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A new hybrid hypothesis for the origin and 
spread of the Indo-European languages

Russell Gray, Max Planck Institute for the Science of Human History, Jena

Theories of Indo-European Origin

The	origin	of	Indo-European	languages

“the	most	intensively	studied,	yet	still	most	recalcitrant,	
problem	of	historical	linguistics”
Diamond	and	Bellwood,	Science,	2003

1. The challenge(s)
2. Bayesian phylolinguistics made easy
3. The Indo-European debate goes Bayesian  
4. Archaeogenetics to the rescue?
5. A new hypothesis for the origin of PIE

Talk structure

“the quest for the origins of the Indo-Europeans has all 
the fascination of an electric light in the open air on a 
summer night: it tends to attract every species of 
scholar or would-be savant who can take pen to hand.”
Mallory, 1989.
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So why do I care?

“The formation of different 
languages and of distinct 
species, and the proofs that 
both have been developed 
through a gradual process, are 
curiously parallel. … We find in 
distinct languages striking 
homologies due to community 
of descent, and analogies due 
to a similar  process of 
formation”

The Descent of Man, 1871

Tree of life Tree of languages

Darwin’s notebook, 1837 Schleicher, 1865

Retentions vs innovations

Karl Brugmann 
1884

Sympliesiomorphies vs 
synapomorphies

Willi Hennig 
1950/1966

Glottoclock

Morris 
Swadesh 
1952

Molecular clock

Zuckerkandl & 
Pauling 1962

t = log c/2 log r

c = % shared cognates

r » 81% (200 word list)
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Phylogenetic explosion in biology
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1. The challenge(s)
2. Bayesian phylolinguistics made easy
3. The Indo-European debate goes Bayesian
4. Archaeogenetics to the rescue?
5. A new hypothesis for the origin of PIE

Talk structure

Which tree is more likely
Why use computers?

Languages   # rooted trees

3 3
4 15
5 105
6 945
7 10395
8 135135
9 2027025
10 34459425
20 8.2 X 1021

50 2.7 X 1076

100 3.4 X 10184 (2n-5)!!
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Modern Bayesian Phylogenetic 
Inference

1. Data
2. Model 
3. Priors
4. Tree search

What is the ancestral state?

Depends on the tree…

A B C D E F G H I J K L M

And the model…
A B C D E F G H I J K L M

assumptions about the
relative probabilities of 
character state changes 
matter

Likelihood calculation 2
Three models of lexical evolution

1. Equal probability of cognate gains 
and losses

2. Dollo (gains can only occur once, 
assumes stochastic clock))

3. Covarion 
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MCMC	 search	(Markov	 chain	Monte	Carlo) Convergence?

Bayesian MCMC inference
posterior probability of the trees given the priors, the data and the model

20% 50% 30%

A
B C D

A

B C D

A
B CD

No one tree to rule them all
Posterior sample of trees reveals uncertainty

Densitree visualisation

Adapted from Cui et al. 2013.

What we are NOT doing…

1. Counting cognates to get % shared cognates

2.  Pairwise comparisons of languages

3.  Assuming constant rates

What is to be gained?

• Level playing field – no cherry picking, 
explicit optimality criterion to evaluate 
subgrouping hypotheses

• Quantify uncertainty
• Estimate dates
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1. The challenge(s)
2. Bayesian phylolinguistics made easy
3. The Indo-European debate goes Bayesian

Talk structure Data

• Dyen et al. (1992) - 84 languages, 2449 cognate sets

• Added three extinct languages

• Swadesh list - 200 items of basic vocabulary
• numerals, kinship terms, terms for body parts, and basic verbs
• Relatively resistant to borrowing

• Recognized borrowing removed - e.g. English “mountain” 
borrowed from French “montagne” was not coded as cognate.

Binary coding
 

English And1 Big1 Fire1 Meat1 Rub1 Water1 

German Und1 Gross2 Feuer1 Fleisch2 Reiben1 Wasser1 

Dutch En1 Groot2 Vuur1 Vleesch2 Wrijven1 Water1 

Swedish Och2 Stor3 Eld2 Kott3 Gnida2 Vatten1 

Icelandic Og2 Stor3 Eldr2 Hold3 Nua3 Vatn1 

Danish Og2 Stor3 Ild2 Kod4 Gnide2 Vand1 

Greek Ke3 Meghalos4 Fotia3 Kreas5 Trivo4 Nero2 

Bayesian MCMC tree-estimation
• MrBayes (v.2 & v.3) - Huelsenbeck & Ronquist
• 10 independent runs with 4 chains
• 1,300,000 generations
• First 300,000 discarded as “burnin”
• Sample every 10,000

Hittite
Tocharian

Armenian

Greek

Albanian

Celtic

Italic

Germanic

Balto-Slavic

Indo-Iranian

In d ic

Iran i an

Sl avi c

Bal ti c

West 
German ic

North  
German ic

Fren ch /I
b eri anMajority rule 

consensus tree of 
10,000 MCMC trees 

“linguists don’t do dates”
April & Robert McMahon (2006)
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13 !!! calibration
points 

(ranges)

Fren ch /Ib eri an

West German ic

North  German ic

In d ic

Iran i an

Sl avi c

Bal ti c

Hittite
Tocharian
Armenian
Greek

Albanian

Balto-Slavic

Indo-Iranian

Celtic

Italic

Germanic

450 AD – 800 AD

150 AD – 300 AD

50 AD – 250 AD

650 BC – 300 AD

> 200 BC

800 BC – 500 BC

>1000 BC

150 AD – 1000 AD

1400 BC – 100 AD

>1500 BC

140 BC – 350 AD
1800 BC – 1300 BC

Date of proto 
Indo-European 
estimated 
using 
penalised 
maximum 
likelihood rate 
smoothing

Gray &  Atkinson (2003)
Nature, 426, 435-439.

Responses to Gray & Atkinson 2003…

“It is a very good paper.”

“X#@$?&! (unrepeatable)”

Criticisms of our method

1. Wrong answer

• linguistic paleontology rejects this time date –
Larry Trask, Sussex Univ.

2. Reliance on lexical data

• “Lexical data is the least reliable type of data” -
Don Ringe, Univ. of Pennsylvania

3. Model misspecification

•    “used techniques that are not appropriate for their data." -
Tandy Warnow, Univ. of Texas

4.   Cognate sets not independent

The argument from the wheel

English wheel Hom. Greek kuklos

OHGerman wel Sanskrit cakra
OIcelandic hjol

Proto-Indo-European word *kwekwlo- “wheel”

“How could a language that was last spoken around
10,000 years ago have words for things that were 
not invented until 4000 years later?”

Larry Trask.
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The argument from the wheel

Other explanations…

• Borrowing 
– new technology

• Semantic shift

*kwel- (to turn, rotate) è kuklos “wheel” - Greek
ì kola “wheel” – Old Russian

î cakra “wheel” - Sanskrit

Should we believe the lexical data?

• Constraining the tree to Ringe et al. 2002 topology gives similar date estimates

Center of gravity/center of diversity
Austronesian expansion

Sequence, timing, pulses and pauses
Gray, Drummond & Greenhill. 2009. Science, 323, 479-483. 

Gray, Drummond, & Greenhill  (2009) Science, 323, 479-483.

Bayesian phylogeography

Lemey et al.,MBE, 2010
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The team…

• Alex Alekseyenko
• Quentin Atkinson
• Remco Bouckaert
• Alexei Drummond
• Michael Dunn
• Russell Gray
• Simon Greenhill
• Philippe Lemey
• Marc Suchard

Bayesian phylogeography

1. Data (basic vocab)
2. Location (language ranges)

3. Diffusion model
4. Calibration data to date language 

divergences
5. Bayesian MCMC inference of phylogeny in 

BEAST

New (improved) data
http://ielex.mpi.nl/

Michael Dunn, MPI Nijmegen

+language location data

+ model of spatial diffusion + Bayesian inference of 
phylogeny in BEAST

• Substitution models
– Simple binary reversible model (0 çè 1)

– Binary covarion model  slow(0 çè 1) fast (0 çè 1)
– Stochastic dollo model (0 è 1 one gain, many loses)

• Clock
– Uncorrelated lognormal relaxed clock  (Drummond et al., 

2006)



9/7/17

10

= test origin hypotheses
-7000

-6000

-5000

-4000

-3000

-2000

-1000

0.0

1000

2000

0.96

0.85

0.86

0.99

0.95

0.99

G
e
rm

a
n
ic

C
e
ltic

Ita
lic

 

A
lb

a
n
ia

n
B
a
lto

-S
la

v
ic

In
d
o
-Ira

n
ia

n
A
rm

e
n
ia

n

G
re

e
k

H
ittite

T
o
c
h
a
ria

n

Bouckaert  et al  (2012) Science.

Posterior distribution on root location

As the earliest representatives of the main
Indo-European lineages, our 20 ancient languages
might provide more reliable location informa-
tion. Conversely, the position of the ancient lan-
guages in the tree, particularly the three Anatolian
varieties, might have unduly biased our results
in favor of an Anatolian origin. We investigated
both possibilities by repeating the above analy-

ses separately on only the ancient languages and
only the contemporary languages (which ex-
cludes Anatolian). Consistent with the analysis
of the full data set, both analyses still supported
an Anatolian origin (Table 1).

The RRW approach avoids internal node as-
signments over water, but it does assume, along
the unknown tree branches, the same underlying

migration rate across water as across land. To
investigate the robustness of our results to het-
erogeneity in rates of spatial diffusion, we devel-
oped a second inference procedure that allows
migration rates to vary over land and water (15).
This landscape-based model allows for the in-
clusion of a more complex diffusion process in
which rates of migration are a function of geog-
raphy. We examined the effect of varying relative
rate parameters to represent a range of different
migration patterns (15). Figure 1B shows the in-
ferred Indo-European homeland under a model
in which migration from land into water is less
likely than from land to land by a factor of 100.
At the other extreme, we fit a “sailor”model with
no reluctance to move into water and rapid move-
ment across water. Consistent with the findings
based on the RRW model, each of the landscape-
based models supports the Anatolian farming
theory of Indo-European origin (Table 1).

Our results strongly support an Anatolian
homeland for the Indo-European language family.
The inferred location (Fig. 1) and timing [95%
highest posterior density (HPD) interval, 7116 to
10,410 years ago] of Indo-European origin is con-
gruent with the proposal that the family began
to diverge with the spread of agriculture from

Fig. 2. Map and maximum clade credibility tree showing the diversification
of the major Indo-European subfamilies. The tree shows the timing of the
emergence of the major branches and their subsequent diversification. The
inferred location at the root of each subfamily is shown on the map, colored

to match the corresponding branches on the tree. Albanian, Armenian, and
Greek subfamilies are shown separately for clarity (inset). Contours represent
the 95% (largest), 75%, and 50% HPD regions, based on kernel density
estimates (15).

Table 1. Bayes factors comparing support for the Anatolian and steppe hypotheses. We estimated
Bayes factors directly, using expectations of a root model indicator function taken over the MCMC
samples drawn from the posterior and prior of each hypothesis. Bayes factors greater than 1 favor
an Anatolian origin. A Bayes factor of 5 to 20 is taken as substantial support, greater than 20 as
strong support, and greater than 100 as decisive (30).

Phylogeographic analysis
Bayes factor

Anatolian vs. steppe I Anatolian vs. steppe II

RRW: All languages 175.0 159.3
RRW: Ancient languages only 1404.2 1582.6
RRW: Contemporary languages only 12.0 11.4
Landscape aware: Diffusion 298.2 141.9
Landscape aware: Migration from land into water less

likely than from land to land by a factor of 10
197.7 92.3

Landscape aware: Migration from land into water less
likely than from land to land by a factor of 100

337.3 161.0

Landscape aware: Sailor 236.0 111.7

www.sciencemag.org SCIENCE VOL 337 24 AUGUST 2012 959
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Figure S3: Spatial reconstruction of the expansion of the sampled Indo-European languages in continuous
space. The posterior distribution of node location estimates through time are plotted as opaque points with a colour that
indicates their corresponding age estimate. Older nodes are shown on the foreground to clearly depict the temporal di↵usion
pattern. This figure needs to be interpreted with the caveat that we can only represent nodes corresponding to divergence
events between languages that are in our sample. Nodes associated with branches not represented in our sample will not be
reflected in this figure. For example, the lack of Continental Celtic variants in our sample means we miss the Celtic incursion
into Iberia and instead infer a late arrival into the Iberian peninsular associated with the Romance languages. The chronology
represented here therefore o↵ers a minimum age for expansion into an area.

Bouckaert  et al  (2012) Science.

Bouckaert et al  (2013) Science. Correction.

20 DECEMBER 2013    VOL 342    SCIENCE    www.sciencemag.org 1446

LETTERS

Hartmann and Davis were first to pub-
lish. They advocated that Earth collided with 
a sublunar mass object near the end of its 
formation, based on models of the Earth’s 
assembly. If the Earth’s core had formed at 
the time of the collision, they argued, ejected 
material would be depleted in iron, thus offer-
ing a natural explanation for the Moon’s low 
density. Cameron and Ward’s work appeared 
in early 1976 (2). They recognized two addi-
tional (and critical) aspects of the problem: 
First, a mechanism to alter ballistic trajecto-
ries (such as vaporization and resulting pres-
sure gradients) would be required to allow 
ejected material to go into orbit around the 
Earth. Second, the impact scenario implies a 
Mars-sized impactor, based on matching the 
anomalously large angular momentum of the 
Earth-Moon system. 

Given this, most of the Moon origin com-
munity attributes the impact theory jointly 
to both Hartmann and Davis (1975) and 
Cameron and Ward (1976).

H. JAY MELOSH,1* DAVID J. STEVENSON,2 

ROBIN CANUP3 

1EAPS, Purdue University, West Lafayette, IN 47907, USA. 
2Department of Planetary Science, California Institute of 
Technology, Pasadena, CA 91125–2100, USA. 3Planetary 
Science Directorate, Southwest Research Institute Boulder, 
CO 80302, USA.

*Corresponding author. E-mail: jmelosh@purdue.edu
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Social Security and 

Medicare in the Black

IN HIS NEWS & ANALYSIS STORY, “U.S. SHUT-
down ends, but not budget anxiety” (25 
October, p. 410), J. Mervis writes, “Hunter 
Rawlings, president of the…Association of 
American Universities,…says one major 
impediment to increased science spending 
is the continued growth of so-called entitle-
ment programs, such as Social Security and 
Medicare.” Social Security is paid for by a 
tax dedicated to Social Security. Medicare 
Parts A and B are also paid for by a tax dedi-

CORRECTIONS AND CLARIFICATIONS

Reports: “Anthropogenic seismicity rates and operational parameters at the Salton Sea geothermal fi eld” by E. E. Brodsky 
and L. J. Lajoie (2 August, p. 543, published online 11 July 2013). There are two typographical errors in Table 1: The reported 
phase lag in the time interval of 1982–1991 associated with injection should be 0 instead of 6. Also, the correlation between 
injection and seismicity in the 1991–2006 time window should be 0.25 instead of 0.26. The HTML and PDF versions online 
have been corrected.

Reports: “Mapping the origins and expansion of the Indo-European language family” by R. Bouckaert et al. (24 August 2012, p. 
957). The authors are grateful to William Chang and Andrew Garrett for informing them that there was a problem with the data 
matrix they used. The error occurred when 13 languages were removed from the original 116-language data matrix (http://ielex.
mpi.nl) because they were colonial varieties or doculects, for which the authors had a better source. Removing these languages 
produced 283 “empty” columns of zeros (out of 6279), which the authors neglected to omit. Columns full of zero entries can 
potentially bias rate estimates from model-based phylogenetic inference. In addition, this revealed an error in the ascertainment 
bias correction for all-zero columns in the BEAST code [A. J. Drummond, A. Rambaut, BMC Evol. Biol. 7, 214 (2007)]. The authors 
have therefore rerun the analyses with corrected data and BEAST code. The covarion model is now the best-fi tting model of cog-
nate evolution [C. Tuffl ey, M. A. Steel, Math. Biosci. 147, 63 (1998); D. Penny et al., J. Mol. Evol. 53, 711 (2001)]. Under this 
model, the basic inference about the geographic origins of Indo-European remains unchanged (revised Table 1 shown below); 
however, the tree topology differs slightly (revised Fig. 2 shown below) and date estimates are younger, although still showing a 
better fi t with the Anatolian hypothesis than with the Pontic steppe hypothesis (median = 7579 years BP; 95% HPD interval = 
5972 to 9351 years BP). The date ranges under the different models of cognate evolution, including the previously best-fi tting 
model (the stochastic-Dollo), are shown in a newly added fi g. S13. Revised supplementary material with revised versions of all 
affected tables and fi gures, as well as updated xml code, has been posted online. Two points in the main text also need correcting. 
First, the analysis, in which the authors constrain the tree topology to fi t with an alternative pattern of diversifi cation, still shows 
strong support for an Anatolian origin, but the Bayes factors are slightly different (BFSteppe I = 174.02, BFSteppe II = 145.35). Second, 
in the revised analysis, the fi ve major Indo-European subfamilies—Celtic, Germanic, Italic, Balto-Slavic, and Indo-Iranian—all 
emerged as distinct lineages between 4000 and 7000 years ago, not between 4000 and 6000 years ago as previously stated.
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0.78

0.36

0.69

0.36

0.48

RRW: All languages 380.4 625.2 

RRW: Constrained 174.0 145.4 

RRW: Ancient only 828 +  

RRW: Contemporary only* 73 +  

Landscape aware: Diffusion 161.10 79.14 

Landscape aware: Migration from land into water less likely than from 
land to land by a factor of 10 

63.0 31.2 

Landscape aware: Migration from land into water less likely than from 
land to land by a factor of 100 

120.3 59.0 

Landscape aware: Sailor 119.4 59.6 

*We note that although this analysis appears to show strong support for the Anatolian theory, this is because the Kurgan 

homeland was never sampled, whereas a small number of samples fell within the Anatolian range. This is perhaps not surprising 

given the absence of Anatolian and Tocharian languages from this analysis.

∞

∞

Letters to the Editor

Letters (~300 words) discuss material published in 
Science in the past 3 months or matters of gen-
eral interest. Letters are not acknowledged upon 
receipt. Whether published in full or in part, Let-
ters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualifi ed. To submit a 
Letter, go to www.submit2science.org.

Published by AAAS
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RRW Posterior distribution on root location
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assembly. If the Earth’s core had formed at 
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homeland was never sampled, whereas a small number of samples fell within the Anatolian range. This is perhaps not surprising 

given the absence of Anatolian and Tocharian languages from this analysis.
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Better data, multi-state, better model that 
allows but does not enforce direct ancestry, new 

results….

Chang et al 2014 New Jena results
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1. The challenge(s)
2. Bayesian phylolinguistics made easy
3. The Indo-European debate goes 

Bayesian  
4. Archaeogenetics to the rescue?

Talk structure

Haak et al 2015

1. The challenge(s)
2. Bayesian phylolinguistics made easy
3. The Indo-European debate goes 

Bayesian  
4. Archaeogenetics to the rescue?
5. A new hypothesis for the origin of PIE

Talk structure
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A hybrid model for the origin and spread of Indo-European
Haak, Heggarty, Krause & Gray A hybrid model for the origin and spread of Indo-European

Haak, Heggarty, Krause & Gray
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