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Molar macrowear analysis is a valuable tool for inferring dietary preferences in extinct hominins,
ultimately aiding in the reconstruction of subsistence strategies and paleoenvironmental conditions.
Radiometric studies suggest that the Middle Pleistocene population from the Atapuerca-Sima de los
Huesos site likely lived during Marine Isotope Stage 12, one of the coldest global periods. In this study,
we applied the occlusal fingerprint analysis method to maxillary M1s and M2s from this population to
assess whether their macrowear patterns reflect these environmental conditions. Given the nature of
the hominin accumulation and the limited availability of faunal, lithic, and pollen remains at the site, we
rely on published data from the nearby Trinchera sites of Gran Dolina and Galeria to reconstruct
paleoecological conditions and subsistence strategies. Our occlusal fingerprint analysis results indicate
that the Sima de los Huesos population had a mixed diet, consuming similar proportions of meat and
plant foods. This dietary pattern does not align with expectations for a strictly cold environment, such as
that of Marine Isotope Stage 12, but instead it suggests a diverse landscape, as supported by pollen,
faunal, and isotopic evidence.
© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

et al., 2015; Hardy et al., 2017; Pérez-Pérez et al., 2017). Among
these, dental macrowear has proven to be a reliable method for

The reconstruction of dietary habits in extinct hominin species
is employed to infer subsistence strategies and to investigate their
adaptive mechanisms to changing environmental conditions (e.g.,
Pérez-Pérez et al., 2003; Ungar et al., 2010; El Zaatari et al., 2011;
Fiorenza et al., 2015, 2020). To do this, multiple lines of evidence
are used, including faunal and pollen remains, dental stress indi-
cators, isotopic values, dental calculus, and tooth wear (e.g., Cunha
et al., 2004; Lev et al., 2005; Guatelli-Steinberg, 2004; Fiorenza
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obtaining direct and long-term insights into food preferences in
both past and modern human populations (e.g., Fiorenza et al.,
2011a; Fiorenza et al., 2015; Fiorenza et al., 2018; Oxilia et al.,
2018; Lee et al., 2021; Hernaiz-Garcia et al., 2024a; Hernaiz-
Garcia et al., 2024b). In addition, macrowear may also result
from behavioral factors, such as food processing or object manu-
facturing (e.g., Fiorenza et al., 2011b; Oxilia et al., 2018) or
pathological conditions such as bruxism (Bronkhorst et al., 2024).
Normal (nonpathologic) occlusal wear results primarily from two
processes: attrition—tooth-to-tooth contact during food che-
wing—and abrasion—interaction between teeth and external
materials (e.g., Butler, 1981; Hillson, 2003; Kaifu et al., 2003; Addy
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and Shellis, 2006; Kaidonis, 2008). Attrition during the chewing
cycle produces flat, polished areas known as wear facets on the
occlusal surface (e.g., Crompton and Hiiemae, 1970; Kay and
Hiiemae, 1974; Hillson, 2003; Kaifu et al., 2003; Kullmer et al.,
2009; Fiorenza et al., 2011a). The pattern of occlusal wear is
influenced by food properties (e.g., texture and toughness), the
distribution of pressure, as well as the individual direction of
chewing (Kay and Hiiemae, 1974; Horio and Kawamura, 1989;
Janis, 1990; Nakajima et al., 2001; Kullmer et al., 2009; Fiorenza
et al, 2011a). The chewing cycle consists of two major move-
ments. During phase I, the lower molars move superiorly and
anteromedially producing a shearing action as they slide across
the upper teeth, followed by a crushing motion at centric occlu-
sion. Based on the location of the developing wear facets, phase I is
further divided into lingual and buccal (Janis, 1990; Fiorenza et al.,
2011a). In phase II, the molars move inferiorly and anteromedially
out of the centric occlusion, generating grinding and crushing
forces (Crompton and Hiiemae, 1970; Kay and Hiiemae, 1974;
Kullmer et al.,, 2009; Fiorenza et al., 2011a). Each phase is asso-
ciated with distinct wear facets, and comparative analyses across
different species and populations have demonstrated that their
development reflects dietary adaptation (e.g., Kullmer et al., 2009;
Fiorenza, 2015). Kullmer et al. (2009) developed a reliable method,
occlusal fingerprint analysis (OFA), to identify, digitize, and
quantify individual wear facets. Studies using OFA have shown, for
instance, that a greater proportion of lingual phase I facets in
maxillary molars is associated with wider transverse movements
of the mandible required to break down hard and abrasive plant
materials. In contrast, individuals with higher meat consumption
tend to show more pronounced buccal phase I facets, associated
with vertical jaw movements and shearing forces (Fiorenza et al.,
2011a, 2020). Moreover, dental macrowear also reflects ecogeo-
graphical dietary variation, often independent of both taxonomic
affinities and species-specific morphological traits (e.g., Janis,
1990; Fiorenza et al., 2011a). Neanderthal (NEA) and early Homo
sapiens groups living in Mediterranean evergreen environments
with diverse food sources exhibit similar wear patterns, which are
distinct from those populations living in steppe/coniferous forests,
where diets were more restricted and meat based (Fiorenza et al.,
2011a). Moreover, a distinct parameter of enamel wear, the incli-
nation of the wear plane, has been used to infer changes in human
subsistence strategies (e.g., Smith, 1984; Le Luyer et al.,, 2014;
Fiorenza et al., 2018, 2020). Smith (1984) observed differences
between hunter-gatherers, who exhibited flatter wear, and agri-
culturists, who showed more oblique wear, linking this variation to
different food preparation techniques. Similarly, Fiorenza et al.
(2018) compared wear inclination in Late Pleistocene specimens,
including NEAs and anatomically modern humans, with that of
modern hunter-gatherers (MHGs). They found that the Late
Pleistocene group exhibited steeper wear angles than MHGs,
which they attributed to differences in food preparation: Hunter-
gatherer diets incorporated more dust and grit, producing flatter
wear planes. Although wear inclination is inevitably influenced by
environmental conditions, this does not appear to be the primary
driver as various hunter-gatherer groups exhibited similar enamel
wear angles despite differing ecogeographic contexts (e.g., Smith,
1984; Fiorenza et al., 2018, 2020).

The Sima de los Huesos (SH) site (Fig. 1), part of the Cueva
Mayor-Cueva del Silo cave system, is located approximately 500
meters from the entrance of Cueva Mayor, at the base of a 13-
meter vertical shaft (Aranburu et al., 2017). The majority of hom-
inin remains, along with a single hand axe (Carbonell and
Mosquera, 2006), are concentrated in a small chamber (4 x 8 m)
at the end of a ramp in Lithostratigraphic Unit 6 (LU-6) (Aranburu
et al.,, 2017). The associated faunal assemblage is dominated by
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Figure 1. Map of the Sierra Atapuerca Karst with the localization of the SH site, as
well as the nearby sites of Gran Dolina and Galeria, situated in the Railroad Trench
(modified from Ortega and Martin, 2022). SH = Sima de los Huesos. (For inter-
pretation of the references to color in this figure, the reader is referred to the Web
version of this article.)

carnivores, with scarce presence of small mammals and the
absence of ungulates (Garcia and Arsuaga, 2011). Taphonomic and
site formation studies concluded that the hominin accumulation
represents an intentional single event, ruling out carnivorous
activity and potentially indicating funerary behavior (Sala et al.,
2014, 2015, 2024; Aranburu et al., 2017). Combining dating
methods, including Single-grain thermally transferred optically
stimulated luminescence (TT-OSL), OSL, and U-series, indicates
that deposition of the hominin-bearing layer (LU-6) in the SH site
occurred during the Marine Isotope Stage (MIS) 12, with a mean
age of 448 + 15 ka (Demuro et al., 2019). Marine core records from
multiple locations suggest that this period was characterized by
extreme global cooling, including within the Iberian Peninsula,
leading to a marked expansion of semidesert vegetation (Voelker
et al., 2010; Sanchez-Goni et al., 2016; Demuro et al., 2019 and
references therein; Rodriguez et al., 2021). However, despite this
seemingly harsh conditions, palynological evidence from the SH
site indicates more temperate conditions (Garcia-Anton, 1987).
Furthermore, previous attempts to define the dietary pattern of
the SH population yielded contrasting results. While the isotopic
data suggested a diet dominated by animal protein (Garcia Garcia
et al., 2009), the microwear analysis revealed plant components in
their diet (Pérez-Pérez et al., 1999, 2017).

Due to the unique characteristics of the hominin accumulation
at SH, reconstructing the paleoecological context and subsistence
strategies of this population remains particularly challenging.
Therefore, to reconstruct with maximum accuracy the context of
the SH population, the dietary information derived from the
macrowear analysis will be integrated with other available prox-
ies. For this purpose, we draw upon published data from the SH
site as well as the nearby Trinchera sites of Gran Dolina (TD) and
Galeria, which provide valuable evidence of human activity,
including Acheulean technology and faunal modification, as well
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as environmental indicators, such as faunal and pollen remains
(e.g., Falgueres et al., 1999; Berger et al., 2008; Demuro et al., 2014;
Ollé et al., 2016; Mosquera et al., 2024). Within this framework, we
contextualize our discussion of the macrowear results in relation
to previously published data on microwear and isotopes in SH
sample (Pérez-Pérez et al., 1999, 2003; Garcia et al., 2009; Garcia
and Arsuaga, 2011), together with chronological, technological,
faunal, and pollen evidence from the three sites (e.g., Garcia-
Anton, 1987; Garcia and Arsuaga, 2011; Rodriguez et al., 2011;
Pérez-Pérez et al., 2017; Mosquera et al., 2024).

In this article, we reconstruct the dietary habits of SH individ-
uals to test whether their macrowear pattern reflects the envi-
ronmental conditions of the MIS 12. If this is the case, we expect to
find a wear pattern similar to that of populations living in cold
environments where animal protein is a primary food source (e.g.,
Fiorenza et al., 2011a, 2015). Alternatively, if the wear pattern
suggests different environmental conditions, we will contextualize
the subsistence strategy of this group by integrating the macro-
wear results into a broader ecological framework.

2. Materials

First, we excluded teeth showing signs of pathology and/or
abnormal wear that could obscure the identification of occlusal
wear facets. Second, because OFA cannot be applied to teeth with
heavily worn crowns, where advanced wear stages (WSs) cause
facet coalescence and hinder identification, we followed the
exclusion criteria established by Fiorenza et al. (2011a). Accord-
ingly, we selected only SH maxillary molars exhibiting slight to
moderate wear (stages 2—3, as defined by Smith, 1984). The final
SH sample comprises 16 maxillary molars (7 M's and 9 M?s): 14
assigned to different individuals and 2 isolated (Table 1).

We used comparative samples from published studies includ-
ing NEAs, fossil H. sapiens, and anatomically modern humans from
different geographical regions and chronologies, all exhibiting
WSs between 2 and 3 (Fiorenza et al., 2011c; Fiorenza and Kullmer,
2013). The grouping of these samples varied by analysis. (See
Supplementary Online Material [SOM]; Tables S1 and S2
provide the full list with abbreviations used for the relative facet
area and wear facet inclination analyses.) For the analysis of wear
facet areas, we followed the categories mentioned by Fiorenza
et al. (2011a, Table 6) based on ecogeographical contexts: Decid-
uous woodland (D), Mediterranean (M), and Steppe/Coniferous
Forest (S/C). For the analysis of the facet inclination, we grouped
the samples according to their technocomplexes following

Table 1
List of Sima de los Huesos (SH) maxillary molars used in this study including the
tooth type, associated individual, and wear stage (following Smith, 1984).

Accession Tooth Individual Wear stage Wear facet Inclination facet
AT-6584 m! 15 3 Y N
AT-26 m! 13 2 Y Y
AT-196 m! 10 3 Y N
AT-812 m! 19 3 Y N
AT-959 m! 16 2 Y Y
AT-2071 Mm! 18 2 Y Y
AT-3177 Mm! 8 2 Y Y
AT-817 M2 3 2 Y Y
AT-270 M2 7 2 Y Y
AT-15 M2 8 1-2 Y Y
AT-170 M2 12 2 Y Y
AT-822 m? 17 2 Y Y
AT-588 m? 22 3 Y N
AT-4336 m? 28 2 Y Y
AT-824 M2 Isolated 2 Y Y
AT-12 M2 Isolated 2 Y Y

Journal of Human Evolution 211 (2026) 103797

Fiorenza et al.’s classification (2018) including NEAs, Paleolithic
H. sapiens, and MHGs. (See Table 1 from the study by Fiorenza et al.,
2018 for a complete list of the specimens, localities and dating.)

3. Methods
3.1. uCT scanning and three-dimensional surface generation

We employed high-resolution puCT scans of SH molars to gen-
erate three-dimensional (3D) polygonal models. Scanning of the
SH sample was carried out at Centro Nacional de Investigacion
sobre la Evolucion Humana’s Microscopy and Micro-Computed
Tomography Laboratory using a Scanco Medical Micro-CT80 sys-
tem, using the following parameters: 70 kV and 114 mA, 0.1 Al
filter, and isometric voxel size ranging between 18 and 36 pm.
Then, we uploaded the image stack in Amira v.2024.1 (Thermo
Fisher Scientific Inc., Massachusetts, United States) and generated
the 3D model using the Isosurface module. Finally, we save the
model as an .stl file.

3.2. Occlusal fingerprint analysis

For the analysis of the tooth macrowear, we grouped the
occlusal wear facets into three categories that correspond to dis-
tinct masticatory movements and the associated forces involved in
food reduction, as well as the location of developing facets: buccal
and lingual phase I and phase II facets (Kay and Hiiemae, 1974;
Janis, 1990). We followed the well-established OFA method by
Kullmer et al. (2009). This can be summarized into four steps: a.
Model orientation, b. Wear facet identification, c. Measurement of
the relative surface facet areas, and d. Measurement of the facet
inclination. a. First, the 3D model is uploaded into the 3D met-
rology software PolyWorks® V. 12 (InnovMetric, Québec, Canada).
Subsequently, we oriented the model by creating a reference
Cartesian plane passing through the cervical line. b. We manually
outlined the wear facets on the polygonal model (Fig. 2) according
to Maier and Schneck (1981) classification, which was later
modified by Kullmer et al. (2009). This consists of a maximum of
13 wear facets that we grouped according to the chewing cycle
phases (Kay and Hiiemae, 1974; Maier and Schneck, 1981; Janis,
1990; Fiorenza et al., 2011a). In maxillary molars, phase I move-
ment initially produces the buccal phase I facets (shown in blue in
Fig. 2) during the shearing action. Facets 1, 1.1, and 3 form on the
slopes of the paracone, followed by facets 2, 2.1, and 4 on the
metacone. During the second part of the phase I movement, the
crushing action produces the lingual facets 5, 5.1, 6, and 6.1 (shown
green in Fig. 2) along the slopes of the protocone, as well as facets 7
and 8 on the hypocone. Finally, during phase II of the chewing
cycle, facets 9,10, 11,12, and 13 (shown in red in Fig. 2) develop on
the buccal slopes of the protocone and hypocone. We also outlined
the worn areas around the cusp tips, known as tip-crush contacts
(Gordon, 1984; Janis, 1990). These form during the initial
puncture-crushing and do not involve tooth-to-tooth contact
(Fiorenza et al., 2020). c. We measured the areas enclosed in the
outlined region of each wear facet and tip-crush areas. Since wear
facet areas are size dependent, with smaller teeth developing
smaller wear facets than larger teeth, we employed the relative
wear facet areas. These were calculated by dividing the areas of
buccal and lingual phase I and phase II facets by the total occlusal
wear area, which resulted from the sum of absolute area of each
occlusal wear facet (Fiorenza et al., 2011a). d. We obtained the
inclination values by calculating the angle between the inter-
section of the reference plane and the facet plane (Knight-Sadler
and Fiorenza, 2017). We considered the average inclination plane
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Figure 2. SH maxillary molar (left): specimen AT-3177 left M" (PR = protocone; PA = paracone; ME = metacone; HY = hypocone). Three-dimensional polygonal model of AT-3177
(right): occlusal wear facets identification grouped by chewing phases: buccal phase I facets (in blue): facets 1, 1.1, and 3 form on the slopes of the paracone, facets 2, 2.1, and 4 on
the metacone; lingual phase I facets (in green) 5, 5.1, 6, and 6.1 on the slopes of the protocone and 7 and 8 on the hypocone; phase II facets (in red) 9, 10, 11,12, and 13 form on the
buccal slope of the protocone and hypocone. SH = Sima de los Huesos. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

for each phase group: buccal and lingual phase I and phase II
(Fiorenza et al., 2018).

3.3. Statistical analysis

We calculated descriptive statistics for all measured variables
including median, SD, and interquartile ranges. To investigate the
relationship between the macrowear pattern of SH hominins and
their dietary habits, we first conducted a one-way Permutational
Multivariate Analysis of Variance (PERMANOVA) test, a non-
parametric method that assesses significant differences between
two or more groups, calculated directly from any asymmetric
distance or dissimilarity matrix (Anderson, 2001). Statistical sig-
nificance was determined with a permutation test of group
membership (n = 9999). When significant differences were
detected, we employed the Mann-Whitney U-test with Bonferroni
correction to test for differences between SH and each of the
ecogeographical groups for the buccal and lingual phase I and
phase II facets. For illustrative purposes, we generated a ternary
plot to depict the proportion of each of the three variables (buccal
and lingual phase I and phase Il facets), which sum to one, or 100%.

Since wear facet inclination correlates with the abrasiveness of
diet and the masticatory load necessary for food processing
(Fiorenza et al., 2018), we grouped the comparative sample based
on their technocomplexes. Additionally, since inclination values
are wear dependent and flatter surfaces develop as wear advances,
we restricted the analysis to teeth with a wear score of 2 (Smith,
1984). To identify differences across all groups, we first
employed the nonparametric Kruskal-Wallis test. When sig-
nificant differences were observed, we applied the Mann-Whitney
U-test with Bonferroni correction to test differences in the incli-
nation of the chewing cycle facets between SH and the tech-
nocomplex groups.

Finally, we generated box and whisker plots to illustrate the
distribution of relative area and inclination of buccal phase I,

lingual phase I, and phase II across the analyzed groups. All stat-
istical analyses were performed in Sigmaplot v.14.5 (Grafiti LLC,
California, United States).

4. Results
4.1. Relative areas of chewing phases

The macrowear observed in SH sample is dominated by phase I
buccal facets (41%), followed by phase II (32%) and lingual phase I
facet (28%) areas (Table 2; Fig. 3a). If we analyze the distribution
based on WSs (WS 1-2 vs. WS 3), we observe intragroup varia-
bility (Fig. 3b). The small sample size (WS 1—2 consist of 12
specimens and WS 3 only four specimens) limits the interpretation
of the data. While the relative percentage of lingual phase I facets
seems to remain stable with the advance of wear, the percentage of
buccal phase I facets increases, while the phase II facets decrease
in relation to the total occlusal wear area (Fig. 3b). If we group the
SH sample based on molar class (M1 vs. M2), we observe that the
proportion of lingual phase I facets decreases from the M1 to the
M2 (Fig. 3c).

Compared to the three ecogeographical groups, the SH sample
shows a low degree of variation in chewing cycle facets. In addi-
tion, the SH group falls within the overlapping region of the three
ecogeographical groups (Fig. 4).

The distribution of individual values of the relative areas for the
three phases shows intergroup variability (Fig. 5). Only buccal
phase I is relatively evenly distributed across the samples, with
lower SD values (Table 2), whereas both lingual phase I and phase
I display greater variation across groups. The SH and the Decid-
uous woodland groups show a similar distribution of the chewing
cycle facets, with a substantial overlap between them. In contrast,
the Mediterranean and Steppe/Coniferous groups show greater
variability, with no overlap in the distribution of chewing facets
(Fig. 5).
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Table 2
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Descriptive statistics of relative facet area of the original sample from Sima de los Huesos (SH) and the comparative sample (data extracted from Fiorenza et al., 2011a)

grouped into ecogeographical contexts.

Specimen Group N Ecogeographical context groups Descriptive statistics Relative buccal PI Relative lingual PI Relative PII
AT-6584  SH-Early Neanderthal 1 43.18 35.20 21.62
AT-26 1 34.92 29.00 36.07
AT-196 1 44.28 27.88 27.84
AT-812 1 44.70 36.10 19.20
AT-959 1 36.54 25.59 37.87
AT-2071 1 34.70 37.10 28.20
AT-3177 1 41.50 28.95 29.55
AT-817 1 43.04 25.25 31.71
AT-270 1 43.63 16.36 40.01
AT-15 1 44.85 21.61 33.54
AT-170 1 43 22.99 34.01
AT-822 1 48.85 26.04 25.11
AT-588 1 48.66 33.07 18.27
AT-4336 1 35.65 21.72 42.63
AT-824 1 29.58 29.67 40.75
AT-12 1 41.43 25.47 33.10
Mean 41.16 27.62 31.22
SD 5.38 5.73 7.52
Interquartile 8.73 8.67 11.63
Neanderthals 13 D Mean 36.94 34.25 28.81
SD 5.22 8.60 4.80
Interquartile 6 6.36 7.45
Neanderthals and fossil Homo sapiens 11 M Mean 39.40 23.13 37.47
SD 3.93 6.63 5.63
Interquartile 5.27 9.75 6.69
Neanderthals and anatomically 11 S/C Mean 44.95 20.58 34.47
modern humans SD 3.84 4.89 5.87
Interquartile 5.87 4.44 12.27

D = Deciduous woodland; M = Mediterranean; S/C = Steppe/Coniferous Forest.
Data are presented with mean, SD, and interquartile range in bold.

M Buccal PI M Lingual PI W PII
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Figure 3. Box and whisker plot showing the distribution of the proportions of buccal phase I, lingual phase I, and phase Il wear facets in the SH complete sample (3a) in SH by
wear stage (3b) and on molar class (3c). SH = Sima de los Huesos; WS = wear stage. (For interpretation of the references to color in this figure, the reader is referred to the Web

version of this article.)

The one-way PERMANOVA test (Table 3) did not identify sig-
nificant differences between the SH group and any of the eco-
geographical groups. We further conducted a Mann-Whitney test
to compare the groups based on chewing cycle phases (buccal and
lingual phase I and phase II facets). The results showed a sig-
nificant difference only between the SH group and the Steppe/
Coniferous group for lingual phase I facets (Table 4).

4.2. Wear facet inclination

Sima de los Huesos maxillary molars are characterized by
steeper shearing wear facets (buccal and lingual phase I) than
grinding (phase II) wear facets (Table 5; Fig. 6). In particular, buccal
phase I facets show a slightly higher mean inclination (33°) than
lingual phase I facets (32°). The SH population along with all
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Figure 4. Ternary diagram of relative wear facet areas. The ternary diagram graphi-
cally depicts the proportions (%) of three variables (buccal phase I, lingual phase I, and
phase Il relative wear facet areas) as positions in an equilateral triangle. Each base of
the triangle represents a proportion of 0%, while the vertices correspond to a pro-
portion of 100%. Neanderthals and Homo sapiens are grouped into three different
ecogeographical contexts (Fiorenza et al., 2011a). (For interpretation of the references
to color in this figure, the reader is referred to the Web version of this article.)
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Figure 5. Box and whisker plot showing the distribution the proportions of all buccal
phase I, lingual phase I, and phase II wear facets across the three analyzed groups
(SH = Sima de los Huesos; D = Deciduous woodland; M = Mediterranean evergreen;
S/C = Steppe/Coniferous Forest). (For interpretation of the references to color in this
figure, the reader is referred to the Web version of this article.)

groups from the comparative sample exhibit a similar pattern of
facet inclination, with steeper wear on the shearing facets than on
the grinding facets (Table 5; Fig. 6). Overall, the SH sample shows a
lower range of variation in the distribution of the individual values
of the complete sample. Among all comparative samples, the SH
group only falls within the variation of the Paleolithic group,
except for the buccal phase I facets (Fig. 6). Additionally, the SH
individuals exhibit the steepest mean values for the shearing wear

Journal of Human Evolution 211 (2026) 103797

Table 3

One-way Permutational Multivariate Analysis of Variance (PERMANOVA) (Bonfer-
roni-corrected p values) test based on the relative areas (%) of buccal phase I facets,
lingual phase I facets, and phase II facets of the Sima de lo Huesos (SH) sample and
the comparative sample grouped into ecogeographical zones.

SH D M s/c
SH 0.1314 0.2208 0.0924
D 0.1314 0.0042 0.0006
M 0.2208 0.0042 0.3132
s/C 0.0924 0.0006 0.3132

D = Deciduous woodland; M = Mediterranean; S/C= Steppe/Coniferous Forest.
Values in bold indicate statistical significance (p < 0.05).

facets compared to the rest of the comparative sample, with
marked differences in the buccal phase I facets. The SH mean value
is 33°, whereas for all groups in the comparative sample, the mean
value remains below 29°. This difference is reflected in the stat-
istical results. The Kruskal-Wallis test identified significant dif-
ferences between groups for two variables, the buccal and lingual
phase I (Table 6). We then performed the Mann-Whitney test to
compare wear inclination in each chewing facet between the SH
population and the comparative sample (Table 7). The results
indicate that the SH population statistically differs from all groups
for the buccal phase I facets and also to the MHGs for the lingual
phase I facets.

5. Discussion

The molar macrowear pattern observed in SH individuals,
characterized by a similar proportion of phase II facets (31%) and
lingual phase I facets (28%) in the maxillary molars, suggests that
this population exploited both animal and plant foods. A higher
percentage of buccal phase I facets, which are formed during the
shearing phase of mastication, in maxillary molars are indicative
of a diet with a substantial meat component. These facets develop
through the processing of pliant and tough food items, such as
meat (e.g., Janis, 1990; Fiorenza et al., 2011a). Conversely, a high
proportion of lingual phase I facets reflects transverse mandibular
movements (Kay and Hiiemae, 1974; Kay, 1975; Janis, 1990) related
to the consumption of hard and abrasive foods, including roots,
seeds, gums, and other plant materials (Fiorenza et al., 2011a;
Fiorenza and Kullmer, 2015). Moreover, according to Kay (1975),
food breakdowns during phase II, grinding, also results from the
traverse movement of the hypoconid (the lower molar) across the
surface of the upper molar. Moreover, an occlusal microwear
analysis of phase II facets revealed more complex and anisotropic
textures than in phase I facets, likely due to food abrasiveness
(Krueger et al., 2008). In this context, and despite the ongoing
debate regarding the functional significance of phase II (see arti-
cles by Hylander and Crompton, 1986; Hylander et al., 1987; Wall
et al., 2006), it is plausible that the high percentage of phase II
facets in SH specimens reflects the processing of plant materials,
further supporting the contribution of plant resources to the SH
population’s diet.

Previous results on dietary proxies, including microwear anal-
ysis and isotopes ratios, provided a differing interpretation of this
population’s dietary preferences (Pérez-Pérez et al., 1999, 2003;
Garcia et al., 2009; Garcia and Arsuaga, 2011). While microwear
analysis indicates contribution of plant foods to the diet, the iso-
topic signal suggests a diet dominated by animal proteins. None-
theless, these methods provide complementary rather than direct
dietary composition. Buccal microwear documents long-term
turnover but does not capture seasonal dietary variability. More-
over, it is influenced not only by the abrasiveness of the diet but



L. Martin-Francés, M. Martinon-Torres, M. Lozano et al.

Table 4
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Between-group comparison (Mann-Whitney test) of the relative areas (%) of the wear facets grouped according to chewing cycle phases (buccal phase I facets 1—4, lingual
phase I facets 5—8, and phase II facets 9—13) of Sima de los Huesos (SH) and comparative sample grouped into ecogeographical zones.

Lingual phase I Buccal phase | Phase II
SH D M S/C SH D M S/C SH D M S/C
SH 0.294 0.656 0.035 0.243 1.000 0.609 1.000 0.179 1.000
D 0.294 0.005 0.001 0.243 1.000 0.004 1.000 0.009 0.212
M 0.656 0.005 1.000 1.000 1.000 0.052 0.179 0.009 1.000
S/C 0.035 0.001 1.000 0.609 0.004 0.052 1.000 0.212 1.000

D = Deciduous woodland; M = Mediterranean; S/C = Steppe/Coniferous Forest.

Values in bold indicate statistical significance (p < 0.05).

Table 5

Descriptive statistics of wear facet inclination of Sima de los Huesos (SH) and comparative sample grouped into technogroups with mean, median, SD, and interquartile range

(IQR).

Buccal phase I Lingual phase | Phase 11

Group N Mean Median SD IQR Mean Median SD IQR Mean Median SD IQR
SH 12 3348 34.05 4.27 5.2 3241 31.50 1.76 6.75 23.96 23.95 1.50 6.12
NEA 20 28.95 31 4.90 7.35 3237 32.55 5.11 8.6 17.30 2245 6.38 8.58
PHS 14 23.85 25.15 5.37 8.40 30.55 31.15 8.92 13.6 24.92 23.50 8.70 15.75
MHG 11 20.13 18.80 3.63 6.60 22.01 22.00 8.38 17.50 20.36 20.20 4.68 32
AGR 7 25.38 26.50 6.58 9.3 30.98 31.20 10.79 14 25.19 26.70 8.39 14.2

NEA = Neanderthal; PHS = Paleolithic Homo sapiens; MHG = Modern hunter-gatherer; AGR = early farmers-Natufians.
Values in bold indicate original data, SH. Comparative sample data were extracted from the study by Fiorenza et al. (2011).
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Figure 6. Box and whisker plot showing the inclination values of buccal phase I, lingual phase I, and phase Il wear facets across the technocomplex groups (SH = Sima de los
Huesos; NEA = Neanderthal; PHS = Paleolithic Homo sapiens; MHG = modern hunter-gatherer; AGR = agriculturalist). (For interpretation of the references to color in this figure,
the reader is referred to the Web version of this article.)

Table 6
Kruskal-Wallis test of wear facet inclination within complete sample, including Sima de los Huesos, Neanderthals, Paleolithic Homo sapiens, modern hunter-gatherers, and
early farmers-Natufians.

Buccal phase | Lingual phase I Phase II
Source of variation DF SS MS F P DF SS MS F P DF SS MS F P
Between groups 5 1271.92 254.38 10.50 <0.001 5 914.36 182.87 3.19  0.013 5 164.124 32.82 0.70 0.61
Residual 58 1404.89 24.22 58 3322.75 57.28 58 2686.02 46.31
Total 63 2676.81 63 4237.11 63 2850.14

DF = degree of freedom; SS = sum of squares; MD = mean square; F = F-statistic; P = p value.
Values in bold indicate statistical significance (p < 0.05).
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Table 7

Between-group comparison (Mann-Whitney test) of wear facet inclinations grou-
ped according to chewing cycle phases (buccal phase I, lingual phase I, and phase II)
of Sima de los Huesos (SH) and comparative sample grouped into technogroups.

Buccal phase [ Lingual phase | Phase II
SH SH SH
NEA 0.02 0.71 0.39
PHS 0.001 0.47 0.87
MHG 0.001 0.006 0.06
AGR 0.02 0.55 0.73

NEA = Neanderthal; PHS = Paleolithic Homo sapiens; MHG = modern hunter-
gatherer; AGR = early farmers-Natufians.
Values in bold indicate statistical significance (p < 0.05).

also by exogenous abrasive particles introduced during food
preparation methods (Pérez-Pérez et al., 1994; Romero et al.,
2012). Additionally, there is evidence that ratios of nitrogen and
carbon isotopes may underestimate the consumption of plant
foods (e.g., Hedges and Reynard, 2007; Sponheimer and Lee-Thorp,
2007; Fontes-Villalba et al., 2013; Fiorenza et al., 2015). In this
context, the macrowear evidence provides a more comprehensive
perspective on the mixed feeding behavior of this population.

In relation to the ecogeographical signal, although the ternary
diagram shows that the SH population falls within the overlapping
area of the three comparative groups, it exhibits a tendency to
overlap more with the group from temperate regions dominated
by deciduous woodlands (Fig. 4). Additionally, the wear pattern
distribution in the SH population closely resembles that of the
deciduous ecogeographical group, with no statistical differences
detected between these two groups. These distinguish the SH
population from the Steppe/Coniferous and Mediterranean groups
(Tables 2—4; Fig. 3a). Additionally, we observed intrapopulation
variability in the proportion of phase I and II wear facets influ-
enced by wear and dental class (Fig. 3b and 3c and SOM Table S3
and S4). We emphasize the small sample size (n = 4) for WS 3,
which limits the interpretation of the results based on WSs. As
such, we can only discuss possible causes rather than draw
definitive conclusions. With this limitation in mind, a shift is
apparent in the proportion of buccal phase I facets in relation to
phase II facets. As dental wear progresses from WS 2 to 3, the
proportion of buccal phase I continues to increase, while the
proportion phase II decreases. This shift on wear distribution on
the occlusal surface could respond to change in dietary habits over
the individuals’ lifespans. Assuming that wear advances with age
(e.g., Brothwell, 1989; Mays et al., 2022), we speculate that higher
meat consumption may result from either changing environ-
mental conditions or increasing energetic demands. Previous
studies have shown that the proportions of crushing, shearing, and
grinding facets are not influenced by crown morphology (Janis,
1990; Fiorenza et al., 2011a). For instance, despite NEAs display-
ing a different first maxillary crown morphology compared to H.
sapiens, the formation of wear facets does not reflect the cusp size
difference between these two species (Fiorenza et al., 2011a).
However, when examining SH molar classes, M! vs. M?, we iden-
tified some differences in these trends. While the proportion of
buccal phase I wear facets increases from the M! to M?, the lingual
phase I wear facets decrease in favor of phase II facets in the M?
compared to the M'. When analyzing the individual values of each
of the wear facet (5—8) in lingual phase I, we observed that seven
M2 molars lack either wear facet 7 or 8 and that two M2s are
missing both wear facets. Wear facets 7 and 8 form in the hypo-
cone, a cusp that, according to Martinon-Torres et al. (2012),
undergoes a marked reduction in SH sample, being absent in 33.4%
of the cases. Therefore, we propose that the lower proportion of
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lingual phase I wear facets in the M2, than in the M! could respond
to morphological constrains rather than dietary habits.

The analysis of the facet inclination revealed a significant dif-
ference in the inclination of the buccal phase I wear facets in the
SH sample compared to the rest of the comparative sample.
Moreover, the observed significant difference between SH and
MHG groups for the lingual phase I facets further supports the
interpretation of a less abrasive diet for the SH population.
According to wear inclination analyses, molar wear angulation is
strongly influenced by dietary abrasiveness and serves as an
indicator of the amount of exogenous material, such as grit or sand,
accidently ingested while eating. This parameter reflects food
preparation practices better than dietary differences (e.g., Lucas
et al.,, 2013; El Zaatari and Hublin, 2014; Le Luyer et al., 2014;
Fiorenza et al., 2018, 2020). For instance, MHG populations that
inadvertently incorporate abrasive particles in their diet through
food preparation techniques (e.g., grinding stones, earth ovens,
etc.) show flatter occlusal wear than other groups (Le Luyer et al.,
2014; Fiorenza et al., 2020). Furthermore, microwear texture
analysis detected changes in the Upper Paleolithic groups linked to
material culture. Specifically, the pattern of microwear complexity,
reflecting dietary abrasiveness, differentiated between Aurigna-
cian and Gravettian groups from Magdalenian individuals, with
the latter characterized by a more abrasive diet (El Zaatari and
Hublin, 2014). Previous nonocclusal microwear analysis of the
SH population revealed a lower density of scratches than earlier
populations, such as Atapuerca-Homo antecessor, associated to
Oldowan (Mode 1) culture, indicating a less abrasive diet. In this
context, the steeper inclination of wear facets in the SH sample is
consistent with these findings and likely reflects the absence of
food-processing techniques that could have incorporated exoge-
nous abrasive particles, like dust or grit, into their diet.

Considering the wunique characteristics of the SH
accumulation and in order to contextualize our findings within the
paleonvironmental framework of Atapuerca as accurately as pos-
sible, we discuss additional proxies such as dating, pollen, faunal
remains, and lithic industry not only of the SH site but also of the
nearby Galeria and Gran Dolina sites. We focused on levels GIII—II
from Galeria and level TD10 from Gran Dolina since their chro-
nological estimates overlap with the current SH dating. The
combination of several dating methods provides an age range for
Galeria’s Unit Glla between 500 and 313 + 14 (via SG TT-OSL and
pIR-IR; Demuro et al., 2014; ESR/U-series estimates Falgueres et al.,
2013; and TL/IRSL ages Berger et al., 2008), although it is important
to note that the maximum age is considered less reliable according
to Demuro et al. (2014). In addition, TD10 has been dated to
approximately 420—340 ka using similar methods (Falguéres et al.,
1999; Berger et al., 2008), though caution is warranted regarding
TL/IRSL results (Demuro et al., 2014).

Pollen from SH shows the presence of conifers (Pinus), mesic
trees (deciduous Quercus, Betula, and Fagus), and Mediterranean
taxa (evergreen Quercus) (Garcia-Anton, 1987). The pollen record
corresponding to TD10.4 and TD10.3 (lower levels) reflects an
increase of Poaceae at the expense of Mediterranean and mesic
species, suggesting more open landscapes, although the persis-
tence of mesic trees indicates that environmental conditions were
not particularly harsh. No pollen or spores have been recovered
from the GIII subunits of Galeria (Rodriguez et al., 2011). Isotopic
data from faunal teeth in Galeria, units GII and GIII, and TD10
support the predominance of C3 vegetation characteristic of an
open woodland environment (Garcia et al., 2009). The presence of
diverse fauna, including ungulates (e.g., Dama clactoniana, Cervus
elaphus priscus, Equus ferus), carnivores (e.g., Ursus deningeri,
Homotherium), and herpetofauna, further suggests a dynamic
mosaic landscape with both open and wooded areas (e.g., Blain
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et al., 2008; Garcia and Arsuaga, 2011; Rodriguez et al., 2011;
Mosquera et al., 2024).

The Acheulean tradition (mode II) is well represented in these
sites from ~500 ka onward (Ollé et al., 2016). Technological sim-
ilarities across Galeria, Gran Dolina, and SH suggest a shared
behavioral repertoire among early NEAs. Galeria, likely a natural
trap, shows evidence of carcass exploitation, while TD10 presents
a more complex subsistence pattern. Lower levels (TD10.3 and
TD10.4) reflect brief occupations, based on the scarcity of faunal
remains with cut marks and the spatial distribution of lithics and
faunal remains, whereas the faunal remains and lithic assemblages
of the upper levels (TD10.2 and TD10.1) indicate regular hunting
and base-camp-like activities (e.g., Blasco et al., 2013; Garcia-
Medrano et al., 2015; Rodriguez-Hidalgo et al., 2017). These pat-
terns suggest that increasing behavioral complexity, rather than
climatic pressure, drove the technological change during the
Middle Pleistocene (e.g., Rodriguez et al., 2011; Blasco et al., 2013;
Ollé et al., 2013; Ollé et al., 2016; Rodriguez-Hidalgo et al., 2017).

The results of the macrowear analysis indicate a roughly equal
dietary contribution of both animal and plant foods for the SH
population, in contrast to the isotopic analyses, which suggest a
diet primarily based on animal proteins (Garcia Garcia et al., 2009).
Furthermore, the evidence for a mixed diet supports the inter-
pretation of an environment dominated by woodland, contrasting
with the harsh conditions associated with MIS 12, as also indicated
by pollen, isotopic, faunal, and lithic data. Finally, the steep incli-
nation of the wear facets indicates low degree of abrasiveness in
SH diet, suggesting that the SH population likely did not employ
food preservation or preparation techniques, in agreement with
microwear results (Pérez-Pérez et al., 1999, 2017).

6. Conclusions

According to chronological data, SH population likely lived
during the MIS 12, one of the coldest periods globally, which led to
an expansion of semidesert vegetation across the Iberian Pen-
insula (Demuro et al., 2019). In this study, we analyzed for the first
time the macrowear pattern of SH population to assess whether it
reflects such environmental conditions. Our results indicate that
SH individuals relied on a mixed diet with similar proportions of
both animal and plant products, in disagreement with isotopic
results that suggested an animal-protein diet. This dietary pattern
does not reflect a strictly cold or resource-limited environment but
rather suggests the exploitation of a diverse landscape as sup-
ported by pollen, fauna, and isotopic evidence.
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