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Synopsis  New biophysical theory and electronic databases raise the prospect of deriving fundamental rules of life, a con-
ceptual framework for how the structures and functions of molecules, cells, and individual organisms give rise to emergent
patterns and processes of ecology, evolution, and biodiversity. This framework is very general, applying across taxa of animals
from 10710 g protists to 108 g whales, and across environments from deserts and abyssal depths to rain forests and coral reefs.
It has several hallmarks:

(1) Energy is the ultimate limiting resource for organisms and the currency of biological fitness.

(2) Most organisms are nearly equally fit, because in each generation at steady state they transfer an equal quantity of energy
(~22.4KJ/g) and biomass (~1 g/g) to surviving offspring. This is the equal fitness paradigm (EFP).

(3) The enormous diversity of life histories is due largely to variation in metabolic rates (e.g., energy uptake and expenditure via
assimilation, respiration, and production) and biological times (e.g., generation time). As in standard allometric and metabolic
theory, most physiological and life history traits scale approximately as quarter-power functions of body mass, m (rates as
~m~* and times as ~m'/*), and as exponential functions of temperature.

(4) Time is the fourth dimension of life. Generation time is the pace of life.

(5) There is, however, considerable variation not accounted for by the above scalings and existing theories. Much of this “unex-
plained” variation is due to natural selection on life history traits to adapt the biological times of generations to the clock times
of geochronological environmental cycles.

(6) Most work on biological scaling and metabolic ecology has focused on respiration rate. The emerging synthesis applies
conceptual foundations of energetics and the EFP to shift the focus to production rate and generation time.

Introduction and nanoseconds at the molecular level to kilometers

Recent advances in theory and data raise the prospect of
a new synthesis for ecology. This synthesis is based ex-
plicitly on energy and metabolism, on laws of physics,
and first principles of biology. It shows how the struc-
ture and function of molecules, cells, and individual or-
ganisms give rise to emergent patterns and processes
of populations, communities, and ecosystems. It scales
up and down: (i) across space and time, from microns
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and millennia at the biosphere level; (ii) across body
sizes and taxa of animals, from 107'° g protists to 10® g
whales; and (iii) across environments, from sparsely in-
habited deserts and abyssal depths to biologically rich
tropical forests and coral reefs (Hutchinson 1959; Van
Valen 1973, 1980; Brown 1981, 1995; Brown et al. 2004,
2018; Loreau, M. 2010; Sibly et al. 2012; Worm and Tit-
tensor 2018; Burger et al. 2021).
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This new ecological synthesis is based on unifying
themes of metabolic energy and biological time:

Metabolism. It is the uptake, processing, and release
of energy and materials by organisms. The rates of
metabolic processes link biochemistry and physiology
to emergent patterns and processes of ecology and evo-
lution (e.g., Hutchinson 1959; Brown 1981, 1995; Peters
1983; Brown et al. 2004; Marquet et al. 2005; Schramski
et al. 2015; Hatton et al. 2015, 2019). The most relevant
metabolic rate is the rate of biomass production: the rate
at which biomass energy assimilated from the environ-
ment is passed on to surviving offspring.

Biological time. It is the pace of life—the speed of
living—plays out in biological time rather than clock or
geochronological time (e.g., Winfree 1980; Calder 1984;
Gillooly et al. 2002). The most relevant biological time is
generation time. At all levels from molecules to ecosys-
tems, generation time rescales the pace of life, adjusting
metabolic processes to intrinsic biological constraints
of body size and temperature and to extrinsic environ-
mental conditions of abiotic stress, biotic interactions,
and diel, lunar and annual cycles.

Energy is the currency of biological fitness, the ulti-
mate limiting resource for living things. As Boltzmann
(1886) pointed out “The ‘struggle for existence’ of liv-
ing beings is . . . for the possession of the free energy
obtained, chiefly by means of the green plant, from the
transfer of radiant energy from the hot sun to the cold
earth.” See also Lotka (1922), Odum (1971), Van Valen
(1980), Brown (1981, 1995, Brown et al. (2004, 2018).
Solar energy, captured in organic molecules by net pri-
mary production of photosynthetic plants, is trans-
formed by metabolic processes, used by individual or-
ganisms to synthesize ATP and produce offspring, and
passed through the food chains of ecosystems. Biophys-
ical laws govern the fluxes and stocks of energy, and
the resulting patterns of structure and function reflect
universal rules of life. This paper focuses on animals,
from unicellular protists to giant invertebrates and ver-
tebrates, but the biophysical laws and basic metabolic
theory should apply to all organisms, including plants
and microbes.

One cornerstone of the emerging synthesis is the
equal fitness paradigm (EFP; Brown et al. 2018, Burger
etal. 2021). When populations are stable, which usually
is approximated over modest scales of space and time,
parents pass an equal quantity of energy (22.4 kJ/g) and
mass (1 g/g) to surviving offspring in the next gener-
ation. This unifying commonality underlies the amaz-
ing diversity of living things, which span many orders
of magnitude in body mass, physiological rates, and bi-
ological times, from unicellular microbes to giant clams,
fish, whales, dinosaurs, and trees. Another cornerstone
is the systematic scaling of life history traits with body
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size and temperature. These “scaling laws” reflect pow-
erful biophysical constraints, but they are not abso-
lute (Peters 1983; Calder 1984; Schmidt-Neilson 1984;
Brown et al. 2004; Sibly et al. 2012; Uyeda et al. 2017).
In large part, this is because anatomical, physiological,
and life history traits have been modified by natural se-
lection to adapt the intrinsic biological times of gener-
ations to the extrinsic clock times of geochronological
cycles.

The goal of this paper and the emerging metabolic
theory of life history is to explain both the common
themes and the patterns of variation based on a small
number of well-established “scientific laws” and “empir-
ical facts.” In this synthesis paper, we focus on how en-
ergy balance constrains the allocation of assimilated en-
ergy between respiration and production, and how this
allocation affects variation in life history traits, includ-
ing the pervasive quarter-power scaling with body mass
and Q¢ scaling with temperature.

Energy and fitness
The EFP

We start with Boltzmann’s foundational principle that
energy, the ultimate limiting resource for living things,
is the currency of biological fitness. Energy allocation to
fitness can be quantified as

E = P, GFQ, (1)

where E is energetic fitness, the quantity of biomass en-
ergy passed from a parent to a surviving offspring in one
generation, P,y is mass-specific rate of cohort biomass
production amortized over a generation, G is the gen-
eration time from birth to death, F is the fraction of
production that is passed through to surviving offspring,
and Q is the energy density of biomass (=~ 22.4 kJ/g dry
weight). Q1is essentially constant, because protoplasm of
most organisms has similar chemical and energy con-
tent. Consequently, the above equation can be simpli-
fied and rewritten as

M =1 =P, GF, (2)

where M is the quantity of biomass passed from a par-
ent to surviving offspring in units of mass per body
mass per generation (e.g., g/g per generation), P, is the
mass-specific rate of cohort biomass production in units
of mass per body mass per time (e.g., g/g/y), G is the
generation time in units of time (e.g., y), and F is the
unitless fraction of production passed on to the surviv-
ing oftspring that replaces its parent. This simplification
allows quantification of fitness and metabolic parame-
ters in units of mass, and it facilitates empirical tests of
the theory using large electronic databases on diverse
organisms.
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Fig. | Energy and mass balance for an animal population (the cohort of offspring produced at steady state by an average parent over its
lifespan). A newly independent juvenile assimilates biomass from the environment, allocates it between production and respiration, grows
to mature size, and dies after investing in offspring, most of which die before maturing, but one survives to replace the parent. There is
energy and mass balance, because all biomass energy taken in from the environment as assimilation is ultimately returned to the
environment as respiration plus mortality. This diagram is for a simple life history with determinate growth and semelparous reproduction,

but more complicated ones could easily be constructed.

Equation (1) is the seminal equation of the EFP.
It is a tautology in the sense that at steady state or-
ganisms are equally fit because each generation par-
ents replace themselves—joule-per-joule, gram-per-
gram, and individual-per-individual—with surviving
offspring (Brown et al. 2018; Burger et al. 2021). The
EFP is also a law of nature. Given its assumption of
steady state and definition of parameters, there can be
no exceptions. In this respect, it is similar to the Hardy-
Weinberg equilibrium (HWE) of genetics. By making
the assumption of steady state, the HWE predicts the
frequencies of alleles and genotypes for Mendelian traits
and provides a quantitative theoretical basis for much
of population genetics and evolutionary biology (Hartl
and Clarke 2007). Similarly, by making the assumption
of steady state, the EFP predicts allocations of energy
and mass to basic life history traits. Both the HWE and
the EFP can be extended to account for cases when the
steady state assumption no longer holds, such as re-
sponses to natural selection and environmental change.

Energy and mass balance

The foundational principle that biological fitness can be
quantified in physical terms marks a departure from tra-

ditional evolutionary biology, where fitness has been de-
fined in terms of differential survival and reproduction
of genes or phenotypes. The biophysical laws of ther-
modynamics and energetics allow the contribution of
a gene, quantitative trait, or individual organism to the
next generation—its fitness—to be reformulated from
biological units of survival and reproduction to physi-
cal units of energy and mass. This reformulation is im-
portant, because it explicitly shows how the biological
laws of population dynamics and evolution by natural
selection arise from the physical laws of thermodynam-
ics and the underlying processes of molecular-, cellular-
, and individual organism-level biology. Interestingly,
the modern synthesis of evolution in the 20th Cen-
tury focused on mathematical theory and the molecular
mechanisms of inheritance and largely ignored energet-
ics and metabolism.

The First Law of Thermodynamics dictates that en-
ergy and mass are conserved. For an animal population,
this can be quantified in an energy- or mass-balance di-
agram (Fig. 1). Biomass energy in food is taken into the
body from the environment by assimilation, A, trans-
formed by biochemical and physiological processes to
perform the work of survival and reproduction, and
ultimately returned to the environment. The Second
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Law of Thermodynamics dictates that such transforma-
tions are always inefficient; some of the energy is dis-
sipated as heat. Most assimilated energy is expended
on oxidative respiration, R. Organic molecules of food
are catabolized and some of the energy is transferred
to ATP molecules, which are transported around the
body and used to fuel the biological work of main-
tenance and activity. The end products of respiratory
metabolism (carbon dioxide, water, and heat) are re-
leased back into the environment. However, some as-
similated organic molecules are not catabolized; they
are passed on to the next generation with energy in-
tact as production, P, in the form of growth and re-
production. One fraction, F, of production is passed on
to surviving offspring and realized as fitness. The re-
maining fraction, (1 — F), is dissipated in the ecosys-
tem, mostly as mortality of offspring which die without
reproducing.

The EPF is a direct consequence of energy balance of
a population at steady state:

Acth = Rcoh G+ Pcth
= Reon +FPcth+(1 —F)thG, (3)

where A, is the rate of cohort biomass energy assimila-
tion from the environment, R, is the rate of cohort en-
ergy expenditure on respiration, P,y is the rate of cohort
energy production, and F is the fraction of cohort pro-
duction passed on to the offspring that survive to repro-
duce and replace their parents, all amortized over gen-
eration time, G. Energy and mass balance (Equations
1 and 2) dictate that at steady state all organisms are
equally fit, because on a mass-specific basis and a time
scale of one generation, they all pass the same quantities
of energy (E = 22.4 kJ/g) and biomass (M = 1 g/g) to
their surviving offspring.

Steady state and demographic balance

The steady state assumption of the EFP requires that
the population is in demographic as well as energy bal-
ance. Population size remains constant when an average
parent exactly replaces itself in one generation with one
mature reproducing offspring. So,

%:r:O,b:d, Ry =1, (4)
where ‘%7, r, band d, are, respectively, the rates of pop-
ulation growth, increase, birth, and death, and Ry is
the net replacement per generation. As addressed in
more detail elsewhere (Burger et al. 2019; Gaillard and
Lemaitre 2020; Kearney et al. 2021), the demographic
balance constraint is important for linking production
to mortality, explaining the tradeoff between number
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and size of offspring, and accounting for the magnitude
of F:

F = _ M , (5)
2n'lA + Dmor
x=G
where D,,,,, = myd, is the biomass of offspring of
x=0

mass m, and age x, which die d,, before maturing; m4
is the mass of a parent which dies after reproducing; and
the 2 reflects the two-for-two replacement of male and
female parents at demographic steady state in a sexual
animal.

Scaling relations
Correlations with body size and temperature

There can be no exceptions to the EFP, given the above
assumptions and definitions. Energetic fitness is con-
stant because of the precise and pervasive tradeoft be-
tween net production rate, P, F, and generation time, G
(Fig. 2). Although the product, E or M, in Equations (1)
and (2) is invariant, there is wide variation in the under-
lying variables, P.,;,, G, and F. Much of this variation is
correlated with body size and temperature. Body sizes of
animals vary by many orders of magnitude, from 1071
g protists to 10® g whales and dinosaurs (McMahon and
Bonner 1983; Peters 1983; Smith 2021). Body tempera-
tures typically vary about 40-fold over the typical tem-
perature range of 0-40°C. The correlations of most bi-
ological traits with body size and temperature can be
quantified by statistical analyses and fitted by analytical
equations of the form

Y =Y, m¥et, (6)

where Y is the value of the trait, Y, is the normaliza-
tion coeflicient, m is the body mass, « is the mass-
scaling exponent, e is the root of the natural logarithm,
E, is the “activation energy” which gives the tempera-
ture dependence, k is the Boltzmann’s constant, and ¢ is
the temperature in Kelvin (e.g., Kleiber 1932; Lindstedt
and Calder 1981; McMahon and Bonner 1983; Peters
1983; Calder 1984; Schmidt-Nielsen 1984; Brown 1995;
Brown et al. 2004; Gillooly et al. 2001, 2002; White and
Kearney 2011; Sibly et al. 2012). Many empirical studies
(e.g., Figs. 3 and 4) have shown that for mass-specific
metabolic and many other rates « ~ —1/4 and E, &
—0.65 eV (~ Q9 ~2.5). Signs of the exponents are re-
versed for biological times, so &~ 1/4and E, ~ 0.65 eV
(Brown et al. 2004; Sibly et al. 2012; Hatton et al. 2019).
These scaling relations generally apply both over on-
togeny within species where body mass, 1, varies with
age, x, and across species, which differ in adult body
size, my.
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Fig. 2 Cartoons showing hypothetical patterns of variation in allocation of energy to fitness, P, F, generation time, G, and energetic fitness,
E = P, GF, as functions of body mass. Shown are data for multiple species in two taxa (green and blue) and single deviant individuals (red
and purple). Because of the tradeoff between P»F and G, the product, E, is invariant and fitness is equal across species at steady state.
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Fig. 3 Variation in individual production rate and lifespan as functions of body mass (from Brown et al. 2018). Note that the overall scaling

relations, plotted on logarithmic axes, have equal but opposite slopes: B = 2 54m~°2% and G = 2 97m°?%;and exponents very similar to

—1/4 and /4, respectively, as predicted for standard metabolic scaling, but there is considerable variation within and between taxa. Some
of this is undoubtedly because the traits plotted here are not defined and measured the same as the cohort production rate, P, and the
generation time, G, of the EFP (Equation ). Sufficiently detailed and accurate metabolic life tables are only available for a very few species.

Temperature dependence gives similar equal but opposite scaling relations (e.g., Gillooly et al. 2001, 2002).

In many empirical and theoretical studies, it has been
assumed that the relevant body size is the mass of a ma-
ture reproducing individual, m4 The robustness and
usefulness of this assumption depends on the relative
size of offspring at independence, whether growth is
determinate (asymptotic as in many birds and mam-
mals) or indeterminate (continuous throughout life as
in many fish), and whether reproduction is semelparous
(a single bout as in salmon and many invertebrates)
or iteroparous (multiple bouts as in most vertebrates).
These complications are addressed in more detail else-
where (Burger et al. 2019; Burger et al. 2021)

Dimensional analysis and the principle of
similitude

Relationships among variables follow from dimensional
analysis. Metabolism, life history, and demography all

involve transformations of molecules, so turnover rates
of energy, ATP, oxygen, carbon dioxide, water, biomass,
and individuals can all be expressed in units of mass per
time. The rates of cohort assimilation, respiration, and
production are mass-specific, the relevant mass is body
mass, m. The relevant time scale is generation time, G,
the time for turnover of energy, biomass, and individ-
uals in a complete life cycle from independence of an
offspring to death of its parents. So, at steady state, mass-
specific and population-level rates are proportional:

dN 1

Acon Reon Peon E 6 s (7)

and the net population replacement rate per generation
Ry =1.

We can express the scalings of metabolic and other

rates with body mass and temperature using Equation
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Fig. 4 Scalings of life history traits with body mass among taxa and lifestyles of placental mammals: (A) Variation in rate of maternal
investment (in g/gly) as a function of body mass (in g) plotted on logarithmic axes. Overall,across 637 species, the exponent (¢ = —0.27) is
close to the predicted scaling (@ = m~'/# ). But scalings of some orders are offset with different normalization constants (i.e.,
conspicuously lower in bats and primates and higher in rodents, lagamorphs, artiodactyls, and some carnivores). In addition, some taxa
(four are circled) deviate conspicupously from the vast majority of other mammals. Note, the rate of “maternal investment” plotted here
(mass of newborn times number per litter times number of litters per year) does not include allocations to growth and lactation, so it not
the same as the production rate (P.) in Equations (1) and (2). Replotted from Sibly and Brown (2007). (B) Variation in maximum lifespan
(in year) as a function of body mass (in gram) across 776 species as a function of habitat. When analyzed separately, arboreal (unfilled
symbols) and terrestrial (filled symbols) mammals have similar scaling exponents (¢ = 0.25 and 0.22, respectively, and both close to the
predicted o = 0.25). But the scalings of the two groups are offset—i.e., with significantly different normalization coefficients; arboreal
species on average live about 25% longer than terrestrial species of the same size. Note (i) the arboreal species include bats and primates,
which are among the mammals with the lowest rates of maternal investment in Fig. 5A;and (i) the maximum lifespan plotted here is not
the same as the generation time, G, in Equations (I) and (2). From Shattuck and Williams (2010).

(6) for the cohort or population level as

o B
An m %e® and G m“en | (8)

and for the individual- or whole-organism levels as

Bind Rcohe% m e m' e 9)
The pioneers of biological allometry recognized that
most biological rates scale with the same exponents,
and biological times with the same values but opposite
signs. D’Arcy Thompson termed this “the principle of
similitude” (Thompson 1961; Kleiber 196I; Peters 1983;
for temperature dependence see Gillooly et al. (2001,
2002). It is straightforward to extend this principle and
dimensional analysis to all levels of biological organi-
zation (i.e., molecular, cellular, whole-organism, popu-
lation, ecosystem, and biosphere). This begs the ques-
tion, however, of what determines the values of the ex-
ponents. The temperature dependence, with E,;0 65 eV
and Q;( ~ 2.5, is consistent with Arrhenius-Boltzmann
kinetics of biochemical processes. But a general expla-
nation for the pervasive “quarter-power” scaling with
body mass has proven more elusive.

The fourth dimension of life is time

Ever since Kleiber’s pioneering work almost a century
ago, the vast majority of empirical studies have found

body mass-scaling exponents very close to simple mul-
tiples of 1/4 (e.g., Kleiber 1932; Lindstedt and Calder
1981; McMahon and Bonner 1983; Peters 1983; Calder
1984; Schmidt-Nielsen 1984; Brown 1995; Sibly et al.
2012; Hatton et al. 2019). So much so that the m3/4
scaling of whole-organism respiration rate (Equation 9)
has come to be called “Kleiber’s rule,” and there have
been many efforts to account for the pervasive “quarter-
power” exponents.

Most studies have focused on respiration rate, usually
referred to simply as “metabolic rate.” Many of them are
based on models of the vascular or respiratory systems
which supply the resources and remove the wastes of
respiratory metabolism. Many—but by no means all—
of these models assume or predict fractal-like branching
consistent with power-law scaling with quarter-power
exponents. However, there is enormous variation across
the diversity of animals in the structural and function
of resource supply networks, not only among different
taxonomic and functional groups of species, such as
aquatic invertebrates, insects, fish, and mammals, but
also among different organ systems within individual
animals, such as arterial, venous, pulmonary, renal, and
digestive systems of a mammal (e.g., West et al. 1997;
Banavar et al. 1999, 2010; Aitkenhead et al. 2020). Con-
sequently many of the models based on resource supply
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are consistent with quarter-power scaling, but they are
not definitive. There is currently no general theory that
can encompass the diversity and account for the perva-
siveness of Kleiber’s rule.

Recently, we (Burger et al. 2021) have followed others
(e.g., Blum 1977; Winfree 1980; Ginzburg and Damuth
2008) in proposing that the four in the denominator of
the body mass scaling exponents reflects the dimension
of biological time.

The static features of organisms can be measured
by the three standard dimensions of geometry (length,
L, surface area, A, and volume, V), which scale with
third powers L~ V'3, A V?/3; because the com-
position and density of protoplasm is similar across or-
ganisms, V. m. A fourth dimension, time, t, is re-
quired to capture dynamics. As eminent physicist Mur-
ray Gell-Mann remarked to James Brown, “Every physi-
cist knows that the fourth dimension is always time.” In-
deed, this is well-established in physics, where Riemann
(1868) and Minkowski (1909) and others used it to
lay the foundations for Einstein’s theory of relativity
(Moller 1923). And in engineering, where, for example,
“The fourth-power law has been used for >40 years to
assist the modeling of the damage that accumulates in
pavements due to different traffic load levels and dif-
fering numbers of load applications” (Dawson 2008).
Also, directly relevant is the well-established empirical
evidence that a wide variety of biological times, from
small-scale molecular and cellular processes to large-
scale population and ecosystem phenomena, all scale
approximately as m'/* (e.g., Lindstedt and Calder 1981;
Calder 1984; Brown 1995; West et al. 1999; Noujaim et
al. 2004; Brown et al. 2004; Savage et al. 2004; Brown
et al 2018). Intuitively, times of ontogenetic develop-
ment and population dynamics scale positively with
body mass for thermodynamic reasons: it takes longer
to build larger, more complicated bodies, so to be fit they
must last longer.

If we accept the empirical evidence that ¢~ m'/* and
tentatively assume that biological time is the fourth di-
mension, then the above dimensional analysis and prin-
ciple of similitude provide a unifying explanation for
the pervasive quarter-power scalings: time is the recip-
rocal of rate, so if generation time sets the pace of life
and other biological times scale as m!/%, then mass-
specific metabolic rate and most other rates must scale
as m~Y/* (Equations 7 and 8). Previous authors have
made similar or somewhat different conjectures that
the fourth dimension is time (e.g., Blum 1977; Winfree
1980; Ginzburg and Damuth 2008). Our argument is
novel in invoking the equal fitness paradigm and high-
lighting the importance of generation time, G, in Equa-
tions (1) and (2), as the fundamental time scale of fitness
and the pace of life.
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Senescence and mortality

The quarter-power scaling of biological time and the
tradeoff between P, F and G in Equations (1) and (2)
call attention to the importance of generation time and
its reciprocal, mortality rate. All animals are mortal.
This appears to be a uniquely biological consequence
of the Second Law of Thermodynamics. As the body
ages, entropic damage and disfunction accumulate, and
death ultimately ensues. Sexual reproduction—the join-
ing of sperm and egg to form a zygote and create a new
individual—restarts the biological clock.

Metabolism causes aging. Free radicals and other re-
active compounds produced in oxidative respiration
cause molecular and cellular damage that accumulates
over the lifespan, increasingly impairing function. Be-
cause generation time scales as ~ mi and mass-specific
respiration rate as ~ m %, all animals age at approx-
imately the same rate after adjusting for the pace of
life. Smaller and warmer animals live faster and die
younger than larger and cooler ones, but they all have
an approximately equal number, ~ mim™i  ~m,
of ATP turnovers, cell divisions, and heartbeats in a life-
time. This empirical observation led to the formulation
of rate of living theories (ROL: e.g., Rubner 1908; Pearl
1928; Speakman 2005; Furness and Speakman 2008). It
has become increasingly clear, however, that although
metabolic aging can be an important cause of senes-
cence and death in modern humans and animals in
captivity, other causes predominate in natural popula-
tions where few individuals live long enough to become
senescent. We conjecture that although the correlations
among lifespan, respiration rate, and body mass reflect
mechanistic linkages between the oxidative metabolism
and processes of aging, senescence, and mortality, the
scaling of mortality rate and resulting pace of life in wild
animal populations is not set by molecular and cellular
damage due to oxidative respiration, but by the ener-
getics of fitness and the pervasive relationship between
production rate and generation time.

Exponential growth, density-dependence, and
the Red Queen

The ecological and evolutionary dynamics of natu-
ral populations play out in the context of ecosys-
tems, such as Darwin’s (1859)iconic tangled bank: “It is
interesting to contemplate a tangled bank, clothed with
many plants of many kinds, with birds singing on the
bushes, with various insects flitting about, and with
worms crawling through the damp earth, and to re-
flect that these elaborately constructed forms, so differ-
ent from each other, and dependent upon each other in
so complex a manner, have all been produced by laws
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acting around us.” The most relevant are the laws of
Malthusian population dynamics, Darwinian evolution
by natural selection, and Red Queen zero sum game for
energy.

The Malthusian-Darwinian dynamic. At small scales
of space and time, the steady-state assumption of de-
mographic equilibrium and the EFP is continually vi-
olated: individuals leave varying numbers of descen-
dants, and populations fluctuate. The ecology and evo-
lution of populations are governed by the Malthu-
sian law of population growth and the Darwinian law
of evolution by natural selection (MDD; Brown 1995;
Nekola et al. 2013). When sufficient resources are avail-
able and other environmental conditions are favorable,
populations grow exponentially. There is “r-selection”
for high production rate and associated traits such as
fast growth, rapid maturity, and high fecundity. How-
ever, exponential population growth cannot continue
indefinitely in a limited environment. Increases are
checked by resource limitation and density-dependent
processes: proximally by competitive, predatory, par-
asitic, pathogenic, and mutualistic interactions within
and among species, and ultimately by the limited supply
of net primary production (e.g., Van Valen 1973, 1980;
Boltzmann 1886; Brown et al. 2004, 2018; Burger et al.
2021). As populations stop growing, there is a shift to-
ward “K-selection” for traits that trade off the high pro-
duction rate for greater survival and reproduction in
crowded, resource-limited environments: for traits such
as slower growth, delayed maturity, increased longevity,
and enhanced competitive ability (Pianka 1970; Sibly
and Calow 1987).

The Red Queen. As a population increases in abun-
dance, so does the number and strength of interactions
with other species: competition, predation, parasitism,
and disease. The niches of coexisting species are in con-
stant flux as abundances fluctuate and traits respond to
selection. At larger scales of space and time, the net re-
sult of the many small-scale compensatory dynamics is
a zero sum game for the limited energy of net primary
production at the larger scales of ecosystems and the
biosphere (e.g., Boltzmann 1886; Van Valen 1977, 1980;
Brown et al. 2018; Burger et al. 2021). Van Valen called
this the Red Queen phenomenon, by analogy to Lewis
Caroll’s character who had to keep running just to stay
in the race. The Red Queen limits dominance of pop-
ulations, facilitates coexistence of species, and main-
tains biodiversity. The Red Queen runs at the speed of
metabolism (Equation 6). Smaller and warmer animals
grow, live, and die, and evolve faster, and are more nu-
merous and diverse in ecosystems and the biosphere
than larger and colder species (e.g., Hutchinson 1959;
Brown 1981, 1995, 2014; Worm and Tittensor 2018).
But to keep pace in the Malthusian-Darwinian-Red

J.H. Brown et al.

Queen struggle for existence, each species must con-
form to the EFP and assimilate enough biomass in a
generation for parents to produce 22.4 kJ/g and 1 g/g
of surviving offspring.

The “residual’ variation and the role of
natural selection

The patterns of constrained variation with body size
and temperature (Equation 6 and above) have often
been termed biological scaling laws. This is a misnomer;
they are not invariant laws of nature. They still beg
for theoretical explanation. They are empirical corre-
lations that can be quantified statistically in terms of
central values and residual variation. Some of the vari-
ation is undoubtedly due to error: including inconsis-
tent definitions, inaccurate measurements, and differ-
ent statistical methods (e.g., White and Kearney 2011).
Issues of data quality and comparability notwithstand-
ing, much of the variation is undoubtedly real. Some
of it is the essentially random or unexplained scatter
about the central tendency in any empirical dataset. In
addition, however, three patterns of variation are rele-
vant to any theory of biological scaling and life history
(Figs. 4-6).

Similar exponents, different normalization coefficients.
There are many examples of different taxonomic and
functional groups with similar exponents but differ-
ent normalization coefficients, resulting in approxi-
mately parallel but offset distributions on logarithmic
axes (e.g., Figs. 4 and 5). Many of these cases con-
form to the principle of similitude (Thompson’s 1961)
and standard metabolic theory, with o ~ —1/4 and
E, ~ —0.65 eV (e.g., Peters 1983; Brown 1995; Sibly
and Brown 2007; Hamilton et al. 2011; Sibly et al.
2012). For example, primates and bats have slower
life histories—lower production rates and correspond-
ingly longer lifespans—than similar-sized rodents, lago-
morphs, and artiodactyls (Figs. 4 and 5).

Deviant values. Some species and taxonomic or func-
tional groups have trait values that deviate substan-
tially from the statistically fitted regression line based
on group membership or the value predicted from stan-
dard scaling theory (see examples in Fig. 4A). Often the
variation is modest, within one or two standard devia-
tions from the mean value. An extreme case is the more
than two orders of magnitude variation in generation
times of insects weighing approximately 2 g: from 3 or
4 months in some tropical locusts to 204 months in 17-
year cicadas (Fig. 5).

Variation in F and life history tradeoffs. Some of the
variation that is not “explained” by body size (or temper-
ature) may be associated with life history traits. Figure
6 shows preliminary data for a small sample of ani-
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Fig. 5 Cartoons showing examples of large deviations from group-wide scaling relations due to selection to adjust the biological time of
the life history to the clock time of geochronological events. Above, in mammals: many species have generation times (left) and production
rates (right) that scale with body mass approximately as predicted by metabolic theory (black symbols) with quarter-power exponents
(dashed lines); but baleen whales (red symbols) and temperate rodents (tan symbols) deviate in having generation times of ~3-5 years and
| year, respectively, to fit biological cycles of reproduction and survival to annual cycles of favorable environmental conditions. Below, in
insects: many species have generation times (left) and production rates (right) that scale with body mass approximately as predicted by
metabolic theory (green symbols); but many other insects are univoltine, one generation per year (red symbols), reflecting adaptations to
use diapause and other strategies to fit growth, reproduction, and survival within favorable seasons of an annual cycle. Species that weigh
~2 g exhibit extreme variation, with some tropical locusts having 4 or 5 generations per year and |7-year cicadas living almost two
decades. Note, however, as shown in the inserts, that at steady state, all mammals, insects (and other taxa as well) have equal energetic

fitness and pass | g/g of biomass to surviving offspring each generation.

mals on variation in F, the fraction of cohort produc-
tion passed through to surviving offspring (Equations
1,2, and 5). Interestingly, F does not appear to scale
with body mass of either adult or offspring, but to vary
systematically with the number and relative size of oft-
spring. Animals that produce just a few large offspring
allocate a large fraction of production to them and have
relatively high values of F. Those that produce enor-
mous numbers of miniscule offspring have high values
of (1-F), lose larger fractions of cohort production to
pre-reproductive mortality, and contribute more “sec-
ondary productivity” to energy flow in ecosystems (Fig.
6). More data and theory will be required to address
how F may depend on whether growth is determinate
(asymptotic as in many birds and mammals) or inde-
terminate (continuous throughout life as in many fish),
and whether reproduction is semelparous (a single bout
as in salmon and many invertebrates) or iteroparous
(multiple bouts as in most vertebrates). Such complica-
tions are beyond the scope of this paper (but see Brown
et al. 2018; Burger et al. 2019, 2021).

The role of natural selection

The variation and deviations warrant more attention
than they have received to date—and more than we give
them here. Many are due to natural selection. As an-
cestors of lineages speciated and interacted with diverse
abiotic conditions and coexisting species, they evolved
diverse life histories. The result is an interesting du-
ality. On the one hand, biophysical limits have pow-
erfully constrained the possible space of physiological
and life history traits (e.g., Charnov 1993; Brown 1995;
Brown et al. 2004, 2018; Babich Morrow et al. 2021).
On the other hand, natural selection has acted power-
fully to fill the space within the limits, not only with
scalings with body size, temperature, and other fac-
tors but also with adaptive deviations from these scal-
ings (e.g., Peters 1983; Calder 1984; Enquist et al. 2015;
Burger et al. 2019).

Many deviations from the standard scaling relations
are due to selection on generation time. The sched-
ules of births and deaths, production and mortality
have evolved to adaptively adjust the biological time
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production (sometimes >95%) in the ecosystem.

scale, measured in generations, to the scales of extrin-
sic astronomical and environmental cycles measured
in clock time of milliseconds to millennia. An exten-
sive literature on circadian rhythms documents how
biological activities have been modified to fit diel cy-
cles (e.g., Winfree 1980; Bernhardt et al. 2020). Plank-
ton migrate vertically through changing water depths,
temperatures, and light regimes to feed, avoid preda-
tors and regulate their metabolic rates. The smallest di-
urnal birds and nocturnal mammals forage voraciously
during their active periods and budget the stored fat
reserves—sometimes abandoning temperature regula-
tion and entering torpor—to last through the period
of inactivity and fasting. Gut microbiota activities are
synchronized with diel cycles and circadian rhythms
of host activity and feeding (Thaiss et al. 2015). Many
intertidal animals are attuned to lunar cycles. A wide
array of animals from diverse taxa and habitats have
life histories adapted to annual cycles and seasonal
rhythms. The annual life histories of many insects and
small vertebrates concentrate assimilation and produc-
tion in favorable warmer or wetter seasons and re-
duce metabolic activity during colder or drier peri-
ods (Kong et al. 2019). In contrast, the extremely long
prime-number generation times of 13- and 17-year ci-
cadas appear to be adaptations to overwhelm predators
that have not coevolved similarly synchronized mul-
tiannual life cycles (Williams and Simon 1995). Sim-
ilarly, the 4-year semelparous life histories of sea-run
salmon, together with large variations in abundance be-

tween years, have been interpreted as adaptations to re-
duce predation (Quinn 2018). All 16 species of baleen
whales have reduced times of gestation and lactation
to just one year to match the annual cycle of produc-
tion in temperate oceans (Lockyer 1984). Their fast life
histories allowed populations of baleen whales to re-
cover more rapidly than predicted for mammals of sim-
ilar size after the 1970s whaling ban (Estes et al. 2006;
Lotze et al. 2011).

Concluding remarks

This review, synthesis, and commentary on the ener-
getic basis of life history highlights a fundamental di-
chotomy in biology. One the one hand, living things
are amazingly diverse—with millions of species that dif-
fer enormously in anatomical structure, physiological
function, ecological interactions, and evolutionary his-
tories. On the other hand, these same organisms ex-
hibit common features than can be quantified by statis-
tical correlations and mathematical equations: variation
with body size and temperature, tradeofts in life his-
tory traits, and patterns of biodiversity over geographic
space and evolutionary time. For well over a century, bi-
ologists have been intrigued by this dichotomy, assem-
bled and analyzed empirical data, and produced theo-
ries and models to account for both the shared features
and the deviations. Here, we have focused on how com-
monalities of structure and function at molecular, cellu-
lar and individual levels of organization give rise to both
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unifying themes and pervasive diversity at population,
ecosystem, and biosphere levels.

Our emphasis differs from most traditional physio-
logical ecology and allometry, which has focused on res-
piratory metabolism and sought a theoretical explana-
tion for Kleiber’s rule. For decades biologists measured
basal, resting, active, and field respiration rates, and ex-
plored linkages between metabolic performance of in-
dividual organisms and emergent patterns of scaling re-
lations, tradeofs, ecological interactions, and biodiver-
sity. Such studies are well represented in this sympo-
sium.

In contrast, our synthesis is based on the energetic
basis of fitness and the implications of Boltzmann’s
(1886)insight that biomass produced by photosynthetic
plants is the ultimate limiting resource for living things.
We explore how the struggle for this net primary pro-
duction in the zero-sum, Red Queen processes of eco-
logical and coevolutionary interactions has shaped the
life history traits of organisms—and in particular, how
the tradeoft between cohort production rate and gen-
eration time allows all organisms to be equally fit, even
while they vary by orders of magnitude in body mass,
rates of growth and mortality, and number and relative
sizes of offspring. Our framework emphasizes the cen-
tral role of generation time in scaling the pace oflife, ad-
justing biological times of intrinsic biological processes
to the clock times of extrinsic geochronology.

A complete metabolic theory of ecology and evolu-
tion is still a work in progress. The topics considered
above—the energetic basis of fitness, correlations with
body size and temperature, and the central importance
of generation time—will be important ingredients of the
synthesis. Others not addressed here include (i) how
allocation of production between growth, parental in-
vestment, and survival leads to the traditional life his-
tory tradeoffs (e.g., between determinate and indeter-
minate growth, semelparous and iteroparous reproduc-
tion, and number and size of offspring); and (ii) how the
efficiency of allocation of assimilated energy between
production for growth and reproduction, and respira-
tion for maintenance and survival, constrains fitness of
individuals, growth of populations, and energy fluxes in
ecosystems. Ultimately the theory should address other
topics, such as the two-fold cost of sexual reproduction,
the energetic basis of inclusive fitness and sociality, and
the role of sexual selection in the evolution of “exagger-
ated” traits. It is a large and challenging agenda, but re-
cent progress is ground for optimism.
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