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Why does metabolism scale with temperature?

A. CLARKET and K. P. P. FRASER

British Antarctic Survey, High Cross, Madingley Road, Cambridge CB3 OET, UK

Introduction

At a fundamental level, all of ecology is underpinned
by the laws of thermodynamics, the conservation of
matter and the general physical principles that dictate
how gases and liquids move. Taken altogether, this
indicates that there is nothing special about the way
organisms function; physiology and ecology are simply
physics and chemistry writ complex.

In a stimulating review, Lawton (1999) argued that
ecology has no laws comparable to physics, but does
have what he called widely observable tendencies.
These provide a structure for ecology, but they cannot
be deduced from first principles. The complication
here is scale. At small scales organisms do things that
can be analysed, understood and relatively easily pre-
dicted. At very large scales (typically continental or
global) patterns emerge that can be described statisti-
cally; explanations for these global patterns are prov-
ing more elusive and this is the challenge of the rapidly
developing field of macroecology (Brown 1995). At
intermediate scales we are faced with a mixture of con-
tingent case studies and weak generalizations (Lawton
1999). The emerging field of complexity has much to
offer here (Maurer 1999), but as yet its impact on
mainstream ecology has been small.

Organism size has long been recognized as a major
factor in ecology and in the 1980s a number of attempts
were made to use allometric or scaling techniques to
provide a theoretical framework for understanding
ecology (Peters 1983; Calder 1984; Schmidt-Nielsen
1984). Despite the stronger claims that allometry pro-
vided a theory of size (Peters 1983), the field of scaling
has not provided the conceptual framework that is
needed, although it has supplied useful analytical tools
for studies of energy flow through aquatic food webs
(Kerr & Dickie 2001). The problem we face is that a
statistical description of phenomena is of limited use
if we do not also have a sound understanding of the
underlying processes that produce the patterns we
observe and describe.

Recently Brown, West and a series of colleagues have
looked again at scaling properties in an attempt to
build ecological laws from first principles. This research
programme has had three main phases to date:
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1. To explain the size scaling properties of organismal
physiology through the fractal-like design of exchange
surfaces and distribution networks in animals and
plants (West, Brown & Enquist 1997; West et al.
1999).

2. To include the effect of temperature by incorpora-
tion of the temperature-dependence of biochemical
reaction rate through the Boltzmann factor, which
they termed the Universal Temperature Dependence
(UTD) of metabolism (Gillooly ez al. 2001).

3. To extend this model of metabolism to other aspects
of energetics such as development (Gillooly et al. 2002)
as well as macroecological features such as global
patterns in diversity (Allen, Brown & Gillooly 2002).

The combination of the mass scaling and temper-
ature components led Gillooly et al. (2001) to propose
a simple equation describing the variation of meta-
bolic rate (Q) of all organisms:

Q = bOM3/4€—E/kT7

where M is body mass, T is absolute temperature, k
is Boltzmann’s constant, E is the activation energy of
metabolism (defined as the average activation energy
for the rate-limiting enzyme-catalysed biochemical
reactions of metabolism) and b, is a scaling constant
independent of M and T.

This equation has attracted a great deal of attention
from ecologists, and the fractal explanation of the
widely described */4 mass scaling property of meta-
bolism has been questioned (see for example Dodds,
Rothman & Weitz 2001). The formulation of the rela-
tionship between metabolic rate and temperature is
identical mathematically to the treatment of the ther-
mal behaviour of reaction rate and the equilibrium
constant by the early physical chemists (Arrhenius
1889, 1915; van’t Hoff 1896). The proposition of the
UTD is that the metabolic rate of organisms is driven
directly by the kinetic energy of the cell; in other words
a higher temperature leads automatically to a higher
metabolic rate, whether this is an acute temperature
change within an individual organism or in differ-
ent species which have adapted to divergent thermal
environments over evolutionary time. In this mech-
anistic form, the UTD thus makes no provision for
acclimatization or evolutionary adaptation. This could
theoretically be achieved to some extent by variations in
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Fig. 1. A conceptual model of metabolism. (a) Schematic diagram of the relationship
between catabolic processes generating ATP, reducing power and a range of small
molecular weight intermediates to provide carbon skeletons, and anabolic processes
plus maintenance. (b) A further simplification to emphasize the role of physiological
work, and not temperature, in regulating the rate at which ATP is synthesized, and
hence oxygen and food or reserves utilized. Diagrams modified from Clarke (1991, 1993).
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E (the ‘activation energy of metabolism’), and Gillooly
et al. (2001) acknowledge that the residual variance
about the fitted UTD model is probably related to
differences in ecology between species.

The key assumption underlying the UTD, that meta-
bolic rate is driven mechanistically by temperature, is
incompatible with what we know of cellular physio-
logy and the molecular mechanisms of evolutionary
adaptation to temperature (Clarke 2004). Nevertheless
resting metabolic rate in ectotherms is widely (though
not universally) observed to co-vary with environ-
mental temperature, and this requires explanation. Here
we present an alternative explanation for the relation-
ship between resting metabolic rate and environmental
temperature in ectotherms.

Metabolic rate

A glance at any biochemistry textbook will indicate the
intense complexity of cellular metabolism. Complexity
theory is now providing a glimpse at the underlying
structure of metabolism (Jeong et al. 2000; Wagner &
Fell 2001) but in energetic terms there is a common
theme in that all these reactions involve water either as

reactant or product (Clarke 2003a) and most require
ATP. The production of ATP from glycolysis and the
tricarboxylic acid (TCA) cycle is thus the central pro-
cess in cellular metabolism.

Metabolic rate is a measure of the power utilization
of an organism, and is traditionally measured as the
rate of oxygen consumption. This is a reasonable
approximation for in most organisms ATP is generated
aerobically using oxygen as the final electron acceptor.
Some organisms do generate ATP anaerobically, and
this can be important in low oxygen environments, or
when large amounts of ATP are needed rapidly such as
during intense muscular activity. Typically the accumu-
lation of anaerobic end products is temporary and these
are cleared later when oxygen is available once more.
The stoichiometry of oxygen utilized to ATP generated
is, however, not constant for it depends on the metabolic
substrate being oxidized.

A critical factor for any ecological discussion of
metabolic rate is that the generation of ATP, and hence
uptake of oxygen, does not proceed regardless; it is
under complex and subtle feedback control. The most
important control stems from the concentration of ATP
itself. When ATP concentration is high, synthesis of
ATP from ADP slows, and when ATP concentration
drops because it is being utilized rapidly, synthesis of
ATP is stimulated. There are also many other feedback
mechanisms, such as inhibition of glycolysis by increase
in the concentration of citric acid cycle intermediates.

This leads to a simple ecological picture of meta-
bolism (Fig. 1) which emphasizes that the synthesis of
ATP, and hence the utilization of oxygen and meta-
bolic substrate (food or reserves), is driven by demand
for ATP. Synthesis of new macromolecules also requires
a supply of reducing power (typically NADPH) and a
limited suite of small molecular weight intermediaries
to provide carbon skeletons (Fig. la), but in simply
ecological terms the synthesis of ATP is driven by the
demand for physiological work (Fig. 1b). This control
of ATP synthesis (and hence oxygen consumption)
is central to any ecological discussion of metabolic
rate. In ectotherms there is no mechanism for a purely
temperature-driven synthesis of ATP, which would
anyway be needlessly wasteful of valuable resources:
once ATP concentration has reached a high level, ATP
synthesis stops. Since any living organism continues to
require oxygen, the ecological question thus becomes,
what is the ATP needed for?

Resting metabolism

It has long been recognized that there are a number
of ATP-requiring processes which are essential for the
cell to remain alive. These are often grouped together
as basal metabolism. A simple functional definition
of basal metabolism is shown in Fig. 2(a). Here basal
metabolism is defined as the metabolic rate of an
organism whose food intake is such that there is no net
change in body mass. Higher food intake results in
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Fig. 2. A definition of basal metabolism. (a) The relationship between growth rate and
ration, illustrating a functional definition of maintenance ration. Maintenance
metabolism (basal metabolic rate) is defined operationally as the resting metabolic rate
of an organism fed at maintenance levels. Data for larval Sepia officinalis (Clarke et al.
1989). (b) Diagrammatic representation of relationship between basal metabolic rate
and active respiration, showing the definition of metabolic scope. This diagram also
emphasizes that although resting metabolic rate is the best practical estimate we can
make of basal metabolic rate, the two are not identical. MR = metabolic rate.
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positive growth, a lower food intake in loss of mass as
tissue is utilized to provide energy. The balance point
is that food intake which just maintains body mass
(hence the alternative term of maintenance metabolism),
and this has been determined experimentally in many
organisms by measuring growth rate as a function of
food intake. This functional definition of basal meta-
bolism reflects the early history of energetics, for which
studies of domesticated mammals and birds were central
(Brody 1945; Blaxter 1967). This approach is, however,
neither suitable nor perhaps meaningful for many
invertebrate organisms, particularly during larval devel-
opment. A pragmatic alternative is to estimate basal
metabolism by the oxygen consumption of an inactive,
postabsorbtive, non-growing and non-reproducing indi-
vidual. This is often termed resting metabolism and in
many cases provides our best practical estimate of basal
metabolism (Fig. 2b). Fish physiologists have introduced
a related (but not identical) concept of standard meta-
bolism, which is the lowest metabolic rate sustained for
short periods; this is typically lower than maintenance
or resting metabolism (Brett & Groves 1979).
Although the concept of basal metabolism has
along history, it is only recently that we have started

to gain an understanding of what cellular processes
are involved. Key insights have come from studies of
isolated mammalian cell lines and bacterial cultures.
These data indicate that a significant proportion of
basal metabolism is made up from protein synthesis
and work to maintain potential energy gradients (prin-
cipally ionic) across membranes (Table 1). Particularly
important is the proton gradient across the inner mito-
chondrial membrane, which is the driving force for
ATP synthesis, and counteracting the passive leakage
of protons back across this membrane is an important
component of basal metabolism. Indeed some ecto-
therms are likely to spend more energy in their lifetime
counteracting mitochondrial proton leak than they
invest in either growth or reproduction.

The relative proportions of the different compon-
ents of basal metabolism are unlikely to be the same
in all tissues of all organisms. For any given tissue the
absolute rate of basal metabolism, and the relative
proportions of the various component processes, will
differ depending on factors such as mitochondrial
density, ribosomal concentration, requirement for ion
gradients, protein synthesis and so on (Preedy et al.
1988). Thus the basal metabolic rate of a gram of liver,
brain or muscle will vary. Furthermore, the basal meta-
bolic rate of a given organism will depend on the rela-
tive proportion of tissues with differing inherent rates
of basal metabolism (Daan, Masman & Groenewold
1990) and it will also vary during ontogenetic devel-
opment. This variation in the proportion of different
tissues may explain differences in basal metabolism
between various lineages (Clarke & Johnston 1999).
There are, however, also differences in basal metabol-
ism within lineages, associated with ecology or life-
style. Thus within fish, more active species tend to have
higher basal metabolic rates (Morris & North 1984;
Zimmerman & Hubold 1998) and in insects winged
forms have a higher standard metabolic rate than
flightless species (Addo-Bediako, Chown & Gaston
2002). These differences may be caused for example, by
variation in mitochondrial concentration or membrane
proliferation, but also by higher costs of cardiovascular
work or muscle tonus.

Resting metabolism thus comprises a complex suite
of very different processes (Table 1), though all require

Table 1. The major components of basal metabolic rate. Data are for rat tissue, which is the best studied system, but the relative
proportions of the component processes are likely to vary across taxa. From Rolfe & Brown (1997)

Process

Contribution to whole-organism basal metabolic rate (%)

Non-mitochondrial oxidative processes
Mitochondrial proton leak

Na*® K*-ATPase

Protein synthesis

Gluconeogenesis

Others*

10
20

14
2-25
7
6-35

*Qthers includes Ca’-ATPase (3-4%), nucleic acid turnover (1-5%), signal transduction (probably <3%), urea synthesis (2%),
substrate cycling (unknown but possibly as much as 25%) and protein degradation.
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Fig. 3. The relationship between temperature and metabolic rate. (a) The relationship determined by Ege & Krogh (1914) for a
single goldfish, Carassius auratus. The open circles show resting metabolism, and the closed data show oxygen consumption of
the same individual under mild anaesthesia. The data have been plotted from Table 1 in Ege & Krogh (1914), following
conversion from mass-specific representation and into SI units. This represents the first, and classical, study of the acute,
thermodynamic, response of resting metabolic rate to temperature in any ectotherm. (b) The relationship for 68 species of teleost
fish, with resting metabolic rate (MR) plotted for the temperature at which the fish actually live. This is the evolutionary,
between-species relationship. Redrawn from Clarke & Johnston (1999). (c) The same relationship, plotted in Arrhenius form
(natural logarithm of the rate as a function of inverse temperature) which linearizes the relationship.

ATP and hence oxygen consumption. Since the abso-
lute rates, and relative importance, of these processes
vary from tissue to tissue, and hence from organism to
organism, the important question is, how do these rates
compare in organisms living at different temperatures?

Resting metabolic rate and temperature

Variations in the metabolic rate of organisms with
body size and temperature have long been known, with
the classic work in this field being that of Hemmingsen
(1950, 1960). Comparison of endotherms with ecto-
therms living over a range of temperatures presented a
conceptual problem for this analysis, and the prag-
matic approach taken was either to limit observations
to those made at a particular temperature, or to ‘cor-
rect’ the data for ectotherms to a common temper-
ature, using an assumed value for the temperature
sensitivity of basal metabolism. Although the tradi-
tion of plotting resting metabolic rate as a function of
the temperature at which the organism was actually
living goes back to the seminal work of August Krogh
(Ege & Krogh 1914; Krogh 1916), it is only rela-
tively recently that this approach has been taken in
between-species studies. The monotonic positive non-
linear relationship between resting metabolic rate
and temperature (Fig. 3a,b) is typical of all studies
of marine organisms to date (Ivleva 1980; Ikeda 1985;
Clarke & Johnston 1999; Peck & Conway 2000; Ikeda
et al.2001). There are almost no comparable studies
of terrestrial organisms over the same scale, a notable
exception being that of Addo-Bediako ez al. (2002).
This study of standard metabolism in 346 species of
insect found a weak but significant negative relation-
ship with habitat temperature. This different pattern
may reflect a fundamental difference between the phys-
iology of marine and terrestrial ectotherms, or the more
complex thermal environment inhabited by insects. The
generality of this result urgently needs to be tested for
other groups, and for the rest of this paper we will con-

centrate on the marine environment where the signal is
stronger and clearer.

Two features of the relationship between metabolic
rate and temperature are of interest. The first is that
there is a qualitative similarity between the within-
species (Fig. 3a) and the between-species relation-
ships (Fig. 3b). The second is that the between-species
variance also increases with temperature. There are
three possible classes of explanation for the relation-
ship between resting metabolic rate and temperature:

1. Deterministic: temperature dictates resting meta-
bolic rate in a mechanistic manner. The most recent
such explanation is the universal temperature depend-
ence (UTD) of metabolism proposed by Gillooly
et al. (2001). In its strictest form (what might be
termed the hard UTD hypothesis: Clarke 2004)
metabolic rate is assumed to be dictated mechanis-
tically by temperature, driven by the kinetic energy
of cellular constituents. This mechanism applies
both to an individual organism subject to an acute
temperature change, and to organisms adapted
over evolutionary time to live at different times (see
discussion in Clarke 2004).

2. Indirect: temperature dictates the overall slope of
the relationship between resting metabolic rate and
temperature in organisms adapted evolutionarily
to live at different temperatures, but its influence is
indirect, through a combination of energetic trade-
offs and evolutionary temperature adaptation. This
is the evolutionary trade-off hypothesis of Clarke
(1993, 2004).

3. No effect: temperature has no influence on resting
metabolic rate and the relationship is epipheno-
menal, being the result of selection on other factors
entirely. Nobody has proposed this but the possib-
ility needs formal consideration (although it is
very difficult to know how to do so other than by
elimination of all other hypothesis involving direct
or indirect temperature effects).
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Does temperature determine resting metabolic
rate directly?

Gillooly et al. (2001) propose that the higher kinetic
energy of cellular components at higher temperatures
leads directly to higher resting metabolic rate. Gillooly
et al. (2001) do acknowledge that there is residual vari-
ance about the UTD relationship, and that this is
related to ecological factors. The essence of the UTD
relationship is, however, a mechanistic relationship
between resting metabolic rate and temperature. In
other words, an organism living at a higher temper-
ature has no option but to synthesize more ATP and
consume more oxygen.

There are several problems with a purely deter-
ministic relationship between temperature and resting
metabolic rate. The first is the evolutionary question
why a higher temperature should drive an organism to
produce more ATP, and hence utilize hard-won food
or reserves, for no good ecological reason. There are
clear ecological benefits to be gained from a high rest-
ing metabolic rate (notably the ability to generate a
higher absolute aerobic scope and thereby allow a
more active lifestyle: Clarke 2004). The evolution of
such a high resting metabolic rate is, however, the re-
sult of selection and involves evolutionary trade-offs;
it is not the result of a simple mechanistic response to
the higher temperature. Evidence for the latter comes
from the existence at the same environmental temper-
ature of organisms with both high and low resting
metabolic rates (Fig. 3b).

The most critical problem for the mechanistic ex-
planation, however, centres on the evolutionary adap-
tation of enzymes to temperature. The combination
of the Stefan—Boltzmann distribution of energy in a
population of molecules together with the concept of
activation energy introduced by Arrhenius (1889, 1915)
provides a powerful mechanistic explanation of the
thermal dependence of reaction rate of simple mix-
tures in dilute solution under equilibrium conditions,
and where nothing in the system changes apart from
temperature. We now know, however, that the rate-
limiting step in enzyme catalysis is not the breaking
and formation of covalent bonds to form product (which
tends to be relatively fast because of the structure and
ionic environment of the active site); rather it is the
binding and release of ligands and products. These
tend to be relatively slow processes, and the contribution
of cellular enthalpy to the overall free energy change
involved is not constant across the temperature range
inhabited by organisms (Hochachka & Somero 2002).

In simple terms, homologous enzymes from organ-
isms living at different temperatures tend to exhibit
differences in primary structure away from the active
site which render catalytic activity relatively independ-
ent of temperature (Somero 1995). Furthermore, the
variation in concentration of reactants and of the
kinetic characteristics of the enzyme(s) involved vio-
late the assumptions necessary for the application of

statistical thermodynamics to between-species analyses
of the thermal behaviour of resting metabolic rate. The
outcome of evolutionary temperature adaptation is
thus to render key aspects of organismal physiology
moderately independent of cellular enthalpy: evolution
has worked to overcome the tyranny of Boltzmann.
(For the classic work in this area see Graves & Somero
1982; and Holland, McFall-Ngai & Somero 1997; for
a review of the field see Hochachka & Somero 2002.)
These arguments are presented in more detail in Clarke
(2004).

If the activity of key metabolic enzymes can be
rendered relatively independent of temperature when
organisms adapted to live in different thermal environ-
ments are compared, why does the cost of living (basal
metabolism) still scale with temperature? The answer
lies in the indirect effects of temperature on cellular
metabolism.

The indirect effect of temperature on resting
metabolic rate: the evolutionary trade-off
hypothesis

Although we can reject a direct mechanistic influ-
ence of temperature on resting metabolic rate, it is
clear that the two are nevertheless linked in some way
(Fig. 3a,b). Recent advances in our understanding of
the processes involved in basal metabolic rate are start-
ing to clarify what these links might be.

A key component of basal metabolic rate is pro-
tein synthesis. Although it has long been known from
incubation studies of isolated enzymes that individual
proteins degrade faster at higher temperatures, studies
of homologous enzymes isolated from organisms living
at different temperatures have shown that enzymes
from polar organisms tend to be more thermally sen-
sitive than those from temperate or tropical organisms
(Somero 1995; Moerland 1995; Russell 2000; Hochachka
& Somero 2002). This might imply a requirement for
greater protein turnover in animals living at lower tem-
peratures, and yet the relationship between resting
metabolic rate and temperature (Fig. 3a,b) would sug-
gest that absolute rates of protein synthesis (a major
contributor to basal metabolic rate: Table 1) are faster
in animals living at warmer rather than colder tem-
peratures; that is, precisely the reverse. The resolution
of this apparent paradox is that comparative studies
of enzyme thermal stability tend to be carried out all
at the same temperature, whereas the homologous
enzymes are adapted to work optimally at different
temperatures. The important factors are enzyme activ-
ity and enzyme stability at the temperature at which
the organism lives. The rate at which a given enzyme
needs to be turned over is thus the result of an evolu-
tionary trade-off between structure, function (kinetics)
and stability, the net result being lower absolute rates
of resting protein synthesis at low temperatures and
higher rates in organisms living at warmer temperatures
(Clarke 1993). This hypothesis for the relationship
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between protein structure, function and turnover is
based on studies of a small number of enzymes, and
involves extrapolation to the entire protein comple-
ment of the cell. We know effectively nothing of the
thermal and kinetic characteristics of most of the cells
proteins, and furthermore it is likely that both kinetics
and turnover of cellular proteins are influenced by
other factors including changes in concentration, cel-
lular milieu or chaperone proteins (Hofmann et al.
2002; Clarke 2003b).

The passive leakage of protons across the inner
mitochondrial membrane varies with membrane
composition and temperature (Hulbert & Else 2000).
As with discussion of any physiological response to
temperature, however, we cannot generalize from the
effect of temperature within one species to the between-
species evolutionary relationship. The acute response
of a given system to a change in temperature is driven
essentially by thermodynamics, whereas in comparing
between species much more than temperature changes.
Thus in the case of passive proton leak, organisms
living at different temperatures will probably have
mitochondria that differ in membrane architecture and
composition, cristae density and protein concentra-
tion. The concentration of mitochondria within tissues
may also vary (Archer & Johnston 1991). All of these
are likely to influence overall proton leak (Hulbert
& Else 2000), and hence we cannot generalize from
results obtained from within one species to the evolu-
tionary response across species. To some extent proton
leak is under evolutionary control (for example in the
evolution of endothermy, and of thermogenic tissues:
Rolfe & Brown 1997), and all we can do is look at the
end result of the evolutionary process.

Analogous arguments to those above for protein
turnover and mitochondrial proton leak can be advanced
for the other components of basal metabolic rate,

although here the experimental data are almost non-
existent. We can, however, generalize to a conceptual
model of how and why resting metabolic rate varies
with temperature, and this is illustrated in Fig. 4. This
model has two key features:

1. The within-species relationship between resting
metabolic rate and temperature reflects the acute
thermodynamic effect of temperature on the organism.
As temperature increases, more ATP is required
to fuel processes driven faster by higher cellular
kinetic energy, at least until acclimation processes
take effect.

2. The resting metabolic rate of any one species at its
normal environmental temperature represents an
evolutionary optimization for that species, influ-
enced by temperature, ecology and life history. This
is the evolutionary trade-off hypothesis (Clarke
1993, 2004).

The complexity of cellular structure and meta-
bolism mean that the acute thermodynamic response to
temperature cannot be predicted from first principles.
It would appear, however, that this response is deter-
mined to a significant extent by the temperature sens-
itivity of weak bonds, and typical Q,, values are 2-3
(Hochachka & Somero 2002). A compilation of within
species Q,, values for the acute effect of temperature
on resting metabolic rate in teleost fish suggested a
mean Q,, of 2:36 (SE 0-21, n = 14) (Clarke & Johnston
1999).

Because the overall between-species relationship
between resting metabolic rate and temperature is the
result of species-specific evolutionary optimizations,
it too cannot be predicted from first principles. It can
only be described statistically. We can, however, ask
what evolutionary pressures are likely to influence the
resting metabolic rate of a particular species.

The cost of basal metabolic rate must be met from
food or reserves, and so it would be expected that environ-
ments with chronic or seasonally acute food short-
ages would select for a reduced basal metabolic rate
and an efficient metabolism (Lotka 1922). Where a
seasonal abundance of food allows for the synthesis
of reserves, this can offset the cost of a higher basal
metabolic rate in times of scarcity. Thus in polar regions
benthic organisms are characterized by a very low rest-
ing metabolic rate and tend not to synthesize over-
wintering energy reserves despite the long winter period
when feeding is reduced or impossible. In contrast
planktonic organisms whose lifestyle involves the extra
energetic demands of staying in the water column gen-
erally do synthesize lipid reserves for over-wintering
(Clarke & Peck 1991).

Although a higher basal metabolic rate is costly, it
also brings benefits. In particular it would appear that
factorial aerobic scope tends to be broadly constant
across the range of physiological temperatures, at least
within related lineages (Wilson 1974; Johnston, Clarke



249

Why does
metabolism scale
with temperature?

© 2004 British
Ecological Society,
Functional Ecology,
18, 243-251

& Ward 1991). This means that a higher basal meta-
bolic rate allows a greater absolute aerobic scope, and
hence more active lifestyles (Clarke 2003b). An alter-
native way of looking at this is that an energetic life-
style inevitably brings with it a high basal metabolic
rate. A higher basal metabolic rate may also allow a
more rapid response to an environmental challenge,
through having more cellular machinery available.

The basal metabolic rate of an organism thus
depends on its ecology, with the level being set by an
evolutionary trade-off between costs and benefits.
A comparison of teleost fish with similar sedentary
lifestyles indicates that even when ecology is controlled,
there remains a positive relationship between resting
metabolic rate and temperature (Johnston et al. 1991).
The greater variance in resting metabolic rate at higher
temperatures when all lifestyles are included suggests a
wider range of evolutionary options at warmer com-
pared with lower temperatures. It is not clear why this
is so, though important factors may be temperature
related constraints on ATP generation by mitochondria,
or on the mechanical power that can be developed
by muscle (Clarke 2003b).

One important question is whether the greater basal
metabolic rate at a higher temperature, or a more ener-
getic lifestyle, involves a general up-rating of all com-
ponent processes, or whether some processes increase
more with temperature than others. Recent work on
the Antarctic Limpet Nacella concinna has indicated
that at low temperatures, overall absolute rates of pro-
tein synthesis are low, but a lower proportion of this
protein is retained as growth (K. P. P. Fraser, unpub-
lished data). This suggests that at low temperatures
a greater proportion of newly synthesized protein is
degraded, perhaps because of folding errors. Although
these data are for actively growing animals, they do
suggest that the balance of processes comprising basal
metabolic rate varies across the physiological tem-
perature range. This is an important area for future
research, particularly in respect of protein dynamics
and mitochondrial function (Clarke 2003b).

Since each individual species represents a more
or less independent separate evolutionary optimiza-
tion, the overall between-species relationship between
resting metabolic rate and temperature can only be
described as a statistical population. (The optimiza-
tions are only partially independent because of phylo-
genetic constraints: more closely related species tend
to have more similar ecologies and lifestyles than more
distantly related organisms.) The energetic arguments
above would, however, suggest that the overall slope
would be shallower than the acute response (Fig. 4);
in other words the within-species Q,,> Q,, between
species. The hard form of the UTD hypothesis, direct
regulation of metabolic rate by temperature, would
predict that these two Q,, values would be identical
(Clarke 2004). In the case of teleost fish the prediction
of the evolutionary trade-off hypothesis is upheld in
that the between-species Q,, of 1-83 falls outside the

95% confidence intervals of the mean Q,, for within-
species studies (Clarke & Johnston 1999). The differ-
ence is, however, small and so cannot be regarded as a
definitive rejection of direct regulation by temperature
(the deterministic or hard UTD hypothesis). Overall,
however, our current understanding of the physiolo-
gical processes comprising basal metabolic rate, and the
mechanisms of evolutionary adaptation to tempera-
ture, indicate clearly that the relationship between
temperature and resting metabolic rate is one of indirect
influence.

Which statistical model?

A plot of resting metabolic rate as a function of temper-
ature (Fig. 3a,b) is markedly non-linear and exhibits
increasing variance with temperature. This is a com-
mon pattern in macroecology and implies the involve-
ment of more than one causal factor. Ecologists, however,
prefer to work with linear relationships, especially where
broad generalizations are needed for incorporation in
models.

The data for teleost fish can be linearized by any one
of several statistical models including logarithmic, ex-
ponential and Arrhenius (natural logarithm of metabolic
rate as a function of inverse temperature) (Clarke &
Johnston 1999). Early studies favoured logarithmic
models (e.g. Hemmingsen 1960) but more recently the
Arrhenius model has become popular, perhaps because
of its basis in statistical thermodynamics. The data
for fish are plotted in Arrhenius form in Fig. 3(c). All
three models tend to equalize the variance across the
temperature range, and they are equally good at explain-
ing variation. There is thus little to choose between
them statistically, although the fitted models do give
slightly different predictions for thermal sensitivity.

Conclusion

It has long been known that in marine organisms basal
metabolic rate, as estimated by resting metabolic rate,
increases with temperature. Although mechanistic
explanations have been advanced, namely that temper-
ature drives resting metabolic rate higher at warmer
temperatures simply as a result of thermodynamics,
energetic and evolutionary arguments suggest this is
not so. Rather an organism’s resting metabolic rate
appears to be set by an evolutionary trade-off between
costs, benefits and ecological lifestyle. The resting meta-
bolic rate may thus be regarded as the energetic cost
of evolutionary temperature adaptation, in the sense
of the energetic demand of maintaining cellular
machinery adapted to operate at a particular tem-
perature (Clarke 2003b). While a clear picture of the
nature of the relationship between temperature and
resting metabolic rate is emerging for marine organ-
isms, this is not yet the case for terrestrial ectotherms.
At present we cannot judge whether the more complex
thermal environment of many terrestrial habitats has
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led to the evolution of a fundamentally different thermal
physiology, or whether the nature of the environment
simply makes the evolutionary signal harder to detect.
A more complete understanding of the component
processes of basal metabolic rate, and why these vary
with temperature, is important to link physiology to
ecology in what has been termed evolutionary physio-
logy (Feder et al. 2000).

Acknowledgements

We thank Kevin Gaston and Steven Chown for the
invitation to write this article. We also thank Lloyd
Peck, Bob Boutilier and Ian Johnston for useful dis-
cussions concerning aspects of the arguments advanced
in this paper.

References

Addo-Bediako, A., Chown, S.L. & Gaston, K.J. (2002) Meta-
bolic cold adaptation in insects: a large-scale perspective.
Functional Ecology 16, 332-338.

Allen, A.P., Brown, J.H. & Gillooly, J.F. (2002) Global bio-
diversity, biochemical kinetics, and the energy-equivalence
rule. Science 297, 1545-1548.

Archer, S.D. & Johnston, I.A. (1991) Density of cristae and
distribution of mitochondria in the slow muscles of Ant-
arctic fish. Physiological Zoology 64, 242-258.

Arrhenius, S. (1889) Uber die Reaktionsgesechwindigkeit bei
der Inversion von Rohrzucker durch Sduren. Zeitschrift fiir
Physikalisch Chemie 4, 226-248.

Arrhenius, S. (1915) Quantitative Laws in Biological Chemis-
try. Bell, London.

Blaxter, K.L. (1967) The Energetics of Ruminants. Hutchinson,
London.

Brett, J.R. & Groves, T.D.D. (1997) Physiological energetics.
Fish Physiology, Vol. 8: Bioenergetics and Growth (eds W.S.
Hoar, D.J. Randall & J.R. Brett), pp. 279-352. Academic
Press, New York.

Brody, S. (1945) Bioenergetics and Growth. Reinhold Publish-
ing Corporation, New York.

Brown, JH. (1995) Macroecology. University of Chicago
Press, Chicago, IL.

Calder, W.A. (1984) Size, Function and Life History. Harvard
University Press, Cambridge, MA.

Clarke, A. (1991) What is cold adaptation and how should we
measure it? American Zoologist 31, 81-92.

Clarke, A. (1993) Seasonal acclimatization and latitudinal
compensation in metabolism: do they exist? Functional
Ecology 7, 139-149.

Clarke, A. (2003a) Evolution and low temperatures. Evolu-
tion on Planet Earth (eds A. Lister & L. Rothschild),
pp. 187-207. Academic Press, London.

Clarke, A. (2003b) Costs and consequences of evolutionary
temperature adaptation. Trends in Ecology and Evolution
18, 573-581.

Clarke, A. (2004) Is there a Universal Temperature Depend-
ence of metabolism? Functional Ecology 18, 252-256.

Clarke, A. & Johnston, N.M. (1999) Scaling of metabolic rate

with body mass and temperature in teleost fish. Journal of

Animal Ecology 68, 893-905.

Clarke, A. & Peck, L.S. (1991) The physiology of polar plank-
ton. Polar Research 10, 355-369.

Clarke, A., Rodhouse, P.G., Holmes, L.J. & Pascoe, PL.
(1989) Growth rate and nucleic acid ratio in cultured cut-
tlefish Sepia officinalis (Mollusca: Cephalopoda). Journal
of Experimental Marine Biology and Ecology 133, 229-240.

Daan, S., Masman, D. & Groenewold, A. (1990) Avian basal
metabolic rates: their association with body composition
and energy expenditure in nature. American Journal of Physio-
logy 259, R333-R340.

Dodds, P.S., Rothman, D.H. & Weitz, J.S. (2001) Re-
examination of the “*/s-law’ of metabolism. Journal of
Theoretical Biology 209, 9-27.

Ege, R. & Krogh, A. (1914) On the relation between the temper-
ature and the respiratory exchange in fishes. Internationale
Revue der Gesamten Hydrobiologie und Hydrographie
7,48-55.

Feder, M.E., Bennett, A.F. & Huey, R.B. (2000) Evolutionary
physiology. Annual Reviews of Ecology and Systematics 31,
315-341

Gillooly, J.E., Brown, J.H., West, G.B., Savage, V.M. & Charnov,
E.L. (2001) Effects of size and temperature on metabolic
rate. Science 293, 2248-2251.

Gillooly, J.F., Charnov, E.L., West, G.B., Savage, VM. &
Brown, JH. (2002) Effects of size and temperature on
developmental time. Nature 417, 70-73.

Graves, J.E. & Somero, G.N. (1982) Electrophoretic and
functional enzymic evolution in four species of eastern
Pacific barracudas from different thermal environments.
Evolution 36, 97-106.

Hemmingsen, A.M. (1950) The relation of standard (basal)
energy metabolism to total fresh weight of living organisms.
Reports of the Steno Memorial Hospital and the Nordisk
Insulinlaboratorium 4, 1-48.

Hemmingsen, A.M. (1960) Energy metabolism as related to
body size and respiratory surfaces, and its evolution.
Reports of the Steno Memorial Hospital and the Nordisk
Insulinlaboratorium 9, 1-110.

Hochachka, PW. & Somero, G.N. (2002) Biochemical Adap-
tation: Mechanism and Process in Physiological Evolution.
Oxford University Press, Oxford.

van’t Hoff, J.H. (1896) Studies of Chemical Dynamics (English
translation by Thomas Ewan). Williams & Norgate, London.

Hofmann, G.E., Buckley, B.A., Place, S.P. & Zippay, M.L.
(2002) Molecular chaperones in ectothermic marine animals:
biochemical function and gene expression. Integrative and
Comparative Biology 42, 808—814.

Holland, L.Z., McFall-Ngai, M. & Somero, G.N. (1997) Evo-
lution of lactate dehydrogenase-A homologs of barracuda
fishes (genus Sphyraena) from different thermal environments:
differences in kinetic properties and thermal stability are
due to amino acid substitutions outside the active site. Bio-
chemistry 36, 3207-3215.

Hulbert, A.J. & Else, P.L. (2000) Mechanisms underlying the
cost of living in animals. Annual Review of Physiology 62,
207-235.

Ikeda, T. (1985) Metabolic rates of epipelagic marine zoo-
plankton as a function of body mass and temperature.
Marine Biology 85, 1-11.

Ikeda, T., Kanno, Y., Ozaki, K. & Shinada, A. (2001) Meta-
bolic rates of epipelagic marine copepods as a function of
body mass and temperature. Marine Biology 139, 587-596.

Ivleva, I.V. (1980) The dependence of crustacean respiration
on body mass and habitat temperature. Internationale
Revue der Gesamten Hydrobiologie 65, 1-47.

Jeong, M., Tombor, B., Albert, R., Oltvai, Z.N. & Barabasi,
A.L. (2000) The large-scale organization of metabolic net-
works. Nature 407, 651-654.

Johnston, I.A., Clarke, A. & Ward, P. (1991) Temperature
and metabolic rate in sedentary fish from the Antarctic,
North Sea and Indo-West Pacific Ocean. Marine Biology
109, 191-195.

Kerr, S.R. & Dickie, L.M. (2001) The Biomass Spectrum: a
Predator—Prey Theory of Aquatic Production. Columbia
University Press, New York.

Krogh, A. (1916) The Respiratory Exchange of Animals and
Man. Longmans Green, London.



251

Why does
metabolism scale
with temperature?

© 2004 British
Ecological Society,
Functional Ecology,
18, 243-251

Lawton, J.H. (1999) Are there general laws in ecology? Oikos
84, 177-192.
Lotka, A.J. (1922) Contribution to the energetics of evolu-

tion. Proceedings of the National Academy of Sciences of

the USA4 8, 147-150.

Maurer, B.A. (1999) Untangling Ecological Complexity: the
Macroscopic Perspective. Chicago University Press,
Chicago, IL.

Moerland, T.S. (1995) Temperature: enzyme and organelle.
Biochemistry and Molecular Biology of Fishes, Vol. 5 (eds
P.W. Hochachka & T.P. Mommsen), pp. 57-71. Elsevier,
Amsterdam.

Morris, D.J. & North, A.W. (1984) Oxygen consumption of
five species of fish from South Georgia. Journal of Experi-
mental Marine Biology and Ecology 18, 75-86.

Peck, L.S. & Conway, L.Z. (2000) The myth of cold adaptation:
oxygen consumption in stenothermal Antarctic bivalves.
The Evolutionary Biology of the Bivalvia (eds E.M. Harper,
J.D. Taylor & J.A. Crame), pp. 441-450. Geological Society,
London.

Peters, R.H. (1983) The Ecological Implications of Body Size.
Cambridge University Press, Cambridge.

Preedy, V.R., Paska, L., Sugden, P.H. & Schofield, P.S. &
Sugden, M.C. (1988) The effects of surgical stress and
short-term fasting in protein synthesis in vivo in diverse
tissues of the mature rat. Biochemical Journal 250, 179—
188.

Rolfe, D.ES. & Brown, G.C. (1997) Cellular energy utilization

and molecular origin of standard metabolic rate in mammals.
Physiological Reviews 77, 731-758.

Russell, N.J. (2000) Towards an understanding of cold activity
of enzymes from psychrophiles. Extremophiles 4, 83—90.
Schmidt-Nielsen, K. (1984) Scaling: Why Is Animal Size So

Important? Cambridge University Press, Cambridge.

Somero, G.N. (1995) Proteins and temperature. Annual
Reviews of Physiology 57, 43—68.

Wagner, A. & Fell, D.A. (2001) The small world inside large
metabolic networks. Proceedings of the Royal Society of
London, Series B 268, 1803-1810.

West, G.B., Brown, JH. & Enquist, B.J. (1997) A general
model for the origin of allometric scaling laws in biology.
Science 276, 122—-126.

West, G.B., Brown, JH. & Enquist, B.J. (1999) The fourth
dimension of life: fractal geometry and allometric scaling
of organisms. Science 284, 1677-1679.

Wilson, K.J. (1974) The relationship of maximum and resting
oxygen consumption and heart rates to weight in reptiles of
the order Squamata. Copeia 74, 781-784.

Zimmerman, C. & Hubold, G. (1998) Respiration and
activity of Arctic and Antarctic fish with different modes of
life: a multivariate analysis of experimental data. Fishes of
Antarctica: a Biology Overview (eds G. di Prisco, E. Pisano
& A. Clarke), pp. 163-174. Springer-Verlag, Berlin.

Received 26 August 2003, revised 16 October 2003, accepted
30 October 2003



