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All Sizes Fit the Red Queen

Indrė Žliobaitė and Mikael Fortelius

Abstract.—The Red Queen’s hypothesis portrays evolution as a never-ending competition for expansive
energy, where one species’ gain is another species’ loss. The Red Queen is neutral with respect to body
size, implying that neither small nor large species have a universal competitive advantage. Here we ask
whether, and if so how, the Red Queen’s hypothesis really can accommodate differences in body size.
The maximum population growth in ecology clearly depends on body size—the smaller the species,
the shorter the generation length, and the faster it can expand given sufficient opportunity. On the
other hand, large species are more efficient in energy use due to metabolic scaling and can maintain
more biomass with the same energy. The advantage of shorter generation makes a wide range of body
sizes competitive, yet large species do not take over. We analytically show that individuals consume
energy and reproduce in physiological time, but need to compete for energy in real time. The Red
Queen, through adaptive evolution of populations, balances the pressures of real and physiological
time. Modeling competition for energy as a proportional prize contest from economics, we further
show that Red Queen’s zero-sum game can generate unimodal hat-like patterns of species rise and decline
that can be neutral in relation to body size.
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Introduction

One of the most influential evolutionary
theories—the Red Queen’s hypothesis (Van
Valen 1973, 1980)—portrays species evolution
as a never-ending competition for expansive
energy,* where one species’ gain inevitably
results in a corresponding loss for other species.
Energy production and consumption in organ-
isms is governed bymetabolism, andmetabolic
scaling characterizes relationships between
energy and body size (Schmidt-Nielsen 1997).
Despite recent progress (Damuth 2007), how
macroevolutionary and metabolic theories fit
together remains an open question.

Body size is perhaps the most widely
researched functional trait in paleobiology
(Damuth and MacFadden 1990). Many empir-
ical patterns of spatial and temporal distribu-
tions of body mass have been identified and
debated in various ecological circumstances
(e.g., Bergman’s rule, Cope’s rule). Not surpris-
ingly, body size has been portrayed as one of
the most direct links between microevolution
and macroevolution (Maurer et al. 1992;
Jablonski 1996). Indeed, almost inevitably, differ-
ent body sizes will carry competitive advantages
in different ecological circumstances (Brown and
Maurer 1986; Woodward et al. 2005; White et al.
2007; Bribiesca et al. 2019). Awidely debated but
still open question is whether any particular
body sizes carry universal competitive advan-
tages across all possible ecologies.
Metabolic theory implies that large animals

are more efficient in energy consumption,
because they use less energy per unit of body
mass (Kleiber 1932). Many life-history para-
meters, such as life span, generation length,
number of offspring, and even durability of

*Expansive energy is energy used for growth and repro-
duction (Van Valen 1976). It can be used as common cur-
rency to quantify fitness across various organisms and
different body sizes. Maximizing expansive energy rather
than minimizing total energy consumption matters.
Trophic energy by individual = productive energy +waste
energy + structural energy (earlier production) + reserve
energy. Productive energy =maintenance energy + expan-
sive energy.

Paleobiology, 46(4), 2020, pp. 478–494
DOI: 10.1017/pab.2020.35

© TheAuthor(s), 2020. Published by Cambridge University Press. This is anOpenAccess article, distributed under the terms
of the Creative Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-
use, distribution, and reproduction in any medium, provided the original work is properly cited. 0094-8373/20use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/pab.2020.35

Downloaded from https://www.cambridge.org/core. Helsinki University Library, on 03 Dec 2020 at 08:06:54, subject to the Cambridge Core terms of

https://orcid.org/0000-0003-2427-5407
https://orcid.org/0000-0002-4851-783X
mailto:indre.zliobaite@helsinki.fi
mailto:mikael.fortelius@helsinki.fi
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog?doi=10.1017/pab.2020.35&domain=pdf
https://www.cambridge.org/core/terms
https://doi.org/10.1017/pab.2020.35
https://www.cambridge.org/core


teeth are tightly linked to metabolic scaling
(Schmidt-Nielsen 1984; Fortelius 1985). Yet
the Red Queen’s hypothesis implies* that spec-
tra of body sizes can be competitive within
adaptive zones,† that is, no particular body
size carries an overarching evolutionary advan-
tage. Are there evolutionary mechanisms that
allow large and small species to compete as
equals within the Red Queen’s realm?
Large species can support more biomass

than small species within a constant amount
of energy (Kleiber 1932; Schmidt-Nielsen
1984). If large and small species are indeed
equally competitive, but large species are
more efficient in energy use, why do large spe-
cies not take over? Or is their tendency to do so
in fact what we see in Cope’s rule?

The Red Queen Meets Cope’s Rule

Cope’s rule is a widely recognized yet exten-
sively debated empirical generalization of
macroevolutionary trends, also known as
Alroy’s axiom (Polly 1998), or even Marsh’s
maxim (Raia and Fortelius 2013). The pattern
refers to the tendency for species within a clade
(Cope would have said “lineage”) to evolve
toward a larger body size (Alroy 1998; Clauset
and Erwin 2008; Huang et al. 2017). While the
mechanisms behind apparent body-size trends
are still actively debated (Jablonski 1997; Hone
andBenton 2005; Raia et al. 2012; Pineda-Munoz
et al. 2016), it is clear that specialization alone
does not provide a sufficient explanation for pat-
terns attributed to Cope’s rule. While the debate
of ecological circumstances continues, an
overarching question remains open: To what
extent does body size itself, disregarding dietary
or climatic specializations, carries any universal
selective advantage?

The theoretical implications of fast versus
slow life histories that underlie the concept of
r/K selection (MacArthur and Wilson 1967)
and related constructs might offer a partial
explanation. r/K selection postulates a gradient
between two extreme types of species:
r-selected species are small and have high
growth rates. They live in less crowded but
unpredictable environments, where the ability
to reproduce rapidly is important. K-selected
species, in contrast, are larger, occupy more
stable environments, and live at densities
close to the carrying capacity of their environ-
ments (Pianka 1970; Cunningham et al. 2001;
Reznik et al. 2002; Brown et al. 2004). r/K selec-
tion posits that when resource exploitation
approaches the limit of the carrying capacity,
the prevailing adaptive strategies change from r
toward K (Southwood et al. 1974; Hallam 1978),
pushing large, slow-reproducing species to
become dominant in that environment (Dobson
andOli 2008; Salguero-Gómez et al. 2016). Plaus-
ible as it is, this mechanism does not explainwhy
large K-selected species do not completely
replace smaller r-selected species as unsaturated,
low-competition habitats become saturated.
A common empirical pattern of body-size

evolution within clades is an expansion in the
size range rather than in average size. Several
decades ago Stanley (1973) had already pointed
out, in the context of Cope’s rule, citing a 1968
paper by Bonner, that small species do not
vanish; instead, large species become more
common over the duration of a clade. The the-
oretical nicety of whether new species within
a clade arise via anagenesis or cladogenesis is
largely unknowable in practice but fortunately
does not matter for this argument, which only
depends on the relative frequencies observed.
An asymmetric expansion in body-size range
will inevitably show an increase in average
body mass within the clade, as Jablonski
(1997) empirically demonstrated for some
Cretaceous mollusks. Gillman (2007) general-
ized this to vertebrate body mass ranges and
showed that bodymass ranges inmorphologic-
ally disparate clades expand in highly
predictable ways over time. We ask what
evolutionary mechanisms could explain this.
One possible explanation is that the Red

Queen’s pressure is not equally prevalent

*The Red Queen’s hypothesis does not postulate that the
amount of energy is invariant to body mass, but it must
imply it. Van Valen (1971, 1973) did not explicitly discuss
body mass in the Red Queen’s hypothesis or the notion of
an adaptive zone; the implication clearly follows from the
lack of explicit constraints and conditions, for instance, that
the hypothesis would only hold for taxa of the same size.

†An adaptive zone (Simpson 1944, 1953; Van Valen 1971)
here roughlymeans that species are competing for the same
resources. Amore detailed account on the history and inter-
pretation of the term is given in Appendix 1.
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throughout the domain of Cope’s rule, but her
jurisdiction is stronger toward the end of the
pattern. As higher taxonomic clades usually
start with some major phenotypic innovation,
this temporarily makes resources less limited.*
With less-limited resources, small species can
expand faster than large species (due to shorter
generation length; Brown 1995). Transitioning
from relatively unlimited to fully exploited
resources (the Red Queen’s zero-sum game)
dilutes the advantage of shorter generation length
and makes a wide range of body masses equally
competitive, as we will demonstrate numerically
with a coarse algebraic model. Yet, while indivi-
duals consume energy and reproduce in physio-
logical time, competition for energy across
species must happen in real time. Operating in
both physiological and real time is the Red
Queen’s challenge. She balances the two times,
operating via species (or metapopulations) as
genetically cohesive units of adaptive evolution.
We propose that body size has no universal

evolutionary advantage in the Red Queen’s
domain, because expansive energy is acquired
so slowly under zero-sum game conditions
that it makes generation length irrelevant.
Imagine that the government gives unlimited
money for building houses, but the next house
can be started only when the previous one is fin-
ished. Under such circumstances, those who
build faster will benefit more. But if the wait
until the government disburses the money is
very long, say 10 years, everybodywill have fin-
ished their first house by then, and it does not
matter who was faster. That is why, in the Red
Queen’s domain, small species do not take over.
Maintaining a gram of body tissue in real

time is cheaper for large animals (metabolic
scaling; Kleiber 1932), but the cost of maintain-
ing 1 g of body tissue over an individual organ-
ism’s lifetime is the same for all body masses
(scaling of life expectancy; Lindstedt and
Calder 1981). Large animals, therefore, can
maintain more biomass than small animals

with a constant amount of energy, but this
does not help to accelerate expansion of popu-
lation biomass. That is why large species do
not take over in the Red Queen’s domain.
To analyze the mechanism from the eco-

logical perspective, we model the Red Queen’s
competition for energy as a proportional prize
contest from economics (Cason et al. 2020), in
which rewards are shared in proportion to per-
formance. We show that under the assumption
that acquisition of an evolutionary advantage
(e.g., extra cutting crest on a tooth) does not
depend on body mass, the expected effect of
such an evolutionary step on population
growth rates does not depend on body mass.
The question is not trivial, because individuals’
food intake depends on body size and scales
allometrically with it (Shipley et al. 1994).
Modeling the Red Queen’s competition as a

proportional prize contest can generate macro-
evolutionary hat-like patterns of unimodal rise
and decline (Jernvall and Fortelius 2004; Foote
et al. 2007; Liow and Stenseth 2007; Zliobaite
et al. 2017). Our computational experiments
demonstrate that in the absence of environmen-
tal change, unimodal hat-like patterns can be
expected due to random origination of new
species. While Cope’s rule arises from across-
species competition, the hat-like patterns
can arise from within-species competition
when transitioning from a relatively unlimited
resource state to a zero-sum game. The remain-
der of the paper analyzes the evolutionary
mechanics and implications of this process.

Metabolic Rate and Expansive Energy

Body mass effectively determines the pace of
life (Schmidt-Nielsen 1984), and vice versa.
Metabolic scaling establishes a fundamental
difference in energy allocation: large organisms
are relativelymore efficient inmaintenance, but
slower in reproduction (Brown 1995). Terres-
trial mammals span 24 orders of magnitude
in body mass from shrews weighing 2 g to ele-
phants weighing 5metric tons today, or even 15
metric tons or more in the past (Smith et al.
2010), showing that various body sizes can be
viable. Macroevolutionary theory, particularly
the Red Queen’s hypothesis, postulates a zero-
sum game for energy across species, implicitly,

*Prevalence of empty niches and consequences thereof to
species diversity have been extensively considered in the
equilibriummodels of species diversity (Walker and Valen-
tine 1984). An adaptive zone is conceptually close, but not
the same as a niche. An adaptive zone only exists when it
is occupied.
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species of any size. Control of energy is not sim-
ply about acquiring it once; survival requires a
process of repetitive acquisition. Thus, compe-
tition as such is not for energy, but for access
to energy. And if energy is acquired by outcom-
peting other species, the question arises how a
larger, more energy-efficient species does not
gain relatively more control of resources from
a smaller species’ loss.

Metabolic Scaling.—The dominant metabolic
scaling relation, established by Kleiber (1932),
is roughly W ∝ M0.75, where W is energy con-
sumption rate and M is body mass.* Different
technical explanations for the scaling exponent
have been evoked (Glazier 2014), ranging from
supply networks (West et al. 1997; Brown et al.
2004; Savage et al. 2008) to thermodynamics
(Ballesteros et al. 2018). Someauthorshaveargued
that there is no universal metabolic scaling expo-
nent, only ranges that give the upper and lower
bounds (Banavar et al. 2010; Glazier 2014; White
and Kearney 2014; Virot et al. 2017).
Even though measured empirical exponents

vary considerably within and among
species, depending on ecological factors as
well as developmental and physiological status
(White and Kearny 2014; Harrison 2017;
Glazier 2018), it is clear that the metabolic
rate of animals cannot scale isometrically
(DeLong et al. 2010).† Organisms fuel a three-
dimensional body while their interactions
with the environment are predominantly two-
dimensional. Feeding is on three-dimensional
objects that are typically collected over a two-
dimensional area, using locomotion, which is
effectively one-dimensional. By and large,
all mammalian organs, except for the heart,
operate via surfaces (Schmidt-Nielsen 1997).
Transportation within an organism’s vascular
network is effectively one-dimensional. Thus,
organisms often operate at a combination of
three-, two-, and one-dimensional spaces. The

dimensionality mismatch between interfaces
for energy acquisition, energy transportation
within the body, and energy consumption is
the fundamental reason why metabolic rate
has to slow down with body-size increase.
Yet the RedQueen implies that the amount of

energy controlled by each species is invariant
with body mass. We take this as a working
assumption and search for the simplest eco-
logical and evolutionary mechanisms that
could potentially permit such a balance.
With nonisometric metabolic scaling, the

number of individuals within a species that
can be supported by a fixed amount of energy
is also nonisometric in relation to body size. If
one individual consumes energy at rate W ∝
M0.75 (e.g., joules per day), then the number
of individuals that can be supported with
constant amount of energy (E ∝ M0) scales as
N = E/W ∝ M0/M0.75 =M−0.75.
Ample empirical evidence suggests that the

population density of primary consumers
globally scales close to M−0.75 (Damuth 1981;
Marquet 2002; Jetz et al. 2004). This empirical
pattern, often referred to as the energy equiva-
lence rule (Nee et al. 1991; Marquet et al. 1995),
has been shown to still hold for mammalian
primary consumers when the data are broken
down by geographic area, by broad habitat
type, and by individual community (Damuth
1987). This pattern, consistent with Van Valen’s
Red Queen, suggests that “species in general
should not differ in their potential for extracting
energy from the environment solely as a func-
tion of their size” (Ginzburg and Colyvan 2004:
loc. 1281). Using simulation models, Damuth
(2007) demonstrated that when randomly
chosen species evolve to take energy from
other species, population densities settle at an
inverse of the metabolic rate (n ∝ M−0.75).
Yeakel et al. (2018) demonstrated amechanism
for this scaling of population densities (as
well as implications for Cope’s rule) bymodel-
ing population dynamics from the starvation
perspective. Nonetheless, a synthesis of
micro- and macroevolutionary mechanisms
in the context of the Red Queen is still lacking.
Some empirical evidence suggests more

shallow scaling of population densities (May
1988; Pedersen et al. 2017; Stephens et al.
2019), which would challenge the energetic

*The metabolic scaling exponent is still debated. In
Appendix 2, we generalize the scaling argument using
metabolic rate Mx, where one can plug in one’s preferred
exponent x. For clarity of exposition in the main text, we
use M0.75.

†Unless they are colonial or change shapewith size. These
are special cases, which for clarity we leave out of this
analysis.
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equivalence.* Researchers have argued that the
energetic equivalence rule is more an upper
limit (Marquet et al. 1995) than an average
expected relationship. Because there are gener-
ally more small species than large species
(Polishchuk and Blanchard 2019), mismatch in
species history stages or saturation of an ecosys-
tem with respect to the carrying capacity may
lead to larger deficits at smaller body sizes and
thus drive the empirical population density
exponent closer toward zero. In our analysis we
consider the upper-limit exponent and, assum-
ing maximally intense competition, we analyze
how the expansion of populations scales.

Energy for Population Growth.—Population
growth needs two main ingredients—time
and energy. If unlimited energy for expansion
is available, generation length (time) is the lim-
iting factor for population growth. This is well
known from ecology, where theory and empir-
ical observations suggest that the maximum
population growth rate scales as rgrowth

max ∝
M−0.25 (Fenchel 1974; Brown 1995), where M
is body mass. The negative exponent implies
that, given enough resources, small species
can expand their populations faster.
In the RedQueen’s domain, expansive energy

becomes available for species in chunks that are
independent of body mass, Eexpansive

RedQ ∝M0. This
argument directly builds onVanValen’s reason-
ing froma single-species perspective. “To a good
approximation, each species is part of a zero-
sum game against other species. Which adver-
sary is most important for a species may vary
from time to time, and for some or even most
species no one adversary may ever be para-
mount. Furthermore, no species can ever win,
and new adversaries grinningly replace the
losers.” (Van Valen 1980: p. 294). Damuth
(2007) modeled this computationally, arguing
that, in the Red Queen’s domain, the potential
for an “evolutionary advance” of a species does
not depend on its body mass.

Population growth rate over a time period is
defined as rgrowth =N*/N− 1, where N is the
number of individuals in the previous time step,
and N* is the number of individuals now. The
expansive energy required to support population
growth is Eexpansive = (N*−N )W, where W is the
individual metabolic rate. Using the theoretical
and empirical observation that population size
(density) scales as the inverse of metabolic rate
(N ∝W−1), we expansive energy proportional to
the population growth rate, Eexpansive ∝ rgrowth.
From here, to sustain the maximum physio-

logical growth rate, expansive energy would
need to scale as Eexpansive

max ∝ rgrowth
max ∝ M−0.25.

This means that in order to sustain maximum
population growth, populations of small spe-
cies would need to be able to acquire consist-
ently more expansive energy per unit time
than large species. However, if expansive
energy becomes available in small chunks inde-
pendently of bodymass, smaller species cannot
acquire consistently more energy, and the
population growth rate is expected to be inde-
pendent of bodymass, rgrowth

RedQ ∝ Eexpansive
max ∝M0.

Demographic Paths to Evolutionary Expansion.—
For completeness of the scaling argument, we
need to consider in what ways expansive
energy can translate into a larger population,
that is, how evolutionary and ecological per-
spectives connect. Expansive energy does not
generate individuals directly, but recurring
access to that energy can support a larger popu-
lation of individuals. For a population to grow,
more individuals need to be born than die.†

Thus, expansive energy would need to increase
population birth rates, reduce mortality rates,
or both. Let us consider possible mechanisms
for this to happen.
The scaling of birth and mortality rates, as for

most life-history descriptors, closely relates to
metabolic scaling (Lindstedt and Calder 1981;
Brown et al. 2004; Hulbert et al. 2007). This is

*Polishchuk and Blanchard (2019) provided evidence for
a biomass equivalence rule; they did not deal with an
energy equivalence rule. The biomass equivalence rule is
for all organisms of given size classes; the energy equiva-
lence rule is for species. Therefore, biomass equivalence
translates to the energy equivalence rule as long as the num-
ber of species scales as M−0.25.

†If the birth rate across apopulation is 25%and thedeath rate
is 20%, the population will grow 5% per period. This follows
from the definition of growth rate rgrowth =N*/N −1 = (N+
Nborn−Ndied)/N− 1 =Nborn/N−Ndied/N= rbirth− rdeath,
whereN is the number of individuals at the previous time step,
Nborn is the number of individuals born during this period,
Ndied is the number of individuals that died during this period,
and rbirth and rdeath are the population birth andmortality rates,
respectively.
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generally known as the rate of living theory,
which postulates that life span is inversely
related to metabolic rate (Pearl 1928). As for
many other scaling relationships, the theory
for rate of living is still incomplete, and the expo-
nents are debated (Speakman 2005; de Mega-
lhaes et al. 2007; Glazier 2015). Despite debates
about the details, the general relationships are
clear—smaller animals mature and reproduce
faster anddie sooner.At the same time, allowing
for individual nuances, animals experience
roughly the same number of heartbeats, breaths
(Peters 1983), or chews (Fortelius 1985) per life-
time, independent of their body mass. Thus,
the durability of an organism (how many heart-
beats, breaths, chews) scales as M0

.

During an animal’s lifetime, a gram of body
tissue expends about the same amount of
energy whether the tissue is in a guinea pig,
cat, dog, cow, or horse (Rubner 1908). Thus,
energy consumption per day per gram of body
tissue scales as the metabolic rate of the whole
organism divided by its mass (M0.75/M1 =
M−0.25). The maximum life span of an organism
then must scale as its durability divided by the
speed of use (M0/M −0.25 =M0.25).
Maximum life span defines physiological

lifetime if no misfortunes happen. Life span
that includes ecological risks is called “eco-
logical longevity” and is described statistically
as life expectancy at birth. Scaling literature
for animals often reports either one or the
other, but both are expected and reported to
scale with body mass with the same theoretical
exponent of 0.25 (Polishchuk and Tseitlin 1999).
Under a coarse assumption of uniform mor-

tality rate across the age groups,* mortality
rate is equal to the inverse of ecological life
expectancy (Keyfitz and Caswell 2005). In
such a case, considering that life expectancy
scales as M0.25, mortality rates should corres-
pondingly scale as rdeath ∝ M−0.25. The empir-
ical mortality rates of mammals indeed have
been reported to scale very closely to this,

with the exponent of −0.24 (McCoy and Gillooly
2008).
When a population does not grow, birth rates

must scale with the same exponent as mortality
rates rbirth = rdeath ∝ M−0.25. Indeed, annual
fecundity† of mammals has been observed to
scale with the exponent of −0.26 (Hamilton
et al. 2011).
When a population grows, birth rates exceed

death rates. An increase in birth rates would
require either more frequent births or a greater
number of offspring per birth per reproductive
female. While specialized life-history strategies
are widely recognized (Sibly and Brown 2009),
birth rates are primarily governed bymetabolic
scaling (Lindstedt and Calder 1981) and are not
easy to change permanently without physio-
logical trade-offs. Elevated reproductive rates
lead to shortened life span, as limited resources
enforce a compromise between investment in
reproduction and somatic maintenance (Kirk-
wood 1977). All else being equal, permanent
and continuous increase in birth rate thus
seems unlikely to be the main path of evolu-
tionary expansion.
A more straightforward way for populations

to grow is to increase average life expectancy.
Increased life expectancy does not imply
extending the life span of the oldest indivi-
duals, but rather adding more time throughout
all age classes. Such effects have been observed
by Tidiere et al. (2016), who compared mortal-
ity rates of zoo and wild animals and showed
that being at a zoo reduces the mortality rates
of all age groups by a roughly constant factor.
An evolutionary advance‡ could reduce mor-
tality rates by reducing health risks, exposure
to predators or risks of accident by walking fas-
ter or shorter distance to the next food item;
higher probability of finding food; or higher
chewing or digestion efficiency. For example,

*This assumes that the mortality rate is constant across
the age groups. In reality, young and old individuals of a
natural population are generally more likely to die than
middle-aged individuals (Tidiere et al. 2016), but it is a use-
ful approximation commonly taken to allow generic demo-
graphic analysis (Keyfitz and Caswell 2005).

†Annual fecundity is reported per female, while the birth
rate is defined per population, but because the number of
reproducing females is proportional to the total population
size (Polishchuk and Tseitlin 1999), these two rates are
bound to have the same scaling exponent.

‡An advance here has a broader meaning than an innov-
ation would. An innovation would imply something glo-
bally new, an advance may be new for that particular
species only, it may, in boundary cases, be even something
that a clade lost earlier and then reacquired.

ALL SIZES FIT THE RED QUEEN 483

https://www.cambridge.org/core/terms. https://doi.org/10.1017/pab.2020.35
Downloaded from https://www.cambridge.org/core. Helsinki University Library, on 03 Dec 2020 at 08:06:54, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/pab.2020.35
https://www.cambridge.org/core


Van Valkenburgh (2009) demonstrated that the
risk of tooth fracture for predators increases
when competition is tighter. If an evolutionary
advance can temporarily (say, until competitors
catch up) work in away conceptually analogous
to supplementary feeding of a favoredwild spe-
cies or protection of a domestic one from preda-
tors, it would support population growth and,
in turn, evolutionary expansion.
Our next step is tomodelmechanisms of how

an evolutionary advance translates to expan-
sive energy and analyze conditions under
which the acquired expansive energy at the
population level may or may not depend on
body size. This question is important for under-
standing conditions under which large and
small species can compete as equals, despite
individuals having different daily energy effi-
ciencies (metabolism).

Connecting Micro and Macro: Evolution
under the Red Queen as a Proportional Prize

Contest

Wemodel the relationships between individ-
ual evolutionary advantage and gain in expan-
sive energy by a population of species as a
proportional prize contest known from eco-
nomics (Cason et al. 2020), in which rewards
are shared in proportion to performance. The
winning species do not gain all the available
resources instantaneously; the gain is only pro-
portional to the competitive advantage(s) that
they have acquired.
Anevolutionaryadvantage (the outcomeof an

advance in a sense of Damuth [2007]) is a newly
acquired physical, physiological, or behavioral
trait of a species that increases its advantage,
measured as the probability of survival of indivi-
duals in a given adaptive zone at a given time.
Such a trait can be, for example, an extra cutting
crest on amolar tooth. The effectiveness of a par-
ticular trait depends on the environmental con-
text; for example, in some circumstances, an
extra crest may be beneficial, in others neutral,
while having an extra crest may even be disad-
vantageous under certain circumstances.

Modeling Assumptions.—As in most compu-
tational modeling, our model builds on a set
of assumptions about evolutionary processes,
which often are simplifications, but necessary

to help clarity of exposition. While the real
world accommodates many more nuances and
circumstances, our purpose here is to demon-
strate that such a basic ecological process can,
at least in principle, by itself generate macroevo-
lutionary patterns (such as hat patterns), with-
out separate, macrolevel explanations.
We assume that an evolutionary advantage

at an individual level can arise with a probabil-
ity that is independent of body mass, meta-
phorically, a mouse and an elephant are
equally likely to acquire an advantage. We
also assume that large and small species are
likely to experience mutations leading to a par-
ticular trait with the same probability, although
we are aware that in reality, the probability of
acquiring a new trait has many factors, and
various interdependencies are likely to occur
at the genomic level, including different gen-
ome sizes and the fact that the same traits
may be encoded differently in different organ-
isms (Loewe and Hill 2010).
We further assume that species exist as evo-

lutionary units (Simpson 1961), that is, that
every individual within the species shares the
same trait. More precisely, we assume that
within-species variation is less than between-
species variation. This is typically the case for
traits that identify fossil species, even though
the maximum range of between-species differ-
ences may overlap (Polly et al. 2017). We then
assume that the new trait provides a competi-
tive advantage in energy acquisition. This can
manifest itself as walking faster or requiring
shorter distances to reach the next food item
(due to access to different dietary items); higher
probability of finding food; higher chewing or
digestion efficiency; or more effective escape
from predators, allowing longer or more
concentrated periods of feeding. Not all mor-
phological traits would fall under this assump-
tion. For example, an increase in dental crown
height would extend the durability of teeth
but would not directly increase effectiveness
of day-to-day resource acquisition. Finally, we
assume that the evolutionary advantage is
such that it does not change the body mass,
does not extend life span, and does not directly
give more offspring and that the individual
metabolic rate stays the same. Within the
scope of this study, we assume only one trophic

INDRĖ ŽLIOBAITĖ AND MIKAEL FORTELIUS484

https://www.cambridge.org/core/terms. https://doi.org/10.1017/pab.2020.35
Downloaded from https://www.cambridge.org/core. Helsinki University Library, on 03 Dec 2020 at 08:06:54, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/pab.2020.35
https://www.cambridge.org/core


level. We also assume that no external environ-
mental changes take place.
We conceptualize the proportional prize

competition with the followingmodel: our ana-
lysis assumes a closed environment of a finite
carrying capacity, which remains fixed during
the period of analysis. The model assumes
that within every time period (e.g., a day), a
constant amount of energy is generated in the
environment. Individuals start eating accord-
ing to their metabolic speeds and eat until
food available on that day runs out. The
model assumes that energy comes in a standar-
dized form, that all individuals can extract the
same amount of energy from a unit of food,
and that all individuals have the same amount
of time available for eating. We model the effi-
ciency of resource acquisition as the average
speed of food acquisition throughout the per-
iod. The increase in efficacy of resource acquisi-
tion does not necessarily mean instantaneous
acceleration of intake (eating faster), but rather
that less time per daymust be spent on foraging
(finding food faster).
Given the model, we ask how the species’

gain in expansive energy over timewill depend
on body mass.

Scaling of Expansive Energy for Evolving
Species.—One might think that the question is
trivial, because biomechanical effectiveness of
acquired traits does not depend on body mass,
so the gain should not depend on it either. Yet
food intake of individuals depends on body
size and scales allometrically with it (Shipley
et al. 1994). Analytically, this imbalance resolves
as noted in the following paragraphs.
Consider two species, which at the initial

time step are at equilibrium—neither species
is expanding or declining. Let WA be the meta-
bolic rate of species A, andWB be the metabolic
rate of species B. Let us define the initial speed
of food acquisition to be proportional to the
metabolic rate SA ∝ WA and SB ∝ WB. Let the
number of individuals of the two species be
N1 and N2. Let T denote the fraction of day
that both species spend on foraging. Then the
trophic energy controlled by each population
is EA =NASAT and EB =NBSBT. The carrying
capacity of the environment is then the sum
of energies controlled by the populations of
the two species K = EA + EB.

Suppose species A acquires an evolutionary
advantage as α > 1, such that the speed of
food acquisition for this species becomes
S∗A = aSA. Assume that the second species does
not evolve any new traits, and thus its speed of
eating remains the same, that is, S∗B = SB.
Because species A has evolved an advantage

and can now acquire energy faster, the total
amount of energy that can be acquired per indi-
vidual during the next period changes. The
equilibrium state provides just enough food
for all individuals, but when species A speeds
up food acquisition, the daily carrying capacity
of the environment is exhausted faster. Indivi-
duals of species A become slightly better nour-
ished, while individuals of species B become
slightly undernourished.
The foraging time for both species thus

becomes T* = βT, where β < 1 is a coefficient
that depends on the initial population sizes of
both species. From the assumption that the car-
rying capacity of the environment stays con-
stant, we can find the expression for β.
Assuming that the number of individuals

stays the same throughout the period, the
amount of energy obtained by species A during
the period is:

E∗
A = NAS∗AT

∗ = NAaSAbT = abEA.

The amount of energy obtained by species B is

E∗
B = NBS∗BT

∗ = NBSBbT = bEB.

Consider that the carrying capacity stays the
same, that is, K = EA + EB = E∗

A + E∗
B. From

these equations we can express the multiplier
for the new foraging time as

b = (EA + EB)/(aEA + EB).

We denote the proportion of energy
controlled by species A initially as π = EA/K.
Then, we get

b = 1/(ap+ 1− p).

Species A population will now control energy
in excess of its equilibrium metabolic rate.
This can be thought as the extra energy that
improves the probability of survival and allows
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the population to grow, as analyzed in the pre-
vious section. It remains to analyze how the
population growth rate depends on the evolu-
tionary advantage α.
The amount of energy obtained by species

A with the new trait can support NA*
individuals, where

N∗
A = E∗

A/(WAT)

= NAaSAbT/(WAT)/NAaWAb/WA

= NAab.

This now allows us to express the population
growth rate for the expanding species as

Rexpansion = ∂p/∂T = (p∗−p)/p

= (N∗
A/K)/(NA/K)− 1

= NAab/NA − 1 = ab− 1.

Plugging in the expression for β obtained
earlier gives the population growth rate for
the expanding species (A)

Rexpansion / a/(ap+ 1− p)− 1. (1)

As α denotes the magnitude of an evolution-
ary advantage of the growing species, α− 1 cor-
responds to the maximum population growth
rate when resources are unlimited.
Similarly, the rate of decline for the declining

species (B) is given by

Rdecline = b− 1/ 1/(ap+ 1− p)− 1, (2)

where π is the relative abundance of the grow-
ing species.
From these expressions we see that the rates

of expansion and decline only depend on how
much trophic energy species control at the
beginning and on the evolutionary advantage
α. If, as we argue, α does not depend on body
mass, the rest of the equation does not depend
on bodymass. This offers amechanistic explan-
ation for evolution under the Red Queen, dem-
onstrating that species’ expansion (and decline)
rates can be independent of body size.

Patterns of Expansion and Saturation.—Uni-
modal hat-like patterns of species’ rise and
decline have been commonly observed in the

terrestrial and marine fossil record (Jernvall
and Fortelius 2004; Foote et al. 2007; Liow and
Stenseth 2007; Tietje and Kiessling 2013) and
in living clades (Lim and Marshall 2017).
These unimodal patterns are fully compatible
with the Red Queen’s hypothesis (Zliobaite
et al. 2017), which prescribes continuous deteri-
oration of species’ effective environment due to
competition.
In previous work (Zliobaite et al. 2017),

we attributed unimodality to evolutionary
inertia—a memory-like process that pushes
species’ expansion or decline through multiple
time steps. Indeed, the first interpretation of
the Red Queen’s hypothesis suggests that once
an evolutionary advantage has been acquired,
the population growth will be stopped by
other species acquiring counteradvantages. Yet
even if no counterevolutionary advance follows
from other species, over many steps the expan-
sion resulting from an evolutionary improve-
ment must saturate, as the new species will
approach the carrying-capacity limit. This
generic principle is known as logistic growth in
ecology (Verhulst 1838; Pearl and Reed 1920).
Our proportional prize model for species

expansion is not exactly the same as logistic
growth, neither it is the same as the Lotka-
Volterra competitive model. Our intuition is
that the fossil record will not have enough reso-
lution to distinguish between these models in a
data-drivenway, and selecting the best fit is not
the intention here, but rather making a point
about saturation. In that sense, either of the
models generate S-shaped curves that show sat-
uration. The main difference is that logistic
growth only considers limited carrying cap-
acity without competition across species,
while the Lotka-Volterra competitive model
considers direct impact of one species on
another. The proportional prize model consid-
ers no direct confrontation, but there is compe-
tition over resources. For interested readers, a
more detailed comparison of the three models
is presented in Appendix 3.
Figure 1 visualizes how populations would

change over time following equations (1) and
(2), assuming the proportional prize contest.
Because no further evolution happens during
the period being analyzed, all the observed
growth and decline is due to inertia following
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the initial acquisition of an evolutionary advan-
tage. We see that the advantaged species first
expands rapidly, but after a while expansion
saturates, even if there is no counteraction
from the competitor. Meanwhile, species B
declines, following the same pattern in reverse.
In Figure 1A, population growth at the

beginning looks indistinguishable from expo-
nential growth, which would hold if unlimited
resources were available. Because the popula-
tion of species A is very small at the beginning
relative to the population of species B,* there

are plenty of opportunities for A to gain energy
previously controlled by B, even with a small
evolutionary advantage. This makes resources
effectively unlimited for A. As the population
of species A grows larger, competition against
the other species turns intowithin-species com-
petition, and the growth saturates. The shape of
the expansion curve and the time of saturation
here depend on the initial populations’ sizes,
and the magnitude of the evolutionary advan-
tage, but not on body size.
Under this model, the initial magnitude of

the evolutionary advantage determines when
the growth will saturate. Sigmoid growth and
saturation, however, do not explain the hat-like
patterns. S-shaped growth only explains the
rise of a species and its arrival at its peak popu-
lation. For a decline to occur, new species need
to enter the system.

Patterns of Species Rise and Decline and Their
Relation to Body Size.—We demonstrate what
potentially happens when new species enter
the system via stochastic simulation. We build
the simulation with the same proportional
prize contest model, where the setting is now
for multiple species over multiple time points.
Mechanistic details of this simulation are as
noted in the following paragraphs.
Suppose that at any point in time, indivi-

duals of existing species randomly evolve evo-
lutionary advantages. In this simulation,
evolutionary advantages are sampled from
the Gaussian distribution with unit mean and
variance 0.1. This means that evolutionary
advantage can occasionally be a disadvantage
(when it is <1). The metabolic rate here is
assumed to beW =M0.75. To keep evolutionary
advantages comparable, a fixed share of the
maximal permissible population density
(which is proportional to M0.75) acquires an
evolutionary advantage at a time to make a
new species (e.g., 1% of mice acquire an advan-
tage as well as 1% of elephants). We consider
each species to belong to one of four body-mass
classes, each by an order of magnitude larger
than the previous one (imagine species of four
types: 1 kg, 10 kg, 100 kg, and 1000 kg). The
body mass for each new species is drawn uni-
formly at random. To effectively simulate
deteriorating environment (zero-sum game) at
each time step, the resource intake speeds of

FIGURE 1. Population growth (A) and decline (B) as a pro-
portional prize competition. Equations (1) and (2) are visua-
lized with the evolutionary advantage parameter α = 1.01.

*This assumes that A branched off from B or another par-
ent species just recently and thus is initially small relative to
the size of B.
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all species alive in the model are rescaled such
that the average speed for the whole ecosystem
is 1. The scripts of our simulations are posted
on GitHub.*
Figure 2 depicts the dynamics of population

rise and decline over 1000 time steps of one
simulation run. We see the patterns that are
comparable across simulated body-size classes;
they are mostly symmetric with respect to their
peaks, although asymmetries (e.g., steeper
decline than rise) are possible and occur. The
patterns are unimodal, because as new species
randomly enter, the environment effectively
deteriorates, it never improves. Following the
modeling definition of an evolutionary unit,
one species evolves an advantage only once in
its lifetime, so there is no way to overcome
the deteriorating environment (with the next
advance, a species will be a new species). In
this system, species continue toward the peak
from the initial inertia. This offers a simple
mechanistic explanation for the future satur-
ation (and eventual decline) that is inscribed
at the time of origination of a species. It is an
alternative, or perhaps a complement, to the
“seed of decline” hypothesis (Fortelius et al.
2014), wherein competition from rapidly evolv-
ing (and therefore expanding) young species
has been invoked to explain species decline pat-
terns in the fossil record.
Multimodality within one species would

require a second evolutionary step within the
species, stochastic changes in the environment,
phenotypic plasticity, or flexibility in species
ecology. In the mammalian fossil record, omni-
vores have appeared to be the most multimodal
(Jernvall and Fortelius 2004); this is attributed to
their flexibility—they can change their mode of
life without needing to evolve new traits.
As for body size, Figure 3 shows summary

statistics of the duration of species, peak relative
abundances, and energy controlled by species
within each body-mass category from our simu-
lation over 10,000 time steps. We can see from
the plots that all three characteristics vary con-
siderably, but by and large the distributions do
not differ across simulated body-size classes.
This is in line with the scaling arguments
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*https://github.com/zliobaite/RedQueen2.
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presented earlier and suggests that in the Red
Queen’s domain, species of different body
sizes theoretically can be equally competitive.

What If Metabolism Did Not Scale with Body
Mass?—We argued that metabolic scaling
allows different body sizes to be accommo-
dated in the Red Queen’s realm. Let us finish

with a speculative counterfactual; What if
metabolic rate was independent of body size?
It is well known that animals cannot scale iso-
metrically. If all body sizes operated at the
same physiological speed, many would either
overheat or starve, failing to keep up the
speed of foraging with the speed of metabol-
ism. But for the time being, let us imagine a
Red Queen world in which physiological time
is equal to real time, generation lengths are all
equal, and energy consumption per unit of
body mass is the same for all.
Such a world should, in principle, generate

reverse Cope’s rule patterns. At times when
resources are not fully exploited, large species
would grab more resources over time, because
they can generate more energy storage capacity
over the same time. At times when resources
are fully exploited, small species would be
able to enter and coexist with large species.
Yet, on average, large species would reach
higher relative abundances; thus energy
equivalence would no longer hold. It would
be a strange world, perhaps even more com-
petitive, even more sensitive to environmental
shocks, and perhaps it would accommodate
less species diversity.

Conclusion

We ask under what evolutionary mechan-
isms large and small species can potentially
be equally competitive in the Red Queen’s
domain. Our analysis suggests that, at least the-
oretically, such mechanisms exist. Individuals
operate in physiological time, but need to com-
pete in real time. The Red Queen balances
between real and physiological time, such that
the genetically cohesive species (or metapopu-
lations) become the essential units of adaptive
evolution. Even though small species have
shorter generation lengths, they do not take
over, because under zero-sum game condi-
tions, expansive energy becomes available so
slowly that generation length becomes irrele-
vant. Even though large species use energy
more efficiently and can maintain more bio-
mass with the same amount of energy, they
cannot build more biomass with it. That is
why, under tight competition, a range of
body sizes remain competitive.

FIGURE 3. Distribution of average species’ duration (A),
maximum relative abundance (at the “peak”; B), and aver-
age energy controlled (as a fraction of the total carrying cap-
acity; C) per species over 10,000 time steps.
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This study revisits two sets of characteristic
patterns commonly observed in the fossil
record. We demonstrate that trends in average
body mass within clades in the fossil record,
known as Cope’s rule, are expected to arise as
a result of a gradual transition from partially
exploited to fully exploited resources. Transi-
tioning from relatively unlimited to fully
exploited resources dilutes the advantage of
shorter generation length and makes a wide
range of body sizes competitive.
Our analysis also offers an integrative

explanation for the hat-like patterns of species’
rise and decline. Such patterns can emerge fol-
lowing a single evolutionary advantage per
species. The patterns are unimodal, because
as new species randomly enter, the effective
environment effectively deteriorates and
never improves. If species evolve an advantage
only once in a lifetime, there is no way to over-
come this deterioration. The initial growth satu-
rates as across-species competition turns into
within-species competition. The decline starts
as more and more new species enter the scene
and the environment effectively deteriorates.
While the processmay lookmore deterministic,
a random component is nevertheless present,
as new species are entering largely at random.
This perspective on hat-like patterns offers a
simpler explanation than earlier research and
allows us to trace back the law of constant
extinction (Van Valen 1973) and the law of con-
stant peaking (Zliobaite et al. 2017) to an under-
lying principle of random origination.
Our study portrays a simplified version of

evolutionary and demographic processes. The
omission here of many fine ecological and evo-
lutionary details is intentional, aiming at the
simplest generic, mechanistic explanations of
macroevolutionary patterns that can be derived
frompopulation processes. Needless to say, our
work does not exclude alternative explanations
invoking macrolevel processes but could be
taken to suggest that such explanations may
be unnecessary. Lack of observational data is
similarly intentional. The patterns that we
are analyzing are well studied and well estab-
lished, while interpretations are not yet settled.
We hope that our study offers a unifying per-
spective and a set of interpretations to consider,
challenge, and refine.
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Appendix 1. The Adaptive Zone:
Interpretations and Historical Remarks

The adaptive zone is an elusive concept, and
its interpretation requires considering the his-
torical context in which it was developed. The
adaptive zone was first introduced by Simpson

in his classic Tempo andMode in Evolution (1944)
as a partly arbitrary concept necessary for
understanding the evolution of adaptation.
For him, the adaptive zone was a fundamental
and pervasive feature of the living world:
“Similarly, the whole animal kingdom can be
viewed as occupying a complex of larger and
smaller adaptive zones, each definable in joint
terms of the environment and of the organisms
in them. The convenience of designating these
in formal taxonomic terms (‘canid zone’,
‘felid zone’ and so forth) arises from the
approximation of adaptive, structural, and
phylogenetic phenomena. Because of the wide-
spread occurrence of convergence, this is only a
convenience, not an equivalence” (Simpson
1944: p. 190).
In Simpson’s Major Features of Evolution

(1953), the concept had matured, and he
added a footnote to this effect: “I now find
part of my earlier discussion of this subject …
somewhat confusing in this respect“ (Simpson
1953: p. 202, note 2). He downplayed his earlier,
rather defensive discussion of the arbitrariness
of adaptive zones and emphasized instead
their dynamic and interactive nature: “It is
essential to remember that what we are talking
about here is not a geographic, physical, or
even in the broadest sense environmental
zone but an adaptive zone, representing a char-
acteristic reaction and mutual relationship
between environment and organism, a way of
life and not a place where life is led” (Simpson
1953: pp. 201–202. He again emphasized that
the concept was not taxonomic: “Although
this adaptive relationship correlates with tax-
onomy as suggested, it is not confined or
defined by taxonomy” (Simpson 1953: p. 200).
Van Valen (1971) clearly understood these

nuances, but in order to make macroevolution-
ary analyses operational, he used taxonomic
units as an approximation to adaptive zones.
Thus, he empirically treated higher taxa as
adaptive zones. The original law paper (Van
Valen 1973) never explicitly discusses taxo-
nomic versus ecologic interpretations of an
adaptive zone, but from his interpretations of
the law, it is clear that he means ecology: “The
probability of extinction of a taxon is then
effectively independent of its age. This suggests
a randomly acting process. But the probability
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is strongly related to adaptive zones. This
shows that a randomly acting process cannot
be operating uniformly. How can it be that
extinction occurs randomly with respect to
age but nonrandomlywith respect to ecology?”
(Van Valen 1973: p. 17).
Van Valen (1971) made explicit an oper-

ational challenge that is relevant in the present
context: the consideration of competitive inter-
actions. “I therefore restrict ‘adaptive zone’ to
its environmental meaning, i.e. some part of
the resource space together with relevant pre-
dation and parasitism, and introduce as a tech-
nical term way of life, with its everyday
meaning, for the interaction. ‘Way of life’ is
also broader than ‘adaptive zone’ in that com-
petitive interactions are included. We must
exclude the latter from the concept of adaptive
zone, or else we can’t even consider the possi-
bility of two taxa competing within the same
adaptive zone” Van Valen (1971: p. 241).
Adaptive zones are an interpretive approxi-

mation of a complicated and multidimensional
real-world structure comprised of fuzzy entities
with porous boundaries, and implementing
them in a model will necessarily have to involve
arbitrary choices. At the same time, Van Valen’s
concept of an adaptive zone as an entity within
which competition occurs is quite straightforward

from a modeling perspective and we have
adopted that perspective here. We understand
an adaptive zone as the field in which competi-
tion occurs between species clumped into
eco-evolutionary entities by their shared ways
of life or resource use andmodel it accordingly.
An adaptive zone, thus, cannot exist
unoccupied.

Appendix 2. Scaling Relationships with
Adjustable Metabolic Rate

Table A1 presents a summary of the scaling
argument with the possibility of plugging in
one’s preferred metabolic scaling exponent x.

Appendix 3. Comparing the Proportional
Prize Contest, Logistic Growth, and
Lotka-Volterra Competitive Models

Exponential Growth.—If resources are unlim-
ited and there are no competitive interactions
between species, maximum population growth
is realized at every time step and the popula-
tion growth rate is exponential, given by the fol-
lowing differential equation:

∂p/∂T = p rmax, (A1)

TABLE A1. Scaling exponents with adjustable metabolic scaling exponent.

Scaling of: Theoretical argument
Scaling

relationship
Working
version

Metabolic rate per capita Assume (Kleibner), but feel free to choose your x Mx M0.75

Energy per species Assume (Red Queen) M0 M0

Population density Number of individuals that can be supportedwith constant
energy and given metabolic rate, M0/Mx

M−x M−0.75

Energy consumption per
gram of tissue

Metabolic rate divided by body mass, Mx/M1 Mx−1 M−0.25

Durability of an organism Assume (heartbeats, breaths, chews) M0 M0

Longevity of an organism Durability divided by the speed of energy consumption per
gram of tissue, M0/Mx−1

M1−x M0.25

(Ecological) life expectancy Proportional to maximum longevity M1−x M0.25

Reproductive lifetime Proportional to maximum longevity M1−x M0.25

Death rates in nongrowing
population

Inverse of life expectancy, 1/M1−x Mx−1 M−0.25

Birth rates in nongrowing
population

Equal to death rates Mx−1 M−0.25

Biomass per species Population density times body mass, M−xM1 M1−x M0.25

Biomass over alla species in
an ecosystem

Constant with respect to body size M0 M0

Number of species in an
ecosystem

Biomass all divided by biomass per species, M0/M1−x Mx−1 M−0.25

aThe notation refers to M, because scaling is with respect to individual body mass.
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where rmax is the maximum population growth
rate and π is the population size at the previous
time step.

Logistic Growth.—In this model resources are
limited, but there are no competitive interac-
tions across species; the inhibition to the popu-
lation growth comes from within-species
competition. The logistic growth is given by
the following differential equation:

∂p/∂T = p rmax(1− p). (A2)

Proportional Prize Model.—This model con-
siders limited carrying capacity and competi-
tion for resources, but not negative (or
positive) interactions between species. If, as in
our analysis, a competitive advantage is
defined as α > 1, then rmax = α− 1. The model
is given by the following differential equation
(for the expanding species):

∂p/∂T = ap/(ap+ 1− p)− 1 (A3)

Lotka-Volterra Competitive Model.—The two-
species model is given by the following

differential equation (for the expanding species):

∂p/∂T = p rmax(1− p)(1− a), (A4)
where a > 0 is the parameter describing the effect
of species B on species A.
Figure A1 presents a visual comparison of

the four models.

FIGURE A1. Comparison of four growth models. Para-
meters: for exponential growth, rmax = 0.3; for Lotka-
Volterra model, a = 0.05.
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