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abstract: The evolution of endothermy is one of the most puzzling
events in vertebrate evolution, for which several hypotheses have
been proposed. The most accepted model is the aerobic model, which
assumes the existence of a genetic correlation between resting metabolic rate (RMR) and maximum aerobic capacity (whose standard
measure is maximum metabolic rate, MMR). This model posits that
directional selection acted on maximum aerobic capacity and resting
metabolic rate increased as a correlated response, in turn increasing
body temperature. To test this hypothesis we implemented a simple
two-trait quantitative genetic model in which RMR and MMR are
initially independent of each other and subject to stabilizing selection
to two separate optima. We show mutations that arise that affect
both traits can lead to the evolution of a genetic correlation between
the traits without any significant shifting of the two trait means.
Thus, the presence of a genetic correlation between RMR and MMR
in living animals provides no support in and of itself for the past
elevation of metabolic rate via selection on aerobic capacity. This
result calls into question the testability of the hypothesis that RMR
increased as a correlated response to directional selection on MMR,
in turn increasing body temperature, using quantitative genetics.
Given the difficulty in studying ancient physiological processes, we
suggest that approaches such as this model are a valuable alternative
for analyzing possible mechanisms of endothermy evolution.
Keywords: aerobic model, evolution of endothermy, house-of-cards
model, evolutionary modeling, genetic correlations..

Introduction
Because of their high metabolic rate, birds and mammals
can maintain a high and constant body temperature (i.e.,
above 30⬚C, mostly between 35⬚and 41⬚C), independently
of the environmental temperature (Bennett and Ruben
1979; Hayes and Garland 1995; Lovegrove 2012). In contrast, ectotherms experience fluctuations in body temperature depending on their immediate environment. It has
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been argued that birds and mammals attained their ecological success as lineages because of endothermy which
promoted a suite of changes such as thermal homeostasis,
sustained capacity for activity, efficient gestation, and lactation (see Lovegrove 2012 and references therein). However, it is also true that ectotherms require on average only
one-fifth of the daily energy that an endotherm of the
same size needs. This has obvious advantages under conditions of resource limitation (Pough 1980; Else and Hulbert 1981).
Evidence suggests that incremental changes extending
over a long time period were involved in the evolution of
endothermy, a process named by Kemp (2006) the “correlated progression model” (Kemp 2006; Lovegrove 2012).
At least five hypotheses or models that focus on changes
in body size, thermal niche, aerobic capacity, parental care,
and assimilation capacity have been proposed (for reviews,
see Clarke and Portner 2010; Lovegrove 2012). These models fall into three categories, those that posit that (1) body
temperature was the target of directional selection (thermoregulatory models; see Crompton et al. 1978; Bennett
et al. 2000; Farmer 2000), (2) aerobic capacity was the
target of directional selection (aerobic capacity or aerobic
scope models; Bennett and Ruben 1979; Koteja 2000), and
(3) selection promoted the joint maximization of body
temperature and aerobic capacity (Clarke and Portner
2010). All of these models are based on the assumption,
for which there is good empirical support, that body temperature is correlated with resting metabolic rate (Clarke
and Portner 2010; Clarke et al. 2010; Lovegrove 2012).
Aerobic capacity models (AC models) presume a genetic
correlation between resting metabolic rate and aerobic capacity and that resting metabolic rate increased as a correlated response to selection on aerobic capacity (Hayes
and Garland 1995). With varied emphasis, AC models are
an important part of the explanation for the evolution of
endothermy (Koteja 2000; Clarke and Portner 2010; Hayes
2010).

Modeling Endothermy Evolution
Hayes (2010, reviewed in Nespolo et al. 2011) introduced two forms of the AC model, the “weak” and
“strong” form. These two forms make a crucial distinction
on how the AC model should be tested. The weak form
assumes that genetic correlations are labile and can change
because of mutation, selection, and drift, as classic population and quantitative genetics predict (Arnold et al.
2008). The weak version of the AC model cannot, therefore, be tested using quantitative genetics on living species
because current patterns of correlation need not reflect
past selection. The strong form of the AC model, on the
other hand, assumes the existence of an inescapable structural link between resting and maximum metabolic rates.
If this link between resting metabolic rate (RMR) and
maximal metabolic rate (MMR) is an essential feature of
the design of vertebrates, then it should be constant, at
least with respect to sign, irrespective of other forces (Wone
et al. 2009; Hayes 2010). In contrast to the weak model,
the strong model predicts a measurable, positive genetic
correlation between RMR and MMR in extant species of
endotherms.
Endotherms evolved from ectothermic ancestors at least
twice in the phylogeny of amniotes, a process that lasted
not less than 100 million years, from an unquestionably
ectothermic synapsid (in the Permian) or dinosaur (in the
Triassic) to present-day mammals and birds, respectively
(Nespolo et al. 2011). This time span involves several millions of generations if we think conservatively (some turtles have a generation time of 25 years; see Congdon et
al. 1994), and tens of millions of generations for a typical
amniote. Hence, the possibility of testing the strong form
of the AC model in extant species is based on the crucial
supposition that the genetic correlation is such a fundamental component of the basic vertebrate design that it
should be constant during millions of generations (Hayes
2010).
From the preceding arguments it follows that if one
could show that a genetic correlation could arise and be
maintained for many generations, in the absence of any
necessary structural links between traits, then the utility
of examining genetic correlations in extant species would
be brought into question. In other words, the crucial supposition would be falsified. In this article, we present a
model and analysis demonstrating that a positive genetic
correlation can arise without assuming a necessary structural link between traits and can be maintained for hundreds of thousands of generations. From this we conclude
that the measurement of the genetic correlation between
RMR and MMR, in present-day species, is of limited utility
in testing the AC model.
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Our Model
The aerobic model for the evolution of endothermy, as
initially proposed, assumed a mechanistic link between
RMR and MMR. This assumed link was based on the
recurring observation that the ratio MMR/RMR is remarkably constant in vertebrates, typically ranging from
5 to 10 (Bennett and Ruben 1979; Bozinovic 1992; Hinds
et al. 1993). However, as pointed out by Hayes and Garland
(1995), phenotypic correlations are not appropriate parameters with which to make evolutionary predictions.
Under the AC model, the MMR/RMR association is assumed to be based on additive genetic effects, and thus,
evolutionary predictions depend upon the genetic correlation between MMR and RMR (Hayes and Garland 1995).
In vertebrates, aerobic metabolism is generated mainly
by oxidative phosphorylation, whose proteins are assembled by a set of approximately 90 mitochondrial and nuclear genes (Grossman et al. 2001; Das 2006; Ballard et al.
2007). Both resting and activity metabolism rates are affected by these genes, but the exact contributions of effect
from either source remains unknown. However, some
genes act specifically on RMR or MMR, whereas RMR
depends on the aerobic metabolism of leaky membranes
in visceral organs (Else et al. 2004), and MMR depends
on the performance of red fibers in skeletal muscle, particularly associated with actomyosin ATPase and Ca⫹⫹
ATPase (Hochachka and Burelle 2004). In our model, we
assumed that there are genes that separately affect RMR
and MMR and other genes that could mutate to affect
both traits.
To simulate the genetic basis of RMR and MMR we
used the house-of-cards model, suggested by Turelli
(1984), which assumes that the variance of mutational
effects is large compared to the standing genetic variance.
The consequence of this is that only a small number of
discrete alleles are possible at each locus (Reeve 2000;
Reeve and Fairbairn 2001). We simulated the scenario of
a large synapsid or theropod population (1,000 individuals) with nonoverlapping generations. Sexes were assumed to be separate, mating was at random, and MMR
and RMR were initially uncorrelated traits, determined by
autosomal, diploid loci. We assumed that there were
n MMR p 50 loci that affected MMR only and n RMR p 50
loci that affected RMR only. Genotypic trait values were
assumed to be additive (no dominance or epistasis) with
allelic values of ⫺a or ⫹a at each locus. We assumed that
mutations at other loci, which we label C loci, can arise
that have pleiotropic effects on MMR and RMR. There
were nC of these loci and mutations at these loci have
effects of Ⳳa on both MMR and RMR.
We assumed stabilizing selection

76

The American Naturalist

wi p

exp [⫺0.5*(Z i ⫹ v)T W ⫺1(Z i ⫺ v)]
,
max (w)

(1)

where wi is the relative fitness (pprobability of reproducing) of the ith individual, Z i is a vector of length 2
holding the values of MMR and RMR for the ith individual, v is the vector of optimal trait values, T indicates
transpose, W is a 2 # 2 matrix of stabilizing (diagonal),
correlational (off-diagonal, assumed to be zero) selection
coefficients (Lande 1980), and max (w) the maximum individual fitness. To mimic the difference in the two traits,
we set values in the vector v at 150 (MMR) and 30 (RMR),
respectively, reflecting values of oxygen consumption (mL
h⫺1) in a small vertebrate (ca. 100 g; Nespolo et al. 2003;
Sadowska et al. 2005). The strength of stabilizing selection
(diagonal elements of W) was set at 1,000 for both traits.
Following Reeve (2000) the number of mutations per generation was drawn from a Poisson distribution with a mean
of 2(0.0001)Nn I(pMMR, RMR, C), where N is population size.

Analysis of the Model in the Absence of Pleiotropy
We initially assumed that there were no pleiotropic (C)
loci. In the absence of such loci, at Hardy-Weinberg equilibrium the mean trait value, mI, where I p MMR or RMR,
is given by
mI p 2n I pa ⫺ 2n I(1 ⫺ p)a
p 2n I a[p ⫺ (1 ⫺ p)a]

(2)

p 2an I(2p ⫺ 1),
where pI is the proportion of ⫹a alleles and nI is the
number of MMR or RMR loci. Hence the equilibrium
frequency, p*I , is
p*I p

m ⫹ 2an I
1
m
p ⫹ I .
4an I
2 4an I

(3)

Because of selection, the loci will not be in multivariate
Hardy-Weinberg (H-W) equilibrium, but an approximate
estimate of the equilibrium heritability can be obtained
assuming H-W equilibrium. The additive genetic variance,
VA (I p MMR or RMR), is given by
2

VA, I p 2n I pI q I a ,

(4)

where q I p 1 ⫺ pI. Based on the review of heritability estimates of metabolic parameters given by Bushuev et al.
(2010), we set heritability at 0.5 with an initial frequency
of p p 0.5. Therefore, the environmental variance, VE (for
convenience, the subscript I designating MMR or RMR
has been dropped) is

VE p

(1 ⫺ h 2)VA
,
h2

(5)
2

p

0.5 # 2n # 0.5 # 0.5a
p 0.5na 2.
0.5

Thus, the heritability at equilibrium is approximately
h2 p

2npqa 2
4pq
p
.
2
2
2npqa ⫹ 0.5na
4pq ⫹ 1

(6)

Although the allelic value a cancels out in the above equation, it still has an influence via its determination of allelic
frequencies (e.g. eq. [3]). Stabilizing selection will lead to
a reduction in the additive genetic variance, and hence the
equilibrium heritability will be lower than predicted by
equation (6).
To test the above predictions we ran 10 replicate simulations with FaF p 0.5, 1, 2, 3, 4, 5, 10. Equilibrium was
achieved within 500 generations, but to ensure that the
equilibrium was stable, we ran each replicate for 10,000
generations and calculated the parameter values by averaging over the last 1,000 generations. The predicted frequencies at the two optima (30, 150) were calculated by
insertion in equation (3). At the lowest two values of
FaF, the allelic frequencies given by equation (3) were
greater than 1.0 (2.0, 1.25) for MMR, and thus, we predict
that in these cases there will be fixation of allele ⫹a, with
mutation supplying some ⫺a alleles which will reduce the
value slightly from 1. Substituting p MMR p 1 in equation
(2) gives equilibrium mean values of MMR of 50 and 100
when a p 0.5 and 1, meaning that at these values of a, it
is not possible attain the optimum value of MMR as specified by the stabilizing selection function.
As predicted, setting pX p 1 for a equal to 0.5 or 1
resulted in mean trait values of 49.9 and 99.8, respectively.
Simulation results also closely matched the predicted values for the other allelic values (fig. 1). Further, as predicted,
the observed heritabilities were somewhat less than given
by equation (6).

Analysis of the Model in the Presence of Pleiotropy
We next examined the scenario in which there was pleiotropic mutation at the C loci after equilibrium to the two
separate optima had been attained. The reason for doing
this was to separate the effects of mutation from the effects
of stabilizing selection: allowing mutations at the initiation
of the simulation made no difference to the final results.
With pleiotropy, the predicted trait means are
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m MMR p 2an(2p MMR ⫺ 1) ⫹ 2an C(2pC ⫺ 1),

(7)

m RMR p 2an(2p RMR ⫺ 1) ⫹ 2an C(2pC ⫺ 1).
Now
m MMR ⫺ m RMR p 4an(p MMR ⫺ PRMR).

(8)

Substituting for the assigned values (m MMR p
150, m RMR p 30, n p 50) and rearranging gives
p MMR ⫺ p RMR p

3
.
5a

(9)

Since p MMR ⫺ p RMR ≥ 1, then a ≥ 0.6. If, however, a !
0.6 we might expect pMMR to go to fixation, as in the
previous scenario. Equilibrium frequencies of pMMR, pRMR,
and pC can be calculated from equation (7) for particular
values of nC: for example, if n C p 50, then p MMR ⫺
pC p 3/20a, which in conjunction with equation (9) fixes
the three values. Unfortunately, there is no unique combination and thus the analytic approach does not provide
unique predicted values.
The predicted additive genetic variance in the presence
of nC pleiotropic loci is
VA, I p 2n I pI q I a 2 ⫹ 2n C pC q C a 2.

(10)

And thus, the heritability is
h I2 p

p

2n I pI q I a 2 ⫹ 2n C pC q C a 2
2n I pI q I a 2 ⫹ 0.5n I a 2 ⫹ 2n C pC q C a 2 ⫹ 0.5n C a 2
2n I pI q I ⫹ 2n C pC q C
.
2n I pI q I ⫹ 0.5n I ⫹ 2n C pC q C ⫹ 0.5n C
(11)

The additive genetic covariance, CovX, Y, depends only on
the C loci
CovMMR, RMR p 2n C pC q C a 2.

(12)

The additive genetic correlation is thus
rG p
2n C pC q C a 2

冑2a 2 (n MMR p MMRq MMR ⫹ n C pC q C) 2a 2 (n RMR p RMRq RMR ⫹ n C pC q C)
p

冑(n

n C pC q C
MMR

p MMRq MMR ⫹ n C pC q C)(n RMR p RMRq RMR ⫹ n C pC q C)

.

(13)
Although the allelic value cancels out in the above equation, it is still expected to have an effect as it influences
the allelic frequencies. From the above equation it can be
seen that a large genetic correlation could result from a
large number of pleiotropic loci relative to the number of
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nonpleiotropic loci or if the frequencies of the nonpleiotropic loci (pMMR, pRMR) are close to 1 or 0.
To investigate the effect of pleiotropic mutations we ran
the simulation for 1,000 generations without pleiotropic
mutation at the C loci and then allowed such mutations
to occur. Each simulation was run for 100,000 generations
to ensure that equilibria were stable (some runs were for
150,000 generations and gave the same results) and parameter values were calculated by averaging over the last
10,000 generations. In one set we used 10 nC loci and in
the other 50 nC loci. In the latter case we ran five replicates
for each allelic value.
The qualitative pattern was the same in all simulations
and is illustrated with the example shown in figure 2. There
was a rapid evolution of the traits to the optima (in fewer
than 100 generations) and thereafter little divergence from
these values (top row, fig. 2). Mutation at the pleiotropic
loci generated genetic covariance between the two traits
and altered their heritabilities within a span of about 3,000
generations (fig. 2). Both a genetic and a phenotypic correlation evolved, though the phenotypic correlation was
consistently substantially less than the genetic correlation
(bottom row, fig. 2).
With 10 pleiotropic loci, the heritabilities were sensitive
to the allelic value, but there was only a small genetic
correlation generated, the frequency of the a allele at the
pleiotropic loci remaining very low (fig. 3). Trait means
remained within 1.5 units of the optimum values for all
allelic values (a) 1 2. As in the scenario with no pleiotropic
mutations, mean MMR was less than the optimum of 150
(59 and 120) for allelic values of a p 0.5 and 2,
respectively.
Although the two fitness equilibria can be satisfied by
multiple combinations of frequencies of pMMR, pRMR, and
pC, the five replicate simulations run with n C p 50 showed
that only a single combination was ever achieved (top right
panel, fig. 3: note that the standard deviation bars lie within
or only slightly project from the symbol). Trait means were
influenced by the invasion of pleiotropic mutations, decreasing MMR and increasing RMR (fig. 4). As with the
case of 10 C loci, heritabilities were sensitive to the allelic
value except that here heritabilities declined with increased
allelic values (middle panels, fig. 3). The frequencies of the
a allele increased in the MMR and RMR loci whereas the
frequency of the a allele in the pleiotropic loci remained
low. However, the high frequencies of a in the former types
of loci enabled variation in the C loci to generate a significant genetic correlation, as predicted by equation (13)
(bottom right panel, fig. 3). The genetic correlation between
the two traits did, in a relatively minor manner, affect the
subsequent evolution of the optima (fig. 4). However, the
phenotypic correlation gave no indication of the underlying genetic correlation. This final point serves as a critical
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Figure 1: Predicted and observed (mean Ⳳ 1 SD) allelic frequencies and heritabilities for the case of no pleiotropic loci. Maximum metabolic
rate indicated by circles, resting metabolic rate by squares. Predicted values indicated by open symbols, observed values by filled symbols.

warning that a phenotypic correlation that might have
evolved between metabolic rates may not be a reliable
indicator of the genetic correlation (Cheverud 1988).

Discussion
In this study, we analyzed a quantitative genetic model of
the strong form of the aerobic capacity model (AC model;
defined in Wone et al. 2009; see also Hayes 2010), one of
the most accepted hypotheses for the evolution of endothermy (Clarke and Portner 2010; Hayes 2010; Lovegrove
2012). In brief, the strong form of the AC model assumes
that (1) during the evolution of endothermy, directional
selection targeted aerobic capacity (MMR), (2) RMR increased as a correlated response to selection, and (3) the
sign of the genetic correlation remained constant. Our
results indicate that mutations affecting both traits can
arise, leading to the evolution of a pleiotropic correlation,
without further significant shifts in the trait means. This
result neither supports nor falsifies the aerobic model in
explaining the evolution of endothermy. But it calls into

question the testability of the hypothesis using quantitative
genetic analysis.
The assumption of sustained and constant directional
selection on MMR of the AC models implies that the
elevation of metabolic rate via a correlated response was
achieved gradually during a remarkably long period (Nespolo et al. 2011). However, empirical evidence does not
support this assumption. Data suggest that selection is
highly variable in most cases (Hoekstra et al. 2001; Kingsolver et al. 2001; Kingsolver 2007; Gonçalves et al. 2011;
Olsen and Moland 2011; Scheihing et al. 2011), which is
true also for physiological traits (Hayes and O’Connor
1999; Boratynski and Koteja 2010). Recently, Lovegrove
(2012) proposed a model describing the transitions from
proto-endothermy (“basoendothermy”) to full endothermy (“supraendothermy”), passing through intermediate forms (“mesoendothermy“). According to this
model, this path was far from continuous, showing cases
of backward transitions (from mesoendothermy to basoendothermy; see Lovegrove 2012). On the other hand,
Clarke and Portner (2010) proposed that proto-endotherms were eurythermal organisms, living in cool and

Modeling Endothermy Evolution

79

Figure 2: Illustrative time trace (generations) for the simulation in which there are 50 C (i.e., nC p 50 ) loci that have pleiotropic effects
on maximum metabolic rate (MMR) and resting metabolic rate (RMR). Data are plotted every generation for the first 100 generations and
then every hundredth generation thereafter. For the first 1,000 generations there are no pleiotropic mutations at the C loci. After generation
1,000, mutations can occur in these loci that convert them to ⫹a or ⫺a, that contribute additively to the values of MMR or RMR. In the
simulation shown a p 2. The horizontal dashed lines show the means calculated over the last 10,000 generations of 100,000 generations
for which the simulation was run. New equilibria after generation 1,000, when pleiotropic mutations arise, are achieved by generation 4,000.
The change in the genetic correlation is generated primarily by a change in the genetic covariance.
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Figure 3: Equilibrium values (mean Ⳳ 1 SD) after 10,000 generations, of allelic frequencies, heritability, and genetic correlation when there
are 10 (left) or 50 (right) loci with possible pleiotropic effects. Top row: circles indicate maximum metabolic rate (MMR) loci, squares
indicate resting metabolic rate (RMR) loci, and triangles indicate C loci. Middle row: circles indicate MMR, squares indicate RMR. Bottom
row: circles indicate genetic correlation, and triangles indicate the phenotypic correlation.
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Figure 4: Equilibrium trait means (Ⳳ1 SD) after 10,000 generations, when there are no pleiotropic loci (circles) and when there are 50
potentially pleiotropic loci (squares).

variable environments, thus suggesting fluctuating selection pressures. It seems unlikely then, or at least simplistic
for this single pair of traits, that directional selection on
MMR was large and constant enough to produce the observed increase in RMR of endotherms.
The assumption of a positive genetic correlation in the
AC models was based on the frequent observation of positive phenotypic correlations between RMR and MMR
(mass-specific) in a range of extant species, either interor intraspecifically, including amphibians, reptiles, birds,
and mammals (reviewed in Wone et al. 2009). Subsequent
quantitative genetic experiments performed in mammals
yielded zero (i.e., nonsignificant) and positive correlations
of varied magnitudes (Dohm et al. 2001; Nespolo et al.
2005; Sadowska et al. 2005; Swanson et al. 2012; reviewed
in Swallow et al. 2009). However, the magnitude of the
genetic correlation needed to generate an increase in RMR
is small if the ratio of the genetic variance for MMR divided by the genetic variance for RMR is large (Hayes
2010). More studies might shed light on the magnitude
of the genetic correlation between RMR and MMR in
several groups of vertebrates, which, of course, is important in its own right. However, the relevance of the genetic
correlation for inferring past processes of selection, we
believe, is less clear. In our model both traits evolved rapidly to their separate optima and mutation of loci with
pleiotropic effects invaded the population, generating a
genetic correlation between the traits that was maintained

for the length of the simulation (100,000 to 150,000 generations). Thus, the presence of a genetic correlation at
the end of the simulation provided no information as to
the evolutionary history of these traits.
While this analysis was directed at the hypothesis for
the evolution of endothermy, a more general message applies, namely, the utility of estimating genetic correlations
to infer past evolutionary trajectories. Our analysis shows
that past evolutionary trajectories cannot be ascertained
using current estimates of genetic variances and covariances. It may be argued that such estimates at least can
be used to generate hypotheses about such past trajectories.
However, the effort required to determine these estimates
may be far beyond the confidence with which such trajectories can be viewed. As an example, consider the problem of estimating the genetic correlation between RMR
and MMR using a half-sib pedigree design. The sampling
effort required to obtain approximate standard error estimates for a half-sib pedigree design can be estimated
using the equations from Robertson (1959a, 1959b). Based
on the data from Bushuev (2010), Hayes and Garland
(1995), and Wone et al. (2009), we used heritabilities of
0.33 (the mean) and genetic correlations of 0.3 and 0.8.
We assumed a half-sib design consisting of 3 dams per sire
and 5 offspring per dam, which is close to optimal and
realistic using either a mammal or bird species. Given
heritabilities of 0.33 and a genetic correlation of 0.3, one
must measure 3,000 individuals (200 sires, 600 dams) to
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obtain a confidence region that excludes zero (95% confidence region of 0.07 to 0.59). For a genetic correlation
of 0.8, the required number is reduced to 90 individuals
(6 sires, 18 dams, estimated SE p 0.37). While the number
in the last case is not absurdly high, it is not sufficient to
provide an accurate estimate of the genetic correlation.
Suppose we wish to obtain a confidence region of Ⳳ10%:
in this case we would need to measure more than 6,000
individuals (400 sires, 1,200 dams, estimated SE p 0.04).
So, even in the case of a very high genetic correlation, an
enormous effort must be expended to obtain a useful
estimate.
Invoking genetic correlations to predict or explain longterm evolutionary changes is at best speculative and at
worst misleading (Houle 1991; Roff and Fairbairn 2007;
Delph et al. 2011). To understand and predict current and
future evolutionary changes, which given global warming
is likely to become an important endeavor, we need accurate estimates of genetic parameters. Under this circumstance the effort needs to be expended. Expending less
than the required effort to obtain accurate estimates is
likely to be a waste of time as the prediction error increases
rapidly with increasing projection into the future.

Acknowledgments
This study was funded by international collaboration funds
associated with Fondo Nacional de Desarrollo Cientı́fico
y Tecnológico (FONDECYT) grant 1090423. We thank and
recognize the important works of evolutionary physiologists such as J. Hayes and T. Garland Jr., who initiated a
fruitful debate when they proposed quantitative ways of
testing the aerobic model for the evolution of endothermy.
We also thank A. Beckerman and three anonymous reviewers for their thoughtful suggestions for the
manuscript.

Literature Cited
Arnold, S. J., R. Burger, P. A. Hohenlohe, B. C. Ajie, and A. G. Jones.
2008. Understanding the evolution and stability of the G-matrix.
Evolution 62:2451–2461.
Ballard, J. W. O., R. G. Melvin, S. D. Katewa, and K. Maas. 2007.
Mitochondrial DNA variation is associated with measurable differences in life-history traits and mitochondrial metabolism in
Drosophila simulans. Evolution 61:1735–1747.
Bennett, A. F., J. W. Hicks, and A. J. Cullum. 2000. An experimental
test of the thermoregulatory hypothesis for the evolution of endothermy. Evolution 54:1768–1773.
Bennett, A. F., and J. A. Ruben. 1979. Endothermy and activity in
vertebrates. Science 206:649–653.
Boratynski, Z., and P. Koteja. 2010. Sexual and natural selection on

body mass and metabolic rates in free-living bank voles. Functional
Ecology 24:1252–1261.
Bozinovic, F. 1992. Scaling of basal and maximum metabolic-rate in
rodents and the aerobic capacity model for the evolution of endothermy. Physiological Zoology 65:921–932.
Bushuev, A. V., A. B. Kerimov, and E. V. Ivankina. 2010. Estimation
of heritability and repeatability of resting metabolic rate in birds,
with free-living pied flycatchers Ficedula hypoleuca (Aves: Passeriformes) as an example. Zhurnal Obshchei Biologii 71:402–424.
Cheverud, J. M. 1988. A comparison of genetic and phenotypic correlations. Evolution 42:958–968.
Clarke, A., and H. O. Portner. 2010. Temperature, metabolic power
and the evolution of endothermy. Biological Reviews 85:703–727.
Clarke, A., P. Rothery, and N. J. B. Isaac. 2010. Scaling of basal
metabolic rate with body mass and temperature in mammals.
Journal of Animal Ecology 79:610–619.
Congdon, J. D., A. E. Dunham, and R. C. V. Sels. 1994. Demographics
of common snapping turtles (Chelydra serpentina)—implications
for conservation and management of long-lived organisms. American Zoologist 34:397–408.
Crompton, A. W., C. R. Taylor, and J. A. Jagger. 1978. Evolution of
homeothermy in mammals. Nature 272:333–336.
Das, J. 2006. The role of mitochondrial respiration in physiological
and evolutionary adaptation. Bioessays 28:890–901.
Delph, L. F., J. C. Steven, I. A. Anderson, C. R. Herlihy, and E. D.
Brodie III. 2011. Elimination of a genetic correlation between the
sexes via artificial correlational selection. Evolution 65:2872–2880.
Dohm, M. R., J. P. Hayes, and T. Garland Jr. 2001. The quantitative
genetics of maximal and basal rates of oxygen consumption in
mice. Genetics 159:267–277.
Else, P. L., and A. J. Hulbert. 1981. Comparison of the “mammal
machine” and the “reptile machine”: energy production. American
Journal of Physiology 240:R3–R9.
Else, P. L., N. Turner, and A. J. Hulbert. 2004. The evolution of
endothermy: role for membranes and molecular activity. Physiological and Biochemical Zoology 77:950–958.
Farmer, C. G. 2000. Parental care: the key to understanding endothermy and other convergent features in birds and mammals.
American Naturalist 155:326–334.
Gonçalves, P., E. Valerio, C. Correia, J. de Almeida, and J. P. Sampaio.
2011. Evidence for divergent evolution of growth temperature preference in sympatric Saccharomyces species. PLoS ONE 6:e20739,
doi:10.1371/journal.pone.0020739.
Grossman, L. I., T. R. Schmidt, D. E. Wildman, and M. Goodman.
2001. Molecular evolution of aerobic energy metabolism in primates. Molecular Phylogenetics and Evolution 18:26–36.
Hayes, J. P. 2010. Metabolic rates, genetic constraints, and the evolution of endothermy. Journal of Evolutionary Biology 23:1868–
1877.
Hayes, J. P., and T. Garland Jr. 1995. The evolution of endothermy:
testing the aerobic capacity model. Evolution 49:836–847.
Hayes, J. P., and C. S. O. O’Connor. 1999. Natural selection on
thermogenic capacity of high-altitude deer mice. Evolution 53:
1280–1287.
Hinds, D. S., R. V. Baudinette, R. E. MacMillen, and E. A. Halpern.
1993. Maximum metabolism and the aerobic factorial scope or
endotherms. Journal of Experimental Biology 182:41–56.
Hochachka, P. W., and Y. Burelle. 2004. Control of maximum metabolic rate in humans: dependence on performance phenotypes.
Molecular and Cellular Biochemistry 256:95–103.

Modeling Endothermy Evolution
Hoekstra, H. E., J. M. Hoekstra, D. Berrigan, S. N. Vignieri, A. Hoang,
A. V. S. Hill, P. Beerli, et al. 2001. Strength and tempo of directional
selection in the wild. Proceedings of the National Academy of
Sciences of the USA 98:9157–9160.
Houle, D. 1991. Genetic covariance of fitness correlates—what genetic correlations are made of and why it matters. Evolution 45:
630–648.
Kemp, T. S. 2006. The origin and early radiation of the therapsid
mammal-like reptiles: a palaeobiological hypothesis. Journal of
Evolutionary Biology 19:1231–1247.
Kingsolver, J. G., H. E. Hoekstra, J. M. Hoekstra, D. Berrigan, S. N.
Vignieri, C. E. Hill, A. Hoang, et al. 2001. The strength of phenotypic selection in natural populations. American Naturalist 157:
245–261.
Kingsolver, J. G., and D. Pfennig. 2007. Patterns and power of phenotypic selection in nature. BioScience 57:561–572.
Koteja, P. 2000. Energy assimilation, parental care and the evolution
of endothermy. Proceedings of the Royal Society B: Biological
Sciences 267:479–484.
Lande, R. 1980. Genetic variation and phenotypic evolution during
allopatric speciation. American Naturalist 116:463–479.
Lovegrove, B. G. 2012. The evolution of endothermy in Cenozoic
mammals: a plesiomorphic-apomorphic continuum. Biological
Reviews 87:128–162.
Nespolo, R. F., L. D. Bacigalupe, and F. Bozinovic. 2003. Heritability
of energetics in a wild mammal, the leaf-eared mouse (Phyllotis
darwini). Evolution 57:1679–1688.
Nespolo, R. F., L. D. Bacigalupe, C. C. Figueroa, P. Koteja, and J. C.
Opazo. 2011. Using new tools to solve an old problem: the evolution of endothermy in vertebrates. Trends in Ecology and Evolution 26:414–423.
Nespolo, R. F., D. M. Bustamante, L. D. Bacigalupe, and F. Bozinovic.
2005. Quantitative genetics of bioenergetics and growth-related
traits in the wild mammal, Phyllotis darwini. Evolution 59:1829–
1837.
Olsen, E. M., and E. Moland. 2011. Fitness landscape of Atlantic cod
shaped by harvest selection and natural selection. Evolutionary
Ecology 25:695–710.

83

Pough, F. H. 1980. The advantages of ectothermy for tetrapods.
American Naturalist 115:92–112.
Reeve, J. P. 2000. Predicting long-term response to selection. Genetical Research 75:83–94.
Reeve, J. P., and J. P. Fairbairn. 2001. Predicting the evolution of
sexual size dimorphism. Journal of Evolutionary Biology 14:244–
254.
Robertson, A. 1959a. Experimental design in the evaluation of genetic
parameters. Biometrics 15:219–226.
———. 1959b. The sampling variance of the genetic correlation
coefficient. Biometrics 15:469–485.
Roff, D. A., and D. J. Fairbairn. 2007. The evolution of trade-offs:
where are we? Journal of Evolutionary Biology 20:433–447.
Sadowska, E. T., M. K. Labocha, K. Baliga, A. Stanisz, A. K. Wroblewska, W. Jagusiak, and P. Koteja. 2005. Genetic correlations between basal and maximum metabolic rates in a wild rodent: consequences for evolution of endothermy. Evolution 59:672–681.
Scheihing, R., P. Labarca, L. Cardenas, and R. F. Nespolo. 2011.
Viability selection on body size in a non-marine ostracod. Hydrobiologia 671:193–203.
Swallow, J. G., J. P. Hayes, P. Koteja, and T. Garland Jr. 2009. Selection
experiments and experimental evolution of performance and physiology. Pages 301–351 in T. Garland Jr. and M. R. Rose, eds. Experimental evolution. University of California Press, Los Angeles.
Swanson, D. L., N. E. Thomas, E. T. Liknes, and S. J. Cooper. 2012.
Intraspecific correlations of basal and maximal metabolic rates in
birds and the aerobic capacity model for the evolution of endothermy. PLoS ONE 7:e34271, doi:10.1371/journal.pone.0034271.
Turelli, M. 1984. Heritable genetic variation via mutation-selection
balance: Lerch’s zeta meets the abdominal bristle. Theoretical Population Biology 25:138–193.
Wone, B., M. W. Sears, M. K. Labocha, E. R. Donovan, and J. P.
Hayes. 2009. Genetic variances and covariances of aerobic metabolic rates in laboratory mice. Proceedings of the Royal Society
B: Biological Sciences 276:3695–3704.
Associate Editor: Gregory E. Demas
Editor: Judith L. Bronstein

