
Small Populations: 
Inbreeding
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Inbreeding

• Mating between related individuals
• Individual instances

• generally outbreeding population; one-off 
matings of related individuals

• Regular systems of inbreeding
• e.g. creating recombinant inbred lines

• Local breeding structures
• e.g. based on proximity; assortative mating

• Overall relatedness within small 
populations
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Common misperception

• Inbreeding leads to departures from 
Hardy-Weinberg equilibrium genotype 
frequencies.
• Not necessarily true.

• (And: departures from H-W genotype 
frequencies lead to an excess of 
homozygotes, uncovering rare recessive 
alleles. This can be true, but not necessarily 
a function of inbreeding per se).
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The actual problem

• In smaller populations, drift is a stronger 
force than selection – deleterious alleles can 
increase in frequency.

* The frequency of a homozygous genotype 
increases as the allele frequency increases.
• Recessive deleterious alleles are uncovered.

• Also … allele frequencies depend on 
population sizes.
• If a population contains 20 diploid individuals, 

the rarest allele has a frequency of 1/40.
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H-W genotype frequencies
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Small population sizes

• Rare alleles can become common via 
drift.

• Deleterious homozygous genotypes 
become more likely.

• Increase in relatedness between 
individuals is also a consequence of 
small population sizes.
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Inbreeding

• Individuals in the population tend to 
carry more and more alleles that are 
identical by descent (IBD).
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Identity by Descent (IBD)

• Alleles that derive from a common 
ancestral allele are IBD.
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Inbreeding Coefficient

• Measure inbreeding via the Inbreeding 
Coefficient:

Ft = Pr (2 alleles w/in an individual at a

locus are IBD)
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Inbreeding coefficient in gen t+1

• Generating inbreeding:  Ft+1

Sample the first allele, then …

• this allele is sampled again (new 
inbreeding in gen t+1)

or 

• a second allele is sampled, but it was 
already IBD with the first allele at gen t 
(old inbreeding)
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Inbreeding coefficient in gen t+1

• 𝐹𝑡+1 =
1

2𝑁
+ (1 −

1

2𝑁
)𝐹𝑡

• If F0 = 0, then:

𝐹𝑡 = 1 − (1 −
1

2𝑁
)𝑡
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Inbreeding Coefficient

• Increases over time as alleles in a 
population are lost to drift.

• Eventually, one allele will become 
fixed in a population …

• Ft = Pr (2 alleles w/in an individual at a 

locus are IBD)  1.
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Inbreeding exercise

• statgen.ncsu.edu/dahlia/inbreeding
• [click on ‘go’]

• Simulates a small population over time.

• First value in each row is the generation 
number, starting at zero.

• Next are the genotypes of the thirteen 
individuals in the population.
• [how many alleles are there at this locus?]
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• Successive generations are simulated 
until only two alleles are left in the pop.
• How many generations did this take?

• Will this be the same every time the 
simulation is run?  Why or why not?

• What are your expectations for the 
inbreeding coefficient of this population 
at this point?

• What are your expectations for 
genotype frequencies at this point?
• Do you expect H-W genotype frequencies 

in this population?
14



• What information does the second-to-
last column (next to the genos) provide?
• Can this number increase between 

generations?  Why or why not?

• What information does the final column 
provide?
• Does this value always decrease over 

time? Why or why not?

• At the bottom of the page, a c2 statistic 
is given. The null hypothesis tested is: 
“H0: genotype frequencies follow H-W 
expectations.” What results do you get?
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Some take-home messages

• Small populations are affected strongly 
by drift.

• Alleles will be lost over time.
• Which alleles are lost is random.

• The inbreeding coefficient increases 
over time as alleles are lost.

• We still may expect to find H-W 
genotype frequencies in the population.

* Genetic variation is reduced over time.
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Inbreeding 
Depression
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Fragmented 
Populations
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Fragmented populations

• Large natural population with gene 
flow across the population is 
fragmented into a number of smaller 
populations.
• Habitat destruction; creation of man-made 

barriers; alteration of landscapes.

• What are the consequences?
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Fragmented populations

• The smaller subpopulations are more 
susceptible to the forces of drift …
• drift acts more quickly within smaller sub-

populations than it did in the larger 
original population.

• Variation will be lost in subpopulations.

• Sub-populations will start to diverge.
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Fragmentation exercise

• Can we measure the amount of 
divergence between subpopulations?

• Run the inbreeding tool a few (say 5-6) 
times.

• Consider each simulation to be one 
subpopulation from a historically larger, 
now fragmented population.
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Exercise

• Extreme case: no migration between 
subpopulations.

• Assume random mating within 
subpopulations
• can relax this assumption later.

• Consider the conglomeration of all the 
subpopulations to be the total 
population.
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• Consider the conglomeration of all the 
subpopulations to be the total 
population.
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• Consider the conglomeration of all the 
subpopulations to be the total 
population.
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• Consider the conglomeration of all the 
subpopulations to be the total 
population.

• These individuals don’t cross-breed: 
you simply collect individuals and call 
the collection the “total population.”

(Each one on its own is a subpopulation)
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Fragmentation exercise

• Run the inbreeding tool a few (say 5-6) 
times.

• For each run, pay attention to the 
amount of genetic variation you see 
within subpopulations in the first few 
generations versus the last few 
generations:
• how many different alleles there are and 

the proportion of heterozygous genotypes.
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Fragmentation exercise

• For the conglomerate total population, 
in which generations (first few or final 
few) does substantial genetic variation 
exist within subpopulations?

• For which generations does genetic 
variation exist mainly across the total 
population (rather than appearing 
within subpopulations)?
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Wright’s F statistics

• FST is the most commonly used.

• Measure of divergence between 
fragmented subpopulations.
• Expected to be between 0 and 1.

• Larger values indicate higher divergence of 
subpopulations.

• When subpopulations are highly 
diverged, most of the genetic variation 
exists at the level of the total population
• not within subpopulations.
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Interpreting FST

• Measure of variances of allele 
frequencies within subpopulations …

• For k subpopulations, have k allele 
frequencies (for a given allele), p1, …, pk.

• If the allele frequencies are very different 
between subpopulations, FST is large.
• populations have diverged substantially.
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Interpreting FST

• Measure of variances of allele 
frequencies within subpopulations …

• For k sub-populations, have k allele 
frequencies (for a given allele), p1, …, pk.

• If the allele frequencies are very similar 
between subpopulations, FST is small.
• populations have not diverged substantially.
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Early in the process (before much time has passed 
after fragmentation), the subpopulations’ genetic 
composition will be similar to each other. Allele 
frequencies will be similar (variance will be low). 32
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Later in the process, genetic variation will start to be 
lost within the individual subpopulations. Which 
alleles become rarer in each subpopulation is random. 
Variation in p gets larger. 33
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Another way to interpret FST

• If there is random mating (or close to it) 
in the subpopulations, we expect to find 
H-W genotype frequencies within the 
subpopulations.

• But, alleles are being fixed and lost 
within these subpopulations, so allele 
frequencies are going to their extremes.
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H-W genotype frequencies

35

p in one sub-

pop might be 

here …

… and in 

another one p 

might be here.

A is common in this sub-pop, 

so AA is also common.

A is rarer in this sub-pop, so 

AA is also rarer.

(p was highly similar in both sub-populations at the time of fragmentation) 



FST

• What does the heterozygosity/ 
homozygosity of the total population 
look like?
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Heterozygosity in the total pop

• Consider a locus with two alleles, A
and a.
• Let’s assume a copy of A and a copy of a

cannot be IBD.

• So, heterozygous genotypes cannot 
contain alleles that are IBD.

• What’s the frequency of the Aa
genotype in the total population?
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Heterozygosity in the total pop

• PAa = Pr (chose two alleles from the

population that are not IBD) x

Pr (one of them is an A allele) x

Pr (one of them is an a allele)

• PAa = (1 – F) 2ptotqtot

F = Fixation index = Pr (two randomly 
chosen alleles from a population are IBD)
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Homozygous frequencies

• PAA = Pr (chose two alleles not IBD) x

Pr (both of them are A) +

Pr (chose two alleles that are IBD)

Pr (they are an A allele)

• PAA = (1 – F) p2
tot + F ptot

• PAA = p2
tot + F ptotqtot
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In the total population

• PAA = p2
tot + F ptotqtot

• PAa = 2ptotqtot – F 2ptotqtot

• Paa = q2
tot + F ptotqtot
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In the total population

• PAA = p2
tot + F ptotqtot

• PAa = 2ptotqtot – F 2ptotqtot

• Paa = q2
tot + F ptotqtot
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In the total population

• PAA = p2
tot + F ptotqtot

• PAa = 2ptotqtot – F 2ptotqtot

• Paa = q2
tot + F ptotqtot
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Interpreting FST

• When considering a fragmented 
population, the Fixation index for the 
total population is Wright’s FST

• Using the heterozygosity of the total 
population:

PAa = 2pq – FST 2pq

FST = 
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Interpreting FST

• FST = 

• 2pq is the heterozygosity expected if 
there is random mating across the total 
population (no fragmentation).

• PAa is the actual heterozygosity of the 
total population.
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Wright’s F statistics

• Subscripts indicate the level of the 
population structure from which alleles are 
being drawn.

• FST (the most commonly used)
• “ST” – IBD of alleles w/in Subpopulations with respect 

to the Total population.

• FIT
• “IT” – alleles w/in Individuals wrt the Total population.

• FIS
• “IS” – alleles w/in Individuals wrt the Subpopulation.
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FIT

• This is an inbreeding coefficient.

• FIT = Pr (two alleles within an individual 
are IBD wrt the total population)

• Sample an individual from the total 
population, examine the two alleles that 
individual carries at a locus.

• Relevant allele frequencies are ptot, qtot.

• If there is random mating within 
subpopulations, FIT = FST.
• (under random mating it is equivalent to sample 

two alleles from a subpopulation or two alleles 
within an individual in a subpop)
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FIS

• This is an inbreeding coefficient.

• FIS = Pr (two alleles within an individual 
are IBD wrt the subpopulation)

• Sample an individual from one 
subpopulation, examine the two alleles that 
individual carries at a locus.

• Relevant allele freqs are psubpop(i), qsubpop(i).

• If there is random mating within 
subpopulations, FIS = 0.
• IBD is only considered wrt the previous 

generation, not further back in time.
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Other measures

• GST

• Extension of Wrights’s F Statistics theory 
to multiple alleles
• e.g. microsatellites

• FST

• Equation structurally similar to FST, but 
using nucleotide diversity measures in 
place of heterozygosity measures.
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Hawaiian Petrel
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• Based on a small number of markers, the authors 
estimated FST between Galapagos and Hawaiian 
petrels to be 1. Their conclusion is that these should 
be treated as different species of petrels. 



Sierra Nevada Red Fox

• Native range being infiltrated by exotic 
populations.
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Sierra Nevada Red Fox

• Native and exotic populations appear to remain 
distinct, and native populations are not highly 
diverged from one another.
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Genetic rescue

• Populations with historically large 
habitat ranges now existing in smaller 
fragmented populations may benefit 
from crossing between populations.
• Artificially manage gene flow between 

subpopulations.

• Has the potential to counter inbreeding 
depression within populations.
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Rocky Mountain Bighorn Sheep
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Rocky Mountain Bighorn Sheep

• Population established on the National 
Bison Range in Montana in 1922
• isolated until 1985

• In 1985, animals derived from two 
outbred herds were introduced.

• Analysis of data collected from 1979-
2003 (Hogg, et al. 2006, PNAS 273:1491-1499)

• Reported a net positive effect of outbreeding in 
both males and females for a number of traits 
observed, including major components of fitness.
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Outbreeding depression

• If populations are highly adapted to 
their local environment, bringing in 
non-beneficial genetic variants may 
reduce fitness of the population.

• If populations are substantially 
diverged, hybrid incompatibility may 
occur.

• Small number of published examples.
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Arabian Oryx
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Arabian Oryx

• Original habitat extended across the Arabian 
peninsula.

• Hunting led to severe decline of natural 
population.

• Extinction in the wild in 1972.

• Captive breeding in zoos in the 1960s
• animals had been collected from various diverse 

locations.

• Reintroduction of animals to the wild 
beginning in the 1980s.
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Arabian Oryx

• Analysis of juvenile mortality was 
performed over the next few years
• Marshall & Spalton, Animal Conservation (2000) 3:241–248.

• Conclusions were that the reintroduced 
population suffered both inbreeding and 
outbreeding depression
• Juvenile mortality was associated with 

both high levels of inbreeding and with 
high levels of heterozygosity.
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Genetic rescue vs outbreeding 
depression
• Published examples of inbreeding depression are 

numerous.

• Many experiments have demonstrated the ability to 
reverse inbreeding depression.

• Only a handful of published cases of genetic rescue for 
conservation purposes exist.

• Few examples of outbreeding depression in natural 
populations have been published.

• Methods to predict outbreeding depression have 
been developed (e.g. Frankham, Molec. Ecol. 2015)

• Expectation is that natural selection will ultimately 
overcome outbreeding depression.
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