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Natural Selection
Individual-Level Selection

• Organisms (or genotypes) whose 
phenotypes are better adapted and 
therefore survive and reproduce better, will 
have more, or better endowed offspring. 
Therefore more copies of their genes
(alleles) will be present in the next 
generation, than alleles of conspecific
organisms that are less well adapted.

Natural Selection
Individual-Level Selection

• The better adapted organisms are favored 
by selection ( they have a higher direct, 
“Darwinian”, fitness). The frequency of 
their genes (alleles) will increase in the 
gene pools (all alleles within a population 
of organisms of a species), provided the 
environmental conditions to which the 
organisms are adapted, do not change.

Natural Selection
Individual-Level Selection

• The frequency of genes (alleles) of the 
less well adapted organism (that are 
disfavored by selection) will consequently 
decrease in the gene pools in subsequent 
generations.

Gene Selection Perspective

• Alleles (replicators) that program an 
organism (vehicle) in such a way that it 
survives and reproduces better than other, 
competing organisms in the population 
possessing different sets of alleles, will 
increase in frequency in the gene pool
because identical copies of them will be 
present in larger numbers of offspring. 
This is also simple Darwinian fitness from 
a gene selectionist perspective .

Evolution of Parental Care

Many animal species do not exhibit parental 
care.
However, if ecological conditions favor selection 
for parental care, such that the parental 
individuals will invest energy and take survival
risks to protect and raise healthy offspring, the 
alleles that program such behavior in parent 
organisms will increase in frequency across 
generations relative to alleles that do not 
program parental behavior.
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Evolution of Parental Care

Individuals not expressing parental care most 
likely produce more offspring and do not take
survival risks, but offspring of parental care
individuals are better protected and more likely 
reach reproductive age, and therefore copies of 
parental care genes will increase in frequency, 
because offspring are bearers of copies of these 
genes.

Evolution of Parental Behavior

• In other words, parental care individuals
suffer costs: they risk their own survival 
and they invest energy, which could 
otherwise produce a greater number of 
offspring. But the parental caregivers more 
than make up the difference by helping   
their offspring (their closest relatives) to 
reach healthy maturity.

Evolution of Parental Care

• The evolution of parental care was a major 
evolutionary advance. Under various ecological 
conditions not a large number of offspring is 
favored by selection, instead fewer, well 
endowed and safely matured offspring
individuals are favored by selection.

• Parental care is most basic to kin selection . 
Parent-individuals are selected to bear costs 
for the benefit of offspring. Copies of genes
prescribing parental care will be propagated 
through the offspring (their closest relatives).

Evolution of Cooperation

• If ecological conditions favor cooperation 
in groups, alleles that program the 
expression of cooperation in individuals
(for example joint defense of nests and 
brood), will increase in frequency relative 
to alleles that do not program such 
behavior. The reason is that cooperative 
individuals will raise, on average, more
and better endowed offspring than solitary 
individuals that raise offspring alone.

Evolution of Cooperation

• Thus individuals will be selected to seek 
cooperation. Such cooperation can evolve 
even among unrelated individuals (if they 
are co-carriers of such “cooperation
genes”). Cooperative individuals suffer 
cost from giving aid, because they invest 
to some degree in the survival of foreign 
offspring, but they gain cooperation from 
other breeders in nest and brood defense 
(mutualism).

Evolution of Cooperation

• Although cooperative individuals might raise 
fewer of their own offspring, they obtain greater 
“assurance” that the offspring will survive due to 
collective protection.

• Possible mutations of such cooperation genes 
into alleles that program selfish cheating within 
the group, might be kept in check by between-
group competition . Groups of consistently 
cooperative breeders will collectively raise more 
offspring than groups with many cheaters.
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Within-Group vs. Between-Group 
Competition

• Cheater individuals that do not cooperate do not 
suffer the cost of cooperation but benefit from 
the cooperative activities of group mates. Based 
on within- group selection (individual selection) 
such cheaters should be favored and the 
frequency of cheater alleles should increase.

• However, if ecological conditions favor 
cooperation in raising offspring, the evolution of 
cheating behavior will not be stable. Groups with 
cooperative individuals will always be more 
productive, than groups with many cheaters.

Between-Group Competition

• When we recognize that between-group
competition drives within-group cooperation we 
can consider the group as a target of
selection . In other words: Members of groups 
with high degree of cooperation will on average 
produce more and better endowed offspring, 
than members of less cooperative groups. Thus 
genes coding for such cooperation will spread. 
Furthermore, all group traits emerging from 
such cooperation will be favored by between-
group selection (group selection).

Between-Group Selection
“Group Selection”

• Group traits that emerge from genetic encoded 
behaviors of the group members (direct genetic
effects, “zygotic genes”, and indirect genetic
effects, “genes expressed in social partners”) will 
be propagated when groups fission, or when 
offspring leave the parental groups and 
reassemble to new groups. New combinations of 
individual behaviors may produce new group 
traits (better or worse), which will be favored or 
disfavored by group targeting selection.

Between-Group Selection vs. 
Individual Selection

• We still can argue, however, individuals are 
selected to cooperate in groups, because the 
ecological conditions make it impossible to raise 
offspring on their own. But nevertheless the 
particular interactions of cooperative 
individuals produce group traits (traits of the 
extended phenotype of the group) which show 
variation among groups and are therefore 
targets of selection; (trait group selection; DS 
Wilson)

Multilevel Selection

• In order to understand the “mechanisms ” (or 
processes) of selection it is important to consider 
the effects of selection that target different 
phenotypic levels . However, this distinction 
does not inform us much about the population 
genetic substrate that is affected by between-
group selection.

• For that we have to take a gene-view approach, 
the outcome is explored by focusing on the 
inclusive fitness of the members of the group.

Inclusive Fitness

• Copies of genes (identical by recent descend)
are not only present in parents and offspring, but 
also in siblings and collateral (non-descendant) 
kin.

• Thus genes may spread not only through the 
production of offspring, but also by helping close 
relatives raising offspring.

• In other words, a gene prescribing such helping 
behavior will spread, the greater the probability 
is that the helped individuals carry identical 
copies of that gene.
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Coefficient of Relatedness

• The probability that two individuals carry 
identical copies of alleles is called 
“coefficient of relatedness ”. 

• In diplo-diploid species each organism 
receives half of its genes from the father, 
and the other half from the mother. Thus 
the coefficient of relatedness between 
parents and offspring is 0.5

Coefficient of Relatedness
in a diplo-diploid species

father mother
Siblings.............. ½ x 0.5 + ½ x 0.5 =  0.50
Grandparents/grand-offspring………. 0.25
Half-siblings…………………………... 0.25
Uncle/nice………………………………0.25
Cousins ………………………………...0.25

Inclusive Fitness (Kin Selection)

Helper individuals in family groups suffer 
personal (direct) fitness cost 

whereas helped individuals gain in personal 
(direct) fitness.

How then can a gene prescribing altruistic
behavior spread?  This is explained by 
Hamilton’s Inclusive Fitness Rule
(Hamilton’s Rule)

Hamilton’s Rule

• Hamilton’s Rule states  very simply that a 
hereditary altruistic trait will spread 
through a population if rb > c , that is, if the 
benefit increase (b) in units of offspring
produced by the recipient of altruistic
behavior, and multiplied by the fraction of
genes the altruist shares with the recipient 
by common descent (r), exceeds (>) the 
cost (c) to the altruist, also measured in 
units of offspring.

Inclusive Fitness

“Let us suppose that the genotype A (of the 
altruist) simply gives rise to a fixed pattern of 
social behavior and that this has fixed average 
effects on A and relative B, and possibly on 
many other individuals as well. All the effects 
which A causes may be weighted by its 
coefficients of relatedness to Bs and collected 
together in a quantity which may be named the 
inclusive fitness of A…If an altruistic act by A 
greatly increases the fitness of B, A’s inclusive 
fitness may be increased in spite of a decrease 
in A’s individual fitness”

Inclusive Fitness

Direct fitness of altruist (personal offspring) 
+

Indirect fitness of altruist (increase of 
offspring of relatives due to helping by
altruist)  x
coefficient of relatedness (r) (between
altruist and beneficiaries) =
Inclusive Fitness
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Cooperation in Groups

• When we now reconsider the evolution of 
cooperation in groups, we recognize that 
cooperation most likely evolves faster in groups 
of closely related individuals, because the 
inclusive fitness of each individual is higher than 
in groups of unrelated individuals.

• However, social behavior (cooperation) can also 
evolve in groups of unrelated individuals. DS 
Wilson calls this “weak altruism”. It is called 
weak altruism, because the social behavior is 
based rather on mutualism than on self-
sacrifice .

Eusociality

• Eusociality is the care of offspring of a 
reproductive caste by a more or less 
sterile worker caste. It is usually also 
characterized by an overlap of 
generations.

• In advanced eusocial sytems the worker
caste completely foregoes personal 
reproduction. Direct (personal) fitness of 
such individuals is 0. (strong altruism).

Eusocial Behavior

• The evolution of weak altruism
(cooperative groups; mutualsim) does not 
explain the evolution of eusociality.

• Not a single case is known demonstrating 
the evolution of eusocial behavior in 
groups of unrelated individuals

.

Weak and Strong Altruism

• So why do some people have the impression 
that group selection can favor altruism among 
non-relatives?

• The answer:
• Because often weak altruism and strong altruism

are mixed up.
• In other words, “weak altruism ” means an 

individual’s own personal fitness is increased by 
the altruistic act, but that of the group members 
even more.

Weak and Strong Altruism

• This is very different from what is called 
strong altruism , which refers to personal
fitness relative to all individuals in the 
population. Strong altruism refers to the 
number of offspring given up on average 
across the entire population.

• Most theoreticians agree that the evolution 
of such strong altruism (eusociality) 
requires relatedness.

Eusociality

• Best examples are found in the social
insects, but also in some social mamals
such as the naked mole-rats.

• Since Darwin the evolution of eusociality
intrigued evolutionary biologists.
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Eusociality

• How, Darwin asked, could the worker 
castes of ants and other social insects 
have evolved if they are sterile and leave 
no offspring?

• How can self-sacrificing behavior evolve 
by natural selection if those individuals 
that express this behavior do not 
reproduce?

Eusociality

• The main target of selection in these insects is 
the family , not the individual.

• If an altruistic trait is expressed by most 
individuals in the family that do not reproduce, 
but by being altruistic increase the reproduction
of a few family members (that also carry but do 
not express this altruistic trait) then this altruistic
trait will spread in the population.

• Darwin recognized that the colony can be the 
target of the selection, and he recognized the 
significance of relatedness .

Eusociality
Gene Selectionist Perspective

• It took more than 100 years after the 
publication of Darwin’s “Origin of Species”
until the evolution of eusociality was 
understood from a gene selectionist point 
of view.
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Eusociality

• Since Hamilton (and before him Haldane) 
we can explain the evolution of eusociality
entirely from a gene selection perspective 
applying inclusive fitness (kin selection) 
theory. Hamilton’s rule specifies the 
minimum benefit-cost threshold at which 
the gene for altruism starts spreading. 
Higher degree of relatedness drops this 
threshold.

Eusociality

• It is important, however, to keep in mind that 
mathematical gene selectionist (inclusive fitness) models 
can be translated into multilevel selection models and 
vice-versa. There should be no conflict between a gene 
selectionist approach and a multilevel selection
approach.

• The problem with a strictly gene selectionist perspective 
is, however, that it does not explicitly address the targets
of selection. The gene selectionist view focuses on 
“replicators ” (genes), and less so on the “vehicles ”, the 
phenotypes of the bearers of the genes (individuals or 
groups).

• If we are satified with a gene-selectionist
perspective, the recording of the dynamics of 
change of frequencies of alleles encoding for 
certain traits should be sufficient.

• However, if we want to understand the sorting
process , a key element in behavioral ecology,
sociobiology and evolutionary psychology, a 
gene-selectionist perspective is not the solution.

• We have to focus on the targets of selection.

• Selection targets the totality of traits of a vehicle (individuals or groups of 
individuals) that exhibit variation.

• Selection is a sorting process based on causal interactions of traits with the 
biotic and abiotic environment.

• Traits that warrant a superior adaptation to these environmental parameters 
will be favored by selection, while other traits, less efficiently adapted, will 
be disfavored.

• However, only those phenotypic positive characteristics will be evolutionary 
selected, i.e., passed on to the next generation, that have a genetic basis.

• Ultimately, of course, it is the change of frequency of trait prescribing
genes in the population that indicates that evolution is taking place
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Multilevel Selection

• All selection is multilevel. Elements that vary 
genetically at each level of biological 
organization serve as targets of selection, 
whether genes, organelles, cells, organisms, 
groups of organisms, superorganisms. However, 
the significance of these targets for selection 
depend on environmental parameters.

• The ultimate unit of evolution, on the other 
hand, is the gene, or ensemble of interacting 
alleles, by which the varying traits of higher units 
are encoded. 

Eusociality

• The key characteristic of eusociality is reproductive 
division of labor. The majority of individuals in a society 
reduce and ultimately forego their own reproduction for 
the benefit of a few reproducing individuals.

• An “altruism gene” is favored by kin selection maximizing 
inclusive fitness of the bearers of this gene.

• What is the origin of the hypothetical “altruism gene”
(eusociality gene), or “sib-social care gene” that 
underlies this reproductive sacrifice?

• Is it a new “invention”, or has it been co-opted from 
another social behavior?

Eusociality
sib-social care gene

• As it is often the case in evolutionary 
behavioral biology, most likely such a sib-
social care gene has been co-opted.

Eusociality
• Timothy Linksvayer and Michael Wade introduced a model of the evolution 

of sib-social care from maternal-care genes with heterochrony.

• They note that ancestral maternal-care genes are expressed only after
mating and  completion of reproductive development.

• In the evolutionary derived condition, aspects of the reproductive 
developmental program are co-opted so that maternal care behaviors are 
expressed before reproduction and are directed towards siblings instead of 
their own offspring. 

• This modification of the expression of genes that regulate the timing of 
expression of behaviors is called behavioral heterochrony .

• There exist good empirical evidence, that behavioral heterochrony is 
involved in helping behavior in birds and eusociality in insects.

Eusociality

• Without high pedigree relatedness
between helpers and recipients genes 
prescribing such behavioral heterochrony
underlying sib-care behavior would not 
spread. Helpers that forgo their own 
reproduction can compensate by helping 
close relatives and thereby maximize their 
inclusive fitness. Thus relatedness 
counts in early evolution of eusociality.

Eusociality

• However, Edward O. Wilson and a few others 
argue that high relatedness in primitive eusocial
groups is coincidental, and not significant for 
eusocial evolution.

• He argues the main cause of eusocial evolution
is progressive provisioning and phenotypic 
plasticity.

• These traits certainly are pre-adaptations for 
eusocial evolution, but they do not explain the 
genetic foundation for the origin of eusociality.
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Eusociality

• A primitive (ancestral) eusocial group is not a 
perfect cooperative society with no internal 
friction.

• Countervailing forces of  selection are obvious.

• Individual level selection favors inter-individual 
competition for personal reproduction, and 
colony level selection favors policing of 
supernumerary reproductive individuals..

Eusociality

• In primitive (ancestral) eusocial systems individual 
members of the group have all high reproductive
potential . Therefore inter-individual conflict in a colony 
can be high, because each individual will gain in fitness if 
she is the reproductive that replaces the mother.

• Thus within-colony competition is relatively high, and 
between-colony competition is usually not very 
pronounced, because these societies are small and do 
not defend large territories. Therefore, selection pressure
due to inter-colony competition favoring within colony 
cooperation is low.

• Within- colony tug-of-war is strong, between-colony tug-
of-war is weak.

Eusociality
In Advanced Eusocial Colonies

• Pronounced caste dimorphism (high 
degree of morphological skew).

• Relatively long life span of the queen.
• Workers highly specialized; low 

reproductive potential.
• Inter-individual conflict within the colony 

low or not existent. 
• Inter-colony conflict (competition) high

Eusociality

• Reeve and Hölldobler developed a nested tug-
of- war model, which is, in fact, an individual 
(inclusive fitness) selection model. It predicts
that within-group cooperation increases as the 
number of competing groups increases, 
because greater cooperation improves group 
competitiveness. 

• At this point group members are selected to 
invest all their energy in within-group 
cooperation to out-compete other groups.

Eusociality

• The within-colony tug-of-war gets less significant 
the greater the between-colony tug-of-war. 
Between-colony tug-of-war drives within-colony 
specialization of workers to a point where 
workers lose entirely reproductive potential.

• When this “point of no return” is reached the 
colony is the main target of selection.

• We may now call it “the ultimate superorganism”

Eusociality

• High within-group relatedness becomes 
insignificant for the maintenance of such 
advanced eusociality, as long as within-group 
relatedness remains higher than between-group 
relatedness. 

• In fact in advanced eusocial systems selection 
may  favor greater within-colony genetic 
variability. Disease resistance, vitality, division of 
labor specialization, the development of caste 
systems, and reduction of relatedness 
asymmetry may all be positively affected.
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Eusociality

• Occasionally it has been claimed that the often 
low degree of within-colony relatedness in 
advanced eusocial insect colonies is evidence 
for the insignificance of pedigree relatedness in 
eusocial evolution. 

• However, as just pointed out, high degree of 
relatedness is not needed for the maintenance
of advanced eusocial societies.

• Greater genetic variability within such colonies 
should not be used as evidence for the 
insignificance of relatedness in the evolution of 
eusociality! 

Eusociality

• In such advanced eusocial organizations the 
colony becomes the major target of selection, 
i.e., it is a coherent “extended phenotype” of the 
genes within colony members.

• Selection therefore optimizes caste 
demography, patterns of division of labor, and 
communication systems at the colony level. 
Such colony traits are adapted to specific 
environmental parameters.


