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Concepts in social evolution



Social transitions in the history of life

Social transitions have occurred 
repeatedly and cooperation is a 

major evolutionary force that can 
influence the diversification of life 

Hierarchical organisation of life
After Maynard-Smith and Szathmary 1995



Sociality is an essential characteristic of life

Sociality refers to the tendency to associate with others and form 
societies

Societies are groups of individuals of the same species in which there 
is some degree of cooperation, communication and division of labour



Components of sociality

Cooperation : the action of cooperating (i.e. conducting joint effort and 
coordinated action, common effort); associations of individuals for a 
common benefit.

Communication : dynamic process where individuals exchange 
information through a variety of means and intents; requires 
coordinated sensory and neuronal systems.

Division of labour : specialization of cooperative labor in specific, 
circumscribed tasks and roles, intended to increase efficiency of 
output.



Social group of genes



Social group of cells



Social group of individuals



Sociality : a bewildering diversity

Echelle du biais de reproduction

Parus major Polystes sp. Acrocephallus sechellensis Heterocephalus glaber

Solitary ―> Communal  ―> Cooperative ―> Eusocial



Eusociality : the apex of social organization

Eusociality refers to a particular form of sociality
(1) Specialization between reproductive and sterile casts
(2) Sterility is presumably irreversible
(3) Sub-specialization within the sterile cast 

Eusociality has been described in several groups

Hymenoptera (ants, bees, wasps)
Isoptera (termites)
A unique species of beetle
Gall thrips
Aphids

Shrimps of the Synalpheus genus

Mammals of the mole-rats families



Eusociality in a marine invertebrate

Some species of Synalpheus live inside sponge where they form colonies
diploid species
monogamous mating system
defendable “nest”

―> a marine equivalent to termites

After Duffy 2002 in Genes, Behavior and Evolution in Social Insects

Small (breeding) 
female from a small 
colony

Large breeding 
female from a large 
colony

Synalpheus filidigitus

Colony size 
distribution (median 
colony size 
indicated by arrow)

Two contrasted 
species of shrimps

With or without 
female



Evolutionary history of sociality

After Duffy 2002 in Genes, Behavior and Evolution in Social Insects

Phylogenetic hypothesis for West Atlantic Synalpheus species



Sociality often results from altruism

+ b- c

Donor Receiver

Parental 
generation

Offspring
generation

Helping

1. A donor alone would pay the cost c

2. For a group of cooperators, the collective action carries a net benefit



Economic structure of altruistic behaviours 

Altruistic behaviours are characterised by
(1) direct costs for the actor
(2) indirect and/or direct benefits for the actor through the benefits 
given to the receiver of the altruistic act when both interact with each 
other in a social group

Indirect benefits (e.g., due to co-ancestry) may come with some direct 
benefits (e.g., for collective foraging activities) and it is important to 
disentangle indirect and direct benefits (cf. weak versus strong altruism)

Direct costs may be obvious (e.g. sterility in workers of insect societies), but 
usually they are not so clear-cut

Costs of altruism have been assessed in a small number of systems



Direct costs of helping in a bird species 

After Heisohn & Cockburn. Proc Roy Soc London B 1994.

White-winged coughs



Direct costs of helping in a bird species 

After Rabenold 1990

Stripe-backed wren

Strong investment

Weak investment



Indirect benefits of helping in a bird species 

After Mumme 1992

Treatment groups (no helper)

Control groups (helpers)

Florida scrub jay



“Indirect” benefits of group size

After Vehrencamp et al. 1988

Groove-billed ani



Examples of altruistic activities



Classification of cooperative behaviours
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Variability of social traits



Interindividual variations in social behaviours

Adaptive evolution requires both

(1) Interindividual variation in social traits
(2) Transgenerational transmission of this interindividual variation, trough 

genetic or cultural templates

Social traits show large interindividual variations, e.g. mate guarding in 
lizards Uta stransburiana

Blue males cooperate in mate guarding
and settle nearby

Orange males are ultradominant and selfish; they
occupy exclusive territories

Yellow males are sneakers



Genetic variation in social behaviours (1)

Cheating in social amoebas (Dictyostelium discoideum)

After Strassman et al. Nature 2000



Genetic variation in social behaviours (2)

A two-player game between co-infecting RNA phages

The game : two individuals may choose to cooperate or defect, reaping 
differential rewards. During phage co-infection, it pertains to viruses 
which produce more protein products than they use (cooperators) and 
viruses which use more protein products than they produce (defectors)

The players : RNA phages
ancestral clone = cooperator (phi6)
evolved clone at high levels of multiple co-infections = defector (phiH2)



Genetic variation in social behaviours (2)
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Plastic variation in social behaviours

After Komdeur. Nature 1992.

Social behaviours respond to changes in environmental and social conditions
―> conditional altruism

“Help and you shall be helped” (reciprocal altruism)

Cooperative breeding in Seychelles warblers (Acrocephalus sechellensis)
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What prevents the evolution of selfishness ?

Social groups are undermined by selfish strategies that get the 
benefits of cooperation without paying the costs of helping

b - c- cAltruistic action

b0Selfish action

Altruistic actionSelfish actionPayoffs for \ against

Evolutionary transition towards selfish behaviours



Solving the paradox of social traits

The evolution and persistence of altruism is theoretically plausible

Social groups are undermined by selfish strategies that get the 
benefits of cooperation without paying the costs of helping

Social structures are widespread and show extensive 
variation across and within hierarchical levels of life

?



Evolution and persistence of altruism 

A variety of selective mechanisms can explain the evolution and 
the persistence of altruism !

Original view
Altruistic/mutualistic behaviours evolve for the good of the species

Kin selection (Hamilton 1964)

Reciprocal altruism (Trivers 1971)

Direct benefits
inheritance of territory, learning of breeding skills, group augmentation …



Original view (1)

Historical case study of altruism ―> reproductive sharing 
in insect colonies (Hymenoptera)

involves sterility of female workers
involves specialisation of (infertile) workers

Darwin’s answer to first question is not clear
“How the workers have been rendered sterile is a difficulty; but not much 

greater than that of any other striking modification of structure; for it can be 

shown that some insects and other articulate animals in a state of nature 

occasionally become sterile; and if such insects had been social, and it had been 

profitable to the community that a number should have been annually born 

capable of work, but incapable of procreation, I can see no very great difficulty 

in this being effected by natural selection.” (Darwin, 1871)

A major problem for Darwin’s theory of evolution by natural selection (i.e. 
the ”struggle for life”)

how can sterility be explained by a process of natural selection ?
how can morphological diversity emerge and transmit within an 

infertile cast ?



Original view (2)

Darwin considers the second question as a major challenge
“But we have not as yet touched on the climax of the difficulty; namely, the fact 

that the neuters of several ants differ, not only from the fertile females and 

males, but from each other, sometimes to an almost incredible degree, and are 

thus divided into two or even three castes.” (Darwin, 1871)

The funding fathers of ethology used similar species level arguments than 
Darwin
“Summarizing this paragraph on social releasers, it will be clear that although 

their function has been experimentally proven in relatively few cases, we can 

safely conclude that they are adaptations serving to promote co-operation of a 

conspecific community for the benefit of the group” (Tinbergen 1951, chapter 

VII). 

The potential conflicts between individual and group interests have only 
been recognised recently (development of modern evolutionary genetics 

and behavioural ecology): persistence of altruism can not be solely 
explained by its positive effects at the species level
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Evolution of social traits by kin selection

"I'd lay down my life for two brothers or eight cousins" 
(Haldane 1930)



Kin selection 

William D. Hamilton’s breakthrough idea (1964)

Proposes a general framework to explain the evolution of behavioural 
traits that includes direct effects (i.e. effects on the direct fitness of 
the actor) and indirect effects (i.e. effects through the social partners, 
or receivers)

Uses a “simple” population genetics model to describe the spread of an 
allele that would influence the behaviour of the bearer and its social 
interactions with potential partners

Schematically, the model shows that selection involves both :
direct fitness -> direct costs and benefits of the trait
indirect fitness -> indirect costs and benefits of the trait if social 
partners share copies of the allele by descent

Hamilton’s theory is called “kin selection” and the new metric for fitness is 
called “inclusive fitness”



Inclusive fitness 

Direct fitness : F = B – C
―> allele spreads by natural selection if F > 0

Indirect fitness : F’ = B’ – C’
Probability of identity by descent : r  (relatedness)

Inclusive fitness : W = F + r * F’
―>  allele spreads by kin selection if W > 0

B’- C’B - C

Bearer Partner

Offspring

Social 
behaviour



Hamilton’s rule 

If the trait is altruistic : F = - C and F’ = B’

An altruistic trait would evolve  iif r * B’ > C

(1) selection to minimize the costs of altruism

(2) selection to maximize the indirect benefits of altruism

(3) selection to promote altruism among relatives

Conditions where Hamilton’s rule may apply

(1) viscous populations (spatially restricted interactions)

(2) kin recognition



Common misunderstandings 

“Since humans and chimpanzees share 98% of their genome, a gene that 
would cause human altruism towards a chimp is likely to evolve”
―> kin selection is about spread of genetic novelties that affect behavioral 
traits and the right metric for the spread of these novelties should be 
genetic identity by descent between social partners

”Kin selection requires complex behavioral recognition”
―> wrong, kin selection does not require kin recognition; but kin recognition 
can greatly facilitate the spread of altruistic traits

”Kin selection is not a testable theory”
―> wrong, kin selection makes both qualitative and quantitative predictions 
about altruism, sex ratio, dispersal or virulence strategies
―> the advent of molecular biology allows detailed descriptions of 

pedigrees in the wild, therefore making field tests of kin selection more 
feasible



After 
Crespi and Choe Camb. Univ. Press 1997

Sherman et al. Behav. Ecol. 1995Reproductive 
altruism

Individual mobility

Low High

Low

High Territorial cooperatively 
breeding species

Dispersed solitarily 
breeding species

Territorial solitarily 
breeding species

Solitary slime molds

Slime molds fruiting body

Evolution of altruism in viscous populations 



Reproductive altruism

High costs
of mobility

Limited mobility Kin cooperation

After Hamilton 1964, Emlen 1982, and 
Griffith et al. 2002

Low costs and high benefits
of altruism

++ +
+

Kin competition

+

-

+

Evolutionary interactions



Evolutionary trajectories

evolutionary bistability:

strong cooperation vs.

quasi-selfishness

evolutionary suicide

Le Galliard et al. Evolution 2003

evolution of strong cooperation at low mobility

ES levels of altruism determined by cost pattern and neighbourhood size



Ecological predictions

Increasing costs of mobility

More altruism

Possibly with more mobility

Le Galliard et al. Am Nat 2005



Ecological context

Jarvis et al. TREE 1994



Genetic context of kin selection

Asymmetric relatedness 
coefficients may promote 
some forms of altruism

Relatedness coefficients in Hymenoptera
(haplo-diploid sex determination)

Sociality between mother and daughters !



Haplo-diploidy and eusociality

Haplo-diploid sex determination is not the sole parameter explaining the 
evolution of eusociality

―> eusociality has been lost repeatedly
―> multiple queen-mating is common
―> eusociality has been observed in diploid species (termites)

Sex ratio evolution can change the balance in a hypothetical ant society
―> sisters should bias the sex ratio of siblings towards 1 male : 3 females
―> if sisters do use this option, then mating success of females is 1/3 that 
of males
―> the 3/1 advantage of rearing sisters is therefore cancelled by the 1/3 
reduction in mating success 

Eusociality is probably explained by multiple factors ! 



Kin recognition

Preferential feeding for 
full-siblings

Preferential helping effort 
for full-siblings

After Komdeur. Proc London B 1994

Male helpers

Female helpers



Kin recognition

Cues for kin recognition are learned (e.g. phenotype matching, imprinting)

After Komdeur. Proc London B 1994

Type de reproducteur

Contribution au nourrissage de l’individu

Apparentement avec l’individu
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Reciprocal altruism



Reciprocal altruism and game theory (1) 

Player 1 enters

Player 2 enters

Action 1

Action 2

Action 3

Player 2 leaves

Player 3 enters

Player 2 enters Action 1

Action 2



Reciprocal altruism and game theory (2) 

Reciprocal altruism : a form of altruism in which one individual provides a 
benefit to another in the expectation of future reciprocation

Game theory can be used to describe the evolution of reciprocal altruism in 
various social and ecological contexts

(1) Payoffs of a round (usually involving pairs of individuals)
(2) Rules to enter/leave the game and to reciprocate
(3) Individual strategies

Payoffs of the individual strategies can be calculated at a meaningful 
behavioral/ecological time scale ―> compute the invasion fitness of a rare 
strategy and find the evolutionarily stable strategy (ESS)



The prisoner’s dilemma 

RSAltruistic action

TPSelfish action

Altruistic actionSelfish actionPayoffs for \ against

Tournaments with one round between two players

P : punishment of mutual selfishness
T : temptation to defect
S : suckers payoff
R : rewards of cooperation

T > R > P > S

P = 0
T = b
S = -c

R = b - c

Conditions for PD

Best response strategy

Tragedy of the commons (Hardin 1964)
R > P but selection favors selfishness



The spatial prisoner’s dilemma 

Mean field predictions

Game on a grid

VirtualLabs by Christopher Hauert

Spatial structure can promote the coexistence of 
selfish and cooperative strategies



The iterated prisoner’s dilemma 

Axelrod and Hamilton Science. 1981

Repetitions of the interactions with sufficiently high probabilities should 
encourage participants to cooperate, i.e. the fear from future retaliation 
creates incentives to cooperate in the present !

Tit-for-Tat : cooperates on the first move and imitates his partner after

R N = (b - c) NS + P (N-1) = - cTFT

T + P (N-1) = bP N = 0Always defect

TFTAlways defectPayoffs for \ against by

Iterated game of N encounters (long-term bonding means large N values)

Best response strategy



A textbook example of reciprocal altruism 

Wilkinson Nature. 1984

The five criteria to demonstrate reciprocity :

1: Females associate for long periods (N is large)

2: The likelihood of regurgitation to roostmates can 
be predicted on the basis of past associations 
(memory)

3: The roles of donor and recipient reverse often 
(reciprocation)

4: The short-term benefits to the recipient 
outweigh the costs to the donor

5: Donors can recognize and expel cheaters to this 
system (retaliation)



Experiments with blue jays

Clements and Stephens. Anim Behav. 1995

Mutual feeding experiments involving different payoffs

Prisoner’s dilemma : T > R > S > P

Mutualism : R > T > S > P

Feeders activated by coloured keys

Rewards determined by number of food pellets

Blue jays can learn and adjust behavioural acts
cooperate
defect

Behavioural acts can be scored and the 
strategy that evolves can be assessed

RSAltruistic action

TPSelfish action

Altruistic actionSelfish actionPayoffs for \ against



Experiments with blue jays

Clements and Stephens. Anim Behav. 1995

No predisposition to reciprocity in this IPD
Birds are presumably looking for direct 

benefits !

The IPD has been rarely well supported in 
the field

Mutual defection

Mutual cooperation

Mixed trials



Indirect reciprocity and image scoring

Player 1 enters

Player 2 enters

Action 1

Action 2

Action 3

Player 2 leaves

Player 3 enters

Player 2 enters Action 1

Action 2

Player 3 watches !



Evolution of indirect reciprocity

Score s : reputation based on social interactions
(+1 or -1)

Strategy k : cooperates if s > k, defect otherwise
k < 0 : cooperation has won
k > 0 : defection has won

Cooperation can readily establish in a dynamical
equilibrium

Cooperation is more likely for small social groups 
with repeated interactions where individuals can
easily watch and score partners

Nowak & Sigmund. Nature. 1998



Image scoring in animals ?

Indirect reciprocity may be common in human societies ‘‘involving reputation and 
status, and resulting in everyone in the group continually being assessed and 
reassessed’’ (Alexander 1990)

So far, image scoring has not been observed unambiguously in animal societies, 
although it was proposed by Zahavi (1991) to explain competition for social ranks in 
bird societies

« Competition for social prestige »
Arabian babblers (Zahavi 1997)

« Active deception by helpers »
White-winged coughs (Boland et al. 1997)



Image scoring in a bird

Doutrelant & Covas. Anim Behav. 2007
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Task sharing



Evolution of task specialization

A tremendous form of non-genetic polymorphism
involves functional specialization
requires drastic physiological and anatomical reorganization
generates huge variation in life history traits within the social group

Keller & Genoud Nature. 1997



Social control of reproductive sharing

Models of reproductive skew predict how reproductive should be shared 
between dominants and subordinates

(1) Asymmetry in competitive abilities
(2) Ecological constraints on independent breeding opportunities
(3) Relatedness between dominants and subordinates
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There is a variety of mechanisms to explain the evolution of cooperation
―> need for a better assessment of these various processes in the field

Cooperative traits are flexible and result from complex gene by environment 
interactions
―> modern physiological and molecular methods should help understand the 
proximate causes of social behaviors and social specialization

The persistence of complex social organizations can be precarious
―> comparative analysis can be used to unravel the ecological contexts that 

can favor evolutionary acquisition and loss of social traits


