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c© 1997 Peregrine Publisher, Århus/Denmark. http://www.peregrine.dk

Embedded in most of the traditional models in theoretical evolutionary
ecology there is the assumption that we can explain natural patterns by dis-
regarding the effects of interactions among competing individuals. Through-
out this book I have tested this classical hypothesis against the contrasting
hypothesis that many of the large scale patterns in nature are explained ex-
plicitly by the density dependent competitive interactions that exist among
the individuals in populations. In this final chapter I will summarise my
study and conclude upon the results obtained.

The major part of this book was on evolutionary biology. In relation to
this subject the test on the importance of competitive interactions was con-
ducted as a test between the classical theory of evolution, which disregards
competitive interactions (reviewed by Roff, 1992; Stearns, 1992; Charnov,
1993; Bulmer, 1994; Charlesworth, 1994), and the theory of Malthusian
relativity I developed from selection by density dependent competitive in-
teractions. The test between these two theories of evolution was based on
the concept of all-dimensional optima, in abbreviation, ADO (Section 9.2.2).
This concept is the hypothesis that the predictions, or optima, of a success-
ful theory of evolution need to be evolutionarily stable in all the phenotypic
dimensions included explicitly in the theory. That is to say that when we
explain the evolution of certain traits, then we need to make no assumptions
with respect to the evolutionary determinants of the other traits.

In this chapter the tests between the proposed and the classical theory of
evolution are summarised in the three sections 25.2 to 25.4. In Section 25.2 I
deal with the evolution of basic traits like body mass, population abundance,
and rate of reproduction, and I also consider the evolution of the body mass
allometries. Then in Section 25.3 I focus on the evolutionary steady state
that incorporates directionality into the evolutionary process. Having then
explained that organisms increase in size, I deal in Section 25.4 with the
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evolutionary transitions associated with the transition from a negligible to
a relatively large organism. In Section 25.5 I change the topic in order
to summarise the population dynamic consequences of selection by density
dependent competitive interactions. But first, I deal with the effects of
competitive interactions in the traditional framework of theoretical ecology
that disregards evolutionary changes.

25.1 Traditional theoretical ecology

The traditional approach to theoretical ecology is based on the population
dynamic theory that arose from Malthus’ (1798) notion that all living or-
ganisms have the potential to increase geometrically in numbers. Malthus
inferred that such increase is transient, occurring only up to the limit of
the resource where lack of food will prevent further increase. In 1838 this
regulation was formulated into the logistic equation by Verhults to provide
a description of the growth curve of a single population. In the early 1920s
Lotka and Volterra extended the theory to incorporate interactions among
competing species and between predators and their prey. By that time the
classical theory had matured to the framework that provides the background
for the description of ecology today.

This theory is generally based on the assumption that it is the exploita-
tion of the resource that is essential for a proper description of the patterns
in natural communities. In the most simple case, with a single popula-
tion on a single resource, this idea is present in Lack’s hypothesis that the
population is resource regulated so that the equilibrium density is the car-
rying capacity, which is the number of individuals the resource can sustain.
This idea is based on the simplifying assumption that the foraging individ-
uals do not encounter one another. In the realistic case, the individuals
do encounter one another, the population is both resource and interference
regulated, and the equilibrium density is always lower than the carrying
capacity.

25.1.1 Food chains

Lack’s hypothesis of resource regulation by exploitative competition is con-
tained implicitly in the predator-prey equations developed by Lotka (1925)
and Volterra (1926) in order to explain the cyclic dynamics in natural pop-
ulations. As it was pointed out by Arditi and Ginzburg (1989) the equi-
libria of these equations fail to explain the proportional relation that exists
between the primary production and the biomass at all trophic levels in
natural food chains. Instead, the equations predict a proportional response
only at some trophic levels, whereas the biomass at other levels is inde-
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pendent or even inversely related to the primary production. To avoid this
paradox Arditi and Ginzburg introduced ratio-dependent models where the
functional response of the predator depends upon the predator-prey ratio
instead of being dependent only on the prey density as it is the case in the
traditional equations. The rationale behind the ratio-dependent response is
that it results from the fact that the time scale of foraging often is faster
than the time scale of population dynamics, or that it results from interac-
tions among predators that divide up the resource before they consume it.
In Chapter 5 we saw that the proportional response is obtained also if we
add the regulatory component of intra-population interference competition
to the original Lotka-Volterra equations.

25.1.2 Competitive coexistence

The hypothesis of resource regulation also underlies the traditional studies
on the assembly of competing species. This field has been dominated by the
Volterra-Gause principle that states that competitive exclusion inevitably
takes place among species that occupy similar niches. Since it is virtu-
ally impossible to show that two species have truly overlapping niches the
Volterra-Gause principle is basically impossible to falsify empirically. This
is because a falsification would require that we found two coexisting species
with completely overlapping niches. However, as it was shown by Schoener
(1976) and as it is illustrated in Chapter 6, it is easy to show theoretically
that the Volterra-Gause principle represents only a special case, because it
is based on an implicit assumption of pure exploitative competition. When
the regulatory effects of intra-specific interference is added to the equations
it is no longer a problem to have many species that coexist in a single niche.
Furthermore, it turns out that Hutchinson’s rule, that two strongly compet-
ing species can coexist if their weight ratio is larger than two, follows from
the regularities by which inter-specific interference partitions the resource
among competing species.

25.2 Evolution of basic traits

Basic traits are traits that all organisms have, and these traits can be traced
back to the self-replicating molecules at the origin of life. Among other
things, basic traits include self-replication (reproduction), the population
abundance, the size (body mass), and the energy metabolised by an indi-
vidual. The evolutionary modulation of the quantitative values of these
traits can generally be seen as the evolution of the balance by which the
energy available per individual is allocated between numerical replication
and traits like body mass and metabolic rate. In the following three subsec-
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tions I describe this balance in respectively the dimensions of body mass,
population abundance, and rate of reproduction. Then, in the fourth sub-
section I consider the body mass allometries that describe the across-species
relationships between the different traits.

25.2.1 Body mass

According to the classical explanation of Roff (1981) a large body mass
evolves from the within-species proportionality that often exists between
reproduction and body mass. As shown in Chapter 10, this hypothesis is
falsified by evidence because it is based on an assumption of constant relative
fitnesses: Constant relative fitnesses imply that the fitness profile (i.e., the
relative fitness of the i’th variant in a population as a function of the mass
of that variant) is similar to the selection profile (i.e., the relative fitness
of the average variant as a function of the mass of that variant). This
implies that if the classical hypothesis holds, then the selection pressure
on body mass is given by the across-species relation between the intrinsic
growth rate and body mass. Across natural species with large body masses
the intrinsic growth rate is proportional to the -1/4th power of body mass
(Fenchel, 1974). Thus, the classical framework predicts the evolution of
negligible body masses, and this is paradoxical because this prediction is
estimated from the occurrence of organisms with large body masses. Due
to this paradox the relative fitnesses are relative and not constant, as it is
assumed in the classical theory.

From this result it is evident that the two major assumptions behind
the classical theory on the evolution of body mass need some modifications
before we can construct a model that is consistent with the patterns that
exist both within and across species. First of all, the proportional relation
between reproduction and body mass is inappropriate as an assumption,
because the relation has evolved by natural selection, and thus it does not
represent an evolutionary constraint. If instead, the proportional relation
is exchanged with an inverse relation, then the relation between reproduc-
tion and body mass will reflect the evolutionary constraint defined by the
physical constraint that the energy allocated to reproduction can be used
only once. Then, by turning to the hypothesis of evolution by density
dependent competitive interactions the second assumption of constant rel-
ative fitnesses is also avoided. As shown in Chapter 10, in this framework
large body masses can evolve by the density dependence in the number of
competitive interactions and the relation that large-bodied individuals can
dominate small-bodied individuals during competitive encounters.

The body masses evolving by density dependent competitive interactions
behave in resemblance to general observations. For example, they are in-
versely related to the rate of mortality, as it is observed in guppies (Reznick
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et al., 1996). And they are positively related to the production in the re-
source, which is in agreement with the observations made by McNab (1971)
and Geist (1986) in relation to Bergmann’s rule. This rule was originally
meant to cause thermal homeostasis, but now it is seen to reflect the dura-
tion of the productivity pulse in the resource. The predicted body masses
also behave in resemblance to the island rule (Foster, 1964), which describes
that large animals generally are smaller on islands than on mainlands, while
small animals tend to be larger.

25.2.2 Population limitation

The classical approach with Fisherian selection and exploitative competi-
tion generally fails to explain the evolution of a population equilibrium
that is limited so that the resource is not over-exploited. This is because
Fisher’s fundamental theorem of natural selection predicts that the equilib-
rium continues to increase while the resource becomes progressively more
over-exploited.

This straightforward prediction is not in resemblance to empirical ev-
idence where terrestrial herbivores often eat less than 10% of the edible
plant biomass. To avoid this paradox Hairston et al. (1960) developed, and
Hairston and Hairston (1993) elaborated, the influential argument that it is
the inter-specific predator-prey interactions that maintain nature in a state
of balance, where over-exploitation does not occur. Here, the essential argu-
ment is that the predators will eat the herbivores and with fewer herbivores
the herb is no longer over-exploited. However, this argument holds only in
the absence of evolutionary changes. With Fisherian selection the density
of at least one species in the food chain is expected to increase in an uncon-
trolled manner. It is thus very understandable that Wynne-Edwards (1962,
1986, 1993) continues to argue that group selection is a necessity in order
to explain the balance of nature, i.e., in order to explain the existence of
balanced population densities.

Group selection is, though, not a necessity. As shown in Chapter 11,
this is because balanced population equilibria are predicted by the type of
individual selection that arises from density dependent competitive inter-
actions. These equilibria are balanced in the sense that the equilibrium
densities are the densities where the density dependent bias in the within-
population access to resource is balanced against the intrinsic trade-off be-
tween the demographic traits and competitive quality. This theoretically
deduced balance includes the well established empirical relations that the
densities at all trophic levels are proportional to the primary production,
that poikilotherm vertebrates are ≈ 30 times more abundant than homoio-
therm vertebrates, that the population density is proportional to the -3/4th
power of body mass, and that the exploitation of the resource is body mass
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invariant.
These balanced equilibria behave distinctively different from the equi-

libria in the classical theory of population dynamics. Population limitation
in the classical theory is based on the concept that a limiting factor is any
factor that when changed causes a change in either reproduction, survival,
and/or density regulation. Among other things, this implies that an envi-
ronmentally induced change in reproduction and/or survival is converted
directly into a change in the population equilibrium. For example, if we
begin to remove individuals at a constant rate from the population the
equilibrium density will decline. This is not the case under the hypothesis
of density dependent competitive interactions where, as a first approxima-
tion, the evolutionarily determined population equilibrium is invariant with
respect to environmentally induced changes in reproduction and/or survival.
This means that if we begin to remove individuals at a constant rate from
the population, then the equilibrium density will remain the same. The
reason for this is that, after the evolutionary equilibration has occurred,
the energy taken from the population by the removal of individuals is taken
from the body mass and the metabolic rate instead of being taken from the
equilibrium density, as held in classical theory.

25.2.3 Reproduction

The classical theory on the evolution of the reproductive rate is based on
Lack’s clutch size, which is the idea that the optimal rate of reproduction
is the rate where most offspring survive. According to this hypothesis the
reproductive rate is a derived trait that evolves from a more fundamental
trade-off that exists between reproduction and offspring, or parent, survival.
This hypothesis has been confirmed on a local scale where demographic
models are fitted to the empirical evidence within species.

In Chapter 12 it is was shown that Lack’s clutch size fails as a the-
ory on the evolution of a limited rate of reproduction. This is because the
fundamental theorem of natural selection predicts a continuous increase in
the intrinsic growth rate, and because the evident solution to this problem
is a continuous increase in the rate of reproduction. More specifically, the
continuos increase in reproduction occurs because the trade-offs between re-
production and survival are part of the phenotype so that selection operates
not only on the rate of reproduction, but also upon the trade-offs. When
this is the case, it follows from the classical framework that the absolute
values of the trade-offs continue to decline generating a continuous increase
in the reproductive rate.

This classical prediction of unlimited reproduction is in contrast to the
prediction from the hypothesis of selection by density dependent competitive
interactions. In this latter situation a limited rate of reproduction will evolve
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because fitness no longer is equivalent to the intrinsic growth rate. Instead,
when the level of interference competition is high, a large variant with low
intrinsic reproduction may easily out-reproduce a small variant with high
intrinsic reproduction, and this is because the large variant has access to
more resource than the small variant. If instead, the level of interference is
low, then the two variants have access to approximately the same amount
of resource and it is the small variant with the highest intrinsic growth rate
that will out-reproduce the large variant.

In general, selection by density dependent competitive interactions im-
plies that reproduction is balanced in accordance with the ecological con-
straints that determine the within-species bias in the access to resource.
This balance implies that poikilotherm vertebrates reproduce at a higher
rate than homoiotherm vertebrates, that the intrinsic rate of reproduction
is positively related to the primary production, that it is negatively related
to the size of the resource quanta for which the individuals compete, and
that it is balanced against the extrinsic level of mortality. These predictions
are generally confirmed by empirical evidence.

When a limited growth rate has evolved by density dependent compet-
itive interactions it follows that the selection procedure underlying Lack’s
clutch size is consistent with the new prediction. This consistency is in-
tuitively sound because, irrespective of the evolutionary optimum to the
intrinsic growth rate, we always expect that selection will optimise repro-
duction against mortality. Only in relation to the original proposal of Lack,
that it is the reproductive rate that evolves from the trade-off between re-
production and survival, the causality is changed around so that it is the
absolute value of the trade-off that evolves from the optimal growth rate
given by ecological constraints. Also, the new prediction is evolutionarily
stable while Lack’s prediction is evolutionarily unstable.

25.2.4 Body mass allometries

During this century the major life-histories across natural species have been
empirically established as allometric relations describing the various traits
as power functions of body mass. These relations are now reviewed in
books by Calder (1984), Peters (1983) and Reiss (1989), and it is generally
agreed that the rounded exponents of the allometric relations are 3/4 for
the metabolic rate, 1/4 for lifespan, 1/4 for the level of social behaviour,
-1/4 for the intrinsic growth rate, -3/4 for the population density, 1 for
the home-range area, 0 for the resource consumed by a population, and 0
for maximal lifetime reproduction. While a number of explanations have
been proposed for these relations it is generally agreed that no single one is
convincing.
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However, in Chapter 13 I showed that the empirically estimated expo-
nents are explained by the ecological constraints associated with a foraging
process that is optimised by natural selection. The essential constraints
are the number of competitive encounters per individual and foraging self-
inhibition, i.e., the degree to which the exploitation of an individual inhibits
the foraging of that individual. The regulation of the foraging efficiency
by these two processes are counteractive so that there is an intermediate
optimum from which it is possible to deduce the allometric exponents. Ac-
cording to this deduction the 1/4th and 3/4th exponents apply to organisms
foraging in two dimensions, whereas the expected exponents are 1/6 and 5/6
among organisms that forage in three dimensions. The two-dimensional ex-
ponents are confirmed by terrestrial organisms while the three-dimensional
exponents generally apply to pelagic organisms.

25.3 Evolutionary steady state

These results suggest that selection by density dependent competitive in-
teractions is essential, but they do not suggest that evolution is directional.
This conclusion depends on the assumption that the per individual exploita-
tion efficiency is fixed, an assumption that does not hold because an indi-
vidual will generally do better if it has more resource, or energy, available.

In Chapter 14 I showed that when selection operates on the exploitation
efficiency, then the evolutionary process in a stable environment will equili-
brate at an evolutionary steady state where both the exploitation efficiency
and the body mass increase exponentially, while the other phenotypic traits
evolve in concordance with the exponents of the body mass allometries.
Among other things, this implies that Fisherian fitness continues to decline,
a result that is diametrically opposite to Fisher’s fundamental theorem that
predicts a steady increase.

On empirical grounds the continuous increase in body mass is confirmed
by Cope’s law, which suggests that the majority of phylogenetic linages
tend to increase in size during their history in the fossil record. Another
observation, explained by the steady state, is the within-population propor-
tionality between reproduction and body mass. You will recall that it was
this relation that was used together with Fisherian selection to explain the
evolution of a large body mass in the classical theory. Under the hypothesis
of selection by competitive interactions, it is instead the relation between
reproduction and body mass that evolves from the evolutionary setting of
the selection gradient on body mass, a gradient that is given by the eco-
logical constraints at the evolutionary steady state. As both the ability to
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metabolise energy into competitive interactions and the ability to perform
complex behavioural interactions are crucial components for the outcome
of a competitive encounter both of these traits are expected to increase
exponentially at the steady state, just like the body mass. In relation to
this general increase in competitive quality it is possible to estimate the
evolutionary changes in the metabolic rate by examining the evolutionary
trajectory in body mass. This is possible because the shape of the trajectory
in body mass reflects the time scaling between the evolutionary process and
astronomical time, and because this time scaling depends upon the gener-
ation time that is inversely related to the metabolic rate. In Chapter 15
I applied this framework to MacFadden’s data on fossil horses and found
that, when the metabolic rate is corrected for the allometric relation to body
mass, then the metabolic rate of horses is ≈ 10 times larger today than it
was 57 million years ago. This estimate implies also that the 25 kg horse
57 million years ago had a lifespan of ≈ 90 years, given that the lifespan of
the 500 kg horse of today is ≈ 20 years.

The prediction of a steady increase in competitive quality depends upon
the assumptions that the abiotic and biotic factors extrinsic to the popula-
tion are constant, and that there is no immediate limit to the exploitation
efficiency. When instead the exploitation efficiency reaches its upper limit,
the body mass will cease to increase, and this levelling-off will occur at lower
masses on smaller resources. Hence, we may expect a variety of body masses
among natural organisms. Also, if the resource evolves to be less edible, or if
competitive interactions with competitively superior individuals from other
species causes a decline in the access to resource, then the increase in body
mass might even reverse to a decline. Inter-specific interactions and envi-
ronmental variation may then explain why there always seems to be some
organisms that decline in size.

The increase in competitive quality also depends on a sufficiently high
influx of energy to the overall biological system. As shown in Chapter 16,
when the influx of energy begins to decline there can be a mass extinction
that will eliminate predominantly the larger species, while the remaining
species will tend to dwarf in size. From the fossil record we know that
widespread dwarfing tends to co-occur with events of mass extinction, and
that mass extinctions tend to eliminate predominantly the larger species.
Finally, if the influx of energy continues to decline and the physical condi-
tions remain suitable for life then most, if not all, species are expected to
dwarf until they reach the molecular level. So, in conclusion, the evolution-
ary process is expected to be reversible with the particular direction being
defined by environmental conditions.
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25.4 Evolution of derived traits

From the predictions of the evolutionary steady state we expect that a
self-replicating molecule in a stable environment with a large resource au-
tomatically evolves toward a large-bodied organism with life-histories in ac-
cordance with known body mass allometries. Then, from empirical evidence
we know that the transition from a negligible to a large body mass is asso-
ciated with the evolution of a set of derived traits that, among other things,
include senescence, males, sexual reproduction, and a diploid genome. The
crucial thing is then to show theoretically that the transition to a large body
mass is associated with the evolutionary emergence of these derived traits.

As the derived traits tend to be associated with an increase in com-
petitive quality their evolution can be explained by selection due to den-
sity dependent competitive interactions. Under this hypothesis, the fitness
gained through interference competition is proportional to the number of
competitive encounters per individual per unit time and, thus, the evolu-
tionary development of the derived traits is positively related to the level
of intra-population interference. This implies that it is essential to show
theoretically that the level of intra-population interference associated with
a negligible body mass is so low that the derived traits do not evolve in
these organisms, and to show theoretically that the level of interference as-
sociated with a large body mass is exactly so high that the derived traits
will evolve to the level of expression known from large-bodied organisms.
In the following three subsections I will summarise how this is possible in
relation to respectively the evolution of senescence, the evolution of males
and sex ratios, and the evolution of sexual reproduction and a diploid or
haplodiploid genome. In the fourth subsection I will turn to the evolution of
eusocial colonies and their associated traits, and summarise how these sys-
tems can evolve from a body mass that is evolutionarily constrained relative
to the exploitation efficiency.

25.4.1 Senescence and soma

To explain the evolution of senescence and soma in mobile organisms we
need to explain both why senescence and soma are absent in negligibly
sized organisms, like prokaryotes and viruses, and why they are present in
large-bodied organisms, like the higher eukaryotes.

The theory on the evolution of senescence reaches back to Weismann
(1889), and it was mainly Medawar (1952) and Williams (1957) that de-
veloped the traditional view that senescence is a derived trait that evolves
from a somatic tissue from which no part is passed on in either sexual or
asexual reproduction. This hypothesis coincides with the presence of senes-
cence in the large-bodied eukaryotes that have a soma, and its absence in
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the small-bodied prokaryotes that have no soma. This theory does, though,
fail on a global scale because it does not explain why the higher eukaryotes
have evolved a soma, when prokaryotes have not.

The alternative hypothesis, I developed in Chapter 17, is that the soma
is the trait through which senescence is expressed. This hypothesis is based
on the notion that senescence cannot evolve without a clear separation be-
tween a senescing somatic tissue and a non-senescing reproductive tissue.
Senescence and soma can then evolve when it is beneficial to allocate energy
from self-repair in the non-reproductive tissue to other processes that can
enhance early reproduction and/or survival.

Under the hypothesis of selection by density dependent competitive in-
teractions, the energy that is not used for self-repair can be used to enhance
the competitive quality. When this is the case it turns out that the theo-
retically deduced level of interference in negligibly sized organisms is so low
that senescence and a soma are unlikely to evolve, and that the deduced
level of interference in large-bodied organisms is so high that senescence and
a soma evolve.

25.4.2 Males and sex ratios

To explain the evolution of males and sex ratios we need, among other
things, to explain why males are absent in negligibly sized organisms like
prokaryotes and viruses, and why there often is one male per female in
large-bodied mobile organisms like the mobile higher eukaryotes.

It was Fisher (1930) who developed the classical hypothesis that an even
sex ratio is a derived trait that evolves because an average individual of the
rare sex is expected to leave more offspring than an average individual of the
common sex. This result depends on the assumptions of sexual reproduction
between males and females, a diploid or a haplodiploid genome, and random
mating at the population level. Hamilton (1967) extended the theory, and
showed that the sex ratio will be female biased if mating is local, in the sense
that the sons of a single, or related, female/s compete/s with one another
for a limited number of matings.

This classical, or Fisherian, sex ratio theory makes sense on a local scale,
but it fails on an evolutionary scale because the cost to sexual reproduction
implies that the classical sex ratio equilibria are evolutionarily unstable in
the assumptions that underlie those equilibria. Traditionally, it has been
assumed that sexual reproduction is two-fold costly, but this holds only in a
few special cases. More generally, sexual reproduction between a male and
a female is four-fold costly, and this is because it is both the male individual
and the meiotic division of the genome into haploid gametes that are two-
fold costly. The problems with the Fisherian sex ratios then are, (i) that
the two-fold cost of the male selects for an extreme degree of local mating
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and a sex ratio that is biased to the limit where males do not exist, and
(ii) that the two-fold cost of meiosis selects for a haploid genome, asexual
reproduction, and the absence of males, at least if hermaphrodites are not
allowed. If instead, hermaphrodites are allowed, then there may be selection
for hermaphrodites, and this is because they have the potential to bypass
the four-fold cost of sex. This is possible because hermaphrodites contain
no male individuals and because they contribute to reproduction through
both the male and the female function. But, in either case, the Fisherian
sex ratio theory fails to explain the evolutionary maintenance of sex ratios
in mobile organisms with males and females.

If we disregard the classical sex ratio theory, then, under the hypothesis
of evolution by density dependent competitive interactions, males can easily
evolve by individual selection despite their two-fold cost. This is because
the male can invest both energy and time in competitive quality, instead of
using it on physiological self-replication as it is done by the female. In this
sense the male individual gains fitness not only through sexual reproduc-
tion, but also from interference competition where he can prevent that the
asexual variant has access to the resource. Hereby the sexual variant can
out-reproduce the asexual variant, despite the fact that the sexual variant
has the lowest intrinsic growth rate.

In this scenario the number of males per female will depend upon the
level of interference in the population. If the level of interference is high, it
pays to invest in the competitive quality of the male so that it is optimal to
be in relatively large groups containing many males and only a few females.
If, on the other hand, the level of interference is low, competitive quality
tends to be wasted so that it pays to invest in the female component of
numerical replication, generating a female biased sex ratio. The essential
point is then to show that the theoretically deduced level of interference will
explain the sex ratio patterns that exist among natural species.

From the theoretical deductions in relation to the evolution of body
mass, it turns out that the level of interference in negligibly sized organisms,
like prokaryotes and viruses, is so low that males cannot evolve. This is in
contrast to the deduced level of interference at the evolutionary equilibrium
in large-bodied organisms that is exactly so high that the optimal number
of males per female is one. Finally, at the evolutionary steady state the
deduced number of males per female is approximately two. As shown in
Chapter 22, this latter prediction depends upon the assumption that the
interfering individuals are males. If, on the other hand, they are allowed also
to be the offspring of the female, then the optimal solution is cooperative
breeding between a pair and a single offspring. This form of reproduction
is widespread in birds and mammals.

Unlike the Fisherian sex ratios, the sex ratios that are predicted by
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competitive interactions do not depend upon the presence of sexual repro-
duction and, therefore, they are also independent of the ploidy level of the
genome and of the degree of local mating. However, if we assume sexual
reproduction and a diploid, or a haplodiploid, genome, then the two sex
ratio theories can be integrated with one another, and it can be shown that
the original equilibrium relations will evolve, including the relationship be-
tween the degree of female bias and the degree of local mating. The essential
differences between the new and the original form of this prediction is (i)
that the original prediction is evolutionarily unstable while the new pre-
diction is evolutionarily stable, and (ii) that the evolutionary causality is
turned upside down. This suggests that it is the degree of local mating that
evolves from the sex ratio, and not the other way around as it originally
was proposed by Hamilton.

In many cases males differ from females, e.g., in the size or by the
presence of male characters that may include physiological ornaments or
a colourful plumage. Traditionally, these differences between females and
males have been explained by sexual selection where females choose the
large or the more extravagant males. These differences between the two
sexes may, however, evolve also by interference competition for other re-
sources than females. According to this latter hypothesis there is a general
trend where males tend to be larger than females in species with male biased
sex ratios, while the reverse is expected when the sex ratio is female biased.
This trend is widespread among natural species where birds and mammals
tend to have male biased sex ratios and males that are larger than females,
while the reverse often is the case in lower organisms, like insects and other
invertebrates.

With respect to male characters there is a difference in the expected
pattern depending upon whether they evolve by interference competition
for resources or by female choice and sexual selection. If they evolve by
interference competition for resources, then, as it was shown in Chapter 20,
we expect that they will evolve in many instances when there is overlap
between the breeding site and the area in which the organism forages, but
only in few instances when there is no overlap between the breeding site and
the foraging area. This is in contrast to the situation with female choice
where we expect no such differentiation. Bird species generally conform to
the situation with interference competition for resources suggesting that fe-
male choice for extravagant males is a secondary trait that evolves because
it is these males that can supply the females with the largest amount of re-
source. In other words, it seems that it is female choice and sexual selection
that evolve from the presence of male characters, and not the other way
around as it traditionally has been thought ever since Darwin introduced
the concept of sexual selection.
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According to the hypothesis of density dependent competitive interac-
tions this change is not the only major change in the role played by sexual
selection. According to the original proposal by Darwin, and all subsequent
treatments, sexual selection is seen as the link explaining the non-sexual dif-
ferences between females and males from the assumption of sexual reproduc-
tion. However, as illustrated in the following section, under the hypothesis
of competitive interactions sexual selection is the link that explains the evo-
lution of sexual reproduction from the functional differences between males
and females. Once again, it seems that the dependent and the independent
variables need to be changed around.

25.4.3 Sexual reproduction and ploidy level

To explain the evolution of sexual reproduction we need to explain why
sexual reproduction is absent in negligibly sized organisms, like prokaryotes
and viruses, why it generally exists among hermaphrodites in sessile organ-
isms, and why it generally exists between males and females in large-bodied
mobile organisms. Also, we need to explain why the optimal solution to
sexual reproduction is a diploid, or haplodiploid, genome with a meiotic
division into haploid gametes.

The problem with sexual reproduction is that the two-fold cost of meio-
sis selects for a haploid genome and asexual reproduction when sexual re-
production occurs between males and females. In contrast, there is no
real paradox associated with the maintenance of sexual reproduction in
hermaphrodites, and this is because these species have the potential to
avoid both the two-fold cost of the male and the two-fold cost of meiosis. In
other words, the difficult task is to explain why we have sexual reproduction
between males and females in the large-bodied mobile organisms.

Although at least twenty different theories have been proposed to ac-
count for the evolution of sexual reproduction, the case with sexual repro-
duction in the large-bodied mobile organisms has remained probably the
largest paradox in evolutionary biology. A common feature to nearly all the
proposed models is that they are based on the idea that genetic diversity is
beneficial to the organism per se and, thus, a diploid organism with sexual
reproduction is expected to be more fit than a haploid organism with no
sex, simply because the diploid organism is genetically more diverse. These
hypothesises will, however, not explain the evolution of the male individual
at the cost of hermaphrodites, and this is because, even in the presence
of genetic variation, the male is still four-fold costly when he is compared
with the hermaphrodite. Also, the traditional models will generally not
explain why the natural solution to the problem of genetic diversity should
be exactly a diploid, or haplodiploid, genome with haploid gametes. In
Chapter 21 I was aiming at a more complete solution that could explain
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the general patterns associated with sexual reproduction, i.e., a model that
could explain why sexual reproduction in natural species takes the partic-
ular form with a diploid, or a haplodiploid, genome with haploid gametes,
why it generally occurs only in large-bodied organisms and, finally, why in
these organisms it generally occurs between males and females when the
organism is mobile, while it generally occurs among hermaphrodites when
the organism is sessile.

In order to obtain this goal I focused on the hypothesis of evolution by
density dependent competitive interactions, where the existence of males
and females has been explained independently of the existence of sexual
reproduction. In this scenario sexual reproduction can evolve because a
pair that contains a female and a male has a higher competitive quality
than a lonely female and a pair that contains two females. This implies
that it is favourable for the female to attract an unrelated male, and she
can do this by sexual reproduction where she can increase the male’s fitness
by transferring some fraction of his genome to her offspring.

Generally, we expect that the females will choose the males that are
competitively superior to other males, and that the competitively superior
males will dominate the inferior males in order to choose the females that
transfer the largest fraction of their genome on to the offspring. Under this
set-up it turns out that, if the body mass is negligible, then the theoreti-
cally deduced level of interference is so low that sexual reproduction will not
evolve. If instead, the body mass is large and in evolutionary equilibrium,
then the deduced level of interference is exactly so high that the female’s
genome will replicate at the fastest rate when the offspring receives half of its
genes from the mother and the other half from a single father. An obvious
solution to this mode of sexual inheritance is the form known from diploid
organisms, where the diploid offspring receives one set of chromosomes from
its mother and an other set from its father, or the form known from hap-
lodiploid organisms, where the diploid female transfers haploid gametes to
both daughters and sons, while the haploid male transfers a haploid gamete
only to daughters.

The model behind these results is valid only in mobile organisms be-
cause it depends upon the implicit assumption that the male can help the
female during competitive encounters. This is not the case in sessile organ-
isms where the sessility implies that if a male competes for a female, then
he competes also against her. This implies that sessile males are energet-
ically costly, and that the evolutionary optimum to sexual reproduction is
hermaphroditic individuals. Moreover, as males generally are absent in ses-
sile organisms there is no male choice to prevent that asexual reproduction
and self-fertilization evolve in order to enhance the intrinsic growth rate
of the hermaphrodite. Not surprisingly, among sexual organisms, asexual
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reproduction and self-fertilization are common in sessile organisms while
these traits are rare to absent among mobile organisms.

25.4.4 Eusocial colonies

A eusocial colony is characterised by a large worker caste, and eusociality is
known mainly from social insects, where it occurs in one form in ants and
bees, and in another form in termites. These two forms of eusociality are
characterised by two different sets of co-occurring traits: In ants and bees
the queen forms the colony on her own after she has mated with a sexual
male, the genome is haplodiploid, the workers are the sterile daughters of
the queen, and there are typically three queens per sexual male. In termites
the queen forms the colony together with the king, the genome is diploid, the
workers are the sterile daughters and sons of the queen, and there typically
is one king per queen. Hence, when we explain the evolution of eusociality, it
is essential to explain also the evolution of these two patterns of co-occurring
traits.

According to the traditional view introduced by Hamilton (1964, 1972),
eusocial colonies evolve by kin selection where the sterile workers gain inclu-
sive fitness through the sexual reproduction of their queen. This hypothesis
depends on the assumption that the workers are constrained to be the off-
spring of the queen. If instead, the workers were allowed also be the sexual
partners of the queen, then the degree of kin selection is reflected by the
proportion of the workers that are offspring workers. In this case eusocial
colonies can evolve independently of kin selection when there are no off-
spring workers. Hence, in order to explain that kin selection is operating in
eusocial species, it is essential to relax the assumption of kin selection and
show that selection in eusocial species favours offspring workers at the cost
of sexual workers.

From Chapter 22 we have that when the assumption of kin selection is
relaxed and the workers are allowed to be both offspring and sexual males,
then it turns out that the optimal worker caste contains only offspring work-
ers. This is because it is at this limit that each gene in each individual in
the colony has the highest probability of being copied to a sexual offspring
of the queen. Hence, it seems that it is kin selection that evolves from,
and/or is maintained by, eusociality, and not the other way around as it
was originally proposed by Hamilton.

As kin selection is not the ultimate cause of the evolution of eusocial
colonies they must evolve by other means. According to the hypothesis
of selection by density dependent competitive interactions eusocial colonies
will evolve when the body mass is upward constrained and there is plenty
of resource. This is because, then the energy that cannot be allocated to
body mass is selected into reproduction instead, and this results in increased
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interference and selection for large groups that can dominate small groups.
These groups reach their evolutionary optimum when they contain many
interfering individuals (workers), and only a few or a single reproductive
females (queens). This result may explain why eusociality is relatively com-
mon in insects, where the ecto-skeleton might set an upper limit to the body
mass, and why eusociality is almost absent in vertebrates, where the body
mass seems to be evolutionarily more flexible.

In relation to the sex ratio in the sexuals produced by a eusocial colony
it is likely that it is controlled by the workers because they are numerically
far superior to the queen. It was Trivers and Hare (1976) who combined this
observation with the genomic selection of the Fisherian sex ratio theory in
order to develop the classical explanation of the evolution of the sex ratio in
eusocial species. According to this explanation the sex ratio is the derived
trait that evolves from the relatedness between the workers and the sexual
offspring produced by the queen. This implies that the predicted sex ratio of
three queens per sexual male in ants and bees depends upon the assumptions
that the genome is haplodiploid and that the workers are the daughters of
the queen. Likewise, the prediction of an even sex ratio in termites is the
result of the diploid genome.

If we disregard this classical causality on the evolution of sex ratios, then
it is possible to relax the traditional assumptions and let both the ploidy
level of the genome and the sex ratio in the workers evolve by selection,
just like the sex ratio in the sexuals. This is possible because individual
selection on the sex ratio in the sexuals dominates over the Fisherian form
of genomic selection. This implies that if, as it is the case in ants and
bees, the queen establishes the colony on her own, then the two-fold cost
of the male selects for a female biased sex ratio. When this prediction is
combined with an extended model on Fisherian sex ratios, it turns out that
the individual selection on the sex ratio in the sexuals imposes selection on
both the ploidy level of the genome and the sex ratio in the worker caste.
As shown in Chapter 22, the evolutionary equilibrium of this system is a
haplodiploid genome and a worker caste containing only female offspring,
i.e., an equilibrium that coincides with the pattern in ants and bees. In this
system, the sex ratio in the sexuals is three queens per male at the limit
where the force of individual selection is completely diluted by the spread
of genes in the population. If instead, the population is substructured and
individual selection operates more independently of genomic selection, then
the sex ratio in the sexuals will be more female biased.

In the case of termites the situation is different because the sexual male
stays with the queen. This implies a constraint of pair formation that
induces individual selection for an even sex ratio in the sexuals. When this
result is coupled to genomic selection on the ploidy level of the genome, and
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to genomic selection on the sex ratio in the worker caste, then it turns out
that the evolutionary equilibrium is a diploid genome and a worker caste
containing both female and male offspring. In this latter case the sex ratio
in the sexuals is always even because an even sex ratio is the equilibrium at
the level of both genomic and individual selection.

25.5 Evolutionary population dynamics

The predictions in the previous sections are based on the assumption that
the population is in dynamic equilibrium. When this is not the case the
population shows dynamic behaviour, and this tends to be inherently cyclic
in natural populations. This is unlike the classical theory where population
dynamics is inherently non-cyclic, unless there is some sort of delayed reg-
ulation caused by over-compensation or by interactions with other species.

Although over-compensatory dynamics have been found in animals as di-
verse as ungulates and insects, it is now generally agreed that over-compen-
sation cannot explain the general tendency for cyclic dynamics. This is
because the single species models, which can over-compensate due to the
action of direct density dependence, generally do not explain the observed
dynamics, and because the models that may explain the dynamics are based
on delayed density regulation, lacking a firm mechanism that can explain
why the delay occurs.

At first, these limitations to the single species models in the classical
theory suggests that most population cycles are caused by predator-prey
interactions in their broadest definition, which includes herb-herbivore and
host-parasitoid interactions. However, this hypothesis has always been as-
sociated with the problem that many populations apparently continue to
cycle even in the absence of the essential interactions. This appears to be
the case with Daphnia, lemmings, and snow-shoe hares, and with the larch
budmoth that has the best documented cycle in forest insects. Due to these
limitations it remains questionable whether the mechanisms in the classical
theory of population dynamics are sufficient in order to explain the periodic
dynamics in natural species.

One obvious limitation to the mechanisms in the classical theory of pop-
ulation dynamics is that they are based on the assumption of no evolution-
ary changes. I relaxed this assumption in Chapter 24, where I developed
a logistic equation based on selection by density dependent competitive
interactions. The major result was that the density dependent selection
extended the classical theory so that the dynamics of a single species be-
come inherently cyclic, taking a period that coincides with the periods in
the forest insects with cyclic dynamics. In other words, we do no longer
have to incorporate interactions with other species in order to explain the
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cyclic dynamics that occur in natural populations.
According to the action of selection by density dependent competitive

interactions the cyclic changes in the population densities are associated
with a cycle in the phenotype that, among other things, includes the intrinsic
growth rate, the body mass, and the sex ratio. Cyclic changes in body mass
have been observed among the Daphnia and lemmings that show cyclic
dynamics, and evidence suggests that the phenotypic cycle in lemmings
also includes the sex ratio and the intrinsic growth rate.

25.6 Conclusion

We have now gone through the major dimensions of the organism, and in
nearly all instances obtained the result that the equilibria or predictions in
the classical theory are evolutionarily unstable in their phenotypic assump-
tions. Moreover, we have established a new theory based on a single ADO
model that contains nearly all the classical equilibria, only in a new form.
The major differences between the new and the classical versions of these
equilibria are: (i) that the new versions are evolutionarily stable because
they generally do not depend upon phenotypic components that are evolu-
tionarily unstable, and (ii) that the propagation of the selection pressure
through the population generally is in opposite directions in the two the-
ories. In the classical theory the propagation is “inside-out” in the sense
that it generally is the intrinsic constraints of the genomic and phenotypic
systems that determine the selection pressure at higher phenotypic levels.
In the proposed theory the propagation is “outside-in” in the sense that it
generally is the selection pressure of interference competition that can ex-
plain the evolutionary optimum of the major phenotypic dimensions. It is
this overall evolutionary optimum together with its behaviour in relation to
its position on the major evolutionary trajectory that is the general theory
of evolution I propose.
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interactions 73-75

selection by 69, 73-76, 95-99
Constraints

allometric 130-134, 139-141
demographic 58-62
ecological 66-68, 228-230
evolutionary 57-62, 64-68, 130-134,

139-141, 153-156, 179, 212-214,
228-230

genomic 191, 212-214
physiological 62-66, 179

Cooperative breeding 183, 210, 231,
296
evolution of 188-210, 234-237

Cope’s law 156, 159, 162, 292
Cycle

allometry 272
body mass 269, 303
evolutionary 263-282, 302
limit 273
neutral 40, 273
over-compensatory 28-32, 279-302
phenotypic 269
predator-prey 37-40, 42, 46, 302
sex ratio 270, 280, 303

Daphnia, cycle in 38, 269

329
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Density regulation 23-32
delayed regulation 33-35
interference regulation 26-27, 286
predator regulation 39
prey regulation 39
resource regulation 25-26, 286

Deterministic evolution 11-12, 77-85,
156-157, 169-170
back-folding 169-170
unfolding 156-157

Directional evolution
see deterministic evolution

Dwarfing 165-170, 293
Equilibrium 85-87

ADO, see ADO
constrained 86
evolutionary 82, 85
Fisherian 82, 85
population 23
steady state 82, 86, 292

Euler equation 61
Eusocial colonies 231-256, 300-302

evolution of 188, 232-236, 300
diploid genome 248, 253-256, 302
haplodiploid genome 248, 252-253,

301
kin selection 236-237, 300
offspring workers 236-237, 300
sex ratio 238, 243-248, 301-302
worker caste 232-236
worker sex ratio 238, 240-243,

301-302
Fisherian sex ratio 239-240, 249-

251, 301
Exploitation efficiency 67

allometry 94, 135, 149-153
constraints on 155-156, 169
increase in 146

Extinction 12, 40, 67, 100, 102, 125,
165, 170-172, 275, 293

Extraterrestrial life 14
Extrinsic growth rate

see fitness, Malthusian relativity
Fisherian, see specific traits and

equilibria
fitness

selection
Fitness 69

age-structure and 51
Fisherian 26, 72-73, 76, 150

allometry 94, 138, 291
in Malthusian relativity 27, 73-76,

95-99
inclusive 71, 195, 300

Fitness profile 73
evolution of 122-152
one-dimensional 73
two-dimensional 75

Food chains 43-46, 286-287
Four-fold cost of sex 191, 198, 205, 295
Fundamental theorem of selection 19,

72
falsification 91, 109, 117, 120, 151
new role 259-260

Gause rule 47-50, 287
Genome

diplohaploid 228, 249
diploid

evolution of 227-228, 253-256, 299,
302

Fisherian sex ratio and 194, 196,
301

haplodiploid
evolution of 227-228, 252-253, 299,

301
Fisherian sex ratio and 194, 196,

301
Group formation 183-190

cost of 185-186, 188
evolution of 186-190, 233

Growth rate see fitness
Hermaphrodite 201-202, 224-229, 298
Historical evolution 7-8, 77-85
Home-range

allometry 129-135, 138, 291
constraints by 131-134
island rule and 106
optimum 139-140

Horse, evolution in 162-163, 293
Hutchinson’s rule 48, 50-52, 287
Ideal free distribution 130
Inbreeding
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Fisherian sex ratio and 197
Insects, cycles in 31-32, 271, 302
Interference

allometries and 132-134,
density dependence in 26
evolution of 103, 148, 153-156, 167-

170
metabolic rate and 115-116, 124
regulation by 26-27, 68
resource and 116, 123

Intrinsic growth rate
see fitness, Fisherian

Island rule 106-107, 289
Lack’s clutch size 117-121, 290

evolution of 122-123
Lifespan 58

allometry 129, 135, 137, 291
constraints on 66, 179-180
evolution of 159-163

Local mating
Fisherian sex ratio and 197-204, 295
evolution of 212-214, 297

Male
characters 217-221, 297
cost of 199-202, 207-208
dwarf 229
evolution of 205-209, 295
two-fold cost of 191, 205, 295

Malthusian law 19-21
limitation to 259-260

Malthusian principle 23
Malthusian relativity 9

general, or extended, version 9, 85
special, or restricted, version 9, 84
See also

equilibria, evolutionary
fitness
selection

Meiosis 202
two-fold cost of 191, 202-205, 295

Metabolic rate
allometry 129-136, 291
constraints by 66, 115, 124
cost of 92
evolution of 107, 157, 159-163
increase in 159-163, 293

Ornament, see male, character
Over-compensation 29, 302
Parthenogenesis 211
Population cycle, see cycle
Population density

allometry 129-135, 138, 289-291
evolution of 109-116
genetic variation and 114, 127
metabolic rate and 115-116, 127
primary production and 43-46, 116,

127, 289
resource quanta and 113-114, 127

Population dynamics
see cycle and population growth

Population growth
exponential 20
geometrical 21
hyper-exponential 259-260
introduced species 274
logistic 27-32

Population limitation 24-25, 109-116,
289-290

Population regulation
see density regulation

Predator-prey 37-42
cycle 37-40, 42, 46, 302
extinction and 40
ratio dependence 43, 287

Quality
competitive 73
energetic 65
evolution of 95-107, 156

Rate of living 66
Realised foraging efficiency 67
Relatedness coefficient 193
Reproduction 117-127

allometry 92-94, 135, 138, 152, 291
constraints on 62-66
evolution of 117-127, 290-291
Fisherian 119-121
metabolic rate and 124, 127
mortality and 118, 125-127, 291
primary production and 123, 127,

291
resource quanta and 124, 127, 294

Resource regulation
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see density regulation, resource
Selection

Fisherian 72-73
frequency dependent 69
frequency independent 69
Fundamental theorem of 72

falsification 91, 109, 117, 120, 151
new role 259-260

genomic 70, 191-204, 212-214
group 71
in Malthusian relativity 73-76, 95-99
individual 70, 199-202
kin 71, 193, 300

evolution of 236-237, 300
Secondary theorem of 73
Sexual 217-221, 224, 297

evolution of 221, 297
Selection gradient 73, 75

evolution of 148, 151, 167, 169, 170,
292

Selection profile 76, 103
Self-fertilisation 229
Self-inhibition 68-69, 131-132
Senescence 175-181, 294

evolution of 180-181, 294
Fisherian 180
trade-off 179

Sessile organisms, sex in 228-230, 299
Sex ratio

cycle 270, 280-381, 295, 303
evolution of 209-212

even 210
female biased 210
in eusocial species 238, 243-248
local mating 212-214, 297
male biased 210

Fisherian 191-204, 295
even 191-194, 196
female biased 196-204
in eusocial species 195-196, 239-

240, 249-251, 301
inbreeding 197
investment 194-195
limitation to 198-204
local mating and 197-198

Sexual reproduction 223-230, 298-300

four-fold cost of 191, 198, 205, 295
evolution of 223-227, 298-300
in sessile organisms 228-230, 299

Soma 175-181, 294
Trade-offs

body mass and Fisherian fitness 65,
91-95

exploitation and interference 228
quality and Fisherian fitness 65, 92
reproduction and survival 119

evolution of 122-123
senescence and self-repair 179-180

Transcription probability 193
Two-fold cost of male 191, 199-202,

205, 295
Two-fold cost of meiosis 191, 202-204,

205, 295
Volterra-Gause Principle 287



Symbols

S Trait Relations

w Body mass
B Metabolic rate per unit mass
ω Senescence parameter
T Lifespan T = ω/B
q Energetic and competitive quality q = wTB
θ Proportion of females
φ Proportion of males φ = 1 − θ
φ/θ Sex ratio
H Home-range
N Population density N∗ = γ

√
λm

ι Intra-population interference, also I I = eι

γα Density regulation by exploitation −γα lnN
γι Density dependence in interference ι = γι lnN
µ Regulation by interference −µι, ·g(I)
γ Total density regulation γ = γα + µγι
f Regulation by foraging self-inhibition ·f
α Exploitation efficiency
κ Realised foraging efficiency κ = fgα
re Rate of increase in the resource
γe Density regulation in the resource
E Resource density E∗ = (re − κN∗)/γe
ε Energy used on reproduction ε = κE∗

R Lifetime reproduction R = Tε/q = ε/wB
p Survival scalar
R0 Net lifetime reproduction R0 = pR
λ Discrete Malthusian parameter λ = R0

r Intrinsic Malthusian parameter r∗ = ln(pαE∗/wB)
x Extrinsic Malthusian parameter x∗ = ln(pκE∗/wB)
d Spatial dimensionality of behaviour
σ2

ln q Genetic variance in ln quality
ψ Within population slope in µ
Q Fitness, or resource, quanta ψ ∝ Q

The most important symbols (S). The superscript star indicates the
population equilibrium, and the subscript m maximal values
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