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Abstract The links between energy expenditure and
ageing are different at different levels of enquiry. When
studies have examined the relationships between
different species within a given class the association
is generally negative—animals with greater metabo-
lism per gram of tissue live shorter lives. Within
species, or between classes (e.g. between birds and
mammals) the association is the opposite—animals
with higher metabolic rates live longer. We have
previously shown in mammals that the negative
association between lifespan and metabolic rate is in
fact an artefact of using resting rather than daily energy
expenditure, and of failing to adequately take into
account the confounding effects of body size and the
lack of phylogenetic independence of species data.
When these factors are accounted for, across species of
mammals, the ones with higher metabolism also have
the largest lifetime expenditures of energy—consistent
with the inter-class and intra-specific data. A previous
analysis in birds did not yield the same pattern, but this
may have been due to a lack of sufficient power in the
analysis. Here we present an analysis of a much
enlarged data set (>300 species) for metabolic and
longevity traits in birds. These data show very similar
patterns to those in mammals. Larger individuals have

longer lives and lower per-gram resting and daily
energy expenditures, hence there is a strong negative
relationship between longevity and mass-specific
metabolism. This relationship disappears when the
confounding effects of body mass and phylogeny are
accounted for. Across species of birds, lifetime
expenditure of energy per gram of tissue based on
both daily and resting energy expenditure is positively
related to metabolic intensity, mirroring these statisti-
cal relationships in mammals and synergising with the
positive associations of metabolism with lifespan
within species and between vertebrate classes.
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Abbreviations
DEE Daily energy expenditure
RMR Resting metabolic rate
ETC Electron transport chain
LEE Lifetime energy expenditure
ATP Adenosine Tri-phosphate
MLSP Maximum lifespan potential
DNA Deoxyribonucleic acid
UCPn Uncoupling protein where n=1, 2 or 3

Introduction

This year marks the 100th anniversary of the publica-
tion of Rubner’s seminal work noting the duration of
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animal lifespan and its relationship to energy expen-
diture (Rubner 1908). Rubner observed that larger
animals live longer and also have lower mass-specific
rates of resting metabolic rate (RMR) as measured by
indirect calorimetry. Perhaps his key observation,
however, was that the product of these two parame-
ters, the lifetime expenditure of energy per gram of
tissue, is approximately constant. Tissues appear to
burn the same amount of energy during an animal’s
life, regardless of species. Some animals, like mice
(Mus musculus), appear to burn through this alloca-
tion rapidly, and consequently die fast, while others,
such as elephants (Loxodonta africana), seem to burn
energy more slowly and in consequence to live much
longer. Rubner’s observations were probably very
important in the subsequent formulation of the ‘rate of
living’ theory. Published 20 years later by Pearl
(1928), this was the first scientific theory of ageing.

The rate of living theory—the idea that animals
and humans die sooner if they live faster—received a
boost in the 1950s with the advent of the free radical
theory of ageing. The free radical theory of ageing
was developed by Gerschman et al. (1954) and
Harman (1956), who were concerned primarily with
the impacts of radiation on tissue damage. Animals
exposed to ionising radiation experience various
forms of tissue damage and also live much shorter
lives than non-irradiated animals. It was argued that
these effects provide a model for understanding how
natural tissue functions decline with age and ulti-
mately constrain lifespan. These authors argued that
numerous endogenous processes generate free radi-
cals (notably oxygen free radicals) and continuously
damage macromolecular components of tissue
(Gerschman et al. 1954). Probably the most important
of these processes is the electron transport chain
(ETC), located on the inner membrane of the
mitochondria and responsible for generating large
quantities of radical oxygen species (Barja 1999). The
ETC is also the source of cellular ATP generation that
underpins whole-animal metabolic rate. Hence the
free radical theory of ageing provides a mechanistic
basis for the rate of living theory. In summary, this
theory posits that energy metabolism requires con-
sumption of oxygen and generation of ATP via the
ETC, which generates radical oxygen species that
cause macromolecular damage, the unrepaired accu-
mulation of which ultimately leads to disruption of
tissue physiology and death.

This conceptual framework has received substan-
tial support by comparative analyses showing statis-
tical relationships of various additional parameters to
observed maximum lifespans of animals. For exam-
ple, mammals that live longer have lower urinary
excretion rates of DNA excision-repair products (8-
oxoGua and 8-oxodG) (Foksinski et al. 2004), lower
oxidative damage to mitochondria (8-oxodG in mito-
chondrial DNA) (Barja and Herrero 2000; Barja 2002),
lower levels of fatty acid desaturation in heart
phospholipids, and lower levels of dehydroepiandros-
terone (DHEA) in heart phospholipids (Pamplona et al.
1999). Moreover, since Rubner’s time, the database of
species for which both maximum lifespan and resting
metabolism are available has increased enormously,
and the fundamental observation that the product of
these traits is independent of body size has, until
recently, been repeatedly supported (Calder 1984;
Prinzinger 2005).

Despite a broad consensus, there are many prob-
lems with current understanding of the relationship
between metabolic rates and lifespan and the data that
support them. We and others have highlighted the
main difficulties with the typical “comparative”
approach to these issues (Promislow 1991, 1993, 1994;
Le Bourg 1996; Speakman et al. 2004; Speakman
2005a, b). One problem is that maximum lifespan data
are themselves a poor measure of ageing, principally
because they reflect the duration of life of only a single
individual. These data in turn depend on how exten-
sively the population of a given species is studied. The
more individuals that are measured the greater will be
the maximum reported lifespan. Yet data on the size of
the monitored population to correct for this effect are
seldom available. A second key problem with compara-
tive interspecific analyses of the relationships between
various physiological parameters and lifespan is their
small sample size and the potentially confounding
effect of body size. Because, within vertebrate classes,
lifespan is correlated with body size, any other
parameter related to body size will also be related to
lifespan. Statistical approaches are available to partition
the effects of body size and any other trait on lifespan;
generally when these are employed the relationships
between traits related to energy metabolism, free radical
production and lifespan either disappear or are substan-
tially weakened (Speakman 2005a, b; Lambert et al.
2007). A second problem is that the relationship
derived by Rubner is based on measures of resting
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energy metabolism; RMR, however, is only a fraction
(normally 15–50%) of the total daily consumption of
energy (Nagy et al. 1999; Speakman 2000). Techniques
such as the doubly labelled method are now available to
quantify total daily energy expenditure (DEE) (Nagy
1983; Speakman 1998), and when these are used in
comparative analyses rather than RMR, the supposed
constancy of lifetime mass-specific energy expenditure
in relation to body size disappears. In other words,
when DEE is substituted for RMR data, our analyses
have shown that smaller mammals actually burn more
energy per gram of tissue during their lives than larger
animals (Speakman 2005a).

The final problem is that statistical relationships
generated by inter-specific comparisons seem to be at
odds with variation observed within some species—
which ultimately is a key focus for understanding
ageing phenomena. Interspecific comparisons of
energy metabolism and lifespan have now been made
on several species, and these tend to show that
lifespan is actually longer in those individuals that
have higher rates of metabolism—both daily and
resting (mice: Speakman et al. 2004; dogs: Speakman
et al. 2003; hamsters: Oklejewicz and Daan 2002;
yeast: Lin et al. 2002; nematodes: van Voorhies and
Ward 1999), or that lifespan and metabolic rate are
independent (mice: Selman et al. 2007; Drosophila:
Hulbert et al. 2004a; Marden et al. 2003; blowflies:
Hulbert et al. 2004b; nematodes: van Voorhies 2002;
Braeckman et al. 2001). For humans, we have
abundant evidence that exercise increases energy
metabolism while at the same time decreasing all-risk
mortality (Blair et al. 1989, 1996). Finally, a few
experimental manipulations have been made of
energy expenditure with minimal or non-significant
effects on lifespan (Holloszy and Smith 1986; Selman
et al. 2008). To add confusion to the picture, however,
some manipulations of energy expenditure have
supported the negative association between daily
energy expenditure and lifespan predicted by the
rate-of-living model (Lemon and Barth 1992; Daan et
al. 1990; Wolf and Schmid-Hempel 1989).

In our previous analyses of interspecific relation-
ships among energy metabolism, body size and life-
span we focussed primarily on mammals (Speakman
2005b). While an analysis of similar data for birds did
not generate exactly the same patterns, this may have
been a statistical power issue, since a smaller sample
size was involved in that analysis (Speakman 2005b).

Birds show a wide diversity of life history patterns,
lifespans and variation in energy metabolism (Holmes
and Austad 1995a, b; Holmes et al. 2001) and similar
variability in levels of basal (Bennet and Harvey
1985) and daily (Nagy et al. 1999) energy demands.
In the current paper we report an analysis of a much
larger database on avian energy expenditure and
lifespans.

Materials and methods

Body mass, DEE measured by the doubly labelled
water technique, RMR and maximum lifespan poten-
tial (MLSP) of birds were collected from the litera-
ture. Four main sources were consulted for values of
MLSP; Staav (1998), Carey and Judge (2000), the
USGS Longevity Records [Patuxent Wildlife Research
Center (ND) USGS Longevity Records. Retrieved from
http://www.pwrc.usgs.gov/bbl/homepage/longvlst.htm
November 2006] and the AnAge database (Human
Ageing Genomic Resources 2006; AnAge database.
Retrieved from http://genomics.senescence.info/species/
June 2007). Multiple values for a single species were
averaged.

A phylogenetic supertree of all the bird species
was created in PDTREE (Garland et al. 1993) based
mainly on the avian phylogeny of Sibley and Ahlquist
(1990). A phylogenetic tree consists of branches,
nodes and tips (or end nodes). The lengths of the
branches correspond to evolutionary time, nodes are
evolutionary divergences between two or more
species and the tips represent either species or genus.
Two trait values (such as body mass and DEE) can be
entered into each tip using PDTREE. Not all birds
had values for all life-history traits (DEE, RMR and
MLSP), therefore the tips with missing values were
removed from the tree and separate trees were created
for each combination of residual life-history traits.
Since tips (or species) cannot be regarded as
statistically independent, Felsenstein (1985) recom-
mended calculating “phylogenetic contrasts” between
each one. The number of un-standardised contrasts is
one less than the total number of tips in the tree;
standard contrasts (SC) are calculated by dividing
each unstandardised contrast by its standard devia-
tion. Hence SC can be regarded as independent values
and used in standard statistical procedures (Garland
et al. 1993). Phylogenetic independent contrast (PIC)
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analysis was conducted using the Phenotypic Diver-
sity Analysis Program (PDAP) (Garland et al. 1993).

Sibley and Ahlquist (1990) sometimes did not
include all the species for which we have RMR, DEE
and MLSP data; to create a tree deep enough to
consider each species or genus separately, other avian
phylogenies were sought from the literature to
supplement their phylogeny (Table 1). Phylogenies
using molecular data were preferred; however, mor-
phological phylogenies were also considered. It was
not possible to create tips for each species, therefore
some tips represent genus. In addition, the phylogeny
for the order Trochiliformes was difficult to find;
therefore they were placed into hummingbird clades:
Mangoes, Coquettes, Brilliants, Mountain Gems,
Bees and Emeralds, with a separate tip for the giant
hummingbird (Patagona gigas) (taxonomic position
based on Altshuler et al. 2004).

Statistics

Least-squares regressions were performed using
MINITAB 13.0. Log RMR, log DEE and log MLSP
were regressed against log body mass and residuals of
each trait were calculated. Residual values of log DEE
and log RMR were regressed against residual log
MLSP to remove the effects of body mass. Residual
values were entered into the tips of the phylogenetic
trees (Table 1) and contrasts computed. SC of log

RMR and log DEE were regressed against the SC of
log MLSP. To confirm the prediction that lifetime
energy expenditure per unit body mass was constant,
the lifetime RMR and DEE/gram were calculated (e.g.
DEE/body mass * MLSP) and regressed against body
mass; these values were also entered into the tips of
phylogenetic trees and SC of residual DEE and
residual RMR were regressed against the SC of body
mass to remove the effect of phylogeny. In addition,
lifetime DEE/gram and lifetime RMR/ gram were
regressed against metabolic intensity [DEE (KJ/day)
per gram and RMR (KJ/day) per gram, respectively].

Results

DEE, RMR and MLSP were all significantly and
positively associated with body mass (Fig. 1),
corresponding to a significant and negative associa-
tion between mass-specific DEE and RMR with mass
(Fig. 2). Due to shared variation with body mass,
MLSP was significantly associated with both mass-
specific DEE and RMR (Fig. 3). To explore the
association between MLSP and both RMR and DEE
exclusive of the effects of body mass, we calculated
the residuals of log DEE, log RMR and log MLSP for
the fitted regressions in Fig. 1. Neither residual log
DEE nor residual log RMR was significantly related
to residual MLSP (Fig. 4). We then calculated the
standardised contrasts (SC) of the residual DEE,

Order (Family) Reference

Galliformes Crowe et al. 2006; Kaiser et al. 2007
Anseriformes Livezey 1996
Piciformes (Picidae) Fuchs et al. 2007
Psittaciformes (Psittacidae) Astuti et al. 2006; Christidis et al. 1991;

Miyaki et al. 1998
Columbiformes (Columbidae) Johnson et al. 2001; Johnson and Clayton 2000
Gruiformes Livezey 1998
Ciconiiformes (Scolopacidae) Thomas et al. 2004; Pereira and Baker 2005
Ciconiiformes (Laridae) Thomas et al. 2004
Ciconiiformes (Accipitridae) Lerner and Mindell 2005
Ciconiiformes (Spheniscidae) Bertelli and Giannini 2005
Ciconiiformes (Procellaridae) Bertelli and Giannini 2005; Kennedy and Page 2002
Passeriformes (Bombycillidae and Cinclidae) Cibois and Cracraft 2004; Voelker and Spellman 2004
Passeriformes (Corvidae, Paridae,
Hirundinidae, Alaudidae,
Passeridae and Fringillidae)

Jønsson and Fjeldså 2006; Tieleman et al. 2003

Table 1 Sources of
phylogenies used to
supplement Sibley and
Ahlquist (1990)
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RMR and MLSP using the PDAP programme to
remove the effects of phylogeny. Neither the SC of
the residual DEE nor the SC of residual RMR was
significantly related to the SC of residual MLSP
(Fig. 5). Consequently, although DEE and RMR were
both highly correlated with MLSP in the raw analysis,
when the shared effects of body mass and the effects
of phylogenetic dependency were removed, there was
no significant relationship.

Rubner (1908) suggested that lifetime energy
expenditure per gram was independent of body mass
in mammals. In the present study both lifetime DEE/
gram and lifetime RMR/gram were significantly
negatively related to body mass (Fig. 6). After
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Fig. 1 The effect of log body mass on log daily energy
expenditure (DEE) (a), log resting metabolic rate (RMR) (b)
and log maximum lifespan potential (MLSP) (c). a n=130, log
DEE=2.38+0.658 log body mass, r2=0.92, F=1,468.57, P<
0.001; reduced major axis RMA gradient=0.686. b n=459, log
RMR=1.44+0.643 log body mass, r2=0.936, F=67,20.46, P<
0.001, RMA gradient=0.665. c n=346, log MLSP=7.67+0.206
log body mass, r2=0.478, F=315.27, P<0.001
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Fig. 2 The effect of log body mass on mass-specific DEE
(a) and RMR (b). a n=130, log mass-specific DEE=2.38 −
0.342 log body mass, r2=0.756, F=395.93, P<0.001, RMA
gradient=−0.297; b n =459, log mass-specific RMR=1.44 −
0.357 log body mass, r2=0.819, F=2068.35, P<0.001, RMA
gradient=−0.323
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removing the effects of phylogeny this effect was still
significant and negative (Fig. 7). Lifetime energy
expenditure per gram also was dependent on body
mass. This means that tissues in smaller birds have
much greater energy expenditures over the lifespan of
the organism than tissues in larger birds.

Because smaller birds also have greater metabolic
intensities, a direct consequence of this negative
relationship between body mass and lifetime expen-
diture of energy is a positive link between metabolic
intensity (kJ day−1 gram−1) and both DEE and RMR
and lifetime DEE and RMR per gram (Fig. 8). The
explained variability in these relationships are clearly
inflated by the inclusion of energy expenditure per
gram on both axes and hence should be viewed with
caution.

Discussion

In this study DEE, RMR and MLSP all correlated
significantly and positively with avian body mass.
The reduced major-axis gradients of the log-converted
relationships between both DEE and RMR and
body mass (0.686 and 0.665) were consistent with
allometry as predicted by the surface law (0.67) and
observed empirically in other data sets (Heusner
1991; Dodds et al. 2001; White and Seymour 2003).
The gradient relating MLSP to mass was the same as
that derived previously using a smaller data set
(Lindstedt and Calder 1976). In a recent re-emergence
of allometric scaling investigations, West et al. (1997)
and Gillooly et al. (2001) suggested that most ener-
getics relationships conform to allometric exponents
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Fig. 3 The effect of mass-specific DEE (a) and RMR (b) on
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of around 0.75, as determined by the rate at which
resources are delivered to cells via fractal network
systems. However, this proposition has been questioned
on both theoretical (Kozłowski and Konarzewski 2004,
2005; Clarke 2006) and empirical grounds (Glazier
2005), and our data similarly did not support 0.75
allometric scaling.

Because both DEE and RMR were positively
related to body mass, which was in turn positively
related to MLSP, there were also positive relation-
ships between both RMR and DEE and MLSP
(Fig. 3). The equivalent relationships using mass-
specific metabolic rates, on the other hand, were all
significant negative relationships (Fig. 2). Previous
studies have suggested that the relationship between
energy expenditure and lifespan is a consequence of

the association of high mass-specific levels of DEE
and RMR with high production of mitochondrial
reactive oxygen species (ROS). Consistent with this
idea, an inverse relationship between ROS production
in various tissues and life span has been found in
several species (Sohal et al. 1989, 1990; Ku et al.
1993; Barja et al. 1994). In our analysis, however,
DEE and RMR were not significantly related to
MLSP in birds after the effects of body mass and
phylogeny were accounted for. These data are con-
sistent with a previous analysis focussing primarily
on mammals (Speakman 2005b), and highlight the
critical importance of accounting adequately for size
and phylogeny effects in comparative analyses
(Promislow 1991; Speakman 2005a).
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One of the most important insights provided by
Rubner was the observation that the product of lifespan
and energy metabolism (based on RMR) was indepen-
dent of body size. In previous work focussing mostly
on mammals, we found that when DEE was used in
the calculation rather than RMR there was a
significant negative association between lifetime
expenditure of energy and body mass (Speakman
2005b). In that previous study there was also a trend
toward a negative relationship among these variables
in birds, but this did not reach statistical signifi-
cance. In the present study, utilising a much larger
database of bird energetics data we found the same
result as that previously described in mammals:
lifetime expenditure of energy based on DEE was
significantly negatively related to body size.

Because there was a negative relationship between
lifetime expenditure of energy per gram of tissue and

body size, and a similar negative relationship between
metabolic intensity (DEE and RMR per gram) and
body size, there was consequently a positive asso-
ciation between metabolic intensity and lifetime
expenditure of energy (Fig. 8). Species that expend
energy at higher rates also spend more energy over
their lifetimes per gram of tissue. This result is
consistent with observations within species of a
positive association between metabolic intensity and
longevity (Speakman et al. 2003, 2004; Oklejewicz
and Daan 2002; Lin et al. 2002; van Voorhies and
Ward 1999).

There are several potential mechanisms that might
mediate a positive link between metabolism and
lifespan. Two candidate ideas are the membrane
pacemaker hypothesis, and the uncoupling to survive
hypothesis. The membrane pacemaker hypothesis
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suggests that interspecific variation in metabolism can
be traced to differences in the fatty acid desaturation
of membranes (Brand et al. 2002; Brookes et al. 1998;
Hulbert 2007; Hulbert and Else 1999, 2005; Hulbert
et al. 2002, 2007; Porter et al. 1996). High levels of
polyunsaturated fatty acids (PUFAs) are suggested to
be linked to higher rates of mass-specific metabolism.
However, PUFAs are more prone to oxidative
damage, since the double bonds in these compounds
form an especially vulnerable target for ROS attack. It
has been suggested that species with high membrane
PUFA content live correspondingly shorter lives
(Pamplona et al. 1999, 2002; Portero-Otin et al.
2001). This association could provide an explanation
for the negative relationship we observe between mass-
specific metabolic rate and lifespan (Fig. 2). We have
shown, however, that in both mammals (Speakman
2005a) and birds (present paper) these negative
associations are artefacts of the link between both
energetic traits and MLSP with body size, as well as
the lack of phylogenetic independence in previous
analyses. When these confounding effects are re-
moved, the association between energy expenditure
and lifespan disappears (Fig. 4).

Similar analyses of the impact of membrane
desaturation on lifespan while accounting for phy-
logeny and body size effects have also shown no
association between membrane PUFA content and
lifespan (Valencak and Ruf 2007). We recently
explored the relationship between metabolic parame-
ters and fatty acid composition of membranes
extracted from the livers of mice with variable RMRs
(Haggerty et al. 2008). Although we found no link
between PUFA and MUFA membrane contents and
metabolism, a significant association was detected
between residual RMR and the membrane content of
the saturated fatty acid 16:0 palmitate. While the
cause of this association is not clear, it could poten-
tially contribute to a positive link between metabolism
and lifespan, as saturated fatty acids are less prone to
ROS-induced damage. It would be interesting to
explore the extent to which membrane contents of
palmitate are linked either to interspecific variations
in RMR or lifespan in birds and mammals.

Mitochondria are responsible for oxidative phos-
phorylation, in which electrons are passed from
reduced substrates (such as NADH or succinate)
down a chain of protein complexes on the mitochon-
drial ETC via a chemiosmotic mechanism to the

terminal acceptor oxygen (Mitchell 1976). Electron
flow down the chain is coupled to the movement of
protons from the mitochondrial matrix to the inter-
membrane space, creating a protonmotive force
driving the passage of protons back into the matrix
via ATP-synthase-driven ATP production (Boyer
1997). However, since mitochondria are inefficiently
coupled to ATP synthesis, proton leak allows protons
to pass back into the matrix without the concomitant
production of ATP. This leak occurs via agents called
uncoupling proteins (UCPs). This process, which is
linearly dependent on membrane potential, may
consume up to 20–25% of resting metabolism (Brand
et al. 1994) in various tissues and species, including
endotherms and ectotherms (Stuart et al. 2001). It has
been suggested that proton leak must be extremely
important, since it occurs at the expense of a high
proportion of energy production (Brand 2000). Because
the action of uncoupling generates heat, adaptive
thermogenesis is a possible function of proton leak.
This cannot be the principal function, however, since
energy is conserved at an almost fixed ratio of resting
metabolism in ectotherms as well as endotherms (Rolfe
and Brand 1997).

Homologues and possible functions of UCPs have
been previously described (Boss et al. 1998; Ricquier
and Bouillaud 2000; Brand and Esteves 2005;
Sokolova and Sokolov 2005; Echtay 2007). The
attenuation of ROS production has received much
attention as a likely function of UCPs (Echtay and
Brand 2007). In state 3 (active) respiration, the flow
of protons across the ETC is unrestricted, producing a
lower protonmotive force than in state 4 (resting)
respiration (Skulachev 1996). Mild uncoupling pro-
duces the same effect, reducing the protonmotive
force, increasing the oxidation of electron carriers in
the transport chain and reducing the rate at which
ROS—particularly superoxide—is generated. In addi-
tion, UCP2 and UCP3 knockout mice have been
shown to exhibit increased superoxide production
compared to that of wild-type mice (Negre-Salvayre
et al. 1997; Vidal-Puig et al. 2000), but overexpres-
sion of UCP3 did not decrease ROS generation. This
suggests that uncoupling over and above that which
occurs naturally is unnecessary (Brand et al. 2002).
Consistent with this idea is the finding that mice with
high metabolic rates have longer lifespans and
elevated uncoupling activity via adenine nucleotide
translocase and UCP3 (Speakman et al. 2004).
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Given that mild uncoupling generates an inefficient
flow of electrons along the ETC, lowering the
protonmotive force across the inner mitochondrial
membrane and reducing ROS production, and that
UCPs are correlated with longer life in mice,
uncoupling activity in birds could be the mechanism
by which they can achieve high tissue metabolic rates
and extended lifetime energy expenditures. In 2001, a
UCP homolog was identified in hummingbirds (Vianna
et al. 2001), chickens and ducklings (Raimbault et al.
2001), and king penguins (Talbot et al. 2004). Emre
et al. (2007) presented evidence that birds have only
one UCP and that its function is likely to be varied;
one such function could be to decrease ROS produc-
tion. Consistent with this idea, avian UCP expression
has been shown to attenuate ROS production in yeast
(Criscuolo et al. 2005).

In conclusion, the associations between DEE, RMR
and MLSP and body mass are all significantly positive
in birds. After removing potential covariance in body
mass and the effects of phylogeny, DEE and RMR
were not significantly associated with MLSP; lifetime
DEE and RMR per gram, moreover, was significantly
and negatively associated with body mass.
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