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ARTICLE

Inferring Human Demographic Histories
of Non-African Populations
from Patterns of Allele Sharing

Jeffrey D. Wall1,*

Recent human-genetics studies have come to different conclusions regarding how and when modern humans spread out of Africa and

into the rest of the world. I present here a simple parsimony-based analysis that suggests that East Asians and Melanesians are sister

groups, and I discuss what implications this has for recent claims made about the demographic histories of non-African populations.
Introduction

Anatomically modern humans are thought to have

evolved in sub-Saharan Africa 150,000–200,000 years

ago1,2 (150–200 Kya) and from there to have eventually

colonized the rest of the world. It is unclear, though,

how and when modern humans first left Africa and

whether there was one major migration out of Africa or

more than one. One theory, the ‘‘coastal migration model’’

(CMM), posits that the first modern humans to leave Africa

departed from the Northeast through the Arabian penin-

sula, then along the coasts of India and Southeast Asia un-

til they reached Australia roughly 50 Kya.3,4 Descendants

of this first wave of migration are hypothesized to include

aboriginal Australians, Melanesians, and possibly so-called

Negrito groups in South and Southeast Asia. Then, a sec-

ond dispersal out of Africa led to the colonization of the

rest of the world, including mainland Europe, Southeast

Asia, and the Americas. The other major hypothesis posits

that there was a single major migration out of Africa and

that all extant non-African populations are descended

from these first migrants.5,6 (The focus on extant popula-

tions here excludes modern human groups that left no

present-day descendants, cf. Fu et al., 2015 and Liu et al.,

20157,8). The evidence so far from early genetic studies

and archeological studies has been mixed, and no clear sci-

entific consensus has been reached.6,9,10

From a genetic perspective, it is not always clear what

predictions different models make. Researchers have

focused instead on questions that are more easily answer-

able. Figure 1 shows two possible branching orders for

West Africans, Europeans, East Asians, and Melanesians,

as well as interpretations in terms of waves of migration

out of Africa (OOA) and into Asia (I2A). With the recent

proliferation of whole-genome sequence datasets from

diverse populations, it should be easier to distinguish be-

tween these competing demographic models. Rasmussen

and colleagues11 published the genome of an aboriginal

Australian individual and observed that this individual’s

genome shows a greater divergence from African ge-
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nomes than do genomes from mainland Eurasia. They in-

terpreted this observation as evidence for the CMM and

suggested that the greater divergence was due to an older

separation time. However, this observation has an alter-

native explanation in light of the fact that aboriginal

Australians (but not mainland Eurasians) have experi-

enced a substantial amount of admixture from Deniso-

vans.12,13 In particular, the greater observed divergence

could be due to the presence of introgressed Denisovan

regions.

More recently, several large whole-genome sequencing

studies14–16 havemade conflicting claims regarding the his-

torical branching order for the groups shown in Figure 1 (re-

viewed in Tucci and Akey, 201617). Specifically, Malaspinas

et al.15 claimed that Melanesians are an outgroup in com-

parison to mainland Eurasians (i.e., Figure 1A), whereas

Pagani et al.16 posited that Melanesians contain some

ancestry from an older out-of-Africa migration (which we

call ‘‘ghost’’ admixture) and implied (though did not state

explicitly) that Figure 1A is the correct branching order

(see, e.g., their ExtendedData Figure 4A). In contrast Figures

1 and 3 in Mallick et al.14 suggested that Europeans are an

outgroup in comparison to East Asians and Melanesians

(i.e., Figure 1B). One difficulty in assessing the merits of

these competing claims is that they are based on the output

from complicated inference tools such as Fastsimcoal,18

MSMC19 or fineSTRUCTURE.20 Given the intricate nature

of these methods, it is difficult to assess how sensitive

they are to model assumptions and sampling biases or to

determine whether they have been implemented correctly.

In addition, both MSMC and fineSTRUCTURE require

(haplotype) phased data, making them less reliable for ana-

lyses involving human populations not included in the

HapMap21 or 1000 Genomes22 Projects.

In this study, I present a straightforward, easy-to-under-

standanalysis of patternsofhumangenetic variation.Based

on thephylogenetic conceptofparsimony, this analysis can

be thought of as an estimate of the average branch lengths,

across the whole genome, of internal branches in the (un-

observed) genealogies of sampled individuals, and it is
ncisco, CA 94143, USA
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Figure 1. Schematic of Two Different Potential Branching Or-
ders for Major Non-African Populations
WA ¼West Africans (assumed to be the outgroup), E ¼ Europeans,
A ¼ East Asians, and M ¼ Melanesians. OOA ¼ Number of major
waves of migration out of Africa. I2A ¼ Number of major waves
of migration into East Asia.
similar to previously proposed approaches, such asD-statis-

tics23 and the D4P statistic,
11 for inferring branching orders

and detecting admixture. The results reported here suggest

that the true branchingorder of themajornon-Africanpop-

ulations is easy to recover, even with relatively unsophisti-

cated analytical methods.
Material and Methods

Human Sequence Data
I started with the variant calls used in Pagani et al.16 (downloaded

from the Estonian Biocenter website) and filtered them to consider

only biallelic autosomal SNPs. I further considered only those var-

iants where the reference allele was the ancestral allele and where

the genotype was homozygous reference in 21 West and Central

African (nine Yoruba, four Luhya, and eight Pygmy) genomes

and in Neanderthal and Denisovan genomes. For each such

variant, I then tabulated the frequency of the alternative allele

across two test populations from Europe, East Asia, and Melanesia

(i.e., Tuscan, Croat, Han, Japanese, Kosipe and Koinanbe).

Allele-Sharing Statistics
Suppose we have samples from a European, an East Asian, and a

Melanesian population with sample sizes nE, nA, and nM, respec-

tively. Then, for a set of S SNPs, we use ei, ai and mi to denote

the number of copies of the derived allele at the i-th SNP in the Eu-

ropean, East Asian, and Melanesian samples (0 % ei % 2nE, etc.).

We then define KEA as follows:

KEA ¼
XS

i¼1

eiaið2nM �miÞ
8nEnAnM

:

The term in the summation is the probability that randomly

chosen single alleles from each of the three non-African popula-

tions will yield a derived allele shared between the European and

East Asian samples and an ancestral allele in the Melanesian sam-

ple. KEM and KAM are defined analogously. Note that it is straight-

forward to modify the denominator to handle missing data in any

of the samples. Finally, we define PEA, PEM, and PAM as KEA/(KEAþ
KEMþKAM), KEM/(KEAþKEMþKAM), and KAM/(KEAþKEMþKAM),

respectively. Using a parsimony assumption, these three values
The Ame
reflect the proportions of phylogenetically informative SNPs that

support each of the three possible tree topologies (Figure 2,

assuming the West and Central African samples described above

are an outgroup). Although the true topologies are expected to

vary across the genome due to incomplete lineage sorting and

additional demographic factors not considered here (e.g., migra-

tion), the relative number of variants supporting each topology

is informative about the average genealogical history of the sam-

ples and thus the true branching order of the populations. This

same approach was used in some of the work that showed that

chimpanzees (and bonobos) are our closest living relatives.24,25

PEA, PEM, and PAM are similar to previously defined admixture-

quantifying statistics, suchasD-statistics,23 E-statistics,12 enhanced

D-statistics,26 and theD4P statistic.
11 All of these are counting statis-

tics that condition on the presence or absence of derived alleles

across individuals. For example, although enhanced D-statistics

count sites that are homozygous ancestral in sub-Saharan Africans

but derived in the Denisovan genome, the method introduced

here counts variants that are homozygous ancestral in sub-Saharan

Africans, Neanderthals, and Denisovans.
Simulations Using the Malaspinas et al. Model
I obtained the exact simulation parameters used for generating

data under the model shown in Malaspinas et al.’s Figure S07.315

from Vitor Sousa. I then used these parameter values and the

program ms0ancient216 to simulate sequence data. I assumed

(diploid) sample sizes of 21, 3, 3, and 3 for the West African, Euro-

pean, East Asian, and Australian populations. ms0ancient2 is a

simple modification of Hudson’s ms;27 it changes branch lengths

to allow for the past sampling of two archaic genomes. To sample

non-African sequences roughly 42 Kya, I shifted the scaled times

of events by 0.032324 (I used the same time scaling as in Malaspi-

nas et al.15). Both sets of simulations included a total of 2.05 Gb of

simulated sequence to roughly approximate the total length of the

genome that was available after filtering.
Simulations Modeled after Pagani et al.
I constructed five simple branching models (without migration)

based on the split times described in Pagani et al.16 All models

used a scaling of 2N generations ¼ 1 million years and, when

possible, assumed that the median genetic split times as estimated

from MSMC19 are actual population split times. Models 1–3 are

simple branchingmodels (Figure 3A) with a split time between Eu-

ropeans and East Asians of 30 Kya, a split time between Eurasians

and Papuans of 40 Kya, and a split time between Eurasians

and West Africans of 75 Kya. Papuans also derived 0%–5% of

their ancestry from an unsampled ‘‘ghost’’ population that was

completely isolated from 38–120 Kya. Models 1, 2, and 3 have

0%, 2%, and 5% ‘‘ghost’’ admixture, respectively. These models

also assumed 4% admixture from Denisovans into Papuans

35 Kya, 2% Neanderthal admixture into non-Africans 65 Kya,

an Altai Neanderthal sampling time of 130 Kya, a Denisovan sam-

pling time of 100 Kya, an intra-Neanderthal split time of 150 Kya,

an intra-Denisovan split time of 350 Kya, a Neanderthal-Deniso-

van split time of 425 Kya and an archaic-modern split time of

650 Kya. These parameter values, while somewhat arbitrary,

were taken from the literature28 whenever possible.

I also tried to construct a model that followed a similar branch-

ing order as in Extended Data Figure from Pagani et al.16 (but

without the West European hunter-gatherer population). Specif-

ically, I assumed that the ancestral European population split
rican Journal of Human Genetics 100, 766–772, May 4, 2017 767



Figure 2. Possible Genealogies for Non-
African Populations
This study assumes a single (haploid)
sampled sequence fromeachof four popula-
tions, and it assumes that the African
sequence is the outgroup. Each genealogy
has a single, phylogenetically informative,
internal branch (shown in red), leading to
a uniquepatternof ancestral (A) andderived
(D) alleles. The proportion of phylogeneti-
cally informative sites supporting each to-
pology is denoted by PEA, PEM, and PAM for
Figures 2A, 2B, and 2C, respectively.
10 Kya into two groups (i.e., ANE and Basal European). One

of these (ANE) merged with the ancestral East Asian population

30 Kya, whereas the other (Basal European) merged with the

ancestral Melanesian–East-Asian population 45 Kya (Figure 3B).

All other model parameters were assumed to be the same as above.

Models 4 and 5 assumed a 20%–80% or an 80%–20% split of Eu-

ropean ancestry into the ANE and Basal European groups,

respectively.
Additional Simulations
I tested additional demographic models to better understand how

specific parameter values affect the relative values of PEA, PEM, and

PAM. Thesemodels were similar to the Paganimodels 1–3 described

above. One set of simulations took Pagani model 2 and added a

single pulse of migration from the East Asian population into

the Melanesian population 10–20 Kya (Figure 3C). This pulse ac-

counted for 20%–90% of the subsequent Melanesian gene pool.

The other set of simulations used the same population branching

order as in Figure 1B, but with all other model parameters (e.g.,

Neanderthal and Denisovan admixture, ‘‘ghost’’ admixture, and

African–non-African divergence time) being the same as in Pagani

models 1–3. These simulations had East-Asian–Melanesian

split times from 40–45 Kya and European–East-Asian split times

of 50–60 Kya. For each parameter combination, we simulated

2.05 Gb of sequence and estimated PEM, PEA, and PAM. We also

calculated these parameters on sites that conditioned on the ho-

mozygous reference allele in only the 21 sub-Saharan Africans

and the Neanderthal, to see what effect the Denisovan condition-

ing had on the proportions.
Results

I focused on variants that were not present in sub-

Saharan Africans or archaic humans and that are thus

likely to have arisen after the dispersal of modern humans

out of Africa. I also assumed that West Africans are an

outgroup with respect to all non-Africans (although this

assumption can be relaxed). Given a single representative

sequence from each of three non-African groups, there are

three possible tree topologies, each containing a single in-

ternal branch and a unique phylogenetically informative

variant (PIV) pattern (Figure 2). Specifically, if exactly two

out of three of the sequences share a derived allele, then

the genealogy at this site has (under the parsimony

assumption) the two populations with a derived allele as

sister groups.
768 The American Journal of Human Genetics 100, 766–772, May 4,
In analyzing the whole-genome sequence data described

in Pagani et al.,16 I considered a panel of 21 West and Cen-

tral African samples (nine Yoruba, four Luhya, and eight

pygmies), two representative European populations (Tus-

cans andCroats), two representative East Asianpopulations

(Han and Japanese) and two representative Melanesian

groups (Kosipe and Koinanbe). I tabulated the proportion

of PIVs supporting each topology (PEA, PEM, and PAM, cf.

Figure 2) across each of the eight combinations of one Euro-

pean,oneEastAsian, andoneMelanesianpopulation; these

proportions were averaged over all possible choices of a sin-

gle haploid sequence from each population. The results

werehighly consistent across the different population com-

binations; PAM ranged from 0.418–0.430, and PEA and PEM
were always <0.3 (Table 1). So, although the ‘‘true’’ demo-

graphic history of non-African populations was certainly

very complex, on average Melanesian and East Asian se-

quences are more genetically similar (and share a more

recent common ancestor) than do European and East Asian

or European and Melanesian sequences, and Figure 1B is

likely to be the true population branching order. Note

that the same conclusion was reached in the neighbor-

joining tree shown in Figure 1a of Mallick et al.14 and in

the unrooted tree in Extended Data Figure 1 of Malaspinas

et al.15 If we assume that sub-SaharanAfricans are ancestral,

then this branching order was proposed by Cavalli-Sforza

and colleagues more than 50 years ago.29

Next, I compared the expectations for PEA, PEM, and PAM
under the demographic model proposed by Malaspinas

and colleagues (cf. Figure S07.315). My a priori expectation

was that PEA would be slightly larger than PEM and PAM
because their model, like Figure 1A, has Melanesians as

an outgroup with respect to Europeans and East Asians.

Surprisingly, I found instead that simulations under their

model produce large PAM values, as expected under the

branching order shown in Figure 1B (with Europeans as

an outgroup with respect to East Asians and Melanesians)

and as observed in the actual data (Table 1). A closer look

at the parameters in their model (Tables S07.3 and S07.5)

explains this apparent discrepancy. The estimated split

times for Aboriginal Australians (58 Kya) and ancestral Eur-

asians (57 Kya) are almost identical, andmore importantly,

these two ancestral populations are connected by high

scaled migration rates (4Nm > 10, cf. Table S07.5 in Masas-

pinas et al.15) after the split. One consequence of the high
2017



Figure 3. Schematics of PopulationModels Used for Simulations
AD ¼ Altai Denisovan population, D ¼ admixing Denisovan pop-
ulation, AN ¼ Altai Neanderthal population, N ¼ admixing Nean-
derthal population, G ¼ ‘‘ghost’’ population, WA ¼ West African
population, BE ¼ Basal European population, M ¼ Melanesian
population, E ¼ European population, and A ¼ East Asian popula-
tion. Dashed horizontal lines show admixture events. See text for
all parameter values. Schematics are not to scale.

Table 1. Proportion of Sites Supporting Each Topology for Both
Real and Simulated Sequence Data

Populations PEA (%) PEM (%) PAM (%)

Tuscan, Han, Kosipe 29.1 28.0 42.9

Tuscan, Han, Koinanbe 29.3 28.2 42.5

Tuscan, Japanese, Kosipe 28.8 28.2 43.0

Tuscan, Japanese,
Koinanbe

29.0 28.4 42.6

Croat, Han, Kosipe 29.4 28.4 42.2

Croat, Han, Koinanbe 29.6 28.5 41.9

Croat, Japanese, Kosipe 29.3 28.5 42.1

Croat, Japanese, Koinanbe 29.5 28.7 41.8

Malaspinas model 28.1 26.7 45.2

Pagani model 1 38.0 30.7 31.3

Pagani model 2 38.6 30.8 30.6

Pagani model 3 39.2 30.4 30.3

Pagani model 4 37.1 31.2 31.7

Pagani model 5 34.2 31.8 34.1

See also Figure 2.
migration rates is that the ancestral Australians do not

start diverging genetically from ancestral Europeans and

ancestral East Asians until after the European–East-Asian

split 42 Kya (when the migration rates decrease). I verified
The Ame
that this is the case by simulating sequences that were

sampled from each non-African population right after

the European–East-Asian split under the Malaspinas

model. I found that the expected FST
30 between ancestral

Australians and ancestral Eurasians sampled at this time

was <0.001 (i.e., no genetic differentiation). Finally, the

higher modeled migration rates between aboriginal Aus-

tralians and East Asians in the past 42 Kyr leads to the

observed greater genetic similarity between these two

populations. I conclude that, in practice, the Malaspinas

model behaves just like the simple branching model

shown in Figure 1B. Furthermore, any model, including

models with all possible branching orders for non-African

populations, that has the European, East Asian, and

Australian populations splitting roughly simultaneously

42 Kya (and with the same migration rates since then)

should have roughly the same likelihood as the model pre-

sented in the Malaspinas paper.

I also tried to explore the claims made by Pagani and

colleagues.16 Although they do not propose a specific de-

mographic model, they do assume in the text that median

genetic-split times estimated from MSMC analyses can be

thought of as genetic divergence times between popula-

tions. I constructed five simple population models by us-

ing MSMC-estimated split times and assuming that Pap-

uans have 0%–5% of their ancestry from an unsampled

‘‘ghost’’ population, which branched off from other mod-

ern human groups 120 Kya (Figure 3). Three of these

models used the topology shown in Figure 1A because

Pagani et al. estimated a Papuan-Eurasian MSMC split

time of �40 Kya and a European–East-Asian MSMC split

time of �30 Kya,16 whereas two models (based on Pagani
rican Journal of Human Genetics 100, 766–772, May 4, 2017 769



et al.’s extended Data Figure 10) incorporate heterogeneity

in the true population topology across the genome (see

Material and Methods for details).

As expected, simulations under these models produce

larger PEA values and smaller PAM values than what was

found in the actual data (Table 1). These results are insensi-

tive to assumed ‘‘ghost’’ admixture proportions (i.e., there is

little difference between the results of models 1–3) but

rather are a simple consequence of the models’ underlying

population topology.

To testwhether other, similar demographicmodelsmight

produce results more in-line with observations, I also ran

simulations under a model with the topology shown in

Figure 1A, but with recent (one-way) migration from East

Asians into Melanesians (Figure 3C), and under a model

with the same topology as in Figure 1B. These simulations

show that one-way migration increases the relative value

of PAM (Table S1 in the Supplemental Data available with

this article online). Qualitatively, this is because those re-

gions of the genome affected by recent migration have a

true topologywith Europeans as an outgroup, and the over-

all values of PEA, PEM, and PAM reflect a weighted average of

the different true genealogical trees across the genome.

However, the magnitude of this effect does not seem to be

enough to produce PAM values as large as those that are

observed, even if Melanesians derive 80%–90% of their

genome from East Asian migrants as recently as 10 Kya.

However, such an extreme migration model would be

inconsistent with the roughly constant levels of Denisovan

ancestry observed acrossMelanesian and aboriginal Austra-

lian populations.15

My simulations with Europeans as an outgroup with

respect to other non-African groups showed several things.

First, as expected, increasing the difference between the

European and East Asian and between the East Asian and

Melanesian divergence times increases the relative value

of PAM because it increases the average internal branch

length in Figure 1B. Second, there are parameter combina-

tions that produce PEA, PEM, and PAM values similar to those

that are observed, but these require Europeans to be a clear

outgroup relative to East Asians and Melanesians (Table

S1). Third, both sets of simulations show that conditioning

on the absence of alleles in the Denisovan genome has

almost no effect on PEA, PEM, and PAM. Finally, the presence

of low (e.g., %5%) levels of ‘‘ghost’’ admixture has only a

minor effect on allele-sharing statistics and is completely

unnecessary for explaining the observed values of PEA,

PEM, and PAM.
Discussion

In summary, we have shown that East Asian and Melane-

sian samples have an excess of shared derived variants, re-

flecting their genetic similarity to each other. (I reached

the same qualitative conclusions with the Malaspinas

et al.15 dataset, but the genomes are not fully publicly
770 The American Journal of Human Genetics 100, 766–772, May 4,
available.) These results are incompatible with simple ver-

sions of the CMM because an older divergence of Melane-

sian populations would lead to larger PEA values. My

focus on shared variants is crucial because it concentrates

on the internal branches present during the times when

non-African populations diverged from each other. If

instead I had just counted the number of derived variants

that were present in non-Africans and homozygous

ancestral in 21 sub-Saharan Africans, the Neanderthal

genome, and the Denisovan genome, then Melanesians

would have more of these sites (an average of 62,546)

compared with East Asians (an average of 57,574) or

Europeans (an average of 47,054). These ‘‘non-African al-

leles’’ are less informative about the true population

branching order because they reflect a combination of

other demographic factors, such as ancient admixture be-

tween Melanesians and Denisovans, as well as more

recent admixture between Southern Europeans and sub-

Saharan Africans.

Although I cannot formally rule out Pagani et al.’s claim

of ‘‘ghost’’ admixture into the ancestors of Melanesians,16

there are several factors that make this highly unlikely. My

simulations suggest that the large observed PAM values are

only possible with models having Europeans as an out-

group with respect to East Asians and Melanesians (Table

1 and Table S1). However, this branching order is inconsis-

tent with the observedMSMC split times,16 and these same

split times were used prominently in Pagani et al.’s justifi-

cation for their claim of ‘‘ghost’’ admixture. Simulations

suggest that haplotype-based methods such as MSMC are

extremely sensitive to phasing errors,31 and this problem

is most likely exacerbated by the small number of Melane-

sians included in the Pagani et al. study (just three Kosipe

and three Koinanbe).

Finally, the old Papuan–West-African split time esti-

mated by Pagani and colleagues,16 and used as motivation

for their claim of ‘‘ghost’’ admixture, is probably a simple

consequence of Denisovan admixture into Melanesians.

It is important to emphasize that the large genetic distance

between the Altai Denisovan genome and the genomes of

the Denisovans that interbred with the Melanesian line-

age12,26 make it impossible to successfully ‘‘mask’’ out all

Denisovan ancestry tracts in contemporary human ge-

nomes. This is evident from the fact that PEA > PEM even

in simulations without ‘‘ghost’’ admixture and from the

small effect that masking putative Denisovan SNPs has

on PIV proportions (Table S1).

In addition, PEA and PEM correspond to groups 2 and 1,

respectively, in the D4P test,11 so Rasmussen et al.’s

evidence for the CMM (i.e., that group 2 is larger than

group 1, or equivalently that PEA > PEM) can be directly

ascribed to the effects of Denisovan admixture. Further-

more, my analyses suggest that effective methods for dis-

tinguishing between the models listed in Rasmussen

et al.’s Figure 1Awould include sites ancestral in Europeans

but derived in East Asians and Melanesians or aboriginal

Australians (i.e., PAM).
2017



The analyses presented here have been primarily qualita-

tive. Although PEA, PEM, and PAM could in principle be

used as summary statistics in a likelihood-based parameter

estimation framework, they aremore useful as heuristic de-

scriptors of the data. As such, they can serve as a ‘‘sanity-

check’’ on the conclusions of more sophisticated (but

also more opaque) analytical tools. The challenge then re-

mains for proponents of models featuring multiple major

waves of migration of modern humans out of Africa to pro-

duce an explicit, testable model of human demography

that at a minimum can produce the same qualitative pat-

terns of genetic variation as those described above.
Supplemental Data

The Supplemental Data include one table and can be found

with this article online at http://dx.doi.org/10.1016/j.ajhg.2017.

04.002.
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