Lo L

P

2N

Mean mass-specific metabolic rates are strikingly
similar across life's major domains: Evidence for life's

metabolic optimum

Anastassia M. Makarieva®P1, Victor G. Gorshkov®P, Bai-Lian Li®, Steven L. Chown¢, Peter B. Reichd,

and Valery M. Gavrilov®

aTheoretical Physics Division, Petersburg Nuclear Physics Institute, Gatchina, St. Petersburg 188300, Russia; PEcological Complexity and Modelling
Laboratory, Department of Botany and Plant Sciences, University of California, Riverside, CA 92521; “Centre for Invasion Biology, Department

of Botany and Zoology, Stellenbosch University, Private Bag X1, Matieland 7602, South Africa; 9Department of Forest Resources, University

of Minnesota, St. Paul, MN 55108; and ¢Department of Vertebrate Zoology, Moscow State University, Moscow 119992, Russia

Edited by Stephen W. Pacala, Princeton University, Princeton, NJ, and approved July 24, 2008 (received for review March 3, 2008)

A fundamental but unanswered biological question asks how much
energy, on average, Earth’s different life forms spend per unit mass
per unit time to remain alive. Here, using the largest database to date,
for 3,006 species that includes most of the range of biological diversity
on the planet—from bacteria to elephants, and algae to sapling
trees—we show that metabolism displays a striking degree of ho-
meostasis across all of life. We demonstrate that, despite the enor-
mous biochemical, physiological, and ecological differences between
the surveyed species that vary over 102%-fold in body mass, mean
metabolic rates of major taxonomic groups displayed at physiological
rest converge on a narrow range from 0.3 to 9 W kg~". This 30-fold
variation among life’s disparate forms represents a remarkably small
range compared with the 4,000- to 65,000-fold difference between
the mean metabolic rates of the smallest and largest organisms that
would be observed if life as a whole conformed to universal quarter-
power or third-power allometric scaling laws. The observed broad
convergence on a narrow range of basal metabolic rates suggests that
organismal designs that fit in this physiological window have been
favored by natural selection across all of life’s major kingdoms, and
that this range might therefore be considered as optimal for living
matter as a whole.
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he process of life is critically dependent on consumption of

energy from the environment. The amount of energy—per unit
time per unit mass—required to sustain life can rightfully be
considered one of the fundamental questions in biology. Yet a
general quantitative answer to this question is lacking, despite the
long history and the considerable number of studies devoted to
various aspects of organismal energetics in all fields of bioscience.
One reason for this persistent knowledge gap is that this funda-
mental question is typically approached in markedly different ways
depending on the organisms being investigated. We show herein
how differences in types, protocols, and units of measurements of
metabolism have presented a challenge to the development of
quantitative generalizations regarding the metabolic rates of or-
ganisms. We then use a comprehensive dataset to reconcile such
differences and to characterize the remarkable similarity that
emerges from comparisons of mass-specific metabolic rates across
all of life.

Problem Setting

Studies of animal energetics have frequently focused on the allo-
metric relationship between the whole-body metabolic rate Q and
body mass M, Q = Qo(M/M,)*, where Qy is metabolic rate of an
organism with body mass M,. Either M, or Qy can be chosen
arbitrarily, whereas the second of these parameters is unambigu-
ously defined by the choice of the first one. Usually, M is chosen
to be one mass unit—e.g., M = 1 g. For the mass-specific metabolic
rate g =Q/M, we have q = qo(M/My)P, B = b — 1,q0 = Qo/My. Much
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of the current debate concerns the value of b, and in particular
whether it is ~2/3, 3/4, or neither of those (1-9). Because physio-
logical activities like feeding and locomotion profoundly affect
animal metabolism, the notion of standard or basal metabolic rate
was introduced to obtain comparable results and has become firmly
established in animal studies (2, 10). Standard metabolic rate is
measured in nongrowing, resting, postabsorptive animals; and in
mammals and birds, individuals must be within their thermoneutral
zone, in which case the term “basal metabolic rate” is used. When,
as in many aquatic animals (9, 11), it is difficult to control for the
absence of movement in the studied organism, the routine, rather
than standard, metabolic rate is typically measured.

Endogenous metabolic rate—the metabolic rate of nongrowing,
unicellular organisms in nutrient-free suspensions (12)—can be
considered the microbiological analog of standard metabolic rate in
animals. However, whereas in animal studies standard metabolic
rate is most frequently reported, studies of endogenous metabolic
rate are far less prominent in microbiology. Here, interest has
typically been in how fast a given bacterium or fungus can grow on
a particular substrate and which conditions can suppress or accel-
erate this growth (13-15). Accordingly, the majority of published
metabolic rates in prokaryotes pertain to growing bacterial cultures.
Another important distinction between macro- and micrometabolic
studies is that the metabolic rate of microorganisms is normally
measured on the bulk mass basis (e.g., oxygen consumption by 1 mg
of dry mass of a given species of bacteria) without knowledge of cell
size. Whereas in animal studies body mass measurements are a
necessity, few studies reporting mass-specific endogenous meta-
bolic rates of bacteria provide an estimate of cell size.

Investigations of metabolic rates in plants recognize the major
distinction between photosynthesis, when solar energy is absorbed,
carbon dioxide is fixed, and oxygen is produced, and dark respira-
tion, when, like heterotrophs, the photoautotrophic organisms
sustain themselves at the expense of internal energy reserves. Plant
studies typically measure metabolic rate of the plants’ main organs
(e.g., leaves and roots), rather than whole organisms (ref. 16, but see
ref. 17).

The units in which metabolic rates are reported also differ greatly
among groups. For larger animals, metabolic rates are frequently
reported per unit total wet mass, whereas for microorganisms,
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metabolic rates are reported per unit dry mass or per unit mass of
cellular carbon, nitrogen, protein, or, in the case of autotrophic
microorganisms, chlorophyll a. In higher plants, metabolic rate is
typically reported per unit leaf dry mass, leaf area, or unit mass of
carbon or nitrogen. Because of profound differences in the units of
measurements (e.g., milliliters of O, consumed per hour by an
animal versus millimoles of O, consumed per second per mole of
chlorophyll @ by a microalga), no intuitive quantitative comparisons
of metabolic rates could be made even by those readers of the
biological literature who were crossing the boundaries between the
different metabolic research fields.

Given this diversity of approaches, methodologies, and research
foci, it is not surprising that the fundamental questions of how much
energy, on average, a bacterium, an insect, a mammal, a vascular
plant, or an alga spend per unit mass per unit time to remain alive,
and how these energy expenditures compare, have not yet received
a general answer. Several attempts have been made to compose a
quantitative metabolic portrait of life (1, 5, 18). However, these
studies have mostly focused on the scaling of metabolic rate, rather
than on the absolute magnitudes of metabolic rates; key groups such
as prokaryotes, invertebrates, algae, or vascular plants were typi-
cally poorly represented; and, finally, unlike the larger animals, the
smallest species were included into analyses without controlling for
their physiological state. Because metabolic rates of growing uni-
cells are much higher (at least 10-20 times) than endogenous rates,
their comparison with the standard metabolic rates of larger species
is a source of significant systematic errors in interpreting the
dependence of metabolic rate on body size (19-21).

Here, taking these various potentially confounding factors into
consideration, we explore variation in the mass-specific metabolic
rates supporting living matter at physiological rest, across the widest
body size range (20 orders of magnitude) and largest number of
species ever analyzed. Of the 3,006 species investigated, the het-
erotrophic prokaryote Francisella tularensis, weighing 10714 g_ is the
smallest, and the elephant Elephas maximus, weighing 4 X 10° g, is
the largest.

Because in virtually all species the external energy consumption
(feeding in animals, carbon dioxide fixation during photosynthesis
in plants) is associated with varying degrees of metabolic rate
elevation, we used data only from those studies that report meta-
bolic rates of organisms consuming their own internal energy
reserves in the state of minimum activity. These include standard
(or, where standard rates were unavailable, routine) metabolic rate
in animals, endogenous metabolic rates in unicellular heterotrophs,
and dark respiration in photoautotrophs (see Methods). Vascular
plants are analyzed in three datasets: whole-plant dark respiration
in seedlings and in tree saplings and dark respiration of mature
green leaves. Inclusion of the latter dataset allows one to control for
the growth status of plant tissues (in multicellular plants, some
growth points are invariably present, whereas growth ceases in
mature leaves) and to specifically determine the energetic demands
of the photosynthesizing tissue in the highly differentiated tissue set
of higher plants.

In many aquatic organisms, it is difficult to control for the
absence of movement that is inherently necessary to adjust the
position of the living body in the water column. Therefore, in many
taxa, such as crustaceans or cephalopods, the majority of published
data correspond to routine metabolic rate (9, 11), rather than to
minimal metabolic rate. However, in our analyses among several
estimates available for each animal species, we chose the lowest
value to obtain as close an estimate of the basal metabolic level as
possible. Comparison of taxonomic means with estimates of min-
imal metabolic rates available for a number of species by means of
high-resolution, long-term, real-time metabolic rate measurements
(22, 23) indicated that our results for aquatic taxa are fairly close to
the minimal rates [supporting information (SI) Methods and Table
S1], and differences of that magnitude would not alter our overall
results or conclusions.
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Metabolic rates are strongly influenced by both short- and
long-term temperature regimes, so, along with body size, temper-
ature is recognized as a critically important determinant of metab-
olism in both plants and animals (24-27). Measures of metabolism
of widely divergent taxa, as in our study, can be compared at the
realized measurement temperature, at a standardized temperature,
or at a temperature representative of the in siftu environment (17),
each of which carries its own challenges in terms of interpretation.
Given that metabolic rates are not routinely measured at temper-
atures representative of the in sifu environment and that respiration
is almost always responsive to short-term temperature variation, it
seemed prudent to adjust measured values to a standardized
temperature. To reconcile measurement temperature differences
among studies, we adjusted metabolic rates (see Methods) to a
common measurement temperature (25°C), except for endother-
mic vertebrates that do not live at 25°C. The overall range of
metabolic rates is somewhat larger if taxa are compared at their
measurement, rather than at standardized, temperatures, but the
main conclusions of our analyses would be similar if we reported
data under measurement rather than standardized temperature
conditions.

Results and Discussion

Frequency distributions by taxonomic groups of the log-
transformed (wet), mass-specific metabolic rates of the 3,006 spe-
cies show that the range in mean rates varies 30-fold among groups
that include species varying 10%°-fold in body mass (Fig. 1 and Table
1). The lowest mean rates, 0.3-0.8 W kg~!, occur in the larger
ectothermic taxa and in tree saplings, with higher mean rates,
ranging from 1.2 to 8.8 W kg~!, in all other groups, including
photoautotrophs and heterotrophs—from prokaryotes to mam-
mals (Table 1). In all taxonomic groups, with the exception of
amphibians, reptiles, and tree saplings, at least 15%, and on average
55%, of metabolic rates fall between 1 and 10 W kg™! (Table 1).

The observed 30-fold variation in mean metabolic rates among
these disparate life forms is remarkably small compared with the
4,000- to 65,000-fold difference between the mean mass-specific
metabolic rates of heterotrophic prokaryotes (mean mass 7 X 10713
g) and vertebrates (mean mass 2 X 10% g) that should have been
observed if life as a whole had conformed to some universal
allometric dependence of the type g = qo(M/My)P, with B =b — 1
and b ~ 3/4 or 2/3 (31) (Fig. 2). Our results exclude the possibility
of such a universal dependence (Fig. 2).

Analysis of metabolic scaling within the investigated taxonomic
groups (Table 1) supports the contention of recent studies (3, 6-9,
17, 20, 21, 32, 33) that allometry of basal metabolism is an inherent
feature of each particular taxon or taxonomic group, rather than
commonly shared across taxa. Such variation in allometry has been
explored elsewhere, especially in the context of the many factors
that might influence such scaling (e.g., ref. 6), and in consequence,
we do not explore extensively the basis of such variation here.
Nonetheless, a few key points deserve attention. The observed
scaling exponents 3 range from —0.41 in gelatinous invertebrates to
0.37 in heterotrophic prokaryotes (Table 1). The latter dataset is
characterized by a relatively narrow range of body masses (Table 1
and Fig. 3); the statistical significance of the metabolic rate depen-
dence on body size in this group arises due to a few points for the
larger bacteria and is unlikely to have a biological meaning (20).
Conspicuously, all metazoan groups demonstrate a pronounced
decline of mass-specific metabolic rates with body mass (Fig. 3),
whereas in heterotrophic unicells as well as in all plant groups, the
scaling exponents are statistically indistinguishable from zero
(Table 1).

Joint consideration of Table 1 and Figs. 1-3 suggests that the
relative constancy of mean mass-specific metabolic rate is con-
served across diverse taxa in a more fundamental manner than the
presence or absence of scaling and the particular value of the scaling
exponent. For example, with eukaryotic microalgae lacking scaling
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Fig. 1. Frequency distribution of logo-transformed values of mass-specific
metabolic rates g (W kg~") in species differing greatly in size, taxonomy, and
trophic status (Table 1). (Left) Heterotrophs. (Right) Photoautotrophs. Three
lowest values falling outside of the 99% C.I. are not shown for aquatic
invertebrates. For vascular plants (seedlings and tree saplings), the vertical axis
shows number N of individual plants studied.

and endotherms displaying a very pronounced one (Table 1), both
groups show a similar unimodal distribution of log-transformed,
mass-specific metabolic rates around similar means, and both have
>50% of mass-specific metabolic rate within the 1-10 W kg~!
interval (Fig. 1 and Table 1). The presence of scaling in endotherms
and its absence in the microalgae manifests itself in the fact that in
the endotherms the deviations from the group mean correlate with
body mass (lower g values are characteristic of larger, and higher
values of smaller, species), whereas in the microalgae such corre-
lation is absent.

The available data indicate that the relatively modest 30-fold
variation among groups in mean mass-specific metabolic rates can
be reduced even further if variation in metabolically inert structural
tissues is taken into account in photoautotrophic species. This can
be done, as a first approximation, by expressing metabolic rates per
unit mass of nitrogen, because the metabolically inert tissues in
plants are nitrogen-poor. In trees, for example, an important
mechanical function of the nitrogen-poor tissues (wood), which
form the bulk mass of stems and branches, is to overcome gravity
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and distribute the photosynthesizing parts of the plant (leaves) in
the three-dimensional space to ensure the maximum light capture.
By contrast, aquatic autotrophs do not face this problem; their
structural tissues can serve other functions. Accordingly, the pho-
toautotroph species differ significantly in their nitrogen content
(nitrogen mass to dry mass ratio). Whereas in many heterotrophs
this ratio is in the vicinity of 0.1, in autotrophs it varies from 0.005
in tree saplings [where it decreases with growing tree mass (17)] to
0.06—0.08 in phytoplankton (cyanobacteria and eukaryotic microal-
gae) (see SI Methods and Table S2).

When expressed per unit nitrogen mass from known mean
nitrogen content values, autotrophic metabolic rates, which range
over 13-fold on a wet mass basis, not only cluster more closely, as
has been noted for nitrogen-based plant metabolic rates (17), but
also coincide in their range with that of the mean metabolic rates
of the majority of heterotroph groups (Table 1). Using the nitrogen-
based expression, the range of mean metabolic rates shrinks to
(1-4) x 10> W (kg N)~! among all taxa, except the larger ecto-
therms that still form a separate group with (0.1-0.4) X 10> W (kg
N)~! (Table 1), an exception to which we return below. For many
groups of animals, coupled data on metabolic rates and nitrogen or
dry matter content are scarce, but if available they would help to
resolve the nature—random or systematic—of the remaining dif-
ferences between the mean metabolic rates of the groups studied.

Further refinement of physiological state control in comparisons
of metabolic rates of unicells, plants, and small aquatic organisms
with those of larger animals would also help resolve the basis of the
remaining variation. Endogenous metabolic rates of prokaryotes
depend on the age of culture from which the starved cells were
originally taken, with a minimum corresponding to the lag phase,
a maximum to the exponential phase, and another minimum to the
stationary phase, respectively (34-36). Moreover, like the postfeed-
ing metabolic response in animals, prokaryote metabolic rates can
decrease substantially with starvation time (see, e.g., ref. 35 and
Dataset S1). In autotrophic microorganisms, dark respiration tends
to decline with time spent in darkness (37), whereas such changes
in vascular plants are modest.

Another challenge in assessing the equivalent of resting state
metabolism in higher plants results from the presence of actively
growing tissues (such as meristems) in multicellular plants. This
may be manifested in the plant data, because with the exception of
cyanobacteria and green leaves, the mean values fall within the
upper range of the total range (0.4-4) X 10> W (kg N)~! with the
maximum of 4 X 10> (W kg N)~! observed in seedlings that
presumably grow most actively (Table 1). Mature green leaves with
amean of 2 X 10? (W kg N)~! are closer to the values obtained for
adult (i.e., nongrowing) animals. Fine roots have slightly higher
mean mass-based and N-based respiration rates than mature leaves
(38), but perspective on this comparison must consider that fine
roots often include growing tissues and mature leaves do not.

Whatever its nature, the observed 4-fold range of nitrogen-
standardized mean mass-specific metabolic rates displayed by ma-
jor groups of organisms as different in biology as are, for example,
insects and trees, or as different in size as are bacteria and mammals
(Fig. 3), is remarkably modest. It is truly small compared with the
~100,000-fold variation in mass-specific metabolic rate displayed
by living organisms, from the mean minimum life-supporting
metabolic rates registered in organisms in various energy saving
regimes—these can be as low as 1072 W kg~! (39)—to the maxi-
mum metabolic power output exerted by actively dividing bacteria,
flying insects and birds, and jumping vertebrates—these can be well
above 10° W (kg tissue mass)~! (20, 40). Although a wide variety
of metabolic options is biochemically available, the relative
majority of species groups have evolved basal or standard rates
in the vicinity of 3-9 W kg~! for heterotrophic species (Table 1).
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Fig.2. Mean mass-specific metabolic rates g versus mean body mass Min the
studied groups of organisms. Squares correspond to mean body mass and
mean mass-specific metabolic rate in each group (Table 1); horizontal and
vertical bars show 95% C.I. of body mass and mass-specific metabolic rate
values, respectively, within each group. 1, heterotrophic prokaryotes; 2, het-
erotrophic protozoa; 3, insects; 4, aquatic invertebrates; 5, ectothermic ver-
tebrates; 6, endothermic vertebrates; 7, cyanobacteria; 8, eukaryotic microal-
gae; 9, tree saplings; 10, tree seedlings. The dashed lines marked —1/4 and
—1/3 describe the dependence g = qo(M/My)P, where B = —1/4 or —1/3,
respectively, and My = 0.2 mg and go = 2.6 W kg~ ' are the unweighted
averages of mean body masses and mean mass-specific metabolicrates of each
group. Note that neither of the lines describes the studied dataset.

The Metabolic Optimum Perspective

Convergence on a relatively narrow range in the basic costs of living
across such a wide variety of life forms establishes grounds for
introducing and scrutinizing the concept of metabolic optimum
(41). Within the present context, it can be defined as the range of
metabolic rates that maximizes the evolutionary and long-term
ecological success of the organism—i.e., metabolically optimal
species have been favored by natural selection against those whose
metabolic rates depart substantially from the optimum. The chal-
lenge is thus to find quantitative indicators of evolutionary and
ecological success that could be used for analyzing the possible
linkage between the intrinsic metabolic rate of a given species and
its level of performance in the ecosystem. Apparently, one such
indicator could be the share of the ecosystem-level energy flux
claimed by the considered organisms.

From this perspective, it is noteworthy that life’s most important
energy flux—primary productivity—is ensured by living beings

103 0 prokaryotes, n =111
O protozoa, n =52
0 insects, n = 402
0 copepods & krill, n = 138
1 02 - O endotherms, n = 946

10

0.1 o

1 1 1 1
10-6 102 102 108

Body mass (g)

1 1
1014 10~ 10

Mass-specific metabolic rate (W kg~ ')

Fig. 3. Body mass range of heterotrophic species that keep their mean
taxonomic mass-specific metabolic rate within the proposed metabolic opti-
mum of 1-4 X 102 W (kg N)~" or 3-9 W (kg wet mass)~' (Table 1); n is the
number of species shown. This range harbors organisms of practically all sizes
found on Earth. Aquatic invertebrates with body mass M > 10-3 g and
ectothermic vertebrates have lower metabolic rates outside of this range
(Table 1) presumably because of the breathing costs’ limitation (S/ Appendix).
A solid line and two dashed lines indicate the unweighted averages of the
mean mass-specific metabolic rate (4.7 W kg~') and the upper and lower 95%
C.I1.(0.51 and 49 W kg~ "), respectively, across the five groups (Table 1). Species
number of prokaryotes is less than in Table 1 because cell size estimates were
unavailable for some species.
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that, in the basal state, all function near the optimal metabolic rate,
be they blue-green algae, eukaryotic phytoplankton, macroalgae, or
trees (Table 1). The most important consumers of this flux,
prokaryotes, which can consume up to 95% of primary productivity
in stable ecosystems (42), are also characterized by this optimal rate.
The most abundant invertebrates on land (insects) and in the ocean
[copepods (11)], which claim the second largest share of the
biosphere’s energy flux after the unicells (42), metabolize at the
optimal rate also. Thus, at physiological rest the biosphere appears
to run on average predominantly at the optimal rate. More detailed
analyses of ecosystem-level energy consumption rates of similarly
sized taxonomic groups inhabiting similar ecological niches (e.g.,
reptiles versus mammals) could shed more light on the correlation
of the proposed metabolic optimality and ecological dominance.

At the organismal level, the notion of metabolic optimum
appears to provide a unifying theoretical explanation for such
ubiquitous and seemingly unrelated features of life organization as
animal breathing and the flat morphology of green leaves. Passive
diffusion delivers oxygen at a size-independent rate f per unit body
surface area S and, in the case of geometric similarity, S o« M 23,
would make the mass-specific metabolic rate scale as g « fS/M o
M~13. Given the established 95% C.I. for the metabolic optimum
ranges from ~0.5 to 50 W kg~! (Fig. 3) and starting from ¢ = 50
W kg~ at M ~ 107!2 g (mean body mass of prokaryotes satisfying
their oxygen demands with diffusion), we conclude that the diffu-
sion-based metabolic scaling would drive the mean mass-specific
metabolic rate outside of the optimal 95% C.I. at a body mass of
~10~°g. This is the predicted value of the critical body size at which
animals should have evolved active mechanical breathing to elevate
the oxygen flux fabove the diffusion-based value and to return their
mass-specific metabolic rate back into the optimal metabolic in-
terval. This prediction is matched by the data: the smallest animal
in this study has body mass of 3 X 107¢ g (Table 1), and there are
few animals much smaller than 107° g (see also Fig. 2).

Mechanical breathing involves certain energetic costs associated
with the movement of the breathing organs. As simple physical
considerations show, the share of the organismal energy budget
spent on breathing grows with increasing body size, with increasing
mass-specific metabolic rate, and with decreasing ambient oxygen
concentration (SI Appendix). Large animals in an oxygen-poor
environment (e.g., water) spend a greater share of their energy
budget on breathing than do small animals in an oxygen-rich
environment (e.g., air). At sufficiently large body sizes, the main-
tenance of a size-independent mass-specific metabolic rate be-
comes physically prohibited, because the breathing costs would
exceed the total metabolic rate of the animal. By using the available
data, the critical body size for aquatic animals has been estimated
at ~1 mm and body mass at ~1 mg (SI Appendix). This energetic
limitation might explain the observed departure of the larger
aquatic taxa of ectotherms as well as of all ectothermic verte-
brates from the proposed metabolic optimum range (Table 1 and
Figs. 1-3).

In plants, the available flux of solar energy f; delivered per unit
leaf surface area does not depend on leaf functioning and limits the
mass-specific metabolic rate g of the leaf as g < f.S/M, where S is
leaf area and M is its mass. A way for the leaves to remain within
the metabolic optimum range is to keep the ratio SLA = S/M
(specific leaf area) large (and leaf thickness / « 1/SLA small) at any
leaf mass M. This conditions the flat shape of the green leaf, which
has volume V' = d? o« M and diameter d much greater than thickness
[, d >> |, the latter rarely exceeding 1073 m. At M « d?l and d >
1, leaf mass and leaf thickness become practically independent. This
also explains why the mass-specific respiration g of the green leaves
is associated with SLA (43) and, hence, with /, but, unlike in animal
bodies, appears to be independent of mass M (44).
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Conclusions

We have demonstrated that across dramatically different life forms,
mean mass-specific metabolic rates converge on a relatively narrow
range that is striking in contrast to the 20 orders of magnitude
difference in the body mass of the studied species. This remarkable
and previously unappreciated phenomenon is likely associated with
the pervasive biochemical universality of living matter. It thus
becomes a biochemical challenge to determine the specific bio-
chemical processes that are responsible for the observed broad
metabolic convergence at the level of cell functioning (45). There
are many other important questions to be addressed that are beyond
the scope of this data compilation. Many of these involve temper-
ature. For instance, do differences in thermal adaptation and
acclimation within and among major taxonomic groups contribute
to the narrow window of realized metabolic rates or make the
window appear larger than it would otherwise be? Because the
ordered process of energy consumption is what ultimately distin-
guishes living matter from the nonliving, it can be hoped that the
metabolic regularities presented in our analysis can shed new light
on questions such as this, and more broadly on the principles of life’s
organization.

Methods

The database comprising mass-specific metabolic rates of 3,006 aerobic species
was compiled by literature search. Where a few values for one and the same
species were available, the lowest value was taken. Only in seedlings and saplings
of vascular plants were all of the available data analyzed, because they present a
range of body masses comparable with that observed in other taxonomic groups.
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Oxygen consumption rates were converted to power units by using 20 J (ml 0;) ",
which involves a major assumption that the anaerobic energy generation is
negligible. To noticeably alter the results obtained, the applied oxygen energetic
equivalent should have been changing in a systematic manner by hundreds of
percent across taxa; this differs sharply from the relative constancy of oxygen
energetic equivalent revealed in comparisons of direct and indirect calorimetry
(46, 47). Metabolic rates reported on the dry mass basis [gom, W (kg DM)~'] were
converted to wet mass basis (g, W kg~') assuming a mean 30% dry matter
content: g = gom X 0.3. The value of 30% was chosen as a crude mean for the
variable DM/WM ratio in the nongelatinous heterotrophic groups where meta-
bolicrate was reported on wet mass basis (S/ Methods and Table S3). Mass-specific
metabolic rate per unit nitrogen mass, qu, is related to g as gn = g/(DM/WM)/(N/
DM), where N/DM is the nitrogen mass to dry mass ratio. For each group, the value
of g in the last column of Table 1 was calculated using the mean value of g, the
corresponding N/DM ratio, and DM/WM = 0.3. Nonendothermic q values ob-
tained at different temperatures T (°C) were transformed to 25°C, g5 = g X
QF~M19A using Qq0 = 1.65, 2.21, and 2.44 for fish, amphibians, and reptiles,
respectively (7); Qo = 2.5 for cephalopods (9); Q1o = 1.4 for macroalgae as
determined for species studied here (Dataset S9); a variable Q1 based on mea-
surement temperature for higher plants and leaves (17, 25); and Q1o = 2 for other
ectotherm groups (8, 19, 48, 49). No temperature adjustments of metabolic rates
were performed for endothermic vertebrates that do not live at body tempera-
tures of 25°C. All data and further details of data conversions are presented in
Datasets S1-S11, S/ Methods, and Tables S1-S3.
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