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thermoregulatory requirements might constrain locomo-
tor or reproductive performance (as proposed, for instance, 
by the heat dissipation limit theory). In many systems the 
limited empirical knowledge on how organismal traits may 
respond to environmental changes prevents physiological 
ecology from becoming a fully developed predictive sci-
ence. In endotherms, however, we contend that the lack of 
theoretical developments that translate current physiologi-
cal understanding into formal mechanistic models remains 
the main impediment to study the ecological and evolution-
ary repercussions of thermoregulation. In spite of the inher-
ent limitations of Newton’s law of cooling as an oversimpli-
fied description of the mechanics of heat transfer, we argue 
that understanding how systems that obey this approxima-
tion work can be enlightening on conceptual grounds and 
relevant as an analytical and predictive tool to study eco-
logical phenomena. As such, the proposed approach may 
constitute a powerful tool to study the impact of thermoreg-
ulatory constraints on variables related to fitness, such as 
survival and reproductive output, and help elucidating how 
species will be affected by ongoing climate change.

Keywords  Animal energetics · Bergmann’s rule · 
Geographic distribution · Macrophysiology · Metabolic 
rate · Thermal conductance · Thermal insulation

Introduction

Endothermic animals such as birds and mammals can main-
tain body temperatures within a considerably narrow range 
when compared against the thermal extremes encountered 
in their habitats. This has shaped the ecology and evolution 
of these lineages, and a variety of patterns in nature reflect 
either directly or indirectly thermoregulatory constraints 

Abstract  In a seminal study published nearly 70  years 
ago, Scholander et  al. (BiolBull 99:259–271, 1950) 
employed Newton’s law of cooling to describe how meta-
bolic rates (MR) in birds and mammals vary predictably 
with ambient temperature (Ta). Here, we explore the theo-
retical consequences of Newton’s law of cooling and show 
that a thermoregulatory polygon provides an intuitively 
simple and yet useful description of thermoregulatory 
responses in endothermic organisms. This polygon encap-
sulates the region in which heat production and dissipation 
are in equilibrium and, therefore, the range of conditions 
in which thermoregulation is possible. Whereas the typical 
U-shaped curve describes the relationship between Ta and 
MR at rest, thermoregulatory polygons expand this frame-
work to incorporate the impact of activity, other behaviors 
and environmental conditions on thermoregulation and 
energy balance. We discuss how this framework can be 
employed to study the limits to effective thermoregulation 
and their ecological repercussions, allometric effects and 
residual variation in MR and thermal insulation, and how 
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(Buckley et  al. 2012). For example, species richness and 
distribution limits vary predictably with environmental 
temperature across birds and mammals (e.g., Root 1988; 
Kerr and Packer 1998; Jetz and Rahbek 2002; Pigot et al. 
2010), scaling relationships remain a hot topic in ecology 
and comparative biology (Weibel et  al. 2004; Rodriguez-
Serrano and Bozinovic 2009; White et al. 2009; Sieg et al. 
2009; Kolokotrones et al. 2010; Naya et al. 2013a, b; Boz-
inovic et al. 2014), the energetic basis of macroecological 
rules still puzzles ecologists and physiologists (Meiri and 
Dayan 2003; Millien et  al. 2006) and countless compara-
tive analyses support the notion of adaptive variation on 
thermoregulatory performance in response to climatic 
conditions (e.g., Scholander et  al. 1950; Lovegrove 2000; 
Rezende et al. 2004; White et al. 2007; Swanson and Gar-
land 2009; McNab 2009; Naya et al. 2013a). Thus, whereas 
the physiology underlying endothermic thermoregula-
tion has been studied for over a century, its contribution to 
abundance, distribution and diversity patterns of birds and 
mammals remains the focus of extensive research.

However, research on the association between thermal 
physiology and ecology in endotherms is highly asym-
metrical. Most work in the literature has focused on how 
different variables (e.g. body size or environmental temper-
ature) affect physiological determinants of thermoregula-
tory performance, such as thermogenic capacity or thermal 
insulation. The enormous amount of empirical data result-
ing from this approach is evident, for instance, in recent 
reviews that have compiled measurements of basal metabo-
lism for 533 avian (McNab 2009) and 695 mammalian spe-
cies (Sieg et al. 2009), which correspond to roughly 5.1 and 
12.6 % of all species in these groups, respectively (IUCN 
Red List 2014). Conversely, explicit attempts to quantify 
how thermoregulatory capacities might impact ecological 
variables, such as geographic distribution or activity pat-
terns, encompass a very small fraction of studies on endo-
therm energetics (Root 1988; Repasky 1991; Canterbury 
2002; Humphries et  al. 2002). In addition, most research 
on the interplay between thermoregulation and spatial 
and temporal variation in climatic conditions (Lovegrove 
2000; Nespolo et al. 2001), on the impact of thermoregu-
latory constraints on activity patterns (Bacigalupe et  al. 
2003; Rezende et  al. 2003) or time and energy budgets 
(e.g., Goldstein 1988) and, ultimately, on fitness compo-
nents, remains fundamentally descriptive. Even though the 
physiological responses involved in thermoregulation have 
been understood for decades and are general to virtually 
all endothermic species (see McNab 2012 and references 
therein), no single approach exists to predict how ther-
moregulatory capacities and their energy requirements in 
birds and mammals might impact different aspects of their 
ecology.

Here, we propose an expansion of Scholander et  al. 
(1950) seminal application of Newton’s law of cooling 
to study the ecological and evolutionary repercussions of 
thermoregulation in birds and mammals (see also Gavrilov 
2014). Whereas Scholander et al. (1950) and most subse-
quent studies employed this approach primarily to study 
heat balance in resting animals at cool temperatures (see 
McNab 2002a), the present work builds upon those by 
addressing whether Newton’s law of cooling can ade-
quately describe thermoregulatory responses under more 
general conditions (i.e., at higher temperatures, during 
activity or reproduction). We take advantage of the rela-
tively simple relationship described by Newton’s law of 
cooling and argue that, in spite of its inherent limitations 
as an oversimplified description of the mechanics of heat 
transfer (e.g., see Porter and Gates 1969; Strunk 1971; 
Bakken and Gates 1974; Porter et  al. 2000), understand-
ing how systems that obey this approximation work can 
be enlightening on conceptual grounds and relevant as an 
analytical and predictive tool. This is because this frame-
work combines two fundamental currencies in ecologi-
cal and evolutionary physiology, energy expenditure and 
ambient temperature, and confines the dimensional space 
in which endothermic organisms can thermoregulate into a 
limited region (Fig. 1).

Thermoregulatory polygons

Endotherms are able to maintain a relatively constant body 
temperature (Tb) over a certain range of environmental 
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Fig. 1   Graphical representation of Newton’s law of cooling in an 
endotherm that maintains a constant body temperature Tb by regu-
lating its rates of heat production and heat loss. Heat production can 
increase or decrease within the range delimited by BMR and MMR, 
whereas heat loss can be modulated within the range set by Cmin and 
Cmax (i.e., maximum and minimum insulation), resulting in a delim-
ited area in which thermoregulation is actually possible
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reaction norm that has been described in a multitude of 
species across many taxa (Fig.  2). At low temperatures, 
endothermic organisms produce heat to maintain high and 
constant Tb, resulting in a negative relationship between 
metabolism and Ta. Within the thermoneutral zone, which 
describes the range of Ta where thermoregulation relies 
primarily on physical responses (e.g. changes in insu-
lation and posture), metabolic rate reaches a minimum 
level (basal metabolic rate, BMR) and no longer changes 
as a function of Ta. At Ta above this zone, metabolic rate 
increases again as heat is actively dissipated by means of 
evaporative cooling and, in those species in which body 
temperature is allowed to rise, possibly due to Q10 effects 
(Bartholomew 1982; Withers 1992). In this region, the rela-
tion between ambient temperature and metabolism is posi-
tive. The breakpoints that separate these three regions and 
set the boundaries of thermoneutrality are known as the 
lower and upper critical temperatures (Tlc and Tuc), respec-
tively (Fig. 2).

Newton’s law of cooling has been employed as a use-
ful approximation to describe heat transfer at different Ta 
(Scholander et al. 1950). Detailed descriptions of how the 
equation is obtained, how it relates to the real physics of 
heat exchange, and the principles behind indirect calorim-
etry (i.e., estimating heat production by measuring oxygen 
consumption) are available in some classic papers (Porter 
and Gates 1969; Bakken 1976) and in excellent introduc-
tory chapters of animal physiology textbooks (e.g. Withers 
1992; Schmidt-Nielsen 1997; McNab 2002a; Angilletta 
2009). For an endothermic organism in thermal balance, 
Newton’s law can be expressed as

where MR is metabolic heat production, and thermal 
conductance C and the gradient between body tempera-
ture Tb and ambient temperature Ta determine the rate of 
heat loss (note that thermal insulation, which is a more 
intuitive concept, is the reciprocal of C). The graphical 
interpretation of Newton’s law of cooling shows that a 
thermoregulatory polygon, enclosed within the range in 
which MR and C can be modulated, emerges from the 
regulation of Tb around a set point (Fig. 2). Whereas the 
typical U-shaped curve describes metabolic responses at 
rest where energy expenditure is minimal, the polygon 
provides a more accurate representation of Newton’s law 
of cooling (which does not predict a positive relationship 
between MR and Ta at temperatures above Tuc, hence Q10 
effects and active heat dissipation must be taking place 
when this response is observed) and expands it to accom-
modate activity as well as other behaviors (Box 1).

(1)MR = C(Tb−Ta)
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Fig. 2   Thermoregulation in the fat mouse Steatomys pratensis. a 
Empirical measurements of MR and Tb at different Ta, connected 
by segments with slopes corresponding to C (Eq.  1), which can be 
modulated between extreme values Cmin and Cmax. b The relationship 
between MR and Ta is generally represented as a U-shape curve, and 
the thermoneutral zone TNZ (shaded area) bound by a lower and an 
upper critical temperature describes the temperature range in which 
MR is minimal. c The thermoregulatory polygon represents the area 
in which S. pratensis can remain euthermic according to the observed 
ranges of MR, C and Tb, and shows how the metabolic curve results 
from regulation of Tb around a set point. Note that, if Tb is not 
entirely constant and increases with Ta (a), the regression between 
MR and Ta below the TNZ is expected to underestimate C and over-
estimate Tb (represented as C’ and Tb’ in b). Data from Perrin and 
Richardson (2005), original mass-specific estimates were multiplied 
by the reported mean body mass of 37.4 g (n = 17–65 individuals for 
each data point)

temperatures (Ta) through metabolic heat production. The 
typical relationship between metabolic rate and ambient 
temperature in resting endotherms is a complex U-shaped 
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Importantly, Newton’s law of cooling assumes thermal 
balance, but not necessarily a constant Tb (i.e., Tb can vary 
across different Ta and yet the equality in Eq. 1 must hold). 
For a perfect thermoregulator at rest with an absolutely 
constant Tb, extrapolation of the metabolic curve below 
thermoneutrality to MR = 0 should intersect the abscissa 
at Ta =  Tb. However, for many organisms the regression 
approach extrapolates to Ta  >  Tb (McNab 1980, 2012; 

Schmidt-Nielsen 1997), as expected when Tb increases 
with Ta either because of detectable changes in core Tb 
(Fig.  2) or alterations in the temperature gradient from 
core to skin (the assumption that core Tb equals average Tb 
over the organism’s body is implicit in the model; Bartho-
lomew 1982). The latter can explain, for instance, why in 
previous analyses Newton’s law of cooling seemed to work 
better in small organisms and why, at low temperatures, 

Box 1: Thermoregulatory polygons in a nutshell

A thermoregulatory polygon describes the region in which 
thermal balance is theoretically possible based on Newton’s 
law of cooling (Eq. 1). It expands Scholander et al. (1950)’s 
model to accommodate the impact of activity on MR and C, 
as illustrated here for freely behaving deer mice Peromyscus 
maniculatus with access to a running wheel at 3, 10 and 25 °C 
(n =  37, data from Chappell et al. 2004). The boundaries of 
the polygon were calculated employing the lowest 30 min 
average MR at each temperature (RMR30 in their study) to 
ensure that animals were in thermal balance and VO2max dur-
ing forced exercise, assuming that Tb =  37 °C and Cmax =  4 
Cmin (see main text). The histograms show the distribution of 
1-min MR bins recorded during 48–96 h, and black squares 
represent DEE estimates. Note that the metabolic variation 
observed across temperatures can be adequately conveyed 
by the polygon proposed here, and that activity has a major 
impact on energy expenditure even when a substantial frac-
tion of MR estimates are close to resting levels.

information on environmental temperatures and time budg-
ets (see also Wunder 1975) may be combined to quantify 
how behavioral thermoregulation contributes to overall 
energy expenditure and estimate which strategies may be 
optimal under different ecological scenarios.

Additionally, polygons explicitly acknowledge that 
endothermic animals can lose heat at higher rates than pre-
dicted by Cmin, which corresponds to the maximum thermal 
insulation at rest in a dry metabolic chamber. Bioenergetic 
models employing Cmin generally overestimate cold toler-
ance and underestimate energy costs to withstand a par-
ticular temperature (multiples of C are shown above the 
polygon). For example, while this approach suggests that P. 
maniculatus can tolerate temperatures below − 40 °C, ther-
mal selection for increased MR during winter was detected 
in this species (Hayes and O’Connor 1999) and could be 
taking place at ~0 °C and lower assuming a 1 m/sec wind 
(Conley and Porter 1986). Interestingly, deer mice with 
higher thermogenic capacities are also more active above-
ground during cold seasons, suggesting that the ceiling in 
MR can constrain behavior (Sears et al. 2006). Thus, ther-
moregulatory constraints may impact activity patterns, sur-
vival rates, energy budgets and distribution limits, and an 
appropriate theoretical framework must recognize that dif-
ferent behaviors and environmental factors such as wind or 
rain will impair thermal insulation.

Finally, the upper portion of the polygon sets the limit 
to MR and describes how aerobic scope is affected by tem-
perature, and the region limited by Cmax can be employed 
to predict under which conditions unregulated hyperther-
mia might impair locomotor performance, activity lev-
els and reproductive output. For instance, the distribution 
of MR in deer mice at 25 °C shown here, in conjunction 
with the estimated thermoregulatory polygon, suggests that 
overheating may be an issue during prolonged strenuous 
activity at this and higher temperatures. Accordingly, vol-
untary and forced exercise can raise Tb by several degrees 
in similar-sized mice (Weinert and Waterhouse 1998; Wan-
ner et al. 2014). Consequently, polygons also constitute a 
formal analytical tool to investigate how the heat dissipa-
tion limit theory (Speakman and Król 2010a, b) relates to 
differences in body size, MR, life-history strategies and 
geographic distribution across endothermic lineages.

In this context, this framework is superior to the typi-
cal metabolic curve because it provides a more complete 
and realistic representation of what happens in nature. 
For example, changes in activity patterns as a function of 
temperature, which explain how some species maintain or 
even reduce energy expenditure during cold seasons (Hum-
phries et al. 2005; Zub et al. 2009), can be readily stud-
ied with polygons as the deer mice data illustrate. Detailed 
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intermediate and large species are apparently capable of 
decreasing C below estimates at the lower limit of thermo-
neutrality (McNab 2002b, 2012). Similarly, more labile Tb 
in birds (Prinzinger et al. 1991; McKechnie and Lovegrove 
2002) might explain why the metabolic curve extrapolates 
more often to Ta > Tb in this group in comparison to mam-
mals (Schmidt-Nielsen 1997).

Modulation of Tb is an intrinsic response in the ther-
moregulatory repertoire of birds and mammals (Boyles et al. 
2011, 2013), and Newton’s law of cooling remains applica-
ble to accommodate variation in Tb during normothermia 
(Fig.  2) and heterothermia ranging from mild hypother-
mia to deep hibernation (Fig.  3). Accordingly, it has been 
employed to study thermoregulation and energy balance 
during torpor and hibernation (Hensaw 1968; Humphries 
et  al. 2002), and to quantify the effects of reduced meta-
bolic costs to maintain the thermal gradient Tb − Ta in con-
junction with passive Q10 effects of lowered Tb on enzyme 
kinetics (Heldmaier and Ruf 1992). More specifically, 
Humphries et al. (2002) developed a bioenergetic model to 
compare the energy requirements to hibernate during the 
length of the winter against fat store estimates (Fig. 3), and 
predicted the range of hibernaculum temperatures in which 
the little brown bat Myotis lucifugus could successfully 
hibernate (see also Boyles and Brack 2009; Boyles and Wil-
lis 2010). Similar models may be employed to investigate 
under which conditions torpor may be favored by selection 
or to calculate the thermal niche during torpor or euthermia 
from first principles (e.g., Landry-Cuerrier et al. 2008).

Thermoregulatory polygons inherently assume that 
organisms rely on the temperature gradient for effec-
tive thermoregulation and that there is a minimum and a 
maximum rate at which heat is dissipated (Cmin and Cmax, 
respectively, Fig. 2). These limits are not determined solely 
by the organism’s physiology because C reflects the com-
bined action of morphological, physiological and envi-
ronmental variables (Porter 2000). Nonetheless, more 
complex bioenergetic models taking into account the con-
tribution of these different variables show that the relation-
ship between heat loss and Ta is quasi linear (e.g., Coyle 
and Porter 1986), supporting the linear approximation 
described in Eq.  1. According to Newton’s cooling law, 
thermal balance could not be maintained at temperatures 
approaching Tb as the thermal gradient approaches zero 
(hence MR should tend to zero to satisfy Eq. 1), which is 
not true because animals also rely on evaporative cooling 
to dissipate heat. Heat loss due to evaporation E can be 
included in the model and results in a thermoregulatory 
polygon in which thermal equilibrium can be maintained at 
Ta ≥ Tb, effectively increasing the range of maximal tem-
peratures that the organism may tolerate at the expense of 
water (Fig. 4). This expanded model captures why, at tem-
peratures approaching or above Tb, animals should remain 
inactive not only to minimize heat production but also C, 
which effectively reduces heat gain from the environment 
(Hinds and Calder 1973; Weathers and Schoenbaechler 
1976; Tieleman and Williams 1999; Tieleman et al. 2002). 
Nonetheless, the contribution of evaporative cooling is 
almost always included in the estimation of C at cool and 
intermediate temperatures (but see, e.g., Hudson and Bern-
stein 1981; Tieleman and Williams 1999; Tieleman et  al. 
2002), and this works well for temperature gradients of a 
few degrees or more (McNab 1980; Schleucher and With-
ers 2001). Strategies to maintain a temperature gradient and 
reduce evaporative heat loss by behavioral and physiologi-
cal means, such as vasoconstriction, changes in posture, 
the selection of suitable microhabitats and the elevation of 
the Tb set point several degrees above normal levels during 
extreme heat or strenuous exercise (Heinrich 1977; Tiele-
man and Williams 1999; Walsberg 2000; Soobramoney 
et  al. 2003), support the primary role of passive heat dis-
sipation and the adequacy of the reduced model (Eq. 1) for 
the overwhelming majority of species and ecological sce-
narios in nature (but see Tieleman et al. 2002, 2003; McK-
echnie and Wolf 2010).

Boundaries to effective thermoregulation

The limits to MR, C and Tb determine the area within 
which thermal balance is possible, and a variety of research 
questions on comparative energetics and their association 
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Fig. 3   Bioenergetic model to study torpor and hibernation in rela-
tion to thermoregulatory polygons. The thermal gradient is reduced 
following an active down regulation of MR and, at intermediate tem-
peratures Tb passively follows Ta. As temperature keeps decreasing, 
Tb eventually reaches a critical point and MR rises to prevent further 
hypothermia (Hainsworth and Wolf 1970; Heller and Colliver 1974; 
Heldmaier and Steinlechner 1981; Geiser and Baudinette 1987). The 
range of temperatures in which this strategy is energetically viable 
can be estimated by comparing rates of metabolic expenditure against 
available energy reserves. Modified from Humphries et al. (2002)
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with geographic distribution (Root 1988; Bozinovic and 
Rosenmann 1989; Rezende et  al. 2004; Swanson and 
Garland 2009), physiological responses to acclimation 
and acclimatization (Bacigalupe et  al. 2004a; Feist and 
White 1989) and the evolution of torpor and hibernation 
(Wang 1989; Humphries et  al. 2002) revolve, in one way 
or another, around where these limits lie. For a euthermic 
animal at rest, BMR and maximum metabolic rates during 
cold exposure (MMR) set the metabolic limits and have 
been employed as standard measures in comparative analy-
ses (Kleiber 1932; White and Seymour 2005; McNab 2009; 
Rezende et al. 2002, 2004). For most mammals and birds, 
however, the highest rates of heat production are attained 
during activity (Heinrich 1977), as suggested by meas-
urements of maximum aerobic capacity measured during 
strenuous exercise 

(

V̇O2max
)

 (White and Seymour 2005; 
Wiersma et  al. 2007a; Glazier 2008) and estimations of 
muscle efficiency (~70 % of the energy consumed by iso-
lated muscles during contraction is lost as heat; Lichtwark 
and Wilson 2007). Consequently, these parameters can be 
employed to study thermal balance and temperature critical 
limits the short term.

With regards to heat dissipation, the expansion from the 
metabolic curve to thermoregulatory polygons essentially 
involves the incorporation of Cmax. The premise that a limit 
to heat dissipation exists is trivial from a theoretical per-
spective, but its estimation remains challenging because C 
reflects the interaction between morphological, physiologi-
cal and environmental variables (Porter et al. 1994, 2000). 
Whereas Cmin is relatively straightforward to measure in 
quiescent animals minimizing their exposed surface area, 
Cmax varies as a function of posture, thermal conductivity 
of dry versus wet fur, forced convection during activity, 

and often includes evaporative heat loss as a confounding 
variable (Morrison et al. 1959; Conley 1985). Not surpris-
ingly, Cmin has been estimated in a wide variety of mono-
tremes (Schmidt-Nielsen et al. 1966; Dawson et al. 1978), 
birds, marsupials and placental mammals (reviewed in 
Bradley and Deavers 1980; Aschoff 1981; Schleucher and 
Withers 2001; Withers et  al. 2006) while the variation in 
Cmax remains virtually unexplored (but see Gavrilov 2014; 
Speakman and Król 2010a; Speakman et al. 2014). None-
theless, its relevance has been long recognized in exercise 
physiology, because the inability to dissipate heat at higher 
exercise intensity (i.e., higher MR) and/or ambient temper-
ature (i.e., lower temperature differential) ultimately results 
in exhaustion due to unregulated hyperthermia (Heinrich 
1977). More recently, heat dissipation has been proposed as 
a key process limiting energy expenditure and reproductive 
rates (Speakman and Król 2010a, b; Grémillet et al. 2012), 
hence Cmax may be a physiological parameter with impor-
tant repercussions for life-history evolution.

Importantly, limits to effective thermoregulation 
will vary with time because physiological or behavioral 
responses that maximize thermotolerance in the short term 
may not be sustainable over extended periods (Fig. 5). For 
instance, MMR and V̇O2max constitute peak metabolic 
rates during an acute challenge, whereas the maximum sus-
tainable MR (SusMR) has been proposed as a more ade-
quate proxy of the metabolic ceiling (Peterson et al. 1990; 
Daan et  al. 1990; Hammond and Diamond 1997; Baciga-
lupe and Bozinovic 2002; Speakman and Król 2010a) and 
has often been inferred from measurements of field meta-
bolic rates (FMR) (Speakman 2000; Anderson and Jetz 
2005). Contrasting temporal ranges partly explain why 
calculations of lower lethal temperatures from MMR and 
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Fig. 4   Newton’s law of cooling can be expanded to explicitly 
incorporate the contribution evaporative heat loss. a In the absence 
of evaporative heat loss, thermoregulation is only possible when 
Ta  <  Tb  −  BMR/Cmax (Eq.  1). b The incorporation of evaporative 
heat loss E, which is subtracted from MR (Eq. 1), gives rise to ther-
moregulatory polygons in which Ta can equal or surpass Tb (in reality 
E increases concomitantly with Ta at higher 0 temperatures, whereas 

here it was assumed to be constant for clarity). Heat tolerance 
increases with E and is maximized at temperatures above Tb by drop-
ping metabolic heat production MR and rates of heat gained from the 
environment to a minimum. Therefore, adopting Cmin is actually ben-
eficial at temperatures above Tb (for an empirical example, see Tiele-
man et al. 2002)
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Cmin measurements result in surprisingly low estimates 
(e.g. −30 °C for a 5.7 g hummingbird, López-Calleja and 
Bozinovic 1995; see also Rosenmann and Morrison 1974; 
Rosenmann et al. 1975; Heldmaier et al. 1982; Bozinovic 
and Rosenmann 1989; Bozinovic et  al. 1990; Holloway 
and Geiser 2001), and suggest that some small- to medium-
sized arctic species can tolerate temperatures below the 
lowest record on earth with a small increase in metabo-
lism (from 1.5 to 4 times BMR; Scholander et  al. 1950; 
but see Peters 1983). Even though these estimates remain 
useful for comparative purposes, they have limited predic-
tive power in realistic ecological settings, as comparisons 
of lower lethal temperatures estimated from MR and Cmin 
measurements against mortality data highlight (Hart 1962). 
Ultimately, ecologically relevant limits to thermoregula-
tion are expected to be less extreme as the temporal range 
increases (Fig.  5) because animals must also maintain 
energy and water balance (e.g., the lower limits of MR and 
C over the course of many days would include bouts of 
activity and should be higher than BMR and Cmin, respec-
tively). Estimating where these limits lie remains a major 
challenge, because (i) FMR measures do not necessarily 
constitute maximum sustainable levels of energy expendi-
ture (Ricklefs et al. 1996), (ii) energy is allocated to multi-
ple processes apart from heat production and (iii) heat gen-
erated as a byproduct of other activities is often employed 
for thermoregulatory purposes (i.e., heat substitution, see 
Humphries and Careau 2011).

Allometric effects

How body size affects thermoregulatory performance 
remains an important ecological question with implications 

for our understanding of patterns of geographic distribution 
(e.g., Bergmann’s rule), to estimate thermal niches (Kear-
ney and Porter 2009; Porter and Kearney 2009) and the 
potential impact of rising temperatures on species energet-
ics (e.g., Dillon et al. 2010 for ectothermic organisms) and 
tolerance limits (Khaliq et al. 2014). The limits to heat pro-
duction and dissipation change predictably with body size, 
and many studies have quantified how BMR (Symonds and 
Elgar 2002; White and Seymour 2005; McNab 1988, 2009; 
Sieg et  al. 2009; Clarke et  al. 2010), FMR (Koteja 1991; 
Nagy et  al. 1999; Speakman 2000; Nagy 2005; Anderson 
and Jetz 2005; Capellini et  al. 2010; Hudson et  al. 2013) 
and MMR (Bozinovic and Rosenmann 1989; Rezende 
et al. 2002, 2004; Swanson and Garland 2009; Weibel et al. 
2004) vary with size, and the same is true for Cmin (Brad-
ley and Deavers 1980; Aschoff 1981; Schleucher and With-
ers 2001; Withers et al. 2006). Conversely, little is known 
about Tb (but see Clarke and Rothery 2008) or Cmax.

To quantify the range of variation in C at rest, we com-
piled measurements of MR and Tb at different Ta from 
the literature, the only criteria for inclusion being that all 
values were reported in the same study and that measure-
ments encompassed a wide range of Ta. We calculated C 
for the different Ta (Eq. 1) and selected the lowest value as 
Cmin and the highest C obtained at Ta < Tb as Cmax (Fig. 2). 
Because Cmax can be inflated due to evaporative heat loss 
as Tb − Ta decreases, abnormally high values observed at 
very small temperature differentials of 2.7 ± 0.6 °C (± SD) 
were removed following visual inspection (N = 5 spp), and 
an estimate at a lower Ta was selected as Cmax instead. The 
resulting dataset encompasses 46 avian species with a body 
mass range from 5.5 to 1500  g and 43 mammalian spe-
cies weighing between 4.0 and 11,400 g (Fig. 6). Allomet-
ric relations for Cmin closely resemble results by Aschoff 
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(1981) with a more extensive dataset, suggesting that val-
ues compiled here are representative of the variation in C 
observed in both lineages.

Scaling relationships for Cmin and Cmax indicate that the 
relationship between these variables remains relatively con-
stant across body sizes (Table 1). As expected, the residual 
variation around the regression was higher in Cmax than in 
Cmin (Fig. 6), reflecting the difficulty to estimate Cmax pre-
cisely because some values may be either submaximal or 
inflated due to evaporative heat loss. Accordingly, Cmax 
remains significantly correlated with the temperature dif-
ferential Tb − Ta in the pooled dataset (P < 0.001), which 
is not the case for Cmin (P  =  0.88). Nonetheless, these 
estimations provide a rough idea of how much C can be 

modulated in resting animals within a metabolic chamber: 
Cmax adjusted for a temperature differential of 2 °C is 3.9 
times higher than Cmin in birds, as estimated by the median 
of the distribution (95 % of the values fall within 3.0 and 
5.2 times Cmin), and 4.1 times in mammals (95 % between 
2.8 and 5.4 times Cmin). Estimates of Cmax reported by 
Gavrilov (2014) for passerines and non-passerines, corre-
sponding to roughly four times Cmin, are in close agreement 
with the range of values found here. Even though struc-
tural constraints in hair density and length across different 
ranges of body sizes might also affect the general relation-
ship between Cmin and Cmax, the ratio between these vari-
ables was not significantly associated with body mass in 
either birds or mammals (P > 0.6 in both cases).

Fig. 6   The association between 
body size and lower and upper 
limits reported for a metabolic 
rate MR, b thermal conductance 
C and c body temperature Tb 
in euthermic mammals. Data 
in white and gray correspond 
to extreme values observed 
during exposure to cold and 
warm conditions, respectively 
(see text for details). Con-
tinuous lines represent relations 
obtained by regular linear 
regressions (Table 1) and the 
dotted lines depict allometric 
relations for BMR (Sieg et al. 
2009) and Cmin (Aschoff 1981) 
for comparative purposes. The 
histograms describe how the 
ratio or the difference between 
maximum and minimum values 
observed for these variables is 
distributed. Results for birds are 
qualitatively identical (see Sup-
plementary Material)
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To address whether variation in thermoregulatory poly-
gons with body size predicts allometric effects in other ther-
mal descriptors, such as the range of thermoneutrality and 
its lower and upper limits (Tlc and Tuc) (Morrison 1960; 
Calder and King 1972), we complemented the dataset built 
for C with measurements of MR data from the literature 
(for rodents, Rezende et  al. 2004; for birds, Dawson and 
Carey 1976; Hinds et al. 1993; Cooper 2002; Rezende et al. 
2002; Vezina et  al. 2006; Wiersma et  al. 2007a, b; Olson 
2009) (Fig. 6). The close correspondence between theoreti-
cal predictions based on the scaling of BMR, Cmin and Cmax 
(Table  1) and empirical estimates for placental mammals 
supports this prediction and confirms the long recognized 
trend (Scholander et  al. 1950; Morrison 1960; Calder and 
King 1972; Gardner et al. 2011) that larger species exhibit 
lower Tlc and Tuc, and a broader range of thermoneutrality 
than small species (Fig.  7). Even though quantitative pre-
dictions should change with different scaling parameters, 
as a general rule, the thermal niche of larger species is 
expected to shift and/or expand toward cooler temperatures 
because the scaling exponents for MR are larger than C and 
Ta =  Tb −  MR/C (Fig.  8). For example, Morrison (1960) 
suggested that Tlc should decrease in proportion to mass0.25 
based on an exponent of 0.75 for BMR and 0.5 for Cmin, 
whereas the analysis described here suggests a decrease 
proportional to mass0.16 (Fig. 7). Certainly, these allometric 
effects may vary across taxa (Sieg et al. 2009; White et al. 
2009), and might partly account for macroecological trends 
such as Bergmann’s rule (Ashton et  al. 2000; Meiri and 
Dayan 2003; Millien et al. 2006; Ramirez et al. 2008), body 
size evolution in mammals (Smith et al. 2010) and size dis-
tribution differences between terrestrial and aquatic lineages 

(Smith and Lyons 2011). In this context, thermoregulatory 
polygons may be employed to model how the complex rela-
tionship between body size, thermoregulatory performance, 
activity and energy balance (see also Wunder 1975) may 
give rise to different ecological and evolutionary scenarios.

Residual variation

After removing the effects of body size, the residual varia-
tion in MR and C was significantly correlated with ecologi-
cal variables such as temperature (Scholander et al. 1950; 

Table 1   Ordinary least-square allometric equations employed in this 
study

Body mass mb in g, BMR and MMR in ml  O2/h, Cmin and Cmax in 
ml O2/h  °C; r2 from the linear regression on log10-transformed data 
(see Fig. 6). Body mass range in birds: 5.7–1080 g for MR and 5.5–
1500 g for C; in mammals: 6.9–819 g for MR and 4.0–11,400 g for C
a  Adjusted for a temperature differential of 2 °C (see text)

n Allometry r2

Birds 61 BMR = 8.678m
0.629

b
0.943

61 MMR = 46.79m
0.627

b
0.868

46 Cmin = 0.714m
0.548

b
0.940

46 Cmax = 1.81m
0.545

b
0.742

46 Cmax = 2.63m
0.570

b
0.852a

Mammals 57 BMR = 4.98m
0.660

b
0.903

57 MMR = 29.314m
0.656

b
0.874

43 Cmin = 0.755m
0.559

b
0.950

43 Cmax = 2.75m
0.523

b
0.858

43 Cmax = 3.19m
0.558

b
0.915a
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Fig. 7   Body size effects on a upper critical thermal limits (Tuc), b 
lower critical thermal limits (Tlc) and c the temperature range of the 
thermoneutral zone (TNZ) can be predicted with the proposed frame-
work from Tb, BMR, Cmin and Cmax. Empirical data for mammals 
were obtained from Riek and Geiser (2013) and predicted values 
were calculated from allometry assuming a Tb = 37 °C. We employed 
the allometric relation described by Sieg et al. (2009) for BMR and 
the equations obtained in this study for Cmin and Cmax (Table 1). The 
shaded area depicts the prediction interval associated with the stand-
ard error of the allometric exponent of Cmin and Cmax
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Rezende et  al. 2004; Swanson and Garland 2009; Naya 
et  al. 2013b), aridity (McNab and Morrison 1963; Love-
grove et al. 1991) and diet (McNab 1986). However, most 
comparative analyses have focused on a single physiologi-
cal parameter, effectively ignoring multivariate selection 
and the concerted evolution of multiple characters involved 
in thermoregulation (but see Rezende et  al. 2004; Love-
grove 2005; Naya et al. 2013b). This is unfortunate because 
upper and lower limits of heat production and dissipation 
may increase or decrease in concert if they share a common 
physiological and/or genetic basis (Fig. 9). Because animals 
must either conserve or dissipate heat to regulate Tb, the 
boundaries of thermoregulatory polygons should emerge 
as a compromise to multiple selective pressures acting on 
different aspects of performance, rather than optimal lim-
its evolving independently of each other. Seasonal plastic 
responses in thermoregulatory performance, which involve 
concomitant changes in MR and C (Rosenmann et al. 1975; 
Heldmaier et al. 1982; Feist and White 1989; Piersma et al. 
1995; Nespolo et al. 2001; Lovegrove 2005; Swanson and 

Liknes 2006), support this interpretation and are difficult 
to explain in the absence of physiological constraints. For 
example, increased maintenance costs of thermogenically 
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active tissues have been invoked to explain the higher BMR 
observed during the cold season in many endothermic spe-
cies because the adaptive significance of higher BMR per 
se remains unclear (Dawson and O’Connor 1996; Williams 
and Tieleman 2000; Liknes et  al. 2002; Swanson 2010). 
Interestingly, increased winter BMR is typical of species 
from high latitudes whereas their counterparts from sub-
tropical latitudes exhibit stable or reduced BMR (Smit and 
McKechnie 2010). A similar pattern emerges in compara-
tive analyses on the association between BMR and MMR, 
which suggests that their residual variation is generally cor-
related across species from temperate zones (Duttenhoffer 
and Swanson 1996; Rezende et  al. 2002, 2004), which is 
not the case in the tropics (Wiersma et al. 2007a).

Conversely, for C virtually no information on the asso-
ciation between upper and lower limits is available. Even 
though postural changes, vasoconstriction and evapora-
tive water loss can be employed to modulate C, insula-
tion afforded by the fur and feather covering imposes 
a physical restriction that should give rise to a close 
association between Cmin and Cmax. In the dataset com-
piled here, the residual variation in these variables con-
trolling for body mass and the temperature differential 
for Cmax (see above) are highly correlated in both birds 
(r44 = 0.673, P = 2.9 × 10−7) and mammals (r41 = 0.736, 
P = 1.8 × 10−8) and support this prediction (Fig. 9). Simi-
larly, Gavrilov (2014) reported a nearly constant ratio 
between these variables across passerines and non-pas-
serines, which is inherently indicative of an association 
between these variables. Taken together, these analyses 
indicate that upper and lower limits of heat production on 
the one hand, and heat dissipation on the other hand, are 
often correlated and may evolve in concert (Fig. 9). None-
theless, there is a need not only for more comparative stud-
ies to evaluate this hypothesis, but also intraspecific ones 
that might evaluate the potential joint evolutionary trajecto-
ries of both traits.

Studies focusing on a single physiological parameter 
also neglect that equivalent rates of heat production and 
loss are necessary to maintain a constant Tb (Eq. 1), hence 
MR and C are expected to respond in a coordinated fash-
ion to changes in the thermal environment. In a compara-
tive analysis encompassing 127 rodent species, Naya et al. 
(2013b) found highly significant covariation between BMR 
and Cmin after removing size effects (see also McNab and 
Morrison 1963; Lovegrove et  al. 1991; Bozinovic et  al. 
1999; McNab 1995; Lovegrove 2005), and that interspe-
cific differences in this coordinated response are mainly 
associated with the mean annual temperatures that spe-
cies they encounter. Their analyses conclusively show that 
MR and C evolve as a coordinated system but, contrary 
to their suggestion, also demonstrate that compensation is 
not entirely perfect across species from different thermal 

environments. Perfect compensation occurs when variation 
in MR and C is exactly proportional (i.e., 1:1 relation), and 
involves vertical shifts in thermoregulatory polygons with-
out any changes on the temperature axis because the ratio 
MR/C remains constant (and therefore Tb  −  Ta remains 
unchanged; Eq.  1). The fact that Naya et  al. (2013b) 
describe a negative association between residual Cmin and 
annual mean temperatures and a 1:1.099 relation between 
Cmin and BMR (see their Fig. 1) indicates that the thermo-
neutral zone of species from cold regions are displaced 
toward lower temperatures, as originally described by 
Scholander et  al. (1950). Nonetheless, perfect compensa-
tion remains a very useful concept because it encapsulates 
the physiological conditions under which energy budgets 
can be modulated without any impact on the range of ther-
mal tolerance and, consequently, energy savings associated 
with different thermoregulatory strategies (e.g., evolving 
higher MR vs. higher insulation) can be readily estimated 
across the entire thermal range of the polygon.

Taken together, the association between upper and lower 
limits of heat production and dissipation and the covaria-
tion between MR and C suggest that the suite of physio-
logical responses required for efficient thermoregulation is 
somewhat constrained. Under which conditions these con-
straints might contribute to the evolution of different ther-
moregulatory strategies remain virtually unexplored (but 
see Rezende et al. 2002, 2004; Lovegrove 2005; Naya et al. 
2013b; Careau 2013), and yet they may impact how differ-
ent mammals and birds might respond to climate change 
and to the predicted increase in temperature variability 
on a daily and seasonal basis. Addressing these questions 
requires a more holistic approach focusing on the concerted 
evolution of subordinate traits underlying thermoregula-
tory performance. Consequently, parameters describing the 
thermoregulatory polygon of a given species (e.g. BMR, 
MMR, Cmin and Cmax) should be consistently measured and 
reported in the same study, and analyses should address 
how the boundaries of the polygon respond in tandem to 
thermal challenges and how they correlate with different 
climate predictors.

Activity and reproduction

Both activity and reproduction require energy and inevi-
tably produce heat as a byproduct. Therefore, a trade-off 
between these processes and thermoregulation is expected 
due to energy allocation when it is cold and heat dissipation 
when it is warm, with potentially important repercussions 
for population dynamics and geographic ranges across 
environmental thermal gradients (Hall et al. 1992). Consid-
erable attention has been given to the extrinsic and intrinsic 
factors that might limit energy acquisition and expenditure, 
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such as food availability and the capacity to digest and 
assimilate food (Konarzewski and Diamond 1994; Ham-
mond and Diamond 1997; Speakman 2000; Bacigalupe and 
Bozinovic 2002), whereas only recently has the putative 
role of heat dissipation been recognized (but see Green-
wood and Wheeler 1985). As a consequence of the heat 
dissipation limit theory (Speakman and Król 2010a, b), an 
increasing number of studies are currently assessing how 
heat dissipation might impact the ecology and evolution 
of endothermic lineages (e.g., Voigt and Lewanzik 2011; 
Greenberg et al. 2012; Kurnath and Dearing 2013; Larose 
et al. 2013; Zub et al. 2013; Okrouhlík et al. 2015).

The aerobic scope available for activity and reproduc-
tion across different temperatures can be readily calculated 
as the difference between the upper and lower boundaries 
of the thermoregulatory polygon (Fig.  8). Consequently, 
the scope for activity and reproduction is maximized at 
intermediate temperatures and decreases toward the ther-
mal extremes, where thermoregulatory constraints may 
impair these functions. Importantly, bursts of activity 
involve high-energy turnover rates for brief periods of time, 
and reproduction and parental care encompass increased 
energy costs usually distributed across weeks, months or 
even years; therefore, the time frame in which these pro-
cesses occur cannot be neglected during the calculation of 
aerobic scope (Fig. 5). Additionally, this approach assumes 
that the heat generated through activity or reproduction is 
not employed for thermoregulation at low temperatures, 
whereas actually the possibility of heat substitution should 
result in an aerobic scope that is not necessarily reduced at 
lower Ta because a fraction of the energy required for these 
activities is also employed for thermogenesis (Humphries 
and Careau 2011).

According to resource allocation theory, thermoregu-
latory costs required for maintenance are expected to be 
largely additive to productive costs necessary for growth 
or reproduction (Ricklefs 1974; Weiner 1992; Rauw 2009), 
which is supported by empirical studies combining multiple 
stressors, such as the costs of lactation and cold exposure 
in mammals (Hammond et al. 1994; Rogowitz 1996, 1998; 
Hammond and Kristan 2000; Johnson and Speakman 2001; 
Zhang and Wang 2007; Simons et al. 2011). Several mam-
malian species exhibit a decrease in thermogenic capacity 
and its subjacent physiological machinery during lactation 
(reviewed in Speakman 2008), suggesting that reproduc-
tion costs impinge not only on increased energy demands 
but also on a reduction on the metabolic ceiling. Therefore, 
thermoregulatory requirements during cold seasons may 
partly account, in conjunction with decreased productiv-
ity and food availability, for seasonal patterns of repro-
duction in species from temperate regions (Burger 1949; 
Masman et al. 1986; Weathers and Sullivan 1993; Berteaux 
1998; Fournier et  al. 1999) and geographical variation in 

breeding seasons (Bronson 1985). Conversely, partial heat 
substitution during locomotion seems to be widespread 
across birds and mammals (Chai et  al. 1998; Bruinzeel 
and Piersma 1998; Chappell and Hammond 2004; Chap-
pell et  al. 2004; Lovvorn 2007; Humphries and Careau 
2011; but see Wunder 1970; Hart 1971), with important 
repercussions for activity patterns at different temperatures 
(Chappell et al. 2004), energy budgets in free-ranging ani-
mals (Webster and Weathers 1990; Weathers and Sullivan 
1993) and during long-distance migrations (Bruinzeel and 
Piersma 1998). In principle, perfect substitution should 
result in activity at low temperatures being virtually free of 
energy costs (Humphries and Careau 2011 and references 
therein). Nevertheless, this argument neglects the fact that 
postural changes and forced convection during locomotion 
inevitably jeopardize insulation (Box 1), and thus thermal 
balance. Everything else being equal, an increase in C 
must be compensated by a proportional increase in MR to 
maintain Tb (Eq. 1), which suggests that remaining active 
at moderate or low temperatures imposes a thermoregula-
tory cost that can be mitigated but never fully circumvented 
with heat substitution. This subject has received little con-
sideration in the literature (but see Zerba and Walsberg 
1992; Zerba et  al. 1999), and has been neglected in theo-
retical analyses that employ Cmin to study the association 
between thermoregulation and energy budgets (e.g., Root 
1988; Humphries and Careau 2011).

At environmental temperatures above the optimal in 
which aerobic scope is maximized, heat production dur-
ing activity and/or reproduction may exceed maximum 
rates of heat dissipation and thus the organism might 
face death by unregulated hyperthermia (Fig.  8b). This 
is in accordance with empirical studies showing that sus-
tained activity at moderate to high temperatures almost 
irrevocably results in hyperthermia (Torre-Bueno 1976; 
Heinrich 1977; Hudson and Bernstein 1981; Hirth et  al. 
1987; Nybo 2008) and/or reduced maximum aerobic per-
formance and endurance as Ta increases (Galloway and 
Maughan 1997; Chappell et al. 2004). The impact of ele-
vated Tb on activity and locomotor performance has long 
been recognized and, not surprisingly, many terrestrial 
birds and mammals show bimodal patterns of activity to 
avoid high mid-day temperatures and minimize the risk of 
hyperthermia (Owen-Smith 1988; Wauters 2000; Baciga-
lupe et  al. 2003; Maloney et  al. 2005). Nonetheless, the 
putative role of heat dissipation in the ecology and evolu-
tion of these groups remains to be fully explored (Piersma 
2011). For example, nocturnality has been hypothesized 
to be predominant among bats to prevent overheating 
during flight (e.g., Thomas and Suthers 1972; Speakman 
et al. 1994; Voigt and Lewanzik 2011) and the evolution 
of sexual size dimorphism across birds and mammals, 
with females being generally smaller in both groups, 
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has been proposed as result of increased susceptibility to 
hyperthermia (Greenwood and Wheeler 1985). From an 
evolutionary perspective, the capacity to dissipate heat is 
expected to be under strong directional selection because 
of the direct impact of transient hyperthermia on fertility, 
conception rates and embryo survival (e.g., Gwazdaukas 
et al. 1981; Webb 1987; Setchell et al. 1988; Karaca et al. 
2002; Hansen 2009). Additionally, heat dissipation may 
constrain increased energy turnover rates and impose a 
limit to the number and/or size of offspring (Fig. 10), with 
potentially important repercussions to the evolution of 
life histories across different ranges of body size or geo-
graphic distribution (Speakman and Król 2010a, b).

Allometric analyses suggest that larger mammalian spe-
cies have a reduced scope to increase MR relative to BMR 
(Speakman and Król 2010a) and the ratio between FMR 
and BMR indeed decreases with body size (Westerterp 
and Speakman 2008), which has led to the proposition that 
the lower fecundity of larger species ultimately reflects a 
physiological constraint resulting from their lower surface 
to volume ratio (Speakman and Król 2010b). Even though 
the impact of heat on activity and reproductive perfor-
mance has been long recognized in large animals (e.g., in 
the livestock literature; Renaudeau et  al. 2003; Odongo 
et al. 2006), the heat dissipation limit theory postulates that 
this limitation is general across different ranges of body 
size (Speakman and Król 2010a; Piersma 2011). Accord-
ingly, many insects are endothermic during flight and can 
maintain Tb elevated several degrees above Ta, which dem-
onstrates that even small ectotherms cannot readily dissi-
pate the heat generated during strenuous activity (Heinrich 

1977). This is expected on theoretical grounds because, 
irrespective of body size, heat dissipation rates must even-
tually reach a limit that is conveyed by Cmax in the pro-
posed framework. When the combination of metabolic 
and environmental heat load surpasses this limit, animals 
are expected to overheat or attempt to maintain constant 
Tb at the expense of water balance (Fig. 4). Consequently, 
thermoregulatory polygons provide a theoretical venue to 
studying both the energy costs of activity and reproduction 
as well as their impact on thermoregulatory performance. 
Relying primarily on knowledge of activity and reproduc-
tive costs and their impact on overall MR, this approach 
can be employed to address how temporal and geographi-
cal variation in environmental temperatures might translate 
into different selective pressures acting on thermoregula-
tion and, indirectly, on patterns of activity and reproductive 
output (Fig. 10).

Concluding remarks

Contrasting with the typical U-shaped curve described in 
textbooks, thermoregulatory polygons acknowledge that 
activity, behavior and environmental conditions such as wind 
or rain alter the relationship between Ta and MR (Box 1).  
Taking into consideration the limits to heat production and 
dissipation, thermoregulatory polygons describe the set of 
conditions under which thermal balance is possible and 
thus, permit a better understanding of the potential impact 
of thermoregulatory constraints on traits relevant to fit-
ness such as activity levels and reproductive performance. 
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bolic rates. a The theory predicts that the ceiling on energy expendi-
ture should be lower at high Ta, which is supported by empirical 
measurements in lactating voles (Microtus arvalis) with different lit-
ter sizes. The relationship between MR and litter size was obtained 
from measurements of food intake in Simons et  al. (2011) (their 
Fig.  6) scaled to a daily energy expenditure of 91.8 and 59.3  kJ/
day recorded in their study for dams with a mean litter size of 3.5 

pups at 21 and 30  °C, respectively. b Observed limits can be read-
ily explained with the polygon framework proposed here. Upper and 
lower estimates of energy expenditure coincide with the polygon 
limits expected from allometry for a 25 g mammal (Table 1) with a 
Tb =  37  °C, illustrating how the proposed framework might predict 
the limits to heat dissipation and their putative impact on the evolu-
tion of life history in endothermic organisms (see Speakman and Król 
2010b)
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As a caveat, this approach remains an approximation and 
conveniently ignores processes such as radiation (Porter 
and Gates 1969) or that animals are not always in thermal 
equilibrium (Tieleman and Williams 1999). Limitations 
and reservations about the use of Newton’s law of cool-
ing have been given by several authors (Strunk 1971; Cal-
der and King 1972; Bakken and Gates 1974), all of which 
essentially emphasize that the relationship it describes and 
parameter C are not explicitly associated with any single 
process of heat transfer and may obscure the contribution 
of relevant physiological responses (the most important one 
being evaporative cooling). Consequently, the adequacy of 
its underlying assumptions should always be considered in 
light of the model system being studied and the research 
question (e.g. whereas solar radiation may be of little 
importance on studies comparing species thermoregulatory 
performance across a wide range of environments, it may 
dramatically alter species thermoregulatory behavior on a 
daily basis). Nonetheless, the general constraint imposed 
by thermal balance remains true regardless of the diffi-
culties on estimating empirically where the limits to heat 
production and dissipation lie, or the number of physiologi-
cal factors that might be ultimately involved. In spite of 
the inherent limitations of Newton’s law of cooling as an 
oversimplified description of the mechanics of heat trans-
fer (e.g., see Strunk 1971; Bakken and Gates 1974; Porter 
et al. 2000), understanding how this general model behaves 
can be enlightening on conceptual grounds and relevant 
as an analytical and predictive tool to study ecological 
phenomena.

In this context, substantial progress toward understand-
ing how different organisms cope with their thermal envi-
ronment is likely to be made by combining the relative 
contribution of residual variation in MR and C with allo-
metric effects (see above). For example, Root (1988) sug-
gested that thermoregulatory constraints ultimately explain 
northern distribution limits of many North American avian 
species during winter employing Newton’s cooling law. 
Repasky (1991) refuted this hypothesis, arguing that body 
size gradients would be expected because metabolism 
increases with size and no gradients in body size were 
detected in this dataset. However, a lack of association 
between northern distributions limits and body size does 
not exclude the possibility of thermal constraints because 
species of similar size may differ in physiological capaci-
ties and in thermal tolerance. Accordingly, the best model 
explaining avian distribution boundaries in this dataset 
included both allometric effects and residual variation 
in MR and C (Canterbury 2002), and latitudinal gradi-
ents in avian body size have been detected more recently 
in larger datasets (Ramirez et al. 2008; Olson et al. 2009). 
Similarly, on a temporal scale, declining body size has been 
proposed as a major response to ongoing climate change 

(Gardner et  al. 2011), and thermoregulatory polygons 
may be employed to study from a theoretical perspective 
how changes in average and extreme temperatures might 
drive the evolution of body size in endothermic lineages 
and broad scale geographic trends (e.g., Smith et al. 2010; 
Smith and Lyons 2011; Teplitsky and Millien 2014).

Whereas in many systems the limited knowledge on how 
organismal traits may respond to environmental changes 
prevents physiological ecology from becoming a fully 
developed predictive science (see Violle et  al. 2014), ulti-
mately we contend that the lack of theoretical developments 
that translate current physiological understanding into for-
mal mechanistic models remains the main impediment to 
study the ecological and evolutionary repercussions of 
thermoregulation in endotherms (see also Angilletta 2009). 
From an ecological perspective, thermoregulatory poly-
gons describe how the thermal niche and energy expendi-
ture of different endothermic organisms vary as a function 
of physiological parameters Tb, MR and C (Eq.  1). Even 
though several models are available to estimate the niche 
breadth of endothermic species (Porter and Gates 1969; 
Porter et al. 2000; Humphries et al. 2002; Porter and Kear-
ney 2009), the approach described here has three primary 
advantages that make it particularly compelling: it is intui-
tive, extraordinarily simple and the physiological variables 
involved can be easily measured. While the time and effort 
involved in constructing and validating new models con-
stitute a major problem (Kearney and Porter 2009), New-
ton’s law of cooling has been used extensively and several 
parameters have already been measured in a multitude of 
species. The adaptive potential of different descriptors of 
the polygon, as well as correlated responses to selection, 
can be easily studied with complementary approaches, such 
as selection experiments (Konarzewski et al. 2005), repeat-
ability and heritability analyses (e.g. Chappell et al. 1995; 
Bacigalupe et  al. 2004b; Nespolo et  al. 2005; Szafranska 
et  al. 2007) and estimations of phenotypic selection for 
thermotolerance and/or energy expenditure in the field (e.g. 
Hayes and O’Connor 1999; Boratynski et al. 2010; Fletcher 
et al. 2015). Furthermore, polygons can be combined with 
microclimate data (Kearney et al. 2014a, b) to predict with 
increasing accuracy how changes in thermal regimes might 
affect different organisms. Overall, we consider that the 
proposed approach may constitute a powerful analytical 
tool to study the impact of thermoregulatory constraints 
on variables related to fitness such as energy balance and 
reproductive output, and help elucidating how species will 
be affected by ongoing climate change as other mechanistic 
models (Deutsch et  al. 2008; Huey et  al. 2009; Angilletta 
2009; Dillon et al. 2010).
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