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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.

r most of the past half century, much of sociobiologicalgreater than two times the cost to the altruiRg 1/2) or eight times
theory has focused on the phenomenon called eusocialityy the case of a first cousiiR6 1/8).
here adult members are divided into reproductive and (par- Due to its originality and seeming explanatory power, kin selection
tially) non-reproductive castes and the latter care for theame to be widely accepted as a cornerstone of sociobiological theory.
young. How can genetically prescribed selfless behaviour arise Y8t it was not the concept itself in its abstract form that first earned
natural selection, which is seemingly its antithesis? This problef@vour, but the consequence suggested by Hamilton that came to
has vexed biologists since Darwin, whoThe Origin of Species be called the OOhaplodiploid hypothesis.OO Haplodiploidy is the sex
declared the paradoxNin particular displayed by antsNto be thedetermining mechanism in which fertilized eggs become females, and
most important challenge to his theory. The solution offered by theinfertilized eggs males. As a result, sisters are more closely related to
master naturalist was to regard the sterile worker caste as a O0¥AglanotherR5 3/4) than daughters are to their motheiR% 1/2).
flavoured vegetable®O, and the queen as the plant that producdtpplodiploidy happens to be the method of sex determination in the
Thus, he said, the whole colony is the unit of selection. Hymenoptera, the order of ants, bees and wasps. Therefore, colonies
Modern students of collateral altruism have followed Darwin ifpf altruistic individuals might, due to kin selection, evolve more
continuing to focus on ants, honeybees and other eusocial inseétgduently in hymenopterans than in clades that have diplodiploid

because the colonies of mostoftheir species are divided unambiguo§§y determination.
into different castes. Moreover, eusociality is not a marginal pheno- M the 1960s and 1970s, almost all the clades known to have evolved

menon in the living world. The biomass of ants alone composes mofsiSociality were in the Hymenoptera. Thus the haplodiploid hypo-
than half that of all insects and exceeds that of all terrestrial nonhum}SiS seemed to be supported, at least at first. The belief that haplo-
vertebrates combinédHumans, which can be loosely characterizedPloidy and eusociality are causally linked became standard textbook

as eusoci3l are dominant among the land vertebrates. The Osup&H€: The fe?SOF‘ing s_eemed compelling and even N_ewtonian ir_1 con-
pt, travelling in logical steps from a general principle to a widely

organismsO emerging from eusociality are often bizarre in their con ) . )
tution, and represent a distinct level of biological organization (Fig. 1§|str|but_ed evolutionary outcon?é. l.t Ien_t credence to a rapidly
eveloping superstructure of sociobiological theory based on the pre-
Rise and fall of inclusive fitness theory sumed key role of kin selection. . . .
. i By the 1990s, however, the haplodiploid hypothesis began to fail.
For the past four decades, kin selection theory has had a profoufghe’termites had never fitted this model of explanation. Then more
effect on the interpretation of the genetic evolution of eusocialitysocial species were discovered that use diplodiploid rather than
and, by extension, of social behaviour in general. The defining featyigpjodiploid sex determination. They included a species of platypo-
of kin s_,electlon t_heor_y is the concept of |n_clu3|ve fitness. Whegid ambrosia beetles, several independent lin8yoélpheusponge-
evaluatlng_ an action, inclusive fitness is defined as the sum of tB@veIIing shrimp (Fig. 2) and bathyergid mole rats. The association
effect of this action on the actorOs own fitness and on the fitness of f@ween haplodiploidy and eusociality fell below statistical signifi-
recipient multiplied by the relatedness between actor and recipierfance. As a result the haplodiploid hypothesis was in time abandoned
where OrecipientO refers to anyone whose fitness is modified bysfh@searchers on social insé®s
action. Although the failure of the hypothesis was not by itself considered
Theideawas firststated by J. B. S. Haldane in 1955, and a foundatigfal to inclusive fitness theory, additional kinds of evidence began to
of a full theory was laid out by W. D. Hamilton in 1964. The pivotal accumulate that were unfavourable to the basic idea that relatedness is
idea expressed by both writers was formalized by Hamilton as thedriving force for the emergence of eusociality. One is the rarity of
inequalityR. c¢/b meaning that cooperation is favoured by naturakusociality in evolution, and its odd distribution through the Animal
selection if relatedness is greater than the cost to benefit ratio. TKiagdom. Vast numbers of living species, spread across the major
relatedness parametewas originally expressed as the fraction of théaxonomic groups, use either haplodiploid sex determination or clonal
genes shared between the altruist and the recipient due to their coreproduction, with the latter yielding the highest possible degree of
mon descent, hence the likelihood the altruistic gene will be shared. fpardigree relatedness, yet with only one major group, the gall-making
example, altruism will evolve if the benefit to a brother or sister iaphids, known to have achieved eusociality. For example, among the
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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
Figure 1| The ultimate superorganisms. The gigantic queens of the larvae to fungal food (from Costa’); this level of parental care is wide'spre.ad
leafcutter ants, one of whom (upper panel) is shown here, attended by some ~ among insects and other arthropods, but has never been known to give rise
of her millions of daughter workers. Differences in size and labour to eusociality. These three examples illustrate the principle that the origin of
specialization allows the ants to cut and gather leaf fragments (middle eusociality requires the pre-adaptation of a constructed and guarded nest

panel), and convert the fragments into gardens to grow fungi (lower panel). site.

The species shown are respectively, top to bottom, Atta vollenweideri, Atta selection or, for eusocial insects in particular, through between-
sexdens and Atta cephalotes. (Photos by Bert Holldobler.) colony selection

o ) During its long history, inclusive fitness theory has stimulated

70,000 or so known parasitoid and other apocritan Hymenoptera, &lbuntless measures of pedigree kinship and made them routine in
of which are haplodiploid, no eusocial species has been found. Nor hgg:iobiology. It has supplied hypothetical explanations of phenomena
asingle example come to light from among the 4,000 known hymengch as the perturbations of colony investment ratios in male and
pteran sawflies and horntails, even though their larvae often forfamale reproductives, and conflict and resolution of conflict among
dense, cooperative aggregatféns colony members. It has stimulated many correlative studies in the field

It has further turned out that selection forces exist in groups thaind laboratory that indirectly suggest the influence of kin selection.
diminish the advantage of close collateral kinship. They include the Yet, considering its position for four decades as the dominant
favouring of raised genetic variability by colony-level selection in thearadigm in the theoretical study of eusociality, the production of
ants Pogonomyrmex occidentdlisnd Acromyrmex echinatidN  inclusive fitness theory must be considered meagre. During the same
due, at least in the latter, to disease resistance. The contribution ®riod, in contrast, empirical research on eusocial organisms has
genetic diversity to disease resistance at the colony level has moredegirished, revealing the rich details of caste, communication, colony
been established definitively in honeybees. Countervailing forcéfe cycles, and other phenomena at both the individual- and colony-
also include variability in predisposition to worker sub-castes igelection levels. In some cases social behaviour has been causally
Pogonomyrmex badjushich may sharpen division of labour and linked through all the levels of biological organization from molecule
improve colony fitnessNalthough that hypothesis is yet to beo ecosystem. Almost none of this progress has been stimulated or
tested® Further, an increase in stability of nest temperature wittadvanced by inclusive fitness theory, which has evolved into an
genetic diversity has been found within nests of honeybe®sl abstract enterprise largely on its offn
Formicaants“. Other selection forces working against the binding
role of close pedigree kinship are the disruptive impact of nepotistkimitations of inclusive fitness theory
within colonies, and the overall negative effects associated withany empiricists, who measure genetic relatedness and use inclusive
inbreeding®. Most of these countervailing forces act through grougfitness arguments, think that they are placing their considerations on
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a solid theoretical foundation. This is not the case. Inclusive fitness a  Fitness:

theory is a particular mathematical approach that has many limita- —

tions. It is not a general theory of evolution. It does not describe k/ ‘
evolutionary dynamics nor distributions of gene frequenc¢fé8

But one of the questions that can be addressed by inclusive fitness
theory is the following: which of two strategies is more abundant on D |:|
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 b Inclusive ! tness:
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 / Vi
required by inclusive fithess thedfy°®?*Here all individuals have
approximately the same fithess and both strategies are roughly c
equally abundant. For weak selection, we derive the general answer
provided by standard natural selection theory, and we show that

. e . - . . A A B
further limiting assumptions are needed for inclusive fithess theory ‘ ‘
to be formulated in an exact manner. . Competition

First, for inclusive fitness theory all interactions must be additive 7 7
and pairwise. This limitation excludes most evolutionary games that d ‘ v/ ‘

have synergistic effects or where more than two players are

Inclusive ! tness is not Osimple®

Action

involved®. Many tasks in an insect colony, for example, require the |:| |:|
simultaneous cooperation of more than two individuals, and syn- / /i
ergistic effects are easily demonstrated. Figure 3 | The limitation of inclusive fitness. a, The standard approach of

Second, inclusive fitness theory can only deal with very specidblutionary dynamics takes into account the relevant interactions and then
population structures. It can describe either static structures @tlculates the fitness of each individual. b, The inclusive fitness of an
dynamic ones, but in the latter case there must be global updatiri]g:lividual is the sum of how the action of that individual affects its own
and binary interactions. Global updating means that any two indivifitness plus that of any other individuals multiplied by relatedness. Inclusive
duals compete uniformly for reproduction regardless of their (spatiafjtness theory is based on the very limiting assumption that the fitness of
distance. Binary interaction means that any two individuals eithéFCh individual can be broken down into additive components caused by

- - . 1ndividual actions. This is not possible in general. ¢, For calculating inclusive
interact or they do not, but there cannot be continuously varying AP . .

. s . . itness one has to keep track of all competitive interactions that occur in the
intensities of interaction.

. . . . . population. Here A acts on B changing its payoff and fitness. If A or B
These particular mathematical assumptions, which are easily Vi@mpete with other individuals, then their fitness values are also affected by

lated in nature, are needed for the formulation of inclusive fitnesa’s action, although no action is directed towards them. Inclusive fitness
theory. If these assumptions do not hold, then inclusive fitness eithéfeory is not a simplification over the standard approach. It is an alternative
cannot be defined or does not give the right criterion for what igccounting method, but one that works only in a very limited domain.
favoured by natural selection. Whenever inclusive fitness does work, the results are identical to those of the

We also prove the following result: if we are in the limited worlgstandard approach. Inclusive fitness theory is an unnecessary detour, which
where inclusive fitness theory works, then the inclusive fitness cofles not provide additional insight or information.

dition is identical to the condition derived by standard natural select- e case: wherever inclusive fitness works, the two theories are ident-

t'?g\,itggo;ﬁ' -g(]j%izé?]g:llsb?o?; ??;ﬁlr?st:nﬁt'nlﬂgli';/ﬁl efltf?tisesssd?ses'ug% I and require the measurement of the same quantities. The impres-
gnother way of accountiﬁgo’z‘gbut one %ha.t is less general (Fi J3) §ion that inclusive fitness is simpler arises from a misunderstanding
y ! 9 9 5)-of which effects are relevant: the inclusive fitness formula contains all

The question arises: if we have a theory that works for all “aSfividuals whose fitness is affected by an action, not only those
(standard natural selection theory) and a theory that works only forﬂ/t}ose payoff is changed (Fig. 3¢)

small subset of cases (inclusive fitness theory), and if for this subse
the two theories lead to |dent|(;al gondltlons, then why not stay W',tli-lamilton’s rule almost never holds
the general theory? The question is pressing, because inclusive fltrI‘ecizslﬁsive fithess theory often attempts to derive HamiltonOs rule, but
theory is provably correct only for a small (non-generic) subset qP Y P !

evolutionary models, but the intuition it provides is miStakenlyIIDrill(i?nIrtwz:\nCtLeeasimg%c(i:foﬂr?utl;e:\?v:eon Sgé(;ne?afggplgheéj ger;z(():?c?rrsofs
embraced as generally corréct P

Sometimes it is argued that inclusive fithess considerations prd_escnbed in terms of cost and benefit. For many models we f|_nd that

. S : . - . gooperators are favoured over defectors for weak selection, if a con-

vide an intuitive guidance for understanding empirical data in thed. : : D31

- ; ition holds that is of the form®3!

absence of an actual model of population genetics. However, as we

show in the online material, inclusive fitness arguments without a OsomethingGe/b (1)

fully specified model are misleading. It is possible to consider situa-

tions where all measures of relatedness are identical, yet cooperatiofhis result is a straightforward consequence of the linearity intro-

is favoured in one case, but not in the other. Conversely, two populaiuced by weak selecti&and has nothing to do with inclusive fitness

tions can have relatedness measures on the opposite ends of ¢basiderations.

spectrum and yet both structures are equally unable to support Inequality (1) is HamiltonOs rule if Osomething® turns out to be related-

evolution of cooperation. Hence, relatedness measurements withmgssR. In inclusive fitness theory we have: (Q — Q)=(1— ), where

a meaningful theory are difficult to interpret. Qis the average relatedness of two individuals who interact, fisle
Another commonly held misconception is that inclusive fithesshe average relatedness in the population. If we are in a scenario where

calculations are simpler than the standard approach. This is naiclusive fitness theory works, then an inclusive fitness calculation might
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derive inequality (1), but typicalfjind that OsomethingQ is not relatedacquire potent pre-adaptations. The theory of this stage is, in other
ness. This fact, which is often obfuscated, is already the case forvtbeds, the theory of adaptive radiation.

simplest possible spatial mod&fé Therefore, even in the limited Pre-adaptations in addition to nest construction have become
domain of inclusive fitness theory, HamiltonOs rule does not hold égpecially clearinthe Hymenoptera. One is the propensity, documented

general. in solitary bees, to behave like eusocial bees when forced together
. . L experimentally. InCeratinaand Lasioglossunthe coerced partners
Empirical tests of inclusive fitness theory? proceed variously to divide labour in foraging, tunnelling, and guard-

Advocates of inclusive fitness theory claim that many empirical studiiegy*®®*° Furthermore, in at least two specied.asioglossuyrfemales
support their theory. But often the connection that is made betweegngage in leading by one bee and following by the other bee, a trait that
data and theory is superficial. For testing the usefulness of inclusarearacterizes primitively eusocial bees. The division of labour appears
fitness theory itis not enough to obtain data on genetic relatedness aadbe the result of a pre-existing behavioural ground plan, in which
then look for correlations with social behaviour. Instead one has &blitary individuals tend to move from one task to another only after the
perform an inclusive fitness type calculation for the scenario that figst is completed. In eusocial species, the algorithm is readily trans-
being considered and then measure each quantity that appears in féseed to the avoidance of a job already being filled by another colony
inclusive fitness formula. Such a test has never been performed. member. It is evident that bees, and also wasps, are spring-loaded, that
For testing predictions of inclusive fithness theory, another comis, strongly predisposed with a trigger, for a rapid shift to eusociality,
plication arises. Inclusive fitness theory is only another method @ce natural selection favours the chatjé
accounting, one that works for very restrictive scenarios and where it The results of the forced-group experiments fit the fixed-threshold
works it makes the same predictions as standard natural selectigfbdel proposed for the emergence of the phenomenon in established
theory. Hence, there are no predictions that are specific to inclusiviesect societi€$®: This model posits that variation, sometimes genetic
fitness theory. in origin among individual colony members and sometimes purely
In part B of the Supplementary Information we discuss som@henotypic, exists in the response thresholds associated with different
studies that explore the role of kinship in social evolution. We argugisks. When two or more colony members interact, those with
that the narrow focus on relatedness often fails to characterize tige lowest thresholds are first to undertake a task at hand. The activity
underlying biology and prevents the development of multiple cominhibits their partners, who are then more likely to move on to

peting hypotheses. whatever other tasks are available.
. . . Another hymenopteran pre-adaptation is progressive provision-
An alternative theory of eusocial evolution ing. The first evolutionary stage in nest-based parental care is mass

The first step in the origin of animal eusociality is the formation ofprovisioning, in which the female builds a nest, places enough paral-
groups within a freely mixing population. There are many ways i§zed prey in it to rear a single offspring, lays an egg on the prey, seals
which this can occu®*? Groups can assemble when nest sites ghe nest, and moves on to construct another nest. In progressive
food sources on which a species is specialized are local in distributigngvisioning the female builds a nest, lays an egg in it, then feeds
or when parents and offspring stay together; or when migratoryr at least guards the hatching larva repeatedly until it matures
columns branch repeatedly before settling; or when flocks folloyrig. 4a).
leaders to known feeding grounds; or even randomly by mutual local The third phase in evolution is the origin of the eusocial alleles,
attraction. A group can be pulled together when cooperation amonghether by mutation or recombination. In pre-adapted hymenop-
unrelated members proves beneficial to them, whether by simpigrans, this event can occur as a single mutation. Further, the muta-
reciprocity or by mutualistic synergism or manipulatin tion need not prescribe the construction of a novel behaviour. It need
The way in which groups are formed, and not simply their existencgmply cancel an old one. Crossing the threshold to eusociality
likely has a profound effect on attainment of the next stage. What countgyuires only that a female and her adult offspring do not disperse
then is the cohesion and persistence of the group. For example, all of§§&tart new, individual nests but instead remain at the old nest. At
clades known with primitively eusocial species surviving (in aculeafgs point, if environmental selection pressures are strong enough,
wasps, halictine and xylocopine hespwnge-nesting shrimp, termop- the spring-loaded pre-adaptations kick in and the group commences
sid termites, colonial aphids andrips, ambrosia beetles, and naked:ppperative interactions that make it a eusocial colony (Fig. 4b).
mole rats) have colonies that have built and occupied defensiblé nests= 5o cial genes have not yet been identified, but at least two other

(_Fig. 2). In a few cases, unrelateq individuals joi_n forces to create E‘i@nes (or small ensembles of genes) are known that prescribe major
little fortresses. Unrelated colonies Zdotermopsis angusticpfics

example, fuse to form a supercolony with a single royal pair through
repeated episodes of confBain most cases of animal eusociality, the®
colony is begun by a single inseminated queen (Hymenoptera) orp |
(others). Inall cases, however, regardless of its manner of founding,
colony grows by the addition of offspring that serve as non-reproducti'/ |
workers. Inclusive fithess theorists have pointed to resulting close pe . (i

b

of eusociality, but as argued here and elsei#énelatedness is better [
explained as the consequence rather than the cause of eusociality.
Grouping by family can hasten the spread of eusocial alleles, bu /-
is not a causative agent. The causative agent is the advantage
defensible nest, especially one both expensive to make and witl G
reach of adequate food. . . Lo . .
The second stage is the accumulation of other traits that make tfigure 4 | Solitary and primitively eusocial wasps. a, Progressive
change to eusociality more likely. All these pre-adaptations arise Jff™>'20"8 ™ & solitary wasp. Cutaway view of a nest showing a female

th tructi defensibl t by th lit nagris cornuta feeding her larva with a fragment of caterpillar. An
€ same manner as constructing a detensible nest by the SOlghy, ., onid wasp and parasite Osprynchotus violator lurks on the outside

anceSt_or' by |nd|V|d!JaI-IeveI. §e|ect|on, V\_”th no anticipation of &y pe nest (from Cowan®') waiting for the right moment to attack the larva.
potential future role in the origin of eusociality. They are products,, A colony of the primitively eusocial wasp Polistes crinitus. Its workers,

of adaptive radiation, in which species split and spread into diffefeﬁ%rking together are able simultaneously to guard the nest, forage for food,
niches. In the process some species are more likely than othersiid attend the larvae sequestered in the nest cells. (Photo by Robert Jeanne.)

1060

©2010 Macmillan Publishers Limited. All rights reserved



NATURE]jVol 466j26 August 2010 ANALYSIS

Box 1:j A mathematical model for the evolution of eusociality

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 1Figure). 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.

A
AA Aa a
aa a
a Aa A AA a
aa
A A
Aa Aa

\ aa
AA-A \\J
J aa aa
aa
aa-a

aa aa

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.

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’;
they are needed for the reproduction of the colony.

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 traitieast that pertaining to caste. In other words, the queen and her worker
More than 110 million years ago the earliest ants, or theirimmediateave the same genes that prescribe caste and division of labour, but they
wasp ancestors, altered the genetically based regulatory networknaly differ freely in other genes. This circumstance lends credence tothe
wing development in such a way that some of the genes could biew that the colony can be viewed as anindividual, or OsuperorganismO.
turned off under particular influence of the diet or some other environfurther, insofar as social behaviour is concerned, descent is from queen
mental factor. Thus was born the wingless worker eastea second  to queen, with the worker force generated as an extension of the queen
example, discovered in the fire @lenopsis invigtaew variants of (or cooperating queens) in each generation. Selection acts on the traits
the major gen&p-9greatly reduce or remove the ability of workers toof the queen and the extrasomatic projection of her personal genome.
recognize aliens from other colonies, as well as the ability to discrindihis perception opens a new form of theoretical inquiry, which we
nate among fertile queens. The resulting OmicrogyneO strain faltostrate in Box 1.
dense, continuous supercolonies that have spread over much of th&he fourth phase is the proper subject of combined investigationsin
species range in the southern United States population genetics and behavioural ecology. Research programs have
These examples, and the promise they offer of improved theory asdarcely begun in this subject in part due to the relative neglect of the
genetic analysis, bring us to the fourth phase in the evolution of animaiudy of the environmental selection forces that shape early eusocial
eusociality. As soon as the parents and subordinate offspring remaireablution. The natural history of the more primitive species, and
the nest, natural selection targets the emergent traits created by gspecially the structure of their nests and fierce defence of them, sug-
interactions of colony members. gest that a key element in the origin of eusociality is defence against
By focusing on the emergent traits, it is possible to envision a nesnemies, including parasites, predators and rival colonies. But very
mode of theoretical research. It is notable that the different roles ééw field and laboratory studies have been devised to test this and
the reproducing parents and their non-reproductive offspring are ngpotential competing hypotheses.
genetically determined. They are products of the same genes oin the fifth and final phase, between-colony selection shapes the life
ensembles of genes that have phenotypes programmed to be*flexibtgcle and caste systems of the more advanced eusocial species. As &
As evidence from primitively eusocial species has shown, they are pesult, many of the clades have evolved very specialized and elaborate
ducts of representative alternative phenotypes of the same genotypspatal systems.
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Tosummarize very briefly, we suggest that the full theory of eusoc#al
evolution consists of a series of stages, of which the following mayztgle
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 combinatiose.
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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, and

, 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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BG=BOB=N:EL =B> 1ANL BG: @BO>G LM:M> MA> MHM:E <A:G(
BL

* *

R ) )
%>K>BG=B<:M>L MA> LMK:M>PR IB? BA=-IB\OKB:WNGE B M B'lA:BR2MK

,G MA>HMA>K A:G= MA><A:G@> HGER =N> MH L>E><MBHG E
H? BG=BOB=N:EL FBGNL MBAG \GAEL>KVHM >

- =) — )

2LBG @ BGMH MH@>MA>K-PBMA) NPA<?GHPRKBW > MA> MHM
H? MA> <A:G@> =N> MH L>E><MBHG

"HL0 2 ( OFH-H'VH-#, # (0 2 H*. - 2 (=" + + O+H-H'LOH%Y% 2# % -, &
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1ABL MRI>H? :<<HNGMBG@ :G:ERLBLBL: @>G>K:EBS:MBHG H?
BM ?HK : IKH<>LL PBMA GHG HO>KE:IIBG@ @>G>K:MBHGL %HP
:<<HNGMBG@ B=>GMBMR :G==H GHM NL>GHM:MBHGL EBD> <HO
B? NL>= MH F:D> IK>=B<MBHGL BG MA> :;L>G<> H? : IK><BL> FH:

+>QM P> EHHD :M :O>K:@> JN:GMBMB>L LBFBE:K MH BEEB:I
1:KGBM: >M : E : 0BG<> MA> MHM:E <A:G@> :0>K:@>= HO>K
A:0O>

* * *

(- -) — -—()-— ) -
1ANL P> <:G K>PKBM> MA> :0O>K:@> ?K>IJN>G<R BG M>KFL H? M,
() - =0 - )= ) - —
4> P:GM MH <HFI:K> MA> :O>K: OMH? K>8NKABFEIEB<BMR P> F:D>

'LLNFIMBHG

Assumption (1). 1A> MHM:E ;BKMA K:M> HK >JNBO:E>GMER MA
>O0>KR LM:M>

&G HMA>K PHK=L P> :LIBN\GF>EELM:M>L H? MA>BRLMPBF <mHCLK:
:LLNFIMBHG BL GHM :L K>LMKB<MBO>:LBMF:RL>>F &M AHE=L
LH ?:K &M AHE=L ?HK 4KB@AM #BLA>K MRI> IKH<>LL>L 1A>K>
:G= MA> G>P @>G>K:MBHG BL ?HKF>= ;R MA>BK H LIKBG@ 1Al

:G=LH A>K>

LLNFIMBHG ELH AHE=L ?HK *HK:G MRI> |KH<>LL>L *HK:G
HK BKMA !>:MA | NI=:MBG@ ,AMLNDB >M E ,AMLNDB +H
MA:M :G BG=BOB=N:E =B>L :M K:G=HF :G= HMA>KL <HFI>M> ?H
I:RH 4> A:0> ?HK"RB>E=BG@ MA:M I'NI=:MBG@ F>:GL

BG=BOB=N:E BL <AHL>G ?HK K>IKH=N<MBHG IKHIHKMBHG:E MH
<AHL>G BG=BOB=N:E &G MABL RASKPEB-LAM@> MHM:E I:RH BG MA:>
MA>K>?HK> #HK *HK:G MRI> IKH<>LL>L

1A> =>KBO:MBHG PHKDL ?HMKMGRKHBEM:EEM MR H? >Q | HLABNGBE
?HK >O0>KR LM:MB> A:0> ) %>G<> ;><HF>L

S I D B

OMK:M>BILR?:OHK>=BRQ >K 1A>K>?HK> P>H;M:BG MA> F:BG K>1

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

) - ) =
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&? MA> ;BKMA K:M> BLXHGLMSHMNLBG<® > G= MA>G <HG=I
K>=N<>L-MH &M BL >:LBER LAHPG MA:M MA> L:F>BL MKN> B"
K>LNEM BL O:EB= ?HK :GR FNM:MBHG K:M> &? AHP>0>K P> <H!(
:GR IKH<>LL P> K><HO>K MA> L:F> <4GC=BMBAPGEG ?HKFNE: M> M

Corollary 1. 0 (', # + #-"+ (',-"'- #+-"(+ (,-"'- St - (+o#
%#H&H- ( %(0 &.-#H#('1(+ (I #

1ABL K>LNEM BL BGMNBMBO> ;><:NL>BG MA>EBFBM H? EHF
:LMK:M>@R BL ?:O0HK>= HK GHM %HP>0>K BG @>G>K:E MA>
MH M:D> BGMH :<<HNGM ;HMA L>E><MBHG :G= FNM:MBHG &7?
K>IKH=N<> FHK> H?M>G PAB<A F:D>L BM LN;C><M MH FNM:MB}
LD ?HK L>E><MBHG MH ?:0OHK : LMK:M>@R ,G> FNLM K>JNBK:
MHH L>M MA> <HNGM>K > ><M H? FNM:MBHG 1ABL :K@NF>GM
BGOHEO>L HGER MA> ;BKMA K:M> FNEMBIEB>= ;R MA> FNM: MBI

OH ?:K P> A:O> =>KBO>=: @>G>K:E <HG=BMBHG ?HK HG> LN
FNM:MBHG L>E><MBHG IKH<>LL 4> =B= GHM G>>= MH LI><B?R
AHE=L ?7HK :GR BGM>GLBMR H? L>E><MBHG +>QM P> ?H<NL HG
HGER @KHNG= <HO>K>= ;R BG<ENLBO> MG>LL MA>HKR

" H&H#, (] S+ % L H(

&G<ENLBO> MG>LL MA>HKR PHKDL HGER ?HK MA> EBFBM H?
$K:?2>G &G MABL EBFBM MA> L>E><MBO> =B >K>G<> ;>MP
1A>K>?HK> HMA LMK:M>@B>L A:OPBKFAING GKIBHR G, HERMK>G<
PBGG>K 1A> P>:D L>E><MBHG EBFBM BL : NL>?NE LBFIEB >
>OHENMBHG:KR =RG:FB<L ;NM BM BL H;OBHNLER GHM MA> @
BG<ENLBO> MG>LL MA>HKR <:G HGER ;> ?HKFNE:M>= ?HK P>
@>G>K:E IKBG<BIE>H? > OHENMBHG:KR ;BHEH@R

(1) +( 1 $+ % #(

1A>EBFBMH? P> DL>E><MBHG <:G ;> :<AB>0>=BG =B >K>GM P
MA> IIKH:<A IKHIHL>= ;R +HP:D >M :E MA> BGM>GLBMR H
MA> @:F> K>E:MBO> MH MA> ;:L>EBG> |:RH 1ANL MA> >, ><RHB
1A>EBFBM H? P>:D L>E><MBHG BL H;M:BG>= ?HK
&G BG<ENLBO> MG>LL MA>HKR P>:DL>E><MBHGBL H;M:BG:
@B>L PAB<A :K> O>KR <EHL> MH MA> PBE= MRI>BG IA>GHMRI:
1A>L> MPH I:I>KL =>:E PBMA : <HGMBGNHNL LMK:M>@R LI:
BG<ENLBO> MG>LL MA>HKR MH :LLNF> MA:M MA>LMK:M>@R LI

: LI><B:E <:L> $K:?>G 4BE= :G= 1K:NEL>G 1K:NEL>G
#',- (., &#' )b 0 0(.% ,,.& ,bi «a-"" 0(.% (& sl di >
u s b “HL,H#H, L HW2 ] +# et %2, #, +H# (- HEHW %2
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<HKK>LIHG=L MH LF:EE =>OB:MBHGL BG MA> IKH;:;BEBMR MH
MABL LI><B:E <:L> P>:D L>E><MBHG BL H;M:BG>=:L ?7HEEHPL
:G= MA>G HG> <HGLB=>KL MA>L>M H? :EE FBQ>= L MK HMPE®HR
MA> IKH;::BEBMMBMH IEIR>G HG> LMN=B>L L>E><MBHG ;>MPG=
' 1A> EBFBM H? P>:D L>E><MBHA B @BHO>FENRKBQ ?HK MA>
MA>L> MPH LMKGM>@BBG MA> EBFBM H? P>:D L>E><MBHG A:L
?KHF LPBM<ABG@ PAB<A F>:GL MA:M MA> LNF H? MA> >GMKB
MA> >GMKB>L HG MA> L><HG==B:@HG:E +HP:D :G=0B@FNG=
E>:=L MH MA> G><>LL:KR <HGLMK:BGM MA:M MA> @:F>L A:0> >
HG MA>L> MPH MRI>L H? P>:D L>E><MBHG P> K>?>K MH /HNLL>
:G= 1K:NEL>G

&G PA:M ?HEEHPMH =>NaHM> MA> BGM>GLBMR H? L>E><MBH
IIKH:<A>L MH P>:D L>E><MBHG

$+ % H#( ( +,*, 1# +

LF>GMBHG>= AHE=L ?HK :GR BGM>GLBMR H? L>E><MBHC(
=>L<KB;>= :;HO> :L P>EE :L ?7HK :GR HMA>K LN@@>LMBHGL H
FH=>E &G MABL L><MBHG P> <HGLB=>K MA:M MA>BGM>GLBMNK
P>=H GHM R>M LI><B?R AHPIBMR: [KHEM>¥>G<> MA> =>KBO: M
L>E><MBHG BG MA> FHLM @>G>K:E ?HKF :G=BM AHE=L IKHOB
G>NMK:EBMR :G=L>E><MBHG MANL P> :LLNF> MAKM £ IN>GM

&G : L>E><MBHG ;:L>=:IIKH: <A MA> ;BKMA :G==>:MA K:M>LH
#HK MA> EBFBM H? P>:D IPE<®MBHNDG> MA> 1:REHK >QI#&HBHG
P>H:M:BG
) — ) ) = =) =
% > K > =>GHM>L MA> :0O>K:@> HO>K MA> LM:MBHG:KR

G = F>:GL MA>JIJN:GMBMR BL >Q:/EBNLM>G ;M>Q1:G=>= ?NKMA>K

D B ) = = - -

HFINM:MBHG:EER BM BL >:LR MH =>:E PBMA :0O>K:@>L HO>K M,
MA>R :EEHP NL MH <:E<NE:M> [HINE:MBHG LMKN<MNK>:M G>N
KLM :G= E:LM M>KFL <:G ;> <:E<NE:M>= 1A> |KH;E>F :KBL>L P
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&G LN<A M>KFL MA> JN:GMBMB>L :K> LMBEE >O:EN:M>=:M G>
=>KBO:MBO>H? MA> :<MN:ELM:MBHG:KR =BLMKB;NMBHG ?HK :{
Y/ &M BL NLN:EER O>KR A:K=MH G= MA> LM:MBHIBGAKIR =BNM I
MA>K> PHNE= ;> GH G>>= MH M:D> MA> EBFBM H? P>:D L>E><MI
MH A:G=E> NGE>LL MA>R :K>S>KH ,G>P:R MH F:D> LN<A M>KF

113+.2"'-, M G>NMK:EBMEE ;BKMA K:M>L :G=:EE =>:MA K:

LM:M>

R MABL P> F>:G MA: M ?HK "EBG >0>K®R LM MFABL BL MA>

0 v  *HK>HO>K P> BFIEB<BMER @G\ MA): M

0 1A>G LBFIEB >L @BOBG@ MA> >JNBO:E>GM H? HNK
Q#-0#+ (+ "2 )+( ., -#, 2#'1 . &)-#(', ' Boot % H&H- (
ok - 2, (] - HI2 & H(, % -#( < H%H v#H.&#

) * ) —
=0 9 =0 9

S0-F* 07 ) +-# Y% + # 0 Y%, ( (L H + #H-" 4 (- - #E-"(+ (-

0 (", # +-" %#&#- ( %(0 &.- -(&(",

=0 0

3 Comparing natural selection and kin selection

,NK F:BG K>LNEM 1A>HK>F P:L=>KBO>= ?HK :GR BGM>GLBMF
EBFBM H? P>:D L>E><MBHG MH =>KBO> MA> FHK> <HGO>GB>G
IIKH: <A H? G:MNK:E L>E><MBHG BL H? <HNKL> GHM EBFBM>=
BGM>K>LMBG@ :G=BFIHKM:GM IA>GHF>G: H? >OHENMBHG:KR
P:R ?KHF MA> EBFBM H? P>:D L>E><MBHG LBG<> ?HK P>:D L>|
c'NG=:GM HG :0O>K: @ >

1A> PAHE> MA>HKR H? BG<ENLBO> MG>LL AHP>0>K BL HGE
*B<AH= :G= %:FBEMHG $K:?2>G 1A> ?NG=:F>GM:E B=>
<HGL>JN>G<>H? :G :<MBHG <:G ;> >0:EN:M>=:L MA>LNF H? MA
MABL :<MBHG A:L HG MA> :<MHK IENL MA> MG>LL > ><M MA:M |
'R MA> K>E:M>=G>LL ;> MP>>G :<MHK :G= K><BIB>GM 1ABL BL :
MA:M A:L <HG?NL>= I>HIE> <<HK=BG@ MH $K:?>G F:GR

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

4One 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. Thend = 1/N for all i; b6 =1/N(N 1) for the leaves and

for the hubb = (N 1)/N. Soclearly b =d for all i. 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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M>QM;HHDL :G= MA>G NL>= ?HK LN;L>JN>GM MA>HK>MB<:E HK
MA:M BG<ENLBO> MG>LL =H>L GHM <HNGM MA>H LIKBG@ H?:
HG ABF LH BM =H>L GHM BG<EN=> MA> PAHE> <E:LLB<:E MG
LN@@>LMBHG H? BG<ENLBO> MG>LL MA>HKR BL MA:M MABL
>O0:EN:M>>0O0HENMBHG:KR =RG:FB<L &G MA>?HEEHPBG@ P>1L
F:D>L L>GL>B? L>0>K:E O>KR K>LMKB<MBO> :LLNFIMBHGL AHE
:LLNFIMBHG H? P>:D L>E><MBHG

60 00
L] L] Il

#B @ N Huixclusive 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. #HK <:E<NE:MBG@ MA> MG>LL H? :GBG=BOB=N:
MA>G <:E<NE:M> AHP MA> I:RH BL MK:GLE:M>= BGMH K>IKH=N
H? AHP MA> :<MBHG H? :G BG=BOB=N:E: ><ML ABLHPG MG>LL
:GHMA>K BG=BOB=N:E FNEMBIEB>= ;R MA> K>E:M>=G>LL ;>MP:
BGMH :<<HNGM MA> MG>LL <HGMKB;NMBHG MA:M :KBL>L ?KHF

#HK BGLM:G<> ?HK BG<ENLBO> MG>LL MH PHKD HG> A:L M}
HG HMA>KL :K> EBG>:K :==BMBO> :G=BG=>1>G=>GM &G HMA>
FNLM ;> LN <B>GM MH EHHD :M |I:BKPBL> BGM>K:<MBHGL BG=>
;> :==>= NI &? LMKHG@>K L>E><MBHG HKLRG>K@BLMB< > ><N
LAHPG ;>EHP <:GGHM ;> PKBMM>G :GRFHK> 4> PBEE LAHP M/
MG>LL <HG<>IM BG 0><MBHG

#HK GHG O:GBLABG@ BGM>GLBMR H? L>E><MBHG BM F:MM>}
PA>MA>K BM : ><ML MA> I:RH >GMKB>L PA>MA>K BM K> ><ML
%HP>0>K P> PBEE LAHP ;>EHP MA:M BG MA> EBFBM H? P>:D
:LLNFIMBHGL PBEE RB>E= MA> L:F> K>LNEM ?HK :M E>:LM
BL PA>K> MA> =>;:M> :KBL>L T NG=>K <>KM:BG :LLNFIMBHGL :C
MG>LL :G= MA> G:MNK:E L>E><MBHG :IIKH:<A>L :K>B=>GMB«<:|
L>E><MBHG HK B? MA>L>LBFIEB?RBG@ :LLNFIMBHGL :K>GHM ?
@>G>K:EBS>= ?NKMA>K PBMAHNM F:DBG@ BMLH <HGMKBO>=M
MA> G:MNK:E L>E><MB H@urdd KHKHA 8A. MIA>> >FIEHR>= G= A>G<
MA:M B? RHN A:O0>: MA>HKR MA:M PHKDL ?HK :EE <:L>L G:MNK
HGER LHF> <:L>L DBG L>E><MBHG :G= PA>K> BM PHKDL BM
LBFIER NL> MA> @>G>K:E MA>HKR >O>KRPA>K>
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%:FBEMHG L [:I> K IKHOB=>L MA> ?K:F>PHKD ?HK MA> BG
:G= MAHKHN@A =BL<NLLBHG H? %:FBEMHG L <>GMK:E K>LNENM
H? BG<<ENLBO> MG>LL MA:M P> NL> ;>EHP BL MA> HG> MA:M BI
1:REHK :G= #K:GD 1:REHK >M :E BGsBOBHKHE MA> :<MHK
BL K>IK>L>GM:MBO> H? MA> :G>KG@ BMAMMEGMKELME@R BLA>G N
> ><ML H?;BMIOBHK HG :EE BG=BOB=N:EL BG MA> IHINE:MBHG
P> B@AM>= ;R MA> 7TKHER:MA=GxMIHK MH MA> K><BIB>GM 1A> B
?H<:E BG=BOB=N:EBL MA>G PKBMM>G BG MA> EBFBPM H? P>:D L

%>K>BL MA> K>E:M>=G>LL H? MA> ?H<jEBGCEBAB=N>EB NHE KH<B
BGM>K>LM>=BG BMBL => G>=:L

R u
Q
PA>B> -Ks s ss o/N BL MA>IKH;:;BEBMR MA:M MA> ?H<:EjB

K> B=>GMB<:E ;R =>L<>GM & !Q B ANMR >KB @R B&E=GMBMR ;F
MABL => GBMBHG BL GHM @BO>G BG : LM:M> BM BL @BO>G HG
LM:M> MA>3OQ3xKPB®NE= A:O> MH ;> K3|IE:ExNERM>=BG MA:M |:KMI
E-MM>K JN:GMBMR BL =>M>KFBG>= :R MA> E:;>EL H? MA> MPH
MH =H PBMA B=>GMBMR ;R =>L<>GM HK PBMA K>E:M>=G>LL %
=> GBMBHG MA:M A:LK>E:M>=G>LLBGBM HG>G>>=L MH => G>
BGA>K>GMER =B >K>GM ?KHF NLN:E MG>LL PAB<A BL => G>=1

+HM> FHK>HO>K MA:M PA:M BL <:EE>= 7TK>E:M>=G>LL ;R MA
B=>GMBMR MAOM PRMEF>>LNK> H? K>E:MBO> @>G>MB< B=>GM
MA> K>E:M>=G>LL H? :GR BG=BOB=N:E MH HG>L>E? BL HG> :G=
<HGL>JN>G<>H? MA>E:MM>K BL MA:M MA> :<MHK :ELH A:L G>¢(
IHINE:MBHG &G<ENLBO> MG>LL MA>HKR ?H<NL>L HG EHP FN
MA:M =N> MH L>E><MBHG

&G<ENLBO> MG>LL MA>HKR MABG 2:RH KA MABRKBIPM K@V @ R

W >

,NK F:BG K>LNEM ?HK P>:D L>E><MBHG :G= EHP FNM:MBHG
MA> KHE> 9K>E:M>=G>LL IE:RLBG MA>FH=>E &M BL : @>G>K:
:LLNFIMBHGL <:G ;3 WK>>N<>= MH

#BKLM P>IHBGMHNM MA:MBG MA>DBG L>E><MBHG EBM>K: M
BG<ENLBO> MG>LL BL FHK> <NF;>KLHF> MA:G <:E<NE:MBG@
7=BK><M MG>LL<:G:>F:MA>F:MB<:EER >:LB>K MHPHKD PBMA
JMIKH: <A H? MA>HK>MB<B:GL R=BK><M MG>LL DBG L>E><MB

Bt o428 () -# 0 0(.% %H#S -()(H#'- (.- -" - -TH#, (- -HC#, ] +2 0 pF-
Y-, B e H( ) (52) L &HEN e (- (R %, L (# -t
(-" & L, ®wdse (L, '(-&S$ ", (%2 + )H( . #-" o+ (+H (+# % ).4)(,
Hot L # T # % H# - %+ -+ (+
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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

-y ’)' (19)

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

We are advocates of direct fitness as well (albeit in a more general form than ) 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

<Z)Z’) )>:<ZZ’) ))> 0 (20)

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 representative of the average and rewrite

the above condition as
<2 — ) > 0 (21)

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

LG (% # - ))+( "0+ (C0(.% -+ - (T (O 2
YO % -#(
L&) HC T %, (L H%2 H#% .-+ 0 0#H%% (- + ., -TH#, #,,. T
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113+.2'-, "' &# .-.3* 2'-,1203!1230# '1 1.#!"* |-, %#,#0"!
9LI><B:E IHINE:MBHG LMKN<MNK>L:MBL >L HG> H? MA> ?HEE

BB1A> IHINE:MBHG LMKN<MNK> BL LM:MB<
BB1A> IHINE:MBHG LMKN<MNK> BL =RG:FB< ;NM BG MA> K>L1
BGM>K:<M HK MA>R =H GHM BGM>K:<M PAB<A F>:GL BGM>K
BL@EH;:E PAB<A F>:GL >O>KRHG> <HFI>M>L @QEH;:EER PB
"Q:FIE>LH? IHINE:MBHG LMKN<MNK>L MA:M ?NE EE BB
= ,AMLNDB >M :E BLE:G=L H? >JN:E LBS>
H? @KHNI L>E><MBHG 1K:NEL>G :G= +HP:D )>AF:GG >M E
IHINE:MBHG :ELH ?NE EEL BB:

: "Q:FIE>L H? IHINE:MBHG LMI
O:KB:;E>LBS> PBMA @QEH;:ENI=-MBG@ GM:E>M :E 1:REHF

AHE=|L MBI®BG=>1>G=>GM H? MMAG+ M :M>2HK=EE

K>
IHNLL>M :G

&? BB:

- %) 0
-0
1ABLBLGHM R>M BG MA> ?HKF H? :><:NL>BG B>GA_ND>: B -
K>E:M>=G>%HP>0>K B? :LLNFIMBHG B BL ?NE EE>= MA> ::HO
?HEEHPL
) ) -
-0 -0
- ) )
-0 -0
)

1A>E:LM>JN:EBMR AHE=L ;><:NL>BG :G:

=BMBO> @: F»FLA>K>

1ABLBL MA>LNF H? :EE MA>> ><ML H? >0>KRHG> BG MA>IHI

@BO>G MA:M >O0>KRHG>BL : <HHI>K:MHK NMB? >O>KRHG> BL
IK><BL>ER:G= A>G<>BML =>KBO:MBOBIPBWMKAHK>LI><M MH
&? BB; AHE=L

@:BG P> LMK>LL MA>BFIHKM:G<> H? @E

—=3 %) ":GHBGM>K:<M
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4A°M P>H;M:BG BL : EH<:E MRI>H? K>E:M>=G>LL :L :ELH IHBGM
:G= BEEB:K= 1ANL BL@>G>K:EBS>=:L

_ U
)

%>KY BL MA> IKH;:;BEBMR MA:M MA># <KWHK=>GMBE =B OB =NLE > C
MA>R BGM>K:<M MA>R :K>HG MA> L:F>BLE:G= LA:K> MA> L:F:

4> A:O> LAHPG MA:M MA> P>:D L>E><MBHG :G= EHP FNM:MB#F
"ELH ;> <:E<X<NE:M>=BG M>KFL H? BG<ENLBO> MG>LL B? :LLNFI
LI><B >= ;>?HK> BG<ENLBO> MG>LL MA>HKR <:GGHM >0>G ;>
MA> :LLNFIMBHG H? P>:D L>E><MBHG BL :NMHF:MB< %HP>0>K
:GR FNM:MBHG K:M> 1A>K>?HK> PA>G :LLNFIMBHGL B :G= B

MA> BG<SKENLBO> MG>LL <HG=BMBHG MH :GR FNM:MBHG :G=

*

1ABL <:G ;> BGM>KIK>M>=:L MA> BG<ENLBO> MG>LL > ><M A
> ><M EHLM ;R FNM:MBHG 4> PBEE >Q1:G=HG MABL BG : ?HKMA

4 Example: a one dimensional spatial model

&G MABL L><MBHG P> @BO>: LBFIE>>Q:FIE>H?: FH=>E MA:M L
MANL ;> BGM>KIK>M>= ?KHF ;HMA MA> G:MNK:E L>E><MBHG :G
4> <HGLB=>K : IHINEBM8B8BIGBH+N:EL HG : HG> =BF>GLBHG:E LI:MB
A:L MPH G>B@A;HKL 1H :OHB=;HNG=:KR > ><ML P> <HGG><M |
?:KP>A:0>=HG> MA> =>KBO:MBHG ?HIGMPHi@KSAKFEDOMK: \?>@®
<HGLB=>K MA>LBFIEB >=-KBLHG>K L!BE>FF: MH F:D>HNK IHB!
HK =>?><MHKHI>K:MHKL 'R ?2HKIMA>BK G>B@ A; HK MH K>?<>><BMHK

GH <HLM :G==BLMKB;NM> GH ;>G> M 4> NL>=>:MA ;BKMA ! N
BLIB<D>=:M K:G=HF MH =B> MA>G MA> MPH G>B@A;HKL <HFI>
>FIMR LIHM PBMA :G H LIKBG@ ,AMLNDB :G= +HP:D $K:?>G

0BG<>=>MA H<<NKL:MK:G=HF MA>»HX'MEEAS VB>KBLA K:M> BL |
MH I:RH & G=BIOBIKM:EN<>L B? HG> H? ABL G>B@A;HKL BL IB<
<HFI>MBMBHG ?HK K>IKH=N<MBHG 4> <:G PKBIM> MA> ;BKMA K

L;>?HK> MA> >QI><M>= GNF;>K H? MBULWKBG@ H? B)G#BNIB &M:HE
MA>> ><MBO>|:RH H? BG=BOB=N:E

) ) )

1ABL > ><MBO> I:RH BL MA> L:F> ?HK ;HMA :IIKH:<A>L MH MA>
0><MBHG &G MA> EBFBM H? P>:D L>E><MBHG P>*:4:G PKBM> |

: — ) ) ) ) ) ) )
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0BG<> MABL BL : IKH<>LL PBMA <HGLM:GM =>:MA K:M> PAB<A FI
P>DGHP ?KHF MA:M MA><HG=BMBHG MA:M <HHI>K:MBHG BL
>JNBO:E>GM MH

<Z»“|> O e D
1A:3L<:G(s;>K>PIZ<BMM>G:L
(B - (En ) (En) (Tn)
S(Zn) (S0 (S
1A>L>:O>K:@>L<:G;Z>K>BGM>KI1K>M>=:LII;H;:;BEBMB>L:L?HE
() -
<Z:»»> —-K) )

1A> KLM B=>GMBMR AHE=L ;><:NL>:M G>NMK:EBMR MA> :0>K: @
GNF;>KH?=>?><MHKL 1A>L><HG=B=>GMBMR <HGLBLMLH? >Ql

%>G<> ;><HF>L :?M>K LBFIEB?RBG@ :G
- = Ky ) Ky K ) -
- <KX ) Ky K )

+HMB<> MA:M LH ?:K MABL K>LNEM AHE=L ?HK :GR FNM:MBHG K:
<R<E> 4A:M P> K> E>?M MH <:E<NE:M> :K> IKH;:;BEBMB>L MA:
LMK:M>@R +HMB<> MA:M :EMAHN@A MABL BL :G >OHENMBHG :K|
=BLMKB;NMBHG LA:K>: <HFFHG :G<>LMHK PBMA IKH;:;BEBMR ;
A:0><A:G@>=L>0>K:E MBF>L LBG<> MA>R LA:K>= MA> <HFFHG

&? FNM:MBHG BL O>KRMAR>EEMA> IKH;:;BEBMR MA:M MPH BG:
LMK:M>@R BG MA> LM:MBHG:KR =BLMKB;NMBi & B1IMMWA>IR F K> LI
iR =>L<>GM B > MA:M MA>R <:F> ?KHF : <HFFHG :G<>LMHK :G=
yHO> IKH;:;BEBMB>L BG MA> EBFBM H? EHP FNM:MBH,G % HP >0
L P>>QIE:BG>= ;>?HK> ?HK :=BMBO> @G> KMME<>= ;R K>E:

L) % L &M BL >:LR MH M>LM MABL ?HK HNF

ij

NLBG @

J 25
1ANL BG MA> EBFBM H? EHP FNM:MBHG P> <:G K>PKBM>
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Here "is chosen at random to be the focal individual and ; = ;. This is precisely 4, =

17 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
. . . P action Q action > . . .
-b/4 cl2 b/4 -C b/4 c/2 -b/4

Figure 2: ,!*31'4# 2,#11 '1 ,-2 # 17 2- +Ah &aBifirfcal 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 "is the actor ; individuals "—1 and "+ 1 are
the direct recipients; individuals "+ 2 and "+ 3 do not interact with "but their fitness is affected
by "s action due to indirect competition. For instance, "decreases his own fitness by — ; when it
comes to compete for reproduction under DB updating, "competes with either "— 2 or "+ 2 to
fill the spot of "+ 1 and hence a decrease in the fitness of "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 "—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

4-2 , -2,

- 36
e (36)
For symmetry reasons we have ; = ; , ; = ; and ; = ; . Thus, we obtain
1— 2 —4
9 = 37
i —4 (37)
To obtain the final result we used the relatedness values as calculated by Grafen (2007a):
—18 +353 -12 +23 -5
i = 1 i = ] U | (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.
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>EHP P> NL> MA> L:F>HG>=BF>GLBHG:ELI:MB:E FH=>E MH >Q
MA> <E:LLB<:E ?HKHFHLM G>0>K AHE=L OHF> BG<ENLBO> MG:
PBMA MABL IHBGM :G= GHP IKHHL> MAHM BG,>M<:EE>= %:FBEN
:G= $:K=G>K 1ABL L><MBHG BL GHM =BK><M>=:M /MA>HK:
%:FBEMHG L KNE> &GLM>:=BM BL =BK><M>=:'M >FIBKB<BLML
:G=:M MA>HK>MB<B:GL PAH MKR MH :KMB <:EER K>BGM>KIK>N

)> M NLLM:R PBMAHNKHG>=BF>GLBHG:ELI:MB:EFH=>E 4>
L>E><MBHG @BO> MA>L:F> G:E K>LNEM ;><:NL>P>A:0>P>:D
IHINE:MBHG LMKN<MNK> #HK ! NI=:MBG@ MA> <HG=BMBHG M
<:G,;>PKBMM>G L

1ABL <HG=BMBHG BL GHM :L LBFIE> :L BoMFBM A H & ?LMANHERHM A B G
1A> HGER IKH;E>F BL MA:M 9LHF>MABG@ BL GHM @>G>MB< k
K>E:M>=G>LL 4A>G MA>L> K>E:M>=G>LL M>KFL :K> <:E<NE:M:
IHINE:MBHG LBS&M BL PKHG@ AHP>0>K MH MABGD MA:M KI*E |
MABL BL GHM MA> <:L> <:G ;> L>>G ;R; BKH D B G @A >M? MkA®HNR > K 1
>O0:EN:MBG@ MA> <HFIEB<:M>= ?NG<MBHG H? K>E:M>=G>LL @t

&? AHP>0O>K P> PHNE= GHM :G:ERS> MA> FH=>E H? BGM>K:-
iNM BGLM>:= P> PHNE= PKHG@ER MABGD MA:M %:FBEMHG L F
4> PHNE= <:E<NE:M> K>E:M>=G>LL :L BL NLN:EER =HG> [IB<D
<HFI:K> MA>BK K>E:M>=G>LL MH MA> :O>K:@> K>E:M>=G>LL E
i 1A>G P> PHNE= <HG<EN=> MA:M MA> <HG=BMB
<HHI>K:MBHG MH IK>FDC&BEABIE>%:L MH 1ABL AHP>0O>K BL
<HKK><M K>LNEM BL @BO>G ;R

1ABLLBMN:MBHG BL GHM I:KMB<NE:K MH MA> <R<E> &G ?7:<
FH=>EL MA:M A:0> MA> IKHI>KMR MA:M MA> G:EACKIBIE M>A£ LMI

/[HNLL>M :G= BEEB:K= 1:REHK :G= $K:?>G NM ?HK F
$K:?>G : 1:REHK >M :E : 1:KGBM: >M :E . 1K:NEL>
>M  E . ‘EE MA:M <:G ;> H;M:BG>=BL : <HG=BMBHG H? MA:>

LHF>MABG @

1ABL E:MM>K <HG=BMBHG BL GHM %:FBEMHG L KNE> L LAHP
. <HG=BMBHG H? MABL ?HKF BL MA:M ?HK MA> EBFBM H? P>:D
BG MA>I:RH O:EN>L #HK LI:MB:E IKH<>LL>L MA> 9LHF>MABG
<K>:M>= ;R: @BO>G FH=>E ;> MP>>G BG=BOB=N:EL PBMA MA> L
+:MA:GLHG >M E +HP:D >M ' E *HOBG@ :P:R ?KHF MA>
E>:=L MH <HG=BMBHGL MA:M :K> GHGEBG>:KBG MA>I:RH O:E!

&G<ENLBO> MG>LL MA>HK>MB<B:GL A:O> :ELH K>:EBS>= M/
:G= MA>R <:NMBHG :@:BGLM NLBG@ BM 7G:BO>ER PAB<A PF
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$:K=G>K >M :E <BMBG@ 1:REHK :G= #K:GD :G= #
LAHNE=BGLM>:= 7NL> LM:G=:K= IHINE:MBHG @>G>MB<L @:F>
. <HG=BMBHG ?HK PA>G MA> LH<B:E MK:BM H? BGM>K>LM BL ?
KNE> :L :G :B= ?HK <HG<>IMN:EBSBG@ MABL K>LNEM 4> :11K:
MA>HK>MB< IHINE:MBHG @>G>MB<L FH=>EL ;:L>= HG G:MNK:E
K>BGM>KIK>M:MBHG H? MA>L> K>LNEML BG M>KFL H? :G :KMB <
PBEE A>El PBMA :GR <HG<>IMN:EBS:MBHG R :KMB <B:EER <H
PA>G K>:EBSBG@ MA:M MANENEN>H GHM AHE= ?HK : @BO>G FH-=-
IKHIHL> MA:M : FH=B >= BMGE?2: <M AHE=LBPMAG>NLN:E K>E: M&5=C
K> MA> 9> ><MBO> <HLML :G= ;>G> ML <:E<NE:M>= NLBG@
NGG><>LL:KR ;NM :ELH HNM H? IE: <> BG MA> :G:ERLBL H? : INK
=H>L GHM :EP:RL PHKD P> A:0> GHM L>>G LN<A : IKHIHL:E ?HK
<HLML :G= ;>G> ML NG?HKMNG:M>ER :K> O>KR <HG?NLBG @: GG:
'NM :ELH H? MA> K>EBEaMG<S$EBEMHG L KNE> ;><HFPAB<A F:D
O>KR <HFIEB<:M>= MH L>1:K:M> :GR > ><ML :G=BM @>G>K:EEF
"K@N> MA:M : LBFIE> ;NM IK><BL> FH=>E PBMA : <:K>?NE G:MNK
IKHOB=> :GR G><>LL:KR <HG<>IMN:EBS:MBHG

6 Relatedness measurements alone are inconclusive

"FIBKB<:E ;BHEH@BLML H?M>G L>>F MHBGM>KIK>M BG<ENLBO:
MH ;> =HG>BL F>:LNK> @>G>MB< K>E:M>=G>LL :G=<HG<ENLBO:
MAHN@AM >QI>KBF>GM MH LAHP MA:M BL GHM MA> <:L> G >F|
;L>G<>H? :G NG=>KLM:G=BG@ H? MA> IHINE:MBHG =RG:FB<L <

HGLB=>K MAK>> IHINE:MBHGL -HINE:MBHG BL P>EE FBQ>

EBD>ER -HINE:MBHGL :G= :K>HG: HG> =BF>GLBHG:E LI:M
=>:MA ! NI=:MBG@ BG=BOB=N:EL K>IKH=N<>|KHIHKMBHG:E
=HFER <AHL>G G>B@A;HKL -HINE:MBHG A:L=>:MA ;BKMA ! I

MA> G>B@A;HKL <HFI>M> ?HK MA> >FIMR LBM> IKHIHKMBHG:E
K>E:M>=G>LLBG :EE MAK>> IHINE:MBHGL ;NM A:L GH HMA>K B(
1A> >FIBKB<BLM GHM>L MA:M MA> :0O>K:@> K>E:M>=G>LL H?
EHP :G= <HG<EN=>L MA:M MA>K> BL GH L<HI> MA>K> ?HK >OHEV
:G= MA>>FIBKB<BLM F>:LNK>L >Q:<MER MA>L:F>AB@A K>E:M
<HG<EN=>L MA:M <HHI>K:MBHG BL ?:OHK>= HO>K =>?><MBHG B
L P>=BL<NLL>=BG 0><MBHG <HHI>K:MBHG <:G >OHEO> BC(C
"EMAHN@A MA>R @>G>K:M> MA> L:F> F>:LNK>F>GML H? K>E:M:
%>G<> MA> >FIBKB<:E F>.LNK>F>GM H? K>E:M>=G>LL F
NG=>KERBG®@ IHINE:MBHG =RG:FB<L <:G ;> O>KR FBLE>:=BG @

7 When inclusive fitness fails

&G MABL L><MBHG P> LAHP MA:M LM:G=:K= K>E:M>=G>LL =H>L
GHM ?NE EE MA> K>LMKB<MBO> :LLNFIMBHGL =BL<NLL>= :;HO
MA>HK>MB<B:GL PHKDBG@ BG MA> :K>: H? DBG L>E><MBHG FB
MA:M :EEHP MA>F MH L>> MA> <:L>L ;>EHP :L 9H;OBHNL BG<ENL
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a a large well-mixed population
® o o
o9® o4
o o o one-dimensional spatial model
. with BD updating
® O
S YYYYYYY)
R=0 R=1

no cooperation no cooperation

one-dimensional spatial model
with BD updating

00000000

R=1
no cooperation

one-dimensional spatial model
with DB updating

000000000

R=1
cooperation if b/c>2

#B@NK#* 2#" , #11 "-#1 ,-2 +# 130# 2&# '*'27-%$ .-.3* 2'-,2-13..

-$1--.#0 2'-,: E:K@>P>EE FBQ>=IHINE:MBHG ARL O>KARBERP. KE
E:MBHG MA:M H<<NIB>L : HG> =BF>GLBHG:E LI:MBXE @KBG>KNM A
?HK ;BKMA =>:MA | NI=:MBG@ ;HMA IHINE:MBHG LMKN<MNK?>|
H? <HHI>K:MBHG ;7 *tHP P> <HFI:K> MPH IHINE:MBHGL MA:M :K
LI:MB:E @KB= :G= A>G<> ;HMA IHINE:MBHGLRA:0> NN BIFAN-F Kbk
NL>L ;BKMA =>:MA ! NI=:MBG@ :G= =H>L GHM LNIIHKM >OHET!"

HG> NL>= =>:MA ;BKMA ! NI=:MBG@ :G==H>L LNIIHKM 3@HEN
' NI=:MBG@ F>:GL MA:M BG=BOB=N:EL K>IKH=N<> IKHIHKMBH
K:G=HFER <AHL>G G>B@A;HKL ! NI=:MBG@ F>:GL MA:M BG=1I
G>B@A;HKL <HFI>M> ?HK MA>>FIMR LBM> IKHIHKMBH®@:E MR |:
PA>3BL MA> :0>K:@> K>E:M>=G>LL H? MPH BRGEBUB=NOEIKP@H I
BG MA> IHINE:MBHG 1A>L> F:MA>F:MB<:E >Q:FIE>L :K> <AHL>!
F:D> MA> FHK> @>G>K:E IHBGM MA:M K>E:M>=G>LL =:M: BG M/
IHINE:MBHG =RG:FB<L :K> GHM O>KR NL>?NE
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MH LAHP MA:M MA>K> K> <E>:K EBFBM:MBHGL MHBBBG<ENABQE
K>L>F;E>: F>:GBG@?NE K>E:M>=G>LL &? HG®ABEBHBP IGHHK>O=>
<EHL> MH : K>E:M>=G>LL MA:M <HNE=:>F>:LNK>= MA>G P> =H C
I>KLI><MBO> -NLABG@ ?HK LN<A @>G>K:EBS:MBHGL :G=>QM:
<NF;>KLHF>:G=<HG?NLBG@ ;NM NEMBF:M>ER NL>E>LL ?HK MP
G>P HK >0>G =B >K>GM ?KHF PA:M BL H;M:BG>= PBMA : LBFIE>
?HKF :G=>FIBKB<:EER MA>R A:O>GH O:EN> ;><:NL> MA>R =
' BHEH@BLM <HNE=F>:LNK> HK <:EE 9K>E:M>=G>LL

("L HETH % H#(

&G<ENLBO> MG>LL MA>HKR K>JNBK>L P>:D L>E><MBHG ?HK M
M>K:<MBHGL BG HK=>K MH K>FHO> LRG>K@BLMB< > ><ML HG:>
1A> EBFBM H? P>:D L>E><MBHG L =>L<KB;>= BG 0><MBHG
>KMR %HP>0>K >0>G B? MA>HK>MB<B:GL K>LMKB<M MA>FL>E
BG : LMH<A:LMB< IKH<>LL MA>R LMBEE G>>= MH M:D> MA> EB
LMH<A:LMB<BMR BGMKH=N<>L > ><ML H? <HFI>MBMBHG ;>MP>
H? MA>9A>EIBG@ >0O0>GML :G= MANL MA>R <:GGHM LBFIER ;> ::
BG=>1>G=>GM HG>G>>=L MH ;>BG MA> EBFBM H? P>:D L>E><M

)>M NL >Q>FIEB?R MABL L><HG=IKH;E>F MA:M :KBL>L ?HK LM
LBHG:E LI:MB:E FH=>E H? 0><MBHG 1A> . BKMA K:M>H? :G BG
P>:D L>E><MBHG MA> > ><MBO> |:RHBL IGxBiXX>G HR B G =B A NI KK
PBMA MABL BG MA> EBFBM H? P>:D L>E><MBHG %HP>0>K : L
IKHIHL>= :G=LH P> PBEE GHM >QIEB<BMER PKBM>BM A>K> ;NM
H? BG=BOBI=N?BNNG<MBHG H? ABL HPG LMK:M>@R :L P>EE ;L. MAF
)>M NL <HGLB=>K! NI=-MBG@ &G MABL <:L> MA> =PAM@G KI:AH>:B
GNF;> K H? H LIKBG@ BLB&ZBEBOB=R:E &G MABL <:L> >0>G BG
PKBM> :==BMBO>ER MA> > ><ML H? :G BG=BOB=N:E HG >0>KR|
PA>G P> M:D> MA> = KPBBOMMN BOE N IMKHSBEBM BL GHM G><>LL:KI
HY ?HK )>M NL >Q>FIEB?R MABL ?HK LBFIEB<BMR ;R M:D
ABFL>E?

of o _ofr f- O . _9of f .
1 L Js ¢ ¢ Js ? Js ¢ 4 Js ?
) ( )

E>:KER MABL JN:GMBMR LMBEE =>1>G=L BG : AB@AEGR, GHGAN
MA> > ><ML H? BG=BOB=N:ELHG MG>LL :K>GHMBG=>I>G=>GNVN
MA> EBFBM H? P>:D L>E><MBHG 1A>K>?HK> GHG O:GBLABG@
BM ?:BEL MH E>G=BML>E? MH :G BG<ENLBO> MG>LL BGM>KIK>
<HFIEB<:M>= MA;BIM MA> <HG<>IM H? B=>GMBMR ;R =>L<>GM =1

*HK>HO>K P>IHBGMHNM MA:M O>KRBGM>K>LMBG@ K>LNEM
H? L>E><MBHG NLBG@ MA> <HFFHG L>GL>:IIKH:<A ;:L>=HG G:M
1K:NEL>G >M : E GM:E >M : E ;
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R:GHG :==BMBO> @:F>P>F>:GHG>PA>K>BGM>K:<MBHGL :K>
I:BKPBL> &G :G :GM <HEHGR BM BL A:K= MH BF:@BG> MA:M |:BK
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BGLN <B>GM MH =>L<KB;> MA> =RG:FB<L

1A>B=>: ;>ABG= 0:G 3>>E>G L IKHIHL:E BL MA:M BM =H>L GF
IE:R>KL BG : KH<D ;:G= K>A>:KL>T MA> ;:G= PBEE LHNG= EHNL
F>M:IAHK <:G ;> BF:@BG>= ?HK :GML HGLB=>K MA>?HEEHPBG
EE MKRBG@ MH :<<HFIEBLA : <>KM:BG M:LD PAB<A <:G HGEF
<HHI>K:M> F>F;> K H? : @KHNI A:L MA> HIMBHG MH >BMAcHKK
=>?><M &7? :EE BG=BOB=N:EL <HHI>K¢NMNMNMAA>RM HBD BBA <NK H/F
MA>R :K> :EE K>P:K=>=pPBMNANL MASIMREBCHBDKHNb BELb c¢,b ¢ &7
G>BMA>K <HHI>K:M>L MA>G MA>R =HG M I:R :GR <HLM ;NM MA:
I:RH HP®PDPD @KHNI,BL %HP>0>K :G= A>K> <HF>L MA> GHG :==
HGER HG> HK MPH H? MA> F>F;>KL <HHI>K:M> :G= MA> HMA>KL
MA> @H:E :G=LHGHHG> @>ML : ;¢GPb @ KHAYBIRH HZ=MA:MBI? :
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As opposed to (b 2¢,b  2c,2b) and respectively ( 2¢,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

gow ¢ O 44
9 §s’ In 3ns s (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.

) O-% L HC e

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))  (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 4; 0 1 2 the interaction weight of "and # For simplicity, let
us assume that 4; = +4;. If 4; = 0 then "and #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 "is given by

i=1+ H k+ ) (47)
j

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

= (15)

Here is the total payoff in that given state. The average fitness of individual "is given by

1 i
For the limit of weak selection we obtain
1
i=1+t— %0 3+ ) — Gl )+ k)
7 7ok (50)
=14+—) +— — By o
j j i k

Clearly here the action of individual #on individual "depends on the dynamical structure. The
effect of #on "is

i +% ® oew EHE=T (O (1) ) i (51)
) R S T S (0 ) if#=T
The second equality comes from replacing ; 4; =  #;; 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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HG> PAB<A P> =>G@HBIG@R MH@Q>MA>K PBMA P>H;M:BG M£
MH ;> ?2:O0HK>= HO>K =>?><MHKL
% e 4 + )
/e

1ABL >QIK>LLBHG =H>L GHM:BERRBABK=BD><:NL> PA:M NLN:EER BL
GHP =>1>G=L HG MA> LMKN<MNK> <HGM:BEGQBG @ AR <@AMBGI BHLEH
BGM>KIK>M>= L EH<:E K>E:M>3GxALGC@ABIL?RHE><<NLEM:M> Mt}
<:E<XNE:M>LN<AJIJN:GMBMB>L HG> G>>=1#HBH PEOSIKRK.INGMF BG:
GNF;>K H? M:@L MA#AA<OWHKG.GHFFHG PBMA MA> IKH;:;BEBMR N
LM:M> 1ABL JIJN:GMBMR BL MA>G :0>K:@>= HO>K :EE IHLLB;E> L

&G LHF> L>GL> PA:M : =RG:FB<:E LMKN<MNK> <:IMNK>L BL M
FR LBLM>K ;NM B? & L>> A>K HG<> : R>:K GHP :G= F:R;> MBF:
=B >K>G<> HO>K:EE 1ANL ?HK LN<A =RG:FB<:E LMKN<MNK>L -
‘'NM BM LHF>AHP A:L MH ;> P> B@AM>= ;R MA> O:KRBG@ BGM>GL

K(-) 4 % L H(C H+C(, SH + % L #(

$KHNIL>E><MBHG :KBL>L PA>G>0>K MA>K>BL <HFI>MBMBHG G
@KHNIL $KHNI L>E><MBHG BL I:KM H? MA> FHK> @>G>K:E <H(
;>>G : EHG@ :G=HG@HBG@ =>;:M> ;>MP>>G L<B>GMBLML PAH I

4RGG> "=P:K=L 4BELHG (BEEBG@;:<D >M :E $K:?>
)>AF:GG >M E ; 4BELHG :G=4BELHG BCF::G=4:=>
4>LM >M E 4>LM >M E 4BE=>M E 0:G 3>>E>G 1K

PBMA MA>DBG L>E><MBHG LB=><E:BFBG@ MA:M @KHNI L>E><N)
&G MA> EB@AM H? PA:M P> A:O> LAHPG A>K> P> AHI> MH L>MM
B? <HKK><MER ?HKFNE:M>= <:G ;> NL>?NE :IIKH:<A>L MH LMN-=
@KHNI L>E><MBHG BL DBG L>E><MBHG BL <>KM:BGER PKHG @

$KHNI L>E><MBHG FH=>EL <:G ;> ?HKFNE:M>= ?HK :GR BGM>!
0BG<> PA>G =>:EBG@ PBMA LMH<A:LMB< IKH<>LL>L BG<ENL
H? P>:D L>E><MBHG K>LNEML ?HK @KHNIL PBMA GHG O:GBLAL
MA>HKR L P>A:0>IHBGM>= HNM P>:D L>E><MBHG K>LNEML
<HFIE>M> IB<MNK>H? >OHENMBHG %>G<> ?KHF MA>LM:KM LC
@KHNG=:L @KHNI L>E><MBHG

&? AHP>0O0>K P> EBFBM HNKL>EO>L MH P>:D L>E><MBHG @KH
BG<ENLBO> MG>LL<:E<NE:MBHGLHGERB?:LLNFIMBHGL B :G:
MH ?HKFNE:M> @KHNI L>E><MBHG FH=>EL MA:M OBHE:M> MA>
<:E<NE:MBHG $KHNI L>E><MBHG FH=>EL <HNE= <HGM:BG GH(
LMKN<MNK>L PA>K> BG=BOB=N:EL BGM>K:<M PBMA =B >K>GWN

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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@KHNI L>E><MBHG <:GGHM BG @>G>K:E ;> =>L<KB;>= ;R BG<E
MA>R :K> B=>GMB<:E PAB<A A:L H?M>G ;>>G F:=> )>AF:GG >M
BLPKHG@

-&& *1
4> >FIA:LBS> MA> ?HEEHPBG@ IHBGML

A*31'4# 2,#11 '1 (312 ,-2&#0 +#2&-" -$ LAB2<M MA:M :G
MG>LL <:E<NE:MBHG PHKDL ?HK : I:KMB<NE:K FH=>E =H>L
BL:M PHKD &G<ENLBO> MG>LL MA>HK>MB<B:GL A:0> ;>>(
MA>R LN@@>LM>= MA:M BM BL CNLM :GHMA>K F>MAH= H?
l[:I1>K BL 9=>OHM>= MH IKHOBG@ MA:M MA> :EM>KG:MBC
BG<ENLBO> MG>LL @BO>L MA>L:F>:GLP>K :L MA>LM:G=:K
4> :@K>> PBMA MABL I>KLI><MBO> ;NM :== MA:M :L P
BG<ENLBO> MG>LL F>MAH= <:GGHM ;> NL>= :L PB=>ER :L
IKH<>=NK> ;:L>= HG G:MNK:E L>E><MBHG

, 2 <HNKL> MA>HK>MB<B:GL :K> ?K>> MH NL> :GR F>MAH=
BM <HKK><MER :G= =H GHM F:D> NGCNLMB >= LM:M>F>GM
>OHENMBHG H? <HHI>K:MBHG )>AF:G >M E ., 4BE=>M

4>LM :G=$:K=G>K F>MAH=H? <:E<NE:MBHG PAB<,
:G=<HG?NLBG@ BLGHM : @>G>K:EIKBG<BIE> FN<A EBD> N
P>K>GHM: @>G>K:E IKBG<BIE> >BMA>K :G=;><:F>LNI>K N

4> A:O0> : LBFBE:K LBMN:MBHG BG MABL =>;:M> 1A> >IB<R<
GHM G>>=>= @BO>G MA:M P> <:G ?HKFNE:M> IK><BL> =>L<
LMKN<MNK>=IHINE:MBHGL

N*31'4# 2,#11'1 ,-2 ,# 0*7 1 %#,#0 * 1 2&# % +# 2&#-0#2"!
, 230 * 1#*#12'-, P> A:O> IHBGM>= HNM A>K> MA> <HG<>IM H
MH <HKK><M K>LNEML B? : GNF;>K H? <HGLMK:BGBG®@ :LLN
L>E><MBHG MH@>MA>K PBMA :LLNFIMBHGL B :==BMBO> |
LMKN<MNK>L

1*31'4# 2,#11 '1 -$2#, 50-, %*7&B<ENLBO> MG>LL BL +,1
BG=BOB=N:E LH LIKBG@ IENL MA>H LIKBG@ H? MA> K>E:N
HLIKBG@ MA:M <HF> :L : K>LNEM H? ABL HPG :<MBHGL ;N
?KHF HMA>KL 1ANL FR BG<ENLBO> MG>LL BL

FRH LIKBG@ K>LNEMBG@ ?KHF FR HPG :<MBHGL ;NM +,1 ?
FR K>E:MBO>L H LIKBG@ K>LNEMBG@ ?KHF FR A>EIB

1ABL => GBMBHG BL LHF>PA:M :KMB <B:E :G= E>:=L MH LB

P:KG>= >FIBKB<BLML :G= MA>HK>MB<B:GL :@:BGLM B(
>FIBKB<BLML :@:BGLM NLBG@ BG<ENLBO> MG>LL :EMH@ >
KNE> 1ABLLN@@>LMBHG AHP>0>K ;KBG@L NL MH :GHMA
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e Hamilton’s rule almost never holds. #HK MA> EBFBM H? P>:D L>E><MI
<HHI>K:MBHG BL ?:0O0HK>= HO>K =>?><MBHG IKHOB=>= 9LHF
K:MBH 1ABL K>LNEM BL GHM MA> <HGL>JN>G<> H? BG<ENL
EBG>.KBMR BGMKH=N<>= ;R P>:D L>E><MBHG 4BE= :G= 1K
P> A:0> LAHPG A>K> AHP>0>K 9LHF>MABG@ BL :EFHLM C
LI><B:E LBMN:MBHG PA>K>BG<ENLBO> MG>LL <:G ;> ?HKF

1A> O:EB=BMR H? %:FBEMHG L KNE> BL :ELH <A:EE>G@>= ;
LAHP MA:M MA>>O0HENMBHG:KBER LM:;E>=>@K>>H? :EMKN
MA:G MA> =>@K>> H? K>E:MBHGLABI FHK>HO>K BM LMKH(
GHM LHF>MABG@ BG<ENLBO> MG>LL MA>HK>MB<B:GL <H!

LN@@>LML : K>:LHG PAR P>:D>K ?:FBER MB>L F:R A:O>
AHP MABL F:R A:0>BG=N<>>LMKHG@>K ><HGHFB< @KHP M/

e Relatedness measurements without a model of population dynamics are incon-
clusive. 4ABE> K>E:M>=G>LL F>:LNK>F>GML BG MA> >E= <:G
IHINE:MBHG LMKN<MNK> MA>R =H GHM IKHOB=> BFF>=B: M
>K:MBHG [/>E:M>=G>LL F>:LNK>F>GML :EP:RL FNLM ;> BG!
H? > OHENMBHG:KR =RG:FB<L ,MA>KPBL> MA>R <:G E>:= M
F>:LNK>F>GML :EHG> :K>GHM : M>LM ?HK BG<ENLBO> MG=>

e Inadequacy of inclusive fitness. )>M NL <HGLB=>K : LBMN:MBHG PA>I
<HLM MH ;>G> M:GHMA>KBG=BOB=N:E &? MA>MPHBG=BOE
MA:M MA>RFB@AM ;HMA <:KKR MA>L:F>@>G> MA:M: ><ML :
<HNE= A:0>: MG>LL :=0:GM:@> 4> A:0> LAHPG MA:M BG<
BG @>G>K:EB? :G :EE>E> MA:M F:D>L RHN A>EIl : K>E:MBO:
&GLM>:= P> G>>=: <:E<NE:MBHG MA:M BL ;:L>= HG : IK><BL
:G==RG:FB<L
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IKH=N<> : <HEHGR H? <EHL>ER K>E:M>= BG=BOB=N:EL 1A> .
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GHM IKHOB=>= ?HK LHEBM:KR <E:=>L BG<EN=BG@ LBLM>K <E:
GH<HGMKHEL ?HK MA> K>MKH=B<MBHG H? DBG L>E><MBHG &C
F:M>PBMAHG>F.:E>HGER :G=?HK : K>:LHG NGK>E:M>= MH DB
BG<K>:L> MA> KBLD MH RHNG@ ?>F:E>L ?KHF IK>=:MHKL 1AN/
F:MBG@ :G= MA> K>LNEMBG@ <EHL> K>E:M>=G>LL H? H LIKBC(C
>OHENMBHG H? >NLH<B:EBMR ,? >JN:EBFIHKM:G<> %N@A>L
F:E>F:MBG@L IK:<MB<>= ;R JIJN>>GL H? F:GR <E:=>L PBMA :=0:!
<HG<EN=> BG=B<:M>L MA>K>E:Q:MBHG H? DBG L>E><MBHG BC
FN<ALBFIE>K >QIE:G:MBHG MA:M BG LI><B>L PBMA >Q<>IMBHC
FNEMBIE> F-MBG@L BG HK=>K MH LMHK> >GHN@A LI>KF #NKI
MA:M L : KNE> F>F;>KL H? LH<B:E BGL><M <HEHGB>L <:GGH
K>E:M>=G>LL MH MA>BK G>LMF:M>L %WEE=H;E>K 4BELHG
F>F;>KLABI BG : I:KMB<NE:K <HEHGR BL =>M>KFBG>= ;R MA> H
=NKBG@ MA> KLM L>0O>K:E =:RL ?HEEHPBG@ A>K >F>K@>G<>
BM BLIHLLB;E> MH >QI>KBF>GM:EER IKH=N<> <HEHGB>L PAHL
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<EHL> MH @>G>MB< DBG ->KA:IL ;NM: FHK>EBD>ER L>E><MB
MA> G>LM L P>A:0>=H<NF>GM>=BG MA>F:BG M>QM
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&G :GHMA>K O>KR =B >K>GM L>MMBG@ : F>MB<NEHNL >Q
LN;LH<B:E >K>LB=LIB=>K OM>@H=RIANL EBG>:MNL A:L =>FHC
>QMK: <M FHK> GNMKB>GML ?KHF <HFFNG:E IK>R MA:G =H LIB
0<AG>B=>K BE=> ><:NL>BGC><MBG@ =B@>LMBO> >G!
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cKHH=L 1A>R MA>K>;R =>E:R K>IKH=N<MBHG HG MA>BK HPG
I:K>GML &G HG>BGM>KIK>M:MBHG $KB G :G=4>LM MMK
:G=;HELM>K MA>BK :K@NF>GM ;R =>FHGLMK:MBG@ : IHLBMBO=>
H? DBGLABI :G= MA> :FHNGM H? A>EIl IKHOB=>= MH I:K>GML ;
MAHKHN@A IK>OBHNLER IN;EBLA>= LMN=B>L <HO>KBG@ EB*
EK>:=R :KKBO>=:M :LBFIE>K >QIE:G:MBHG H? PAR NG=>K <>K
MA> I>KLBLM>G<>H? :=NEM RHNG@ :M MA> G:M:E G>LM BL ?:0tF
>BMA>K H? G>LM LBM> HK M>KKBMHKR HK ;HMA @>G>K:EER |
<HG=BMBHGL BG : LM:;E> >GOBKHGF>GM ?M>K IKHEHG @ >=
M>KKBMHKR NIHG MA> =>:MA H? MA> [:K>GML %:M<AP>EE (}
:<KHLL LI><B>L ;> MP>>G DBGLABI :G=A>EIBG@ K>IHKM>= ;R $I|
L<:MM>K>==:M: IHBGML ;NM B? NIA>E= FB@AM P>EE ;> >QIE:B
LMK:M>@R BG LHF> LI><B>L %:M<AP>EE (HF=>NK BG PAI
LIK>:= MA> :FHNGM H? A>El @BO>G

www.nature.com/nature 28



doi: 10.1038/nature09205 SUPPLEMENTARY INFORMATION

x2 & & HE %&( Y% (*," (FHVE( -+(H#H %
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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+

) where is a parameter that scales the size of the system and = -g+ >, "- is the total
population size. The system with density limitation can be written as

0="_(o 0) -0
Z 1T 0- 101 17 (56)

=1
= L (- (- - "=23

-1

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,
, of the matrix

1120 1+ 20 0 1 3 0 1 41 0 1

1( 2 2( 2 0 0
— 0 2( 3 3( 3 0 (57)
0 0 3( 4 a( 4

As before, eusociality is selected if 0 0. Let us consider the same step function as before,
where the advantages of eusociality arise if the colony size is at least % We find a similar necessary
condition for the evolution of eusociality, $ (0 o) Thenumbers $ are the same as before.
The expressions for ( and ( are also slightly different. For example, for % = 2 we have
( =0and ( =1 2¢ ( o). Again, for % 3 we find that eusociality wins only for a
restricted range of (values, 0 ( ( ( 1.

#LI(*$ * &(*, W#,1

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

0="(o 0) -0
o0
;122 1 0- 1 (1 1.1+ -2 (58)
=1
< — _1 (__1 (_ _ (II 1)_ + "'+1 ||:2 3
As before weuse =1 (-9+ >, "-). Again there is no coexistence between the solitary strategy
and the eusocial one. There are two equilibria. At the solitary equilibrium -y is positive and all
- (with "=1 2 ) are zero. At the eusocial equilibrium -y is zero and all - (with "=12 )

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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