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a b s t r a c t

We used traits from the Arizona State University Dental Anthropology System (ASUDAS) to investigate 
the Out-of-Africa II dispersal (~70,000—50,000 BP) and biogeographic dynamics within the continent 
since the Late Pleistocene. Mean measure of divergence (MMD) distances from 32 recent global and five 
Early-Late Holocene African dental samples (n = 3167 individuals) were compared with FST distances 
from matched genetic samples (n = 566), serving as an independent line of validation. We then 
incorporated multidimensional scaling (MDS), Mantel correlations, linear regression, and novel mini
mum-slope geographic distances to reconstruct global population structure. Strong correlations 
(rm > 0.7) resulted between MMD and FST matrices and between the latter and their respective mini
mum-slope distances. The dental and genetic MDS plots revealed the patterning characteristic of 
seriated spatial or temporal data, indicating greater diversity within Africa than outside of it. Inclusion 
of the ancient samples revealed long-term phenetic continuity in East and South Africa and a south- 
north gradient in dental variation. Regressing MDS coordinates against minimum-slope distances 
yielded the highest R2 value for recent and ancient South African samples (≤0.86), mirroring genetic 
clines linked with deep Pleistocene structure and Holocene population movements. These findings are 
consistent with isolation by distance and compatible with serial founder processes associated with the 
Late Pleistocene dispersal from East Africa. They also suggest Sub-Saharan Africans had formed 
regionally structured but interconnected populations throughout the Holocene, with South African 
groups retaining high diversity and features reflecting deep ancestry. Overall, the ASUDAS traits broadly 
track population history and patterns observed in neutral genomic structure.
© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Multidisciplinary research continues to enhance our under
standing of modern human origins and their global expansion. In 
particular, genetic studies have yielded new insights into popula
tion structure and mobility. That said, analyses of skeletal 
morphology, notably dental variation, offer an independent and 
temporally deeper source of evidence. Here, we used nonmetric 
traits in the Arizona State University Dental Anthropology System 
(ASUDAS) (Turner et al., 1991; Scott and Irish, 2017) to examine the 

Late Pleistocene dispersal from Africa and biogeographic dynamics 
within the continent.

Our previous work (Irish et al., 2020) demonstrated that ASU
DAS traits, some with narrow-sense heritability estimates of 
0.60—0.93 (Higgins et al., 2009; Hughes and Townsend, 2011, 2013; 
Hughes et al., 2016), preserve information about population 
structure in a broadly comparable way to neutral genomic 
markers. Using matched global dental and genomic datasets, 
strong correspondence was observed between phenetic and ge
netic distances.

In that study, Mantel correlations between mean measure of 
divergence (MMD) distances from 25 ASUDAS traits and Hudson’s 
FST from 353,090 single nucleotide polymorphisms (SNPs) 
returned strong rm values of 0.84 and 0.72 (p < 0.01) in 12 matched 
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African and 32 global samples, respectively. Matching (Fig. 1) was 
based on shared geographic, language, and ethnic backgrounds. 
Stronger correlations would be expected if dental and genetic data 
were from the same individuals. Both MMD and FST matrices 
correlated strongly with great-circle straight-line geographic dis
tances (rm > 0.7), supporting isolation by distance (IBD) (Wright, 
1943; Relethford, 2004). Multidimensional scaling (MDS) of the 
dental and genetic data revealed spatial patterns consistent with 
an expansion from Africa―beginning with Sub-Saharan groups 
located on the left of dimension 1 in Figure 2 (also Supplementary 
Online Material [SOM] Fig. S1), with subsequent differentiation 
among populations proceeding around the plot―indicating that 
ASUDAS traits can approximate patterns observed in DNA data 
when the latter are unavailable (Irish et al., 2020).

Irish (1997:463) first  noted that phenetic distances among 
global dental samples detect ‘an expansive dental morphological 
cline’ emanating from Africa, as revisited by Hanihara (2013) and 
Reyes-Centeno et al. (2017) in the context of the Out-of-Africa II 
dispersal. Initiating ~70,000—50,000 BP (Soares et al., 2012; 
Malaspinas et al., 2016; Pagani et al., 2016; Bergstr€om et al., 2021; 
Hallett et al., 2025), it extended across Arabia, into southern Asia, 
and Sahul by ~65,000—40,000 BP (Garcea, 2010; Clarkson et al., 
2017; Langgut et al., 2018; Ponce de Le�on et al., 2018; Beyer 
et al., 2021; Hublin, 2021; Abbas et al., 2023; Saltr�e et al., 2024), 
reaching Europe by the end of this time (Hublin et al., 2020), and 
the Americas afterward (Moreno-Mayar et al., 2018). Relative to 
non-Africans, Sub-Saharan populations share a suite of distinct 
mass-additive traits (Irish, 1997), though with higher regional 
variation. With exception (mentioned later), this variation de
creases at greater distances from the subcontinent (Irish, 1998a; 
Irish and Guatelli-Steinberg, 2003), paralleling the reduction in 
global genetic diversity widely interpreted as indicative of serial 

founder effects (Prugnolle et al., 2005; Ramachandran et al., 2005; 
Li et al., 2008; Jay et al., 2013; Kanitz et al., 2018; Tobler et al., 
2023). While clinal patterns are expected under serial founder 
processes, they are not unique to that model and may also arise 
under broader scenarios of IBD and spatially structured 
populations.

Here, we extended our previous analyses, starting with the 
same ASUDAS traits, samples, and model-free approach (Irish 
et al., 2020) as a baseline, to further resolve this dispersal. Spe
cifically, we incorporate a novel geographic framework and a 
temporal dimension through Holocene samples. Multidimensional 
scaling coordinates from MMD distances (c.f., Ponce de Le�on et al., 
2018) were regressed against ‘minimum-slope’ geographic dis
tances to reconstruct global population structure. That is, for 
geographic distances, we effected an approach that calculates the 
lowest cumulative surface slope distances among sample origin 
sites. It explicitly accounts for major topographic features while 
implicitly incorporating geographic separation. We then evaluated 
how well these assorted data resolve population structure and 
regional exchange in Africa since the Pleistocene. This included 
assessing contributions from East Africa (Ramachandran et al., 
2005; Kanitz et al., 2018; Lipson et al., 2022) while acknowl
edging broader pan-African and weakly structured population 
models (Bergstr€om et al., 2021) and enduring biocultural in
fluences  from South Africa (Wang et al., 2020; Fan et al., 2023), 
along with more recent documented population movements 
(Montinaro et al., 2017; Rito et al., 2019; Wang et al., 2020; 
Sengupta et al., 2021).

To validate these results, equivalent analyses were conducted 
with FST distances from our matched genetic samples. We next 
included a number of ‘ancient’ Early to Late Holocene dental and 
genetic samples from East and South Africa to add a temporal 

Figure 1. Geographic locations of 32 recent dental and matched genetic samples from our previous work (Irish et al., 2020) and present study. See text and Tables 1 and 2 for 
details. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

J.D. Irish, A.M. Jacobs, J.M. Lea et al. Journal of Human Evolution 217 (2026) 103855

2



Figure 2. A) Multidimensional scaling plot of MMD distances among 32 recent global dental samples. Sample numbers refer to abbreviations (e.g., 1 = D1_BED) in Table 1. B) 
Multidimensional scaling plot of FST distances among 32 recent global genetic samples. Sample numbers refer to abbreviations in Table 2 (e.g., 1 = G1_MOR). Modified from Irish 
et al. (2020). Details in text and SOM Tables S1—S4. MMD = mean measure of divergence. (For interpretation of the references to color in this figure, the reader is referred to the 
web version of this article.)
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dimension (Konigsberg, 1990; Duforet-Frebourg and Slatkin, 2016; 
Ponce de Le�on et al., 2018). The ancient genetic samples are not 
used as a primary basis for reconstructing population history. 
Instead, they are included as an independent line of comparison to 
evaluate whether patterns from dental morphology are largely 
consistent with the genomic data, given current limitations in 
ancient DNA (aDNA) datasets from Africa.

Our overarching aim is to elucidate the spatial and temporal 
dynamics of the Out-of-Africa II dispersal based on phenetic, ge
netic, and geographic evidence. Specifically, we examined how 
nonmetric dental variation reflects  large-scale population struc
ture also observed in genetic data, whether these patterns discern 
regions of influence and origin within Africa, and if the Holocene 
samples show diachronic continuity with their recent, regional 
counterparts. Dental traits provide an independent way to 
reconstruct population history while complementing the findings 
from genetics, archaeology, paleogeography, and other pertinent 
fields. Together, these approaches allow evaluation of both global 
dispersal patterns and regional population dynamics within Africa. 
Along these lines, we address three main questions:

1. Do MMD distances from ASUDAS traits correlate with FST from 
SNP data in both recent and ancient samples?

2. Within Africa, do Holocene East and South African samples 
show phenetic continuity with recent populations, indicating 
long-term stability and intermittent gene flow?

3. Does a south-north gradient in African dental variation parallel 
known genetic clines?

2. Materials and methods

2.1. Dental and genetic samples

Background for the 32 recent dental (n = 2844 individuals) and 
genetic (n = 530) matched samples is summarized in Tables 1 and 2. 
For the sets of 12 matched African samples, three are from the north 
and nine from the south of the Sahara. Data are mostly from the 
youngest samples in the dental dataset, 19th—20th centuries, to best 
parallel the SNP data in modern individuals (Table 2). The 20 
matched non-African samples from Europe, Asia, Australia, 

Table 1 
The 32 recent dental samples from Irish et al. (2020) used in the present study with background information.

Dental sample Abbreviation Region Country/area Data source n Lat Lon

Africa
Bedouin (Arab) D1_BED North Africa Morocco and Algeria Irish (1993, 1998a) 49 34.8 − 5.2
Kabyle (Berber) D2_KAB North Africa Algeria Irish (1993, 1998a) 32 36.6 3.7
Kikuyu D3_KKU East Africa Kenya Irish unpublished 60 − 0.3 36.1
Riet River 

(San; >12—19th century)a
D4_RRI South Africa South Africa Irish et al., (2014) b 66 − 29.3 24.8

San D5_SAN South Africa Botswana, South Africa Irish (1993, 1997) 99 − 22.4 24.6
Senegambia (Wolof) D6_SEN West Africa Senegambia Irish (1993, 1997) 42 15.2 − 16.7
Shawia (Berber) D7_SHA North Africa Algeria Irish (1993, 1998a) 26 35.4 6.7
Somalia D8_SOM East Africa Somalia Irish (2010) 77 9.0 46.4
Sotho D9_SOT South Africa South Africa Irish (2016) 66 − 29.4 28.3
Tswana D10_TSW South Africa South Africa Irish (2016) 63 − 25.8 23.0
Yoruba D11_YOR West Africa Benin (Dahomey) Irish unpublished 28 6.6 2.6
Zulu D12_ZUL South Africa South Africa Irish (2016) 67 − 28.0 32.4

Total 675

America, Asia, Australia, Melanesia, Europe
Pima 94 D13_PIM North America Salt River―Maricopa, Arizona Turner unpublished 165 33.3 − 111.5
Aleut (Western US) D14_ALE North America Attu, Atka plus Western 

Aleut Historic
Turner unpublished; Scott and Irish (2017) 95 52.0 − 174.0

Kazak 94 (17—19th century)a D15_KAZ Central Asia East Kazakhstan Turner unpublished 204 47.0 76.0
Mongol 2 and 3 pooled D16_MON Central Asia Northeast Mongolia Turner unpublished, 1990 82 48.0 110.0
Lower Ob Khanty D17_LOK Central Asia Khant-Mansi (Ugrian), 

Central Russia
Turner unpublished 49 63.0 70.0

Chukchi plus Eastern Siberia D18_CHU Central Asia Northeast Russia Turner unpublished 126 67.5 170.0
Recent Thailand D19_THA East Asia Central Thailand Turner unpublished, 1990 189 13.0 101.0
Recent Tonkin, historic Annam D20_VIE East Asia North Vietnam Turner unpublished 76 20.0 107.0
Recent Japanese D21_JAP East Asia Central Japan Turner unpublished; Scott and Irish (2017) 131 36.0 138.0
Malay Composite D22_MAL Southeast Asia Central Malaysia Turner unpublished; Scott and Irish (2017) 58 1.0 102.5
Philippines no 2 Calatagan BP D23_PHI Southeast Asia Central Philippines Turner unpublished; Scott and Irish (2017) 58 12.3 122.0
Borneo 94 D24_BOR Southeast Asia Central Borneo Turner unpublished; Scott and Irish (2017) 144 1.5 114.5
Australia―North BP D25_AUN Australia Northeast Australia Turner unpublished; Scott and Irish (2017) 57 − 20.8 139.5
New Britain 1_4 738 BP_ no 3 D26_NBR Melanesia New Britain Turner unpublished; Scott and Irish (2017) 238 − 6.0 150.0
Nepal 94 BP D27_NEP South Asia Central Nepal Turner unpublished 97 28.0 84.0
Greek recent D28_GRK South Europe South Greece Irish et al. (2017) 70 37.5 22.3
Italy modern D29_ITY South Europe Central Italy Irish et al. (2017) 55 42.0 14.0
Kaberla 1,2,3 

(13—17th century)c
D30_KBR North Europe North Estonia Turner unpublished 160 59.5 25.3

Ladoga Finns D31_FIN North Europe Finland/Western Russia Turner unpublished 51 61.0 30.0
Lapps (Kola Peninsula) D32_LAP North Europe Lapland/Northwest Russia Turner unpublished; Scott and Irish (2017) 64 67.0 40.0

Total 2169

Grand Total 2844

a Samples contain some pre—19th century specimens.
b Only data recorded by Irish from this article were used in the present study.
c Sample specimens are all pre—19th century.
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Melanesia, and the Americas (see Fig. 1) are described in these ta
bles as well. Each is abbreviated with a prefix of ‘D’ (dental) or ‘G’ 
(genetic), followed by 1—32 and several letters. For example, 
Bedouin dental sample D1_BED (Table 1) is paired with genetic 
sample G1_MOR from Morocco (Table 2).

Matches were based on shared language, ethnic group (Turner, 
1985; Irish, 1993, 1997, 2000, 2016; Irish et al., 2014; Scott et al., 
2018), and geographic location. An exception to the latter crite
rion is the >1360-km distance between dental and genetic sam
ples from the Russian and American sides of the Aleutians. They 
and the two matched Pima samples, separated by 582 km, were 
included to provide at least some New World coverage. Ample 
Native North American dental data exist (Scott et al., 2018) but 
corresponding genetic data do not (Reich et al., 2012; Skoglund 
et al., 2015); the opposite is true for these datasets in Meso
america and South America.

We then matched five  ‘ancient’ dental (n = 323 individuals) 
and genetic (n = 36) samples by East or South African origin 
and period: Early, Middle, or Late Holocene (Table 3). Each is 
labeled with a ‘D’ or a ‘G,’ followed by an ‘a’ (ancient), and more 
letters, e.g., East Africa Middle Holocene dental sample Da_EHM 
is matched with genetic sample Ga_EHM. Beyond South Africa 
Middle Ga_SHM and Early Holocene Ga_SHE, all samples 
comprise individuals from multiple locales. For these, we 

provided mean latitude and longitude of origin sites. SNP data 
from the recently studied genetic sample from Mota, Ethiopia 
(Lipson et al., 2022), were also included. As stated, given the 
current, limited availability and uneven geographic and tem
poral distribution of ancient genomic data in Africa, these 
samples are used here to assess concordance with phenetic 
patterns rather than serve as a primary basis for reconstructing 
population history.

2.2. Dental data and distance analyses

The advantages and justification  of using ASUDAS traits are 
detailed elsewhere (Turner et al., 1991; Scott and Irish, 2017; Scott 
et al., 2018). In brief, aside from an important genetic input, these 
traits have little or no sexual dimorphism―to promote sample 
pooling; remain observable despite some crown wear; and are 
evolutionarily conservative for diachronic comparisons. All 25 
were used in African studies by the first author ([J.D.I.] [references 
in Irish et al., 2020; Irish and Usai, 2021]), including the present 
African samples. They are also used in the dataset of CG Turner II 
(Scott et al., 2018), including all non-African samples from Table 1. 
Recording involves referencing standardized rank-scale expres
sions to minimize observer error. For the trait list, refer to SOM 
Tables S1 and S2.

Table 2 
The 32 recent genetic samples from Irish et al. (2020) used in the present study with background information.

Sample name Abbreviation Region Country/area Data source n Lat Lon

Africa
Moroccan G1_MOR North Africa Morocco, Casablanca Lazaridis et al. (2014) 10 33.5 − 7.6
Algerian G2_ALG North Africa Algeria Lazaridis et al. (2014) 7 36.8 3.0
Kikuyu G3_KKU East Africa Kenya Lazaridis et al. (2014) 4 − 0.4 36.9
Khomani (San) G4_KHO South Africa South Africa Lazaridis et al. (2014) 11 − 27.8 21.1
Ju_hoan_North (San) G5_JUH South Africa Namibia Patterson et al., (2012); Pickrell et al., (2012) 21 − 18.9 21.5
Wolof G6_WOL West Africa Gambia Gambian Genome Variation Project 5 13.4 − 16.7
Mozabite G7_MOZ North Africa Algeria Patterson et al. (2012) 21 32.0 3.0
Somalia G8_SOM East Africa Somalia Lazaridis et al. (2014) 13 5.6 48.3
Sotho G9_SOT South Africa South Africa Patterson et al. (2012) 1 − 29.0 29.0
Tswana G10_TSW South Africa South Africa/Botswana/ 

Namibia
Patterson et al., (2012); Pickrell et al., (2012) 7 − 28.0 24.0

Yoruba G11_YOR West Africa Nigeria Lazaridis et al. (2014) 70 7.4 3.9
Zulu G12_ZUL South Africa South Africa Patterson et al. (2012) 1 − 28.0 31.0

Total 171

America, Asia, Australia, Melanesia, Europe
Pima G13_PIM Mesoamerica Chihuahua, Mexico Patterson et al. (2012) 14 29.0 − 108.0
Aleut (Nikolskoye) G14_ALE East Russia Bering Island, Russia Lazaridis et al. (2014) 2 55.2 166.0
Kyrgyz G15_KRG Central Asia North Kyrgyzstan Lazaridis et al. (2014) 9 42.9 74.6
Mongola G16_MON Central Asia East Mongolia Patterson et al. (2012) 6 45.0 111.0
Mansi G17_MAN Central Asia Central Russia 

(Konda River)
Lazaridis et al. (2014) 3 62.5 63.3

Chukchi G18_CHU Central Asia Northeast Russia Lazaridis et al. (2014) 10 69.5 168.8
Thai G19_THA East Asia Central Thailand Lazaridis et al. (2014) 10 13.8 100.5
Kinh_Vietnam_KHV G20_KIN East Asia North Vietnam Lazaridis et al. (2014) 8 21.0 105.9
Japanese G21_JAP East Asia Central Japan Patterson et al. (2012) 29 38.0 138.0
Malays G22_MAL Southeast Asia Central Malaysia Skoglund et al. (2016) 9 4.2 102.0
Visayan, Kankanaey, Ilocano, Tagalog G23_PHI Southeast Asia Central Philippines Skoglund et al. (2016) 21 9.8 125.5
Lebbo G24_LEB Southeast Asia Central Borneo Skoglund et al., (2016) (signed letter) 8 0.0 115.0
CAI - North Australia/Queensland, 

WPA―North Australia/ 
Queensland, Australian_ECCAC

G25_AUN Australia Northeast Australia Lazaridis et al. (2014) 3 − 16.9 145.0

All HO New Britain from Skoglund et al. (2016) G26_NBR Melanesia New Britain Skoglund et al., (2016) (signed letter) 156 − 5.8 150.8
Kusunda G27_KUS South Asia Central Nepal Lazaridis et al. (2014) 10 28.1 82.5
Greek_Coriell G28_GRK South Europe East Greece Lazaridis et al. (2014) 20 38.0 23.7
Italian_Tuscan G29_ITY South Europe Central Italy Patterson et al. (2012) 20 43.0 11.0
Estonian G30_EST North Europe West Estonia Lazaridis et al. (2014) 10 58.5 24.9
Finnish_FIN G31_FIN North Europe South Finland Lazaridis et al. (2014) 8 60.2 24.9
Saami_WGA G32_SAM North Europe North Finland Lazaridis et al., (2014); Mallick et al., 2016 3 68.4 23.6

Total 359

Grand Total 530
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Like Irish et al. (2020), we chose the MMD as most appropriate 
for our data and research strategy. Other methods are available, 
e.g., nonmetric Mahalanobis D2 (Konigsberg, 1990), but the MMD 
has relevant advantages. First, calculations are based on trait fre
quencies, so Turner’s published (Turner, 1990a; also Scott and Irish, 
2017) and unpublished summary data could be compared against 
individual traits recorded by J.D.I. in African and other samples. 
Second, a bias correction for small samples is incorporated for 
unbiased estimates of population divergence. Third, unlike D2, the 
MMD has a significance  test (Sjøvold, 1973, 1977; Irish, 2010; 
Nikita, 2015). Finally, MMD values were shown to be more highly 
correlated with geographic distances (Schillaci et al., 2009; Irish, 
2010, 2016). Our prior analyses of the matched dental and ge
netic samples further demonstrated strong correspondence be
tween MMD and FST distances at both regional and global scales to 
support the use of ASUDAS-derived phenetic distances for inves
tigating large-scale population structure.

As required for the MMD (and D2), we dichotomized those 
ASUDAS traits recorded on an ordinal scale as present or absent 
(SOM Table S1 and S2) relative to appraised morphological 
thresholds (Scott and Irish, 2017). Phenetic affinities were calcu
lated between samples, with higher values indicating greater 
dissimilarity. The formula corrects for low (≤0.05) and high 
(≥0.95) frequencies, and small samples (n < 10) (Green and 
Suchey, 1976; Sjøvold, 1977). Regarding the significance test, dis
tances were compared with their standard deviations for a null 
hypothesis of Population 1 = Population 2 at a 0.05 alpha (Irish, 
2010; Sołtysiak, 2011). We focused on magnitudes of intersample 
distances to consider overall global patterning, like with FST 
(mentioned later), but did significance  testing on ancient and 
recent African samples. Affinities  were visualized with three- 
dimensional metric (i.e., interval-level) multidimensional scaling 
(MDS) using IBM SPSS Statistics 29.0 (IBM Corp., Armonk, NY, 
USA). This widely used method illustrates relationships among 

populations from intersample distance matrices and is especially 
effective for identifying spatial and/or temporal gradients in such 
data (see Kruskal and Wish, 1978; Irish, 2010; Ponce de Le�on et al., 
2018).

2.3. Genetic data and distance analyses

Comparative SNP data from the recent samples (Table 2), 
except for whole-genome sequences of the western African Wolof 
sample, were genotyped with the Affymetrix Axiom Genome- 
Wide Human Origins 1 Array (AHOA) (Affymetrix Inc., Santa Clara, 
CA, USA; Patterson et al., 2012; Pickrell et al., 2012, 2014; Lazaridis 
et al., 2014; Skoglund et al., 2016, or by letters of request to these 
authors). Publicly available AHOA data were downloaded from the 
Allen Ancient DNA Resource v54.1 (dataverse.harvard.edu/data
verse/reich_lab; Mallick et al., 2024). Five low-coverage Wolof 
sequences (9×) from the Gambian Genome Variation Project were 
merged with AHOA data following our previous study (Irish et al., 
2020).

Ancient African genomes (Table 3) were produced from 
shotgun sequencing or genotyped on a 1.2M SNP array (Mathieson 
et al., 2015). To reduce genotype-calling biases associated with 
low-coverage sequences, all genomes are pseudohaploid, where at 
each genotype position one allele was drawn randomly. Most 
ancient genomes were treated with uracil-DNA glycosylase (UDG) 
to remove the 5′ C-to-T and 3′ G-to-A transitions from postmortem 
damage (Briggs et al., 2010). CpG-context transition sites, which 
are not repaired by UDG treatment due to methylation, were also 
removed. Lastly, transition sites were removed from the two 
Ga_SHL ancient genomes that did not undergo UDG treatment.

We used FST as a measure of genetic differentiation between 
populations. Our rationale for choosing it is detailed in Irish et al. 
(2020). In brief, it 1) excels in handling small samples, particularly 
when many loci are included, 2) gives reliable results on a broad 

Table 3 
Ancient dental and genomic African samples analyzed in the study with background information.

Abbreviation Country Locations ~Date BPa Data source n Lat Lon

Dental Sample
East Africa Middle Holocene Da_EHM Kenya Homa, Hyrax Hill, Makalia, Njoro, 

Nakuru, Willey’s Kopjeb
3450—2950 Irish unpublished 69 0.3 36.3

East Africa Early Holocene Da_EHE Kenya Bromhead’s Site, Gambles Cave II, 
Lothagamb

10,000—5950 Irish unpublished 80 1.4 36.4

South Africa Late Holocene Da_SHL South Africa Coburn, Gordon’s Bay, Hout, Bay, 
Humansdorp, Melkbosstrand, 
Kommetjie, Llandudno, Robberg, 
Saldanha

2000—200 Irish et al., (2014) c, Irish 
unpublished

92 − 32.7 18.4

South Africa Middle Holocene Da_SHM South Africa Buffel’s Bay, Great Brak, Plettenberg 
Bay, Robberg Cave

3800—2100 Irish et al., (2014) c 42 − 33.9 19.6

South Africa Early Holocene Da_SHE South Africa Elands Bay, Fish Hoek, Knysna, 
Oakhurst Rockshelter, Still Bay

12,000—4100 Irish et al., (2014) c 40 − 33.6 23.4

Total 323

Genomic Sample
East Africa Middle Holocene Ga_EHM Kenya Hyrax Hill, Kakapel, Lukenya, Nakuru, 

Nyanrindi, Prette John’s Gully
3670—2310 Prendergast et al. (2019); 

Wang et al., (2020)
18 − 0.46 36.0

East Africa Early Holocene Ga_EHE Kenya/Tanzania Victoria Nyanza/Dodoma Kondoa 6200—4400 Prendergast et al. (2019); 
Lipson et al., (2022)

3 − 1.8 34.8

South Africa Late Holocene Ga_SHL South Africa Balito Bay, Faraoskop Rock Shelter, 
Kasteelberg, Oakhurst Rockshelter

2000—1180 Skoglund et al., (2017), 
Schlebusch et al., (2017), 
Gretzinger et al., (2024)

5 − 32.4 18.2

South Africa Middle Holocene Ga_SHM South Africa St. Helena 2245 Skoglund et al. (2017) 1 − 32.8 18.1
South Africa Early Holocene Ga_SHE South Africa Oakhurst Rockshelter 10,200—4600 Gretzinger et al. (2024) 8 − 33.9 22.6
Mota Ga_Mota Ethiopia Gamo Highlands, Mota Cave 4000 Lipson et al. (2022) 1 6.79 38.21

Total 36

a Approximate dates in years before present (BP).
b Site information available in Leakey (1970).
c Only data recorded by Irish from this article were used in the present study.
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geographic scale, 3) is not directly constrained by population 
divergence time, and 4) provides pairwise values that remain 
unchanged if samples are added or removed during analyses, like 
the MMD. FST was calculated with POPSTATS (Skoglund et al., 
2015) to yield generalized estimates of intersample genetic dif
ferentiation for comparison with MMD distances. It has no sig
nificance  test. Our intention, simply, was to facilitate the 
interpretation of among-sample variation relative to known and 
hypothesized population structure and history (Relethford and 
Harpending, 1994). Finally, to further improve the accuracy of 
distances from genomic data, particularly those of very small 
sample size (Bhatia et al., 2013; Ortega-Del Vecchyo and Slatkin, 
2019), we used the Hudson FST estimator (Hudson et al., 1992). 
Pairwise values were visualized with MDS. Again, these results are 
primarily used to evaluate the extent to which phenetic patterns 
derived from ASUDAS traits are consistent with genomic 
patterning, not as an independent basis for inference.

2.4. Minimum-slope geographic distances

We calculated geographic distances among sets of dental and 
genetic samples from site latitudes and longitudes (Tables 1—3). 
Again, global great-circle distances could be compared with MMD 
and FST, but topographic barriers (mountains, seas, or oceans) 
mean they are neither appropriate nor realistic. So, alternative 
approaches have been devised. Ramachandran et al. (2005) used 
global ‘way points’ with straight-line distances to avoid open 
water, though these had to be predefined. In a similar vein, Manica 
et al. (2005) identified the shortest routes between sites on land 
surfaces only, alongside paleoclimate data. Their method was 
modified  by Betti et al. (2009) with graph theory to model 
movement on land, skirting mountains >2000 m high.

Here, we determined the most efficient  routes across top
ography―minimum cumulative slope paths―that reduce the 
amount of surface slope traversed and therefore avoid major 
topographic barriers. We did this by using least cost path analysis 
on a ‘cost surface’ represented by the surface slope of a digital 
elevation model in QGIS v3.40.2 (qgis.org/). This approach means 
that potential paths across steep topography have a high cost to 
traverse (i.e., steep potential paths are penalized) while implicitly 
including distance due to the cumulative nature of the approach. 
The final  route is determined as the potential path between the 
origin and endpoint with the minimum cumulative cost.

This strategy differs from the methods cited earlier in that it 
does not require predefined waypoints beyond the origin and end 
locations, directly incorporates topography, and avoids arbitrary 
elevation thresholds or additional paleoclimate inputs. Our mini
mum cumulative slope path approach is also entirely agnostic to 
any dispersal routes previously noted in the literature, with routes 
defined solely by topography.

The slope cost surface was generated in Google Earth Engine 
(Gorelick et al., 2017) by initially deriving a first-order  approxi
mation of paleotopography globally at a 5-km resolution to pre
serve finer-scale topographic information. This approach was 
implemented by combining a digital elevation model of modern 
land above sea level (MERIT DEM; Yamazaki et al., 2017) with a 
bathymetric elevation map (GEBCO Compilation Group, 2024), 
where the final pixel value represents the lowest altitude within 
each 5 × 5-km region. The goal was to preserve topographic fea
tures, such as large valleys, that could represent least-cost paths. 
For the now-submerged topography (c.f., Bailey and Cawthra, 
2023), we took a eustatic sea-level lowstand of − 116 m to repre
sent maximum sea-level equivalent held by the ice sheets during 
the Last Glacial Maximum (LGM) (Gowan et al., 2021). While local 
sea levels during the last glaciation would be dependent on time- 

transient local and global ice mass configurations, we did not ac
count for local isostatic effects in deriving our topographic mask or 
include paleo—ice sheet extents as topographic barriers (c.f., 
Gowan et al., 2021). This strategy applies a minimal-assumption 
approach while remaining agnostic regarding the timing of the 
human dispersal within and out of Africa and possible routes 
connecting sample sites during the global expansion.

The final  cost surface was determined by calculating the 
gradient between each 5-km pixel of the preprocessed digital 
elevation model, with areas of water assigned a cost value greater 
than the sum of all land pixel values globally. By imposing such a 
high-cost value to areas of sea and ocean, these cells could only be 
traversed as a last resort, with the path across water being the 
shortest possible straight line between landmasses (e.g., Island 
Southeast Asia).

It should be emphasized that the routes are derived from a 
minimal-assumption analysis of paleotopography and therefore 
should not necessarily be interpreted as the actual migration 
pathways. Similarly, where the method does not replicate sug
gested dispersal pathways, it does not negate their plausibility. 
This contrasts with prospective routes employing archaeological, 
paleoenvironmental, paleontological, or other empirical data―like 
the southern dispersal from East Africa, coastal or beachcomber 
model for South Asia, or a coastal migration from Beringia to the 
Americas (overviews in Garcea, 2010; Reyes-Centeno et al., 2017; 
Langgut et al., 2018; Beyer et al., 2021; Nicholson et al., 2021; 
Abbas et al., 2023; Bailey and Cawthra, 2023; Saltr�e et al., 2024).

2.5. Mantel correlations

Mantel tests, with a null hypothesis of no association between 
matrices, were used to calculate Pearson correlations between 
dental, genetic, and minimum-slope geographic distances; they 
are widely used in population genetics and biological anthropol
ogy to assess the correspondence between matrices from different 
data types (details in Smouse and Long, 1992; Sokal and Rohlf, 
1995). Though not without criticism (Legendre and Fortin, 2010; 
Guillot and Rousset, 2013), Mantel tests have been proven meth
odologically robust (S�er�e et al., 2017), are easy to interpret, and 
remain widely used for comparability among studies. We sub
mitted matrices to the Mantel test module in PAST 3.23 to yield rm 

values with one-tailed p values from 9999 random permutations 
(Hammer et al., 2001).

2.6. Linear regression

Finally, stimulus coordinates on the first  dimension of MDS 
plots for each sample from MMD and FST matrices were regressed 
against minimum-slope distances, after the method by Ponce de 
Le�on et al. (2018). In their Out-of-Africa study, variation in 
morphometric data on principal component (PC) 1 of principal 
component analysis (PCA) provided insights into population his
tory and dispersal. They obtained equivalent information with 
MDS dimension 1 coordinates after inputting an intersample dis
tance matrix from these data (Ponce de Le�on et al., 2018). Because 
of disparity in variable count, 25 ASUDAS traits vs. >350,000 SNPs, 
which would provide vastly unequal variances on PC1, we applied 
their MDS approach―inputting the same number of strongly 
correlated MMD and FST intersample distances in analyses to 
promote comparability.

Whether PCA or metric MDS, plotting the first  dimension 
against the second can yield a ‘horseshoe’ pattern (Kruskal and 
Wish, 1978; Novembre and Stephens, 2008; Morton et al., 2017; 
Shah et al., 2024), a common outcome when ordinating clinal data, 
i.e., when samples are ordered spatially or temporally, reflecting 
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gradients associated with human dispersal (Ponce de Le�on et al., 
2018). This pattern is evident in both Figure 2 plots (and high
lighted in SOM Fig. S1). While sometimes viewed as a dimension- 
reduction artifact (Podani and Mikl�os, 2002; Frichot et al., 2012), 
most find the interpretability unaffected, with position along the 
gradient remaining informative of relative among-sample re
lationships (Kruskal and Wish, 1978). In all present MDS plots, 
dimension 1 separates African from non-African samples. The 
latter experienced the same bottleneck leaving Africa, reducing 
variation and resulting in greater genetic and morphological di
versity within than outside the continent (Prugnolle et al., 2005; 
Ramachandran et al., 2005; Li et al., 2008; Jay et al., 2013; 
Bergstr€om et al., 2021; Fan et al., 2023).

We calculated coefficients  of determination (R2), along with 
correlations (r) and p values, for all recent and ancient dental 
samples, followed by the same for their comparative genetic 
counterparts. Regional regressions (South vs. East Africa, Asia, 
Americas) identified  samples having the highest R2 value. With 
these horseshoe-like, i.e., clinal, configurations, each R2 value and 
residual distribution informs (per Ponce de Le�on et al., 2018:5) on 
the ‘orientation of the main dispersal axis,’ and the origin and 
farthest extent of geographic dispersal. Of course, the present 
population locations do not inevitably signal those of their 
ancestors as migrations and demographic shifts might have 
altered their distribution, as discussed later.

3. Results

3.1. Distance analyses

Percentages of the 25 ASUDAS traits in the 12 recent African 
and 20 non-African samples from Irish et al. (2020) are listed in 
SOM Tables S1 and S2. To promote pairing with as many genetic 
samples for concordance purposes as possible, some sample ob
servations were smaller than the MMD formula is designed to 
correct for (n < 10). These few exceptions warrant attention, but 
the MMD is a robust statistic, so results should not be substantially 
affected (Irish, 2010). The matrix is presented in SOM Table S3, 
from which the MDS graph in Figure 2A (given earlier) was 
derived. With a Kruskal’s stress value of 0.09 and an R2 value of 
0.96, this solution is a good fit of the data (Dugard et al., 2022). To 
assess concordance with patterns yielded by these analyses, FST 
distances from SNP data in the 32 recent African/non-African 
matched genetic samples were calculated and are listed in SOM 
Table S4. This MDS solution is also a good fit  (i.e., stress = 0.07, 
R2 = 0.98). Its distribution evidences less sample variation within 
geographic regions (Fig. 2B), but MDS plots from both distance 
matrices show comparable African/non-African relationships.

We next calculated percentages for the five  ancient East and 
South African dental samples (Table 4). An abridged MMD matrix 
(Table 5) and MDS plot (Fig. 3; stress = 0.08, R2 = 0.97) position 
them near recent Sub-Saharan Africans. Da_EHM and Da_EHE do 
not significantly  differ (p > 0.05) from East Africans (D3_KKU, 
D8_SOM; MMD ≤ 0.01) or most of the other recent Sub-Saharan 
samples―except the South African Bantu-speaking Zulu 
(D12_ZUL) and the Khoesan (D4_RRI, D5_SAN). On the other hand, 
Da_SHL, Da_SHM, and Da_SHE are like Khoesan (0.00—0.02), with 
some resemblance to the other South African ‘Bantu’ (D9_SOT, 
D10_TSW, 0.01—0.06). Otherwise, with minor shifting, the distri
bution parallels Figure 2A, including some proximity of Melane
sian D26_NBR to Sub-Saharan Africans (also Fig. 4 below).

Conversely, an abridged FST matrix from SNP data in the five 
matched ancient genetic samples (Table 6) revealed that inter
sample distances of Ga_EHE, Ga_SHL, Ga_SHM, and Ga_SHE are 
substantially higher than in recent Sub-Saharan African 

(FST = 0.24—0.55) and other global samples. Distances of the fifth 
sample, Ga_EHM, are smaller (0.07—0.18) but not comparable to 
the MMD affinities  of matched dental sample Da_EHM. The un
matched sample Ga_Mota is relatively distinct from all. The 
ancient genetic samples are all highly divergent from one another 
(FST~0.4—1.0). To demonstrate, a simple two-dimensional MDS plot 
was generated (SOM Fig. S2). All recent samples appear ‘forced’ to 
the center, with only Ga_EHM in the general vicinity of East Afri
cans; other ancient samples are on the plot margins. Stress is high 
(0.21) to indicate a poor fit. This result is probably an artifact of the 
very small ancient sample sizes (n = 1—8), except perhaps Ga_EHM 
(n = 18), along with missing genotype data. It is likely that these 

Table 4 
Percentages of 25 ASUDAS traits considered present and individuals scored (n) in 
the five ancient East and South African samples.

Trait/Grades Present Da_EHMa Da_EHE Da_SHL Da_SHM Da_SHE

Winging I1 % 2.9 0.0 1.4 3.3 4.0
(+ = ASU 1)b n 34 36 72 30 25
Shoveling I1 % 0.0 0.0 5.0 0.0 11.1
(+ = ASU 3—6) n 27 24 20 18 9
Double Shoveling I1 % 0.0 0.0 0.0 0.0 0.0
(+ = ASU 2—6) n 28 26 36 25 13
Interruption Groove I2 % 3.6 6.9 3.6 0.0 0.0
(+ = ASU +) n 28 29 28 14 10
Tuberculum Dentale I2 % 28.6 34.5 27.3 7.7 22.2
(+ = ASU 2—6) n 28 29 22 13 9
Bushman Canine UC % 3.7 9.4 41.2 40.0 55.6
(+ = ASU 1—3) n 27 32 17 15 9
Hypocone M2 % 68.1 73.8 96.8 93.8 91.7
(+ = ASU 3—5) n 47 42 63 32 24
Cusp 5 M1 % 8.0 16.7 23.3 31.6 28.6
(+ = ASU 2—5) n 25 36 30 19 14
Carabelli’s trait M1 % 38.5 34.2 26.7 15.8 18.2
(+ = ASU 3—7) n 26 38 30 19 11
Parastyle M3 % 0.0 0.0 0.0 0.0 0.0
(+ = ASU 3—5) n 46 39 48 18 18
Enamel Extension M1 % 0.0 3.6 0.0 2.8 0.0
(+ = ASU 1—3) n 20 28 60 36 26
Root Number P1 % 63.3 75.0 49.3 33.3 33.3
(+ = ASU 2+) n 30 12 69 30 27
Root Number M2 % 68.0 75.0 78.6 66.7 79.0
(+ = ASU 3+) n 25 20 42 18 19
Odontome P1—P2 % 0.0 0.0 1.64 0.0 0.0
(+ = ASU +) n 60 51 61 26 21
Congenital Absence M3 % 1.7 0.0 4.8 11.4 6.5
(+ = ASU − ) n 58 53 84 35 31
Lingual Cusp P2 % 59.3 64.9 82.9 80.0 92.9
(+ = ASU 2—9) n 54 37 41 15 14
Groove Pattern M2 % 62.3 65.6 72.3 82.8 59.1
(+ = ASU Y) n 61 61 65 29 22
Cusp Number M1 % 4.8 3.8 4.7 8.3 0.0
(+ = ASU 6+) n 42 53 43 24 13
Cusp Number M2 % 66.1 78.9 96.3 100 100
(+ = ASU 5+) n 56 52 54 27 17
Protostylid M1 % 0.0 0.0 0.0 0.0 9.1
(+ = ASU 3—6) n 42 55 24 20 11
Cusp 7 M1 % 21.4 23.3 16.4 34.6 30.0
(+ = ASU 2—4) n 42 60 55 26 20
Tome’s root P1 % 19.1 15.0 12.3 4.2 23.5
(+ = ASU 3—5) n 21 20 65 24 17
Root Number LC % 2.5 2.9 0.0 0.0 0.0
(+ = ASU 2+) n 40 35 66 26 21
Root Number M1 % 3.1 0.0 0.0 0.0 0.0
(+ = ASU 3+) n 32 28 49 16 14
Root Number M2 % 89.7 95.5 88.7 90.0 71.4
(+ = ASU 2+) n 29 22 53 20 14

ASUDAS = Arizona State University Dental Anthropology System.
a Da_EHM = East African Middle Holocene, Da_EHE = East African Early Holo

cene, Da_SHL = South African Late Holocene, Da_SHM = South African Middle 
Holocene, Da_SHE = South African Early Holocene. Details are mentioned in Table 3
of the main text.

b ASUDAS rank-scale trait breakpoint information in Irish (1993, 1997, 2005, 
2006), Scott and Irish (2017) and Scott et al. (2018).
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high values do not reliably quantify population diversity, so to 
assess the validity of our ancient dental data and results as desired, 
pooling was conducted to maximize genetic sample sizes.

Mean measure of divergence distances for pooled ancient 
dental samples Da_EHol (n = 149) and Da_Shol (n = 174), from the 
two East and three South African Holocene samples (Table 3), are 
also listed in Table 5. This MDS solution (Fig. 4A; stress = 0.08, 
R2 = 0.97) visualizes intra-regional and inter-regional relation
ships comparable to the preceding dental plots. Da_EHol shows a 
close affinity to the East Africans (MMD = 0.00—0.01, p > 0.05) and 
most other recent Sub-Saharan Africans; again, differences from 
the Zulu and Khoesan samples are significant. Da_Shol is akin to 
Khoesan (0.00—0.03) but differs from the other two South African 
Bantu-speaking groups.

Ga_EHol (n = 21) and Ga_SHol (n = 14) were assembled from 
the two East and three South African Holocene samples (Table 3). 
Genetically and geographically distinctive Ga_Mota (n = 1) from 
northern Ethiopia was dropped from further analyses. Pooled 
intersample FST distances became smaller (Table 6), showing that 
small sample size was a fundamental reason for the drift observed 

between ancient and recent samples (SOM Fig. S2). Yet, unlike the 
dental results, these genetic samples are at some distance from 
recent Sub-Saharan Africans in Figure 4B (stress = 0.07, R2 = 0.98).

3.2. Minimum-slope geographic distances

The matrix of minimum-slope distances among sites for the 32 
recent dental samples is provided in SOM Table S5, with those for 
the five ancient and two pooled dental samples in SOM Table S6. 
Figure 5A identifies paths among recent and ancient dental sam
ples, with elevation and LGM vs. modern coastlines indicated. 
Equivalent minimum-slope distances among the 32 recent and 
five ancient genetic samples (plus Mota) were calculated but are 
not presented; those among recent and pooled ancient samples 
are listed in SOM Table S7. Their locations and paths are illustrated 
in Figure 5B.

3.3. Mantel tests

Correlations between the MMD and minimum-slope 
geographic matrices for all combinations of recent and ancient 
dental sample comparisons are strongly positive and significant 
(rm > 0.70; see Table 7). That between FST and minimum slope for 
the recent genetic samples is equally strong. However, due to the 
extreme FST distances (mentioned earlier), the correlation be
tween the matrix of ancient African and recent samples with 
minimum slope is very weak. Pooling the ancient samples to 
represent East vs. South Africa improved results. Combined with 
recent samples, their FST matrix provided a significant  correla
tion >0.60 with minimum slope.

Finally, the correlation between MMD and FST distances for the 
recent dental and genetic samples is >0.70. That between the 
matched sets of recent and five  ancient samples is weak and 
insignificant,  while the correlation between MMD and FST from 
matched recent/ancient pooled samples reached ≤0.70. Because of 
the criterion for geographic proximity in matching dental and 
genetic samples, correlations between matrices from the three 
sets of minimum-slope distances are all >0.98 and significant.

3.4. Regression analyses

The range of coefficients  of determination (R2) for the recent 
Sub-Saharan African dental samples is 0.56—0.75 (r = 0.75—0.86), 
as listed in Table 8. Reflecting  their greater dental diversity, the 
highest values are associated with South African Khoesan (D4_RRI 
and D5_SAN), as well as Bantu-speaking groups (D9_SOT, 
D10_TSW, and D12_ZUL); they are then lower in East (D3_KKU and 
D8_SOM) and lowest in West Africans (D6_SEN and D11_YOR). In 
North Africa, the range is 0.49—0.55 (D1_BED, D2_KAB, and 
D7_SHA). For all results, the p value is <0.01. Outside the continent, 
R2 values drop suddenly in Europe (~0.00—0.04, p = 0.26—0.80) and 
parts of Central (0.03—0.07, p = 0.14—0.36) and South Asia (~0.00, 
p = 0.82). A slight uptick occurs in Southeast Asia (0.14—0.18, 
p = 0.02—0.03) and, to a lesser extent, in Melanesia and Australia 
(~0.11, p = 0.06—0.07). An increase is then indicated in East Asians 
(0.20—0.46) and, unsurprisingly (c.f., Ponce de Le�on et al., 2018), in 
the geographically most distant northern Siberia (0.65—0.76) and 
Americas (D13_PIM, 0.79; D14_ALE, 0.81), with all R2 values sig
nificant (p < 0.01). Exemplar plots for the samples from South Africa 
(D4_RRI), Greece (D28_GRK), and the Aleutian Islands (D14_ALE) 
are supplied (Fig. 6A—C).

In the 32 matched recent genetic samples, R2 values (Table 9) 
mirror the dental results: 0.59—0.83 (r = 0.77—0.91, p < 0.01). 
Indicating greater genetic diversity, the highest R2 value resulted 
from Khoesan (G4_KHO and G5_JHN) and ‘Bantu’ samples 

Table 5 
Mean measure of divergence distance matrix for the five ancient East and South 
African dental samples based on 25 ASUDAS traits, plus pooled East and South 
African samples (Da_EHol, Da_SHol).a

Sample Da_EHM Da_EHE Da_SHL Da_SHM Da_SHE Da_EHol Da_SHol

D1_BED 0.047b 0.078 0.218 0.262 0.282 0.076 0.258
D2_KAB 0.044 0.074 0.236 0.310 0.298 0.076 0.288
D3_KKU 0.008 0.000 0.024 0.060 0.082 0.008 0.076
D4_RRI 0.074 0.048 0.000 0.000 0.000 0.072 0.000
D5_SAN 0.095 0.061 0.015 0.022 0.004 0.089 0.030
D6_SEN 0.000 0.000 0.097 0.152 0.124 0.005 0.151
D7_SHA 0.098 0.117 0.231 0.285 0.278 0.125 0.273
D8_SOM 0.000 0.000 0.121 0.157 0.173 0.002 0.171
D9_SOT 0.023 0.000 0.011 0.030 0.059 0.017 0.057
D10_TSW 0.015 0.003 0.017 0.006 0.038 0.019 0.043
D11_YOR 0.003 0.000 0.057 0.130 0.083 0.006 0.124
D12_ZUL 0.039 0.010 0.033 0.046 0.062 0.035 0.079
D13_PIM 0.558 0.595 0.645 0.680 0.602 0.604 0.692
D14_ALE 0.475 0.542 0.624 0.596 0.572 0.526 0.644
D15_KAZ 0.259 0.330 0.403 0.422 0.373 0.309 0.427
D16_MON 0.533 0.584 0.622 0.610 0.526 0.579 0.641
D17_LOK 0.361 0.417 0.487 0.488 0.422 0.408 0.500
D18_CHU 0.559 0.634 0.730 0.717 0.687 0.615 0.764
D19_THA 0.374 0.398 0.392 0.412 0.337 0.403 0.425
D20_VIE 0.348 0.378 0.431 0.443 0.383 0.383 0.469
D21_JAP 0.476 0.519 0.539 0.544 0.467 0.522 0.577
D22_MAL 0.194 0.188 0.252 0.294 0.254 0.210 0.301
D23_PHI 0.318 0.339 0.411 0.447 0.369 0.349 0.454
D24_BOR 0.290 0.308 0.333 0.361 0.279 0.321 0.377
D25_AUN 0.349 0.332 0.335 0.322 0.330 0.356 0.346
D26_NBR 0.189 0.185 0.237 0.264 0.282 0.200 0.267
D27_NEP 0.283 0.353 0.457 0.458 0.425 0.334 0.491
D28_GRK 0.040 0.063 0.206 0.233 0.250 0.064 0.253
D29_ITY 0.080 0.099 0.278 0.358 0.360 0.101 0.343
D30_KBR 0.141 0.189 0.322 0.367 0.350 0.181 0.364
D31_FIN 0.181 0.239 0.416 0.481 0.464 0.227 0.476
D32_LAP 0.305 0.355 0.456 0.468 0.423 0.348 0.465
Da_EHM 0.000 0.000 0.077 0.107 0.122
Da_EHE 0.000 0.000 0.039 0.076 0.095
Da_SHL 0.077 0.039 0.000 0.000 0.000
Da_SHM 0.107 0.076 0.000 0.000 0.000
Da_SHE 0.122 0.095 0.000 0.000 0.000
Da_EHol 0.000 0.115
Da_SHol 0.115 0.000

ASUDAS = Arizona State University Dental Anthropology System.
a Da_EHol = East African Holocene pooled (Da_EHM, Da_EHE), Da_SHol = South 

African Holocene pooled (Da_SHL, Da_SHM, Da_SHE), for comparison with pooled 
genomic samples. See text.

b Underlined values indicate significant  difference between sample pairs at 
p ≤ 0.05.
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(G9_SOT, G10_TSW, and G12_ZUL); the pairwise FST distances 
among these samples (SOM Table S3) are also ~0.00. R2 values are 
slightly lower in East (G3_KKU and G8_SOM) and, more so, in West 
Africa (G6_WOL and G11_YOR). North Africans are 0.49—0.57. For 
all results, the p value is <0.01. They again drop in Europe 
(R2 = 0.01—0.05, p = 0.24—0.60) and in areas of Central (0.01—0.05, 
p = 0.20—0.57) and South Asia (0.03, p = 0.35). Succeedingly 
higher R2 values then result in Southeast Asia (0.29—0.31), Mela
nesia/Australia (~0.29), East Asia (0.29—0.39), northern Siberia 
(0.53—0.60)―which includes Russian Aleuts (G14_ALE; R2 = 0.64, 
p < 0.01)―and the Americas (G13_PIM); for all results, the p value 
is <0.01. Regression plots (Fig. 6D—F) were rendered for the South 
Africa (G4_KHO), Greece (G28_GRK), and Aleutian (G14_ALE) 
samples.

Regressing dimension 1 coordinates (Fig. 3) against minimum- 
slope distances for the 32 recent and five  ancient Sub-Saharan 
dental samples, Da_EHM, Da_EHE, Da_SHL, Da_SHM, and Da_SHE, 
increased the R2 value for all recent samples by 0.03 on average 
(Table 8). So, the trends of intersample variation remain largely 
constant (compare Figs. 2a and 3). Significant R2 values are high for 
ancient East African Da_EHM (0.72) and Da_EHE (0.69) (r = 0.85, 
0.83) and higher for the South African Da_SHL, Da_SHM, and 
Da_SHE (0.79, r = 0.89). For side-by-side comparisons, regression 
plots of Middle and Early Holocene samples by region are pre
sented in Figure 7. Given sampling limitations, analyses were not 
conducted for Ga_EHM, Ga_EHE, Ga_SHL, Ga_SHM, and Ga_SHE.

Lastly, linear regressions were performed on pooled ancient 
dental samples Da_EHol and Da_SHol (Table 8); this afforded 
another comparison of R2 values with genetic samples Ga_EHol 
and Ga_SHol. Their inclusion increased the R2 value overall but not 
to the extent of the individual ancient samples. So again, the 

sample distribution is largely unchanged (compare Figs. 2A, 3, and 
4A). Da_EHol and Da_SHol coefficients of determination are both 
high, 0.71 and 0.77 (r = 0.84, 0.88, p < 0.01), respectively, as seen in 
their regression plots (Fig. 8A, B).

The differences in R2 values are larger between Ga_EHol and 
Ga_SHol (Table 9), i.e., 0.62 and 0.78 (r = 0.78, 0.89, p < 0.01), 
respectively; their regression plots are shown in Figure 8C, D. 
Unlike the dental output, R2 values for their origin (Africa) and 
farthest extent of dispersal (Northern Siberia/Americas) decreased 
markedly by an average 0.12. For intermediate global locations, R2 

values increased by 0.02 among samples. Though improved, the 
still-divergent FST distances (Table 6; Fig. 4B) indicate that pooling 
did not sufficiently  address the aforementioned genotype and 
small sample size issues.

4. Discussion

4.1. Out of Africa

Recent samples Affinities of the 32 recent dental samples (Fig. 2A), 
like their comparative genetic counterparts (Fig. 2B), signal 
IBD―with an origin in and expansion out of Africa (SOM 
Tables S1—S7). Comparability of results is quantified  by the 
strongly positive correlation between MMD and FST matrices 
(Table 7). Addressing our first  research question, this correspon
dence indicates that ASUDAS-based phenetic distances broadly 
reflect patterns observed in genetic data, consistent with their use 
to investigate large-scale population structure (c.f., Irish et al., 
2020). Mantel correlations are equally strong between the MMD 
and FST matrices and their minimum-slope geographic distances. 
They align with remnants of Out-of-Africa II, ~70,000 to 

Figure 3. Multidimensional scaling plot of MMD distances among 32 recent global and five ancient Sub-Saharan African dental samples. Numbers refer to sample abbreviations in 
Table 1. Da_EHM = East African Middle Holocene, Da_EHE = East African Early Holocene, Da_SHL = South African Late Holocene, Da_SHM = South African Middle Holocene, 
Da_SHE = South African Early Holocene. Details are mentioned in Table 3 and in text. MMD = mean measure of divergence. (For interpretation of the references to color in this 
figure, the reader is referred to the web version of this article.)
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Figure 4. A) Multidimensional scaling plot of MMD distances among 32 recent global and two pooled ancient sub-Saharan African dental samples. Numbers refer to sample 
abbreviations in Table 1. Da_EHol = pooled East African Holocene, Da_SHol = pooled South African Holocene. See text and Table 5. B) Multidimensional scaling plot of FST distances 
among 32 recent global and two pooled ancient sub-Saharan African genetic samples. Ga_EHol = pooled East African Holocene, Ga_SHol = pooled South African Holocene. 
Numbers refer to sample abbreviations in Table 2. Details in text and Table 6. MMD = mean measure of divergence. (For interpretation of the references to color in this figure, the 
reader is referred to the web version of this article.)
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50,000 years ago. In general, these affinities  correspond to a 
decline in frequencies of key Sub-Saharan mass-additive traits 
(Irish, 1997; mentioned later), and overall dental variation, with 
distance from Africa; this trend is in accord with expectations 
under IBD and models involving serial founder effects, as sug
gested by other researchers studying morphometric features (Betti 
et al., 2009; Ponce de Le�on et al., 2018), genetic markers 
(Ramachandran et al., 2005; Jay et al., 2013; Kanitz et al., 2018; 
Tobler et al., 2023), and even languages (Atkinson, 2011; P�erez- 
Losada and Fort, 2023).

Along these lines, R2 values are high for all recent Sub-Saharan 
African samples (Table 8), like their matched genetic samples 
(Table 9). For both, the highest are in South Africans, notably the 
Khoesan―the most divergent modern population with the great
est morphogenetic diversity. The high R2 value in dental and, to a 
lesser degree, genetic samples from the Americas marks the 
farthest area of dispersal, i.e., an inverse relationship in IBD 
(Ramachandran et al., 2005; Ponce de Le�on et al., 2018; see Fig. 6). 
For some perspective, Betti et al. (2009) obtained R2 values ≥0.50 
for decline of within-population craniometric diversity with dis
tance from Africa. Ponce de Le�on et al. (2018) reported R2 = 0.58 
when regressing PC1 of bony labyrinth morphology in 10 global 
samples against dispersal distance. To gauge the outcome, they 

repeated this process using FST from SNPs in 10 matched samples 
for R2 = 0.85―like we recorded. Equivalency was reported in other 
genetic studies regressing FST on geographic distances, with East 
Africa as the dispersal origin (Prugnolle et al., 2005; 
Ramachandran et al., 2005; Lawson Handley and Perrin, 2007; also 
see Kanitz et al., 2018). That said, while these patterns are expected 
under serial founder models, similar clinal variation may arise 
under broader scenarios of spatially structured populations and 
long-term IBD. Accordingly, our results are interpreted as sup
porting, but not uniquely demonstrating, such demographic 
processes.

In summary of these global comparisons, genetic and phenetic 
distances are expected to increase with spatial and temporal 
separation; deviations may indicate non-neutral influences 
(Konigsberg, 1990; Relethford, 2004; Ramachandran et al., 2005; 
Duforet-Frebourg and Slatkin, 2016; Ponce de Le�on et al., 2018). 
Using higher genetic-based R2 values as a benchmark, the cra
niodental data performed well, aligning with neutral-like patterns 
at large geographic scales (Ponce de Le�on et al., 2018; Irish et al., 
2020), particularly the ASUDAS traits with Sub-Saharan samples 
(Table 8).
Ancient samples The inability to adequately compare the five 
matched ancient dental and genetic samples (Table 3), due to the 

Table 6 
Hudson’s FST distance matrix for the six ancient East and South African genetic samples based on single nucleotide polymorphism data, plus pooled East and South African 
samples (Ga_EHol, Ga_SHol).a

Sample Ga_EHM Ga_EHE Ga_SHL Ga_SHM Ga_SHE Ga_Mota Ga_EHol Ga_SHol

G1_MOR 0.089 0.534 0.467 0.581 0.379 0.543 0.085 0.266
G2_ALG 0.104 0.546 0.482 0.595 0.394 0.560 0.101 0.281
G3_KKU 0.077 0.491 0.419 0.533 0.320 0.504 0.068 0.203
G4_KHO 0.139 0.510 0.365 0.480 0.242 0.530 0.126 0.111
G5_JUH 0.180 0.530 0.383 0.493 0.253 0.555 0.165 0.121
G6_WOL 0.096 0.465 0.393 0.483 0.305 0.483 0.086 0.199
G7_MOZ 0.101 0.545 0.479 0.591 0.390 0.558 0.098 0.279
G8_SOM 0.070 0.507 0.439 0.552 0.347 0.516 0.064 0.229
G9_SOT 0.107 0.491 0.397 0.513 0.288 0.510 0.095 0.166
G10_TSW 0.111 0.494 0.398 0.510 0.288 0.515 0.099 0.164
G11_YOR 0.109 0.505 0.430 0.545 0.328 0.520 0.098 0.208
G12_ZUL 0.115 0.500 0.415 0.530 0.310 0.520 0.103 0.188
G13_PIM 0.247 0.663 0.598 0.706 0.509 0.679 0.241 0.400
G14_ALE 0.160 0.590 0.524 0.635 0.439 0.601 0.156 0.329
G15_KRG 0.144 0.572 0.508 0.619 0.422 0.584 0.140 0.312
G16_MON 0.172 0.591 0.529 0.638 0.441 0.603 0.168 0.333
G17_MAN 0.152 0.583 0.519 0.630 0.433 0.596 0.149 0.322
G18_CHU 0.202 0.623 0.558 0.665 0.469 0.636 0.198 0.362
G19_THA 0.169 0.589 0.524 0.633 0.439 0.603 0.164 0.330
G20_KIN 0.179 0.595 0.533 0.642 0.446 0.612 0.174 0.338
G21_JAP 0.183 0.599 0.536 0.646 0.452 0.613 0.178 0.342
G22_MAL 0.165 0.584 0.522 0.628 0.435 0.599 0.160 0.325
G23_PHI 0.187 0.607 0.541 0.650 0.454 0.619 0.182 0.345
G24_LEB 0.174 0.594 0.528 0.637 0.443 0.606 0.169 0.334
G25_AUN 0.240 0.655 0.585 0.691 0.498 0.667 0.235 0.389
G26_NBR 0.207 0.619 0.553 0.660 0.466 0.632 0.201 0.358
G27_KUS 0.171 0.593 0.530 0.639 0.442 0.604 0.166 0.331
G28_GRK 0.125 0.572 0.506 0.616 0.422 0.583 0.124 0.311
G29_ITY 0.127 0.573 0.508 0.617 0.424 0.584 0.125 0.314
G30_EST 0.136 0.580 0.513 0.627 0.428 0.590 0.134 0.318
G31_FIN 0.135 0.578 0.511 0.623 0.426 0.589 0.133 0.316
G32_SAM 0.154 0.588 0.524 0.637 0.440 0.602 0.152 0.331
Ga_EHM 0.000 0.539 0.492 0.602 0.378 0.572
Ga_EHE 0.538 0.000 0.858 0.979 0.998 0.975
Ga_SHL 0.486 0.863 0.000 0.855 0.431 0.889
Ga_SHM 0.603 0.986 0.864 0.000 0.987 0.999
Ga_SHE 0.378 0.998 0.431 0.987 0.000 0.903
Ga_Mota 0.572 0.880 0.889 0.999 0.903 0.000
Ga_EHol 0.000 0.255
Ga_SHol 0.255 0.000

FST = Hudson FST distance matrix.
a Ga_EHol = East African Holocene pooled (Ga_EHM, Ga_EHE), Ga_SHol = South African Holocene pooled (Ga_SHL, Ga_SHM, Ga_SHE), for comparison with pooled dental 

samples. See main text.
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Figure 5. A) Minimum-slope geographic paths among origin sites for all recent and ancient dental samples. Details in text and SOM Tables S5 and S6. B) Minimum-slope paths 
among origin sites for all recent and ancient genetic samples. Details are mentioned in text and SOM Table S7. (For interpretation of the references to color in this figure, the reader 
is referred to the web version of this article.)

Table 7 
Mantel correlation results.

Sample Analysis: 32 recent 32 recent + 5 ancient 32 recent + 2 pooled ancient

Matrices compared:
MMDa and Dental Geog rm= 0.713 0.756 0.726

p= 0.0001 0.0001 0.0001

FST and Genetic Geog rm= 0.713 0.121 0.616
p= 0.0001 0.1233 0.0001

MMD and FST rm= 0.721 0.322 0.685
p= 0.0001 0.0002 0.0001

Dental Geog and Genetic Geog rm= 0.988 0.990 0.989
p= 0.0001 0.0001 0.0001

a MMD = mean measure of divergence matrix; Dental Geog = matrix of minimum-slope geographic distances among dental samples; FST = Hudson FST distance matrix; 
Genetic Geog = matrix of minimum-slope geographic distances among genetic samples. See text for details.
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limitations of the latter, prompted us to discuss findings from the 
matched pooled African samples first. Even then, given their still- 
small sample sizes and uneven geographic and temporal distri
bution, results from these ancient genetic data are interpreted 
cautiously and are used primarily to assess concordance with 
phenetic patterns, rather than as standalone evidence of popula
tion relationships. Our conclusions based on individual ancient 
and recent dental data are presented afterward.

Phenetically, Da_EHol shows very low levels of differentiation 
(Table 5) from East African Kenya D3_KKU and Somalia D8_SOM. 
Somali ancestors lived within that region since the Late Pleisto
cene/Early Holocene (Brandt, 1988; Reid et al., 2019), but the 
Kenyan Kikuyu link seemed surprising. Relative to the date range 
of Da_EHol, 10,000—2950 BP, ancestors of Bantu-speaking Kikuyu 
did not reach Kenya before ~2000 BP (Clist, 1987; Ashley, 2010). 
That said, their contact with indigenous East Africans may have 
contributed to this affinity, as implied by ‘Bantu’ ancestry in some 
Somalis (see Fig. 1a in Chen et al., 2024), and the FST results 
(mentioned afterward). Moreover, the MDS plot (Fig. 4A) conveys 
important nuance. Da_EHol is closer to D8_SOM than D3_KKU and 
nearest to North Africans along dimension 2―consistent with the 
documented Eurasian pastoralist ancestry (Lazaridis et al., 2016; 
Skoglund et al., 2017; Wang et al., 2020). D3_KKU is actually 

plotted closer to the other ‘Bantu’ samples (D9_SOT, D10_TSW, and 
D12_ZUL) from South Africa. In this region, Da_SHol is likewise 
akin to the recent Khoesan, D4_RRI and D5_SAN. Da_EHol and 
Da_SHol differ significantly from each other. All told, these pooled 
results imply continuity within East and South Africa from the 
Holocene through recent periods, with a phenetic divide between 
regions that decreased through time (SOM Table S3), for the rea
sons presented afterward.

With their larger sizes than the individual ancient samples, 
Ga_EHol and Ga_SHol―especially the former―delivered FST dis
tances (Table 6) more comparable in magnitude to those between 
recent African and other global samples (SOM Table S4). Ga_EHol 
again has the closest affinity to East African G3_KKU and G8_SOM 
(Table 9), though it is at some distance from them on dimension 2 
of the MDS plot (Fig. 4B). Instead, it is again positioned closer to the 
North Africans, likely reflecting  the Eurasian ancestry. Of all FST 
distances, the lowest ones for Ga_SHol are with South African 
Khoesan G4_KHO and G5_JUH. This too is evident in the MDS plot, 
with Ga_SHol located some distance away, but at least within their 
general vicinity.

Thus, while still strong due to the affinities  among recent 
matched samples, the Mantel correlation between these MMD and 
FST matrices is lower (Table 7) than mentioned earlier. And, while 
the correlation between MMD and minimum-slope matrices 
actually increased, that between FST and corresponding geographic 
distances is lower. In any event, both Figure 4 MDS plots again take 
on a clinal configuration, identifying marked dental and genetic 
diversity within Africa―including pooled South African Da_SHol 
and Ga_SHol on the left of dimension 1 in their respective 
plots―before the transition to Eurasian and other global samples.

As such, coefficients of determination remain high comparing 
pooled and recent samples. Regressing MDS dimension 1 co
ordinates from Da_EHol and Da_SHol (Fig. 4A) on minimum-slope 
distances slightly increased the R2 value of all recent dental sam
ples. Values 0.71 and 0.77 are comparable for Da_EHol and 
Da_SHol (Table 8; Fig. 8A, B), respectively. For matching compar
ative genetic samples Ga_EHol and Ga_SHol (Table 9), the trend is 
in the same regional direction, but the disparity in R2 values is 
greater (0.62 and 0.78, respectively). The outlier status of Ga_SHol 
is obvious in regression plots (Fig. 8C, D). Adding ancient genetic 
samples more variedly and negatively affected the R2 values of 
recent samples. For both genetic samples, corresponding R2 values 
in Africa and the farthest dispersal extent (Northern Siberia/ 
Americas) decreased substantially. Yet, despite limitations of these 
two pooled genetic samples, overall correspondence with dental 
output reinforces the validity of the latter to further address our 
first  research question. Indeed, ASUDAS data provide greater ac
curacy and reliability than low-coverage aDNA from these still- 
small samples.

Following on from our pooled analyses, the five  individual 
ancient East and South African dental samples are again pheneti
cally similar to later peoples within each region (Table 5). This is 
irrespective of the fact that, beyond a few cases in Da_SHL, all 
dentitions comprising them are 2000—12,000 years older than 
recent Sub-Saharan samples. So, the claim that ASUDAS traits are 
evolutionarily conservative to facilitate diachronic study is sup
ported, along with an increase in the correlation between MMD 
and minimum slope when adding the five ancient samples (0.76).

The small, insignificant MMD distances of Da_EHM and Da_EHE 
with Kenya (D3_KKU) and Somalia (D8_SOM) offer temporal evi
dence that this phenetic link extends from at least the Early Ho
locene through recent times. As noted, these two ancient East 
African samples also show affinities to other recent Sub-Saharan 
samples, except South African Khoesan and Zulu. Also, in the 
north, both, especially the more recent Da_EHM, share a relatively 

Table 8 
Regression results for MDS dimension 1 of MMD matrix against geographic dis
tances for the recent, recent/pooled ancient, and recent/ancient dental sample 
analyses,a listing coefficients of determination (R2), correlations (r), and p values.

Analysis Recent Recent and ancient Recent and pooled

Sample R2 r p R2 r p R2 r p

D1_BED 0.533 0.730 <0.001 0.542 0.736 <0.001 0.540 0.735 <0.001
D2_KAB 0.487 0.698 <0.001 0.489 0.699 <0.001 0.493 0.702 <0.001
D3_KKU 0.696 0.834 <0.001 0.726 0.852 <0.001 0.714 0.845 <0.001
D4_RRI 0.741 0.861 <0.001 0.789 0.888 <0.001 0.767 0.876 <0.001
D5_SAN 0.740 0.860 <0.001 0.785 0.886 <0.001 0.764 0.874 <0.001
D6_SEN 0.557 0.746 <0.001 0.569 0.754 <0.001 0.566 0.752 <0.001
D7_SHA 0.504 0.710 <0.001 0.508 0.713 <0.001 0.511 0.715 <0.001
D8_SOM 0.669 0.818 <0.001 0.686 0.828 <0.001 0.682 0.826 <0.001
D9_SOT 0.743 0.862 <0.001 0.790 0.889 <0.001 0.769 0.877 <0.001
D10_TSW 0.740 0.860 <0.001 0.787 0.887 <0.001 0.766 0.875 <0.001
D11_YOR 0.642 0.801 <0.001 0.672 0.820 <0.001 0.658 0.811 <0.001
D12_ZUL 0.746 0.864 <0.001 0.794 0.891 <0.001 0.773 0.879 <0.001
D13_PIM 0.785 − 0.886 <0.001 0.814 − 0.902 <0.001 0.799 − 0.894 <0.001
D14_ALE 0.814 − 0.902 <0.001 0.837 − 0.915 <0.001 0.824 − 0.908 <0.001
D15_KAZ 0.028 − 0.167 0.362 0.057 − 0.238 0.156 0.036 − 0.189 0.283
D16_MON 0.645 − 0.803 <0.001 0.694 − 0.833 <0.001 0.664 − 0.815 <0.001
D17_LOK 0.071 − 0.266 0.141 0.117 − 0.342 0.038 0.085 − 0.291 0.095
D18_CHU 0.762 − 0.873 <0.001 0.797 − 0.893 <0.001 0.774 − 0.880 <0.001
D19_THA 0.199 − 0.446 0.011 0.250 − 0.500 0.002 0.217 − 0.466 0.005
D20_VIE 0.255 − 0.505 0.003 0.300 − 0.548 <0.001 0.271 − 0.521 0.002
D21_JAP 0.462 − 0.680 <0.001 0.493 − 0.702 <0.001 0.473 − 0.688 <0.001
D22_MAL 0.141 − 0.376 0.034 0.190 − 0.436 0.007 0.159 − 0.399 0.020
D23_PHI 0.181 − 0.426 0.015 0.231 − 0.481 0.003 0.200 − 0.447 0.008
D24_BOR 0.183 − 0.428 0.015 0.234 − 0.484 0.002 0.202 − 0.449 0.008
D25_AUN 0.114 − 0.337 0.059 0.158 − 0.398 0.015 0.130 − 0.361 0.036
D26_NBR 0.107 − 0.327 0.068 0.152 − 0.390 0.017 0.123 − 0.351 0.042
D27_NEP 0.002 − 0.042 0.819 0.011 − 0.107 0.529 0.004 − 0.062 0.727
D28_GRK 0.003 − 0.051 0.781 0.021 − 0.144 0.394 0.007 − 0.086 0.630
D29_ITY 0.002 − 0.046 0.804 0.020 − 0.141 0.404 0.007 − 0.082 0.646
D30_KBR 0.004 − 0.062 0.737 0.024 − 0.155 0.360 0.009 − 0.096 0.588
D31_FIN 0.021 − 0.144 0.432 0.057 − 0.239 0.154 0.032 − 0.180 0.309
D32_LAP 0.042 − 0.205 0.261 0.086 − 0.294 0.078 0.057 − 0.238 0.175
Da_EHol 0.712 0.844 <0.001
Da_SHol 0.771 0.878 <0.001
Da_EHM 0.724 0.851 <0.001
Da_EHE 0.689 0.830 <0.001
Da_SHL 0.789 0.888 <0.001
Da_SHM 0.790 0.889 <0.001
Da_SHE 0.790 0.889 <0.001

MDS = multidimensional scaling; MMD = mean measure of divergence.
a See text for details.
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Figure 6. Multidimensional scaling dimension 1 coordinates regressed against geographic distances for 32 recent global dental (A—C) and genetic (D—F) samples. Exemplar plots 
show range of coefficients of determination between Africa―the geographic origin, an intermediate location, and the farthest extent of dispersal in this study. Dental samples: A) 
D4_RRI, South Africa (R2 = 0.74, p < 0.01), B) D28_GRK, Greece (R2 < 0.01, p = 0.78), and C) D14_ALE, Aleutian Islands (R2 = 0.81, p < 0.01). Genetic samples: D) G4_KHO, South 
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low MMD with the geographically closest non-African sample, i.e., 
southern European D28_GRK (Table 5). This not only is consistent 
with an East African origin for global dispersal but also reflects 
shared ancestry from Eurasian pastoralist back-migration 
(Lazaridis et al., 2016; Skoglund et al., 2017; Wang et al., 2020). 
Lastly, significant differences exist between the two East and three 
South African ancient samples (Table 5) to reinforce inter-regional 
distinctiveness during the Holocene (SOM Table S3). However, 
increased temporal resolution revealed a steady decrease in MMD 
distances between samples from these regions, notably Da_EHE 
(Table 5), from the Early to Middle to Late Holocene.

In South Africa, Da_SHL, Da_SHM, and Da_SHE are akin to 
recent Khoesan (Table 5). But MMD distances from these indi
vidual samples now show a resemblance to Sotho (D9_SOT) and 
Tswana (D10_TSW). This is not surprising as Khoesan and Bantu- 
speaking peoples experienced considerable admixture (Henn 
et al., 2011; May et al., 2013; Montinaro et al., 2017; Sengupta 
et al., 2021) since the latter reached South Africa in the 1st—2nd 
centuries AD (Klapwijk and Huffman, 1996; Antonites, 2016). Sub- 
Saharan Africans have the highest frequencies of key traits that 
add crown mass and root complexity relative to other pop
ulations―specifically Bushman upper canine, Carabelli’s M1, two- 
rooted P1, three-rooted M2, M3 presence, M2 Y-groove, M1 cusp 7, 

P1 Tome’s root, and two-rooted M2―while possessing the lowest 
frequencies of I1 double shovel and M1 enamel extension (Irish, 
1997). Collectively, this suite of 11 traits is termed ‘Afridonty’ 
(Irish, 2013) and, in this combination of prevalence, was recog
nized as plesiomorphic (ancestral) among populations (Irish, 1997, 
1998a; Irish and Guatelli-Steinberg, 2003). Both of the recent 
South African groups (SOM Table S1; Irish, 2016), especially the 
Khoesan, prominently express this pattern and share low, insig
nificant intersample MMD distances (SOM Table S3).

The MDS configuration (Fig. 3) visualized all of these relation
ships but, again, effectively shows broader among-sample trends 
in accord with known population history. On dimension 2, three 
sample groupings are evident top to bottom: 1) recent North Af
ricans, 2) Holocene and recent East, West, and South (i.e., ‘Bantu’) 
Africans, and 3) Holocene and recent Khoesan from South Africa. 
North Africans, who trend toward a simpler mass-reduced crown 
morphology (Irish, 1998b), plot next to dentally simpler Europeans 
and fairly near Afridont Da_EHM and Da_EHE―in accord with the 
Eurasian-related gene flow into North and East Africa during the 
Holocene (Ramachandran et al., 2005; Lazaridis et al., 2016; 
Skoglund et al., 2017; Wang et al., 2020; Bergstr€om et al., 2021; Fan 
et al., 2023). Correspondingly, of all Sub-Saharan Africans, Euro
pean samples―especially D28_GRK from Greece―are nearest to 
Da_EHM and Da_EHE on dimension 2. The latter two are, in turn, 
closer to Somalis (D8_SOM) than the Kenyans (D3_KKU). The 
Kenyan sample is near the West African Yoruba (D11_YOR) and, 
again, South African D9_SOT, D10_TSW, and D12_ZUL, from the 
southward expansion of Bantu speakers (May et al., 2013; 
Montinaro et al., 2017; Sengupta et al., 2021). To the south, the 
most recent ancient sample, Late Holocene Da_SHL, is closest to 
the recent Khoesan, followed successively by older Da_SHM and 
Da_SHE to imply isolation by time (Konigsberg, 1990; 
Duforet-Frebourg and Slatkin, 2016). As mentioned earlier, such 
configurations  may reflect  ordination of clinal data; therefore, 
interpretation focuses on relative positioning along the gradient 
rather than the geometric form of the distribution itself.

Low MMD distances between the Holocene and recent regional 
African samples further elevated the R2 value (Table 8; Fig. 7), with 
the latter higher in the two ancient East (≥0.69) and particularly 
three South African samples (≥0.79). These reflect strong IBD signals 
preserved in both regions and demographic remnants of restricted 
gene flow and cumulative reductions in population size during range 
expansion (DeGiorgio et al., 2009; Deshpande et al., 2009). Building 
on established spatial genetic gradients (Wright, 1943; Cavalli-Sforza 
et al., 1994; Relethford, 2004), our findings  continue to align with 
genomic research showing decreasing diversity and increasing 
divergence with greater distance from Africa (Prugnolle et al., 2005; 
Ramachandran et al., 2005; Li et al., 2008; Jay et al., 2013; Kanitz et al., 
2018; Tobler et al., 2023). At the level of individual traits―and par
alleling neutral genomic structure―the distribution of ASUDAS var
iants likewise follows this pattern (Irish, 1997, 1998a; Irish and 
Guatelli-Steinberg, 2003; Hanihara, 2008; Scott et al., 2018).

Nevertheless, causes of the global dental trait distribution 
appear to be more complex. South and North European samples 
and, to a lesser extent, South Asia D27_NEP from Nepal, exhibit an 
overall reduction in variation, random frequency shifts, and loss of 
complex Afridont traits (SOM Tables S1 and S2), as expected from 
the dispersal bottleneck and later founder events. All also have 
higher MMD distances with geographic distance (SOM Table S3 
and S5). Europeans exhibit reduced crown complexity and fewer 
accessory cusps and roots, termed Eurodonty, while South Asians 

Table 9 
Regression results for MDS dimension 1 of FST matrix against geographic distances 
for the recent and recent/pooled ancient genetic sample analyses,a listing co
efficients of determination (R2), correlations (r), and p values.

Analysis Recent Recent and Pooled

Sample R2 r p R2 r p

G1_MOR 0.569 0.754 <0.001 0.484 0.696 <0.001
G2_ALG 0.490 0.700 <0.001 0.411 0.641 <0.001
G3_KKU 0.704 0.839 <0.001 0.621 0.788 <0.001
G4_KHO 0.830 0.911 <0.001 0.773 0.879 <0.001
G5_JHN 0.821 0.906 <0.001 0.748 0.865 <0.001
G6_WOL 0.585 0.765 <0.001 0.498 0.706 <0.001
G7_MOZ 0.504 0.710 <0.001 0.423 0.650 <0.001
G8_SOM 0.645 0.803 <0.001 0.554 0.744 <0.001
G9_SOT 0.832 0.912 <0.001 0.762 0.873 <0.001
G10_TSW 0.832 0.912 <0.001 0.767 0.876 <0.001
G11_YOR 0.694 0.833 <0.001 0.607 0.779 <0.001
G12_ZUL 0.826 0.909 <0.001 0.755 0.869 <0.001
G13_PIM 0.585 − 0.765 <0.001 0.546 − 0.739 <0.001
G14_ALE 0.637 − 0.798 <0.001 0.612 − 0.782 <0.001
G15_KRG 0.011 − 0.106 0.565 0.025 − 0.159 0.369
G16_MON 0.599 − 0.774 <0.001 0.599 − 0.774 <0.001
G17_MAN 0.054 − 0.233 0.199 0.080 − 0.283 0.105
G18_CHU 0.530 − 0.728 <0.001 0.523 − 0.723 <0.001
G19_THA 0.289 − 0.538 0.001 0.315 − 0.561 <0.001
G20_KIN 0.377 − 0.614 <0.001 0.393 − 0.627 <0.001
G21_JAP 0.392 − 0.626 <0.001 0.386 − 0.621 <0.001
G22_MAL 0.287 − 0.536 0.002 0.310 − 0.557 <0.001
G23_PHI 0.297 − 0.545 0.001 0.316 − 0.562 <0.001
G24_LEB 0.308 − 0.555 <0.001 0.326 − 0.571 <0.001
G25_AUN 0.296 − 0.544 0.001 0.307 − 0.554 <0.001
G26_NBR 0.292 − 0.540 0.001 0.303 − 0.550 <0.001
G27_KUS 0.030 − 0.172 0.345 0.050 − 0.224 0.203
G28_GRK 0.010 − 0.098 0.595 0.023 − 0.152 0.391
G29_ITY 0.011 − 0.104 0.571 0.025 − 0.157 0.375
G30_EST 0.011 − 0.106 0.562 0.025 − 0.159 0.368
G31_FIN 0.039 − 0.198 0.279 0.062 − 0.248 0.157
G32_SAM 0.046 − 0.215 0.237 0.070 − 0.265 0.131
Ga_EHol 0.615 0.784 <0.001
Ga_SHol 0.783 0.885 <0.001

FST = Hudson FST distance matrix; MDS = multidimensional scaling.
a See text for details.

Africa (R2 = 0.74, p < 0.01), E) G28_GRK, Greece (R2 < 0.01, p = 0.60), and F) G14_ALE, Aleutian Islands (R2 = 0.64, p < 0.01). Details are mentioned in the text and in Tables 1, 2, 8, 
and 9. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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show intermediate patterns with regional variability designated as 
Indodonty (for a list of key high-frequency traits, see Hawkey, 
2004; Scott et al., 2018). These among-population differences 
reflect long-term divergence, drift, and population history, while 
contributing to the phenetic distances among global samples in 
our analyses. However, the proximity of Melanesian sample 
D26_NBR to Sub-Saharan Africans in MDS plots and low MMDs 
relative to geographic separation do not follow this gradation. The 
position of D26_NBR below the lines of fit  lends support (e.g., 
Fig. 7). Its relatively elevated frequencies of various ancestral 
Afridont traits (SOM Table S2) explain this association (Irish, 1997, 
1998a, 2013).

Seeming morphogenetic similarities have long been reported 
between African and Sahul populations (Giblett, 1969; Howells, 
1989; Turner, 1992; Cavalli-Sforza et al., 1994; Scott et al., 2018). 

Explanations have ranged from parallel selection (Nurse et al., 
1985) to symplesiomorphy (Stringer et al., 1997). That said, “the 
linkage… is neither intuitively satisfying nor supported by any 
archaeological evidence” (Turner, 1992:149), and recent genomic 
findings are likewise not supportive (e.g., Malaspinas et al., 2016; 
also see Fig. 2B).

Another hypothesis is that these similarities reflect  early 
dispersal history. The founding population(s) reached Sahul 
rapidly, with Australia occupied ~50,000—65,000 BP (Clarkson 
et al., 2017) and genetic evidence for matching dates in Mela
nesia (Pedro et al., 2020). By chance, the founders may have 
retained ancestral dental trait frequencies like those in Africa, with 
ensuing long-term geographic and reproductive isolation main
taining them. In the remaining non-African populations, founder 
effects, drift, and admixture reduced these traits.

Figure 7. Multidimensional scaling dimension 1 coordinates regressed against geographic distances for 32 recent global and five ancient Sub-Saharan African dental samples. 
Plots show coefficients of determination for Middle and Early Holocene East and South African samples relative to others. A) Da_EHM, East Africa (R2 = 0.72), B) Da_EHE, East 
Africa (R2 = 0.69), C) Da_SHM, South Africa (R2 = 0.79), and D) Da_SHE, South Africa (R2 = 0.79). Details are mentioned in text and in Tables 1 and 8 (For interpretation of the 
references to color in this figure, the reader is referred to the web version of this article.)
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An additional possibility is that Denisovan introgression 
contributed to the Sahul dental patterns, including potential 
similarities with Sub-Saharan Africans in retaining ancestral mass- 
additive traits. However, based on the limited dental evidence 
available, large molars and distinct root traits of Denisovans do not 
closely match the Afridont pattern, suggesting limited influence 
(Zubova et al., 2017; Chen et al., 2019; Demeter et al., 2022; Tsutaya 
et al., 2025).

Finally, selection may have played an incidental role. Genes in 
broader developmental systems (e.g., WNT10A, MSX1, and PAX9) 
can influence  general dental morphology (van den Boogaard 
et al., 2000; Galluccio et al., 2012; Kimura et al., 2015; Dhamo 
et al., 2016). But one gene in particular, EDAR, has a docu
mented secondary effect on certain ASUDAS traits. Melanesians 
and nearby populations retain the ancestral V370V genotype at 
frequencies like those of Africans and Europeans (Bryk et al., 

2008; Malaspinas et al., 2016; Santos et al., 2016). The derived 
V370A allele, which promotes expression of alternate traits, is 
essentially absent.

The V370A variant is thought to have originated 
~30,000—35,000 years ago in East Asia; it rose in frequency after 
the LGM and reached very high levels by the early Holocene 
(Sabeti et al., 2007; Bryk et al., 2008; Kamberov et al., 2013; Hlusko 
et al., 2018; Mao et al., 2021; Zhang et al., 2022). Evidence indicates 
that selection primarily targeted alterations in hair and in sweat, 
sebaceous, and mammary glands (Kimura et al., 2009; Park et al., 
2012; Kamberov et al., 2013; Kataoka et al., 2021). However, 
EDAR regulates a broader developmental pathway, so changes 
indirectly influenced dental morphology through pleiotropy. This 
resulted in high frequencies of I1 shoveling and double shoveling, 
possibly contributed to I1 winging (in response to increased 
anterior tooth size), and was linked to additional lower molar 

Figure 8. Multidimensional scaling dimension 1 coordinates regressed against geographic distances for 32 recent global and two ancient Sub-Saharan African pooled dental (A, B) 
and genetic (C, D) samples. Plots show coefficients of determination for Holocene East and South Africa relative to the rest. Dental samples: A) Da_EHol, East Africa (R2 = 0.71) and 
B) Da_SHol, South Africa (R2 = 0.77). Genetic samples: C) Ga_EHol, East Africa (R2 = 0.62) and D) Ga_SHol, South Africa (R2 = 0.78). See text and Tables 1, 2, 8, and 9. (For 
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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cusps. Conversely, the frequencies of double-rooted P1 and M2 
decreased significantly, but that of three-rooted M1 increased 
(Kimura et al., 2009; Park et al., 2012; Kamberov et al., 2013; 
Kataoka et al., 2021). These are all hallmark traits of Sinodonty 
(Turner, 1990b), a pattern most common in Northeast Asia and the 
Americas. In contrast, Southeast Asians have lower frequencies of 
EDAR V370A and correspondingly fewer derived crown and root 
traits―a pattern that Turner (1990b) termed Sundadonty―which 
further illustrates how different dispersal histories yielded distinct 
yet related dental complexes.

That said, while some traits are influenced through pleiotropy 
(Kimura et al., 2009; Park et al., 2012; Hlusko et al., 2018), global 
dental variation still appears to be largely shaped by drift, founder 
effects, and demographic structure (Scott et al., 2018); this in
cludes Sinodonty, which comprises several other high-frequency 
traits (Turner, 1990b) not tied to V370A. Another factor involves 
shared developmental pathways that can generate intertrait 
covariance (Hillson, 1996; Jernvall and Jung, 2000; Jernvall and 
Thesleff, 2012). However, these pathways are conserved across 
global populations, so trait distributions generally align with 
neutral genomic structure. Therefore, despite some biological 
complexities, ASUDAS traits behave in a broadly neutral-like 
manner at large geographic scales, with an acknowledgment that 
developmental integration and pleiotropic genetic effects may 
influence expression and covariance of individual traits.

4.2. Within Africa

Our discussion concludes by focusing on the 12 modern 
(Table 1) and five  ancient African dental samples (Table 3) to 
explore areas of influence and origin within the continent since the 

Late Pleistocene. Again, MMD distances (SOM Table S3; Table 5) 
revealed several key trends. First, long-term differences are sug
gested between the North and Sub-Saharan Africans. Second, a 
decrease in variation is observed through time between Early 
through Late Holocene peoples of South and East Africa. Third, 
extended continuity is evident in the latter regions, along with 
documented population movements. These results pertain to our 
second research question: East and South African Holocene sam
ples are phenetically akin to their recent regional counterparts. So, 
sustained population stability coupled with intermittent contact 
across Sub-Saharan Africa in the Holocene is implied to build a 
foundation for later population structure evidenced by genetic and 
morphological data.

Figure 3 provides visualization of these affinities, but for finer 
detail, an African-only MDS configuration was generated (Fig. 9). 
The south-north distribution, now on dimension 1, remains asso
ciated with geographic locale but with increased variation among 
and within the three main sample groupings. Additional nuance is 
present along dimension 2, namely, separation between West and 
East Africans, as well as Holocene/Khoesan and ‘Bantu’ in South 
Africa. In support, a Mantel test between MMD and least slope 
distance matrices for all 12 samples yielded rm = 0.69 (p < 0.01). 
While not reaching the strength of correlation for all 37 samples 
(Table 7), which was likely influenced  by sample number and 
intercontinental distances, it too is strongly positive.

Regression analyses of all 37 dental samples also show this 
intra-African patterning (Table 8). The highest R2 values are in 
South Africans, then lower in the West and East, and lowest in the 
North. To enhance detail, we regressed MDS dimension 1 co
ordinates from Figure 9 against the minimum-slope distances 
within Africa. The R2 values (Table 10) and residuals distributed 

Figure 9. Multidimensional scaling plot of MMD distances among the 12 recent and five ancient Sub-Saharan African dental samples. Multidimensional scaling statistics indicate 
borderline good fit of the solution (stress = 0.10, R2 = 0.95) Numbers refer to sample abbreviations in Table 1. Da_EHM = East African Middle Holocene, Da_EHE = East African 
Early Holocene, Da_SHL = South African Late Holocene, Da_SHM = South African Middle Holocene, Da_SHE = South African Early Holocene. Details are mentioned in Table 3 and 
text. MMD = mean measure of divergence. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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along the line of fit again reflect ‘orientation of the main dispersal 
axis,’ with information about the origin and farthest extent of 
dispersal (Ponce de Le�on et al., 2018:5). Of course, this ‘origin’ does 
not represent the source of global dispersal but those Sub-Saharan 
samples with the greatest dental diversity. Holocene and recent 
Khoesan have the highest occurrence of ancestral, mass-additive 
crown and root traits that epitomize Afridonty (Irish, 1997, 
1998a, 2013; Irish and Guatelli-Steinberg, 2003). Regression plots 
(Fig. 10) show Da_SHE, the most ancient South African sample, 
with the highest R2 value (0.86, p < 0.01), followed in chronological 
order by Da_SHM, Da_SHL, the recent Khoesan, and ‘Bantu.’ West 
and East Africans are lowest, e.g., Da_EHE (0.01, p = 0.94), with 
North Africans again high (e.g., D2_KAB; 0.84, p < 0.01), returning 
an inverse IBD signal.

This south-north axis likely reflects a combination of Pleisto
cene and Holocene population movements. The distinctive dental 
trait frequencies observed mesh with genetic findings  that posi
tion southern Sub-Saharan ancient and recent Khoesan pop
ulations as among the earliest diverging branches of all modern 
human genetic diversity (Henn et al., 2011; Schlebusch et al., 2017; 
Skoglund et al., 2017; Jakobsson et al., 2025). This is compatible 
with evidence that Late Pleistocene Africans formed a regionally 
structured but interconnected metapopulation in which southern, 
western, and eastern lineages diverged several hundred thousand 
years ago yet continued some gene exchange over time (Skoglund 
and Mathieson, 2018; Chan et al., 2019; Rito et al., 2019; Wang 
et al., 2020; Hollfelder et al., 2021; Wilkins, 2021; Fan et al., 
2023; Ragsdale et al., 2023; Hallett et al., 2025; Jakobsson et al., 
2025). Divergence among these regions, shaped by climate shifts 
and periodic admixture (Bergstr€om et al., 2021; Hollfelder et al., 
2021; Fan et al., 2023), produced a long-standing spatial popula
tion structure that lasted into the Holocene.

Ensuing Holocene demographic processes would have further 
contributed to the south-north gradient. East African groups of 
heterogeneous ancestry expanded southward during the Middle- 
Late Holocene (Skoglund et al., 2017; Rito et al., 2019; Wang 
et al., 2020). After that, the so-called ‘Bantu expansion’ provided 
additional gene flow from north to south (May et al., 2013; 
Montinaro et al., 2017; Sengupta et al., 2021). These events 
reshaped variation across regions but would not entirely erase 
earlier population signatures. Thus, the gradient in dental 

variation captures effects of both enduring Pleistocene population 
structure and Holocene exchanges.

Against this backdrop, southern Africa appears repeatedly as a 
key biogeographic center. Archaeological and paleoenvironmental 
studies found evidence of continual habitation, including occu
pation of the Makgadikgadi-Okavango paleo-wetland in Botswana 
for >70,000 years, and of major behavioral and technological in
novations in the Kalahari Basin and along coastal refugia 
(Henshilwood et al., 2011; Brown et al., 2012; Clark and Kandel, 
2013; Backwell et al., 2018; Chan et al., 2019; Wilkins, 2021; Will 
et al., 2023). Mitochondrial data suggest basal L0—L1 lineages 
diversified  in the south before spreading north during the inter
glacial periods (Rito et al., 2019), linking southern peoples to those 
involved in later expansions, including Out-of-Africa II dispersal 
(Prugnolle et al., 2005; Ramachandran et al., 2005; Manica et al., 
2007; Bergstr€om et al., 2021; Hallett et al., 2025). Jay et al. 
(2013) likewise detected a south-north axis of genetic variation 
consistent with successive expansions.

This patterning, as evidenced by 1) population contraction and 
overlap of divergent forager lineages (Wang et al., 2020) and 2) 
protracted connectivity across ecosystems (Hollfelder et al., 2021; 
Fan et al., 2023) indicates that African population structure was 
ancient but had altered through time relative to climate, mobility, 
and cultural change (Skoglund et al., 2017; Rito et al., 2019; Fan 
et al., 2023; Hallett et al., 2025). All told, this combined history 
bears directly on our third research question, i.e., whether the 
south-north gradient in dental variation mirrors documented 
intra-African genetic clines that developed before, and were later 
modified after, the Late Pleistocene dispersal from East Africa.

Together, these cross-disciplinary findings  link phenetic gra
dients in ASUDAS traits with genetic, archaeological, and paleo
environmental evidence. Clines in dental trait frequencies within 
Africa reveal regional variation from processes outlined earlier. 
They also identify the broader Late Pleistocene dispersal signal, i.e., 
increasing divergence with geographic distance, global contrasts 
in dental expression, and spatial configurations expected under 
IBD and serial founder effects. Because these traits are evolution
arily conservative and unaffected by the taphonomic and coverage 
limitations of aDNA, they provide a continuous morphological 
record that complements genomic reconstructions of the initial 
dispersal from Africa and subsequent global differentiation. 
Overall, structured population continuity within Africa, with 
contributions from the south, generated the phenotypic and ge
netic bases from which non-Sub-Saharan populations derived 
(Bergstr€om et al., 2021; Fan et al., 2023; Ragsdale et al., 2023). An 
East African origin is recognized, but the dental trait results―a
long with genetic and other evidence―underscore the broader 
subcontinental population structure from which that dispersal 
ultimately emerged. The patterns align with genetic and archae
ological evidence for structured but interconnected African 
populations while not excluding alternative demographic sce
narios that could produce similar spatial gradients.

5. Summary and conclusions

We employed 25 ASUDAS traits within a model-free framework 
to examine global population structure, emphasizing the Late 
Pleistocene Out-of-Africa II dispersal and population dynamics in 
the continent. Building on our earlier work (Irish et al., 2020), we 
added five Early through Late Holocene dental samples from East 
and South Africa, matched with comparative ancient genetic 
datasets, and applied a novel minimum-slope geographic distance 
measure to estimate more realistic dispersal paths. Using MMD 
distances from a total 37 dental samples (n = 3167) compared with 
Hudson’s FST in genetic samples (n = 566), we assessed how dental 

Table 10 
Regression results for MDS dimension 1 of MMD matrix against geographic dis
tances for recent/ancient African dental sample analyses,a listing coefficients  of 
determination (R2), correlations (r), and p values.

Sample R2 r p

D1_BED 0.712 − 0.844 <0.001
D2_KAB 0.835 − 0.914 <0.001
D3_KKU 0.066 0.256 0.322
D4_RRI 0.821 0.906 <0.001
D5_SAN 0.757 0.870 <0.001
D6_SEN 0.584 − 0.764 <0.001
D7_SHA 0.757 − 0.870 <0.001
D8_SOM 0.003 − 0.053 0.839
D9_SOT 0.796 0.892 <0.001
D10_TSW 0.778 0.882 <0.001
D11_YOR 0.130 − 0.360 0.156
D12_ZUL 0.764 0.874 <0.001
Da_EHM 0.057 0.239 0.355
Da_EHE 0.000 − 0.021 0.938
Da_SHL 0.848 0.921 <0.001
Da_SHM 0.854 0.924 <0.001
Da_SHE 0.856 0.925 <0.001

MDS = multidimensional scaling; MMD = mean measure of divergence.
a See text for details.
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variation parallels patterns seen in neutral genomic structure with 
Mantel tests, MDS, and regressions of MDS coordinates on 
minimum-slope distances.

First, we assessed whether MMD corresponds with FST dis
tances. The strong correlations among them and their minimum- 
slope distances suggest ASUDAS traits emulate neutral genetic 
structure (Irish et al., 2020). Both dental and genetic MDS plots 
visualize a clinal configuration consistent with IBD and declining 
diversity at greater geographic distances from Africa (Prugnolle 
et al., 2005; Ramachandran et al., 2005; Betti et al., 2009). Our 
findings  support the interpretation that ASUDAS traits preserve 
deep-time indications of population structure and can act as 
reliable proxies when aDNA has low coverage or is not preserved.

Second, we established whether Early-Late Holocene dental 
samples from East and South Africa evidenced phenetic continuity 
with recent regional populations. Pooled and individual ancient 
East African samples differed insignificantly from recent Kenyans 
and Somalis. As well, the ancient South African samples closely 
resembled recent Khoesan, implying isolation by time. The results 
support long-term population continuity within regions, with 
intermittent gene flow across Sub-Saharan Africa (Skoglund et al., 
2017; Hollfelder et al., 2021; Fan et al., 2023). The ancient East and 
South African samples differ significantly from one another, but a 
reduction in magnitude of pairwise MMD distances over time 
suggests increased inter-regional connectivity during the later 
Holocene. So, these dental sample affinities further reinforce that 
ASUDAS traits are evolutionarily conservative and support 
diachronic analyses.

Third, we asked if a south-north gradient in dental variation 
parallels known genetic clines within Africa. Regressing dental 
MDS dimension 1 coordinates against minimum-slope distances 
yielded the highest R2 value in South African Holocene and recent 
samples, notably the oldest (Da_SHE, 0.86). This echoes genetic 
evidence of a south-north axis and deep population structure (Jay 
et al., 2013; Kanitz et al., 2018; Ragsdale et al., 2023; Jakobsson 
et al., 2025). Of all populations, South African Khoesan retains 
the highest frequencies of ancestral traits characterizing Afridonty 
(Irish, 1997, 1998a, 2013) and the greatest genetic diversity (Henn 
et al., 2011; Skoglund et al., 2017; Jakobsson et al., 2025), aligning 
with archaeological and paleoenvironmental evidence for a pro
longed occupation, ecological stability, and technological innova
tion in the area (Henshilwood et al., 2011; Brown et al., 2012; 
Backwell et al., 2018; Wilkins, 2021; Will et al., 2023). These pat
terns were modified by later Holocene demographics, namely the 
southward movement of East African pastoralists and ‘Bantu 
expansion,’ introducing additional population structure and con
tact across regions without erasing deeper phenetic signatures 
(e.g., Montinaro et al., 2017; Rito et al., 2019; Wang et al., 2020; 
Sengupta et al., 2021). Therefore, while East Africa is the 
acknowledged source of Out-of-Africa II (Ramachandran et al., 
2005; Kanitz et al., 2018; Lipson et al., 2022), the deep diversity 
retained in the south, together with long-standing connections 
across the continent helped shape the demographic and cultural 
foundations from which global dispersion ultimately proceeded.

Several limitations remain to be addressed. The ancient genetic 
data were constrained by very small samples and missing data, 
which contributed to inflated  FST values and unstable MDS con
figurations. Pooling the ancient samples by region improved the 
correspondence between dental, genetic, and geographic matrices 
but still fell short of the resolution achieved with dental data. 

Figure 10. Multidimensional scaling dimension 1 coordinates regressed against 
geographic distances for the 12 recent and five ancient Sub-Saharan African dental 
samples defined in Tables 1 and 3. Plots show coefficients of determination for three 
exemplar samples: A) Da_SHE, South Africa (R2 = 0.86), B) Da_EHE, East Africa 
(R2 < 0.01), and C) D2_KAB, North Africa (R2 = 0.84). See text and Table 10. (For 

interpretation of the references to color in this figure, the reader is referred to the web 
version of this article.)
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These genetic data were used primarily for comparative purposes. 
Still, more ancient dental samples, especially from West and 
Central Africa, and higher-coverage ancient genomes will help 
refine  estimates of intra-African structure and improve future 
paired dental-genomic analyses. Ultimately, matched dental and 
genetic data from the same individuals remain the ideal for fully 
integrating morphological and genomic perspectives.

In sum, our results show that ASUDAS traits can act as reliable 
neutral-like markers that preserve deep spatial and temporal signs 
of population structure. Combined dental, genetic, and geographic 
evidence supports a model of enduring, structured population 
continuity across Africa, with South Africa maintaining marked 
diversity and East Africa providing the demographic source for 
global dispersal. This highlights dental morphology as an inde
pendent line of evidence complementing genomic, archaeological, 
and paleoenvironmental data.
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