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the four-population test (for example, the tree [[wolf, Akita],[Af-
ghan hound, saluki]] passes with Z~{0:03,p~0:51). Though we
cannot have complete confidence in the precise migration events,
these results are consistent with admixture between gray wolves
and the basenji.

Another breed that stands out in this analysis is the boxer (Note
that many of the SNPs used in this study were ascertained using a
boxer individual, so we may have increased power to identify
migration events involving this breed). We infer a significant
genetic contribution from wolves to the boxer (w~8%), and

migration between the boxer and the Chinese shar-pei, a distantly-
related ancient breed (w~8%). To further examine these events,
we again turned to four-population tests. To evaluate the wolf
mixture, we tested the tree [[wolf, ancient breed],[boxer,
bulldog]]. We did not find a tree that passed the four-population
test (with Akita as the ancient breed, Z~3:1,p~0:001; with
Afghan Hound, Z~3:4,p~0:0003). Replacing the Boxer with the
Mastiff in these analyses led to trees that passed the four-
population test (for example, with Akita as the ancient breed,
Z~0:3,p~0:38). To evaluate the gene flow from the Boxer to the

Figure 4. Inferred human tree with mixture events. Plotted is the structure of the graph inferred by TreeMix for human populations, allowing
ten migration events. Migration arrows are colored according to their weight. Horizontal branch lengths are proportional to the amount of genetic
drift that has occurred on the branch. The scale bar shows ten times the average standard error of the entries in the sample covariance matrix (ŴW).
The residual fit from this graph is shown in Figure S9. Admixture from Neandertals to non-African populations is only apparent when considering
subsets of the data (see Discussion and Figure S15).
doi:10.1371/journal.pgen.1002967.g004
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The direction of the PC1 axis and its relative strength may reflect a
special role for this geographic axis in the demographic history of
Europeans (as first suggested in ref. 10). PC1 aligns north-northwest/
south-southeast (NNW/SSE, 216 degrees) and accounts for
approximately twice the amount of variation as PC2 (0.30% versus
0.15%, first eigenvalue 5 4.09, second eigenvalue 5 2.04). However,
caution is required because the direction and relative strength of the
PC axes are affected by factors such as the spatial distribution of
samples (results not shown, also see ref. 9). More robust evidence
for the importance of a roughly NNW/SSE axis in Europe is that, in
these same data, haplotype diversity decreases from south to north
(A.A. et al., submitted). As the fine-scale spatial structure evident in
Fig. 1 suggests, European DNA samples can be very informative
about the geographical origins of their donors. Using a multi-
ple-regression-based assignment approach, one can place 50% of

individuals within 310 km of their reported origin and 90% within
700 km of their origin (Fig. 2 and Supplementary Table 4, results
based on populations with n . 6). Across all populations, 50% of
individuals are placed within 540 km of their reported origin, and
90% of individuals within 840 km (Supplementary Fig. 3 and
Supplementary Table 4). These numbers exclude individuals who
reported mixed grandparental ancestry, who are typically assigned
to locations between those expected from their grandparental origins
(results not shown). Note that distances of assignments from
reported origin may be reduced if finer-scale information on origin
were available for each individual.

Population structure poses a well-recognized challenge for disease-
association studies (for example, refs 11–13). The results obtained
here reinforce that the geographic distribution of a sample is impor-
tant to consider when evaluating genome-wide association studies
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Figure 1 | Population structure within Europe. a, A statistical summary of
genetic data from 1,387 Europeans based on principal component axis one
(PC1) and axis two (PC2). Small coloured labels represent individuals and
large coloured points represent median PC1 and PC2 values for each
country. The inset map provides a key to the labels. The PC axes are rotated
to emphasize the similarity to the geographic map of Europe. AL, Albania;
AT, Austria; BA, Bosnia-Herzegovina; BE, Belgium; BG, Bulgaria; CH,
Switzerland; CY, Cyprus; CZ, Czech Republic; DE, Germany; DK, Denmark;
ES, Spain; FI, Finland; FR, France; GB, United Kingdom; GR, Greece; HR,

Croatia; HU, Hungary; IE, Ireland; IT, Italy; KS, Kosovo; LV, Latvia; MK,
Macedonia; NO, Norway; NL, Netherlands; PL, Poland; PT, Portugal; RO,
Romania; RS, Serbia and Montenegro; RU, Russia, Sct, Scotland; SE,
Sweden; SI, Slovenia; SK, Slovakia; TR, Turkey; UA, Ukraine; YG,
Yugoslavia. b, A magnification of the area around Switzerland from
a showing differentiation within Switzerland by language. c, Genetic
similarity versus geographic distance. Median genetic correlation between
pairs of individuals as a function of geographic distance between their
respective populations.
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The direction of the PC1 axis and its relative strength may reflect a
special role for this geographic axis in the demographic history of
Europeans (as first suggested in ref. 10). PC1 aligns north-northwest/
south-southeast (NNW/SSE, 216 degrees) and accounts for
approximately twice the amount of variation as PC2 (0.30% versus
0.15%, first eigenvalue 5 4.09, second eigenvalue 5 2.04). However,
caution is required because the direction and relative strength of the
PC axes are affected by factors such as the spatial distribution of
samples (results not shown, also see ref. 9). More robust evidence
for the importance of a roughly NNW/SSE axis in Europe is that, in
these same data, haplotype diversity decreases from south to north
(A.A. et al., submitted). As the fine-scale spatial structure evident in
Fig. 1 suggests, European DNA samples can be very informative
about the geographical origins of their donors. Using a multi-
ple-regression-based assignment approach, one can place 50% of

individuals within 310 km of their reported origin and 90% within
700 km of their origin (Fig. 2 and Supplementary Table 4, results
based on populations with n . 6). Across all populations, 50% of
individuals are placed within 540 km of their reported origin, and
90% of individuals within 840 km (Supplementary Fig. 3 and
Supplementary Table 4). These numbers exclude individuals who
reported mixed grandparental ancestry, who are typically assigned
to locations between those expected from their grandparental origins
(results not shown). Note that distances of assignments from
reported origin may be reduced if finer-scale information on origin
were available for each individual.

Population structure poses a well-recognized challenge for disease-
association studies (for example, refs 11–13). The results obtained
here reinforce that the geographic distribution of a sample is impor-
tant to consider when evaluating genome-wide association studies
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Figure 1 | Population structure within Europe. a, A statistical summary of
genetic data from 1,387 Europeans based on principal component axis one
(PC1) and axis two (PC2). Small coloured labels represent individuals and
large coloured points represent median PC1 and PC2 values for each
country. The inset map provides a key to the labels. The PC axes are rotated
to emphasize the similarity to the geographic map of Europe. AL, Albania;
AT, Austria; BA, Bosnia-Herzegovina; BE, Belgium; BG, Bulgaria; CH,
Switzerland; CY, Cyprus; CZ, Czech Republic; DE, Germany; DK, Denmark;
ES, Spain; FI, Finland; FR, France; GB, United Kingdom; GR, Greece; HR,

Croatia; HU, Hungary; IE, Ireland; IT, Italy; KS, Kosovo; LV, Latvia; MK,
Macedonia; NO, Norway; NL, Netherlands; PL, Poland; PT, Portugal; RO,
Romania; RS, Serbia and Montenegro; RU, Russia, Sct, Scotland; SE,
Sweden; SI, Slovenia; SK, Slovakia; TR, Turkey; UA, Ukraine; YG,
Yugoslavia. b, A magnification of the area around Switzerland from
a showing differentiation within Switzerland by language. c, Genetic
similarity versus geographic distance. Median genetic correlation between
pairs of individuals as a function of geographic distance between their
respective populations.
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The direction of the PC1 axis and its relative strength may reflect a
special role for this geographic axis in the demographic history of
Europeans (as first suggested in ref. 10). PC1 aligns north-northwest/
south-southeast (NNW/SSE, 216 degrees) and accounts for
approximately twice the amount of variation as PC2 (0.30% versus
0.15%, first eigenvalue 5 4.09, second eigenvalue 5 2.04). However,
caution is required because the direction and relative strength of the
PC axes are affected by factors such as the spatial distribution of
samples (results not shown, also see ref. 9). More robust evidence
for the importance of a roughly NNW/SSE axis in Europe is that, in
these same data, haplotype diversity decreases from south to north
(A.A. et al., submitted). As the fine-scale spatial structure evident in
Fig. 1 suggests, European DNA samples can be very informative
about the geographical origins of their donors. Using a multi-
ple-regression-based assignment approach, one can place 50% of

individuals within 310 km of their reported origin and 90% within
700 km of their origin (Fig. 2 and Supplementary Table 4, results
based on populations with n . 6). Across all populations, 50% of
individuals are placed within 540 km of their reported origin, and
90% of individuals within 840 km (Supplementary Fig. 3 and
Supplementary Table 4). These numbers exclude individuals who
reported mixed grandparental ancestry, who are typically assigned
to locations between those expected from their grandparental origins
(results not shown). Note that distances of assignments from
reported origin may be reduced if finer-scale information on origin
were available for each individual.

Population structure poses a well-recognized challenge for disease-
association studies (for example, refs 11–13). The results obtained
here reinforce that the geographic distribution of a sample is impor-
tant to consider when evaluating genome-wide association studies
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Figure 1 | Population structure within Europe. a, A statistical summary of
genetic data from 1,387 Europeans based on principal component axis one
(PC1) and axis two (PC2). Small coloured labels represent individuals and
large coloured points represent median PC1 and PC2 values for each
country. The inset map provides a key to the labels. The PC axes are rotated
to emphasize the similarity to the geographic map of Europe. AL, Albania;
AT, Austria; BA, Bosnia-Herzegovina; BE, Belgium; BG, Bulgaria; CH,
Switzerland; CY, Cyprus; CZ, Czech Republic; DE, Germany; DK, Denmark;
ES, Spain; FI, Finland; FR, France; GB, United Kingdom; GR, Greece; HR,

Croatia; HU, Hungary; IE, Ireland; IT, Italy; KS, Kosovo; LV, Latvia; MK,
Macedonia; NO, Norway; NL, Netherlands; PL, Poland; PT, Portugal; RO,
Romania; RS, Serbia and Montenegro; RU, Russia, Sct, Scotland; SE,
Sweden; SI, Slovenia; SK, Slovakia; TR, Turkey; UA, Ukraine; YG,
Yugoslavia. b, A magnification of the area around Switzerland from
a showing differentiation within Switzerland by language. c, Genetic
similarity versus geographic distance. Median genetic correlation between
pairs of individuals as a function of geographic distance between their
respective populations.
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SpaceMix Data:

ˆf`,k = sample frequency at locus ` in population k

standardized sample frequency
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=
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Isolation by Distance

“Everything is related to everything else, 
but near things are more related than distant things”

-Waldo Tobler 1970

The direction of the PC1 axis and its relative strength may reflect a
special role for this geographic axis in the demographic history of
Europeans (as first suggested in ref. 10). PC1 aligns north-northwest/
south-southeast (NNW/SSE, 216 degrees) and accounts for
approximately twice the amount of variation as PC2 (0.30% versus
0.15%, first eigenvalue 5 4.09, second eigenvalue 5 2.04). However,
caution is required because the direction and relative strength of the
PC axes are affected by factors such as the spatial distribution of
samples (results not shown, also see ref. 9). More robust evidence
for the importance of a roughly NNW/SSE axis in Europe is that, in
these same data, haplotype diversity decreases from south to north
(A.A. et al., submitted). As the fine-scale spatial structure evident in
Fig. 1 suggests, European DNA samples can be very informative
about the geographical origins of their donors. Using a multi-
ple-regression-based assignment approach, one can place 50% of

individuals within 310 km of their reported origin and 90% within
700 km of their origin (Fig. 2 and Supplementary Table 4, results
based on populations with n . 6). Across all populations, 50% of
individuals are placed within 540 km of their reported origin, and
90% of individuals within 840 km (Supplementary Fig. 3 and
Supplementary Table 4). These numbers exclude individuals who
reported mixed grandparental ancestry, who are typically assigned
to locations between those expected from their grandparental origins
(results not shown). Note that distances of assignments from
reported origin may be reduced if finer-scale information on origin
were available for each individual.

Population structure poses a well-recognized challenge for disease-
association studies (for example, refs 11–13). The results obtained
here reinforce that the geographic distribution of a sample is impor-
tant to consider when evaluating genome-wide association studies

–0.03 –0.02 –0.01 0 0.01 0.02 0.03
–0.03

–0.02

–0.01

0

0.01

0.02

0.03

Italy

Germany

France

UK

Spain
Portugal

0 1,000 2,000 3,000

–0.010

0

0.010

0.020

Geographic distance between
populations (km)

M
ed

ia
n 

ge
ne

tic
 c

or
re

la
tio

n

P
C

1a

b c

French-speaking Swiss
German-speaking Swiss
Italian-speaking Swiss

French
German
Italian

N
or

th
–s

ou
th

 in
 P

C
1–

P
C

2 
sp

ac
e

East–west in PC1–PC2 space

PC2

Figure 1 | Population structure within Europe. a, A statistical summary of
genetic data from 1,387 Europeans based on principal component axis one
(PC1) and axis two (PC2). Small coloured labels represent individuals and
large coloured points represent median PC1 and PC2 values for each
country. The inset map provides a key to the labels. The PC axes are rotated
to emphasize the similarity to the geographic map of Europe. AL, Albania;
AT, Austria; BA, Bosnia-Herzegovina; BE, Belgium; BG, Bulgaria; CH,
Switzerland; CY, Cyprus; CZ, Czech Republic; DE, Germany; DK, Denmark;
ES, Spain; FI, Finland; FR, France; GB, United Kingdom; GR, Greece; HR,

Croatia; HU, Hungary; IE, Ireland; IT, Italy; KS, Kosovo; LV, Latvia; MK,
Macedonia; NO, Norway; NL, Netherlands; PL, Poland; PT, Portugal; RO,
Romania; RS, Serbia and Montenegro; RU, Russia, Sct, Scotland; SE,
Sweden; SI, Slovenia; SK, Slovakia; TR, Turkey; UA, Ukraine; YG,
Yugoslavia. b, A magnification of the area around Switzerland from
a showing differentiation within Switzerland by language. c, Genetic
similarity versus geographic distance. Median genetic correlation between
pairs of individuals as a function of geographic distance between their
respective populations.
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Isolation by Distance: 
empirical example

Hellenthal et al. 2014 Science
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Isolation by Distance
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SpaceMix Model

X ⇠ spatial Gaussian process

⌦i,j =
1

↵0
exp (�(↵1Di,j)

↵2
)

P (b⌦ | ⌦) = W
⇣
Lb⌦ | ⌦, L

⌘

⌦ = function(↵0,↵1,↵2)

P
⇣
⌦ | b⌦

⌘
/ P (b⌦ | ⌦, L)P (~↵)

⌦i,j =
1

↵0
exp (�(↵1Di,j)

↵2
)
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SpaceMix Model

X ⇠ spatial Gaussian process

⌦ = function(↵0,↵1,↵2, D(G0
))

P
⇣
⌦ | b⌦

⌘
/ P (b⌦ | ⌦, L)P (~↵)P (G0)

⌦i,j =
1

↵0
exp (�(↵1Di,j)

↵2
)

P (b⌦ | ⌦) = W
⇣
Lb⌦ | ⌦, L

⌘
⌦i,j =

1

↵0
exp (�(↵1Di,j)

↵2
)
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Take this out for a spin:
map with a gap
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map with a gap
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Take this out for a spin:
map with a gap
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Take this out for a spin:
expansion event
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Take this out for a spin:
expansion event
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Empirical Application:
Humans
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Empirical Application:
Humans

Hellenthal et al. 2014 Science
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SpaceMix Map: Humans
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SpaceMix Map: Humans
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SpaceMix Map: Humans

geographically 
intermediate?

or admixed?
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What happens if there’s admixture?
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Admixture Simulation:
corner admixture event
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j0

Explicitly modeling admixture
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j⇤

j0

Explicitly modeling admixture

wj
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j⇤

j0

Explicitly modeling admixture

wj

fj = wjfj⇤ +

(1� wj)fj0
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Explicitly modeling admixture

i⇤

j⇤ i0

j0

wj wi
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Explicitly modeling admixture

i⇤

j⇤ i0

j0

wi wj

⌦(P )
i0,j0

⌦(P )
i⇤,j0

⌦(P )
i0,j⇤

⌦(P )
i⇤,j⇤

⌦i0,j0

⌦i⇤,j0

⌦i0,j⇤

⌦i⇤,j⇤

⌦⇤
i,j = (1� wi)(1� wj)⌦(Di0 , j0 ) +

wi(1� wj)⌦(Di⇤, j0 ) +

wj(1� wi)⌦(Di0 , j⇤) +

wiwj⌦(Di⇤, j⇤)

Saturday, December 6, 14



Explicitly modeling admixture

i⇤

j⇤ i0

j0

wi wj

⌦(P )
i0,j0

⌦(P )
i⇤,j0

⌦(P )
i0,j⇤

⌦(P )
i⇤,j⇤
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⌦i0,j⇤

⌦i⇤,j⇤

P
⇣
⌦⇤ | b⌦

⌘
/ P

⇣
b⌦ | ⌦⇤, L

⌘
P (~↵)

P (G0)P (G⇤)P (w)

⌦⇤
i,j = (1� wi)(1� wj)⌦(Di0 , j0 ) +

wi(1� wj)⌦(Di⇤, j0 ) +
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i⇤

j⇤ i0

j0

wi wj

⌦(P )
i0,j0

⌦(P )
i⇤,j0

⌦(P )
i0,j⇤

⌦(P )
i⇤,j⇤

⌦i0,j0

⌦i⇤,j0

⌦i0,j⇤

⌦i⇤,j⇤

P
⇣
⌦⇤ | b⌦

⌘
/ P

⇣
b⌦ | ⌦⇤, L

⌘
P (~↵)

P (G0)P (G⇤)P (w)

⌦⇤
i,j = (1� wi)(1� wj)⌦(Di0 , j0 ) +

wi(1� wj)⌦(Di⇤, j0 ) +

wj(1� wi)⌦(Di0 , j⇤) +

wiwj⌦(Di⇤, j⇤)

Saturday, December 6, 14



●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

1
2

3
45

6

7

8 9
10

11

12

13

14
15

16

17
18

19
20

21

22
232425

2627
2829

30

Admixture Simulation:
corner admixture event

Saturday, December 6, 14



Modeling admixture:
corner admixture event
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SpaceMix Map: Humans with Admixture

Saturday, December 6, 14



SpaceMix Map: Humans with Admixture
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SpaceMix Map: Humans with Admixture
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SpaceMix Map: Humans with Admixture
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SpaceMix

Conclusions Extensions
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Modeling admixture:
corner admixture event
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Modeling admixture:
corner admixture event
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