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Grant/Award Numbers: GAČR 17-03207S,

GAČR 23-06488S; Ministère de

l'Enseignement Supérieur et de la Recherche

Scientifique; Narodowe Centrum Nauki,

Grant/Award Number: UMO-2020/37/B/

HS3/00519; Filozofická Fakulta, Univerzita

Karlova v Praze; Ministerstvo Kultury,

Grant/Award Numbers: DKRVO

2024-2028/7.I.a, 00023272; Centre National

de la Recherche Scientifique

Abstract

Objectives: This study presents biological affinities between the last hunter-

fisher-gatherers and first food-producing societies from the Nile Valley. We investi-

gate odontometric and dental tissue proportion changes between these populations

from the Middle Nile Valley and acknowledge the biological processes behind them.

Materials and Methods: Dental remains of 329 individuals from Nubia and Central

Sudan that date from the Late Pleistocene to the mid-Holocene are studied. Using

3D imaging techniques, we investigated outer and inner metric aspects of upper cen-

tral incisors, and first and second upper molars.

Results: Late Paleolithic and Mesolithic foragers display homogeneous crown dimen-

sions, dental tissue proportions, and enamel thickness distribution. This contrasts

with Neolithic trends for significant differences from earlier samples on inner and

outer aspects. Finally, within the Neolithic sample differences are found between

Nubian and Central Sudanese sites.

Discussion: Substantial dental variation appears to have occurred around 6000 BCE in

the Nile Valley, coinciding with the emergence of food-producing societies in the
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region. Archeological and biological records suggest little differences in dietary habits

and dental health during this transition. Furthermore, the substantial variations identi-

fied here would have happened in an extremely short time, a few centuries at most.

This does not support in situ diet-related adaptation. Rather, we suggest these data

are consistent with some level of population discontinuity between the Mesolithic

and Neolithic samples considered here. Complex settlement processes could also

explain the differences between Nubia and Central Sudan, and with previous results

based on nonmetric traits.

K E YWORD S

crown dimensions, dental tissue proportions, Neolithic transition, population discontinuity,
settlement processes

1 | INTRODUCTION

The early to mid-Holocene transition in the Nile Valley is character-

ized by dramatic climate changes. The monsoonal rains, which had

been moistening the valley and Eastern Sahara since 8500 BCE, with-

drew during the fifth millennium BCE (Kuper & Kröpelin, 2006; Pausata

et al., 2020; Said, 1993). After three millennia of humid and habitable

climate, the desert margins extended and only the river floodplains

became suitable for human occupation. In this context of aridification

of the “Green Sahara”, a massive exodus toward the Nile occurred

and the valley became the only access route between Northern and

sub-Saharan Africa (Hoelzmann et al., 2001; Kuper & Kröpelin, 2006).

Significant cultural and behavioral changes occurred in response

to this dramatic climate modification: the progressive regional transi-

tion to food production between the early sixth millennium bce and

advent of the fifth millennium BCE, with the earliest dates in Southern

Egypt/Northern Sudan and later ones in Central Sudan (Brass, 2013,

2018; Gautier, 2002; Honegger & Williams, 2015; Salvatori &

Usai, 2019a, 2019b). This period witnessed the transition from hunt-

ing, fishing, and gathering to herding and cultivation. Archaeological,

archaeobotanical, and archaeozoological data show evidence of a

gradual conversion to food production until its full-fledged adoption

along the Middle Nile during the fifth to mid-forth millennium BCE

(Honegger, 2019; Honegger & Williams, 2015; Kuper &

Kröpelin, 2006; Linseele, 2010, 2012; Monroe et al., 2023; Ryan

et al., 2016; Salvatori & Usai, 2019a, 2019b). Evidence was found for

Near Eastern/Levantine ancestry of the first domesticated animals

(Decker et al., 2014; Edwards, 2007; Garcea, 2016; Garcea

et al., 2016; Gifford-Gonzalez & Hanotte, 2011; Olivieri et al., 2015)

and cereals (Neumann, 2005; Ryan et al., 2016; Salvatori &

Usai, 2019b). This naturally raises the question of whether this near

Eastern influence arrived in the Nile Valley through diffusion or some

degree of migration after ca. 6000 BCE.

Transitioning to food production was a worldwide phenomenon,

accompanied by reduction in craniofacial and dental dimensions

(e.g., Brace et al., 1987; Le Luyer & Bayle, 2017; Pinhasi et al., 2008).

It appears that such variation could result from the adoption of a new

lifestyle and diet. Transitioning from foraging to food-production

implied numerous and significant behavioral changes that could all

have been involved in this craniofacial reduction and simplification.

During the past decades, three morpho-functional adaptation models

were hypothesized to describe, explain, and predict such dental varia-

tion in a context of Neolithic transition:

• Probable mutation effect (Brace, 1963; Brace & Mahler, 1971;

Pinhasi et al., 2008): this model hypothesizes that in the absence

of selective pressure, natural mutations will occur and lead to a

reduction and simplification of dental morphology. It assumes that

transitioning to a Neolithic lifestyle substantially changed dietary

habits and led to a relaxation of selective pressure toward larger

and more complex teeth. An overall reduction in all dental dimen-

sions or homogeneous variation is expected.

• Increasing population density effect (Macchiarelli &

Bondioli, 1986): this model suggests that a sedentary lifestyle (that

may appear with Neolithic cultures) led to a dramatic decrease in

health status and nutrition. This would have resulted in an overall

reduction in body size, and therefore tooth size. An overall reduc-

tion of body size and of all dental dimensions, but also a significant

poorer health status is expected in this model.

• Selective compromise effect (Calcagno & Gibson, 1991; Y'Edynak &

Fleisch, 1983): it is assumed that individuals with larger teeth are

more likely to suffer from caries and dental crowding, resulting in a

selective pressure toward smaller teeth. However, abrasive diets

that usually result from Neolithic cooking methods are assumed to

result in selection for larger teeth with thicker enamel, to counter

severe wear. This model suggests that dental reduction is the result

of a compromise between these two selective pressures, resulting

in overall dental reduction or uniform trends (e.g., in a tooth class)

and overall enamel thickening.

These evolutionary models suggest that these changes could have

led to either selective pressure on Neolithic populations toward smal-

ler and simpler teeth to prevent caries and dental crowding; or con-

versely a diminution of the selective pressure toward larger and more
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complex morphologies, allowing for derivation toward smaller and

simpler teeth. Both mechanisms could be resulting in natural deriva-

tion toward simpler morphologies and smaller crown diameters.

The Nile Valley is no exception to these tendencies, with signifi-

cant morphological modifications and reduction described between

the Late Pleistocene to early Holocene hunter-gatherers and later

food-producing populations (Anderson, 1968; Crevecoeur, 2008;

Crevecoeur et al., 2009; Greene, 1972; Holliday, 2015; Irish, 2000,

2005, 2010; Irish & Usai, 2021; Shackelford, 2007). Still, the applica-

tion of the morpho-functional adaption evolutionary models detailed

above to the Middle Nile area is argued. As a matter of fact, debates

on whether the morphological changes observed in the Nile Valley

result from an in situ adaptation or rather population replacement

have been on-going for almost half a century. The continuity hypothe-

sis assumes that the adoption of food production in the Nile Valley

did imply dramatic changes in dietary habits, which would have trig-

gered any of the morpho-functional adaptation models and led to sim-

pler and smaller masticatory apparatuses (Armelagos et al., 1989;

Calcagno & Gibson, 1988; Carlson & Van Gerven, 1979; Galland

et al., 2016; Greene, 1972; Greene et al., 1967). On the contrary, the

discontinuity hypothesis argues that such a morphological shift is

related to some population replacement, or at least a significant gene

influx, during the transition to food production. In other words, it may

suggest the arrival of new people alongside the introduction of food-

production practices, domesticated animals, and cereals in the Nile

Valley (Benoiston et al., 2018; Crevecoeur et al., 2023;

Franciscus, 1995; Holliday, 2015; Irish, 2000, 2005, 2010).

The latest studies on outer dental morphology (Irish & Usai, 2021)

and dental tissue proportions (Benoiston et al., 2018) have displayed

even more complex results and hypotheses. Indeed, some Nubian

Late Paleolithic and Mesolithic populations, such as those from Jebel

Sahaba or El-Barga, show complex and large teeth and display very

significant dissimilarities with Neolithic and later samples. The El-

Barga Mesolithic individuals also appear to have different enamel

thickness distribution from later Neolithic individuals in the UI1 and

UM1. On the contrary, the Central Sudanese pre-Mesolithic assem-

blage from Al-Khiday (Dal Sasso et al., 2020; Usai et al., 2010) shows

some level of affinities with later Neolithic and historic populations.

These results highlight the complex settlement processes that might

have happened during the Neolithic transition in the Nile Valley. As a

matter of fact, they highlight the need for new data on samples dating

to the transition, and the necessity of studying large-scale samples

both in Nubia and Central Sudan.i

Recent excavations of early to mid-Holocene sites in Sudan, espe-

cially in the western part of Jebel Sabaloka at the sixth Nile cataract

(Varadzinová, Varadzin, Brukner Havelková et al., 2022; Varadzinová,

Varadzin, Crevecoeur, et al., 2022; Brukner Havelková et al., 2022;

Varadzinová et al., 2023), provide plentiful and so far untested sam-

ples of human remains dating just prior to the Neolithic transition.

These new data and analyses might be the key to explore and

describe more precisely the morphological changes and dental reduc-

tion between the last hunter-fisher-gatherers and the first food-

producers.

The use of dental data in biological affinities studies relies on their

strong genetic control and limited environmental impact on morpho-

logical expression and size (Dempsey & Townsend, 2001; Kono

et al., 2002; Potter & Nance, 1976; Scott & Turner, 1997; Stojanowski

et al., 2018; Townsend et al., 2009). Outer (Irish et al., 2020;

Stojanowski & Schillaci, 2006) and inner (Hlusko, 2016; Horvath

et al., 2014; Martín-Francés et al., 2020) aspects of tooth crowns are

demonstrated proxies for neutral genetic data and provide reliable

insights into biological affinities. This study describes dental tissue

proportions and crown dimensions of a large sample of human

remains dated from the Late Pleistocene to mid-Holocene. With a

continuous time span from the eighth to the fifth millennium BCE and

dental remains originating from both Nubia and Central Sudan, this

sample covers the Neolithic transition in a large area of the Nile Val-

ley. This study will therefore address the following questions: (1) how

distinct are Late Pleistocene, early Holocene and mid-Holocene popu-

lations, based on crown dimensions and dental tissue proportions?

(2) If these differences are significant, could they be related to

morpho-functional adaption resulting from new dietary habits? (3) If

not, what can be the cause of such biological discontinuity? Biological

characterization of these populations should therefore bring new

insights into the understanding of the morphological shift and dental

reduction reported around 8000 years ago.

2 | MATERIALS AND METHODS

Nine samples dated from the Late Paleolithic to the Neolithic and

located both in Nubia and Central Sudan are considered in this study

(see Figure 1 and Table 1). These samples are among the most com-

plete human remains assemblages for this period in the Nile Valley.

They precisely cover the transition from foraging to food-production

in a wide area, extending across almost all of modern day Sudan.

Three time periods are represented in this sample: the Late Paleolithic,

the Mesolithic, and the Neolithic. The former includes the site of Jebel

Sahaba (“JS”; Wendorf, 1968; Zazzo, 2014; Crevecoeur et al., 2021)

which has been the main pre-Neolithic comparative sample in most

previous studies (e.g., Anderson, 1968; Crevecoeur, 2008; Crevecoeur

et al., 2009, 2023; Galland et al., 2016; Holliday, 2015; Irish, 2000,

2005, 2010). The Mesolithic group involves remains from the previ-

ously studied Mesolithic assemblage from El-Barga in Nubia

(“EBK_M”; Benoiston et al., 2018) and more recently excavated and

directly dated remains from the sites of Sphinx (“SPX”) and Fox Hill in

the western part of Jebel Sabaloka (Varadzinová et al., 2023). How-

ever, considering the few direct dates available so far at Fox Hill

(highlighting both Mesolithic and Neolithic occupations) and the com-

plex organization of the burial ground at this site (Varadzinová, Varad-

zin, Brukner Havelková et al., 2022; Varadzinová, Varadzin,

Crevecoeur, et al., 2022), only clearly identified or directly dated

Mesolithic individuals are included in this study (Fox Hill [“FHM”]).
Finally, the Neolithic sample includes remains from Neolithic El-Barga

(“EBK_N”; Crevecoeur, 2012), Kadruka 1 (“KDK”; Benoiston

et al., 2018) and Ghaba in Central Sudan (“GHB”; Irish & De
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Groote, 2016). Recently excavated and yet unpublished Neolithic

remains from the Affad (“AFD”) and Letti (“LTD”) basins (Osypińska

et al., 2020) were also included.

In total, this study analyses crown dimensions of 329 individuals

(the entire dentition was considered, see Table S2 for tooth class

details). Considering overall sample preservation, teeth with fewer

wear, and to allow comparison with previous studies, we then focused

on upper central incisors (n = 27), and upper first (n = 30) and second

molars (n = 28) for an in-depth dental tissue proportion analysis

(85 total teeth from 58 individuals, see Table 2).

2.1 | Outer crown dimensions

Buccolingual (BL) and mesiodistal (MD) crown diameters were

recorded for all samples and all teeth following Bräuer (1988) and

using a digital caliper accurate to 0.01 mm. Teeth exhibiting substan-

tial interproximal wear or damaged crowns were excluded from this

study. To avoid duplicating the data unnecessarily and to have the

most complete dataset possible, only left antimere measurements

were considered here. When not available, the left antimere was

substituted by the right antimere. Means of the BL and MD diameters

of each tooth class (i.e., 32 measurements in total) were then com-

puted for all samples separately.

Within-dentition crown dimension variations were monitored

through tooth size apportionment (TSA) analysis developed by Hemp-

hill (1991) and Harris (1997). This approach allows comparisons of

whole dentitions, instead of each tooth individually

(e.g., Hemphill, 2016; Irish et al., 2016; Romero et al., 2018). To mini-

mize the effect of size that can substantially influence the results of

TSA analyses (Irish & Kenyhercz, 2013), all 32 BL and MD measure-

ments means were size-corrected for each sample separately follow-

ing Darroch and Mosimann (1985) method. This consists of

computing the geometric mean (the 32nd root of the product of the

32 mean measurements) per sample, and then dividing each mean

measurement by their respective geometric mean. Principal compo-

nent analysis (PCA) was computed on the correlation matrix of the

32 size-corrected mean crown dimensions. In order to better visualize

the inter-sample relations, three-dimensional plots were computed on

the first three principal components and hierarchical clustering analy-

sis was performed on the size-corrected measurements using Ward's

minimum variance agglomerative clustering. All statistical analyses

were performed in R.

2.2 | Dental tissue proportions

Upper central incisors and first and second molars for which occlusal

wear degree was less than Molnar (1971) grade 3 (small dentine

patches) were selected for microtomographic acquisitions (μCT scans)

and analysis of dental tissue proportions. Details on the acquisition

devices are given in Table S1. The final volumes were reconstructed

with an isotropic voxel size ranging from 16.01 to 42.00 μm. Using

Avizo 9.5.0 (Thermo Fisher Scientific), a semi-automatic segmentation

of the reconstructed images was performed, followed by manual cor-

rections. According to Olejniczak's (2006) method, crowns were digi-

tally separated from roots and dental tissue proportions were

measured. These include the crown total volume (Vc), coronal enamel

and coronal dentine volumes (Ve and Vd), percentage of the crown

that is dentine and pulp (Vdp.Vc), enamel-dentine junction surface

(Sedj), 3D average enamel thickness (AET), and 3D relative enamel

thickness (RET)—a measurement independent of overall tooth size

(Lockey et al., 2020; Martín-Francés et al., 2020; Olejniczak, Smith,

et al., 2008; Olejniczak, Tafforeau, et al., 2008). Kruskal–Wallis tests

were computed to assess any significant differences among all sam-

ples. Mann–Whitney U-tests were then used to identify which

samples were significantly different. To have stronger statistical

weight and avoid small sample-size bias, samples were pooled into

larger geographically and chronologically coherent groups: Late

F IGURE 1 Location of the sites and samples used in this study.
See Table 1 for details on the precise dating of the human remains
assemblages.
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Paleolithic (LP: JS), Nubian Mesolithic (MESON: EBK_M), Central

Sudanese Mesolithic (MESOSC: SPX and FHM), Nubian Neolithic (NEON:

EBK_N, AFD, and LTD), and Central Sudanese Neolithic (NEOSC: GHB).

Kruskal–Wallis and Mann–Whitney tests were computed for these groups

as well. All statistical analyses were performed in R.

To compare the enamel thickness distribution between samples,

3D surface models were computed for the outer enamel surface

(OES) and enamel-dentine junction (EDJ) using constrained smoothing

(Kupczik & Hublin, 2010). 3D enamel thickness maps were then com-

puted as the distance between the OES and EDJ (Macchiarelli

et al., 2008). The teeth of individuals that reflect the AET of LP,

MESON, MESOSC, NEON and NEOSC samples were selected as

mean representatives of their group.

3 | RESULTS

3.1 | Outer crown measurements

The raw mean MD and BL measurements for the whole dentition and

all samples are displayed in Table S2, and size-corrected mean mea-

surements are listed in Table S3. Considering the few teeth and lack

of complete dentitions recovered from AFD and LTD, these samples

were excluded from the odontometric analyses (they are however

included in the dental tissue proportions analyses).

All 32 size-corrected measurements of the seven remaining sam-

ples were submitted to PCA. The three first components account for

74.83% of the total variance, their loadings and eigenvalues are listed

in Table S4. The three-dimensional graphic representation of these

components (Figure 2) and a Ward's dendrogram computed on the

size-corrected measurements (Figure 3) both show clear distinction

between the Neolithic samples (GHB, KDK, and EBK_N) and all for-

ager samples (JS, SPX, EBK_M, and FHM). This distinction appears to

be mainly determined by the first two components of the PCA, with

the Neolithic samples plotting in the negative values of PC1 and PC2,

while the Mesolithic samples (EBK_M, FHM, and SPX) and Late Paleo-

lithic JS are rather found in the positive values and/or near zero on

each component. When considering the detailed loadings of each

component, the Neolithic samples are characterized by high magni-

tude (>j0.5j) negative loadings on both component 1 and component

2, which relate to relatively large upper canines, upper first molars,

and lower incisors. In the same way, these individuals appear to have

relatively large MD dimension for UI1, UP1, UP2, LP2, and LM1, as

well as BL diameters for the lower canines only. On the contrary,

as EBK_M and FHM are mostly characterized by high magnitude posi-

tive loadings on component 1, they show relatively large upper third

molars and lower second molars, and have relatively large MD dimen-

sions for UI2 only and BL dimension for UP1, UM2, LP1, LP2, and LM3.

Similarly, it appears that JS and SPX are characterized by high magni-

tude positive values on PC2 (i.e., relatively large BL dimension for upper

incisors and LP1, and MD diameters for upper second molars).

Component 3 accounts for 15.3% of the total variance and

appears to only distinguish EBK_M individuals from the rest of the

sample. This distinction appears to be related to EBK_M individuals

having a relatively large BL dimension for upper canines and second

premolars, and MD for lower canines and first premolars (high magni-

tude negative loadings on PC3). At the same time, these individuals

would appear to have relatively small lower third molars and BL

dimensions for UI1 only.

3.2 | Dental tissue proportions

Dental tissue measurements for each tooth type and all samples (LP,

MESON, MESOSC, NEON, and NEOSC) are presented in Figure 4.

Data for each sample (JS, EBK_M, SPX, FHM, GHB, EBK_N, AFD, and

LTD) are displayed in Figure S1, with samples mean, standard devia-

tion, and range in Table S5, and individual enamel thickness values in

Tables S6–8. Results of Kruskal–Wallis tests and Mann–Whitney U-

tests for the inter-sample comparisons are also presented in both fig-

ures. Enamel thickness maps for LP, MESON and MESOSC, and

NEON and NEOSC samples are also displayed in Figures 5–7.

3.3 | Maxillary central incisors

Significant variations of dental tissue proportions are present between

sites and groups for the UI1s (Figure 4a, Figure S1A). The most strik-

ing and singular pattern is expressed by the JS LP individuals.

Although having significantly higher values of dentine volume and on

average larger EDJ surface, with respect to the other comparative

samples, they possess very similar enamel volume values to them. In

the same way, JS individuals exhibit significantly higher percentages

of dentine and pulp in the crown, especially compared to Nubian indi-

viduals (both MESON and NEON). As a consequence, the JS sample

lies in the lowermost part of AET values, outside all other comparative

TABLE 2 Detailed sample of UI1, UM1, and UM2 used in the
dental tissue proportions analysis.

Sample UI1 UM1 UM2

Nubia

JS 4 7 4

EBK_M 4 2 4

EBK_N 10 13 4

KDK - - -

AFD 1 - 2

LTD - - 1

Central Sudan

SPX 2 2 4

FHM 1 2 5

GHB 5 4 4

Abbreviations: AFD, Affad; EBK_M, Mesolithic El-Barga; EBK_N, Neolithic

El-Barga; FHM, Mesolithic Fox Hill; GHB, Ghaba; JS, Jebel Sahaba; KDK,

Kadruka; LTD, Letti; SPX, Sphinx.
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group variability, and has significantly lower RET than the others.

Surprisingly, while the Mesolithic individuals from SPX) exhibit the

strongest similarities in terms of crown dimensions, dentine volume,

and EDJ surface value with JS, they align with the other Mesolithic

site EBK_M regarding their average and RET (see Figure S1A). This

might be due to the small sample size of Mesolithic individuals as,

once regrouped in MESOSC and MESON, both align for all variables

measured (Figure 4a). Interestingly, despite very low EDJ surface,

crown, enamel, and dentine volumes, the only UI1 from FHM aligns

with the other Mesolithic sites examined (EBK_M and SPX) in terms

of average and RET. This relates to similar tissue proportions between

all these sites. Finally, the Neolithic groups tend to have lower enamel

thickness in comparison to the Mesolithic sample (mean RET values:

MESON = 17.62; MESOSC = 16.51; NEON =15.63; and

NEOSC = 15.17). This trend is mostly related to the size of Neolithic

individual EDJ surface values, which are slightly higher than with most

of the Mesolithic sites.

Enamel thickness distribution maps (Figure 5) show that, despite

having significantly lower RET values, LP individuals display the same

topography as Mesolithic groups (MESON and MESOSC). This con-

sists of a major thickening of the buccal surface and occlusal part of

the distal aspects of the crown. In comparison, Neolithic samples lack

this reinforcement of the buccal surface. This might explain the rela-

tively lower AET and RET values of these individuals compared to

those of the hunter-gatherer groups. No difference appears between

NEON and NEOSC samples.

3.4 | Maxillary first molars

The UM1s from JS individuals display on average high values of EDJ

surface and dentine volume (Figure 4b), compared to the other sam-

ples. Still, these individuals tend to have lower enamel volume values

with regard to those of dentine volume. This results in significantly

higher Vdp.Vc values and lower average and RET values. The individ-

uals from Mesolithic SPX display high crown and dentine volumes,

aligning with JS variability and on average higher than EBK_M and

FHM (see Figure S1B). However, having proportionally higher enamel

volume values than all samples, SPX individuals show high average

and RET values and align with all other Mesolithic samples. Variation

is also noted at the regional scale (i.e., between MESON and

MESOSC) for EDJ surface and dentine volume, with the Nubian indi-

viduals showing relatively lower values. Still, the mean AET

(MESON = 1.57 mm; MESOSC = 1.42 mm) and RET values

(MESON = 23.77; MESOSC = 21.35) are very similar between
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F IGURE 2 Three-dimensional plot of
the first three components scores for
tooth size apportionment on seven Nile
Valley samples (see Table 1 for site
abbreviations). Components variance:
PC1 = 38.0%; PC2 = 22.8%; and
PC3 = 15.3%. EBK_M, Mesolithic El-
Barga; EBK_N, Neolithic El-Barga; FHM,
Mesolithic Fox Hill; GHB, Ghaba; JS, Jebel

Sahaba; KDK, Kadruka; SPX, Sphinx.
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F IGURE 3 Ward's minimum variance agglomerative clustering
dendrogram based on the size-corrected crown measurements of
seven Nile Valley samples (see Table 1 for site abbreviations). EBK_M,
Mesolithic El-Barga; EBK_N, Neolithic El-Barga; FHM, Mesolithic Fox
Hill; GHB, Ghaba; JS, Jebel Sahaba; KDK, Kadruka; SPX, Sphinx.
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groups. Finally, considering Neolithic groups NEON and NEOSC,

Nubian individuals display on average low crown, dentine, and enamel

volume values, compared with MESON individuals. Still, they tend to

have greater percentage of dentine and pulp in the crown, with rela-

tively lower enamel volume values than the Mesolithic samples,

resulting in slightly lower mean average and RET (AET = 1.38 mm;

RET = 21.26). Moreover, NEOSC individuals tend to have relatively

higher EDJ surface and dentine volume values than NEON, while hav-

ing similar enamel and crown volume values. This results in Vdp.Vc

values similar to those of the LP population and significantly lower

average and RETs, again closer to the variability observed in these LP

individuals from JS.

Considering enamel thickness topography (Figure 6), JS appears

to have thin enamel on the occlusal aspect of molars, with the thickest

area of enamel on the distal aspect of the hypocone. Still, it does not

substantially differ from the Mesolithic groups as they all display

homogeneously distributed enamel thickness. Only the occlusal and

distal parts of the hypocone cusp appear to be slightly thickened for

these individuals too. Conversely, the Neolithic samples from both

Nubia and Central Sudan exhibit significantly different distribution,

with very thick enamel on both lingual cusps (hypocone and proto-

cone) and especially on their lingual aspects. Slight variation is also

noticeable between EBK_N and GHB sites, with the Central Sudanese

individuals exhibiting a significant reinforcement on the buccal aspect

of the crown that the Nubian teeth miss.

3.5 | Maxillary second molars

Considering second molar dental tissue proportions (Figure 4c), LP

individuals tend to have relatively higher crown and enamel volumes

than all others, while also having EDJ surface values similar to those

of Mesolithic samples. Nevertheless, they display similar average and

RET values with the other hunter-gatherer samples (only the AET

F IGURE 4 Dental tissue proportions for all tooth types and groups. Only significant Mann–Whitney tests results are shown (‘*’: p < 0.05;
‘**’: p < 0.01; ‘***’: p < 0.001; ‘****’: p > 0.0001). See Table 1 for site abbreviations. AET, average enamel thickness; RET, relative enamel
thickness; Sedj, enamel-dentine junction surface; Vc, crown volume; Ve, coronal enamel volume; Vd, coronal dentine volume; Vdp.Vc, percentage
of the crown that is dentine and pulp.
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F IGURE 5 Enamel thickness
maps of upper central incisors in
occlusal (O), mesial (M), distal (D),
buccal (B) and lingual (L) views.
Chromatic scale values in
millimeter. JS: JS_13 (right incisor
flipped); MESO (Nubia):
EBK_T121; MESO (Central
Sudan): SBK_W60_B44 (right

incisor flipped); NEO (Nubia):
EBK_T20; NEO (Central Sudan):
GHB_G313.

F IGURE 6 Enamel thickness
maps of upper first molars in
occlusal (O), mesial (M), distal (D),
buccal (B) and lingual (L) views.
Chromatic scale values in
millimeter. JS: JS_24 (right molar
flipped); MESO (Nubia):
EBK_T140b (right molar flipped);
MESO (Central Sudan):

SBK_W60_B31 (right molar
flipped); NEO (Nubia): EBK_T115;
NEO (Central Sudan):
GHB_G107.

MARTIN ET AL. 9 of 17

 26927691, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.24948 by L

IV
E

R
PO

O
L

 JO
H

N
 M

O
O

R
E

S U
N

IV
, W

iley O
nline L

ibrary on [05/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



values are slightly higher for the JS population). Significant reductions

in EDJ surface, dentine, and Vdp.Vc values appear between hunter-

gatherer groups (LP, MESON, and MESOSC) and NEON. Still, there is

little to no variation of enamel volume between these groups. This

results in slightly higher AET and significantly higher RET (mean

NEON RET = 24.62). Finally, although NEOSC individuals show

crown volume and EDJ surface values close to the other Neolithic

samples, they exhibit noticeably different patterns with respect to tis-

sue proportions. In fact, these individuals tend to have lower enamel

volumes than all other samples (LP, MESOSC, MESON and NEON),

while at the same time having relatively high dentine volumes, similar

to the hunter-gatherer samples. This difference in enamel/dentine

proportion results in significantly higher Vdp.Vc, relatively lower AET,

and significantly lower RET compared to NEON individuals. This

places the NEOSC group in the lowermost part of Mesolithic

variability.

Enamel thickness maps show little variation between LP and

MESOSC samples (Figure 7). All these individuals display homoge-

neously distributed enamel with the thickest area around the crown.

This significantly differs from the topographies observed in Neolithic

samples, which show the thickest enamel on the lingual cusps and

overall thin enamel on the distal and buccal surfaces (especially Cen-

tral Sudanese GHB individuals). Despite significant differences in

terms of dental tissue proportions, no clear topographic variation

appears between Nubian and Central Sudanese samples. Finally, con-

sidering the occlusal wear stages on EBK_M individuals (stages 2–3

based on Molnar (1971)), no enamel thickness map was computed for

this sample.

4 | DISCUSSION

The outer and inner aspects of dental crown dimensions studied here

highlight numerous variations and differences between sites and

especially between Mesolithic and Neolithic individuals. This supports

the results of several previous studies (Benoiston et al., 2018;

Crevecoeur et al., 2023; Irish, 2005) that showed significant changes

in cranial and crown outer morphology, dimensions, and enamel thick-

ness between hunter-gatherer and food-producing populations from

the Nile Valley.

Tooth size apportionment analysis and dental tissue proportions

show significant affinities between all MESON and MESOSC samples

(FHM, SPX, and EBK_M) and the LP site of Jebel Sahaba. JS and SPX

individuals appear to share significant similarities both on outer and

inner aspects. Conversely, tooth crown measurements display sub-

stantial variations between Neolithic groups and earlier samples in

tooth apportionment within the dentition.

Similar patterns are noted in the enamel thickness distribution.

Jebel Sahaba and Mesolithic samples all display homogeneous distri-

bution, even though the LP individuals stand out by having signifi-

cantly lower RET values for upper central incisors and first molars.

When compared with the earlier samples, Neolithic individuals show

significant variation in dental tissue proportions and enamel thickness

distribution. Topographies specific to the foraging and to the food-

producing populations were found: a significant enamel thickening of

the buccal aspect of the Late Paleolithic and Mesolithic upper first

incisors and homogeneously distributed enamel thickness in their

first and second upper molars; a significant thickening of the lingual

cusps (hypocone and protocone) of the Neolithic molars and relatively

thin enamel on the buccal aspect of their first upper incisors.

Finally, upper second molars dental tissue proportions showed

significant variation between Central Sudanese Neolithic GHB and

other Nubian Neolithic samples (EBK_N, AFD, and LTD). Still, little

variation in enamel thickness distribution was found between these

groups, except for an enamel thickening on the buccal aspect of GHB

upper first molars that Nubian individuals lack.

Tooth crown morphology and dimensions are determined by mul-

tiple controls, such as genetic, epigenetic, and environmental factors

F IGURE 7 Enamel thickness
maps of upper second molars in
occlusal (O), mesial (M), distal (D),
buccal (B) and lingual (L) views.
Chromatic scale values in
millimeter. JS: JS_24 (right molar
flipped); MESO (Central Sudan):
SBK_W60_S6_LB1/15 (right
molar flipped); NEO (Nubia):

AFD_132_G1; NEO (Central
Sudan): GHB_G91.
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(Dempsey & Townsend, 2001; Grine, 2005; Kono et al., 2002;

Townsend et al., 2009). Twin studies highlighted the high heritability

of crown outer measurements (MD and BL diameters), with minimal

influence from epigenetic and environmental factors for maxillary

teeth and BL dimensions (Dempsey & Townsend, 2001; Potter &

Nance, 1976; Townsend et al., 2009). Interpretation of enamel thick-

ness and enamel distribution are more debated, as there might be

greater influence of diet-related functional aspects (Constantino

et al., 2009; Hlusko et al., 2004; Horvath et al., 2014; Le Luyer &

Bayle, 2017). Although the pressure of diet on enamel cap morphol-

ogy is significant for comparisons at the genus level, studies on mod-

ern humans showed relatively low influence of it and high underlying

genetic control (Grine, 2005; Kono et al., 2002). Previous studies also

highlighted some level of sexual dimorphism in dental tissue propor-

tions (e.g., Smith, Olejniczak, Reid, Ferrell & Hublin, 2006; Sorenti

et al., 2019; Fernée et al., 2020). Considering that only few sex esti-

mations are available for the individuals studied here, as a result of

medium-to-poor preservation of the remains, enamel thickness mea-

surements presented here do not account for possible influence of

sex. Still, comparison with the results of TSA and enamel distribution

suggests most probably minor influence of biological sex on the signal

recorded for dental tissue proportion as very similar results and differ-

ences are monitored for each analysis. In summary, all proxies studied

here appear to be under high genetic control and only slightly influ-

enced by epigenetic factors, therefore providing reliable insights into

biological relatedness estimates and micro-evolution analyses. Still, to

assess the potential effect of the diet on the enamel thickness and

distribution variation, thorough discussion of this issue is provided

further below.

4.1 | Jebel Sahaba: A unique population?

Previous studies on dental nonmetric traits (Irish, 2000, 2005; Irish &

Usai, 2021), but also cranial (Anderson, 1968; Crevecoeur, 2008;

Crevecoeur et al., 2009, 2023; Greene, 1972) and postcranial

(Holliday, 2015; Shackelford, 2007) evidence described Jebel Sahaba

as an outlier in the later biological diversity spectrum of the Nile Val-

ley, mostly in comparison with Neolithic and later populations. On the

contrary, with high frequencies of mass-additive nonmetric traits

(e.g., UI1 shoveling, LM1 entoconulid, UM1 enamel extension), affini-

ties were rather found between the Late Pleistocene individuals and

historic sub-Saharan populations (Holliday, 2015; Irish, 2000, 2005;

Irish & Usai, 2021). The new data presented here also provide further

example of the significant differences, in both outer and inner dental

aspects, displayed between the JS population and Neolithic samples

from the Nile Valley. However, major similarities were highlighted

between JS and Mesolithic groups (EBK_M, FHM, and especially SPX).

The only major difference between JS and later hunter-gatherers that

this study highlighted is that the LP population displayed significantly

lower RET values for both upper central incisors and upper first

molars. As detailed above, this results from the very high dentine vol-

ume, EDJ surface, and Vdp.Vc values compared with the enamel

volumes of these individuals. Interestingly, despite clear crown vol-

ume and outer BL and mesiodistal diameter reduction (Table S2)

between JS and the Mesolithic groups (EBK_M, SPX, and FHM), little

to no variation in enamel volume is recorded. Therefore, it would

seem that the decrease in tooth size and crown volume between the

Late Paleolithic individuals and Mesolithic samples was substantially

driven by a decrease of absolute dentine volume. Variations of den-

tine volume preferentially to enamel volume in a context of dental

reduction are not surprising, and has already been documented

(e.g., Grine, 2002, 2005; Olejniczak, Smith, et al., 2008). Therefore,

these differences in enamel thickness between the JS population and

the other hunter-gatherer groups might rather be related to overall

dental reduction than clear biological differences.

We suggest that the overall homogeneity, between Jebel Sahaba

and early Holocene populations, but also between the Mesolithic sam-

ples, indicates biological proximity between hunter-gatherer groups

from the Late Pleistocene through the early Holocene. In fact, despite

substantial cultural and behavioral differences between these popula-

tions, there seems to be clear biological affinities between the Late

Paleolithic JS and the Mesolithic groups studied here across Sudan.

However, results of nonmetric traits analysis (Irish & Usai, 2021) on

the pre-Mesolithic individuals from Al-Khiday in Central Sudan

highlighted significant morphological differences with JS.

These few disparities between pre-Mesolithic Al-Khiday and

those between the samples in this study (e.g., EBK_M individuals

showing some differences in TSA) should be acknowledged as they

might provide further insights in the complexity of the pre-Neolithic

population of the Nile Valley. These local variations, with apparent

overall homogeneity, might actually reflect and result from the earlier

population dynamics and history of the Nile Valley. In fact, previous

studies on Late Pleistocene North-eastern African population sub-

structure in the Late Pleistocene highlighted fragmented and pheno-

typically diverging subgroups (see Crevecoeur et al., 2023). Some

aspects of this very complex population substructure might have

lasted until the early Holocene, and impacted the phenotypes of sam-

ples under study here.

4.2 | The Neolithic transition: Population
continuity versus discontinuity

Several significant differences were highlighted between hunter-

fisher-gatherer and food-producer samples. Some support previous

observations on outer crown dimensions, but also significant changes

in dental tissue proportions and enamel thickness distribution of

upper central incisors and first molars (Benoiston et al., 2018). The

results from this study acknowledge even more complex dental

changes between the Late Pleistocene to early Holocene groups and

the mid-Holocene populations. Several morpho-functional adaptation

models (probable mutation effect: Brace, 1963; Brace &

Mahler, 1971; increasing population density effect: Macchiarelli &

Bondioli, 1986; and selective compromise effect: Calcagno &

Gibson, 1988) were hypothesized to describe, explain, and predict
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such dental morphological shift and size variation in a worldwide con-

text of the Neolithic transition. All of these models are based on the

hypothesis of a dramatic change in dietary habits that would have

accompanied the transition to food production. This new diet is

assumed to be much softer, as a result of the introduction of pottery

and new cooking habits, but also much more abrasive, as the introduc-

tion of grinding stones would have led to significant consumption of

stone grit from the grinders. This would have resulted in an overall

reduction and simplification of the teeth. These models also suggest

that significantly poorer (dental) health status and more severe dental

wear are also assumed to result from this new lifestyle.

These scenarios might have been true for some regions

(e.g., Southern Levant; Pinhasi et al., 2008), but archaeological data

from the Nile Valley do not seem to support such a shift in diet. As a

matter of fact, hunter-gatherer populations in Africa did use and pro-

duce pottery as early as the 10th millennium BCE (Huysecom, 2020),

with the earliest attestations along the Nile in the early ninth millen-

nium BCE (Garcea et al., 2020; Varadzinová et al., 2023) and numerous

grinding stones, suggested to have been used for food preparation,

were also excavated from Mesolithic sites along the Nile (Řídký

et al., 2022; Ryan et al., 2016; Salvatori et al., 2018; Usai, 2014). In

this regard, it appears that cooking habits did not substantially vary

between early and mid-Holocene Nile Valley peoples. In fact, the

Neolithic diet only differed from the Mesolithic one by the introduc-

tion of domesticated cereals (wheat and barley) and animals (cattle,

sheep, and goats; Salvatori & Usai, 2019b).

These new food resources, and especially cereals, could indeed

represent a higher risk of abrasion (higher intake of phytoliths; Xia

et al., 2015; Rodriguez-Rojas et al., 2020) or of caries (higher intake of

carbohydrates; Navia, 1994; Caselitz, 1998; Reich et al., 1999). How-

ever, we suggest this would not have significantly impacted dental

health of the Neolithic populations. This is supported by the preva-

lence of tooth wear and caries in Neolithic samples (e.g., 1.7%

prevalence of carious lesions for GHB and minor to medium occlusal

wear; Irish & De Groote, 2016) that is in several instances lower than

in hunter-gatherer samples (e.g., Mesolithic SPX individuals display

medium to very severe wear degrees with cupped or half-cupped pro-

files; Brukner Havelková et al., 2022). The latter assumption is also

supported by the homogeneity of all Neolithic samples, and because

this adoption of food-producing practices occurred very gradually and

heterogeneously throughout the Nile Valley (see Monroe et al., 2023).

This heterogeneity of subsistence strategies is reflected within

our sample with Neolithic El-Barga. Of interest, faunal remains from

this site mainly include Nilotic resources and possible domesticated

animals, with no evidence of domesticated plants (Linseele, 2012),

suggesting these individuals would have had a similar diet to hunter-

gatherers. Still, no variation in dental health is found between EBK_N

and later cereal-consuming populations in our sample (e.g., AFD, GHB,

or KDK), even though marked change in diet occurred between sam-

ples (Irish & De Groote, 2016; Maines, 2019; Osypińska et al., 2020;

Ryan et al., 2016; Salvatori & Usai, 2019a, 2019b). This finding does

not support the hypothesis of decreasing dental health accompanying

the introduction of domesticated plants in the food-producing diet. In

the same way, homogeneity in dental data on both inner and outer

aspects among all Nubian Neolithic samples, despite significant subsis-

tence strategy differences, does not suggest diet-related change.

In this regard, it seems that the morpho-functional adaptation

models do not fit the archaeological context of the Nile Valley or the

novel data presented here; we do not discern any substantial change

in dietary habits, worsening dental health, nor additional tooth size

apportionment variations and enamel thickness changes during the

Neolithic period and intensification of food-producing practices.

Moreover, we need to acknowledge that all dental variations

highlighted in this study would have to have happened in an

extremely short time. Yet, only seven centuries separate the Meso-

lithic from Neolithic samples considered here in Nubia and 200 years

at most for those in Central Sudan. Within the entire collection stud-

ied here, samples from both periods overlap chronologically (SPX and

EBK_N, see Table 1). In this regard, it appears the variation highlighted

here occurred much faster than elsewhere in the world (e.g., Brace

et al., 1987; Pinhasi et al., 2008). We suggest that such a rapid shift in

dental dimensions and enamel thickness distribution could not have

happened through an in situ adaptation or evolutionary process, even

within the context of a transition to food production. Conversely, we

suggest this is consistent with some measure of biological discontinu-

ity between early Holocene and later Neolithic groups. In other words,

this suggests the Jebel Sahaba and Mesolithic populations studied

here did not—or very little—contribute genetically to later Neolithic

populations included in this study. Nevertheless, the contribution of

some pre-transition groups to Neolithic populations should not be

entirely ruled out, as the latest study on dental nonmetric traits

highlighted some affinities and morphological proximities between

pre-Mesolithic Al-Khiday (Central Sudan) and later samples associated

with food-production (Irish & Usai, 2021). In this regard, it would

appear that the Al-Khiday pre-Mesolithic population contributed, to

some extent, to later population phenotypes and might be ancestral.

Still, to date, no other hunter-fisher-gatherer population from the Nile

Valley has shown affinities with later food-producers from the region,

and the Al-Khiday contribution to Neolithic populations could be a

unique phenomenon. Thus, we suggest that significant gene flow

likely accompanied the arrival of domesticated plants and animals dur-

ing and after the sixth millennium BCE. Still, some isolated and local

events of admixture might have happened with pre-transition hunter-

gatherers (like the people from Al-Khiday) contributing some aspects

of their phenotypes to later populations.

4.3 | Regional diversity during the Neolithic
period?

Beyond overall homogeneity with other Neolithic samples, Ghaba

individuals tend to have distinctive features and characteristics on

both outer and inner aspects (see above). These variations are of

lesser significance than those highlighted between hunter-gatherers

and Neolithic individuals but are nevertheless specific to this Central

Sudanese sample. We should acknowledge some micro-regional
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morphological and metric variation between Neolithic Nubia and Cen-

tral Sudan. Previous studies of dental nonmetric traits (Irish, 2005,

2010; Irish & Usai, 2021) highlighted the existence of a North–South

cline throughout Nubia, distinguishing samples from Upper and Lower

Nubia. The same phenomenon might be evident here between

(Upper) Nubia and Central Sudan. This would suggest that, despite

overall uniform and shared morphology, crown size, and enamel thick-

ness, Neolithic groups locally varied and acquired specific dental fea-

tures. Such regional diversity can result from many complex

processes, including genetic drift, admixture with other/earlier groups,

and isolation, among others. Further investigations on additional sites

and new samples from Central Sudan and/or Nubia are needed to val-

idate these hypotheses and better understand this diversity.

5 | CONCLUSION

The recent excavations of early to mid-Holocene cemeteries in the

Nile Valley provided novel data on the biological profiles of these

populations. The study of outer and inner aspects of the tooth crown

highlighted significant changes in crown size and tissue proportions

between the last hunter-fisher-gatherers and first food-producers.

This includes variation in the tooth size apportionment, differences in

the dental tissue volumes and enamel thickness, and changes in the

enamel thickness distribution. Considering that such shifts occurred in

an extremely short time (a few centuries at most), we suggest that sig-

nificant biological discontinuity happened during the Neolithic transi-

tion. The first evidence of complex and varying settlement processes

along the Nile River were also identified, distinguishing Nubian from

Central Sudanese individuals. More in-depth analyses of the EDJ

shape will promote finer-grained characterization of the morphologi-

cal variation highlighted here. It will also allow a better understanding

of the factors contributing to the variation in crown diameters, tissue

proportions and dental nonmetric traits, as well as a better under-

standing of the micro-regional specificities in the Neolithic

populations.
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ENDNOTE
i In this study we refer to Nubia as the region between the 1st and 5th

cataract of the Nile and Central Sudan as the area south of the 5th cata-

ract. Some other authors consider Nubia to extend from the 1st cataract

of the Nile to the confluence of the White and Blue Nile rivers, near

Khartoum in Sudan (Adams, 1977; Williams & Emberling, 2021).
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