
Speciation in spatially extended 
populations 



Allopatry: the basic mechanism of speciation: 

Geographic isolation leads to Reproductive isolation. 



Classic example: Darwin finches on the Galápagos islands 

T=ground, A=tree, V=vegetarian, C=singer 

Sato et al, PNAS 1998 



Another example: Cichlid fishes in lake Victoria (Tanzania, Africa) 

There are approximately 400 species of cichlids with a 
common ancestral that lived only 14 thousand years ago. 
 
Super fast speciation. 
No geographic barriers. 
No evidence of strong competition. 



Geography and Genetics work together in Evolution 

Dramatic examples of their intertwined roles are provides by RING SPECIES, 
 
where the population is restricted by partial geographic barriers  
 



Greenish Warblers Birds in the Tibetan Plateau  



Salamander, Ensatina (California) 



Hering Gull (polar circle) 



Euphrobia Tithymaloides  (plant)  



Trumpetfish around the world 



Summary 

 
•  Speciation without barriers 
 
•  Partial barriers and Ring species  

•  Future directions 



1. Speciation without barriers  
 



 
a)  finite population with initially identical individuals randomly distributed in space 

L periodic boundary conditions 

L 



 
b)  haploid and hemafroditic individuals with genome represented by a 

sequence of B loci with two alleles  
 
 



 
(c)   sexual reproduction occurs only if: 
 

•  individuals are not too different genetically (G) 
 
•  individuals are not too distant from each other (S) 

 
 

Genetic distance: 

0 + 1 + 0 + ... + 

- 

= 

… 

0 + 1 + 1  = 12 



(c)   sexual reproduction with recombination and mutation occurs if: 
 

•  individuals are not too different genetically (G) 
 
•  individuals are not too distant from each other (S) 

 
 

0 0 0 0 0 0 1 1 1 1 

S 

1 0 0 0 1 0 1 1 0 1 

< G 



Recombination and Mutation 
         (diploid phase) 

S = spatial restriction on mating 
 
G = genetic restriction on mating 
 
µ = mutation rate 
 



 
(d) The total number of individuals in the population is kept constant. 
 
 
 
 
(e) Initial condition: population of genetically identical individuals 
 
 
 0 0 0 0 0 0 0 0 0 0 



 
(f)  at each generation every individual tries to reproduce, but there is a 

probability Q that it will not make it. In this case a neighbor is chosen 
to reproduce in its place. The total number of individuals in the 
population is kept constant. 

(g) Offspring can be placed exactly at position of the dying individual with 
probability (1-D) or somewhere nearby with probability D. 

 
 
 



Time Evolution Measured in Number of Generations 

S=6  G=20  L=128  N=2000 
Q=0.3   µ=0.001   D=0.01 



Number of Species as a function of time 





Genetic distance from individuals of the same species 
as measured from the center of population 





red circles 
trees (BCI) 
 
black points 
G=20  S=5 
 

Trees in Panama Tropical Forest (BCI) 



red - trees in Panama 



2. Partial barriers and Ring Species 

Ayana B. Martins IB-USP 
Yaneer Bar-Yam – NECSI – Boston 
Marcus A.M. de Aguiar 



Greenish Warblers Birds in the Tibetan Plateau  

Irwin et al 
Science (2005) 

Genetic distances and 
geographic distances are 
strongly correlated. 
 
We conclude that there is  
no break in gene flow 
through the ring of 
populations. 
 
Genetic continuum seems 
to be unstable and ring  
might soon break down into 
separate species. 



N=4000   S=8   G=20   L=128   Q=0.3   D=0.01 















Principal Component Analysis 





Darwin’s tree: 
 

a PCA representation 
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Theory 

Simplifications: 

•  population is fully mixed (no space) 

•  populations is very large 

•  recombination gene by gene 

•  compute the frequency of each genotype  



Notation: 
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frequency of genotype i in the population at time t is  pt
i 



The general form of evolution equations is 
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where cµ is the probability that parents with genomes i’ and i’’ will give 
rise to an offspring i if the mutation rate is µ.	


	


Calculate cµ looking at one gene at a time. Let us forget about the 
 
restriction                           for now. 
 
 
There are 3 cases: 

Gjid ≤),(







It can be checked that: 
 
α + β + γ = B 

and 



The equation becomes: 

with 

[ ]

1
2
1)1(

)'','()'',()',(
2
1

)'','(

=⎟
⎠

⎞
⎜
⎝

⎛−

−+=

=

∑ −−
γ

αγα µµ

α

γ

i

B

iidiidiid

iid



Prohibiting mating between parents with d(i’,i’’) > G : 

Solutions: 
 
1)  pi = (1/2)B

  - uniform distribution – is always a solution. It is stable only for  
  sufficiently large values µ	


	


2)  For µ = 0 the set of genomes of the form  (i1, i2, …, iG, 0, 0, 0,…,0) 

 where the first G alleles can be 0 or 1 but the remaining (B-G) alleles are all 0 
 

 are solutions.  
 
3)   There are 2G

 Binomial(B,G) solutions of this type.  



Example 1:  B=2  G=1;  one allele fixed and one allele free 
 
(0,0)  and (0,1)  -  first allele fixed in 0, second allele free 
 
(0,0)  and (1,0)  - first allele free, second allele fixed in 0 
 
(1,1)  and (1,0) – first allele fixed in 1, second allele free 
 
 
 
 
Example 2:  B=3  G=1;  two alleles fixed and one allele free 
 
(0,0,0)  and (0,0,1)  -  first and second alleles fixed in 0, third allele free 
 
(1,1,1)  and (1,1,0)  -  third allele free, first and second alleles fixed in 1 
 
 
If the population is structured is space, it might happen that the first solution 
emerges in a region and the second solution in a different region. These two 
solutions are reproductively isolated and correspond to 2 species. 


