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The evolution of eusociality

Martin A. Nowak!, Corina E. Tarnita' & Edward O. Wilson?

Eusociality, in which some individuals reduce their own lifetime reproductive potential to raise the offspring of others,
underlies the most advanced forms of social organization and the ecologically dominant role of social insects and humans.
For the past four decades kin selection theory, based on the concept of inclusive fitness, has been the major theoretical
attempt to explain the evolution of eusociality. Here we show the limitations of this approach. We argue that standard
natural selection theory in the context of precise models of population structure represents a simpler and superior approach,
allows the evaluation of multiple competing hypotheses, and provides an exact framework for interpreting empirical

observations.

or most of the past half century, much of sociobiological

theory has focused on the phenomenon called eusociality,

where adult members are divided into reproductive and (par-

tially) non-reproductive castes and the latter care for the
young. How can genetically prescribed selfless behaviour arise by
natural selection, which is seemingly its antithesis? This problem
has vexed biologists since Darwin, who in The Origin of Species
declared the paradox—in particular displayed by ants—to be the
most important challenge to his theory. The solution offered by the
master naturalist was to regard the sterile worker caste as a “well-
flavoured vegetable”, and the queen as the plant that produced it.
Thus, he said, the whole colony is the unit of selection.

Modern students of collateral altruism have followed Darwin in
continuing to focus on ants, honeybees and other eusocial insects,
because the colonies of most of their species are divided unambiguously
into different castes. Moreover, eusociality is not a marginal pheno-
menon in the living world. The biomass of ants alone composes more
than half that of all insects and exceeds that of all terrestrial nonhuman
vertebrates combined'. Humans, which can be loosely characterized
as eusocial’, are dominant among the land vertebrates. The ‘super-
organisms’ emerging from eusociality are often bizarre in their consti-
tution, and represent a distinct level of biological organization (Fig. 1).

Rise and fall of inclusive fitness theory

For the past four decades, kin selection theory has had a profound
effect on the interpretation of the genetic evolution of eusociality
and, by extension, of social behaviour in general. The defining feature
of kin selection theory is the concept of inclusive fitness. When
evaluating an action, inclusive fitness is defined as the sum of the
effect of this action on the actor’s own fitness and on the fitness of the
recipient multiplied by the relatedness between actor and recipient,
where ‘recipient’ refers to anyone whose fitness is modified by the
action.

Theidea was first stated by J. B. S. Haldane in 1955, and a foundation
of a full theory® was laid out by W. D. Hamilton in 1964. The pivotal
idea expressed by both writers was formalized by Hamilton as the
inequality R > ¢/b, meaning that cooperation is favoured by natural
selection if relatedness is greater than the cost to benefit ratio. The
relatedness parameter R was originally expressed as the fraction of the
genes shared between the altruist and the recipient due to their com-
mon descent, hence the likelihood the altruistic gene will be shared. For
example, altruism will evolve if the benefit to a brother or sister is

greater than two times the cost to the altruist (R = 1/2) or eight times
in the case of a first cousin (R = 1/8).

Due to its originality and seeming explanatory power, kin selection
came to be widely accepted as a cornerstone of sociobiological theory.
Yet it was not the concept itself in its abstract form that first earned
favour, but the consequence suggested by Hamilton that came to
be called the “haplodiploid hypothesis.” Haplodiploidy is the sex-
determining mechanism in which fertilized eggs become females, and
unfertilized eggs males. As a result, sisters are more closely related to
one another (R = 3/4) than daughters are to their mothers (R = 1/2).
Haplodiploidy happens to be the method of sex determination in the
Hymenoptera, the order of ants, bees and wasps. Therefore, colonies
of altruistic individuals might, due to kin selection, evolve more
frequently in hymenopterans than in clades that have diplodiploid
sex determination.

In the 1960s and 1970s, almost all the clades known to have evolved
eusociality were in the Hymenoptera. Thus the haplodiploid hypo-
thesis seemed to be supported, at least at first. The belief that haplo-
diploidy and eusociality are causally linked became standard textbook
fare. The reasoning seemed compelling and even Newtonian in con-
cept, travelling in logical steps from a general principle to a widely
distributed evolutionary outcome*’. It lent credence to a rapidly
developing superstructure of sociobiological theory based on the pre-
sumed key role of kin selection.

By the 1990s, however, the haplodiploid hypothesis began to fail.
The termites had never fitted this model of explanation. Then more
eusocial species were discovered that use diplodiploid rather than
haplodiploid sex determination. They included a species of platypo-
did ambrosia beetles, several independent lines of Synalpheus sponge-
dwelling shrimp (Fig. 2) and bathyergid mole rats. The association
between haplodiploidy and eusociality fell below statistical signifi-
cance. As a result the haplodiploid hypothesis was in time abandoned
by researchers on social insects®™.

Although the failure of the hypothesis was not by itself considered
fatal to inclusive fitness theory, additional kinds of evidence began to
accumulate that were unfavourable to the basic idea that relatedness is
a driving force for the emergence of eusociality. One is the rarity of
eusociality in evolution, and its odd distribution through the Animal
Kingdom. Vast numbers of living species, spread across the major
taxonomic groups, use either haplodiploid sex determination or clonal
reproduction, with the latter yielding the highest possible degree of
pedigree relatedness, yet with only one major group, the gall-making
aphids, known to have achieved eusociality. For example, among the
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Figure 1| The ultimate superorganisms. The gigantic queens of the
leafcutter ants, one of whom (upper panel) is shown here, attended by some
of her millions of daughter workers. Differences in size and labour
specialization allows the ants to cut and gather leaf fragments (middle
panel), and convert the fragments into gardens to grow fungi (lower panel).
The species shown are respectively, top to bottom, Atta vollenweideri, Atta
sexdens and Atta cephalotes. (Photos by Bert Holldobler.)

70,000 or so known parasitoid and other apocritan Hymenoptera, all
of which are haplodiploid, no eusocial species has been found. Nor has
a single example come to light from among the 4,000 known hymeno-
pteran sawflies and horntails, even though their larvae often form
dense, cooperative aggregations®’.

It has further turned out that selection forces exist in groups that
diminish the advantage of close collateral kinship. They include the
favouring of raised genetic variability by colony-level selection in the
ants Pogonomyrmex occidentalis'® and Acromyrmex echinatior''—
due, at least in the latter, to disease resistance. The contribution of
genetic diversity to disease resistance at the colony level has moreover
been established definitively in honeybees. Countervailing forces
also include variability in predisposition to worker sub-castes in
Pogonomyrmex badius, which may sharpen division of labour and
improve colony fitness—although that hypothesis is yet to be
tested'?. Further, an increase in stability of nest temperature with
genetic diversity has been found within nests of honeybees" and
Formica ants'. Other selection forces working against the binding
role of close pedigree kinship are the disruptive impact of nepotism
within colonies, and the overall negative effects associated with
inbreeding'”. Most of these countervailing forces act through group
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Figure 2 | Species on either side of the eusociality threshold. a, A colony of
a primitively eusocial Synalpheus snapping shrimp, occupying a cavity
excavated in a sponge. The large queen (reproductive member) is supported
by her family of workers, one of whom guards the nest entrance (from
Duffy*®). b, A colony of the primitively eusocial halictid bee Lasioglossum
duplex, which has excavated a nest in the soil (from Sakagami and
Hayashida®). ¢, Adult erotylid beetles of the genus Pselaphacus leading their
larvae to fungal food (from Costa’); this level of parental care is widespread
among insects and other arthropods, but has never been known to give rise
to eusociality. These three examples illustrate the principle that the origin of
eusociality requires the pre-adaptation of a constructed and guarded nest
site.

selection or, for eusocial insects in particular, through between-
colony selection.

During its long history, inclusive fitness theory has stimulated
countless measures of pedigree kinship and made them routine in
sociobiology. It has supplied hypothetical explanations of phenomena
such as the perturbations of colony investment ratios in male and
female reproductives, and conflict and resolution of conflict among
colony members. It has stimulated many correlative studies in the field
and laboratory that indirectly suggest the influence of kin selection.

Yet, considering its position for four decades as the dominant
paradigm in the theoretical study of eusociality, the production of
inclusive fitness theory must be considered meagre. During the same
period, in contrast, empirical research on eusocial organisms has
flourished, revealing the rich details of caste, communication, colony
life cycles, and other phenomena at both the individual- and colony-
selection levels. In some cases social behaviour has been causally
linked through all the levels of biological organization from molecule
to ecosystem. Almost none of this progress has been stimulated or
advanced by inclusive fitness theory, which has evolved into an
abstract enterprise largely on its own'®.

Limitations of inclusive fitness theory

Many empiricists, who measure genetic relatedness and use inclusive
fitness arguments, think that they are placing their considerations on
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a solid theoretical foundation. This is not the case. Inclusive fitness
theory is a particular mathematical approach that has many limita-
tions. It is not a general theory of evolution. It does not describe
evolutionary dynamics nor distributions of gene frequencies'’ ™.
But one of the questions that can be addressed by inclusive fitness
theory is the following: which of two strategies is more abundant on
average in the stationary distribution of an evolutionary process?
Here we show that even for studying this particular question, the
use of inclusive fitness requires stringent assumptions, which are
unlikely to be fulfilled by any given empirical system.

In the Supplementary Information (Part A) we outline a general
mathematical approach based on standard natural selection theory to
derive a condition for one behavioural strategy to be favoured over
another. This condition holds for any mutation rate and any intensity
of selection. Then we move to the limit of weak selection, which is
required by inclusive fitness theory'”****. Here all individuals have
approximately the same fitness and both strategies are roughly
equally abundant. For weak selection, we derive the general answer
provided by standard natural selection theory, and we show that
further limiting assumptions are needed for inclusive fitness theory
to be formulated in an exact manner.

First, for inclusive fitness theory all interactions must be additive
and pairwise. This limitation excludes most evolutionary games that
have synergistic effects or where more than two players are
involved®. Many tasks in an insect colony, for example, require the
simultaneous cooperation of more than two individuals, and syn-
ergistic effects are easily demonstrated.

Second, inclusive fitness theory can only deal with very special
population structures. It can describe either static structures or
dynamic ones, but in the latter case there must be global updating
and binary interactions. Global updating means that any two indivi-
duals compete uniformly for reproduction regardless of their (spatial)
distance. Binary interaction means that any two individuals either
interact or they do not, but there cannot be continuously varying
intensities of interaction.

These particular mathematical assumptions, which are easily vio-
lated in nature, are needed for the formulation of inclusive fitness
theory. If these assumptions do not hold, then inclusive fitness either
cannot be defined or does not give the right criterion for what is
favoured by natural selection.

We also prove the following result: if we are in the limited world
where inclusive fitness theory works, then the inclusive fitness con-
dition is identical to the condition derived by standard natural selec-
tion theory. The exercise of calculating inclusive fitness does not
provide any additional biological insight. Inclusive fitness is just
another way of accounting®®**, but one that is less general (Fig. 3).

The question arises: if we have a theory that works for all cases
(standard natural selection theory) and a theory that works only for a
small subset of cases (inclusive fitness theory), and if for this subset
the two theories lead to identical conditions, then why not stay with
the general theory? The question is pressing, because inclusive fitness
theory is provably correct only for a small (non-generic) subset of
evolutionary models, but the intuition it provides is mistakenly
embraced as generally correct®.

Sometimes it is argued that inclusive fitness considerations pro-
vide an intuitive guidance for understanding empirical data in the
absence of an actual model of population genetics. However, as we
show in the online material, inclusive fitness arguments without a
fully specified model are misleading. It is possible to consider situa-
tions where all measures of relatedness are identical, yet cooperation
is favoured in one case, but not in the other. Conversely, two popula-
tions can have relatedness measures on the opposite ends of the
spectrum and yet both structures are equally unable to support
evolution of cooperation. Hence, relatedness measurements without
a meaningful theory are difficult to interpret.

Another commonly held misconception is that inclusive fitness
calculations are simpler than the standard approach. This is not
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Figure 3 | The limitation of inclusive fitness. a, The standard approach of
evolutionary dynamics takes into account the relevant interactions and then
calculates the fitness of each individual. b, The inclusive fitness of an
individual is the sum of how the action of that individual affects its own
fitness plus that of any other individuals multiplied by relatedness. Inclusive
fitness theory is based on the very limiting assumption that the fitness of
each individual can be broken down into additive components caused by
individual actions. This is not possible in general. ¢, For calculating inclusive
fitness one has to keep track of all competitive interactions that occur in the
population. Here A acts on B changing its payoff and fitness. If A or B
compete with other individuals, then their fitness values are also affected by
A’s action, although no action is directed towards them. Inclusive fitness
theory is not a simplification over the standard approach. It is an alternative
accounting method, but one that works only in a very limited domain.
Whenever inclusive fitness does work, the results are identical to those of the
standard approach. Inclusive fitness theory is an unnecessary detour, which
does not provide additional insight or information.

the case; wherever inclusive fitness works, the two theories are ident-
ical and require the measurement of the same quantities. The impres-
sion that inclusive fitness is simpler arises from a misunderstanding
of which effects are relevant: the inclusive fitness formula contains all
individuals whose fitness is affected by an action, not only those
whose payoff is changed (Fig. 3¢).

Hamilton's rule almost never holds

Inclusive fitness theory often attempts to derive Hamilton’s rule, but
finds it increasingly difficult to do so. In a simplified Prisoner’s
Dilemma the interaction between cooperators and defectors is
described in terms of cost and benefit. For many models we find that
cooperators are favoured over defectors for weak selection, if a con-
dition holds that is of the form>*";

‘something’ > ¢/b (1)

This result is a straightforward consequence of the linearity intro-
duced by weak selection®” and has nothing to do with inclusive fitness
considerations.

Inequality (1) is Hamilton’s rule if ‘something’ turns out to be related-
ness, R. In inclusive fitness theory we have R=(Q— Q)/(1— Q), where
Qs the average relatedness of two individuals who interact, while Q is
the average relatedness in the population. If we are in a scenario where
inclusive fitness theory works, then an inclusive fitness calculation might
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derive inequality (1), but typically find that ‘something’ is not related-
ness. This fact, which is often obfuscated, is already the case for the
simplest possible spatial models®>*. Therefore, even in the limited
domain of inclusive fitness theory, Hamilton’s rule does not hold in
general.

Empirical tests of inclusive fitness theory?

Advocates of inclusive fitness theory claim that many empirical studies
support their theory. But often the connection that is made between
data and theory is superficial. For testing the usefulness of inclusive
fitness theory it is not enough to obtain data on genetic relatedness and
then look for correlations with social behaviour. Instead one has to
perform an inclusive fitness type calculation for the scenario that is
being considered and then measure each quantity that appears in the
inclusive fitness formula. Such a test has never been performed.

For testing predictions of inclusive fitness theory, another com-
plication arises. Inclusive fitness theory is only another method of
accounting, one that works for very restrictive scenarios and where it
works it makes the same predictions as standard natural selection
theory. Hence, there are no predictions that are specific to inclusive
fitness theory.

In part B of the Supplementary Information we discuss some
studies that explore the role of kinship in social evolution. We argue
that the narrow focus on relatedness often fails to characterize the
underlying biology and prevents the development of multiple com-
peting hypotheses.

An alternative theory of eusocial evolution

The first step in the origin of animal eusociality is the formation of
groups within a freely mixing population. There are many ways in
which this can occur®*. Groups can assemble when nest sites or
food sources on which a species is specialized are local in distribution;
or when parents and offspring stay together; or when migratory
columns branch repeatedly before settling; or when flocks follow
leaders to known feeding grounds; or even randomly by mutual local
attraction. A group can be pulled together when cooperation among
unrelated members proves beneficial to them, whether by simple
reciprocity or by mutualistic synergism or manipulation**.

The way in which groups are formed, and not simply their existence,
likely has a profound effect on attainment of the next stage. What counts
then is the cohesion and persistence of the group. For example, all of the
clades known with primitively eusocial species surviving (in aculeate
wasps, halictine and xylocopine bees, sponge-nesting shrimp, termop-
sid termites, colonial aphids and thrips, ambrosia beetles, and naked
mole rats) have colonies that have built and occupied defensible nests®
(Fig. 2). In a few cases, unrelated individuals join forces to create the
little fortresses. Unrelated colonies of Zootermopsis angusticollis, for
example, fuse to form a supercolony with a single royal pair through
repeated episodes of combat*. In most cases of animal eusociality, the
colony is begun by a single inseminated queen (Hymenoptera) or pair
(others). In all cases, however, regardless of its manner of founding, the
colony grows by the addition of offspring that serve as non-reproductive
workers. Inclusive fitness theorists have pointed to resulting close pedi-
gree relatedness as evidence for the key role of kin selection in the origin
of eusociality, but as argued here and elsewhere**", relatedness is better
explained as the consequence rather than the cause of eusociality.

Grouping by family can hasten the spread of eusocial alleles, but it
is not a causative agent. The causative agent is the advantage of a
defensible nest, especially one both expensive to make and within
reach of adequate food.

The second stage is the accumulation of other traits that make the
change to eusociality more likely. All these pre-adaptations arise in
the same manner as constructing a defensible nest by the solitary
ancestor, by individual-level selection, with no anticipation of a
potential future role in the origin of eusociality. They are products
of adaptive radiation, in which species split and spread into different
niches. In the process some species are more likely than others to
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acquire potent pre-adaptations. The theory of this stage is, in other
words, the theory of adaptive radiation.

Pre-adaptations in addition to nest construction have become
especially clear in the Hymenoptera. One is the propensity, documented
in solitary bees, to behave like eusocial bees when forced together
experimentally. In Ceratina and Lasioglossum, the coerced partners
proceed variously to divide labour in foraging, tunnelling, and guard-
ing**°. Furthermore, in at least two species of Lasioglossum, females
engage in leading by one bee and following by the other bee, a trait that
characterizes primitively eusocial bees. The division of labour appears
to be the result of a pre-existing behavioural ground plan, in which
solitary individuals tend to move from one task to another only after the
first is completed. In eusocial species, the algorithm is readily trans-
ferred to the avoidance of a job already being filled by another colony
member. It is evident that bees, and also wasps, are spring-loaded, that
is, strongly predisposed with a trigger, for a rapid shift to eusociality,
once natural selection favours the change™ .

The results of the forced-group experiments fit the fixed-threshold
model proposed for the emergence of the phenomenon in established
insect societies®***. This model posits that variation, sometimes genetic
in origin among individual colony members and sometimes purely
phenotypic, exists in the response thresholds associated with different
tasks. When two or more colony members interact, those with
the lowest thresholds are first to undertake a task at hand. The activity
inhibits their partners, who are then more likely to move on to
whatever other tasks are available.

Another hymenopteran pre-adaptation is progressive provision-
ing. The first evolutionary stage in nest-based parental care is mass
provisioning, in which the female builds a nest, places enough paral-
yzed prey in it to rear a single offspring, lays an egg on the prey, seals
the nest, and moves on to construct another nest. In progressive
provisioning the female builds a nest, lays an egg in it, then feeds
or at least guards the hatching larva repeatedly until it matures
(Fig. 4a).

The third phase in evolution is the origin of the eusocial alleles,
whether by mutation or recombination. In pre-adapted hymenop-
terans, this event can occur as a single mutation. Further, the muta-
tion need not prescribe the construction of a novel behaviour. It need
simply cancel an old one. Crossing the threshold to eusociality
requires only that a female and her adult offspring do not disperse
to start new, individual nests but instead remain at the old nest. At
this point, if environmental selection pressures are strong enough,
the spring-loaded pre-adaptations kick in and the group commences
cooperative interactions that make it a eusocial colony (Fig. 4b).

Eusocial genes have not yet been identified, but at least two other
genes (or small ensembles of genes) are known that prescribe major

a b

Figure 4 | Solitary and primitively eusocial wasps. a, Progressive
provisioning in a solitary wasp. Cutaway view of a nest showing a female
Synagris cornuta feeding her larva with a fragment of caterpillar. An
ichneumonid wasp and parasite Osprynchotus violator lurks on the outside
of the nest (from Cowan®') waiting for the right moment to attack the larva.
b, A colony of the primitively eusocial wasp Polistes crinitus. Its workers,
working together are able simultaneously to guard the nest, forage for food,
and attend the larvae sequestered in the nest cells. (Photo by Robert Jeanne.)
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Consider a solitary insect species that reproduces via progressive provisioning. Mated females build a nest, lay eggs and feed the larvae. When the
larvae hatch the offspring leave the nest. We assume that the dispersal behaviour can be affected by genetic mutations. We postulate a mutant
allele, a, which induces daughters to stay with the nest. In our model there are three types of females: AA and Aa daughters leave the nest, whereas
aa stay at the nest with probability g, and become workers (Box 1 Figure). Because of the haplodiploid genetics, there are only two types of males, A
and a, both of whom leave the nest. There are six types of mated females: AA-A, AA-a, Aa-A, Aa-a, aa-A and aa-a. The first two letters denote the
genotype of the female, and the third letter denotes the genotype of the sperm she has received. Only Aa-a and aa-a mothers establish colonies,
because half of the daughters of Aa-a and all daughters of aa-a have genotype aa.

Aa a

aa-a
&2
aa aa

a

What are the conditions for the eusocial allele, a, to be favoured over the solitary allele, A? As outlined in Part C of the Supplementary Information
the fundamental consideration is the following. In the presence of workers, the eusocial queen is expected to have two fitness advantages over
solitary mothers: she has increased fecundity and reduced mortality. While her workers forage and feed the larvae, she can stay at home, which
reduces her risk of predation, increases her oviposition rate and enables her (together with some workers) to defend the nest. Nevertheless, we find
that the eusocial allele can invade the solitary one, only if these fitness advantages are large and arise already for small colony size. Moreover the
probability, g, that aa daughters stay with the nest must be within a certain (sometimes narrow) parameter range. On the other hand, once the
eusocial allele is dominant, it is easier for it to resist invasion by the solitary one. Therefore, the model explains why it is hard to evolve eusociality, but
easier to maintain it once it has been established.

In our model relatedness does not drive the evolution of eusociality. But once eusociality has evolved, colonies consist of related individuals,

because daughters stay with their mother to raise further offspring.

they are needed for the reproduction of the colony.

The interaction between queen and workers is not a standard cooperative dilemma, because the latter are not independent agents. Their
properties depend on the genotype of the queen and the sperm she has stored. Moreover, daughters who leave the nest are not simply ‘defectors’;

Inclusive fitness theory always claims to be a ‘gene-centred’ approach, but instead it is ‘'worker-centred": it puts the worker into the centre of
attention and asks why does the worker behave altruistically and raise the offspring of another individual? The claim is that the answer to this
guestion requires a theory that goes beyond the standard fitness concept of natural selection. But here we show that this is not the case. By
formulating a mathematical model of population genetics and family structure, we see that there is no need for inclusive fitness theory. The
competition between the eusocial and the solitary allele is described by a standard selection equation. There is no paradoxical altruism, no payoff
matrix, no evolutionary game. A ‘gene-centred’ approach for the evolution of eusociality makes inclusive fitness theory unnecessary.

changes in social traits by silencing mutations in pre-existing traits.
More than 110 million years ago the earliest ants, or their immediate
wasp ancestors, altered the genetically based regulatory network of
wing development in such a way that some of the genes could be
turned off under particular influence of the diet or some other environ-
mental factor. Thus was born the wingless worker caste®. In a second
example, discovered in the fire ant Solenopsis invicta, new variants of
the major gene Gp-9 greatly reduce or remove the ability of workers to
recognize aliens from other colonies, as well as the ability to discrimi-
nate among fertile queens. The resulting ‘microgyne’ strain forms
dense, continuous supercolonies that have spread over much of the
species range in the southern United States™’.

These examples, and the promise they offer of improved theory and
genetic analysis, bring us to the fourth phase in the evolution of animal
eusociality. As soon as the parents and subordinate offspring remain at
the nest, natural selection targets the emergent traits created by the
interactions of colony members.

By focusing on the emergent traits, it is possible to envision a new
mode of theoretical research. It is notable that the different roles of
the reproducing parents and their non-reproductive offspring are not
genetically determined. They are products of the same genes or
ensembles of genes that have phenotypes programmed to be flexible’®.
As evidence from primitively eusocial species has shown, they are pro-
ducts of representative alternative phenotypes of the same genotype, at

least that pertaining to caste. In other words, the queen and her worker
have the same genes that prescribe caste and division of labour, but they
may differ freely in other genes. This circumstance lends credence to the
view that the colony can be viewed as an individual, or ‘superorganism’.
Further, insofar as social behaviour is concerned, descent is from queen
to queen, with the worker force generated as an extension of the queen
(or cooperating queens) in each generation. Selection acts on the traits
of the queen and the extrasomatic projection of her personal genome.
This perception opens a new form of theoretical inquiry, which we
illustrate in Box 1.

The fourth phase is the proper subject of combined investigations in
population genetics and behavioural ecology. Research programs have
scarcely begun in this subject in part due to the relative neglect of the
study of the environmental selection forces that shape early eusocial
evolution. The natural history of the more primitive species, and
especially the structure of their nests and fierce defence of them, sug-
gest that a key element in the origin of eusociality is defence against
enemies, including parasites, predators and rival colonies. But very
few field and laboratory studies have been devised to test this and
potential competing hypotheses.

In the fifth and final phase, between-colony selection shapes the life
cycle and caste systems of the more advanced eusocial species. As a
result, many of the clades have evolved very specialized and elaborate
social systems.
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To summarize very briefly, we suggest that the full theory of eusocial
evolution consists of a series of stages, of which the following may be
recognized: (1) the formation of groups. (2) The occurrence of a
minimum and necessary combination of pre-adaptive traits, causing
the groups to be tightly formed. In animals at least, the combination
includes a valuable and defensible nest. (3) The appearance of muta-
tions that prescribe the persistence of the group, most likely by the
silencing of dispersal behaviour. Evidently, a durable nest remains a
key element in maintaining the prevalence. Primitive eusociality may
emerge immediately due to spring-loaded pre-adaptations. (4)
Emergent traits caused by the interaction of group members are
shaped through natural selection by environmental forces. (5)
Multilevel selection drives changes in the colony life cycle and social
structures, often to elaborate extremes.

We have not addressed the evolution of human social behaviour
here, but parallels with the scenarios of animal eusocial evolution
exist, and they are, we believe, well worth examining.
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Part A — Natural selection versus kin selection

Kin selection theory based on the concept of inclusive fitness is often presented as a general approach
that can deal with many aspects of evolutionary dynamics. Here we show that this is not the case.
Instead, inclusive fitness considerations rest on fragile assumptions, which do not hold in general.
The quantitative analysis of kin selection relies completely on inclusive fitness theory. No other
theory has been proposed to discuss kin selection. We show the limitations of inclusive fitness
theory. We do not discuss implications of kin selection that might exist independent of inclusive
fitness theory.

We set up a general calculation for analyzing mutation and selection of two strategies, A and
B, and then derive the fundamental condition for one strategy to be favored over the other. This
condition holds for any mutation rate and any intensity of selection. Subsequently, we limit our
investigation to weak selection, because this is the only ground that can be covered by inclusive
fitness theory. For weak selection, we show that the natural selection interpretation is appropriate
for all cases, whereas the kin selection interpretation, although possible in several cases, cannot
be generalized to cover all situations without stretching the concept of “relatedness” to the point
where it becomes meaningless.

Therefore we have a general theory, based on natural selection and direct fitness, and a specific
theory based on kin selection and inclusive fitness. The general theory is simple and covers all cases,
while the specific theory is complicated and works only for a small subset of cases. Whenever both
theories work, inclusive fitness does not provide any additional insights. Criticisms of inclusive
fitness theory have already been raised by population geneticists and mathematicians (Cavalli-
Sforza and Feldman 1978 and Karlin and Matessi 1983). The present criticism is based on a game
theoretic perspective in structured populations which has been developed recently.

The extra complication of inclusive fitness theories arises from the attempt to bring into the
discussion increasingly abstract notions of ‘relatedness’ when it is not natural to do so. This
situation is not particular to theory. Hunt (2007) citing Mehdiabadi et al (2003) points out that
“increasingly complex scenarios are required to keep recent empirical data within the theoretical
construct of haplodiploidy-based maximization of inclusive fitness.”

The fact that inclusive fitness calculations are more complicated than direct fitness calculations
has been accepted by theoreticians such as Rousset and Billiard (2000) and Taylor et al (2006). As
complicated as inclusive fitness is to calculate, it is even more complicated to measure empirically.
Only very few studies have attempted to do this (Queller and Strassman 1989, Gadagkar 2001)

and their results have been mixed. Despite the difficulty of measuring inclusive fitness, it is often
possible to measure genetic relatedness, which has acted as an endorsement for inclusive fitness
theoreticians. However, measuring relatedness (instead of inclusive fitness) can lead to misleading
results: after getting recognition from proposing that haplodiploidy is the reason for insect sociality,
Hamilton’s rule has lost steam when many studies have shown that there is in fact no apparent link
between the two (Anderson 1984, Gadagkar 1991, Crozier and Pamilo 1996, Queller and Strassmann
1998, Linksvayer and Wade 2005, Hunt 2007, Boomsma 2009). In Section 6, we also give a simple
example to show that relatedness measurements, in the absence of a model, can be very misleading.
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Those who have attempted thorough assessments of inclusive fitness have come to the similar
conclusion that “ecological, physiological, and demographic factors can be more important in pro-
moting the evolution of eusociality than the genetic relatedness asymetries” (Gadagkar 2001). In
other words, a thorough understanding of the many factors at play is much more important than the
isolated measurement of relatedness. We aim to show that the understanding of such factors would
lead to the design of solid models. When such models are proposed and analyzed using natural
selection, then measurements of genetic relatedness could receive meaningful interpretations.

We fail to see the point in insisting to assign explanatory power to a theory which from a
modeling perspective fails to cover the majority of cases (and where it does, it makes the same
predictions as natural selection) and which moreover has limited support in the empirical world.

We recognize that inclusive fitness theory has led to important findings such as the elegant
framework proposed by Rousset & Billiard (2000) and Roze & Rousset (2004), the results of Taylor
(1989) regarding evolutionary stability in one-parameter models (with some improvements proposed
by van Veelen 2005) and the results of Taylor et al (2007a) for homogeneous graphs . But on the
other hand many recent contributions of inclusive fitness theory consist of either rederiving special
cases of known results (Lehmann et al 2007ab, Taylor and Grafen 2010) or of making incorrect
universality claims (Lehmann and Keller 2006, West et al 2007, Gardner 2009, West and Gardner
2010).

In light of what we show here, inclusive fitness theory is simply a method of calculation, but
one that works only in a very limited domain. Endorsing it as a mechanism for the evolution
of cooperation would lead to a constraining view of the world (also pointed out in Nowak et al
2010). Hunt (2007) says that Hamilton’s rule, proposed as a general rule with broad explanatory
power, “has blunted inquiry into mechanisms that foster and maintain sociality in the diverse
lineages where sociality has evolved.” Similarly, from a theoretical perspective, the narrow focus
on relatedness has prevented kin selectionists from contributing to the discovery of mechanisms for
the evolution of cooperation. Such mechanisms lead to an assortment between cooperators and
defectors, but assortment itself is not a mechanism; it is the consequence of a mechanism. The
crucial question is always how assortment is achieved (Nowak et al 2006).

1 Mutation-selection analysis

We consider stochastic evolutionary dynamics (with mutation and selection) in an asexual popula-
tion of finite size, N. We do not specify yet the underlying stochastic process because our results
are general and apply to a large class. Individuals adopt either strategy A or B. They obtain
payoff by interacting with others according to the underlying process. This payoff determines the
reproductive success of an individual. We call this the ‘natural selection approach’.

Reproduction is subject to mutation. With probability u the offspring adopts a random strategy

(which is either A or B). With probability 1 — u the offspring adopts the parent’s strategy. Thus,
mutation is symmetric and occurs during reproduction.
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As a consequence of the underlying dynamics, the process goes through many states. Each
state, S, is a snapshot of the process and is described by the strategies of all individuals (A or B)
as well as by their ‘locations’ (in space, phenotype space, on islands, on sets, etc). A description
of a state must include all information that is necessary to obtain the payoffs of individuals in
that state. For our discussion, we assume a finite state space, but the analysis can be extended to
infinite state spaces. We study a Markov process on this state space.

One could ask many questions about such a system. Does selection lead to dominance, bistabil-
ity or coexistence? What are the trajectories of the system? What is the stationary distribution?
And so on. These are all questions concerning the dynamics. The stochastic element of evolution,
which leads to a distribution of possible outcomes rather than a single optimum, is not a part of
inclusive fitness theory, while it is essential to evolutionary genetic theory. Inclusive fitness theory
can only attempt to address two types of questions, both of them insufficient to analyze the whole
dynamics. First, it can determine whether cooperation is favored by looking at the gradient of
selection. However, as it has already been pointed out, this measure only works if selection is not
frequency dependent. In other words, it works only when fitness gradients are determined entirely
by processes that are not affected by the current state of the population (Doebeli and Hauert 2006,
Traulsen 2010). Moreover, Wolf and Wade (2001) have shown that the inclusive fitness approach
of counting offspring viability as a component of maternal fitness can lead to a mistaken under-
standing of the direction of selection. Since the limitations of such a method are clear and have
already been pointed out carefully, we will not deal with this type of question here. The second
question that inclusive fitness can attempt to answer has to do with determining which strategy is
more abundant on average in the stationary distribution.

A natural selection approach is from the beginning broader than the inclusive fitness approach
because it can handle questions about dynamics (Traulsen 2010). But since in this paper we are
aiming to compare the natural selection approach to the inclusive fitness approach, we will only
address the question that can be answered by the latter: when is one strategy more abundant than
another on average?

The system goes through many states, and some states are less visited than others. We follow
the process over many generations; in some states A players do better, in others they do worse. For
the purpose of this analysis, all that matters is how they fare on average. We say that on average
A outperforms B if the average frequency of A is greater than 1/2. Let xg be the frequency of A
in state S. Then A is favored over B on average if

(:C>:Z:L’57Ts>%. (1)
S

Here (-) denotes the average taken over the stationary distribution and mg is the probability to find
the system in state S (or, in other words, the fraction of time spent by the system in state S). In
the limit of low mutation, this condition is equivalent to the comparison of fixation probabilities,
pPA > PB-

To tackle this problem, given the general process described above, we can write an intuitive
description of how the frequency of A or B changes from one state to another. This type of
argument has been used several times, starting with Price (1970, 1972), who used it for processes
with non-overlapping generations. It has been more carefully revised by Rousset and Billiard (2000)
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for simple deme structures. The same type of analysis has been employed for games in phenotype
space (Antal et al 2009) and for games on sets (Tarnita et al 2009a). None of these accounts deal
with general processes. But in what follows we give a general mutation-selection analysis, which
does not assume a particular process or dynamics. Moreover, we do not specify how selection plays
a role in the process.

To understand how the frequency of A changes between states, we must take into account the
two forces that act: selection and mutation. In the stationary distribution, mutation and selection
balance each other on average. Hence the total change in the frequency of A is zero, when averaged

over the stationary distribution:
0= (Aa") (2)

From now on, whenever we write the stationary average of a quantity, we use the angular
brackets (-); however, when we refer to quantities in a state, we omit, for simplicity, the index S.
The indication that we refer to the quantity in a state rather than to its average over the stationary
distribution comes from the fact that we do not use the angular brackets for the former.

Let w; denote the expected fitness of individual i. As mentioned, this quantity is for a given
state, hence the lack of angular brackets. We can decompose w; into two parts. One is the expected
number of offspring, b;, and the other is the expected number of survivors, 1—d;, where d; represents
the probability that i dies in a selection step. Thus, the expected fitness of individual 7 is

w; =1 —d; +b; (3)

Since the population size is fixed, we have ), w; = N, which implies >, b; =, d;.

In a given state, the total expected change in the frequency of A can be expressed in terms of
birth and death rates as follows. There are two ways to produce more A individuals: the existing
ones give birth and their offspring do not mutate to B or the existing B individuals give birth and
their offspring mutate to A. There is however only one way to lose A, and this is if some existing A
individuals die. Thus, in a given state, the total change in frequency due to selection and mutation

Agtot — % <(1 — g) ZZ:SZbZ + gZ(l — Si)bz‘ — ZZ:SZdz> . (4)

7

1S

Here s; indicates the strategy of individual i: s; = 1 if ¢ has strategy A and it is 0 if ¢ has strategy
B.

On the other hand, the change only due to selection is simply the expected number of offspring
of A individuals minus the number of A in this state:

A:L’sel = &Zsl(wz — 1) = ]ifzsz(bl — di). (5)

Using (5) into (4) together with the fact that Nzg = ), s; we can rewrite the total change in terms
of the change due to selection’

Aa:t"t:Ade—f—%Zbi—%x—%Zsi(bi—%) (6)

(2

!This way of writing it is in no way unique but any other rewriting will yield the same results.
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This type of accounting analysis is a generalization of Price’s (1970, 1972) method and agrees with
it for a process with non-overlapping generations. However, we keep our result in the form of this
accounting identity and do not use notations like covariance which have been shown to be confusing
if used to make predictions in the absence of a precise model (as explained by van Veelen 2005).

Next we look at average quantities (similar to Billiard and Rousset 2000, Antal et al 2009a,
Tarnita et al 2009a). Since the total change averaged over the stationary distribution is zero, we

have
R S R TRIET) SR

Thus, we can rewrite the average frequency in terms of the average change due to selection as

LT S (Safu- 3)) ©

)

We want to compare the average frequency of A to 1/2. For simplicity, we make the following
assumption.

Assumption (1). The total birth rate (or, equivalently, the total death rate) is the same in
every state.

In other words, we assume ) , b; = «a in all states of the system, where « is some constant. This
assumption is not as restrictive as it may seem. It holds for most processes that have been analyzed
so far. It holds for Wright-Fisher type processes. There, all individuals from one generation die,
and the new generation is formed by their offspring. Thus, the death rate of each individual is
di=1andso ) ,di=N =75 b (here a =N).

Assumption (1) also holds for Moran type processes (Moran 1962) with either Death-Birth (DB)
or Birth-Death (BD) updating (Ohtsuki et al 2006, Ohtsuki & Nowak 2006). DB updating means
that an individual dies at random and others compete for the empty site proportional to their
payoff. We have d; = 1/N for all i yielding that )", d; = 1 = ). b;. BD updating means that an
individual is chosen for reproduction proportional to payoff and the offspring replaces a randomly
chosen individual. In this case we have b; = f;/F where F' is the total payoff in the population and
therefore ), b; = >, fi/F = 1. For Moran type processes o =1 .

The derivation works for any constant « but for simplicity of exposition we set &« = 1. Then if
for every state ) . b; = 1, we have (>, b;) = 1. Hence (8) becomes

o= 3 st (S 1) g

Strategy A is favored over B if (x) > 1/2. Therefore, we obtain the main result

Theorem 1. For any process satisfying assumption (1) and for any intensity of selection, A is
favored over B in the mutation-selection equilibrium if and only if

<Z<9i(bi—di)> >U<Zsi<bi—§[)> (10)

7 (2
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If the birth rate is constant, since ), b; = 1, we must have b; = 1/N and then condition (10)
reduces to (Az*?!) > 0. It is easily shown that the same is true if the death rate is constant. This
result is valid for any mutation rate. If however we consider the limit of low mutation in (10), for
any process, we recover the same condition (Az*¢) > 0. We can then formulate the following

Corollary 1. If we consider either constant birth or constant death rates or if we consider the
limit of low mutation, A is favored over B if

(Az*y > 0

This result is intuitive, because in the limit of low mutation, only selection determines whether
a strategy is favored or not. However, in general, the condition for a strategy to be favored has
to take into account both selection and mutation. If selection favors a strategy, then it might
reproduce more often which makes it subject to mutation. Thus, in this case, it is not enough to
ask for selection to favor a strategy. One must require that selection favors the strategy enough
to offset the counter effect of mutation. This argument explains (10); the right hand side of (10)
involves only the birth rate multiplied by the mutation probability.?

So far we have derived a general condition for one strategy to be favored over another in a
mutation selection process. We did not need to specify the process in detail. Moreover, our result
holds for any intensity of selection. Next we focus on the limit of weak selection because this is the
only ground covered by inclusive fitness theory.

2 The limit of weak selection

Inclusive fitness theory works only for the limit of weak selection (Michod and Hamilton 1980,
Grafen 1984). In this limit the selective difference between the two strategies converges to zero.
Therefore both strategies have frequency of about 1/2 with an epsilon difference determining the
winner. The weak selection limit is a useful, simplified scenario for gaining some insights into
evolutionary dynamics, but it is obviously not the general case. Therefore, if a theory, such as
inclusive fitness theory, can only be formulated for weak selection, it cannot possibly represent a
general principle of evolutionary biology.

2.1 Two types of weak selection

The limit of weak selection can be achieved in different ways. Here we discuss two possibilities. For
the approach proposed by Nowak et al (2004), the intensity of selection scales the contribution of
the game relative to the baseline payoff. Thus, the effective payoff of an individual is 1 4+ wPayoff.
The limit of weak selection is obtained for w — 0.

In inclusive fitness theory, weak selection is obtained by assuming that mutation renders strate-
gies which are very close to the wild type in phenotype space (Taylor 1989, Rousset and Billiard
2000). These two papers deal with a continuous strategy space, but it seems to be very common in
inclusive fitness theory to assume that the strategy space is the space of mixed strategies, which is
a special case (Grafen 1979, Wild and Traulsen 2007, Traulsen 2010). In this case, weak selection

*If instead of assuming >, b; = 1 we would assume >, b; = a then (10) would become <ZI si(by — d1)> >

u< > si (bi — %) > This is easily verified and the entire analysis carries out similarly.
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corresponds to small deviations in the probability to play a certain strategy. More explicitly, in
this special case, weak selection is obtained as follows. If a game is given by two pure strategies,
X and Y, then one considers the set of all mixed strategies given by the probability p to play X
(the probability to play Y is 1 — p). Then one studies selection between the two strategies, p and
p + 6. The limit of weak selection is given by § — 0. The payoff matrix for the game between
these two strategies, p and p + §, in the limit of weak selection, has the property of “equal gains
from switching”, which means that the sum of the entries on the first diagonal equals the sum of
the entries on the second diagonal (Nowak and Sigmund 1990). Thus, this limit of weak selection
leads to the necessary constraint that the games have equal gains from switching. For more details
on these two types of weak selection we refer to Rousset and Billiard (2000), Wild and Traulsen
(2007) and Traulsen (2010).

In what follows, we use § to denote the intensity of selection, but our theory holds for both
approaches to weak selection.

2.2 Weak selection of strategies

As mentioned, (10) holds for any intensity of selection. It holds for both selection approaches
described above, as well as for any other suggestions of how selection should play a role in the
model. In this section we consider that the intensity of selection is specified by a parameter § but
we do not yet specify how the parameter ¢ plays a role. Hence the derivation below is for weak
selection in the most general form and it holds provided that there is no discontinuity between
neutrality and selection; thus we assume that all quantities that depend on § are differentiable at
40 =0.

In a selection based approach, the birth and death rates of individuals depend on the parameter
d. For the limit of weak selection, § — 0, we can take the Taylor expansion at 6 = 0. From (10)
we obtain

6=0
(11)

(2 7
Here (-)o = > 75 |s=o0 denotes the average over the stationary distribution taken at neutrality
and |s—o means the quantity is evaluated at 6 = 0. This can be expanded further as

<zi:8¢(bz’ - di)>0 + 5(28:;&(1% —d;) |s=0 ;;WS o + ZS: ;S;Si(bi — d;)
(Sl ), # 5T Tl ) b gy

(2

> u(( o))y 055 (Sl )

6=0 i %

s |5=0 )
6=0

0 1
N 97 bl—i =
T )| e

(12)

Computationally it is easy to deal with averages over the neutral stationary distribution, because
they allow us to calculate population structure at neutrality. Thus, in the above expression the
first and last terms can be calculated. The problem arises with the middle terms of the form

0
Z si(bi — di) |s=0 257 (13)

S

0=0
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In such terms, the quantities are still evaluated at neutrality, but we have to calculate the first
derivative of the actual stationary distribution for any intensity of selection, and then evaluate that
at 0 = 0. It is usually very hard to find the stationary distribution for any § (if that could be done,
there would be no need to take the limit of weak selection). Hence terms like (13) would be hard
to handle unless they are zero. One way to make such terms zero is via the following assumption.

Assumption (2). At neutrality (6 = 0), all birth rates and all death rates are equal in every
state.

By this we mean that b; = d; = 1/N for al i, in every state®.* If this is the case, then
(bi = 1/N) |5=0= (b; — d;) |s=0= 0. Moreover, we implicitly get that (Azse)o =0 and (>, s;(b; —
1/N))o = 0. Then, (12) simplifies giving the equivalent of our main result (10) for weak selection:

Theorem 2. For any process satisfying assumptions (1) and (2), in the limit of weak selection,
strateqy A is favored over strateqy B in the mutation-selection equilibrium if and only if

<Z Si o5 50>0 >u <21: Si 55 50>0 (14)

i
Corollary 2. In particular, if we also consider either constant birth or constant death rates or if
we consider the limit of low mutation, (14) becomes

a(b; — d;)
(T 2

> >0 (15)
6=0 0

3 Comparing natural selection and kin selection

Our main result (Theorem 1) was derived for any intensity of selection. Subsequently we took the
limit of weak selection to derive the more convenient condition (Theorem 2). But the standard
approach of natural selection is, of course, not limited to weak selection. We recognize that many
interesting and important phenomena of evolutionary dynamics can only be observed if we move
away from the limit of weak selection (since for weak selection all available strategies are equally
abundant on average).

The whole theory of inclusive fitness, however, is only applicable in the limit of weak selection
(Michod and Hamilton 1980, Grafen 1984). The fundamental idea of inclusive fitness is that the
consequence of an action can be evaluated as the sum of the following terms: the fitness effect that
this action has on the actor plus the fitness effect that this action has on any recipient multiplied
by the relatedness between actor and recipient. This is a somewhat artificial and tricky construct
that has confused people. According to Grafen (1984) many erroneous definitions are given in

30r in the more general case, b; = d; = a/N.

40ne immediate example for which b; # d; is the star. The star is a graph with a hub and N — 1 leaves. Consider
DB updating on the star — if a leaf dies then the hub will replace it; if the hub dies, then the leaves compete for the
empty spot. At neutrality, each individual has payoff 1. Then d; = 1/N for all i; b; = 1/N(N — 1) for the leaves and
for the hub bpuw, = (N — 1)/N. So clearly b; # d; for all . Thus, for the star, the analysis even for weak selection is
more complicated. Results are possible using our natural selection based approach but only for low mutation (Tarnita
et al 2009b).
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textbooks and then used for subsequent theoretical or empirical studies. The important point is
that inclusive fitness does not count the offspring of an individual that come from others’ actions
on him; so it does not include the whole classical fitness of an individual (see Figure 1). The
suggestion of inclusive fitness theory is that this (somewhat artificial) construct can be used to
evaluate evolutionary dynamics. In the following, we show that the concept of inclusive fitness only
makes sense if several very restrictive assumptions hold (in addition to the already very restrictive
assumption of weak selection).

60 00
L] L] Il

Figure 1: Inclusive fitness is simply a different accounting method that works in some
cases, but when it works it never has an advantage over the standard fitness concept
of natural selection. For calculating the fitness of an individual we consider all interactions and
then calculate how the payoff is translated into reproductive success. Inclusive fitness is the sum
of how the action of an individual affects his own fitness plus how this action affects the fitness of
another individual multiplied by the relatedness between the two. Inclusive fitness does not take
into account the fitness contribution that arises from the action of others on the focal individual.

For instance, for inclusive fitness to work, one has to assume that the effects of one’s behavior
on others are linear, additive and independent. In other words, for calculating inclusive fitness, it
must be sufficient to look at pairwise interactions independently, and such interactions can then
be added up. If stronger selection or synergistic effects are at work, an expression of the form (16)
(shown below) cannot be written anymore. We will show these and other failures of the inclusive
fitness concept in Section 7.

For non-vanishing intensity of selection, it matters how selection is incorporated into the model,
whether it affects the payoff entries, whether it reflects distance in phenotype space and so on.
However, we will show below that in the limit of weak selection and under certain additional
assumptions, (10) will yield the same result for at least the above two types of selection. This
is where the debate arises — under certain assumptions and for weak selection, both the inclusive
fitness and the natural selection approaches are identical. However, as one moves away from weak
selection or if these simplifying assumptions are not fulfilled, the inclusive fitness approach cannot be
generalized further without making it so contrived that it loses its meaning. In these circumstances,
the natural selection approach is the natural approach to be employed. And hence one may argue
that if you have a theory that works for all cases (natural selection) and a theory that works for
only some cases (kin selection) and where it works, it agrees with the general theory, why not
simply use the general theory everywhere?
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Hamilton’s (1964) paper provides the framework for the inclusive fitness approach. For a recent
and thorough discussion of Hamilton’s central results, see van Veelen (2007). The formulation
of inclusive fitness that we use below is the one that is currently used in inclusive fitness theory
(Taylor and Frank 1996, Taylor et al 2007b). A focal A-individual (the actor) is chosen, which
is representative of the average. Its strategy is se and its fitness is we = 1 — de + bs. Then the
effects of its A-behavior on all individuals in the population (the recipients) are added, each effect
weighted by the “relatedness” R of the actor to the recipient. The inclusive fitness effect of the

focal individual is then written in the limit of weak selection and low mutation as®
0 Ow;
Wip = - R;. 16
IF ; 85 85. 5—0 v ( )

Here R; is the relatedness of the focal individual to recipient j. For the asexual model that we are
interested in, it is defined as B
Rj= Q-9 (17)
1-Q
where QQ; = Pr(se = 5;j) = 2(se5;)0/N is the probability that the focal individual and individual j
are identical by descent (IBD), at neutrality, and Q is the average identity by descent. Note that
this definition is not given in a state; it is given on average. If we were to give the definition in a
state, the average (ses;)g would have to be replaced by ses; calculated in that particular state. This
latter quantity is determined by the labels of the two players in the given state and has nothing
to do with identity by descent or with relatedness. Hence, in order to have an inclusive fitness
definition that has relatedness in it, one needs to define inclusive fitness as an average. This is then
inherently different from usual fitness, which is defined in a state.

Note moreover that what is called “relatedness” by theoreticians is not a measure of genetic
identity (that would be @);) but a measure of relative genetic identity. Due to this normalization,
the relatedness of any individual to oneself is one and the relatedness to the population is zero. A
consequence of the latter is that the actor also has negative “relatedness” to some fraction of the
population. Inclusive fitness theory focuses on low mutation, hence the only interesting effect is
that due to selection.

Inclusive fitness theory then says that strategy A is favored over strategy B if

Wir >0 (18)

Our main result for weak selection and low mutation (15) does not make any assumptions about
the role ‘relatedness’ plays in the model. It is a general condition and below we show under which
assumptions (15) can be reduced to Wrp > 0.

First, we point out that in the kin selection literature, it has already been shown that calculating
inclusive fitness is more cumbersome than calculating direct fitness. Taylor et al (2006) write
“direct fitness can be mathematically easier to work with and has recently emerged as the preferred
approach of theoreticians.” By direct fitness, kin selection theoreticians mean looking at the effects

SWithout trying to be pedantic, we would like to point out that this notation is very unfortunate. The symbol 9
denotes differentiation but phenotypes might be discrete and not continuous variables, so differentiation with respect
to them (as in dw;/0ss) does not make sense. We only reproduce it here for historical purposes, as this is the way
it has been used in the inclusive fitness literature for decades.
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of everyone in the population on a given recipient®, and weighing those effects by the relatedness
between each actor and the recipient

R; (19)

This is simply a reformulation of inclusive fitness (18) in terms of direct fitness. It is easily shown
that Wip > 0 is equivalent to Wy;,- > 0 (Rousset 2004, Taylor et al 2006).

We are advocates of direct fitness as well (albeit in a more general form than Wy;,.) and appre-
ciate the fact that kin selection theoreticians start to employ direct fitness methods. However, our
direct fitness method based on our main result (15) is more general than (19) simply because we
do not constrain ourselves to a method that must weigh effects by relatedness — we let the model
guide us as to how the direct effects play a role. Below we aim to show under what assumptions
our weak selection condition (15) is equivalent to (19) and implictly to (18).

3.1 Additional assumptions needed for inclusive fitness theory

The following assumptions are necessary for inclusive fitness theory to be defined and to work.

Assumption (i). The game is additive.

This means that all interactions between individuals occur pairwise and the effects of all such
pairwise interactions can be added up to determine an individual’s overall payoff. In Section 7
we discuss what happens if this assumption fails. For now we focus on what happens when this
assumption holds.

If the game is additive, we can express (15) as

ow; ow;
(g > (ST ) >0 -

6=0 6=0 0

Although summing over all individuals is the more accurate way to do it, one could also, given a
symmetry of the individuals’, choose a focal individual e representative of the average and rewrite

the above condition as
0 Owe
<; 5 75, s.sj> >0 (21)

0=0 0

This is closer but still quite different from (19). Here the average is still taken over all elements of
the sum, rather than simply over the strategies. Condition (21) is more general than (19), because
it assumes (correctly) that the fitness of individuals depends on the interaction structure which
can vary between states. In that case, one cannot separate the effect of the structure from that
of “relatedness” as we will show in Section 7. One can only rewrite (21) as (19) if the following
assumption also holds

5As opposed to an inclusive fitness approach where one would trace the effects of an actor on everyone else in the
population.
"This assumption can also easily fail, but here we will not address this issue because it is too technical.

www.nature.com/nature 12



doi: 10.1038/nature09205 SUPPLEMENTARY INFORMATION

Assumption (ii). The population structure is ‘special’ (non-generic).
A ‘special’ population structure satisfies one of the following two criteria:
(ila) The population structure is static.

(iib) The population structure is dynamic, but in the restricted way that two individuals either
interact or they do not interact (which means interaction is all or nothing) and the updating
is global (which means everyone competes globally with everyone else for reproduction).

Examples of population structures that fulfill (iia) are evolutionary graph theory (Lieberman et
al 2005, Ohtsuki et al 2006), islands of equal size (Rousset and Billiard 2000) and certain models
of group selection (Traulsen and Nowak 2006, Lehmann et al 2007b). Of course, the well-mixed
population also fulfills (iia). Examples of population structures that fulfill (iib) are islands of
variable size with global updating (Antal et al 2009, Taylor and Grafen 2010).

If (iia) holds, then Ow,/0s; is independent of the state for all j and (21) becomes

Z 36“’" (5e5;)0 > 0 (22)

This is not yet in the form of (19) because in (22) we have identity by descent, @, instead of the
relatedness, R;. However, if assumption (i) is fulfilled, the above condition is equivalent to (18) as
follows

96 Os 250s;| 1-0
6=0 6=0
1 8 8w. — 8 awo
1Q( 55| V92550, (23)
J §=0 J 5=0
1 0 Owe
T 1-Q Z 35 Ds @;
J §=0

The last equality holds because in an additive game (where assumption (i) is fulfilled) > j % %1;’;

5=0
0. This is the sum of all the effects of everyone in the population (including himself) on the actor,

given that everyone is a cooperator. But if everyone is a cooperator the fitness of any individual is
precisely w; = 1, and hence its derivative with respect to J is zero.

If (iib) holds (and again we stress the importance of global updating) then (21) becomes

g(?w.
; 8(5 8Sj

(sesj | i and j interact )o > 0 (24)
0=0
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What we obtain is a local type of relatedness as also pointed out in the case of islands by Rousset
and Billiard (2000). Thus (19) is generalized as

0 Owe ~

— R; > 0. 25

Z 6(5 88]' J ( )
J 6=0

Here Rj is the probability that the actor and individual j are identical by descent provided that

they interact (they are on the same island, share the same tag, etc).

We have shown that the weak selection and low mutation limit of our general approach can
also be calculated in terms of inclusive fitness if assumptions (i) and (ii) hold. Remember that as
specified before, inclusive fitness theory cannot even be defined for non-vanishing selection; thus
the assumption of weak selection is automatic. However, our weak selection result (14) holds for
any mutation rate. Therefore, when assumptions (i) and (ii) are fulfilled, we can easily generalize
the inclusive fitness condition (18) to any mutation and obtain

Wrr > uBjrp. (26)

This can be interpreted as: the inclusive fitness effect has to be greater than the inclusive birth
effect lost by mutation. We will expand on this in a forthcoming paper.

4 Example: a one dimensional spatial model

In this section we give a simple example of a model that satisfies assumptions (i) and (ii) and can
thus be interpreted from both the natural selection and the inclusive fitness theory perspectives.
We consider a population of IV individuals on a one dimensional spatial structure. Each individual
has two neighbors. To avoid boundary effects we connect the two end points to form a cycle. So
far we have done the derivation for two general strategies A and B. Here however, we only need to
consider the simplified Prisoner’s Dilemma to make our point. Individuals are either cooperators, C
or defectors, D. Cooperators pay a cost, ¢, for their neighbor to receive a benefit, b. Defectors pay
no cost and distribute no benefit. We use death-birth (DB) updating: each time step an individual
is picked at random to die; then the two neighbors compete proportional to their payoff to fill the
empty spot with an offspring (Ohtsuki and Nowak 2006, Grafen 2007a).

Since death occurs at random, the death rate is d; = 1/N for all . The birth rate is proportional
to payoff. Individual ¢ reproduces if one of his neighbors is picked to die and if he wins the
competition for reproduction. We can write the birth rate of individual ¢ as

1 fi fi
b= N (fi + fi—2 * fi+ fi+2> 27)

As before, the expected number of offspring of individual i is w; = 1 — d; + b;. Let us now write
the effective payoff of individual ¢

fi=1+ 5(—2081' + bs;_1 + b8i+1) (28)

This effective payoff is the same for both approaches to the limit of weak selection discussed in
Section 2. In the limit of weak selection, we can write the fitness of individual i as

)
w; =1+ IN (—4es; — bsi—3 + 2¢si—o9 + bsj—1 + bsiy1 + 2¢8i12 — bsit3) (29)
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Since this is a process with constant death rate which moreover at neutrality has b; = d; = 1/N,
we know from (15) that the condition that cooperation is favored on average, for weak selection, is
equivalent to

811]1‘

This can be rewritten as

—4c< Z 812>0 - b< z; Si$i—3>0 + 2c< z; 3i31—2>0 + b< z; SiSi—1>0

> = < Z si(—4cs; — bsi—g + 2¢si—2 + bsi—1 + bsiy1 + 2¢Si12 — bsi+3)>0 >0 (30)
6=07 0

7

1
(31)
— b< Z SiSZ'+3>O + 26< Z Si8i+2>0 + b< Z S¢Si+1>0 >0
1 1 (]
These averages can be reinterpreted as probabilities as follows
N
(5,5
. 0o 2
(32)

<Zsisj>0 = gPr(si = 5)

The first identity holds because at neutrality the average number of cooperators equals the average
number of defectors. The second identity consists of expressing the average in terms of a probability.
Hence (31) becomes (after simplifying an N/2)

—4c — bPr(s; = si—3) + 2¢Pr(s; = sij—2) + bPr(s; = s;i—1)—

33
— bPr(s; = siy3) + 2¢Pr(s; = siy2) + bPr(s; = siy1) >0 (33)

Notice that so far this result holds for any mutation rate. This is what we would calculate on the
cycle. What we are left to calculate are probabilities that individuals on the cycle have the same
strategy. Notice that although this is an evolutionary process and two individuals in the stationary
distribution share a common ancestor with probability 1, because of mutation, their strategies could
have changed several times since they shared the common ancestor.

If mutation is very small (u — 0) then the probability that two individuals have the same
strategy in the stationary distribution is the same as the probability @);; that they are identical
by descent (i.e. that they came from a common ancestor and have not mutated since). Hence the
above probabilities, in the limit of low mutation, can be replaced by the respective @);;. However,
as we explained before, for additive games, the @Q;; in (33) can be replaced by relatedness R;; =

(Qij — Q)/(1 - Q) because Y %%
using (29):

o 0. It is easy to test this for our particular cycle model,

88’11}1'
;656% =—4dc—b+2c+b—b+2c+b=0 (34)
6=0

Thus, in the limit of low mutation, we can rewrite (33) as

—4c¢—bR;_3+ 2cR;—o+bR;—1 — bR; 13+ 2cR;1o +bR;11 >0 (35)

www.nature.com/nature 15



doi: 10.1038/nature09205 SUPPLEMENTARY INFORMATION

Here ¢ is chosen at random to be the focal individual and R; = R;;. This is precisely Wy, =
Wirr > 0 obtained by applying (19) to (29). We have discussed this example to show how when
assumptions (i) and (ii) are satisfied, in the limit of weak selection, the two approaches give the
same result.

i-3 i-2 i-1 i i+1 i+2 i+3
. . . % action Q action . . . .
-b/4 c/2 b/4 -C b/4 c/2 -b/4

Figure 2: Inclusive fitness is not easy to measure. An empirical measurement of inclusive
fitness has to contain every individual whose fitness is affected by the action (and not only those
individuals whose payoffs are affected). Individual i is the actor A; individuals ¢ — 1 and i + 1 are
the direct recipients; individuals ¢ + 2 and ¢ + 3 do not interact with ¢ but their fitness is affected
by i’s action due to indirect competition. For instance, ¢ decreases his own fitness by —c¢; when it
comes to compete for reproduction under DB updating, i competes with either ¢ — 2 or i + 2 to
fill the spot of ¢ £ 1 and hence a decrease in the fitness of 7 is an implicit benefit for both ¢ £ 2.
Similarly, ¢ — 1 is the recipient of a benefit from ¢ and he competes with ¢ — 3 for reproduction to
fill the spot of i —2; hence, its benefit from ¢ is detrimental to ¢ — 3 due to this competition. Taking
into account all these effects one obtains the inclusive fitness expression (35).

Next we can express the condition (35) that cooperation is favored over defection as

b 4—2Ri_3 — 2Riss

Zs 36
¢ Ri1+Riy1— Ri—3— Riys (36)
For symmetry reasons we have R;_1 = R;y1, Ri—2 = R;12 and R;_3 = R;+3. Thus, we obtain
b 1—-Ri9 2N —4
->2 = 37
c R 1 — R 3 N —4 (37)
To obtain the final result we used the relatedness values as calculated by Grafen (2007a):
N? —18N +53 N2 — 12N +23 N-5
Riys = N? 1 Riyo = N? 1 Rit1 = N1 (38)

Thus we conclude that for DB updating on a cycle, cooperation can be favored provided that the
benefit-to-cost ratio exceeds the threshold given by (37).

The same type of analysis can be performed for a Birth-Death (BD) updating on the cycle. In
this case, an individual is picked to reproduce proportional to fitness and its offspring replaces one
of the two neighbors at random. For this update rule however, there is no evolution of cooperation,
despite the fact that the relatedness values are the same as before. This fact is also pointed out by
Grafen (2007a).

The original analysis of Ohtsuki and Nowak (2006) is much simpler than both our analyses
above. However, it is particular to low mutation on the cycle and not generalizable to more
complex structures. Since the purpose of this paper is to discuss general approaches, we omit it
here.

www.nature.com/nature 16



doi: 10.1038/nature09205 SUPPLEMENTARY INFORMATION

5 Hamilton’s rule almost never holds

Below we use the same one dimensional spatial model to exemplify the fact that Hamilton’s rule in
the classical form, bR > ¢, almost never holds. Some inclusive fitness theoreticians seem to agree
with this point and now propose that instead Wir > 0 should be called Hamilton’s rule (West
and Gardner 2010). This section is not directed at theoreticians who now embrace Wip > 0 as
Hamilton’s rule. Instead it is directed at empiricists that still try to test classical Hamilton’s rule
and at theoreticians who try to artifically reinterpret every result as classical Hamilton’s rule.

Let us stay with our one dimensional spatial model. We find that both kin selection and natural
selection give the same final result, because we have weak selection, an additive game and a ‘special’
population structure. For DB updating the condition that cooperators are favored over defectors

can be written as (37)

b 1-Ria

c Ri1—R; 3
This condition is not as simple as Hamilton’s rule, bR > ¢, but it is of the form b x (something) > c.
The only problem is that ‘something’ is not genetic relatedness, but a complicated function of
relatedness. When these relatedness terms are calculated, the final result is, in the limit of large
population size, b/c > 2. It is wrong, however, to think that relatedness on the cycle is 1/2. That
this is not the case can be seen by looking at the terms R; in (38). The factor 1/2 comes from
evaluating the complicated function of relatedness given by (37).

If however we would not analyze the model of interactions on a one-dimensional structure,
but instead we would wrongly think that Hamilton’s rule holds, we would proceed as follows.
We would calculate relatedness as is usually done: pick two individuals that interact and then
compare their relatedness to the average relatedness in the population. This is precisely R =
R;—1 = (N —5)/(N +1). Then we would conclude that the condition that needs to be fulfilled for
cooperation to prevail is bR > ¢ which leads to % > (N +1)/(N —5). This however is wrong; the
correct result is given by (37).

This situation is not particular to the cycle. In fact there are only very few, especially simple
models, that have the property that the final result has the form bR > ¢, where R is relatedness
(Rousset and Billiard 2000, Taylor and Grafen 2010). But for most other models (Ohtsuki et al
2006, Grafen 2007a, Taylor et al 2007a, Tarnita et al 2009a, Traulsen and Nowak 2008, Lehmann
et al 2007a,b), all that can be obtained is a condition of the form

b x (something) > ¢ (39)

This latter condition is not Hamilton’s rule. As shown in Tarnita et al (2009b), the reason for
a condition of this form is that for the limit of weak selection the final condition must be linear
in the payoff values. For spatial processes the ‘something’ in (39) reflects the positive assortment
created by a given model between individuals with the same strategy (Fletcher and Doebeli 2009,
Nathanson et al 2009, Nowak et al 2010). Moving away from the limit of weak selection typically
leads to conditions that are nonlinear in the payoff values.

Inclusive fitness theoreticians have also realized that Hamilton’s rule does not hold in general
and they caution against using it “naively”, which would lead to mistakes (Roze and Rousset
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2004). Gardner et al (2007), citing Taylor and Frank (1996) and Frank (1998), suggest that one
should instead “use standard population genetics, game theory, or other methodologies to derive
a condition for when the social trait of interest is favored by selection and then use Hamilton’s
rule as an aid for conceptualizing this result”. We appreciate the proposal to simply use game
theoretic/population genetics models based on natural selection, but we disagree that a forced
reinterpretation of these results in terms of an artificially constructed variant of “Hamilton’s rule”
will help with any conceptualization. By artificially constructed variant we mean the following:
when realizing that the usual bR > ¢ rule does not hold for a given model, Gardner et al (2007)
propose that a modified rule BR > C in fact holds, where R is the usual relatedness but B and
C are the ‘effective’ costs and benefits calculated using statistical methods (which are not only
unnecessary but also out of place in the analysis of a purely mathematical model). This method
does not always work (we have not seen such a proposal for the cycle). Moreover, these effective
costs and benefits unfortunately are very confusing and are typically functions of not only b and
¢ but also of the relatedness R. Hence Hamilton’s rule becomes B(R)R > C(R), which makes it
very complicated to separate any effects and it generally provides no intuition whatsoever. We
argue that a simple but precise model with a careful natural selection-based analysis will suffice to
provide any necessary conceptualization.

6 Relatedness measurements alone are inconclusive

Empirical biologists often seem to interpret inclusive fitness theory as suggesting that all that needs
to be done is measure genetic relatedness and conclusive insights will emerge. Here we give a simple
thought experiment to show that is not the case. An empirical measurement of relatedness in the
absence of an understanding of the population dynamics can be misleading.

Consider three populations. Population 1 is well-mixed; any two individuals interact equally
likely. Populations 2 and 3 are on a (one dimensional) spatial structure. Population 2 has birth-
death (BD) updating: individuals reproduce proportional to payoff and the offspring replace ran-
domly chosen neighbors. Population 3 has death-birth (DB) updating: random individuals die and
the neighbors compete for the empty site proportional to their payoff. The empiricist measures
relatedness in all three populations, but has no other information about the population dynamics.

The empiricist notes that the average relatedness of interacting individuals in population 1 is
low and concludes that there is no scope there for evolution of cooperation. But for populations 2
and 3 the empiricist measures exactly the same high relative relatedness (Grafen 2007a) and hence
concludes that cooperation is favored over defection in both cases. This is not true.

As we discussed in Section 4, cooperation can evolve in population 3 but not in population 2,
although they generate the same measurements of relatedness (Ohtsuki and Nowak 2006, Grafen
2007a). Hence, the empirical measurement of relatedness without an actual knowledge of the
underlying population dynamics can be very misleading.

7 When inclusive fitness fails

In this section we show that standard relatedness does not appear in general models, which do
not fulfill the restrictive assumptions discussed above. Ultimately we recognize that ingenious
theoreticians working in the area of kin selection might try to redefine ‘relatedness’ in new ways
that allow them to see the cases below as ‘obvious’ inclusive fitness models. However, here we want
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Figure 3: Relatedness does not measure the ability of a population to support evolution
of cooperation. (a) A large well-mixed population has very low relatedness, R = 0, while a popu-
lation that occupies a one dimensional spatial grid has maximum relatedness, R = 1. Nevertheless
for birth-death (BD) updating both population structures are equally unable to support evolution
of cooperation. (b) Now we compare two populations that are both arranged on a one dimensional
spatial grid, and hence both populations have maximum relatedness, R = 1. But the first one
uses birth-death (BD) updating and does not support evolution of cooperation, while the second
one used death-birth (DB) updating and does support evolution of cooperation provided b/c > 2.
BD updating means that individuals reproduce proportional to payoff and the offspring replace
randomly chosen neighbors. DB updating means that individuals die at random and then the
neighbors compete for the empty site proportional to payoff. Relatedness is R = (Q — Q)/(1 - Q),
where Q is the average relatedness of two individuals who interact and @ is the average relatedness
in the population. These mathematical examples are chosen to be as simple as possible, but they
make the more general point that relatedness data in the absence of a precise understanding of
population dynamics are not very useful.
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to show that there are clear limitations to inclusive fitness theory, if the R; in (18) should still
resemble a meaningful relatedness. If one allows for a definition of R; that is not even remotely
close to a relatedness that could be measured, then we do not see what is gained from a kin selection
perspective. Pushing for such generalizations and extensions of inclusive fitness theory is not only
cumbersome and confusing but ultimately useless for two reasons: theoretically they bring nothing
new or even different from what is obtained with a simple, general, common sense result of the
form (15) and empirically they have no value, because they do not use quantities that an empirical
biologist could measure or call ‘relatedness’.

7.1 Non-vanishing selection

Inclusive fitness theory requires weak selection for two reasons. First of all, even for pairwise in-
teractions, in order to remove synergistic effects, one needs games with equal gains from switching.
The limit of weak selection as described in Section 2.1 ensures that the games have this prop-
erty. However, even if theoreticians restrict themselves to games with equal gains from switching,
in a stochastic process, they still need to take the limit of weak selection. This is because the
stochasticity introduces effects of competition between individuals and these are not independent
of the ‘helping’ events and thus they cannot simply be added or subtracted. To make these events
independent, one needs to be in the limit of weak selection.

Let us exemplify this second problem that arises for strong selection using the same one dimen-
sional spatial model of Section 4. The birth rate of an individual is given by (27). In the limit of
weak selection, the effective payoff (score) of individual i is given by (28). Both approaches agree
with this in the limit of weak selection. However, a stronger selection variant has not yet been
proposed and so we will not explicitly write it here but simply say that the effective payoff (score)
of individual 7 is a function of his own strategy as well as those of the neighbors f;(s;—1, si, Si+1)-
Let us consider DB updating. In this case the death rate is constant, d = 1/N. Then the average
number of offspring of individual 7 is given by (29). In this case, even in a given state, one cannot
write additively the effects of an individual on everyone else in the population, simply because
when we take the derivative of w; with respect to sg, for some k, it is not necessarily independent
of s; for j =1,...,N. Let us exemplify this for simplicity, by taking the effects of an individual on
himself

ow; 1 (gﬁ (fi + fi2) — 8(]%5752‘72)1’1. gg Uit Do) = Wﬁ) w

ds; N (fi + fi2)? (fi + fir2)?
Clearly this quantity still depends (in a highly non-trivial way) on some s;, s;41 and s;+2. Thus
the effects of individuals on fitness are not independent (and certainly not linear) unless we are in
the limit of weak selection. Therefore, non-vanishing selection is not just harder to calculate but
it fails to lend itself to an inclusive fitness interpretation. Not only does the final result look more
complicated than bR > ¢, but the concept of identity by descent does not arise in the calculation.

Moreover, we point out that very interesting results have already been obtained for any intensity
of selection using the common sense approach based on natural selection (Ohtsuki and Nowak 2006,
Traulsen et al 2008, Antal et al 2009b).
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7.2 Non-additive games

By a non-additive game we mean one where interactions are either synergistic or are not necessarily
pairwise. In an ant colony it is hard to imagine that pairwise interactions are sufficient to specify
all fitness considerations. In fact, we expect that a synchronization of workers of different castes is
necessary for success. This scenario cannot be covered by inclusive fitness theory.

Attention to such synergistic games was drawn by Queller (1985) who looked at 2-player games
that do not have equal gains from switching. This is also discussed by Traulsen (2010). The idea
was however expanded to non-additive, multiple player games by van Veelen (2009) who referred
to them as 3-person stag hunt games. Gokhale and Traulsen (2010) also analyze multiple player
one-shot games and point out the complex situations that can arise when pairwise interactions are
insufficient to describe the dynamics.

The idea behind van Veelen’s proposal is that it does not matter whether one or two of the
players in a rock band rehearse — the band will sound lousy unless all three rehearse. A similar
metaphor can be imagined for ants. Consider the following game. Imagine there are groups of size
3, all trying to accomplish a certain task, which can only be accomplished if all three individuals
cooperate. A member of a group has the option to either cooperate and thus incur a cost ¢ or
defect. If all 3 individuals cooperate, they all incur the cost ¢ but the task is accomplished and
they are all rewarded with a benefit b. Thus the payoff of a CCC group is (b —¢,b —¢,b—c¢). If
neither cooperates, then they don’t pay any cost but they also don’t get any benefit. Then the
payoff of a DDD group is (0,0,0). However, and here comes the non-additivity of this game, if
only one or two of the members cooperate and the others do not, the group does not accomplish
the goal and so no one gets a benefit. The payoff of a CC'D group is (—c¢, —c¢,0) and that of a CDD
group is (—c,0,0).%

There are n such groups; hence the total population size is 3n. We label the individuals in a
group by 1, 2 and 3 and we specify individual 1 in group k by S’f. There is no difference between
the 1, 2 or 3 roles. Thus, the effective payoff of individual 1 in triple k is given by

=14 6(—cs¥ + bshshsh) (41)

Therefore a benefit arises only if all three members of the group cooperate. Clearly in such a game
one cannot separate the effects of the action of the second player on the first from the effects of the
action of the first on himself.

To make this point even more clear, let us consider the following dynamics. At each update
step, an individual is picked to change his strategy. The way he changes the strategy is by choosing
someone proportional to payoff and imitating their strategy. Thus, the death rate is constant
d = 1/3n and the birth rate of individual 1 in group k is bf = fF/F where F =", (ff + f5 + f¥).
Then the average number of offspring of individual 1 in pair & is

k
=1—-—+ == 42
w1 3n + F (42)
which for weak selection becomes
k 0 k k_k_k 1 ¢ J J J JoJod
wy =1+ 371( —cs] + bsysysz — n [—c(s] +s)+s) + 3b313233]> (43)
j=1

8 As opposed to (b — 2¢,b — 2¢, 2b) and respectively (—2c,b,b) which would be the case in an additive game.
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Then, for example, the effect of individual 1 in group j # k on individual 1 in group k is

—_ l o - = 44
96 9s! on2 ~ 3n°2% (44)

This shows that the effect of individual S{ on s} is not independent of the action of other players; in
particular, it depends on the simultaneous action of the other two individuals from group j. In this
case, one cannot separate the effects of the action of one actor on all recipients and hence the type
of inclusive fitness reasoning cannot be applied anymore. However, the general natural selection
argument can be successfully applied.

Here we want to point out that one could extend the inclusive fitness definition to also include
‘relatedness’ of 3, 4, 5, ... individuals. However, the new definition will be far less intuitive;
moreover, before applying such a definition one will need to know the actual model. Otherwise one
can never know whether they need to consider relatedness of 3 individuals or of 4 or of 5 and so
on. Such an analysis will end up being the same as the game theoretic analysis.

7.3 Generic population structure

If the population structure is not fixed, but dynamical, varying from one state to the other, and
is more complex than islands, then one cannot separate relatedness from the structure. Queller
(1994) already pointed out that for limited dispersal models, the concept of relatedness has to be
local. Later Rousset and Billiard (2000) formalized this idea and showed that when the popula-
tion is subdivided into islands (groups) one needs to compare the relatedness within a group to
the relatedness in the overall population. However, this approach does not completely solve the
problem. If individuals are always just on islands or on unweighted graphs (even if they are dynam-
ical), it suffices to compare the relatedness of two people who interact to the average relatedness
in the population. But if the population is on a dynamical, weighted graph, the situation becomes
increasingly more complicated. Then it is not so easy to pick two individuals who interact and
compare their relatedness to the average relatedness in the population, simply because two indi-
viduals might interact with varying weights (some individuals might have weight 1, others weight
1.5 and yet others weight 10). Since the structure is not fixed and these weights vary dynamically
from one generation to the next, one cannot take a pair that has average weight either (because the
average weight varies from one state to the next). Instead of needing to calculate quantities like

Pr(two individuals who interact are identical by descent) (45)
one now has to calculate quantities like
(Pr(that they are identical in state) x (their average weight of interaction in that state))y (46)

averaged over all states of the system, at neutrality. Since the average interaction weight of two
random individuals varies with state, the above average cannot be broken down into the product
of the probability that they are identical by descent, times the average weight of interaction.

Let us consider a specific example. Tarnita et al (2009a) propose a model based on set member-
ships. We present here a somewhat simplified version of this model. Let us assume that individuals
have exactly 2 tags ?. There are M possible tags. Two individuals interact depending how many

°If they could only have one tag each, this would be an island model as described by Antal et al (2009a) and
Taylor and Grafen (2010)
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tags they have in common. If they share 0, 1 or 2 tags, they have interaction weight 0, 1, or 2,
respectively. At each time step, a randomly chosen individual updates his strategy and tags. He
imitates someone in the population proportional to payoff to obtain new tags and a new strategy.
Therefore the population structure is dynamical. Depending on the state all individuals could have
the same two tags or they might be spread out over many different tags.

The interactions between individuals are dynamical, in the sense that they change from a state
to another. Individuals who might interact twice this week, might not interact at all next week.
In each state we specify by v;; € {0,1,2} the interaction weight of ¢ and j. For simplicity, let
us assume that v;; = vj;. If v;; = 0 then ¢ and j do not interact. These interaction weights are
dynamical in the sense that they change as a consequence of evolutionary updating. Then, in a
given state, the effective payoff (score, fecundity) of individual 7 is given by

fi=1408Y vij(—cs;+bs)) (47)
J

Since the death rate is at random, we have d; = 1/N. The birth rate is proportional to effective
payoff and all individuals compete for reproduction. Therefore, we have

_ 5

bi 7 (48)
Here F is the total payoff in that given state. The average fitness of individual ¢ is given by
1 .
For the limit of weak selection we obtain
0 1
w; =1+ N [Zvij(—csi +bsj) — N Z Zk:vjk(—CSj + bsk)}
J J (50)

=t e ) S o~ )
X : k

Clearly here the action of individual j on individual ¢ depends on the dynamical structure. The
effect of j on 7 is

wi _ [ (—c+g—F)pvn ifj=i _ [ (—e(N—1)=boy ifj=i (51)
0s; buij — 5= v i A buij — (b—c)vge  if j # 1

The second equality comes from replacing ) *; vy = Nvgg; we do this by picking a random individual
instead of summing over all of them. Thus, the effect of the actor on himself is proportional to
how much he interacts with a random individual; the effect of a random individual on the actor
depends on how much he interacts with the actor and on how much he interacts with someone at
random.

Since this is a process with constant death, in the limit of weak selection but for any mutation,
the condition for cooperators to be favored over defectors is given by (15). The individuals are
symmetric so instead of summing over all individuals as in (15), we can pick a random representative
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one, which we denote by e. Using (50) together with (51) we obtain the condition for cooperators
to be favored over defectors:

(—c(N = 1) = b)(verse)o + > ((bvej — (b — €)vjk)ses;), > 0 (52)
j#e

This expression does not look like Wir > 0 anymore because what usually is identity by descent
now depends on the structure, containing quantities of the form (ve;ses;j)o which can no longer be
interpreted as local relatedness. This is because ve; changes from each state to the next and to
calculate such quantities, one needs to pick a random individual j in every state and multiply the
number of tags the actor and j have in common with the probability that they are identical in
state. This quantity is then averaged over all possible states.

In some sense, what a dynamical structure captures is the fact that I may be very related to
my sister but if I see her once a year now and maybe 100 times next year, this can make a huge
difference overall. Thus, for such dynamical structures genetic relatedness alone is not important
but it somehow has to be weighted by the varying intensities of interaction.

8 Group selection is not kin selection

Group selection arises whenever there is competition not only between individuals but also between
groups. Group selection is part of the more general concept of multi-level selection. There has
been a long and ongoing debate between scientists who work on group selection and kin selection
(Wynne-Edwards 1962, Wilson 1975, Killingback et al 2006, Grafen 2007, Traulsen and Nowak
2006, Lehmann et al 2007b, Wilson and Wilson 2007, Bijma and Wade 2008, Goodnight et al 2008,
West et al 2008, West et al 2009, Wild et al 2009, van Veelen 2009, Traulsen 2010, Wade et al 2010)
with the kin selection side claiming that group selection and kin selection are identical approaches.
In the light of what we have shown here, we hope to settle this debate. Group selection models,
if correctly formulated, can be useful approaches to studying evolution. Moreover, the claim that
group selection is kin selection is certainly wrong.

Group selection models can be formulated for any intensity of selection (Traulsen et al 2008).
Since, when dealing with stochastic processes, inclusive fitness theory works only for the limit
of weak selection, results for groups with non-vanishing selection cannot be replicated by such a
theory. As we have pointed out weak selection results are interesting, but they do not offer a
complete picture of evolution. Hence, from the start, kin selection cannot possibly cover the same
ground as group selection.!’

If however we limit ourselves to weak selection, group selection can be interpreted in terms of
inclusive fitness calculations only if assumptions (i) and (ii) hold. But it is very easy and very natural
to formulate group selection models that violate the assumptions needed for an inclusive fitness
calculation. Group selection models could contain non-additive games or dynamical population
structures, where individuals interact with different intensities. Thus, even for weak selection,

107t is worth noting that for deterministic, replicator equation-type models, van Veelen (2009) shows that group
selection models and inclusive fitness models give the same prediction even for non-vanishing selection, as long as the
inclusive fitness theory restricts itself to the non-generic case of games with equal gains from switching. However,
such a result does not hold for stochastic models, where the inclusive fitness method requires weak selection not
only to obtain equal gains from switching, but also to make the interactions and competitions between individuals
independent and additive (Section 7.1).
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group selection cannot in general be described by inclusive fitness calculations. The claim that
they are identical, which has often been made (Lehmann et al 2007b, West et al 2008, Wild et al
2009), is wrong.

9 Summary
We emphasize the following points:

e Inclusive fitness is just another method of accounting. The fact that an inclusive
fitness calculation works for a particular model does not necessarily imply that ‘kin selection
is at work’. Inclusive fitness theoreticians have been inconsistent about this point. Originally,
they suggested that it is just another method of calculation and stressed that Hamilton’s
1964 paper is ‘devoted to proving that the alternative accounting procedure that underlies
inclusive fitness gives the same answer as the standard and logically prior procedure’ (Grafen
1984). We agree with this perspective but add that, as we have proved in this paper, the
inclusive fitness method cannot be used as widely as the logically prior and more general
procedure based on natural selection.

Of course, theoreticians are free to use any method of calculation as long as they employ
it correctly and do not make unjustified statements claiming a ‘general principle’ for the
evolution of cooperation (Lehman et al 2007a,b, Wild et al 2009, West et al 2008, Gardner
2009, West and Gardner 2010). A method of calculation which is arguably more cumbersome
and confusing is not a general principle, much like the ptolemaic epicycles in the solar system
were not a general principle either and became superfluous under Newtonian mechanics.

We have a similar situation in this debate. The epicycles of inclusive fitness calculations are
not needed, given that we can formulate precise descriptions of how natural selection acts in
structured populations.

e Inclusive fitness is not nearly as general as the game theoretic approach based on
natural selection. As we have pointed out here, the concept of inclusive fitness only leads
to correct results if a number of constraining assumptions hold. These are the limit of weak
selection together with assumptions (i) additive games and (ii) very simplistic population
structures.

e Inclusive fitness is often wrongly defined. Inclusive fitness is NOT the sum of an
individual’s offspring plus the offspring of the relatives. It only includes an individual’s own
offspring that come as a result of his own actions, but not as a result of the help received
from others. Thus my inclusive fitness is:

(my offspring resulting from my own actions but NOT from the help I receive from others)

+ R x (my relatives’ offspring resulting from my helping them)

This definition is somewhat artificial and leads to significant confusion in practice. Grafen
(1984) warned empiricists and theoreticians against incorrect usage of the term and advised
empiricists against using inclusive fitness altogether. Instead, they are told to use Hamilton’s
rule. This suggestion, however, brings us to another problem.
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e Hamilton’s rule almost never holds. For the limit of weak selection, we often find that
cooperation is favored over defection provided ‘something’ is greater than the cost to benefit
ratio. This result is not the consequence of inclusive fitness theory, but arises because of the
linearity introduced by weak selection (Wild and Traulsen 2007, Tarnita et al 2009b). As
we have shown here, however, ‘something’ is almost never ‘relatedness’, even if we are in a
special situation where inclusive fitness can be formulated.

The validity of Hamilton’s rule is also challenged by economists. Alger and Weibull (2009)
show that the evolutionarily stable degree of altruism (threshold cost-to-benefit ratio) is lower
than the degree of relationship; moreover, it strongly depends on the environment, which is
not something inclusive fitness theoreticians consider. The analysis of Alger and Weibull
(2009) suggests a reason why weaker family ties may have developed in harsher climates, and
how this may have induced stronger economic growth, according to Macfarlane (1978, 1992).

e Relatedness measurements without a model of population dynamics are incon-
clusive. While relatedness measurements in the field can provide useful information about
population structure, they do not provide immediate information for the evolution of coop-
eration. Relatedness measurements always must be interpreted in the context of a model
of evolutionary dynamics. Otherwise they can lead to meaningless conclusions. Relatedness
measurements alone are not a test for inclusive fitness theory.

e Inadequacy of inclusive fitness. Let us consider a situation where one individual pays a
cost to benefit another individual. If the two individuals are related, then there is a probability
that they might both carry the same gene that affects altruistic behavior, and hence that gene
could have a fitness advantage. We have shown that inclusive fitness theory cannot decide
in general if an allele that makes you help a relative is favored by natural selection or not.
Instead we need a calculation that is based on a precise description of population structure
and dynamics.
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Part B — Empirical tests reexamined

Faith in the central role of kinship in social evolution, defined in one manner or other, has led to
the reversal of the usual order in which biological research is conducted. The proven best way in
evolutionary biology is to define a problem arising during empirical research, then select or devise
the theory that is needed to solve it. Almost all research in inclusive fitness theory has been the
opposite: hypothesize the key roles of kinship and kin selection, then look for evidence to test that
hypothesis.

The most basic flaw in this approach is failure to consider multiple competing hypotheses.
Often the measurement of pedigree kinship becomes a surrogate for an in-depth study of natural
history of the species. When the data do not fit, elaborations of inclusive-fitness theory can be
constructed that make them fit. The results of the elaborations are a ptolemaic theory, constructed
of epicycles to keep relatedness at the center of evolving social systems. With enough of epicycles,
they can even be made to fit the data, but, as in the geocentric theory of the cosmos, at the cost of
using the wrong starting assumption. This misstep in logic is known as ‘Affirming the Consequent.
When biological details of particular cases are examined before inclusive fitness theory is applied,
alternative explanations from standard natural selection theory come quickly to attention. We
have examined an array of the most meticulously analyzed cases presented by various authors
as evidence for the success of kin selection theory. Without exception it has been easy to find
weaknesses in each case, suggesting that analyses of empirical observations based on kin selection
theory alone are typically inconclusive. We know of no case that presents compelling evidence
for the explanatory adequacy of kin selection and inclusive fitness theory. Three representative
examples of the inadequacy are the following.

First, Hughes et al (2008) argue that the origin of eusociality is driven by close kinship, because
in basal clades of eusocial ants, bees and wasps, queens mate only with a single male and therefore
produce a colony of closely related individuals. The authors present their data as correlative
evidence of kin selection promoting the evolution of eusociality. However, comparable data were
not provided for solitary clades, including sister clades of the eusocial examples, hence there were
no controls for the retrodiction of kin selection. In fact, it is logical to suppose that such queens also
mate with one male only, and for a reason unrelated to kin selection: prolonged mating excursions
increase the risk to young females from predators. Thus even at best it is not proved that single
mating and the resulting close relatedness of offspring is an important factor in promoting the
evolution of eusociality. Of equal importance, Hughes et al (2008) point to the origin of multiple-
male matings practiced by queens of many clades with advanced colonial organization. This, they
conclude, indicates the relaxation of kin selection in later stages of evolution. But they overlook the
much simpler explanation that in species with exceptionally large worker populations, queens need
multiple matings in order to store enough sperm. Further, and oddly, many studies have found
that, as a rule, members of social insect colonies cannot recognize their own degree of pedigree
relatedness to their nestmates (Holldobler & Wilson 2009, Ratnieks et al 2006). For ants at least,
membership in a particular colony is determined by the overall colony odor learned by each adult
during the first several days following her emergence from the pupa as an adult. For this reason
it is possible to experimentally produce colonies whose members differ from one another radically,
even belonging to different species. Such is the basis of slavery practiced by some parasitic ant
species (Holldobler & Wilson 2009, Ratnieks et al 2006). Is such learning just a proxy for staying
close to genetic kin? Perhaps, but a more likely selection force is communal fidelity and defense of
the nest, as we have documented in the main text.
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In another, very different setting, a meticulous experimental analysis using the periodically
subsocial eresid spider Stegodyphus lineatus, has demonstrated that groups of sibling spiderlings
extract more nutrients from communal prey than do spiderlings of artificially mixed parentage
(Schneider & Bilde 2008). Because injecting digestive enzymes is costly, the authors suggest that
individuals withhold their enzymes to avoid exploitation by strangers. The authors accept the kin
selection hypothesis. The problem is that in their natural habitat these spiderlings (necessarily
coming from the same mother) never find themselves in mixed groups. Hence, we would not
expect any specific adaptation to deal with such a situation. A much simpler explanation for
the observed reduction in communal intake is given by discordance among unrelated individuals
(meaning they are not working together efficiently). Such discordance is a general principle, which
is often overlooked by kin selection based explanations. Genetically diverse groups (especially those
that are generated artificially in an experimental situation) are prone to be less harmonious, because
the individuals are not necessarily adapted to work with each other.

A third process that can lead to seeming kin-based altruism but is more simply and realistically
explained otherwise is the expectation of inheritance. In a small percentage of bird and mammal
species, offspring remain at the nest of their birth and assist their parents in rearing additional
broods. They thereby delay reproduction on their own while increasing reproduction of their
parents. In one interpretation, Griffin and West (2003) attribute the phenomenon to kin selection,
and bolster their argument by demonstrating a positive correlation across species between closeness
of kinship and the amount of help provided to parents by the stay-at-homes. However, more
thorough, previously published studies, covering life history data in a wide range of species, had
already arrived at a simpler explanation of why, under certain conditions unrelated to kin selection,
the persistence of adult young at the natal nest is favored. The conditions include unusual scarcity
either of nest site or territory or both, generally low adult mortality, and relatively unchanging
conditions in a stable environment. After prolonged residence, the helpers inherit the nest or
territory upon the death of the parents (Hatchwell & Komdeur 2000). The positive correlation
across species between kinship and helping reported by Griffin and West, is based on a few widely
scattered data points, but if upheld might well be explained by the common practice of the floater
strategy in some species (Hatchwell & Komdeur 2000), in which individuals move about nests and
spread the amount of help given.

www.nature.com/nature 28



doi: 10.1038/nature09205 SUPPLEMENTARY INFORMATION

Part C — A mathematical model for the origin of eusociality

We consider a species of solitary insects (wasps or others) where fertilized females build nests and
raise their offspring by progressive provisioning. Once the larvae hatch, the offspring leave the
nest. We call this the solitary life cycle. As outlined in the main text, we then assume that a
mutant arises, where the offspring do not necessarily leave the nest. Those young that stay at the
nest engage in the task of helping their mother to raise her subsequent offspring. Hence, they do
not reproduce themselves, but sacrifice their reproductive potential to help another individual to
reproduce. We call this the eusocial life cycle. We study the conditions for natural selection to
favor the eusocial strategy over the solitary one.

At first we design a model with asexual reproduction in order to understand the essence of
the problem. Subsequently we develop a model with sexual reproduction, taking into account the
haplodiploid genetics of Hymenoptera. In both cases, we see that very different mathematical
structures arise from those that were considered by kin selection theorists over the last decades.
The kin selectionist’s framing of the problem in terms of cost and benefit of the worker is not
natural, and an inclusive fitness type calculation is not necessary.

Our model differs from previous approaches. Wade (1978) performs an interesting population
genetic analysis of a situation where the broods of several females develop in close proximity and
cooperate with each other to some extent. Craig (1979, 1983) explores parental manipulation
and subfertility, which are potential mechanisms for the evolution of eusociality (Alexander 1974,
Michener & Brothers 1974, West-Eberhard 1975, Charnov 1978) sometimes subsumed under kin
selection (Bourke & Franks 1995). Gadagkar (1990) argues that eusociality could have arisen
via several different mechanisms and what is important is not only its emergence but also its
maintenance. Lehmann et al (2008) study a model where sterile workers migrate between colonies
offering their help to different queens, but this is an unlikely biological scenario for the evolution
of eusociality.

The theory that we develop here represents the simplest possible and most direct approach to
evaluate how natural selection acts on alleles prescribing social behavior. The target of selection is
neither the phenotypic trait of the queen in particular, nor that of the colony, but the collectivity
of traits that modify social behavior at both these levels. The traits can be evaluated separately
and together.

10 Asexual reproduction

10.1 A simple linear model

We consider deterministic evolutionary dynamics described by ordinary differential equations. Let
xo denote the abundance of solitary females. They reproduce at rate by and die at rate dy. Let z;
denote the abundance of eusocial nests (colonies) of size i. Here i = 1,2, ... represents the number of
individuals working at the colony including the queen. Thus, z; denotes nests with single eusocial
queens, while x5 denotes nests where a queen has one worker, and so on.

A eusocial queen in a nest of size ¢ has reproductive rate b; and death rate d;. We assume that
the presence of workers allows the queen to stay with the nest, which might increase her rate of
oviposition and reduce her death rate. There is less risk of predation both for the queen and for the
eggs, which can be guarded by the queen and other workers. The queen in particular can redirect
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her resources from foraging to laying eggs and protecting them. The offspring of the eusocial queen
stay with the nest with probability ¢ and leave the nest with probability 1 — ¢. In the latter case
they start their own nest.

Evolutionary dynamics of the two strategies are described by the following system of linear
differential equations

Ty = (bO - dO)xO

i = Z bi(1 — q)x; — bigry — dixy (53)
=1

T; = bi_1qri—1 — biqr; — d;x; =23, ..

The strategy with the faster growth rate wins eventually. The exponential growth rate of the
solitary strategy is by — dp, while that of the eusocial strategy is given by the largest eigenvalue, A,
of the matrix

bi(l—q) = (hig+di)  bo(1—¢q)  b3(1—¢q)  ba(l—q)

biq —(bgq—i-dg) 0 0
M = 0 baq —(bsq + ds) 0 - (54)

0 0 bsq —(bag + da)

If A\ > by — dp then eusociality wins over solitary. If A < by — dy then solitary wins. The case
A = by — dp is ungeneric. Matrix, M, can be seen as a ‘mutation-selection matrix’ as it occurs for
example in quasispecies theory (Eigen & Schuster 1977). Formally speaking the growth of colonies,
described by the parameter ¢, denotes a ‘mutation term’ between colonies of different size. The
largest eigenvalue of M is the fitness of the ‘quasispecies’.

Whether or not eusociality is selected depends on how the demographic parameters of the queen
change with colony size. One possibility is to consider a simple step function with a critical colony
size, m. For small colonies, ¢ < m, the key parameters of the eusocial queen are the same as those
of solitary females: b; = by and d; = dy. For large colonies, ¢ > m, the eusocial queen has an
increased fecundity and a reduced death rate: b; = b > by and d; = d < d.

A necessary condition for the evolution of eusociality is

b — kynd > k(b — do) (55)

The number k,,, depends on the critical colony size, m, where the advantages of eusociality arise. It
turns out that k,, grows exponentially with m: we have ko = 2, k3 =9, ky = 28, k5 ~ 76, kg ~ 196
and so on. It is essential that already small colonies increase the reproductive rate, b, of the queen.
Otherwise it is very hard for eusociality to be selected. Despite its obvious and intuitive advantages
it is in fact not easy to evolve eusociality.

Condition (55) is necessary but not sufficient. If (55) holds then there exist values of ¢ that
allow eusociality to win. There is a lower bound, ¢;.;n, and an upper bound, ¢mn... FEusociality
wins if ¢min < ¢ < Gmaz- For m = 2 we find ¢ = 0 and ¢pae = 1 — 2(bo — do + d)/b. For m >3
we have 0 < ¢min < Gmaz < 1. Depending on the value of b we observe that eusociality sometimes
wins only for a narrow range of ¢ values.
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10.2 Adding density limitation

We can add density limitation by multiplying each birth term with a factor ¢ that represents
declining food resources as the total population size increases. A natural possibility is ¢ = 1/(1 +
nX) where 7 is a parameter that scales the size of the system and X = zo + ), iz; is the total
population size. The system with density limitation can be written as

&g = (bo¢ — do)zo

i1 =Y bid(1 - q)i — bidgrs — dyy (56)
=1

Ti = bi-19qri-1 — bigqri —dixi  1=2,3,...

The mathematical analysis is very similar to that in the previous section. There is no coexistence
between the two strategies. One strategy will exclude the other. We must find the largest eigenvalue,
A, of the matrix

bi(1—2q)/d1 ba(1—¢q)/dy b3(1—q)/d1 bs(1—q)/dy

blq/dg —qu/dQ 0 0 e
M= 0 baq/ds3 —bzq/ds3 0 (57)

0 0 bgq/d4 —b4Q/d4

As before, eusociality is selected if A > by — dy. Let us consider the same step function as before,
where the advantages of eusociality arise if the colony size is at least m. We find a similar necessary
condition for the evolution of eusociality, b/d > ky,(bo/dp). The numbers k,, are the same as before.
The expressions for ¢, and ¢nq: are also slightly different. For example, for m = 2 we have
Gmin = 0 and ¢naz = 1 — 2bpd/(bdy). Again, for m > 3 we find that eusociality wins only for a
restricted range of g values, 0 < ¢min < ¢ < Gmaz < 1.

10.3 Adding worker mortality

In the previous models the mortality of workers was somehow folded into the reproduction rate of
the queen, but here we explicitly assume that workers die at rate . We obtain

to = (bo¢ — do)zo

i‘l = szd)(l - Q)IL‘i - bqu)qxl — d1$1 + awxe (58)
i—1

i = bi19qri1 = biggri — dizi — a(i — D2 + izip i=2,3,..

As before we use ¢ = 1/(xo+n)_, ix;). Again there is no coexistence between the solitary strategy
and the eusocial one. There are two equilibria. At the solitary equilibrium zq is positive and all
x; (with ¢ = 1,2,...) are zero. At the eusocial equilibrium z¢ is zero and all x; (with i = 1,2,...)
are positive. One equilibrium is stable and the other one unstable with respect to invasion by the
opposite strategy. The stable equilibrium is the one that establishes the larger total population
size. This criterium specifies whether or not eusociality is favored by natural selection.
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Figure 4 shows how the winning strategy changes as a function of the parameter ¢, which denotes
the probability that a eusocial offspring stays with the nest. For small values, 0 < ¢ < 0.36, and for
large values, 0.9 < ¢ < 1, the solitary strategy wins. For the intermediate region, 0.36 < ¢ < 0.9,
the eusocial strategy wins. In this numerical example the solitary female has reproductive rate
bp = 0.5, which means she lays one (surviving) egg every other day. Her death rate is dy = 0.1,
which implies an average life time of 10 days. The solitary female has to lay eggs and then go out
to search for food, which exposes both the eggs and herself to risk from predation. The eusocial
queen has the same parameters unless the colony reaches a critical size, here m = 3. Subsequently
her reproductive rate increases 8-fold and her death rate decreases 10-fold. Thus for all ¢ > m
we assume b; = 4 and d; = 0.01. She has less risk of predation and can devote her resources to
laying eggs and protecting them. We assume that the workers in the eusocial colony have the same
death rate as solitary individuals, & = 0.1. Finally we assume, if the queen dies then the colony
disappears.

Note that intermediate g values are needed for eusociality to evolve. The intuitive explanation
is as follows. For low ¢ there is only a small probability that the colony reaches the critical size,
m, where the advantage of eusociality begins. On the other hand, if the value of ¢ is too large then
the colonies produce too few new queens. Of course, the disadvantage of eusociality is that some of
the offspring (workers) do not reproduce; they are subject to worker mortality and they die when
the queen dies. Therefore, intermediate values of ¢ allow the evolution of eusociality.

The situation that we observe here is not a standard cooperative dilemma (Hauert et al 2006,
Nowak 2006, Nowak et al 2010). An offspring that stays with the nest could be seen as a ‘coopera-
tor’, an offspring that leaves could be seen as a ‘defector’, but the optimum strategy of eusociality
has an intermediate level of cooperators and defectors. ‘Defectors’ (new queens) are needed for the
reproduction of eusociality.

11 Sexual reproduction and haplodiploid genetics

We now develop a model that takes into account sexual reproduction and the haplodiploid genetics
of Hymenoptera. We study competition between two alleles: the wildtype allele, A, and the mutant
allele a. The mutant allele disrupts the dispersal behavior of females as described in the main text.
It can either act in a dominant or recessive way. Denote by q1, g2, g3 the probabilities that AA, Aa
and aa females stay with the nest. If the mutation is dominant, we have g1 = 0 and ¢» = ¢3 > 0.
If the mutation is recessive, we have ¢ = go = 0 and g3 > 0.

There are three types of females, AA, Aa, aa, and two types of males, A and a. There are six
types of fertilized females (queens), which we denote by AA-A, AA-a, Aa-A, Aa-a, aa-A and aa-a.
The first two letters specify her own genotype, while the third letter specifies the genotype of the
sperm she has received and stored. For example, AA-a means that an AA female has mated with
an a male. Such an AA-a queen produces Aa females and A males. In contrast an Aa-A queen
produces equal proportions of AA and Aa females and equal proportions of A and a males.

Let us introduce the following notation: X44-4, denotes the abundance of colonies of size 4
founded by an AA-A queen; similarly X 44-,; denotes the abundance of colonies of size ¢ founded
by an AA-a queen, and so on. The queen in a colony of size i has birth rate b; and death rate d;.
The mortality of workers is given by a. The abundances of virgin queens (females who have left
the nest and try to mate) is given by x4, x4, and z.,. The abundance of males is given by y4
and y,. The parameter 3 characterizes the rate of successful mating.
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Figure 4: Eusociality evolves for intermediate values of ¢, which is the probability that offspring
stay with the nest. Furthermore, the eusocial queen must have a dramatically increased rate of
oviposition, b. The figure shows equilibrium values of the model given by (58). Parameter values
are bg = 0.5, dg = 0.1, m =3, b =4, d = 0.01 and o = 0.1. Hence, eusocial queens that have at
least two workers have an 8-fold increased rate of laying eggs and a 10-fold reduced death rate. The
upper panel shows the number of individuals, where red indicates solitary, zg, and blue eusocial,
> ix;. The lower panel shows the total number of colonies with at least one worker, ). x;, where
1 =2,3,.... Note that eusociality is selected if approximately 0.36 < ¢ < 0.9 .
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We have the following system (the index i runs from 2, ..00):

Xaa-a1 = Braays —biqiXaa-a1 —diXaaa1+aXaaao
Xaa-ai=qubi1Xaaai1—biXaaa;) —diXaa-ai —a(i—1)Xaa-a; +@iXaa-ai1
XAA—a,l = BraaYa — 012X a4-01 — A1 X a4-01 + X Q402

Xas-ai = q@bi—1XAA-ai-1 — biXaa-ai) — diXaa-a; — (i — 1) Xaa-a; + @iX aa-ait1

91+ q2
> Xag-a1 — d1Xag-A,1 + X pa-42

Xaa-A1 = BTagys — br

. + g2 . .
Xda-Ai = o 5 1 (bi—1Xag-4,i—1 — biXAa-4,) — diXag-a; — (i — 1) X ag-a,i + 0iX ag-4,i4+1

G2 +q3 (59)
9 XAa—a,l - leAa—a,l + aXAa—a,2

XAa—a,l = Banya — b

+ . .
© 9 a5 (bi—lXAa—a,ifl - biXAa—a,i) - diXAa—a,i - O‘(Z - 1)XAa—a,i + OﬂXAa—a,iJrl

XAa—a,i =

Xaa-a1 = BTaaya — 012 Xaa-a1 — d1 Xga-a,1 + 0 Xgg-42
Xaa—A,i = q2(bi—1Xaa—A,i71 - biXaa-A,i) - diXaa—A,i - Ot(i - 1)Xaa—A,i + aiXaa—A,iJrl

Xaa—a,l = ﬁ$aaya - b1q3Xaa—a,1 - leaa—a,l + aXaa—a,2

Xaa—a,i = q3(bi—1Xaa—a,i—1 - biXaa—a,i) - diXaa—a,i - O‘(Z - 1)Xaa—a,i + aiXaa—a,i-l—l

For virgin queens we have:

. 1
Taa=(1—-q) Z bi(Xaa-ai+ =Xaa-4:) —xaalg + By)

2
7
. 1 1
T Aa = (1 - Q2) Z bi(XAA—a,i + 5 Aa-Aji + §XAa—a,i + Xaa—A,i) - an(g + ﬁy) (60)

(A
) 1
Laa = (1 - Q3) Z bi(iXAa-a,i + Xaa—a,i) - xaa(g + ﬁy)
i
For males we have

YA = Z bi(XAA—A,i + XAA-ai + §XAa_A7Z- + §XAa—a,i) — hya

(61)

i

. 1 1

Ya = Z bi(§XAa—A,i + EXAa—a,i + Xaa—A,i + Xaa—a,i) - hya
%

Here ¢ and h denote respectively the death rates of virgin queens and males. Note that virgin
queens become fertilized queens after mating. Hence, the term Jy is added to their death rate,
where y = ya + y, is the total abundance of males. We assume that males do not die because of
the mating, but they have a very short life span. Hence it is unlikely that a male mates twice.
Finally, we assume that males and females are produced at the same rate, an assumption which
could easily be modified by introducing an additional parameter.

For computer simulations we add density limitation by multiplying each birth term with a factor
¢ =1/(1+nX) where 7 is a constant and X is the total population size.

Figure 5 shows the equilibrium structure of the sexual model assuming that the eusocial allele,
a, is recessive. This means that aa females stay with the nest with probability ¢, while AA and
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Aa females always leave the nest. Therefore, ‘full-sized’ colonies are formed by aa-a queens and
‘half-sized’ colonies are formed by Aa-a queens. All daughters of aa-a queens are aa and stay with
the nest with probability ¢. Half of the daughters of Aa-a queens are aa, who stay with the nest
with probability ¢, while the other half are Aa who leave the nest. All other fertilized females are
solitary, because all of their offspring leave the nest. We assume that all males leave the nest.

We use the same parameter values as for the asexual simulation. The birth rate of a solitary
queen is by = 0.5 and her death rate is dy = 0.1. The benefits of eusociality emerge once the colony
reaches a critical size of m = 3. For all colony sizes, ¢ > m, the birth rate of the queen is b = 4
and her death rate is d = 0.01. We make the following observation. As long as ¢ < 0.7 the solitary
allele is selected: all females are AA and all males are A. At ¢ ~ 0.7 there is a sudden reversal.
For 0.7 < ¢ < 0.88 the eusocial allele outcompetes the solitary one: all females are aa and all
males are a. But for ¢ > 0.88 we find that heterozygote females, Aa, become abundant; now many
colonies are now founded by Aa females that have mated with a males. Figure 5 shows the stable
equilibrium that is reached from an initial state where the eusocial allele, a, is rare. This initial
condition is relevant, if we want to study the origin of eusociality in a world of solitary insects.

Figure 6 uses the same parameter values as Figure 5, but this time we show the stable equilibrium
that is reached when starting from a state where the solitary allele is rare. This initial condition
is relevant, if we want to study the evolutionary stability of eusociality. This time we find that the
solitary allele, A, wins if 0 < ¢ < 0.26, while the eusocial allele, a, wins if 0.26 < ¢ < 0.88. For
0.88 < ¢ < 1 there is coexistence of the two alleles.

We have the following situation. There are three critical thresholds of ¢. In our numerical
example they are g ~ 0.26, g0 =~ 0.7, g3 = 0.88. If 0 < ¢ < g1 the solitary allele wins. If
qe1 < q < qe2 then we observe bi-stability; either the solitary or the eusocial allele wins depending
on initial condition. This means each homogeneous population is stable against invasion by the
other allele. If g.o < ¢ < g.3 then the eusocial allele wins. If ¢.3 < ¢ < 1 then there is coexistence
between the two alleles.

12 Summary

We have proposed a model for the origin of eusociality. The basic idea is that a mutation prevents
some daughters from leaving the nest. We study if this mutant allele is favored by natural selection.
The fundamental consideration is the following: how are the key demographic parameters of the
eusocial queen (her fecundity and her death rate) affected by the presence of workers. We find
that eusociality is selected if the fecundity of the queen increases dramatically while colony size
is still small. This means that a eusocial queen that is supported by a few workers must already
have a significantly increased rate of oviposition, must be more successful at guarding the larvae,
and having them fed until they hatch. The evolution of eusociality is also favored if the queen has
a reduced death rate in the presence of workers. Both effects can arise naturally given that the
eusocial queen stays at the nest, thereby reducing her risk of predation and devoting her resources
to laying eggs and guarding them. Interestingly, we find that a reduced death rate alone is not
sufficient for the evolution of eusociality. An increased birth rate is necessary.

A key observation of our model is that it is difficult to evolve eusociality, because we need
very favorable parameters. In our numerical examples we assumed that a eusocial queen with
two workers has an 8-fold increased birth rate and a 10-fold reduced death rate. For the same
parameter choices, for example, a 7-fold increased birth rate would not have allowed the evolution
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Figure 5: Emergence of eusociality in a model with haplodiploid genetics. We study the competition
between a wildtype allele, A, and a recessive mutant allele, a. There are three types of females:
AA (red), Aa (green) and aa (blue); aa females stay with the nest with probability g. There are
two types of males: A (red) and a (blue). We simulate the system given by (59) - (61) showing
the equilibrium that is reached from an initial condition where the solitary allele, A, dominates
the population. For 0.7 < g < 0.88 the eusocial allele replaces the solitary one. For 0.88 < ¢ < 1
there is coexistence. Parameter values: bg = 0.5, m =3, b =4, § = 0.1, n = 0.01; mortality rates:
dy=a=¢g=h=0.1and d=0.01.
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Figure 6: Evolutionary stability of eusociality in a model with haplodiploid genetics. We study the
competition between a wildtype allele, A, and a recessive mutant allele, a. There are three types
of females: AA (red), Aa (green) and aa (blue); aa females stay with the nest with probability
q. There are two types of males: A (red) and a (blue). We simulate the system given by (59) -
(61) showing the equilibrium that is reached from an initial condition where the eusocial allele, a,
dominates the population. For 0.26 < ¢ < 0.88 the eusocial allele outcompetes the solitary one.
For 0.88 < ¢ < 1 there is coexistence. Same parameter values as for Figure 5.
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of eusociality. This observation is interesting: despite the obvious and intuitive advantages of
eusociality, it is very hard for a solitary species to achieve it.

Whether or not the circumstances can be that favorable for eusociality depends on the ecological
environment of the pre-eusocial species under consideration. As outlined in the main text, a key
factor is whether it is possible to establish and defend a valuable nest site that is close enough to
a rich food source.

Another interesting aspect of our haplodiploid model is the occurrence of bistability. It is
easier to maintain eusociality than to evolve it. For a wide parameter region the eusocial allele
cannot invade the solitary allele, and vice versa the solitary allele cannot invade the eusocial one
(compare Figs 4 and 5). This property of the model explains in part why, even though eusociality
is ecologically dominant, the condition has evolved rarely in the history of life.

Our model leads to a number of radical new suggestions for research on eusociality.

(i) Contrary to the prevailing dogma of inclusive fitness theory, it is not useful to view eusociality
as an evolutionary game between workers and queens. Inclusive fitness theory claims to be a gene-
centered approach, but instead it is ‘worker-centered’. It puts the worker into the center of the
analysis and asks the (puzzling) question: why does a worker sacrifice her reproductive potential
to help raise the offspring of the queen? But if we put the gene into the center of the analysis (as
we have done) then this question of altruism does not even appear. A standard selection equation
determines if the eusocial allele wins over the solitary one. There is no payoff matrix, there is
no evolutionary game on the decisive level of competition. By formulating a model of population
genetics in the context of family structure, we find that there is no need for the inclusive fitness
detour.

(ii) The queen and her workers are not engaged in a standard cooperative dilemma. The reason
is that the workers are not independent agents. Their properties are determined by the alleles that
are present in the queen (both in her own genome and in that of the sperm she has stored). The
workers can be seen as ‘robots’ that are built by the queen. They are part of the queen’s strategy
for reproduction.

(iii) It is not useful to describe a female who stays with the colony as ‘altruistic’ and a female
who leaves as ‘selfish’. Both types of females are needed for the reproduction of the colony.

(iv) Our model does not use standard multilevel selection. There is only one level of selection,
the hymenopteran colony, which is treated as an extension of the queen, whose genes are the units
of selection. Selection operates between queens and solitary females or between different queens.

(v) Relatedness does not drive the evolution of eusociality. We can use our model to study
the fate of eusocial alleles that arise in thousands of different presocial species with haplodiploid
genetics and progressive provisioning. In some of those species eusociality might evolve, while in
others it does not. Whether or not eusociality evolves depends on the demographic parameters of
the queen (as discussed above), but not on relatedness. The relatedness parameters would be the
same for all species under consideration.

(vi) Once eusociality has evolved, colonies consist of related individuals, because daughters stay
with their mother to produce further offspring. Thus, relatedness is a consequence of eusociality,
but not a cause.

(vii) Our model has clear implications for productive empirical research. The crucial mea-
surement that needs to be performed is the effect of the size of the colony on the demographic
parameters of the queen, such as her oviposition rate and average longevity. The animals most
likely to yield significant data are the primitively eusocial bees and wasps, of which there are a
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large number of species representing finely divided grades of evolution — including those that have
reverted from eusociality to the solitary condition. There is moreover a need to identify the genetic
coding of the solitary-eusocial transition, as well as to identify the phenotypic flexibility of the
genes involved and the environmental pressures that drive selection.

Finally, we propose that kin selection among social insects is an apparent phenomenon which
arises only when you put the worker into the center of evolutionary analysis. Kin selectionists
have argued that a worker who behaves altruistically by raising the offspring of another individual,
requires an explanation other than natural selection, and this other explanation is kin selection.
We argue, however, that there exists a more convenient coordinate system. If the eusocial gene is
in the center of the evolutionary analysis, then a standard natural selection equation determines
whether or not eusociality wins. There is no paradoxical altruism that needs to be explained. The
epicycles of kin selection and inclusive fitness disappear.
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