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ABSTRACT: Archaic and modern humans differ in a range of craniodental features. From a taxonomic and phylogenetic perspec-
tive, it is essential to distinguish between species accurately through detailed morphological characterizations. This study analyzes
the size and shape variation of the enamel-dentine junction (EDJ) of upper molars from two hominin species, early Neanderthals
from Krapina (N = 13) and mid-Holocene European modern humans (N = 14), to assess the extent of their endostructural morpho-
logical differentiation. The EDJ was obtained through microtomographic scans of each molar using segmentation procedures.
Three-dimensional landmarks semilandmarks and 3D geometric morphometric methods, were employed to investigate EDJ size and
shape variation through univariate (t-test), multivariate exploratory, and classification methods (PCA and LDA). The results indicate
that the shape of the EDJ and cervix of M? differentiates Krapina Neanderthals from mid-Holocene European modern humans with a
high degree of accuracy (~85%). Furthermore, EDJ size and dental nonmetric traits expressed in this structure provide additional
information that is useful for distinguishing between the two species. Compared to modern humans, Krapina Neanderthals exhibit
reduced dental diversity. From an endostructural perspective, this study provides additional insights into early Neanderthals’ morpho-
logical diversification relative to modern humans, which is valuable for studying middle and late Pleistocene hominin evolution.
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1. Introduction

The skeletal sample from the Krapina site in Croatia, dated to about 130 ka BP [1], represents one of the largest
collections of early European Neanderthals currently available for research, originating from a single site and period
(MIS 5e). This collection has been systematically used in hominin evolutionary comparative studies [2—4]. However,
comparisons have been hindered by the fragmentary nature of the Krapina skeletal remains. According to previous
research, the Krapina Neanderthals had craniodental features similar to those of Western European Neanderthals, were
differentiated from modern humans, and exhibited reduced morphological variation [2-5]. Additional investigations
have provided further insights into the behaviour, skeletal trauma, health, and diet of the Neanderthal population buried
at Husnjakovo rock-shelter [6-10].

Given that teeth are better preserved than other skeletal parts, the Krapina sample consists mostly of isolated teeth
(~293 teeth and tooth fragments), maxillae, and mandibles, representing the largest well-preserved sample of
Neanderthal teeth found at the same site to date. Over the past decades, the dental sample from Krapina was extensively
investigated, and most studies focused on the gross morphology of teeth, especially the outer enamel surface (OES)
[2,4-6,11-16]. More recently, with the advent of new technologies and approaches, like microcomputed tomography
and 3D geometric morphometrics, the endostructural morphology of the Krapina dental remains has been further
investigated. Despite the fact that the inner morphology of Krapina teeth has been systematically used in hominin
taxonomic studies, e.g., [17,18] and represents a significant portion of the total number of Neanderthal teeth currently
available for study [9], few investigations have focused exclusively on the Krapina teeth to characterize the enamel-
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dentine junction (EDJ) morphology and evaluate specific differences with modern humans, providing additional
insights into Late Pleistocene hominin diversification and evolution.

Teeth play a significant role in the study of diversity and evolution of living and extinct hominoids [19-21].
Compared to bony elements, teeth are made of several tissues (enamel, dentine, pulp, cementum) and grow
incrementally without being remodeled once they are mineralized. In addition, while both enamel and dentine are under
strict genetic control in growth and development [21-26], they have different genetic backgrounds and embryogenic
origins [27,28]. While enamel tends to reflect macroevolutionary changes, dentine is more conservative and records
microevolutionary trajectories [28-34]. Owing to these characteristics and their better preservation and higher abundance
in the fossil record, teeth are currently systematically used in paleoanthropology to reconstruct hominin evolution [35-47].

This report presents additional evidence of the size and shape differentiation between early Neanderthals from
Krapina and mid-Holocene modern humans by investigating the EDJ surface of the second upper molars using 3D
geometric morphometrics.

2. Materials and Methods
2.1. Materials

The sample investigated comprises 3D models of the EDJ of 27 s upper molars of two extinct and extant hominin
taxa, namely early Neanderthals and modern humans. Table 1 shows details about the sample used in the present study.
The Neanderthal sample consists of 13 molars from the Krapina site (dating to MIS 5e). In contrast, the modern human
sample consists of 14 teeth from the archaeological site Gurgy, located in the southern Paris Basin (Yonne, France),
whose radiocarbon chronology ranges from 5100 to 4000 cal BC [48]. The Krapina sample derives from the fossil
virtual collection at the Stiftung Neanderthal Museum (https://archiv.neanderthal.de/) (accessed in 2023), while the
modern  human  sample was downloaded from the open-source repository  MorphoMuseum
(https://morphomuseum.com/) [49] (accessed in 2021).

Table 1. Composition of the second upper molar sample included in the present study.

Site Specimen Taxonomy M2 Institution Source Inventory Number
Krapina D96 Neanderthal Right CNHM 1,2 F_Kra_Hn_092
D98 Neanderthal Right CNHM 1,2 F_Kra_Hn_094
D99 Neanderthal Right CNHM 1,2 F_Kra_Hn_100
D101 * Neanderthal Left CNHM 1,2 F_Kra_Hn_097
D109 * Neanderthal Right CNHM 1,2 F_Kra_Hn_105
D135 Neanderthal Left CNHM 1,2 F_Kra_Hn_130
D165 Neanderthal Right CNHM 1,2 F_Kra_Hn_158
D169 Neanderthal Right CNHM 1,2 F_Kra_Hn_159
D172 Neanderthal Right CNHM 1,2 F_Kra_Hn_165
D175 Neanderthal Left CNHM 1,2 F_Kra_Hn_168
D176 Neanderthal Left CNHM 1,2 F_Kra_Hn_169
D178 Neanderthal Right CNHM 1,2 F_Kra_Hn_170
D192 Neanderthal Left CNHM 1,2 F_Kra_Hn_185
Gurgy 201 Modern human Left UB 3 GLNO04-201-ULM2
206 Modern human Left uB 3 GLNO04-206-ULM2
213 Modern human Right UB 3 GLNO05-213-URM2
215A Modern human Right uB 3 GLNO05-215A-URM?2
215B Modern human Right uB 3 GLNO05-215B-URM2
223 Modern human Right uB 3 GLNO06-223-URM2
229 Modern human Right UB 3 GLNO04-229-URM2
252 Modern human Left uB 3 GLNO04-252-ULM?2
253 Modern human Left uB 3 GLNO04-253-ULM2
264 Modern human Left uB 3 GLNO04-264-ULM?2
289B Modern human Right UB 3 GLNO04-289B-URM2
292 Modern human Right uB 3 GLNO05-292-URM?2
301 Modern human Right uB 3 GLNO05-301-ULM2
308 Modern human Right UB 3 GLNO05-308-URM?2

* Tooth reclassified as M? by Martin et al. [18]; CNHM—Croatian Natural History Museum; UB—University of Bordeaux; 1 =
Stiftung Neanderthal Museum (2023); 2 = Nespos Database (2023); 3 = Morphomuseum Database (2021).
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The upper molars investigated are well-preserved and, in all cases, suitable for the morphogeometric
characterization performed. Teeth from the left side were arbitrarily chosen to represent each specimen. In such cases
where only a right molar was presented, it was mirrored in Avizo Standard Edition 7.1.0 (www.vsg3d.com). Sex was
unknown for several specimens and thus was not included in this analysis as a potential source of dental shape variation.
Likewise, teeth with pathologies, extensive fractures, postmortem damage, and wear were excluded from this study.
For the Neanderthal sample, given the uncertainty in the correct tooth position of some molars, the GM-based
reclassification performed by Martin et al. [18] was used.

Microcomputed Tomography and 3D Image Processing

The dental scans were performed using different uCT systems with distinct parameters and resolutions, but in all
cases, they were suitable for analysis. Microtomographic scans of M? for the modern human sample were obtained
using a Skyscan 1076 X-ray equipment set at the MRI platform (University Montpellier 2, Montpellier, France).
Acquisitions were realized according to the following parameters: 100 kV voltage, 100 pA current, a 1.0 mm aluminum
filter, and a rotation step each 0.20< The software Nrecon v1.6.6 (Skyscan) was used to reconstruct the final volumes
with an isotropic voxel size ranging from 17.93 um for isolated teeth to 36.18 um for jaw fragments [48]. The micro-
CT data for the Krapina specimens (voxel size: 20-40 um) were obtained from NESPOS© microtomographic database
housed at the Stiftung Neanderthal Museum (https://archiv.neanderthal.de/).

The modern human 3D EDJ models were derived from the MorphoMuseum site [49] and obtained using the above-
mentioned parameters. For the fossil sample, TIFF image stacks were imported into Avizo Standard Edition v. 7.1.0.
(www.vsg3d.com). Using the watershed tool, a semi-automatic threshold-based segmentation, with manual corrections,
was performed. Accordingly, crowns and roots (when available) were digitally isolated, and the enamel and dentine
tissues were segmented. Three-dimensional (3D) surface models were generated using a constrained smoothing
algorithm and exported in .ply format.

2.2. Methods

A total of 114 3D landmarks were collected in Avizo 7.1.0 (www.vsg3D.com) into three distinct sets (Figure 1)
following previous studies [18,31,41,47]: (1) ‘EDJ_main’ consists of four anatomical landmarks placed at the tips of
dentine horns of each of the four primary cusps (protocone, paracone, metacone, and hypocone). ‘EDJ ridge’ consists
of 60 curve semilandmarks placed along the marginal ridges connecting the dentine horns, starting at the protocone
dentine horn tip and continuing mesially. An additional semilandmark curve along the crista obliqua connecting the
protocone and metacone dentine horn tips was included. ‘CEJ _ridge’ consists of 50 curve semilandmarks placed around
the cementum enamel junction (CEJ), starting on the middle part of the buccal face of the crown, between the paracone
and metacone, and continuing mesially. Anatomical landmarks and curve semilandmark sets were placed individually
on each molar investigated.
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Figure 1. Landmarking protocol for the second upper molars’ EDJ used in the present research. The main landmarks are highlighted
in red, while the EDJ_Ridge and CEJ_Ridge semilandmarks are indicated in yellow.

The complete set of geometrically homologous landmarks for each molar was imported in R 4.1.0 software [50],
using the package ‘Morpho’ [51]. A smooth curve was fitted to the landmarks of the EDJ_ridge and CEJ_ridge
semilandmark sets, and EDJ_main landmarks were projected onto the EDJ_ridge curve, dividing it into five sections.
Fifty equally spaced landmarks were placed along the CEJ_ridge semilandmarks curve, and 12 equally spaced
landmarks were placed along each section of the EDJ_ridge semilandmark curve. The five sections are as follows: (1)
protocone—paracone dentine horn tips, (2) paraconce—metacone dentine horn tips, (3) metacone—hypocone dentine
horn tips, (4) hypocone—protocone dentine horn tips, and (5) protocone—metacone dentine horn tips. Semilandmarks
were aligned along the contour of the EDJ_ridge and CEJ_ridge, sliding them along to minimize the Procrustes distance
between the target and the reference using perpendicular projection or minimum Procrustes distance criteria [52].
Original configurations were superimposed using the Generalized Procrustes Analysis (GPA) to remove the effects of
translation, rotation, and scaling [53]. After superimposition, the shape was condensed in the aligned specimens, and
molar size was expressed as the centroid size (CS), the square root of the sum of squared distances of all landmarks of
a molar EDJ from their center of gravity [54]. After this procedure, the differences observed among landmark
configurations were only due to shape. From the superimposed configuration, the mean shape of individuals was
obtained (the consensus shape configuration) and was used as a reference. The shape of each individual was defined by
Procrustes residuals, which are the deviations of landmarks relative to the consensus [53].

Using the packages ‘ade4’ v.1.7-6 [55] and ‘Morpho’ v.2.8 [51] for R principal component analysis (PCA), and
cross-validated linear discriminant analysis (LDA) were computed. The shape changes and their intensity associated
with the positive and negative extremes (i.e., maximal and minimal, respectively) of the first three axes were computed
in ‘Morpho’ using the functions ‘pcaplot3d’ and ‘tps3d’. Distances between positive and negative PC-based shape
change were calculated and visualized as heatmaps using the function ‘meshDist’ of the “Morpho’ package. In addition
to the quantitative analyses of the shape changes, following Skinner et al. [31], a qualitative assessment was performed
by comparing the mean EDJ shape of the Neanderthal and modern human samples. Using the ‘Morpho’ [51] and
‘geomorph’ [56] packages, the specimen most similar to the average of each taxan was identified. Subsequently, a 3D
mean mesh was computed using the surface of the target specimen and its landmarks and the mean shape was used as
a reference. Finally, the mean shape of both Neanderthals and modern humans were exported as .ply files using the ‘rgl’
package [57] and derived in Avizo 7.1.0 (www.vsg3D.com), to be aligned and superimposed automatically to inspect
visually their morphological differentiation. An independent Student t-test was used to evaluate the logCS differences
(the natural logarithm of centroid size) between the taxa investigated and violin plots were computed to graphically
describe the variation of logCS using the package ggplot2 v3.4.1 [58].
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3. Results

The results of the PCA investigating the EDJ/CEJ M? shape differences between early Neanderthals (green) and
mid-Holocene European modern humans (yellow) are presented in Figure 2. The 3D scatterplot of the first three PCs
reveals little overlap between the two taxa, as shown by the convex hulls. Despite modern humans belonging to the
same archaeological site and period, they exhibit considerably more shape variation. Neanderthals show reduced diver-
sity, but some within-group differences are evident. Along PC1 (33% of the total variance), modern humans are placed
along negative values, while Neanderthals tend to be located toward the positive morphospace. PC2 (17.1% of the total
variance) shows some overlap. Still, it differentiates the two taxa, with modern humans scattered along the positive and
negative space and Neanderthals placed in the positive shape space. PC3 (12.5% of the total variance), despite present-
ing greater overlap, shows that most modern humans occupy the negative space, while most Neanderthals tend to be
located in the positive shape space.

Figure 2. 3D PCA plot of the EDJ/CEJ shape of second upper molars. RMH = recent modern humans; NEA = Krapina Neanderthals.

Figures 3-5 present the shape changes associated with the first three PCs, maximal and minimal. The PC1 positive
shape changes (Figure 3), viewed as displacement heatmaps from different views (occlusal, mesial, distal, buccal and
lingual), reveal that the morphological M? EDJ differences between Neanderthals and modern humans are broadly
distributed and moderate. Warm colors indicating expansions show that Neanderthals have expanded mesiobuccal and
distolingual corners of the CEJ. Likewise, Neanderthals present a relatively contracted EDJ basin, including relatively
wide dentine horns (i.e., paracone, metacone and hypocone), a well-developed crista obliqua (type 1l according to
Martin et al. [18]), relatively wide EDJ mesial and distal ridges, and a more internally tilted protocone dentine horn.
The PC1 negative shape changes (Figure 3) show the opposite pattern in modern humans: contraction, as indicated by
the cold colors of the mesiobuccal and distolingual CEJ corners, and a remarkably reduced hypocone. Expansions are
also evident in the buccal (i.e., paracone dentine horn) and lingual (i.e., protocone dentine horn) portions of the EDJ,
with the protocone dentine horn being mesially contracted. PC2 positive shape changes characterizing Neanderthals
(Figure 4) show expansions (warm colors) in the trigon and along the crista obliqua andin the protocone and paracone
dentine horns. In addition, contractions (cold colors) are evident in the mesiobuccal corner of the CEJ, the metacone
dentine horn, and the lingual and distolingual sides of the CEJ and EDJ, respectively. The PC2 negative shape changes
(Figure 4) show that modern humans exhibit a remarkably contracted crista obliqua and a relatively wide talon.
Expansions also charcterize the CEJ mesiobuccal corner, the metacone dentine horn and the CEJ lingual ridge. Finally,
the PC3 shape changes show that Neanderthals (Figure 5) exhibit contracted metacone and hypocone dentine horns,
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with expansions in the mesial ridge and in the distobuccal portion of the EDJ. Conversely, modern humans (Figure 5)
display wide metacone and hypocone dentine horns, contracted mesial ridges, and a relatively expanded distolingual
portion of the EDJ.
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Figure 3. Displacement heatmaps associated with each extreme (positive and negative) of the PC1 for Neanderthal and modern
human M? EDJ mean shapes, showing occlusal (A), mesial (B), distal (C), buccal (D), and lingual (E) views of the EDJ. Warm
(red) and cold (blue) colors represent the distribution of expansion and contraction, respectively, in Procrustes shape distance.
Regions of the Neanderthal mean shape outside the modern human mean shape are colored red, whereas any parts inside the modern
human mean shape are colored blue. The scale bar denotes displacement in millimetres.
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Figure 4. Displacement heatmaps associated with each extreme (positive and negative) of the PC2 for Neanderthal and modern
human M2 EDJ mean shapes, showing occlusal (A), mesial (B), distal (C), buccal (D), and lingual (E) views of the EDJ. Warm
(red) and cold (blue) colors represent the distribution of expansion and contraction, respectively, in Procrustes shape distance.
Regions of the Neanderthal mean shape outside the modern human mean shape are colored red, whereas any parts inside the modern
human mean shape are colored blue. The scale bar denotes displacement in millimetres.
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Figure 5. Displacement heatmaps associated with each extreme (positive and negative) of the PC3 for Neanderthal and modern
human M2 EDJ mean shapes, showing occlusal (A), mesial (B), distal (C), buccal (D), and lingual (E) views of the EDJ. Warm
(red) and cold (blue) colors represent the distribution of expansion and contraction in Procrustes shape distance. Regions of the
Neanderthal mean shape outside the modern human mean shape are colored red, whereas any parts inside the modern human mean
shape are colored blue. The scale bar denotes displacement in millimetres.

The cross-validation classification results derived from the LDA are presented in Table 2. According to these
results, both the overall classification accuracy (85%) and the kappa statistic (0.7) indicate that the M?’s EDJ and CEJ
shape variation can effectively discriminate between both hominin species with high accuracy. Interestingly, modern
humans were classified with 100% accuracy, while three Krapina Neanderthals were erroneously classified as modern
humans. An inspection of such individuals revealed that all have a markedly reduced hypocone dentine horn, indicating
that the hypocone is relevant in taxonomic discrimination. These results suggest that the EDJ ridge and cervix shape
preserve a strong taxonomic signal.

Table 2. Cross-validated classification results in frequencies.

Species Modern Humans Neanderthals
Modern Humans 14 0
Neanderthals 3 10

Kappa statistic: 0.7
Overall classification accuracy: 85%
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In Figure 6, the comparison of the mean EDJ/CEJ shape of M? between Neanderthals (red) and modern humans
(light blue) in different views (occlusal, mesial, distal, buccal and lingual) is presented. Neanderthals show slightly
taller dentine horns, especially those corresponding to the protocone and paracone, and a taller and larger EDJ. Likewise,
the trigon and talon basins are deeper in Neanderthals. In modern humans, the EDJ ridge is high and well-developed,
and the buccal side of the EDJ and CEJ is projected, while in Neanderthals, it is retracted. The protocone-metacone and
paracone-hypocone dentine horns are more separated in Krapina Neanderthals than in recent modern humans. The CEJ
of Neanderthals is relatively larger and is buccolingually longer relative to that of mid-Holocene modern humans. The
hypocone is relatively short in modern humans and Neanderthals compared to the protocone, paracone and metacone.
The cervix is more rectangular in Neanderthals, while in modern humans, it is relatively circular. Finally, in the mean
M2 EDJ shape of Neanderthals and modern humans, it was possible to observe some nonmetric traits previously defined
[18,59]. For instance, unlike modern humans, Neanderthals presented internally tilted dentine horn tips, especially the
metacone. Likewise, despite the post-paraconce tubercle being present in both species, Neanderthals exhibited a
stronger degree of expression, intermediate, according to Martin et al. [18]. Neanderthals presented a well-developed
and deeper crista obliqua relative to modern humans, but both presented type Il. The mesiolingual portion of the EDJ
is mesially projected in Neanderthals and retracted in modern humans, and the grooves and pits indicating the presence
of the Carabelli tubercle are strongly expressed in Neanderthals. Despite these shape differences being small in scale
and derived from the mean shape, they reveal additional taxonomic information useful to discriminate between the two
species at the EDJ and cervix levels.

Figure 6. Comparison of the mean EDJ shape (M?) between Neanderthals (red) and modern humans (light blue) in occlusal (A),
mesial (B), distal (C), buccal (D), and lingual (E) views of the EDJ.

A violin plot showing the natural logarithm of M? centroid size in Krapina Neanderthals and European Mid-Holo-
cene modern humans is presented in Figure 7. Neanderthal M2 EDJ’s are significantly larger than those from modern
humans. Just one modern human individual has a molar size similar to that found among Neanderthals, but it falls
toward the lower end of the Neanderthal range of variation. The highly significant p-value (1.3622 x 10°®) suggests
remarkable upper molar size differences between both species.
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Figure 7. Violin plot of the natural logarithm of centroid size showing differences between Neanderthals (green) and modern
humans (yellow).

4. Discussion

Previous taxonomic assessments at the OES level have yielded contradictory conclusions regarding the degree of
morphological differentiation between Neanderthals and recent modern humans. While most quantitative analyses of
the tooth shape variation at distinct tooth positions can effectively discriminate between the two species [13,14,60-62],
other investigations do not find a clear morphological distinction between them [15]. Likewise, dental nonmetric trait
variation patterns have revealed consistently remarkable differences, including a distinctive derived dental morphology
among Neanderthals [4,12,63]. Results of the present study reveal that the EDJ/CEJ shape of upper molars retain a
robust taxonomic signal that helps distinguish Krapina Neanderthals from mid-Holocene European modern humans.
Previous studies that investigated the OES [15,64], but especially those that analysed upper molar endostructural
morphology, are highly consistent with these results [14,18,62,65,66]. Despite GAnez-Robles et al. [15] finding that
the shape of M? and M? do not differentiate well among living and fossil hominins (but see GAmez-Robles et al. [61]
for a contrary result regarding M?), they detected a pattern of distribution along the morphospace that coincides with
the degree of hypocone reduction, with modern humans exhibiting higher degrees of reduction than Neanderthals. This
trend was also observed in enamel thickness maps when comparing European fossil hominins [64]. This study detected
a similar reduction in the hypocone dentine horn that differentiates early Neanderthals from modern humans, which is
consistent with the pattern observed at the OES level. Olejniczak et al. [32] studied enamel thickness and found that
hypocone reduction was associated with inflated relative enamel thickness values in modern humans at distinct tooth
positions. In contrast, Neanderthals exhibited the opposite pattern, i.e., non-reduced hypocone dentine horns, thinner
enamel (an alleged derived condition) and greater EDJ lengths. The results presented here align with those obtained by
Benazzi et al. [14] concerning the taxonomic discrimination achieved through the cervical shape, which played a
significant role in the observed difference between modern humans and early Neanderthals.

Other studies reporting isolated findings of second upper molars reinforce the degree of Neanderthal—modern
human diversification viewed at the EDJ level. For example, Benazzi et al. [65] and Zubova et al. [66] reported M?’s
from Southern Europe and Eurasia, respectively, with specific characteristics that defined the Neanderthal EDJ
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morphology, such as a well-developed crista obliqua, a non-reduced hypocone dentine horn and distal ridge, the expression
of post-paracone tubercles, and thinner enamel thickness along with internally tilted dentine horn tips in the case of the
Russian Neanderthal [66], and a relatively small occlusal polygon area in the case of the Italian Neanderthal [65].

The results presented here are consistent with those obtained by Martin et al. [18], which represents the most
comprehensive assessment to date of Neanderthal and modern human EDJ molar shape variation. Some differences are
likely related to Martin and colleagues investigating a larger Neanderthal and recent human sample. For instance,
despite detecting some overlap, as viewed from the convex hulls, M?’s differentiate Neanderthals from modern humans
with accuracy values similar to or higher than those in the present investigation (Table 2, ~85%). Importantly, both
studies detected lower diversity in Neanderthals than modern humans, as viewed from the EDJ, supporting previous
research indicating that the Neanderthal lineage in general and the Krapina population in particular exhibited low
biological diversity [5]. The EDJ/CEJ shape changes maps (Figures 3-5) and the superposition of the Neanderthal and
mid-Holocene modern human EDJ mean shapes (Figure 6) show similar shape changes to those observed by Martin
and colleagues [18], highlighting in Neanderthals larger EDJ’s, expanded mesiobuccal and distolingual corners of the
CEJ, a relatively squared cervix, more internally tilted dentine horn tips, a non-reduced hypocone, and more separated
protocone-metacone and paracone-hypocone dentine horns. Mid-Holocene modern humans show the opposite pattern,
including smaller EDJ’s, a contracted mesiobuccal corner of the CEJ, highly reduced hypocone dentine horns and less-
separated protocone-metacone and paracone-hypocone dentine horns. Some of these results also coincide with findings
investigating the outer enamel surface, highlighting centrally placed cusps and a less pronounced distolingual extension
of the CEJ distolingual corner in Neanderthals [13,15].

As shown above, the average EDJ shape exhibited nonmetric traits that help distinguish Neanderthals from modern
humans, aligning with previous assessments [18,59]. Krapina Neanderthals presented internally tilted dentine horn tips,
strongly expressed post-paraconce tubercles, a well-developed and deeper crista obliqua, strong expression of ridges,
grooves and pits indicating the presence of the Carabelli tubercle at the mesiolingual portion of the EDJ, as well as
expanded and deeper trigon and talon basins. Although there are multiple scoring systems available for most nonmetric
features that are visible at the EDJ in different teeth and tooth positions [17,18,31,58,59,67—69], there is currently no
unified system similar to those existing for dental traits expressed at the OES [70,71]. Given the differences between
enamel and dentine regarding their genetic background, embryonic origins, and evolutionary trajectories, it would be
necessary to establish reliable, standardized and unified protocols to score dental traits at the EDJ for use in hominoid
systematics. The traits detected here and elsewhere [18,59] would be important in living and fossil hominin alpha
taxonomy and phylogenetics. Their examination can contribute to elucidating previously undetected diversity between
and within species and help differentiate between developmentally homologous and homoplastic features crucial in
phylogenetic analyses [59,72]. As Martin et al. [18] pointed out, examining traits at the EDJ level can clarify the
presence and degree of expression of certain traits useful in taxonomic assessments.

Neanderthal M2 EDJ’s are significantly larger than those from recent modern humans. This indicates, in agreement
with previous studies at the OES and EDJ level [2,16,18], that molar size differentiates well between early Neanderthals
and recent modern humans. However, previous studies showed that when early Neanderthals, fossil H. sapiens, and
other middle to late Pleistocene hominins are compared, the differences became less clear, indicating that “molar size”
is an unreliable proxy for taxonomic discrimination [73]. Larger EDJ’s in Neanderthals are associated with thin enamel,
while smaller EDJ’s in modern humans are associated with thick enamel [32]. Although the causes of the differences
between Neanderthals and modern humans in tooth size and dental tissue proportions (e.g., enamel thickness, EDJ
surface area, coronal dentine volume and area, coronal pulp chamber, etc.) remain unclear and are ultimately related to
differences in development trajectories, life history, dental tissue structural organization, dietary adaptations, body size,
etc., previous analyses suggest that much of the difference in dental tissue proportions among Neanderthals and modern
humans is primarily related to a greater dentine volume and area in Neanderthals [32,64,74]. In contrast, modern humans
have recently experienced a remarkable dental size reduction related to a disproportionate decrease in coronal dentine
[74]. The findings presented here validate the notion that some of the tooth size differences observed between
Neanderthals and modern humans are associated with a larger dentine size in Neanderthals.

Finally, despite the present study not evaluating differences between early and late Neanderthals, the endostructural
characterization of Krapina Neanderthals strongly supports studies that found nearly the same set of morphological
features characterizing early Neanderthals [18], which, in turn, differ from late Neanderthals, supporting evolutionary
models suggesting high to mean evolutionary rates and a relatively strong dental divergence in Neanderthals sensu lato
[75]. The observed EDJ and cervix shape differences between Pre-Eemian/Eemian and Post-Eemeian Neanderthals [18]
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indicate a scenario of relatively fast dental evolution in Neanderthals, influenced by both genetic drift and directional
evolutionary factors [17,75].

5. Conclusions

The results presented here reinforce studies that found early Neanderthals and recent modern humans differ
significantly in their upper molar endostructural morphological configurations. A series of size, shape and nonmetric
features—such as larger EDJ’s, wide and internally tilted dentine horns, wide and deeper trigon and talon basins, an
expanded CEJ mesiobuccal corner, a relatively rectangular cervix, non-reduced hypocone dentine horns, a well-
developed crista obliqua, and strongly expressed post-paracone tubercles—characterizing early Neanderthals, are useful
to taxonomically differentiate them from other hominins, in this case, mid-Holocene European modern humans. Further
analyses of dental morphological changes at the EDJ level from different teeth and tooth positions in Krapina
Neanderthals would provide additional information useful in taxonomic and phylogenetic studies investigating Middle
and Late Pleistocene hominin evolution and diversification.
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