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Abstract 
Objectives 
Both morphometric and proteomic studies have revealed the close relationship of Homo 
antecessor with Neanderthals and H. sapiens. Considering this relationship, we aim to 
characterize the Early Pleistocene Atapuerca-Gran Dolina (TD6) maxillary premolars to test if 
their pattern of enamel thickness is shared with Neanderthals or H. sapiens.   
Materials and Methods 
We employed microcomputed tomography to estimate 2D and 3D tissue proportions in seven 
H. antecessor maxillary premolars, belonging to two individuals: H1 and H3, and compared 
them to a sample of extinct and extant Homo populations of African, Asian and European 
origin (n=52). 
Results  
Our results reveal a different pattern of enamel thickness between the Atapuerca-Gran Dolina 
two individuals. While TD6-H1 possesses thin-enameled crowns, with a clear affinity with 
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Neanderthals, TD6-H3 exhibits the thick pattern, a trait shared with the majority of fossil 
hominins and H. sapiens.  
Discussion 
This work provides new data on upper premolar enamel thickness in H. antecessor. By 
documenting both a thin and a thick pattern of enamel thickness in the TD6 sample, we warn 
about the taxonomic utility of this feature in the characterization of isolated remains. We 
suggest that the thin enamel condition would have emerged during the Early Pleistocene and it 
became the most frequent and typical condition in Neanderthals. Possible causes for the pattern 
observed in TD6 include sexual dimorphism or presence of two populations in the sample; 
however, population variability is the most plausible explanation with a character expression 
intermediate between those of Neanderthals and other members of the genus Homo. This 
interpretation is compatible with the phylogenetic position of H. antecessor close to the 
ancestor of Neanderthals and H. sapiens.  
 
Keywords: permanent maxillary premolars, tissue proportions, enamel distribution, Homo 
antecessor, Atapuerca-Gran Dolina.  
 
Introduction  

The fossil collection of H. antecessor (Bermúdez de Castro et al., 1997) from Atapuerca-
Gran Dolina (TD6) is one of the few hominin fossil assemblages representative of the European 
Early Pleistocene (Duval et al., 2018; Falguères et al., 1999; Parés et al., 2018) and thus, a critical 
part of the available evidence to explore the origin and evolution of the European Pleistocene 
populations. A series of morphometric studies revealed a unique mosaic of traits in H. antecessor 
(Arsuaga et al., 1999; Bermúdez de Castro et al., 1997; Bermúdez de Castro, Martinón-Torres, 
Arsuaga, & Carbonell, 2017; Gómez-Robles, Bermúdez de Castro, Martinón-Torres, & Prado-
Simón, 2011; Gómez-Robles et al., 2007; Martinón-Torres et al., 2019). Especially, H. antecessor 
derived morphological features are, among others, related to the morphology of the face 
(Arsuaga et al., 1999), the pattern of facial bone remodelling during growth (Lacruz et al., 2013) 
and a modern-like pattern of dental development (Bermúdez de Castro et al., 2010; Bermúdez 
de Castro, Rosas, Carbonell, et al., 1999). While the majority of plesiomorphic traits were 
described in H. antecessor dentition, studies also identified derived features shared with 
Neanderthals (Gómez-Robles, de Castro, et al., 2011; Gómez-Robles et al., 2007; Martínez de 
Pinillos, Martinón-Torres, Martín-Francés, Arsuaga, & Bermúdez de Castro, 2017; Martinón-
Torres et al., 2019). In addition, the characterization of the enamel thickness in the dental 
crowns of canines and molars evinced the combination of different patterns (García-Campos et 
al., 2019; Martín-Francés et al., 2018). That is, while the TD6 hominins possess relatively thick-
enameled molars (Martín-Francés et al., 2018), the canines possess relatively thin enamel in 
their crowns (García-Campos et al., 2019), a condition shared with Neanderthals. To our 
knowledge, this is the only hominin population to present this combination of traits in its 
dentition.  

Dental enamel is of interest to paleoanthropological studies regarding diet, growth, 
health and its potential to differentiate between species (Bayle et al., 2010; Dean et al., 2001; 
Macchiarelli et al., 2006; Martin, 1985; Olejniczak et al., 2008; Olejniczak et al., 2008; Smith et 
al., 2012; Smith, Toussaint, Reid, Olejniczak, & Hublin, 2007). The taxonomic value of enamel 
thickness is particularly diagnostic among European Neanderthals, as they are the only hominin 
species to present the thin condition, i.e., absolute and relatively thin enamel (Buti et al., 2017; 
Olejniczak et al., 2008; Smith et al., 2012). The mechanisms underlying the variations in dental 
tissue distribution is not clear and likely multifactorial. Several studies have hypothesised that 
the thin condition in Neanderthals can be related to odontogenetic mechanisms such as a faster 
developmental trajectory, a more complex topography and larger surface of the EDJ 
(Macchiarelli et al., 2006; Olejniczak et al., 2008; Smith et al., 2012; Suwa & Kono, 2005), 
whereas the thick condition in H. sapiens has been linked to unique odontogenetic processes 



and the extreme dental reduction (Grine, 2002; Grine, 2005; Smith et al., 2012).  
Within the dentition, the characterization of enamel thickness in the molar series (M1-

M3) identified a distinct trend of enamel increase in recent humans (Grine 2005) as well as in 
extinct species, including those from Atapuerca TD6 and SH (Smith et al., 2006; Martín-Francés 
et al., 2018, 202). This distalward increase was explained as the consequence of dental reduction 
(M1 > M2 > M3) that produces the loss of dentine in relation to the enamel. However, to our 
knowledge, there are no published data on the degree of enamel thickness variation in the 
premolar series.    

 
The Early Pleistocene species, H. antecessor provides a unique opportunity to trace the 

origin of the thin enamel condition in the European hominin fossil record. By characterising the 
TD6 enamel thickness and its distribution, we test a. if the H. antecessor pattern of enamel 
thickness is shared with Neanderthals (thin condition) or with other hominins, including H. 
sapiens, (thick condition) and b. if H. antecessor shares the pattern of enamel thickness variation 
within the premolar series with Neanderthals and H. sapiens. For these purposes, we estimated 
2D and 3D enamel thickness values and generate topographic thickness maps of the TD6 P3s and 
P4s (n=7) collection comparing them with those of extinct and extant hominin species (n=52). 
This study will also shed light on the taxonomic utility of enamel thickness.  
 
Material  

This study includes a total of 59 upper premolars (31 P3s and 28 P4s), including original 
and published data (Table 1). The TD6 premolar assemblage includes a total of seven premolars 
(four P3s and three P4s) belonging to two individuals. Specifically, Bermúdez de Castro et al., 
(2017a) assigned isolated specimens ATD6-7, ATD6-13 (P3s) and ATD6-8 and ATD6-9 (P4s) to 
individual H1 (TD6-H1), and ATD6-69 (right and left P3s and right P4 included in the maxillary 
bone) to individual H3 (TD6-H3). All TD6 specimens exhibit either wear category 1 (no wear) or 
2 (minimal wear facets, no dentine exposure) based on Molnar’s (1971) classification. In 
addition, and for comparative purposes, the study includes data of other 52 premolars belonging 
to extinct and extant populations of the genus Homo of African, Asian and European origin. We 
included original data of Neanderthals from La Quina and Krapina (n=8; available online on the 
NESPOS and ESRF databases, 2020), Chinese H. erectus from Zhoukoudian (n=2) and recent 
humans from Spain and China (n=24, 12 P3s and 12 P4s), as well as data extracted from the 
literature (n=18; Table 1). The Spanish dental assemblage used in this study derives from the 
forensic collection of the Anatomical Department of the Escuela de Medicina Legal y Forense 
(School of Legal and Forensic Medicine), Universidad Complutense de Madrid (UCM). The burials 
were recovered following the closure of two cemeteries located within the metropolitan area 
of Madrid, Spain. The Chinese samples come from the archaeological sites of Hubei and Henan 
(central China). According to the associated artefacts, these remains belong to an age range 
from Neolithic to Ming-Qing Dynasty. The Spanish and Chinese µCT data are stored at CENIEH 
(Burgos, Spain) and IVPP (Beijing, China), respectively.  
 
Methods 
Scanning of the samples 
High-resolution µCT scanning of the fossil and recent material was performed in two laboratory 
facilities, the TD6 and recent human Spanish collections at CENIEH (Spain) and the Zhoukoudian 
and recent human Chinese collections at IVPP (China). The TD6 isolated premolars (ATD6-7, 
ATD6-13, ATD6-8 and ATD6-9) were scanned with a Scanco Medical Micro-CT80 system, using 
the following parameters: 70 kV and 114 mA, 0.1 Al filter and isometric voxel size of 18μm. With 
the acquisition of a new equipment at CENIEH in 2015, the three premolars included in the 
maxillary fragment ATD6-69 and the recent sample were scanned with a GE 103 Phoenix 
v/tome/x_s 240 instrument. Specimen ATD6-69 was scanned using the following parameters 
120 kV, 120 μA, 0.2 mm Cu filter, and isometric voxel size of 0.67 mm. The recent human sample 



parameters were 100kV and 100μA, 0.2 Cu filter and voxel of 18μm. Moreover, the premolars 
of Zhoukoudian and Chinese recent humans were scanned using a 225kV-μCT scanner (designed 
by the Institute of High Energy Physics, Chinese Academy of Sciences, and housed at the Institute 
of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences). The 
employed settings were 120kV, 100 μA, and voxel size of between 18.82 μm and 22.39 μm for 
the Zhoukoudian P3 and P4, respectively, and from 36.07 to 45.48 μm for recent humans. 
 
Virtual segmentation 
Measurements of 2D and 3D tissue proportions were collected by L MF and XS separately. Inter- 
and intra-observer error was assessed by three of the authors (L MF, M MP, and XS) performing 
the complete process, including orientation of the specimen, mesial plane definition, measures 
of the variables in each specimen. Each set of measurements was repeated in three alternate 
days, and the inter- and intra-observer error resulted in < 4%, thus not affecting the accuracy of 
the measurements (Zanolli et al., 2014 and therein). 
2D virtual sectioning of the premolars was performed using Amira (6.3.0, FEI Inc.) and measured 
in ImageJ (1.51, NIH) following the protocol described in Feeney et al. (2010). The µCT image 
stack was imported into Amira (6.3.0, FEI Inc.) and oriented so the 3D model of each tooth was 
in occlusal view. In the corresponding 2D occlusal slice, the image stack was scrolled to the base 
of the crown. Then, the image stack was oriented to acquire a uniform ring of enamel. In this 
new orientation, the buccal and lingual dentine horns were located. The image stack was then 
readjusted with both dentine horns aligned horizontally. Finally, the image stack was centred at 
the buccal dentine horn and adjusted in mesiodistal rotation to pass through both dentine horns 
and between the maximal bicervical diameter and maximum cervical enamel extension (Feeney 
et al., 2010 and see Fig. 1 of this study). In the resulting 2D slice, we measured enamel (c) and 
coronal dentine (b, including the pulp) areas (in mm2), total crown area (a, in mm2), and enamel-
dentine junction (EDJ) length (e, in mm) using ImageJ (1.51, NIH). Finally, we calculated the 
average enamel thickness (AET=c/e), the relative enamel thickness (RET= 100*AET/(b1/2) and the 
percentage of dentine and pulp in the premolar crown (=b/a*100 in %) (Martin, 1983; Olejniczak 
et al., 2008). 
3D virtual segmentation of the dental tissues (enamel, dentine and pulp) was performed in 
Amira (6.3.0, FEI Inc.). We used the semiautomatic tool, threshold-based segmentation. We 
employed Olejniczak et al. (2008) protocol for the definition of the cervical plane. That is, the 
plane is halfway between the most apical continuous ring of enamel and the plane containing 
the last hint of enamel. The following variables were measured and/or calculated: volume of 
enamel (Ve in mm3); volume of coronal dentine including the pulp enclosed in the crown (Vcdp 
in mm3); total volume of the crown, including the enamel, dentine and pulp (Vc in mm3); surface 
of the EDJ (SEDJ in mm2); 3D average enamel thickness (3D AET=Ve/SEDJ in mm); 3D relative 
enamel thickness (3D RET=100*3D AET/(Vcdp1/3), a scale-free measurement), and percentage 
of dentine and pulp in the total crown volume (Vcdp/Vc =100*Vcdp/Vc in %) (Kono, 2004; 
Olejniczak et al., 2008). 
 
Statistical analyses 
Enamel thickness. Due to the small TD6 sample size, we performed adjusted Z-score, comparing 
individually each TD6 specimen against the Neanderthal and recent human groups. The Adjusted 
Z-score test (Maureille, Rougier, Houet, & Vandermeersch, 2001; Scolan, Santos, Tillier, Maurelli, 
& Quintard, 2012) allows the comparison of unbalanced and reduced samples (one specimen 
against a group) by using Student’s inverse t distribution. Adjusted Z-scores of AET, RET and 
percentage of dentine variables were computed to compare 2D and 3D dental tissue proportions 
and enamel thickness values of the TD6 specimens to the means and standard deviations of the 
Neanderthal and RH groups. In these Z-scores the -1.0 to +1.0 interval comprises the 95% of the 
variation in the reference sample.  
 



Metameric variation. To illustrate the degree of enamel thickness variation in the premolar 
series, we conducted the dummy regression of AET, RET and percentage of dentine values. 
Multivariate regressions of enamel thickness on dummy variables allow studying the correlation 
of enamel thickness with non-metric variables such as the premolar position (Hardy, 1993). 
 
Polymorphism versus expected intrapopulation variability. In order to evaluate quantitatively 
whether RET values in TD6 might be indicative of polymorphism, we derived all possible pairwise 
distances between individual RET values in the recent human sample and compared the 
distribution of recent human values to the differences between RET values in the TD6 
specimens. We repeated the same analysis with the Neanderthal sample to compare the 
distribution of Neanderthal pairwise distance values to the distances between RET values in the 
TD6 specimens. All pairwise differences were scaled by dividing them by the average of the two 
values in order to account for overall differences in RET between populations. Analogous to a 1-
tailed hypothesis test with a probability threshold of p=0.05, a TD6 pairwise difference value 
that falls within or above the upper 5% tail of the total distribution of recent human or 
Neanderthal pairwise differences, could be considered evidence suggestive of more pronounced 
variability and, indirectly, polymorphism in TD6 compared to recent humans or Neanderthals. 
The test was conducted in R 4.0.3 (R Core Team, 2020). 
 
Enamel thickness distribution 
Using Amira (6.3.0, FEI Inc.) we generated chromatic maps to visualize the enamel thickness 
topographic distribution in the TD6 premolar crowns (P3: ATD6-7 and right AT6-96; P4: ATD6-8 
and right ATD6-69) and compare them to those of a Neanderthal (La Quina P3 and P4) and recent 
humans of Spanish origin (P3 and P4). The defined chromatic scale is from thinnest (blue) to 
thickest (red) (Bayle, Le Luyer, & Robson Brown, 2017; Macchiarelli, Bayle, Bondioli, Mazurier, 
& Zanolli, 2013). For representation purposes, left premolars were mirror-imaged. In addition, 
to minimise the subjectivity in the interpretation of the chromatic maps, we assessed thickness 
variability in the 2D cross-sections. Following Grine (2005) we measured LTL: maximum linear 
enamel thickness on the lingual side of the lingual cusp, measured perpendicular to the EDJ at a 
point approximately 1 mm cervical to the dentine horn. CTL: linear enamel thickness on the apex 
of the lingual cusp, it is the distance between the apex of the dentine horn and the tip of the 
cusp. i: maximum linear thickness of occlusal enamel on the lingual cusp (protocone), measured 
perpendicular to the EDJ. h: Maximum linear thickness of occlusal enamel on the buccal cusp 
(paracone) measured perpendicular to the EDJ. CTB: Linear enamel thickness on the apex of the 
buccal cusp, it is the distance between the tip of the dentine horn and the tip of the cusp. LTB: 
Maximum linear enamel thickness on the buccal side of the buccal cusp, measured 
perpendicular to the EDJ at a point approximately 1 mm cervical to the dentine horn. Moreover, 
using the lingual and buccal linear measurements as markers, we measured the buccal (Bucc), 
lingual (Ling) and occlusal (Occl) areas defined as Bucc: area of the buccal surface from the cervix 
to the LTC. Ling: area of the lingual surface from the cervix to the CTB. Occl: Area of the occlusal 
basin between the LTC and the CTB (Fig. 2).  
 
Results 
Considering the TD6 (P3s=4 and P4s=3) 2D and 3D estimated mean values for AET, RET and 
percentage of dentine, the TD6 maxillary premolars exhibit intermediate values between those 
of the Neanderthals and fossil and recent H. sapiens (Tables 2 and 3; Figs. 3 and 4). However, 
considering the small sample size (total n=7) and the disparate results between the two 
individuals (H1 and H3), we decided to address the TD6 estimates individually (Tables 2 and 3) 
instead of considering the mean values. 
2D enamel thickness. Estimates obtained from virtual cross-sections indicate that the P3s (ATD6-
7 and ATD6-13) and P4s (ATD6-8 and ATD6-9) of TD6-H1 have relatively thin enamel compared 
to both fossil H. sapiens (Zanolli et al., 2019) and recent humans (this study). For the RET 



variable, TD6-H1 is outside the range of variation of this group (Table 2 Fig. 3) but within the 
Neanderthal variation range (Bayle et al., 2017; Zanolli et al., 2019 and this study). Relatively 
thin enamel in TD6-H1 is attributed to the greater percentage of dentine area; closer to the 
Neanderthal mean values than to fossil H. sapiens and recent humans mean values. Conversely, 
the ATD6-69 P3s and P4s of TD6-H3 have average and relatively thick enamel compared to 
Neanderthals, outside their range of variation, but within the range of variation of both fossil H. 
sapiens (Zanolli et al., 2019) and recent humans (this study). Thick AET and RET in TD6-H3 results 
from a combination of larger enamel area and shorter EDJ and the smaller dentine area per unit 
of crown area, similar to those of H. sapiens groups.  
 
As for the rest of the comparative sample, TD6-H1 (P3s: ATD6-7 and ATD6-13, and P4s: ATD6-8 
and ATD6-9) presents thin AET and RET and higher percentage of dentine compared to South 
African Homo (SAH), specimen SK27, the East African Homo (EAH) specimen KNM-ER 1590, Asian 
Early Homo (AEH) from Sangiran, specimen S7-4, North Africa Homo (NAH) from Thomas Quarry, 
and European Homo (EH) from Steinheim (Smith et al., 2012) (Table 2 and Fig. 3). TD6-H3 (ATD6-
69 P3s and P4s) AET and RET values are close to those reported for NAH from Thomas Quarry 
(Smith et al., 2012) (Table 2 and Fig. 3). 
 
3D enamel thickness. As described for the 2D variables, the TD6 individuals present contrasting 
results. While TD6-H1 is characterised by thin-enameled crowns, TD6-H3 presents thick-
enameled crowns. That is, TD6-H1 premolars possess thin AET and RET with values close to those 
of Neanderthals (Zanolli et al., 2019, Bayle et al., 2017 and this study) and Asian early Homo 
(AEH) from Zhoukoudian (specimen PA67). For the RET variable, TD6-H1 premolars are outside 
the range of variation for both fossil H. sapiens and recent humans. Thinner enamel in TD6-H1 
results from the greater dentine volume per unit crown volume (Table 3 and Fig. 4).  Conversely, 
TD6-H3 premolars exhibit thick RET, close to the mean values of recent humans and outside the 
range of variation of Neanderthals. TD6-H3 thick enameled premolars result from the smaller 
dentine volume per unit of crown volume (Table 3 and Fig. 4). 
 
Statistical Analysis. The statistical results reflect the described pattern for TD6-H1 and TD6-H3 
for both 2D (Fig. 5) and 3D (Fig. 6) estimates. Although TD6 individuals fall within the 95% of 
variation of Neanderthals (NEA) and recent human (RH) for most of the variables, TD6-H1 closely 
resembles the Neanderthal condition while TD6-H3 resembles the thick H. sapiens condition 
(Figs. 5 and 6).    
 
Despite the differences observed between TD6 individuals, the 2D and 3D estimates of the 
premolars are concordant. That is, TD6-H1 premolars have thinner enamel than recent humans 
and similar to Neanderthals in both 2D and 3D. Similarly, TD6-H3 premolars have thicker enamel 
than Neanderthals, similar to that of recent humans in both 2D and 3D estimates. Regarding the 
different pattern (thin versus thick) observed between the TD6 individuals, in TD6-H1 it can be 
attributed to the combination of larger dentine area and larger EDJ length in 2D results and 
larger dentine volume in 3D results, in comparison to TD6-H3 (Fig. 7). Moreover, as it was 
observed for molars (Olejniczak et al., 2008), in 2D cross-sections all species show greater 
proportion of dentine than in 3D (Fig. 7). However, the difference of dentine proportions 
between the 2D and 3D estimations across species in premolars is not as pronounced as it is in 
molars (Olejniczak et al., 2008). Thus, for premolars, it seems that 2D cross-sections are a good 
proxy for characterizing the whole-crown enamel thickness (Fig. 7). 
 
Metameric variation. Figure 8 depicts the metameric variation in H. antecessor, Neanderthals 
and recent humans. Although we detected an increasing trend of AET and RET, as well as 
decrease of the dentine proportion from P3 to P4 in all groups, TD6 presents the least variation 
(lower degree of slope) for both 2D and 3D analysis and for the three variables.  



 
Polymorphism versus expected intrapopulation variability. When comparing pairwise 
differences in RET values among Neanderthals and recent humans to the corresponding 
difference in RET values between the two TD6 individuals, 2 out 28 pairwise differences among 
Neanderthals were higher than the difference between the TD6 individuals for P3 (7.1%), and 2 
out of 15 pairwise differences among Neanderthals were higher than the difference between 
the TD6 individuals for P4 (13.3%). Similarly, 10 out of 66 pairwise differences in recent humans 
were larger than the difference between the TD6 individuals for P3 (15.2%), and 21 out of 66 
pairwise differences in recent humans were larger than the difference between the TD6 
individuals P4 (31.8%). As such, the differences in RET values between TD6 individuals fell within 
the lower 95% of corresponding values derived from the Neanderthal and recent human 
samples for both P3 (92.9% and 84.8%, respectively) and P4 (86.7% and 68.2%, respectively). 
 
Enamel thickness topographic distribution. The chromatic maps of enamel thickness 
distribution in TD6 and of the comparative sample (NEA=Neanderthals and RH= recent humans) 
are shown in Figs. 9 (P3) and 10 (P4). Overall, there are minimal differences among the 
investigated specimens (TD6, NEA and RH). Thicker enamel distributes over the buccal and 
lingual surfaces, especially in the protocone.  
When comparing the relatively thicker ATD6-69 specimens belonging to TD6-H3 with those 
associated to TD6-H1 (ATD6-7 and ATD6-8), the distribution cartographies in ATD6-69 specimens 
reveal a wider concentration of enamel thickness in the occlusal basin. This characteristic is 
shared with RH specimens, especially for the P4.   
Additionally, following Grine (2005), we performed nine measurements in the 2D cross-sections 
(Fig. 2) to evaluate intra- and interspecies thickness variation (Table 4). Similarly to what we 
observed for the enamel thickness distribution (Figs. 5 and 6), there is a marked difference 
between TD6 individuals for the CTL and Occl variables. That is, TD6-H3 presents higher values 
of enamel thickness in the lingual (protocone) cusp (CTL) and in the occlusal basin compared to 
TD6-H1 (Table 4). Similarly, for these variables, the estimated values for TD6-H1 are within the 
Neanderthal variation range, but outside the recent human group; conversely, TD6-H3 is within 
the recent human range of variation but outside the Neanderthal variation range.   
Overall, TD6-H3 exhibits higher values of enamel thickness compared to TD6-H1 and 
Neanderthals in both the occlusal and lingual cusp that correspond to the widespread red areas 
in the chromatic maps (Figs. 5 and 6).  
 
Discussion 

Our results show that some H. antecessor permanent upper premolars show a mixture 
of enamel thickness pattern, thin and thick, and a subtle metameric variation of enamel 
thickness compared to Neanderthal and recent human groups. This finding adds more 
complexity to the interpretation of the evolution of this trait as well as its taxonomic validity.  

While TD6-H1 exhibits thin enameled premolar crowns, in common with Neanderthals, 
TD6-H3 exhibits the thick pattern in their crowns shared with the majority of fossil hominins and 
recent humans. Previous results on H. antecessor dentition concluded that TD6 molars are 
characterised by thick enamel (Martín-Francés et al., 2018) while the canines show the thin 
condition (García-Campos et al., 2019). Although previous analyses of Atapuerca dental remains, 
including TD6 and SH (García-Campos et al., 2019; Martín-Francés et al., 2020), already recorded 
a mixed pattern in the dentition (thick enameled molars and thin enameled canines), this is the 
first time that the combination of thin and thick patterns are recorded in the same dental class.  
Moreover, as the number of studies on enamel thickness increases (e.g., Zanolli et al., 2014; 
Martín-Francés et al., 2018, 2020; García-Campos et al., 2019; Martínez de Pinillos et al., 2020), 
results suggest that this trait may not be as taxonomically discriminative for the genus Homo as 
previously thought, with the exception, perhaps, of Neanderthals (Olejniczak et al., 2008; Smith 
et al., 2012; Buti et al., 2017; Zanolli et al., 2019).   



Still, the underlying causes behind the pattern of hominin enamel thickness remains 
elusive.  Not only is enamel formation a highly complex process involving proteins from at least 
six different genes (Hlusko, Suwa, Kono, & Mahaney, 2004; Robinson, Brookes, Shore, & 
Kirkham, 1998), but we also know that the genetic mechanisms that produce an organ are not 
necessarily the same ones that determine variation (Hlusko et al., 2004; Jernvall, 2000). Several 
hypotheses have been proposed to explain the different patterns of enamel thickness (thin 
versus thick) in hominins. Some of them include the reliance on tool use or food preparation 
that resulted in thinner enamel during the evolution of Homo (Teaford, 2007; Wrangham, Jones, 
Laden, Pilbeam, & Conklin‐Brittain, 1999; but see Smith et al., 2012). Other scholars suggest 
specific odontogenetic mechanisms (Beynon & Wood, 1987; Dean et al., 2001; Macchiarelli et 
al., 2006; Smith et al., 2007) so the relatively thin enamel condition documented in Neanderthals 
could be linked to a faster developmental trajectory (Macchiarelli et al., 2006; Smith et al., 2007). 
Along the same line, investigations on H. sapiens relate their relatively thick enamel to a unique 
odontogenetic process different from that of Australopithecus and other species of the genus 
Homo (Dean et al., 2001). In this respect, Smith and colleagues (2012) suggested that the 
extreme dental reduction in H. sapiens was the cause of dentine reduction and, consequently, 
of the relatively thick enamel in this species.  

This same mechanism (tooth reduction) was argued to explain the metameric increase 
expressed by enamel thickness along the molar row (Grine 2005; Smith et al., 2006). Distalward 
increase in enamel thickness was related to dental reduction which, in turn, produces a relative 
reduction of the dentine when compared to enamel. Consequently, absolute and relative 
enamel thickness increases (Grine 2005; Smith et al., 2006). Our results reflect that TD6 
premolars are characterised by a subtle increasing pattern compared to Neanderthals and 
recent humans. That is, TD6 displays the lowest intra-species increase of metameric variation in 
enamel thickness along the premolar series. This effect could be mitigated in the case of TD6 
due to the similar crown size of the P3 and P4 (H1-P3 and P4, MD=8.8 and 8.8 mm and BL 11.5 
and 12.1 mm, respectively) which results in a similar percentage of dentine volume in P3 and P4s 
(Tables 2, 3 and Fig. 8). In contrast, for Neanderthals and recent humans, the marked increasing 
trend of enamel thickness from P3 to P4 reflects size reduction, specifically dentine reduction, of 
the P4 with respect to the P3.  

 
We suggest at least four different causes for the combination of thin and thick enamel 

pattern recorded in TD6 H1 and H3. First, the pattern of enamel thickness could be linked to 
odontogenic factors. Researchers related the thin enamel of Neanderthals to a faster 
developmental trajectory (Smith et al., 2007; Macchiarelli et al., 2006) and the thick pattern in 
H. sapiens to a slow trajectory of enamel growth (Dean et al., 2001). In this regard, Bermúdez 
de Castro and collaborators (2010) estimated that the formation and eruption times in individual 
TD6-H5 was within the range of recent human populations and provided evidence of a shift in 
the pattern of dental development between H. antecessor and other early African and Asian 
hominins. However, a recent study concluded that lateral enamel in H. antecessor grew on 
average 27% faster than in H. sapiens (Modesto-Mata et al., 2020). More information on cuspal 
enamel and root formation times is required in order to give a more accurate estimation of the 
absolute timing of dental maturation in this species. Still, with the information available, it is not 
possible to relate the thick enamel on H. antecessor to a modern-like pattern of dental 
development, moreover this would only explain TD6-H3 values. 

Second, we could explain the occurrence of the thin versus thick condition as 
consequence of sexual dimorphism. Studies concluded that females have thicker enamel 
compared to males (Smith et al., 2006; García-Campos et al., 2018; 2020; Sorenti et al., 2020). 
Based on the results obtained in this study, H. antecessor H1 could potentially represent a male 
and TD6-H3 a female. According to García-Campos et al., (2021) the differences observed 
between ATD6-13 and ATD6-69 are similar to those identified in recent humans between male 
and female dentitions (e.g.,Feeney et al., 2010; García-Campos, Martinón-Torres, Martín-



Francés, et al., 2018; García-Campos, Martinón-Torres, Martínez de Pinillos, et al., 2018; García-
Campos et al., 2020; Saunders, Chan, Kahlon, Kluge, & FitzGerald, 2007; Sorenti, Martinón-
Torres, Martín-Francés, & Perea-Pérez, 2019). However, these results would contrast with the 
analysis of enamel thickness in TD6 molars, where both H1 and H3 revealed a thick pattern 
(Martín-Francés et al., 2018). Therefore, it could be argued that the genetic signal linked to the 
expression of the enamel thickness pattern that characterizes females (thick enamel) or males 
(thin enamel) in H. antecessor is not as marked in molars as it is in canines. The pattern in H. 
antecessor would be different from that of recent humans where sexual dimorphism was also 
recorded in molars (Smith et al., 2006; Sorenti et al., 2019). These results highlight that more 
than one factor may be responsible for the variability of enamel thickness.  

A third possibility is that TD6-H1 and H3 represent two different populations. TD6-H3 
would represent a population where the enamel thickness trait preserves the condition 
expressed by early Homo populations and recent humans, whereas TD6-H1 would belong to a 
second population, where this trait has already derived to the condition that will become 
characteristic of Neanderthals. However, the stratigraphic data and the morphology of the 
hominin remains question this possibility. The remains belonging to TD6-H1 and H3 were 
recovered in the lithographic subunit TD6.2 from an excavated area of 6m2 (Carbonell et al., 
1999) suggesting a short event for the accumulation.  Moreover, the morphological analysis of 
the human remains identified a general homogeneity characterizing one population (e.g., 
Arsuaga et al., 1999; Bermúdez de Castro et al., 1999; Martinón-Torres et al., 2019).  

Finally, the discrepancy in enamel thickness exhibited by TD6-H1 and TD6-H3 could 
correspond to a polymorphism in H. antecessor. Most discrete dental traits are variable in 
expression. One trait may characterize a significant part of the group, but it is not necessarily 
expressed by all the group members (e.g., Bailey, 2002; Martinón-Torres et al., 2007; Martinón-
Torres, Bermúdez de Castro, Gómez-Robles, Prado-Simón, & Arsuaga, 2012; Scott, 1980; Scott 
& Turner II, 1997). As an example, although Neanderthal P4s manifest the higher frequency of 
well-developed continuous transverse crest, this feature is not present in all individuals (Bailey, 
2002). Similarly, morphological analyses of the TD6 dental collection identified a series of traits 
that are variable in their frequencies  (e.g., Martínez de Pinillos et al., 2017; Bermúdez de Castro 
et al., 2017; Gómez-Robles et al., 2011; Martinón-Torres et al., 2019). For instance, the 
continuous trigonid crest pattern on lower molars is typical of Neanderthals (due to the high 
frequency of expression in this species) and only partially represented in TD6 molars (ATD6-112 
and ATD-113, Martínez de Pinillos et al., 2017). Similarly, GM analysis of the enamel occlusal 
conformation of the maxillary premolars showed that while ATD6-7 clustered with SH and 
Neanderthals, ATD6-69 grouped with H. sapiens (Gómez-Robles et al., 2011). In this sense, we 
could hypothesize that the thin and thick conditions of TD6-H1 and H3, respectively, could be 
due to the expression of a polymorphism in this species. However, based on the statistical 
analysis comparing the variability between TD6 individuals to the variability expressed in the 
Neanderthal and recent human samples, this hypothesis also remains unsatisfying. While the 
differences in RET values between the two individuals from TD6 were higher than the average 
of the corresponding values derived from the Neanderthal and recent human samples for both 
P3 and P4, the analysis did not provide statistical support to the hypothesis of higher variability 
in H. antecessor than Neanderthals and recent humans based on currently available data. 
Therefore, extensive fossil data will be needed to evaluate the possibility of polymorphism 
directly. 
 
Conclusion 
This work provides new evidence on the dental enamel thickness characterization of the Early 
Pleistocene species H. antecessor (Atapuerca-TD6). We recorded a contrasting pattern of 
enamel thickness variation within the TD6 population. While individual H1 (represented by 



specimens ATD6-7, ATD6-8, ATD6-9, ATD6-13) presents the thin enamel pattern shared with 
Neanderthals, individual H3 (ATD6-69 specimens) possess the thick pattern, shared with most 
hominin fossil and recent humans. The complexity of the interpretation of these results is due 
to the multifactorial nature of enamel thickness ontogeny and the small sample size. Future 
findings in the TD6 level might provide new dental remains to shed further light on this topic.  
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Table 1. Fossil and Recent samples used for crown 2D and 3D measurements. 

Samples N Tooth class Specimens References 

H. antecessor (TD6) 4 P3 Atapuerca-Gran Dolina: ATD6-7, ATD6-8, ATD6-69_R and ATD6-69_L Original data 

East African early Homo (EAH) 1  KNM-ER- 1590 Smith et al., 2012  

South African early Homo (SAH) 1  SK27 Smith et al., 2012 

Asian early Homo (AEH) 2  S7-4 
PA67 

Smith et al., 2012 
Original data 

North African early Homo (NAH) 1  Thomas Quarry 3 Smith et al., 2012 

Neanderthal (NEA) 8  Wezmeh 1 
Las Palomas: SP 53, SP 60, SP 68 
La Quina H18 
Krapina: KRD39, KRD53, KRD112 

Zanolli et al., 2019 
Bayle et al., 2017 
Original data from ESRF website 
Original data from NESPOS website 

Fossil Homo sapiens (FHS) 2  Qafzeh 10, 15 Zanolli et al., 2019 

Recent humans (RH) 12  Recent humans from China (n=6) 
Recent humans from Spain (n=6) 

Original data 
 

H. antecessor (TD6) 3 P4 Atapuerca-Gran Dolina: ATD6-8, ATD6-9, ATD6-69 Original data 

East African early Homo (EAH) 1  KNM-ER- 1590 Smith et al., 2012  

Asian early Homo (AEH) 2  S7-4 
PA68 

Smith et al., 2012 
Original data 

North African Homo (NAH) 1  Thomas Quarry 3 Smith et al., 2012 

European Homo (EH) 1  Steinheim Smith et al., 2012 

Neanderthal (NEA) 6  Las Palomas: SP 68, SP 94 
La Quina H18 
Krapina: KRD42, KRD44, KRD117 

Bayle et al., 2017 
Original data 

Fossil H. sapiens (FHS) 2  Qafzeh 10, 15 Zanolli et al., 2019 

Recent humans (RH) 12  Recent humans from China (n=9) 
Recent humans from Spain (n=3) 

Original data 

 

 

 



Table 2. 2D enamel thickness variables assessed in TD6 maxillary premolars (in bold) and the 

comparative sample including extinct and extant specimens/populations.  

Sample N Tooth class 
 

2D AET (mm) 2D RET b/a*100 (%) 

ATD6-7 1 UP3  1.02 13.35 70.85 

ATD6-13 1   1.00 13.14 70.60 

ATD6-69_R 1   1.14 16.82 64.82 

ATD6-69_L 1   1.19 16.62 65.52 

TD6  4 
 

Mean  1.09 14.98 67.95 
 

 
 

SD 0.09 2.01 3.22 
 

 
 

Range 1.00-1.19 13.32-16.82 64.82-70.85 

EAH 1 
  

1.34 15.11 68.73 

SAH 1 
  

1.64 20.62 60.70 

AEH 1 
  

1.19 17.53 65.21 

NAH 2 
 

Mean 1.24 16.60 66.60 

NEA 8 
 

Mean 0.94 13.24 69.38 
 

 
 

SD 0.14 1.57 3.34 
 

 
 

Range 0.66-1.10 10.47-14.83 64.58-74.48 

FHS 2 
 

Mean  1.07 16.15 66.32 

   SD 0.07 0.31 0.75 
 

 
 

Range 1.02-1.12 15.93-16.37 65.76-66.82 

       

RH 12 
 

Mean 1.08 17.64 63.83 
 

 
 

SD 0.14 1.72 2.59 
 

 
 

Range 0.84-1.27 14.76-19.84 60.15-67.47 

  UP4     

ATD6-8 1   1.08 15.44 67.26 

ATD6-9 1   1.09 14.82 68.28 

ATD6-69_L 1   1.25 18.87 62.95 

TD6 3 
 

Mean  0.98 16.31 66.19 
 

 
 

SD 0.11 2.18 2.83 
 

 
 

Range 1.03-1.08 14.82-18.66 62.95-68.28 

EAH 1 
  

1.40 15.97 67.72 

AEH 1 
  

1.09 16.65 65.42 

NAH 1 
  

1.32 17.91 64.63 

EH 1 
  

1.14 17.88 63.22 

NEA 6 
 

Mean 1.00 15.17 67.31 
 

 
 

SD 0.16 2.15 3.45 
 

 
 

Range 0.66-1.10 10.47-14.83 64.58-74.48 

FHS 2 
 

Mean  1.18 19.21 61.52 

   SD 0.10 0.51 0.39 
 

 
 

Range 1.10-1.25 18.83-19.56 61.23-61.78 

       

RH 12 
 

Mean 1.25 20.84 61.25 
 

 
 

SD 0.10 2.38 3.99 
 

 
 

Range 1.07-1.39 16.85-25.06 55.80-70.26 

P3: TD6: H. antecessor (ATD6-7, ATD6-13, ATD6-69 (2) from Gran Dolina; original data). EAH:  East African 
early Homo (specimen KNM-ER 1590 from Koobi Fora, Smith et al., 2012). SAH: South African early Homo 



(specimen SK27 from Swartkrans, Smith et al., 2012). AEH: Asian early Homo (Sangiran, Smith et al., 2012). 
NAH: North African Homo (Thomas Quarry 3, Smith et al., 2012. Please note that the Thomas Quarry data 
does not include individual values, therefore we only employed it for comparative purposes but it was not 
possible to include it in the boxplots or statistical analyses). NEA: Neanderthals (Wezmeh 1, Zanolli et al., 
2019; SP53, SP60 and SP68 from Las Palomas, Bayle et al., 2017; La Quina H18, Krapina D39, D53, D112, 
original data from Nespos). FHS: fossil H. sapiens (Qafzeh 10 and 15, Zanolli et al., 2019). RH: recent 
humans (original data from Asian and European origin).  
 
P4: EAH:  TD6: H. antecessor (ATD6-8, ATD6-8, ATD6-698; original data). East African early Homo (specimen 
KNM-ER 1590 from Koobi Fora, Smith et al., 2012). AEH: Asian early Homo (Sangiran, Smith et al., 2012). 
NAH: North African Homo (specimen from Thomas Quarry, Smith et al., 2012). EH: European Homo 
(specimen from Steinheim, Smith et al., 2012). NEA: Neanderthals (specimens SP68 and SP94  from Las 
Palomas, Bayle et al., 2017; specimens D42, D44 and D117 from Krapina and specimen from La Quina, 
original data from Nespos). FHS: fossil H. sapiens (Qafzeh 10 and 15, Zanolli et al., 2019). RH: recent 
humans (original data from Asian and European origin). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3. 3D enamel thickness variables assessed in TD6 maxillary premolars (in bold) and the 

comparative sample including extinct and extant specimens/populations.  

Sample N Tooth class 
 

3D AET (mm) 3D RET Vcdp/Vc (%) 

ATD6-7  UP3  1.05 17.46 55.39 

ATD6-13    1.02 16.91 56.36 

ATD6-69_R    1.26 22.16 50.46 

ATD6-69_L    1.28 22.01 50.61 

TD6  4 
 

Mean  1.15 19.63 53.21 
 

 
 

SD 0.14 2.84 3.11 
 

 
 

Range 1.02-1.28 16.91-22.16 50.46-56.36 

AEH 1 
  

1.07 17.93 56.48 

NEA 8 
 

Mean 1.04 17.96 54.34 
 

 
 

SD 0.18 2.05 2.53 
 

 
 

Range 1.05-1.30 16.60-21.13 50.53-57.72 

FHS 2 
 

Mean  1.08 20.14 51.00 

   SD 0.08 0.68 0.05 
 

 
 

Range 1.02-1.13 19.65-20.62 50.96-51.03 

RH 12 
 

Mean 1.13 22.33 49.70 
 

 
 

SD 0.16 2.93 4.05 
 

 
 

Range 0.93-1.42 18.36-27.90 43.14-56.20 

  UP4     

ATD6-8 1   1.09 19.26 52.57 

ATD6-9 1   1.07 18.44 54.42 

ATD6-69 1   1.35 23.50 49.63 

TD6 3 
 

Mean  1.17 20.40 52.21 
 

 
 

SD 0.16 2.72 2.42 
 

 
 

Range 1.07-1.35 18.44-23.50 49.63-54.42 

AEH 1 
  

1.13 19.30 55.06 

NEA 6 
 

Mean 1.15 20.96 50.91 
 

 
 

SD 0.19 2.15 2.34 
 

 
 

Range 0.82-1.34 17.87-23.55 47.98-53.54 

FHS 2 
 

Mean  1.19 23.32 48.23 

   SD 0.06 0.19 0.88 
 

 
 

Range 1.14-1.23 23.18-23.44 47.56-48.81 

RH 12 
 

Mean 1.31 26.51 45.18 
 

 
 

SD 0.15 3.72 3.77 
 

 
 

Range 1.08-1.50 20.32-31.78 39.65-52.45 

P3: TD6: H. antecessor (ATD6-7, ATD6-13, ATD6-69 (2) from Atapuerca-Gran Dolina; original data). AEH: 
Asian early Homo (specimen PA67 from Zhoukoudian, original data from this study). NEA: Neanderthals 
(specimen Wezmeh 1, Zanolli et al., 2019; specimens SP53, SP60, SP68  from Las Palomas, Bayle et al., 
2017; specimens D39, D53 and D112 from Krapina and specimen H18 from La Quina, original data from 
Nespos). FHS: fossil H. sapiens (Qafzeh 10 and 15, Zanolli et al., 2019). RH: recent humans (original data 
from Asian and European origin).  
 
P4: TD6: H. antecessor (ATD6-8, ATD6-8, ATD6-69 from Atapuerca-Gran Dolina; original data). AEH: Asian 
early Homo (specimen PA68 from Zhoukoudian, original data from this study). NEA: Neanderthals 
(specimens SP68 and SP94  from Las Palomas, Bayle et al., 2017; specimens D42, D44 and D117 from 
Krapina and specimen H18 from La Quina, original data from Nespos). FHS: fossil H. sapiens (Qafzeh 10 
and 15, Zanolli et al., 2019). RH: recent humans (original data from Asian and European origin). 



 

 

Table 4. 2D cross-sections thickness variation 

Sample Tooth LTL CTL i h CTB LTB Bucc Ling Occl 

TD6 P3 1.54 1.15 1.23 1.07 0.86 1.50 7.63 5.19 11.41 

NEA  1.31 0.97 0.90 0.94 0.98 1.33 7.02 6.40 10.41 

MH  1.43 1.47 1.13 1.03 0.80 1.32 5.42 3.88 9.83 

TD6 P4 1.55 1.22 0.99 1.08 1.03 1.62 6.65 6.04 11.45 

NEA  1.39 1.06 1.06 1.07 0.90 1.47 5.76 5.7 11.33 

RH  1.61 1.69 1.21 1.33 1.13 1.51 5.32 4.61 12.54 

P3: TD6: H. antecessor (ATD6-7, ATD6-13, ATD6-69 (2) from Atapuerca-Gran Dolina; original data). NEA: 
Neanderthals (specimens D39, D53 and D112 from Krapina and specimen H18 from La Quina, original data 
from Nespos). RH: recent humans (original data from Asian and European origin). P4: TD6: H. antecessor 
(ATD6-8, ATD6-8, ATD6-69 from Atapuerca-Gran Dolina; original data). NEA: Neanderthals (specimens 
D42, D44 and D117 from Krapina and specimen H18 from La Quina, original data from Nespos). RH: recent 
humans (original data from Asian and European origin). 
 



Figures 
 

 
Fig 1. Orientation protocol for enamel thickness measurements in 2D cross sections. A: 
Buccolingual orientation of the tooth. B: Buccal and lingual horn tips aligned in a horizontal 
plane. C: Bucco-lingual orientation including both dentine horn tips and the mid-plane between 
the lowest cervical enamel extension points and maximum bi-cervical diameter. D: In the ideal 
plane enamel (dark grey) and dentine (light grey) areas, and length of the EDJ (dotted line) are 
measured (modified from Feeney et al., 2010). 
 
 

 
Fig 2.  Thickness variability in the 2D cross-sections. Measurements include: LTL: Maximum 
linear enamel thickness on the lingual side of the lingual cusp, measured perpendicular to the 
EDJ at a point approximately 1 mm cervical to the dentine horn. CTL: linear enamel thickness on 
the apex of the lingual cusp, it is the distance between the apex of the dentine horn and the tip 
of the cusp. i: maximum linear thickness of occlusal enamel on the lingual cusp (protocone), 
measured perpendicular to the EDJ. h: Maximum linear thickness of occlusal enamel on the 
buccal cusp (paracone) measured perpendicular to the EDJ. CTB: Linear enamel thickness on the 
apex of the buccal cusp, it is the distance between the tip of the dentine horn and the tip of the 
cusp. LTB: Maximum linear enamel thickness on the buccal side of the buccal cusp, measured 
perpendicular to the EDJ at a point approximately 1 mm cervical to the dentine horn. Using the 
lingual and buccal linear measurements as markers, buccal (Bucc), lingual (Ling) and occlusal 
(Occl) areas defined as Bucc: area of the buccal surface from the cervix to the LTC. Ling: area of 
the lingual surface from the cervix to the CTB. Occl: Area of the occlusal basin between the LTC 
and the CTB (following Grine, 2005). 



 
Fig 3. Box Plots depicting 2D values. Values of the average enamel thickness (AET), relative 
enamel thickness (RET) and percentage of dentine and pulp (a/b*100) in the maxillary premolars 
of the TD6 and the comparative specimens/samples. 



 
Fig 4. Box Plots depicting 3D values. Values of the average enamel thickness (3D AET), relative 
enamel thickness (3D RET) and percentage of dentine and pulp (Vcdp/Vc) in the maxillary 
premolars of the TD6 and the comparative specimens/samples. 
 



 
Fig 5. Adjusted Z score of the 2D variables (AET, RET and a/b*100) assessed in the maxillary P3 

(specimens ATD6-7, ATD6-13, ATD6-69 right and left) and P4 (ATD6-8, ATD6-9 and right ATD6-
69) from TD6 and compared to the variation expressed by Neanderthals and recent humans. 
The solid line passing through zero represents the mean, and the dashed lines correspond to the 
estimated 95% limit of variation expressed for the two comparative samples (NEA and RH).  
 
 
 
 

 
Fig 6. Adjusted Z score of the 3D variables (AET, RET and Vcdp/Vc) assessed in the maxillary P3 
(specimens ATD6-7, ATD6-13, ATD6-69 right and left) and P4 (ATD6-8, ATD6-9 and right ATD6-
69) from TD6 and compared to the variation expressed by Neanderthals and recent humans. 
The solid line passing through zero represents the mean, and the dashed lines correspond to the 
estimated 95% limit of variation expressed for the two comparative samples (NEA and RH).  
 



 
Fig 7. Pie charts showing 2D and 3D relative tissue proportions in TD6 individuals, Neanderthal 
and recent human P3s. The data show that the difference of dentine proportion is similar across 
species in 2D and 3D.  
 
 
 
 

 
Fig 8. Metameric variation graphs in 2D and 3D variables. The data show that TD6 individuals 
exhibit the least variation between P3 and P4, followed by Neanderthals and recent humans with 
the greater variation.  
 
 



 
Fig 9. Enamel thickness cartographies of the Atapuerca-TD6 P3 (ATD6-7 and ATD6-69) 
compared with those of Neanderthal and recent human. Topographic thickness variation is 
rendered by a pseudo-colour scale ranging from thinner dark-blue to thicker red. NEA= 
Neanderthal (La Quina H18) and RH= recent human of Spanish origin (B=buccal, O=occlusal, 
L=lingual). Scale bar=1.53 for all specimens.  
 

 
Figure 10. Enamel thickness cartographies of the Atapuerca-TD6 P4 (ATD6-8 and ATD6-69) 
compared with those of Neanderthal and recent human. Topographic thickness variation is 
rendered by a pseudo-color scale ranging from thinner dark-blue to thicker red. NEA= 
Neanderthal (La Quina H18) and RH= recent human of Spanish origin (B=buccal, O=occlusal, 
L=lingual). Scale bar=1.64 for all specimens. 


