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Classic problem in inference and visualization
of population structure:

Clines vs. Clusters

Rosenberg et al. 2002
Serre and Pääbo 2004
Rosenberg et al. 2005



geoStructure
a new method for modeling
continuous and discrete 
differentiation



1) Motivate with an empirical example

2) Method mechanics

3) Method application

a new method for modeling
continuous and discrete 
differentiation

geoStructure
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Allele frequencies at one locus

Empirical Illustration:  Populus
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b⌦i,j =
1

L

LX

`=1

⇣
f̂i,` � f̄`
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f̂j,` � f̄`

⌘
Sample covariance in allele frequencies

Allele frequencies at 33,070 loci
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geoStructure mechanics

Model allele frequency covariance: 

- discrete population clusters with
 
- continuous differentiation within clusters



geoStructure mechanics
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 K = 1



 K = 1
Admixture proportion map



●

●●●●
●

● ● ●●
●●
●●●● ●●●●●● ●●●

● ●●●
● ●●

●
●

●

●
●

●●●●●●
●

●
● ●●● ●● ●●● ●

●●
●●

●

●●●● ● ●●
●

●
●

● ●

●

●
● ●● ●

●
● ●
●

●●

●

●
●●●

●
●●
●●

● ● ●●● ● ●● ●●●● ●
●

●

● ●● ● ●● ●
●

●●

●

●
●

●●
●

●●●
●

●

● ●●●● ●● ●
●●

● ●●●

●

●● ● ●
● ●● ●●●● ●●●●
●● ●●●

● ●●● ● ●●
●

●
●

●● ●●●●
●●

●
●● ●●

● ●● ●●● ●●●
●●●

●● ●● ● ●●
●

●
●

● ●●●● ●

●

● ●● ●●
●●●● ●●●●●● ●●●

● ●●●
● ●●

●
●
●

●● ●●●● ●

●

●
● ● ●●

● ●● ●●● ●
●●

●●
●

●●●● ● ●● ●
●

●

● ●
●●

● ●● ●

●

● ●

●

●●
●

●

●
●●●
●●

● ●

●

● ●● ●●
●

●● ●
●

●● ●●● ●●● ●
●

●●●●●● ●●●●●●
●●●

● ●●● ● ●●
●

●
●

●● ●●●● ●● ●●

●

●● ● ●● ●●● ●●● ●●●

●● ●●
● ●● ●

●
●

● ●●● ● ●● ●

●
● ●

●

●●
● ●

●

●●
●

●●

●

●

●
● ●●●● ●● ●
●● ●● ●●●● ●● ●●● ●

●

● ●● ●●● ●●● ●●●
●● ●● ● ●● ●

●
●

●● ●●●● ●●
●

● ● ●●
●

●● ●●● ●●●
●●●

●● ●● ● ●●
●

●
●

● ●

●●

● ●● ● ●● ●
●

●●

●

●●
●●

●
●●●●●

● ●●●● ●●
●
●

●

●● ●●●●●● ●
●

● ●
●

● ●

●

●●● ●
●●

●●
●

●●●● ● ●●
●

●
●

● ●
●● ● ●● ●

●
● ●

●

●●
●

●

●

●●
●

●●

●
●

●
● ●●●● ●● ● ●●●●●●●●●● ●● ●● ●●●● ●

●
● ●●● ●●●

●●●● ●
●● ●● ●

● ●
●●●●●● ●● ●● ●●
●● ●●

●
●●● ●●● ●●●● ● ●● ●● ●

● ●
●●

● ●● ●
●● ●

●

●●
●

●
●

●●

●

●●
●●

●

● ●●●● ●● ●
●●

●●
●●

●●●●
●

●
● ●
●

● ●● ●●● ●

●

●
●●

●

●●●● ● ●●
●

●
●

●●
●●●● ●●

●
●

● ●
●

● ●●
●●● ●

●

●

●●
●

●●●● ● ●●
●

●
●

● ●
●●

● ●● ●

●
● ●

●

●●
●

●

●
●●●
●●

●

●

●
● ●● ●●
●●●

●
●

● ●
●● ● ●● ●

●
● ●

●

●●
●

●

●

●●
●

●●

●

●

●
● ●●●● ●●● ●●●●

●●●●●●
●

●
● ●
●

● ●●
●●● ●

●●
●●

●

●●●● ● ●
●

●
●

● ● ●

●
●

● ●● ●

●

● ●
● ●

●● ●
●

●●

●
●●

●

●

●

●

●● ●

●

●

●

●

●

●

●●

●
●
●●●●

●

● ●
● ●

● ●●
●

●●

●●●

●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●
●

● ●● ●

●

● ●
● ●

●● ●
●

●●

●
●●

●

●

●

● ●

●

●

●

●

●

●

●

●

●●

●
●
●●●●

●

● ●
● ●

●●●
●

●●

●
●●

●

●

●

●● ●

●

●

●

●

●

●

●

● ●

●
● ● ●● ●

●

●
●● ●

●● ●
●

●●

● ●●

●

●
●

● ●● ●

●

●

●

●

●

●

● ●

●
●

● ●● ●

●

● ●
● ●

●● ●
●

●●

●
●●

●

●

●

●
●

● ●

●

●

●

●

●

●

●●
●
●●●●●

●

● ●
● ●

●●●
●

●●

●●●

●

●
●

●
● ●●

●

●

●

●

●

●

● ●

●
●

●●● ●

●

● ●
● ●

●● ●
●

●●

● ●●

●

●

●

●
● ●●

●

●

●

●

●

●

●●
●
●●● ●●

●

●●
●●

● ●●
●

●●
●●●

●
●

●

●● ●●

●

●

●

●

●

●

● ●

●
●

● ●● ●

●

● ●
● ●

●● ●
●

●●

●
●●

●

●

●

● ●● ●

●

●

●

●

●

●

0 500 1000 1500

0.
10

0.
15

0.
20

geographic distance

co
va

ria
nc

e

●

●●●

●

●

●

●

●

●

●
●

●

●
●●

●

●●●
●

●

●
●

●

● ●●

●
●

●

●

●
●

●

●

●

●●

●●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●
●

●

●●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●●

●

●●●
●●

●
●

●

●
●

●

●

●●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

● ●●
●

●

●
●

●
● ●

●

●

● ●
●

●

●
●●

●

●

●

●

●

●

●●
●

●●
●

●

●●●

●
●

●
●

●

● ●●

●
●

●

●

●
●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●
●

●
●

●

●● ●

●

●
●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●●

●
●●●● ●

●
●

●

●
●●

●
●

●

●

●
●●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●
●

●

●● ●

●

●
●

●

●

●

●
●

●

●●

●
●

●
●

●

●

●

●

●
●

●

●

●

●●

●

● ●

●
●

●

●

●

●

●

●
●

●●

●

●
●●

●●

●

●

●●

●

●

●●●

●
●

●

●

●
●

●

●
●

●
●

●

● ●●

●
●

●

●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●●

●●

●

●● ●

●
● ●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

● ●

●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●●

●●

●

●● ●

●
● ●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●
●

●

●● ●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●
●

●●

●

●
●●

●
●

●
●

●
● ●

●

●

●●
●

●●

●●

●
●●

●

●

●

●
●●

●

●

●

●

●
●

●

●●

●
●

●

●●●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●

●●

●

●

●

●

●

●
●

●
●

●
●

●

●

●
●● ●

●●
●●

●

●

●
●

●

●
●

●

●

●
●

●
●●

●
●

●

●● ●

●

●
●

●

●

●

●

●
●

●
●●

●
●

●

●

●

●

●

●

●●●
●

●

●

●●●

●
●

●

●● ●

●

●
●

●

●
●

●

●

●

●
●

●

●

●

●●
●

●

●

●

●

●

●

●

●●

●

● ●
●

●

●

●
●

●
●●

●

●

●
●

●

●
●

●●

●
●●

●

●

●

●
●●

●

●

●

●

●
●

●

●

●

●
●

●

● ●●

●
●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●
●

●

●●●

●

●
●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

● ●

●

●

●●

●

●
●

●
●●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

● ●

●

●

●
●

●

●●
●

●

●
●

●

●
●

●

●●

●●
●

●

●

●

●

●
●

●

●

●

●

●
●

●

●●

●
●

●

●●●

●

●
●

●

●

●

●
● ●

●●
●

●
●

●

●

●
●

●

●
●

●
●

●

●●
●

● ●

●
●

●

●

●

●

●

●
●

●
●

●

●

●●● ●●● ●●
●● ●● ●● ●●●●● ●●● ●●●

●

●

●

●

● ●

●●●

●
● ●

●●
●

●
●

●

●

●
●

●

●●
●

●

●

●●
●

● ●

●
●

●

●

●

●

●

●
●

●●
●

●
● ●

● ●●●●●

●
●

●
●

●

●●●●
●●

●●● ●●●

●

●

●

●

●
●

●●
●

●●
●

●●
●

●
●

●

●

●
●

●

●
●

●
●

●

●●●

●●

●
●

●

●

●

● ●

●

●

●

●

●

●

● ●
●●

● ●
●

●

●

●
●

●

●
●

●
●

●
●●●

●●

●
●

●

●

●

●

●

●

●

●
●

●

●

●
●

●
●●●●●

●

●

●
●

●

●●●
●

●●

●●●

●
●

●

●
●

●

●

●
●

●

●
●

●● ●

●●
● ●

●
●●●

●

●

●

●
●

●
●●●
●

●●
●●

●
●

●
●

●

●

●

●

●

●●
●●

● ●
●

●

●
●

●

●●

●
●

●

●
●

●

●●

●
●●

●●

●

●

●

●

●

●
●

●

●

●

●

●
●

●●

●
●

●
●

●

●

●

●

●
●

●

●

●

●●

●

● ●

●

●

●

●

●

●

●

●
●

●●

●

● ●

●

sample covariance
parametric estimate

●

●●●
●

●

●

●

●

●

●
●

●

●
●●

●
●●●
●●

●
●

●

●●●

●
●
●

●

●
●●

●

●

●●

●●●
●

●

●

●

●
●

●

●

●

●

●●
●

●●

●●

●

●●●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●●●
●

●●●
●●

●
●
●
●●
●

●

●●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●
●

●●

●

●●●
●

●

●
●
●
●●
●

●
●●
●

●
●
●●

●

●

●
●

●

●

●●●

●●
●

●
●●●

●
●

●
●

●

●●●
●
●
●

●

●
●●

●
●

●●
●

●

●

●

●

●●

●

●

●

●

●

●

●
●
●

●
●

●●

●

●●●

●

●●

●

●

●

●

●

●
●●
●

●

●

●

●

●

●
●

●

●
●●
●
●●●●●

●
●

●

●●●

●
●
●

●

●●●

●
●

●●

●
●

●

●

●

●

●

●
●

●

●

●

●

●
●
●

●
●

●●

●

●●●

●
●●

●

●

●

●
●
●
●●

●
●
●
●

●

●
●

●

●
●

●
●

●

●●

●

●●

●
●

●

●

●

●

●

●●
●●
●

●●●
●●

●

●
●●

●

●

●●●

●
●

●

●

●●
●

●
●

●
●

●

●●●

●
●
●

●

●
●

●
●
●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●●

●●

●

●●●
●
●●

●

●

●

●

●
●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●●

●
●

●
●

●

●●
●
●

●
●
●

●

●
●

●●
●
●

●
●

●

●

●

●

●

●

●
●

●
●●
●

●●

●●

●

●●●
●
●●

●
●

●

●

●
●

●●

●
●

●

●

●

●

●

●
●

●

●

●

●

●
●
●

●
●

●●

●

●●●

●
●●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●
●

●●

●

●●●
●●

●
●
●
●●
●

●

●●
●

●●

●●

●
●●
●

●

●

●
●●

●

●

●

●

●
●
●

●●

●
●

●

●●●

●
●
●

●

●
●

●

●
●

●●

●

●

●

●
●●

●

●

●

●

●

●

●

●●

●

●●

●
●

●

●
●
●●
●
●

●
●
●

●

●
●●●
●●●●

●

●

●●●

●
●
●

●

●
●

●
●●

●
●

●

●●●

●

●
●

●

●
●

●

●
●
●
●●●
●
●

●

●

●
●

●

●●●
●

●

●

●●●

●
●
●

●●●

●

●
●

●

●●
●

●

●

●●

●

●

●

●●
●

●

●

●

●

●

●

●

●●

●

●●
●
●

●

●
●
●
●●
●

●
●●

●

●
●

●●

●
●●
●

●

●

●
●●

●

●

●

●

●●
●

●

●

●
●

●

●●●

●
●●

●

●
●

●

●
●

●●

●●●

●

●

●

●

●
●

●

●

●

●

●
●
●

●

●

●●

●

●●●

●
●●

●

●

●

●

●
●

●●
●
●

●
●

●

●

●

●

●
●

●

●

●

●●

●

●●

●

●

● ●

●

●
●

●
●●●

●

●

●
●

●●

●
●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●●

●

●

●
●

●

●●
●
●
●●
●

●
●
●

●●

●●●

●

●

●

●
●

●

●

●

●

●

●
●
●

●●

●
●

●

●●●

●
●●

●

●

●

●
●●

●●●●
●●

●

●
●

●

●●
●
●

●
●●

●
●●

●●

●

●

●

●

●

●
●

● ●
●

●

●● ●●●●●● ●●●●●●●● ● ●●●●● ●●●
●

●

●

●

● ●
● ●●

●
●●

●●●●
●●

●

●
●

●

●●
●
●

●
●●

●
●●

●●

●

●

●

●

●

●
●

● ●
●

●
●●

●●●●●●
●

●
●
●
●

●●● ●
●●

●●● ●●●

●

●

●

●

●
●

● ●
●

●●●
●●

●●
●
●

●

●
●

●

●
●
●
●

●
●●

●
●●

●●

●

●

●

●●

●

●

●

●

●

●

●●
●●●●●●

●

●
●

●

●●
●●
●

●●
●

●●

●●
●

●

●

●

●

●

●

●
●

●

●
●
●

●●●●●●

●

●

●
●
●

●●●●

●●

●●●

●●
●

●
●
●

●

●
●

●

●
●

●●●
●●●●●● ●●

●

●

●
●●●

● ●●●
●●

●●
●

●●●

●
●

●

●

●

● ●●●●●●
●
●
●

●

●●
●
●

●

●
●
●

●●

●
●●

●●

●

●
●

●

●

● ●

●

●

●

●
●
●

●●
●
●
●
●

●

●
●

●

●
●

●
●

●

●●
●

●●

●
●

●

●

●

●

●

●
●

● ●

●

●

0.10 0.15 0.20

0.
12

0.
16

0.
20

sample covariance

pa
ra

m
et

ric
 a

dm
ixe

d 
co

va
ria

nc
e

 K = 1
Model fit



 K = 2
Admixture proportion map
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geoStructure can describe complex patterns of genetic 
variation (IBD, discrete populations, admixture)

using a simple, flexible, and robust statistical framework.
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Empirical Illustration:
Populus trichocarpa and Populus balsamifera
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Empirical Illustration:

Populus trichocarpa and Populus balsamifera
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