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The publication of a haplotype tree of human mitochondrial DNA variation in 1987 provoked a controversy about the details of
recent human evolution that continues to this day. Now many haplotype trees are available, and new analytical techniques exist for
testing hypotheses about recent evolutionary history using haplotype trees. Here I present formal statistical analysis of human
haplotype trees for mitochondrial DNA, Y-chromosomal DNA, two X-linked regions and six autosomal regions. A coherent picture
of recent human evolution emerges with two major themes. First is the dominant role that Africa has played in shaping the modern
human gene pool through at least twoÐnot oneÐmajor expansions after the original range extension of Homo erectus out of
Africa. Second is the ubiquity of genetic interchange between human populations, both in terms of recurrent gene ¯ow constrained
by geographical distance and of major population expansion events resulting in interbreeding, not replacement.
Recent human evolution is an area of great controversy1. There is
general agreement that the human lineage evolved in Africa, and
then spread to southern Eurasia as Homo erectus. After Homo erectus
spread out of Africa, the out-of-Africa replacement model2 posits
that populations in Africa, Europe and Asia had little genetic
contact and evolved independently, with anatomically modern
humans evolving only in Africa. After the evolution of modern
humans in Africa, a second expansion occurred out of Africa about
100,000 years ago that resulted in the global replacement and
genetic extinction of nonmodern human populations by anatomically modern humans. Under the multiregional trellis model3,4
genetic contact between African and non-African Homo erectus
populations was maintained although restricted by isolation by
distance. Isolation by distance allowed local populations to become
differentiated from one another, but gene ¯ow prevented long-term
independent evolution such that humanity evolved into modernity
as a single evolutionary lineage.
Much of this controversy started with the publication of evolutionary trees of haplotype variation in human mitochondrial DNA
(mtDNA)5,6. The estimation of these initial mtDNA haplotype trees
was ¯awed7,8, but many subsequent studies have generated more
reliable haplotype trees for mtDNA9±12, Y-chromosomal DNA
regions (Y-DNA)13, X-linked DNA regions14,15 and several autosomal DNA regions16±20. Not all of these haplotype trees have been
analysed with respect to models of recent human evolution. The
purpose of this paper is to analyse several recently published
haplotype trees and combine these new analyses with older analyses.

Reconstructing human evolution without previous models

Instead of testing a priori hypotheses of recent human evolution,
nested clade phylogeographic analyses21 as implemented with the
program GEODIS22 are used to infer both historical events (such as
range expansions) and recurrent events (such as gene ¯ow) without
regard to any prior model. Although it is relatively new21, nested
clade analysis has been validated by applying it to data sets with
known a priori information and has been found to be accurate and
not prone to false positives, although it fails to detect all known
events23. This methodology has now become a standard tool in
phylogeographic analyses (for example, see refs 24±27).
The nested clade analysis ®rst tests the null hypotheses of no
association between geography and the haplotype tree. Only when
this null hypothesis is rejected at the 5% level of signi®cance is there
an attempt to interpret the pattern biologically. Inferences are
thereby limited to patterns that are based upon suf®cient sampling
and genetic resolution to have a signi®cant phylogrographic signal.
The biological meaning of these signi®cant signals is interpreted by
using an inference key21. This key can lead to the conclusion that the
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sampling design was inadequate to make clear biological inferences.
Therefore, only a subset of the statistically signi®cant results lead to
a biological interpretation. The use of an a priori inference key
published well before the production of all the data sets to be
analysed here prevents me from making post hoc explanations or
trying to ®t the results to a favoured hypotheses. The GEODIS
program and the inference key are available at http://biog.byu.edu/
zoology/crandall_lab/geodis.htm. The key, the GEODIS program
documentation, and a fuller description of the nested clade methodology are available as Supplementary Information.
In choosing data for analyses from the recent literature, four
criteria were used: (1) a minimum of four populations had to be
sampled with at least one each in Europe, Asia and Africa; (2) the
minimum sample size was 35 individuals; (3) haplotypes were
determined, and the frequencies of these haplotypes within each
sampled population were available; and (4) there was little or no
recombination within the DNA region being investigated, allowing
the estimation of a biologically meaningful haplotype tree. The data
sets satisfying these criteria include a recent survey of complete
mtDNA genome variation in humans9, the X-linked gene coding for
the pyruvate dehydrogenase E1 a-subunit (PDHA1)14, and ®ve
autosomal regions: these are the MX1 locus on chromosome 21
(ref. 17), the gene coding for eosinophil-derived neurotoxin (EDN)
on chromosome 14 (ref. 20), the gene coding for eosinophil cationic
protein (ECP) on chromosome 14 (ref. 20), the gene coding for the
melanocortin 1 receptor (MC1R) on chromosome 16 (ref. 18), and
compound haplotypes generated in the MS205 hypervariable minisatellite region on chromosome 16 (ref. 19). The whole genome
mtDNA survey estimated a haplotype tree that excluded the sites in
the D-loop region to focus upon the older phylogenetic signal in the
mtDNA9, and the current analysis also excludes the D-loop. Haplotype trees were estimated by statistical parsimony28 using the
program TCS29. In all cases, the statistical parsimony tree is either
identical to or is a topologically compatible but more resolved
version of the haplotype tree estimated by the original authors, who
usually used either maximum parsimony or neighbour-joining. In
some cases, tree ambiguities were further resolved using coalescent
criteria30.
The results obtained from these DNA regions are combined with
previously published nested clade analyses13,23,31±33 of mtDNA
data10±12,34,35, the SRY and YAP regions on the Y chromosome13, a
non-coding, low-recombination region on the X chromosome
called Xq13.3 (ref. 15), and the autosomal haemoglobin b-chain
locus16.

Results

The biological inferences made from previously published nested
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Table 1 Previously published inferences using the GEODIS program
DNA region
Reference
Range

Mitochondrial DNA
36*, 37*, 33²
Global

11*, 12*, 23²
NE Asia and America

10*, 23²
SE Asia and Paci®c

SRY and YAP
13*
Global

IBD, LDD

RE out of Africa

Xq13.3
15*, 35²
Global

Haemoglobin b
16*, 34²
Global

...................................................................................................................................................................................................................................................................................................................................................................

IBD

IBD, LDC to America

IBD

IBD;
RE to N Eurasia

IBD, RE to Siberia

F (Asia versus America),
IBD
IBD, LDD,
RE within America

LDC to Paci®c

RE out of Africa

IBD, RE out of Africa

IBD

IBD

IBD, RE out of Asia

IBD

RE out of Asia

IBD, RE and/or
LDC to Paci®c
IBD, RE to Paci®c

...................................................................................................................................................................................................................................................................................................................................................................
Inferences are shown from oldest (top) to most recent (bottom). IBD, recurrent gene ¯ow restricted by isolation by distance; LDD, recurrent gene ¯ow with some long-distance dispersal; RE, range expansion
of populations to geographically contiguous areas; LDC, range expansion of populations through long-distance colonization; F, genetic fragmentation into two or more allopatric populations.
* Reference for the data.
² Reference for the analysis (if different).

clade analyses are summarized in Table 1. The geographical extent of
sampling is indicated, with `global' meaning that human populations in Africa, Europe, Asia and America were included. Only
statistically signi®cant (5% level) inferences are shown that also
resulted in an unambiguous biological interpretation. The inferences are ordered from the highest clade level in the nested analysis
(the oldest contrasts in the haplotype tree) to the lowest clade level
(the most recent contrasts). When no inference is indicated on the
®rst inference line in Table 1, either no statistically signi®cant
associations were detected at the highest nesting level or their
biological meaning was ambiguous. Similarly, if no entry occurs
on the bottom line, no statistically signi®cant, biologically unambiguous inference occurred at the most recent level of analysis.
Inferences are ordered solely with respect to the nesting structure for
a speci®c gene or DNA region. Table 1 does not give a temporal
ordering of inferences across genes.
The output from even a single GEODIS analysis is lengthy, so the
results of the new analyses are not given here but are available in the
Supplementary Information. Table 2 presents the unambiguous
biological inferences associated with statistically signi®cant phylogeographic associations, with relative temporal ranks within each
gene.

Integrating inferences across loci

There is no expectation that every haplotype tree should yield the
same inferences. The inferences obtained from any one tree depend
upon several sampling features, which are summarized in Table 3 for
the data sets analysed. Table 3 re¯ects the numbers used in the actual
GEODIS analyses, which may differ from the numbers given in the
original references. For example, the genetic survey of a non-coding
region on the X chromosome was performed on 69 individuals,
each from a different location15. Having a sample size of one at every
location precludes any assessment of within-population variation
versus between-populations variation, so several nearby populations were pooled to reduce the total number of geographical sites to
29 for the purposes of the nested phylogeographic analysis33.
One sampling constraint on inference is the spatial spread of the

samples relative to the distribution of the species. Not all data sets
covered the same geographic areas, and the inferences from any one
data set are con®ned to the area sampled. Another constraint is the
number of locations sampled, which varies from 4 to 35 (Table 3).
For example, the analysis of the mtDNA of Torroni et al.11,12 was
unique in detecting range expansion, long-distance dispersal, and
isolation by distance within the Americas. Most of the other data
sets had only one native American population, thereby making
inferences within the American continents impossible. As the
number of locations within an area increases, the spatial scale of
inference becomes ®ner.
A third aspect of sampling is sample size, which varies from 35 to
1,544 (Table 3). Biological inference is con®ned to statistically
signi®cant associations, so the number of individuals sampled is
important. In general, the larger the sample size, the more power in
making inferences. Also, there is generally more power to detect
older events or processes that in¯uence many populations and
haplotypes than more recent events or forces. For example, the
smallest sample in Table 3 (the X-linked PDHA1 locus) could only
detect a statistically signi®cant signal at the highest level of nesting, a
contrast that makes use of all 35 individuals sampled.
The DNA region sampled also determines inference properties.
For example, only mtDNA detected the fragmentation event
between native American populations and Old World (Asian)
populations (Table 1). This event was too recent (perhaps only
14,000 years ago) to have much chance of being marked by
mutations in the other genetic systems, owing to their slower
rates of overall evolution. Moreover, major range expansions can
occur that are not detected by a particular locus simply because
mutations did not occur at the right time and place to mark the
event23. Thus, although the nested analysis is not prone to false
positives, any one haplotype tree may not detect certain events or
processes owing to inadequate genetic resolution23. Genetic resolution also constrains what is meant by a `recurrent' evolutionary
process21. For example, when gene ¯ow is inferred, it does not
necessarily mean that gene ¯ow occurred every generation, but
rather that gene ¯ow occurred recurrently relative to the mutation

Table 2 New inferences using the GEODIS program
DNA region
Reference*
Range

mtDNA
9
Global

PDHA1
14
Africa and Eurasia

MS205
19
Global

MC1R
18
Global

MX1
17
Global

EDN
20
Global

ECP
20
Global

RE out of Africa

IBD

RE, origin ambiguous
RE to Paci®c
and America

RE out of Africa

IBD
RE to Paci®c

IBD

IBD

IBD, RE to Paci®c

RE to N Eurasia

IBD, RE to America

RE to America

...................................................................................................................................................................................................................................................................................................................................................................

F (America)

...................................................................................................................................................................................................................................................................................................................................................................
Inference abbreviations are the same as given in Table 1. Inferences are shown from oldest (top) to most recent (bottom).
* Reference for the data being analysed.
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Table 3 Sampling properties of the data sets analysed in Tables 1 and 2
Locus or DNA region
and reference

Pattern of inheritance

Number of individuals

Number of locations

Number of haplotypes

TMRCA* (Myr ago)

...................................................................................................................................................................................................................................................................................................................................................................

mtDNA36,37
mtDNA11,12
mtDNA10
mtDNA9
SRY and YAP13
X non-coding15
PDHA114
Haemoglobin b16
EDN20
ECP20
MC1R18
MX117
MS20519

Maternal haploid
Maternal haploid
Maternal haploid
Maternal haploid
Paternal haploid
Haplo-diploid
Haplo-diploid
Diploid
Diploid
Diploid
Diploid
Diploid
Diploid

1,389
532
1,178
53
1,544
69
35
160
67
67
121
354
389

12
21
14
16
35
29
8
9
4
4
6
21
15

77
109
127
51
10
33
11
14
9
8
7
10
15

0.24
0.24
0.24
0.24
0.23
0.67
1.91
1.63
1.15
1.09
0.85
8.5
1.25

...................................................................................................................................................................................................................................................................................................................................................................
*Time to the most recent common ancestral haplotype.

rate at that locus. Even for the rapidly evolving mtDNA, populations
isolated from one another for a few thousand years would not be
detected as fragmented in a nested clade analysis.
The temporal sampling period also varies across loci. A haplotype
tree contains information up to but excluding the ®nal coalescent
event to a common ancestral molecule. Different genes have
different expected coalescent times as a function of their pattern
of inheritance (Table 4). Hence, the unisexual haploid elements
(mtDNA and Y-DNA) are expected to detect only relatively recent
events, whereas the bisexual X-linked and autosomal genes are
expected to detect far older events. There is also a large variance in
coalescent times across loci sharing a common pattern of
inheritance36. For example, the expected coalescent time for a
large sample at an autosomal locus under neutrality is 4Nef and
the variance is about 4.64Nef (ref. 2), where Nef is the long-term
inbreeding effective size of the population (see Table 4). Thus,
different DNA regions sharing a common pattern of inheritance are
expected to show considerable variation in their temporal depths, as
is indeed found in the DNA regions analysed (Table 3).
The dates in Table 3 were obtained using the method of ref. 37
that estimates the time to the most recent common ancestral
haplotype (TMRCA) by calculating the ratio of the average nucleotide differences within the human sample to one-half the average
nucleotide difference between chimpanzees and humans and multiplying the ratio by an estimate of the divergence time between
humans and chimpanzees. Takahata et al.37 used 5 million years for
this divergence time, but recent fossil ®nds38,39 indicate that it is
more likely to be at least 6 million years, a ®gure still compatible
with the molecular data40. Hence, the estimates37 for PDHAI,
Xq13.3, the b-globin locus, mtDNA and Y-DNA are recalculated
with a calibration point of 6 million years. This same estimator is
applied to the remaining loci used in this study, with the results
shown in Table 3. Two loci require special consideration. The ®rst is
MX1, which has an estimated TMRCA of 8.5 million years ago, a
date older than the chimpanzee±human divergence of 6 million
years ago. A coalescent time older than the species is a true biological
possibility known as trans-speci®c polymorphism. The TMRCA for
MS205 had already been estimated at 1 million years41 with the
calibration date of 5 million years, but is given as 1.2 million years in
Table 4 Expected coalescent times for different inheritance patterns
DNA region

Pattern of inheritance

Expected coalescence
time in generations

.............................................................................................................................................................................

mtDNA
Y-Chromosomal DNA
X-linked DNA
Autosomal DNA

Maternal haploid
Paternal haploid
Bisexual haplo-diploid,
equal sex ratio
Bisexual diploid

2Neff < Nef *
2Nefm < Nef
3Nef
4Nef

.............................................................................................................................................................................
* Nef is the long-term inbreeding effective size of the population, Neff the inbreeding effective size of
females, and Nefm the inbreeding effective size of males. The approximations to the expected
coalescence time are made under the assumption that Neff  Nefm  Nef =2:
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Table 3 using the 6 million year calibration date.
Rannala and Bertorelle42 argue that phylogenetic dating
approaches like that of ref. 37 are also appropriate for dating the
ages of the older clades within a haplotype tree but are unreliable for
the more recent clades. In particular, the procedure of ref. 37 ignores
the sampling error in estimating the average nucleotide differences
both within and between species and clades of haplotypes, and the
error in the coalescent process itself due to genetic drift40. These
errors can be quite large for recent haplotypes42. Therefore, the
procedure37 is used only to date the inferences at the higher (older)
nesting levels in the GEODIS analyses. The age of an inferred
process or event is estimated as the age of the youngest monophyletic clade that contributed in a statistically signi®cant fashion to
the inference. This represents the time in the population's history
during which all haplotype lineages affected by the event were
present but more derived haplotype lineages not affected by the
event had not yet evolved. This method of ageing re¯ects the fact
that the mutations that occur during the event or process provide
the strongest signal for biological inference under a nested clade
analysis. For example, a mutation that occurs in a population in the
act of expanding into a new geographical area provides the signal
used by the nested clade analysis to infer range-expansion events21,23.
The age of the youngest clade marking an event or process is
therefore expected to be largely coincident with the age of the
event itself in most cases. However, there are exceptions. For
example, a mutation occurring in a population shortly before a
range expansion will have a large geographical range for its frequency once the expansion has occurredÐanother signal for range
expansion in the nested clade analysis21,23. Alternatively, a mutation
occurring in the new geographical area shortly after a range
expansion could create a new haplotype with a limited geographical
range that is located far from the geographical centre of its ancestral
haplotypeÐyet another signal for range expansion in the nested
clade analysis21,23. Thus, the estimated age of an event could sometimes be older or younger than the actual event.
Because the procedure of ref. 37 does not take into account the
potentially large error associated with the coalescent process, I used
my method40 to ®t a gamma distribution with a mean equal to the
date estimated37 and with a variance given by a neutral coalescent
process given the amount of pairwise diversity observed within the
monophyletic clade being dated. The ages of the inferred events and
processes are therefore treated as random variables rather than
constants. Because the dating of an event from any one gene could
be either younger or older than the actual event and the error
associated with any one gene can be large, a conservative approach is
taken in reserving hard inference only for those events for which
there is signi®cant overlap (5% or more) in the probability distributions of the inferred ages from more than one gene. By
requiring cross-validation over genes, a parsimonious interpretation of the number of events is obtained, and the dating of these
events can be averaged over the genes to minimize errors associated
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S. Europe

Recurrent gene flow with isolation by distance shown by
mtDNA, Y-DNA, X-linked DNA and autosomal DNA

Africa

N. Europe

S. Asia

N. Asia

Pacific

Americas

Fragmentation
shown by
mtDNA?

Range extensions
shown by mtDNA, MX1,
MS205, MC1R and EDN

Out of Asia expansion shown by Y-DNA
and the haemoglobin β locus

Out of Africa expansion
shown by mtDNA and Y-DNA

0.08 to 0.15
Myr ago

Recurrent gene flow with isolation by
distance shown by Xq13.3, haemoglobin β,
ECP, EDN and PDHA1

Out of Africa expansion
shown by haemoglobin β,
MS205 and MC1R

0.42 to 0.84
Myr ago

Recurrent gene flow with isolation
by distance shown by Xq13.3,
haemoglobin β, ECP, EDN and PDHA1?
Recurrent gene flow with isolation
by distance shown by MX1?
Out of Africa expansion of Homo erectus
shown by fossil data

1.7 Myr ago
Africa

S. Europe

S. Asia

Figure 1 A new model of recent human evolution. All statistically signi®cant inferences in
Tables 1 and 2 are incorporated into this single model. Major expansions of human
populations are indicated by red arrows. Genetic descent is indicated by vertical lines, and
gene ¯ow by diagonal lines. The timing of inferences lacking resolution at the 5% level
and/or not validated by more than one locus are indicated by question marks.

with any one gene. Any event that is not cross-validated is regarded
as tentative and questionable. There is no biological reason why
dates of inferences of recurrent processes such as gene ¯ow should
be concordant across loci. However, a conservative approach is
taken here as well in which those time intervals indicating gene ¯ow
that are not cross-validated at the 95% level are regarded as tentative
and questionable.

Inferences on recent human evolution

All the inferences in Tables 1 and 2 can be placed into a single,
internally consistent model of recent human evolution (Fig. 1). This
model accepts the fossil evidence that the human lineage started in
Africa and initially spread out of Africa about 1.7 million years ago43.
The oldest inferences for four genes (Table 2) are recurrent gene
¯ow constrained by isolation by distance at the MX1 locus (3.41
million years ago or Myr ago), PDHA1 (0.86 Myr ago), EDN
(0.69 Myr ago) and ECP (0.58 Myr ago). Two other genes yield
the same inference in middle clades (Table 1) that date to a similar
time period (b-globin, 0.49 Myr ago; and Xq 13.3, 0.48 Myr ago).
Figure 2 shows the distributions for these ages. All of these six
inferences of isolation by distance have broadly overlapping time
intervals with the exception of MX1, the locus that samples the
oldest time period (Table 3). The 95% con®dence interval for the
inference of isolation by distance from MX1 ranges from 8.5 Myr
ago to 0.61 Myr ago, indicating a low con®dence in the timing of this
gene ¯ow. The spatial pattern of gene ¯ow detected with MX1 could
not have existed until after there were human populations in
Eurasia, so the fossil date of 1.7 Myr ago places a biological bound
on the older limit of the age interval. This con®dence interval is
consistent with recurrent gene ¯ow constrained by isolation by
48

Figure 2 The distributions for the ages of the youngest clade contributing to a signi®cant
inference of gene ¯ow constrained by isolation by distance at the highest nesting level for
the genes MX1, PDHA1, EDN and ECP, and at intermediate nesting levels for the b-globin
(b-Hb) locus and the Xq13.3 region. The x axis gives the time in millions of years before
present (BP), and the y axis gives the gamma probability distribution, f (t ), that was ®tted to
the clade data.

distance shortly after the original expansion out of Africa because
21% of the probability mass of this gamma distribution is associated
with times less than 1.7 Myr ago. However, no other interference of
isolation by distance has 5% or more of its probability mass
extending that far back in time. Moreover, MX1 is an outlier in
TMRCA (Table 3), which raises the possibility that natural selection
has shaped the coalescent process at this locus. Therefore, the
evidence for recurrent gene ¯ow among the Homo erectus populations shortly after they ®rst came out of Africa is tentative and of
questionable validity.
Figure 2 shows that as time progresses, the evidence for gene ¯ow
with isolation by distance among Old World human populations is
increasingly cross-validated even when MX1 is excluded. For
example, all ®ve remaining inferences of restricted gene ¯ow have
more than 5% of their probability mass on times 1 Myr ago and older:
PDHA1 (P  0:32), EDN (P  0:19), ECP (P  0:13), b-globin
(0.08), and Xq13.3 (0.12) and the probability that one or more of
these loci is detecting recurrent gene ¯ow 1 Myr ago or older is 0.61.
This probability increases to 0.95 by 0.61 Myr ago or older. These
results indicate that recurrent gene ¯ow occurred among Old World
human populations from the present back to at least 600,000 years
ago, and probably even further into the past.
The highest clade level inferences for ®ve genes are range expansions out of Africa (mtDNA at 0.13 Myr ago; Y-DNA at 0.09 Myr
ago; MC1R at 0.64 Myr ago; and b-globin at 0.82 Myr ago) and a
range expansion of ambiguous origin (MS205 at 0.63 Myr ago).
Figure 3 shows tha gamma distributions associated with the ages of
these expansion events. The b-globin inference has 5.6% of its
probability mass at 1.7 Myr ago or older, but all the other inferred
range expansions have much less probability mass at 1.7 Myr ago or
older. Hence, there is no cross-validated inference of marking the
original expansion of Homo erectus out of Africa. Figure 3 shows
that the ®ve inferences fall into two broadly overlapping classes; the
mtDNA and Y-DNA that are tightly clustered around an expansion
event out of Africa at about 100,000 years ago, and the three
autosomal loci with means between 0.64 to 0.82 Myr ago. To test
the null hypothesis that all ®ve loci are compatible with a single
range expansion event, the lower age bound was found such that
0.1% of the b-globin probability distribution was above this age
(this locus has the oldest inferred expansion event) and the upper
age bound was found such that 0.1% of the Y-DNA probability
distribution was below this age (this locus has the youngest inferred
expansion event). Any age outside of this interval would be strongly
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Figure 3 The distributions for the ages of the youngest clade contributing to a signi®cant
inference of a population range expansion for mtDNA, Y-DNA, MC1R, MS205, and the bglobin (b-Hb) locus. The y-axis gives the gamma probability distribution, f (t ), that was
®tted to the clade data. Because the probability mass of the gamma distributions for
mtDNA and Y-DNA are heavily concentrated into a small, recent, time interval, their
probability distributions divided by ten, f (t )/10, are plotted instead. The grey area on the
time axis indicates the interval of most likely overlap among these ®ve distributions.

rejected (at the 0.1% level) on ths basis of Y-DNA or b-globin alone.
This interval spans between 0.0474 to 0.2906 Myr ago and is shown
in grey in Fig. 3. The probability that all ®ve loci are detecting an
event in this age interval is 0.003. Because the expansion event
detected with MS205 is of ambiguous geographical origin, the
calculation was repeated excluding that locus to focus speci®cally
upon out-of-Africa expansion events. With this exclusion, the
hypothesis of a single out-of-Africa expansion event is rejected
with P  0:018. The broad overlap of the mtDNA and Y-DNA
distributions (Fig. 3) indicates that the null hypothesis of these two
genetic elements marking the same out-of-Africa range-expansion
event cannot be rejected, and similarly the null hypothesis that the
three nuclear markers in Fig. 3 are marking the same expansion
event cannot be rejected. The parsimonious explanation of Fig. 3 is
therefore a minimum of two out-of-Africa expansion events, both
of which are cross-validated by more than one locus. Combining the
three nuclear genes, the 95% con®dence interval for the older outof-Africa range-expansion event is 0.42 to 0.84 Myr ago. Combining
the mtDNA and Y-DNA distributions, the 95% con®dence interval
for the more recent out-of-Africa expansion event is 0.08 to
0.15 Myr ago.
The GEODIS analyses indicate that the most recent out-of-Africa
expansion event was not a replacement event. If it had been, the
three signi®cant genetic signatures of the older expansion event
(Fig. 3) and the six signi®cant genetic signatures of older recurrent
gene ¯ow (Fig. 2) would have been wiped away. Although there is
considerable error in dating any single inference from only one gene,
an out-of-Africa replacement event would require that all nine
signi®cant inferences found in all eight bisexually inherited nuclear
loci examined would have to be in error simultaneously. Moreover,
the dating errors would have to be large in all nine cases and in the
same direction. The hypothesis of a recent out-of-Africa replacement event is therefore strongly rejected. Indeed, this is the most
highly cross-validated conclusion of the entire analysis because
every gene region that is expected to contain information about
events or processes substantially older than 0.15 Myr ago leads to a
rejection of recent replacement. Hence, this is a genome-wide
conclusion and not a locus-speci®c conclusion. The out-of-Africa
expansion that took place between 0.08 to 0.15 Myr ago therefore
represented a major movement of peoples characterized by interbreeding and not replacement.
It is likely that the earlier out-of-Africa expansion event between
NATURE | VOL 416 | 7 MARCH 2002 | www.nature.com

0.42 to 0.84 Myr ago was also characterized by interbreeding and
not replacement. Even excluding the MX1 result, the other distributions shown in Fig. 2 jointly de®ne a probability of 0.78 of
recurrent gene ¯ow before 0.84 Myr ago, a signal that would have
been erased by replacement. Hence, the evidence suggests that the
intermediate out-of-Africa expansion event shown in Fig. 1 was also
not a replacement event, but this suggestion must be regarded as
tentative because the probability of such ancient gene ¯ow is less
than 0.95.
Proceeding downwards in the nested inferences shown in Tables 1
and 2, several recent interferences are encountered of recurrent but
restricted gene ¯ow and of population expansions. Rannala and
Bertorelle42 warned that recent events cannot be reliably dated
phylogenetically. Their warning is con®rmed by this analysis. The
youngest clade marking many of these recent inferences is a tip
haplotype that has no mutational derivatives, resulting in an average
within-nucleotide difference of zero. It is impossible to use any
method of phylogenetic dating in these cases. Even when the average
within-nucleotide difference is greater than zero, the estimate is
likely to be unreliable because the number of informative mutations
for recent events is so small42. For example, the expansion of humans
into the Americas as detected by MS205 (Table 2) is dated phylogenetically at 449,000 years ago, with a 95% con®dence interval of
1.18 Myr ago to 68,000 years ago. Even 68,000 years ago appears to
be too old for this event117. The time estimate in this case depends
upon just two mutational events, and as predicted42, the resulting
estimate seems to be unreliable. Rannala and Bertorelle42 suggest
that recent haplotypes should be dated instead through a population genetic approach that uses models of demography, mutation,
and/or recomnbination to estimate allele age. However, the
population genetic approach in turn is limited by the reliability
of these underlying models. In light of these considerations, the
recent inferences found in the lower hierarchical levels shown in
Tables 1 and 2 will undoubtedly be more accurately dated by
palaeontological and archaeological evidence than by genetic data.
Therefore, no estimates of dates of these inferences will be given
here.
Most of these recent interferences come from Y-DNA or mtDNA
(Tables 1 and 2), and their nesting position means that they must be
more recent than the most recent out-of-Africa expansion event
found at the highest (oldest) nesting levels for Y-DNA and mtDNA.
Many of these recent interferences are expansions of humans into
areas not formerly occupied; such as northern Eurasia, the Paci®c
(including Australia), and the Americas. However, one of these
recent expansion events did occur within the range of previous
human occupation. Both the Y-DNA and b-globin locus detect a
recent out-of-Asia expansion event that did not erase earlier genetic
signals (Table 1) and therefore was an expansion/interbreeding
event rather than an expansion/replacement event. Indeed, the
failure to detect this recent out-of-Asia expansion event with
mtDNA despite good sample sizes and genetic resolution may
indicate that this recent out-of-Asia expansion event was primarily
male-mediated, and therefore had to be characterized by interbreeding in order to leave a genetic signature.
Genetic contact among human populations after the latest outof-Africa expansion is also indicated by several inferences at the
lower clade levels of recurrent gene ¯ow constrained by isolation by
distance with occasional long-distance dispersal (Tables 1 and 2), a
conclusion con®rmed by other genetic analyses32. The only evidence
for signi®cant fragmentation (long-term genetic isolation) among
the human populations who have left living descendants is the recent
genetic isolation between Amerindians and the rest of humanity
that followed the colonization of the Americas (Table 1). All of these
inferences are summarized in Fig. 1.

Discussion

The model of recent human evolution shown in Fig. 1 is dominated
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by genetic interchange and a special role for Africa. I consider ®rst
genetic interchange. African and Eurasian populations were linked
by recurrent gene ¯ow, certainly over the last half a million years,
and probably longer. Overlaid upon this gene-¯ow trellis are
occasional major movements out of Africa and out of Asia that
enhanced gene interchange through interbreeding. More recently,
population expansions acted to extend the geographical range of the
human species and to establish additional areas linked by gene ¯ow.
This model emphasizes that genetic interchange among human
populations, facilitated both by gene ¯ow and range expansions
coupled with interbreeding, has been a major force in shaping the
human species and its spatial pattern of genetic diversity.
Second, Fig. 1 reveals the special role that African populations
have played in human evolution. There were at least two major
movements of peoples out of Africa after the original spread of
Homo erectus. This inference is consistent with the archaeological
record of cultural expansions out of Africa (Acheulean) in the
middle Pleistocene44±48. These Acheulean cultural expansions
broadly overlap the time frame of the middle out-of-Africa expansion event shown in Fig. 1, indicating that this expansion involved
both people and ideas coming out of Africa and interacting with
local populations in Eurasia. This expansion is also compatible with
the fossil data. After the initial expansion of Homo erectus out of
Africa about 1.7 Myr ago, there was little change in average brain
size up to 700,000 years ago1. By 400,000 to 500,000 years ago,
average cranial capacities had shown a substantial increase1. The
time period of this transition in cranial capacity overlaps extensively
with the time period for the older out-of-Africa expansion event
shown in Fig. 3.
The most recent out-of-Africa expansion event shown in Figs 1
and 3 is also compatible with fossil evidence. Many `modern' traits
(such as high, rounded skulls; small brow ridges; a vertical forehead;
and a noticeable chin) ®rst appear in Africa about 130,000 years ago,
followed by an expansion out-of-Africa more than 90,000 years
ago1. This time frame overlaps extensively with the out-of-Africa
expansion marked by the mtDNA and Y-DNA distributions in Fig. 3,
implying that many of these traits could have been carried into
Eurasia by this African population range expansion. Other traits,
however, do not display any signi®cant changes before, during or
after this most recent expansion out of Africa1. This later set of traits
is dif®cult to reconcile with a population replacement, but is
compatible with this most recent out-of-Africa expansion event
being characterized by interbreeding. With interbreeding, mendelian inheritance allows some traits to spread while others do not.
Moreover, living humans are still polymorphic for `modern' traits,
and the frequencies of different `modern' traits show heterogeneity
in their present geographical distributions1. The current spatial and
frequency heterogeneity in `modern' traits undercuts the idea of a
global replacement of an `archaic' type by a `modern' type but is
consistent with a trait-based evolution of humans that is allowed
under expansion with interbreeding. The model in Fig. 1 indicates
the recent fossil evidence should be interpreted in terms of traits and
not population types.
The genetic impacts of Africa upon the entire human species is
large because of at least three major expansions out of Africa,
although the genetic impact is not as complete as it would be
under total replacement. This model is similar to earlier models that
have emphasized the role of out-of-Africa population expansion
coupled with gene ¯ow and not replacement, such as the assimilation model of Smith et al.49, the multiregional model with expansions followed by admixture of Wolpoff et al.50, and the `mostly out
of Africa' model of Relethford1.
The predicted large genetic impact of African populations
explains the results of Takahata et al.37 that about 90% of the
haplotype trees in the nuclear genome appear to be rooted in
Africa. These results37 also falsify a total replacement hypothesis,
which predicts that all haplotype trees with coalescent times greater
50

than 100,000 years must be rooted in Africa. All of the haplotype
trees considered37 have expected coalescent times greater than
100,000 years, so 100% of such old trees should have African
roots under complete replacement, and not the observed 90%.
The results given here show the importance of examining many
DNA regions with a common analytical technique in making
phylogeographic inferences. Indeed, the clearest result from Tables
1 and 2 is how incomplete our view of human evolution would be if
it were based upon just one locus or DNA region. As more DNA
regions are examined, additional insights into human evolution are
sure to follow. However, this current analysis already demonstrates
the inadequacies of both the out-of-Africa replacement model and
of a simple trellis model. Humans expanded again and again out
of Africa, but these expansions resulted in interbreeding, not
replacement, and thereby strengthened the genetic ties between
human populations throughout the world.
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