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“The importance of the great principle of selection 
mainly lies in the power of selecting scarcely 
appreciable differences, which nevertheless are found 
to be transmissible, and which can be accumulated 
until the result is made manifest to the eyes of every 
beholder.”

Charles Darwin (1859)
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We have so far assumed that different genotypes have an equal 
probability of surviving and passing on their alleles to future generations. 
That is, we have assumed that natural selection is not operating. 

Conner and Hartl (2004) page 54
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Biston betularia betularia morpha typica
(the white-bodied peppered moth)

Biston betularia betularia morpha carbonaria 
(the black-bodied peppered moth)
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Source: Michalak et al. (2001) Proc Natl Acad Sci USA 98(23): 13195-13200.

Hsp70 expression
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Hsp70 expression regulation
AaAa AbAb
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HSE 1HSE 1HSE 2HSE 2 TATATATAJockeyJockey(t)(t)nnHSE 4HSE 4 HSE 3HSE 3BaBaJockeyJockey
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Hsp70 expression regulation
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AaAa AbAb

87A787A7
 

T strains:T strains:

Rand (Rand (ArvArv//ZimZim) Lines:) Lines:

Evolution Canyon:Evolution Canyon:

HSE 4HSE 4 HSE 1HSE 1HSE 2HSE 2HSE 3HSE 3 TATATATA
+1+1

GAGAGAGA

HSE 1HSE 1HSE 2HSE 2 TATATATAJockeyJockey(t)(t)nnHSE 4HSE 4 HSE 3HSE 3BaBaJockeyJockey
+1+1

1.4 kb1.4 kb

HSE 1HSE 1HSE 2HSE 2 TATATATAHSE 4HSE 4 HSE 3HSE 3BaBaPP-Rand-Rand
+1+1

1.3 kb1.3 kb

HSE 1HSE 1HSE 2HSE 2 TATATATAP ElementP ElementHSE 4HSE 4 HSE 3HSE 3BaBaPP-EC-EC
+1+1

1.3 kb1.3 kb

BaBaOROR

P ElementP Element

-86-86-107-107

-97-97

-184-184

87C187C1

Ba Ba BbBb BcBc

freq(Hsp70BaP)=33.6% freq(Hsp70BaP)=1.2%
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What is selection? 
What does selection need? 
What does selection do? 
Can we avoid selection?
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Selection

Diversity
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Hypothesis B

Exposure to lice shampoo actually 
caused mutations for resistance to the 
shampoo.

Resistant strains of lice were always 
there and are just more frequent now 
because all the non-resistant lice 
died a sudsy death.

Hypothesis A

X

XX
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A2A2A1A2

A1A1 A1A1

A1A1

A1A1

A1A1

A1A2

A1A1
A1A1

A1A1
A1A1

A1A1

A1A2

A1A1

A1A1
A1A1

A1A2

A1A2

A1A2A1A1

A1A2

A2A2A2A2

Standing Genetic Variation

A2A2

A1A1
A1A1

A1A1
A1A1

A1A1

A1A2

A1A1
A1A1

A1A1
A1A1

A1A1

A1A2

A1A1

A1A1
A1A1

A1A2

A1A2A1A1

A1A2

A2A2

New Adaptive Mutants

A1A1

e.g. resistance to insecticides among mosquitos

e.g. pesticide resistance in Norway rat

A1A1 A1A2
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In 1952, Esther and Joshua Lederberg performed an experiment that helped to 
show that many mutations are random, not directed. The hypothesis for the 
experiment is that antibiotic resistant strains of bacteria surviving an application of 
antibiotics had the resistance before their exposure to the antibiotics, not as a result 
of the exposure.

1. Bacteria are spread out on a plate, called the “original plate.” 
2. They are allowed to grow into several different colonies. 
3. This layout of colonies is stamped from the original plate onto a new plate that contains the antibiotic penicillin.  
4. Colonies X and Y on the stamped plate survive. They must carry a mutation for penicillin resistance.  
5. The original plate is washed with penicillin, the same colonies (those in position X and Y) live—even though 
these colonies on the original plate have never encountered penicillin before.

Conclusion: The penicillin-resistant bacteria were there in the population 
before they encountered penicillin. They did not evolve resistance in 
response to exposure to the antibiotic.

1                            2                             3                           4                             5
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Natural Selection - The differential survival and reproduction of classes of organisms that 
differ from one another in one or more usually heritable characteristics. Through this 
process, the forms of organisms in a population that are best adapted to their local 
environment increase in frequency relative to less well-adapted forms over a number of 
generations. This difference in survival and reproduction is not due to chance.

Although natural selection is synonymous with the name of Charles Darwin, it was R. A. 
Fisher who did much to show the power of this process at the genetic level.
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Three conditions must be met for selection to occur in a population: 

1. Variation: Individuals in the population must differ with respect to the trait in question. 
Without this variation, all individuals will have the same trait value and cannot be 
distinguished with respect to that trait. 

2. Heritability: The variation found in the population must (at least partially) be heritable, 
e.g. transmitted from parent to offspring. If the variation in the trait was due entirely to 
the environment, for example, changes in the parent population would not affect the 
characteristics of the offspring population. 

3. Differential Mortality: Finally, individuals must have a probability of survival that is a 
function of the value of the trait in question. If all individuals, regardless of there trait 
value, had an equal probability of survival and fecundity, no predictable change in the 
mean value of the population would occur.

17

! Heritable variation with fitness consequences.



Pop Gen ▷ Selection

UniBS | EvoGen | JCW 

Survival of the fittest
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The idea that species adapt and change by natural selection with the best suited mutations 
becoming dominant - often called “survival of the fittest” is often attributed to Charles 
Darwin and, although it appears in the fifth edition of his Origin of Species, 1869, it is there 
attributed to Herbert Spencer: 

“The expression often used by Mr. Herbert Spencer of the survival of the fittest is more 
accurate ... ” 

Spencer had published The principles of biology in 1864. In that he referred to “survival of 
the fittest” twice: 

“This survival of the fittest, implies multiplication of the fittest.” 

“This survival of the fittest... is that which Mr. Darwin has called 
'natural selection', or the preservation of favored races in the 
struggle for life.”

19
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Natural selection is the differential success of genotypes in contributing to the next 
generation. In the simplest conceptual model, there are two major life history components 
that bring about selective differences between genotypes: viability and fertility.

The effect of natural selection on genotypes is measured by fitness. Fitness is the average 
number of offspring produced by individuals of a particular genotype. Fitness can be 
calculated as the product of viability and fertility, as defined above, and we can define 
fitness for a di-allelic locus as:

Genotype Viability Fertility Fitness

A1A1 V11 f11 (v11)(f11)=w11

A1A2 V12 f12 (v12)(f12)=w12

A2A2 V22 f22 (v22)(f22)=w22

20
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Genotype Viability Fertility Fitness

A1A1 V11 f11 (v11)(f11)=w11

A1A2 V12 f12 (v12)(f12)=w12

A2A2 V22 f22 (v22)(f22)=w22

Genotype Viability Fertility Absolute 
Fitness

Relative 
Fitness 

(w)

Selection 
(s)

A1A1 0.9 3 2.7 1 0

A1A2 0.9 2 1.8 0.67 0.23

A2A2 0.45 2 0.9 0.33 0.67
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 The mean fitness of the population is the sum of the relative contribution of the 
different genotypes:

ω = p2ω11 + 2pqω12 + q
2ω 22

p2 ω11

ω
     2pqω12

ω
     q2 ω 22

ω

A1A1      A1A2      A2A2

The relative contribution of the three genotypes to the next generation is determined 
by the product of the relative fitness and the frequency before selection of that 
genotype.

frequency after selection:
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ω11 = 1; ω12 = 1; ω 22 = 1

Δq = q1 − q0 = q0 − q0 = 0

23



Pop Gen ▷ Selection

UniBS | EvoGen | JCW 

′p = p2ω11

ω
+ 1
2
2pqω12

ω
⎛
⎝⎜

⎞
⎠⎟ =

p2ω11 + pqω12

ω

′q = 1
2
2pqω12

ω
⎛
⎝⎜

⎞
⎠⎟ +

q2ω 22

ω
= pqω12 + q

2ω 22

ω

f (A2A2 ) =
q2ω22
ωf (A1A1) =

p2ω11
ω f (A1A2 ) =

2 pqω12
ω
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′p = p2ω11

ω
+ 1
2
2pqω12

ω
⎛
⎝⎜

⎞
⎠⎟ =

p2ω11 + pqω12

ω

Δp = ′p − p = pq p ω11−ω12( )+q ω12−ω22( )⎡⎣ ⎤⎦
ω
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q1 =
p0q0 (1)+q0

2 (1)
ω =

1−q0( )q0+q02
ω = q0

p0
2 1( )+2 p0q0 1( )+q02 1( ) =

ω11 = 1; ω12 = 1; ω 22 = 1

Δq = q1 − q0 = q0 − q0 = 0

q0
1−q0( )2+2q0 1−q0( )+q02

= q0
1−2q0+q0

2+2q0−2q0
2+q0

2 = q0
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selection for A2

heterozygote 
disadvantage 

(unstable)

heterozygote 
advantage 

(stable)
selection for A1

1.0 2.00.0

1.0

2.0

ω11

ω22

ω12 = 1
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w11<w12>w22

Heterozygous advantage 
(overdominance)

A1A1 A1A2 A2A2

Fitness 1-s 1 1-s

s measures the reduction in fitness compared with the best genotype in the population: for instance, an s of 
0.01 means that the genotype has a 1% less chance of survival than the best genotype-it is 99% as fit.

ω : relative fitness

s : selection 
coefficient

s = 1−ω

A1A1 

A2A2 A1A2

10 1− s
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European common buzzard (Buteo buteo)

Boerner and Krüger (2009)
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w11>w12<w22

Heterozygous disadvantage 
(underdominance)

A1A1 A1A2 A2A2

Fitness 1 1-s 1

ω : relative fitness

s : selection 
coefficient

s = 1−ω

A1A2

A1A1

A2A2

10 1− s
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J Evol Biol. 2013 Aug;26(8):1774-83

33
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Dominant: w11 = w12 > w22 

Intermediate: w11 > w12 > w22 

Recessive: w11 > w12 = w22 

Overdominance: w11 < w12 > w22 

Underdominance: w11 > w12 < w22
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MORE 
T H I N G S 

CONSIDERED
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Change in allele frequency under directional selection when the homozygote for the favored allele has twice the fitness of the 
homozygote for the unfavored allele (1.00 vs. 0.50). The heterozygote can have the same fitness as the favored allele (1.00, 
dominant), the same fitness as the unfavored allele (0.50, recessive), or has intermediate fitness (0.75). The initial frequency of 
the favored allele is 0.03.

w11 = w12 > w22

w11 > w12 > w22

w11 > w12 = w22

36



Pop Gen ▷ Selection

UniBS | EvoGen | JCW 

A1A1 A1A2 A2A2 Fitness

1 1 1 neutral

1 1 0 recessive lethal (complete dominance)

1 1 1-s recessive (lethal-neutral)

1 1-s/2 1-s additive

1 1-hs 1-s purifying selection

1+s 1+hs 1 positive selection

1-s1 1 1-s2 heterozygot advantage (overdominance)

1+s1 1 1+s2 heterozygot disadvantage (underdominance)

h: level of dominance, hs:amount of selection against the heterozygote
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q1 =
q0
1+q0

⇒ q2 =
q1
1+q1

=
q0
1+q0

1+ q0
1+q0

=
q0 1

1+q0( )
1+2q0 1

1+q0( ) =
q0

1+2q0

ω11 = 1; ω12 = 1; ω22 = 0

qt =
q0

1+ tq0
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ω = p2ω11 + 2pqω12 + q
2ω22

the mean fitness of a population:

f (A1A1) =
p2ω11
ω f (A1A2 ) =

2 pqω12
ω f (A2A2 ) =

q2ω22
ω

genotype frequency after selection:

′q = 1
2 (

2 pqω12
ω ) + q2ω22

ω = pqω12 +q
2ω22

ω

allele frequency after selection:

Δq = ′q − q = pq q ω22 −ω12( )− p ω11 −ω12( )⎡⎣ ⎤⎦
ω

allele frequency change:
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Balancing selection refers to a number of selective processes by which multiple alleles are actively 
maintained in the gene pool of a population at frequencies above that of gene mutation. There are 
several mechanisms by which balancing selection works to maintain polymorphism. The two major 
and most studied are heterozygote advantage and frequency-dependent selection. 

Heterozygote advantage - A situation in which a single disadvantageous allele is not selected out 
of a population, because, when a individual is heterozygous for that allele, it gains some sort of local 
advantage by having the disadvantageous allele. For example, the allele for sickle-cell anemia 
offers “resistance” to malaria. If a person in an area high in malaria is heterozygous for sickle-cell 
anemia, the “resistance” they gain to malaria outweighs the disadvantage of having heterozygous 
sickle-cell anemia. A person homozygote for the mutant allele will not have a greater advantage, 
even if they are completely resistant to malaria. What's the use of being resistant to malaria if you're 
blood can't carry oxygen?

Frequency-dependent selection occurs when the fitness of a trait depends on its frequency in a 
population. It is possible for the fitness of a genotype to increase (positively frequency-
dependent) or decrease (negatively frequency-dependent) as the genotype frequency in the 
population increases. Positive frequency dependent selection occurs when a trait has higher fitness 
when it is common than when it is rare. Negative frequency dependent selection occurs when a trait 
has higher fitness when it is rare than when it is common. Negative frequency dependent selection 
will turn out to have some important implications for evolution of other traits.
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• Natural selection may favor non-poisonous butterflies that have the same color pattern as 
poisonous butterflies. This system is called Batesian mimicry. When they are rare, birds will tend 
to avoid the mimics, because they will have already have encountered a poisonous butterfly of 
the same appearance. But when the non-poisonous type is common, the previous encounters of 
birds with butterflies of their appearance are more likely to have been rewarding; the birds will 
not avoid eating them, and their fitness will be lower. The fitness of the mimics is negatively 
frequency-dependent. 

• In other butterflies, such as in central and south American Heliconius, there are several 
morphs within a species, each morph having a different color pattern. All the morphs are 
poisonous. When a morph is common, it will be more likely that birds will have already learned 
to avoid them, whereas birds will not yet have learned to avoid a rare morph. An individual of a 
rare morph is therefore more likely to be the unlucky prey that educates the bird, and gets 
killed in the process. The fitness of each morph is positively frequency-dependent. 

But with negatively frequency-dependent fitnesses (as in Batesian mimicry), it is possible for 
natural selection to maintain a polymorphism. When a genotype is rare, it is relatively favored 
by selection and it will increase in frequency; as it becomes more common, its fitness decreases 
and there may come a point at which it is no longer favored. At that point, the fitnesses of the 
different genotypes are equal and natural selection will not alter their frequencies: they are at 
equilibrium.
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A different example of negative frequency dependent selection occurs in fruit flies, the 
flies that have been commonly studied by geneticists, and is called the "rare male 
advantage”. Female fruit flies in a population prefer to mate with a male with an 
unusual phenotype. Suppose for example that most individuals in the population have 
red eyes, but a few have white eyes. White eyed males will attract more females. This is 
not just because females like white eyes. If most males in the population have white 
eyes but a few have red eyes, females will mate preferentially with the red-eyed males.
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′p =
(p2ω11 + pqω12 + prω13)

ω

′q =
(q2ω22 + pqω12 + qrω23)

ω

′r =
(r2ω 33 + prω13 + qrω23)

ω
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In a population, there may be just one coadapted gene complex, or there might be several different 
combinations of traits, each of which could have high fitness. This latter possibility gives rise to 
another concept: that of an adaptive landscape. An adaptive landscape is the description of the 
fitnesses of all possible combinations of different traits in a population. Adaptive landscapes are 
frequently represented graphically; fitness is plotted on a vertical axis and trait values for different 
genes are plotted on other axes. Combinations of traits that have high fitness thus appears as peaks, 
and combinations that have low fitness appear as valleys. Here is an example of an adaptive 
landscape: 

This example shows two traits, and a situation in which there are two combinations of traits, the 
peaks in the graph, shown in purple, that have high fitness, while other combinations of the traits 
have low fitness. These peaks in the adaptive landscape can be called adaptive peaks; note that they 
are also combinations of different genetic traits that, together, have high fitness, so they are 
coadapted gene complexes. An adaptive peak and a coadaptive gene complex are thus basically the 
same thing. 
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genotype A1A1 A1A2 A2A2 q1 Δq

recessive lethal 1 1 0 1

complete dominance 1 1 1-s

additive effect 1 1-s/2 1-s

purifying selection 1 1-hs 1-s

positive selection 1+s 1+hs 1

heterozygote 
advantage 1-s1 1 1-s2

heterozygote 
disadvantage 1+s1 1 1+s2
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The number of generation (t) 
needed to reduce the allele 
frequency from an initial value of 
q0 to qt for a recessive lethal.

q0 qt t
0.5 0.25 2

0.1 8
0.001 98

0.1 0.05 10
0.01 90

0.001 990
0.01 0.005 100

0.001 900
0.0001 9900

The number of generation (t) 
needed to reduce the allele 
frequency from an initial value of 
q0 to qt for additivity when s=0.1.

q0 qt t
0.9 0.5 44

0.1 89
0.01 136

0.5 0.25 22
0.1 44

0.01 92
0.1 0.05 15

0.01 48
0.001 194

A1A1 A1A2 A2A2
1 1 0

A1A1 A1A2 A2A2
1 1-0.5s 1-s
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Sexual selection is a “special case” of natural selection. Sexual selection acts on an 
organism's ability to obtain (often by any means necessary!) or successfully copulate 
with a mate. 

Selection makes many organisms go to extreme lengths for sex: peacocks maintain 
elaborate tails, elephant seals fight over territories, fruit flies perform dances, and 
some species deliver persuasive gifts. 
	 	  
Sexual selection is often powerful enough to produce features that are harmful to the 
individual’s survival. For example, extravagant and colorful tail feathers or fins are 
likely to attract predators as well as interested members of the opposite sex.
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How did female choice for traits like a long, colorful tail evolve? After all, if a female 
chooses a male with a long, awkward tail, her sons will probably have a similar tail—
and that tail might hurt their chances of survival by attracting predators. How could 
natural selection act to produce a preference for a disadvantageous trait?


It makes sense for a female to choose a mate based on traits that help to survive. For 
example, a female bird would do well to choose a strong-looking, disease-free mate. 
That male likely carries “good” genes that allow him to resist disease and get 
sufficient food—and he will pass those genes on to his offspring.


However, there are many examples of females choosing mates based on less useful traits 
(e.g. song complexity) or even traits detrimental to survival (e.g., brightly colored 
plumage). These cases present evolutionary biologists with a bit of a puzzle. How 
did these preferences arise in the first place? If a female chooses a male with bright 
feathers, her sons will have bright feathers, which are likely to attract predators. A 
gene for choosing brightly colored males would seem to be disadvantageous. How 
do such genes spread through a population? 
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Imagine a bird population in which females choose mates at random. Males with slightly 
longer tails fly a little more adeptly, avoid predation, and so, survive better than males 
with slightly shorter tails. In this situation, a gene for female choosiness (longer tail = 
sexier) will be favored, since—by choosing a long-tailed male—she will have sons with 
longer tails. This trait will spread through the population until most males have long tails 
and most females prefer long-tailed mates. So far so good.


However, once this has happened, the process may run out of control, until the male trait 
becomes so exaggerated that it is disadvantageous. In other words, female preference, 
instead of survival advantage, may begin to drive the evolution of ever-longer tails, until 
males are encumbered by showy plumage that no longer helps them avoid predation.49
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Imagine another bird population in which females choose mates at random. 
Some males in the population have better genes for survival than others, but it 
is difficult to tell whether a male has good genes or not. In this scenario, long 
tails make it more difficult to survive—they are costly to produce and maintain. 
Because they are so costly, only males with good genes have the extra 
resources to produce them. In this situation, a long tail is an indicator of good 
genes. A gene for female choosiness (longer tail = sexier) will be favored, since
—by choosing a long-tailed/good gene male—she will have sons with good 
genes. This trait will spread through the population until most females choose 
long-tailed mates and males that are able to produce long tails are favored. 
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Behavior can also be shaped by natural selection. Behaviors such as birds’ mating rituals 
(see Figure), bees’ wiggle dance, and humans’ capacity to learn language also have 
genetic components and are subject to natural selection. 


In some cases, we can directly observe natural selection. Very convincing data show that 
the shape of finches’ beaks on the Galapagos Islands has tracked weather patterns: after 
droughts, the finch population has deeper, stronger beaks that let them eat tougher seeds.


Figure: The male blue-footed booby 
(Sula nebouxii) exaggerates his foot 
movements to attract a mate.
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For example, on rocky shores, animals have ranges 
that form clear spatial patterns. Some species live 
only in deep water, and some only live much higher 
up the shore. A snail common on California shores 
(Tegula funebralis) can be found in both ranges. In 
Southern California, Tegula live high up on the 
shore, while in Northern California, they live in 
deeper water.
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Hypothesis: 
Fawcett et al. (1984) found that predators, such as octopi, starfish, and crabs, were more 
abundant in southern California than in northern California. Perhaps intense predation in the 
south selected for snails that lived higher up the shore, out of reach of many predators. In the 
north, selection might not have been as strong, so the snails were not selected to live high on 
the shore.
Experiment: 
The hypothesis was tested by transplanting snails (reciprocal transplant experiments). 
Northern and southern snails were released in deep water and were watched. If predators 
were around, all the snails high-tailed it towards higher ground (snails can probably sense the 
chemicals exuded by predators). But southern snails moved further up the shore faster than 
northern snails. Because the northern snails were slower and didn't move high enough, they 
were more likely to be eaten by predators.

What did this experiment show? 

  1. There is an innate difference between southern and northern snails (i.e., some difference 
that is not merely a function of being on a southern or northern shore). This difference is 
probably genetic (but we would need to do more experiments to be absolutely sure). 

  2. This difference can lead to differential survival. If predation is intense, snails that move 
higher faster are more likely to survive. 
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