1111/1365-2435.13264
https://doi.org/10.1111/1365-2435.13264
https://doi.org/10.1111/1365-2435.13264
https://doi.org/10.1111/1365-2435.13264
https://doi.org/10.1111/brv.12166
https://doi.org/10.1111/brv.12166
https://doi.org/10.1111/brv.12166
https://doi.org/10.1111/j.1558-5646.1984.tb00302.x
https://doi.org/10.1111/j.1558-5646.1984.tb00302.x
https://doi.org/10.1086/409470
https://doi.org/10.1086/409470
https://doi.org/10.1093/icb/19.1.357
https://doi.org/10.1093/icb/19.1.357
https://doi.org/10.1093/icb/19.1.357
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.1098/rstb.2012.0005
https://doi.org/10.1098/rstb.2012.0005
https://doi.org/10.1098/rstb.2012.0005
https://doi.org/10.1098/rstb.2012.0005
https://doi.org/10.1093/icb/icr059
https://doi.org/10.1093/icb/icr059
https://doi.org/10.1093/icb/icr059
https://doi.org/10.1016/S0306-4565(02)00055-4
https://doi.org/10.1016/S0306-4565(02)00055-4
https://doi.org/10.1016/S0306-4565(02)00055-4
https://doi.org/10.1007/s00360-013-0748-1
https://doi.org/10.1007/s00360-013-0748-1
https://doi.org/10.1007/s00360-013-0748-1

COMMENTARY

Journal of Experimental Biology (2021) 224, jeb141309. doi:10.1242/jeb.141309

James, R. S., Tallis, J. and Angilletta, M. J. (2015). Regional thermal
specialisation in a mammal: temperature affects power output of core muscle
more than that of peripheral muscle in adult mice (Mus musculus). J. Comp.
Physiol. B 185, 135-142. doi:10.1007/s00360-014-0872-6

Johnson, H. D. (1965). Environmental temperature and lactation (with special
reference to cattle). Int. J. Biometeorol. 9, 103-116. doi:10.1007/BF02188466

Kearney, M. and Porter, W. (2009). Mechanistic niche modelling: combining
physiological and spatial data to predict species’ ranges. Ecol. Lett. 12, 334-350.
doi:10.1111/1.1461-0248.2008.01277 .x

Kearney, M., Shine, R. and Porter, W. P. (2009). The potential for behavioral
thermoregulation to buffer “cold-blooded” animals against climate warming. Proc.
Natl Acad. Sci. USA 106, 3835-3840. doi:10.1073/pnas.0808913106

Kearney, M. R., Wintle, B. A. and Porter, W. P. (2010). Correlative and mechanistic
models of species distribution provide congruent forecasts under climate change.
Conserv. Lett. 3, 203-213. doi:10.1111/j.1755-263X.2010.00097.x

Khaliq, I., Hof, C., Prinzinger, R., Bohning-Gaese, K. and Pfenninger, M. (2014).
Global variation in thermal tolerances and vulnerability of endotherms to climate
change. Proc. R. Soc. B 281, 20141097. doi:10.1098/rspb.2014.1097

Khaliq, I., B6hning-Gaese, K., Prinzinger, R., Pfenninger, M. and Hof, C. (2017).
The influence of thermal tolerances on geographical ranges of endotherms. Glob.
Ecol. Biogeogr. 26, 650-668. doi:10.1111/geb.12575

Khelifa, R., Blanckenhorn, W. U., Roy, J., Rohner, P. T. and Mahdjoub, H. (2019).
Usefulness and limitations of thermal performance curves in predicting ectotherm
development under climatic variability. J. Anim. Ecol. 88, 1901-1912. doi:10.1111/
1365-2656.13077

King, J. R. (1964). Oxygen consumption and body temperature in relation to
ambient temperature in the White-crowned Sparrow. Comp. Biochem. Physiol. 12,
13-24. doi:10.1016/0010-406X(64)90044-1

Kooijman, B. and Kooijman, S. (2010). Dynamic Energy Budget Theory for
Metabolic Organisation. New York: Cambridge University Press.

Levesque, D. L., Lobban, K. D. and Lovegrove, B. G. (2014). Effects of
reproductive status and high ambient temperatures on the body temperature of a
free-ranging basoendotherm. J. Comp. Physiol. B 184, 1041-1053. doi:10.1007/
s00360-014-0858-4

Levesque, D. L., Nowack, J. and Stawski, C. (2016). Modelling mammalian
energetics: the heterothermy problem. Clim. Change Responses 3, 7. doi:10.
1186/s40665-016-0022-3

Levy, O., Buckley, L. B., Keitt, T. H., Smith, C. D., Boateng, K. O., Kumar, D. S.
and Angilletta, M. J. Jr. (2015). Resolving the life cycle alters expected impacts
of climate change. Proc. R. Soc. B 282, 20150837. doi:10.1098.rspb.2015.0837

Little, A. G. and Seebacher, F. (2016). Thermal conditions experienced during
differentiation affect metabolic and contractile phenotypes of mouse myotubes.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 311, R457-R465. doi:10.1152/
ajpregu.00148.2016

Lovegrove, B. G. (2012a). The evolution of endothermy in Cenozoic mammals: a
plesiomorphic-apomorphic continuum. Biol. Rev. 87, 128-162. doi:10.1111/j.
1469-185X.2011.00188.x

Lovegrove, B. G. (2012b). The evolution of mammalian body temperature: the
Cenozoic supraendothermic pulses. J. Comp. Physiol. B Biochem. Syst. Environ.
Physiol. 182, 579-589. doi:10.1007/s00360-011-0642-7

Lovegrove, B. G. (2017). A phenology of the evolution of endothermy in birds and
mammals. Biol. Rev. 92, 1213-1240. doi:10.1111/brv.12280

Lovegrove, B. G., Heldmaier, G. and Ruf, T. (1991). Perspectives of endothermy
revisited: the endothermic temperature range. J. Therm. Biol. 16, 185-197. doi:10.
1016/0306-4565(91)90025-W

Maino, J. L., Kong, J. D., Hoffmann, A. A., Barton, M. G. and Kearney, M. R.
(2016). Mechanistic models for predicting insect responses to climate change.
Curr. Opin. Insect Sci. 17, 81-86. doi:10.1016/j.cois.2016.07.006

Maloney, S. K., Goh, G., Fuller, A., Vesterdorf, K. and Blache, D. (2019).
Amplitude of the circadian rhythm of temperature in homeotherms. CAB Rev. 14,
1-30. doi:10.1079/PAVSNNR201914019

Mathewson, P. D., Moyer-Horner, L., Beever, E. A., Briscoe, N. J., Kearney, M.,
Yahn, J. M. and Porter, W. P. (2017). Mechanistic variables can enhance
predictive models of endotherm distributions: the American pika under current,
past, and future climates. Glob. Change Biol. 23, 1048-1064. doi:10.1111/gcb.
13454

McCain, C. M. and King, S. R. B. (2014). Body size and activity times mediate
mammalian responses to climate change. Glob. Change Biol. 20, 1760-1769.
doi:10.1111/gcb.12499

McKechnie, A. E. and Wolf, B. 0. (2019). The physiology of heat tolerance in small
endotherms. Physiology 34, 302-313. doi:10.1152/physiol.00011.2019

McKechnie, A. E., Whitfield, M. C., Smit, B., Gerson, A. R., Smith, E. K., Talbot,
W. A,, McWhorter, T. J. and Wolf, B. O. (2016). Avian thermoregulation in the
heat: efficient evaporative cooling allows for extreme heat tolerance in four
southern hemisphere columbids. J. Exp. Biol. 219, 2145-2155. doi:10.1242/jeb.
138776

Menzies, A. K., Studd, E. K., Majchrzak, Y. N., Peers, M. J. L., Boutin, S.,
Dantzer, B., Lane, J. E., McAdam, A. G. and Humphries, M. M. (2020). Body
temperature, heart rate, and activity patterns of two boreal homeotherms in winter:

homeostasis, allostasis, and ecological coexistence. Funct. Ecol. 34, 2292-2301.
doi:10.1111/1365-2435.13640

Mitchell, D., Snelling, E. P., Hetem, R. S., Maloney, S. K., Strauss, W. M. and
Fuller, A. (2018). Revisiting concepts of thermal physiology: predicting responses
of mammals to climate change. J. Anim. Ecol. 87, 956-973. doi:10.1111/1365-
2656.12818

Mora, C., Dousset, B., Caldwell, I. R., Powell, F. E., Geronimo, R. C., Bielecki,
C. R,, Counsell, C. W. W., Dietrich, B. S., Johnston, E. T., Louis, L. V. et al.
(2017). Global risk of deadly heat. Nat. Clim. Change 7, 501-506. doi:10.1038/
nclimate3322

Porter, W. P. and Kearney, M. (2009). Size, shape, and the thermal niche of
endotherms. Proc. Natl Acad. Sci. USA 106, 19666-19672. doi:10.1073/pnas.
0907321106

Price, C. A., Weitz, J. S., Savage, V. M., Stegen, J., Clarke, A., Coomes, D. A.,
Dodds, P. S., Etienne, R. S., Kerkhoff, A. J., McCulloh, K. et al. (2012). Testing
the metabolic theory of ecology. Ecol. Lett. 15, 1465-1474. doi:10.1111/j.1461-
0248.2012.01860.x

Rabaiotti, D. and Woodroffe, R. (2019). Coping with climate change: limited
behavioral responses to hot weather in a tropical carnivore. Oecologia 189,
587-599. doi:10.1007/s00442-018-04329-1

Refinetti, R. (1998). Body temperature and behavior of tree shrews and flying
squirrels in a thermal gradient. Physiol. Behav. 63, 517-520. doi:10.1016/S0031-
9384(97)00485-X

Rezende, E. L. and Bacigalupe, L. D. (2015). Thermoregulation in endotherms:
physiological principles and ecological consequences. J. Comp. Physiol. B 185,
709-727. doi:10.1007/s00360-015-0909-5

Riek, A. and Geiser, F. (2013). Allometry of thermal variables in mammals:
consequences of body size and phylogeny. Biol. Rev. 88, 564-572. doi:10.1111/
brv.12016

Rojas, A. D., Kortner, G. and Geiser, F. (2012). Cool running: locomotor
performance at low body temperature in mammals. Biol. Lett. 8, 868-870.
doi:10.1098/rsbl.2012.0269

Romanovsky, A. A. (2007). Thermoregulation: some concepts have changed.
Functional architecture of the thermoregulatory system. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 292, R37-R46. doi:10.1152/ajpregu.00668.2006

Rummel, A.D., Swartz, S. M. and Marsh, R. L. (2018). Low thermal dependence of
the contractile properties of a wing muscle in the bat Carollia perspicillata. J. Exp.
Biol. 221, jeb180166. doi:10.1242/jeb.180166

Sawka, M. N., Cheuvront, S. N. and Kenefick, R. W. (2012). High skin temperature
and hypohydration impair aerobic performance. Exp. Physiol. 97, 327-332. doi:10.
1113/expphysiol.2011.061002

Schleucher, E. and Prinzinger, R. (2006). Heterothermia and torpor in birds: highly
specialized physiologcial ability or just deep “nocturnal hypothermia”? — The
limitations of terminology. Acta Zool. Sin. 52, 393-396.

Schmidt-Nielsen, K., Schmidt-Nielsen, B., Jarnum, S. A. and Houpt, T. R.
(1957). Body temperature of the camel and its relation to water economy.
Am. J. Physiol. 188, 103-112. doi:10.1152/ajplegacy.1956.188.1.103

Scholander, P. F., Hock, R., Walters, V. and Irving, L. (1950a). Adaptation to cold
in arctic and tropical mammals and birds in relation to body temperature,
insulation, and basal metabolic rate. Biol. Bull. 99, 259-271. doi:10.2307/1538742

Scholander, P. F., Hock, R., Walters, V., Johnson, F. and Irving, L. (1950b). Heat
regulation in some arctic and tropical mammals and birds. Biol. Bull. 99, 237-258.
doi:10.2307/1538741

Schulte, P. M. (2015). The effects of temperature on aerobic metabolism: towards a
mechanistic understanding of the responses of ectotherms to a changing
environment. J. Exp. Biol. 218, 1856-1866. doi:10.1242/jeb.118851

Seebacher, F. (2009). Responses to temperature variation: integration of
thermoregulation and metabolism in vertebrates. J. Exp. Biol. 212, 2885-2891.
doi:10.1242/jeb.024430

Seebacher, F. and Little, A. G. (2017). Plasticity of performance curves can buffer
reaction rates from body temperature variation in active endotherms. Front.
Physiol. 8, 575. doi:10.3389/fphys.2017.00575

Seymour, R. S., Withers, P. C. and Weathers, W. W. (1998). Energetics of
burrowing, running, and free-living in the Namib Desert golden mole (Eremitalpa
namibensis). J. Zool. 244, 107-117. doi:10.1111/j.1469-7998.1998.tb00012.x

Sheldon, K. S. and Tewksbury, J. J. (2014). The impact of seasonality in
temperature on thermal tolerance and elevational range size. Ecology 95,
2134-2143. doi:10.1890/13-1703.1

Sinclair, B. J., Marshall, K. E., Sewell, M. A., Levesque, D. L., Willett, C. S.,
Slotsbo, S., Dong, Y., Harley, C. D. G., Marshall, D. J., Helmuth, B. S. et al.
(2016). Can we predict ectotherm responses to climate change using thermal
performance curves and body temperatures? Ecol. Lett. 19, 1372-1385. doi:10.
1111/ele. 12686

Smit, B., Whitfield, M. C., Talbot, W. A., Gerson, A. R., McKechnie, A. E. and
Wolf, B. O. (2018). Avian thermoregulation in the heat: phylogenetic variation
among avian orders in evaporative cooling capacity and heat tolerance. J. Exp.
Biol. 221, jeb174870. doi:10.1242/jeb.174870

Somero, G. N., Lockwood, B. L. and Tomanek, L. (2016). Biochemical
Adaptation: Response to Environmental Challenges, from Life’s Origins to the
Anthropocene. Sinauer Associates.

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_


https://doi.org/10.1007/s00360-014-0872-6
https://doi.org/10.1007/s00360-014-0872-6
https://doi.org/10.1007/s00360-014-0872-6
https://doi.org/10.1007/s00360-014-0872-6
https://doi.org/10.1007/BF02188466
https://doi.org/10.1007/BF02188466
https://doi.org/10.1111/j.1461-0248.2008.01277.x
https://doi.org/10.1111/j.1461-0248.2008.01277.x
https://doi.org/10.1111/j.1461-0248.2008.01277.x
https://doi.org/10.1073/pnas.0808913106
https://doi.org/10.1073/pnas.0808913106
https://doi.org/10.1073/pnas.0808913106
https://doi.org/10.1111/j.1755-263X.2010.00097.x
https://doi.org/10.1111/j.1755-263X.2010.00097.x
https://doi.org/10.1111/j.1755-263X.2010.00097.x
https://doi.org/10.1098/rspb.2014.1097
https://doi.org/10.1098/rspb.2014.1097
https://doi.org/10.1098/rspb.2014.1097
https://doi.org/10.1111/geb.12575
https://doi.org/10.1111/geb.12575
https://doi.org/10.1111/geb.12575
https://doi.org/10.1111/1365-2656.13077
https://doi.org/10.1111/1365-2656.13077
https://doi.org/10.1111/1365-2656.13077
https://doi.org/10.1111/1365-2656.13077
https://doi.org/10.1016/0010-406X(64)90044-1
https://doi.org/10.1016/0010-406X(64)90044-1
https://doi.org/10.1016/0010-406X(64)90044-1
https://doi.org/10.1007/s00360-014-0858-4
https://doi.org/10.1007/s00360-014-0858-4
https://doi.org/10.1007/s00360-014-0858-4
https://doi.org/10.1007/s00360-014-0858-4
https://doi.org/10.1186/s40665-016-0022-3
https://doi.org/10.1186/s40665-016-0022-3
https://doi.org/10.1186/s40665-016-0022-3
https://doi.org/10.1098.rspb.2015.0837
https://doi.org/10.1098.rspb.2015.0837
https://doi.org/10.1098.rspb.2015.0837
https://doi.org/10.1152/ajpregu.00148.2016
https://doi.org/10.1152/ajpregu.00148.2016
https://doi.org/10.1152/ajpregu.00148.2016
https://doi.org/10.1152/ajpregu.00148.2016
https://doi.org/10.1111/j.1469-185X.2011.00188.x
https://doi.org/10.1111/j.1469-185X.2011.00188.x
https://doi.org/10.1111/j.1469-185X.2011.00188.x
https://doi.org/10.1007/s00360-011-0642-7
https://doi.org/10.1007/s00360-011-0642-7
https://doi.org/10.1007/s00360-011-0642-7
https://doi.org/10.1111/brv.12280
https://doi.org/10.1111/brv.12280
https://doi.org/10.1016/0306-4565(91)90025-W
https://doi.org/10.1016/0306-4565(91)90025-W
https://doi.org/10.1016/0306-4565(91)90025-W
https://doi.org/10.1016/j.cois.2016.07.006
https://doi.org/10.1016/j.cois.2016.07.006
https://doi.org/10.1016/j.cois.2016.07.006
https://doi.org/10.1079/PAVSNNR201914019
https://doi.org/10.1079/PAVSNNR201914019
https://doi.org/10.1079/PAVSNNR201914019
https://doi.org/10.1111/gcb.13454
https://doi.org/10.1111/gcb.13454
https://doi.org/10.1111/gcb.13454
https://doi.org/10.1111/gcb.13454
https://doi.org/10.1111/gcb.13454
https://doi.org/10.1111/gcb.12499
https://doi.org/10.1111/gcb.12499
https://doi.org/10.1111/gcb.12499
https://doi.org/10.1152/physiol.00011.2019
https://doi.org/10.1152/physiol.00011.2019
https://doi.org/10.1242/jeb.138776
https://doi.org/10.1242/jeb.138776
https://doi.org/10.1242/jeb.138776
https://doi.org/10.1242/jeb.138776
https://doi.org/10.1242/jeb.138776
https://doi.org/10.1111/1365-2435.13640
https://doi.org/10.1111/1365-2435.13640
https://doi.org/10.1111/1365-2435.13640
https://doi.org/10.1111/1365-2435.13640
https://doi.org/10.1111/1365-2435.13640
https://doi.org/10.1111/1365-2656.12818
https://doi.org/10.1111/1365-2656.12818
https://doi.org/10.1111/1365-2656.12818
https://doi.org/10.1111/1365-2656.12818
https://doi.org/10.1038/nclimate3322
https://doi.org/10.1038/nclimate3322
https://doi.org/10.1038/nclimate3322
https://doi.org/10.1038/nclimate3322
https://doi.org/10.1073/pnas.0907321106
https://doi.org/10.1073/pnas.0907321106
https://doi.org/10.1073/pnas.0907321106
https://doi.org/10.1111/j.1461-0248.2012.01860.x
https://doi.org/10.1111/j.1461-0248.2012.01860.x
https://doi.org/10.1111/j.1461-0248.2012.01860.x
https://doi.org/10.1111/j.1461-0248.2012.01860.x
https://doi.org/10.1007/s00442-018-04329-1
https://doi.org/10.1007/s00442-018-04329-1
https://doi.org/10.1007/s00442-018-04329-1
https://doi.org/10.1016/S0031-9384(97)00485-X
https://doi.org/10.1016/S0031-9384(97)00485-X
https://doi.org/10.1016/S0031-9384(97)00485-X
https://doi.org/10.1007/s00360-015-0909-5
https://doi.org/10.1007/s00360-015-0909-5
https://doi.org/10.1007/s00360-015-0909-5
https://doi.org/10.1111/brv.12016
https://doi.org/10.1111/brv.12016
https://doi.org/10.1111/brv.12016
https://doi.org/10.1098/rsbl.2012.0269
https://doi.org/10.1098/rsbl.2012.0269
https://doi.org/10.1098/rsbl.2012.0269
https://doi.org/10.1152/ajpregu.00668.2006
https://doi.org/10.1152/ajpregu.00668.2006
https://doi.org/10.1152/ajpregu.00668.2006
https://doi.org/10.1242/jeb.180166
https://doi.org/10.1242/jeb.180166
https://doi.org/10.1242/jeb.180166
https://doi.org/10.1113/expphysiol.2011.061002
https://doi.org/10.1113/expphysiol.2011.061002
https://doi.org/10.1113/expphysiol.2011.061002
https://doi.org/10.1152/ajplegacy.1956.188.1.103
https://doi.org/10.1152/ajplegacy.1956.188.1.103
https://doi.org/10.1152/ajplegacy.1956.188.1.103
https://doi.org/10.2307/1538742
https://doi.org/10.2307/1538742
https://doi.org/10.2307/1538742
https://doi.org/10.2307/1538741
https://doi.org/10.2307/1538741
https://doi.org/10.2307/1538741
https://doi.org/10.1242/jeb.118851
https://doi.org/10.1242/jeb.118851
https://doi.org/10.1242/jeb.118851
https://doi.org/10.1242/jeb.024430
https://doi.org/10.1242/jeb.024430
https://doi.org/10.1242/jeb.024430
https://doi.org/10.3389/fphys.2017.00575
https://doi.org/10.3389/fphys.2017.00575
https://doi.org/10.3389/fphys.2017.00575
https://doi.org/10.1111/j.1469-7998.1998.tb00012.x
https://doi.org/10.1111/j.1469-7998.1998.tb00012.x
https://doi.org/10.1111/j.1469-7998.1998.tb00012.x
https://doi.org/10.1890/13-1703.1
https://doi.org/10.1890/13-1703.1
https://doi.org/10.1890/13-1703.1
https://doi.org/10.1111/ele.12686
https://doi.org/10.1111/ele.12686
https://doi.org/10.1111/ele.12686
https://doi.org/10.1111/ele.12686
https://doi.org/10.1111/ele.12686
https://doi.org/10.1242/jeb.174870
https://doi.org/10.1242/jeb.174870
https://doi.org/10.1242/jeb.174870
https://doi.org/10.1242/jeb.174870

COMMENTARY

Journal of Experimental Biology (2021) 224, jeb141309. doi:10.1242/jeb.141309

Stawski, C., Koteja, P. and Sadowska, E. T. (2017). A shift in the thermoregulatory
curve as a result of selection for high activity-related aerobic metabolism. Front.
Physiol. 8, 1070. doi:10.3389/fphys.2017.01070

Stevenson, R. D., Peterson, C. R. and Tsuji, J. S. (1985). The thermal
dependence of locomotion, tongue flicking, digestion, and oxygen consumption
in the wandering garter snake. Physiol. Zool. 58, 46-57. doi:10.1086/physzool.58.
1.30161219

Sunday, J. M., Bates, A. E. and Dulvy, N. K. (2011). Global analysis of thermal
tolerance and latitude in ectotherms. Proc. R. Soc. B 278, 1823-1830. doi:10.
1098/rspb.2010.1295

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

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

Sunday, J., Bennett, J. M., Calosi, P., Clusella-Trullas, S., Gravel, S.,
Hargreaves, A. L., Leiva, F. P., Verberk, W. C. E. P., Olalla-Tarraga, M. A.
and Morales-Castilla, 1. (2019). Thermal tolerance patterns across latitude and
elevation. Philos. Trans. R. Soc. B Biol. Sci. 374, 20190036. doi:10.1098/rstb.
2019.0036

Swanson, D. L., McKechnie, A. E. and Vézina, F. (2017). How low can you go? An
adaptive energetic framework for interpreting basal metabolic rate variation in
endotherms. J. Comp. Physiol. B 187, 1039-1056. doi:10.1007/s00360-017-
1096-3

Tattersall, G. (2012). Diurnal changes in metabolic rate in pygmy marmosets:
Implications for sleep, torpor, and basal metabolism in primates. In Living in a
Seasonal World: Thermoregulatory and Metabolic Adaptations (ed. T. Ruf, C.
Bieber, W. Arnold and E. Millesi), pp. 471-480. Heidelberg: Springer Berlin.

Thompson, D. P., Crouse, J. A,, Jaques, S. and Barboza, P. S. (2020). Redefining
physiological responses of moose (Alces alces) to warm environmental
conditions. J. Therm. Biol. 90, 102581. doi:10.1016/j.jtherbio.2020.102581

Thonis, A., Ceballos, R. M., Tuen, A. A., Lovegrove, B. G. and Levesque, D. L.
(2020). Small Tropical Mammals Can Take the Heat: High Upper Limits of

Thermoneutrality in a Bornean Treeshrew. Physiol. Biochem. Zool. 93, 199-209.
doi:10.1086/708467

Treat, M. D., Scholer, L., Barrett, B., Khachatryan, A., McKenna, A. J., Reyes, T.,
Rezazadeh, A., Ronkon, C. F., Samora, D., Santamaria, J. F. et al. (2018).
Extreme physiological plasticity in a hibernating basoendothermic mammal,
Tenrec ecaudatus. J. Exp. Biol. 221, jeb185900. doi:10.1242/jeb.185900

Urban, M. C., Bocedi, G., Hendry, A. P., Mihoub, J.-B., Pe’er, G., Singer, A.,
Bridle, J. R., Crozier, L. G., De Meester, L., Godsoe, W. et al. (2016). Improving
the forecast for biodiversity under climate change. Science 353, aad8466. doi:10.
1126/science.aad8466

van de Ven, T. M. F. N., McKechnie, A. E. and Cunningham, S. J. (2019). The
costs of keeping cool: behavioural trade-offs between foraging and
thermoregulation are associated with significant mass losses in an arid-zone
bird. Oecologia 191, 205-215. doi:10.1007/s00442-019-04486-x

van der Vinne, V., Gorter, J. A, Riede, S. J. and Hut, R. A. (2015). Diurnality as an
energy-saving strategy: energetic consequences of temporal niche switching in
small mammals. J. Exp. Biol. 218, 2585-2593. doi:10.1242/jeb.119354

Williams, C. T., Barnes, B. M., Kenagy, G. J. and Buck, C. L. (2014). Phenology of
hibernation and reproduction in ground squirrels: integration of environmental
cues with endogenous programming. J. Zool. 292, 112-124. doi:10.1111/jzo.
12103

Withers, P. C. and Cooper, C. E. (2014). Physiological regulation of evaporative
water loss in endotherms: is the little red kaluta (Dasykaluta rosamondae) an
exception or the rule? Proc. R. Soc. B 281, 20140149. doi:10.1098/rspb.2014.
0149

Withers, P. C., Cooper, C. E., Maloney, S. K., Bozinovic, F. and Cruz-Neto, A. P.
(2016). Ecological and Environmental Physiology of Mammals. Oxford University
Press.

Wolf, B. O., Coe, B. H., Gerson, A. R. and McKechnie, A. E. (2017). Comment on
an analysis of endotherm thermal tolerances: systematic errors in data
compilation undermine its credibility. Proc. R. Soc. B 284, 20162523. doi:10.
1098/rspb.2016.2523

Wooden, K. M. and Walsberg, G. E. (2004). Body temperature and locomotor
capacity in a heterothermic rodent. J. Exp. Biol. 207, 41-46. doi:10.1242/jeb.
00717

>
(@)}
i
je
(2]
©
o+
c
(]
£
=
()
o
x
NN
Y—
(©)
©
c
e
>
(®)
_


https://doi.org/10.3389/fphys.2017.01070
https://doi.org/10.3389/fphys.2017.01070
https://doi.org/10.3389/fphys.2017.01070
https://doi.org/10.1086/physzool.58.1.30161219
https://doi.org/10.1086/physzool.58.1.30161219
https://doi.org/10.1086/physzool.58.1.30161219
https://doi.org/10.1086/physzool.58.1.30161219
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1038/nclimate1539
https://doi.org/10.1038/nclimate1539
https://doi.org/10.1038/nclimate1539
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1098/rstb.2019.0036
https://doi.org/10.1098/rstb.2019.0036
https://doi.org/10.1098/rstb.2019.0036
https://doi.org/10.1098/rstb.2019.0036
https://doi.org/10.1098/rstb.2019.0036
https://doi.org/10.1007/s00360-017-1096-3
https://doi.org/10.1007/s00360-017-1096-3
https://doi.org/10.1007/s00360-017-1096-3
https://doi.org/10.1007/s00360-017-1096-3
https://doi.org/10.1016/j.jtherbio.2020.102581
https://doi.org/10.1016/j.jtherbio.2020.102581
https://doi.org/10.1016/j.jtherbio.2020.102581
https://doi.org/10.1086/708467
https://doi.org/10.1086/708467
https://doi.org/10.1086/708467
https://doi.org/10.1086/708467
https://doi.org/10.1242/jeb.185900
https://doi.org/10.1242/jeb.185900
https://doi.org/10.1242/jeb.185900
https://doi.org/10.1242/jeb.185900
https://doi.org/10.1126/science.aad8466
https://doi.org/10.1126/science.aad8466
https://doi.org/10.1126/science.aad8466
https://doi.org/10.1126/science.aad8466
https://doi.org/10.1007/s00442-019-04486-x
https://doi.org/10.1007/s00442-019-04486-x
https://doi.org/10.1007/s00442-019-04486-x
https://doi.org/10.1007/s00442-019-04486-x
https://doi.org/10.1242/jeb.119354
https://doi.org/10.1242/jeb.119354
https://doi.org/10.1242/jeb.119354
https://doi.org/10.1111/jzo.12103
https://doi.org/10.1111/jzo.12103
https://doi.org/10.1111/jzo.12103
https://doi.org/10.1111/jzo.12103
https://doi.org/10.1098/rspb.2014.0149
https://doi.org/10.1098/rspb.2014.0149
https://doi.org/10.1098/rspb.2014.0149
https://doi.org/10.1098/rspb.2014.0149
https://doi.org/10.1098/rspb.2016.2523
https://doi.org/10.1098/rspb.2016.2523
https://doi.org/10.1098/rspb.2016.2523
https://doi.org/10.1098/rspb.2016.2523
https://doi.org/10.1242/jeb.00717
https://doi.org/10.1242/jeb.00717
https://doi.org/10.1242/jeb.00717

