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Eusociality is a form of social organization  
where some individuals do not reproduce 
but raise the offspring of others. 
 
 





Photo: Alex Wild 











Origins of eusociality 

Ants 
Termites  
Wasps  
Bees 
Australian ambrosia beetle 
Aphids 
Thrips 
Snapping shrimp 
Naked mole rats 



Eusociality is rare 

Many species on the threshold,  
but few have made it. 
 
Why? 



Eusociality is successful 

Social insects make up 2%  
 
of the 900000 known insect species, 
 
but constitute more than 50% of insect biomass. 
 
 
 
 



Social conquests of earth 
 
10^10 humans  
 
10^16 ants 
 
 
 total biomass of humans equals that of ants 
 
 but dwarfed by 10^30 bacteria 
 
 
 
 
 
 



A model for the origin of eusociality 



Precursor state 

•  valuable and defensible nest 

•  dependable food source within foraging 
distance 

•  progressive provisioning  
   (or mass provisioning with defense and care of the young) 



Progressive provisioning 

Fertilized females build nests, lay eggs,  
go out to gather food for their young. 
 
The young leave the nest.  
 
“solitary” 



Solitary 



A simple step: 
 
a mutation that prevents some of   
the young from leaving the nest. 
 
Those that stay begin to work  
on tasks that need to be done. 
 
“Spring loaded pre-adaptation” 
 



Eusocial 

q 
1- q 

q … probability that daughter stays with the nest 
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Solitary versus eusocial 
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a linear selection equation 



whoever reproduces faster wins 

€ 

x0 →  0

€ 

x1 →  0

x2 →  0

x3 →  0



add worker mortality 

€ 

x0 →  0

€ 

x1 →  0

x2 →  0

x3 →  0



add density limitation 

€ 

x0 →  0

€ 

x1 →  0

x2 →  0

x3 →  0



Colony size 

Expected life time of queen 

m 



Colony size 

Reproductive rate of queen, 
rate of oviposition 

m 
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Eusociality wins  
 
if the advantages of eusociality  
(increased life time and  
reproductive rate of queen)  
arise for small colony size 
 
and if the probability to stay  
is in the correct range 
 



A haplo-diploid model 

AA  +  A        AA,A 
AA  +  a        AA,a 
Aa  +  A        Aa,A 
Aa  +  a        Aa,a 
aa  +  A        aa,A 
aa  +  a        aa,a 
 
A … wildtype 
a … mutant  
 
mutant daughters stay with some probability 

females           males                  fertilized females (queens) 



Queens’ offspring 

AA,A      AA        +  A 
AA,a      Aa        +  A 
Aa,A      AA + Aa   +  A + a 
Aa,a      Aa + aa   +  A + a 
aa,A      Aa        +  a 
aa,a      aa        +  a 
 

       females                          males 



AA,A      AA        +  A 
AA,a      Aa        +  A 
Aa,A      AA + Aa   +  A + a 
Aa,a      Aa + aa   +  A + a 
aa,A      Aa        +  a 
aa,a      aa        +  a 
 

       females                          males 

If the mutation is recessive, then aa daughters 
stay nest with probability q. 
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a Aa 

all daughters stay 
with probability q 

half of the daughters stay 
with probability q 



Despite obvious advantages it is not easy  
for eusociality to be selected over solitary. 
 
The success of eusociality depends on 
how the queen’s life time and birth rate  
increase with colony size. 
 
 
 
 
 
 
Advantages have to arise for small colony size. 
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Results  



Daughters must have the right probability to stay. 
 
 
It is easier to maintain eusociality than to evolve it (bistability). 
 
Coexistence of the two alleles is possible, which means 
both types of behaviors could occur in the same species. 



Formulated on the level of genes, 
the evolution of eusociality is  
a standard selection problem. 
 
 
The key question is: what is a  
better way of reproduction given  
the ecological conditions? 
 
 
 



What about inclusive fitness? 

As we have just seen, there is no need to evoke  
inclusive fitness theory when making a model 
for the evolution of eusociality. 



What is inclusive fitness? 

Hamilton 1964: “Inclusive fitness may be imagined as the personal 
fitness which an individual actually expresses in its production of 
adult offspring as it becomes after it has been first stripped and 
then augmented in a certain way. It is stripped of all components 
which can be considered as due to the individual's social 
environment, leaving the fitness which he would express if not 
exposed to any of the harms or benefits of that environment. This 
quantity is then augmented by certain fractions of the quantities of 
harm and benefit which the individual himself causes to the 
fitnesses of his neighbours.” 
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The standard approach 
 

interaction  
=> payoff 
=> fitness 
=> reproduction 

personal fitness 



The inclusive fitness 
approach 

one actor is considered 
 
IF = the effect of this action 
on his own payoff + the  
effect of this actions on the 
payoff of others x relatedness  

personal fitness 



The inclusive fitness 
approach 

assumes that fitness 
can be subdivided into 
additive components 
caused by individual 
actions 



The standard approach 
 
 

The inclusive fitness 
approach 

fitness assumes that fitness 
can be subdivided into 
additive components 
caused by individual 
actions 



The two methods are not equivalent. 
 
In general it is not possible to decompose fitness 
into additive components caused by individual actions. 
 
 
 
 



Inclusive fitness is a particular accounting method  
that works in special cases. 
 
 
When can we use this method? 
  
When does inclusive fitness exist? 
 
 





 
Inclusive fitness assumes 
 
•  limit of weak selection 

•  pair-wise, additive interactions 

•  special (static) population structure 
 
 



 
Inclusive fitness assumes 
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•  pair-wise, additive interactions 

•  special (static) population structure 
 
 
If inclusive fitness exist for a theoretical model,  
the results are identical to those of the standard  
approach. 



 
For most evolutionary processes, 
the concept of inclusive fitness does not exist. 
 
 
 



In response to our paper more than 100 authors 
signed the statement: 
 
“Inclusive fitness is as general as the genetical 
theory of natural selection itself.” 
 



In response to our paper more than 100 authors 
signed the statement: 
 
“Inclusive fitness is as general as the genetical 
theory of natural selection itself.” 
 
 
Is there another inclusive fitness? 
 



Yes, one that is based on linear regression. 
 
 
 
Here the aim is to rewrite the outcome of natural selection 
in terms of a generalized version Hamilton’s rule 
 
 B(R) R > C(R)  
 
where “benefit” and “cost” depend on relatedness. 





The linear regression method makes no prediction. 
 
It does not test Hamilton’s rule. 
 
It does not identify the cause for the change in gene frequency. 



 
Generalizations of Hamilton’s rule  
based on the linear regression method 
contain quantities that provide  
no insight for theory or experiment: 
 
 
B(R) R  >  C(R)  
 
 
 



Using normal inclusive fitness theory (not the regression method), 
you can show that Hamilton’s rule almost never holds. 
 
If b and c are benefit and cost of individual actions 
(or properties of individual phenotypes) then you  
almost never obtain 
 
b R > c  
 
 
Instead (whenever IF exists) you can write 
 
IF > 0  
 
 
 



Why inclusive fitness? 
 
 
Hamilton wanted to extend Fisher’s fundamental  
theorem to social interactions. 
 
He thought inclusive fitness is the quantity that is  
maximized by natural selection. 
 
 
 
 
 



 
… but evolutionary game theory and mathematical 
ecology suggest that there is no general maximand  
for evolutionary processes. 



Conclusion 

•  Inclusive fitness is a particular accounting 
method that can be used is special cases, but 
not in general. 

•  Inclusive fitness is not needed to explain any 
phenomenon in evolution. 



Conclusion 

•  Once fitness is calculated every effect of 
relatedness is included. 

•  On the level of genes there is no inclusive 
fitness. 
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