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Reconsidering the mechanistic basis of the metabolic
theory of ecology
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The recently proposed metabolic theory of ecology (MTE) claims to provide a mechanistic explanation for long
known allometric relationships between mass and metabolic rate. The MTE postulates that these patterns of
allometry are driven by the primary selective constraint of transport of energy and materials. However, recent
evidence along several different lines has called into question both the adequacy and the universality of this
mechanism. We review the accumulating body of literature on this subject, adding our own concerns
and criticisms. In addition to other difficulties, we argue that MTE fails as a mechanistic explanation of mass
versus metabolic rate allometries because: 1) circulatory cost minimization is not a tenable criterion for
evolutionary optimization, 2) the Boltzmann type relationships on which MTE depends are inadequate
descriptors of complex metabolic pathways, and 3) most of the hypotheses advanced by the MTE do not, in fact,
depend on the proposed mechanism and therefore cannot be used to test the theory. We conclude that the
MTE should be abandoned as a monolithic explanation for allometric patterns, and that a more realistic path
toward a better understanding of allometry would be to consider multiple explanatory mechanisms for
physiological allometries.

Biologists have been intrigued by allometric scaling
relationships between organismal form, function, and
ecology for more than a century. Such scaling relation-
ships are taxonomically pervasive and have inspired a
literature that, by 20 years ago, resulted in three nearly
simultaneous, but remarkably different, book-length
reviews (Peters 1983, Calder 1984, Schmidt-Nielsen
1984). Nonetheless, there is currently no widely
accepted general mechanism for these patterns. Hy-
pothesized explanations include structural and func-
tional factors (e.g. surface area/volume effects on
exchanges of heat and metabolites; reviewed by Calder
1984, Dodds et al. 2001), biomechanical requirements
for support and fracture resistance (McMahon 1973,
Biewener 2005), and correlated natural selection on

body size and life history (Kozlowski and Weiner
1997).

Recently, West et al. and others have advanced a
metabolic theory of ecology (MTE � West et al. 1997,
1999, Gillooly et al. 2001, 2002, Brown et al. 2004a)
which:

1. conjectures that a quasi-fractal structure of dis-
tributional networks like circulatory systems re-
quires an allometry (e.g. metabolism�/a massb,
where a is a ‘‘normalization constant’’ and b is a
scaling exponent) in order to minimize transport
costs of energy and materials

2. argues that minimizing these transport costs
requires a scaling exponent of b�/3/4, which in
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turn, is the basis of scaling exponents for various
other properties (e.g. development time, long-
evity, community level properties) that are multi-
ples of 1/4

3. links metabolism and temperature via the
Boltzmann factor used to predict the kinetics of
simple biomolecular reactions

The proposed mechanistic explanation has energized
the consideration of allometric effects in ecology by the
original authors (summarized in Brown et al. 2004a)
and others (Cottingham and Zens 2004, Jetz et al.
2004, Kaspari 2004, Marquet et al. 2004), producing a
number of substantial hypotheses.

However, there is considerable debate in the
literature regarding the support for predictions of the
MTE as well as the validity of the theory’s underlying
assumptions. Criticism has focused on a variety of
issues, including deviations of allometric scaling ex-
ponents from the proposed quarter power rule (Dodds
et al. 2001, White and Seymour 2003, 2005, Savage
et al. 2004, Reich et al. 2006, Muller-Landau et al.
2006), other hypotheses which may account for the
observed allometries (Kozlowski and Weiner 1997,
Darveau et al. 2002, Demetrius 2003, Hochachka
et al. 2003, Bejan 2005), the validity of the assumptions
regarding circulatory systems (Fung 1997, Kozlowski
and Konarzewski 2003, Dawson 2005), the inadequacy
of Boltzmann factors for modeling dynamics of
complex metabolic pathways (Darveau et al. 2002,
Hochachka et al. 2003, Cyr and Walker 2004, Marquet
et al. 2004, Clarke 2004), the limited scope of the
predictive capacity of MTE (Cyr and Pace 1993,
Tilman et al. 2004), internal inconsistency of the
theory (Makarieva et al. 2005), and the epistemological
difficulties associated with conducting an adequate test
of the theory itself (Cyr and Walker 2004, Koehl and
Wolcott 2004, Marquet et al. 2004, Tilman et al.
2004).

MTE is advanced on two major philosophical
premises: 1) that allometric phenomena require a
mechanistic explanation and that MTE provides that
mechanism based on physical and physiological first
principles, and 2) that the provided mechanism
motivates and justifies renewed and expanded work
on the ecological implications of allometry. We begin
by discussing three general philosophical issues with the
MTE (mechanisms and models, first principles and
the MTE, and the fact that the MTE and its hypotheses
are dissociated). We then discuss four key mechanistic
issues with the bases of MTE (distributive networks
and allometric optimization; Boltzmann relationships,
temperature, and metabolism; the assumption that
metabolic allometry is causal to other allometries; and
the plausibility of a single explanatory mechanism for
allometry). Finally, we outline what we consider to be a

better research path for moving forward in under-
standing allometry, and we end by summarizing our
main conclusions.

General philosophical issues with the
MTE

Mechanisms and models

A central question to be resolved is whether the
explanation of allometric relationships that the MTE
provides is actually mechanistic. We argue that one
should distinguish three different types of explanatory
models. The first type � phenomenological � requires
an empirical, but not a mechanistic, relationship
between two variables. Classical regressions of meta-
bolic rate on mass fall into this category (Peters 1983,
1991, Calder 1984, Schmidt-Nielsen 1984). An under-
lying possibility of all such models is that each of the
variables may depend on unanalyzed (hidden) variables
that create the pattern. Methods used in creating such
models are typically statistical in nature. The models
are subject to the limitation that extrapolation beyond
the measured data or application to systems in which
the underlying variables may differ is always suspect
(Calder 1984). Deviations from predictions are part of
the pattern, are assumed to be due to variation in
underlying variables or ‘random’ biological variation,
and are treated as data for further analyses.

In the second type of model � mechanistic � the
input variables are linked to the output variables and
model predictions by a series of causal relationships.
The causal mechanisms can be either well accepted or
hypothetical, and the quality of the predictions is
judged by the plausibility and importance of the
hypothesized mechanisms in the system considered. A
number of classical models in both biophysical ecology
(Gates 1980, Vogel 2000) and population ecology
(Gotelli 2001) fall into this category. A notable
characteristic of such models is the need for simplifying
assumptions (ignoring real biological complications and
other operative processes) to allow the causal linkages to
be made. Deviations from predictions (other than those
due to variability in measurements) may be attributed
to operation of ignored processes or failure of the model
to adequately describe the processes under considera-
tion. The major question with such deviations is
whether they falsify the model or simply indicate that
refinements are required. The virtue of such models is
that, as long as the underlying mechanisms are well
described, changing conditions simply change some of
the inputs to the model, rather than potentially
invalidating the entire model as occurs with phenom-
enological models (Dunham and Beaupre 1998). Thus,
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causal models have a robustness and heuristic value not
achieved by purely statistical models.

The models advanced in MTE are a compromise
between these two types of models. Proxy variables for
factors of likely mechanistic importance are used in a
statistical framework. For example, degree days repre-
sent thermal inputs (Gillooly and Dodson 2001),
Boltzmann relationships represent thermal effects on
biological processes (Gillooly et al. 2001, 2002, 2006),
potential constraints on cardio-respiratory distribution
of metabolites in vertebrates represent conjectural
constraints in organisms lacking cardiovascular and
respiratory systems (West et al. 1997), and presumptive
physiological efficiencies serve as proxies for fitness
(West et al. 1997, Brown et al. 2004a).

Such analyses have a long and useful history in the
physiological explanation of ecological processes (King-
solver and Watt 1984, Porter et al. 2002). But, the
extent to which such regressions provide broadly
generalizable mechanisms as thermal environments
and physiologies, distributional systems and constraints,
and selective forces all vary is an open question.
Likewise, the extent to which the linear equations,
fitted by regression, constrain the mathematical form of
a generalized mechanism is unclear, particularly in
systems whose dynamics result from multiple, interact-
ing, non-linear systems.

We argue that most putative MTE mechanisms
must be regarded as statistical models based on
plausibly mechanistic variables. Dependence on proxy
variables such as the activation energy of macroscopic
processes (a key component of the MTE, discussed
below in connection with Boltzmann relationships and
the temperature-dependence of metabolism) (Brown
et al. 2004a) is a hallmark of such statistically based
models. The minimization of cardiovascular transport
costs, modeled primarily on high-pressure mammalian
circulatory systems (another key component of the
MTE, discussed below in connection with distributive
networks and allometric optimization), is a potential
mechanistic and falsifiable hypothesis for some animals.
However, when it is successively extended to animals
with low pressure or open circulatory systems, or even
no circulatory systems (Brown et al. 2004a, West and
Brown 2005) on the assumption that similar processes
and constraints will apply, this hypothesis becomes
increasingly non-mechanistic and non-falsifiable. Arbi-
trarily assigning some components of interspecific
allometric variation to the scaling exponent while
assigning others to the normalization constant (Savage
et al. 2004, West and Brown 2005) is a reification of
assumptions of statistical fitting and not a mechanism
(as discussed below in connection with the plausibility
of a single explanatory mechanism for allometry). Such
speculations may ultimately be justified by the elabora-
tion of true mechanisms, but they are statistical models,

not mechanisms. They do not possess the robustness
and applicability of mechanisms, and cannot be
justified by the very patterns to which the statistical
models were fit.

First principles and the MTE

One advantage claimed for MTE is that the theory is
based on first principles and depends on fewer
assumptions and fitted parameters than other hypothe-
tical systems (West et al. 2003, 2004, Brown et al.
2004a, Harte 2004). Such claims must, however, be
clarified by defining first principles, which is rarely, if
ever, done. An extensional definition for the MTE
appears to include arguments based on fields outside of
biology (primarily chemistry and physics, West et al.
1997, Porter et al. 2002, Brown et al. 2004a) or on
commonly accepted physiological principles (e.g. costs
should be minimized, Brown et al. 2004a).

Our experience, as authors of models based on
physical and physiological principles (O’Connor 1999,
O’Connor and Dodson 1999, Dunham et al. 1989,
O’Connor et al. 2006), is that freedom from assump-
tions is neither assured nor likely. Well-specified
ecological models based on physical laws and relation-
ships have the virtue of depending on processes whose
dominant dynamics are well understood, and of clearly
outlining the assumptions made, but they do not free
one from the need for assumptions. In fact, the
application of simple physical principles to ecological
systems requires a plethora of assumptions in practice
because of the complex series of organizational levels
(from macromolecules to ecosystems, potentially)
through which physical effects are filtered to reach
their ecological effects.

Potentially limiting assumptions of the MTE re-
garding metabolic allometry include: 1) that metabolic
rate is limited primarily by distributional networks
(Darveau et al. 2002, Hochachka et al. 2003), even in
unicellular organisms (West et al. 1997, Makarieva
et al. 2005), 2) that circulatory transport costs will
indeed be minimized, 3) that capillary diameters are size
invariant (Dawson 2001, 2005), 4) that the simplified
description of the circulatory system is adequate
(Kozlowski and Konarzewski 2004), even for organisms
with open circulatory systems or no cardiovascular
systems, 5) that arterial impedance matching is sensitive
to the blood volumes, flows, and anatomy adduced
by West and Brown (2005), 6) that branching in
real bodies sufficiently approximates the simplifying
assumptions (Fung 1997) to justify MTE’s arguments,
and 7) that the ‘‘normalization constants’’ in allometric
power equations are unimportant in comparison to the
scaling exponents (Brown et al. 2004a). Thus, the MTE
is not free from assumptions, and in later sections, we
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argue that several of these assumptions (Gillooly et al.
2001, 2002, Brown et al. 2004a) are untenable.

Characterizing MTE as based on first principles does
not mean that it is assumption free. It should mean that
the assumptions are easily identifiable and the con-
sequences of violating those assumptions are easily
understood. However, it should not otherwise confer
special status or logical primacy on MTE as an
explanatory mechanism.

MTE and its hypotheses are dissociated

A surprising aspect of many allometric hypotheses
motivated by MTE is that their support is grounded
less in the mechanisms proposed by Brown et al.
(YEAR?, West et al. 1997, Gillooly et al. 2001, Brown
et al. 2004a) than on pre-existing empirical patterns.
The proposed mechanisms are logically dissociated
from the phenomena they are meant to explain. Neither
transport cost minimization nor activation energies are
tightly or mechanistically linked to allometric phenom-
ena (Cyr and Walker 2004, Marquet et al. 2004).
Rather, they serve as phenomenological descriptors of
allometries (Koehl and Wolcott 2004).

Although the proposed mechanisms of MTE en-
courage hypothesis formation, the allometric hypoth-
eses advanced do not depend logically on those
mechanisms (West et al. 1997, Brown et al. 2004a,
West and Brown 2005). Instead, the hypotheses depend
primarily on phenomenological quarter-power allome-
tries for metabolism, population density, and physio-
logical and ecological times or rates (see synopses in
Brown et al. 2004a) which generally antedate MTE
(Calder 1984). As an example, consider the assertion
that organisms of different sizes and trophic levels
process approximately equal energy throughputs in
many ecosystems (Brown et al. 2004a). Tilman et al.
(2004) note that this hypothesis is among the most
original and surprising of the hypotheses proceeding
from MTE. The premises necessary to this hypothesis
include: 1) the 3/4 power allometry of whole animal
metabolism, 2) the 10% transfer ratio for energy
passing from one trophic level to the next (Lindeman
1942), 3) a mass ratio of predators to their prey of 104

(Brown et al. 2004a) and 4) an allometry of population
density (Calder 1984). Premises 1, 2 and 4 are
empirical patterns that entered the literature before
MTE, whereas premise 3 is claimed by Brown et al.
(2004a) for marine systems, but depends on none of the
ascribed mechanisms. Several authors have noted that
the mechanistic bases provided by MTE justify such
hypotheses (Cyr and Walker 2004, Marquet et al.
2004), but the hypotheses do not actually rest on the
mechanisms. This dissociation is not an indictment of

the proposed MTE mechanisms. We merely note that
the mechanisms are not critical to the hypotheses.

Mechanistic issues with the MTE

Distributive networks and allometric
optimization

The core assertion of the MTE is that minimizing the
cost of transport in distribution networks requires
quarter power allometries, which provides the mechan-
istic basis for understanding these relationships (West
et al. 1997, West and Brown 2005). However, we
contend that this simple optimization criterion is not
sufficient to describe the variety of selective forces that
likely operate in determining metabolic rates. First, true
optimization of isolated physiological systems (like
metabolism) is difficult, if not impossible to achieve
in nature, as has recently been reviewed for the closely
related concept of metabolic symmorphosis (Dudley
and Gans 1991, Gordon 1998, Jones 1998). Pleiotropy,
multiple uses for structures, and variable selective
environments all constrain optimization of physiologi-
cal systems. Selection optimizes the expected lifetime
reproductive success of entire organisms rather than the
efficiency of a particular component of metabolism,
although the two may well be correlated. Many aspects
of metabolism, active and resting, could conceivably
affect the fitness of an organism. Therefore, the idea
that natural selection would optimize cardiovascular
transport costs (in isolation from other systems), which
would then come to dominate metabolic allometry,
seems unlikely.

When conflicting demands are placed on a system,
biologically optimal solutions are context dependent,
and the results of optimality analyses depend on
optimization criteria (Taylor 1998). Rarely can any of
a set of criteria be confidently identified with the fitness
of the organism. Take for example, the differences
between the demands placed on circulatory systems at
resting and maximal metabolism. In mammals, resting
and maximal metabolism subserve related, but differ-
ent, functions with fluxes of ATP, oxygen, and blood
differing over 5�40 fold ranges (Weibel and Hoppeler
2005). Resting and maximal metabolism are dominated
by different tissues (predominantly muscle at maximal
throughput) with different capillary densities (due to
recruitment primarily in muscle) and metabolic path-
ways (Cameron 1989, Weibel and Hoppeler 2005).
Savage et al. (2004) provided strong evidence of
different allometric scaling when maximal and resting
metabolic rates were considered. Different metabolic
rates and circulatory patterns would be optimized
sensu West et al. (1997) by different body sizes and
cardiovascular structures. Despite statistical, and likely
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mechanistic, linkages between resting and maximal
metabolism in different mammals, it is difficult to
argue that either extreme is more closely related to
fitness. Further, it is difficult to determine what the
optimal compromise might be, even when the proposed
mechanism is rather simple (Jones 1998). Similarly,
organisms might benefit from minimizing metabolic
expenditures or from maximizing activity, with its
attendant increase in metabolic expenditures. Discern-
ing the optimal compromise is difficult, and within
tetrapods, the continued existence of relatively brady-
metabolic ectotherms and comparatively tachymeta-
bolic endotherms argues that multiple, clade specific
optima are possible (Pough 1980). As more variables
are considered, optimization and allocation problems
become less tractable, with broader sets of solutions
(Niewiarowski and Dunham 1994). The degree to
which minimizing a subset of costs of metabolite
transport determines metabolic rate needs further
attention.

To whatever extent selection might optimize bulk
transport via distributional networks, the specific
mechanism proposed for MTE (isolated minimization
of fluid transport costs) is a poor subject for minimiza-
tion because it is unlikely that transport cost maps in a
uniform or monotonic manner onto fitness (although
exactly how these are related is typically unknown).
Because selection optimizes organismal fitness, optimal
design hypotheses must consider both costs and benefits
(Pyke 1984, Weibel et al. 1998). Fluid transport costs
are truly minimized only if the costs of transport, blood
flow rate, and the supported metabolism are all zero,
which is clearly not feasible. The benefits of transport,
in this case, are the physiological and behavioral actions
possible at a given blood flow, i.e. what the flows make
possible. Consider the example of high output shock
from clinical physiology (Guyton and Hall 2001, Berne
et al. 2004). For any of several reasons, but often due to
infections, the smooth muscles in arterioles in numer-
ous vascular beds relax, and substantially reduce the
systemic vascular resistance. As resistance falls, so does
arterial blood pressure and blood flow rates in critical
vascular beds, including those above the heart that
require elevated blood pressure to maintain perfusion.
Healthy hearts respond by increasing heart rate, stroke
volume, and total cardiac output. The lowered resis-
tance (and cost of transport per unit blood flow) is
clearly within the physiological capabilities of the
cardiovascular system, but is pathological rather than
adaptive. This example is extreme, but it points out the
pitfalls of unconstrained minimization of transport
costs. What is actually required to maximize fitness is
a simultaneous optimization of both costs and benefits.
This optimization would require that both costs and
benefits be expressed in a common currency, fitness
being the logical candidate. Unfortunately, the conver-

sions of either transport costs or the supported
capabilities to fitness are unknown at present. We
would expect selection to minimize transport costs, all
other things being equal. But other things (e.g. benefits
of transport) are not necessarily equal. Elegant mathe-
matical analyses of the wrong optimization criteria may
lead to erroneous conclusions.

If the marginal energetic costs of transport due to the
architecture of the vessels were a large fraction of the
organism’s metabolic rate, one might still argue that
unconstrained minimization of costs would be biologi-
cally reasonable. However, using allometric expressions
for metabolism, cardiac output and blood pressure
(Calder 1984, Li 2000, Dawson 2001, 2005), we
estimate that the total cost of cardiac work is less than
8% of resting metabolism for mammals. What fraction
of this energetic cost can be attributed to deviation from
West et al.’s (1997) optimal geometry is unclear, but
these costs cannot come to dominate an animal’s energy
budget. While it is true that energy allocated towards
circulatory needs decreases the energy available for
growth and reproduction, to assume that selective
forces solely minimize these circulatory costs is to
disregard the numerous constraints imposed by other
aspects of natural selection.

Finally, the assumption that fractal distributional
networks both support and constrain metabolism in
unicells (West et al. 1997) is incorrect and cannot be
regarded as mechanistic. Although transmembrane
transporters are involved in the transport of metabolic
fuels, the transport of oxygen and carbon dioxide in
unicells (and in the cells of metazoans) is diffusive and
is not based on bulk flow in defined pathways
(Cameron 1989, Vogel 1994, Berne et al. 2004). The
transport of respiratory gases is the rate-limiting step
for circulatory support of metabolism in vertebrates
and led to the development of one of the predominant
hypotheses of symmorphosis (Taylor and Wiebel 1981,
Taylor et al. 1981, Weibel et al. 1998). Perhaps
diffusion pathways for respiratory gases within cells
should be treated as fractal networks. Perhaps distribu-
tional networks for other molecules based on micro-
tubules and motor proteins meet similar requirements,
but there is no evidence that such networks function as
mechanisms enforcing quarter power allometries in
unicells. It is highly unlikely that diffusive transport
of oxygen and fuels in unicells can be described by
kinetics similar to those in large animals with circula-
tory transport. Not surprisingly, recent evidence shows
that predictions made by the MTE regarding single cells
are poorly supported by data (Makarieva et al. 2005).

Emprical evidence disputing the main predictions
of the MTE with regards to the mechanism of
metabolic scaling and vascular transport systems is
mounting. Recent studies of metabolic scaling in plants
indicate a substantial deviation from the predictions of
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MTE (Reich et al. 2006). West et al. (1997, Brown
et al. 2005) asserted that the MTE would apply to
plants owing to their comparable fluid and nutrient
distribution network (xylem and phloem). However,
the empirical results of Reich et al. (2006) and others
(Muller-Landau et al. 2006) now indicate that MTE
predictions fail in vascular plants (Makarieva et al.
2005). This is fairly strong evidence against the original
claim of the universality of the mechanism proposed by
MTE to explain metabolic allometries.

We do not argue that transport costs in quasi-fractal
networks cannot be important in structuring vascular
systems and metabolism over sufficiently broad ranges
of body size. It is certainly conceivable that over very
broad size ranges, vascular systems sufficiently divergent
from the structure required by MTE (West et al. 1997,
West and Brown 2005) will result in poor circulatory
function and provide a basis for selection of organisms
more in line with its requirements. However, it is not
clear what level of divergence from the MTE model
would result in cost-based effects on fitness that
overcome the associated benefits of the circulation.

Boltzmann relationships, temperature, and
metabolism

Although most components of metabolism are affected
by temperature, proposing Boltzmann-type relation-
ships as the mechanism for the temperature dependence
of metabolism is untenable. First, no macroscopic
equivalent of the activation energy cited by Gillooly
et al. (2001, 2002) exists. For sufficiently simple
reactions, the activation energy has a real, if approx-
imate, referent (i.e. the difference in free energy
between the reactants and a ‘‘high energy’’ intermedi-
ate) that becomes more approximate in biochemical
pathways, though still widely used (Bentz 1992, Chan
and Dill 1998, Clarke 2004). In simple biochemical
pathways with a single rate limiting step, free of
allosteric controls, one could argue that the activation
energy for the rate limiting reaction would be an
adequate descriptor at least within the temperature
range in which enzyme activity was not strongly affected
by temperatures.

Alternatively, Clarke (2004) argues that enzymes
substantially change kinetic constraints making diffu-
sion and the creation and breaking of weak molecular
bonds the dominant rate limiting effects. In either case,
at the level of the cell with its complex, feedback
controlled network of reactions with numerous meta-
bolic checkpoints, each of which responds to several
controllers and external conditions, no equivalent of the
activation energy exists (Hochachka et al. 2003).
Further, at this level, the simplicity of control implied
by the Boltzmann relationship does not exist (Rolfe and

Brown 1997, Darveau et al. 2002, 2003, Hochachka
et al. 2003). As one considers organ systems, indivi-
duals, population, and ecosystem levels of organization,
the complexity and diversity of the organization net-
works and their responses to temperature all increase
progressively. Any putative relationship based on
activation energies for processes at these different levels
of organization (e.g. for life history events) can be, at
best, an observed correlation with temperature, and not
a mechanism.

Brown et al. (2004a), in posing the hypothesized
MTE mechanisms, suggest that the multiplicity of
levels of biological organization and explanation make
mechanism a slippery concept, noting that ‘‘one
person’s mechanism is another’s empirical phenomen-
ology’’. We reject this relativism and argue, instead,
that the explained phenomenon and the proposed
mechanisms themselves determine the critical levels of
organization where the mechanics underlying phenom-
ena must be clear. Mechanisms demand causational
reduction adequate to describe the target phenomena
both qualitatively and quantitatively (Dunham and
Beaupre 1998). Causational reduction requires a step-
by-step, cogs and gears connection between the depen-
dent effect and the causative process. By this definition,
correlative relationships like the proposed MTE bases
cannot be regarded as mechanistic. MTE does pose the
mathematical forms, but as we argue above, it lacks the
causative linkage from the mechanisms (here, a mole-
cular level activation energy) to the thermal dependence
of whole animal metabolism and life history events.

Furthermore, agreement of empirical data with the
form of a Boltzmann relationship does not justify the
promotion of a correlation to a mechanism. First, even
tight correlation does not constitute causation. Second,
as Brown et al. (2004a) note, a Boltzmann relationship
between metabolism and temperature results in fairly
small errors when fitted to a traditional exponential
(Q10) relationship, particularly with a fitted value
of activation energy that minimizes those errors.
Hence two different mathematical bases (Boltzmann
and exponential) with similar predictions, but poten-
tially different underlying mechanisms, would both
produce small errors when compared with empirical
data. Reduction of residual errors by regression does not
validate a mechanism.

Another reservation about the Boltzmann relation-
ships arises from a poor fit to thermal physiology,
particularly the short and long term variation of
metabolism in response to changes in body tem-
perature. Here, we concentrate on responses in ectother-
mic animals, but similar arguments can be made for
endotherms. The literature of acclimation, particularly
of acclimation of metabolic rates to varying temperatures
in ectotherms is extensive and taxonomically diverse
(Beyer and Spotila 1994, Guderley and St. Pierre 1996,
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Gracey et al. 2004, Lesser and Kruse 2004, Zakhartsev
et al. 2004, Whiteley and Faulkner 2005). The typical
pattern is that an ectotherm held at one temperature,
then subjected to sudden temperature changes, might
experience changes in metabolic rate compatible with a
Boltzmann or Q10 relationship (Fig. 1, 338C acclima-
tion). That same animal, after being held at a new
temperature (Fig. 1, 168C) for days to weeks might show
a similar but shifted response such that the difference in
metabolic rate at each experiment’s acclimation tem-
perature is smaller than would be expected from the
acute responses (Hill et al. 2004). Thus, the magnitude
of the metabolic response depends on the timing of the
temperature change. This cannot be accounted for by a
change in normalization constant, as claimed by Gillooly
et al. (2006). The extent of compensation varies from
practically nil (the temperature response curves at the
two acclimation temperatures are virtually superimpo-
sable) to perfect compensation (metabolic rate at T1

when acclimated to T1 equals metabolic rate at T2 when
acclimated to T2) with a few organisms even showing
over-compensation. The dependence of metabolism on
temperature is both subject to selection among animals
and physiologically adjustable within a single organism.
This variation is inconsistent with a Boltzmann relation
that can be used to predict thermal variations in
metabolic rates in individuals, populations, species,
higher taxa, and even whole ecosystems.

We do not argue that temperature does not affect
metabolism, but that the proposed Boltzmann relation
cannot encompass the patterns of variation seen

commonly in nature. Alternative, but less monolithic,
mechanisms have been proposed to account for the
variation of metabolism with temperature (Clarke
2004, Clarke and Fraser 2004).

Metabolic allometry is causal to other allometries

A critical assumption of MTE is that allometries for
other organismal (e.g. heart rate, development time,
longevity) and population (e.g. density) traits depend
on metabolism. From this, it follows that if metabolic
scaling is explained mechanistically, then allometries for
these traits are also explained (Brown et al. 2004a). To
the best of our knowledge, no data or theory adequately
tests this assumption. Although some factors are
necessarily related to metabolism (e.g. mass specific
metabolic rate), and others are plausibly related (e.g.
heart rate, population metabolic demand), we have two
general concerns related to this assumption in the
context of MTE.

First, vertebrate (particularly mammalian) cardio-
vascular allometries are a curious mix of traits, some of
which scale allometrically according to quarter power
laws (e.g. heart rate), some of which appear nearly
invariant (mean arterial blood pressure), and some of
which scale with other exponents (e.g. pulmonary and,
possibly, systemic capillary diameter-Li 2000, Dawson
2001, 2005). Recent work also suggests that metabo-
lism scales differently in mammals depending on
activity, with basal, field, and maximal aerobic meta-
bolism scaling with progressively steeper exponents
(White and Seymour 2003, 2005, Savage et al. 2004).
In plants, predictions of MTE regarding scaling of
allometries in tropical forests (growth and mortality
with size) were categorically not met in an analysis of a
global data set (Muller-Landau et al. 2006). Whether
some of these deviations from MTE predictions are
statistical artifacts, simple biomechanical results, or
reflections of a deeper complexity and heterogeneity
remains unresolved at this time. However, since the
same sources of error exist in all allometric data sets,
statistical artifacts cannot only apply when the predic-
tions of the MTE do not match the data.

Second, a familiar counterexample suggests that
allometries for different traits may be independently
selected, counter to predictions of the MTE. Differ-
ences in metabolic rates among breeds of domestic dogs
follow approximately the classical quarter power allo-
metry (Speakman et al. 2003). However, the interbreed
allometry for longevity is the inverse of the classical
pattern with small breeds being generally longer-lived
than large breeds (Patronek et al. 1997, Speakman et al.
2003, Austad 2005). In this case, the allometries, like
the breeds themselves, are the product of artificial
selection, and some longevity effects may be due to
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inbreeding. Nonetheless, the patterns suggest that
selection (albeit artificial) can lead to starkly different
effects on allometries for different characters. Recent
work documents similar patterns in mice and Droso-
phila and suggests a mitochondrial mechanism for
elevating metabolic rates while protecting against free
radicals and extending life span (Tu and Tatar 2003,
Speakman et al. 2004, Van Voorhies 2004). These
examples come from organisms that have been subject
to artificial selection and are, hence, suspect. Glazier
(2005), however, documents a variety of intraspecific
metabolic allometries: 1) many with allometric expo-
nents differing substantially from 0.75, and 2) many
that are poorly described by linear relationships between
the logarithms of mass and metabolism.

Plausibility of a single explanatory mechanism for
allometry

Another proposed advantage for MTE is that a single
mechanism (minimization of transport costs in dis-
tributional networks) accounts for quarter power
allometries for metabolism, extending from the smallest
microorganisms to the largest whales (Brown et al.
2004a, West and Brown 2005). The presumption is
that because an approximate 3/4 power allometry for
metabolism extends across such a broad range of
organisms, a single (physiological) mechanism should
explain the allometry. Furthermore, it is argued that
because a power law appears to describe the allometry,
the mechanism should lead to a simple power law
expression (West et al. 2003). This argument is flawed
for several reasons. First, metabolic allometries from
microorganisms to whales do not clearly reflect a single
relationship. Even if we ignore the variability of
metabolic rates with activity level, the potentially
different scaling exponents of resting and non-resting
metabolism in mammals (White and Seymour 2005),
the range of reported allometric exponents (Calder
1984, Dodds et al. 2001, White and Seymour 2005),
and the diversity of normalization constants (i.e. the
resting metabolic rate at a standard mass) all raise
questions about the proposed universal mechanisms.
Variation in normalization constants has been attrib-
uted to phylogeny (Demetrius 2003, Hochachka et al.
2003, Brown et al. 2004a). At minimum, such variation
in normalization constants suggests that factors un-
related to allometric constraints can affect a taxon’s
mass, metabolic rate, or both. Also, the physics and
physiology of metabolite transport, heat transfer, and
biomechanics differ substantially in large versus small
animals. Large animals exist in high Reynolds number
environments dominated by inertial forces, and require
bulk transport systems to transport metabolites. Small
unicells, on the other hand, inhabit low Reynolds

number environments dominated by viscous forces and
possess diffusive metabolite transfer (Schmidt-Nielsen
1984, Vogel 1994, 2000). Counter to the predictions of
MTE, Makarieva et al. (2005), trying to control for
differences due to culture conditions, found little
difference in minimal and maximal mass-specific
metabolic rates in a variety of microorganisms with
cell volumes differing by a million fold, but found
considerable variation in metabolic rates among taxa at
a single size. Thus, allometric mechanisms that focus on
metabolite transport to and from surfaces, biomecha-
nical constraints on structures (McMahon 1973, 1975,
Biewener 2005), or bulk flow distribution networks
(West et al. 1997, Brown et al. 2004a) will likely
work quite differently in microorganisms and whales
(Table 1).

Two important qualifiers are often applied to MTE’s
arguments. First some argue that MTE’s mechanisms
are meant to explain global allometric patterns, i.e.
those applying over broad ranges of body masses, rather
than the fine tuning of differences among animals that
are relatively close in size (Brown et al. 2004a, West and
Brown 2005). Second, Brown et al. (2004a, b), Savage
et al. 2004, West and Brown 2005) have argued that we
should distinguish two types of allometric variation in
traits: within-clade variation that is explained by MTE’s
mechanisms and affects the allometric exponents and
between-clade variation related to other factors that
primarily affects the normalization constant.

Aside from their ad hoc nature, these qualifiers
create a series of conceptual problems. It is certainly
possible that, over sufficiently broad mass scales, the
processes presented by West et al. (1997) could enforce
a level of conformance to an allometry that other factors
could obscure at finer scales. But the requirement for
longer mass scales severely limits the applicability of
MTE to ecology (Tilman et al. 2004). Furthermore,
extending over very large mass scales increases the
likelihood that among-clade differences in biology will
arise, increasing the import of other factors (e.g. open vs
closed circulatory systems) and differences in normal-
ization constants. Indeed, one of the problems with
MTE as a universal mechanism is that extension to
broader mass scales requires one to focus increasingly
on exponents within clades and ignore variation in
normalization constants (Brown and West 2005). A
second problem is that distinguishing between effects
on allometric exponents and normalization constants
reifies a regression result as the mathematical form of a
physical effect. Further it assumes that selective varia-
tion e.g. in metabolic rate, is neatly divisible into
separate selective forces that apply to the slope or to the
intercept of that regression, without supporting data.
Finally, both of these qualifiers make the point that
physiological effects other than the putative MTE
mechanisms are critically important in setting animal
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Table 1. Summary of hypothetical ultimate mechanisms to account for metabolic and other allometries.

Potential mechanism Proponents Idea Works well for Limitation

Surface area/volume ratios
2/3 allometry

Numerous classical; Dawson 2001,
Dodds et al. 2001

for conserved quantities/resources:
� exchanges proportional to surface

area
� demand, reserves-proportional to

mass

� large organisms with rate-limiting
exchanges across skin e.g. heat.

� smaller organisms with similar
exchanges e.g. metabolites.

� are exchanges rate limiting?
� are allometries for large and small

animals similar?
� adaptations for exchange can

change allometries

Biomechanics � elastic
similarity 3/4 allometry

McMahon 1973, Biewener 2005 structural allometries required for
support in larger organisms

� large vertebrates and invertebrates
� large plants

� smaller organisms
� connection to function e.g.

metabolism.?

Distributional networks
3/4 allometry

West et al. 1997, Brown et al.
2004a, Banavar et al. 1999

minimizing cost of transport in
distributional networks

� endotherms with 3/4 power
allometry

� micro-organisms with diffusive
transport

� organisms with different networks
invertebrates?

� fitness effects of failure to
minimize?

Life history-size
covariation

Kozlowski and Weiner 1997,
Kozlowski 2000, Speakman 2005

selection on life history phenotype
modifies allometries

� theoretical � requires pre-existing allometries
� restrictive assumptions

Quantum statistics Demetrius 2003 constraints on oxidative electron
transport/ATP synthesis-interaction
with life history

� theoretical � restrictive assumptions?
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characteristics. Factors affecting allometric exponents,
i.e. those attributable to MTE mechanisms, are char-
acterized as systematic with broad taxonomic applica-
tion, while those affecting normalization constants are
portrayed as a series of special cases with narrow
application (Savage et al. 2004, West and Brown 2005).

Consider for example, the nearly parallel allometries
for resting metabolism in mammals and reptiles (Calder
1984). Classically, for animals at similar temperatures,
mammals were considered to have metabolic rates
4�10 times those of similar sized reptiles (Kleiber
1961, Bennett and Dawson 1976). Field metabolic
rates measured by doubly labeled water techniques
differ by 12�20 fold (Nagy 2005). In classic analyses,
Hulbert and Else (1981) demonstrated differences in
cellular metabolic substrates (e.g. mitochondrial den-
sities) between mammals and reptiles, and Pough
(1980) argued that endotherms and ectotherms repre-
sented high and low energy throughput strategies for
exploiting resources. This suggests that multiple meta-
bolic optima are possible at a given mass. One could
argue that multiple optima are consistent with the MTE
hypotheses (e.g. via different capillary sizes), but these
two strategies demonstrate that multiple mechanisms
control metabolic rate at different body sizes and that
metabolic allometries are affected differently in mam-
mals and reptiles.

Finally, Occam’s razor is invoked to support a single
causal mechanism for widespread allometries (West and
Brown 2005). The claim is that given the universality of
the 3/4 power allometry, a single causal mechanism is
more parsimonious than several. First, we should note
that logical parsimony is a human preference rather
than a natural law (Webb 1996, Bensusan 1998). More
importantly, the claimed universality of a simple 3/4
power allometry or its causal mechanism is far from
obvious whether one considers the numerical value of
the exponents, the range of body sizes over which the
allometry extends, or variation among taxa at particular
size ranges (Reich et al. 2004, Muller-Landau et al.
2006).

Moving forward in understanding allometry

We believe it to be unfortunate, and counterproductive,
that mechanistic explanations of metabolic allometries
are often treated as being mutually exclusive, so that at
most one can be correct (Banavar et al. 2003, Darveau
et al. 2003, West et al. 2003). For a number of reasons,
we contend that allometric scaling is most likely the
product of more than one mechanism, with each
mechanism playing a different role under different
circumstances.

Proposed explanations for allometries fall into two
broad classes (Table 1, 2). Ultimate mechanisms seek to

explain the evolutionary ‘‘why’’ of allometries (Table 1).
They invoke a fitness benefit, often based on physical
mechanisms (McMahon 1973, West et al. 1997,
Demetrius 2003), or selective mechanisms (Kozlowski
and Weiner 1997) to create an allometry. Ultimate
hypotheses also tend to specify selected allometric
exponents (McMahon 1973, West et al. 1997, Dodds
et al. 2001, Demetrius 2003) or indicate changes in
allometric exponents (Kozlowski and Weiner 1997).

More proximate mechanisms, on the other hand,
seek to explain the cellular or biochemical mechanisms
by which allometric control of metabolism operates
(Table 2). Proximate mechanisms specify how allo-
metric variation in metabolism can be achieved by
varying cellular structures or functions, but do not
specify allometric exponents. Whichever ultimate me-
chanism one favors, selection will need to enforce the
allometry via one of the more proximate mechanisms.
Thus, sets of ultimate and proximate mechanisms must
work in series and cannot be mutually exclusive.

If we concentrate on the more ultimate proposed
mechanisms (Table 1), none of the hypotheses clearly
extends to all organisms. Surface-area-to-volume hy-
potheses depend on demonstrations that particular heat
or resource budgets constrain metabolism (Hochachka
et al. 2003). Varying internal and external exchange
physiologies and exchangers with changes in body
size (Schmidt-Nielsen 1984, Vogel 1994, 2000,
O’Connor and Dodson 1999) suggest that different
types of exchanges (heat, resources) will be constraining
at different sizes. Whether different exchanges would
produce a homogeneous allometry needs investigation.
Elastic similarity (McMahon 1973) modifies the
surface area to volume ratio expected under geometric
similarity, but otherwise suffers the same constraints
mentioned above. We have already discussed some
limitations on MTE-like bulk flow transport hypoth-
eses (West et al. 1997, Banavar et al. 1999). Mechan-
isms citing selection on life history phenotypes
(Kozlowski and Weiner 1997, Demetrius 2003) are
highly theoretical and require restrictive assumptions to
facilitate their mathematical development. All of these
hypotheses depend on optimizations, requiring extrema
of physiological flows, costs, or life history character-
istics. Such optimizations are rarely unconstrained in
biology (Pierce and Ollason 1987, Dudley and Gans
1991, Gordon 1998).

If none of the hypotheses is sufficient alone,
neither are their mechanisms, per force, functionally
incompatible. Nothing would prevent biomechanical
constraints from setting body proportions with their
resultant surface to volume ratios (McMahon 1973),
and a combination of superficial exchanges (Dodds
et al. 2001), internal transport processes (Brown
et al. 2004a), and proton and electron motive forces
(Demetrius 2003) from acting simultaneously to
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influence metabolic rates in a group of organisms.
Finally, interspecific allometries might be affected by
life history selection (Kozlowski and Weiner 1997,
Demetrius 2003). Such simultaneous action of different
mechanisms might prevent any particular organism
from reaching the optimum specified in a particular
hypothesis, but that would hardly be surprising (Gould
and Lewontin 1979, Pyke 1984, Huey and Bennett
1987, Dudley and Gans 1991).

Perhaps more important is the possibility that
multiple mechanisms might be active and produce
similar allometries at different body sizes. Thus, surface
exchanges (Dodds et al. 2001, Demetrius 2003) of
metabolic fuels and gases might affect metabolism more
strongly in small organisms, with internal bulk trans-
port and biomechanics (McMahon 1973, West et al.
1997) being more important in larger organisms, and
selection on life history strategies (Kozlowski and
Weiner 1997) adjusting scaling exponents. Such a
multifactorial process would likely produce a series of
similar allometries in different taxa at various ranges of
body size, much like what one actually finds (Fig. 1 in
Calder 1987, Fig. 6 in Martin et al. 2005, Fig. 2 in
West and Brown 2005). In any case, numerous points
of evidence indicate that multiple processes affect the
allometric scaling of metabolism, and acknowledging
this will lead to a more realistic understanding of
metabolic allometries.

Conclusions

MTE has been justly praised for reinvigorating the
study of metabolic and other allometries in ecology
(Cottingham and Zens 2004, Harte 2004, Kaspari
2004). However, the proposed mechanistic bases of
MTE are, at minimum, inadequately tested and
supported, and are inconsistent with fundamental
aspects of ecology and physiology. The cost of transport
minimization is an untenable form of optimization by
natural selection, and the Boltzmann normalization of
thermal effects on metabolism requires a uniform
response to temperature simply not observed in
animals. We feel that the MTE must be rejected as a

solitary mechanism underlying metabolic allometries
due to these concerns and others detailed in this paper
and elsewhere. While the physical constraints invoked
by the MTE may play a role in determining metabolic
allometries, problems with the proposed mechanisms as
well as the low predictive scope of MTE refute the
contention that it successfully explains long-described
allometries mechanistically.

Our fundamental problem with MTE’s mechan-
istically based allometry (other than the inconsistencies
with ecology and physiology indicated above) is that
those mechanisms are treated as presumptively vali-
dated. Further, because they are based on first princi-
ples, they are assumed to be taxonomically universal,
and logically superior to and mutually exclusive of other
mechanisms proposed to explain allometries (West and
Brown 2003, Brown et al. 2004a, b). We find MTE
lacking as a universal explanatory mechanism for
allometric scaling because the proposed mechanisms
are disconnected from the hypotheses they motivate, the
putative mechanisms (minimization of transport costs,
population level Boltzmann relationships) are biologi-
cally implausible, and the proposed universality of the
mechanisms is untenable.

Our purpose here is to argue for a less restrictive
view of physiological and life history allometries that
allows for the simultaneous operation of multiple
mechanisms (Table 1, 2). This approach has several
benefits. First, it provides a paradigm in which multiple
processes can jointly affect allometric relations. Such a
paradigm more easily accounts for the variation in both
allometric exponents and normalization constants,
promoting them from evolutionary noise around a
dominant mechanism to potentially interesting biolo-
gical problems (e.g. why do mammals and reptiles
appear to represent alternate fitness optima?). Second,
this approach enriches allometric theory by benefiting
from the advantages of various hypotheses. MTE has
the singular virtue of tying thermal effects to allometric
effects, even if we prefer Clarke’s (2004- discussed
above in ‘‘Boltzmann relationships, temperature, and
metabolism’’) mechanism for temperature effects to
that of Gillooly et al. (2001). Biomechanical considera-
tions (McMahon 1973, Biewener 2005), although less
tightly linked to metabolism than to structural biology,

Table 2. Summary of hypothetical proximate mechanisms to account for metabolic and other allometries.

Potential mechanism Proponents Idea

Allometric cascades Darveau et al. 2002, Hochachka et al. 2003,
Suarez and Darveau 2005

multiple control points blend allometries at
each control point

Control of biochemical
pathways

Jeneson et al. 2000, Moyes and LeMoine 2005,
Chaui-Berlinck et al. 2005

control of particular pathways or sets of
pathways can account for allometries

Cellular metabolic
substrates

Else and Hulbert 1985, Hulbert and Else 2000,
2005

Adjustment of membrane or mitochondrial
densities and/or properties drives allometric
variation in metabolism
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produce allometric effects that cannot fail to affect
metabolic and other allometries. Life history selection
(Kozlowski and Weiner 1997, Kozlowski 2000) focuses
attention on the possibly different evolutionary me-
chanisms by which intraspecific (classical selection) and
interspecific (radiation) allometries arise, and on the
meaning of those differences for ecology (Kozlowski
2000). Demetrius (2003) makes interesting and poten-
tially testable predictions regarding the dependence of
allometry on activity and life history phenotype (weedy
species vs those typically in a more crowded competitive
environment). Third, a more inclusive approach would
shift attention from proving that a particular allometric
mechanism is correct, to considering how and under
what circumstances various mechanisms might
affect allometry. Ecology has, in the past, learned
the disservice done by trying to prove that a
particular process is viable rather than considering the
relative contributions of different processes (e.g.
competition-Connell 1983, Quinn and Dunham
1983, Roughgarden 1983, Strong 1983). Although we
argue that minimizing transport costs is unlikely to
drive allometries over restricted mass ranges, it is easy to
imagine that over broader size ranges, accumulating
inefficiencies might disrupt the transport function (and
its attendant benefits) of a vascular system. As the
symmorphosis debate taught us, biological systems can
tolerate mismatched efficiencies but not inadequate
function (Dudley and Gans 1991, Jones 1998, Weibel
et al. 1998). In general, a broader paradigm may allow
the integration of proximate and ultimate mechanisms
for allometry, to the benefit of both. We hope that such
an approach will further invigorate and expand the
consideration of the extent to which allometric effects
constrain ecological processes (and vice versa) by
expanding and integrating the mechanisms on which
such hypotheses are based.

While the MTE has invigorated the study of
mechanisms producing well known patterns of allo-
metric scaling, it is our contention that this theory at
best highlights potential physical constraints imposed
on the allometry of metabolic rates. In our view, the
MTE is in our view an oversimplified, insufficient
description of the mechanisms underlying metabolic
allometries, and cannot be considered a mechanistic
explanation. While the MTE is a noble attempt to find
general relationships in a very complex world, closer
examination of the mechanisms proposed, as well as an
accumulating body of literature surrounding the sub-
ject, suggests that our understanding of metabolic
allometries will best be advanced by acknowledging
that multiple causal mechanisms are likely to be
involved.
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