
lower percentage of the population will be recessive homozygotes; conse-
quently, fewer will be eliminated every generation. Ultimately, a balance will
be reached as the reduction in the a allele due to selection is offset by new
mutations from A to a.Because mutation rates are very low, this frequency
of the a allele will be only slightly greater than zero.

Tay-Sachs disease is one case of selection against recessive homozygotes
in humans. This affliction is caused by a metabolic disorder that results in
blindness, mental retardation, and destruction of the central nervous sys-
tem. Children with Tay-Sachs disease generally die within the first few years
of life. The disease is caused by a recessive allele and occurs in those individ-
uals who are homozygous. Heterozygotes carry the allele but do not show
any major biological impairments.

When deleterious alleles are recessive, such as with Tay-Sachs disease, the
frequency is generally not zero because heterozygotes continue to pass the al-
lele on from generation to generation. Nonetheless, the frequency of a harm-
ful recessive allele will still be very low. This low frequency is maintained by
mutation but is kept from increasing by natural selection.

Selection against Dominant Homozygotes What if a dominant allele is
selected against? As an example, consider the same starting point as in the
previous example: AA � 50, Aa � 100, and aa � 50, giving initial allele
frequencies of A � 0.5 and a � 0.5. In this example, we will consider partial
selection against the dominant allele (A) of 50 percent for individuals with
the AA or Aa genotype, and let the recessive genotype (aa) have a fitness of
100 percent. After selection, there are 25 individuals with genotype AA,
25 with genotype Aa,and 50 with genotype aa(Table 3.3). The allele frequen-
cies after selection are A � 0.375 and a � 0.625. Because of selection against
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the dominant homozygote, the frequency of the dominant allele (A) has gone
down and the frequency of the recessive allele (a) has gone up.

Achondroplastic dwarfism is an example of a dominant allele in human
beings. This type of dwarfism (small body size and abnormal body propor-
tions) is caused by a dominant allele found in very low frequencies in human
populations—roughly 0.00005 (Figure 3.3). Because the achondroplastic al-
lele is dominant, individuals with one or two of the alleles will show the dis-
ease. Virtually all achondroplastic dwarfs are heterozygotes. The condition is
usually caused by a mutation occurring in the sex cells of one parent. We
know that a mutation is involved in a majority of these cases because roughly
80 percent of dwarfs have two normal parents. Because the condition is
caused by a dominant allele, the only way a child could receive the allele
would be from a parent or through mutation. If the parent had the allele, he
or she would also be a dwarf. Therefore, when both parents of a dwarf are
not dwarfs, we know that the offspring’s dwarfism is the result of a muta-
tion. In cases in which two dwarfs mate, the offspring can be homozygous
for the disease, and such offspring generally die before, or shortly after, birth.

The low frequency of achondroplastic dwarfs is the result of natural se-
lection acting to remove the harmful allele from the population. Although
there is no major risk of mortality for a heterozygous achondroplastic dwarf,
selection acts on differential reproduction. Given their physical appearance,
these dwarfs have few opportunities to mate. The most likely mating is be-
tween two dwarfs. In these cases, there is additional selection because they
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TA B L E  3 . 3 Example of Natural Selection against the 
Dominant Homozygote

This example uses an initial population size before selection of 200 people. The
locus has two alleles, A and a.Initially, there are 50 people with genotype AA,
100 people with genotype Aa,and 50 people with genotype aa.The allele
frequencies before selection are therefore 0.5 for A and 0.5 for a.The fitness values
have been chosen to illustrate partial selection against the dominant homozygote
and the heterozygote.

Genotype

AA Aa aa Total

Number of people 
before selection 50 100 50 200
Fitness (percentage
that survives) 50% 50% 100% —
Number of people 
after selection 25 25 50 100

There are 100 people after selection. Using the method of allele frequency
computation shown in Table 3.1 and in the text, the allele frequencies 
after selection are 75/200 � 0.375 for the A allele and 125/200 � 0.625 for
the a allele.

FIGURE 3.3

Achondroplastic dwarfism is a
genetic disorder caused by a
dominant allele. This toddler
has very short arms and legs.
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have an increased risk of having children with two copies of the achon-
droplastic allele; these children generally die early in life. Thus, differences in
both mortality and fertility can affect the degree of selection against an allele.

Selection for the Heterozygote The previous examples discussed selection
against recessive and dominant homozygotes, which acts to increase the fre-
quency of one allele and decrease the frequency of another. Selection could
also occur for recessive or dominant homozygotes, which would act to in-
crease the frequency of an allele. With time, the allele frequencies will ap-
proach 0 or 1, depending on which allele is selected against.

These models might lead us to expect patterns of genetic variation
whereby most populations have allele frequencies close to either 0 or 1, and
few populations have intermediate values. However, studies of human ge-
netic variation have found that for many loci the allele frequencies are inter-
mediate, with values such as 0.3, 0.5, or 0.8. We could argue that selection is
not yet complete and that given enough time all allele frequencies would be
close to 0 or 1, but the wealth of information regarding allele frequencies in
human groups makes this very unlikely. Why, then, do many loci show inter-
mediate frequencies? Is there a way that natural selection can produce such
values?

A classic example of an intermediate allele frequency in human popula-
tions is the sickle cell allele, discussed briefly in the previous chapter. Be-
cause people homozygous for this allele have sickle cell anemia and are likely
to die early in life, this appears to be a classic situation of selection against a
homozygote. If this were the case, we might expect most human populations
to have frequencies of the sickle cell allele close to 0, and, in fact, many do.
However, a number of populations in parts of Africa, India, and the Mediter-
ranean show higher frequencies. In some African groups, the frequency of
the sickle cell allele is greater than 20 percent (Roychoudhury and Nei 1988).
How can a harmful allele exist at such a high frequency?

The answer is a form of selection known as selection for the heterozygote
(and therefore against the homozygotes). Consider fitness values of AA � 70
percent, Aa � 100 percent, and aa� 20 percent. Here, only 70 percent of
those with genotype AA and 20 percent of those with genotype aasurvive for
every 100 people with genotype Aa (the heterozygote). Selection is for the
heterozygote and against the homozygotes. Let the frequency of both the A
and a alleles be 0.5. In a population of 200 people, this means we start with
50 AA people, 100 Aapeople, and 50 aapeople before selection. Given these
fitness values, there will be 35 people with AA, 100 with Aa,and 10 with aa
after selection. The allele frequencies after selection are A � 0.586 and a �
0.414 (Table 3.4).

Why would the frequency of the A allele increase and the frequency of
the a allele decrease? In selection for the heterozygote, both alleles are being
selected for, because every Aaperson can contribute both alleles to the next
generation. But both alleles are also being selected against. When AA people
die or fail to reproduce, two A alleles are lost from the population. When aa
people die or fail to reproduce, two a alleles are lost from the population.
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Selection for the heterozygote involves selection for and against both alleles.
Because the fitness of AA is greater in this example than the fitness of aa
(70 percent versus 20 percent), proportionately more individuals with geno-
type AA will survive and reproduce. Hence, proportionately more A alleles
will appear in the next generation.

Figure 3.4 shows the pattern of allele frequency change over 20 genera-
tions using the initial values and fitness values in this example. Note that the
frequency of A continues to increase for the first few generations but soon
levels off. There is no change in the allele frequency after approximately eight
generations. This is the expected pattern when there is selection for the het-
erozygote. A balance is reached between selection for and against the two al-
leles A and a. The exact value of this balancing point will depend on the
fitness values of the homozygous genotypes. Selection for the heterozygote is
also called balancing selection.

Given this model, the distribution of sickle cell allele frequencies in hu-
mans makes sense. In many environments, there is selection against the sickle
cell homozygote, and the frequency is low. In environments in which malaria
is common, the heterozygotes have an advantage because they are less sus-
ceptible to malaria. People homozygous for the sickle cell allele are likely to
suffer from sickle cell anemia and die. People homozygous for the normal al-
lele are more likely to suffer from malaria. Thus, there is selection against
both homozygotes (although more selection against those with sickle cell
anemia) and selection for the heterozygote. A balance of allele frequencies is
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TA B L E  3 . 4 Example of Natural Selection for the Heterozygote

This example uses an initial population size before selection of 200 people. The
locus has two alleles, A and a.Initially, there are 50 people with genotype AA,
100 people with genotype Aa,and 50 people with genotype aa.The allele
frequencies before selection are therefore 0.5 for A and 0.5 for a.The fitness values
have been chosen to illustrate selection for the heterozygote and partial selection
against both homozygotes. Note that because this is a codominant system, each
genotype specifies a different phenotype.

Genotype

AA Aa aa Total

Number of people 
before selection 50 100 50 200
Fitness (percentage
that survives) 70% 100% 20% —
Number of people 
after selection 35 100 10 145

There are 145 people after selection. Using the method of allele frequency
computation shown in Table 3.1 and in the text, the allele frequencies 
after selection are 170/290 � 0.586 for the A allele and 120/290 � 0.414 for
the a allele.

balancing selection
Selection for the he-
terozygote and against 
the homozygotes (the
heterozygote is most fit).

I I I I I I I
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predicted and has been found in many human populations. A more com-
plete discussion of the sickle cell example is given in Chapter 15.

Another possible example of balancing selection in humans concerns cys-
tic fibrosis, a genetic disease caused by a recessive allele. Studies have shown
that individuals heterozygous for the cystic fibrosis allele are resistant to other
diseases, such as cholera (Rodman and Zamudio 1991) and typhoid fever (Pier
et al. 1998). If so, then heterozygotes would have the greatest fitness, and the
optimal frequency of the cystic fibrosis allele would be determined by the bal-
ance between selection relating to cystic fibrosis and these other diseases.

Selection against the Heterozygote This final example of a type of natural
selection also focuses on the heterozygote, but this time, we discuss what
happens if there is selection againstthe heterozygote. For example, consider a
hypothetical case of 100 individuals before selection with genotype numbers
of AA � 64, Aa� 32, and aa� 4. Using the allele counting method, we see
that the allele frequencies are A � 0.8 and a � 0.2. Now let us simulate selec-
tion against the heterozygote with fitness values of AA � 100 percent, Aa�
75 percent, and aa� 100 percent. After selection, there will be 64 individuals
with genotype AA,24 with genotype Aa,and 4 with genotype aa.Completing
the calculations in the usual way, we see that the allele frequencies after se-
lection are A � 0.826 and a � 0.174. We would then conclude that selection
against the heterozygote causes an increase in A and a decrease in a.How-
ever, this conclusion turns out to be dependent on the initial starting values.
If, for example, we start with allele frequencies of A � 0.2 and a � 0.8, and
use the same fitness values, the allele frequencies after selection would be
A � 0.174 and a � 0.826. In this case, the frequency of A decreased and the
frequency of a increased.
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FIGURE 3.4

Change over time in allele
frequencies when there is
selection for the heterozygote
(Aa). The initial allele fre-
quencies are both 0.5. The
fitness of each genotype (the
relative frequency of survival)
is AA � 70 percent, Aa � 100
percent, and aa � 20 percent.
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Selection against a heterozygote results in a decrease in the less common
allele. If A is more common than a to start with, then it will increase. On the
other hand, if A is less common than a to start with, then it will decrease.
Quite simply, because selection against the heterozygote removes equal num-
bers of A and a,then one of these will be removed first. As an analogy, imag-
ine there is a large table in the front of your classroom loaded with 50 apples
and 30 oranges. Each student in the class comes up and removes 1 apple and
1 orange (analogous to removal of a heteroyzygote because the two “alleles”
are different). After the first student comes up, there will be 49 apples and 29
oranges. After the second student, there will be 48 apples and 28 oranges.
This will continue until there are 20 apples and 0 oranges. We ran out of or-
anges first because there were fewer to begin with.

An example of selection against the heterozygote in humans is the
Rhesus (Rh) blood group. Inheritance of the Rh blood group involves three
linked loci. The locus described here (D) has two alleles, D and d,where D is
dominant and d is recessive. Individuals with genotypes DD or Dd are called
Rh positive,and those with genotype ddare called Rh negative.Those with Rh
positive blood produce a certain chemical (D), and those with Rh negative
blood can produce a corresponding antibody (anti-D). In terms of blood
chemistry, anti-D antibodies can destroy red blood cells with D molecules.
During some pregnancies, a mother with Rh negative blood carries a fetus
with Rh positive blood. In such cases, the child may be at risk and selected
against. Each time this happens, the affected child mustbe a heterozygote.
Why? Consider that a mother with Rh negative blood has the genotype dd,
which means that she has passed a d allele on to her child. If the child is 
Rh positive and has one d allele, then the other allele, inherited from the
father, must be D. Therefore, in all cases in which the mother is Rh negative
and the fetus is Rh positive, the fetus is heterozygous (Dd).

Selection and Complex Traits The previous examples used simple genetic
traits to illustrate basic principles of natural selection. Selection also affects
complex traits, however, such as those discussed in Chapter 2. For complex
traits, we focus on measures of the average value and on variation around
this average. Because complex traits are continuous, we look at the effects of
selection on the average value of a trait and on the lower and higher extremes.

There are several forms of selection on complex traits. Stabilizing selection
refers to selection against both extremes of a trait’s range in values. Individuals
with extreme high or low values of a trait are less likely to survive and repro-
duce, while those with values closer to the average are more likely to survive and
reproduce. The effect of stabilizing selection is to maintain the population at
the same average value over time. Extreme values are selected against in each
generation, but the average value in the population does not change.

Human birth weight is a good example of stabilizing selection. The
weight of a newborn child is the result of a number of environmental fac-
tors, such as mother’s age, weight, and history of smoking, among many oth-
ers. There is also a genetic component to birth weight. Newborns who are
very small (less than 2.5 kg) are less likely to survive than are newborns who
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stabilizing selection
Selection against extreme
values, large or small, in a
continuous trait.
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are heavier. Very small babies are more prone to disease and have weaker sys-
tems, making their survival more difficult. Newborns who are too large are
also likely to be selected against, because a very large child may create com-
plications during childbirth and both mother and child may die. Thus, there
is selection against both extremes, small and large.

Stabilizing selection for birth weight has been documented for a num-
ber of human populations. These studies show a definite relationship be-
tween birth weight and mortality. The results of one study based on 13,730
newborns (Karn and Penrose 1951) are shown in Figure 3.5. Mortality rates
are highest for those newborns with low (less than 2.7 kg) and high (greater
than 4.5 kg) birth weights.

Another type of selection for complex traits is known as directional
selection, selection against one extreme and/or for the other extreme. In
other words, a direct relationship exists between survival and reproduction
on one hand and the value of a trait on the other. The result is a change over
time in one direction. The average value for a trait moves in one direction or
the other. Perhaps the most dramatic example of directional selection in
human evolution has been the threefold increase in brain size over the past
4 million years. Another example is the lighter skin that probably evolved in
prehistoric humans as they moved north out of Africa (see Chapter 15).

Genetic Drift

Genetic drift is the random change in allele frequency from one generation
to the next. These random changes are the result of the nature of probability.
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for evolutionary change re-
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FIGURE 3.5

Stabilizing selection for
human birth weight based on
data from Karn and Penrose
(1951). Babies born smaller 
or larger than the optimum
birth weight have increased
mortality. (From E. Peter Volpe,
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Think for a moment about flipping a coin. What is the probability of its land-
ing with the head facing up? It is 50 percent. The coin has two possible values,
heads and tails, and when you flip it you will get one or the other. Suppose you
flip a coin 10 times. How many heads and how many tails do you expect to get?
Because the probability of getting a head or a tail is 50 percent, you expect to
get five heads and five tails. Try this experiment several times. Do you always
get five tails and five heads? No. Sometimes you get five heads and five tails,
but sometimes you get different numbers. You may get six heads and four tails,
or three heads and seven tails, or, much less likely, all heads.

The probability for different combinations of heads and tails from flip-
ping a coin 10 times is shown in Table 3.5. The probability of getting all
heads (or all tails) is rather low—0.001. Note, however, that the probability of
getting four heads and six tails (or six heads and four tails) is much higher—
0.205. Also note that the probability of getting exactly five heads and five
tails is 0.246. This means that there is roughly a 75 percent chance of notget-
ting exactly five heads and five tails.

The probability of 50 percent heads and 50 percent tails is the expected
distribution. If you flip 10 coins enough times, you will find that the number
of heads and tails grows closer to a 50:50 ratio. Often we hear about the “law
of averages.” The idea here is that if you flip a coin and get heads several times
in a row, then you are very likely to get a tail the next time. This is wrong,
and applying this “law” is an easy way to lose money if you gamble. Eachflip
of the coin is an independent event. Whatever happened the time before can-
not affect the next flip. Eachtime you flip the coin, you have a 50 percent
chance of getting a head and a 50 percent chance of getting a tail.
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TA B L E  3 . 5 Probability of Getting
Different Numbers of Heads
and Tails from 10 Coin Flips

Name Number
of Heads of Tails Probability

0 10 0.001
1 9 0.010
2 8 0.044
3 7 0.117
4 6 0.205
5 5 0.246
6 4 0.205
7 3 0.117
8 2 0.044
9 1 0.010

10 0 0.001

These probabilities refer only to the case in
which a coin is flipped 10 times. Other numbers
of coin flips will give different probabilities.
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What does this have to do with genetics? The reproductive process in
this way is like a coin toss. During the process of sex cell replication (meio-
sis), only one allele out of two at a given locus is used. The probability of
either allele being passed on is 50 percent, just like a coin toss. Imagine a
locus with two alleles, A and a. Now imagine a man and a woman, each
with genotype Aa,who have a child. The man can pass on either an A al-
lele or an a allele. Likewise, a woman can pass on either an A allele or an
a allele. As we saw in the previous chapter, the probable distribution of
genotypes among the children is 25 percent AA,50 percent Aa,and 25 per-
cent aa.If the couple has four children, you would expect one with AA,
two with Aa, and one with aa.Thanks to random chance, however, the
couple may get a different distribution of genotypes. You can model such
a simple example by flipping a coin to simulate a child receiving an A al-
lele or an a allele from either parent. Let “heads” represent the A allele and
“tails” represent the a allele.

I performed this experiment four times to simulate four children born
to these parents. Two of the children had genotype AA, and two had geno-
type Aa.Note that the allele frequencies have changed from the parent’s gen-
eration to the children’s generation. The allele frequencies of the parents
were A � 0.5 and a � 0.5. The four children have a total of eight alleles, of
which six are A and two are a.The frequency of A in the children is 6/8 �
0.75, and the frequency of a is 2/8 � 0.25. You might want to try this experi-
ment several times to see the range of allele frequencies that can result.

When genetic drift occurs in populations, the same principle applies. Al-
lele frequencies can change because of random chance. Sometimes the allele
frequency will increase, and sometimes it will decrease. The direction of al-
lele frequency change caused by genetic drift is random. The only time drift
will not produce a change in allele frequency is when only one allele is pres-
ent at a given locus. For example, if each parent passed on an A allele to each
of the four children, the frequency of the A allele would be 1.0 among the
children. The a allele would have been lost.

Genetic drift occurs in each generation. Such a process is too compli-
cated to simulate using coins, but computers or random number tables can
be used to model the effects of drift over time (see Cavalli-Sforza and Bod-
mer 1971:389). Figure 3.6 shows the results of three computer simulations
of drift. In each case, the initial allele frequency was 0.5, and the population
size was equal to 10 individuals (20 alleles) in each generation. The simula-
tion was allowed to continue in each case for 20 generations. The graphs
show the changes in allele frequency over time. Note that each of the three
simulations shows a different pattern. This is expected because genetic drift
is a random process. Each simulation is an independent event.

In each of these three graphs, the allele frequency fluctuates up and
down. In Figure 3.6a, the allele frequency after 20 generations is 0.3. In Figure
3.6b, the allele frequency after 20 generations is 0.75. In Figure 3.6c, the al-
lele frequency is equal to 1.0 after 10 generations, and it does not change any
further. Given enough time, and assuming no other evolutionary forces
affecting allele frequencies, genetic drift will ultimately lead to an allele’s

88 PART I ■ Evolutionary Background

reL05264_ch03_070-101  3/31/07  02:08 PM  Page 88



becoming fixed at a value of 0.0 or 1.0. Thus, genetic drift leads to the reduc-
tion of variation within a population, given enough time.

Population Size and Genetic Drift The effect of genetic drift depends on
the size of the breeding population. The larger the population size, the less
change will occur from one generation to the next. Thinking back to the coin
toss analogy will show you that this makes sense. If you flip a coin 10 times
and get three heads and seven tails, it is not that unusual. If you flip a coin
1 million times, however, you would be much less likely to get the same
proportions—300,000 heads and 700,000 tails. This is because of a basic prin-
ciple of probability: the greater the number of events, the fewer deviations
from the expected frequencies (50 percent heads and 50 percent tails).

The effect of population size on genetic drift is shown in Figure 3.7.
These graphs show the results of 1,000 simulations of genetic drift for four
different values of breeding population size: N � 10, 50, 100, 1,000. In each
computer run, the initial allele frequency was set to 0.5, and the simulation
was allowed to continue for 20 generations. The four graphs show the distri-
bution of allele frequency values after 20 generations of genetic drift. Figure
3.7a shows this distribution for a population size of N � 10. Note that the
majority of the 1,000 simulations resulted in final allele frequencies of less
than 0.1 or greater than 0.9. In small populations, genetic drift more often
results in a quick loss of one allele or another. Figure 3.7b shows the distri-
bution of final allele frequencies for a population size of N � 50. Here there
are fewer extreme values and more values falling between 0.3 and 0.7. Figures
3.7c and 3.7d show the distributions for population sizes of N � 100 and N �
1,000. As these graphs show, the larger the population size, the fewer devia-
tions in allele frequency caused by genetic drift. The main point here is that
genetic drift has the greatest evolutionary effect in relatively small breeding
populations.

Examples of Genetic Drift Genetic drift in human populations is shown
in a case study of a group known as the Dunkers, a religious sect that
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FIGURE 3.6

Three computer simulations
of 20 generations of genetic
drift for populations of 10
individuals. Each simulation
started with an initial allele
frequency of 0.5.
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emigrated from Germany to the United States in the early 1700s. Approxi-
mately 50 families composed the initial group. Glass (1953) studied the ge-
netic characteristics of the descendants of the original founding group living
in Pennsylvania. These populations have never been greater than several hun-
dred people and thus provide a unique opportunity to study genetic drift in
a small human group. Glass found that the Dunker population differed in a
number of genetic traits from both the modern German and U.S. popula-
tions. Further, the allele frequencies of Germany and the United States were
almost identical, suggesting that other factors such as natural selection were
unlikely. For example, the allele frequencies for the MN blood group were
roughly M � 0.55 and N � 0.45 for both the U.S. and German samples. In
the Dunker population, however, the allele frequencies were M � 0.655 and
N � 0.345. Based on these and additional data, Glass concluded that the ge-
netics of the Dunker population was shaped to a large extent by genetic drift
over two centuries. Although 200 years seems like a long time to you and me,
it is a fraction of an instant in evolutionary time. Genetic drift can clearly
produce rapid changes under the proper circumstances.

Genetic drift in human populations has also been found on Tristan da
Cunha, a small island in the south Atlantic Ocean. In 1816, the English estab-
lished a small garrison on the island. When they left, one man and his wife
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FIGURE 3.7

Allele frequency distributions
for 1,000 computer simulations
of 20 generations of genetic
drift. The distributions show 
the number of times a given
allele frequency was reached
after 20 generations of drift. 
In all cases, the initial allele
frequency was 0.5. Each graph
represents a different value of
population size: (a) � 10, 
(b) � 50, (c) � 100, 
(d) � 1,000.
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remained, to be joined later by a handful of other settlers. Given such a small
number of original settlers, what do you suppose is the probability that the
families represented all the genetic variation present in the population they
came from? The probability would be very low. Genetic drift is often caused
when a small number of founders form a new population; this type of genetic
drift is known as founder effect. An analogy would be a barrel containing
thousands of red and blue beads, mixed in equal proportions. If you reached
into the barrel and randomly pulled out a handful of beads, you might not
get 50 percent red and 50 percent blue. Because of random chance, founders
are not likely to be an exact genetic representation of the original population.
The smaller the number of founders, the greater the deviation will be.

Over time, the population of Tristan da Cunha remained small. The pop-
ulation size was further reduced twice because of emigration and disaster.
Given its initial small population, combined with two further reductions
and a maximum population size less than 300, the island had the opportu-
nity to experience considerable genetic drift. This effect is seen dramatically
through analysis of historical records for the island; for example, it was found
that two of the original founders contributed genetically to more than 29
percent of the 1961 population (Roberts 1968).

Gene Flow

The fourth evolutionary force is gene flow, the movement of alleles from one
population to another. The term migrationis often used to mean the same
thing as gene flow. From a conservative standpoint, however, this is not com-
pletely accurate. Migration refers to the more or less permanent movement of
individuals from one place to another. Why the confusion? After all, excepting
artificial insemination, your alleles do not move unless you do. You can mi-
grate, though, without passing on any alleles. You can also be involved in gene
flow without actually making a permanent move to a new place. In many texts
on microevolution, the terms gene ”owand migrationare used interchangeably.
Keep in mind, however, that there are certain distinctions in the real world.

Genetic Effects of Gene Flow Gene flow involves the movement of alleles
between at least two populations. When gene flow occurs, the two popula-
tions mix genetically and tend to become more similar. Under most condi-
tions, the more the two populations mix, the more similar they will become
genetically (assuming that the two environments are not different enough to
produce different effects of natural selection).

Consider a genetic locus with two alleles, A and a.Assume two popula-
tions, 1 and 2. Now assume that all the alleles in population 1 are A and all
the alleles in population 2 are a.The allele frequencies of these two imagi-
nary populations are:

Population 1 Population 2

Frequency of A � 1.0 Frequency of A � 0.0
Frequency of a � 0.0 Frequency of a � 1.0
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founder effect A type of
genetic drift caused by the
formation of a new popula-
tion by a small number of
individuals.

gene flow A mechanism for
evolutionary change result-
ing from the movement of
genes from one population
to another.

I I I I I I I
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Determinants of Gene Flow The amount of gene flow between human pop-
ulations depends on a variety of environmental and cultural factors. Geo-
graphic distance is a major determinant of migration and gene flow. The
farther two populations are apart geographically, the less likely they are to
exchange mates. Even in the highly mobile modern world, you are more likely
to choose a spouse from nearby than from across the country. Exceptions to
the rule do occur, of course, but the influence of geographic distance is still
very strong.

Studies of migration and gene flow often look at distance between birth-
places or premarital residences of married couples. If, say, you were born in
New York City and your spouse was born in Chicago, the distance between
your birthplaces would be approximately 1,300 km (roughly 800 miles). If
both you and your spouse came from the same neighborhood in the same
city, your marital distance would be close to zero. The relationship between
migration and geographic distance is similar in most human populations
(Relethford 1992). Most marriages take place within a few kilometers, and the
number of marriages quickly decreases as the distance between populations
increases. This indicates that the majority of genes flowing into human popu-
lations come from a local area, and a small proportion from farther distances.

The relationship between the frequency of marriages and geographic dis-
tance is shown in Figure 3.9. This graph presents the results of a historical
study of migration into the town of Leominster, Massachusetts, using mar-
riage records for 1800–1849. A total of 1,602 marriages took place in the pop-
ulation over the 50-year period. Of these, almost half (49.2 percent) were
between a bride and groom who were both native to Leominster. An addi-
tional 16.5 percent of the marriages took place between couples whose pre-
marital residences were between 5 and 10 km (roughly 8–16 miles) apart.
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FIGURE 3.9

Percentage of marriages tak-
ing place at various marital
distances (the distance
between the premarital
residences of bride and
groom) for the town of
Leominster, Massachusetts,
1800–1849. (Source: author’s

unpublished data.)
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Note that the percentage of marriages diminishes quickly after a distance of
5 km. Also note that almost 10 percent of the couples come from distances
greater than 50 km. This type of long-range migration (and gene flow) acts
to keep populations from diverging too much from the rest of the species.

Geographic distance is a major determinant of human migration and
gene flow, but it is not the only one. Ethnic differences also act to limit them.
Most large cities have distinct neighborhoods that correspond to different
ethnic communities. A large proportion of marriages takes place within these
groups because of the common human preference for marrying within one’s
own social and cultural group. Likewise, religious differences act as barriers
to gene flow because many, though not all, people prefer to marry within the
same religion. Social class and educational differences can also limit gene
flow.

Interaction of the Evolutionary Forces

It is convenient to discuss each of the four evolutionary forces separately, but
in reality they act together to produce allele frequency change. Mutation acts
to introduce new genetic variants; natural selection, genetic drift, and gene
flow act to change the frequency of the mutant allele. Sometimes the evolu-
tionary forces act together, and sometimes they act in opposition. Their exact
interaction depends on a variety of factors, such as the biochemical and phys-
ical effects of different alleles, the presence or absence of dominance, popu-
lation size and distribution, and the environment, to name but a few. Many
biological anthropologists attempt to unravel some of these factors in
human population studies.

In general, we look at how natural selection, genetic drift, and gene flow
act to increase or decrease genetic variation within and between groups. (Mu-
tation gets less attention even though it introduces new genetic variants be-
cause the change in allele frequency in one generation is low.) An increase in
variation within a population means that individuals within the population
will be more genetically different from one another. A decrease in variation
within a population means the reverse; individuals will become more simi-
lar to one another genetically. An increase in variation among populations
means that two or more populations will become more different from one
another genetically, and a decrease in variation within populations means
the reverse.

Let us first consider the effects of genetic drift, gene flow, and natural se-
lection on allele frequency variation. Genetic drift tends to remove alleles
from a population and therefore acts to reduce variation within a popula-
tion. On the other hand, because genetic drift is a random event and occurs
independently in different populations, the pattern of genetic drift will tend
to be different on average in different populations. On average, then, genetic
drift will act to increase variation between populations. Gene flow acts to in-
troduce new alleles into a population and can have the effect of increasing
variation within a population. Gene flow also acts to reduce variation be-
tween populations in most cases.
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Natural selection can either increase or decrease variation within a pop-
ulation, depending on the specific type of selection and the initial allele fre-
quencies. Selection against recessive homozygotes, for example, will lead to
the gradual decrease of one allele and consequently reduce variation. Selec-
tion for an advantageous mutation, however, will result in an increase in the
frequency of the mutant and act to increase variation within the population.
Selection can also either increase or decrease variation between populations,
depending on environmental variation. If two populations have similar envi-
ronments, then natural selection will take place in the same way in both
groups and so will act to reduce genetic differences between them. On the
other hand, if the two populations are in different enough environments
that natural selection operates in different ways, then variation between the
populations may be increased. Table 3.6 summarizes the effects of different
evolutionary forces on variation within and among populations.

Different evolutionary forces can produce the same, or opposite, effects.
Different forces can also act in opposition to one another. Genetic drift and
gene flow, for example, have opposite effects on variation within and between
populations. If both of these forces operate at the same time, they can coun-
teract each other.

Several examples will help illustrate the ways in which different evolu-
tionary forces can interact. Consider the forces of mutation and genetic
drift. How might these two forces interact? Mutation acts to change allele
frequency by the introduction of a new allele, whereas genetic drift causes
random fluctuations in allele frequency from one generation to the next. If
both operate at the same time, drift may act to increase or decrease the fre-
quency of the new mutation. Consider what happens when everyone in a
population has two A alleles and there is then a mutation from A to a in
one individual. The person with the mutation can pass on either the A al-
lele or the a allele, each with a 50 percent probability. It is possible that the
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TA B L E  3 . 6 Summary of the Effects of Selection, Drift, and Gene
Flow on Variation within and among Populations

Variation within Variation between 
Evolutionary Force Populations Populations

Selection Increase or decrease Increase or decrease
Genetic drift Decrease Increase
Gene flow Increase Decrease

A decrease in variation within a population makes individuals more similar to one
another, whereas an increase in variation within a population makes individuals
less similar to one another. A decrease in variation among populations makes the
populations more similar to one another, whereas an increase in variation among
populations makes the populations less similar to one another. Note that natural
selection can either increase or decrease variation; the exact effect depends on the
type of selection and on differences in environment (see text).
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new mutant allele will be lost from the population because of random
chance. It is also possible that the frequency of the mutant allele will in-
crease because of random chance. The person with the mutation may pass
the mutant form on to all of his or her children, and each of them might
continue to pass it on to their children.

To give you an idea of how mutation and genetic drift can interact, I per-
formed a simple computer simulation that allowed for a single mutation fol-
lowed by genetic drift. In this simulation, a population size of 10 was used in
which all individuals initially had the same allele. A single mutation event
was then allowed, which meant that the frequency of the mutant allele was
1/20 � 0.05 (1 mutant allele out of all 20 alleles in the population). Genetic
drift was then simulated for 20 generations. This simulation was repeated
1,000 times; the results are shown in Table 3.7.

As expected, genetic drift leads to the loss of the mutant allele most of
the time (in this case, 889 out of 1,000 times). In most of the remaining
cases, however, the frequency of the mutant allele actually increased. In
45 cases, the frequency of the mutant allele was greater than 0.5 after
20 generations. In 5 cases, the mutant allele had become fixed (a frequency
of 100 percent) within the population! Such computer simulations are a bit
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TA B L E  3 . 7 Results of Computer
Simulation of Mutation 
and Genetic Drift

A total of 1,000 independent computer simula-
tions were performed using a population size of
10 individuals with a single initial mutation 
(1 mutant allele out of 20 in the population,
giving an initial allele frequency of 1/20 � 0.05).
Following mutation, the computer simulated
genetic drift for 20 generations. The following
shows the distribution of the frequencies of the
mutant allele after 20 generations (see text).

Final Frequency 
of the Mutant Allele Number of Cases

0.0 889
0.01–0.09 2
0.10–0.19 22
0.20–0.29 11
0.30–0.39 16
0.40–0.49 15
0.50–0.59 9
0.60–0.69 11
0.70–0.79 9
0.80–0.89 9
0.90–0.99 2

1.0 5
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simplistic and somewhat unrealistic, but they do show how two evolution-
ary forces can interact.

Many other possibilities for interaction also exist. For example, natural
selection reduces the frequency of a harmful recessive mutant allele. Gene
flow tends to counter the effects of genetic drift on variation among popula-
tions. Genetic drift can increase the frequency of a harmful allele even if it is
being selected against.

Much of microevolutionary theory deals with the mathematics de-
scribing such interactions. Studies of actual populations must take these
interactions into account and try to control for them in analysis. There
are some basic rules for interpreting genetic variation. If populations are
large, then drift is unlikely to have much of an effect. Gene flow can be
measured to some extent by looking at migration rates to determine how
powerful an effect it would have. Natural selection can be investigated by
looking at patterns of fertility and mortality among different classes of
genotypes.

Imagine that you have visited a population over two generations. You
note that the frequency of a certain allele has changed from 0.4 to 0.5.
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SPECIAL  TOPIC

Tay-Sachs Disease: Genetic Drift or Natural Selection?
Tay-Sachs disease is an example of a lethal recessive
allele—people with two Tay-Sachs alleles generally die
very early in life. As expected, the frequency of this dis-
ease tends to be rather low around the world, affecting
roughly 1 in every 500,000 births. What is unusual about
Tay-Sachs disease is the fact that among Jews of Eastern
European ancestry (Ashkenazi Jews) the rate is much
higher: Tay-Sachs affects roughly 1 in every 2,500 births
in these populations (Molnar 1998). The occurrence of
Tay-Sachs is also high in some other human populations.

What might be responsible for higher frequencies of
a lethal allele in certain populations? Is it something
related to their history, their environment, or some com-
plex set of factors? One suggestion is genetic drift. Jewish
populations have tended to be rather small and isolated,
factors that increase the likelihood of genetic drift.
Although selection acts to reduce the frequency of the
allele, the random nature of genetic drift might have
caused an increase relative to larger populations, which
experienced less genetic drift.

Closer examination, however, argues against the
genetic drift hypothesis. Tay-Sachs disease is not due to a
specific mutant allele but actually can arise from several
different mutations. All of these mutant alleles have
elevated frequencies in Ashkenazi populations. It seems

unlikely that all of these mutant forms would drift to
higher frequencies (Marks 1995).

What else could be responsible for the elevated fre-
quency of Tay-Sachs disease? Some evidence suggests that
people who carry one Tay-Sachs allele (heterozygotes)
have increased resistance to tuberculosis. If so, then the
heterozygotes would have greater fitness than either the
normal homozygote (who would be more susceptible to
tuberculosis) or those homozygous for the Tay-Sachs
allele (who have zero fitness). This is a case of balancing
selection and, as discussed in the text, would lead to a
balance in allele frequencies.

However, why would this type of selection take place
only among the Ashkenazi? Cultural and historical data
provide a possible answer. Due to discrimination, the
Jewish populations of Eastern Europe were frequently
isolated into overcrowded ghettos under conditions that
would increase the threat of tuberculosis (Marks 1995).

The tuberculosis hypothesis is just that—a possible
explanation that remains to be fully tested. If correct, it
provides us with yet another example of the compromises
that occur during evolution. There is no “perfect” geno-
type. Everything has a price in terms of fitness, and nat-
ural selection often reflects this balance between cost and
benefit.
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of allele frequency change. If, for example, there is selection against a ho-
mozygote, then inbreeding will produce more homozygotes to be selected
against, and the rate of selection will change.

Assortative mating is another form of nonrandom mating. With this
type of mating, individuals choose mates who are biologically similar to
themselves. Humans typically choose mates similar to themselves on a vari-
ety of social and biological traits (Buss 1985). A typical example is assortative
mating for skin color; on average, people tend to choose mates with similar
skin color. Evolutionarily, the effect is the same as for inbreeding—genotype
frequencies are changed, but not allele frequencies.

Summary

The study of microevolution looks at changes in the frequencies of alleles
from one generation to the next. Such analyses allow detailed examination
of the factors that can alter allele frequencies in the short term and also pro-
vide us with inferences about long-term patterns of evolution. Changes in al-
lele frequencies stem from four evolutionary forces: mutation, natural
selection, genetic drift, and gene flow.

Mutation is the ultimate source of all genetic variation, but it occurs
at low enough rates that additional factors are needed to explain polymor-
phic frequencies (whereby two or more alleles have frequencies greater
than 0.01). The other three evolutionary forces are responsible for increas-
ing or decreasing the frequency of a mutant allele. Natural selection
changes allele frequencies through the process of differential survival and
reproduction of individuals having certain genotypes. Genetic drift, the
random change in allele frequencies from one generation to the next, has
the greatest effect in small populations. Gene flow, the movement of al-
leles between populations, acts to reduce genetic differences between dif-
ferent groups.

The rate of allele frequency change is affected by nonrandom mating
patterns such as inbreeding and assortative mating. The allele frequencies do
not change, but the genotype frequencies are affected. More homozygotes
occur than expected from random mating, which can result in more rapid
change in allele frequencies because of natural selection.

Supplemental Readings

Gillespie, J. H. 2004. Population Genetics: A Concise Guide,2d ed. Baltimore: Johns Hopkins
University Press.

Hartl, D. L. 2000. A Primer of Population Genetics,3d ed. Sunderland, Mass.: Sinauer. Two
good short introductions to population genetics with a minimum of mathematical
background needed (basic algebra).

Hartl, D. L., and A. G. Clark. 1997. Principles of Population Genetics,3d ed. Sunderland,
Mass.: Sinauer.

Hedrick, P. W. 2005. Genetics of Populations,3d ed. Sudbury, Mass.: Jones and Bartlett. Two
more comprehensive and advanced treatments of population genetics.
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VIRTUAL EXPLORATIONS

Visit our textbook-specific online learning center Web site at
www.mhhe.com/relethford7 to access the exercises that follow.

1. The Hardy-Weinberg Equilibrium Model http://anthro.
palomar. edu/synthetic/synth_2.htm. “The Hardy-Weinberg Equi-
librium Model” part of the larger “Synthetic Theory of Evolution”
(Dr. Dennis O’Neil’s Web site Behavioral Sciences Department,
Palomar College) provides an excellent introduction and foundation
in explaining both the theory of evolution in general and the Hardy-
Weinberg model specifically.

Read through the text. Click on the “Sample Problem” link
http://anthro.palomar.edu/synthetic/sample.htm, which covers 
“Albinism.”

■ Were you able to follow the formula through the various steps?
■ Has this helped clarify the theory for you?
■ Why are there more carriers of this trait than albinos?
■ Return to the earlier link and re-read the description of Hardy-

Weinberg if not.

2. Natural Selection: Modes of Selection http://www.evotutor.org/
Selection/Sl5A.html. Visit the EvoTutor simulation Web site,
“Natural Selection: Modes of Selection.” If you do not see a diagram
on the right-hand side, click the apple in the upper right corner to
open an applet window.

Read through the three general modes of selection in a population.
Check “Frequency” at the top of the diagram. Check “Directional se-
lection” at the bottom of the diagram. Now run the simulator for
mean color in a population.

■ What happens to the color frequencies in the population?
■ Now run the simulator for both “Stabilizing selection” and

“Disruptive selection.”
■ How do these results differ from each other? How are they differ-

ent from the results of “Directional selection”?
■ Which selection mode plays the greatest role in speciation?

Check “Histogram” at the top of the diagram and run each simula-
tion again to see a different way of visualizing natural selection oper-
ating on a population.

3. The Micro Evolution Program: Allele Frequency Exercise This
exercise requires the Micro Evolution Program by John Releth-
ford. You will find the link on the home page for your book
(http://highered.mcgraw-hill.com/sites/0072963816/student_
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view0/micro_evolution_program.html) under Course-wide Content.
Download the program (1.4 megabytes).

Plot the natural selection curve for a population using the Natural
Selection function button. Assume your initial allele frequency is 0.5
(50/50 ratio of recessive to dominant alleles). Plot for q,which is the
frequency of a,the recessive allele.
Assume that natural selection is operating against the recessive ho-
mozygote (aa). This means that the fitness values are AA �100, Aa�
100, aa� 0.

■ What pattern does the recessive allele frequency (q) show after
100 generations? Why? What disease is an example of this selec-
tive force?

■ Now assume that natural selection is operating against the domi-
nant allele (A). Also assume that partial selection is at work, so
that the fitness values are AA �50, Aa� 50, aa� 100.

■ What pattern does the recessive allele frequency (q) show after 100
generations? Why? Now plot for the dominant allele frequency (p).
What pattern does the dominant allele frequency show after 100
generations? Why? What disease is an example of this selective
force?

4. The Micro Evolution Program: Genetic Drift-Multiple Groups
Exercise This exploration uses the Micro Evolution Program by John
Relethford (see above). Experiment with the Genetic Drift-Multiple
Groups plotting function.

Plot the allele frequency over time (p), using a small population size,
such as 2 or 5 individuals. Try it several times, using a different num-
ber of populations (2–6). What happens to the allele frequency?
Now plot the allele frequency with a large population size, such as 100
or 200. Try it several times, using a different number of populations.

■ What happens to the allele frequency?
■ Is genetic drift operating equally on small and large populations?

Is the allele ever lost completely?
■ Come up with a scenario where an allele might be lost from an ac-

tual population. Under what circumstances could this take place?
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