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A B S T R A C T   

Many anthropological studies have examined the functional implications of enamel thickness in human dental 
crowns. Despite limitations, Enamel thickness (ET) values are still used to infer taxonomic attribution in the 
genus Homo, and to identify mechanisms of functional adaptation against macrowear. However, only a few 
studies have tried to describe the possible relationship between ET and dental wear patterns in permanent lower 
first molars (M1) aiming to observe whether an adaptive response to the environmental and cultural context is 
detectable. The present work aims to investigate a possible signal of ET adaptive response in M1 (wear stage 3; 
Molnar, 1971) belonging to individuals who lived between the Neolithic (early 6th millennium BCE) and the 
Bronze Age (second half of the 2nd millennium BCE) in Croatia to identify any signal of change in dental tissue 
proportions based on archaeologically documented shifts in population structure and subsistence strategies. In 
order to do so, we explored 3D Average Enamel Thickness (AET) of the entire crown and wear pattern distri-
bution among individuals and across chronological groups. We then described a new method called “Enamel 
Thickness per Masticatory Phases” (ETMP) involving the creation of virtual sections cutting enamel and coronal 
dentine in three parts based on masticatory phases, and explored the distribution of 3D AET accordingly. Finally, 
we performed geometric morphometric analysis on dental crown to ascertain possible morphological differences 
between Neolithic, Eneolithic, and Bronze Age groups. Results show that Bronze Age individuals differ from 
previous groups due to 1) higher values of ET in both the entire crown and specifically in the buccal area, 2) to an 
extensive wear pattern localized on the buccal side, and 3) to the distal extension of the hypoconid together with 
an extended mesio-distal shape of the crown. These patterns may represent an adaptive response of dental tissue 
to varying functional demands (e.g. archaeologically documented dietary shift). The study of ETMP therefore 
offers a more nuanced method, in addition to morphology and macrowear analysis, to document biocultural 
processes of change over time in archaeological populations through dental tissues.   
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1. Introduction 

Many anthropological studies have examined the functional impli-
cations of enamel thickness distribution in the human dental crowns. 
Although enamel thickness is no longer regarded as a reliable phylo-
genetic character due to considerable homoplasy (Dumont, 1995; 
Schwartz, 2000a), taxonomic assessments of the enamel thickness (in a 
controlled plane of section or using volumetric data) of the earliest 
putative hominins from eastern Africa (e.g., Kono and Suwa, 2008; 
Smith et al., 2008; Olejniczak et al., 2008b; Olejniczak et al., 2008c; 
Suwa et al., 2009) and within the genus Homo (e.g., Smith et al., 2012; 
Molnar et al., 1993; Grine et al., 2004; Bayle et al., 2010; Oxilia et al., 
2022; Been et al., 2017; Margherita et al., 2017) continue to be relevant. 

Hominins are generally considered a thick-enameled clade compared 
to the thin-enameled extant African apes. Despite this characterization, 
enamel thickness variation within the genus Homo is broader than 
commonly stated, with Neanderthals occupying the thinner end of this 
range (e.g. Fornai et al., 2014; Olejniczak et al., 2008a; Martín-Francés 
et al., 2020). 

Thinner enamel in Neandertals has been used to support inferences 
about life history and general health (Smith and Zilberman, 1994; Zil-
berman et al., 1992; Smith and Zilberman, 1994, Ramirez Rozzi, 1996). 
Moreover, a trend in enamel thickness has been identified for the later 
undisputed hominins including H. sapiens. In particular, the latter seems 
to be defined by a relatively thick enamel tissue distally from first to 
third molar (Schwartz 2000a, 2000b; Macho and Berner 1993) and 
differences in enamel thickness characterizing ‘functional’ (buccal side 
thicker) and ‘supporting’ (lingual side thinner) cusps (Molnar and Gantt 
1977; Schwartz 2000a, 2000b; Macho and Berner 1993, 1994). These 
trends seem to be due to a unique odontogenetic process induced by an 
extreme dental reduction (Grine et al., 2001; Grine 1991; Spoor et al., 
1993) as well as a functional model of masticatory biomechanics 
(Koolstra et al., 1988; Schwartz 2000a, 2000b; Macho and Berner 1993, 
1994) where the posterior molars and functional cusps have been pre-
dicted to encounter higher occlusal forces (Sathyanarayana et al., 2012; 
Sonnesen and Bakke, 2005; Khadijah et al., 2020) producing a response 
in enamel thickness. 

Following early contributions based on the physical sectioning of the 
tooth (e.g. Grine, 2005, 2002; Martin, 1985), several 2D and mainly 3D 
digital methods (Smith et al., 2005, 2006; Olejniczak and Grine, 2006; 
Olejniczak et al., 2008a; Benazzi et al., 2014; Kono et al., 2002; Vazzana 
et al., 2018) have been developed to provide accurate and more precise 
quantification of dental enamel thickness, thus representing a consistent 
analytical method that in addition prevents physical damage of the 
specimens. 

Molars are the main dental class investigated for enamel thickness 
and mineralized tissue proportion (Grine, 2002, 2005; Kono et al., 2002; 
Olejniczak et al., 2008a; Fornai et al., 2014; Skinner et al., 2015) 
because considered a key of occlusion and of significant impact on the 
future occlusion health (Ebrahimi et la. 2010). Hominin molar enamel 
thickness is a good marker reflecting selection for functional adaptation 
against macrowear (Janis and Fortelius, 1988; Shellis, 1998). Indeed, 
macrowear has been considered as a physiological phenomenon of 
dental tissue loss linked to dietary habits (El Zaatari et al., 2011; Fior-
enza et al., 2018; Fiorenza and Kullmer, 2013; Hinton, 1982; Kaidonis 
et al., 1993; Molnar, 1971; Oxilia et al., 2021a; Smith, 1984), to pre-
dominant occlusal movements performed during masticatory and par-
afunctional activities (Benazzi et al., 2013a; Kullmer et al., 2009, 2013; 
Oxilia et al., 2015, 2017, 2018; Traversari et al., 2019), and to biome-
chanical effects of occlusal loading (Benazzi et al., 2011, 2013b, 2013c, 
2015, 2016; Dejak et al., 2003). It has been shown that enamel thickness 
in molars differs even in modern human populations when considering 
different time periods (e.g. Le Luyer et al., 2014) and/or tooth type, sex, 
and population (Smith et al., 2006). 

At present, however, the exact relationship between enamel thick-
ness and the distribution of dental wear pattern across different 

masticatory phases has not yet been thoroughly investigated, and there 
is no systematic evidence that could directly link enamel thickness dis-
tribution with change over time in subsistence and masticatory activities 
due to wide alterations (masticatory and paramasticatory activities as 
well as asymmetries) affecting the stability of our masticatory system 
and, thus, dental tissues. The present work aims to explore significant 
differences in enamel thickness between different masticatory phases 
using 3D data on moderately worn permanent lower first molars. At the 
same time, we aim to recognize potential patterns of variability over 
time linked to change in diet, subsistence strategy by analysing the 
distribution of enamel thickness across different masticatory phases and 
dental crown shape in Neolithic, Eneolithic, and Bronze Age individuals 
uncovered in present-day Croatia (see section 2.1). The absence of dif-
ferences would suggest that the distribution of enamel thickness is not 
linked to or affected by either masticatory activities or by the anthro-
pological/socioeconomic changes documented by archaeologists in the 
analysed chronological contexts (Varalli et al., 2022). 

In order to do so, we first used 3D enamel models for each sampled 
tooth to calculate Average Enamel Thickness (AET) for the entire dental 
crown and obtained a distribution of AET values for each chronological 
group. We then proceeded by identifying and quantifying the extension 
of macrowear per each masticatory phase (Buccal Phase I, Lingual Phase 
I and Phase II) in each sampled tooth, and developed a new 3D virtual 
method (Enamel Thickness per Masticatory Phases; hereafter ETMP) 
involving the creation of virtual sections passing through dentine and 
enamel tissues useful to obtain enamel volume and Enamel-Dentine 
Junction surface (used for the computation of the 3D AET) for each 
masticatory phase. 

In order to reduce the possible influence of time and genetic diversity 
within each sampled group, archaeological contexts of interest were 
selected based on four criteria: 1) precise chronology and association 
with diagnostic material culture; 2) sampled individuals had to be un-
covered in the same or geographically close sites; 3) the preservation of 
skeletal/dental remains had to be excellent; and 4) presence and con-
sistency of information on the dietary patterns of each of the analysed 
populations (through archaeological proxies e.g. carbon and nitrogen 
stable isotopic analysis). With that in mind, we chose the assemblages 
from three different time periods from modern-day Croatia: the 
Neolithic (Jagodnjak/Beli Manastir), the Eneolithic (Potočani) and the 
Bronze Age (Bezdanjača Cave) (Fig. 1). 

2. Material and methods 

The sample consists of permanent lower first molars (M1) with 
similar wear stage (equal to 3 based on Molnar, 1971) of 25 individuals 
from the four archaeological sites: Jagodnjak (n = 1), Beli Manastir (n =
9), Potočani (n = 9), and Bezdanjača (n = 6) (Table 1) represented by 
male (n = 11), female (n = 12) and two individuals for which sex was 
not available (NA). Dental crowns characterized by pathological signs 
and taphonomic alterations were excluded from current analyses, while 
individuals with uncertain sex attribution were not selected to test dif-
ferences between sexes. We selected teeth characterized by Y groove 
pattern and five cusps respectively to avoid any influence induced by 
morphological features. 

2.1. Archaeological setting 

Jagodnjak is a site in eastern Croatia, in Osijek-Baranja County, 
north of the city of Osijek. Rescue excavations that took place in 2014/ 
2015 at the Krčevine location, revealed archaeological strata from the 
Neolithic, Bronze Age, Late Iron Age, Roman and Early Medieval periods 
(Tresić Pavičić, 2015). Among other features, several Early Neolithic 
Starčevo culture burials have been excavated. Three direct radiocarbon 
dates put the use of the Starčevo culture burials to the early 6th mil-
lennium BCE (PSUAMS 4442: 6895+/25 BP, 5838–5726 cal BCE; 
PSUAMS 4443: 6925+/25 BP, 5876–5735 cal BCE PSUAMS 4445: 
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6965+/25 BP, 5968–5757 cal BCE). Two of the burials can be defined as 
“mass” burials containing several commingled skeletons with four 
additional individual inhumations. In each of the four inhumations the 
individuals were buried in pits within the settlement, lying in a flexed 
position on their side. The sample used in this analysis comes from burial 
79 defined as a “mass grave” as it contained commingled remains of at 
least four young adult males. Genomic as well as C/N isotopic data 
suggest this was a homogenous community with the diet mostly based 
on C3 resources with a low intake of animal protein (Novak, unpub-
lished data). 

The site of Beli Manastir – Popova zemlja is located in eastern 
Croatia, in Osijek-Baranja County, between Drava and Danube rivers. 
Rescue excavations due to the construction of a motorway, conducted in 
2014 and 2015, revealed a multi-stratigraphic site with the archaeo-
logical sequence starting with the Neolithic Starčevo, Sopot and Lengyel 
cultures, continuing with Eneolithic Baden and Vučedol cultures and 
ending with the Roman period (Los, 2020). In addition to the various 
phases of the prehistoric settlement and cemetery as well as two Roman 
period brick kilns nearly 47,000 pottery fragments, bone objects, stone 
tools and animal bones were recorded and excavated (Los, 2020). Some 
burials were discovered at the top of the structure fills, which means that 
spaces inside the structures were used for burials after losing their 
original function. However, most burials were found at the very bottom 
of the structures (i.e. pit houses), along their edges. Nevertheless, some 
inhumations were recovered from the bottom of the pits and at the 
bottom of the channel running along the eastern edge of the site. Most of 
the recovered burials were in a contracted position on their left or right 
sides in various orientations (mostly SW-NE), and some had ceramic 
vessels placed by their head. The skeletons in the channel were found in 
an unarranged extended supine or prone position with no addition of 
grave goods except for some animal bones (Los, 2020). A series of direct 
radiocarbon dates place the analysed burials to the Neolithic period, e.g. 
to the 6th and the first half of the 5th millennium BCE (for more details 
see Freilich et al., 2021; Jovanović et al., 2021a; Los, 2020). Most of the 
skeletons were complete, and only a few were missing some osteological 
elements due to recent human activity such as ploughing. In total, 39 
individuals were available for the analysis: 17 subadults, 11 females and 
11 males. The bioarchaeological analysis of this skeletal assemblage 

indicates that: (i) this was a typical Neolithic population heavily 
dependent on agriculture, (ii) its members suffered from poor subadult 
health, (iii) it was a community that experienced a low level of inter-
personal violence (Novak, 2017). Carbon and nitrogen stable isotopes 
analysis conducted on several individuals showed that “their diet was 
consistent with typical Early and Late Neolithic dietary patterns in the 
region, showing that they consumed terrestrial resources (C3 plants, 
domesticates and wild game) with no isotopic evidence for the use of 
aquatic food” (Jovanović et al., 2021a). And finally, ancient DNA 
analysis was performed on the remains of 19 Neolithic individuals from 
the site showing strong genetic continuity from the Early Neolithic and 
the evidence of first cousin mating practices (Freilich et al., 2021). 

The sample from Potočani was discovered in 2007 during a field 
survey near the town of Požega in continental Croatia as the erosion 
caused by heavy rain uncovered a part of the circular pit (approximately 
2 m in diameter and about 1 m in depth) containing commingled, in 
certain cases still articulated, remains of a large number of people 
(Potrebica and Balen, 2008). The position of the articulated remains 
indicates that the bodies were thrown into the pit randomly, without any 
care. Radiocarbon dates from three human bones, taken at various levels 
in the pit, gave results of around 4200 years cal BCE (Beta 233122: 
5240+/40 BP; Beta 233123: 5310+/40 BP; UCIAMS 140250: 5325+/20 
BP (Jovanović et al., 2021; McClure et al., 2020). Although only few 
diagnostic pottery fragments were found in the pit, the timeframe fits 
within the Lasinja culture of the Middle Copper Age (Balen, 2008). 
Bioarchaeological analyses of the sample suggest a minimum of 41 
people of both sexes and age range between approximately two and 50 
years of age at death are present (about half of the individuals are 
subadults below 18 years of age). Interestingly, thirteen crania display 
perimortem injuries (with a total of 28 injuries), ranging from blunt 
force trauma, cuts, and piercing injuries (Jovanović et al., 2021). The 
indiscriminant pattern of injuries does not follow a specific pattern of 
age and sex, as the injuries were observed in one boy 2–5 years old, one 
girl 6–10 years old, three boys and one girl 11–17 years old, five younger 
adults (18–35 years; one male and four females), and two middle-aged 
males (36–50 years) (Jovanović et al., 2021). In addition, most of the 
injuries are located on the lateral, posterior, or superior parts of the 
crania and no so-called defensive wounds have been observed on 

Fig. 1. Map showing the geographic location of the sites analysed in the study (base map credit: USGS National Map Viewer, http://viewer.nationalmap.gov 
/viewer/). 
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postcranial remains. All this combined strongly suggests a single episode 
of violent encounter and execution of a small community during the 
Middle Copper Age (Janković et al., 2021; McClure et al., 2020; Novak 
et al., 2021). N/C stable isotopes analysis of this catastrophic assem-
blage indicate higher than expected nitrogen values in comparison with 
other regional populations and significant differences between children, 
juveniles, and adults from the site (McClure et al., 2020). On the other 
hand, aDNA study indicates that: “(i) the majority of individuals were 
unrelated and instead were a sample of what was clearly a large farming 
population, (ii) the ancestry of the individuals was homogenous which 
makes it unlikely that the massacre was linked to the arrival of new 
genetic ancestry, and (iii) there were approximately equal numbers of 
males and females” (Novak et al., 2021). 

The cave of Bezdanjaca is located on the north-eastern side of the 
Vatinovac Hill near Vrhovine in Lika region of Croatia. The entrance is 
funnel-shaped, 30 × 12 m wide, with a 31-m vertical drop. It was first 
discovered by speleologists in 1960 and subsequent archaeological work 
in the cave in 1965 resulted in numerous archaeological remains (pot-
tery, metal items and other finds) that cluster into two distinct periods of 
the Bronze Age (Malez, 1967, 1979; Malinar, 1976). According to 
(Drechsler-Bižić, 1979), the site was used during the Middle Bronze Age 
(Horizon I, Br C/D), and Late Bronze Age (Horizon II, Br D/Ha A) 
(Drechsler-Bižić, 1979). Recently, this was confirmed by a series of 
direct radiocarbon dates placing the use of this necropolis to the second 
half of the 2nd millennium BCE (for more details see Lazaridis et al., 
2022; Zavodny et al., 2017. A total of 57 separate grave units were 
discovered, with the remains of about two hundred people 
(Drechsler-Bižić, 1979). Ten graves contained more than one deceased 
(five to 20 individuals). The significance of the human skeletal remains 
was evident immediately after discovery, but only preliminary analyses 
or analyses of a limited scope of human skeletal material have been 
carried out so far (Boljunčić, 1991, 1997; Janković and Novak, 2021; 
Malez, 1973; Malez and Nikolić, 1975; Percač, 1992; Šlaus, 2002). 
Bioarchaeological analysis of the preserved remains showed equal rep-
resentation of both sexes (ten skulls belong to female and ten to male 
individuals; four less preserved crania probably also belong to males and 
another skull to a female individual; it was not possible to establish the 
sex for one skull). In addition to adults, seven older children and two 
adolescents are also present in the sample. Several adult crania show 
evidence of perimortem injuries while one cranium exhibits traces of a 
neurosurgical intervention–trephination–that the individual survived 
and recovered from (Carić et al., 2020). Results of the stable isotope 
analysis reveal that the individuals from Bezdanjaca consumed notable 
quantities of C4 plants during their childhood (most likely millet) 
(Martinoia et al., 2021). Genomic analysis on 35 individuals showed 
interesting results, as ten of the individuals clustered in four families 
(Lazaridis et al., 2022). 

Table 1 
Sample composition.  

Time 
period 

Sample Site Sexa/age δ13C/ 
δ15N 
(in ‰)  

MicroCT 
scan 

Neolithic G79 Jagodnjak 
Krčevine 

Male, 
20–35 
years 

− 20.6/ 
10.6  

DPES 
(Ferrara, 
Italy) 

Neolithic G9 Beli 
Manastir 
Popova 
zemlja 

Femalea, 
13–15 
years 

NA  DPES 
(Ferrara, 
Italy) 

Neolithic G27 Beli 
Manastir 
Popova 
zemlja 

Femalea, 
30–38 
years 

NA  DPES 
(Ferrara, 
Italy) 

Neolithic G2 Beli 
Manastir 
Popova 
zemlja 

Femalea, 
12–14 
years 

− 19.2/ 
9.5  

ICTP 
(Trieste, 
Italy) 

Neolithic G7 Beli 
Manastir 
Popova 
zemlja 

Malea, 
18–26 
years 

NA  ICTP 
(Trieste, 
Italy) 

Neolithic G16 Beli 
Manastir 
Popova 
zemlja 

Femalea, 
9–11 
years 

NA  ICTP 
(Trieste, 
Italy) 

Neolithic G30 Beli 
Manastir 
Popova 
zemlja 

Malea, 
20–26 
years 

NA  ICTP 
(Trieste, 
Italy) 

Neolithic G36 Beli 
Manastir 
Popova 
zemlja 

Malea, 
12–13 
years 

NA  ICTP 
(Trieste, 
Italy) 

Neolithic G1 Beli 
Manastir 
Popova 
zemlja 

NA, 7–9 
years 

− 19.6/ 
9.4  

ICTP 
(Trieste, 
Italy) 

Neolithic G4 Beli 
Manastir 
Popova 
zemlja 

Malea, 
12–14 
years 

− 19.4/ 
9.1  

ICTP 
(Trieste, 
Italy) 

Eneolithic P8L12 Potočani Malea, 
10–15 
years 

− 19.8/ 
10.2  

DPES 
(Ferrara, 
Italy) 

Eneolithic P8L8-3 Potočani Malea, 
10–15 
years 

− 20.0/ 
11.9  

DPES 
(Ferrara, 
Italy) 

Eneolithic P8L3-3 Potočani Malea, 
10–15 
years 

NA  DPES 
(Ferrara, 
Italy) 

Eneolithic P42 Potočani Femalea, 
20–35 
years 

− 19.9/ 
10.3  

ICTP 
(Trieste, 
Italy) 

Eneolithic P1 Potočani Femalea, 
10–15 
years 

− 20.0/ 
10.7  

ICTP 
(Trieste, 
Italy) 

Eneolithic P10 Potočani Femalea, 
20–35 
years 

− 19.9/ 
11.2  

ICTP 
(Trieste, 
Italy) 

Eneolithic P41 Potočani Malea, 
10–15 
years 

− 19.4/ 
10.4  

ICTP 
(Trieste, 
Italy) 

Eneolithic P46 Potočani Femalea, 
10–15 
years 

− 20.2/ 
10.8  

ICTP 
(Trieste, 
Italy) 

Eneolithic P47 Potočani Malea, 
10–15 
years 

− 20.0/ 
9.9  

ICTP 
(Trieste, 
Italy) 

BronzeAge BZV_5 Bezdanjača 
Cave 

Femalea, 
25–35 
years 

− 17.1/ 
8.8  

ICTP 
(Trieste, 
Italy) 

BronzeAge BZV_21 
E 

Bezdanjača 
Cave 

NA, 
12–18 
years 

NA  ICTP 
(Trieste, 
Italy)  

Table 1 (continued ) 

Time 
period 

Sample Site Sexa/age δ13C/ 
δ15N 
(in ‰)  

MicroCT 
scan 

BronzeAge BZV_33C Bezdanjača 
Cave 

Femalea, 
20-35 

NA  ICTP 
(Trieste, 
Italy) 

BronzeAge BZV_33 
P 

Bezdanjača 
Cave 

Femalea, 
12–18 
years 

NA  ICTP 
(Trieste, 
Italy) 

BronzeAge BZV-33 
L 

Bezdanjača 
Cave 

Femalea, 
12–18 
years 

NA  ICTP 
(Trieste, 
Italy) 

BronzeAge BZV-33 
R 

Bezdanjača 
Cave 

Malea, 
15–20 
years 

NA  ICTP 
(Trieste, 
Italy) 

DPES = Department of Physics and Earth Sciences; ICTP = Abdus Salam Inter-
national Centre of Theoretical Physics. 

a Molecular sex established by means of ancient DNA. 
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2.2. Micro-CT scan and digital reconstruction 

High-resolution micro-CT based digital volumes were measured by 
microfocus X-ray computed tomography (μCT) at the Multidisciplinary 
Laboratory of the Abdus Salam International Centre of Theoretical 
Physics – ICTP (Trieste, Italy) (N = 19, see Table 1) using a system 
specifically designed for the study of paleontological and archaeological 
materials (Tuniz et al., 2013) and at the Department of Physics and Earth 
Sciences, University of Ferrara, Ferrara, Italy (N = 6) using a dedicated 
μCT system for the acquisition of small samples. 

The μCT acquisitions performed at the ICTP of the specimens were 
carried out by using a sealed X-ray source (Hamamatsu L8121-03) at a 
voltage of 110 kV, a current of 90 μA and with a focal spot size of 5 μm. 
The X-ray beam was filtered by a 0.1 or 0.05 mm-thick copper absorber. 
A set of 1440 projections of the samples were recorded over a total scan 
angle of 360◦ by a flat panel detector (Hamamatsu C7942SK-25) with an 
exposure time/projection of 1–2 s. 

The resulting μCT slices were reconstructed using the commercial 
software DigiXCT (DIGISENS SAS) in 32-bit format and obtaining an 
isotropic voxel size of 20–30 μm. 

The micro-CT images performed at the University of Ferrara were 
carried out by using a microfocus X-ray tube (Hamamatsu L9421-02), a 
rotation stage and a flat panel detector (Hamamatsu C14400DK-51). All 
the data acquisitions have been performed at a voltage of 80 kVp, 100 
μA and a focal spot size of nearly 5 μm. The X-ray beam has been filtered 
by 150 μm copper. A set of 360 images over an angular scan of 360◦ have 
been acquired of each sample with an integration time of 100ms. The 
planar images have been dark and flat corrected and reconstructed using 
a home-made software in a 3D volume with an isotropic voxel of 30 μm. 

The micro-CT images of the original samples were virtually 
segmented using Avizo 2021.2 software (Thermo Fisher Scientific, 
Waltham, Massachusetts, US). The segmented enamel caps and virtually 
filled dentins were converted to meshes using Geomagic Design X (3D 
Systems Software, Rock Hill, South Carolina, US). 

2.3. 3D Enamel thickness 

To calculate the 3D enamel thickness, we followed the guidelines 
provided by Benazzi et al. (2014) for molars. The crown was separated 
by the root using the interpolated surface of the cervical line (Benazzi 
et al., 2014). We measured: the enamel volume (mm3) and the 
enamel-dentine junction (EDJ) surface (mm2). These measurements 
were used for the computation of the 3D average enamel thickness index 
(3D AET = volume of enamel divided by the EDJ surface; index in 
millimeters) (e.g. Benazzi et al., 2014). 

2.4. Dental macrowear analysis 

Dental macrowear refers to general dental tissue loss resulting in the 
alteration of the macroscopic morphology of the occlusal relieves of the 
crown that, within stage 3 worn teeth, it is still possible to recognize and 
quantified the greatest distribution of wear pattern. Occlusal wear facet 
areas of M1s were identified and analysed using the occlusal fingerprint 
analysis (OFA) method. The facets were manually mapped on each 
digital surface model and labelled according to the numbering system 
created by Maier and Schneck (1981) and later modified by Kullmer 
et al. (2009). 

In hominins, during mastication, the power stroke is divided into two 
phases (Hiemae and Kay, 1972; Kay and Hiiemae, 1974): the first (Phase 
I, divided in Lingual and Buccal) happens when opposite molar cusps 
tend to slide past each other moving to centric occlusion (maximum 
intercuspation). The second phase (Phase II) is an anterior-medial 
movement, where the lower molars move out of occlusion. The chew-
ing cycle terminates with the opening of the jaw. The relative surface 
area of the wear facets attributed to Buccal Phase I (BPI), Lingual Phase I 
(LPI), and Phase II (PII) of the occlusal power stroke was computed by 

summing the absolute areas (in mm2) belonging to the same phase and 
dividing this sum by the total occlusal wear area (BPI, LPI, PII, 
respectively). 

2.5. Enamel thickness per masticatory phases (ETMP) 

In this contribution we propose a new method to compute and 
analyse enamel thickness distribution for each masticatory phase. In 
detail, each tooth was oriented in Geomagic Design X 3D software by 
placing the best-fit plane computed at the cervical line (i.e., the cervical 
plane that best fits a spline curve digitized at the cervical line) parallel to 
the xy-plane of the Cartesian coordinate system (e.g., Benazzi et al., 
2012). The 3D digital crown models were then rotated around the z-axis 
in order to have the mesiodistal fissure parallel to the x-axis. 

Once wear patterns for the different masticatory phases (Buccal 
Phase I, Lingual Phase I and Phase II) were identified, the separation 
margins of each masticatory phase were obtained by using virtual spline 
both on the enamel, following the wear pattern (Fig. 2A), and on the 
dentine (Fig. 2B), following anatomical morphology of dentine horns 
(buccal area) and lingual grooves (lingual area). The splines (Fig. 2C) 
were projected on virtual planes created parallel (Occlusal offsets, 
Fig. 2C; and Periapical Offset, Fig. 2D) to the cervical plane, in order to 
obtain two virtual sections (Buccal and Lingual) passing through dentine 
and enamel tissues. Finally, the three different parts of the crown 
(Fig. 2E) were used to measure the enamel volume and EDJ surface. 
These measurements were used for the computation of the 3D AET for 
each masticatory phase (i.e., B_AET, PII_AET, and L_AET, respectively). 

2.6. Geometric morphometric (GM) analysis 

A 3D template of 59 (semi)landmarks (9 anatomical landmarks, 20 
curve semilandmarks and 30 surface semilandmarks) was created in 
Viewbox 4 (dHAL software) (Fig. 3) and subsequently applied to the 
targets. The semilandmarks were allowed to slide on the curves (curves 
semilandmarks) and on the surface (surface semilandmarks) to mini-
mize the thin-plate spline (TPS) bending energy between the target and 
the template (Gunz and Mitteroecker, 2013; Slice, 2006). 

The (semi)landmark coordinates were allowed to slide against 
recursive updates of the Procrustes consensus (Gunz et al., 2005; Mit-
teroecker and Gunz, 2009; Slice, 2006) and converted into shape co-
ordinates, with scale, position and orientation standardized via 
Generalized Procrustes Analysis (GPA) (Rohlf and Slice, 1990; Slice, 
2006) using the R package “geomorph” (Adams and Otárola-Castillo, 
2013) in R version 4.1.0 (R Core Team, 2021). A shape-space Principal 
Component Analysis (PCA) was performed on the Procrustes coordinates 
to explore the pattern of morphological variation across the sample. 
Visualization of shape changes along the principal axes was obtained by 
TPS deformation of the Procrustes grand mean shape surface in Avizo 
2021.2. 

2.7. Univariate and multivariate statistical analysis 

Because of small sample size, which makes it difficult to test for 
violation of parametric assumptions, we used non-parametric and 
permutational tests to ascertain the presence of potential differences 
between sexes within groups, and among chronological groups (i.e. 
Neolithic, Eneolithic, and Bronze Age). Sex was considered as a potential 
driver of enamel thickness variability as proposed by Hlusko et al. 
(2004) and Macho and Berner (1993). Differences were ascertained in 
the pooled sample (without considering chronology) using two-tailed 
Kruskall-Wallis test and Dunn test to measure differences between 
males and females in 3D AET for the entire crown as well as for each 
masticatory phase (Buccal Phase I, Lingual Phase I, and Phase II). The 
impact of sex on the distribution of crown shape in the same pooled 
sample was instead investigated using Permutational Multivariate 
Analysis of Variance (PERMANOVA) through the function adonis in the 
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Fig. 2. ETMP method. A) Identification of virtual spline both on the enamel, following the wear pattern (A), and on the dentine (B), following anatomical 
morphology of cusp and lingual grooves. Splines were then projected on two planes (occlusal C, and periapical D) parallel to the cervical plane. Enamel and coronal 
dentine volumes were virtually separated (E) according to masticatory phases (blue = Buccal Phase I; green = Lingual Phase I; red = Phase II). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Template with landmarks (red), curve and surface semilandmarks (blue and green, respectively) digitized on a dental crown. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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package vegan in R. 
We then focused on variability in 3D AET within each chronological 

group and between pairs of chronological groups. We used the same 
univariate methods (two-tailed Kruskal-Wallis and Dunn test) to identify 
potential in-group differences between Buccal Phase I, Lingual Phase I, 
and Phase II. At the same time, we investigated between-group differ-
ences in the distribution of 3D AET both at crown scale and at a 
masticatory phase scale. Bonferroni correction was used to mitigate the 
effects of multiple testing. To support and better interpret the obtained 
results, we explored the distribution of dental macrowear across Buccal 
Phase I, Lingual Phase I, and Phase II of each chronological group 
through a ternary diagram, in order to connect potential differences in 
3D enamel thickness to the potential effect of e.g. dietary habits and 
crown morphology. To further investigate the latter, we used an 
approach based on Geometric Morphometrics. We first computed a 
Procrustes distance matrix (Dryden et al., 1998; Rohlf and Slice, 1990) 
between all the configurations obtained as per the procedure described 
in the Geometric Morphometric section. We then calculated the multi-
variate dispersion of each group and tested if group variances were 
homogeneous using the function betadisper in the vegan package in R 
(Anderson, 2001). We finally used PERMANOVA to assess whether the 
distribution of Procrustes distances – and therefore of different mor-
phologies – was significantly different among the three chronological 
groups. 

3. Results 

Even though the entire crown of females shows higher values of AET 
(Fig. S1), no significant differences were found either for the global 
value (Fig. S1a) (chi-squared = 2.3674, df = 1, p-value = 0.1239) or per 
masticatory phases (Fig. S1b). Moreover, the influence of sexual 
dimorphism on distribution of the wear pattern (Fig. S2) was excluded 
for both Buccal Phase I (chi-squared = 0.9697, df = 1, p-value = 0.3248) 
and Lingual Phase I (chi-squared = 0.37879, df = 1, p-value = 0.5383) 
as well as Phase II (chi-squared = 0.64015, df = 1, p-value = 0.4237). 
Finally, the shape-space PCA plot of the pooled sample shows a 
considerable degree of overlap between males and females (Fig. S3; 
Table S1 and Table S2). For the reason described above, the entire 
sample was considered as a unique group and explore variability only 
across chronological groups. 

Values of 3D AET both for the entire crown and per masticatory 
phases of each individual for all time periods are reported in Table 2 and 
Fig. 4. Enamel thickness belonging to the Neolithic individuals are 
significantly lower than those obtained for Bronze Age (chi-squared =
6.9298, df = 2, p-value = 0.03128) (Fig. 4A), which also shows the 
highest values of Buccal AET significantly different than the other 
masticatory phases (chi-squared = 9.0122, df = 2, p-value = 0.01104; 
Fig. 4B). 

Abbreviation: AET = Average Enamel Thickness; BPI= Buccal Phase 
I wear; PII= Phase II wear; LPI = Lingual Phase I wear; B_AET = Buccal 
Average Enamel Thickness; PII_AET = Phase II Average Enamel Thick-
ness; L_AET = Lingual Average Enamel Thickness. See Table S3 for raw 
data used to determine 3D AET, BAET, LAET, PIIAET indexes. 

The distribution of wear patterns is characterized by high values of 
Lingual Phase I facets (Table 2). Neolithic (BPI average: 0.17) exhibits 
the lowest value of Buccal Phase I wear when compared to Eneolithic 
(BPI average: 0.18) and Bronze Age (BPI average: 0.29) (Fig. 5). Buccal 
Phase I is the only masticatory phase that, even after Bonferroni 
correction, exhibits significant differences between the Bronze Age and 
other groups (chi-squared = 7.1268, df = 2, p-value = 0.02834). 

The first two PCs account for 41% of the total variance and 
contribute to separating groups belonging to different time periods. 
Betadisper shows homogeneity of group variances (Table 3), and PER-
MANOVA results show significant differences between Bronze Age in-
dividuals and the other examined groups (Table 4). Morphological 
differences are observed in the extreme shape of the PC1 and PC2 axes, 
in particular the protoconid cusp is more expanded on positive PC1 and 
reduced on negative PC1. 

Differently was observed for hypoconid and hypoconulid that appear 
distally extended on positive PC1 and reduced on negative PC1. Con-
cerning positive PC2, it accounts for the relative mesio-distal expansion 
of the crown, while negative PC2 is related to a more rounded crown 
(Fig. 6). Overall, results in the shape space PCA suggest that there are 
differences driven by crown morphology of the populations considered 
in this study where Bronze Age individuals appear more separated than 
the other groups (Neolithic and Eneolthic individuals), which instead 
are overlapped. 

Table 2 
3D values of enamel thickness, wear pattern, enamel and dentine volume for each individual.  

Sample Time_period Sex AET BPI PII LPI B_AET PII_AET L_AET 

G79 Neolithic Male 0.83 0.21 0.31 0.49 0.87 1 1.13 
G9 Neolithic Female 1.17 0.23 0.48 0.28 1.23 0.73 0.75 
G27 Neolithic Female 0.92 0.12 0.26 0.62 0.36 1.12 0.87 
G2 Neolithic Female 0.91 0.25 0.21 0.54 0.87 1.81 0.96 
G7 Neolithic Male 1.07 0.08 0.56 0.36 1025 0.89 0.83 
G16 Neolithic Female 0.91 0.1 0.53 0.37 1 1.03 1.01 
G30 Neolithic Male 0.77 0.07 0.43 0.5 0.71 1.51 1.09 
G36 Neolithic Male 0.81 0.11 0.4 0.49 0.81 1.32 1.14 
G1 Neolithic NA 0.87 0.32 0.25 0.43 0.83 0.73 1.05 
G4 Neolithic Male 0.96 0.17 0.5 0.33 0.93 1.17 0.84 
P8L12 Eneolithic Male 1.65 0.24 0.44 0.32 1.55 0.53 0.62 
P8L8-3 Eneolithic Male 1.03 0.19 0.38 0.43 1.78 0.84 0.97 
P8L3-3 Eneolithic Male 0.84 0.23 0.41 0.37 0.69 0.83 1.15 
P42 Eneolithic Female 0.91 0.05 0.67 0.27 0.91 1.27 1.04 
P1 Eneolithic Female 0.88 0.2 0.15 0.65 0.77 1.05 1.06 
P10 Eneolithic Female 1.06 0.18 0.38 0.44 1.02 1.04 0.88 
P41 Eneolithic Male 0.92 0.19 0.45 0.36 0.84 1.11 1.01 
P46 Eneolithic Female 1.09 0.11 0.61 0.27 1.05 0.91 0.88 
P47 Eneolithic Male 0.88 0.15 0.36 0.49 0.8 1.21 1.04 
BZV_5 Bronze Age Female 1.04 0.35 0.34 0.31 0.92 0.9 0.89 
BZV_21 E Bronze Age NA 1.22 0.09 0.48 0.43 1.1 0.82 0.75 
BZV_33C Bronze Age Female 1.28 0.35 0.27 0.37 1.25 0.79 0.76 
BZV_33 P Bronze Age Female 1.25 0.33 0.33 0.34 1.19 0.77 0.77 
BZV-33 L Bronze Age Female 1.03 0.32 0.45 0.23 1.05 0.97 0.97 
BZV-33 R Bronze Age Male 0.99 0.32 0.4 0.28 0.98 1.01 0.96  
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4. Discussion 

Human dental remains are often retrieved as isolated elements in 
both paleoanthropological and archaeological contexts, and conse-
quently they have been the focus of several scientific contributions for 
taxonomical identification, dietary and cultural habits as well as bio-
logical profile (Margherita et al., 2017; Oxilia et al., 2018, 2022; 

Fig. 4. 3D average enamel thickness (3D AET, mm) box plots (standard deviation interquartile method) for lower first molar at wear stages 3 for chronological and 
sex variables of entire dental crown (A) and per masticatory phases (B). B_AET = Buccal Average Enamel Thickness; L_AET = Lingual Average Enamel Thickness; 
PII_AET = Phase II Average Enamel Thickness. 

Fig. 5. Ternary diagrams showing the proportions (in %) of relative wear surface of Buccal Phase I areas, Lingual Phase I areas, and Phase II areas (Kay and Hiiemae, 
1974), which are positioned in an equilateral triangle. Each base of the triangle represents a ratio of 0% while the vertices correspond to a percentage of 100%. Our 
chronological groups were identified in the ternary plots as blue (Neolithic), orange (Eneolithic) and grey (Bronze Age) points. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Permutation-based test of multivariate homogeneity of group dispersions.   

Df SumOfSqs MeanSqs F N.Perm Pr (>F) 

Groups 2 0.000855 0.000428 0.7586 999 0.486 
Residuals 22 0.012401 0.000564     
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Romandini et al., 2020). Indeed, it is broadly accepted that the enamel 
thickness and occlusal wear patterns are good indicators for shifting 
dietary patterns given their presumed functional, phylogenetic, and 
taxonomic significance (Bortolini et al., 2021; Kay, 1975; Kono, 2004; 
Lucas et al., 2014; Margherita et al., 2016; Martin, 1985; Molnar, 1971; 
Molnar and Gantt, 1977; Olejniczak et al., 2008a; Oxilia et al., 2018, 
2021b, 2021a; Romandini et al., 2020; Schwartz, 2000a). 

In this study, we analysed samples representing four archaeological 
populations from sites of Jagodnjak (n = 1), Beli Manastir (n = 9), 
Potočani (n = 9), and Bezdanjača (n = 6), dating to Neolithic, Eneolithic, 
and Bronze Age, respectively (Table 1) indicative of the heart of ancient 
migration routes through Europe issuing from the same geographical 
location (Croatia). These sites were suitable for answering our research 
question due to the fact that they were excavated by using modern 
excavation techniques and have a comprehensive and precise archaeo-
logical context and chronology with a series of direct radiocarbon dates, 
the preservation of skeletal/dental remains is excellent, the population 
homogeneity for each of the studied assemblages is verified by ancient 
DNA analysis. And finally, recent C/N isotopic studies provided ample 

information on everyday diet and subsistence strategies of these 
individuals. 

We followed a four-step approach, i.e., 1) we explored 3D AET of the 
entire crown and then 2) wear pattern distribution to assess any 
discriminatory distribution among individuals; 3) we describe a new 
method called Enamel Thickness per Masticatory Phases (ETMP) 
involving the creation of virtual sections which cut the enamel and 
coronal dentine in three parts according to each masticatory phase 
(Buccal Phase I, Lingual Phase I and Phase II) used to explore the dis-
tribution of enamel thickness (3D AET); 4) we then performed geometric 
morphometrics analysis on dental crown to investigate the role of shape 
in determining morphological differences based on chronology. We 
found that, in the present sample, 3D AET of the entire crown does not 
differ significantly among sexes, although female individuals exhibit 
generally higher values than males. As far as diachronic change is con-
cerned, we found differences in AET values between Bronze Age in-
dividuals and the other groups, specifically driven by higher values 
observed for Buccal phase I. It is interesting to note that Bronze Age 
samples also differ from the others when looking at crown shape. While 
the latter has been widely used to estimate relationships of biological 
affinity and kinship among and within populations (Carter et al., 2014; 
Irish et al., 2014; Paul and Stojanowski, 2015; Sorrentino et al., 2018; 
Bayle et al., 2010; Fornai et al., 2014; Le Luyer et al., 2014; Mahoney, 
2010; Martin, 1985; Molnar and Gantt, 1977; Schwartz, 2000a; Skinner 
et al., 2015; Smith et al., 2005; Zanolli, 2015), there is at present no 
archaeological evidence in Bronze Age contexts of Croatia that suggests 
a process of population replacement or admixture leading to such a 

Table 4 
Results of one-way permutational multivariate analysis of variance 
(PERMANOVA).   

Df SumOfSqs MeanSqs F.Model R2 Pr (>F) 

Groups 2 0.019577 0.0097883 1.9369 0.14972 0.012 * 
Residuals 22 0.111176 0.0050535  0.85028  
Total 24 0.130753   1.00000   

Fig. 6. Shape space PCA plot of the pooled sample and shape warps along axes. Neolithic individuals are in red, Eneolithic individuals in blue and Bronze Age 
individuals in green. The deformed mean dental crown in the four directions of the PCs are drawn at the extremity of each axis. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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difference in enamel thickness and dental morphology (Vandkilde et al., 
2015; Freilich et al., 2021; Novak et al., 2021) The pattern we document 
may be therefore interpreted as a result of mechanism that is a func-
tional adaptation induced by shift in nutrition and subsistence. 

Several scholars have investigated differences in enamel thickness of 
molars at a populational level (e.g. Martin, 1985; Macho and Berner, 
1993; Schwartz, 2000a, b; Smith et al., 2009b; but see Grine, 2002, 
2005; Smith et al., 2006) showing how dietary aspects and masticatory 
biomechanical constraints may have generated morphological reduction 
(Hlusko et al., 2004; Horvath et al., 2014; Le Luyer et al., 2014; Pampush 
et al., 2013; Oxilia et al., 2018) in the outer (enamel) and inner (enamel 
dentine junction; EDJ) tissue (Skinner, 2008). 

Many aspects of diet and behavior can be gleaned from enamel loss. 
In particular, molar macrowear accumulates during the lifespan of an 
individual and thus reflects alterations induced by diet, environmental 
conditions, food-fracture properties, food processing techniques, and 
cultural habits over long periods (Fiorenza et al., 2018). As documented 
by Fiorenza et al. (2011), an extended Buccal Phase I may reveal in-
dividuals consuming large amounts of tough, fibrous and flat food (also 
defined as meat-eater human groups), while large Lingual Phase I may 
characterize individuals who relied on mixed food resources, including a 
large percentage of hard, abrasive foodstuffs including roots, gums and 
other plant materials. 

Overall, isotopic profiles of the present sample (Novak, 2017; 
McClure et al., 2020; Jovanović et al., 2021) do not mirror patterns of 
dental macrowear. In detail, Neolithic sites (Jagodnjak and Beli Mana-
stir) present with the contribution of C3 plant resources with a low 
intake of animal protein (Novak, unpublished data), as opposed to the 
Eneolithic site (Potočani), in which higher values of nitrogen were 
identified (McClure et al., 2020). Bronze Age individuals from Bezdan-
jaca consumed instead conspicuous quantities of C4 plants (most likely 
millet, Martinoia et al., 2021; Carić, 2023). 

Dental macrowear supports a possible reliance on relatively abrasive 
plant foods during the Neolithic period, as documented by higher values 
of macrowear in Lingual Phase I (Fiorenza, 2015; Lucas et al., 2014), 
while later groups show values of Buccal Phase I macrowear increasing 
over time, with the highest values recorded during the Bronze Age. 

This trend does not seem to be related to either an increased intake of 
animal protein (unsupported by isotopic values) or to a dietary shift 
based on an increased reliance on millet (Kirleis et al., 2022; Hasseldine 
et al., 2017; Janis and Fortelius, 1988; Pechenkina et al., 2002) which 
during these periods seems to be systematic in Europe and, more 
particularly, along Atlantic coast (González-Rabanal et al., 2022). 
However, there is no evidence in the anthropological field (in favor or 
against) of a specific wear pattern generated by millet consumption, 
although the highly abrasive effect of ground millet seeds mixed with 
water on the occlusal dental surface (Saadi et al., 2023) induces a loss of 
vertical crown dimension and a decrease in masticatory function (Stober 
et al., 2006). For these reasons, we do not exclude millet consumption as 
a possible variable of alteration and it is possible that a functional 
interpretation might be useful to better explain the emerging macrowear 
and enamel thickness patterns we obtained. 

As mentioned above, the high values of enamel thickness we iden-
tified in our sample could be supported by functional interpretation of 
the cusp’s role during chewing (a consequence of masticatory stress), 
which is highest during M1 biting (Mansour and Reynick, 1975; Pruim 
et al., 1980; Spencer, 1995, 1998) as documented by a number of 
scholars (e.g., Shillingburg and Grace, 1973; Molnar and Gantt, 1977; 
Macho and Spears, 1999; Schwartz, 2000a, b; Gantt et al., 2001). 
Indeed, the “functional/supporting” buccal cusps (protoconid, hypo-
conid; Schwartz, 2000a; Macho and Spears, 1999) of mandibular molars 
are mainly involved in crushing and grinding food during chewing, 
whereas the “non-functional/guiding” lingual cusps (metaconid, ento-
conid; Spears and Macho, 1995; Macho and Spears, 1999) largely shear 
food (Kay, 1975; Kay and Hiiemae, 1974). According to Kono et al. 
(2002), this masticatory dynamic generates a distribution of occlusal 

enamel which tends to be relatively thicker over the distal lateral side of 
the buccal area than at its tip or over its occlusal aspect. During 
maximum intercuspation of M1s, the contact areas increase both in 
number and extension mainly in the grooves and crests between the 
buccal cusps (between hypoconid and hypoconulid) showing how the 
first (grooves) canalize tensile stresses and the second (crests) locally 
biomechanically reinforce the crown (Benazzi et al., 2011). 

In the case of the Croatian sample, the high values of enamel thick-
ness identified in the functional cusps (Buccal area), as well as the buccal 
phase I extension together with dental shape of Bronze Age individuals 
(Fig. 4), could suggest a functional response of dental tissues to different 
mechanical loads. 

In conclusion, the ETMP method provides the opportunity to eval-
uate the distribution of enamel thickness along dental crown. This will 
help to quantitatively compare enamel tissue strictly linked to masti-
catory, paramasticatory activities as well as parafunctional stress 
induced by malocclusion among populations. In particular from a bio-
logical perspective, the functional significance of enamel thickness 
along molar crowns will need to be considered for comparisons between 
humans and other primate species as a functional adaptation of a spe-
cific cultural and natural context. In a medical perspective, the thicker 
enamel on the cusp-lateral surfaces of the “functional” cusps (as a means 
to prolong functional crown life by preventing cusp fracture) should be 
considered during dental prosthesis preparation in order to find the best 
distribution of occlusal forces deriving from dental antagonists contact. 
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Carić, M., 2023. Diet and General Health of the Bronze Age Inhabitants of the Eastern 
Adriatic Coast and its Hinterland – Bioarchaeological and Biochemical Approach. 
Unpublished PhD thesis, University of Zagreb. 
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Pruim, G.J., et al., 1980. Forces acting on the mandible during bilateral static bite at 
different bite force levels. J. Biomech. 13, 755–763. 

R Core Team, R.C., 2021. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/.  

Rohlf, F.J., Slice, D., 1990. Extensions of the Procrustes method for the optimal 
superimposition of landmarks. Syst. Biol. 39, 40–59. https://doi.org/10.2307/ 
2992207. 

Romandini, M., et al., 2020. A late Neanderthal tooth from northeastern Italy. J. Hum. 
Evol. 147, 102867 https://doi.org/10.1016/j.jhevol.2020.102867. 

Rozzi, F.R., 1996. Comment on the causes of thin enamel in Neandertals. Am. J. Phys. 
Anthropol. 99, 625–626. 

Saadi, A.S.A., et al., 2023. 2D and 3D wear analysis of 3D printed and prefabricated 
artificial teeth. Int. Dent. J. 73, 87–92. https://doi.org/10.1016/j. 
identj.2022.10.002. 

Sathyanarayana, H.P., et al., 2012. Assessment of maximum voluntary bite force in 
adults with normal occlusion and different types of malocclusions. J. Contemp. Dent. 
Pract. 13, 534–538. 

Schwartz, G.T., 2000a. Taxonomic and functional aspects of the patterning of enamel 
thickness distribution in extant large-bodied hominoids. Am. J. Phys. Anthropol. 
111, 221–244. 

Schwartz, G.T., 2000b. Enamel thickness and the helicoidal wear plane in modern human 
mandibular molars. Arch. Oral Biol. 45, 401–409. 

Shellis, R.P., 1998. Utilization of periodic markings in enamel to obtain information on 
tooth growth. J. Hum. Evol. 35, 387–400. https://doi.org/10.1006/jhev.1998.0260. 

Shillingburg, H.T., Grace, C.S., 1973. Thickness of enamel and dentin South. Calif. State 
Dent. Assoc. 41, 33–52. 

Skinner, M., 2008. Enamel-dentine Junction Morphology of Extant Hominoid and Fossil 
Hominin Lower Molars. The George Washington University. 

Skinner, M.M., et al., 2015. Enamel thickness trends in Plio-Pleistocene hominin 
mandibular molars. J. Hum. Evol. 85, 35–45. https://doi.org/10.1016/j. 
jhevol.2015.03.012. 
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