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We assessed the relationship between rates of biological energy utilization and the
biomass sustained by that energy utilization, at both the organism and biosphere level.
We compiled a dataset comprising >10,000 basal, field, and maximum metabolic rate
measurements made on >2,900 individual species, and, in parallel, we quantified rates
of energy utilization, on a biomass-normalized basis, by the global biosphere and by its
major marine and terrestrial components. The organism-level data, which are dommated
by animal species, have a geometric mean among basal metabolic rates of 0.012W (g C)™*
and an overall range of more than six orders of magnitude. The biosphere as a whole uses
energy at an average rate of 0.005 W (g C)™' but exhibits a five order of magnitude range
among its components, from 0.00002 W (g C)! for global marine subsurface sediments
t0 2.3 W (g C)”" for global marine primary producers. While the average is set primarily
by plants and microorganisms, and by the impact of humanity upon those populations,
the extremes reflect systems populated almost exclusively by microbes. Mass-normalized
energy utilization rates correlate strongly with rates of biomass carbon turnover. Based
on our estimates of energy utilization rates in the blosphere, this correlation predlcts
global mean biomass carbon turnover rates of 23y for terrestnal soil biota, ~8.5y”
for marine water column biota, and ~1.0 y ' and ~0.01 y' for marine sediment biota
in the 0 to 0.1 m and >0.1 m depth intervals, respectively.

metabolic rate | mass-specific power | energy metabolism | global energy budget

Energy is required by all life to fuel growth and activity, including the maintenance of
viability in existing biomass. Accordingly, the availability of energy constrains the potential
abundance, distribution, and productivity of life.

An extensive body of work has been devoted to quantifying rates of energy utilization
by individual species and to exploring the dependence of those rates on body mass as well
as extrinsic factors such as temperature. These studies reflect the range of metabolic poten-
tial—what rates of energy utilization are required, and what rates are possible—when
considering a broad range of organisms. In nature, however, the relationship between
biomass and energy utilization rate depends on how organisms’ metabolic potential is
expressed in the context of ecological interactions, life cycles, and variable if not challenging
extrinsic factors that are not necessarily encompassed in measurements made on
individuals.

In this study, we aim to quantify and understand the relationship between biomass and
energy utilization rate—hereafter termed “mass-specific power (MSP), with units of
energy consumed per unit time per unit biomass [W (g C)” "—for the biosphere overall
and for its major marine and terrestrial components. We estimated rates of biological
energy utilization in each of these components and combined them with existing estimates
of biomass to compute MSP. In parallel, we compiled a database of >10,000 metabolic
rate measurements made on >2,900 species. The results provide two fully independent
but complementary assessments of MSE, with the database reflecting the scope of physi-
ological potential in organisms, and the biosphere level calculations reflecting the expres-
sion of that potential in different environments.

Results

A number of previous studies compiled datasets ranging from hundreds to thousands of
metabolic rate measurements (e.g., refs. 1-7). We combined and augmented these datasets,
eliminating any resulting duplicate entries, to assemble a set of ~10,500 individual met-
abolic rate measurements, representing 2,912 species (Dataset S1). The complete source
literature for Dataset S1 is given in S/ Appendix, Table S1. To support comparison across
the diversity of metabolic rate measurements in the dataset, all rates were converted to
the common power unit of Watts (Joule s Y. This also provides a common basis for
comparing metabolic rate measurements made on individuals to estimates of energy
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Significance

Assessing the relationship
between energy flux and the
quantity of biomass it sustains
offers the potential to
understand the biological
“carrying capacity” for
ecosystems on Earth and
beyond. Our work supports this
understanding by quantifying the
energy-biomass relationship for
the global biosphere and an
environmentally diverse range of
its components, and by exploring
the factors—including the impact
of humanity—that affect that
relationship.
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utilization rate by the biosphere and its components. While
Dataset S1 includes species from across the entire tree of life, it is
dominated by animals, for which the majority of measurements
have been made. We hereafter refer to these data, for which met-
abolic rate and MSP can be attributed to an individual species, as
“organism-level” rates or MSP.

The literature on animal metabolic rates distinguishes three
measurement types, all of which are represented in the dataset.
Basal rates, sometimes called standard rates, are measured in
nongrowing, fasting and resting organisms held within their
natural temperature range (8). We also include “endogenous”
rates (for microorganisms) and dark respiration rates (for pho-
totrophic organisms) within the basal rate category, following
the approach of ref. 2. Endogenous rates are those measured
when microorganisms are held in culture without exogenous
substrates (9). Basal rates dominate the literature and, therefore,
our dataset. Field rates are measured on organisms in their nor-
mal environment and encompass a full range of normal activity
(10). Maximum rates are measured at peak physical activity or,
for microorganisms, during exponential growth under optimal
conditions.

The complete set of metabolic rate data (Dataset S1) can be
visualized in an interactive plot (see Supplementary Interactive
Plot or https://doi.org/10.5281/zenodo.7877885) in which the
user can toggle between: a) metabolic rate or mass-specific meta-
bolic rate; b) wet biomass, dry biomass, or carbon biomass units;
¢) basal, field, and/or maximum metabolic rates; and d) metabolic
rates that are or are not normalized from measurement tempera-
ture to 25 °C via a QQy calculation. Further information on the
interactive plot is given in S/ Appendix.

Power and MSP at the Organism Level. Fig. 1 presents “snapshots”
from the Supplementary Interactive Plot of metabolic power vs.
mass (Fig. 14) and mass-specific metabolic power (MSP) vs. mass
(Fig. 1B) for a specific configuration that includes basal rates only,
with no temperature normalization, and using carbon-based mass
units. Fig. 14 shows that the basal metabolic power of individuals
scales with carbon biomass (g) across ~22 orders of magnitude
(<10 t0 >107 g C) according to a power law:

Metabolic power (W) = 0.0104 X (gC)%% 1]

The exponent, £ = 0.95 + 0.003, is close to unity and shows that
the metabolic rates vary nearly proportionally to the biomass of
the organisms, when viewed over the entire tree of life. This stands
in contrast to the well-documented scaling of basal metabolic rates
with mass in some taxa such as mammals (£ = 0.73), birds (% =
0.67 to 0.74), fishes (k£ = 0.86), and insects (£ = 0.66) (e.g., refs.
11-13). Within these taxa, metabolic power increases relatively
less than the increase in biomass. These trends become clearer
when metabolic power is normalized to body mass (Fig. 1B).
Among the mammals or birds, mass-specific metabolic power
(MSP) exhibits a systematic 100-fold decrease with increasing
body mass, from pygmy shrew to blue whale or from humming-
bird to ostrich.

When considering maximum MSP (Fig. 1B ovals) in addition
to basal MSP, with no temperature normalization, the data span
more than six orders of magnitude, to nearly 4,500-fold above and
850-fold below the basal geometric mean of 0.012 W (g Q)"
(Fig. 1B and Supplementary Interactive Plot). Yet, about two-thirds
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Fig. 1.

(A) Basal metabolic power vs. biomass carbon calculated from metabolic rate measurements made on 2912 species. The solid black line is a power law fit

to the entire dataset. (B) Mass-specific basal metabolic power (MSP) vs. biomass carbon. The solid black line and shaded region are, respectively, the geometric
mean and SD (fivefold) among all species. In both panels, the solid, colored lines are log-log-linear correlations for specific taxonomic groups, identified by the
color codes of “Organisms.” The ranges of maximum MSP for birds and mammals and for prokaryotes are denoted by dashed ovals. Note that the maximum
MSP range denoted for prokaryotes is specific to a small group of fast-growing organisms and does not represent a broad survey of maximum prokaryote rates.
An interactive version of this plot is accessible as "Supplementary Interactive Plot" or at https://doi.org/10.5281/zenodo.7877885.
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of all data cluster within fivefold of the mean. Normalizing all data
to 25 °C narrows the full range of MSP by only fivefold. This is
notable because, given measurement temperatures ranging from
~0 to 72 °C, temperature normalization could potentially contract
that range by more than 100-fold. The uppermost 1.5 orders of
magnitude in the MSP range are occupied exclusively by prokar-
yotes growing in cultures with substrates and nutrients present in
abundance, with population doubling times in the range of hours
or less (“maximum MSP” Fig. 1B). Conversely, the lowermost
order of magnitude in MSP is occupied predominantly by aquatic
animals, including the painted turtle and vampire squid.
Microorganisms in energy-poor natural settings likely subsist with
even lower MSP (see Discussion: The Range of MSP), but we limit
our dataset, and the data represented in Fig. 1, to metabolic rate
measurements that can be attributed to individual taxa rather than
mixed natural populations.

Power and MSP at the Biosphere Level. We estimated annually
averaged rates of energy utilization (power) by the global biosphere
and its components (Table 1) based on published estimates of
global marine and terrestrial gross and net primary productivity
(GPP and NPP), autotrophic respiration, and soil and seabed

respiration. Data sources and the methods for conversion to
units of power are described briefly in “Materials and Methods”
and in detail in ST Appendix, section 3. For primary producers,
two distinct quantities are reported: i) “photon capture” refers to
the total energy of photons that are absorbed and subsequently
regenerate ATP and reducing power through entrainment into
the light reactions of photosynthesis; it excludes photon energy
that is absorbed but lost to heat or fluorescence without driving
electron transfers. This term is a measure of the captured light
energy that ultimately drives the productivity of our planet. ii)
“Autotrophic resp.” refers to the power generated by phototrophic
organisms through respiration of a fraction of the carbon that is
fixed during photosynthesis. This term most closely approximates
the MSP reported for phototrophic species in the organism-level
data and provides a more direct basis for comparison with animals
and microorganisms that fuel their metabolisms by respiration.
For marine and terrestrial heterotrophic “consumers” (animals
and nonphotosynthetic microorganisms), we report the power
generated by aerobic or anaerobic respiration of organic carbon
derived from photosynthetic NPP.

The global photosynthetic biosphere harnesses about 2,800 TW
of light energy via photosynthesis (i.e., as “photon capture”),

Table 1. Estimates of mass (Pg = 10" g), power (TW = 10'> Watt), and MSP for the global biosphere

Mass (Pg o) Uncertainty  Power (TW) Uncertainty (SD) MSP (W/g C) Uncertainty
Global total 510 1.2-fold 2,800 270 0.0054 1.2-fold
Marine
Producers (photon capture) 0.53f 3.2-fold 1,200 130 23 3.2-fold
Producers (autotrophic resp.) 0.53" 3.2-fold 90 20 0.18 3.3-fold
Consumers, pelagic 5 3.3-fold 57 5 0.011 3.4-fold
Consumers, sediments 0 to 0.1m 2.3 2.1-fold 3 0.8 0.0013 2.3-fold
Consumers, sediments > 0.1m 41" 3.2-fold 0.07 — 0.00002 —
Terrestrial
Producers (photon capture)
Total mass 4509 +50 1,600 240 0.0036 +0.0007
Active tissue” 200 — 1,600 240 0.01 —
Producers (autotrophic resp.)
Total mass 4507 +50 80 20 0.0002 +0.00005
Active tissue” 200 — 80 20 0.0005 —
Consumers, soils 0 to 8m 20 1.9-fold 50 13 0.0025 2.1-fold
Consumers, deep biosphere 27! + 4! — — — —
Humanity (metabolic) 0.09* +0.04 1.07"" 0.005 0.012 +0.005
Humanity (technological) 0.09* +0.04 18.5" 0.005 0.21 +0.09
Livestock 0.10 +0.015 3.9 0.4 0.039 +0.007
Geochemical
Marine — — 0.03 — — —
Terrestrial — — 0.005 — — —

“Except where noted, mass and uncertainty estimates are from ref. 14.

"From ref. 15, based on a wet mass of 5.3 Pg and wet-to-carbon mass conversion factor of 10:1. This estimate is specific to pelagic primary producers (i.e., phytoplankton) and does not

include benthic primary producers such as coastal sea grasses.
“This study.

*Ref. 16.

‘Ref. 17.

#Noting that woody tissue may comprise a significant fraction of plant biomass, the designation “Active tissue” denotes an estimate of the portion of total plant biomass that represents
metabolically active tissue, which (14) took to be one-third. As there is no estimate of uncertainty for this fraction, we express mass and MSP with only one significant digit and do not

calculate an uncertainty estimate for the associated MSP.

l‘*Ref. 18 gives a range of 23 to 31 Pg C, which we take to be 27 + 4 Pg C.

”Calculated from UN-FAO data for global population and average per-capita dietary intake.
Ref. 19.
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which is ~3% of the global full spectrum solar irradiance at Earth’s
surface and ~7% of the available photosynthetically active radia-
tion (PAR). The combined gross primary productivity (GPP) of
marine and terrestrial primary producers, about 220 to 340 Pg C
vy (20, 21), represents a chemical energy flux of 280 TW when
utilized in respiration, of which 170 TW is attributable to auto-
trophic respiration in phototrophs and 110 TW is attributable to
heterotrophic respiration by Earth’s nonphotosynthetic biota*.

For the oceans, we estimated separate rates of energy utilization
by primary producers (phytoplankton) and secondary and tertiary
producers (heterotrophic organisms) within the water column,
the upper 0.1 m of seafloor sediments, and sediments beneath 0.1
m. Marine primary producers account for a little over 40% of
global photosynthetic energy capture. This measure is specific to
chlorophyll-based photosynthesis (22), and recent work suggests
that rhodopsin-based phototrophy could contribute significantly
to the capture of light energy in the oceans (23); hence, the entries
for marine primary producer power and MSP in Table 1 are poten-
tially underestimates. Across the succession from marine primary
producers to pelagic, shallow sediment, and deep sedlment con-
sumers, energy flux diminishes systematically by 10°-fold, even
though the standing biomass varies by only an order of magnitude
(Table 1). Of the total power generated by heterotrophic respira-
tion of marine NPP, pelagic biota account for 95%, with most of
the remaining 5% accessed by biota in the 0 to 0.1 m sediment
interval. Respiration in sediments beneath the 0.1 m horizon
accounts for only about 0.1% of the total power.

On the continents, estimates can be made of energy utilization
by primary producers (plants and alga), heterotrophic soil biota,
humanity, and livestock. We could not determine global rates of
energy utilization by the terrestrial deep biosphere or by wild
animals that are not soil associated (e.g., wild birds, mammals,
and some arthropods), but it is likely that these groups account
for only a small fraction of terrestrial heterotrophic respiration
(SI Appendix, section 3.2). Soils consume about 80% of all terres-
trial NPP (24) and, noting that some NPP is lost to nonbiological
processes such as fires and wood trade (24), account for 90% of
the total power generated by heterotrophic respiration of terrestrial
NPP. This highlights an important distinction between soils,
which receive a direct flux of terrestrial NPP through litter and
roots, and marine sediments, which receive only the small fraction
of marine NPP that escapes consumption in the water column.
In this regard, soils (50 TW) are more comparable to the pelagic
ocean (57 TW) than to marine sediments. Humanity and livestock
combined represent < 0.5% of the total mass of terrestrial heter-
otrophic consumers (when including both soil biota and the ter-
restrial deep biosphere) but account for about 10% of the total
metabolic power generated by heterotrophic respiration of terres-
trial NPP. Humanity’s technological utilization of energy exceeds
its metabolic utilization by 17-fold.

To distinguish the relative importance of solar energy from
geochemical sources of energy (the so-called dark energy that is
independent of solar energy), we estimated the major geochemical
fluxes of reductants that could be utilized by microorganisms
(SI Appendix, Table S4). If all such fluxes were completely con-
sumed via aerobic metabolism, the resulting power would be 0.03
TW in the oceans and 0.005 TW on the continents (Table 1 and
SI Appendix, Table S5). Combined, these are nearly 5 orders of
magnitude less than global photosynthetic energy capture and

*Comparison between global GPP (280 Pg Cy™") and the “photon capture” and “autotrophic
resp” metrics of power (2,800 TW and 280 TW, respectively) suggests the rule-of-thumb
approximations that 10 Joules of captured solar energy yields a quantity of photosyntheti-
cally fixed carbon equivalent to 1 Joule of chemical energy (when respired with oxygen),
and that a respiration rate of 1 kg Cy™' represents a power of 1 W.
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Fig. 2. Mass-specific power vs. carbon biomass for the global biosphere
(red square) and for its marine and terrestrial components (blue and green
circles, respectively). For marine and terrestrial primary producers (PP),
the parenthetical designation “Photon Capture” refers to the total energy
of photons captured into the light reactions of photosynthesis, while
“Autotrophic Resp.” refers to the power provided by autotrophic respiration
of photosynthetically fixed carbon. The dashed line and shaded region
are, respectively, the all-species geometric mean and SD taken from the
organism-level data (Fig. 1B), while vertical and horizontal error bars reflect
the uncertainties shown in Table 1.

would be lower still in the absence of photosynthetically produced
oxygen, because oxidation of these reductants with O, yields con-
siderably more energy than with non-O, oxidants.

MSP at the biosphere level. For the various components of the
biosphere, MSP is calculated from our energy flux estimates as
well as published estimates of biomass for those components
(Table 1). These calculations are completely independent from the
MSP determined at the organismal level (i.e., the data in Fig. 1),
and we hereafter refer to the calculated values as “biosphere-level
MSP” Operationally, the biosphere-level MSP estimates are more
comparable to metabolic “field rates” measured at the species level
but they differ by integrating across species, ecological niches,
temperatures, and the full life cycle of growth, reproduction, and
death.

We estlmate the mean MSP for the global biosphere at 0.005 W
(g Q)" orabout 1 W (kg wet mass) ™, which is w1th1n ~twofold
of the all-species basal mean MSP [0.012 W (g o™ Fig. 1B].
This calculation factors in the complete biomass of plants, includ-
ing woody tissue. When considering only the metabolically active
fraction of plant biomass, which Bar-On et al. (14) estimate to be
roughly one-third of total mass, global MSP then approximates
the all-species mean at ~0.01 W (g C)7". Such close agreement is
surprising, in that the organism-level data are dominated by the
basal metabolic rates of animals (Fig. 1), while global MSP is
dominated in power terms by the “photon capture” energy har-
vesting of oceanic and terrestrial primary producers and in mass
terms by trees and microorganisms (Table 1).

Among the components of the biosphere considered in this
study, MSP spans the same five order of magnitude range that is
encompassed in the organism-level basal MSP data (compare
Fig. 2 and Fig. 1B). The entire range of biosphere-level MSP is
encompassed in the four “compartments” of the microbe-dominated
marine biosphere, where biomass varies within only an order of
magnitude despite a systematic five order of magnitude decrease
in power from the phototrophic top of the water column to the
deep subseafloor biosphere (Fig. 2). The terrestrial biosphere
behaves in largely orthogonal fashion: Decreasing power is accom-
panied by corresponding decreases in biomass, such that MSP
varies only 13-fold across the 4,500-fold range in carbon biomass
that encompasses primary producers, soil biota, humanity, and
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livestock (Fig. 2). All lie within about sixfold of the all-species
mean (Fig. 2, dashed line). It is likely that the terrestrial deep
biosphere (data not available) operates with considerably lower
MSP than shallow soil so that the terrestrial MSP could span 3+
orders of magnitude.

Discussion

Our objective in this work is to quantify MSD, and to understand
the factors that control it, at the biosphere level—where it integrates
across biological diversity, life stages, and a range of environmental
(including ecological) factors. The rich body of literature dedicated
to documenting the factors that control MSP at the organism level
and within specific taxa provides a strong basis from which to under-
stand its expression at the biosphere level. The challenge is to extrap-
olate beyond a heavy focus on animals that ultimately account for
only a minor fraction of energy consumption and mass at the bio-
sphere level, and beyond experimental conditions that do not cap-
ture all factors that impact physiological status in natural settings.
A particular challenge is to map our organism-level understanding
of MSP to the microbial communities that dominate the biomass
of terrestrial soils as well as the four components of the marine
biosphere that we considered.

The Range of MSP. Across the various components of the
biosphere, MSP spans five orders of magnitude (Fig. 2). This range
is a function of both the potential that exists at a physiological
level and how that potential is expressed in the environment.
An expansive literature describes the factors responsible for the
realized MSP of individual animal species and, therefore, the ~five
order of magnitude range in MSP that is observed across animals
overall (Fig. 1B). However, at the biosphere level, the extremes
in MSP are attributable to the dynamics of microbe-dominated
systems.

Multicellularity influences the upper, and possibly the lower,
absolute limits of animal and plant MSP. For example, among
animals with the highest known MSPs (e.g., hummingbirds), car-
diac output and mitochondrial enzyme packing very likely con-
strain the absolute upper limit of aerobic respiration (25, 26). To
date, a few studies have also considered the energetic costs (and
benefits) of multicellularity, such as the maintenance of tissue
organization and differentiation and cellular diversification (27).
By imposing a minimal energetic cost on the maintenance of a
multicellular form, such factors may set the lower limits of animal
MSP, though to our knowledge this remains to be substantiated.

Microorganisms, including bacteria, archaea, and unicellular
eukaryotes, exhibita considerably larger range in MSP than animals
do. When considering maximum MSP (Fig. 1B), the microorgan-
isms in our database extend ~1.5 orders of magnitude beyond the
uppermost values for animals. Conversely, animals exhibit the lowest
basal MSP in our dataset, but this likely reflects challenges in cul-
tivating microorganisms at very low metabolic rates rather than a
true lack of microorganisms capable of subsisting at low MSP.
Several studies have independently estimated cell-specific power on
the order of 107" to 107*° W cell™ for deep sediment microorgan-
isms (28-31). For a mean cell mass of 14 fg C for deep sediment
microbes (16), this equates to an MSP of 7 x 107 t0 7 x 10°W
(g O — about 1.5 orders of magnitude below the lowest values
measured for animals. If these values are included, MSP for micro-
organisms spans an overall range of eight orders of magnitude.

Two parameters might enable microorganisms to achieve a
higher MSP than larger organisms: temperature and size.
Temperature affects the metabolic rates of organisms (32, 33) and
some microorganisms are capable of growth at much higher
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temperatures than plants and animals. Notably, some of the high-
est MSP values in our dataset are for thermophiles such as
Geobacillus 1LC300 at 72 °C and Methanobacterium thermoauto-
trophicum at 65 °C, though not all thermophiles or hyperthermo-
philes exhibit comparably high MSPs. However, normalizing all
values in the dataset to 25 °C still leaves a >10-fold difference
between the highest MSP in microorganisms vs. animals. A second
parameter is size. Substrate mass transport limitations can restrict
the metabolic rates of larger organisms, even at scales of 10’s of
pm (34). In contrast, molecular diffusion is sufficiently rapid at
the pm- and sub-pm scales of prokaryotes that transport limita-
tions are reduced or eliminated (35), a marked difference between
prokaryotes and larger multicellular organisms such as animals
and plants. At micron sizes, prokaryotic cells instead become lim-
ited by biochemical constraints, such as enzyme kinetic properties
(36). Considering only biochemical constraints, a simple reference
calculation’ suggests a practical upper limit for MSP in the range
of a few hundred W (g Q)" For comparison, the highest MSP in
our dataset is 61 W (g C)_l, for the aerobic, glucose-oxidizing,
thermophilic bacterium Geobacillus LC300. Among anaerobes,
the highest MSP we calculate is 22 W (g Q)7 for the thermophilic
archaeon Methanobacterium thermoautotrophicum®.

At the biosphere level, the highest MSP, 2.3 W (g C), is
expressed by marine primary producers that sustain high specific
growth rates (global average: 88 y™') likely driven by intense graz-
ing pressure (22). Such high specific growth rates and high MSP
can likely be sustained only in microbe-dominated communities.
Hatton et al. (37) showed that, for organisms ranging from pro-
tists to mammals, the maximum rate of biomass production
(Y, in g biomass y'I), including both somatic growth and offspring
production, scales with body mass (X, in g biomass) to the %
power: Y = 3.5(X)*”°. This relationship predicts that high specific
growth rates on the order of 100 y™" are only achievable for organ-
isms less massive than ~1 pg, and realistically smaller still under
environmental conditions that do not support maximum growth
rates. The observed carbon biomass of microalgae is of the order
100 1072 pg (Dataset S1).

A lower biochemical bound on MSP is presumably set by the
power required to sustain metabolic viability by maintaining a
necessary complement of biomolecules against damage and main-
taining a membrane potential against leakage (38, 39). Protein
turnover is likely the dominant contributor to basal power require-
ments among cells of a few microns and smaller (30, 40), so
conditions that minimize protein turnover and/or lower the cost
of protein repair will favor low MSP. Taking amino acid racemi-
zation (i.e., spontaneous conversion from L- to D-form) to impose
a lower bound on the necessary rate of protein repair or replace-
ment, Lever et al. (30) calculated an energy cost equivalent to 4
x 107 04 x 107 W (g C)'ats °C—assuming either complete
protein replacement (upper value) or single amino acid repair
(lower value). The genes required for single amino acid repair are
widespread among deep sediment organisms (41), suggesting that

A hypothetical microorganism that devotes 1% of dry biomass (~2% of protein mass) to a
rate-limiting catabolic enzyme with a molecular weight of 30 kDa, a turnover number of
ke =50 57", and a catabolic yield of -3,000 kJ (mol substrate)™" will realize an MSP of 100 W
(g ©)"" under kinetically saturating substrate concentrations. Allowing for variations in the
dedicated enzyme mass fraction and k. suggests a practical upper limit MSP in the range
of perhaps a few hundred W (g C)". For reference, the weighted average bacterial protein
molecular weight is 33 kDa (80), the median k., in an analysis of 78 enzymes involved in
primary carbohydrate and energy metabolism was 79s™ (81), and the standard Gibbs
energy change for aerobic glucose oxidation is 2,870 k] (mol glucose)™". A 2% protein mass
fractionis on par with the most abundantindividual enzymes in M. pneumonia, Escherichia coli,
and S. cerevisiae (82).

‘Some hyperthermophilic methanogens have doubling times as much as fivefold shorter
than those of M. thermoautotrophicum (83), meaning that MSP in these organisms could
be higher by a comparable factor (potentially >100 W (g C)") if they operate at similar
growth yield.
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the lower range calculated by Lever et al. (30) might be more
applicable.

At the biosphere level, the lowest average MSP, 2 x 10° W (g
Q)7 is associated with marine sediments >0.1 m below seafloor.
There, cold, anoxia, and conditions that are static over thousands
to millions of years favor extremely low rates of biomass turnover.
Cold and anoxia lower rates of molecular damage (30), and the
energetic cost of biosynthesis is lower under anoxic conditions
(30, 42). Permanent anoxia also largely eliminates grazing pressure
from animals, though viral lysis persists (43). Finally, environmen-
tally static conditions may reduce the need for energetically costly
regulation of protein synthesis. Sediments of the Peru Margin
exemplify the potential for extreme reduction in biomass carbon
turnover under such conditions. There, in sediments 1 to 40
meters below seafloor, biomass carbon turnover rates are 0.0002
to 0.005 yfI (44)—nearly a million-fold lower than those of
marine primary producers. On a global basis, the collective effects
of cold, anoxic, and static conditions in sediments deeper than
0.1 m yield an average MSP nearly 70-fold lower than that in the
immediately overlying (0 to 0.1 m) sediments, in which O, is
present to varying degrees. This is nevertheless still 2 to 4 orders
of magnitude higher than the racemization-based, theoretical
lower limit calculated by Lever et al. (30).

Biomass Carbon Turnover and MSP. The extremes in biosphere-
level MSP are associated with corresponding extremes in biomass
carbon turnover rates—very high for marine primary producers
and very low for deep marine sediments—suggesting that the
two quantities may be correlated. However, multiple energy-
requiring processes besides biosynthesis (which sustains biomass
carbon turnover) can demand a share of MSP, making it uncertain
whether MSP and biomass carbon turnover will be tightly
correlated over a large range. We assessed the extent of correlation
between MSP and biomass carbon turnover rate by comparing
multiple systems, spanning many orders of magnitude in MSP,
for which both quantities have been measured.

The term “biomass carbon turnover” acknowledges that biosyn-
thesis occurs, at an energetic cost, even when biomass does not
increase. In a nongrowing or slowly growing individual, this may
encompass turnover of molecules and cells (45); it can also encom-
pass turnover of individuals in a population at steady state (i.c., a
population in which biomass remains constant). For comparison
to MSP, we consider the biomass carbon turnover rate on a
mass-specific basis. The resulting “specific carbon turnover rate”,
¥, is analogous to the specific growth rate, p, but considers total
carbon turnover rather than net growth. Like p, p* has units of
grams carbon biomass synthesized per gram standlng carbon bio-
mass per time, which reduce to rec1procal time (e. 8 sh. Dividing
p* (umts (gC blosynthems) x s~ x (g Cbiomass)” N by MSP (units:
Jxs x(gC blomass) ") gives a quantity with units of g C biosyn-
thesis per Joule (g CJ ™), which we refer to as the biosynthesis yield,
Y*. (We subsequently express u* in units of y "and Y* in units of
g CkJ™".) Y* is analogous to the growth yield, Y, a quantity com-
monly used in microbiology to relate a net increase in biomass to
an amount of substrate consumed, but Y* is distinct in two regards.
First, Y* refers to carbon turnover, rather than net growth, in order
to include the energy spent on biosynthesis in systems with little or
no net change in biomass®. Second, Y* relates carbon turnover to
energy utilization rather than substrate consumption, in order to
provide a common energetic basis for comparing organisms that
use different or mixed substrates (46).

Fig. 3 plots p* against MSP for a range of systems in which
both quantities have been independently determined and shows
that they remain correlated over 8+ orders of magnitude. A perfect
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Fig. 3. Mass-specific carbon turnover rate, p*, vs. mass specific power,
MSP, for a range of populations and environments. Diagonal dashed lines
denote average biosynthesis yield (Y*) in diverse cultures of heterotrophic
microorganisms growing aerobically (Lower line) or anaerobically (Upper line)
on arange of substrates (46). data: cultures: aerobic glucose oxidizers: (50)-(52);
methanogens: (47), (53); sulfate reducers: (54), (55). Pasture and forest soils:
(56). Marine sediments: (44). Marine primary producers: (22); terrestrial
primary producers: (57). Humans: (58). S| Appendix, section 4.1 provides further
details on the source data and calculations.

correlation between p* and MSP would plot on Fig. 3 as a straight
line that represents a constant value of Y*. Divergence from perfect
correlation (equivalent to variations in Y*) could result from var-
iations in i) the thermodynamic efficiency of catabolic energy
conservation (the fraction of the catabolic energy liberation that
is captured vs. lost to heat), ii) the energetic cost of biosynthesis,
and iii) the fraction of metabolic energy that is dedicated to bio-
synthesis vs. other expenditures. Of these three factors, the frac-
tional allocation of energy to biosynthesis (iii) has the potential
to vary most over a large range in MSP because, if a fixed set of
nonsynthesis maintenance costs must be met, the energy left to
fuel biosynthesis would diminish, potentially to zero, as MSP
declines. It is evident that zora/ maintenance costs—encompassing
both synthesis and nonsynthesis costs—do not remain fixed as
substrate consumption rates drop (e.g., refs. 47 and 48). However,
any nonsynthesis costs that are obligate, such as maintaining ener-
gized membranes (e.g., ref. 49), could potentially come to dom-
inate the cellular energy budget at low MSP, and therefore drive
Y* to low values. The strong correlation exhibited in Fig. 3 across
the entire range indicates that the fractional allocation of MSP to
carbon turnover does not decrease dramatically, even as MSP
changes over nearly nine orders of magnitude. Rather, soils and
aerobic glucose—oxidizing cultures, which collectively span 4.5
orders of magnitude in MSP both fall close to the mean value of
Y*(0.019 +0.008 gC kJ™'; lower dashed line in Fig. 3) measured
in diverse cultures of aeroblc heterotrophic microorganisms grow-
ing on a range of substrates (46). Similarly, anoxic marine sedi-
ments and cultures of sulfate-reducing bacteria and methanogenic
archaea, which span an even larger range, fall close to the mean
value of Y* (0.03 + 0.017 g C N upper dashed line in Fig. 3)
measured for anaerobes grown on a range of substrates (46).

To the extent that the correlation in Fig. 3 is broadly applicable,
our estimates of MSP in the various components of the biosphere
can constrain the rates of biomass carbon turnover in those

SWe note that, for the cultures in Fig. 3, specific growth rate is plotted rather than specific
carbon turnover rate. While this represents a lower limit on specific carbon turnover rate,
we consider it a close approximation. For example, in the case of the methanogen culture
with the lowest MSP in Fig. 3, growing at 1% of its maximum rate, net growth still accounted
for >70% of total energy utilization (47), suggesting that specific growth rate likely did not
underestimate specific carbon turnover rate by more than ~30%.
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environments. This notion is supported by the strong correlation
exhibited when our estimates of MSP are plotted vs. independent
measures of protein carbon turnover rate in humans (58), global
average specific growth rate for marine primary producers (22),
and global average biomass carbon turnover rate for terrestrial
primary producers (57). A similar approach can be applied to the
components of the biosphere for which, to our knowledge, inde-
pendent estimates of biomass carbon turnover have not yet been
made. Using Y* = 0.025g C kJ '—midway between the
culture-based means for aerobic and anaerobic heterotrophs (diag-
onal dashed lines), and approximating the value exhibited by
humans and marine and terrestrial primary producers (Fig. 3)—
gives specific biomass carbon turnover rates of ~2.3 y ' for terres-
trial 5011 microbes, ~8 5y for the marine water column, and
~1.0y ™" and ~0.01 y' for marine sediments at 0 to 0.1 m and
>0.1 m depth, respectively. Con51der1ng the high p* of the global
phytoplankton community (88 y 1. (22))), the components of the
marine biosphere thus exhibit a systematic, four order of magni-
tude decrease in specific biomass carbon turnover rate, from the
sunlit surface ocean to the deep sediments beneath.

Convergence in MSP? It is remarkable that the global biosphere
MSP, and that of terrestrial primary producers (by the measure
of photon capture), soil biota, marine pelagic biota, humanity,
livestock, and more than two-thirds of the species-level MSP
measurements all fall within 6-fold of the all-species mean
(Fig. 2), despite an overall range in basal MSP among individual
species of five orders of magnitude, and as much as eight orders of
magnitude when considering maximum and deep sediment MSP.
An earlier study posited that MSP clusters around a “metabolic
optimum” as a result of “natural selection of organismal designs
that fit within a narrow range of MSP” (2). Could the seeming
convergence in organism- and biosphere-level MSP reflect such
an effect? While metabolism itself is not a unit of selection but,
rather, the realized sum of anabolic and catabolic reactions that
are individually under selection, several factors could contribute
to the observed convergence in MSP.

The literature surrounding MSP is dominated by measurements
made on animal species, particularly mammals, birds, insects, and
fishes. Even within these groups, studies have focused primarily on
animals that are amenable to respirometric studies, such as domes-
ticated species (livestock), small or docile wild animals, and primates
including humans (59). There are fewer data on plants, microor-
ganisms, larger wild animals, animals from polar regions, marine
animals, and especially marine animals whose habitat (e.g., the deep
sea) and morphology (e.g., gelatinous plankton) make such meas-
urements challenging. Our dataset reflects this bias, such that the
mean MSP of 0.012 W (g C)" is determined largely by a heavily
represented group of animals with shared attributes. Convergence
toward the mean in our dataset thus effectively implies convergence
toward the MSP of this core group of organisms.

For all organisms, MSP is governed by both intrinsic factors
(e.g., maintenance, reproduction, damage repair, allometric scal-
ing) and environmental factors (e.g., temperature, food availabil-
ity, ecological interactions), but the balance between the two may
vary. Relative to microorganisms, multicellular organisms are more
capable of modulating MSP during short-term variations in envi-
ronmental conditions through intrinsic factors, such as mobilizing
nutrient stores or hormonal depression of metabolism (60, 61).
Studies have also suggested that MSP is set by a “biological pace-
maker” that could, in principle, serve as an MSP “setpoint” for
animals [(62), (63) and references therein], though there is no
broad consensus that such a system exists. Combined with the
factors that may limit animal and plant MSP to a narrower range
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than in microorganisms (see “The Range in MSP”), these consid-
erations could contribute to convergence in animal MSP. In this
light, it is reasonable, if not unsurprising, to find that the calcu-
lated MSP of humanity and livestock—as members of the “com-
mon core” of heavily studied organisms—both agree closely with
the all-species mean. But what of a broader biosphere dominated
by plants and microorganisms which, as groups relatively less rep-
resented in the organism-level data, do not heavily influence the
all-species mean?

The MSP of the global biosphere is effectively set by primary
producers, which account for almost 100% of global energy cap-
ture and 90% of global biomass (Table 1). For that group, simi-
larity to the all-species mean occurs only with the “photon capture”
measure of energy utilization. By the measure of autotrophic res-
piration—which places the comparison between autotrophs and
heterotrophs on a more equivalent basis—MSP among terrestrial
primary producers falls 30-fold below the all-species mean when
considering all plant biomass and 10-fold below when considering
active plant tissues only (Table 1).

In the case of soil and marine water column biota, agreement
with the all-species mean MSP is likely a fortuitous result of aver-
aging across a large continuum of metabolic states rather than a
convergence based on physiological commonalities. Whereas MSP
in the common core of heavily studied organisms may be strongly
influenced by intrinsic physiological factors, that of microorgan-
isms—the dominant biota in both soils and the marine water
column—is heavily dependent on environmental context.
Microbe-dominated marine sediments provide a clear example of
this. There, high spatial resolution measurements made over the
upper meter of sediments demonstrate that MSP diminishes in
continuous fashion over a more than five order of magnitude
range, as bulk energy availability diminishes in parallel (Fig. 4).
Averaging across such a depth series will yield a single intermediate
MSP value that does not reflect convergence toward an intrinsic
physiological optimum but, rather, the bulk behavior of organisms
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Fig. 4. MSP vs. depth in marine sediments from Aarhus Bay, Denmark.
Squares: MSP associated with aerobic respiration of organic carbon during
the summer (red) and winter (blue). Circles: MSP associated with sulfate-
based respiration of organic matter compiled from three studies. Vertical
lines denote the global MSP estimates for marine heterotrophs in the water
column (“Global pelagic”) and 0 to 0.1 m and >0.1 m sediment layers. MSP is
calculated from cell-specific sulfate reduction rates reported in refs. 64-66 and
from O, uptake measurements reported in ref. 67 (S/ Appendix, section 4.2).

https://doi.org/10.1073/pnas.2303764120 7 of 10


http://www.pnas.org/lookup/doi/10.1073/pnas.2303764120#supplementary-materials

Downloaded from https://www.pnas.org by "NASA AMES RESEARCH CENTER BRITTANY HERSH, MAIL STOP 202-3 TECHNICAL LIBRARY" on June 14, 2023 from | P address 156.68.42.12.

whose MSP is driven primarily by environmental factors. This
same effect is seemingly at work across the full span of the
microbe-dominated marine biosphere, where systematically
diminishing energy availability from sunlit ocean surface to deep
sediment biosphere is accompanied by a five order of magnitude
change in MSP but lictle change in biomass (Fig. 2).

Humanity. From a purely biological perspectlve, humanity’s
MSP is unremarkable. Our 0.012 W (g Q) is comparable to
the average for marine water column biota and the organism-level
mean and lies within ~twofold of the MSP of the biosphere overall.
However, when factoring in our use of energy in technological
terms—which, as with biological consumption, is inherently tied
to the carbon cycle—our MSP increases 18-fold. The increase is
greater still in heavily industrialized regions. For example, the
MSP of the US population, when con31der1ng both blologlcal
and technological consumption of energy, is 0.52 W (g C)'—
equivalent to that of a sprinting antelope [Antilocapra americana:

0.52 W (g C)™"; Dataset S1]. This far exceeds MSP in any of
the biosphere components we considered, with the exception of
marine primary producers [2.3 W (g C)” ", whose high MSP is
sustainable only by virtue of a population turnover time of a few
days. Humanity has also impacted the MSP of the biosphere as
a whole, by nearly doubling turnover rates of vegetation biomass
carbon stock through land use and land management changes
(57). By virtue of such changes, Earth presently contains less than
half the plant biomass that could otherwise be sustained under
the present climate regime (17). However, NPP (equivalent to
net biosynthesis rate) remains at 90% of its potential value in the
absence of human-induced change (68). The implication is that
humanity has nearly doubled the mass-specific metabolic rate of
Earth’s biosphere, despite comprising less than 0.02% of its mass.

Conclusions

Earth’s biosphere has an overall “metabolic rate” of 0.005 W (g Q7
which is set by plants and microbial primary producers, and by the
impact of humanity upon those populations. Across the diversity of
microbial taxa, MSP ranges over eight orders of magnitude or more,
and the microbe-dominated components of the marine biosphere
span fully five of those orders of magnitude. The upper and lower
extremes in biosphere-level MSP are driven by a 20,000-fold differ-
ence in energy flux and differing ecological niches that yield extremely
high and low rates of biomass carbon turnover. Indeed, biomass car-
bon turnover rate is correlated with MSP across 8 orders of magnitude
and, based on our estimates of MSD, this correlatlon predicts global
blomass carbon turnover rates of ~2.3y ' for terrestrlal soil biota,
~8.5 y"! for marine water column biota, and ~1.0 y ' and ~0.01 y'
for marine sediment biota in the 0 to 0.1 m and >0.1 m depth inter-
vals, respectively. Despite the very large range in MSP that is both
physiologically possible and is expressed at the biosphere level, the
MSP of the global biosphere, terrestrial primary producers (by the
measure of photon capture), soil biota, marine water column biota,
humanity, livestock, and more than two-thirds of the organism-level
MSP measurements all fall within sixfold of the all-species mean.
This seeming convergence is in some cases potentially a result of
organisms having shared physiological determinants of MSP but, in
the microbe-dominated components of the biosphere, is a fortuitous
result of averaging across a large continuum of environmental MSP.

Materials and Methods

Mass and Power of Organisms. All organism-level metabolic rates and
masses were compiled from the literature sources in S/ Appendix, Table S1 and
are included in Dataset S1, which specifies: a) genus/species of organism, b)

80f 10 https://doi.org/10.1073/pnas.2303764120

individual/mean body mass, c) individual/mean metabolic rate, and d) litera-
ture reference. Taxonomy was generally assigned according to the Integrated
Taxonomic Information system (ITIS; www.itis.gov) and is specified with a taxo-
nomic serial number (tsn) unique for the associated scientific name. Conversion
between dry biomass and carbon biomass assumes a 2:1 ratio unless otherwise
specified, while conversion between wet mass and dry mass is taxon specific, as
specified in Dataset S1. Metabolic rates are converted from O, consumption rates
to Watts using a factor of 20 J mL™" O,, which is a mean of published values (2).
The temperature normalization calculation uses taxon-specific conversion factors
(Qy) as described in SI Appendix.

Mass and Power at the Biosphere Level.

Mass estimates. With the exception of humanity and marine consumers in sedi-
ments, 0to 0.1m, all mass estimates are taken from the literature cited in Table 1.
The methodology for estimating the masses of humanity and marine sediments
(0to 0.1m) s discussed in detail in S/ Appendix and summarized briefly below:
Humanity. We base our estimate on the UN-FAO global population estimate of
8.0 billion in late 2022 and an estimated average human carbon mass of 11 =
5kg C.The latter number is based on an all-ages average carbon mass for the US
population of 17.3 kg C(69), scaled down to account for differences in mass and
other factors in the global vs. US populations [(70); see SI Appendix].

Marine sediments (0 to 0.7m). The mass estimate is based on a mean microbial
cell abundance of 1.3 x 10" cells m™ in the bioturbated upper layer of the
global seabed (71) and an average cell carbon mass of 23 fg C for cells in the 0
to 0.1 minterval (72). This estimate does not include contributions from seabed
animals or sediments underlying ocean gyres, which we find to be negligible
(SI Appendix, section 2).

Power estimates. Power estimates are based on published global chemical (pri-
marily carbon) fluxes using the relations and energy conversion factors described
below. The rationale underlying the choice of flux estimates and energy conver-
sion factors is discussed in detail in S/ Appendix.

Marine Primary Producers (Photon Capture): Pypoonmaine = NPPrraine®
(1 /(p max—marine)*Ephoton

NPP.iine: the global NPP attributable to marine phototrophs, is (1.38 = 0.1)
x 10%mol Cs™", converted from 52.1 = 3.8 Pg Cy ™" (22); dracamarines the max-
imum quantum yield of net carbon fixation (73), is 0.025 = 0.002 mol C (mol
photons) ™" (22); and Eshoton the spectrum-weighted mean energy of photonsin
the PAR portion of the visible ||ghts§)ectrum is2.1 x 10°J (mol photons)~" [con-
verted from 2.77 x 107" quantas kw™"; (74)].

Marine Primary Producers (Autotroph/c Respiration): Pugmaine = —AGpg*
(GPPmar'\ne - NPPmarine)

AGyg, the Gibbs energy change associated with autotrophic respiration, is
—4.74 % 10° J (mol C)” GPPmarme, the global GPP attributable to marine pho-
totrophs, is (3.4 + 0.4) x 10% mol Cs™, based on a range of 103 to 150 Pg C

y ' (21); and NPP, .. is as above.

Terrestrial Primary Producers (Photon Capture): Pygonsen = GPPrerestia (1
max terresma\)*Ephoton
,e,,%st,,a“ the global GPP attributable to terrestrial phototrophs is (3.0 to
5.0) x 10° mol Cs™", converted from 115 to 190 Pg Cy ™" for the period 1982
t0 2016 (20, 75); @ maxterrestiar the maximum quantum yield of gross carbon
fixation, is 0.053 = 0.003 mol C (mol photons) ™" (based on data in ref. 73); and
Eohoton 1S @5 above.

Terrestrial Primary Producers (Autotrophic Respiration): Ppg.ee = —AGpg*Rag

Rz @ direct estimate of the global rate of autotrophic respiration in terrestrial
phototrophs, is (1.7 £ 0.3) x 10% mol Cs™", converted from 64 + 12 Pg Cy™’
(76); AGygis as above.

Marine Consumers (Pelagic): Pug petagic = = AGyc* (NPP e = Jepentnic

AG,,, the Gibbs energy change associated with aerobic respiration of marine
organic matter, is -4.43 x 10°J (Mol C)™"; J¢ pentsic the globally integrated flux of
pamculate organic carbon to the seabed, is estimated at (7.9 + 1.9) x 10° mol
Cs™' (Sl Appendix, section 3.2); and NPP, . . is as above.

Marine Heterotrophic Consumers (Sediments, 0-0.1 m): Pgceaso 10 01) =
_AGMC RC aerobic

Reaeobic: the globally integrated rate of aerobic respiration of carbon in the
seabed, is, 6.7 = 1.7 x 10 mol Cs™", converted from 212 = 55 Tmol Cy~" (77);
and AGy, is as above. We find thatthe power associated with both anaerobic res-
piration of carbon within the 0 to 0.1m sediment interval and aerobic respiration
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in sediments deeper than 0.1 mis negligible in relation to the power associated
with aerobic respiration in the 0 to 0.1m interval (S/ Appendix, section 3.2).
Marine Heterotrophic Consumers (Sediments >0.T m): Py a0t m) =
(_AGMC*RC-deep/aerobic) + (_AGMC-SO4*RC-deep/su\fate) + (_AGSR*0'1 25*Rdeep/radiolysis)
This formulation recognizes that both aerobic and sulfate-based respiration
of organic carbon and respiration based on oxidants and reductants produced by
water radiolysis contributes to the power associated with deep sediment popula-
tions. Here, Re.geepraeronics the globally integrated rate of aerobic carbon respiration
in sediments deeper than 0.1m, is 1.43 x 10° mol Cs™" (estimated as a fraction
of the global subseafloor aerobic respiration of 18 Tg Cy™" reported by ref.(31);
see SIAppendix); R geepisuiites the globally integrated rate of sulfate-based carbon
respiration in sediments deeper than 0.1 m, is 1.94 x 10° mol Cs™' [estimated
as a fraction of the global seabed sulfate reduction rate of 45 Tmol Sy‘1 (78); see
S1 Appendix, section 3.2]; Ryeeqragiolsiss the globally integrated rate of radiolytic
reductant production in sediments deeperthan 0.1 m, is 8.6 x 10° mol electron
equivalents per second, and the coefficient of that term (0.125) accounts for the
1:8 stoichiometry of electron equivalents to sulfate in the complete reduction
of sulfate to sulfide (79); AGyyc is as above; AGyos the Gibbs energy change
associated with sulfate-based respiration of marine organic matter, is —=3.22 x
10* J (mol C)™"; and AGg, the Gibbs energy change associated with sulfate
reduction, is —2.74 x 10° J (mol 50,7)".
Terrestrial Heterotrophic Consumers (Soils 0-8 m): Pyg.goits = —AG*Ryg
Here, AGy, the Gibbs energy change associated with aerobic respiration of
terrestrial organic matter, is —4.83 x 10%J(mol C)"; and Ry the global rate of
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