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Summary

1. Recent studies have resurrected the debate over the value for the allometric scaling
exponent that relates whole-organism metabolic rate to body size. Is it 3/4 or %3? This
question has been raised before and resolved in favour of */s. Like previous ones, recent
claims for a value of s are based almost entirely on basal metabolic rate (BMR) in
mammals.

2. Here we compile and analyse a new, larger data set for mammalian BMR. We show
that interspecific variation in BMR, as well as field metabolic rates of mammals, and
basal or standard metabolic rates for many other organisms, including vertebrates,
invertebrates, protists and plants, all scale with exponents whose confidence intervals
include /4 and exclude %/s. Our analysis of maximal metabolic rate gives a slope that is
greater than and confidence intervals that exclude both ¥4 and %/5.

3. Additionally, numerous other physiological rates that are closely tied to metabolism
in a wide variety of organisms, including heart and respiratory rates in mammals, scale
as M™%,

4. The fact that quarter-power allometric scaling is so pervasive in biology suggests
different allometric relations have a common, mechanistic origin and provides an

empirical basis for theoretical models that derive these scaling exponents.
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Introduction

Many fundamental characteristics of organisms scale
with body size as power laws of the form:

Y = Y, M, eqn 1

where Y is some characteristic such as metabolic rate,
stride length or life span, Y is a normalization constant,
M is body mass and b is the allometric scaling exponent.
A longstanding puzzle in biology is why the exponent
b is usually some simple multiple of !/+ rather than a
multiple of '/3, as would be expected from Euclidean
scaling.

Renewed interest in allometry is due at least in part to
recent theories that purport to explain the quarter-power
scaling (West, Brown & Enquist 1997, 1999a; Banavar,
Maritan & Rinaldo 1999; Banavar et al. 2002). These
theories derive the scaling for metabolic rate based on
the designs of resource distribution networks, such as
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animal and plant vascular systems. In particular, the
model of West et al. assumes that these networks have
three properties: (1) they branch hierarchically to sup-
ply all parts of three dimensional organisms; (2) they
have terminal units, such as capillaries or petioles, that
do not vary with body size; and (3) natural selection has
optimized hydrodynamic flow through the network so
that the work required to distribute resources has been
minimized. This model predicts many other character-
istics of plant and animal circulatory systems, includ-
ing dimensions of vessels, total volume of fluid, rates of
flow and delivery times. This model has been extended
to explain the quarter-power scaling of many biological
traits, including mitochondrial densities (West, Woodruff
& Brown 2002), ontogenetic growth rates (West, Brown
& Enquist 2001), the partitioning and allocation of
production between plant organs such as roots, stems,
leaves, and reproductive structures (Enquist & Niklas
2002; Niklas & Enquist 2002), times of life-history events
(Gillooly et al. 2002; Savage et al. 2004), and population
growth rates (Savage et al. 2004).

Ever since the seminal studies of Kleiber (1932) and
Brody et al. 1934, 1945), some biologists have questioned
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whether the exponent for whole-organism metabolic
rate really is %4 or whether it might be %5 as expected
from Euclidean geometric scaling (Heusner 1982a,b,
1987, 1991; Kooijman 2000; Dodds, Rothman & Weitz
2001; White & Seymour 2003). These questions have
focused on metabolic rate because it is such a funda-
mental characteristic for all organisms. It is the rate at
which energy and materials are transformed within
organisms and exchanged with the environment.

In the present study, we evaluate the evidence for the
scaling exponents for basal metabolic rate (BMR) and
other traits. We analyse three kinds of data. First, we
compile and analyse a new comprehensive data set
for the basal metabolic rate of mammals. Second, we
present analyses of field and maximal metabolic rates
for mammals, because these rates are more relevant to
the normal function of free-living mammals than
BMR, and we present reanalyses of data for mamma-
lian heart and respiratory rates. Third, we perform
meta-analyses (i.e. we calculate the mean and standard
error) of scaling exponents reported in the literature
for other biological rates and times, some of which can
be measured more accurately than BMR. Finally, we
identify problems with recent studies that have claimed
that BMR of mammals scales as M** (at least over
a limited range of M) (Dodds et al. 2001; White &
Seymour 2003). We conclude that the evidence sup-
ports the pervasiveness of quarter-power allometric
scaling in biology and, by extension, the models of
West et al. (1997, 1999a).

Historical perspective

The idea that power laws characterize size-related
variation is old and well established in biology. Rubner
(1883) originally observed that metabolic rate depended
on organismal body size and proposed that the rela-
tionship followed from a surface-area rule (see also
Bergman 1847). In the 1920s Julian Huxley investigated
the body size dependence of ontogenetic growth and
other biological attributes and coined the term ‘allo-
metric equation’ for equation 1 (Huxley 1932; see also
Thompson 1942). In the 1930s, Brody (1934, 1945) and
Kleiber (1932) independently measured the whole-
organism metabolic rates of diverse kinds of birds and
mammals and fitted the data with allometric equations.
Their results were slightly different: Brody obtained a
value of 0-73, whereas Kleiber concluded the exponent
was exactly /4. Both investigators were surprised that
the value was different from /s, because they expected
that metabolic rate in endotherms would vary with
heat dissipation and therefore scale with body surface
area, as hypothesized by Rubner. Explaining the observed
exponents established a puzzle that has challenged
biologists ever since.

Subsequent studies have given similar results. In a
major monograph, Hemmingsen (1960) compiled data
for endothermic birds and mammals, ectothermic verte-
brates and invertebrates, and unicellular prokaryotes

and eukaryotes. The fitted data for each group had
allometric exponents of b =34, Extensive research on
allometry in the 1970s and early 1980s was synthesized
in four influential books by Peters (1983), McMahon
& Bonner (1983), Calder (1984) and Schmidt-Nielsen
(1984). These volumes reviewed the empirical evidence
and found that it overwhelmingly supported quarter-
power scaling for BMR and numerous other attributes
of organismal form, function, physiology and life
history. Peters (1983) remarks, ‘one cannot but wonder
why the power formula, in general, and the mass expon-
ents of %4, '/4, and —'/s, in particular, are so effective in
describing biological phenomenon.” Calder (1984)
claims, ‘Despite shortcomings and criticisms [including
the lack of a theoretical model], empirically most of
the scaling does seem to fit M scaling ...". Schmidt-
Nielsen (1984) declares that, ‘It has been widely
accepted that the slope of the metabolic regression line
for mammals is 0-75 or very close to it, and most defin-
itely not 067 (as far as the “surface rule” would sug-
gest)’, and that °... it is overwhelmingly certain that the
exponent differs from 0-67 ... .

As suggested by the last quote, empirical studies
forced scientists to conclude that biological allometry
does not reflect simple geometric scaling. Not only does
whole-organism metabolism scale as M>**, but mass-
specific metabolic rate and most other biological rates
scale as M (e.g. heart and respiratory rates, stride
frequencies) and most biological times scale as M
(e.g. life spans, times to first reproduction, muscle
twitch contraction times) (Lindstedt & Calder 1981).

So compelling was the empirical evidence for quarter-
power scaling that several mechanistic theories were
developed to explain it. None of these, however, were
sufficiently general to account for the ubiquity of quarter-
power scaling across diverse kinds of organisms and
environments. McMahon proposed a theory of elastic
similarity based on biomechanical adaptations to
gravitational forces (McMahon 1973, 1975). While his
arguments might apply to the bones of mammals or
the trunks of trees, it is doubtful that they are applica-
ble to aquatic or unicellular organisms. Blum (1977)
suggested that quarter powers could be attributed to
a fourth dimension, which he identified as time. He
did not, however, present an explicit, testable model.
Patterson (1992) developed a model based on diffusion
of respiratory gases across boundary layers in aquatic
organisms. Its application to terrestrial organisms has not
been attempted and would be problematic. Barenblatt
& Monin (1983) proposed that quarter-power scaling
might reflect the fractal-like nature of biology, thereby
anticipating West et al. (1997), but again, they did not
provide a mechanistic, dynamical model.

However, quarter-power scaling has not been uni-
versally accepted. For a decade, beginning in the 1980s,
Heusner presented analyses and arguments that the
exponent for mammalian BMR was %5 rather than 3/
(Heusner 1982a, 1982b). Heusner’s criticisms were
answered by Bartels (1982) and Feldman & McMahon
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(1983) (see also Schmidt-Nielsen 1984, pp. 60—62). As
a consequence, the debate subsided, the ubiquity of
quarter powers was widely accepted, and there was
relatively little research in allometry until the late 1990s
when a series of theoretical papers appeared (West
et al. 1997, 1999a, 2001, 2002; Enquist, Brown & West
1998; Banavar et al. 1999, 2002; West, Brown & Enquist
1999b; Enquist & Niklas 2001, 2002; Niklas & Enquist
2001, 2002; Gillooly et al. 2002; Savage et al. 2004).

West, Brown, Enquist and their collaborators devel-
oped detailed models for the geometry and hydro-
dynamics of hierarchically branched mammal and plant
vascular systems that accurately predicted empirically
determined allometric scaling relations for many
structural and functional traits (West et al. 1997, 1999a).
Extensions of these models predict the allometries
of ontogenetic growth trajectories (West et al. 2001),
population growth rates and other life-history attributes
(Savage et al. 2004), variability in biomass, abundance
and productivity of plant communities (Enquist ez al.
1998; West et al. 1999b; Enquist & Niklas 2001, 2002;
Niklas & Enquist 2001, 2002; Belgrano et al. 2002;
Niklas, Midgely & Enquist 2003), and metabolic rates
at cellular, organelle and molecular levels (West et al.
2002). The theory of West, Brown & Enquist and its
extensions quantitatively explain and predict a large
body of empirical measurements taken across broad
scales for a variety of biological phenomena; this
includes not only quarter-power allometric exponents
but, just as importantly, details of hierarchical branch-
ing and hydrodynamic flow.

Analyses: basal metabolic rate of mammals

The debate as to whether BMR scales as M** or M*?
has recently been resurrected. Dodds et al. (2001)
reanalysed Heusner’s (1991) and some other existing
data sets using different statistical methods and con-

y=0.737x—1.739
r# =099

log (M (g))

Fig. 1. Plot of the combined mammalian data sets of Hart (1971), Heusner
(1991), Lovegrove (2000, 2003) and White & Seymour (2003), which yields a
total of 626 species data points. The numerous bars are the raw data. The regres-
sion line is fitted to the average of the logarithms for every 0-1 log unit interval
of mass, represented by the squares. Note that the slope is very close to s, b =
0-737 (P < 0-0001, n = 52, 95% C.I. 0-711, 0-762), and the 95% C.I. exclude %s.

cluded that the %/ exponent for BMR in mammals and
birds cannot be statistically rejected and that over a
limited range it is, in fact, favoured. White & Seymour
(2003) compiled and analysed a large data set on BMR
in mammals and reached similar conclusions. We argue
here that there are two reasons why these studies are
inadequate to address the generality of quarter- vs
third-power allometric scaling. First, each study uses
questionable, ad hoc methods. Second, these studies
focus exclusively on the BMR of mammals and birds
and ignore the large number of published empirical
scaling relations for different taxonomic groups and
for other traits, many of which are easier to measure
accurately and are closely tied to metabolism.

QUESTION 1: HOW DOES MAMMALIAN BMR
SCALE?

Much of the interest in allometry has focused on
mammalian BMR. There have been many studies,
which have generated a large quantity of data, repre-
senting measurements for hundreds of species. The
vast majority of these studies were designed to address
specific questions about the physiology of mammals
in particular environments or taxonomic groups. They
were not designed to address the question of allometric
scaling of BMR across all mammals. Consequently,
these large compilations of data represent an oppor-
tunistic collection that may not be representative of the
Class Mammalia. In addition, these data seriously
violate assumptions of the parametric statistics used to
fit regression lines and calculate allometric exponents
(Sokal & Rohlf 1981). Two problems are especially
serious. First, the vast majority of data are for small
mammals (i.e. M <1 kg) (see Fig. 1). Unless some
correction is made for this imbalance, the calculated
regression statistics (slope, intercept and confidence
intervals) will be biased. Second, because BMR data-
bases contain multiple values for species in certain
genera or families and few or no values for other gen-
era or families, the data are neither independent nor
representative. For example, measurements for rodents
are abundant and thus contribute an undue influence
on the scaling of BMR.

Methods

We compiled data on mammalian BMR from the large
data sets used in the previous studies of Hart (1971),
Heusner (1991), Lovegrove (2000, 2003) and White &
Seymour (2003). In compiling this data set we found
several discrepancies between the data sets of Heusner
(1991), Lovegrove (2000, 2003) and White & Seymour
(2003), e.g. values that differed by an order of magni-
tude in mass and BMR for the same species taken from
the same study. These discrepancies were the result
of incorrect or changed scientific names in Heusner
(1991), apparent transcription and conversion errors
in Lovegrove (2000, 2003), and misplaced decimal
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points (e.g. the reported mass for Ursus ursinus) and
the shifting of rows in the BMR column for the Order
Chiroptera in the appendix of White & Seymour (2003).
When different data sets contained significantly dif-
ferent values for the same species from the same study,
we referred to the original source and used the values
reported there. The original sources that were consulted
are given in the References section and are listed by the
relevant species data in the supplementary material
online. Moreover, there were many species whose
scientific names have changed over the period spanned
by these data sets, so the list was checked extensively in
order to standardize the scientific names. All names
were standardized according to Wilson & Reeder (1993),
and consequently, some scientific names given here
differ from the ones given in the original studies. We
then eliminated duplicate data, i.e. values for the same
species taken from the same study that appear in
multiple data sets, keeping only one datum for each of
these cases. Often, for the duplicate data there were
slight differences between values reported in Heusner
(1991), Lovegrove (2000, 2003) and White & Seymour
(2003) due either to different methods of averaging or
to differing procedures for rounding before and after
conversions. In an attempt to further standardize the
data, we took the datum from the most recent com-
pilation when there was this sort of discrepancy.

For the corrected, non-duplicate data, there were
still multiple, independent values for the same species.
In previous data sets, subspecies were often listed. We
did not differentiate at the subspecies level. To address
multiple data for the same species we calculated an
average of the logarithms for each species, resulting in
values for 626 species. The complete metabolic rate
data set and the species averages are available as
supplementary material online. We then divided these
species data into equally spaced logarithmic mass bins
of size 0-1, resulting in 52 bins; thus, a typical bin covers
a mass range from M to M + AM, where AM = 0-1M.
All values within each bin were averaged to give a
single data point for each size class. These values are
also available as supplementary material online. Then,
the binned data were plotted, and since the error in the
measurements of mass, corresponding to the x-axis,
are much less than the error in the measurements
of BMR, corresponding to the y-axis, regression lines
were fitted using Ordinary Least Squares (OLS) (Type
I) regression. By distributing samples uniformly with
respect to mass, mass effectively becomes a treatment
effect, and the regression statistics should reliably
characterize the relationship between the dependent
(logarithm of BMR) and independent (logarithm of M)
variables. The slopes and confidence intervals represent
the effects of mass on BMR.

Results

The original data for all species together with the
average values for the binned data are plotted in Fig. 1.

A regression line (not shown) fitted to all data gives a
slope of 0-712 (P <0-0001, n =626, 95% CI 0-699,
0-724). Notice that these 95% CI exclude both /s and
3/s. However, this analysis is biased by the dispropor-
tionately large representation of small body sizes. For
our study there are 477 species with M < 1 kg, leaving
only 149 species with M > 1 kg. After accounting for
this bias by binning the data as described above in
order to obtain a uniform distribution, the slope is
0-737 (P < 0-0001,n = 52,95% CI0-711, 0-762). The 95%
CI include /4 and exclude /3. Thus, we find more sup-
port for an exponent of %4 than of .

QUESTION 2: HOW DO OTHER MAMMALIAN
PHYSIOLOGICAL RATES SCALE?

There are two concerns in using BMR as a standard
for assessing the scaling of metabolic rate and related
physiological processes in mammals. First, BMR is
notoriously difficult to measure according to the stand-
ard criteria. Metabolic rate is measured by a variety
of techniques, including direct calorimetry, oxygen
consumption and carbon dioxide production, and is
known to vary with body temperature, activity and
other factors (e.g. see Schmidt-Nielsen 1984 and
McNab 2002). Therefore, it is difficult to ensure that
individuals are in comparable physiological states,
especially across the eight orders of magnitude vari-
ation in body size for mammals. Second, since BMR
requires the individuals to be resting and fasting, it is
not an energetic steady state and is of questionable
biological relevance. At least as relevant are two other
measures of metabolic rate commonly taken by
physiologists. Field metabolic rate is a measure of the
average rate of energy expenditure by free-living indi-
viduals under natural conditions. Maximal metabolic
rate, or V,, .., is the rate of energy expenditure during
maximum aerobic activity. While there are also prob-
lems with standardizing these rates, they represent
important measures of whole-organism performance
that can be used to evaluate allometric scaling. The
model of West ef al. argues that natural selection has
optimized the delivery rates of resources to cells, which
is relevant to all levels of activity. Indeed, one might
suspect that natural selection has operated primarily
on field metabolic rate, not basal. The theory predicts
that the primary differences among metabolic states will
be reflected in the normalization constants (intercepts),
.. Bymax > Bosield > Bopasar DUt it does not preclude
differences in the exponents, especially for maximal
metabolic rate.

Allometric equations have been fitted to data for
many structural and functional traits that are closely
related to metabolic rate. The processes of resource
supply require a high level of functional integration. In
particular, characteristics of the circulatory and re-
spiratory systems must be coordinated with metabolic
rate. Indeed, the model of West et al. predicts the scal-
ing exponents for 32 such characteristics (see Table 1
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Fig. 2. Plots of the basal (Hart 1971; Heusner 1991; Lovegrove 2000; Lovegrove 2003;
White & Seymour 2003), field (Nagy et al. 1999) and maximal metabolic rates (Pasquis
et al. 1970; Hart 1971; Lechner 1978; Prothero 1979; Taylor et al. 1981; Taylor et al.
1988; Bishop 1999; Sapoval et al. 2002). The regression lines are fitted to the average
of the logarithms for every 0-1 log unit interval of mass. This was done in order to give
equal weighting to big and small mammals. For the basal metabolic rate only the
averages are shown because the raw data is shown in Fig. 1. Both raw and averaged
data for basal metabolic rate are shown in Fig. 1, but here only the averages (filled
squares) are shown. For the field and maximal data, diamonds and stars are the
average data, and bars and open squares are the raw data, respectively. While the slope
for the maximal metabolic rate is slightly higher than that for the field or basal rates,
all of the slopes are close to /4. The slope for basal is b = 0-737 (P < 0-0001, n = 52,
95% CI0-711, 0-762), for field is 0-749 (P < 0-0001, n = 35, 95% CI 0-:697, 0-801), and
for maximal is 0-828 (P < 0-0001, n = 21, 95% CI 0-758, 0-897).
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in West et al. 1997), many of which can be measured
more accurately than metabolic rate. In particular,
heart and respiratory rates, which are predicted to
scale as M~ have been measured in a variety of
mammals. Consequently, analyses of these rates pro-
vide additional strong tests of the theory.

Methods

Data for field metabolic rates were taken from Nagy,
Girard & Brown (1999). Data for maximal metabolic
rates were compiled from multiple sources (Pasquis,
Lacaise & Dejours 1970; Hart 1971; Lechner 1978;
Prothero 1979; Taylor et al. 1981; Taylor, Longworth
& Hoppeler 1988; Bishop 1999; Sapoval, Filoche &
Weibel 2002). We processed the maximal metabolic
rate compilations in the same way as the BMR com-
pilations. That is, duplicate data were identified in the
maximal metabolic rate compilations, and only one
datum was kept in each case. Then, for the non-duplicate
data, we computed an average for each species. For
both field and maximal metabolic rates, as for BMR,
we divided the data into body size bins, calculated an
average for each bin, and performed an OLS regres-
sion analysis on the averaged data. Data for heart rates
are from Brody (1945), and we quote a reported value
for the exponent for heart rates from Stahl (1967).
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Results

In Fig. 2 we present the data for basal, field and max-
imal metabolic rates. The slopes of the regression lines
for binned data for basal, field and maximal metabolic
rates are 0-737 (P < 0-01, n = 52,95% CI 0-711, 0-762),
0-749 (P < 0-0001, n =35, 95% CI 0-695, 0-802) and
0-828 (P <0-0001, n =21, 95% CI 0-758, 0-897),
respectively. The 95% CI for the exponents of basal
and field metabolic rates include /4, while for maximal
metabolic rate they exclude /4. The slope of the binned
data for field metabolic rates is almost exactly /s and
very similar to that calculated by Nagy, Girard &
Brown who treated each of the 79 species as an inde-
pendent data point: 0-749 vs 0-744, respectively. The
slope of the binned data for maximal metabolic rates
is slightly higher than that obtained for the original
unbinned data (n = 28): 0-828 vs 0-811. As expected,
the normalization constants (intercepts) are different
for the three metabolic states: at 1 kg the maximal rates
from the regression equation are five times field rates
and field rates are three times basal rates. We conclude
that field and basal metabolic rates scale similarly with
exponents very close to /4.

The exponent for maximal metabolic rates is greater
than 3/,. Perhaps this can be explained by selection of
species or methodological differences in addition to
small sample size. Alternatively, it may well reflect
a fundamental difference in the scaling of this pro-
cess, perhaps due to vascular and respiratory adjustments,
not operable under either field or basal conditions,
that support maximal activity of the muscles used in
exercise. Clearly, maximal metabolic rate does not scale
as M*3. This is especially relevant for considerations
of surface area and heat dissipation because maximal
metabolic rate maximizes heat production.

In Fig. 3 we plot the data for mammalian heart and
respiratory rates. After binning, the slope for the heart
rateis —0-251 (P < 0-0001,7 = 17,95% CI —-0-218, —0-285),
based on 26 species. Although Stahl (1967) does not
give his original data, he reported that mammalian
heart rate scales exactly as —0-25 (95% CI =0-23, —=0-27).
The slope for respiratory rate is —0-256 (P < 0-0001,
n =18, 95% CI —0-187, -0-320), based on 22 species.
All of these exponents are almost exactly —'/4 and are
statistically different from —'/s.

QUESTION 3: HOW DO METABOLIC RATES IN
OTHER ORGANISMS SCALE? HOW DO OTHER
BIOLOGICAL RATES AND TIMES SCALE?

Seemingly lost in the detailed discussions and analyses
of mammalian metabolic rates are the extensive data
for other allometric scaling relations. Metabolic rates
have been measured and scaling exponents have been
calculated for many groups of organisms in addition
to mammals. The theory of West et al. (1997) predicts,
and previous empirical studies suggest, that whole-
organism metabolic rates in these other groups also
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Fig. 3. Plot of (a) heart rates (Brody 1945) and (b) respiratory
rates of mammals at rest (Calder 1968). The regression
lines are fitted to the average of the logarithms for every 0-1
log unit interval of mass, but both the average (squares) and
raw data (bars) are shown in the plots. Both slopes clearly
include —'/4 and exclude —'/3, for heart rate the slope is —0-251
(P <0-:0001, n =17, 95% CI -0-221, —0-281) and for respir-
atory rate —0-256 (P < 0-0001,n = 18,95% CI -0-194, -0-318).

scale as M**. In addition, extensions and applications
of the theory predict that mass-specific metabolic rates
and most other biological rates scale as M, and
biological times, which are the inverse of rates, scale as
M". Although largely overlooked in recent work, the
seminal treatments of biological allometry (McMahon
& Bonner 1983; Peters 1983; Calder 1984; Schmidt-
Nielsen 1984) had reached similar conclusions by the
1980s. Recent studies have shown that these allometric
equations also apply to both unicellular algae and higher
plants — including both gymnosperms and angiosperms
(Enquist et al. 1998; West et al. 1999b; Enquist & Niklas
2001; Niklas & Enquist 2001; Enquist & Niklas 2002;
Niklas & Enquist 2002). For example, both whole plant
rates of biomass production and whole plant chlorophyll
content scale as M** (Niklas 1994). Further, intra-
specific rates of production for 45 species of tropical
trees scale with exponents indistinguishable from the
predicted M ¥ scaling of metabolism (Enquist ef al. 1999).

Methods

The four books by McMahon & Bonner (1983), Peters
(1983), Calder (1984) and Schmidt-Nielsen (1984) in
the 1980s still contain the most comprehensive treat-
ments of biological allometry, including compilations

of allometric equations for many different traits and
taxonomic groups. We present meta-analyses of these
data by compiling the allometric scaling exponents in
histograms and by calculating the average and stand-
ard error for each histogram. Data for whole organism
and mass-specific biological rates are from Peters
(1983), and for biological times are from Lindstedt &
Calder (1981). We also present the results of a recent
compilation of rates of annual biomass production for
numerous groups of plants and animals as compiled by
Ernest et al. (2003).

Further, we reanalyse data on whole plant xylem
flow from Enquist ez al. (1998). Xylem flow is directly
related to plant metabolic rate due to the stoichio-
metry of photosynthesis and respiration. When these data
were collected (in litres of fluid transported vertically
through the plant per day), xylem flux was measured in
relation to stem diameter. To facilitate comparison
with allometric equations for animals, we converted
stem diameter, D (in cm), to above-ground plant mass,
M (in g), using the empirical relationship M = 124D*%,
as outlined by Enquist & Niklas (2001). This relation
of diameter to mass is well supported both theoretic-
ally and empirically (West et al. 1999b; Enquist 2002).
We then divided the data into biomass bins, calculated
an average for each bin, and performed a Reduced
Major Axis (RMA) regression on the averaged data.
Since the biomass is only an estimate, there are larger
errors in the mass data than for the other plots in this
paper. Furthermore, the errors for the masses are now
comparable to the errors in measurement for the whole
plant xylem flow, resulting in comparable errors for
the variables on the x and y-axes of our plot. Con-
sequently, reduced major axis (RMA) regression was
used to fit these data (Niklas 1994).

Results

Exponents of whole-organism biological rates are
plotted in Fig. 4. These data (see also Fig. 4.1 in Peters
1983) show a distinct mean and mode at */» and not at
*/3(b = 0749 £ 0-007, SE). These data are for metabolic
and other biological rates, e.g. feeding and defecation
rates, and include values for a wide variety of organ-
isms, including insects, crustaceans, mollusks, nematodes,
cnidarians, porifera, algae, protists and all classes of verte-
brates; they include freshwater, marine and terrestrial
organisms.

There is considerable variation around */s. This is
understandable because there are many uncontrolled
sources of variation (e.g. sample size, range of variation
in mass, experimental methods). Peters includes all
studies that met minimal criteria, and we used all of his
data.

Figure 4 shows a similar histogram for exponents of
mass-specific metabolic rates and other related biological
rates. Values clustered around —'/+ (b = —0-247 + 0-011,
SE). Figure 4 also contains a histogram for expon-
ents of biological times, from muscle contractions to



Table 1. Regression statistics for annual biomass production and population-level
energy use. The group ‘animals’ includes mammals, birds, fish, zooplankton, insects
and the protist Paraphysomonas imperforata. Data from Ernest et al. (2003)

Scaling Normalization

Group Spp. no. exponent 95% CI constant 95% CI s
Production

Plants 387 0-759 0-76-0-75 10-15 10-18-10-12  0-995
Mammals 305 0-755 0-78-0-73 10-25 10-29-10-21 0910
Birds 33 0-740 0-85-0-63 10-66 10-79-10-53  0-858
Fish 9 0-761 0-84-0-68 10-85 11-03-10-67 0-984
Animals 361 0-719 0-74-0-70  10-30 10-34-10-26  0-934
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life spans. Values cluster closely around '/a (b=
0-250 £ 0-011, SE).

A summary of regression statistics from Ernest et al.
(2003) for annual biomass production across multiple
plant and animal taxa are listed in Table 1. The fitted
exponents for plants, mammals, birds and fish are statis-
tically indistinguishable from %/, and, apart from birds,
have 95% CI that exclude 5.

Figure S plots xylem flow rate as a function of plant
mass. The RMA regression line fitted to the binned
data gives an exponent of 0-736 (P < 0-0001, n = 31,
95% CI 0-647, 0-825). The regression fitted to the entire
unbinned data set gives a similar exponent of 0-735
(P < 00001, n =69, 95% CI 0-682, 0-788). The expon-
ent for the binned data has confidence intervals that
include both % and %3, while that for the unbinned
data includes only /4.

Discussion

The results shown above raise the question: How is it
that two recent studies reach the conclusion that mam-
malian BMR scales closer to M*? than to M**? This
is especially puzzling because both of these studies and
our analyses use much of the same data, including data
compiled by Heusner (1991). The discrepancies in
the exponent for mammalian BMR obviously depend
on the methods of analysis. We now address these issues.

Two issues are particularly relevant. The first is
whether the data points can be considered statistically
independent, because the species differ in phylogenetic
relatedness and closely related species tend to be more
similar in body size, metabolic rate and most other bio-
logical attributes (Harvey & Pagel 1991). The second
issue is that the available data for mammalian BMR
are overly weighted towards species of small size.
Binning the data according to intervals of logarithmic
mass as described above is a reasonable but perhaps not
ideal method for addressing both of these problems.
By definition, it gives each size class equal weight. This
prevents any size class from having an undue effect on
the value of 5. Moreover, because closely related species
are almost always similar in size, it also prevents phylo-
genetic relatedness from having an undue influence.
The effect of size on a function such as metabolic rate
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Fig. 4. Histograms of the exponents of (a) biological rates
(Peters 1983), (b) mass-specific biological rates (Peters 1983)
and (c) biological times (Lindstedt & Calder 1981). At the top
of each histogram, arrows are placed to identify the positions
of the relevant third- and quarter-power exponents. Note
that the peak of the histogram for biological rates is near 0-75,
not 0-67 (b = 0-749 + 0-007). Moreover, the histogram for mass-
specific rates peaks near —0-25, not —0-33 (b = —0-247 £ 0-011),
and the histogram for biological times peaks at 0-25, not 0-33
(b =0-250 £ 0-011). All errors quoted here are the standard
error from the mean for the distribution. Therefore, in all
cases, the majority of biological rates and times exhibit
quarter-power, not third-power, scaling.

is best resolved by comparisons among species that
differ in mass by several orders of magnitude, which
means that the species compared are almost always
distantly related.
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y=0-736x-2-230

log (xylem flux (I/day))

log (M(g))

Fig. 5. Plot of maximum reported xylem flux rates (litres of
fluid transported vertically through a plant stem per day) for
plants from Enquist ez al. (1998). The RMA regression line is
fitted to the average of the logarithm for every 0-1 log unit
interval of plant biomass, but both the average (squares) and
raw data (bars) are shown in the plot. The slope is 0-736
(P <0-0001, n =31, 95% CI0-647, 0-825).

Both of these issues arise in the recent work by Dodds
et al. (2001) and White & Seymour (2003). Dodds ef al.
(2001) ignore phylogeny, even to the point of combin-
ing passerines and non-passerines to calculate a single
allometric equation for all birds. In this case, there is an
a priori basis, supported by phylogenetic analyses, for
subdividing the data into two groups of birds (Garland
& Ives 2000). The passerines, which constitute about
half of existing bird species, are a monophyletic lineage
that resulted from an extensive and separate radiation
during the Tertiary (Garland & Ives 2000). Addition-
ally, since the work of Lasiewski & Dawson (1967) in
the 1960s, physiologists have recognized that when
analysed separately, the two groups have very similar
exponents (e.g. 0-72—0-75). The normalization constant,
however, is higher for passerines than non-passerines
(Lasiewski & Dawson 1967). Since the majority of pas-
serines are smaller than non-passerines, the effect of
combining the two groups is to reduce the apparent
value of the exponent. The higher normalization
constant for passerines is probably due in part to their
slightly but consistently higher body temperatures.
White & Seymour (2003) addressed the issue of phylo-
geny by calculating average values of the logarithms
of mammalian body size and BMR for each taxonomic
level: species, genus, family and order, and then fitted
regression equations for each level. This is questionable
for several reasons, including greatly reducing the
sample size (from 619 data points (590 species after
subspecies are removed and all scientific names are
standardized) to 17 orders) and total range of variation
in mass (by about an order of magnitude). The latter
practice artefactually reduces the calculated value of
the OLS regression slope, and hence underestimates the
exponent (Pagel & Harvey 1988; Harvey & Pagel 1991).

Dodds et al. (2001) recognized there was a prepon-
derance of data for small mammals and a curvilinearity
across the entire body size range shown in our Fig. 1.
They addressed this issue by calculating regression

equations after progressively eliminating data for all
species above some threshold body size. As the size
threshold was reduced, they found a systematic decrease
in the exponent, with an apparent break at A (010 kg
and b 0% below this threshold. For M > 10 kg the CI
included %4, and for M < 10 kg the CI did not include
3/+ and closely approached ;. White & Seymour’s
(2003) compilation, while quite accurate, does not
contain some of the data available for the largest
mammals. Consequently, their data set and analysis
are even more strongly biased by the values for small
mammals.

The original paper by West et al. (1997), which derives
a model for the mammalian arterial system, predicts
that smaller mammals should show consistent devi-
ations in the direction of higher metabolic rates than
expected from M** scaling. Thus, metabolic scaling
relationships are predicted to show a slight curviline-
arity at the smallest size range. Therefore, fitting a
regression through an allometric metabolic rate data
set that samples a disproportionate number of small
mammals will artificially give a slightly shallower slope.
Prior to Dodds et al. (2001), Bartels (1982) found that
above a threshold of 260 g, BMR data was best fit with
an exponent of 0-76, and that below this threshold, the
exponent was less than %/3 or *s. Additionally, Calder
(1984) noted that the smallest birds (hummingbirds)
and mammals (shrews) have BMRs that are consistently
above the predictions from allometry. Both Dodds
et al. (2001) and White & Seymour (2003) ignore this
prediction of the West et al. model. Ironically, the
apparent deviation from 3/ for small mass is therefore
supportive of the West et al. (1997) theory.

In addition to these statistical issues, White &
Seymour (2003) use two biological arguments to adjust
or exclude data. First, as shown in Gillooly ef al. (2001),
variation in body temperature may cause significant
variation in BMR. White & Seymour (2003) find a weak
but significant correlation between body temperature
and size in mammals:
T,=358+ 021 log M. eqn 2
They corrected their BMR data to a constant body
temperature using a Q,, factor. Second, White & Seymour
(2003) eliminated data for entire taxonomic groups
(artiodactyls, macropodid marsupials, lagomorphs and
shrews) because they may not meet the strict criteria
required for BMR. After using these two procedures,
they found that the temperature-adjusted BMR for the
remaining species or orders scaled approximately as M*°.

We can explicitly calculate the influence of body
temperature on the scaling exponent. Substituting
equation 2 into a Q,, factor, we derive that b, eq
by T 002, where b,,qeq 1 the value of b that is
measured when no correction has been made for
temperature. Note that this agrees exactly with the dif-
ference between 0-:69 and 0-67 shown in Fig. 2(a)—(b)
in White & Seymour (2003). Since the difference between
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exponents of /3 and /4 is 0-08, variation in body
temperature among mammals must play a minor role
in determining whether the exponent is %/ or */s. Addi-
tionally, by excluding certain taxa from their analysis,
White & Seymour (2003) eliminate most of the smallest
and largest mammals from their data set. This reduces
the original 5-5 orders of magnitude variation in mass
to 4-5 at the species level and to only 2-5 at the order
level. Regardless of the problems of meeting the strict
criteria for BMR, the exclusion of so much data clearly
affects the ability to fit a power law that is represent-
ative of all mammals.

By comparing the analyses of Dodds et al. (2001)
and White & Seymour (2003) with ours, it is obvious
that values of b ranging from %3 to ¥4 can be obtained
from data on mammalian BMR, depending on which
data are included and how they are analysed. Our
analyses and meta-analyses provide strong support for
an exponent of %4, Theoretical work also supports
this value. Detailed mechanistic models of mammal
and plant vascular systems both predict this scaling
(West et al. 1997, 1999a; Banavar et al. 1999; Banavar
et al. 2002). This is noteworthy because of the major
differences between the mammal and plant systems:
pulsatile vs smooth flow, and a few large tubes branch-
ing into multiple smaller ones vs a constant number of
microcapillary tubes diverging in bundles at branch
points. Conversely, there are no dynamic, mechanistic
models to explain why the exponent should be %3 in
all organisms. Historically, Euclidean %3 scaling was
expected due to surface area to volume relations. A
physical argument is that endothermic mammals and
birds maintain a constant body temperature by vary-
ing metabolic heat production to match heat loss to the
environment (see Bergmann 1847 and discussion in
Schmidt-Nielsen 1972). If heat dissipation is some
simple function of skin surface area, 4 (i.e. emissivity
and conductivity are assumed not to change with size),
one might expect that B0 4 0 M?*. This argument
lost most of its support, however, when research on
endotherms showed that thermal balance is maintained
by actively regulating heat exchange through changes
in posture, fur and feather insulation, blood flow to
peripheral tissues, and through evaporative cooling by
sweating and panting, e.g. see McNab (2002).

The idea that biological allometries scale with quarter
powers of body mass now rests on a strong theoretical
and empirical foundation. Long before the recent surge
of renewed interest in allometry, it was well established
that the scaling exponents are much closer to quarters
than to thirds. The extensive data compiled here, along
with the new analyses, provide still further support.
The evidence for quarter-power scaling is based not
only on mammalian BMR, but also on a wide variety
of biological rates and times in a multitude of organisms,
from microbes to plants to mammals.

Peters (1983) summarized this when he wrote, “The
surface law has a number of disadvantages when used
to explain the M?? law. ... Nevertheless, the simplicity

of the surface law as an explanation proved so attractive
that over a century of science was distorted by trying to
fit observations to this inappropriate model (McMahon
1980).” Let us not waste another century.
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Appendix 2

Binned log(mass (g)) Binned log(BMR (W)) Mass (g) BMR (W)
0-389 075 625 -1-198 070 708 2:4 0-063
0-56 8201 724 -1-571 328 836 37 0-027
0-661 431 752 -1-172 116 015 46 0-067
0-745 139 266 -0-968 529 764 56 0-108
0-864 688 449 -0-985843 9 7-3 0-103
0-947 565 356 —-0-992 687 641 89 0-102
1:052 690 015 —-0-884 366 833 11-3 0-131
1-148 732 343 -0-914 990 175 14-1 0-122
1243 318 579 —-0-784 506 412 17-5 0-164
1-:347 316 514 -0-651 955 766 22:2 0-223
1-454 764 674 -0:612 176 627 285 0-244
1-553 081 125 —0-568 248 466 357 0-270
1656 886 834 -0-512 975 406 454 0-307
1-760 953 626 -0-436 201 138 577 0-366
1-844 213 326 -0-355015962 69-9 0-442
1952 822 747 -0-278 952 613 89-7 0-526
2-055702 395 —-0-232 303 347 113-7 0-586
2-134 807 325 —-0-146 755 532 136-4 0-713
2:253 844 347 —-0-135 624 546 179-4 0-732
2-348 606 534 —-0-029 454 704 223-2 0934
2-439 805 622 -0-001 765 502 2753 0-996
2-533 468 277 0-048 604 469 341-6 1-118
2-645 402 525 0-045 198 384 4420 1-110
2:763 711 627 0-272 260 217 580-4 1-872
2-838 103 042 0-292 155 678 688-8 1-960
2949 565 843 0-422 545 319 890-4 2-646
3-048 280 513 0-365 582 342 1117-6 2-321
3-139 330 659 0-463 987 091 13783 2911
3-237 087 401 0-604 685 242 17262 4-024
3:355914 424 0-660 023 415 22694 4-571
3-446 405 262 0-727 139 587 27952 5-335
3:551 768 161 0-744 461 524 35626 5-552
3-643 742 43 0-867 574 074 44029 7-372
3-760 687 561 0-852 422 308 57635 7-119
3-859428 015 1-091 854 638 7234-8 12-355
3-948 483 677 1:209 779 016 88814 16210
4-031 997 885 11877843 8 10 764-6 15-409
4-120 445 694 1-:310 508 378 131961 20-441
4201 670 18 0-840 297 869 15910-0 6923
4322096 16 1-:593 350 261 20 994-0 39-206
4-448 180 523 1-543 794 697 28 066-0 34-978
4-547 431 967 1:672 475 099 352722 47-041
4-668 141 789 1-:381 329 626 46 573-8 24-062
4-742 083 907 1986 948 644 552184 97-040
4-830 810 77 1:925 241 605 67 7346 84-186
4-960 322 501 2026 873 632 91 268-8 106-383
5-030 348 92 2-173 024 349 107 238-1 148-944
5149 112 499 2162 811 081 140 965-4 145-483
5-255 606 875 2-106 539 721 180 1386 127-803
5-526 106 418 24722313 3358199 296-641
5:609 594 409 2-351 755 691 407 000-0 224-779
6-564 902 673 3:368 565 785 3672 000-0 2 336:500
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