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ABSTRACT

Ever since a model from population genetics was used on typological characters to illuminate the
prehistory of Southeast Asia and the Pacific (Reesink et al., 2009), it became clear that such proba-
bilistic models could be useful for a host of other linguistic problems as well. In this talk I will focus
on the nuts and bolts of three such models, each an incremental improvment on, or a variant inspired
by, the STRUCTURE model (Pritchard et al., 2000) that was used in the aforementioned study.

(1) I have applied the STRUCTURE model to data from the SAPhon database (Michael et al., 2012),
consisting of the phonological inventories of 350+ South American languages. I will discuss three
enhancements to the model that were necessary for good results: (i) a realistic enough prior for the
feature frequencies in each ancestral population; (ii) a hierarchical Dirichlet prior (Teh et al., 2006)
for language ancestries, so that the number of ancestral populations can be inferred automatically
from the data, rather than set by the analyst; (iii) two methods for summarizing and visualizing the
resulting posterior samples.

(2) The STRUCTURE model presupposes that all states of a character are equally amenable to
borrowing. This assumption is awkward when it comes to modeling binary characters that represent
the presence or absence of a feature. Lev Michael and I have constructed a rudimentary Relaxed
Admixture Model to model features that one language can influence another to gain, but not to lose.
When applied to the SAPhon database, this model proved useful for detecting the effects of relatively
mild and recent contact.

(3) Rather than construct clusters of languages, as STRUCTURE essentially does, one can instead
construct clusters of features — grouping together features that have similar distributions in the lan-
guages. This is especially effective when features are numerous and non-homoplastic. I have taken
POLLEX, a comparative word list of Polynesian languages with over 4000 etyma (Biggs & Clark, 2006),
and formed clusters with these etyma to induce isogloss bundles which reveal episodes of contact in
the prehistory of these languages.
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Explaining the Linguistic Diversity of Sahul using Population Models

of the Bird’s Head, far to the east in Bilua of the Solomon Islands,
and Yélı̂ Dnye, far off the Papuan tip.
These examples illustrate that our set of structural features does

more than just determine areal groupings blended by extensive
contact, as claimed by Donohue and others [32,33] in their
critique of Dunn and colleagues [14,15]. Structural features can
maintain long-term signals of linguistic relatedness.
Part of the interest of the methods reported here is that when

considered in tandem with independent information from the
study of cognates, we are able to separate vertical from horizontal
transmission in particular cases (cf. [34]). This is illustrated by the

extreme convergence between AN and Papuan languages in
eastern Indonesia and on New Britain (our cluster Red), and by
two non-PN Australian languages, Garrwa and Kayardild,
clustering with the well-established PN family in Australia.
The Structure analysis of the AN family, long known on

independent cognate grounds to form one of the world’s largest
language families, shows that structural data clearly preserve a
phylogenetic signal. By parity we may assume the same kind of
phylogenetic origin for the large TNG family, where we have only
fragmentary cognate confirmation. In the AN case, our analysis
based on structural data clearly reflects the same internal structure

Figure 4. The geographic patterning of STRUCTURE results for K10. Recapitulating the K10 row from Figure 3.
doi:10.1371/journal.pbio.1000241.g004

Explaining the Linguistic Diversity of Sahul

PLoS Biology | www.plosbiology.org 7 November 2009 | Volume 7 | Issue 11 | e1000241

G. Reesink, R. Singer, M. Dunn 2009

.

This talk is a show-and-tell of some of the things that I've been working on for the past two
years. In some respects, the paper shown here (Reesink et al., 2009) is the point of departure for
what I've been doing. In it, the authors used STRUCTURE (Pritchard et al., 2000), a model from
population genetics, to explain the distribution of linguistic typological features in this part
of the world. But for me things actually began when Lev Michael invited me do some analysis
on a database that he was putting together, of the phonological inventories of South American
languages. I hastily agreed because good databases are hard to come by in linguistics.
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Talk overview

▶ Three models, two datasets.
▶ Datasets

▶ SAPhon, a phonological inventory database for South American languages.
▶ POLLEX, a etymological word list for Polynesian languages.

▶ Models
▶ STRUCTURE, modified and used to analyze SAPhon.
▶ Relaxed Admixture Model (RAM), also for analyzing SAPhon.
▶ ETYMDIST, a clustering model for analyzing POLLEX.

▶ Focus
▶ Model design.
▶ Inference and implementation are not discussed.
▶ Results are peripheral, for illustrating what the models do.

▶ Goals
▶ Enable you to decide what these model are good for.
▶ Hear how these models should evolve.

.

I will discuss two datasets and three models for analyzing them. I will focus on the design
of the models and set aside matters of implementation and inference. I will also discuss some
results, for the purpose of ullustrating the operation of the models. Some of the results are
novel, but should be treated as provisional.

I hope that this talk will put you in a position to decide if any of these models would be
useful to what you do. I also hope to garner feedback on how these models should evolve.
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Terminology

What’s a probabilistic generative model?

▶ Generative: The data (X) is generated (i.e. explained)
by a set of underlying variables (P , Q, Z).

▶ Probabilistic: Variables are linked by probabilistic
laws.

... X..

P

..

Z

..

Q

.

All of the models in this talk are probabilistic generative models. By generative I simply mean
that the data is generated by a set of hidden or underlying variables, and by probabilistic I mean
that all variables are related by probabilistic laws, as opposed to deterministically. The diagram
shows such a model using a graph. By convention, an observed variable (i.e. data) is represented
by a filled node. The diagram also shows that there is structure among the underlying variables.
Q generates Z ; and P and Z together generate X .



.

.

Overview STRUCTURE RAM ETYMDIST References Appendix

More terminology

We wish to infer values for P , Q, and Z . Bayesian
inference gives a posterior distribution P,Q,Z | X .

▶ Distribution: A set of possibilities, each bearing a
probability. The probabilities must add to one.

▶ Posterior distribution: Distributions for the
underlying variables, in light of (i.e. posterior to
seeing) the data.

Don't forget: before doing inference, we must state our
prior beliefs (“priors”) for the loose ends P and Q. What
distributions do P and Q have before seeing the data?

... X..

P

..

Z

..

Q

.

As is often the case with such models, the goal is to infer what the underlying variables (in
this case, P , Q, and Z) might be, given what the data (X) is. In general, P , Q, and Z could be
many things, but some of those possibilities are more likely than others. The possible values
of P , Q, and Z jointly form a probability distribution, and since this is the distribution that is
obtained after observing the data, it is called a posterior distribution. For each of the models in
this talk, I use Bayesian inference to obtain an approximation to the posterior distribution for
the underlying variables.

As a prerequisite of Bayesian inference, we must state our prior beliefs about the indepen-
dent variables (in this case, P and Q) by specifying probability distributions over their possible
values. These probability distributions encode what we know about P and Q before seeing the
dataX . Bayesian inference combines prior beliefs with the data to yield posterior beliefs about
the underlying variables.
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SAPhon: South American Phonological Inventory Database
▶ http://berkeley.linguistics.edu/~saphon

▶ Phonological inventories for South American languages (L. Michael,
T. Stark, W. Chang, eds.).

▶ 355 languages, 297 features (most are phonemes).
▶ Reduce to a binary N × L matrix.

▶ N languages, L features.
▶ Each entry encodes whether language n has feature l.

.

SAPhon aims to be a high-quality, exhaustive database of the phonological inventories of the
languages of South America. For my purposes I encode the data as simply a binary matrix, with
N languages down the side and L features along the top. Each cell encodes the presence (1) or
absence (0) of feature l in language n. The features are almost all phonemes, but a few encode
for things such as the presence of tone or nasal harmony in the phonology of the language.

Some regularization has been done on the phonologies, to make them easier to compare.
For example, /ɛ/ is replaced by /e/ whenever /e/ doesn't already exist, since the choice be-
tween /e/ and /ɛ/ may depend more on the linguist than on the language itself. Other infor-
mation such as language family and geography are discarded during analysis, but are used in
plotting results.
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Now I will discuss using the STRUCTURE model to analyze the SAPhon dataset. First I will
review the core of the model, and afterwards explore the effect of different priors on feature
frequencies and language ancestries.

Shown here is a binary matrix X containing a small subset of the data from SAPhon. For
legibility I print the phoneme when it is present, rather than printing a bunch of zeroes and
ones.
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For each cell STRUCTURE infers a feature ancestry, which indicates the source for that cell. In
this example there are just two ancestries, blue and pink, but in general there may be more. This
assignment of feature ancestries is denoted by Z . In this example, all languages except Nukak
derive from just one ancestry. Nukak's inventory is analyzed as “mixed”, while the others are
“pure”.
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STRUCTURE also infers K ancestral population, which are collectively denoted by P . (Each
ancestral population is also referred to as an ancestral inventory or a cluster.) Each ancestral pop-
ulation is a bank of numbers, one for each feature. Each number indicates the frequency with
which that feature appears in that ancestral population. This feature frequency corresponds to
frequency with which the feature appears in the subset of modern languages that derive from
the same ancestral population. For example, the feature frequency for /c/ in the pink ancestral
population is 67%. This corresponds to the fact that, of the three languages whose value for /c/
derives from the pink ancestral population (Nukak, Daw, Nadeb), two of them have it.

For the sake of exposition I have labeled the two ancestral populations Tucanoan and
Nadahup, though in reality STRUCTURE posits them with no regard to how linguists classify
languages. Note that STRUCTURE posits a certain amount of heterogeneity in each ancestral
population, as seen by the fact that not all of the feature frequencies are 0 or 100%. Nonethe-
less most of the feature frequencies are close to, if not actually, 0 or 100%, which means that
these ancestral populations are actually quite homogeneous, and this accords with the notion
that each ancestral population should have a distinct character.
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STRUCTURE also infers N language ancestries, which are collectively denoted by Q. In the
abstract, each ancestry is simply a vector of K positive numbers that sum to one. I visualize
them with pies. As noted earlier, all of the ancestries are pure except for that of Nukak. The
ratio of pink to blue in its ancestry matches the ratio of pink to blue tiles in Nukak’s feature
ancestries.

The fact that most ancestries are pure accords with the principle that a model should be
parsimonious. For Nukak, however, it is better to posit admixture, since none of the alternatives
are appealing.

• If we put Nukak with Tucanoan, it would be the only language to have /c/ and /ɟ/, and
to lack /s/.

• If we put Nukak with Nadahup, it would be the only language to lack phonemic nasals
and /ʃ/.

• If we put Nukak in its own cluster, we would be neglecting its similarity to both
Tucanoan and Nadahup.
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This is just one possible set of values for P , Q, and Z . Clearly others are possible, and
perhaps quite probable as well. Bayesian inference will sample from among likely values for P ,
Q and Z to provide an estimate of the joint posterior distribution P,Q,Z | X .
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For a better understanding of STRUCTURE, we need to look at the data in a generative way.
Let’s generate some data according to the STRUCTURE model. We start with the givens: K
clusters, N languages, and L features.
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First we generate P , the feature frequencies.
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We draw K ×L values for the feature frequencies from some prior distribution for P that
is yet to be described. Most of the values should be near zero or one.
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We also generate Q, the feature ancestries.
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We draw N ancestries from some prior distribution for Q that is yet to be described. Most
of the ancestries should be pure or nearly so.
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We consult Q to generate Z . For each language n and each feature l, we consult Qn to
generate Znl, the feature ancestry for each tile. Only for Nukak is there actually choice. Pink
and blue are chosen randomly, with probability proportional to the size of pink and blue in
Nukak's ancestry.
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Finally we consult Z and P to generate the data X . For each language n and each feature
l, we first consult Znl, which is the feature ancestry for that tile. That tells us which ancestral
population to consult. We then consult PZnll (P indexed by Znl and l) to obtain the feature
frequency for Xnl, which we generate with a weighted coin toss.
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..
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Ancestry of language n.
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in language n.
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Frequency of feature l

..
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.. Feature l present in..
language n?

.

This plate diagram is a more formal way to represent the model (see Bishop, 2006:363 for
more on plate diagrams). The plates, which are drawn with brown rectangles, indicate two
things. (1) They indicate the dimensions of the variables that they contain. (2) They indicate
that the elements of the variables that they contain are independently generated. For example,
the fact that P is inside the rectangles labeled K and L means that P has K × L elements.
These elements are generated independently from some (as yet unspecified) prior distribution.

The annotations to the right of each variable indicate the range of each element of the
variable. Each element of P , denoted by Pkl, falls in the interval [0, 1]. Each element of Q,
denoted byQn, is a member of∆K−1, which denotes the set of all ancestries withK elements.
Incidentally, each Qn is actually a vector of K elements, but since these K elements must sum
to one, they are not independently generated. Hence, I do not enclose Q in the plate labeled
with K .

This diagram also describes how the variables are related. The expression Znl ∼ Cat(Qn)
means that each Znl is drawn from a categorical distribution parameterized by Qn, where
the probability of each outcome k is proportional to the kth element of Qn. The expression
Xnl ∼ Bernoulli(PZnll)means that each Xnl is one with probability PZnll, or else zero. The
generation of P and Q is unspecified, but will be discussed soon.
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p t k � m n � s h w j l i i� e a a� o u u�  i�´ i´ e´ a�´ a´ o´ u�´ u´

pª p tª t kª k � m n s h w j l i i� e e� a a� o o� u u� tone  i�´ i´ e�´ e´ a�´ a´ o�´ o´ u�´ u´
p t k � m n s h l i e a o u  µ ¶
p t ts t� k � m n s � x h w j � i i� a a� u u� � �� tone
p t ts t� k � m n � s £ � h w j � i i: a a: u u: � �: tone
p t ts t� k k§ � m n � s £ � � i e a o u � tone  ��
p t ts t� k � m n � s £ � h w j i a u �  ¥
p b t ts d t� k m n s £ � h w j i i� a a� o o� u u�
p t ts t� k m n � s £ � h w j � i a u �
p t ts t� k m n � s £ � h w � l i a o u �
p t ts t� k k§ m n � s � w j i e a o u �  �
p b t ts d t� k m n s £ � w j i e a o �  ¢£ º
p b t ts d t� k m n s £ � w j i e a o u �  ¢£
p b t k m n � s x w j � i i� a a� u u�  f v
p t ts t� k � m n � s £ � h w j � i a u �
p b t ts k m n s £ � x w j � i a u �
p b t ts d t� k � s � h w j � i i� a a� u u� �
p b t ts t� k m n s � h j � i a u �
p t ts t� k m n s £ h w j � i a u �  f
p t ts t� k m n � s £ � h w j � i i� a a� u u� � �� tone
p b t ts d t� k m n s £ � � i i� a a� u u� � ��  f
p t ts t� k m n � s £ � h w j i i: a a: u u: � �:  b� ±¥
p t ts t� k m n � s £ � h j i i� a a� u u� � ��  ¥
p t ts t� k m n � s £ � h w j � i a u �
p t ts t� k m n � s £ � h j � i i� a a� u u� � ��
p t t� k m n s h w j � i i� e e� a a� o o� u u� � �� tone
p t k m n s � w j l i i� e e� a a� u u�
p t k � m n s h i i� e a a� o o� u � tone  � ��

pª p b tª t d t� d¨ kª k Æ � m n � � � h j � i i� e a a� o u u� � ��  t�ª ¦ �� · ·� ¸ ¸� �
pª p tª t ts kª k m n � s x w j l   i i� e e� a a� u u�  p« mb« mb t«ª tsª ts«ª ts« nd nd« ndz ndz« k« �Æ �« �« s« x« i´ iª e´ eª a´ aª u´ uª

p t ts t� k m n � s � h w j � l   i i: a a: u u:  ¢£ q
p t t� k m n � s h w � l   i a u  q

pª p tª t t� kª k m n � s h w j � l   i a u  p' t' t�' t�ª k' q' qª q
p t t� d¨ k m n � s £ � x w j � l i a u  ¢£ q ¥
p t t� k m n � s � w j � l   i a u  ¢£

pª p tª t t� kª k m n � s � h w j � l   i e a o u  p' t' t�' t�ª k' q' qª q
p t t� k m n � s � w j � l i a u  ¢£ q ¨
p t t� k m n � s � h w j � l   i i: a a: u u:  q
p t ts t� k m n � s � h w j � l   i i: a a: u u:  q
p t ts t� k m n � � s � x w j � l i a u  ¨
p b t ts d t� k Æ m n � s � x w j � l   i a u
p t t� k m n � s � x � l   i a u
p t t� k m n � s � h w j � l   i i: a a: u u:  ¢£
p t t� k Æ m n � � s � x w j � l   i i: a a: u u:  ¢£ ¹
p b t t� k Æ m n � � s � x w j � l   i i: a a: u u:  ¢£
p b t ts d t� k Æ m n � � s � h w j � l   i a u

pª p b tª t ts d t� kª k Æ m n � s � x w j � l i a u  z ¨
p t t� d¨ k m n � s � x w j � l i a u
p t t� k Æ m n � � s � x w j � l i e a o u  q Á ¨ ¹
p b t ts d t� k Æ m n � s � w j � l   i a u  dz q ¨
p t t� k Æ m n � � s � x w j � l   i a u  ¢£ ¹

pª p b tª t d kª k k§ � m n s h w j � i e a o u �  p' t' ts' k' k§' h§ �
p b t d k k§ Æ m n � � s x h l i i� e e� a a� o o� u u�  c � Æ§ h§ r
p b t ts d t� d¨ k k§ m n � s � h w j l i e a u  z
p b t ts d k k§ m n � s h w j   i e a u  cc� c � c� ¬
p t ts t� k k§ � m n � s � x h w j i e a u  µ ¶
p t t� k k§ � m n � s � x h w j i e a u  µ° ¶°
p t t� k k§ m n s � h w j � l i e a u  mb ¢£ »±¥ �
p b t d t� k k§ m n £ � h w j � i e a u  ¢£ ± �

t t� k k§ � n � x h w j � i a o u �
p b t d k Æ m n � � � w � i i� e e� a a� o o� u u� � �� tone  c � i´ e´ a´ o´ u´ �´

pª p b tª t ts d t� kª k k§ Æ m n � � s h w i i: e e: a a: o o: u u: � �:  c � z i´ e´ a´ o´ u´ �´
p t ts d k � m n � s � x h w j � l i e a o u �  t¡' t¡ t' ts' k' �
p b t d k Æ h w � i i� e e� a a� o o� u u� � �� tone  c � nasal harmony
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone  ¯ nasal harmony
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone

pª p tª t d¨ kª k � m n � � � s h � i i� e e� a a� o o� u u� � �� tone  m° �°
p b t d t� k h w j � i i� e e� a a� o o� u u� � �� tone  �� nasal harmony

b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d t� d¨ k k§ Æ s h w j i i� e e� a a� o o� u u� � �� tone  Æ§ nasal harmony
p b t d k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d t� k Æ � h i i� e e� a a� o o� u u� � �� tone  ¨ © nasal harmony
p t d t� k k§ � m n s h w j i i� e e� a a� o o� u u� � ��  z
p b t d t� k k§ Æ � m n s h w j i i� e e� a a� o o� u u� � ��  Æ§ z h§
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k � s h w j � i i� e e� a a� o o� u u� tone
p b t d k Æ h w j � i i� e e� a a� o o� u u� � �� tone  c nasal harmony

pª p b tª t d kª k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ h w j � i i� e e� a a� o o� u u� � �� tone

pª p b tª t d t� kª k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone  nasal harmony
p b t d t� d¨ k Æ � m n � � � w j � i i� e e� a a� o o� u u� � ��  mb nd nd¨ �Æ v
p t k k§ � m n � w j � i i� e e� a a� o u u� � ��
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p t k � m n � s h w j � i i� e e� a a� o u u� �
p t d t� k � m n h w j � i i� e e� a u u� � ��
p t t� d¨ k k§ � m n � � � h w j � i i� e e� a a� o o� u u� �
p t k k§ � m n � s h w i e a u �
p t t� k k§ m n � w j � i i� e e� a a� o o� u u� � ��  Ã
p t ts k � m n � w j � l i i� e e� a a� o o� u u� � ��  ¥ ¦
p t t� k k§ m n � � s � i i� e e� a a� o o� u u� � ��  ¨
p t k k§ � s � i i� e e� a a� o o� u u� � ��  mb nd �Æ Æ§ ¨
p b t d t� d¨ k k§ Æ � s h w j � i i� e e� a a� o o� u u� � �� ¼  z ¼�
p b t ts d k Æ � m n � � � j � l i i� e e� a a� u u� � �� tone  dz cc� �Î
p t ts k k§ � m n � h w j � i e a o u � ¼  �§ z
p t t� k k§ � m n h w j � i i� e e� a a� o o� u u� � ��
p t d¨ k k§ � � s � x � l i i� e e� a a� o o� u u� � ��  mb nd �Æ �Æ§ ¦ ¦§
p t t� k k§ � m n � � s j � i i� e e� a a� o o� u u� � ��  Æ§
p b t d t� d¨ k � m n s � h w j � i i� e e� a a� u u� � ��  z �
p t k Æ � m n � h w j � i i� e e� a a� o o� u u� � ��
p t k k§ � m n � s � h w j � i i� e e� a a� o o� u u� �  �§
p t d¨ k � m � s � h w j � i i� e e� a a� o o� u u� � ��  �§
p t ts k k§ � m n � h w j � i i� e e� a a� o o� u u� � ��  h§
p t k m n � � s h w � i i� i: e e� e: a a� a: u u� u: � �� �:  i�: e�: a�: u�: ��:
p b t k Æ � m n � h w j � i i� e e� a a� o o� u � ¼ tone  c
p t k k§ Æ � m n � � s w j � i i� e e� a a� o o� u u� � ��
p t ts t� k m n x w j � i e a u �
p b t d t� d¨ k � m n � s � h w j � i i� e e� a a� o u u� �  �
p t t� k m n � w j � i i� e e� a a� u u� � ��
p t t� k k§ � m n � � h w � i i� e e� a a� o o� u u� � ��  �§
p b t d t� d¨ k � m n � s � h w j � i i� e e� a a� u u� � �� tone  i�´ i´ e�´ e´ a�´ a´ u�´ u´ �´ ��´
p t ts t� d¨ k k§ Æ � w j � i i� e e� a a� o o� u u� � ��  mb nd �Æ Æ§ ©
p b t k k§ Æ � m n s � w j � i e a u  mb nd c �Æ j�
p t ts t� k k§ m n s � w j � i a u �  Å
p t k k§ � m n � � s � h w � i i� e e� a a� o o� u u� � ��  �§
p t t� k k§ � m n � � h � i e a u �
p t ts k k§ Æ m n � � � s h j � i i� e e� a a� u u� � ��  �§
p t k � m n � s h w j � i i� i: e e� e: a a� a: o u u� u: � �:
p b t t� k k§ m n � � s � h w j � i i� e e� a a� o o� u u� � ��  k« n°
p b t d t� d¨ k Æ � m n � � s � w j � l i i� e e� a a� u u� � �� tone
p t t� d¨ k k§ � s � h w � i i� e e� a a� o o� u u� � ��  mb nd �Æ
p t t� k k§ � m n � h w j � i i� e e� a a� u u� � ��
p t d k k§ � m n � s h w � i e a o u � ¼  �§
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p b t t� k � m n � s h w j � i i� i: e e� e: a a� a: u u� u: � �� �:
p b t k � m n � s � w j � i i� e e� a a� o o� u u� � ��
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p t k k§ � m n � s h w j � i i� e e� a a� o u u� � ��  �§
p t k k§ � m n � � s w j � i i� e e� a a� o o� u u� � ��  �§
p t t� d¨ k � m n � h w j � i i� e e� a a� o o� u � ��
p b t d k m n s � h w j l i i� e a a� u u� � ��  z
p b t d t� k k§ Æ � m n � s x � i i� i: e e� e: a a� a: o o� o: u u� u:  k« Æ§ ¨ x« x§ i�: e�: a�: o�: u�:
p b t d t� k k§ Æ � s h w j � i i� e e� a a� o o� u u� � ��

b t d t� k k§ m n � s � h l i e a u � tone  f§ h« ¯
pª p tª t ts t� kª k k§ m n � � s £ � x w j � l   i i: e e: a a: o o: u u:  p' t' ts' tsª ¢£' ¢£ª ¢£ t�' t�ª k' q' qª q q§ s¡ � x§ ¹ ¹§

p b t t� k k§ m n � s � x w j �   i i: e e: a a: o o: u u:  p' t' t�' c k' q' q
p b t d t� k Æ � m n s h w j � l i e a o u  p' t' t�' k' q' q Á �
p b t d k Æ m n � � w j i i� i: e e� e: a a� a: u u� u:  i�: e�: � �� �: ��: a�: u�:
p t k k§ m n s h w j � i e a o u
p b t d t� d¨ k Æ � m n � � � � s x � i e a o u �

b t d k Æ m n � � � � i e a o u � tone  c � ¤
p b t ts d t� d¨ k Æ � m n � � � � h � i e a o u �  t« dz
p b t ts t� d¨ k Æ � m n � � � s � x h � i i� e a a� u u� � �� tone  t« d« dz m: n: �: ¨
p t t� k m n s � x h w j � l i e a o u  ¥
p tª t ts k m n s � h w � i i� e e� a a� u u� � �� ¼  ¼� nasal harmony
p tª t ts k m n s h w l i i� e e� a a� o o� u u� � �� ¼
p tª t k m n s h w l i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  h§ i�: ¼� ¼:
p tª t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i� e e� a a� o o� u u� � �� ¼  ¼� nasal harmony
p t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i� e e� a a� o o� u u� � �� ¼  f ¼� nasal harmony
p t t� k m n � x h w � i i: e e� e: a a� a: o o� o: u u� u: � �� �:  i�:
p b t d t� k � m n � s � h w j l i e a o u �  � Ï̈ �
p b t d t� k Æ � m n � � s h w j � i i� e e� a a� o o� u u�  m° n° �°
p b t d t� d¨ k Æ � m n s � h w l i i� e e� a a� o o� u u� � �� ¼  z ¨ ¦ Ð r Å Å�
p t ts t� k k§ � m n s � h w j � i i: a a: o o: u u: � �:
p t k k§ m n s � h w j � i i: a a: o o: u u:  t« k« m« n« h« h§ �« Å Å:
p t k k§ m n s h w j � i i: a a: u u: � �: tone
p t ts k k§ � m n s � h w j � i i: a a: u u: � �:

cf. Carib Srnm
cf. Akunts�
cf. Yaru Quechua
cf. Yurut�
cf. Macushi
cf. Katuk�na Pnn
cf. Bakair� East
cf. Huallaga H Q
cf. Lule
cf. Yora
cf. Jamamad�
cf. Canela
cf. Ash�ninka Uc
cf. Tenharim
cf. Muinane
cf. Callawaya
cf. Yanomama Pap.
cf. Guaran� Prgy
cf. Suru�
cf. Kariti�na
cf. Ember�-Baud�
cf. Cuiba
cf. Baniwa (Central)
cf. Yanomam�
cf. Mats�s
cf. Kithaulhu
cf. Yuhup
cf. Kulina
cf. Ese Ejja B
cf. Res�garo
cf. Moset�n St A
cf. Cayubaba
cf. Waur�
cf. Guat�
cf. Karaj�
cf. S�liba

pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  ¢£ ¨
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  nasal harmony
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  z ¨
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  ¢£ q Ã
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  p' t' ts' t�' k' q' q � ¹
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  c � ¬
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  · ·� ¸ ¸� ¼� Â
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  p« t« tsª t�ª k« m« N © �« �i
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  �§
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  t« d« dz
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  p' t' t�' t�ª k' q' qª q c� ¹
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These are the results when STRUCTURE is fed SAPhon in its entirety. (Please zoom in to see
details.) On the right are pies showing the language ancestries for each language. (This is the
information contained in Q.) I use 36 colors to show the 36 largest ancestral populations. The
rest are lumped together and drawn with a dark gray.

STRUCTURE seems to be doing many things right. For example Nukak (‘mbr’, near the south
end of Colombia) is predominantly olive-colored. The olive cluster consists of most of the Tu-
canoan languages. Most of the rest of Nukak's colors are associated with the Nadahup languages
further to the southeast. This comports with the idea that Nukak has been influenced by both
groups in historical times (CITE).

Another example of a small success is the pie for Yánesha (‘ame’, in Central Peru) which
is colored yellow and pastel green. Yellow is the color of most Quechuan languages and pastel
green is the color of the Kampan Arawak languages in its vicinity. This comports with what
we know about Yánesha as a genetically Arawak language in the foothills of the Andes that has
been heavily influenced by Quechuan (CITE).

On the left are two bits of information. At the top (where there are bars of one color) I
show the 36 largest ancestral populations. To the left of each bar, I print the language that
best exemplifies the ancestral inventory. To the right I show the feature frequencies for each
feature with the color of the letters. (This is the information contained in P .) Features with
feature frequencies in the second, third, and fourth quarters of the interval [0,1] are colored,
respectively, light blue, blue, and black. Note that these ancestral inventories look more or less
like real inventories.

Further below on the left I display language ancestries using bars rather than pies. The lan-
guages have been sorted by family, and it is possible to tell using this plot that Arawak phonolo-
gies are quite diverse, while Carib or Quechuan phonologies are much less so.
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Naive feature frequency prior
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Among the simplest possible priors for P is to draw each element independently from the
same beta distribution. The next slide explains the peculiar way in which the beta distribution
as been parameterized.
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Density function of Beta(λµ, λ(1− µ)) on [0, 1]..

λ = 0.6

λ = 1.2

λ = 2.5

λ = 5.0

λ = 10.0

µ = 0.1 µ = 0.3 µ = 0.5 µ = 0.7 µ = 0.9

.

The mean of each distribution is given by µ, while λ determines how concentrated the
mass is. A high λ yields feature frequencies that are all close to µ, while a low λ yields feature
frequencies that are close to zero or one. Since most features are rare, we would expect µ to be
low in real life; and since ancestral populations should be relatively homogeneous, we would
expect λ to be low as well. When we allow the model to estimate µ and λ, that’s exactly what
we get.
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Improved feature frequency prior
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We can improve the prior by respecting the fact that when we consider each feature indi-
vidually, its frequency in each ancestral population will tend to be correlated. That is to say,
P1l, P2l, . . . , Pkl will tend to reflect some universal feature frequency for feature l. To model
this, we can posit a universal feature frequency µl for each feature, and generate µ1, . . . , µL

from a beta distribution parameterized by µl.
This prior is a special case of the prior in the model with correlated allele frequencies discussed

in the appendix of Pritchard et al. (2000).



.

.

Overview STRUCTURE RAM ETYMDIST References Appendix Dataset Overview P prior Q prior Visualization

STRUCTURE with naive feature frequency prior
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15. Arawak Bar�
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17. Arawak Cabiyar�
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p t k � m n � s h w j l i i� e e� a a� o u u�  ¶ i�´ i´ e�´ e´ a�´ a´ o´ u�´ u´
p t k � m n � s h w j l i i� e a a� o u u�  i�´ i´ e´ a�´ a´ o´ u�´ u´

pª p tª t kª k � m n s h w j l i i� e e� a a� o o� u u� tone  i�´ i´ e�´ e´ a�´ a´ o�´ o´ u�´ u´
p t k � m n s h l i e a o u  µ ¶
p t ts t� k � m n s � x h w j � i i� a a� u u� � �� tone
p t ts t� k � m n � s £ � h w j � i i: a a: u u: � �: tone
p t ts t� k k§ � m n � s £ � � i e a o u � tone  ��
p t ts t� k � m n � s £ � h w j i a u �  ¥
p b t ts d t� k m n s £ � h w j i i� a a� o o� u u�
p t ts t� k m n � s £ � h w j � i a u �
p t ts t� k m n � s £ � h w � l i a o u �
p t ts t� k k§ m n � s � w j i e a o u �  �
p b t ts d t� k m n s £ � w j i e a o �  ¢£ º
p b t ts d t� k m n s £ � w j i e a o u �  ¢£
p b t k m n � s x w j � i i� a a� u u�  f v
p t ts t� k � m n � s £ � h w j � i a u �
p b t ts k m n s £ � x w j � i a u �
p b t ts d t� k � s � h w j � i i� a a� u u� �
p b t ts t� k m n s � h j � i a u �
p t ts t� k m n s £ h w j � i a u �  f
p t ts t� k m n � s £ � h w j � i i� a a� u u� � �� tone
p b t ts d t� k m n s £ � � i i� a a� u u� � ��  f
p t ts t� k m n � s £ � h w j i i: a a: u u: � �:  b� ±¥
p t ts t� k m n � s £ � h j i i� a a� u u� � ��  ¥
p t ts t� k m n � s £ � h w j � i a u �
p t ts t� k m n � s £ � h j � i i� a a� u u� � ��
p t t� k m n s h w j � i i� e e� a a� o o� u u� � �� tone
p t k m n s � w j l i i� e e� a a� u u�
p t k � m n s h i i� e a a� o o� u � tone  � ��

pª p b tª t d t� d¨ kª k Æ � m n � � � h j � i i� e a a� o u u� � ��  t�ª ¦ �� · ·� ¸ ¸� �
pª p tª t ts kª k m n � s x w j l   i i� e e� a a� u u�  p« mb« mb t«ª tsª ts«ª ts« nd nd« ndz ndz« k« �Æ �« �« s« x« i´ iª e´ eª a´ aª u´ uª

p t ts t� k m n � s � h w j � l   i i: a a: u u:  ¢£ q
p t t� k m n � s h w � l   i a u  q

pª p tª t t� kª k m n � s h w j � l   i a u  p' t' t�' t�ª k' q' qª q
p t t� d¨ k m n � s £ � x w j � l i a u  ¢£ q ¥
p t t� k m n � s � w j � l   i a u  ¢£

pª p tª t t� kª k m n � s � h w j � l   i e a o u  p' t' t�' t�ª k' q' qª q
p t t� k m n � s � w j � l i a u  ¢£ q ¨
p t t� k m n � s � h w j � l   i i: a a: u u:  q
p t ts t� k m n � s � h w j � l   i i: a a: u u:  q
p t ts t� k m n � � s � x w j � l i a u  ¨
p b t ts d t� k Æ m n � s � x w j � l   i a u
p t t� k m n � s � x � l   i a u
p t t� k m n � s � h w j � l   i i: a a: u u:  ¢£
p t t� k Æ m n � � s � x w j � l   i i: a a: u u:  ¢£ ¹
p b t t� k Æ m n � � s � x w j � l   i i: a a: u u:  ¢£
p b t ts d t� k Æ m n � � s � h w j � l   i a u

pª p b tª t ts d t� kª k Æ m n � s � x w j � l i a u  z ¨
p t t� d¨ k m n � s � x w j � l i a u
p t t� k Æ m n � � s � x w j � l i e a o u  q Á ¨ ¹
p b t ts d t� k Æ m n � s � w j � l   i a u  dz q ¨
p t t� k Æ m n � � s � x w j � l   i a u  ¢£ ¹

pª p b tª t d kª k k§ � m n s h w j � i e a o u �  p' t' ts' k' k§' h§ �
p b t d k k§ Æ m n � � s x h l i i� e e� a a� o o� u u�  c � Æ§ h§ r
p b t ts d t� d¨ k k§ m n � s � h w j l i e a u  z
p b t ts d k k§ m n � s h w j   i e a u  cc� c � c� ¬
p t ts t� k k§ � m n � s � x h w j i e a u  µ ¶
p t t� k k§ � m n � s � x h w j i e a u  µ° ¶°
p t t� k k§ m n s � h w j � l i e a u  mb ¢£ »±¥ �
p b t d t� k k§ m n £ � h w j � i e a u  ¢£ ± �

t t� k k§ � n � x h w j � i a o u �
p b t d k Æ m n � � � w � i i� e e� a a� o o� u u� � �� tone  c � i´ e´ a´ o´ u´ �´

pª p b tª t ts d t� kª k k§ Æ m n � � s h w i i: e e: a a: o o: u u: � �:  c � z i´ e´ a´ o´ u´ �´
p t ts d k � m n � s � x h w j � l i e a o u �  t¡' t¡ t' ts' k' �
p b t d k Æ h w � i i� e e� a a� o o� u u� � �� tone  c � nasal harmony
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone  ¯ nasal harmony
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone

pª p tª t d¨ kª k � m n � � � s h � i i� e e� a a� o o� u u� � �� tone  m° �°
p b t d t� k h w j � i i� e e� a a� o o� u u� � �� tone  �� nasal harmony

b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d t� d¨ k k§ Æ s h w j i i� e e� a a� o o� u u� � �� tone  Æ§ nasal harmony
p b t d k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d t� k Æ � h i i� e e� a a� o o� u u� � �� tone  ¨ © nasal harmony
p t d t� k k§ � m n s h w j i i� e e� a a� o o� u u� � ��  z
p b t d t� k k§ Æ � m n s h w j i i� e e� a a� o o� u u� � ��  Æ§ z h§
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k � s h w j � i i� e e� a a� o o� u u� tone
p b t d k Æ h w j � i i� e e� a a� o o� u u� � �� tone  c nasal harmony

pª p b tª t d kª k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ h w j � i i� e e� a a� o o� u u� � �� tone

pª p b tª t d t� kª k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone  nasal harmony
p b t d t� d¨ k Æ � m n � � � w j � i i� e e� a a� o o� u u� � ��  mb nd nd¨ �Æ v
p t k k§ � m n � w j � i i� e e� a a� o u u� � ��
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p t k � m n � s h w j � i i� e e� a a� o u u� �
p t d t� k � m n h w j � i i� e e� a u u� � ��
p t t� d¨ k k§ � m n � � � h w j � i i� e e� a a� o o� u u� �
p t k k§ � m n � s h w i e a u �
p t t� k k§ m n � w j � i i� e e� a a� o o� u u� � ��  Ã
p t ts k � m n � w j � l i i� e e� a a� o o� u u� � ��  ¥ ¦
p t t� k k§ m n � � s � i i� e e� a a� o o� u u� � ��  ¨
p t k k§ � s � i i� e e� a a� o o� u u� � ��  mb nd �Æ Æ§ ¨
p b t d t� d¨ k k§ Æ � s h w j � i i� e e� a a� o o� u u� � �� ¼  z ¼�
p b t ts d k Æ � m n � � � j � l i i� e e� a a� u u� � �� tone  dz cc� �Î
p t ts k k§ � m n � h w j � i e a o u � ¼  �§ z
p t t� k k§ � m n h w j � i i� e e� a a� o o� u u� � ��
p t d¨ k k§ � � s � x � l i i� e e� a a� o o� u u� � ��  mb nd �Æ �Æ§ ¦ ¦§
p t t� k k§ � m n � � s j � i i� e e� a a� o o� u u� � ��  Æ§
p b t d t� d¨ k � m n s � h w j � i i� e e� a a� u u� � ��  z �
p t k Æ � m n � h w j � i i� e e� a a� o o� u u� � ��
p t k k§ � m n � s � h w j � i i� e e� a a� o o� u u� �  �§
p t d¨ k � m � s � h w j � i i� e e� a a� o o� u u� � ��  �§
p t ts k k§ � m n � h w j � i i� e e� a a� o o� u u� � ��  h§
p t k m n � � s h w � i i� i: e e� e: a a� a: u u� u: � �� �:  i�: e�: a�: u�: ��:
p b t k Æ � m n � h w j � i i� e e� a a� o o� u � ¼ tone  c
p t k k§ Æ � m n � � s w j � i i� e e� a a� o o� u u� � ��
p t ts t� k m n x w j � i e a u �
p b t d t� d¨ k � m n � s � h w j � i i� e e� a a� o u u� �  �
p t t� k m n � w j � i i� e e� a a� u u� � ��
p t t� k k§ � m n � � h w � i i� e e� a a� o o� u u� � ��  �§
p b t d t� d¨ k � m n � s � h w j � i i� e e� a a� u u� � �� tone  i�´ i´ e�´ e´ a�´ a´ u�´ u´ �´ ��´
p t ts t� d¨ k k§ Æ � w j � i i� e e� a a� o o� u u� � ��  mb nd �Æ Æ§ ©
p b t k k§ Æ � m n s � w j � i e a u  mb nd c �Æ j�
p t ts t� k k§ m n s � w j � i a u �  Å
p t k k§ � m n � � s � h w � i i� e e� a a� o o� u u� � ��  �§
p t t� k k§ � m n � � h � i e a u �
p t ts k k§ Æ m n � � � s h j � i i� e e� a a� u u� � ��  �§
p t k � m n � s h w j � i i� i: e e� e: a a� a: o u u� u: � �:
p b t t� k k§ m n � � s � h w j � i i� e e� a a� o o� u u� � ��  k« n°
p b t d t� d¨ k Æ � m n � � s � w j � l i i� e e� a a� u u� � �� tone
p t t� d¨ k k§ � s � h w � i i� e e� a a� o o� u u� � ��  mb nd �Æ
p t t� k k§ � m n � h w j � i i� e e� a a� u u� � ��
p t d k k§ � m n � s h w � i e a o u � ¼  �§
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p b t t� k � m n � s h w j � i i� i: e e� e: a a� a: u u� u: � �� �:
p b t k � m n � s � w j � i i� e e� a a� o o� u u� � ��
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p t k k§ � m n � s h w j � i i� e e� a a� o u u� � ��  �§
p t k k§ � m n � � s w j � i i� e e� a a� o o� u u� � ��  �§
p t t� d¨ k � m n � h w j � i i� e e� a a� o o� u � ��
p b t d k m n s � h w j l i i� e a a� u u� � ��  z
p b t d t� k k§ Æ � m n � s x � i i� i: e e� e: a a� a: o o� o: u u� u:  k« Æ§ ¨ x« x§ i�: e�: a�: o�: u�:
p b t d t� k k§ Æ � s h w j � i i� e e� a a� o o� u u� � ��

b t d t� k k§ m n � s � h l i e a u � tone  f§ h« ¯
pª p tª t ts t� kª k k§ m n � � s £ � x w j � l   i i: e e: a a: o o: u u:  p' t' ts' tsª ¢£' ¢£ª ¢£ t�' t�ª k' q' qª q q§ s¡ � x§ ¹ ¹§

p b t t� k k§ m n � s � x w j �   i i: e e: a a: o o: u u:  p' t' t�' c k' q' q
p b t d t� k Æ � m n s h w j � l i e a o u  p' t' t�' k' q' q Á �
p b t d k Æ m n � � w j i i� i: e e� e: a a� a: u u� u:  i�: e�: � �� �: ��: a�: u�:
p t k k§ m n s h w j � i e a o u
p b t d t� d¨ k Æ � m n � � � � s x � i e a o u �

b t d k Æ m n � � � � i e a o u � tone  c � ¤
p b t ts d t� d¨ k Æ � m n � � � � h � i e a o u �  t« dz
p b t ts t� d¨ k Æ � m n � � � s � x h � i i� e a a� u u� � �� tone  t« d« dz m: n: �: ¨
p t t� k m n s � x h w j � l i e a o u  ¥
p tª t ts k m n s � h w � i i� e e� a a� u u� � �� ¼  ¼� nasal harmony
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cf. Mapoyo
cf. Bakair� West
cf. Akunts�
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cf. Yurut�
cf. Macushi
cf. Yawanawa
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cf. Huitoto Mur
cf. Yora
cf. Canela
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cf. Mamaind�
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cf. Tsiman�
cf. Hup
cf. Kadiw�u
cf. Karaj�
cf. P�ez
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cf. Jaqaru
cf. G�n�n Yajich
cf. Andoke
cf. My�ky
cf. Wari'
cf. Candoshi-Shp
cf. Krah�
cf. Ember�-Cat�o
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Q
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Salasca Q

Q
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Tena Q

Q
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Piaroa

slc
S�liba

aro
Araona
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cav
Cavine�a

Tn

ese
Ese Ejja B
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Ese Eja P
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Reyesano
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tna
Tacana
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Barasana-E

Tu

cub
Kubeo

Tu
des
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Koreguaje
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Macuna
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Piratapuyo
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sey
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Siriano
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Tatuyo
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tuo
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Tuyuca
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Tu
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T
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Apiak�

T

awt
Arawet�

T

asn
Asurini Xng

T

asu
Asurin� Toc

T

avv
Av�-Canoeiro

Tawe
Awet�

T

gui
Chiriguano C

T

gui
Chiriguano I

T

eme
Emerillon

T

gvo
Gavi�o Jprn

T

gvj
Guaj�

T

gub
Guajaj�ra

T

gun
Mby�

T

gug
Guaran� Prgy

T

gyr
Guarayu

T

jua
J�ma

T

jur
Jur�na

T

urb
Kaapor

T

kgk
Kaiw�

T

kay
Kamayur�

T

ktn
Kariti�na

T
arr

Karo

T

kyz
Kayab�

T

kyr
Kuru�ya

T

mpu
Makur�p

T

myu
Munduruk�

T

yrl
Nheengat�

T

omg
Omagua

T

pta
Pai Tavytera

T

pak
Parakan�

T

skf
Sakirabi�

T

mav
Sater�-Maw�

T

sru
Suru�

T

tpj
Tapiet�

T

taf
Tapirap�

T

tqb
Temb�

T

pah
Tenharim

T

tpr
Tupar�

T

tpn
Tupinamb�

T

urz
UruEuWauWau

T

oym
Wayampi Alt J

T

oym
Wayampi Ampr

T

xet
Xet�

T

xiy
Xipaya

T

pto
Zo'�

T

srq
Sirion�

T

yuq
Yuqui

T

tba
Aikan�

axg
Ar�ra Mato G

yau
Hoti

kxo
Kano�

kzw
Karir�-Xoc D

kuz
Kunza

xwa
Kwaza

yae
Pum�

cap
Chipaya

ure
Uru

hto
Huitoto Min

W

huu
Huitoto Mur

W

noj
Nonuya

W

oca
Ocaina

W

shb
Ninam

Y

xsu
Sanum�

Y

wca
Yanom�mi

Yguu
Yanomam�

Y

ceg
Chamacoco

ayo
Ayoreo

anb
Andoa

Z

arl
Arabela

Z

iqu
Iquito

Z

zro
Z�paro

Z

nhd
Nhandeva

T

psx
Pisamira

Tu

alc
Alacalufe S.

ayr
Aymara Chile

wca
Yanomama Pap.

Y

wca
Yanomae Demi

Y

xsu
San�m� Kolu

Y

guu
Yanomam� Par

Y
yrm

Y�roam� Serra

Y

guu
Yanomam� Ven

Y

pcp
Pacahuara

P

yup
Yukpa Mac

C

yup
Yukpa Irapa

C

trn
Trinitario

A

Mean 95% HPD
Diversity γ 21.4 [16.4, 26.3]
Admixture α 0.835 [0.731, 0.957]
Feat. freq. mean µ 0.102 [0.095, 0.109]
Heterogeneity λ 0.069 [0.054, 0.084]
# Clusters 51.6 [45, 58]

.

This result is from using the model with the simple prior for P . Starting from the 25th
inventory (exemplified by Karajá) the ancestral inventories are impossible in real life, as they
have low feature frequencies for common sounds, and large collections of rare sounds that are
unlikely to co-occur in a single population (see top-left of figure).
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STRUCTURE results with full model

1. Aikan� Aikan�
2. Alacalufan Alacalufe S.
3. Alacalufan Kawesqar
4. Andoke Andoke
5. Araucani... Mapudungun
6. Arawak Achagua
7. Arawak Apurin�
8. Arawak Ash�ninka
9. Arawak Ash�ninka Ap

10. Arawak Ash�ninka Pe
11. Arawak Ash�ninka Pi
12. Arawak Ash�ninka Uc
13. Arawak Baniwa (Central)
14. Arawak Baniwa (Rio Ne...
15. Arawak Bar�
16. Arawak Baure
17. Arawak Cabiyar�
18. Arawak Caquinte
19. Arawak Chamicuro
20. Arawak Curripaco
21. Arawak Enawen�-Naw�
22. Arawak Ignaciano
23. Arawak I�apari
24. Arawak Kinikinao
25. Arawak Lokono
26. Arawak Manchinere
27. Arawak Matsigenka
28. Arawak Mehin�ku
29. Arawak Nanti
30. Arawak Nomatsigenga
31. Arawak Palik�r
32. Arawak Paraujano
33. Arawak Pares�
34. Arawak Piapoco
35. Arawak Res�garo
36. Arawak Tariana
37. Arawak Ter�na
38. Arawak Trinitario
39. Arawak Wapichana
40. Arawak Warekena
41. Arawak Waur�
42. Arawak Way�u
43. Arawak Xiri�na
44. Arawak Yavitero
45. Arawak Yawalapit�
46. Arawak Yine
47. Arawak Yucuna
48. Arawak Y�nesha
49. Arawan Den�
50. Arawan Jamamad�
51. Arawan Jarawara
52. Arawan Kulina
53. Arawan Paumar�
54. Arawan Suruah�
55. Ar�ra do ... Ar�ra Mato G
56. Aymaran Aymara Chile
57. Aymaran Aymara Cntrl
58. Aymaran Jaqaru
59. A��wa A��wa
60. Barbacoan Awa-Cuaiquer
61. Barbacoan Cha'palaa
62. Barbacoan Guambiano
63. Barbacoan Ts�fiki
64. Boran Bora
65. Boran Mira�a
66. Boran Muinane
67. Cahuapa... Shawi
68. Cahuapa... Shiwilu
69. Cams� Cams�
70. Candoshi... Candoshi-Shp
71. Carib Akurio
72. Carib Apala�
73. Carib Ar�ra Par�
74. Carib Bakair� East
75. Carib Bakair� West
76. Carib Carib Fr Gna
77. Carib Carib Srnm
78. Carib Carib Vnzla
79. Carib Carijona
80. Carib Hixkary�na
81. Carib Ikpeng
82. Carib Ingarik�
83. Carib Japreria
84. Carib Kaxui�na
85. Carib Kuik�ro-Klpl
86. Carib Macushi
87. Carib Mapoyo
88. Carib Panare
89. Carib Pemon Arekna
90. Carib Pemon Trpng
91. Carib P�mono
92. Carib Tri�
93. Carib Waimiri-Atr�
94. Carib Waiwai
95. Carib Wayana
96. Carib Yabarana
97. Carib Yekwana
98. Carib Yukpa Irapa
99. Carib Yukpa Mac

100. Cayubaba Cayubaba
101. Chapakur... Oro Win
102. Chapakur... Wari'
103. Chibchan Bar�
104. Chibchan Border Kuna
105. Chibchan Chimila
106. Chibchan Damana
107. Chibchan Ika
108. Chibchan Kogi
109. Chibchan Muisca
110. Chibchan Tunebo Cntrl
111. Choco Ember�-Baud�
112. Choco Ember�-Cat�o
113. Choco Ember�-Cham�
114. Choco Epena
115. Choco North Ember�
116. Choco Woun Meu
117. Chon Chon
118. Chon G�n�n Yajich
119. Chon Tehuelche
120. Cof�n Cof�n
121. Guahiban Cuiba
122. Guahiban Guahibo
123. Guahiban Guayabero
124. Guahiban Macagu�n
125. Guaicuru Abipon
126. Guaicuru Kadiw�u
127. Guaicuru Mocov�
128. Guaicuru Pilag�
129. Guaicuru Toba L�gshk
130. Guaicuru Toba Takshek
131. Harakmbet Amarakaeri
132. Hibito-Ch... Chol�n
133. Hoti Hoti
134. Itonama Itonama
135. Jivaroan Achuar-Shwr
136. Jivaroan Aguaruna
137. Jivaroan Huambisa
138. Jivaroan Shuar
139. Kakua-N... Kakua
140. Kakua-N... Nukak
141. Kano� Kano�
142. Karir�-Xo... Karir�-Xoc D
143. Katukinan Katuk�na
144. Kunza Kunza
145. Kwaza Kwaza
146. Leco Leco
147. Lule Lule
148. Macro-Ge Apinay�
149. Macro-Ge Arikap�
150. Macro-Ge Bor�ro
151. Macro-Ge B�s�ro
152. Macro-Ge Canela
153. Macro-Ge Gavi�o Par�
154. Macro-Ge Guat�
155. Macro-Ge Jabut�
156. Macro-Ge Kaingang
157. Macro-Ge Kaingang, Sao P...
158. Macro-Ge Karaj�
159. Macro-Ge Krah�
160. Macro-Ge Krenak
161. Macro-Ge Krinkati-Tmb
162. Macro-Ge Maxakal�
163. Macro-Ge Mebengokre
164. Macro-Ge Ofay�
165. Macro-Ge Panar�
166. Macro-Ge Parkateje
167. Macro-Ge Puri
168. Macro-Ge Rikbaktsa
169. Macro-Ge Suy�
170. Macro-Ge Tapayuna
171. Macro-Ge Umot�na
172. Macro-Ge Xav�nte
173. Macro-Ge Xer�nte
174. Macro-Ge Xokleng
175. Macro-Ge Yaathe
176. Mataco Chorote Iyo
177. Mataco Chulup�
178. Mataco Maka
179. Mataco Wich� Msn Pz
180. Mixed Callawaya
181. Mochica Mochica
182. Mosetenan Moset�n Cvnd
183. Mosetenan Moset�n St A
184. Mosetenan Tsiman�
185. Movima Movima
186. Muniche Muniche
187. Mura Pirah�
188. My�ky My�ky
189. Nadahup D�w
190. Nadahup Hup
191. Nadahup Nad�b
192. Nadahup Yuhup
193. Nambiqu... Kithaulhu
194. Nambiqu... Latunde
195. Nambiqu... Mamaind�
196. Nambiqu... Saban�
197. Panoan Amahuaca
198. Panoan Capanahua
199. Panoan Cashibo-Cctb
200. Panoan Ch�cobo
201. Panoan Kashinawa
202. Panoan Katuk�na Pnn
203. Panoan Kaxarar�
204. Panoan Korubo
205. Panoan Mats�s
206. Panoan Mat�s
207. Panoan Nukini
208. Panoan Pacahuara
209. Panoan Panobo
210. Panoan Poyan�wa
211. Panoan Saynawa
212. Panoan Shanenawa
213. Panoan Sharanawa
214. Panoan Shaw�
215. Panoan Shipibo
216. Panoan Yaminawa
217. Panoan Yawanawa
218. Panoan Yora
219. Peba-Yag... Yagua
220. Peba-Yag... Yameo
221. Puinave Puinave
222. Pum� Pum�
223. P�ez P�ez
224. Quechua Ancash Q
225. Quechua Ayacucho Q
226. Quechua Bolivian Q
227. Quechua Cajamarca Q
228. Quechua Chachapoyas Q
229. Quechua Cuzco-Collao
230. Quechua Ferre�afe Q
231. Quechua Huallaga H Q
232. Quechua Huaylas C  Q
233. Quechua Imbabura Q
234. Quechua Inga Highlnd
235. Quechua Inga Jungle
236. Quechua Jauja-Huanca
237. Quechua N Jun�n Q SP
238. Quechua N Jun�n Q T
239. Quechua Napo Quichua
240. Quechua Salasca Q
241. Quechua San Martin Q
242. Quechua Santiago E Q
243. Quechua Tena Q
244. Quechua Yaru Quechua
245. Salivan Piaroa
246. Salivan S�liba
247. Tacanan Araona
248. Tacanan Cavine�a
249. Tacanan Ese Eja P
250. Tacanan Ese Ejja B
251. Tacanan Reyesano
252. Tacanan Tacana
253. Taushiro Taushiro
254. Ticuna Ticuna
255. Tinigua Tinigua
256. Trumai Trumai
257. Tucanoan Barasana-E
258. Tucanoan Desano
259. Tucanoan Karapan�
260. Tucanoan Koreguaje
261. Tucanoan Kubeo
262. Tucanoan Macuna
263. Tucanoan M��h�ki
264. Tucanoan Piratapuyo
265. Tucanoan Pisamira
266. Tucanoan Secoya
267. Tucanoan Siona
268. Tucanoan Siriano
269. Tucanoan Tanimuca-Rtr
270. Tucanoan Tatuyo
271. Tucanoan Tucano
272. Tucanoan Tuyuca
273. Tucanoan Waimaha
274. Tucanoan Wanano
275. Tucanoan Yurut�
276. Tup� Ach�
277. Tup� Akunts�
278. Tup� Amundava
279. Tup� Apiak�
280. Tup� Arawet�
281. Tup� Asurini Xng
282. Tup� Asurin� Toc
283. Tup� Av�-Canoeiro
284. Tup� Awet�
285. Tup� Chiriguano C
286. Tup� Chiriguano I
287. Tup� Emerillon
288. Tup� Gavi�o Jprn
289. Tup� Guajaj�ra
290. Tup� Guaj�
291. Tup� Guaran� Prgy
292. Tup� Guarayu
293. Tup� Jur�na
294. Tup� J�ma
295. Tup� Kaapor
296. Tup� Kaiw�
297. Tup� Kamayur�
298. Tup� Kariti�na
299. Tup� Karo
300. Tup� Kayab�
301. Tup� Kokama-Kok
302. Tup� Kuru�ya
303. Tup� Makur�p
304. Tup� Mby�
305. Tup� Munduruk�
306. Tup� Nhandeva
307. Tup� Nheengat�
308. Tup� Omagua
309. Tup� Pai Tavytera
310. Tup� Parakan�
311. Tup� Sakirabi�
312. Tup� Sater�-Maw�
313. Tup� Sirion�
314. Tup� Suru�
315. Tup� Tapiet�
316. Tup� Tapirap�
317. Tup� Temb�
318. Tup� Tenharim
319. Tup� Tupar�
320. Tup� Tupinamb�
321. Tup� UruEuWauWau
322. Tup� Wayampi Alt J
323. Tup� Wayampi Ampr
324. Tup� Xet�
325. Tup� Xipaya
326. Tup� Yuqui
327. Tup� Zo'�
328. Urarina Urarina
329. Uru-Chip... Chipaya
330. Uru-Chip... Uru
331. Vilela Vilela
332. Waorani Waorani
333. Warao Warao
334. Witotoan Huitoto Min
335. Witotoan Huitoto Mur
336. Witotoan Nonuya
337. Witotoan Ocaina
338. Yahgan Yahgan
339. Yanomam Ninam
340. Yanomam Sanum�
341. Yanomam San�m� Kolu
342. Yanomam Yanomae Demi
343. Yanomam Yanomama Pap.
344. Yanomam Yanomam�
345. Yanomam Yanomam� Par
346. Yanomam Yanomam� Ven
347. Yanomam Yanom�mi
348. Yanomam Y�roam� Serra
349. Yurakar� Yurakar�
350. Zamucoan Ayoreo
351. Zamucoan Chamacoco
352. Zaparoan Andoa
353. Zaparoan Arabela
354. Zaparoan Iquito
355. Zaparoan Z�paro
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cf. Carib Srnm
cf. Akunts�
cf. Yaru Quechua
cf. Yurut�
cf. Macushi
cf. Katuk�na Pnn
cf. Bakair� East
cf. Huallaga H Q
cf. Lule
cf. Yora
cf. Jamamad�
cf. Canela
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cf. Tenharim
cf. Muinane
cf. Callawaya
cf. Yanomama Pap.
cf. Guaran� Prgy
cf. Suru�
cf. Kariti�na
cf. Ember�-Baud�
cf. Cuiba
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cf. Mats�s
cf. Kithaulhu
cf. Yuhup
cf. Kulina
cf. Ese Ejja B
cf. Res�garo
cf. Moset�n St A
cf. Cayubaba
cf. Waur�
cf. Guat�
cf. Karaj�
cf. S�liba
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Yurakar�

acu
Achuar-Shwr

J

agr
Aguaruna

J

hub
Huambisa

J

jiv
Shuar

J

cbv
Kakua

mbr
Nukak

kav
Katuk�na

apn
Apinay�

Ge

ark
Arikap�

Ge

bor
Bor�ro

Ge

ram
Canela

Ge

cax
B�s�ro

Ge

gvp
Gavi�o Par�

Ge

gta
Guat�

Ge

jbt
Jabut�

Ge

kgp
Kaingang

Ge

kpj
Karaj�

Ge

txu
Mebengokre

Ge

xra
Krah�

Ge

kqq
Krenak

Ge

xri
Krinkati-Tmb

Ge

mbl
Maxakal�

Ge

opy
Ofay�

Ge

kre
Panar�

Ge

qpt
Parkateje

Ge

prr
Puri

Ge

rkb
Rikbaktsa

Ge

suy
Suy�

Ge

suy
Tapayuna

Ge

umo
Umot�na

Ge

xav
Xav�nte

Ge

xer
Xer�nte

Ge

xok
Xokleng

Ge

fun
Yaathe

Ge

zkp
Kaingang, Sao Paulo

Ge

crq
Chorote Iyo

Mt

mca
Maka

Mt

cag
Chulup�

Mt

mtp
Wich� Msn Pz

Mt

caw
Callawaya

cas
Moset�n Cvnd

cas
Moset�n St A

cas
Tsiman�

myp
Pirah�

kwa
D�w

N
jup

Hup

N
mbj

Nad�b

N

yab
Yuhup

N

nab
Kithaulhu

Nm

ltn
Latunde

Nm
wmd
Mamaind�

Nm

sae
Saban�

Nm

amc
Amahuaca

P

adc
Shaw�

P

kaq
Capanahua

P

cbr
Cashibo-Cctb

P

cao
Ch�cobo

P

cbs
Kashinawa

P

knt
Katuk�na Pnn

P

ktx
Kaxarar�

P

xor
Korubo

P

mpq
Mat�s

P

mcf
Mats�s

P

nuc
Nukini

P

pno
Panobo

P
pyn

Poyan�wa

P

sya
Saynawa

P
sha

Shanenawa

P
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Sharanawa

P

shp
Shipibo

P

yaa
Yaminawa

P
ywn
Yawanawa

P

mts
Yora

P

yad
Yagua

yme
Yameo

qwa
Ancash Q

Q

qvc
Cajamarca Q

Q

quk
Chachapoyas Q

Q

quz
Cuzco-Collao

Q

quf
Ferre�afe Q

Q

qvi
Imbabura Q

Q

inb
Inga Highlnd

Q inj
Inga Jungle

Q

qxw
Jauja-Huanca

Q

qvn
N Jun�n Q SP

Q
qvn

N Jun�n Q T

Q

quy
Ayacucho Q

Q

qul
Bolivian Q

Q

qub
Huallaga H Q

Q

qxn
Huaylas C  Q

Q

qvs
San Martin Q

Q

qvn
Yaru Quechua

Q

qus
Santiago E Q

Q

qvo
Napo Quichua

Q

qxl
Salasca Q

Q

quw
Tena Q

Q

pid
Piaroa

slc
S�liba

aro
Araona

Tn

cav
Cavine�a

Tn

ese
Ese Ejja B

Tn
ese
Ese Eja P

Tn

rey
Reyesano

Tn

tna
Tacana

Tn

bsn
Barasana-E

Tu

cub
Kubeo

Tu
des
Desano

Tu
gvc
Wanano

Tu

cbc
Karapan�

Tu
coe

Koreguaje

Tu

myy
Macuna

Tu

ore
M��h�ki

Tu

pir
Piratapuyo

Tu
sey
Secoya

Tu

snn
Siona

Tu

sri
Siriano

Tu

tnc
Tanimuca-Rtr

Tu

tav
Tatuyo

Tu
tuo
Tucano

Tu

tue
Tuyuca

Tu

bao
Waimaha

Tu

yui
Yurut�

Tu

guq
Ach�

T

aqz
Akunts�

T

adw
Amundava

T

api
Apiak�

T

awt
Arawet�

T

asn
Asurini Xng

T

asu
Asurin� Toc

T

avv
Av�-Canoeiro

Tawe
Awet�

T

gui
Chiriguano C

T

gui
Chiriguano I

T

eme
Emerillon

T

gvo
Gavi�o Jprn

T

gvj
Guaj�

T

gub
Guajaj�ra

T

gun
Mby�

T

gug
Guaran� Prgy

T

gyr
Guarayu

T

jua
J�ma

T

jur
Jur�na

T

urb
Kaapor

T

kgk
Kaiw�

T

kay
Kamayur�

T

ktn
Kariti�na

T
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Karo

T

kyz
Kayab�

T

kyr
Kuru�ya

T

mpu
Makur�p

T

myu
Munduruk�

T

yrl
Nheengat�

T

omg
Omagua

T

pta
Pai Tavytera

T

pak
Parakan�

T

skf
Sakirabi�

T

mav
Sater�-Maw�

T

sru
Suru�

T

tpj
Tapiet�

T

taf
Tapirap�

T

tqb
Temb�

T

pah
Tenharim

T

tpr
Tupar�

T

tpn
Tupinamb�

T

urz
UruEuWauWau

T

oym
Wayampi Alt J

T

oym
Wayampi Ampr

T

xet
Xet�

T

xiy
Xipaya

T

pto
Zo'�

T

srq
Sirion�

T

yuq
Yuqui

T

tba
Aikan�

axg
Ar�ra Mato G

yau
Hoti

kxo
Kano�

kzw
Karir�-Xoc D

kuz
Kunza

xwa
Kwaza

yae
Pum�

cap
Chipaya

ure
Uru

hto
Huitoto Min

W

huu
Huitoto Mur

W

noj
Nonuya

W

oca
Ocaina

W

shb
Ninam

Y

xsu
Sanum�

Y

wca
Yanom�mi

Yguu
Yanomam�

Y

ceg
Chamacoco

ayo
Ayoreo

anb
Andoa

Z

arl
Arabela

Z

iqu
Iquito

Z

zro
Z�paro

Z

nhd
Nhandeva

T

psx
Pisamira

Tu

alc
Alacalufe S.

ayr
Aymara Chile

wca
Yanomama Pap.

Y

wca
Yanomae Demi

Y

xsu
San�m� Kolu

Y

guu
Yanomam� Par

Y
yrm

Y�roam� Serra

Y

guu
Yanomam� Ven

Y

pcp
Pacahuara

P

yup
Yukpa Mac

C

yup
Yukpa Irapa

C

trn
Trinitario

A

Mean 95% HPD
Diversity γ 34.0 [24.5, 46.2]
Admixture α 0.490 [0.407, 0.565]
Feat. freq. shape ρ 0.287 [0.251, 0.319]
Heterogeneity λ 0.234 [0.190, 0.278]
# Clusters 69.6 [61, 76]

.

This result is from using the more sophisticated prior for P . There are no longer implau-
sible ancetral inventories as in the previous slide, because having estimated universal feature
frequencies µ1, . . . , µL makes it hard to have low Pkl common features and high Pkl for rare
features.



.

.

Overview STRUCTURE RAM ETYMDIST References Appendix Dataset Overview P prior Q prior Visualization

Dirichlet ancestry prior
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..

Qn ∼ Dirichlet( α
K ) ∈ ∆K−1

..

Znl ∼ Cat(Qn) ∈ {1, . . . ,K}

..

Pkl ∈ [0, 1]

.. Xnl ∼ Bernoulli(PZnll) ∈ {0, 1}..
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Ancestry of language n.
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Ancestry of feature l
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.. Feature l present in..
language n?

.

The simplest kind of prior for Q is a Dirichlet distribution, from which “pies” can be drawn
independently, one for each language. The next slide illustrates the significance of the param-
eter α. The factor of 1

K
need not concern us right now, as K is a constant.
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Draws from Dirichlet( α
K ) with K = 4

α = 0.01

α = 0.1

α = 1.0

α = 10.0

α = 100.0

.

Each row shows multiple draws from a different parameterization of a Dirichlet distribution.
The first row shows that when α is small, one gets mostly pure ancestries, and even when
there is a second element, it is unlikely that there is a third. The next two rows show that as α
increases, so does the amount of admixture in the pies that get drawn. When α is very high as
in the last row, there is a nearly equal K-way split in each pie.

We can think of α as a parameter that determines how much admixture there is to be in
the language ancestries. I mentioned before that in a parsimonious model, language ancestries
should be relatively pure. It's good, then, that when the model is used to estimate α, it is quite
low.

How can we improve on this prior for Q? One unsatisfactory thing about the prior is that it
assumes that there are K equally-sized clusters. (A wedge of any color has a mean size of 1

K
.)

On the other hand, our data probably does not consist in K equally-sized clusters, no matter
how large we set K to be. If we lined up the clusters from the largest to the smallest, we would
find that they are of unequal sizes, and there would be a large number of very small clusters at
the end. Given that this is a clustering model with admixture, the smallest clusters may consist
in no more than a few sounds in one or two languages.

The first step to modeling clusters of unequal sizes is to use an asymmetrical Dirichlet dis-
tribution.
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Draws from Dirichlet(0.4α, 0.3α, 0.2α, 0.1α)

α = 0.01

α = 0.1

α = 1.0

α = 10.0

α = 100.0

.

An asymmetrical Dirichlet distribution is just like a symmetrical Dirichlet distribution, ex-
cept that there are now K parameters. Each parameter corresponds to a color, and the mean
size of a wedge of that color is proportional to it.

These distributions have been parameterized so that the parameters always have the ratio
4 : 3 : 2 : 1. I vary a multiplier α and draw repeatedly from each distribution. As expected,
in each case, there is about four times as much red as there is blue, three times as much yellow,
and twice as much green. As before, a small α leads to one color preponderating, and a large α
leads to pies that are divided almost exactly according to the 4 : 3 : 2 : 1 ratio.

We can use an asymmetrical Dirichlet distribution to generate language ancestries, but how
do we generate the parameter ratio? We use another Dirichlet distribution, of course.
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Hierarchical Dirichlet ancestry prior

..

N

.K .

L

.. X..

P

..

Z

..

Q

..

α

..

π

..

γ

..

γ ∈ (0,∞)

..

π ∼ Dirichlet( γ
K ) ∈ ∆K−1
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.. Xnl ∼ Bernoulli(PZnll) ∈ {0, 1}..
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.. Feature l present in..
language n?

.

In the hierarchical Dirichlet ancestry prior, I use an asymmetrical Dirichlet distribution to
generate language ancestries, and I use another Dirichlet distribution to generate the asym-
metry. The ratios between cluster sizes is denoted by π = (π1, . . . , πK), whose elements sum
to one. Language ancestries are independently drawn from Dirichlet(απ1, . . . , απK), and π
is drawn from a symmetrical Dirichlet distribution parameterized by γ

K
.

The next two slides will show the effects of varying γ andK . It will be seen that asK → ∞,
the distribution Dirichlet( γ

K
) converges in an important respect.
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Sorted draws from Dirichlet( γ
K ) with K = 100

γ = 0.5

γ = 1.0

γ = 2.0

γ = 5.0

γ = 10.0

.

Each row shows multiple sorted draws from a different parameterization of a Dirichlet dis-
tribution. The ancestry elements have been sorted so that red is always used for the largest
element, yellow for the second largest, etc. The largest nine elements each have their own
color, and the rest are lumped together as gray.

As expected, when γ is small, red preponderates, but the pies become more finely divided
as γ increases. We can regard γ as a diversity parameter that determines how fragmented the
languages are.
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Sorted draws from Dirichlet( 5
K )

K = 5

K = 10

K = 20

K = 50

K = 100

K = 1000

The size of ith largest slice converges in law as K → ∞.

.

Now γ is fixed at 5, andK is varied. Note that there is no observable difference between the
distributions for K = 100 and K = 1000. The upshot is that for any value of γ, it does not
matter whatK is set to as long as it is set large enough. This is suited to modeling a dataset such
as SAPhon, where it does not make sense to think of diversity in terms of how many clusters
there are (since they tail off into lots of small ones), but rather in terms of how quickly the
cluster sizes tail off, as governed by γ.

Of theoretical interest is that as K → ∞, the hierarchical Dirichlet prior converges to
well-studied objects in probability (Teh et al., 2006).
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STRUCTURE with simple Dirichlet ancestry prior (K = 90)

1. Aikan� Aikan�
2. Alacalufan Alacalufe S.
3. Alacalufan Kawesqar
4. Andoke Andoke
5. Araucani... Mapudungun
6. Arawak Achagua
7. Arawak Apurin�
8. Arawak Ash�ninka
9. Arawak Ash�ninka Ap

10. Arawak Ash�ninka Pe
11. Arawak Ash�ninka Pi
12. Arawak Ash�ninka Uc
13. Arawak Baniwa (Central)
14. Arawak Baniwa (Rio Ne...
15. Arawak Bar�
16. Arawak Baure
17. Arawak Cabiyar�
18. Arawak Caquinte
19. Arawak Chamicuro
20. Arawak Curripaco
21. Arawak Enawen�-Naw�
22. Arawak Ignaciano
23. Arawak I�apari
24. Arawak Kinikinao
25. Arawak Lokono
26. Arawak Manchinere
27. Arawak Matsigenka
28. Arawak Mehin�ku
29. Arawak Nanti
30. Arawak Nomatsigenga
31. Arawak Palik�r
32. Arawak Paraujano
33. Arawak Pares�
34. Arawak Piapoco
35. Arawak Res�garo
36. Arawak Tariana
37. Arawak Ter�na
38. Arawak Trinitario
39. Arawak Wapichana
40. Arawak Warekena
41. Arawak Waur�
42. Arawak Way�u
43. Arawak Xiri�na
44. Arawak Yavitero
45. Arawak Yawalapit�
46. Arawak Yine
47. Arawak Yucuna
48. Arawak Y�nesha
49. Arawan Den�
50. Arawan Jamamad�
51. Arawan Jarawara
52. Arawan Kulina
53. Arawan Paumar�
54. Arawan Suruah�
55. Ar�ra do ... Ar�ra Mato G
56. Aymaran Aymara Chile
57. Aymaran Aymara Cntrl
58. Aymaran Jaqaru
59. A��wa A��wa
60. Barbacoan Awa-Cuaiquer
61. Barbacoan Cha'palaa
62. Barbacoan Guambiano
63. Barbacoan Ts�fiki
64. Boran Bora
65. Boran Mira�a
66. Boran Muinane
67. Cahuapa... Shawi
68. Cahuapa... Shiwilu
69. Cams� Cams�
70. Candoshi... Candoshi-Shp
71. Carib Akurio
72. Carib Apala�
73. Carib Ar�ra Par�
74. Carib Bakair� East
75. Carib Bakair� West
76. Carib Carib Fr Gna
77. Carib Carib Srnm
78. Carib Carib Vnzla
79. Carib Carijona
80. Carib Hixkary�na
81. Carib Ikpeng
82. Carib Ingarik�
83. Carib Japreria
84. Carib Kaxui�na
85. Carib Kuik�ro-Klpl
86. Carib Macushi
87. Carib Mapoyo
88. Carib Panare
89. Carib Pemon Arekna
90. Carib Pemon Trpng
91. Carib P�mono
92. Carib Tri�
93. Carib Waimiri-Atr�
94. Carib Waiwai
95. Carib Wayana
96. Carib Yabarana
97. Carib Yekwana
98. Carib Yukpa Irapa
99. Carib Yukpa Mac

100. Cayubaba Cayubaba
101. Chapakur... Oro Win
102. Chapakur... Wari'
103. Chibchan Bar�
104. Chibchan Border Kuna
105. Chibchan Chimila
106. Chibchan Damana
107. Chibchan Ika
108. Chibchan Kogi
109. Chibchan Muisca
110. Chibchan Tunebo Cntrl
111. Choco Ember�-Baud�
112. Choco Ember�-Cat�o
113. Choco Ember�-Cham�
114. Choco Epena
115. Choco North Ember�
116. Choco Woun Meu
117. Chon Chon
118. Chon G�n�n Yajich
119. Chon Tehuelche
120. Cof�n Cof�n
121. Guahiban Cuiba
122. Guahiban Guahibo
123. Guahiban Guayabero
124. Guahiban Macagu�n
125. Guaicuru Abipon
126. Guaicuru Kadiw�u
127. Guaicuru Mocov�
128. Guaicuru Pilag�
129. Guaicuru Toba L�gshk
130. Guaicuru Toba Takshek
131. Harakmbet Amarakaeri
132. Hibito-Ch... Chol�n
133. Hoti Hoti
134. Itonama Itonama
135. Jivaroan Achuar-Shwr
136. Jivaroan Aguaruna
137. Jivaroan Huambisa
138. Jivaroan Shuar
139. Kakua-N... Kakua
140. Kakua-N... Nukak
141. Kano� Kano�
142. Karir�-Xo... Karir�-Xoc D
143. Katukinan Katuk�na
144. Kunza Kunza
145. Kwaza Kwaza
146. Leco Leco
147. Lule Lule
148. Macro-Ge Apinay�
149. Macro-Ge Arikap�
150. Macro-Ge Bor�ro
151. Macro-Ge B�s�ro
152. Macro-Ge Canela
153. Macro-Ge Gavi�o Par�
154. Macro-Ge Guat�
155. Macro-Ge Jabut�
156. Macro-Ge Kaingang
157. Macro-Ge Kaingang, Sao P...
158. Macro-Ge Karaj�
159. Macro-Ge Krah�
160. Macro-Ge Krenak
161. Macro-Ge Krinkati-Tmb
162. Macro-Ge Maxakal�
163. Macro-Ge Mebengokre
164. Macro-Ge Ofay�
165. Macro-Ge Panar�
166. Macro-Ge Parkateje
167. Macro-Ge Puri
168. Macro-Ge Rikbaktsa
169. Macro-Ge Suy�
170. Macro-Ge Tapayuna
171. Macro-Ge Umot�na
172. Macro-Ge Xav�nte
173. Macro-Ge Xer�nte
174. Macro-Ge Xokleng
175. Macro-Ge Yaathe
176. Mataco Chorote Iyo
177. Mataco Chulup�
178. Mataco Maka
179. Mataco Wich� Msn Pz
180. Mixed Callawaya
181. Mochica Mochica
182. Mosetenan Moset�n Cvnd
183. Mosetenan Moset�n St A
184. Mosetenan Tsiman�
185. Movima Movima
186. Muniche Muniche
187. Mura Pirah�
188. My�ky My�ky
189. Nadahup D�w
190. Nadahup Hup
191. Nadahup Nad�b
192. Nadahup Yuhup
193. Nambiqu... Kithaulhu
194. Nambiqu... Latunde
195. Nambiqu... Mamaind�
196. Nambiqu... Saban�
197. Panoan Amahuaca
198. Panoan Capanahua
199. Panoan Cashibo-Cctb
200. Panoan Ch�cobo
201. Panoan Kashinawa
202. Panoan Katuk�na Pnn
203. Panoan Kaxarar�
204. Panoan Korubo
205. Panoan Mats�s
206. Panoan Mat�s
207. Panoan Nukini
208. Panoan Pacahuara
209. Panoan Panobo
210. Panoan Poyan�wa
211. Panoan Saynawa
212. Panoan Shanenawa
213. Panoan Sharanawa
214. Panoan Shaw�
215. Panoan Shipibo
216. Panoan Yaminawa
217. Panoan Yawanawa
218. Panoan Yora
219. Peba-Yag... Yagua
220. Peba-Yag... Yameo
221. Puinave Puinave
222. Pum� Pum�
223. P�ez P�ez
224. Quechua Ancash Q
225. Quechua Ayacucho Q
226. Quechua Bolivian Q
227. Quechua Cajamarca Q
228. Quechua Chachapoyas Q
229. Quechua Cuzco-Collao
230. Quechua Ferre�afe Q
231. Quechua Huallaga H Q
232. Quechua Huaylas C  Q
233. Quechua Imbabura Q
234. Quechua Inga Highlnd
235. Quechua Inga Jungle
236. Quechua Jauja-Huanca
237. Quechua N Jun�n Q SP
238. Quechua N Jun�n Q T
239. Quechua Napo Quichua
240. Quechua Salasca Q
241. Quechua San Martin Q
242. Quechua Santiago E Q
243. Quechua Tena Q
244. Quechua Yaru Quechua
245. Salivan Piaroa
246. Salivan S�liba
247. Tacanan Araona
248. Tacanan Cavine�a
249. Tacanan Ese Eja P
250. Tacanan Ese Ejja B
251. Tacanan Reyesano
252. Tacanan Tacana
253. Taushiro Taushiro
254. Ticuna Ticuna
255. Tinigua Tinigua
256. Trumai Trumai
257. Tucanoan Barasana-E
258. Tucanoan Desano
259. Tucanoan Karapan�
260. Tucanoan Koreguaje
261. Tucanoan Kubeo
262. Tucanoan Macuna
263. Tucanoan M��h�ki
264. Tucanoan Piratapuyo
265. Tucanoan Pisamira
266. Tucanoan Secoya
267. Tucanoan Siona
268. Tucanoan Siriano
269. Tucanoan Tanimuca-Rtr
270. Tucanoan Tatuyo
271. Tucanoan Tucano
272. Tucanoan Tuyuca
273. Tucanoan Waimaha
274. Tucanoan Wanano
275. Tucanoan Yurut�
276. Tup� Ach�
277. Tup� Akunts�
278. Tup� Amundava
279. Tup� Apiak�
280. Tup� Arawet�
281. Tup� Asurini Xng
282. Tup� Asurin� Toc
283. Tup� Av�-Canoeiro
284. Tup� Awet�
285. Tup� Chiriguano C
286. Tup� Chiriguano I
287. Tup� Emerillon
288. Tup� Gavi�o Jprn
289. Tup� Guajaj�ra
290. Tup� Guaj�
291. Tup� Guaran� Prgy
292. Tup� Guarayu
293. Tup� Jur�na
294. Tup� J�ma
295. Tup� Kaapor
296. Tup� Kaiw�
297. Tup� Kamayur�
298. Tup� Kariti�na
299. Tup� Karo
300. Tup� Kayab�
301. Tup� Kokama-Kok
302. Tup� Kuru�ya
303. Tup� Makur�p
304. Tup� Mby�
305. Tup� Munduruk�
306. Tup� Nhandeva
307. Tup� Nheengat�
308. Tup� Omagua
309. Tup� Pai Tavytera
310. Tup� Parakan�
311. Tup� Sakirabi�
312. Tup� Sater�-Maw�
313. Tup� Sirion�
314. Tup� Suru�
315. Tup� Tapiet�
316. Tup� Tapirap�
317. Tup� Temb�
318. Tup� Tenharim
319. Tup� Tupar�
320. Tup� Tupinamb�
321. Tup� UruEuWauWau
322. Tup� Wayampi Alt J
323. Tup� Wayampi Ampr
324. Tup� Xet�
325. Tup� Xipaya
326. Tup� Yuqui
327. Tup� Zo'�
328. Urarina Urarina
329. Uru-Chip... Chipaya
330. Uru-Chip... Uru
331. Vilela Vilela
332. Waorani Waorani
333. Warao Warao
334. Witotoan Huitoto Min
335. Witotoan Huitoto Mur
336. Witotoan Nonuya
337. Witotoan Ocaina
338. Yahgan Yahgan
339. Yanomam Ninam
340. Yanomam Sanum�
341. Yanomam San�m� Kolu
342. Yanomam Yanomae Demi
343. Yanomam Yanomama Pap.
344. Yanomam Yanomam�
345. Yanomam Yanomam� Par
346. Yanomam Yanomam� Ven
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pª p tª t kª k � m n s h w j l i i� e e� a a� o o� u u� tone  i�´ i´ e�´ e´ a�´ a´ o�´ o´ u�´ u´
p t k � m n s h l i e a o u  µ ¶
p t ts t� k � m n s � x h w j � i i� a a� u u� � �� tone
p t ts t� k � m n � s £ � h w j � i i: a a: u u: � �: tone
p t ts t� k k§ � m n � s £ � � i e a o u � tone  ��
p t ts t� k � m n � s £ � h w j i a u �  ¥
p b t ts d t� k m n s £ � h w j i i� a a� o o� u u�
p t ts t� k m n � s £ � h w j � i a u �
p t ts t� k m n � s £ � h w � l i a o u �
p t ts t� k k§ m n � s � w j i e a o u �  �
p b t ts d t� k m n s £ � w j i e a o �  ¢£ º
p b t ts d t� k m n s £ � w j i e a o u �  ¢£
p b t k m n � s x w j � i i� a a� u u�  f v
p t ts t� k � m n � s £ � h w j � i a u �
p b t ts k m n s £ � x w j � i a u �
p b t ts d t� k � s � h w j � i i� a a� u u� �
p b t ts t� k m n s � h j � i a u �
p t ts t� k m n s £ h w j � i a u �  f
p t ts t� k m n � s £ � h w j � i i� a a� u u� � �� tone
p b t ts d t� k m n s £ � � i i� a a� u u� � ��  f
p t ts t� k m n � s £ � h w j i i: a a: u u: � �:  b� ±¥
p t ts t� k m n � s £ � h j i i� a a� u u� � ��  ¥
p t ts t� k m n � s £ � h w j � i a u �
p t ts t� k m n � s £ � h j � i i� a a� u u� � ��
p t t� k m n s h w j � i i� e e� a a� o o� u u� � �� tone
p t k m n s � w j l i i� e e� a a� u u�
p t k � m n s h i i� e a a� o o� u � tone  � ��

pª p b tª t d t� d¨ kª k Æ � m n � � � h j � i i� e a a� o u u� � ��  t�ª ¦ �� · ·� ¸ ¸� �
pª p tª t ts kª k m n � s x w j l   i i� e e� a a� u u�  p« mb« mb t«ª tsª ts«ª ts« nd nd« ndz ndz« k« �Æ �« �« s« x« i´ iª e´ eª a´ aª u´ uª

p t ts t� k m n � s � h w j � l   i i: a a: u u:  ¢£ q
p t t� k m n � s h w � l   i a u  q

pª p tª t t� kª k m n � s h w j � l   i a u  p' t' t�' t�ª k' q' qª q
p t t� d¨ k m n � s £ � x w j � l i a u  ¢£ q ¥
p t t� k m n � s � w j � l   i a u  ¢£

pª p tª t t� kª k m n � s � h w j � l   i e a o u  p' t' t�' t�ª k' q' qª q
p t t� k m n � s � w j � l i a u  ¢£ q ¨
p t t� k m n � s � h w j � l   i i: a a: u u:  q
p t ts t� k m n � s � h w j � l   i i: a a: u u:  q
p t ts t� k m n � � s � x w j � l i a u  ¨
p b t ts d t� k Æ m n � s � x w j � l   i a u
p t t� k m n � s � x � l   i a u
p t t� k m n � s � h w j � l   i i: a a: u u:  ¢£
p t t� k Æ m n � � s � x w j � l   i i: a a: u u:  ¢£ ¹
p b t t� k Æ m n � � s � x w j � l   i i: a a: u u:  ¢£
p b t ts d t� k Æ m n � � s � h w j � l   i a u

pª p b tª t ts d t� kª k Æ m n � s � x w j � l i a u  z ¨
p t t� d¨ k m n � s � x w j � l i a u
p t t� k Æ m n � � s � x w j � l i e a o u  q Á ¨ ¹
p b t ts d t� k Æ m n � s � w j � l   i a u  dz q ¨
p t t� k Æ m n � � s � x w j � l   i a u  ¢£ ¹

pª p b tª t d kª k k§ � m n s h w j � i e a o u �  p' t' ts' k' k§' h§ �
p b t d k k§ Æ m n � � s x h l i i� e e� a a� o o� u u�  c � Æ§ h§ r
p b t ts d t� d¨ k k§ m n � s � h w j l i e a u  z
p b t ts d k k§ m n � s h w j   i e a u  cc� c � c� ¬
p t ts t� k k§ � m n � s � x h w j i e a u  µ ¶
p t t� k k§ � m n � s � x h w j i e a u  µ° ¶°
p t t� k k§ m n s � h w j � l i e a u  mb ¢£ »±¥ �
p b t d t� k k§ m n £ � h w j � i e a u  ¢£ ± �

t t� k k§ � n � x h w j � i a o u �
p b t d k Æ m n � � � w � i i� e e� a a� o o� u u� � �� tone  c � i´ e´ a´ o´ u´ �´

pª p b tª t ts d t� kª k k§ Æ m n � � s h w i i: e e: a a: o o: u u: � �:  c � z i´ e´ a´ o´ u´ �´
p t ts d k � m n � s � x h w j � l i e a o u �  t¡' t¡ t' ts' k' �
p b t d k Æ h w � i i� e e� a a� o o� u u� � �� tone  c � nasal harmony
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone  ¯ nasal harmony
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone

pª p tª t d¨ kª k � m n � � � s h � i i� e e� a a� o o� u u� � �� tone  m° �°
p b t d t� k h w j � i i� e e� a a� o o� u u� � �� tone  �� nasal harmony

b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d t� d¨ k k§ Æ s h w j i i� e e� a a� o o� u u� � �� tone  Æ§ nasal harmony
p b t d k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d t� k Æ � h i i� e e� a a� o o� u u� � �� tone  ¨ © nasal harmony
p t d t� k k§ � m n s h w j i i� e e� a a� o o� u u� � ��  z
p b t d t� k k§ Æ � m n s h w j i i� e e� a a� o o� u u� � ��  Æ§ z h§
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k � s h w j � i i� e e� a a� o o� u u� tone
p b t d k Æ h w j � i i� e e� a a� o o� u u� � �� tone  c nasal harmony

pª p b tª t d kª k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ h w j � i i� e e� a a� o o� u u� � �� tone

pª p b tª t d t� kª k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone  nasal harmony
p b t d t� d¨ k Æ � m n � � � w j � i i� e e� a a� o o� u u� � ��  mb nd nd¨ �Æ v
p t k k§ � m n � w j � i i� e e� a a� o u u� � ��
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p t k � m n � s h w j � i i� e e� a a� o u u� �
p t d t� k � m n h w j � i i� e e� a u u� � ��
p t t� d¨ k k§ � m n � � � h w j � i i� e e� a a� o o� u u� �
p t k k§ � m n � s h w i e a u �
p t t� k k§ m n � w j � i i� e e� a a� o o� u u� � ��  Ã
p t ts k � m n � w j � l i i� e e� a a� o o� u u� � ��  ¥ ¦
p t t� k k§ m n � � s � i i� e e� a a� o o� u u� � ��  ¨
p t k k§ � s � i i� e e� a a� o o� u u� � ��  mb nd �Æ Æ§ ¨
p b t d t� d¨ k k§ Æ � s h w j � i i� e e� a a� o o� u u� � �� ¼  z ¼�
p b t ts d k Æ � m n � � � j � l i i� e e� a a� u u� � �� tone  dz cc� �Î
p t ts k k§ � m n � h w j � i e a o u � ¼  �§ z
p t t� k k§ � m n h w j � i i� e e� a a� o o� u u� � ��
p t d¨ k k§ � � s � x � l i i� e e� a a� o o� u u� � ��  mb nd �Æ �Æ§ ¦ ¦§
p t t� k k§ � m n � � s j � i i� e e� a a� o o� u u� � ��  Æ§
p b t d t� d¨ k � m n s � h w j � i i� e e� a a� u u� � ��  z �
p t k Æ � m n � h w j � i i� e e� a a� o o� u u� � ��
p t k k§ � m n � s � h w j � i i� e e� a a� o o� u u� �  �§
p t d¨ k � m � s � h w j � i i� e e� a a� o o� u u� � ��  �§
p t ts k k§ � m n � h w j � i i� e e� a a� o o� u u� � ��  h§
p t k m n � � s h w � i i� i: e e� e: a a� a: u u� u: � �� �:  i�: e�: a�: u�: ��:
p b t k Æ � m n � h w j � i i� e e� a a� o o� u � ¼ tone  c
p t k k§ Æ � m n � � s w j � i i� e e� a a� o o� u u� � ��
p t ts t� k m n x w j � i e a u �
p b t d t� d¨ k � m n � s � h w j � i i� e e� a a� o u u� �  �
p t t� k m n � w j � i i� e e� a a� u u� � ��
p t t� k k§ � m n � � h w � i i� e e� a a� o o� u u� � ��  �§
p b t d t� d¨ k � m n � s � h w j � i i� e e� a a� u u� � �� tone  i�´ i´ e�´ e´ a�´ a´ u�´ u´ �´ ��´
p t ts t� d¨ k k§ Æ � w j � i i� e e� a a� o o� u u� � ��  mb nd �Æ Æ§ ©
p b t k k§ Æ � m n s � w j � i e a u  mb nd c �Æ j�
p t ts t� k k§ m n s � w j � i a u �  Å
p t k k§ � m n � � s � h w � i i� e e� a a� o o� u u� � ��  �§
p t t� k k§ � m n � � h � i e a u �
p t ts k k§ Æ m n � � � s h j � i i� e e� a a� u u� � ��  �§
p t k � m n � s h w j � i i� i: e e� e: a a� a: o u u� u: � �:
p b t t� k k§ m n � � s � h w j � i i� e e� a a� o o� u u� � ��  k« n°
p b t d t� d¨ k Æ � m n � � s � w j � l i i� e e� a a� u u� � �� tone
p t t� d¨ k k§ � s � h w � i i� e e� a a� o o� u u� � ��  mb nd �Æ
p t t� k k§ � m n � h w j � i i� e e� a a� u u� � ��
p t d k k§ � m n � s h w � i e a o u � ¼  �§
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p b t t� k � m n � s h w j � i i� i: e e� e: a a� a: u u� u: � �� �:
p b t k � m n � s � w j � i i� e e� a a� o o� u u� � ��
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p t k k§ � m n � s h w j � i i� e e� a a� o u u� � ��  �§
p t k k§ � m n � � s w j � i i� e e� a a� o o� u u� � ��  �§
p t t� d¨ k � m n � h w j � i i� e e� a a� o o� u � ��
p b t d k m n s � h w j l i i� e a a� u u� � ��  z
p b t d t� k k§ Æ � m n � s x � i i� i: e e� e: a a� a: o o� o: u u� u:  k« Æ§ ¨ x« x§ i�: e�: a�: o�: u�:
p b t d t� k k§ Æ � s h w j � i i� e e� a a� o o� u u� � ��

b t d t� k k§ m n � s � h l i e a u � tone  f§ h« ¯
pª p tª t ts t� kª k k§ m n � � s £ � x w j � l   i i: e e: a a: o o: u u:  p' t' ts' tsª ¢£' ¢£ª ¢£ t�' t�ª k' q' qª q q§ s¡ � x§ ¹ ¹§

p b t t� k k§ m n � s � x w j �   i i: e e: a a: o o: u u:  p' t' t�' c k' q' q
p b t d t� k Æ � m n s h w j � l i e a o u  p' t' t�' k' q' q Á �
p b t d k Æ m n � � w j i i� i: e e� e: a a� a: u u� u:  i�: e�: � �� �: ��: a�: u�:
p t k k§ m n s h w j � i e a o u
p b t d t� d¨ k Æ � m n � � � � s x � i e a o u �

b t d k Æ m n � � � � i e a o u � tone  c � ¤
p b t ts d t� d¨ k Æ � m n � � � � h � i e a o u �  t« dz
p b t ts t� d¨ k Æ � m n � � � s � x h � i i� e a a� u u� � �� tone  t« d« dz m: n: �: ¨
p t t� k m n s � x h w j � l i e a o u  ¥
p tª t ts k m n s � h w � i i� e e� a a� u u� � �� ¼  ¼� nasal harmony
p tª t ts k m n s h w l i i� e e� a a� o o� u u� � �� ¼
p tª t k m n s h w l i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  h§ i�: ¼� ¼:
p tª t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i� e e� a a� o o� u u� � �� ¼  ¼� nasal harmony
p t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i� e e� a a� o o� u u� � �� ¼  f ¼� nasal harmony
p t t� k m n � x h w � i i: e e� e: a a� a: o o� o: u u� u: � �� �:  i�:
p b t d t� k � m n � s � h w j l i e a o u �  � Ï̈ �
p b t d t� k Æ � m n � � s h w j � i i� e e� a a� o o� u u�  m° n° �°
p b t d t� d¨ k Æ � m n s � h w l i i� e e� a a� o o� u u� � �� ¼  z ¨ ¦ Ð r Å Å�
p t ts t� k k§ � m n s � h w j � i i: a a: o o: u u: � �:
p t k k§ m n s � h w j � i i: a a: o o: u u:  t« k« m« n« h« h§ �« Å Å:
p t k k§ m n s h w j � i i: a a: u u: � �: tone
p t ts k k§ � m n s � h w j � i i: a a: u u: � �:

cf. Karapan�
cf. Tapirap�
cf. Katuk�na Pnn
cf. Kaapor
cf. Macushi
cf. Yora
cf. Chachapoyas Q
cf. Canela
cf. Carib Vnzla
cf. Amundava
cf. Yanomam� Ven
cf. Callawaya
cf. Lule
cf. Z�paro
cf. Inga Highlnd
cf. Kariti�na
cf. Guaran� Prgy
cf. Ancash Q
cf. Mapoyo
cf. Ember�-Baud�
cf. Chamacoco
cf. Nonuya
cf. Suru�
cf. Ts�fiki
cf. Nanti
cf. Jamamad�
cf. Kunza
cf. Yanomam�
cf. N Jun�n Q SP
cf. Cuiba
cf. Warekena
cf. Ash�ninka Uc
cf. Ar�ra Par�
cf. Mocov�
cf. Nad�b
cf. Barasana-E

pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  nasal harmony
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  �§
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  ¼:
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  ¢£ q
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  · ·� ¸ ¸� ¼�
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  ²
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  �§
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  i�: ¼� ¼:
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  p' t' t�' t�ª k' q' qª q c�
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  p' t' ts' t�' k' q �
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  ¨
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  i�: e�: a�: o�: u�: ��:
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  mb nd nd¨ �Æ �Æ§ Æ§
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Mean 95% HPD
Admixture α 0.423 [0.354, 0.487]
Feat. freq. shape ρ 0.260 [0.229, 0.290]
Heterogeneity λ 0.165 [0.127, 0.204]

.

This is the outcome of using a simple Dirichlet prior for Q. K = 90 is the setting that
approximately maximized the marginal likelihood, using the inference method for K given in
the appendix of Pritchard et al. (2000). (K = 90 was better than K = 80 or K = 100.)
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STRUCTURE results with full model

1. Aikan� Aikan�
2. Alacalufan Alacalufe S.
3. Alacalufan Kawesqar
4. Andoke Andoke
5. Araucani... Mapudungun
6. Arawak Achagua
7. Arawak Apurin�
8. Arawak Ash�ninka
9. Arawak Ash�ninka Ap

10. Arawak Ash�ninka Pe
11. Arawak Ash�ninka Pi
12. Arawak Ash�ninka Uc
13. Arawak Baniwa (Central)
14. Arawak Baniwa (Rio Ne...
15. Arawak Bar�
16. Arawak Baure
17. Arawak Cabiyar�
18. Arawak Caquinte
19. Arawak Chamicuro
20. Arawak Curripaco
21. Arawak Enawen�-Naw�
22. Arawak Ignaciano
23. Arawak I�apari
24. Arawak Kinikinao
25. Arawak Lokono
26. Arawak Manchinere
27. Arawak Matsigenka
28. Arawak Mehin�ku
29. Arawak Nanti
30. Arawak Nomatsigenga
31. Arawak Palik�r
32. Arawak Paraujano
33. Arawak Pares�
34. Arawak Piapoco
35. Arawak Res�garo
36. Arawak Tariana
37. Arawak Ter�na
38. Arawak Trinitario
39. Arawak Wapichana
40. Arawak Warekena
41. Arawak Waur�
42. Arawak Way�u
43. Arawak Xiri�na
44. Arawak Yavitero
45. Arawak Yawalapit�
46. Arawak Yine
47. Arawak Yucuna
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49. Arawan Den�
50. Arawan Jamamad�
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66. Boran Muinane
67. Cahuapa... Shawi
68. Cahuapa... Shiwilu
69. Cams� Cams�
70. Candoshi... Candoshi-Shp
71. Carib Akurio
72. Carib Apala�
73. Carib Ar�ra Par�
74. Carib Bakair� East
75. Carib Bakair� West
76. Carib Carib Fr Gna
77. Carib Carib Srnm
78. Carib Carib Vnzla
79. Carib Carijona
80. Carib Hixkary�na
81. Carib Ikpeng
82. Carib Ingarik�
83. Carib Japreria
84. Carib Kaxui�na
85. Carib Kuik�ro-Klpl
86. Carib Macushi
87. Carib Mapoyo
88. Carib Panare
89. Carib Pemon Arekna
90. Carib Pemon Trpng
91. Carib P�mono
92. Carib Tri�
93. Carib Waimiri-Atr�
94. Carib Waiwai
95. Carib Wayana
96. Carib Yabarana
97. Carib Yekwana
98. Carib Yukpa Irapa
99. Carib Yukpa Mac

100. Cayubaba Cayubaba
101. Chapakur... Oro Win
102. Chapakur... Wari'
103. Chibchan Bar�
104. Chibchan Border Kuna
105. Chibchan Chimila
106. Chibchan Damana
107. Chibchan Ika
108. Chibchan Kogi
109. Chibchan Muisca
110. Chibchan Tunebo Cntrl
111. Choco Ember�-Baud�
112. Choco Ember�-Cat�o
113. Choco Ember�-Cham�
114. Choco Epena
115. Choco North Ember�
116. Choco Woun Meu
117. Chon Chon
118. Chon G�n�n Yajich
119. Chon Tehuelche
120. Cof�n Cof�n
121. Guahiban Cuiba
122. Guahiban Guahibo
123. Guahiban Guayabero
124. Guahiban Macagu�n
125. Guaicuru Abipon
126. Guaicuru Kadiw�u
127. Guaicuru Mocov�
128. Guaicuru Pilag�
129. Guaicuru Toba L�gshk
130. Guaicuru Toba Takshek
131. Harakmbet Amarakaeri
132. Hibito-Ch... Chol�n
133. Hoti Hoti
134. Itonama Itonama
135. Jivaroan Achuar-Shwr
136. Jivaroan Aguaruna
137. Jivaroan Huambisa
138. Jivaroan Shuar
139. Kakua-N... Kakua
140. Kakua-N... Nukak
141. Kano� Kano�
142. Karir�-Xo... Karir�-Xoc D
143. Katukinan Katuk�na
144. Kunza Kunza
145. Kwaza Kwaza
146. Leco Leco
147. Lule Lule
148. Macro-Ge Apinay�
149. Macro-Ge Arikap�
150. Macro-Ge Bor�ro
151. Macro-Ge B�s�ro
152. Macro-Ge Canela
153. Macro-Ge Gavi�o Par�
154. Macro-Ge Guat�
155. Macro-Ge Jabut�
156. Macro-Ge Kaingang
157. Macro-Ge Kaingang, Sao P...
158. Macro-Ge Karaj�
159. Macro-Ge Krah�
160. Macro-Ge Krenak
161. Macro-Ge Krinkati-Tmb
162. Macro-Ge Maxakal�
163. Macro-Ge Mebengokre
164. Macro-Ge Ofay�
165. Macro-Ge Panar�
166. Macro-Ge Parkateje
167. Macro-Ge Puri
168. Macro-Ge Rikbaktsa
169. Macro-Ge Suy�
170. Macro-Ge Tapayuna
171. Macro-Ge Umot�na
172. Macro-Ge Xav�nte
173. Macro-Ge Xer�nte
174. Macro-Ge Xokleng
175. Macro-Ge Yaathe
176. Mataco Chorote Iyo
177. Mataco Chulup�
178. Mataco Maka
179. Mataco Wich� Msn Pz
180. Mixed Callawaya
181. Mochica Mochica
182. Mosetenan Moset�n Cvnd
183. Mosetenan Moset�n St A
184. Mosetenan Tsiman�
185. Movima Movima
186. Muniche Muniche
187. Mura Pirah�
188. My�ky My�ky
189. Nadahup D�w
190. Nadahup Hup
191. Nadahup Nad�b
192. Nadahup Yuhup
193. Nambiqu... Kithaulhu
194. Nambiqu... Latunde
195. Nambiqu... Mamaind�
196. Nambiqu... Saban�
197. Panoan Amahuaca
198. Panoan Capanahua
199. Panoan Cashibo-Cctb
200. Panoan Ch�cobo
201. Panoan Kashinawa
202. Panoan Katuk�na Pnn
203. Panoan Kaxarar�
204. Panoan Korubo
205. Panoan Mats�s
206. Panoan Mat�s
207. Panoan Nukini
208. Panoan Pacahuara
209. Panoan Panobo
210. Panoan Poyan�wa
211. Panoan Saynawa
212. Panoan Shanenawa
213. Panoan Sharanawa
214. Panoan Shaw�
215. Panoan Shipibo
216. Panoan Yaminawa
217. Panoan Yawanawa
218. Panoan Yora
219. Peba-Yag... Yagua
220. Peba-Yag... Yameo
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t t� k k§ m n � � h w j � i i� e e� a a� o o� u u� � �� ¼  t§ ¢ h§ · ¸ Â
p t k m n � w j � l i e a o u �  z ¨ · ¸
p b t d � s w j � i i� e e� a o o� u � ¼  z ¦ · ¸ Ì�
p b t d k m n s h w j � i i� e e� a o o� u u� � ¼  z · ¸ ¼�
p t t� k k§ � m n � � h j l i i� e e� a a� o o� u u� � �� ¼  mb nd nd¨ �Æ �Æ§ � · ·� ¸ ¸� ¼�

pª p tª t ts d t� d¨ kª k m n � s � h w j l   i i: e e: a a: o o: u u:  t�ª · ¸
p t ts k � m n s x w j l i e a o u  t' k' f§ �
p t ts t� k � m n � � s � x w j i e a o u  p' t' ts' t�' kl k' �
p t ts k � m n s x h w j l i i: e e: a a: o o: u u:  p' t' ts' k' q' q f � ¹
p t ts k k§ m n s x h w j l i e a o u  p' t' ts' k«' k« k' q q§ � x§

pª p tª t t� kª k m n � s � x w j � l   i i: a a: u u:  p' t' t�' t�ª k' q' qª q
p t ts t� k m n � � � s £ � x j � l   i i: e e: a a: o o: u u:  ¢£ �« Í Í:

pª p b t ts d t� kª k � m n � � s � h j � i i� i: e e� e: a a� u u� � �� �:  t« d« t�ª f i�: e�: ��:
pª p b t ts d t� kª k � m n � � s � h j � i i� i: e e� e: a a� u u� � �� ¼  t« d« t�ª f i�: e�: ¼� ¼: ¼�:
pª p b t ts d t� kª k � m n � � s � h j � i i� i: e e� e: a a� u u� � �� ¼  t« d« t�ª f i�: e�: ¼� ¼: ¼�:

p b t d t� k k§ � m n � s h w j � l i i: e e: a a: o o: u u:  � j´
p t ts d t� k Æ � m n � s £ � h w j � l i e a u �  ¢£ c c�
p b t k Æ � s h i a u tone
p b t d k � m n s � h w j � l i i� i: e e� e: a a� a: o o� o: u u� u: � �� �:  p§ b§ t§ k« m§ h§ a« a�« o« o�«
p b t d k Æ � m n � � � x h w j l i i� e a a� o u u� � �� tone  c � ḿ n´ �´ ẃ j´ · ·� ¸ ¸� �
p b t d k Æ � h w j i i� e a a� o u u� � �� ¼ tone  p' b´ d´ c �´ Æ´ c� ẃ j´ � �� ¸ ¸�
p b t d k Æ � m n � � � h w j � i i� e a a� o u u� � ��  � · ·� ¸ ¸� Â Â� �
p b t d k Æ � � h w j i i� e a a� o u u� � �� tone  b´ d´ c c´ � �´ k´ ẃ j´ · ·� ¸ ¸� �
p t k � m n � s h w j l i i� e e� a a� o u u�  ¶ i�´ i´ e�´ e´ a�´ a´ o´ u�´ u´
p t k � m n � s h w j l i i� e a a� o u u�  i�´ i´ e´ a�´ a´ o´ u�´ u´

pª p tª t kª k � m n s h w j l i i� e e� a a� o o� u u� tone  i�´ i´ e�´ e´ a�´ a´ o�´ o´ u�´ u´
p t k � m n s h l i e a o u  µ ¶
p t ts t� k � m n s � x h w j � i i� a a� u u� � �� tone
p t ts t� k � m n � s £ � h w j � i i: a a: u u: � �: tone
p t ts t� k k§ � m n � s £ � � i e a o u � tone  ��
p t ts t� k � m n � s £ � h w j i a u �  ¥
p b t ts d t� k m n s £ � h w j i i� a a� o o� u u�
p t ts t� k m n � s £ � h w j � i a u �
p t ts t� k m n � s £ � h w � l i a o u �
p t ts t� k k§ m n � s � w j i e a o u �  �
p b t ts d t� k m n s £ � w j i e a o �  ¢£ º
p b t ts d t� k m n s £ � w j i e a o u �  ¢£
p b t k m n � s x w j � i i� a a� u u�  f v
p t ts t� k � m n � s £ � h w j � i a u �
p b t ts k m n s £ � x w j � i a u �
p b t ts d t� k � s � h w j � i i� a a� u u� �
p b t ts t� k m n s � h j � i a u �
p t ts t� k m n s £ h w j � i a u �  f
p t ts t� k m n � s £ � h w j � i i� a a� u u� � �� tone
p b t ts d t� k m n s £ � � i i� a a� u u� � ��  f
p t ts t� k m n � s £ � h w j i i: a a: u u: � �:  b� ±¥
p t ts t� k m n � s £ � h j i i� a a� u u� � ��  ¥
p t ts t� k m n � s £ � h w j � i a u �
p t ts t� k m n � s £ � h j � i i� a a� u u� � ��
p t t� k m n s h w j � i i� e e� a a� o o� u u� � �� tone
p t k m n s � w j l i i� e e� a a� u u�
p t k � m n s h i i� e a a� o o� u � tone  � ��

pª p b tª t d t� d¨ kª k Æ � m n � � � h j � i i� e a a� o u u� � ��  t�ª ¦ �� · ·� ¸ ¸� �
pª p tª t ts kª k m n � s x w j l   i i� e e� a a� u u�  p« mb« mb t«ª tsª ts«ª ts« nd nd« ndz ndz« k« �Æ �« �« s« x« i´ iª e´ eª a´ aª u´ uª

p t ts t� k m n � s � h w j � l   i i: a a: u u:  ¢£ q
p t t� k m n � s h w � l   i a u  q

pª p tª t t� kª k m n � s h w j � l   i a u  p' t' t�' t�ª k' q' qª q
p t t� d¨ k m n � s £ � x w j � l i a u  ¢£ q ¥
p t t� k m n � s � w j � l   i a u  ¢£

pª p tª t t� kª k m n � s � h w j � l   i e a o u  p' t' t�' t�ª k' q' qª q
p t t� k m n � s � w j � l i a u  ¢£ q ¨
p t t� k m n � s � h w j � l   i i: a a: u u:  q
p t ts t� k m n � s � h w j � l   i i: a a: u u:  q
p t ts t� k m n � � s � x w j � l i a u  ¨
p b t ts d t� k Æ m n � s � x w j � l   i a u
p t t� k m n � s � x � l   i a u
p t t� k m n � s � h w j � l   i i: a a: u u:  ¢£
p t t� k Æ m n � � s � x w j � l   i i: a a: u u:  ¢£ ¹
p b t t� k Æ m n � � s � x w j � l   i i: a a: u u:  ¢£
p b t ts d t� k Æ m n � � s � h w j � l   i a u

pª p b tª t ts d t� kª k Æ m n � s � x w j � l i a u  z ¨
p t t� d¨ k m n � s � x w j � l i a u
p t t� k Æ m n � � s � x w j � l i e a o u  q Á ¨ ¹
p b t ts d t� k Æ m n � s � w j � l   i a u  dz q ¨
p t t� k Æ m n � � s � x w j � l   i a u  ¢£ ¹

pª p b tª t d kª k k§ � m n s h w j � i e a o u �  p' t' ts' k' k§' h§ �
p b t d k k§ Æ m n � � s x h l i i� e e� a a� o o� u u�  c � Æ§ h§ r
p b t ts d t� d¨ k k§ m n � s � h w j l i e a u  z
p b t ts d k k§ m n � s h w j   i e a u  cc� c � c� ¬
p t ts t� k k§ � m n � s � x h w j i e a u  µ ¶
p t t� k k§ � m n � s � x h w j i e a u  µ° ¶°
p t t� k k§ m n s � h w j � l i e a u  mb ¢£ »±¥ �
p b t d t� k k§ m n £ � h w j � i e a u  ¢£ ± �

t t� k k§ � n � x h w j � i a o u �
p b t d k Æ m n � � � w � i i� e e� a a� o o� u u� � �� tone  c � i´ e´ a´ o´ u´ �´

pª p b tª t ts d t� kª k k§ Æ m n � � s h w i i: e e: a a: o o: u u: � �:  c � z i´ e´ a´ o´ u´ �´
p t ts d k � m n � s � x h w j � l i e a o u �  t¡' t¡ t' ts' k' �
p b t d k Æ h w � i i� e e� a a� o o� u u� � �� tone  c � nasal harmony
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone  ¯ nasal harmony
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone

pª p tª t d¨ kª k � m n � � � s h � i i� e e� a a� o o� u u� � �� tone  m° �°
p b t d t� k h w j � i i� e e� a a� o o� u u� � �� tone  �� nasal harmony

b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d t� d¨ k k§ Æ s h w j i i� e e� a a� o o� u u� � �� tone  Æ§ nasal harmony
p b t d k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d t� k Æ � h i i� e e� a a� o o� u u� � �� tone  ¨ © nasal harmony
p t d t� k k§ � m n s h w j i i� e e� a a� o o� u u� � ��  z
p b t d t� k k§ Æ � m n s h w j i i� e e� a a� o o� u u� � ��  Æ§ z h§
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k � s h w j � i i� e e� a a� o o� u u� tone
p b t d k Æ h w j � i i� e e� a a� o o� u u� � �� tone  c nasal harmony

pª p b tª t d kª k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ h w j � i i� e e� a a� o o� u u� � �� tone

pª p b tª t d t� kª k Æ � s h w j � i i� e e� a a� o o� u u� � �� tone
p b t d k Æ s h w j � i i� e e� a a� o o� u u� � �� tone  nasal harmony
p b t d t� d¨ k Æ � m n � � � w j � i i� e e� a a� o o� u u� � ��  mb nd nd¨ �Æ v
p t k k§ � m n � w j � i i� e e� a a� o u u� � ��
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p t k � m n � s h w j � i i� e e� a a� o u u� �
p t d t� k � m n h w j � i i� e e� a u u� � ��
p t t� d¨ k k§ � m n � � � h w j � i i� e e� a a� o o� u u� �
p t k k§ � m n � s h w i e a u �
p t t� k k§ m n � w j � i i� e e� a a� o o� u u� � ��  Ã
p t ts k � m n � w j � l i i� e e� a a� o o� u u� � ��  ¥ ¦
p t t� k k§ m n � � s � i i� e e� a a� o o� u u� � ��  ¨
p t k k§ � s � i i� e e� a a� o o� u u� � ��  mb nd �Æ Æ§ ¨
p b t d t� d¨ k k§ Æ � s h w j � i i� e e� a a� o o� u u� � �� ¼  z ¼�
p b t ts d k Æ � m n � � � j � l i i� e e� a a� u u� � �� tone  dz cc� �Î
p t ts k k§ � m n � h w j � i e a o u � ¼  �§ z
p t t� k k§ � m n h w j � i i� e e� a a� o o� u u� � ��
p t d¨ k k§ � � s � x � l i i� e e� a a� o o� u u� � ��  mb nd �Æ �Æ§ ¦ ¦§
p t t� k k§ � m n � � s j � i i� e e� a a� o o� u u� � ��  Æ§
p b t d t� d¨ k � m n s � h w j � i i� e e� a a� u u� � ��  z �
p t k Æ � m n � h w j � i i� e e� a a� o o� u u� � ��
p t k k§ � m n � s � h w j � i i� e e� a a� o o� u u� �  �§
p t d¨ k � m � s � h w j � i i� e e� a a� o o� u u� � ��  �§
p t ts k k§ � m n � h w j � i i� e e� a a� o o� u u� � ��  h§
p t k m n � � s h w � i i� i: e e� e: a a� a: u u� u: � �� �:  i�: e�: a�: u�: ��:
p b t k Æ � m n � h w j � i i� e e� a a� o o� u � ¼ tone  c
p t k k§ Æ � m n � � s w j � i i� e e� a a� o o� u u� � ��
p t ts t� k m n x w j � i e a u �
p b t d t� d¨ k � m n � s � h w j � i i� e e� a a� o u u� �  �
p t t� k m n � w j � i i� e e� a a� u u� � ��
p t t� k k§ � m n � � h w � i i� e e� a a� o o� u u� � ��  �§
p b t d t� d¨ k � m n � s � h w j � i i� e e� a a� u u� � �� tone  i�´ i´ e�´ e´ a�´ a´ u�´ u´ �´ ��´
p t ts t� d¨ k k§ Æ � w j � i i� e e� a a� o o� u u� � ��  mb nd �Æ Æ§ ©
p b t k k§ Æ � m n s � w j � i e a u  mb nd c �Æ j�
p t ts t� k k§ m n s � w j � i a u �  Å
p t k k§ � m n � � s � h w � i i� e e� a a� o o� u u� � ��  �§
p t t� k k§ � m n � � h � i e a u �
p t ts k k§ Æ m n � � � s h j � i i� e e� a a� u u� � ��  �§
p t k � m n � s h w j � i i� i: e e� e: a a� a: o u u� u: � �:
p b t t� k k§ m n � � s � h w j � i i� e e� a a� o o� u u� � ��  k« n°
p b t d t� d¨ k Æ � m n � � s � w j � l i i� e e� a a� u u� � �� tone
p t t� d¨ k k§ � s � h w � i i� e e� a a� o o� u u� � ��  mb nd �Æ
p t t� k k§ � m n � h w j � i i� e e� a a� u u� � ��
p t d k k§ � m n � s h w � i e a o u � ¼  �§
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p b t t� k � m n � s h w j � i i� i: e e� e: a a� a: u u� u: � �� �:
p b t k � m n � s � w j � i i� e e� a a� o o� u u� � ��
p t t� k k§ � m n � � � h � i i� e e� a a� o o� u u� � ��  �§
p t k k§ � m n � s h w j � i i� e e� a a� o u u� � ��  �§
p t k k§ � m n � � s w j � i i� e e� a a� o o� u u� � ��  �§
p t t� d¨ k � m n � h w j � i i� e e� a a� o o� u � ��
p b t d k m n s � h w j l i i� e a a� u u� � ��  z
p b t d t� k k§ Æ � m n � s x � i i� i: e e� e: a a� a: o o� o: u u� u:  k« Æ§ ¨ x« x§ i�: e�: a�: o�: u�:
p b t d t� k k§ Æ � s h w j � i i� e e� a a� o o� u u� � ��

b t d t� k k§ m n � s � h l i e a u � tone  f§ h« ¯
pª p tª t ts t� kª k k§ m n � � s £ � x w j � l   i i: e e: a a: o o: u u:  p' t' ts' tsª ¢£' ¢£ª ¢£ t�' t�ª k' q' qª q q§ s¡ � x§ ¹ ¹§

p b t t� k k§ m n � s � x w j �   i i: e e: a a: o o: u u:  p' t' t�' c k' q' q
p b t d t� k Æ � m n s h w j � l i e a o u  p' t' t�' k' q' q Á �
p b t d k Æ m n � � w j i i� i: e e� e: a a� a: u u� u:  i�: e�: � �� �: ��: a�: u�:
p t k k§ m n s h w j � i e a o u
p b t d t� d¨ k Æ � m n � � � � s x � i e a o u �

b t d k Æ m n � � � � i e a o u � tone  c � ¤
p b t ts d t� d¨ k Æ � m n � � � � h � i e a o u �  t« dz
p b t ts t� d¨ k Æ � m n � � � s � x h � i i� e a a� u u� � �� tone  t« d« dz m: n: �: ¨
p t t� k m n s � x h w j � l i e a o u  ¥
p tª t ts k m n s � h w � i i� e e� a a� u u� � �� ¼  ¼� nasal harmony
p tª t ts k m n s h w l i i� e e� a a� o o� u u� � �� ¼
p tª t k m n s h w l i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  h§ i�: ¼� ¼:
p tª t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i� e e� a a� o o� u u� � �� ¼  ¼� nasal harmony
p t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼  i�: ¼� ¼:
p tª t k m n s � h w j � i i� e e� a a� o o� u u� � �� ¼  f ¼� nasal harmony
p t t� k m n � x h w � i i: e e� e: a a� a: o o� o: u u� u: � �� �:  i�:
p b t d t� k � m n � s � h w j l i e a o u �  � Ï̈ �
p b t d t� k Æ � m n � � s h w j � i i� e e� a a� o o� u u�  m° n° �°
p b t d t� d¨ k Æ � m n s � h w l i i� e e� a a� o o� u u� � �� ¼  z ¨ ¦ Ð r Å Å�
p t ts t� k k§ � m n s � h w j � i i: a a: o o: u u: � �:
p t k k§ m n s � h w j � i i: a a: o o: u u:  t« k« m« n« h« h§ �« Å Å:
p t k k§ m n s h w j � i i: a a: u u: � �: tone
p t ts k k§ � m n s � h w j � i i: a a: u u: � �:

cf. Carib Srnm
cf. Akunts�
cf. Yaru Quechua
cf. Yurut�
cf. Macushi
cf. Katuk�na Pnn
cf. Bakair� East
cf. Huallaga H Q
cf. Lule
cf. Yora
cf. Jamamad�
cf. Canela
cf. Ash�ninka Uc
cf. Tenharim
cf. Muinane
cf. Callawaya
cf. Yanomama Pap.
cf. Guaran� Prgy
cf. Suru�
cf. Kariti�na
cf. Ember�-Baud�
cf. Cuiba
cf. Baniwa (Central)
cf. Yanomam�
cf. Mats�s
cf. Kithaulhu
cf. Yuhup
cf. Kulina
cf. Ese Ejja B
cf. Res�garo
cf. Moset�n St A
cf. Cayubaba
cf. Waur�
cf. Guat�
cf. Karaj�
cf. S�liba

pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone
pª p b tª t ts d t� d¨ kª k k§ Æ � m n � � � � s £ � x h w j � l   i i� i: e e� e: a a� a: o o� o: u u� u: � �� �: ¼ tone  ¢£ ¨
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.

This is the outcome of using the hierarchical Dirichlet prior. (We've seen this twice before.)
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Cluster size histograms
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▶ The simple prior splits too aggressively with large clusters.
▶ The hierarchical prior may lump too aggressively with small clusters.

.

On this plot are superimposed three things:

• The cluster sizes that result from using the simple Q-prior, in blue.

• The cluster sizes that result from using the hierarchical Dirichlet Q-prior, in red.

• And for reference, a histogram of language family sizes, in black.

The simple Q-prior prefers clusters of similar sizes, as can be seen from the relative flatness of
the blue histogram. If the language family classifications are anything to go by, it's probably
the case that the simple Q-prior splits large clusters too aggressively. It also seems to have too
wide of a tail, with too many clusters consisting of 2 to 5 languages. The hierarchical Dirichlet
Q-prior follows the language family classifications more closely, though perhaps its tail tapers
too quickly.

I lack accurate marginal likelihood estimates for the priors, but browsing the results, I see
places where one or the other is better. For example, the simple prior breaks the Quechuan
languages up into too many clusters; but the hierarchical Dirichlet prior proposes some im-
plausible connections that the simple prior does not, such as between Cabiyarí and Pémono,
about which more will be said later.

Finally, I should mention that the simple prior has one more disadvantage, which is that
with it, the analyst has to do multiple runs to find the optimal value forK . This is a considerable
weakness, as each run takes about a month on a fast machine.
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Inter-family feature-sharing frequency, by distance

▶ Let’s plot a subset of these language pairs on a map.

.

This is another way to understand the results of the STRUCTURE analysis. Each dot repre-
sents a pair of languages that are not in the same family. The x-axis is the distance between
them, in kilometers, and the y-axis is the mean fraction of features that they share the same
source for. Also shown are quantile lines, conditioned on inter-language distance. There are
three reassuring things in this plot.

• The median is very small. Essentially, two languages from different families, chosen at
random, do not share the same source for any sounds.

• The median does not get higher as the distance gets smaller. This means that
STRUCTURE results does not simply recapitulate geography.

• The higher quantile lines do get higher as the distance gets smaller. This means that
proximity makes it likelier for two languages to have been in contact, and STRUCTURE
was able to infer this, despite having been given no geographical information.

Naturally we would like to know which pairs of languages are high in the plot. What I will do,
is plot on a map a line between two languages if they share the same source for many of their
features. I cannot do this for too many pairs of languages without creating an unreadable plot,
so I will do it for the arbitrary subset of the dots shown in blue. For languages that are near each
other, I will plot them if they share the same source for 10% of their features; and I increase this
threshold as the distance gets larger.
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This ‘line plot’ is an alternative to the pie plot
that throws inter-family connections into re-
lief. Inter-family connections are drawn in
color; intra-family connections are in light
gray. A line between two languages means that
one has borrowed from the other; or that they
both obtained features from a third source.
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Upper Xingú

.

Putumayo

.

Vaupés

.

Southern Andes

.

This plot provides backing for some proposed
South American linguistic areas. Four appear
in this slide. However, these linguistic areas
are often obscured by lines that run longer dis-
tances. For example, the Vaupes is obscured
by amber-colored lines, which denote pairs that
share the same source for 80 to 90% of their fea-
tures. It turns out that these connections are
specious.
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Cabiyarí and Pémono

▶ Cabiyarí’s inventory is not too unusual for an Arawak language.
▶ Pémono’s inventory is very typical for a Carib language.

Cabiyarí Pémono

▶ STRUCTURE puts them in the same cluster. 86% of their features are
deemed to come from the same ancestral population.

.

Let's have a look at a particularly egregious false positive: the supposed connection be-
tween Cabiyarí and Pémono. STRUCTURE reckons that these two languages share the same
source for 86% of their features. Their inventories do not seem particularly close, but STRUC-
TURE lumps them together because it does not realize that Arawak phonological inventories
are very diverse, and Cabiyarí’s ancestry suffices to explain its inventory without the need to
posit borrowing. (Recall that STRUCTURE is not given information on a language's classifica-
tion.)
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Relaxed Admixture Model (RAM)

From STRUCTURE to RAM:
▶ Make use of linguistic classifications, to weed out spurious connections

such as between Cabiyarí and Pémono.
▶ Posit relaxed admixture in order to detect areas such as Upper Xingú.

Relaxed admixture: a model of contact where features can be gained, but not
lost, due to contact.

▶ Clearly not realistic.
▶ Nukak lacked phonemic nasal stops, presumably due to influence from

Tucanoan languages.
▶ Ashéninka (Apurucayali) lost mid vowels, presumably due to contact with

Quechuan languages.

▶ But, useful for detecting mild and recent contact.

.

The Relaxed Admixture Model (RAM) is an attempt to take a step back, by using a model
that is more modest than STRUCTURE in scope, but targets some of its shortcomings. Rather
than seek to model the entire dataset coherently, as STRUCTURE does, RAM looks at pairs of
languages only, and asks, if this were the only contact scenario in all of South America, how
much explanatory power do we gain by positing it? Unlike STRUCTURE, RAM is given the lin-
guistic family for each language, and it employs a simple model for how a language gets its
features from its family.

RAM was designed to be sensitive to recent contact, and so it holds that the presence of
a sound can be borrowed, but that the absence of a sound cannot — a property that we (Lev
and I) termed relaxed admixture. We were banking on the notion that gaining a sound can easily
happen in instances of superficial contact, but that losing a sound often meant a structural
change in the phonology of the language, which necessitates more intense contact.

Relaxed admixture is clearly naive — as noted here concerning Nukak and Ashéninka — but
it does prove useful.
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Model M0: Inheritance only

..

N

.

L

.. X0

..X0l ∼ Bernoulli(Pl) ∈ {0, 1} ..Feature l in target language ..

X

..

Xnl ∼ Bernoulli(Pl) ∈ {0, 1}

..

Feature l in language n, which

..

is in the target’s family.

..

P

..

Pl ∼ Beta(λµl, λ(1− µl)) ∈ (0, 1)

..

Frequency of feature l in this

..
family.

..

µ

..

µl ∈ (0, 1)

..

Universal frequency of

..

feature l.

..

λ

..

λ ∈ (0,∞)

..

Generality of universal

..

feature frequencies.

▶ Model M0 explains X0 as the result of inheritance alone.
▶ Universal feature frequencies µ1, . . . , µL and generality parameter λ are fixed

based on previous runs of STRUCTURE.
▶ µ and λ are significant when the family is small, or when the target is an isolate.

.

A RAM analysis is set up as a model evaluation problem. For each pair of languages, one
acting as potential donor and the other as potential target, we propose two models: one with
contact, and one without. Here is the null hypothesis — the model without contact. X0 is the
target inventory. Each feature is generated via a Bernoulli distribution, parameterized by a
feature frequency that is obtained by analyzing all the members of the language family. There
is not enough data to infer the hyperparameters µ and λ, so these are inferred from a run
of STRUCTURE and fixed in this model. They become quite important when the target is a
linguistic isolate, or is from a small family.
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Model M1: Relaxed admixture model (RAM)

..

N

.

L

..

Y

..

Yl ∈ {0, 1}

..

Feature l in donor language.

.. X0

.. {.. X0l = 1 if Zl = 1 and Yl = 1,..
X0l ∼ Bernoulli(Pl) otherwise.

.. Feature l in target language...

X

..

Xnl ∼ Bernoulli(Pl) ∈ {0, 1}

..

Feature l in language n, which

..

is in the target’s family.

..

P

..

µ

..

λ

..

Z

..

Zl ∼ Bernoulli(α) ∈ {0, 1}

..

Can feature l be borrowed?

..

α

..

α ∼ Beta(12 ,
1
2) ∈ (0, 1)

..

Admixture parameter.

▶ Model M1 explains X0 as the result of inheritance and borrowing from Y .
▶ Only the presence of a feature can be borrowed.
▶ Admixture parameter α denotes the fraction of features present in Y that are

borrowed into X0.

.

The alternative hypothesis is that the target inventory X0 is a product of both inheritance
and borrowing. The variable Z is binary vector, with Zl = 1 if X0 may borrow feature l from
the donor inventory Y . The feature is actually borrowed only if the feature is present in Y ,
i.e. if Zl = 1 and Yl = 1.
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Borrowing score

..

N

.

L

.. X0

..

X

..

P

..

µ
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λ

..

N

.

L

..

Y

.. X0

..

X

..

P

..

µ

..

λ

..

Z

..

α

M0: Just inheritance. M1: Borrowing too.
▶ Which model explains X0 better? Compute the Bayes factor.

K =
P(X0 | M1)

P(X0 | M0)
=

∑
α

∑
P P(P, α,X,X0|λ, µ,M1)∑

P P(P,X,X0|λ, µ,M0)

▶ Use logK as a borrowing score for each donor-target pair.
▶ Note: M1 for one donor-target pair may be incompatible with M1 for another.

.

Both models are simple enough that their marginal likelihoods P(X0 | M1) and P(X0 |
M0) can be computed exactly. We take the log of the Bayes factor as a borrowing score, which
indicates how advantageous it is to posit borrowing. When the borrowing score is greater than
zero, the alternative model is favored. It is important to keep in mind that unlike STRUCTURE,
RAM is a local model: the M1 for one donor-target pair is not necessarily compatible with the
M1 for another.



.

.

Overview STRUCTURE RAM ETYMDIST References Appendix Design Results

Inter-family borrowing scores by distance

▶ For any pair of languages not in the same family, plot the larger
borrowing score.

.

This plot shows, for each pair of languages not in the same family, the higher of the two
borrowing scores involving the pair, plotted against the distance between the pair in kilome-
ters. Also shown are quantile lines, conditioned on distance. Again there are three things about
this plot that seem right.

• The median line is well below zero. Two languages chosen at random will be unlikely to
have a positive borrowing score.

• The median line is relatively flat, indicating that borrowing score is not merely a
function of proximity.

• The higher-quantile lines get higher as the distance decreases. RAM finds that the
closer two languages are, the profitable it is to posit borrowing.

Also, RAM does not yield false positives like Cabiyarí and Pémono. That particular pair has been
plotted as a red circle. It can be seen that its borrowing score is negative. RAM accounts for the
fact that Awarak is a diverse language family, so that inheritance suffices to explain Cabiyarí’s
features.

As with STRUCTURE, it is possible to plot higher borrowing scores as lines on a map. I do
this for the arbitrary subset of dots colored blue.
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RAM line plot
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Gone are many of the distracting false positives
seen in the line plot for STRUCTURE.
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RAM line plot
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The proposed linguistic areas appear more
clearly on this plot.
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Borrowing in Upper Xingú: Nasal vowels

..

mmh
Mehináku

A wau
Waurá

A

yaw
Yawalapití

A

bkq
Bakairí East

C

txi
Ikpeng

C

kui
Kuikúro-Klpl

C

tpy
Trumai

opy
Ofayé
Ge

kre
Panará

Ge

suy
Suyá
Ge

suy
Tapayuna

Ge

xav
Xavánte

Ge

awe
Awetí

T

kay
Kamayurá

T

86.~~ ~ 1~.~~
82.~~ ~ 86.~~
28.~~ ~ 82.~~
21.~~ ~ 28.~~
2~.~~ ~ 21.~~
46.~~ ~ 2~.~~
42.~~ ~ 46.~~
 8.~~ ~ 42.~~
 1.~~ ~  8.~~
 ~.~~ ~  1.~~

Segments identified by RAM as likely borrowed,
contingent on contact:

Donor Target
Kamayurá (T) Waura (A) ɨ ̃ ẽ ĩ ũ ã ɨ
Panara (Ge) Waura (A) ɨ ̃ ẽ ũ ĩ ã ɨ
Awetí (T) Waura (A) ɣ ɨ ̃ ẽ ũ ĩ ã ɨ
Suya (Ge) Waura (A) ɣ ɨ ̃ ẽ ũ ĩ ã ɨ
Kamayurá (T) Kuikuro (C) ts ŋ õ ɨ ̃ ẽ ũ ĩ ã
Awetí (T) Kuikuro (C) ts ɣ ŋ õ ɨ ̃ ẽ ũ ĩ ã l
Panara (Ge) Kuikuro (C) õ ɨ ̃ ẽ ũ ı ̃ ã
Suya (Ge) Kuikuro (C) ɣ ŋ õ ɨ ̃ ẽ ũ ı ̃ ã
Tapayuna (Ge) Kuikuro (C) ŋ õ ɨ ̃ ẽ ũ ı ̃ ã

Feature frequencies for nasal vowels in S. America:

Macro-Ge ~55% Carib ~16%
Tupian ~85% Arawak ~16%

.

This is a blowup of the Upper Xingú. For each pair of languages in the table, RAM was made
to print out the features most likely to have been borrowed, contigent on there having been
borrowing between the pair of languages.

One useful characteristic of probabilistic generative models is that one can examine the
marginal distributions for any underlying variable. Here, we seek features l such that the pos-
terior expecation of borrowing E(Zl|X0, X, Y, µ, λ,M1) is high.

In the results we see that RAM deems nasal vowels to have been borrowed into the Arawak
and Carib languages of the Upper Xingú. This makes sense, given that they occur infrequently
in Arawak and Carib languages in the continent as a whole.

Note that RAM suggests several candidate donors for each target. While it is impossible
to decide which languages were the actual donors, it is entirely plausible that this kind of ex-
change has been taking place.
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Borrowing in Upper Xingú: /ɨ/

..

mmh
Mehináku

A wau
Waurá

A

yaw
Yawalapití

A

bkq
Bakairí East

C

txi
Ikpeng

C

kui
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T

86.~~ ~ 1~.~~
82.~~ ~ 86.~~
28.~~ ~ 82.~~
21.~~ ~ 28.~~
2~.~~ ~ 21.~~
46.~~ ~ 2~.~~
42.~~ ~ 46.~~
 8.~~ ~ 42.~~
 1.~~ ~  8.~~
 ~.~~ ~  1.~~

Segments identified by RAM as likely borrowed,
contingent on contact:

Donor Target
Kamayurá (T) Waura (A) ɨ ̃ ẽ ĩ ũ ã ɨ
Panara (Ge) Waura (A) ɨ ̃ ẽ ũ ĩ ã ɨ
Awetí (T) Waura (A) ɣ ɨ ̃ ẽ ũ ĩ ã ɨ
Suya (Ge) Waura (A) ɣ ɨ ̃ ẽ ũ ĩ ã ɨ
Kamayurá (T) Kuikuro (C) ts ŋ õ ɨ ̃ ẽ ũ ĩ ã
Awetí (T) Kuikuro (C) ts ɣ ŋ õ ɨ ̃ ẽ ũ ĩ ã l
Panara (Ge) Kuikuro (C) õ ɨ ̃ ẽ ũ ı ̃ ã
Suya (Ge) Kuikuro (C) ɣ ŋ õ ɨ ̃ ẽ ũ ı ̃ ã
Tapayuna (Ge) Kuikuro (C) ŋ õ ɨ ̃ ẽ ũ ı ̃ ã

Feature frequencies for /ts/ in S. America:
Carib ~90% Arawak ~30%
Macro-Ge ~70%
Tupian ~92%

.

Similarly, RAM infers that /ɨ/ was borrowed into Waura, an Arawak language. Its frequency
in Arawak languages elsewhere is relatively low.
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Borrowing in Upper Xingú: /ts/

..

mmh
Mehináku

A wau
Waurá

A

yaw
Yawalapití

A

bkq
Bakairí East

C

txi
Ikpeng

C

kui
Kuikúro-Klpl

C

tpy
Trumai

opy
Ofayé
Ge
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Panará

Ge

suy
Suyá
Ge

suy
Tapayuna

Ge

xav
Xavánte

Ge
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Awetí
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kay
Kamayurá

T

86.~~ ~ 1~.~~
82.~~ ~ 86.~~
28.~~ ~ 82.~~
21.~~ ~ 28.~~
2~.~~ ~ 21.~~
46.~~ ~ 2~.~~
42.~~ ~ 46.~~
 8.~~ ~ 42.~~
 1.~~ ~  8.~~
 ~.~~ ~  1.~~

Segments identified by RAM as likely borrowed,
contingent on contact:

Donor Target
Waura (A) Kuikuro (C) ɣ ts ɨ ̃ ẽ ũ ã ĩ l
Kamayurá (T) Kuikuro (C) ts ŋ ɨ ̃ õ ẽ ũ ã ĩ
Awetí (T) Kuikuro (C) ɣ ts ŋ ɨ ̃ ũ ã ĩ l
Mehinaku (A) Kuikuro (C) ts ɨ ̃ ẽ ũ ı ̃ ã l
Waura (A) Kamayurá (T) ts
Waura (A) Awetí (T) ɣ l ts

Feature frequencies for /ɨ/ in S. America:

Arawak ~63% Carib ~3%
Macro-Ge ~7%
Tupian ~15%

.

And finally, RAM infers /ts/ to have been borrowed into various Carib and Tupían languages
in the region.

In general, RAM is most useful for investigating linguistic areas where languages have just
begun to influence one another. The Upper Xingú is not the kind of linguistic area that is de-
fined by distinctive features that are not found anywhere else — at least in its phonological
inventories. If we simply plot the occurrence of various features on a map, the Upper Xingú
will fail to appear. Nor is the Upper Xingú an area of obvious homogeneity. The best way to de-
tect it is to look for convergence between its languages, against the backdrop of their respective
genetic profiles.
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POLLEX: Polynesian Lexicon Project

▶ http://pollex.org.nz/
▶ An etymological word list for

Polynesian languages and a
small number of Oceanic
neighbors (B. Biggs, R. Clark)

▶ 40+ languages, 4000+ etyma,
40,000+ forms.

▶ Reduce to a binary N × L
matrix.

▶ N etyma, L languages.
▶ Each entry encodes whether

etymon n is attested in
language l.

▶ Treat cognates and loans the
same.

.

And now, I will transition abruptly to talking about ETYMDIST, starting with the dataset to
be analyzed.

POLLEX consists of data of a much different sort than SAPhon, but we will still reduce it
to a binary matrix, with each entry denoting the presence or absence of a particular etymon
in a particular language. However, the matrix is transposed, in the sense that the languages
run along the top rather than down the side. Accordingly, I write L languages (rather than
N languages as before) and N etyma, as a way to intimate that ETYMDIST clusters by etyma
rather than by languages.
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ETYMDIST overview

▶ Take observed distributions of etyma in POLLEX, e.g.:
*qariki ‘chief ’

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

*qarofa ‘love, pity, compassion’
NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

▶ Infer actual distributions, using some model of lexicographic coverage.
▶ Cluster etyma by posited actual distributions.

.

ETYMDIST clusters etyma by each etymon’s distribution, i.e. its pattern of presence or ab-
sence among the languages. We distinguish between observed distributions and actual distribu-
tions.

The observed distribution of an etymon is the set of languages for which the etymon is
attested in POLLEX. In this slide I show the observed distributions of two etyma. The languages
have been laid out roughly geographically.

The actual distribution of an etymon is a matter of inference, based on a simple model of
the amount of lexicographic coverage received by each language. ETYMDIST will cluster etyma
by what it infers their actual distributions to be.
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ETYMDIST results
NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

ba3ynloyetyma8yjoiyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bb3yknhyetyma8yjonyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bc3ykliyetyma8yihkyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bd3ykhqyetyma8ypjyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

be3yjqqyetyma8yijnyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bf3yjpryetyma8ynqyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bg3yjjoyetyma8yonyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bh3yiqiyetyma8yhyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bi3yinryetyma8yjpyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bj3yinlyetyma8yhyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bk3yilqyetyma8yioyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bl3yikqyetyma8yoryatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bm3yijhyetyma8yoyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bn3yihkyetyma8yjkyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bo3yrpyetyma8ynjyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bp3yrhyetyma8ykyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bq3yqqyetyma8yjlyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

br3yqhyetyma8ynyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bs3yooyetyma8yryatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bt3ynhyetyma8yhyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bu3ylpyetyma8yjhyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bv3ylkyetyma8yjyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bw3yljyetyma8yihyatyrh9

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

bx3ykryetyma8ykyatyrh9

.

The results are shown here. Each plot is a cluster of etyma. The size of the cluster (i.e. the
number of etyma that participate in the cluster) is given in the caption. The geographical extent
of the cluster is shown by the map. A language that is colored red means that all of the etyma
in the cluster are posited to exist in the language. A language that is colored orange-yellow
means that half of the etyma in the cluster are posited to exist in the language.

The membership of each etymon is probabilistic: an etymon may be in a cluster with less
than probability one. The histogram below each map shows the probability of membership
for the thousand etyma with the highest probabilities of membership. A slow drop in the his-
togram, as in the first cluster, indicates that the category has “fuzzy boundaries”; whereas a
sharp drop, as in the second cluster, indicates that it is relatively clear-cut which etyma belong
to the cluster.

Before examining some of these clusters in detail, I will first describe how ETYMDIST works.
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ETYMDIST rationales

Why not just use STRUCTURE?
▶ Q: Why not just throw the binary matrix into STRUCTURE, treating

etyma like features in SAPhon?
▶ A: Etyma presence is not homoplastic. Can the same etymon really arise

from more than one ancestral population?

▶ Q: Why not use STRUCTURE, but treat each etymon as a SAPhon
language, and each language as a SAPhon feature?

▶ A: Clustering with admixture is strictly more complex than ETYMDIST,
which is pure clustering. Still, it could be worth trying.

In any case, we'd have to build into STRUCTURE the concept of lexicographic
coverage.

.

I should start by explaining why I didn't just use STRUCTURE to analyze POLLEX. The answer
is that I did not want to treat etyma the same ways as I treated phonemes in SAPhon, because
I did not want an analysis that permitted etymon state to be homoplastic. That is, I did not
want the model to allow an etymon to come from more than one ancestral population. This is
quite different than how it is for phonemes — a good model has to posit /t/ in all or nearly all
ancestral populations. But in the case of etyma, I wanted each etymon to be accounted for by a
single ancestral population. This is why ETYMDIST clusters by etymon rather than by language.

One way to cluster by etymon would be to feed STRUCTURE a transposed data matrix, but I
wanted to do simple clustering rather than clustering with admixture, in part because I could
not think of a reasonable interpretation for clustering with admixture when the data matrix
was transposed.
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ETYMDIST

...

w

..

z

..

θ

..

λ(θ)

..

µ(θ)

.
N

.

L

.

K

..

Is eytmon n actually in language l?

..

wnl ∈ {0, 1}, wnl ∼ Bernoulli(θznl)

..

Class of eytmon n.

..

zn ∈ {1, . . . ,K}

, zn ∼ Cat(ϕ)

..

λ(ξ) ∈ (0,∞), µ
(ξ)
l = 0.9Nl/max{N1, N2, . . . , NL}

..

Intensity of class k in language l.

..

θkl ∈ (0, 1)

, θkl ∼ Beta(µ(θ)λ(θ), (1− µ(θ))λ(θ))

.

This is the heart of the model. The variable zn denotes the cluster to which etymon n
belongs. Each cluster k is defined by a bank of intensities θk1, . . . , θkL, one for each language
l. The intensity θkl denotes the probability that an etymon of class k will exist in language l.

The variable w is an N ×L binary matrix, with each entry wnl denoting whether etymon
n exists in language l. To generate wnl, first look up the cluster of the etymon zn, then look
up the intensity of that cluster in that language (θznl, i.e. θ indexed by zn and l), and then
perform a weighted coin toss.
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ETYMDIST

...

w

..

z

..

ϕ

..

α

..

θ

..

λ(θ)

..

µ(θ)

.
N

.

L

.

K

..

Is eytmon n actually in language l?

..

wnl ∈ {0, 1}, wnl ∼ Bernoulli(θznl)

..

Class of eytmon n.

..

zn ∈ {1, . . . ,K}, zn ∼ Cat(ϕ)

..

Relative cluster size.

..

ϕ ∈ ∆K−1, ϕ ∼ Dirichlet(α/K)

..

Diversity parameter.

..

α ∈ (0,∞)

..

λ(ξ) ∈ (0,∞), µ
(ξ)
l = 0.9Nl/max{N1, N2, . . . , NL}

..

Intensity of class k in language l.

..

θkl ∈ (0, 1)

, θkl ∼ Beta(µ(θ)λ(θ), (1− µ(θ))λ(θ))

.

The cluster variables zn are generated via a categorical distribution parameterized by the
relative cluster sizes ϕ. This in turn is drawn from a Dirichlet distribution parameterized by
α/K . So that the number of clusters can be inferred from the data, K is set to infinity. (In the
implementation of the model, z is generated by a Chinese restaurant process parameterized by
α.)
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ETYMDIST

...

w

..

z

..

ϕ

..

α

..

θ

..

λ(θ)

..

µ(θ)

.
N

.

L

.

K

..

Is eytmon n actually in language l?

..

wnl ∈ {0, 1}, wnl ∼ Bernoulli(θznl)

..

Class of eytmon n.

..

zn ∈ {1, . . . ,K}, zn ∼ Cat(ϕ)

..

Relative cluster size.

..

ϕ ∈ ∆K−1, ϕ ∼ Dirichlet(α/K)

..

Diversity parameter.

..

α ∈ (0,∞)

..

λ(ξ) ∈ (0,∞), µ
(ξ)
l = 0.9Nl/max{N1, N2, . . . , NL}

..

Intensity of class k in language l.

..

θkl ∈ (0, 1), θkl ∼ Beta(µ(θ)λ(θ), (1− µ(θ))λ(θ))

..

Hyperparameters for intensity.

..

λ(θ) ∈ (0,∞), µ(θ) ∈ (0, 1)

.

The intensities are all generated from the same beta distribution, parameterized by λ(θ)

and µ(θ). I strongly suspect that there are easy ways to improve this prior, but I have yet to
think of any.
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ETYMDIST

... x..

w

..

z

..

ϕ

..

α

..

θ

..

λ(θ)

..

µ(θ)

.
N

.

L

.

K

..
Is etymon n observed in language l?

.. xnl ∈ {0, 1}

, xnl = wnl · ynl

..

Is eytmon n actually in language l?

..

wnl ∈ {0, 1}, wnl ∼ Bernoulli(θznl)

..

Class of eytmon n.

..

zn ∈ {1, . . . ,K}, zn ∼ Cat(ϕ)

..

Relative cluster size.

..

ϕ ∈ ∆K−1, ϕ ∼ Dirichlet(α/K)

..

Diversity parameter.

..

α ∈ (0,∞)

..

λ(ξ) ∈ (0,∞), µ
(ξ)
l = 0.9Nl/max{N1, N2, . . . , NL}

..

Intensity of class k in language l.

..

θkl ∈ (0, 1), θkl ∼ Beta(µ(θ)λ(θ), (1− µ(θ))λ(θ))

..

Hyperparameters for intensity.

..

λ(θ) ∈ (0,∞), µ(θ) ∈ (0, 1)

.

The difference between actual and observed distributions is the difference between w and
x. The variable xnl indicates whether etymon n is attested in language l. It is a function of
wnl, but also of …
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ETYMDIST

... x..

y

..

w

..

z

..

ϕ

..

α

..

θ

..

λ(θ)

..

µ(θ)

.
N

.

L

.

K

..
Is etymon n observed in language l?

.. xnl ∈ {0, 1}, xnl = wnl · ynl..
Observability of etymon n in language l.

..

ynl ∈ {0, 1}

, ynl ∼ Bernoulli(ξl)

..

Is eytmon n actually in language l?

..

wnl ∈ {0, 1}, wnl ∼ Bernoulli(θznl)

..

Class of eytmon n.

..

zn ∈ {1, . . . ,K}, zn ∼ Cat(ϕ)

..

Relative cluster size.

..

ϕ ∈ ∆K−1, ϕ ∼ Dirichlet(α/K)

..

Diversity parameter.

..

α ∈ (0,∞)

..

λ(ξ) ∈ (0,∞), µ
(ξ)
l = 0.9Nl/max{N1, N2, . . . , NL}

..

Intensity of class k in language l.

..

θkl ∈ (0, 1), θkl ∼ Beta(µ(θ)λ(θ), (1− µ(θ))λ(θ))

..

Hyperparameters for intensity.

..

λ(θ) ∈ (0,∞), µ(θ) ∈ (0, 1)

.

…ynl, which indicates whether an etymon n in language l would be observable, if it were
already to exist in language l.
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ETYMDIST

... x..

y

..

w

..

z

..

ϕ

..

α

..

ξ

..

θ

..

λ(θ)

..

µ(θ)

.
N

.

L

.

K

..
Is etymon n observed in language l?

.. xnl ∈ {0, 1}, xnl = wnl · ynl..
Observability of etymon n in language l.

..

ynl ∈ {0, 1}, ynl ∼ Bernoulli(ξl)

..

Is eytmon n actually in language l?

..

wnl ∈ {0, 1}, wnl ∼ Bernoulli(θznl)

..

Class of eytmon n.

..

zn ∈ {1, . . . ,K}, zn ∼ Cat(ϕ)

..

Relative cluster size.

..

ϕ ∈ ∆K−1, ϕ ∼ Dirichlet(α/K)

..

Diversity parameter.

..

α ∈ (0,∞)

..

Coverage for language l.

..

ξl ∈ (0, 1)

, ξl ∼ Beta(µ(ξ)
l λ(ξ), (1− µ

(ξ)
l )λ(ξ))

..

λ(ξ) ∈ (0,∞), µ
(ξ)
l = 0.9Nl/max{N1, N2, . . . , NL}

..

Intensity of class k in language l.

..

θkl ∈ (0, 1), θkl ∼ Beta(µ(θ)λ(θ), (1− µ(θ))λ(θ))

..

Hyperparameters for intensity.

..

λ(θ) ∈ (0,∞), µ(θ) ∈ (0, 1)

.

Eachynl is derived via a Bernoulli distribution parameterized by the lexicographic coverage
for language l, ξl.
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ETYMDIST

... x..

y

..

w

..

z

..

ϕ

..

α

..

ξ

..

λ(ξ)

..

µ(ξ)

..

θ

..

λ(θ)

..

µ(θ)

.
N

.

L

.

K

..
Is etymon n observed in language l?

.. xnl ∈ {0, 1}, xnl = wnl · ynl..
Observability of etymon n in language l.

..

ynl ∈ {0, 1}, ynl ∼ Bernoulli(ξl)

..

Is eytmon n actually in language l?

..

wnl ∈ {0, 1}, wnl ∼ Bernoulli(θznl)

..

Class of eytmon n.

..

zn ∈ {1, . . . ,K}, zn ∼ Cat(ϕ)

..

Relative cluster size.

..

ϕ ∈ ∆K−1, ϕ ∼ Dirichlet(α/K)

..

Diversity parameter.

..

α ∈ (0,∞)

..

Coverage for language l.

..

ξl ∈ (0, 1), ξl ∼ Beta(µ(ξ)
l λ(ξ), (1− µ

(ξ)
l )λ(ξ))

..

Nl = #entries for language l.

..

λ(ξ) ∈ (0,∞), µ
(ξ)
l = 0.9Nl/max{N1, N2, . . . , NL}

..

Intensity of class k in language l.

..

θkl ∈ (0, 1), θkl ∼ Beta(µ(θ)λ(θ), (1− µ(θ))λ(θ))

..

Hyperparameters for intensity.

..

λ(θ) ∈ (0,∞), µ(θ) ∈ (0, 1)

.

It stands to reason that ξl correlates positively with Nl, the number of forms in POLLEX
for language l. This correlation is encoded via a beta distribution. The degree of correlation is
encoded in the hyperparameter λ(ξ).

Note 1: One reason that the correlation is imperfect, is that for non-Polynesian languages
in POLLEX, the lexicographic coverage is much higher than Nl would suggest. The reason is
that POLLEX selectively contains etyma that appear in Polynesian languages, which artificially
limits the Nl for non-Polynesian languages.

Note 2: Supplying the model with some knowledge of Nl seemed critical for getting the
model to learn reasonable values for ξl; or perhaps I did not try hard enough to get it to work
without Nl.
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Hawaiian

▶ Traditionally Hawaiian is classified with MQA and MVA as a Marquesic
language, but lexically it is very mixed.

▶ Hawaiian may have participated in up to three Eastern Polynesian dialect
chains.
Southern chain

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

546,etyma,,261,at,90%

Northern chain
NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

2265etyma,5655at590%

Eastern chain
NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

884etyma,4244at490%

.

And now for a rundown of some interesting clusters. Hawaiian is conventially classified as
subgrouping with Marquesan (MQA) and Mangarevan (MVA), but these clusters suggest that
Hawaiian participated in three Eastern Polynesian dialect chains. Moreover, Hawaiian was not
the only language to do so: Tuamotoan, and perhaps Tahitian, seem to be part of all three as
well.
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Northern Outliers

▶ Polynesian Outliers are geographically Micronesian or Melanesian.
▶ The Northern Outliers may form a genetic subgroup with Eastern

Polynesian languages.

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

159,etyma,,27,at,90%

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

472etyma,2202at290%

.

The cluster on the right shows etyma that were retained in the Northern Polynesian Out-
liers (NKO, KAP, NGR, TAK, OJA, SIK) and Eastern Polynesia, but were mostly absent in Western
Polynesia. This pattern may have come about due to genetic descent: there is comparative
evidence that the Northern Outliers and the Eastern Polynesian languages share a common
ancestor to the exclusion of other languages (Wilson, 1985).

The cluster on the left looks similar to the one of the right, but now the etyma are robustly
present in Western Polynesia. My guess is that it consists of etyma that were widespread in
Polynesia, but were partially lost in the Southern Polynesian Outliers of Vanuatu and New Cale-
donia (MFA, MAE, WUV, WFU).

It is a bit unsatisfactory that two clusters that look so similar should receive such different
interpretations, but I lack a better explanation for these results.
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Lexical borrowing in Western Polynesia

▶ Polynesian splits into Tongic (TON & NIU) and Nuclear Polynesian (the
rest).

▶ These patterns reflect borrowing between the two subgroups in
geographical Western Polynesia.

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

341,etyma,,103,at,90%

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

279,etyma,,58,at,90%

.

Western Polynesia (consisting of ECE, TOK, EUV, PUK, EFU, SAM, TON, NIU) has been a locus
of long-standing cultural exchange. These two clusters show etyma that have diffused though-
out the region as a consequence of that exchange. One could alternatively argue that these
clusters consist of Proto Polynesian etyma that were conserved in the Western Polynesian lan-
guages, but lost elsewhere; but this is not plausible when the etyma number in the hundreds.
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Most stable cluster members

▶ Definition: an etymon’s degree of membership is its posterior probability
of being in the cluster.

▶ Show the most stable members, which all have degree of membership
> 0.97.

NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

341,etyma,,103,at,90%

*kou2 ‘Uncastrated pig’
*efe ‘Refuse of grated coconut or kava’
*liku2 ‘Short, of a woman's skirt’
*mapa ‘A kind of tree (Diospyros or Maba sp.)’
*kea3 ‘Breadfruit’
*fauqigo ‘Hibiscus sp.’
*kita2b ‘Relapse following an illness’
*kaka2 ‘Deceive, cheat’

.

With ETYMDIST, it is possible to list the best (most probable) members of each cluster. I
have done so for the smaller Western Polynesian cluster. The glosses of these etyma do not
seem to be particularly significant, though with more investigation, a pattern may emerge.
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Most stable cluster members

▶ There are ~143 members attested in TON and SAM.
▶ Show the most stable members, which all have a degree of membership

> 0.91.
NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS

341,etyma,,103,at,90%

*fakavaka ‘A handle, provide with a handle’
*fesikiqaki ‘(Ex)change places’
*munua ‘A fish’
*fakameomeo ‘Displeased’
*fakakaukau ‘Consider carefully’
*kalia ‘Double canoe’
*sela ‘Asthma; gasp for breath’
*takafalu ‘A small tree (Micromelum’

minutum)’

.

Here are etyma from the same cluster, but I have restricted the list to etyma attested in
both Tongan (TON) and Samoan (SAM). Tongan-Samoan loanwords are hard to detect because
the sound correspondences are such that it is always possible to reconstruct a protoform in a
common ancestor. A handful of loans have been identified by cognate set distribution, paral-
lel semantic shifts, or unexpected phonological correspondences (Marck, 2000, p. 69; Pawley,
2009), but this cluster provides evidence that there was a massive amount of word-borrowing
between the two societies.
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NKO KAP HAW

NGR TAK OJA

NGG LAU SAA SIK ECE TOK PEN MQA

REN PIL TIK ANU ROT EUV PUK TUA

MTA MFA NGU MAE FIJ EFU SAM RAR TAH

WUV WFU WYA TON NIU MIA MVA

MAO EAS
Oceanic Polynesian Unclassified

W.fPolynesian E.fPolynesian

.

This plot is a visual experiment: it shows what happens when the clusters are collapsed
together into one map. The 21 largest clusters are given distinct colors. I use shades of blue for
clusters centered in Western Polynesia; shades of yellow for those in Eastern Polynesia; shades
of green for clusters that have high intensities in non-Polynesian languages; and shades of red
for clusters that are widespread in Polynesian languages, but not in other Oceanic languages.
The remaining clusters are lumped together as dark gray.

I do not know how informative this plot really is, but it does make the point that Pukapukan
(PUK) has a very admixed vocabulary, with as many elements from the East as are from the West.
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STRUCTURE as applied to phonological inventories
STRUCTURE: Given a sample of N specimens, find K clusters, with admixture.

Domain: Population genetics Phonological inventories
N specimens N languages
L genetic loci L features
M -fold ploidy
J alleles per locus Features are absent/present.

Given: X ∈ {1, . . . , J}N×L×M X ∈ {1, 0}N×L

Infers: P ∈ (∆J−1)K×L P ∈ [0, 1]K×L

For each of K ancestral popula-
tions, what is the frequency of
each allele at each locus?

For each of K ancestral inven-
tories, What is the frequency of
each feature?

Q ∈ (∆K−1)N Q ∈ (∆K−1)N

For each of N specimens, what
fraction of its alleles derive from
each ancestral population?

For each of N languages, what
fraction of its features derive
from each ancestral inventory?

.
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Modeling ideals

▶ Responsiveness to data: avoid hard a priori assumptions.
▶ E.g., let the number of clusters be inferrable from the data.
▶ E.g., account for incompleteness in the data.

▶ Interpretability: real-world interpretations for model
elements.

▶ Have units whenever possible.
▶ Make bold predictions.

▶ Transparency: avoid treating models as black boxes.
▶ E.g., what did this ancestral population look like?
▶ E.g., what words did language X borrow from language Y?

.
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