
Genetics of small and 
 fragmented populations. 



GENETIC diversity and EVOLUTIONARY POTENTIAL 



THE EFFECTIVE POPULATION SIZE 

Ne  



Census population size (Nc) = 12 

Nc = Ne If mating is at random and 
every individual has the same 
chance to mate. 

If NOT, allele frequencies can vary! 



The census population size (Nc) fluctuates over time … 
… and allele frequencies are affected by the changes in population size …  
… in particular, by the number of breeders contributing to the next generation. 

Ne is the effective number of breeders (individuals that successfully mate) 

Ne << Nc Ne < Nc 

Ne largely 
determines the 

AMOUNT OF 
GENETIC 

VARIABILITY  
that can be 

maintained in a 
population  

Effective population size (Ne ) 



Effective population size (Ne ) and genetic drift 

Genetic drift is the change in allele frequencies in a population due to 
random sampling 

• Population bottleneck occurs when 
a population size is drastically 
reduced due to environmental 
events. 

• Founder effect occurs when a new 
population is established by a very small 
number of individuals from a larger 
population. 



Nc = 12 

Effective population size (Ne ) and genetic drift 

Genetic drift is the change in allele frequencies in a population due to 
random sampling 



Effective population size (Ne ) and genetic drift 

Nc = 12 Ne = 4 p = 0.5 

Genetic drift is the change in allele frequencies in a population due to 
random sampling 



Effective population size (Ne ) and genetic drift 

Nc = 8 Ne = 4 p = 0.5 

Genetic drift is the change in allele frequencies in a population due to 
random sampling 



Effective population size (Ne ) and genetic drift 

Nc = 12 Ne = 4 p = 0.5 

Genetic drift is the change in allele frequencies in a population due to 
random sampling 



Effective population size (Ne ) and genetic drift 

Nc = 8 Ne = 0 p = 0.0 

Genetic drift is the change in allele frequencies in a population due to 
random sampling 



Effective population size (Ne ) and genetic drift 

Nc = 8 Ne = 0 p = 0.0 

Genetic drift have a strong impact on the effective population 
size and, consequently, on allele frequencies in next generation 

Genetic drift is the change in allele frequencies in a population due to 
random sampling 

In other terms, if you want to relate the change in allele frequencies 
with population size, you have to refer to Ne 



The Ne of a population reflects the rate at which genetic diversity 
will be lost randomly following genetic drift. 

Low Ne (=20) 
Fast rate of loss of diversity 

High Ne  (= 100) 

Slow rate of loss of diversity 

This rate is inversely proportional to Ne 

Effective population size (Ne ) and genetic drift 



Ht /H0 = (1-1/2Ne)t 

“Starting” expected 
heterozygosity 

“Final” expected 
heterozygosity 

Time expressed as n° of generations 

Effective population size (Ne ) and genetic drift 

Ne and He are related! 

Proportion  
of heterozygosity 
retained after  
t generations 

1 = (1-1/2Ne)t 

The extreme case… 

∞ 



Effective population size (Ne ) and genetic drift 



Effective population size (Ne ) and genetic drift 



Ne and population size fluctuations 

Population size fluctuates in wild populations as a consequence of variation in food 
availability, climatic conditions, disease epidemics, catastrophes, predation, etc. 

Ne in a fluctuating population is 
the harmonic mean of the 
effective population sizes over t 
generation: 

Ne  
fluctuating 

pop. 

n° of generations 

Ne at generation i 

“The long-term Ne  is closest to the smallest single generation Ne”  



Ne and population size fluctuations - example 

100.000 100.000 

20 

time (t) 
Northern elephant seal 

Ne 



Ne and unequal sex ratio 

Sex-ratios among breeders often deviate from equality. There is typically an excess 
of females in mammals and a defiency in birds (Donald 2007): 
 
• Polygyny: one male mates with many females (harem). 
• Polyandry: one female mates with many males.  

Ne accounting for unequal sex-ratio: 

n° of breeding 
females 

n° of breeding 
males 

“Unequal sex-ratio causes Ne to be smaller”  



Ne and unequal sex ratio - example 

Northern elephant seal 



Effective population size (Ne )  

Summary 

• Ne is the number of breeders in a population. 
• Ne reflects the rate of loss of heterozygosity due to 
   genetic drift. 

Definition of Ne : thinking like a population genetist! 

• Ne is the size of an ideal Wright-Fisher population 
that maintains as much genetic variation (or 
experiences as much genetic drift) as an actual 
population regardless of the census size. 



Definition of Ne : thinking like a population genetist! 
“Ne is the size of an ideal Wright-Fisher population that maintains as much genetic variation 
(or experiences as much genetic drift) as an actual population regardless of the census size.” 

Wright-Fisher population model 

The Wright–Fisher population is a simplification of the biological life 
cycle of a population and it is used to model genetic drift.  

It makes assumptions identical to Hardy–Weinberg. In addition, it 
assumes that generations do not overlap and that each generation 
is founded by sampling gametes from an infinite pool of gametes. 



“inbreeding occurs when mating with relatives is 
more frequent than with randomly chosen 

individuals” 

 
This may happen because of a: 

 
• small population size 

• population subdivision due to restricted 
migration (Wahlund’s effect) 

Departure from NON-RANDOM MATING: 
INBREEDING 



Inbreeding consequences 



MEASURING INBREEDING AND GENETIC 
DIFFERENTIATION AMONG POPULATIONS 

 

F-statistics (Wright 1951) 



FIS 

the ‘inbreeding 
coefficient’ 



Inbreeding coefficient FIS 

FIS = He – Ho 

He 

If mating (non-random!) occurs more frequently among close 
relatives, Ho decreases more than the expected He 

Measure the reduction in heterozygosis due to  
non-random mating within a population. 

If Ho = He then FIS = 0 Population is in HWE, no inbreeding at all  

If Ho = 0 then FIS = 1 All individuals are homozygotes 
(inbreeding!)  



H0 = 1/10 = 0.1 

He = 2pq = 2 x 0.55 x 0.45 = 0.5  

FIS =  (0.5 - 0.1)/0.5 = 0.8 

Strong inbreeding! 

Computing the inbreeding coefficient FIS 

Too many homozygotes (more than expected!) 



Relation between FIS and Ne  

Small populations become inbred more rapidly than large populations, often leading 
to inbreeding depression. After 50 generations, Fis =0.70 for an effective population 

size of 20 individuals, while Fis =0.05 for a population of 500 individuals. 

FIS = 
e 



Inbreeding depression 

Inbreeding depression is the reduced fitness in a population  
because of genetic inbreeding 

Keller & Waller 2002  

If FIS is high...  

• Dominance: favoured alleles at a locus are usually dominant and deleterious alleles 

have been maintained within population because recessive (in heterozygotes!)  

 
• Overdominance (or heterozygote advantage): heterozygous 

individuals have a higher fitness than homozygotes 



Genetic purging 

Inbreeding does not automatically leads to inbreeding depression!!! 

High inbreeding leads to high homozygosity of recessive deleterious alleles… 

… deleterious traits are expressed and removed by selection (PURGING)  

Elaphurus davidianus : N =18 (Woburn Abbey) Acinonyx jubatus: historical low diversity! 

Bottleneck 10.000 years ago! 



Genetic rescue 

Migrants are translocated from one population to another… 

… and they introduce new alleles into the recipient population… 

… if this results in a reduction of inbreeding depression:  

GENETIC RESCUE (Thrall et al., 1998) 



Vila et al., 2002  

• An isolated wolf pack in southern 
Scandinavia, 900 km far from known 
packs in Finland and Russia. 
 
• less than 10 individuals in 1980s … 
(same mtDNA and Y!) 
 
• in 1991 population started to grow …  
(a new Y haplotype!) 
 
• in 2001 this population expanded to 
100 individuals in 10-11 packs ! 

Genetic rescue – the scandinavian wolves example 

Mean H = 0.49  

Mean H = 0.62 



Genetic rescue – the scandinavian wolves example 

The genetic variability (19 microsatellite loci) in contemporary 
southern scandinivian wolves is lower than that estimated in 
eastern (from Finland and Russia) and in historical wolves (teeth 
from museum specimens 1829-1965) 
 
… if population countinues to grow or to receive immigrants it 
would be possible to restore the “historical” genetic diversity… 



Outbreeding depression 

Outbreeding depression occurs when genetically dissimilar individuals 
inter-breed and the fitness value of their offspring is lower that those 
of either parents. 

• Loss of locally adapted genotypes: hybrid offspring will contain a 

“mixture” of alleles that may not be well suited to either environments. 

 
• Loss of positive EPISTATIC interactions: if co-adapted gene complex 

are broken up through recombination then outbreeding depression may result. 



FST 

the ‘fixation index’ 



Quantifying population subdivision: FIXATION INDEX  (FST) 

HS = mean expected heterozygosity in 
sub-populations 

HT = expected heterozygosity in total 
population FST = HT - HS 

HT 

Measure the mean reduction in heterozygosis of a sub-population 
relative to the total population due to genetic drift. 

It is a measure of the extent of genetic differentiation among sub-populations 

If HT = HS then FST = 0 No differentiation among sub-populations 

If HS = 0 then FST = 1 Complete differentiation 

Total population 

Sub-population 1 
Sub-population 2 



FIXATION INDEX  FST – Extreme examples 

He = 0 He = 0 

HS = (0+0) / 2 = 0  

p  = 1 p  = 0 

HT = 2 x 0.5 x 0.5  = 0.5   He in total pop. 

= (0.5-0.0)/0.5 = 1  

He = 0.455 He = 0.455 

HS = (0.455+0.455) / 2 = 0.455  

p  = 0.65 p  = 0.65 

HT  = 2 x 0.65 x 0.35  = 0.455 

= (0.455-0.455)/0.455 = 0  

100% of the total variation is between populations,  
with zero variation within populations 

0% of the total genetic variation is between populations,  
with all variation within populations 

mean He in sub-
populations 

FST = HT - HS

HT

FST = HT - HS

HT



He = 0.495 He = 0.320 

HS = (0.495+0.320) / 2 = 0.407  

p  = 0.55 p  = 0.10 

p = 0.325 

HT = 0.438  

= (0.438-0.407)/0.438 = 0.07  

7% of the total genetic variation  
is distributed between sub-
populations, with 93% of variation 
within sub-populations 

FIXATION INDEX  FST – Example 

FST = HT - HS

HT



FIXATION INDEX  (FST) for haploid data  
It is based on haplotype diversity (H): ( = He at the haplotype level!) 

n° of haplotypes 

frequency of ith haplotype  

FST = HT - HS 

HT 

Mean haplotype diversity in tot. pop.  

Mean haplotype diversity in sub-pop.  

Measure the mean reduction in haplotype diversity of a  
sub-population relative to the total population due to genetic drift. 

Do you 

remember? 



It is based on nucleotide diversity (H): ( = He at the nucleotide level!) 

frequency of haplotype  i and j 

Genetic distance  
between haplotype   

i and j 

FST = πT - πS 

πT 

Mean nucleotide div. in tot. pop.  

Mean nucleotide div. in sub-pop.  

Measure the mean reduction in nucleotide diversity of a sub-
population relative to the total population due to genetic drift. 

φST 

We are adding information (genetic distances) in Fst computation respect than using 
haplotype frequencies only! We are using different properties of our data! 

FIXATION INDEX  (FST) for haploid data  

Do you 

remember? 



Are two (or more) populations differentiated based on FST ?  

Fst has a theoretical range of 0-1., but the maximum is usually much less than 1.0.  

Wright (1978) suggested some qualitative guidelines for the interpretation of Fst: 

 

• 0.0-0.05 may be considered as indicating little genetic differentiation 

• 0.05-0.15 indicates moderate genetic differentiation 

• 0.15-0.25 indicates great genetic differentiation 

• Fst values above 0.25 indicate very great genetic differentiation. 



Hou and Lou 2011 

FST  and isolation by distance - Rhodiola dumulosa 



Holderegger et al. 2010 

Landscape genetics 



FST 

Ne 

He 



How can FST inform us about gene flow 

Drift and 
migration  

(gene flow)  
are opposite 

forces 



Assumptions: 
 
• Drift vs. migration equilibrium 
 
• “island model”: each population 

receives and gives migrants to each of 
the other populations at the same rate 
m. Each population is composed of the 
same number of individuals, Ne.  

How can FST inform us about gene flow 

m is the 
migration 

rate 

e 

Actual n° of 
migrants 



F-statistics  

Summary 

• FIS measures the inbreeding level of a population 
and inform us about violation of HWE assumptions 
 
• FIS is inversely related to Ne 

 

• FST measures the level of genetic differentiation 
among populations due to restricted gene flow 
 
• FST  , under the “island model”, can give us (with Ne) 
some more information about gene flow (e.g., the 
actual number of migrants and population divergence 
time) 



http://biology-assets.anu.edu.au/GenAlEx/Download.html 


