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ABSTRACT

Evolutionary biology is poised for a third major synthesis. The first presented Darwin's evidence from natural history. The sec-
ond incorporated genetic mechanisms. The third will be based on energy and biophysical processes. It should include the equal
fitness paradigm (EFP), which quantifies how organisms convert biomass into surviving offspring. Natural selection tends to
maximise energetic fitness, E = P, GFQ, whereP,; is mass-specific rate of cohort biomass production, G is generation time, F is
fraction of cohort production that is passed to surviving offspring, and Q is energy density of biomas. At steady state, parents re-
place themselves with offspring of equal mass-specific energy content, E~22.4kJ/g, and biomass, M ~ 1g/g. The EFP highlights:
(i) the energetic basis of survival and reproduction; (ii) how natural selection acts directly on the parameters of M; (iii) why there
is no inherent intrinsic fitness advantage for higher metabolic power, ontogenetic or population growth rate, fecundity, longev-
ity, or resource use efficiency; and (iv) the role of energy in animals with a variety of life histories. Underlying the spectacular
diversity of living things is pervasive similarity in how energy is acquired from the environment and used to leave descendants

offspring in future generations.

1 | Introduction

Energy powers the universe. The motions of celestial bodies
and continental plates, the growth and reproduction of plants
and animals, and the development of human civilisation and
economy are all powered by energy. Understanding the role of
energy in plate tectonics and circulation of the oceans and at-
mosphere led to paradigm-shifting advances in the geological,
oceanographic and climate sciences. The influence of energetics
on the biological sciences has been mixed. A century of research
on the underlying physics and chemistry transformed cellular
and molecular biology. The ‘molecular revolution’ elucidated
the biochemical processes of metabolism, revealed the chemi-
cal structure of DNA and molecular mechanisms of inheritance,

and allowed reconstruction of ancestry and descent dating back
to the origin of life. At the same time, however, studies of evo-
lution and natural selection largely ignored the role of energy,
focusing instead on physiological, developmental, demographic,
genetic and phylogenetic mechanisms of survival, growth and
reproduction.

The modern science of evolutionary biology dates back to si-
multaneous publications by Darwin and Wallace (1858). Their
theory was based on simple, arguably tautological, but power-
ful axioms: (i) parents produce more offspring than can survive;
(ii) parents vary in heritable traits, (iii) parents with heritable
traits that result in greater survival and reproduction leave
more offspring with these traits in the next generation; (iv) the
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result is descent with adaptive change. Subsequently, there have
been two major syntheses. In the first, the Origin of Species,
Darwin (1859) drew from his encyclopaedic knowledge of natu-
ral history to present empirical evidence for how heritable traits
that enhance survival and reproduction are passed on to future
generations, generating biodiversity and the tree of life. Darwin
recognised that his theory was not yet complete and that his
axiomatic logic and supporting evidence went only partway to-
wards understanding the role of natural selection in the origin
and maintenance of biodiversity. In the last chapter of his last
edition (Darwin 1872) of Origin of Species he articulated the re-
maining challenge:

‘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 reflect that these elaborately
constructed forms, so different from each other, and
dependent upon each other in so complex a manner,
have all been produced by laws acting around
us. These laws, taken in the largest sense, being
Growth with reproduction; Inheritance which is
almost implied by reproduction; Variability from
the indirect and direct action of the conditions of
life, and from use and disuse; a Ratio of Increase
so high as to lead to a Struggle for Life, and as
a consequence to Natural Selection, entailing
Divergence of Character and the Extinction of less
improved forms. Thus, from the war of nature, from
famine and death, the most exalted object which we
are capable of conceiving, namely, the production
of the higher animals, directly follows. There is
grandeur in this view of life, with its several powers,
having been originally breathed by the Creator into
a few forms or into one; and that, whilst this planet
has gone circling on according to the fixed law of
gravity, from so simple a beginning endless forms
most beautiful and most wonderful have been, and
are being evolved’.

Darwin's theory was increasingly accepted as biologists
filled out his framework with empirical examples and theo-
retical models. A second major synthesis in the 20th century
incorporated advances in genetics, biochemistry and molec-
ular biology. But studies of Darwinian fitness and evolution
by natural selection continued to focus on organism- and
population-level processes that affect survival and reproduc-
tion and cause adaptive heritable changes in succeeding gen-
erations (Barker 2009; Charlesworth 2015; Metz, Nisbet, and
Geritz 1992; Orr 2009).

Despite its clear relevance, the role of energy in evolutionary pro-
cesses has received little attention. In 1886 Ludwig Boltzmann
noted, ‘The “struggle for existence” of living 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’. Alfred Lotka (1922) added, ‘In accord with
(Boltzmann's) observation is the principle that, in the struggle
for existence, the advantage must go to those organisms whose
energy-capturing devices are most efficient in directing avail-
able energy into channels favourable to the preservation of the
species’. Leigh Van Valen (1973, 1977, 1980) extended and elab-
orated. The supply of usable biomass is limited by the input of
solar energy and the net primary production of ecosystems. The
result is what Van Valen called a zero-sum game of competition
for energy and Red Queen ecological and evolutionary dynam-
ics (named after Lewis Carroll's Red Queen who ‘takes all the
running you can do, to keep in the same place’). As coexisting
species respond to selection to increase their share of biomass
energy by evolving traits that enhance resource uptake, com-
petitive ability, predator avoidance, disease resistance, and so
on, they continually interact and coevolve with other species.
Some adapt and increase, or at least persist temporarily. Those
that fail to do so ultimately go extinct.

We suggest that evolutionary biology is on the cusp of a third syn-
thesis: one based on energy and the pioneering contributions of
Boltzmann, Lotka, Van Valen and others. This still-incomplete
synthesis is addressing Darwin's challenge to understand how
the biodiversity of the tangled bank has been ‘produced by laws
acting around us’. A recent addition is the equal fitness paradigm
(EFP: Brown, Hall, and Sibly 2018; Brown et al. 2022; Burger,
Hou, and Brown 2019; Burger et al. 2021). The EFP holds that at
steady state, species are equally fit because they allocate an equal
quantity per gram of energy and biomass to surviving offspring.

Here we go beyond earlier treatments of the EFP to probe more
deeply into how energy, materials and information are taken
up from the environment and passed on to surviving offspring,
thereby maintaining unbroken lineages of ancestry and de-
scent that extend back to the origin of life billions of years ago
(Bartholomew 2005). In contrast to traditional treatments in
terms of demography, life history, physiology and evolutionary
ecology, we reformulate Darwinian fitness and evolution by
natural selection in terms of biophysical currencies and meta-
bolic processes. We show how this theory not only raises new
questions but also offers new perspectives on old ones that have
challenged biologists since Darwin.

2 | Background

To survive, reproduce and persist for millennia, organisms must
acquire a share of biomass energy and use it to leave surviving
offspring. To persist in the face of competition, predation, para-
sitism and disease, they must interact and coevolve with coex-
isting species. These processes require that energy be taken up
from the environment and transformed into the biological cur-
rencies of survival, growth and reproduction. Species that fail
to do so ultimately go extinct and are replaced by others with
successful innovations.

2.1 | Energy Balance

We start with the assertion that Darwinian fitness is a physical
property that can be measured in units of energy or mass. Fitness

2nf17

RIGHTSE LI MN iy

Ecology Letters, 2024

B5USD 17 SUOWILIOD dAIERID 3|qedl|dde au) Aq poueA0b /e SSoILe YO 88N JO S3JMU 10J Afiq178UIUO AB|IA UO (SUOTIPUOD-PUR-SLLLBIALIOY™AB | IMALe1d 1 [BUI|UO//SANY) SUOIPUOD PUe SWS L 81385 *[7202/0T/2Z] Uo Afiqi8uluo A3)IM 9010105 JO AISBAIUN UNOSSI AQ LTSKT9R/TTTT 0T/10p/wod A 1M Akeiqijpul|uoy/sdiy woij papeojumod ‘0T ‘¥Z0e ‘8vZ0TorT


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fele.14517&mode=

is embodied in the biomass energy synthesised originally from
solar energy by plants. Biomass is assimilated from the environ-
ment and used for ontogenetic growth and parental investment to
produce offspring. The utilisation of energy for survival, growth
and reproduction obeys the law of energy balance (Kooijman 2010;
Appendix S1). Biomass energy produced by photosynthesis is
transformed in metabolism, and allocated between respiration,
to fuel the biological work of living, and production, to leave off-
spring in the next generation; the assimilated energy is ultimately
returned to the environment in the form of heat and non-living
mass. An initial parental investment of energy and materials in
gametes, followed by postzygotic nutrition and care in some spe-
cies, fuels survival, growth and development of offspring from
fertilisation to independence. After independence from parental
inputs, offspring assimilate biomass from the environment and
use it for survival, growth and reproduction. When organisms
die, the biomass produced during their lifetimes is recycled in
the ecosystem.

2.2 | Steady State of Equal Fitness

Organisms are mortal, but populations persist and biodiversity is
preserved when birth rates equal death rates and parents are re-
placed by an equal number, energy content and biomass of surviv-
ing offspring. It may seem counterintuitive, but species as different
in ecology, physiology and life history as Greenland shark and
bluefin tuna are equally fit (Figure 1; Burger et al. 2021; Sibly
et al. 2018). By definition, at steady state there is no directional
selection on heritable traits that affect survival and reproduction.
Natural selection occurs during departures from steady state when
parents leave more or fewer surviving offspring than replacement.

Greenland shark

The assumption of steady state provides a baseline for the simplest
case, from which such departures can be assessed.

3 | The Equal Fitness Paradigm

The equal fitness paradigm (EFP) was introduced by Brown, Hall,
and Sibly (2018) and elaborated upon in three subsequent publi-
cations (Brown et al. 2022; Burger, Hou, and Brown 2019; Burger
et al. 2021). The theory provides a biophysical explanation based on
energy, for why not only sharks and tunas (Figure 1), but also mi-
crobes, insects, mammals and trees are all equally fit. Biodiversity
is generated and maintained by a trade-off between incorporation
of biomass into offspring as production and loss of biomass to the
environment as mortality. At steady state, all species invest an
equal quantity of energy (ca. 22.4kJ/g) and biomass (ca. 1g/g) to
leave surviving offspring in the next generation.

3.1 | Composition of Biomass

The EFP goes beyond traditional definitions of fitness in biological
terms of survival and reproduction. It redefines fitness in terms of
the stocks and fluxes of energy and biomass passed on to surviv-
ing offspring (Figure 2). This production includes parental invest-
ments of gametes and nutrition in offspring prior to independence
(e.g., birth, weaning, fledging), and self-fuelled growth of offspring
from independence through reproductive maturity until death.
These biophysical currencies consist of biomass energy, other
chemical constituents of protoplasm, genetic material with its en-
coded information, a functioning infrastructure of organelles and
cells, and a biological clock that runs from fertilisation to death.

Bluefin tuna

TRAITS
3m adult body length 25m
400 kg adult body mass 225 kg
150 years age at maturity 15 years
400 years maximum lifespan 30 years
100 litter/clutch size 4,000,000
200 g offspring mass 0.001 g
21 mg O,/kg/h respiration rate 460 mg 0,/kg/h
40C body temperature 30°C
4°C water temperature 15°C
1.2-2.6 km/h swimming speed 20-70 km/h
<10% juvenile mortality >99%
squid, fish, seals diet squid, fish

ESTIMATED PARAMETERS OF THE EFP

0.05 g/gly P.,,: production rate 10 g/gly
200 years G: generation time 20 years
0.1 F. efficiency of reproduction 0.005

0.05*200*0.1 =1 g/lg M =P,,,GF: energetic fitness 10*20*0.005 = 1 g/g

FIGURE1 | Models oflife history traits and EFP parameters for Greenland shark (Somniosus microcephalus) and bluefin tuna (Thunnus thynnus),
two marine apex predators of similar size which differ conspicuously in anatomy, physiology, behaviour and ecology. Estimates of the parameters
Pcoh. G and Fshow why energetic fitness M ~ 1 and sharks and tunas are equally fit. Based on Sibly et al. (2018); https://en.wikipedia.org/wiki/Atlan
tic_bluefin_tuna; https://en.wikipedia.org/wiki/Greenland_shark.
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FIGURE 2 | A simplified diagram showing how the five biological currencies of fitness (biomass energy, inorganic materials, biological
infrastructure, genetic information and biological clock) are passed from parents to offspring in (A) asexual prokaryotes and (B) sexual eukaryotes.

These currencies are packaged together in eggs and sperm, united
in zygotes at fertilisation, and passed on to the next generation in
the bodies of surviving offspring.

3.2 | The Basic Equation

The EFP quantifies energetic fitness, E, in terms of energy
passed on to surviving offspring in the next generation. It is ex-
pressed in the basic equation

E= PcthFQ (1)

3.3 | Parameters of the EFP and Metabolic
Life Tables

The parameters of Equation (1) are precisely defined in biophysical
terms, but to apply and test the theory, they must be measured em-
pirically: that is, quantified in the kinds of data collected by prac-
ticing biologists. For utility, all four parameters can be compiled
and analysed in a metabolic life table (MLT: Brett 1983; Burger,
Hou, and Brown 2019; Van Valen 1975). A MLT is similar to a tra-
ditional demographic life table, but in addition to the number of

surviving offspring, it contains energy content or body mass of off-
spring as a function of age. Ideally for sexual organisms, it includes
an entire cohort of two parents and their offspring of both sexes.
A challenge is that in practice it is difficult to obtain complete and
accurate measurements of some critical parameters for free-living
populations in nature. Even incomplete MTEs are available for
only a few species: for example, the tropical palm, Euterpe glo-
bosa (Van Valen 1975) and sockeye salmon, Oncorhynchus nerka
(Brett 1983). Standard demographic statistics and life history traits
are often measured and analysed for only the female half of a pop-
ulation. But as shown for the example of red deer (Appendix S2),
the parameters of the EFP often differ substantially between males
and females. For these reasons, it is a challenge to rigorously ‘test’
the EFP using currently available data.

For this reason, the cases presented here should be regarded as
simplified examples with estimated parameters for populations
of the relevant species. We have tried to realistically represent
the organisms and cited sources, but we have often relied on re-
views in Wikipedia and elsewhere rather than the detailed data
and multiple citations in the original literature. And we have ad-
justed values somewhat to meet assumptions of the models (e.g.,
energy, mass and demographic balance at steady state). We urge
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others to regard these examples with caution, correct the values
if warranted, and—most importantly—collect and publish ac-
curate and relevant data. We hope that increased attention to the
EFP and applications of new technologies will ultimately pro-
vide high-quality metabolic life tables for at least some model
species.

In the meantime, however, we can specify how the parameters
of the EFP should be measured empirically and interpreted
theoretically:

+ Cohort production rate, P.y: Cohort production W, is the
total quantity of biomass of offspring produced by two par-
ents in one generation, G. It has units of energy, j, or mass,
g. It can be calculated from a metabolic life table giving the
number and energy content or body mass of surviving off-
spring as a function of their age, x

x=G
W= Nym, @

x=0

where m; is the mass and N, is the number of offspring when
they died (including the two that died after replacing their
parents). P, is the mass-specific rate of cohort production,
obtained by dividing W by the masses of the female and
male parents, m,o and M, and the generation time, G.

P, = w _ Zi:g Nymy 3)
T (magmag)G o (mag +mug)G

P, has units of power (i.e., energy per time: J/s (watts) or
klJ/y;or mass per time: g/s or kg/y). It can be calculated from a
metabolic life table giving the number and energy content or
body mass of offspring as a function of their age (Brett 1983;
Burger et al. 2020; Van Valen 1975; Appendix S2).

Generation time, G: is the duration of a complete life cycle. It
can be calculated from a demographic life table as

_ Xxlf,
=3

@

where x is age, [, is survival (proportion of cohort still alive
at age x) and f, is fecundity (number of independent off-
spring produced by a parent of age x). Generation time, the
most fundamental biological time, starts with fertilisation of
the zygote, runs to maturity with varying speed depending
on ontogeny and environment, and stops at death. Despite
an enormous literature on biological time, there is little con-
sensus on its biophysical basis (Winfree 1980).

Efficiency of reproduction, F: is the unitless fraction of co-
hort production that is passed to surviving offspring in the
next generation. For a sexual population at steady state this
can be estimated as the sum of the masses of the parents
divided by the total mass of the entire cohort:

Myt M,

F=—0 ®)

» Energy density of biomass, Q: is the energy density of the
biomass incorporated into a cohort of offspring via growth

and parental investment. As indicated below, Q appears
to be nearly constant, both over ontogeny within a cohort
and across species: Q=22.4kJ/g dry weight (Brown, Hall,
and Sibly 2018; Cummins and Wuychek 1967; Peters 1983;
Popovic 2019). This allows us to rewrite Equation (1) as

M =P,,GF=1 ©

and evaluate the theory using the available data sets based
on body mass as we do henceforth.

4 | What Does Nature Select? Comparison With
Existing Theory

4.1 | Direct and Indirect Selection

At steady state, when parents are replaced by an equal mass,
energy content and number of offspring—that is, when
M = P_,; GF = 1 (Equation 6)—there is no directional selection.
Selection occurs during departures from steady state when par-
ents leave more or fewer surviving offspring than replacement
(M # 1). Selection favours a trait when M > 1, and disfavours
the trait when M < 1. Figure 3 and Equations (1) and (6) make
explicit that selection acts directly only on the three parameters
P o G,or F.

So how does selection affect the evolution of other heritable
traits? Earlier efforts to account for adaptive changes in vari-
ous anatomical, physiological, ecological and behavioural traits
recognised that selection operates through indirect pathways
that link these traits to survival and reproduction (Arnold 1992;
Bonnet et al. 2022; Ginther et al. 2024; Kingsolver and
Huey 2003; Pelletier et al. 2007; Ricklefs and Wikelski 2002).
Models of the pathways often focus on phenotypic or genetic
trade-offs as expressed in statistical correlations (Figure 3),
The EFP elucidates the mechanistic linkages. For natural selec-
tion to affect its evolution, a trait must be not only correlated
statistically, but also tied mechanistically to one or more of the
parameters of the basic equations (Equations (1) and (6)). For
example, selection can cause an increase in body size, but only
if larger parents leave more surviving offspring because M > 1
due to some combination of higher production rate (Pcoh), longer
generation time (G), or reduced mortality (higher F). More gen-
erally, disentangling pathways of cause and effect in the context
of the EFP can provide new perspectives on longstanding phe-
nomena, such as evolution of insular populations, domesticated
plants and animals, and prehistoric and contemporary humans.
For example, animal and plant breeders select for desirable traits
by restricting breeding to individuals with appropriate combina-
tionsof P_,,, G, F and Q.

coh’

4.2 | Constraints Due to Energetic Trade-Offs

Many studies have suggested that selection inherently favours
certain characteristics, such as faster life histories (and con-
comitant higher rates of individual production, more rapid
ontogenetic and population growth and shorter generation
times), greater metabolic power, or higher resource use effi-
ciency. If this were true, large, slow, metabolically powerful
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FIGURE3 | Two scenarios for how nature selects on traits to affect fitness. On the left, the morphologyphysiology-fitness model (MPF: Lande and
Arnold 1983; Arnold 1992; Kingsolver and Huey 2008) depicts relationships between phenotypic traits (green arrows), performance metrics (dashed
blue arrows) and fitness metrics (dashed red arrows) as correlations in a path analysis. The traits shown here are examples of many that have been

studied. On the right, the equal fitness paradigm (EFP) depicts the biophysical mechanisms whereby structural, functional and behavioural traits

(green arrows) affect the parameters of the EFP (blue arrows), which are subject to the trade-off (red arrows) so that at steady state energetic fitness,

M=P, ,GF=1.

mammals would never have evolved. A corollary of the EFP is
that for directional selection to cause lasting change in some
trait, there must eventually be compensatory change in one
or more other traits. The parameters, P, G and F are inter-
dependent, and Equations (1) and (6) specify the trade-off.
For example, advantages of higher rates of growth (increased
P, are counterbalanced by disadvantages of shorter lifes-
pans and/or higher mortality rates (decreased G and/or F).
Insects weighing approximately 2 g differ in generation times
and growth rates by more than two orders of magnitude, from
migratory locusts with 4 or 5 generations per year to cicadas
with 17-year life cycles (Brown et al. 2022).

Moreover, despite longstanding claims to the contrary
(Hall 2004; Lotka 1922; Odum 1971; Vermeij 2023), selection
does not inherently maximise either respiratory power or met-
abolic efficiency. Energy balance requires a trade-off in the
allocation of assimilated energy between production and res-
piration (Appendix S1). So increased efficiency of production
K= % = mej:l;emh’ requires some combination of increased as-
similation or decreased respiration. A hypothetical species that
expended all assimilation on respiration and survival would
have none left over to produce offspring, and vice versa. But
within these bounds, wide variation is possible theoretically
and observed empirically (Brown et al. 2022; Burton et al. 2011;

Dammbhahn et al. 2018; Ginther et al. 2024; Glazier 2014, 2022;
Ricklefs and Wikelski 2002; White et al. 2022). Among birds, for
example, some swifts and terns spend most their lives flying and
their energy budgets on respiration, whereas flightless rails on
islands efficiently allocate much more of their assimilated en-
ergy to reproduction (McNab 2002).

4.3 | Energy Efficiency

Frequently voiced in the literature of physiology and ecology is
the misconception that selection tends to maximise ‘energy effi-
ciency.” Energy metabolism is subject to two efficiencies:

« Efficiency of production, K: is the fraction of energy assimi-
lated from the environment that is passed to offspring in the
next generation:

K= useful ogtput _ P, _ Peon ?)

resource input A, Reon + Peon

It is equivalent to the trophic or Lindemann efficiency in
ecosystems (Lindeman 1942; Kozlovsky 1968; Odum 1968).
Importantly, it is not a direct component of fitness.
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« Efficiency of reproduction, F: is the fraction of production
that is incorporated into biomass of surviving offspring,
F= %MA" (Equation 5). As shown in Brown et al. (2022),
Burger et al. (2023, preprint,), and Figure 4, F varies widely
among animals. It is not closely correlated with either adult
or offspring body mass, but varies negatively with fecun-
dity, Ny, and positively with the relative size of offspring
(Figure 4A,B). This is logical, because F reflects survival.
Survival to maturity is high and mortality is inevitably low
when parents produce only a few offspring per lifetime.
When parents produce enormous numbers of offspring,
the vast majority die, leaving only the two survivors that
replace their parents. Elsewhere we present an analytical
theory that accounts for these patterns (Burger et al. 2023,
preprint). A corollary is the parameter, C = 1 — F, which can
be viewed as a tax of dead offspring and other biomass that
a cohort of parents pays to the ecosystem to leave surviving
offspring.

More generally, selection does not inherently favour higher met-
abolic power, ontogenetic or population growth rate, fecundity,
or longevity, or greater efficiency of resource use, production
(K), or reproduction (F). The diversities of life histories reflect
multiple alternative stable strategies that confer equal fitness
(Harman 2011). We present the following scenario for evolution-
ary constraints and energetic trade-offs that affect the evolution
of F in animals (Figure 4C):

« Asexual fission: The ancestral condition, still found in pro-
karyotes and some eukaryotes, is a single-celled organism that
reproduces asexually by mitotic fission. In one generation, a
parent produces two offspring; one dies before reproducing;
the other doubles in size and divides. So F = 2’"7’; =0.5.

As eukaryotic protists and algae evolved sexual reproduction
and their descendants increased in body size and complexity,
life history traits diversified to occupy the trait space between
two alternative strategies:
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FIGURE 4 | Variation in parameter F =

Mg

Adult body mass, my (g)

;m’*" the efficiency of reproduction. (A) Fis correlated negatively with lifetime fecundity, N,. (B) F

is correlated positively with relative body size of offspring, m,/m,. (C) The allocations between number and relative size of offspring reflect a wide
range of parental investments in gametes and care; these are alternative stable strategies that confer equal fitness. From data in Brown et al. (2022).
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« Many minute offspring: Most invertebrates (including ma-
rine annelids, molluscs and arthropods, and parasitic trem-
atodes and cestodes) and large teleost fish produce large
numbers of very small offspring, m, <« m,, and have low
values of F. Their minute externally fertilised zygotes con-
tain just enough biomass of energy, materials, infrastruc-
ture, genes and clock to develop and survive to independence
without feeding. Ontogenetic growth is fuelled by offspring
assimilation, and mortality is high, especially early in ontog-
eny when the offspring are smallest and most vulnerable.

Few large offspring: Some large animals, including sharks,
reptiles, birds and mammals, produce just a few, relatively
large offspring and have high values of F. Internal fertili-
sation allows zygotes to develop to relatively large size be-
fore birth, so post-embryonic growth, time to maturity, and
mortality are relatively low. In mammals, birds and some
reptiles, additional investments in post-natal care (e.g., in-
cubation, lactation, feeding and protection from predators)
allow production of even fewer and larger offspring. In the
extreme cases of bats and altricial birds, offspring become
independent at near-adult size, m, & m,, there is little or no
subsequent growth, time to maturity is relatively short and
mortality is very low.

4.4 | Limitations Due to the Red Queen

The EFP can be viewed as tautological in the sense that the
maintenance of biodiversity over large scales of space and time
implies a steady state of equal fitness across species. Otherwise,
those with the highest values of E or M would monopolise en-
ergy resources and drive other species to extinction.

Departures from steady state occur when directional selection
causes adaptive change. But such episodes tend to be small and
temporary because of negative density dependence, resource
limitation, ‘ecological compensation’ (Saether and Engen 2015;
Sibly and Calow 1987) and interspecific interactions (Van
Valen 1973, 1977, 1980). The supply of usable biomass energy
is finite—set by the input of solar energy and NPP of the eco-
system (Boltzmann 1886). The consequence is what Van Valen
called ‘Red Queen’ and ‘zero-sum’ ecological and evolutionary
dynamics. As coexisting species respond to selection to increase
their share of biomass energy by evolving traits that enhance re-
source uptake, competitive ability, predator avoidance, disease
resistance and so on, they continually interact and coevolve with
other species. Some adapt and increase, or at least persist tempo-
rarily. Those that fail to do so lose out in the zero-sum game and
ultimately go extinct. There is much room to explore in depth
how the ecological and evolutionary interactions of the Red
Queen affect the allocation of energy and materials to enforce
equal fitness and regulate species richness.

4.5 | Rethinking Current Dogma

Many studies of ‘performance traits’ have perpetuated miscon-
ceptions about the nature of fitness and the process of evolu-
tion. They often violate—or at least fail to consider—the physics
that underlies the biology. As emphasised above and elsewhere

(Brown et al. 2022), the EFP indicates why there is no inherent
selective advantage to any particular morphological, physiologi-
cal, behavioural or ecological trait, including body size, metabolic
(respiration) rate, thermal performance curve (TPC), ontogenetic
or population growth rate, fecundity, longevity, or resource use
efficiency. Such performance traits are relative, determined by
trade-offs between metabolic costs and fitness payoffs. Without
going into additional detail here, it is sufficient to point out that
selection can and does affect the adaptive evolution of such traits,
but only indirectly, to the extent that they mechanistically (bio-
physically) affect P, G, or F (Figure 3). Selection can favour a
larger body, higher respiratory rate, or greater fecundity, but only
in the restricted context of everything else being equal. As Van
Valen (1980) noted, ‘Natural selection maximises many quanti-
ties if all else is equal ..., but only expansive energy (the E of the
EFP: Equation 1) is maximised unconditionally’. And because of
the Red Queen, such departures from steady state rarely last very
long—otherwise biodiversity would not persist.

5 | Tests and Applications

After 6years and four publications, response to the EFP has
been both modest and contradictory. A consistent criticism is
that we have not made a compelling case for why the theory is
novel and useful. Does it do more than just translate traditional
biological language and mathematical equations into physical
terms? What are the implications for re-examining old studies
and initiating new ones? How can the framework be applied in
practical terms to shed light on central questions related to en-
ergy, life history and biodiversity?

Our response is that the EFP is an integral part of a third
and still incomplete evolutionary synthesis based on energy.
Below we briefly highlight a few areas where the EFP offers
new perspectives and suggests topics for theoretical and em-
pirical investigation. Many of these have challenged evolu-
tionary biologists since Darwin. All of them emphasise the
importance of energy, not only in the process of evolution by
natural selection, but also in the nature of life itself. For the
sake of brevity and clarity and because we feel more confident
about them, the examples are for animals with sexual repro-
duction. We emphasise, however, that the EFP should apply to
all organisms: prokaryotes and unicellular eukaryotes, meta-
zoan plants and animals, sexual and asexual organisms, wild,
managed and domesticated populations.

5.1 | Constant Q?

The EFP calls attention to the importance of parameter Q, the
energy density of biomass, in the basic equation, E = P, GFQ
(Equation 1). In the 1960s and 1970s, when some ecologists
turned to energetics for empirical investigation and theo-
retical unification, they measured energy content of tissues
and whole organisms by direct calorimetry. Several authors
noted that energy density of biomass of diverse species of
animals, plants and microbes is approximately constant:
~7kJ/g wet weight and ~20kJ/g dry weight (e.g., Cummins
and Wuychek 1967; Golley 1961; Slobodkin 1961, 1962). This
potentially pervasive feature of life has been largely ignored
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as other research topics became fashionable. But it has
been confirmed by subsequent studies (e.g., Anthony, Roby,
and Turco 2000; Kataki and Konwer 2002; Peters 1983;
Popovic 2019; Van Pelt et al. 1997). It was incorporated into
the EFP by Brown, Hall, and Sibly (2018); their Figure 4, who
assumed Q~22.4kJ/g dry mass.

This begs the questions, to what extent is Q constant, and what
accounts for its apparent invariance? We consider two non-
mutually exclusive hypotheses:

« Constraints on composition of protoplasm.—Q reflects the
biochemistry of protoplasm, which is composed of a mix-
ture of carbohydrates and proteins (ca. 17kJ/g) and lipids
(ca. 37kJ/g). Structural and functional constraints require a
similar mixture of these compounds (e.g., carbohydrates or
proteins for structure, nucleic acids for genetic information,
lipids for membranes).

Constraints due to the Red Queen.—The ecological and
evolutionary dynamics of competition for usable energy
result in trade-offs that enforce equal fitness across co-
existing species (Burger et al. 2021). Selection tends to
increase E and M, but ecological compensation and Red
Queen coevolution prevent monopolisation of energy use.
Any species that produces either cheaper or more expen-
sive offspring (lower of higher E or M) will be outcompeted
by species that produce biomass of optimal intermediate
energy density ~22.4kJ/g.

The functional constraint hypothesis may have some merit, but
available evidence suggests that the Red Queen hypothesis is nec-
essary and sufficient to account for both the relative constancy
and the observed variation in Q. There is variation (Brown, Hall,
and Sibly 2018; Cummins and Wuychek 1967; Popovic 2019).
Some organisms which might seem to be exceptions are com-
posed of large quantities of non-living materials (e.g., cellulose
in wood of trees, minerals in exoskeletons of molluscs, water in
endoskeletons of coelenterates). The energy density of such or-
ganisms appears anomalously low if energy density is calculated
as a function of a total body mass (Kataki and Konwer 2002). But
Q is comparable to other organisms if only living protoplasm is
included. Q can vary within individuals over ontogeny. For ex-
ample, energy density of wild sockeye salmon is highest in eggs
and in muscles of mature adults returning to fresh water to breed
(Brett 1983). As adults expend stored energy to fuel upstream mi-
gration and competition on the spawning grounds, energy den-
sity decreases by 27%, from 24.3kJ/g at the start of migration to
17.8kJ/g in the carcasses of depleted spawners.

Additional insights into the relative constancy and absolute mag-
nitude of Q may come from studies of artificial selection and bio-
engineering. These have been applied to domestic animals and
plants to produce food for human consumption (Gjedrem 1997;
see salmon example below) and to microbes for high yields of
energy in bioreactors (Peralta-Yahya et al. 2012). For example,
oil content and energy density of seeds vary widely between wild
plants and domesticated strains (Levin 1974). These cases sug-
gest that the relatively constant values of Q reported for wild an-
imals, plants and microbes reflect natural selection due to Red
Queen interactions.

5.2 | Biogeographic Rules: Dwarf Elephants on
Islands

Several well-known ‘biogeographic rules’ have been proposed:
Bergmann's rule for body size as a function of latitude, elevation
and environmental temperature; (ii) Foster's rule for body size as
a function of isolation on islands; (iii) Lack's rule for clutch size
as a function of climate (Gaston, Chown, and Evans 2008). Most
of these are still controversial, often with both the patterns and
evolutionary processes subject to debate. It should be informa-
tive to re-examine the empirical patterns and theoretical expla-
nations in the light of the EFP.

The evolution of body size of elephants after isolation on is-
lands provides an example of how the EFP can offer new per-
spectives on energetic processes of physiology, ecology and
evolution that contradict earlier interpretations (Figure 5). At
the end of the Pleistocene, rising sea levels created continental
islands. On many of these (e.g., Cyprus, Malta, Crete, Rhodes,
Sardinia and Sicily in the Mediterranean, the Channel Islands
of California and Wrangel Island in the Arctic Ocean) surviv-
ing populations of elephants and mammoths rapidly evolved
dwarf phenotypes, as much as an order-of-magnitude smaller
body mass than ancestral mainland populations (Roth 1992).
Because elephants often survived while coexisting species of
large mammalian herbivores and carnivores went extinct,
dwarfism was attributed to selection for faster life histories:
that is, to higher rates of individual production and ontoge-
netic and population growth in response to increased food
availability, reduced competition and predation, and lower
mortality. For example, Raia and Meiri (2006): ‘suggest
dwarfism in large herbivores is an outcome of the fitness
increase resulting from the acceleration of reproduction in
low-mortality environments’. This interpretation is contested
by recent studies of Kohler et al. (Kohler and Moya-Sola
2009; Kohler et al. 2021). Their analysis of fossil remains of
Paleoloxodon from Sicily provides convincing evidence that
‘P. falconeri did not shift towards the fast end of the life his-
tory continuum by truncation of the growth period, as widely
claimed for insular dwarf elephants. ...(instead) dwarfing is
associated to a decrease in growth rate and a concomitant
delay in age at first reproduction combined with an increase
in lifespan’. As depicted in Figure 5, the decrease in body size
of elephants on islands was an indirect response to direct
selection for decreased growth rate, Py, and increased lon-
gevity, G. Studies of body size evolution in domesticated dogs
(Fan et al. 2016) and wild rodents (Bonnet et al. 2022) provide
additional examples.

Other cases that might be re-examined in the light of
the EFP include: ‘reverse Bergmann's rules’, ‘Bergmann-
like’ patterns in ectotherms and flightless birds on islands
(McNab 2002).

5.3 | Natural and Artificial Selection: Wild
and Farmed Salmon

Wild and farmed salmon offer insights into how selection
has shaped the evolution of metabolic and life history traits.
Ancestral salmonids lived in streams and lakes (Quinn 2018).
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(i) green: the ancestor on the mainland; (ii) red: the hypothetical faster life

Evolution of dwarf elephants on islands. Models of ontogenetic trajectories of body mass as a function of age for three populations:

history predicted for dwarfs based on allometric scaling, with a higher

growth rate and shorter lifespan; and (iii) blue: the slower life history actually observed for dwarfs, with indirect selection for smaller body size due

to direct selection for lower production rate and longer generation time. The fossil history is consistent with the EFP, but not with the explanation
based on standard allometric scaling. Based on Kohler and Moya-Sola (2009) and Kohler et al. (2021).

Multiple lineages in Pacific drainages evolved anadromous
life histories: four-year life cycles in which juveniles migrate to
sea, spend 2years feeding on abundant plankton and return to
fresh water to breed. Secondarily, populations, isolated in lakes
by Pleistocene geological events or recent human introductions,
evolved a morpho-ecotype known as kokanee (USDA Forest
Service 2015). Adapting to the lower productivity of freshwater
habitats, kokanee rapidly and convergently evolved an alternative
life history: smaller mature size, three-year life cycle (shorter G),
higher production rate (P,,,) and reduced mortality (higher F).
The net result is that Kokanee and sockeye represent alternative
stable evolutionary strategies: different combinations of traits that
trade off to confer equal fitness (M = P, GF ~ 1; Figure 6).

Still different combinations of traits have been created in
salmon farmed for human consumption (Figure 6). Salmon
aquaculture is big business: generating > 16 billion dollars,
employing >130,000 people and producing >2.8 million
tonnes of flesh annually. Farmed fish account for >70% of
the salmon consumed worldwide (https://en.wikipedia.org/
wiki/Aquaculture_of_salmonids). Changes in just a few de-
cades have been remarkable as growers have used energy from
fossil fuels, high-tech husbandry, improved foods, antibiotics,
artificial selection and genetic engineering to produce domes-
ticated strains with desirable traits, including spectacular in-
creases in production efficiency, K = %. Selection
for reduced activity and lower respiration rates, higher growth
rates, shorter generation times and high-quality flesh have re-
sulted in high rates of production of biomass rich in omega-3
fatty acids and carotenoid pigments (Aursand et al. 1994). For
example, Aqua Bounty Farms markets a modified Atlantic

salmon that requires only 18 months and 10% less food to pro-
duce mature fish of nearly twice the size of wild populations
(https://aquabounty.com/). There is much debate about the
environmental and conservation implications of salmon farm-
ing, which uses enormous subsidies of fossil fuel energy and
wild-caught fish for food.

5.4 | Sexual Selection and Exaggerated Traits:
Peacock Tails and Deer Antlers

Darwin was challenged to explain the ornaments and weapons
used by males to compete for mates. He complained in a letter to
Asa Gray that ‘The sight of a feather in a peacock’s tail, whenever I
gaze atit, makes mesick!. In his book on ‘Selection in Relation to Sex’
(Darwin 1888), he recognised that evolution of these traits must
depend ‘not on a struggle for existence, but on a struggle between
the males for possession of the females’. Subsequently, evolutionary
biologists have proposed explanations involving handicaps, good
genes, truthful or deceptive advertisement, supernormal stimuli,
perceptual bias, attractive sons, sexual conflict and runaway se-
lection (Clutton-Brock 2017; Emlen 2008; Harman 2011; Kokko,
Jennions, and Brooks 2006; Kuijper, Pen, and Weissing 2012;
Smith 1991). Many of these refer to ‘metabolic costs’ and ‘fitness
benefits’, but do not provide a complete energy budget for the
physical mechanisms underlying the genetic and phenotypic cor-
relations among physiological and life history traits.

Antlers of deer (mammalian family Cervidae) provide exam-
ples that are as challenging as peacocks' tails (Figure 7). The
EFP offers a synthetic theoretical framework based on energy
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Energy allocation in sea-run, landlocked and farmed salmon

sea-run sockeye
Oncorhyncus nerka

Estimated trait values:

land-locked kokanee
Oncorhyncus nerka kennerlyi

Body mass 2,200 g 800 g

Fecundity 3,000 750

Generation time 4 years 3 years

Diet zooplankton, fish zooplankton
Migration 12,500 km 250 km

Mortality predation, fishing predation, fishing
Q 22.4 kJ/g 22.4 kJ/g
Estimated parameters of the equal fithess paradigm:

P.on 4.16 g/gly 4.8 glgly

G 4y 3y

F 0.06 0.07

M= P.,,GF 4.16*4*0.6 =1 g/g 4.8*3*0.07 = 1 g/g

=

AquaBounty and other farmed
Salmo salar (genetically modified)

4,500 g

7,500

1.5 years

fish meal

0 km

human harvest, parasites, disease
varies (depends on lipid content)

varies (depends on husbandry)
15y

varies (depends on husbandry)
varies (depends on husbandry)

FIGURE 6 | Models of energetics and life history of three strains of salmon: (i) wild sea-run sockeye (Onchorhyncus nerka); (ii) wild landlocked

sockeye (Onchorhyncus nerka kennerlyi); and (iii) artificially selected, genetically engineered, farmed salmon (e.g., AquaBounty's modified Salmo
salar). Based on information in Brett (1983); USDA Forest Service (2015); https://aquabounty.com/.
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FIGURE?7 | Allometric variation in antler size of deer as a function of body size across species and over ontogeny in white-tailed deer (Odocoileus
virginianus). Based on Lincoln (1992); https://animaldiversity.org/collections/mammal_anatomy/horns_and_antlers/.

that can address well-documented empirical patterns and still-
unanswered questions:

« Sexual dimorphism: The sexes differ in morphology and life
history, and the magnitude of dimorphism increases with in-
creasing body size. In the smallest deer, Pudu mephistophiles

of South America, both sexes weigh about 5kg and males
have simple unforked antlers 6cm long (https://en.wikip
edia.org/wiki/Pudu). At other extreme, the extinct Irish elk,
Megaloceros giganteus, weighed about 450kg and sported
antlers spanning more than 2m and weighing more than
40kg (Lincoln 1992).
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e Positive allometry: Antler size increases disproportion-
ately with increasing body size (exponent> 1), both within
individuals over ontogeny and across species of deer
(Figure 6). Despite several models (Kodric-Brown, Sibly, and
Brown 2006; Kuijper, Pen, and Weissing 2012) this perva-
sive phenomenology raises still unanswered questions about
the biophysical basis of fitness.

Metabolic life tables: These questions could be addressed
with data on metabolic ecology and demography. The red
deer population on the isle of Rom provides a promising
model system (Clutton-Brock, Guinness, and Albon 1982;
Appendix S2). The sexes differ conspicuously in body mass
(females ca. 250 kg vs. males ca. 450kg), generation time (ca.
3 vs. ca. 6years), and parental investment in offspring (two
calves weighing ca. 50kg at weaning vs. 2 sperm). Other
populations of red deer vary substantially in morphological,
physiological, ecological and behavioural traits, which pre-
sumably reflect direct and indirect selection in native and
introduced, wild and managed populations. A combination
of empirical data and theoretical models can potentially ac-
count for this variation in terms of parameters of the EFP
and trade-offs among energy gains, metabolic expenditures
and fitness benefits.

Biochemistry: Several authors have pointed out mechanistic
links between mineral and energy metabolism, stoichiom-
etry and life history in the production of antlers by males
and milk by females (Dryden 2016; Moen and Pastor 1998).
Antlers are composed of bone; antler growth is fuelled by se-
lective consumption of plants high in calcium and phospho-
rus. The biochemical and physiological processes carry over
to affect mineral nutrition of lactating females and growth
and survival of fawns.

Related patterns in other taxa: The above phenomenology
is quite common; similar traits have evolved convergently
in antelopes (Bovidae), stag beetles and other animals
(e.g., Kodric-Brown, Sibly, and Brown 2006; Emlen 2008).
But there are also well-documented examples of orna-
ments and weapons that exhibit isometric or negative
scaling with body size, and associated models that invoke
traditional biological measures of performance and fitness
(Eberhard et al. 2018). The EFP offers an alternative or
complementary framework based on biophysics and ener-
getics that can be applied to understand the observed di-
versity of form and function.

The more general phenomena of anisogamy and sexual selec-
tion beg still-unanswered questions about the evolution of sex
and the fitness contributions of males and females (Barton and
Charlesworth 1998; Harman 2011). Females typically supply
most of the energy and materials invested in eggs and juveniles
prior to independence. Males invest a smaller quantity of bio-
mass to produce enormous numbers of miniscule sperm. There
is competition among the more numerous sperm to fertilise the
much smaller number of eggs: both among sperm of individual
males during spermatogenesis and mating and between sperm
of different individuals due to aggressive contests with rivals
and courtship displays to attract females. The resulting differen-
tial selection on sperm and eggs—and on males and females—
suggests that higher-quality genetic information (fitter genes)

contributed by fathers may compensate to some extent for their
lower investment in biomass.

5.5 | Complex Life Histories: Parasitic Worms
and Social Insects

Darwin (1859) faced another challenge: I...will confine myself to
one special difficulty, which at first appeared to me insuperable, and
actually fatal to my whole theory. I allude to the neuters or sterile
females in insect communities: for these neuters often differ widely
in instinct and in structure from both the male and fertile females,
and yet from being sterile they cannot propagate their kind’. Indeed,
complex life cycles, not only of social insects, but also of mites,
crustaceans, fish, and parasitic worms pose still unanswered chal-
lenges for existing theory. We briefly consider two cases.

Schistosoma mansoni is a parasitic trematode that causes tens
of thousands of human deaths each year, mostly in developing
countries with limited public health systems. It has a complex
life history that includes episodes of sexual and asexual repro-
duction in alternative mammal and snail hosts, migration be-
tween internal environments of hosts and free-living stages in
fresh water, and paired lifetime association of an adult male and
female (Figure 8). The EFP can go some way toward explain-
ing this complexity in terms of energetic mechanisms, and con-
sistent with other parasites and general theory (Grunberg and
Anderson 2022).

The approach should focus on the fluxes and stocks of energy
and materials at the level of the colony, or more precisely on the
cohort of offspring produced by a pair of male and female par-
ents. From this perspective, the episodes of sexual and asexual
reproduction are components of a single life cycle of one genera-
tion, extending from fertilisation of eggs soon to be released into
fresh water to death of the attached pair of reproducing male
and female in a mammalian host. The asexual phase in the snail
can be treated conceptually and analytically as analogous to
the ontogenetic growth of an individual allocating assimilated
biomass to produce a ‘body’ of many independent ‘cells’ that
disperse and infect hosts. This framework could be implemented
by compiling a metabolic life table giving the age-specific num-
ber and body mass of the cohort of descendants of a single pair of
reproducing adults. A prediction from the EFP (Equations 1 and
6) is that S. mansoni and many other parasites must have high
values of P.;, and perhaps of G, to offset very low values of F,
because the lifestyle of infecting dispersed, immune-defended
hosts necessarily entails extremely high mortality. Despite all
the biomedical research on parasitic flukes, we are unaware of
any complete cohort-based analysis for any species. We crudely
estimate that the total potential fecundity of S. mansoni is on the
order of 200 billion (ca. 200,000,000,000!) offspring per mated
pair, giving an astronomically low efficiency of reproduction, F,
and a correspondingly high ecosystem tax of dead offspring re-
cycled in the ecosystem (Figure 8).

Similar theoretical and empirical considerations apply to euso-
cial insects in the orders Isoptera (termites) and Hymenoptera
(wasps, bees and ants). For example, termites are among the
largest consumers of biomass in many tropical ecosystems. They
cause billions of dollars per year of damage to structures. They
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Life cycle of Shistosoma mansoni
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FIGURE 8 | Complex life cycle of the liver fluke (Shistosoma mansoni). Selection to disperse between and infect hosts has resulted in alternating
cycles sexual reproduction in the mammal and asexual reproduction in the snail that potentially produce billions of offspring, with consequently a
vanishingly small efficiency of reproduction, F, and a nearly astronomical ecosystem tax, C = 1 — F. Modified from https://www.google.com/search?
g=schistosoma+mansoni+life+cycle&tbm=isch&prmd=ivsnmbtz&rlz=1C1GCEA_enUS950US950&hl=en&sa=X&ved=2ahUKEwiB8pOZvs
eFAXWDbPEQIHRI_AxsQrNwCKAB6BQgBEOkB&biw=1519&bih=703#imgrc=mnJbvIDXEJGAiIM; https://en.wikipedia.org/wiki/Schistosoma_

mansoni.

exhibit an enormous variety of taxa (ca. 3.000 species), colony
size (hundreds to millions), life history (fecundity up to 40,000
eggs per day, lifespan up to 50years) and ecology (diets of wood,
grass and fungi; terrestrial, arboreal and subterranean habits)
(https://en.wikipedia.org/w/index.php?title=Termite&oldid=
1214340005&action=edit). The species with the most complex
life histories have multiple specialised castes, which differ in
structure, function and mode of development (Figure 9).

In applying the EFP to termites and other social insects, the unit
of analysis should be a colony, the cohort of offspring of a pair
of reproductives. The colony is the fundamental unit of demo-
graphic steady state, energy and mass balance, genetic inheri-
tance, biological time and energetic fitness (Hou et al. 2010). The
cohort typically includes a mature reproducing female (queen)
and male (king), their sterile offspring of morphologically and
functionally distinct workers and soldiers, and their fertile off-
spring of new reproductives. Ontogenetic development from
newly hatched larva to mature adult can be complicated, with
flexible allocation to different castes depending on social cues
and environmental conditions. In addition to their complex life
cycles, some kinds of termites are distinctive for expending large

quantities of metabolic energy and material resources to create
elaborate nest architectures, regulate microclimate and culture
symbiotic fungi (Bourke 1999, https://en.wikipedia.org/wiki/
Termite; Figure 9).

It would be instructive to apply the theoretical perspective
of the EFP and the empirical analysis of metabolic life tables
to the energy budget of a termite colony. Mound-builders of
the genus Macrotermes are keystone species in savannahs of
Africa and Asia. They are dominant herbivores, comparable
in quantitative consumption and keystone impacts to large
grazing mammals. They are a significant source of food for
animals, including humans. They construct elaborate mounds
that provide a regulated microclimate for the termites and
commensal inhabitants. They tend gardens of symbiotic fungi
that metabolise plant biomass, breaking down cellulose to
produce nutritious compounds. A termite mound is an ecosys-
tem with its own economy: it houses a cohort of inhabitants
with its own fitness. The energetic perspective of the EFP sug-
gests attention to how a termite colony and a human society
allocate ‘gross domestic product’ (gdp) to food supply, defence,
infrastructure and reproduction, and how these expenditures
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Metabolic ecology of termite nests and castes

lateral

connectives =i
7
2

o mound

chimney

surface
conduit

fungus radial
gardens channel
nest
cellar

Complex architecture of nest mound
provides for climate control, fungus

>/ ) Soldier
Supplementary Wi 71
reproduclives \ / 7N
LA

Worker

Reproductive nymph
Older nymph

¥

Younges! nymph

Female or Queen

Complex life cycle: genetic, physiological
and environmental processes regulate

garden, and functional organization of production of reproductive and sterile

castes and activities

castes

FIGUREY9 | Complex mound architecture and life cycle of mound-building termites (Macrotermes spp.). The colony uses energy and materials to

construct a large mound with specialised galleries and chambers for climate control, fungus gardens and spatially segregated functions of the castes.

The life cycle is comprised of a sexual queen and king, immature reproductives and enormous numbers of sterile workers and soldiers. A colony

can contain billions of individuals and survive for decades, resulting in a very low efficiency of reproduction, F, and an astronomically high tax of

dead biomass paid to the ecosystem, C=1—F. From (https://www.google.com/search?q=termite+mound+diagram&tbm=isch&prmd=ivsnmbtz&
rlz=1C1GCEA_enUS950US950&hl=en&sa=X&ved=2ahUKEwin1 KD7xceFAXxXZPUQIHYFSDAgQrNwCKAB6BQgBEN4B&biw=1519&bih=
703#imgrc=ulqcG4hzkUs-eM) and (https://www.google.com/search?sca_esv=1a57d827cf09faae&rlz=1C1IGCEA_enUS950US950&sxsrf=ACQVn
08iMTrfriDkIIgKQQMgXSxjfwIwFg:1713298511374& q=termite+life+cycle&tbm=isch&source=Inmd=ivsnbmtz&sa=X&ved=2ahUKEwisq
KipxseFAXVMIEQIHTLPDhkQOpQJegQIDxAB&biw=1536&bih=703&dpr=1.25#imgrc=IsZd AJHIN1nY YM&imgdii=jmIPaSBpLRuNeM).

respond to changes in the extrinsic environment and internal
conditions.

5.6 | Coda

In a paper on ‘Life, Death and Energy of a Tree’, Leigh Van
Valen (1975) compiled perhaps the first metabolic life table.
He estimated that ‘the realized fitness of E. globosa (a tropical
palm) is roughly comparable to that of Homo sapiens’. When
we apply the EFP, account for trade-offs between rates of bio-
mass production, generation times and mortality, and esti-
mate the energetic fitness of amoebas, parasitic worms, deer
and other animals, we confirm Van Valen's result. This re-
markable unifying feature of life has been under-appreciated
for half a century; Van Valen's paper has been cited only 116
times between 1975 and 2004.

There are still tangled banks along the roadsides and railways
of rural England. The number, identities and relative abun-
dances of the plants, birds, insects and worms may not be ex-
actly the same as in Darwin's time, but the ‘laws acting around
us’ have not changed. One is that all species survive, produce
offspring and persist for millennia by allocating energy to sur-
viving offspring and recycling biomass in the ecosystem at
the same rate: ca. 22.4kJ/g of energy and ca. 1g/g of biomass
per generation. The third evolutionary synthesis is explor-
ing the profound implications for the past history and current
diversity of life.

Author Contributions

All co-authors contributed significantly to all parts of this study. All
authors approved the final version of the manuscript.

14nf17

RIGHTSE LI MN iy

Ecology Letters, 2024

B5USD 17 SUOWILIOD dAIERID 3|qedl|dde au) Aq poueA0b /e SSoILe YO 88N JO S3JMU 10J Afiq178UIUO AB|IA UO (SUOTIPUOD-PUR-SLLLBIALIOY™AB | IMALe1d 1 [BUI|UO//SANY) SUOIPUOD PUe SWS L 81385 *[7202/0T/2Z] Uo Afiqi8uluo A3)IM 9010105 JO AISBAIUN UNOSSI AQ LTSKT9R/TTTT 0T/10p/wod A 1M Akeiqijpul|uoy/sdiy woij papeojumod ‘0T ‘¥Z0e ‘8vZ0TorT


https://www.google.com/search?q=termite+mound+diagram&tbm=isch&prmd=ivsnmbtz&rlz=1C1GCEA_enUS950US950&hl=en&sa=X&ved=2ahUKEwin1KD7xceFAxXZPUQIHYFSDAgQrNwCKAB6BQgBEN4B&biw=1519&bih=703#imgrc=ulqcG4hzkUs-eM
https://www.google.com/search?q=termite+mound+diagram&tbm=isch&prmd=ivsnmbtz&rlz=1C1GCEA_enUS950US950&hl=en&sa=X&ved=2ahUKEwin1KD7xceFAxXZPUQIHYFSDAgQrNwCKAB6BQgBEN4B&biw=1519&bih=703#imgrc=ulqcG4hzkUs-eM
https://www.google.com/search?q=termite+mound+diagram&tbm=isch&prmd=ivsnmbtz&rlz=1C1GCEA_enUS950US950&hl=en&sa=X&ved=2ahUKEwin1KD7xceFAxXZPUQIHYFSDAgQrNwCKAB6BQgBEN4B&biw=1519&bih=703#imgrc=ulqcG4hzkUs-eM
https://www.google.com/search?sca_esv=1a57d827cf09faae&rlz=1C1GCEA_enUS950US950&sxsrf=ACQVn08iMTrfriDkIIgKQQMgXSxjfwJwFg:1713298511374&q=termite+life+cycle&tbm=isch&source=lnmd=ivsnbmtz&sa=X&ved=2ahUKEwisqKipxseFAxVMIEQIHTLPDhkQ0pQJegQIDxAB&biw=1536&bih=703&dpr=1.25#imgrc=IsZdAJH9N1nYYM&imgdii=jmIPaSBpLRuNeM
https://www.google.com/search?sca_esv=1a57d827cf09faae&rlz=1C1GCEA_enUS950US950&sxsrf=ACQVn08iMTrfriDkIIgKQQMgXSxjfwJwFg:1713298511374&q=termite+life+cycle&tbm=isch&source=lnmd=ivsnbmtz&sa=X&ved=2ahUKEwisqKipxseFAxVMIEQIHTLPDhkQ0pQJegQIDxAB&biw=1536&bih=703&dpr=1.25#imgrc=IsZdAJH9N1nYYM&imgdii=jmIPaSBpLRuNeM
https://www.google.com/search?sca_esv=1a57d827cf09faae&rlz=1C1GCEA_enUS950US950&sxsrf=ACQVn08iMTrfriDkIIgKQQMgXSxjfwJwFg:1713298511374&q=termite+life+cycle&tbm=isch&source=lnmd=ivsnbmtz&sa=X&ved=2ahUKEwisqKipxseFAxVMIEQIHTLPDhkQ0pQJegQIDxAB&biw=1536&bih=703&dpr=1.25#imgrc=IsZdAJH9N1nYYM&imgdii=jmIPaSBpLRuNeM
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fele.14517&mode=

Acknowledgements

We thank many colleagues—too many to name individually, including
participants in the 2022 Gordon Research Conference on ‘Integrating
Theory, Common Currencies and Empiricism in Ecology and
Evolution’—for valuable discussions and comments on previous talks
and drafts.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All data in this paper have been published and sources are cited.

Peer Review

The peer review history for this article is available at https://www.webof
science.com/api/gateway/wos/peer-review/10.1111/ele.14517.

References

Anthony, J. A., D. D. Roby, and K. R. Turco. 2000. “Lipid Content and
Energy Density of Forage Fishes From the Northern Gulf of Alaska.”
Journal of Experimental Marine Biology and Ecology 248, no. 1: 53-78.

Arnold, S. J. 1992. “Constraints on Phenotypic Evolution.” American
Naturalist 140: S85-S107.

Aursand, M., B. Bleivik, J. R. Rainuzzo, J. Leif, and V. Mohr. 1994.
“Lipid Distribution and Composition of Commercially Farmed Atlantic
Salmon (Salmo salar).” Journal of the Science of Food and Agriculture
64, no. 2: 239-248.

Barker, J. S. 2009. “Defining Fitness in Natural and Domesticated
Populations.” In Adaptation and Fitness in Animal Populations, edited by
J.vander Werf, H. U. Graser, R. Frankham,and C. Gondro. Dordrecht, the
Netherlands: Springer. https://doi.org/10.1007/978-1-4020-9005-9_1.

Bartholomew, G. A. 2005. “Integrative Biology, an Organismic
Biologist's Point of View.” Integrative and Comparative Biology 45, no.
2:330-332.

Barton, N. H., and B. Charlesworth. 1998. “Why Sex and
Recombination?” Science 281, no. 5385: 1986-1990.

Boltzmann, L. 1886. “The Second Law of Thermodynamics (Populare
Schriften. Essay no. 3, Address to Imperial Academy of Science).
Reprinted in English in Theoretical Physics and Philosophical
Problems, Selected Writings of L. Boltzmann (D. Riedel, Dordrecht,
1905).”

Bonnet, T., M. B. Morrissey, P. de Villemereuil, et al. 2022. “Genetic
Variance in Fitness Indicates Rapid Contemporary Adaptive Evolution
in Wild Animals.” Science 376, no. 6596: 1012-1016.

Bourke. 1999. “Colony Size, Social Complexity and Reproductive
Conflict in Social Insects.” Journal of Evolutionary Biology 12, no. 2:
245-257.

Brett, J. R. 1983. “Life Energetics of Sockeye Salmon, Oncorhynchus
nerka.” In Behavioral Energetics: The Cost of Survival in Vertebrates,
Ohio State Univ, vol. 2, 29-63. Columbus: Presstime Press.

Brown, J. H., J. R. Burger, C. Hou, and C. A. Hall. 2022. “The Pace of
Life: Metabolic Energy, Biological Time, and Life History.” Integrative
and Comparative Biology 62: 1479-1491.

Brown, J. H., C. A. Hall, and R. M. Sibly. 2018. “Equal Fitness Paradigm
Explained by a Trade-Off Between Generation Time and Energy
Production Rate.” Nature Ecology & Evolution 2, no. 2: 262-268.

Burger, J. R., C. Hou, and J. H. Brown. 2019. “Toward a Metabolic
Theory of Life History.” Proceedings of the National Academy of Sciences
116, no. 52: 26653-26661.

Burger, J. R., C. Hou, C. A. S. Hall, and J. H. Brown. 2020. “Metabolic
Life Tables: The Sockeye Salmon Example.” bioRxiv. https://doi.org/10.
1101/2020.03.13.990986.

Burger, J. R., C. Hou, C. A. S. Hall, and J. H. Brown. 2021. “Universal
Rules of Life: Metabolic Rates, Biological Times and the Equal Fitness
Paradigm.” Ecology Letters 24, no. 6: 1262-1281.

Burger, J. R., C. Hou, C. A. S. Hall, and J. H. Brown. 2023. “Life History,
Death and Taxes.” Authorea preprint, 1-16. https://doi.org/10.22541/
au.169755407.76315585/v1.

Burton, T., S. S. Killen, J. D. Armstrong, and N. B. Metcalfe. 2011. “What
Causes Intraspecific Variation in Resting Metabolic Rate and What
Are Its Ecological Consequences?” Proceedings of the Royal Society of
London B: Biological Sciences 278: 3465-3473.

Charlesworth, B. 2015. “Causes of Natural Variation in Fitness:
Evidence From Studies of Drosophila Populations.” Proceedings of the
National Academy of Sciences 112, no. 6: 1662-1669.

Clutton-Brock, T. 2017. “Reproductive Competition and Sexual
Selection.” Philosophical Transactions of the Royal Society, B: Biological
Sciences 372, no. 1729: 193-206.

Clutton-Brock, T. H., F. E. Guinness, and S. D. Albon. 1982. Red Deer:
Behavior and Ecology of Two Sexes. Chicago: University of Chicago Press.

Cummins, K. W., and J. C. Wuychek. 1967. “Calorific Equivalents
for Studies in Ecological Energetics.” International Association of
Theoretical and Applied Limnology 18: 1-158.

Dammhahn, M., N. J. Dingemanse, P. T. Niemeld, and D. Réale. 2018. “Pace-
Of-Life Syndromes: A Framework for the Adaptive Integration of Behaviour,
Physiology and Life History.” Behavioral Ecology and Sociobiology 72: 62.

Darwin, C. 1859. The Origin of Species by Means of Natural Selection.
London: Murray.

Darwin, C. 1872. The Origin of Species. 6th London ed. Chicago:
Thompson & Thomas.

Darwin, C. 1888. The Descent of Man: And Selection in Relation to Sex.
Albemarle Street: John Murray.

Darwin, C., and A. Wallace. 1858. “On the Tendency of Species to Form
Varieties; and on the Perpetuation of Varieties and Species by Natural
Means of Selection.” Journal of the Proceedings of the Linnean Society of
London. Zoology 3, no. 9: 45-62.

Dryden, G. M. 2016. “Nutrition of Antler Growth in Deer.” Animal
Production Science 56, no. 6: 962-970.

Eberhard, W. G., R. L. Rodriguez, B. A. Huber, et al. 2018. “Sexual
Selection and Static Allometry: The Importance of Function.” Quarterly
Review of Biology 93, no. 3: 207-250.

Emlen, D. J. 2008. “The Evolution of Animal Weapons.” Annual Review
of Ecology, Evolution, and Systematics 39: 387-413.

Fan, R., G. Olbricht, X. Baker, and C. Hou. 2016. “Birth Mass Is the Key
to Understanding the Negative Correlation Between Lifespan and Body
Size in Dogs.” Aging 8, no. 12: 3209-3222.

Gaston, K. J,, S. L. Chown, and K. L. Evans. 2008. “Ecogeographical Rules:
Elements of a Synthesis.” Journal of Biogeography 35, no. 3: 483-500.

Ginther, S. C., H. Cameron, C. R. White, and D. J. Marshall. 2024.
“Metabolic Loads and the Costs of Metazoan Reproduction.” Science
384, no. 6697: 763-767.

Gjedrem, T. 1997. “Flesh Quality Improvement in Fish Through
Breeding.” Aquaculture International 5, no. 3: 197-206.

Glazier, D. S. 2014. “Scaling of Metabolic Scaling Within Physical
Limits.” System 2, no. 4: 425-450.

Glazier, D. S. 2022. “Variable Metabolic Scaling Breaks the law: From
‘Newtonian’ to ‘Darwinian’ Approaches.” Proceedings of the Royal
Society B 289, no. 1985: 20221605.

RIGHTSE LI MN iy

150f 17

B5USD 17 SUOWILIOD dAIERID 3|qedl|dde au) Aq poueA0b /e SSoILe YO 88N JO S3JMU 10J Afiq178UIUO AB|IA UO (SUOTIPUOD-PUR-SLLLBIALIOY™AB | IMALe1d 1 [BUI|UO//SANY) SUOIPUOD PUe SWS L 81385 *[7202/0T/2Z] Uo Afiqi8uluo A3)IM 9010105 JO AISBAIUN UNOSSI AQ LTSKT9R/TTTT 0T/10p/wod A 1M Akeiqijpul|uoy/sdiy woij papeojumod ‘0T ‘¥Z0e ‘8vZ0TorT


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.14517
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.14517
https://doi.org/10.1007/978-1-4020-9005-9_1
https://doi.org/10.1101/2020.03.13.990986
https://doi.org/10.1101/2020.03.13.990986
https://doi.org/10.22541/au.169755407.76315585/v1
https://doi.org/10.22541/au.169755407.76315585/v1
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fele.14517&mode=

Golley, F. B. 1961. “Energy Values of Ecological Materials.” Ecology 42,
no. 3: 581-584.

Grunberg, R. L., and D. M. Anderson. 2022. “Host Energetics Explain
Variation in Parasite Productivity Across Hosts and Ecosystems.”
American Naturalist 199, no. 2: 266-276.

Hall, C. A. 2004. “The Continuing Importance of Maximum Power.”
Ecological Modelling 178, no. 1-2: 107-113.

Harman, O. 2011. “Birth of the First ESS: George Price, John Maynard Smith,
and the Discovery of the Lost “Antlers” Paper.” Journal of Experimental
Zoology Part B: Molecular and Developmental Evolution 316, no. 1: 1-9.

Hou, C., M. Kaspari, H. B. Vander Zanden, and J. F. Gillooly. 2010.
“Energetic Basis of Colonial Living in Social Insects.” Proceedings of the
National Academy of Sciences 107, no. 8: 3634-3638.

Kataki, R., and D. Konwer. 2002. “Fuelwood Characteristics of
Some Indigenous Woody Species of North-East India.” Biomass
and Bioenergy 22, no. 6: 433-437. https://dx.doi.org/10.1016/
S0961-9534(02)00026-0.

Kingsolver, J. G., and R. B. Huey. 2003. “Introduction: The Evolution
of Morphology, Performance, and Fitness.” Integrative and Comparative
Biology 43, no. 3: 361-366.

Kingsolver, J. G., and R. B. Huey. 2008. “Size, Temperature, and Fitness:
Three Rules.” Evolutionary Ecology Research 10: 251-268.

Kodric-Brown, A., R. M. Sibly, and J. H. Brown. 2006. “The Allometry
of Ornaments and Weapons.” Proceedings of the National Academy of
Sciences 103, no. 23: 8733-8738.

Kohler, M., V. Herridge, C. Nacarino-Meneses, et al. 2021.
“Palaeohistology Reveals a Slow Pace of Life for the Dwarfed Sicilian
Elephant.” Scientific Reports 11, no. 1: 22862.

Kohler, M., and S. Moya-Sola. 2009. “Physiological and Life
History Strategies of a Fossil Large Mammal in a Resource-Limited
Environment.” Proceedings of the National Academy of Sciences 106, no.
48:20354-20358.

Kokko, H., M. D. Jennions, and R. Brooks. 2006. “Unifying and Testing
Models of Sexual Selection.” Annual Review of Ecology, Evolution, and
Systematics 37: 43-66.

Kooijman, S. A. L. M. 2010. Dynamic Energy Budget Theory for Metabolic
Organisation. Cambridge: Cambridge University Press.

Kozlovsky, D. G. 1968. “A Critical Evaluation of the Trophic Level
Concept.” I. Ecological Efficiencies Ecology 49: 48-60.

Kuijper, B., I. Pen, and F. J. Weissing. 2012. “A Guide to Sexual Selection
Theory.” Annual Review of Ecology, Evolution, and Systematics 43:
287-311.

Lande, R., and S. J. Arnold. 1983. “The Measurement of Selection on
Correlated Characters.” Evolution 37: 1210-1226.

Levin, D. A. 1974. “The oil Content of Seeds: An Ecological Perspective.”
American Naturalist 108, no. 960: 193-206.

Lincoln, G. A. 1992. “Biology of Antlers.” Journal of Zoology 226, no. 3:
517-528.

Lindeman, R. L. 1942. “The Trophic-Dynamic Aspect of Ecology.”
Ecology 23, no. 4: 399-417.

Lotka, A. J. 1922. “Contribution to the Energetics of Evolution.”
Proceedings of the National Academy of Sciences of the United States of
America 8: 147-151.

McNab, B. K. 2002. “Minimizing Energy Expenditure Facilitates
Vertebrate Persistence on Oceanic Islands.” Ecology Letters 5, no. 5:
693-704.

Metz, J. A., R. M. Nisbet, and S. A. Geritz. 1992. “How Should We
Define ‘Fitness’ for General Ecological Scenarios?” Trends in Ecology &
Evolution 7, no. 6: 198-202.

Moen, R., and J. Pastor. 1998. “A Model to Predict Nutritional
Requirements for Antler Growth in Moose.” Alces: A Journal Devoted to
the Biology and Management of Moose 34, no. 1: 59-74.

Odum, E. P. 1968. “Energy Flow in Ecosystems: A Historical Review.”
American Zoologist 8, no. 1: 11-18.

Odum, H. T. 1971. Environment, Power, and Society. New York:
Wiley-Interscience.

Orr, H. A. 2009. “Fitness and Its Role in Evolutionary Genetics.” Nature
Reviews Genetics 10, no. 8: 531-539.

Pelletier, F., T. Clutton-Brock, J. Pemberton, S. Tuljapurkar, and T.
Coulson. 2007. “The Evolutionary Demography of Ecological Change:
Linking Trait Variation and Population Growth.” Science 315, no. 5818:
1571-1574.

Peralta-Yahya, P. P., F. Zhang, S. B. Del Cardayre, and J. D. Keasling.
2012. “Microbial Engineering for the Production of Advanced Biofuels.”
Nature 488, no. 7411: 320-328.

Peters, R. H. 1983. The Ecological Implications of Body Size. Cambridge:
Cambridge University Press.

Popovic, M. 2019. “Thermodynamic Properties of Microorganisms:
Determination and Analysis of Enthalpy, Entropy, and Gibbs Free
Energy of Biomass, Cells and Colonies of 32 Microorganism Species.”
Heliyon 5, no. 6: €01950.

Quinn, T. P. 2018. The Behavior and Ecology of Pacific Salmon and
Trout. Seattle: University of Washington Press.

Raia, P., and S. Meiri. 2006. “The Island Rule in Large Mammals:
Paleontology Meets Ecology.” Evolution 60, no. 8: 1731-1742.

Ricklefs, R. E., and M. Wikelski. 2002. “The Physiology/Life-History
Nexus.” Trends in Ecology & Evolution 17: 462-468.

Roth, V. L. 1992. “Inferences From Allometry and Fossils: Dwarfing of
Elephants on Islands.” Oxford Surveys in Evolutionary Biology 8: 259.

Sether, B. E., and S. Engen. 2015. “The Concept of Fitness in Fluctuating
Environments.” Trends in Ecology & Evolution 30, no. 5: 273-281.

Sibly, R., and P. Calow. 1987. “Ecological Compensation—A
Complication for Testing Life-History Theory.” Journal of Theoretical
Biology 125, no. 2: 177-186.

Sibly, R. M., A. Kodric-Brown, S. M. Luna, and J. H. Brown. 2018. “The
Shark-Tuna Dichotomy: Why Tuna Lay Tiny Eggs but Sharks Produce
Large Offspring.” Royal Society Open Science 5, no. 8: 180453.

Slobodkin, L. B. 1961. “Preliminary Ideas for a Predictive Theory of
Ecology.” American Naturalist 95, no. 882: 147-153.

Slobodkin, L. B. 1962. “Energy in Animal Ecology.” Advances in
Ecological Research 1: 69-101. https://doi.org/10.1016/S0065-2504(08)
60301-3.

Smith, J. M. 1991. “Theories of Sexual Selection.” Trends in Ecology &
Evolution 6, no. 5: 146-151.

USDA Forest Service. 2015. Kokanee Salmon Conservation Education
Program. Lake Tahoe Basin Management Unit, Tahoe Heritage
Foundation Available Under aCC-BY-NC 4.0 International License. The
Copyright Holder for This Preprint. https://www.fs.usda.gov/Internet/
FSE_DOCUMENTS/stelprdb5391112.pdf.

Van Pelt, T. I., J. F. Piatt, B. K. Lance, and D. D. Roby. 1997. “Proximate
Composition and Energy Density of Some North Pacific Forage Fishes.”
Comparative Biochemistry and Physiology Part A: Physiology 118, no. 4:
1393-1398.

Van Valen, L. 1973. “A New Evolutionary law.” Evolution Theory 1: 1-30.

Van Valen, L. 1975. “Life, Death, and Energy of a Tree.” Biotropica 7:
259-269.

Van Valen, L. 1977. “The Red Queen.” American Naturalist 111, no. 980:
809-810.

16 nf17

RIGHTSE LI MN iy

Ecology Letters, 2024

B5USD 17 SUOWILIOD dAIERID 3|qedl|dde au) Aq poueA0b /e SSoILe YO 88N JO S3JMU 10J Afiq178UIUO AB|IA UO (SUOTIPUOD-PUR-SLLLBIALIOY™AB | IMALe1d 1 [BUI|UO//SANY) SUOIPUOD PUe SWS L 81385 *[7202/0T/2Z] Uo Afiqi8uluo A3)IM 9010105 JO AISBAIUN UNOSSI AQ LTSKT9R/TTTT 0T/10p/wod A 1M Akeiqijpul|uoy/sdiy woij papeojumod ‘0T ‘¥Z0e ‘8vZ0TorT


https://dx.doi.org/10.1016/S0961-9534(02)00026-0.
https://dx.doi.org/10.1016/S0961-9534(02)00026-0.
https://doi.org/10.1016/S0065-2504(08)60301-3
https://doi.org/10.1016/S0065-2504(08)60301-3
https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5391112.pdf
https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5391112.pdf
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fele.14517&mode=

Van Valen, L. 1980. “Evolution as a Zero-Sum Game for Energy.”
Evolution Theory 4: 289-300.

Vermeij, G. 2023. The Evolution of Power: A New Understanding of the
History of Life. Princeton: Princeton University Press.

White, C. R., L. A. Alton, C. L. Bywater, E. J. Lombardi, and D. J.
Marshall. 2022. “Metabolic Scaling Is the Product of Life History
Optimization.” Science 377: 834-839.

Winfree, A. T. 1980. The Geometry of Biological Time. New York:
Springer. https://aquabounty.com/.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

RIGHTSE LI MN iy

17 of 17

5L60 1 SUOLLLOD BATTERID 3|qedtjdde aU) A PauiRA0B a1 ORI YO 138N 0 S3INI 0j ATRIGITBUIIUO AB|IAA UO (SUOIPUOD-pUE-SLULIBILI0D A3 | A JqIPUIUO//SAIIL) SUONIPUD PUE S | 8U) 295 [120Z/0T/22] Uo ArIqI78UIIUO B1IM 90LB10S JO AISAIUN UNOSSIA Ad TSYT2R/TTTT0T/0P/L00 A8 |IM ATe1q1RuI|Uo//Sdny Wol) papeojumod ‘0T *¥Z0Z ‘8rZ0T9vT


https://aquabounty.com/
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fele.14517&mode=

	Life, Death and Energy: What Does Nature Select?
	Recommended Citation

	Life, Death and Energy: What Does Nature Select?
	ABSTRACT
	1   |   Introduction
	2   |   Background
	2.1   |   Energy Balance
	2.2   |   Steady State of Equal Fitness

	3   |   The Equal Fitness Paradigm
	3.1   |   Composition of Biomass
	3.2   |   The Basic Equation
	3.3   |   Parameters of the EFP and Metabolic Life Tables

	4   |   What Does Nature Select? Comparison With Existing Theory
	4.1   |   Direct and Indirect Selection
	4.2   |   Constraints Due to Energetic Trade-­Offs
	4.3   |   Energy Efficiency
	4.4   |   Limitations Due to the Red Queen
	4.5   |   Rethinking Current Dogma

	5   |   Tests and Applications
	5.1   |   Constant Q?
	5.2   |   Biogeographic Rules: Dwarf Elephants on Islands
	5.3   |   Natural and Artificial Selection: Wild and Farmed Salmon
	5.4   |   Sexual Selection and Exaggerated Traits: Peacock Tails and Deer Antlers
	5.5   |   Complex Life Histories: Parasitic Worms and Social Insects
	5.6   |   Coda

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	References


