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ABSTRACT

A large number of analyses have examined how basal metabolic rate (BMR) is affected by body mass in mammals. By
contrast, the critical ambient temperatures that define the thermo-neutral zone (TNZ), in which BMR is measured,
have received much less attention. We provide the first phylogenetic analyses on scaling of lower and upper critical
temperatures and the breadth of the TNZ in 204 mammal species from diverse orders. The phylogenetic signal
of thermal variables was strong for all variables analysed. Most allometric relationships between thermal variables
and body mass were significant and regressions using phylogenetic analyses fitted the data better than conventional
regressions. Allometric exponents for all mammals were 0.19 for the lower critical temperature (expressed as body
temperature - lower critical temperature), −0.027 for the upper critical temperature, and 0.17 for the breadth of TNZ.
The small exponents for the breadth of the TNZ compared to the large exponents for BMR suggest that BMR per se
affects the influence of body mass on TNZ only marginally. However, the breadth of the TNZ is also related to the
apparent thermal conductance and it is therefore possible that BMR at different body masses is a function of both
the heat exchange in the TNZ and that encountered below and above the TNZ to permit effective homeothermic
thermoregulation.
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I. INTRODUCTION

An enormous body of literature is available for the basal
metabolic rate (BMR) of mammals and how it is related to a
multitude of variables such as body mass, body temperature
(T b), geographical distribution and diet (Scholander et al.,
1950; Kleiber, 1961; Dawson & Hulbert, 1970; McNab,
1974 2008; Lovegrove, 2003; White & Seymour, 2004;
Muñoz-Garcia & Williams, 2005). In recent years, with
the advent of analyses that allow statistical consideration of
phylogeny, we have seen a renaissance of papers attempting
to identify factors that determine BMR (Elgar & Harvey,
1987; Lovegrove, 2000; Withers, Cooper & Larcombe, 2006;
White, Blackburn & Seymour, 2009; Capellini, Venditti &
Barton, 2010). Surprisingly, however, very little attention has
been placed on understanding how thermal variables directly
related to BMR are correlated with size and phylogeny.

Metabolic physiologists appreciate that metabolism in
endotherms is basal only if thermoregulatory heat production
is excluded from measurements (McNab, 1997). Thus BMR
is measured in the thermo-neutral zone (TNZ), bordered at
the lower end by the lower critical temperature (T lc) where an
increase in thermoregulatory heat production commences to
compensate for heat loss, and at the upper end by the upper
critical temperature (T uc) where metabolism increases largely
to dissipate heat to the environment and, in those species
that allow T b to change slightly with ambient temperature
(T a), through a Q10 effect on metabolic rate (Bartholomew,
1982; Withers, 1992). These critical temperatures play an
important functional and ecological role in thermal biology
because they define the T a over which energy expenditure
in normothermic endotherms is minimal and also the T as at
which metabolic rate must increase if a constant T b is to be
maintained.

While it seems that T b shows no consistent association
with size among phylogenetic lineages (Calder, 1984;
Clarke & Rothery, 2008), some studies examining the
interrelationships of T lc with body mass (Morrison,
1960; McNab, 1970; Peters, 1983) found a weak scaling
relationship. However, these studies were based on small
sample sizes (e.g. McNab, 1970, maximum N = 28)
and mainly used calculated rather than measured T lcs.
Moreover, there is no published systematic examination of
critical temperatures and the TNZ in relation to size and
phylogeny of mammals. The few studies examining critical
temperatures in mammals used ordinary least-squares (OLS)
regression to describe their relationship with body mass.
However, not accounting for phylogeny ignores the potential
lack of independence among species because of their shared
evolutionary history (Felsenstein, 1985; Garland, Harvey &
Ives, 1992). Species-related trait values cannot be treated
as independent data points in statistical analyses as close

phylogenetic relatives are more likely to be similar than are
distantly related species (Felsenstein, 1985; Harvey & Pagel,
1991; Garland et al., 1992 1993; Garland & Ives, 2000).
Thus OLS analysis can lead to erroneous results and hence to
misleading conclusions, as recently shown for the allometry of
BMR and field metabolic rate (FMR) in mammals (Capellini
et al., 2010), although this is not always the case.

The purpose of our study therefore was to provide a
systematic analysis of how the critical temperatures that
define the range of environmental temperatures where
metabolism is equivalent to BMR are affected by body
mass, how they are affected by phylogeny, and how the
allometric exponents might be related to those for BMR and
the apparent thermal conductance (C ).

II. METHODS

(1) Database

Data from published studies on 204 species from diverse
orders of mammals were available for the present analysis
(Table 1; single species data with the corresponding
references are available online as supplementary material,
Appendix S1). The data set comprised 204 observations on
T lc and body mass, 93 on T uc and 93 on the breadth of the
TNZ (calculated as T uc-T lc). In our study T lc and T uc are
assumed to reflect the intercept between C and BMR, and
heat stress coefficient and BMR, respectively.

Species ranged from some of the smallest mammals, such
as the masked shrew (Sorex cinereus) weighing 3.5 g to large
species such as the bison (Bison bison) weighing 800 kg. While
we do not claim the study to be exhaustive, an effort was
made to include all available studies that recorded T lc, T uc,
T b and body mass from the same animals. If body mass was
not provided in the same publication, the additional infor-
mation was taken from other publications. If T b measured
in the TNZ for a certain species was not given in the source
paper (placentals, N = 45; marsupials, N = 7), T b was either
taken from the table published by Clarke, Rothery & Isaac
(2010) or the mean T b of the respective systematic group was
assumed.

When data on a species were provided by more than
one source, only one study was included, based on data
quality and the number of observations, resulting in one
data point per species. For analyses values for all traits were
log10-transformed to linearize their relationship with T lc
expressed as log10(T b-T lc), since T lc can be calculated as
T lc = T b – BMR/C which yields T b-T lc = BMR/C (Peters,
1983). T lc is also provided on a linear scale to allow easy
visual assessment of how it is affected by body mass. All
analyses were performed for all species and separately for
placentals and marsupials.
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Table 1. Summary of range of body mass, lower critical temperature (T lc), upper critical temperature (T uc) and the breadth of the
thermo-neutral zone (TNZ) in various mammalian orders included in the present analysis (see online Appendix S1 for species data)

Body mass (g) T lc (◦C) T uc (◦C) Breadth of TNZ (◦C)

Order Range N Range N Range N Range N

Monotremata 1601–3000 2 20–24 2 30 1 10 1
Didelphimorphia 13–1500 12 22–29 12 35–36 7 7–14 7
Dasyuromorphia 7–552 7 28–33 7 34 1 2.7 1
Peramelemorphia 645–1551 5 27–30 5 35 1 8 1
Diprotodontia 10–26400 18 10–34 18 20–35 15 1.1–14.6 15
Microbiotheria 40.2 1 29 1 — 0 — 0
Chiroptera 4–464 48 24– 35 48 33–43 30 1.5–12.7 30
Rodentia 7.3–6000 56 7–33 56 25–36 17 2.5–18 17
Macroscelidea 39–50 2 33–35 2 36 1 3.5 1
Lagomorpha 432–3000 5 10–20 5 26 1 8 1
Hyracoidea 2000–2750 3 10–24 3 — 0 — 0
Erinaceomorpha 67–749 4 28–31 4 — 0 — 0
Soricomorpha 3.5– 55 12 24–35 12 28–36 7 3–8.5 7
Perissodactyla 500000 1 5 1 25 1 20 1
Cetartiodactyla 21000–800000 9 −40 to 9 9 20–30 3 11– 21 3
Carnivora 540–165000 14 −30 to 26 14 33–35 3 8–10 3
Primates 105–5000 5 24–32 5 25–35 5 3–7.5 5

(2) Phylogeny

The phylogenies in Newick format were derived from the
recently published mammalian supertree which includes
4510 species with branch lengths derived from dated
estimates of divergence times (Bininda-Emonds et al.,
2007, 2008).The supertree for mammals in Newick format
(Bininda-Emonds et al., 2008) was pruned to include
only the species used in this study using the ‘Analysis
in phylogenetics and evolution’ (APE) package (Paradis,
Claude & Strimmer, 2004) and the ‘Analysis of evolutionary
diversification’ (GEIGER) package (Harmon et al., 2008) in
R (Ihaka & Gentleman, 1996). The phylogeny including all
mammals used in the present study, from which the trees
for the different datasets were derived, is available as online
supplementary material (Appendix S2).

(3) Phylogenetic signals

To detect phylogenetic signals individually across traits,
K - and P-values were calculated following Blomberg,
Garland & Ives (2003) using the ‘R tools for integrating
phylogenies and ecology’ (PICANTE) package (Kembel
et al., 2010) in R. The calculation of K essentially involves the
observed and expected ratios of the mean squared error of the
tip data (measured from the phylogenetically corrected mean)
and the mean squared error of the data calculated using
the variance-covariance matrix (derived from the candidate
tree). A detailed description of the calculation is given in
Blomberg et al. (2003). In brief, a K < 1 for a certain trait
implies that relatives resemble each other less than expected
under Brownian motion evolution along the candidate tree
and a K > 1 implies that close relatives are more similar
than expected (Blomberg et al., 2003).

(4) Phylogenetic generalized least squares

The method of phylogenetic generalized least squares (PGLS;
Grafen, 1989; Martins & Hansen, 1997; Garland & Ives,
2000; Rohlf, 2001) was implemented for the available trait
data using BayesTraits (Pagel, Meade & Barker, 2004).
PGLS allows for flexibility in the underlying evolutionary
assumptions (Martins & Hansen, 1997). While phylogenetic
independent contrasts (PIC, Felsenstein, 1985) analysis is a
special case of PGLS assuming a ‘Brownian motion’ model
of evolution where the variation in the trait data is fully
explained by the phylogeny, PGLS analysis allows more
flexibility through the use of a parameter (λ) which can be
interpreted as a measure of evolutionary constraint acting
on the phenotypes. The parameter λ is determined by
maximum likelihood (ML) and can range between 0 (no
phylogenetic signal, similar to OLS analysis) and 1 (pattern
of trait data variation is fully explained by the phylogeny,
similar to PIC analysis). Intermediate values of λ indicate
that the trait evolution is phylogenetically correlated, but
does not follow fully a Brownian motion model (Pagel, 1999;
Freckleton, Harvey & Pagel, 2002; White et al., 2009). A
more in-depth description and further mathematical details
on PGLS analysis can be found in Pagel (1999), Garland &
Ives (2000) and Freckleton et al. (2002).

In order to detect outliers, residual values corrected for
phylogeny generated by the PGLS analyses were extracted
and standardized by dividing by their square root of their
variance. Outliers were defined and removed when stan-
dardized residuals were >±3 (Jones & Purvis, 1997). Thus,
four outliers were removed from the T lc dataset for pla-
centals (Heterohyrax brucei, Apodemus mystacinus, Alopex lagopus,
Peropteryx macrotis), five from the T uc dataset for all mammals
(Natalus tumidirostris, Tadarida brasiliensis, Nasua narica, Dobsonia
praedatrix, Aepyprymnus rufescens), two from the T uc dataset for
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Table 2. Phylogenetic signals (K -values) for the difference between body temperature and lower critical temperature (T b − T lc),
upper critical temperature (T uc), the breadth of the thermo-neutral zone (TNZ), and body mass (BM) for the corresponding datasets
for mammals included in the present study [computed after the method of Blomberg et al. (2003), see text for details]

K -values

Species BM for T b-T lc BM for T uc BM for TNZ T b-T lc T uc TNZ

All 1.034*** 1.203*** 1.165*** 0.390*** 0.414*** 0.272*
Marsupials 1.064*** 0.817** 0.822* 0.642*** 0.989** 0.754*
Placentals 1.493*** 1.339*** 1.279*** 0.571*** 0.647*** 0.297*

*P < 0.05, **P < 0.01, ***P < 0.001.

marsupials (Petauroides volans, Bettongia gaimardi), two from the
TNZ dataset for all mammals and for placentals (Cercopithecus
mitis, Aotus trivergatus) and two from the TNZ dataset for
marsupials (Aepyprymnus rufescens, Tarsipes rostratus).

(5) Model fit

To identify the best fitting model, we compared OLS (λ = 0)
and PIC (λ = 1) models to the PGLS (λ= ML) model using
BayesTraits (Pagel et al., 2004). We used likelihood ratio
(LR) tests, as described in Capellini et al. (2010), with LR = 2
× [Lh (better-fitting model) − Lh (worse-fitting model)],
with the best-fitting model having the highest log-likelihood
score (Lh). The significance was tested with a chi-square
distribution with 1 degree of freedom (Pagel, 1997 1999;
Freckleton et al., 2002).

III. RESULTS

(1) Phylogenetic signals and model fit

Phylogenetic signals (i.e. K -values) for body mass were
significant (P < 0.05) for all datasets and clades (Table 2).
K -values for body mass were generally >1 indicating that

close relatives are more similar than expected under the
Brownian motion model of evolution, except for marsupials.
Testing the three different thermal variables (i.e. T b−T lc,
T uc, and the breadth of the TNZ) separately for their
phylogenetic signal resulted in K -values <1 for all traits
and clades, suggesting that close relatives resemble each
other less than expected under Brownian motion evolution.
Phylogenetic signals were also significant for thermal traits
in all clades (P < 0.001).

Results on estimated ML λ for the association between
body mass and thermal variables using PGLS regression
analysis, showed that ML λ had an intermediate value (i.e. 0
< λ < 1) for all relationships and thus required phylogenetic
correction (Table 3). However, the evolution of all relative
thermal variables (i.e. their association with body mass) was
not consistent with Brownian motion and thus significantly
different to PIC in all clades, except for the breadth of TNZ
and T uc in marsupials, where PGLS was not significantly
different from PIC. PGLS was also significantly different
from OLS analysis for all datasets and clades, emphasizing
the need for a phylogenetic correction of the trait data.
PGLS models provided a better fit to the data than either
OLS or PIC, except for T uc and TNZ in marsupials, where
ML λ was not statistically different from 1.

Table 3. Summary of tests for model fit, comparing phylogenetic generalized least squares (PGLS) models (λ estimated by maximum
likelihood, ML) with ordinary least square (OLS) models (λ = 0) and phylogenetic independent contrasts (PIC, λ= 1) for the
difference between body temperature and lower critical temperature (T b − T lc), upper critical temperature (T uc) and breadth of
the thermo-neutral zone (TNZ) in mammals included in the present study

PGLS versus PIC PGLS versus OLS

Species N ML λ Lh PGLS Lh PIC Lh OLS LR P LR P

T b − T lc
All 204 0.66 88.08 35.93 58.36 104.30 <0.001 59.44 <0.001
Marsupials 43 0.52 23.68 14.96 18.86 17.44 <0.001 9.64 0.002
Placentals 155 0.50 65.09 23.70 55.38 82.78 <0.001 19.42 <0.001
T uc
All 88 0.57 141.39 127.51 136.23 27.76 <0.001 10.32 <0.001
Marsupials 22 0.69 50.60 49.72 47.05 1.76 n.s. 7.10 0.008
Placentals 68 0.55 119.58 106.91 111.83 25.34 <0.001 15.50 <0.001
TNZ
All 91 0.29 22.85 −8.55 20.13 62.80 <0.001 5.44 0.019
Marsupials 22 0.86 11.77 11.54 7.77 0.46 n.s. 8.00 0.005
Placentals 66 0.15 18.96 −8.08 15.70 54.08 <0.001 6.52 0.011

ML λ = maximum likelihood for λ; Lh = log-likelihood score for models with ML = λ, 0 = λ or 1 λ; LR = likelihood ratio.

Biological Reviews 88 (2013) 564–572 © 2013 The Authors. Biological Reviews © 2013 Cambridge Philosophical Society



568 Alexander Riek and Fritz Geiser

Table 4. Phylogenetic generalized least-squares models for the allometry of the difference between body temperature and lower
critical temperature (T b − T lc), upper critical temperature (T uc) and the breadth of the thermo-neutral zone (TNZ) for mammals
included in the present study, with the maximum likelihood (ML) λ value for the relationship between trait (i.e. T b − T lc, T uc and
breadth of TNZ) and body mass and with the slope (b), intercept, r2 and n-statistics of the model

Species N MLλ b (S.E.) log intercept (S.E.) F d.f . P r2

T b − T lc
All 204 0.66 0.194 (0.016) 0.497 (0.092) 160.0 202 <0.001 0.44
Marsupials 43 0.52 0.161 (0.027) 0.514 (0.083) 36.6 41 <0.001 0.47
Placentals 155 0.50 0.208 (0.018) 0.574 (0.061) 128.8 153 <0.001 0.46
T uc
All 88 0.57 −0.027 (0.006) 1.566 (0.030) 20.7 86 <0.001 0.19
Marsupials 22 0.69 0.006 (0.006) 1.522 (0.017) 0.95 19 n.s. 0.05
Placentals 68 0.55 −0.030 (0.007) 1.559 (0.019) 21.5 66 <0.001 0.24
TNZ
All 91 0.29 0.170 (0.020) 0.411 (0.079) 64.2 89 <0.001 0.42
Marsupials 22 0.86 0.333 (0.040) 0.021 (0.121) 68.5 19 <0.001 0.78
Placentals 66 0.15 0.142 (0.023) 0.483 (0.057) 37.0 64 <0.001 0.36

(2) Allometric relationships

Allometric relationships between thermal variables and body
mass were significant (P < 0.05) except for T uc in marsupials
(Table 4). PGLS models showed that allometric exponents
varied between marsupials and placentals for T b − T lc,
T uc and TNZ as a function of body mass. The allometric
exponent for relative T b − T lc in marsupials (0.16) was
lower than for placentals (0.21), however the difference was
not significant (ANOVA, F 1, 196 = 3.0, P = 0.09; Table 4).
Our results show that T lc decreases with body mass and that
the allometric relationship between body mass and T lc for
all mammals can be described as T lc (◦C) = T b (◦C) − 3.14
body mass (g)0.19 (Fig. 1). The ML λ for T uc as a function
of body mass was high for marsupials (0.69) and somewhat
lower for placentals (0.55). The allometric exponent for
T uc of placentals was significantly (P < 0.01) lower than for
marsupials, with body mass explaining 24% in placentals and
only 5% in marsupials (Table 4, Fig. 2). In placentals T uc
decreased with increasing body mass, whereas in marsupials
T uc remained constant over the body mass range examined.
The allometric exponent for the breadth of TNZ was
significantly (P < 0.01) greater in marsupials (0.33) than
in placentals (0.14), with an intermediate exponent for all
mammals (0.17, Table 4, Fig. 3). The allometric relationship
was described by the function TNZ (◦C) = 1.05 body mass
(g)0.33 for marsupials, and TNZ (◦C) = 3.04 body mass (g)0.14

for placentals (Table 4). Furthermore, body mass explained
78% of the variation in the breadth of TNZ in marsupials,
whereas in placentals body mass explained only 36 %.

IV. DISCUSSION

(1) Model fit and phylogenetic signals

Our study is the first describing the relationship between body
mass and thermal variables using phylogenetic analysis. Our
results show that PGLS models, which take the phylogenetic

signal in the data into account, always fit the data better than
OLS models and thus should be preferred when analysing
thermal variables. As our results show, phylogenetic correc-
tion was warranted due to the significant differences between
PGLS and OLS models, with PGLS models always having
the higher log-likelihood scores. However, the strength of
the phylogenetic signal for the relationship between thermal
variables and body mass, estimated by the ML λ was in all
cases intermediate (i.e. 0 < λ < 1), and thus also significantly
different from 1 for most relationships (except for T uc and
the breadth of the TNZ in marsupials), indicating that the
evolution of these relationships was less than expected under
the Brownian motion model. This emphasises that assuming
a value for λ such as in PIC (λ = 1) or OLS (λ = 0) over-or
under-estimates the influence of shared evolution, respec-
tively, and will likely lead to erroneous results and conclusions
(Capellini et al., 2010).

Analysing body mass and thermal variables separately for
their phylogenetic signal showed that mass had a strong
and exaggerated phylogenetic signal (K > 1), indicating
that relatives resemble each other generally more in mass
than expected under the Brownian motion model (Blomberg
et al., 2003). The phylogenetic signal was also significant for
all physiological traits examined in the present study (i.e.
T b − T lc, T uc, and breadth of the TNZ). However, the
signal for physiological traits was less than expected (K < 1)
under Brownian motion, which is in accordance with other
physiological variables such as T b, C and evaporative water
loss (Withers et al., 2006).

(2) Lower critical temperature

Our study is the first incorporating measured T lc and
body mass values from a large number of mammalian
species (N = 204) of diverse orders. The data set includes
sufficient numbers to divide it into marsupials and placentals,
which is important because, on average, marsupials have a
lower BMR and use different mechanisms for thermogenesis
than placentals (Dawson & Hulbert, 1970; McNab, 1974;
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Fig. 1. Relationship between the lower critical temperature
(T lc) and body mass in mammals. Circles are placentals, dots
are marsupials and squares are monotremes. Fitted lines in A
have been derived from the phylogenetic least-squares (PGLS)
models from linearized relationships by expressing T lc as T b −
T lc for all mammals (solid line), placentals (short dashed line)
and marsupials (long dashed line), where the y-intercept was
calculated by forcing the regression line through the estimate
for the root of the tree, following Garland et al. (1993) and
Garland & Ives (2000). Fitted lines in B have been derived by
the model T lc = T b − a body massb. Model fit and allometric
equations are given in Tables 3 and 4 and in Section III.

Fleming, 1980; Geiser & Körtner, 2004; Jastroch et al.,
2008). For example, while for many placental mammalian
species brown adipose tissue (BAT) is the main source for
non-shivering thermogenesis (Himms-Hagen, 1984; Jastroch
et al., 2008), marsupials are able to use vasoconstrictor-
induced non-shivering and shivering thermogenesis in
skeletal muscles (Eldershaw et al., 1996). The role of BAT
as a source for non-shivering thermogenesis in marsupials
remains controversial with some studies showing that BAT is
absent or non-functional (Nicol, Pavlides & Andersen, 1997;
Rose et al., 1999) and others showing that BAT is present in
some marsupials (Hope et al., 1997).
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models for all mammals (solid line), placentals (short dashed line)
and marsupials (long dashed line), where the y-intercept was
calculated by forcing the regression line through the estimate
for the root of the tree, following Garland et al. (1993) and
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given in Tables 3 and 4.
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the phylogenetic least-squares (PGLS) models for all mammals
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Model fit and allometric equations are given in Tables 3 and 4.
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Allometric equations for the estimation of T lc have been
reported previously for mammals (Scholander et al., 1950;
Morrison, 1960; McNab, 1970 1974). However, unlike in
our analyses, these equations were based on low numbers of
species and importantly, were not corrected for phylogeny,
although, as our results show, phylogenetic correction for
relative Tlc is warranted due to the strong phylogenetic
signal in the data. Furthermore previous equations were
mainly derived by the combination of logistic equations for
BMR and C rather than from measured T lc and body
mass values. Although T lc can be calculated from C , BMR
and T b as T lc = T b – BMR/C , it must be noted that all
three parameters characterising T lc (i.e. T b, BMR and C )
can vary independently from each other. Calculating T lc
from literature data on thermal conductance, BMR and T b
yields the equation T lc = T b − 4.15 body mass0.18 (Peters,
1983) for mammals, which differs somewhat from that
determined in our study from measured T lc data controlled
for phylogeny (T lc = T b − 3.14 body mass0.19).The present
findings however confirm that absolute T lc decreases with
increasing body size (Scholander et al., 1950). The T lc of
an animal is reached when BMR equals the homeostatic
heat requirement to compensate for heat loss at a T a below
T b. However, T lc depends on an interaction between the
minimal C and BMR as well as on T b. Therefore, the reason
for the lower T lcs of larger mammals is due to a lower C

(Bradley & Deavers, 1980) and a relatively higher total BMR
(Capellini et al., 2010) compared to smaller mammals. Since
T b is relatively independent from size (Calder, 1984; Clarke
& Rothery, 2008), T lc will decline with size, which means
that small homeotherms need to increase their metabolism
to offset heat loss at higher T as than large homeotherms.
This also enables larger mammals to decrease their heat
loss and thus maintain a constant T b at lower T as better
than smaller mammals. Furthermore, larger mammals have
usually thicker fur than small mammals and thus are better
protected against heat loss, since fur traps a stationary layer
of air close to the skin which acts as a good thermal insulator
(Schmidt-Nielsen, 1984; Speakman & Thomas, 2003). This
is one of the reasons why some large heavily furred mammals
like the wolf or brown bear can tolerate T as below −20 ◦C
or even below −40 ◦C in the case of the bison, without
increasing their heat production (Scholander et al., 1950;
Phillips & Heath, 1995). Smaller mammals on the other
hand cannot afford to be heavily furred because the thick
fur would hinder their manoeuvrability. This also explains
to some extent why there are fewer small species in colder
climates than in warmer climates.

Comparing our two allometric equations for T lc of
placentals and marsupials reveals that the exponent for
marsupials (0.16) is lower than that for placentals (0.21). This
difference was not significant, however it indicates that the
T lc in marsupials falls less rapidly with increasing body mass
than it does in placentals. This difference maybe explained
by the lower BMR of marsupials (Dawson & Hulbert, 1970)
which apparently is not offset by a lower C . Another reason
could be the distribution range of marsupials in relatively

warm areas or their smaller upper size range compared
to placentals. Fleming (1980) derived an equation for the
estimation of T lc in marsupials from logistic equations for
standard metabolic rate and mass-specific C of Dawson &
Hulbert (1970) and Kinnear & Shield (1975). The derived
equation (T lc = T b − 3.20 body mass0.17) is similar to that
found for marsupials in our study (T lc = T b − 3.27 body
mass0.16).

(3) Upper critical temperature

Unlike T lc, T uc cannot be calculated from C , BMR and T b.
To our knowledge the present study is the first to try to explain
the relationship between T uc and body mass in mammals.
The present results suggest a negative relationship between
body mass and T uc in mammals in general, i.e. a decrease
in T uc with increasing body mass. Body mass explained only
19% of the variation in T uc for all mammals when corrected
for phylogeny and 24% in placentals, but was not significant
for marsupials. Thus T uc is far less affected by body mass
than T lc in marsupials. The negative relationship between
T uc and body mass in placentals can be explained by the
fact, that, as outlined above, large mammals are usually more
heavily furred than small mammals and thus cannot dissipate
heat as easily. Moreover, the relative small surface area to
volume ratio means that the volume of heat-producing tissue
in large mammals is proportionally much greater than the
surface area used for heat dissipation. Were it not for the low
mass-specific heat production of large mammals they would
therefore overheat. This is emphasised by a recent model that
predicts that heat dissipation constraints influence the scaling
of metabolic rate (Speakman & Król, 2010). The so-called
heat dissipation limit theory postulates that in endothermic
animals the upper boundary for total energy expenditure
is not so much defined by the supply of energy but rather
by the maximum capacity to dissipate body heat to avoid
hyperthermia. The heat dissipation limit theory predicts that
the scope to increase metabolism declines with increasing
size of the animal. Our results on T uc support this view,
because T uc and body mass show a negative relationship
overall.

(4) Breadth of the thermo-neutral zone

The TNZ of an animal is defined as the range of T a in
which T b is regulated only by the control of sensible heat
loss (IUPS Thermal Commission, 1987). Thus, regulatory
changes in metabolic heat production or evaporative heat
loss only occur outside the TNZ, which is characterised as T a
> T lc and T a < T uc. In our study the T a range of the TNZ
varied among species from as low as 1.1◦C (Acrobates pygmaeus)
to as high as 21◦C (Capra hircus). Body mass had a moderate
effect (r2 = 0.42) on the breadth of TNZ for all mammals.
However, when separating the data set into placentals and
marsupials, the TNZ of marsupials was highly influenced
by body mass (r2 = 0.78), but less in placentals (r2 = 0.36).
This is most likely explained by the slightly positive slope
for the T uc in marsupials in comparison to the negative
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slope for the T uc in placentals and a similar effect of body
mass on T lc. Obviously, the breadth of the TNZ is not only
affected by the size of the animal, but also by the extent they
use insulation. As we have seen, good insulation using fur
substantially decreases the T lc of mammals and reduces heat
loss at low T a. The disadvantage of thick fur is its relative
inflexibility at high T a, resulting in a lowering of the T uc in
large placentals.

(5) Thermal variables in relation to BMR and
apparent thermal conductance

Our analyses show that the breadth of the TNZ scales with
body mass with an exponent of 0.17 in all mammals. As
the TNZ is defined as the range of T a in which BMR can
be basal and BMR in turn affects the T lc and T uc to some
extent, the question arises why the scaling exponent differs so
substantially from that for BMR (Fig. 4). Proposed allometric
exponents for BMR differ among 0.75 (Kleiber, 1961), 0.67
(White & Seymour, 2003), and more recently 0.72 (Capellini
et al., 2010). The scaling exponent of 0.17 for the breadth of
the TNZ suggests that BMR per se explains only a small part
of the change of TNZ with body mass. However, the total C
is also a variable that is related to the TNZ, but its exponent
(0.57, Bradley & Deavers, 1980) is also below that for BMR.
Interestingly, the sum of the exponents for C and the breadth
of the TNZ is 0.74, close to the BMR exponents. Is it
therefore possible that BMR is a compromise, that is selected
so that T uc occurs at a maximal high level and T lc at a
minimum low level at a given body mass/insulation, but that
nevertheless is idling high enough to allow it to be adequately
up-regulated when required during cold exposure?

V. CONCLUSIONS

(1) To our knowledge, the present study is the first
to investigate critical temperatures in a large dataset of
mammals (N = 204) using phylogeny. Our results show that
the critical temperatures defining the TNZ (i.e. T lc and T uc),
key criteria for measuring BMR, and the breadth of the TNZ
are all influenced by phylogeny.

(2) However, while T lc is clearly body-mass-dependent
in both marsupials and placentals, T uc is only body-mass-
dependent in placentals.

(3) The breadth of the TNZ, defined as the difference
between T uc and T lc, is strongly correlated with body mass
in marsupials, but less in placentals because in the latter both
T lc and T uc fall with body mass.
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Appendix S1. 
Body mass (BM), body temperature (Tb), lower critical temperature (Tlc), upper critical 
temperature (Tuc)and the breadth of the thermo-neutral zone (TNZ) of mammalian species 
included in the analysis 
 
Species BM 

(g) 
Tb 

(°C) 
Tlc 

(°C) 
Tuc 

(°C) 
TNZ 

(range °C) 
Reference 

Monotremata      

   Tachyglossus aculeatus 3000 30.7 20.0 30.0 10.0 Schmidt-Nielsen et al. (1966) 

   Ornithorhynchus anatinus 1601 34.0 24.0   Grant and Dawson (1978) 

Didelphimorphia      

   Thylamys elegans 40.2 34.8 27.5 35.0 7.5 Bozinovic et al. (2005) 

   Caluromys philander 170 34.8 26.0   Ribeiro et al. (2007) 

   Caluromys derbianus 331 35.0 27.0 35.0 8.0 McNab (1978) 

   Philander opossum 751 35.8 29.0   McNab (1978) 
   Metachirus nudicaudatus 336 35.0 29.0 36.0 7.0 McNab (1978) 
   Didelphis marsupialis 1300 35.0 26.0   McNab (1978) 
   Didelphis virginiana 1500 35.0 22.0 36.0 14.0 McNab (1978) 
   Lutreolina crassicaudata 812 35.8 27.0 35.0 8.0 McNab (1978) 
   Chironectes minimus 946 35.0 24.0   McNab (1978) 
   Marmosa robinsoni 122 34.0 26.0 36.0 10.0 McNab (1978) 
   Marmosa microtarsus 13 35.5 27.0   McNab (1966) 

   Monodelphis brevicaudata 40 33.7 29.0 36.0 7.0 McNab (1978) 

Dasyuromorphia      

   Sminthopsis macroura 24.8 34.3 31.3 34.0 2.7 Song et al.(1995) 

   Sminthopsis crassicaudata 17 35.2 28.6   Geiser & Baudinette (1987) 

   Dasyuroides byrnei 120 35.2 27.9   Geiser & Baudinette (1987) 

   Planigale gilesi 8.3 35.1 29.3   Geiser & Baudinette (1988) 

   Planigale tenuirostris 7 34.5 33.0   Dawson & Wolfers (1978) 

   Ningaui yvonnae 11.6 34.4 32.0   Geiser & Baudinete (1988) 

   Myrmecobius fasciatus 552 32.5 28.0   Cooper & Withers (2002) 

Peramelemorphia      

   Macrotis lagotis 1520 35.0 27.0 35.0 8.0 Kinnear & Shield (1975) 

   Isoodon macrourus 1551 35.9 30.0   Hulbert & Dawson (1974a, b) 

   Perameles nasuta 645 36.1 30.0   Hulbert & Dawson (1974a, b) 

   Echymipera rufescens 946 34.6 30.0   Hulbert & Dawson (1974a, b) 

   Echymipera kalabu 695 35.0 30.0   Hulbert & Dawson (1974a, b) 

Diprotodontia      

   Cercartetus nanus 36 34.3 28.7 32.9 4.2 Song et al.(1997) 

   Cercartetus concinnus 18.6 34.4 28.0 30.0 2.0 Geiser (1987) 

   Cercartetus lepidus 12.6 33.7 28.0 30.0 2.0 Geiser (1987) 

   Burramys parvus 44.3 36.1 27.7 30.0 2.3 Fleming (1985b) 

   Acrobates pygmaeus 14 34.7 34.0 35.1 1.1 Fleming (1985a) 



Species BM 
(g) 

Tb 
(°C) 

Tlc 
(°C) 

Tuc 
(°C) 

TNZ 
(range °C) 

Reference 

   Tarsipes rostratus 10 36.6 28.0 34.0 6.0 Withers et al. (1990) 

   Petaurus breviceps 130 35.9 27.0 31.0 4.0 Dawson & Hulbert (1970); 
Fleming (1980) 

   Pseudocheirus peregrinus 968 37.4 25.0 32.5 7.5 Munks & Green (1995) 

   Pseudocheirus occidentalis 861 36.5 25.0 32.5 7.5 Kinnear & Shield (1975) 

   Petauroides volans 1141 35.4 18.0 25.0 7.0 Rübsamen et al. (1984) 

   Spilocuscus maculatus 4250 34.7 20.8 35.4 14.6 Dawson & Degabriele (1973) 

   Aepyprymnus rufescens 2820 36.5 25.0 33.0 8.0 Rübsamen et al. (1983) 

   Bettongia gaimardi 1700 35.6 10.0 20.0 10.0 Rose (1997) 

   Setonix brachyurus 2670 36.3 20.0 32.5 12.5 Kinnear & Shield (1975) 

   Lagorchestes conspicillatus 2660 36.0 25.0   Dawson & Bennett (1978) 

   Macropus giganteus 26400 36.3 15.0   Dawson et al. (2000) 

   Macropus rufus 23500 36.3 15.0   Dawson et al. (2000) 

   Phascolarctos cinereus 7600 35.8 15.0   Degabriele & Dawson (1979) 

Microbiotheria      

   Dromiciops gliroides 40.2 35.5 29.0   Bozinovic et al. (2004) 

Chiroptera       

   Macroglossus minimus 16.3 36.2 30.9 33.0 2.1 Bartels et al. (1998) 

   Syconycteris australis 17.8 35.9 29.5 33.0 3.5 Geiser et al. (1996) 

   Melonycteris melanops 53.3 34.9 28.0   Bonaccorso & McNab (1997) 

   Paranyctimene raptor 23.6 33.8 27.0   McNab & Bonaccorso (2001) 

   Nyctimene albiventer 30.9 35.9 28.0   McNab & Bonaccorso (2001) 
   Nyctimene cyclotis 40.4 36.0 24.0   McNab & Bonaccorso (2001) 
   Rousettus amplexicaudatus 91.5 36.5 26.0   McNab & Bonaccorso (2001) 
   Dobsonia minor 73.7 36.5 27.0 35.0 8.0 McNab & Bonaccorso (2001) 
   Dobsonia praedatrix 179.5 37.1 25.0 33.0 8.0 McNab & Bonaccorso (2001) 
   Dobsonia anderseni 241 36.4 28.0   McNab & Bonaccorso (2001) 
   Dobsonia moluccensis 464 36.8 24.0   McNab & Bonaccorso (2001) 
   Nyctophilus geoffroyi 7 31.6 29.1 33.2 4.1 Geiser & Brigham (2000) 

   Nyctophilus gouldi 10 35.8 30.7 32.5 1.8 Geiser & Brigham (2000) 

   Eptesicus vulturnus 4 33.3 27.6 33.3 5.7 Willis et al. (2005b) 

   Chalinolobus gouldii 17.5 35.0 34.0   Hosken & Withers (1997) 

   Eptesicus fuscus 15 36.0 26.7   Willis et al. (2005a) 

   Miniopterus schreibersii 10.9 37.7 32.5 37.5 5.0 Baudinette et al. (2000) 

   Lasiurus cinereus 27.5 34.8 30.0 34.0 4.0 Cryan & Wolf (2003) 

   Lasiurus seminolus 9.8 35.1 32.0   Genoud (1993) 

   Lasiurus borealis 12.2 35.7 32.0   Genoud (1993) 

   Lasiurus intermedius 22.6 35.8 34.0   Genoud (1993) 

   Nycticeius humeralis 9 33.6 32.0   Genoud (1993) 

   Anoura latidens 13.5 35.8 34.7 36.2 1.5 Soriano et al. (2002) 

   Anoura caudifera 12 36.5 27.0 35.0 8.0 McNab (1969, 1982) 
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   Leptonycteris curasoae 24 35.7 30.5 37.0 6.5 Arends et al. (1995) 

   Glossophaga longirostris 13.5 37.5 31.5 36.0 4.5 Arends et al. (1995) 

   Glossophaga soricina 6.8 36.5 31.4 35.2 3.8 Cruz-Neto & Abe (1997) 

   Choeroniscus godmani 10.1 36.6 32.0   Arends et al. (1995) 

   Sturnira erythromos 15.9 34.4 25.5 32.6 7.1 Soriano et al. (2002) 

   Sturnira lilium 22 36.4 28.1 37.1 9.0 McNab (1969, 1982) 

   Rhinophylla pumilio 10 34.7 30.0 35.0 5.0 McNab (1969, 1982) 

   Choeroniscus perspicillata 15 36.4 28.2 37.7 9.5 McNab (1969, 1982) 

   Uroderma bilobatum 16 35.1 28.0 35.6 7.6 McNab (1969, 1982) 

   Platyrrhinus lineatus 22 36.4 28.0   McNab (1969, 1982) 

   Artibeus concolor 20 35.3 28.0   McNab (1969, 1982) 

   Artibeus jamaicensis 45 36.4 25.0 35.8 10.8 McNab (1969, 1982) 

   Artibeus literatus 70 37.7 25.0 37.7 12.7 McNab (1969, 1982) 

   Mormoops megalophylla 16.5 36.9 33.5 39.5 6.0 Bonaccorso et al. (1992) 

   Pteronotus personatus 14 37.5 34.0 38.5 4.5 Bonaccorso et al. (1992) 
   Pteronotus parnelli 19.2 36.4 34.0 40.5 6.5 Bonaccorso et al. (1992) 
   Pteronotus davyi 9.4 38.8 34.5 43.0 8.5 Bonaccorso et al. (1992) 
   Tadarida brasiliensis 11 36.0 26.3 32.7 6.4 Soriano et al.(2002) 

   Mops condylurus 23.2 35.8 30.0   Maloney et al. (1999) 

   Natalus tumidirostris 5.4 32.3 28.0 35.5 7.5 Genoud et al. (1990) 

   Macroderma gigas 107.2 37.0 30.0 35.0 5.0 Baudinette et al. (2000) 

   Rhinonicteris aurantius 8.3 36.1 32.5 37.5 5.0 Baudinette et al. (2000) 

   Peropteryx macrotis 5.1 34.4 30.5 37.0 6.5 Genoud et al. (1990) 

   Saccopteryx bilineata 8.2 35.5 30.0   Genoud & Bonaccorso (1986) 

Rodentia       

   Chaetodipus hispidus 40.1 36.8 30.5 33.5 3.0 Wang & Hudson (1970) 

   Calomys musculinus 16.9 36.3 27.0   Bozinovic & Rosenmann 
(1988) 

   Microtus agrestis 26.3 37.6 25.0   McDevitt & Speakman (1994) 

   Microtus montanus 27.2 35.3 28.8   Tomasi (1985) 

   Microtus ochrogaster 47.4 37.9 25.0 30.0 5.0 Wunder et al. (1977) 

   Microtus guentheri 51.3 38.3 30.0 34.0 4.0 Banin et al. (1993) 

   Peromyscus californicus 22 36.4 32.5   Tucker (1965) 

   Peromyscus crinitus 16 35.7 29.0   McNab (1966) 

   Peromyscus maniculatus 18.2 36.6 25.5   Tomasi (1985) 

   Peromyscus truei 33 36.4 27.0   McNab (1966) 

   Peromyscus eremicus 22 36.6 30.0   McNab (1966) 

   Neotoma lepida 110 36.8 26.0   McNab (1966) 

   Neotoma fuscipes 187 36.6 23.0   McNab (1966) 

   Clethrionomys rufocanus 23.1 36.7 22.5 27.5 5.0 Liu et al.(2004) 

   Clethrionomys rutilus 21.5 36.7 22.0   Rosenmann et al. (1975) 
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   Reithrodontomys megalotis 10.6 36.8 31.0   Tomasi (1985) 

   Baiomys taylori 7.3 36.0 30.0   Hudson (1965) 

   Cricetulus triton 149 36.7 29.0 34.0 5.0 Wang & Wang (2002) 

   Cricetulus barabensis 31.4 37.9 27.0 30.0 3.0 Song & Wang (2003) 

   Mus macedonicus 14.5 37.3 28.0 33.0 5.0 Haim et al. (1999) 

   Otomys sloggetti 113.3 36.7 25.3   Richter et al. (1997) 

   Otomys irroratus 111.6 37.6 25.0   Haim & Fairall (1986) 

   Otomys unisulcatus 102.5 36.7 25.0   Jackson et al. (2002) 

   Rattus norvegicus 275 37.0 24.0   Eliason & Fewell (1997) 

   Meriones unguiculatus 62.5 38.3 25.0   Li & Wang (2005) 

   Gerbillurus setzeri 32.9 37.6 28.4   Dempster et al.(1998) 

   Gerbillurus vallinus 34.7 37.4 33.1   Dempster et al.(1999) 

   Apodemus speciosus 28.5 36.9 25.0 30.0 5.0 Liu et al. (2004) 

   Apodemus agrarius 24.4 37.5 25.0 27.5 2.5 Liu et al. (2004) 

   Apodemus mystacinus 37.1 38.6 28.0 32.0 4.0 Haim et al. (1993) 

   Apodemus hermonensis 20.5 38.9 28.0   Haim et al. (1993) 

   Tamiasciurus hudsonicus 229 38.7 20.0   Irving & Krog (1954); Irving 
et al. (1955) 

   Spermophilus variegatus 656 36.7 20.0   Walsberg et al. (1997) 

   Spermophilus parryii 750 37.0 18.0 36.0 18.0 Chappell (1981) 

   Spermophilus lateralis 257 36.3 23.0 30.0 7.0 Tattersall & Milsom (2003) 

   Spermophilus beecheyi 600 37.6 25.0 30.0 5.0 Baudinette (1972) 

   Tamias striatus 92 38.2 28.5 32.0 3.5 Wang & Hudson (1971) 

   Marmota marmota 3349 36.7 20.0   Ortmann & Heldmaier (2000) 

   Marmota monax 6000 37.0 20.0   Phillips & Heath (1995) 

   Mormota flaviventris 5000 36.7 10.5   Phillips & Heath (1995) 

   Octomys mimax 118.6 36.7 22.2   Bozinovic & Contreras (1990) 

   Tympanoctomys barrerae 71.4 35.7 24.8   Bozinovic & Contreras (1990) 

   Octodon degus 180 37.6 24.0   Kenagy et al. (2002) 

   Lagidium viscacia 2055 36.7 18.4   Tirado et al. (2007) 

   Chinchilla chinchilla 454 37.6 22.0   Cortés et al. (2003) 

   Steatomys pratensis 37.5 32.9 28.0 32.0 4.0 Perrin & Richardson (2005) 

   Saccostomus campestris 78.1 35.3 26.0 34.0 8.0 Mzilikazi & Lovegrove (2002) 

   Geomys pinetis 203 36.3 25.0   McNab (1966) 

   Nannospalax leucodon 208 36.3 25.0   McNab (1966) 

   Tachyoryctes splendens 234 35.9 27.0   McNab (1966) 

   Erethizon dorsatum 5530 37.5 7.0   Irving & Krog (1954); Irving 
et al. (1955) 

   Heliophobius argenteocinereus 89 34.0 28.0   McNab (1966) 

   Pedetes capensis 3450 35.9 15.0 25.0 10.0 Peinke & Brown (2003) 

   Zapus hudsonius 19 37.3 32.0   Morrison & Ryser (1962) 
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   Aplodontia rufa 700 38.0 19.0   Johnson (1971) 

   Cavia porcellus 295 39.0 21.0   Scholander et al. (1950b) 

Macroscelidea      

   Macroscelides proboscideus 39 36.2 35.0   Roxburgh & Perrin (1994) 

   Elephantulus edwardii 50 37.6 32.5 36.0 3.5 Leon et al.(1983) 

Lagomorpha       

   Lepus americanus 1581 39.8 10.0   Hart et al. (1965) 

   Lepus alleni 3000 37.9 20.0   Dawson & Schmidt-Nielsen 
(1966) 

   Lepus californicus 2300 39.2 14.0   Schmidt-Nielsen et al. (1965) 

   Lepus townsendii 2430 38.2 11.0   Rogowitz (1990) 

   Brachylagus idahoensis 432 38.2 17.5 25.5 8.0 Katzner et al. (1997) 

Hyracoidea       

   Heterohyrax brucei 2000 36.7 24.0   Taylor & Sale (1969) 

   Procavia capensis 2630 37.0 15.0   Taylor & Sale (1969) 

   Procavia johnstoni 2750 39.0 10.0   Taylor & Sale (1969) 

Erinaceomorpha      

   Erinaceus europaeus 749 34.0 27.5   Shkolnik & Schmidt-Nielsen 
(1976) 

   Hemiechinus auritus 397 33.8 30.0   Shkolnik & Schmidt-Nielsen 
(1976) 

   Hemiechinus aethiopicus 453 34.2 30.0   Shkolnik & Schmidt-Nielsen 
(1976) 

   Hylomys suillus 67 37.2 31.0   Genoud & Ruedi (1996) 

Soricomorpha      

   Sorex minutus 5.1 38.5 25.0 28.0 3.0 McDevitt & Andrews (1995) 

   Sorex vagrans 5.2 38.0 32.0   Tomasi (1985) 

   Sorex cinereus 3.5 38.4 25.0 30.0 5.0 Morrison et al. (1959) 

   Sorex coronatus 9.4 37.6 27.0   Genoud (1988) 

   Sorex araneus 7.5 38.0 35.0   Gebczynski (1965) 

   Notiosorex crawfordi 4 37.6 32.0 36.0 4.0 Lindstedt (1980) 

   Neomys anomalus 13.4 38.0 25.0 30.0 5.0 Gebczynska & Gebczynski 
(1965) 

   Neomys fodiens 14.2 37.3 25.0 30.0 5.0 Gebczynski & Gebczynski 
(1965) 

   Blarina brevicauda 20.5 38.3 27.0 31.0 4.0 Deavers & Hudson (1981) 

   Suncus murinus 52 38.7 27.0   Dryden et al. (1974) 

   Neurotrichus gibbsii 11.8 38.4 25.0 32.0 7.0 Campbell & Hochachka (2000) 

   Condylura cristata 55 37.7 24.5 33.0 8.5 Campbell et al. (1999) 

Perissodactyla       

Equus caballus 500000 38.0 5 25 20 Morgan (1998) 

Cetartiodactyla       

Sus scrofa 48000 38.0 4.0 22 18 Irving et al. (1955); Huynh et 
al. (2005) 

   Bison bison 800000 38.0 -40.8   Phillips & Heath (1995) 



Species BM 
(g) 

Tb 
(°C) 

Tlc 
(°C) 

Tuc 
(°C) 

TNZ 
(range °C) 

Reference 

   Ovis orientalis aries 50000 38.0 9.0 20 11 SCA (1990) 

   Ovis dalli 55000 38.0 -20.0   Phillips & Heath (1995) 

   Capra hircus 21000 38.0 9.0 30 21 Holmes & Moore (1981); 
Luiting et al. (1985) 

   Rangifer tarandus 64500 38.0 5.0   Blix & Johnsen (1983) 

   Cervus elaphus c. 500000 38.0 -30.8   Phillips & Heath (1995) 

   Odocoileus virginianus 65000 38.0 -19.9   Phillips & Heath (1995) 

   Lama guanicoe 75000 38.0 -15.5   Phillips & Heath (1995) 

Carnivora       

   Alopex lagopus 3970 37.5 5.0   Fuglesteg et al. (2006) 

   Vulpes vulpes 4440 38.7 8.0   Irving & Krog (1954); Irving 
et al. (1955) 

   Canis lupus 45000 37.5 -20.0   Phillips & Heath (1995) 

   Canis mesomelas 7500 38.0 14.9   Phillips & Heath (1995) 

   Lycaon pictus 30000 37.5 9.2   Phillips & Heath (1995) 

   Procyon lotor 4400 38.0 20.0   Mugaas et al. (1993) 

   Procyon cancrivorus 1160 37.6 26.0   Scholander et al. (1950a,b); 
McNab (1978) 

   Nasua nasua 3850 36.4 25.0 33.0 8.0 Chevillard-Hugot et al. (1980) 

   Nasua narica 5554 38.6 25.0 35.0 8.0 Mugaas et al. (1993) 

   Potos flavus 2600 36.1 23.0 33.0 10.0 Muller & Rost (1983) 

   Mustela sibirica 540 37.5 17.5   Scholander et al. (1950a) 

   Proteles cristatus 8100 36.4 23.2   Anderson et al. (1997) 

   Ursus americanus 165000 37.5 -30.0   Phillips & Heath (1995) 

   Taxidea taxus 9000 38.0 10.0   Phillips & Heath (1995) 

Primates       

   Callithrix pygmaea 138 35.4 27.5 35.0 7.5 Genoud et al. (1997) 

   Aotus trivirgatus 800 38.0 28.0 30.0 2.0 Le Maho et al. (1981) 

   Microcebus murinus 105 36.2 25.0 28.0 3.0 Aujard et al. (1998) 

   Tarsius syrichta 125 33.8 32.0 35.0 3.0 McNab & Wright (1987) 

   Cercopithecus mitis 5000 37.5 20.0 25.0 5.0 Müller et al. (1983) 
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Appendix S2. 
 
Phylogeny in Newick format including all mammals used in the present study, derived from 
the mammalian supertree (Bininda-Emonds et al., 2008).  Phylogenies for the sub-datasets 
(lower critical temperature, upper critical temperature and the breadth of the thermo-neutral 
zone for placentals and marsupials) were derived from this tree using the GEIGER package in 
R (Harmon et al., 2008). 
 
((Tachyglossus_aculeatus:63.6,Ornithorhynchus_anatinus:63.6)'2_Monotremata':102.6,((((((((
(Pedetes_capensis:77.4,(Zapus_hudsonius:70.3,(((Calomys_musculinus:38.2,((Baiomys_taylo
ri:24.5,(((((Peromyscus_maniculatus:11.8,Peromyscus_crinitus:11.8):0,Peromyscus_californi
cus:11.8):0,Peromyscus_eremicus:11.8):0,Peromyscus_truei:11.8)'230_Peromyscus':10.2,Reit
hrodontomys_megalotis:22)'221':2.5)'216':1.7,(Neotoma_lepida:15.5,Neotoma_fuscipes:15.5)
'243_Neotoma':10.7)'215':12)'154_Sigmodontinae':9.9,(Meriones_unguiculatus:23.6,(Gerbillu
rus_setzeri:9.1,Gerbillurus_vallinus:9.1)'310_Gerbillurus':14.5)'302_Gerbillinae':24.5):0,((((((
Mus_macedonicus:29.1,(((Otomys_sloggetti:14,Otomys_irroratus:14):0,Otomys_unisulcatus:
14)'137_Otomys':15.1,Rattus_norvegicus:29.1):0):0,(Apodemus_mystacinus:16.6,(Apodemus
_agrarius:16.6,(Apodemus_hermonensis:16.6,Apodemus_speciosus:16.6):0):0)'58_Apodemus
':12.5)'34':19,Steatomys_pratensis:48.1):0,Tachyoryctes_splendens:48.1):0,Saccostomus_cam
pestris:48.1):0,((Nannospalax_leucodon:48.1,(Cricetulus_alticola:16.7,Cricetulus_barabensis:
16.7)'250_Cricetulus':31.4):0,((Clethrionomys_rufocanus:4.7,Clethrionomys_rutilus:4.7)'259
_Clethrionomys':14.6,(Microtus_ochrogaster:9,(Microtus_agrestis:9,(Microtus_guentheri:9,M
icrotus_montanus:9):0):0)'279_Microtus':10.3)'253_Arvicolinae':28.8):0):0)'33_Muridae':22.2
)'19':7.1)'13':0.8,(Chaetodipus_hispidus:35.9,Geomys_pinetis:35.9)'347':42.3)'12':4.4,(Octodo
n_degus:46.9,((Tympanoctomys_barrerae:19.7,Octomys_mimax:19.7)'413_Octodontidae2*':
26.1,(Cavia_porcellus:43.8,(((Chinchilla_lanigera:13.8,Lagidium_viscacia:13.8)'459':30,Heli
ophobius_argenteocinereus:43.8):0,Erethizon_dorsatum:43.8):0)'416':2)'412':1.1)'406':35.7)'1
1':0.2,(Aplodontia_rufa:56.4,(((((Marmota_marmota:3.3,Marmota_monax:3.3)'475':0.4,Marm
ota_flaviventris:3.7)'474_Marmota':4.4,((Spermophilus_parryii:3.9,Spermophilus_beecheyi:3.
9)'494':3.5,(Spermophilus_lateralis:5.2,Spermophilus_variegatus:5.2)'514':2.2)'486_Spermop
hilus':0.7)'473':18.1,Tamias_striatus:26.2)'471':15.3,Tamiasciurus_hudsonicus:41.5)'467':14.9
)'465':26.4)'10_Rodentia':6.1,(Brachylagus_idahoensis:24.8,(((Lepus_alleni:1.6,Lepus_califor
nicus:1.6)'700':4.4,Lepus_americanus:6)'699':1.8,Lepus_townsendii:7.8)'698':17)'677':64.1)'9'
:2.9,(((Cercopithecus_mitis:51,(Aotus_trivirgatus:20.2,Callithrix_pygmaea:20.2)'855':30.8)'7
53':30.7,Tarsius_syrichta:81.7)'752':2.8,Microcebus_murinus:84.5)'751_Primates':7.3)'8_Euar
chontoglires':4.3,((((((((((Ovis_ammon:5.7,Ovis_dalli:5.7)'956_Ovis':8.8,Capra_hircus:14.5)'
954':13,Bison_bison:27.5)'938_Bovidae':0.2,((Odocoileus_virginianus:11.5,Rangifer_tarandu
s:11.5)'1028_Odocoileinae2*':6.7,Cervus_elaphus:18.2)'1023_Cervidae':9.5)'937':40.1,Sus_sc
rofa:67.8)'933':2.9,Lama_guanicoe:70.7)'932_Cetartiodactyla':12.7,Equus_caballus:83.4)'931'
:1.2,(((((Mustela_sibirica:24.1,Taxidea_taxus:24.1)'1125_Mustelidae':5.5,(((Procyon_cancriv
orus:2.6,Procyon_lotor:2.6)'1176_Procyon':12.3,(Nasua_narica:5.2,Nasua_nasua:5.2)'1178_N
asua':9.7)'1175':10.4,Potos_flavus:25.3)'1173_Procyonidae':4.3)'1124':20.1,Ursus_americanus
:49.7)'1121':6.8,(((Canis_lupus:1.6,Canis_mesomelas:1.6)'1218_Canis':1.9,Lycaon_pictus:3.5
)'1217':3.6,(Vulpes_vulpes:1.8,Alopex_lagopus:1.8)'1229':5.3)'1215_Canidae':49.4)'1120':6.9,
Proteles_cristatus:63.4)'1119_Carnivora':21.2)'930':0.2,(((Paranyctimene_raptor:18.1,(Nyctim
ene_cyclotis:7.3,Nyctimene_albiventer:7.3)'1336_Nyctimene':10.8)'1335':7,(Rousettus_ample
xicaudatus:24.6,((Macroglossus_minimus:20.5,(Syconycteris_australis:20.3,Melonycteris_me
lanops:20.3)'1378':0.2)'1376':3.9,((Dobsonia_moluccensis:1.2,(Dobsonia_praedatrix:1,Dobso
nia_viridis:1)'1388':0.2):0,Dobsonia_minor:1.2)'1387_Dobsonia':23.2)'1373':0.2)'1356':0.5)'1
333_Pteropodidae':46.1,(((Saccopteryx_bilineata:33.1,Peropteryx_macrotis:33.1)'1435':35.4,(
Macroderma_gigas:61.6,Rhinonicteris_aurantia:61.6)'1446':6.9)'1410':0.7,((((Tadarida_brasili



ensis:23.6,Mops_condylurus:23.6)'1618':30.4,(Miniopterus_schreibersi:51.6,((Chalinolobus_
gouldii:26,((Eptesicus_vulturnus:26,Eptesicus_fuscus:26):0,(Lasiurus_intermedius:11.1,(Lasi
urus_cinereus:8.1,(Lasiurus_borealis:3,Lasiurus_seminolus:3)'1692':5.1)'1691':3)'1689_Vespe
rtilioninae23*_Lasiurus':14.9):0):0,((Nyctophilus_geoffroyi:7,Nyctophilus_gouldi:7)'1698_N
yctophilus':19,Nycticeius_humeralis:26):0)'1655':25.6)'1649_Vespertilionidae*':2.4)'1602':6,
Natalus_tumidirostris:60):0,((Mormoops_megalophylla:36.2,((Pteronotus_personatus:18.1,Pt
eronotus_davyi:18.1):0,Pteronotus_parnellii:18.1)'1508_Pteronotus':18.1)'1506_Mormoopida
e':6.3,(((Leptonycteris_curasoae:15.3,(Glossophaga_soricina:6.5,Glossophaga_longirostris:6.
5)'1552_Glossophaga':8.8)'1548':4.1,((Anoura_caudifera:8.4,Anoura_latidens:8.4)'1555_Ano
ura':6.5,(Choeroniscus_godmani:5.7,Choeroniscus_intermedius:5.7)'1561_Choeroniscus':9.2)'
1554':4.5)'1547_Glossophaginae':7.3,(Rhinophylla_pumilio:22,((Sturnira_lilium:7.5,Sturnira_
erythromos:7.5)'1569':9.6,((Artibeus_concolor:6.1,(Artibeus_jamaicensis:3.8,Artibeus_liturat
us:3.8)'1586':2.3)'1583':7,(Uroderma_bilobatum:10.2,Platyrrhinus_lineatus:10.2)'1598':2.9)'1
577':4)'1566_Stenodermatinae':4.9)'1562':4.7)'1537':15.8)'1505':17.5)'1494':9.2)'1409':2)'1332
_Chiroptera':13.6)'929':3,((Condylura_cristata:39.7,Neurotrichus_gibbsii:39.7)'1775':41,((Hyl
omys_suillus:62.3,((Hemiechinus_aethiopicus:18.4,Hemiechinus_auritus:18.4)'1793_Hemiec
hinus':0.2,Erinaceus_europaeus:18.6)'1792_Erinaceinae':43.7)'1786_Erinaceidae':13.1,(Suncu
s_murinus:46.6,(((((Sorex_coronatus:5.4,Sorex_araneus:5.4)'1824':12.4,Sorex_minutus:17.8)'
1818':7.4,(Sorex_cinereus:13.7,Sorex_vagrans:13.7)'1835':11.5)'1816':9.7,Blarina_brevicauda
:34.9)'1813':7.5,((Neomys_anomalus:11,Neomys_fodiens:11)'1850_Neomys':22.4,Notiosorex
_crawfordi:33.4)'1848':9)'1812_Soricinae':4.2)'1804_Soricidae':28.8)'1785':5.3)'1762':7.1)'92
8_Laurasiatheria':8.3)'7_Boreoeutheria':2.4,((Elephantulus_edwardii:20.8,Macroscelides_pro
boscideus:20.8)'1898':69.6,((Heterohyrax_antineae:13,Heterohyrax_brucei:13)'1916_Heteroh
yrax':5.6,Procavia_capensis:18.6)'1913_Hyracoidea_Procaviidae':71.8)'1877_Atlantogenata2
*_Afrotheria':8.1)'5_Eutheria':48.9,((((((((((Acrobates_pygmaeus:29.1,Tarsipes_rostratus:29.
1)'1928':3.5,Petaurus_breviceps:32.6)'1927':0.1,(Petauroides_volans:27.5,(Pseudocheirus_ma
yeri:19.1,Pseudocheirus_peregrinus:19.1)'1941_Pseudocheirus':8.4)'1934_Pseudocheiridae':5.
2)'1926':12.4,(Spilocuscus_maculatus:39.9,(Burramys_parvus:33.1,((Cercartetus_lepidus:14.4
,Cercartetus_nanus:14.4):0,Cercartetus_concinnus:14.4)'1964':18.7)'1962_Burramyidae':6.8)'
1945':5.2)'1925':0.7,(((Lagorchestes_conspicillatus:9.5,((Macropus_rufus:8.5,Macropus_giga
nteus:8.5)'1990':0.9,Setonix_brachyurus:9.4)'1982':0.1)'1980':15.3,Bettongia_gaimardi:24.8):
0,Aepyprymnus_rufescens:24.8)'1966':21)'1924':8.3,Phascolarctos_cinereus:54.1)'1923_Dipr
otodontia':9.5,Dromiciops_gliroides:63.6)'1922':0.1,((Dasycercus_byrnei:26.5,((Ningaui_yvo
nnae:15.3,(Sminthopsis_macroura:12.1,Sminthopsis_crassicaudata:12.1)'2061':3.2)'2047':6.8,
(Planigale_gilesi:6.6,Planigale_tenuirostris:6.6)'2066':15.5)'2045':4.4)'2015_Dasyuridae':4.8,
Myrmecobius_fasciatus:31.3)'2014_Dasyuromorphia':32.4)'1921':2.1,(((Echymipera_kalubu:
11.9,Echymipera_rufescens:11.9)'2072_Echymipera':6.6,(Isoodon_macrourus:12.4,Perameles
_nasuta:12.4)'2074_Peramelidae*':6.1)'2070':17.7,Macrotis_lagotis:36.2)'2069_Peramelemor
phia':29.6)'1920':16.7,((Caluromys_derbianus:4.4,Caluromys_philander:4.4)'2083_Caluromys
':51.8,((((Chironectes_minimus:18.6,(((Didelphis_marsupialis:17,Didelphis_virginiana:17)'20
90_Didelphis':0.1,Philander_opossum:17.1)'2089':0.2,Lutreolina_crassicaudata:17.3)'2088':1.
3)'2087':18.4,Metachirus_nudicaudatus:37)'2086':9.5,Thylamys_elegans:46.5)'2085':6.1,((Ma
rmosa_robinsoni:34.5,Marmosa_rubra:34.5)'2106':11.3,Monodelphis_brevicaudata:45.8)'210
5':6.8)'2084_Didelphinae':3.6)'2080_Didelphimorphia_Didelphidae':26.3)'1918_Metatheria':6
4.9)'4':18.8)'1'; 
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