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ABSTRACT Different scenarios attempting to
describe the initial phases of the human dispersal from
Asia into the New World have been proposed during the
last two decades. However, some aspects concerning the
population affinities among early and modern Asians
and Native Americans remain controversial. Specifically,
contradictory views based mainly on partial evidence
such as skull morphology or molecular genetics have led
to hypotheses such as the ‘‘Two Waves/Components’’ and
‘‘Single Wave’’ or ‘‘Out of Beringia’’ model, respectively.
Alternatively, an integrative scenario considering both
morphological and molecular variation has been pro-
posed and named as the ‘‘Recurrent Gene Flow’’ hypothe-
sis. This scenario considers a single origin for all the
Native Americans, and local, within-continent evolution
plus the persistence of contact among Circum-Arctic
groups. Here we analyze 2D geometric morphometric

data to evaluate the associations between observed cra-
niometric distance matrix and different geographic
design matrices reflecting distinct scenarios for the peo-
pling of the New World using basic and partial Mantel
tests. Additionally, we calculated the rate of morphologi-
cal differentiation between Early and Late American
samples under the different settlement scenarios and
compared our findings to the predicted morphological
differentiation under neutral conditions. Also, we incor-
porated in our analyses some variants of the classical
Single Wave and Two Waves models as well as the
Recurrent Gene Flow model. Our results suggest a bet-
ter explanatory performance of the Recurrent Gene Flow
model, and provide additional insights concerning affin-
ities among Asian and Native American Circum-Arctic
groups. Am J Phys Anthropol 146:116–129, 2011. VVC 2011

Wiley-Liss, Inc.

Different scenarios attempting to describe the initial
phases of the human dispersal from Asia to the New
World have been proposed during the last two decades
(Neves and Pucciarelli, 1991; Bonatto and Salzano,
1997a,b; Dixon, 2001; González-José et al., 2001a; Zegura
et al., 2004; Neves and Hubbe, 2005; Neves et al., 2005,
2007; Tamm et al., 2007, Wang et al., 2007, Dillehay et
al., 2008, Goebel et al., 2008). Most of them fail to inte-
grate different kinds of evidence (archaeological, linguis-
tic, craniofacial, genetic, etc.) into a single, comprehensive
model, and tend to provide ad hoc explanations to solve
potential conflicts among different data.
In a remarkable effort to reconcile different types of

data, Greenberg et al. (1986) proposed an interdiscipli-
nary model for the settlement of the New World involv-
ing linguistic evidence associated with dental anatomy
and genetic diversity data. In their Tripartite model, sep-
arate diachronic migrations gave rise to three main
linguistic groups: Amerindians, Na-Dene, and Aleut-
Eskimos. Their settlement theory suggested that the
ancestors of modern Native Americans would have come
from Eastern Asia in three separate migratory waves at
different times. In their view, present day Amerind-
speaking groups, who occupied South, Central and most
of North America (e.g., Yanomami, Maya, Cheyenne),
would be considered descendants of the first migrants,
also called Paleoindians. A second migratory wave would
have involved the Na-Dene speakers (e.g., Navajo, Atha-
baskan) from the North Pacific coast, the interior of

Alaska, and parts of the southwest USA. The Eskimo-
Aleuts, who currently inhabit Arctic and sub-Arctic
lands, would have been the last independent migration
into the continent. However, although some classic
reviews supported the validity of the Tripartite model
(Cavalli-Sforza et al., 1994), the Greenberg et al. (1986)

This article was published online on 29 July 2011. An error was
subsequently identified. This notice is included in the online and
print versions to indicate that both have been corrected 16 August
2011.

Additional Supporting Information may be found in the online
version of this article.

Grant sponsor: Consejo Nacional de Investigaciones Cientı́ficas y
Técnicas (CONICET); Grant number: PIP 2008 112-200801-02850.
Grant sponsor: Agencia Nacional de Promoción Cientı́fica y Tecno-
lógica, Argentina; Grant number: PICT 2007-01585.

*Correspondence to: Rolando González-José, Centro Nacional
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vision was gradually replaced by subsequent models that
were postulated around specific types of evidence. More
specifically, comprehensive analyses of genetic data gave
rise to the Single Wave (SW) or Out of Beringia model,
whereas continental-wide studies of craniofacial shape
variation supported the Two Waves (TW) model.
The Single Wave or Out of Beringia model (Merri-

wether et al., 1995; Bonatto and Salzano, 1997a,b; San-
tos et al., 1999; Silva et al., 2002; Tarazona-Santos and
Santos, 2002; Fagundes et al., 2008a,b) is an attempt to
accommodate two important and recurrent conclusions
of molecular-genetics studies during the last twenty
years. The first one is the molecular coalescence of most
modern Native Americans back to a unique ancestral
population somewhere in Eastern Asia (Merriwether et
al., 1995; Bonatto and Salzano, 1997a,b; Santos et al.,
1999; Silva et al., 2002). The second one is the accumula-
tion of autochthonous mutations (or ‘‘maturation’’) of
particular lineages of the mitochondrial and Y-chromo-
some, and autosomal genomes of the Native Americans
(Tamm et al., 2007; Fagundes et al., 2008a,b). The num-
ber and pattern of these mutations’ accumulation enable
the computation of approximate dates of isolation as well
as the magnitude and duration of the bottlenecks or
expansions that the founder population putatively expe-
rienced (Bonatto and Salzano, 1997a; Tamm et al., 2007;
Fagundes et al., 2008a,b). As stated by many scholars,
the most parsimonious explanation for these data pro-
poses a single ancestor coming from northeastern Asia
(e.g., the Single Wave) and a confinement in Beringia
during the Late Pleistocene (Out of Beringia).
The Two Waves or Two Components model (Neves and

Pucciarelli, 1991; Pucciarelli et al., 2003; Neves and
Hubbe, 2005) considers the presence of two differenti-
ated craniofacial morphologies in America as a result of
two distinct and allochronic source populations in Asia
coming to the New World. This scenario arises as an ex-
planation for the alleged morphological discontinuity
among early and modern skulls from the New World.
Defenders of this model place the full range of craniofa-
cial variation under two discrete categories: the Paleoa-
mericans, representing a first wave of migrants entering
the continent throughout Bering from somewhere in
Southeastern Asia during the Late Pleistocene; and the
‘‘Amerindians,’’ representing the descendants of a second
wave coming from Eastern Asia during the Early Holo-
cene and virtually replacing the Paleoamericans, already
settled down in the Americas. Even though some analy-
ses have demonstrated that such discontinuity is not
allochronic or, in other words, that the morphological
pattern defining the early remains can also be found in
modern populations from the Americas (González-José
et al., 2003; Vezzani Atui, 2005; Pucciarelli et al., 2008),
some authors still maintain that ‘‘Early American’’
(so-called Paleoamerican) cranial morphology differs sig-
nificantly from that of recent Native Americans (or
Amerindians, Hubbe et al., 2010).
Even though the Single Wave and the Two Wave mod-

els would be solid enough to explain the molecular and
morphological variability respectively, they systemati-
cally failed to provide an integrative view and drove the
discussions towards a ‘‘communication-breakdown’’
among specialists of the different fields. This is crucial
because, instead of furnishing holistic explanations, this
situation leads to a (secondary) discussion about limita-
tions of particular types of data instead of benefiting
from the potentiality and advantages of each kind of evi-

dence. Some attempts have been made, however, to
accommodate the available evidence for each of the chro-
nological phases of the settlement’s sequence, and to
postulate specific microevolutionary agents potentially
responsible for the transition from one phase to the
other (González-José et al., 2008). In this way, predic-
tions about the evolution of different data considering
their particular nature of change (cultural, genetic-
neutral, genetic plus environmental, etc.) can be stated
and contrasted with real data. In addition, such integra-
tive models can be useful as a source of null hypotheses
to be tested on particular, specific data. After reviewing
the available data on each research field in the light of
the particular mechanisms of transmission that they ex-
perience, we have postulated an alternative model, the
so-called Recurrent Gene Flow (RGF), which is mainly
based on some recent molecular analyses, evidences, and
reinterpretations of craniofacial variation (González-José
et al., 2008). In particular, we took the molecular evi-
dence supporting a possible gene-flow among the Arctic
representatives of the Asian and the American popula-
tions long before the formation of the Bering Strait
(Zlojutro et al., 2006; Tamm et al., 2007; Gilbert et al.,
2008; Mulligan et al., 2008; Volodko et al., 2008; Ras-
mussen et al., 2010). We should note that most modern
reviews of the Arctic archaeology tend to support such
post-occupation contact, even until modern epochs
(Goebel et al., 2003, 2008). In addition, we argue that
when the craniofacial shape is analyzed avoiding the a
priori usage of labels such as Paleoamericans, Amerin-
dians, Mongoloids, Proto-Mongoloids, etc., then the
results show that the variation is not arranged into dis-
crete units but rather in a continuous spectrum of sam-
ples. In fact, a specific test aimed at detecting natural
groupings failed to detect a two-group pattern (González-
José et al., 2008). This is just because of three simple
observations. First, the early remains from the New
World present strong similarities with some modern
populations (González-José et al., 2003). Second, the
Circum-Arctic groups from the Americas tend to form a
cluster with Asian Arctic groups, rather than with most
Native Americans (González-José et al., 2003). Finally,
most Native Americans tend to occupy an intermediate
position along a phenotypic vector defined by the general-
ized morphology observed in the early remains from Asia
and the New World (with some modern groups very near
to this extreme of variation) on one hand, and the fully
derived craniofacial pattern observed in the modern popu-
lations from the Arctic environments (González-José et
al., 2008) on the other. Thus, and departing from some
previous molecular analyses that detected signals of
genetic contact among Asia and America (Zlojutro et al.,
2006; Tamm et al., 2007; Gilbert et al., 2008; Volodko
et al., 2008; Rasmussen et al., 2010), we have postulated
an integrative model in which the New World was first
settled by a founder population occupying Beringia during
the last glaciations, characterized by high craniofacial di-
versity, founder mtDNA and Y-chromosome lineages and
some private autosomal alleles. After a Beringian popula-
tion expansion, which could have occurred concomitant
with their entry into America, more recent Circum-Arctic
gene flow would have enabled the dispersion of northeast
Asian-derived characters and some particular genetic lin-
eages from East Asia to America and vice versa.
In a recent article, Hubbe et al. (2010) used some

selected samples of Early and Late American crania in
order to calculate the rate of morphological differentiation
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between Early and Late American samples under differ-
ent time-divergence assumptions, and compared their
findings to the predicted morphological differentiation
under neutral conditions. Alternatively, they tested three
dispersal scenarios including pure Isolation-by-Distance
(IBD), Single Wave, and Two Waves (but not Recurrent
Gene Flow) models for the colonization of the New World
by comparing the morphological distances among Early
and some specifically selected Late Amerindians, East
Asians, Australo-Melanesians and early modern humans
from Asia to geographical distances associated with each
dispersion model. The authors state that given its
alleged better performance, the TW scenario is the most
economic explanation for the observed cranial variation
in their samples.
The objective of this article is to evaluate the perform-

ance of the main microevolutionary models presented for
the early settlement of the New World, considering
factors like geographical and chronological separation,
climate, and the similarity among models in the compar-
isons with real shape data.
Despite differences in type of data (classic vs. geo-

metric morphometric), samples used, and small methodo-
logical aspects, we have in some way replicated the
statistical analyses presented by Hubbe et al. (2010).
First, instead of using classical cranial measurements
(CM) we adopt geometric morphometrics (GM) as a way
to carry out the analysis of shape differences. The
advantages of these methods over classical measure-
ments were discussed elsewhere (Bookstein, 1991;
Adams et al., 2004; Zelditch et al., 2004; Mitteroecker
and Gunz, 2009), but the main difference among them is
that the geometric information, including spatial rela-
tionships among measurements and dimensionality, is
lost during the statistical analyses of CM, while GM
data preserves the geometry of the landmark configura-
tions throughout the analysis and thus permits us to
represent statistical results as actual shapes or forms
(Mitteroecker and Gunz, 2009). Even though we recog-
nize that CM and 2D GM are not directly contrastable,

we do think that Hubbe et al. (2010) and our analyses
are indeed comparable, since both of them address the
same evolutionary problem. Secondly, we use a sample
with enhanced geographical coverage, especially in the
New World, in order to obtain more solid results when
using matrix comparison methods. We include four
Circum-Arctic populations (including Eskimos), which
guarantees that their role in the different scenarios can
be modeled; we also include a sample of modern skulls
from Baja California, Mexico, which presents morpho-
logical similarities with early remains from Brazil
(González-José et al., 2003). Third, we incorporate the
entire spectrum of scenarios discussed in the recent
literature, including a simple model of Isolation-by-
Distance, the SW, the TW, and the RGF models. Finally,
we estimate the effects of climate on shape variation,
modeling it on matrices of climatic distances rather than
dissecting the skull into structures more or less
(putatively) affected by climate, since it represents a
quantification of climatic effects more suitable to matrix
comparison methods.

MATERIALS AND METHODS

Sample and data acquisition

In this paper we reanalyze the 23 skull-photographs
series published in González-José et al. (2008). The stud-
ied assemblages includes a South Paleoamerican series
from Lagoa Santa, a composite sample of North Paleoa-
mericans, and a composite series of late Pleistocene Old
World specimens (Table 1). The total sample includes
576 complete adult skulls of both sexes. Each lateral
photograph was used to recover the general shape of the
skull after the digitizing of 23 landmarks and semiland-
marks (see González-José et al., 2008, Fig. 1). Landmark
and semilandmark configurations were processed by
means of geometric morphometrics, a useful approach
for the quantitative characterization analysis and com-
parison of biological form (Bookstein, 1991; Adams et al.,

TABLE 1. Series included in the study

Population Code Chronological range N (females/males/total) Latitude Longitude

California, USA ACA 1,000 22/27/49 36.978 2122.008
Ainu, Japan AIN 1,000 3/7/10 43.238 142.708
Araucano, Argentina ARA 1,000 26/17/43 237.258 259.138
Aborigines, Australian AUS 1,000 16/20/36 235.438 139.078
Baja California Sur, Mexico BCS 1,000 11/12/23 24.128 2110.288
Aymara, Bolivia BOL 1,000 6/12/18 216.878 268.158
Buriats, Siberia BUR 1,000 5/5/10 51.688 103.78
Calama, Chile CAL 1,000 12/12/24 222.358 269.038
Chaco, Argentina CHA 1,000 2/8/10 226.588 260.958
Paltacalo, Ecuador ECU 1,000 27/26/53 248 279.058
Late Pleistocene (Early) Old World EOW 30211 kyr / 13/13 39.908 116.408
Eskimos, Greenland ESK 1,000 28/18/46 60.98 248.358
Fuegians, Chile and Argentina FUE 1,000 7/3/10 253.788 267.728
Paleoamericans from Brazil LS 1127.5 kyr 3/8/11 219.628 243.888
Mapure, Venezuela MAP 1,000 17/21/38 10.128 269.058
North Patagonians, Argentina NPA 1,000 9/9/18 240.88 262.988
Ourgas, Siberia OUR 1,000 11/7/18 47.938 106.98
North Paleoamericans PAM 10,000 1/5/6 19.428 299.128
Central Patagonians, Argentina PAT 1,000 18/20/38 243.238 265.38
Ancon, Peru PER 1,000 20/17/37 212.038 277.028
Pampa Grande, Salta, Argentina PG 1,000 16/9/25 225.428 265.078
Tchouktchi, Siberia TCH 1,000 3/11/14 265.828 2173.488
Aztecs from Tlatelolco, Mexico TLA 1,000 7/19/26 19.428 299.128
Total 270/306/576
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2004; Zelditch et al., 2004; Slice, 2007; Mitteroecker and
Gunz, 2009). Original configurations were superimposed
using the Generalized Procrustes Analysis (GPA) to
remove the effects of translation, rotation, and scaling
(Rohlf and Slice, 1990; Zelditch et al., 2004). Subsequent
analyses were made on the matrix of PC scores (shape
variables) extracted from MorphoJ (Klingenberg, 2011).
We describe the details of the performed tests in the fol-
lowing sections.

Minimum spanning Tree

First we performed a morphological affinity analysis of
the samples by calculating a Minimum Spanning Tree
(MST) on the between-groups D2 squared Mahalanobis
distances matrix. We computed the matrix of Mahalano-
bis D2 distances among samples using MorphoJ (Klin-
genberg, 2011). The D2 matrix was then submitted to a
Minimum Spanning Tree algorithm in order to depict

Fig. 1. Schematic representation of the geographic dispersion models compared in this paper. (a) IBD model, reflecting all pair-
wise direct distances in kilometers and considering passage across specific waypoints (squares). (b) SW model, reflecting distances
calculated in the same way as in IBD, except for those populations that are linked by black lines, putatively belonging to a non-
American, Old World population. (c) TW model, where thick black lines and gray lines represent the two separate dispersion events
(‘‘Paleoamericans’’ and ‘‘Amerindians’’, respectively) according to the model. Distances between any early and any modern Native
American sample is calculated as the distance from the early population to EOW (following the gray pathway) plus the distance
from EOW to the modern sample (following the dashed black and thick black line). Changing the D* distances (dashed black line)
allows us to model the levels of evolutionary differentiation among the alleged early and modern ‘‘waves’’ (by multiplying D* by ar-
bitrary factors). (d) RGF model, where gray lines represent relationships among Arctic groups; thus the distance between Eskimos
and the remaining American groups is calculated across Asia through the Arctic populations, next following the black line to EOW,
and finally returning to Bering and thence to the population within America. To account for scenarios of increasing gene flow
between the Arctic populations we changed the distance between ESK and the Bering waypoint (D*), by multiplying it by an arbi-
trary factor (see text for details).
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the relation network connecting all points. To facilitate
interpretation among samples, differences were graphi-
cally represented in two different ways. First, the MST
was superimposed on a map, over the geographic coordi-
nates of the series. Second, to explore shape changes
associated with the topology of the tree, and taking
advantage of the visualization facilities of geometric
morphometrics, we superimposed the MST on the plot of
the first two canonical vectors obtained on the sample,
in order to visualize the among-groups relationships
along with associated shape changes simultaneously.

Settlement models and climate expressed as
dissimilarity matrices

Second, we constructed different geographic design
matrices reflecting competing hypotheses regarding the
dispersion and evolutionary models for the peopling of
the New World to assess their congruence with the
observed craniometric distance matrix. We created a null
model based upon evolutionary expectations of cranial
differentiation according to the principles of isolation-by-
geographic distances. However, since the models to be
tested involve time as well as geographic dimensions, we
also introduced the possible effects of morphological dif-
ferentiation due to time (Konigsberg, 1990). Thus, the
subsequent models are modifications of the null isola-
tion-by-geographic distances model, in order to evaluate
distinct evolutionary trajectories among early and mod-
ern groups. Here it is worth pointing out that including
Eskimo samples is an important difference from previous
studies (e.g., Hubbe et al., 2010) since it enables the ex-
ploration of putative Recurrent Gene Flow with Asia
when modeling dispersal scenarios.
When both data and hypotheses can be represented as

distance matrices, a frequently used method for assess-
ing the fit between them is the Mantel correlation test
(Mantel, 1967). A highly significant Mantel result
between a hypothesis matrix A and data matrix C, but
no significance between hypothesis matrix B and data
matrix C, suggests that scenario A fits the data better
than theory B, even without a statistical test of the
equality of the correlations (Sokal et al., 1997). Another
hypothesis-testing approach, developed by Dow and Che-
verud (1985) determines whether two correlations r(AC)
and r(BC) differ significantly from each other. However,
Oden (1992) suggested that the Dow-Cheverud test could
be more sensitive to spatial, temporal or phylogenetic
autocorrelation of data. Here we performed Mantel tests
(Mantel, 1967) to assess the fit between the observed
craniometric distance matrix (D2 squared Mahalanobis
distances matrix, BIO) and each of the geographic model
matrices. Also, the Smouse-Long-Sokal test for partial
matrix correlation (Smouse et al., 1986) was used as an
extension of the Mantel test, to estimate the association
between two design matrices while controlling for the
effect of a third. This test is useful for evaluating partial
matrix correlation between two matrices when the
effects of geographic distance (or another variable such
as climate) are removed. Mantel and Smouse-Long-Sokal
tests were computed using NTSYS 2.10d. P-values were
obtained after 10,000 permutations and using the Bon-
ferroni correction for multiple comparisons. The evalua-
tion of competing dispersal and settlement models after
Mantel and Smouse-Long-Sokal tests were previously
used in the literature concerning the occupation of the
New World (e.g., González-José et al., 2001a,b, 2002;

Pucciarelli et al., 2008) and Europe (e.g., Sokal et al.,
1991, 1997; Waddle, 1994; Pinhasi and von Cramon-Tau-
badel, 2009).
For all settlement models, geographic distances among

populations were calculated in kilometers as great-circle
distances based on the Haversine (Pinhasi and von
Cramon-Taubadel, 2009). The differences between the
models rely on how the distance between groups of dif-
ferent populations is calculated (e.g., between Early and
Late groups, or between Circum-Arctic and Asian popu-
lations, see below). For all the dispersion models,
distance between series follows terrestrial routes, consid-
ering passage across specific waypoints located in the
Sunda Strait, the Bering Strait, and the Panama Isth-
mus as mandatory waypoints.

Isolation-by-Distance. We calculated the first model as
a control matrix, which simply represents the direct lin-
ear distance between all pairs of series, respecting the
restrictions imposed by the Sunda, Bering, and Panama
waypoints (Fig. 1a, Table A1). Since it is important to
take into account diachronic divergence when attempt-
ing to test microevolutionary scenarios (Konigsberg,
1990), we have incorporated chronological variation in
the computation of distances. Influence of time is consid-
ered by multiplying each element of the matrix by the
chronological difference among samples (Hubbe et al.,
2011). In operational terms, chronological distances were
calculated in thousands of years taking the average of
the estimates of the chronological ranges provided in
Table 1. Thus, for example, geographical distances
between two modern American populations were multi-
plied by 1; the geographical distance between any
modern American populations and series from Lagoa
Santa (LS) was multiplied by 9.25 (kyr BP); and the geo-
graphical distance between any modern American popu-
lations and early East Asians (EOW) was multiplied by
20.5 (kyr BP).
All further models are constructed as modifications of

specific cells in the null model of IBD.

Single Wave. SW model represents a scenario of local
microevolutionary differentiation within the Americas
(Fig. 1b, Table A2). It predicts that modern Native Amer-
icans differentiated locally from early populations (e.g.,
Paleoamericans, or PAM, in the Hubbe et al. denomina-
tion) and therefore, following the range expansion model,
their morphological differentiation should be propor-
tional to their geographic proximity. It assumes that the
differentiation between early East Asians (EOW, in the
González-José et al., 2008 denomination) and modern
East Asians occurred prior to the occupation of the New
World. Distance between an American population (e.g.,
ACA) and early East Asians (EOW) is calculated passing
through modern Asians (TCH, OUR) besides the Bering
waypoint. For example, the distance between EOW and
LS or PAM will differ from IBD because their hypotheti-
cal dispersal into the New World is tied to a specific
pathway (solid lines joining specific samples on Fig. 1)
depicting the pattern of dispersal and pertaining to a
particular ‘‘wave’’. Thus, the distance PAM-EOW
(140,311) is calculated as the summed geographic dis-
tance among PAM and EOW passing through TCH, OUR
and the Bering waypoint (13,363) multiplied by the dif-
ference in thousands of years among the estimated ages
of each sample (10.5). Note that such distance is greater
than the distance computed on the null IBD model.
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Within the Americas, the distances among series (both
early and modern) are simply the direct linear distances,
and remain unaltered with respect to the IBD matrix.
This matrix represents a settlement model that involved
only one major human entrance into the continent, with
the morphological variability seen in the Americas
through time being the result of in situ microevolution-
ary processes. This model approximately matches with
Model 2 in Hubbe et al. (2010).

Two Waves. This model represents a scenario shaped by
distinct origins for early and modern populations, with
both groups representing distinct expansion events into
the continent from East Asia through Beringia (Fig. 1c,
Table A3). In this case, the hypothetical distance
between early and modern samples is calculated as the
distance from the early population to EOW plus the dis-
tance from EOW to the modern sample (e.g., distances
ACA-PAM or TCH-LS will be larger in this model than
in previous ones). Thus, distance PAM-PER (Peruvians)
for example, is calculated as the summed geographic dis-
tance among PAM and EOW (PAM-Bering waypoint-
EOW, as in IBD model) plus the distance between EOW
and PER (passing through TCH, OUR, and the Bering
waypoint), and finally multiplied by the difference in
thousands of years among the estimated ages of each
sample (10).
Distances between modern American populations are

not affected in relation to the null IBD model. Also, the
relationship between EOW and PAM/LS is the same as
IBD, rather than as in SW, because TW and SW imply
different dispersal patterns, following different pathways
(see Fig. 1b,c). In this sense, the TW model simply
inflates the difference among samples if they belong to
different dispersal events. This model approximately
matches with Model 3 in Hubbe et al. (2010).
Additionally, we computed four variants for this model.

Distances between EOW and modern Asians, and in
turn, modern Americans, were recalculated by multiply-
ing by arbitrary factors (1, 1.5, 5, and 10, which corre-
spond respectively to the TW1, TW1.5, TW5, and TW10

matrices) in order to simulate increasing levels of evolu-
tionary differentiation among both the early and modern
series. See González-José et al. (2001a) and Pinhasi and
von Cramon-Taubadel (2009) for previous uses of arbi-
trary and non-arbitrary multipliers.

Recurrent Gene Flow. This matrix was calculated in
accordance with the RGF model (Fig. 1d, Table A4). For
most of the comparisons, the pairwise distances among
groups follow the same criteria as in the SW matrix.
Nevertheless, in this model the relationships among Arc-
tic groups were obtained with a different criterion in
order to simulate a scenario of recurrent gene flow.
Thus, the distance between Eskimo (ESK) and the
remaining American groups will be obtained across Asia
through the Arctic populations (as the distance between
ESK and BUR (Buriats) passing through TCH and OUR)
plus the distance to EOW and then returning to America
through Bering (following black line on Fig. 1d). Thus,
distances inside America are not affected in relation to
the null IBD model, except for distances with ESK. Dis-
tances between Early and Late Americans are the same
as in SW and IBD model. Distances between any Ameri-
can and Old World population is calculated departing
from the American continent through the black line
drawn in Figure 1d. Thus, for instance, distances
between Americans and EOW remains the same as in

IBD model, while distances between Americans and Arc-
tic populations from Asia (OUR, BUR, and TCH) are
larger with respect to SW.
Additionally, we computed four variants for this model

by changing the distance between ESK and the Bering
waypoint using distinct factors (1, 0.5, 0.1, and 0.01,
which correspond respectively to RGF1, RGF0.5, RGF0.1,

and RGF0.01 matrices) in order to account for scenarios
of increasing gene flow between the Arctic populations.
Such models were not considered by Hubbe et al. (2010).
The four scenarios (IBD, SW, TW, and RGF) are

presented as matrices in Supporting Information Tables
A1-A4.

CLIM (bioclimatic variables). To test and control for
the effect of climate, different environment variables
were recovered from http://www.worldclim.org/, which
offers a set of global climate layers (climate grids) with a
spatial resolution of a square kilometer (Hijmans et al.,
2005). In order to synthesize information coming from
different climatic variables, we computed Euclidean dis-
tances matrices using the variables listed in Table 2:
‘‘CLIM’’, which include all the climatic variables;
‘‘TEMP’’ and ‘‘PREC’’, which includes just the tempera-
ture and precipitation variables, respectively; and ‘‘ALT’’,
which reflects just differences in altitude.
Finally, we recalculated all matrices comparisons after

removing Eskimos, in order to test for the influence of
this population on the analyses and to compare our find-
ings with that of Hubbe et al. (2010), since they do not
include this Arctic population.

Rates of morphological evolution

Finally, we calculated the rate of morphological differ-
entiation between early and modern series under the
four different models, and then compared the results to
the predicted morphological differentiation under neu-
tral conditions. The expected magnitudes and patterns of
phenotypic evolution under the influence of genetic
drift and mutations alone can be evaluated using differ-
ent approaches (Lande, 1976, 1979; Ackermann and
Cheverud, 2002; Perez and Monteiro, 2009). A method
connected to the neutral model of phenotypic evolution

TABLE 2. Climatic variables used to compute climatic matrices

Climatic variables

Annual Mean Temperature
Mean Diurnal Range
Isothermality
Temperature Seasonality
Max Temperature of Warmest Month
Min Temperature of Coldest Month
Temperature Annual Range
Mean Temperature of Wettest Quarter
Mean Temperature of Driest Quarter
Mean Temperature of Warmest Quarter
Mean Temperature of Coldest Quarter
Annual Precipitation
Precipitation of Wettest Month
Precipitation of Driest Month
Precipitation Seasonality (Coefficient of Variation)
Precipitation of Wettest Quarter
Precipitation of Driest Quarter
Precipitation of Warmest Quarter
Precipitation of Coldest Quarter

See http://www.worldclim.org/ for more information on the vari-
ables used.
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(Lande, 1976, 1979) is the Lynch’s (1990) neutral expec-
tation for the D divergence rate, which allows us to eval-
uate whether the observed amount of divergence among
pairs of populations is significantly lower or higher than
that expected if mutation and random genetic drift were
the sole evolutionary forces (Lynch, 1990). An unexpect-
edly low rate suggests that stabilizing selection has
played a predominant role in preventing phenotypic
divergence, whereas an unexpectedly high rate implies
an acceleration of divergence by directional selection.
Lynch (1990) provides an equation to calculate the rate
of morphological evolution, given by:

D ¼ var Bðln zÞ
t var wðln zÞ½ �

where var w (ln z) and var B (ln z) are the observed
within and between species components of phenotypic
variance for log-transformed measures of two species
separated for t time units (Lynch, 1990). The observed D
divergence rate is compared among different scenarios or
to an expectation of divergence based on the literature,
to evaluate whether the amount of divergence is lower
or higher than the expected variation if mutation and
random genetic drift were the single evolutionary forces.
Lynch (1990) reports the expected range of the rate of
morphological differentiation under neutral expectation
for mammals to fall between 0.01 and 0.0001. We calcu-
lated the rate of morphological differentiation across
shape variables for pairs of populations according to
Lynch (1990). Nevertheless, since shape variables are on
an interval rather than a ratio scale as the zero point is
arbitrary and a function of the superimposition/rescaling
procedures in the Procrustes analysis (Hansen and
Houle, 2008), their logarithms are not meaningful. Thus,
we have computed the D divergence rate using raw var-
iances computed on the first PC of shape scores instead
of log-transformed measures, since geometric morpho-
metric shape variables are already mean standardized
(for a similar approach see Pérez and Monteiro, 2009).
The comparisons were made exclusively between early
and modern American series, altering the number of
generations occurring after the split according to five
distinct scenarios (see below). In all cases, generation
time was assumed to be 20 years (Lynch, 1990). The age
of each series was assumed as the mean of the chrono-
logical range presented in Table 1, and for recent series
it was assumed to be 1,000 years old.
The first scenario (SW) assumes that early American

groups are the direct ancestral populations of modern
Native Americans, and as such t is defined as the num-
ber of generations separating early and late American
series. Consequently, this scenario takes into account
models for the occupation of the New World that assume
only one migration into the continent.
The second and third scenarios (TW1 and TW2),

on the other hand, are in accordance with the dual-
dispersion model. TW1 assumes that early Americans
and modern Native Americans share their last common
ancestor by the time of the first occupation of the conti-
nent, around 15 kyr BP. TW2 assumes that the last com-
mon ancestor between these lineages is represented by
the Upper Cave specimens, dated around 20 kyr BP.
Accordingly, t for each scenario was defined as the sum
of generations down each branch to the date of the last
common ancestor assumed.

Fourth and fifth scenarios (RGF and RGFbis) are in ac-
cordance with the RGF model. They assume that early
American groups are the direct ancestral population of
Native Americans, and as such t is defined as the num-
ber of generations separating early and late American
series. In addition, RGF model considers all Circum-
Arctic (both Asian and American) groups as a single pop-
ulation. Thus, the RGF scenario was built much in the
same way as SW, but in the computation of the morpho-
logical divergence the Eskimos were replaced by a novel
group, ‘‘CA’’, that includes a pooling of both Asian and
American Circum-Arctic populations. On the other hand,
RGFbis can be seen as an alternative RGF scenario,
where the Eskimos are compared to Circum-Arctic Asian
populations, taking as the last common ancestor between
these lineages the first fossil record of people carrying
the complete set of derived traits that characterize mod-
ern northeast Asian groups, dated around 7000 kyr BP
(Brown, 1999). To sum up, two different approaches are
implemented here in order to contrast the RGF model.
It is worth pointing out though, that the Lynch test

assumes no gene flow and uniformity of rates along line-
ages, which would contradict a couple of our models.
This is a complication common to studies dealing with
most of the quantitative genetics-derived tests at
the intraspecific level. The Lynch test is sensitive to the
effects of gene flow that can potentially reduce the
degree of differentiation independently of the number of
generations elapsed. Thus, here and elsewhere (e.g.,
Hubbe et al., 2010) the comparisons are usually limited
exclusively to early versus modern series, only altering
the number of generations occurring after the split
according to distinct scenarios, and avoiding comparisons
among modern series that can be flawed by variable lev-
els of gene flow.

RESULTS

Figures 2 and 3 show the Minimum Spanning Tree of
the studied samples superimposed on the geographic
location of the populations and on the morphological
space defined by the first two canonical vectors, respec-
tively. Removal of the Eskimos from the computation of
the Mahalanobis D2 distance matrix did not alter the to-
pology of the tree (results not shown). Shape changes
associated with the first two canonical vectors obtained
on the sample (see Fig. 2) show that ancient groups as
the Lagoa Santa (LS) series, or modern groups from
Baja California or Tlatelolcans, represent one extreme of
variation that is closely associated to early Old World
specimens, with low and projected faces, subnasal prog-
nathism, long vaults, retracted zygomatics, and low
noses. Conversely, Native American groups like Eskimos
show the opposite morphological pattern more commonly
seen in northeastern Asians, which is characterized by
high and flat retracted faces, short vaults, anterior-
projected and high zygomatics, and high noses. However,
most of the New World samples fall well between both
extremes. Also, note that there is no clear-cut difference
between early American series and modern groups, in
the context of this paper, which is an expectation that
emerges from the TW model. Conversely, some modern
groups like Tlatelolcans and the Pericú from Baja Cali-
fornia are linked by their nearest morphological distan-
ces to the Early Americans from Lagoa Santa (see Fig. 2
and González-José et al., 2003). Furthermore, all
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Circum-Arctic (both Asian and American) groups are
linked by their nearest morphological distances.
Mantel correlations between biological and dispersal

scenario design matrices are presented in Table 3. Note
that after applying Bonferroni’s correction (a 5 0.017),
the only model presenting significant correlation with
the skull shape distance matrix (BIO) is RGF and its
variants. Another important result (Table 4) is that most
models tend to be correlated among them. This is partic-
ularly clear for RGF, SW, and IBD with each other, while
TW is less correlated with the rest (Table 4).
Table 5 shows the results of the Smouse-Long-Sokal

test for partial matrix correlations. The aim of this test
is to control the effects of other competing models and
climate on the correlation among BIO and the settle-
ment models. From the different variables of the TW and
RGF models, only those of better performance (according
to Table 3) were considered. As observed in Table 5, the
RGF model remains significantly correlated to BIO when
the effects of IBD and SW are controlled for. Further-
more, the RGF model remains significant when the
effects of climate are removed.
In Figure 4 we present the mean rates of morphologi-

cal differentiation calculated for all possible pairwise

comparisons between early and late American series.
These results can only be interpreted in relation to the
reported expected rate of morphological change for mam-
mals under neutral evolutionary expectations, which
ranges from 0.0001 to 0.01, according to Lynch (1990).
Our results show that, whichever settlement scenario is
considered, each of them presents average differentiation
rates coincident to neutral expectations, with most of the
pairwise comparisons falling well between the upper and
lower limit of neutral expectation. In other words, the
results of the Lynch (1990) test neither favor nor penal-
ize any of the scenarios considered here, in terms of evo-
lution under a neutral scenario. This result is at odds
with that found by Hubbe et al. (2010), which reports
accordance to neutral evolution only for the TW model.
The pairwise comparisons with greater between-group
differentiation, with D values exceeding the upper limit
are LS-CAL, and LS-ESK under a SW scenario, and LS-
CAL in the case of the RGF scenario.

DISCUSSION

We based our comparisons of settlement scenarios
on three separate analyses performed on a sample of

Fig. 2. Minimum Spanning Tree calculated from the among-groups Mahalanobis squared distances, plotted upon the first two
canonical vectors reflecting among-groups differentiation. Shape changes across canonical axes are represented as a deformation of
an outline drawing using the thin-plate spline function (the scale factor was set at 10 units of Procrustes distance to exaggerate
shape changes) for the positive and negative values.
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geometric morphometric cranial measurements: an inter-
pretation of the nearest neighbor connections (Minimum
Spanning Tree based on Mahalanobis distances); a series
of Mantel tests aimed at comparing morphological dis-
tances and predicted distances under each model; and

the computation of mean rates of morphological differen-
tiation calculated for all possible pairwise comparisons
between samples using time divergences according to
each model, and comparison against neutral evolution-
ary expectations.
On a previous similar analysis, Hubbe et al. (2010)

concluded that the morphological diversity documented
through time in the New World is best accounted for by
a model postulating two waves of human expansion into
the continent (Hubbe et al., 2010). Unfortunately, they
did not incorporate Eskimo samples into their analyses,
even though a sample from Greenland’s Inuit is avail-
able as part of William Howells’ free-access data that
they used. Also, they did not include any version of the
RGF model as a valid scenario to compare against
the SW and TW hypotheses, even when they referenced
the González-José et al. (2008) article. Here, we per-
formed similar analyses, and acknowledging that poten-
tial differences in results can arise because of traits used
and/or sampling structure, our results suggest that the
model that best fits our data is the RGF, instead of a
model postulating two waves of human expansion into
the continent. We will shortly discuss the main results
that gave support to the main inferences considered
under the Recurrent Gene Flow model and its variants.

Fig. 3. Minimum Spanning Tree calculated from the among-groups Mahalanobis distances, plotted upon their geographic coordi-
nates. The lines represent the closest path for connecting all samples according to the morphological distances between them. White
diamonds: early American samples and early East Asian (EOW) specimens; black squares: Late Holocene samples from East Asia,
the Americas and Australia. Specific connections among Late and Early Americans are shown by dotted gray lines, whereas specific
connections among Early Asians and Americans are depicted in gray.

TABLE 3. Mantel correlations between the biological matrix of
Mahalanobis D2 distances among groups (BIO) and dispersal
models (IBD, SW, TW and RGF) and their variants (TW1.5,
TW5, TW10, RGF0.5, RGF0.1, and RGF0.01) are given as

correlation coefficients (r) with P-values (P)

Morphological Distances against Models

r P

BIO x IBD 0.294 0.022
BIO x SW 0.298 0.021
BIO x TW1 0.214 0.072

x TW1.5 0.218 0.074
x TW15 0.245 0.051
x TW10 0.271 0.035

BIO x RGF1 0.335 0.007
x RGF0.5 0.326 0.009
x RGF0.1 0.318 0.012
x RGF0.01 0.316 0.011

Significant results, after Bonferroni correction (a 5 0.017) are
shown in bold.
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In the first place, the Minimum Spanning Tree based
on Mahalanobis distances (Figs. 2 and 3) failed to provide
a clear-cut difference between Early American samples
(so-called Paleoamericans) and modern groups or ‘‘Amer-
indians,’’ representing the descendants of a putative sec-
ond wave. Instead, some modern groups like Tlatelolcans
or the Pericú from Baja California are linked by their
nearest morphological distances to the Early Americans
from Lagoa Santa (see Fig. 2 and González-José et al.,
2003). Although the morphological pattern observed is
not novel, it is relevant here since it does not fit with the
predictions of the TW model. Furthermore, instead of a
split among an Asian and an American morphology, there
is a complete branch of morphological similarity joining
together all Circum-Arctic (both Asian and American)
groups. Both results contradict the TW and SW models
respectively, and agree with the main expectations of the
RGF model of a continuum of Arctic populations shaping

some of the molecular, archaeological, and skeletal partic-
ularities of the Asian and American populations when
considered on a continental scale and including both
Arctic and non-Arctic samples.
The most significant values for the matrix correlation

tests correspond to the RGF model (Table 3). Interest-
ingly, when the Eskimos are removed from the analyses,
the correlation of morphological distances versus IBD,
SW and TW increase, whereas it causes a diminishing of
the correlation with RGF, turning to nonsignificant cor-
relation values (results not shown). Again, this indicates
that the removal of some specific populations contribut-
ing greatly to both; geographic variation due to their
extreme location; and morphological differentiation due
to their derived phenotypic pattern can deviate the
results of Mantel correlations in particular, and our
understanding and interpretation of continental varia-
tion and its consequences on the debate about origins
and dispersal patterns in general.
As is usual in approaches where design matrices have

high dimensions and models differ just in specific
aspects, models tend to be correlated among them
(Oden, 1992; Smouse and Long, 1992). This is particu-
larly true for comparisons among SW and RGF models
(Table 4). To further explore the performance of the mod-
els controlling for the similarity among them, or control-
ling for the effect of matrices containing among-group
climatic differences, we have obtained partial correla-
tions. By employing a conservative P-value for the
Smouse-Long-Sokal method (e.g., P 5 0.001), we can be
reasonably certain that the partial correlation coeffi-
cients are significant at P 5 0.05 (Oden and Sokal,
1992). Here we computed the Smouse-Long-Sokal test
applying Bonferroni correction for multiple comparisons,
lowering the accepted a-level to be more conservative
(see Tables 3–5). On the other hand, it is worth mention-
ing that here we have tested all the possible combina-
tions of controlling for competing models and the effects
of climate, whereas Hubbe et al. (2010) only performed
Dow-Cheverud tests in order to test if Model 3 (bipartite
Asian origin, analogous to our TW model) presents a
better fit to the morphological distances than Model 1
(control model, analogous to our IBD model) and Model
2 (analogous to our SW model). Hubbe et al. (2010) did
not present the logical counterpart correlation among bi-
ological distances and SW controlling for TW (testing if
Model 2 presents a better fit to the morphological distan-
ces than the other models).
Here, the computation of the Smouse-Long-Sokal tests

(Table 5) revealed that when all the possible comparisons
between models are made, and applying a conservative

TABLE 4. Mantel correlations between dispersal models

IBD SW TW1 TW1,5 TW5 TW10 RGF1 RGF0,5 RGF0,1 RGF0,01

IBD 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
SW 0.999 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
TW1 0.718 0.711 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
TW1,5 0.722 0.715 1.000 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
TW5 0.746 0.739 0.995 0.996 1 0.0000 0.0000 0.0000 0.0000 0.0000
TW10 0.764 0.758 0.982 0.985 0.996 1 0.0000 0.0000 0.0000 0.0000
RGF1 0.977 0.976 0.717 0.720 0.743 0.760 1 0.0000 0.0000 0.0000
RGF0,5 0.980 0.979 0.718 0.722 0.744 0.760 0.999 1 0.0000 0.0000
RGF0,1 0.982 0.981 0.718 0.722 0.744 0.759 0.997 0.999 1 0.0000
RGF0,01 0.982 0.981 0.718 0.721 0.744 0.759 0.996 0.999 1.000 1

Correlation coefficients (r) are shown below the principal diagonal. P-values after Bonferroni correction (a 5 0.05/45 5 0.0011) are
shown above the principal diagonal. Bolded values indicate significant correlations.

TABLE 5. Results of the Smouse-Long-Sokal test for partial
matrix correlation controlling the effects of competing models

and climate

Morphological distances against models
(controlling for other models)

R P

BIOx SW.TW10 0.148 0.102
BIOx SW.IBD 0.113 0.099
BIOx SW.RGF1 20.140 0.083
BIOx TW10.RGF1 0.027 0.381
BIOx TW10.IBD 0.075 0.252
BIOx TW10.SW 0.072 0.267
BIOx RGF1.TW10 0.072 0.027
BIOx RGF1.IBD 0.236 0.010
BIOx RGF1.SW 0.212 0.017

Morphological distances against models (controlling for climate)
R P

BIOx SW.CLIMA 0.290 0.022
BIOx SW.TEMP 0.246 0.057
BIOx SW.PREC 0.296 0.024
BIOx SW.ALT 0.284 0.025
BIOx TW10.CLIMA 0.269 0.031
BIOx TW10.TEMP 0.265 0.044
BIOx TW10.ALT 0.258 0.034
BIOx TW10.PREC 0.260 0.039
BIOx RGF1.CLIMA 0.325 0.007
BIOx RGF1.TEMP 0.282 0.032
BIOx RGF1.PREC 0.333 0.009
BIOx RGF1.ALT 0.320 0.008

P-values after Bonferroni correction (a 5 0.017) are shown in
bold. The ‘‘x’’ denotes comparison among matrices, and the dot
is followed by the matrix whose effects are controlled.
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P-value, the RGF scenario conserves its performance
and remains significant, whereas the correlation among
morphological distances and design matrices decay in
the case of the SW and TW models. Also, note that the
performance of the RGF model remains significant even
when the effects of climate are controlled. Also, the
results corresponding to the Smouse-Long-Sokal test for
partial matrix correlations computed after the removal
of Eskimos from the original data reinforces the correla-
tion for SW and TW models while decreasing the per-
formance of the RGF model (results not shown), as in
the Mantel test results. We used Bonferroni correction,
lowering the accepted a-level to 0.017 (0.05/3) consider-
ing the three main models under study. However, we
would like to emphasize that, despite the denominator
used in Bonferroni’s correction, it is clear that the RGF
model presents a better performance when compared
with SW and TW (Tables 3–5).
Our results regarding rates of morphological evolution

analysis show that the pairwise comparisons for all set-
tlement scenarios considered fall well between limits of
neutral expectation for morphological change reported
by Lynch (1990). Conversely, Hubbe et al. (2010)
obtained high rates of morphological differentiation in
general. In particular, although the mean rates for both
of their scenarios (‘‘bipartite Asian origin’’ and ‘‘single
wave’’) fall above the upper limit of neutral expectation,
the bipartite model is much closer to the neutral limit
than the ‘‘single wave’’. Conversely, the divergence rates
observed here show that, assuming neutrality, neither
model is favored over the others. Future research will
benefit from other formal tests arising from the theoreti-

cal framework and statistical frame for the multivariate
generalization of the selection theory based on quantita-
tive genetics (Lande, 1979; Arnold et al., 2001; McGuigan,
2006) aimed to measure the importance of stochastic ver-
sus non-stochastic agents on the apportionment of pheno-
typic variation (Ackermann and Cheverud, 2002, 2004;
Marroig and Cheverud, 2004, Weaver et al., 2007; Perez
and Monteiro, 2009; de Azevedo et al., 2010).
These results are also relevant in the context of the

debate about the extent of skull-shape variability accu-
mulated through neutral processes versus natural
selection driven by climate (e.g., Relethford, 1994, 2010;
Roseman, 2004; González-José et al., 2004, 2005; Harvati
and Weaver, 2006; Manica et al., 2007; Betti et al., 2009,
Hubbe et al., 2009; Perez and Monteiro, 2009; Smith,
2009). Most of these works shows that cranial morphol-
ogy varies among regions in a manner consistent with
neutral expectations, and that the action of natural
selection would be putatively restricted to special aspects
of the skull morphology exhibited by populations from
extremely cold environments such as Northeastern
Asians and Eskimos (e.g., Roseman, 2004; Manica et al.,
2009; Hubbe et al., 2009; Relethford, 2010). Our results
concerning computation of the Lynch parameters, how-
ever, show a range of differentiation compatible with
neutral expectations, even when Eskimos and Siberians
are included in the analysis. This is a significant finding
in terms of implications for using craniometric variation
as a proxy for neutral variation.
In summary, and after having replicated approxi-

mately the same analyses presented in Hubbe et al.
(2010), our results bring preliminary support to the RGF

Fig. 4. Pairwise mean rates of morphological differentiation calculated between Early and Late American populations. For each
scenario, the black dots represent the average of the pairwise mean rates and the small horizontal black lines represent their
standard deviations. The black horizontal lines show the upper and lower limits of the neutral expectation range (0.01-0.0001)
according to Lynch (1990). SW: Single Wave; TW1 and TW2: Two Wave model, assuming that Early Americans and modern Native
Americans share their last common ancestor by the time of the first occupation of the continent, around 15 kyr BP (TW1) or by the
time of Upper Cave specimens, dated around 20 kyr BP (TW2); RGF: Recurrent Gene Flow model assuming that early American
groups are the direct ancestral population of Native Americans and take into account a recurrent gene flow among Circum-Arctic
(both Asian and American) groups. On RGFbis we assume the first fossil record with derived traits, dated around 7000 kyr BP, as
the last common ancestor between Eskimos and Circum-Arctic Asian populations.
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model. It is obvious that incongruence among results can
be attributable to differences in type of data (linear
measurements vs. geometric morphometrics techniques
applied to landmark data) and the sample structure
used. In this context, there are several details that can
account for the divergence among both sets of results.
First, although the samples are similar in that both
present series of American and Asian populations from
Early and Late horizons, the sample used here has a
greater geographical coverage representing a larger
number of populations, which reinforces the robustness
of the results. This is particularly important in the Mini-
mum Spanning Network analyses, where the detection
of informative similarities can be obscured or lost if spe-
cific samples are not included in the analysis. Logically,
matrix comparisons also provide more robust results as
more elements are included in the matrices to be com-
pared (Smouse et al., 1986).
Secondly, the inclusion of Arctic populations such as

the Eskimos from Greenland, and the Buriats, Ourga
and Tchoucktchi from Siberia allowed us to model alter-
native, previously published occupation scenarios, such
as the RGF. The inclusion of integrative models is impor-
tant in order to avoid simplistic comparisons among
models based on partial evidence such as molecular
genetics (SW) or skull morphology (TW).
Finally, we have included specific modifications on the

‘‘raw’’ models, aimed to simulate, for instance, a variable
chronological separation among the two alleged compo-
nents/migrations considered under the TW model, or dif-
ferent degrees of gene flow among Arctic groups in the
RGF scenario.
Our results are congruent with other evaluations of

the SW, TW and RGF models that were subjected to
independent contrast in some recent papers. These anal-
yses were based on Approximate Bayesian Computation
(ABC) (Fagundes et al., 2007, 2008a,b; Ray et al., 2010).
ABC applied to these three models suggested that nei-
ther a single, discrete wave of colonization, nor a sce-
nario with two discrete migration waves is supported by
the genetic data (Ray et al., 2010). Conversely, ABC
approaches indicate that the current genetic diversity of
Amerindian populations is best explained by a model
involving recurrent gene flow between Asia and America,
after initial colonization (Tamm et al., 2007; Wang et al.,
2007, Ray et al. 2010). The ABC analyses contrasting
different scenarios are stimulating, since they enable the
simulation of demographic parameters that can be of
great influence in determining patterns of within- and
between-group variation. This is particularly important
for future evaluations of the RGF model, which postu-
lates the existence of a migration rate among the Ameri-
can and the Asian arctic populations in order to explain
the archaeological evidence pointing to parallel and syn-
chronic lithic sequences on both sides of the Bering
Strait (Dixon, 2001; Goebel et al., 2003), as well as the
persistence of some DNA lineages that can be defined as
‘‘Beringian’’ instead of ancestral Asian or autochthonous
American (Zlojutro et al., 2006; Tamm et al., 2007;
Rasmussen et al., 2010), and the existence of an
extremely derived morphological pattern shared by pop-
ulations on both sides of the Bering Strait (González-
José et al., 2008). Interestingly, the earliest human
expansion into the New World’s northern extremes,
documented on the Paleo-Eskimo remains from the Saq-
qaq settlement (3400 to 4500 years old) provided sam-
ples of mtDNA falling within haplogroup D2a1, a group

previously observed among modern Aleuts and Siberian
Sireniki Yuit. This result suggests that the earliest
migrants into the New World’s northern extremes
derived from populations in the Bering Sea area and car-
ried lineages that are shared by Asian and American
groups today (Gilbert et al., 2008).
An important note of caution on future analyses using

matrix comparison techniques is to consider that, in its
theoretical basis, the elaboration of models is grounded
on the knowledge about coalescence of the markers
under study. For instance, coalescence in Beringia is
expected for Y-chromosome and mtDNA markers, but
this is not necessarily true for autosomal markers or
quantitative traits. Note that even in the case of the
haplogroups Q and C of the Y-chromosome their coales-
cence is likely to occur in Africa (Santos et al., 1999,
2007). In other words, we suggest that future approaches
based on comparison among morphological or genetic
distance and design matrices should take into account
the particularities of the marker under study, especially
their putative coalescence patterns. In this regard, the
inclusion of skull samples belonging to basal popula-
tions, as does our EOW series, is important for depicting
more complex scenarios. Moreover, the simulation of coa-
lescence processes of deeper chronology, or differential
patterns of gene flow, as portrayed in our variants to
models TW and RGF, can shed some light on the particu-
larities and possible origin of the within- and between-
groups’ patterns of shape variation.

CONCLUSIONS

The results obtained here suggest that a model consider-
ing a single origin for all the Native Americans from a
single population carrying high levels of morphological in-
ternal heterogeneity, plus local, in situ evolution, plus the
persistence of a continuum of Asian-American populations
inhabiting the extreme Arctic landscapes constitutes a
likely explanation for the observed craniofacial shape evi-
dence. Also, this model reinforces the importance of gene
flow among Circum-Arctic groups in order to explain
recent genetic, skeletal, linguistic and archaeological data.
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