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a b s t r a c t

The site of Riparo Broion (Vicenza, northeastern Italy) preserves a stratigraphic sequence documenting
the Middle-to-Upper Paleolithic transition, in particular the final Mousterian and the Uluzzian cultures.
In 2018, a human tooth was retrieved from a late Mousterian level, representing the first human remain
ever found from this rock shelter (Riparo Broion 1). Here, we provide the morphological description and
taxonomic assessment of Riparo Broion 1 with the support of classic and virtual morphology, 2D and 3D
analysis of the topography of enamel thickness, and DNA analysis. The tooth is an exfoliated right upper
deciduous canine, and its general morphology and enamel thickness distribution support attribution to a
Neanderthal child. Correspondingly, the mitochondrial DNA sequence from Riparo Broion 1 falls within
the known genetic variation of Late Pleistocene Neanderthals, in accordance with newly obtained
radiocarbon dates that point to approximately 48 ka cal BP as the most likely minimum age for this
specimen. The present work describes novel and direct evidence of the late Neanderthal occupation in
northern Italy that preceded the marked cultural and technological shift documented by the Uluzzian
layers in the archaeological sequence at Riparo Broion. Here, we provide a new full morphological,
morphometric, and taxonomic analysis of Riparo Broion 1, in addition to generating the wider reference
sample of Neanderthal and modern human upper deciduous canines. This research contributes to
increasing the sample of fossil remains from Italy, as well as the number of currently available upper
deciduous canines, which are presently poorly documented in the scientific literature.

© 2020 Elsevier Ltd. All rights reserved.
mandini).
1. Introduction

Our understanding of the biocultural processes underlying the
arrival of modern humans in Europe, their potential interaction
with Neanderthals, and the demise of the latter around 40 ka
(Higham et al., 2014) is undermined by the inhomogeneous
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distribution of human remains dating to the Middle-to-Upper
Paleolithic transition (Benazzi, 2012; Hublin, 2015).

Pertaining to this chronological horizon, only a handful of
Neanderthal and modern human remains have been found in Italy
in contexts dated to Marine Isotope Stage (MIS) 3 (~60e30 ka), the
majority of which fall between 45 and 40 ka cal BP (Benazzi, 2018).
The earliest examples include the Neanderthal teeth from Grotta di
Fumane, found in layers A11 and A9 (with a minimum age of 47.6 ka
cal BP; Benazzi et al., 2014b), and the undated Neanderthal teeth
from level 36 at Riparo Tagliente (Arnaud et al., 2016). The more
recent ones (~45e40 ka) include the following: the Neanderthal
right dI1 from Grotta del Cavallo (Cavallo D), dated to ~45 ka cal BP
(Fabbri et al., 2016); two modern human deciduous premolars
(Cavallo B, left dP3, and Cavallo C, left dP4) from the Uluzzian levels
of the same cave (Benazzi et al., 2011a); two modern human de-
ciduous teeth from the Protoaurignacian contexts of Riparo
Bombrini (left dI2) and Grotta di Fumane (Fumane 2, right dI2),
dated to ~41e40 ka cal BP (Benazzi et al., 2015); and a taxonomi-
cally nondiagnostic molar fragment from an uncertain context in
layer A3 of Grotta di Fumane, i.e., Fumane 6 (Benazzi et al., 2014b).

The Italian human fossil record (Benazzi, 2018) and a recent
reassessment of the stratigraphic sequence of Grotta del Cavallo
(Moroni et al., 2018; Zanchetta et al., 2018) suggest that modern
humans currently interpreted as associated with the Uluzzian in-
dustry were already present in southern Europe at least since 45 ka
cal BP. However, modern humans potentially arrived in Europe
even earlier, based on optically-stimulated luminescence dates
(48.2 ± 1.9 ka; Richter et al., 2009) obtained for the Central Euro-
pean Upper Paleolithic Bohunician industry, which shows similar-
ities with the Levantine Emirian (Skrdla, 2003; Tostevin, 2003; Bar-
Yosef, 2003, 2007; Hoffecker, 2009), and on radiocarbon dates
(47e43 ka; Fewlass et al., 2020) obtained for the Upper Paleolithic
industry found at Bacho Kiro (Bulgaria; Hublin et al., 2020).
Therefore, based on available data, the period between 50 and 46 ka
cal BP might be of critical importance to unravel the biocultural
interactions between autochthonous Neanderthals and incoming
modern humans.

Riparo Broion (Vicenza, Italy) is a key site whose archaeological
sequence clearly documents the Middle-to-Early Upper Paleolithic
transition (Peresani et al., 2019). The Mousterian layersdcurrently
under studydlie immediately below the layers that possibly
document the arrival of modern humans in the region and offer
detailed evidence on subsistence strategies and material culture of
the late Neanderthals that occupied the area. Like Grotta del Cavallo
and Grotta di Fumane, Riparo Broion is one of the few archaeo-
logical sites in Italywith a complete stratigraphy involving Uluzzian
occupation that yielded human fossils associated with late Middle
Paleolithic remains.

In this study, we provide a taxonomic attribution for Riparo
Broion 1, hereafter called RB1, an exfoliated deciduous human
canine found in 2018 in the Late Mousterian layer 11 lower at
Riparo Broion. Taxonomic identification was determined by per-
forming a morphological description, 2D and 3D analysis of the
topography of enamel thickness, and mitochondrial DNA (mtDNA)
analysis. Moreover, for the purpose of this study, we generated a
comprehensive reference sample for upper deciduous human ca-
nines. Finally, to ascertain the relevance of this specimen for the
critical period 50e46 ka cal BP, we radiocarbon-dated the context
of the finding and compared the results with other dates from the
Mousterian and Uluzzian layers of the same site.

1.1. Archaeological and paleoenvironmental context

Riparo Broion is located on the eastern slope of the Berici Hills,
at 135 m a.s.l. up a steep cliff face that connects the peak of Mount
Brosimo (327 m a.s.l.) to the Friulian-Venetian plain (Fig. 1). The
rock shelterdwhich is 10m long, 6m deep, and 17m highdformed
by a rock collapse along a major ENE-WSW oriented fault that
developed because of thermoclastic processes and chemical
dissolution (Sauro, 2002; Dal Lago and Mietto, 2003). Stratified
deposits were dated to the Late Pleistocene and include evidence
for the Middle-to-Upper Paleolithic transition. A detailed overview
of the geographical and paleoecological setting, as well as of the
archaeological excavation and sedimentary sequence uncovered at
Riparo Broion, was recently published (Peresani et al., 2019).

Excavations spanning from 1998 to 2018 lead archaeologists to
identify 11 stratigraphic units. Unit 1 was split into seven subunits
(layers), from 1a to 1g. It shows the following cultural sequence:
Early Epigravettian (layers 1a-1b); Gravettian (1c-1d); Uluzzian
(1e-1f-1g); and Mousterian (units 4 þ 7, 9, and 11). No evidence of
anthropic activity has yet been documented in units 2 and 3.
Recently, Peresani et al. (2019) argued the attribution of the lithic
assemblage uncovered in the shelter to the Uluzzian, confirming
the presence of this Early Upper Paleolithic culture in Northern Italy
(Peresani, 2008; Peresani et al., 2016). In 2018, during excavation, a
human tooth (Fig. 2) was uncovered in square AA3a in layer 11 top
(Fig. 1).

This stratigraphic unit formed over a time interval that includes
MIS 3 Greenland Interstadial 14e12 (ca. 54.2e43.3 ka according to
Rasmussen et al., 2014)dboth characterized by large arboreal ex-
cursions (Fletcher et al., 2010). At this time, humid and mild con-
ditions are registered in speleothem isotopic records from the
eastern Mediterranean (Soreq cave; Bar-Matthews et al., 2000) and
central Europe (Bunker Cave; Weber et al., 2018). The long
Greenland Interstadial 14e12 interval is briefly interrupted by
Greenland Stadial 13 (between 48.3 and 46.8 ka), which includes
Heinrich event 5, lasting about 1500 yr (Rasmussen et al., 2014).
This shift brought severe aridity in the Mediterranean region
(Fletcher and S�anchez Go~ni et al., 2008; Fleitmann et al., 2009;
Müller et al., 2011). In northeastern Italy, pollen data from Lake
Fimon (Pini et al., 2010) and Azzano Decimo (Pini et al., 2009) point
to a generally higher forest cover than Mediterranean sites. Indeed,
the glaciated Alps must have represented a very sharp rainfall
boundary, leading to humid conditions in the southeastern Alpine
foreland (Pini et al., 2010), as confirmed by micromammal associ-
ations examined at sites on the Berici Hills and Lessini Mountains
(L�opez-García et al., 2015, 2019).

Between ca. 55 and 45 ka, the paleoecological record of Fimon
documents a number of phases of mixed conifer forest expansion
with dominant Pinus sylvestris-mugo (mean value of ca. 38%, with
peaks up to 70%), Picea, and cool broad-leaved trees (Alnus cf.
incana and tree Betula). Temperate forest taxa (deciduous Quercus
and other thermophilous taxa) contribute to 4% of the total record.
Among these, Tilia persisted up to ca. 40 ka (Pini et al., 2010).
Within the same interval, open environmentsdidentified by pollen
of herbaceous taxa (34%) and steppe/desert forb-shrubs (9%; i.e.,
Artemisia and Chenopodiaceae)dpossibly expanded during
Greenland Stadials, with major vegetation changes during Heinrich
events (Allen et al., 1999; Tzedakis et al., 2006; Badino et al., 2019).

On a long-term scale, data suggest a dominant cool mixed forest
biome, possibly consisting of open-forest formations of either
boreal taxa or a mixture of boreal, eurythermic, and temperate tree
taxa. Such a biome is expected to occur in climates withmoderately
cold winters (mean coldest-month temperatures from �2
to �15 �C), with enough growing degree days (>1200) for
temperate summer-green trees and enough precipitation (>75%)
for boreal evergreen conifers (Prentice et al., 1992).

In this context, the preliminary analysis of zooarchaeological
data uncovered in unit 11 at Riparo Broion shows the presence of a
broad variety of species such as Alces alces (elk), Cervus elaphus (red



Figure 1. A) Geographic position of Riparo del Broion in the NE sector of the Berici Hills. B) General plan of the excavated area with position of unit 11 (blue area), the tooth (red
circle), the section with the Upper Paleolithic sequence (1), the section with the Late Middle Paleolithic sequence (2), and the extension of the excavated area (red dotted line). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Figure 2. Riparo Broion 1 (RB1), right dC1, in different views (left). The enamel-dentine junction of the tooth shows the mesiodistal convexity (a), the lingual crests and fossae (b),
and an enamel fracture on the distal side of the crown (c). Abbreviations: O ¼ occlusal; B ¼ buccal; L ¼ lingual; D ¼ distal; M ¼ mesial. Scale bar ¼ 1 cm.
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deer), Capreolus capreolus (roe deer), Megaloceros giganteus (Irish
elk/megaloceros), Sus scrofa (wild boar), Bos primigenius (aurochs)
or Bison priscus (bison), a few goats and horses, and abundant
Castor fiber (beaver) in association with scant remains of fish and
freshwater bivalves (Unionidae). This assemblage supports the
presence of environments ranging from open-spaced to dense and
closed forests, with the addition of transitional and discontinuous
Alpine grasslands or pioneer vegetation on carbonate rocks,
completed by the presence of humid marshy environments with
weak water courses, wet meadows, or shallow lakes.

2. Materials and methods

2.1. Comparative sample

A comparative set of upper deciduous canines including Nean-
derthals (NEA; n ¼ 12) and Upper Paleolithic and Mesolithic Homo
sapiens (UPMHS; n ¼ 91; Frayer, 1978; Voisin et al., 2012) was in-
tegrated using an unpublished comparative sample (Max Planck
Institute collection) gathered for this studydcomprising NEA
(n ¼ 5), early H. sapiens (EHS; n ¼ 2), and Upper Paleolithic
H. sapiens (UPHS; n ¼ 2; see Supplementary Online Material [SOM]
Table S1). Moreover, a set of recent H. sapiens (RHS; n ¼ 20) upper
deciduous canines was acquired at the University of Ferrara by
means of a mCT system.

2.2. Microtomographic acquisition and postprocessing

High-resolution mCT images of the upper deciduous canine RB1
were obtained using a semiengineered rotating gantry mCT scanner
with variable geometry (Xalt; Panetta et al., 2012). The tooth was
scanned at 50 peak kilovoltage (kVp), 1 mm Al filtration, with 960
projections over 360� and 0.9 mA s/projection. The total scan time
was 48 min. The tomographic images were reconstructed using a
modified Feldkamp algorithm (Feldkamp et al., 1984) with
embedded compensation for mechanical misalignments and raw
data precorrection for beam hardening and ring artifact reduction.
Raw images were reconstructed into a volume data set of
768 � 768 � 1024 cubic voxels (18.4 mm size).

A set of RHS (n ¼ 20) upper deciduous canines was acquired
(voxel size of 30 mm) at the University of Ferrara. The teeth were
scanned at 70 kVp, 0.25 mmAl filtration, 360 projections over 360�,
0.5 mA s/projection for a total scan time of 30 min per sample.
Alignment optimization, beam hardening, and ring artifact cor-
rections were performed using a computer program using a
modified Feldkamp algorithm (Feldkamp et al., 1984). The mCT
volumes were segmented using Avizo 9.2 software (Thermo Fisher
Scientific, Waltham, Massachusetts, US). The 3D models of the
dental tissues (i.e., enamel, dentine, and the preserved portion of
the pulp chamber) were refined in Geomagic Design X (3D Systems
Software, Rock Hill, South Carolina, US) to optimize the triangles
and create fully closed surfaces.

2.3. Morphological description

The morphological description of RB1 was performed as per
standards outlined by the Arizona State University Dental Anthro-
pology System (ASUDAS; Turner et al., 1991). The wear stage of the
occlusal surface was assessed based on Molnar (1971; SOM
Table S1). The age of root resorption was estimated combining
different observations, such as stages of tooth formation, dental
eruption, and root resorption, using the sequences based on mod-
ern human standard provided by Moorrees et al. (1963) and Al
Qahtani et al. (2010). In addition, we quantified the degree of
morphological expression of three key features observed on the
enamel-dentine junction (EDJ) surface, namely, the vestibular
bulging, the outline asymmetry, and the presence/absence of the
mesial crest (SOM Fig. S1). Each nonmetric trait was scored as per a
discrete scale ranging from 0 (absent) to 3 (marked) with two in-
termediate stages (1 ¼ slight; 2 ¼ evident), and we assigned the
observed degree to each individual in our reference sample (SOM
Table S2). Frequencies of each trait in RHS, EHS, and NEA sub-
samples were calculated considering a trait as present if the asso-
ciated score was higher than or equal to 1. The UPHS sample was
excluded because it was heavily worn.

2.4. Metric comparisons

Each tooth was oriented with 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 Car-
tesian coordinate system (as described in, e.g., Benazzi et al., 2013;
Been et al., 2017; Fiorenza et al., 2018) and rotated along the z-axis
to have its lingual aspect parallel to the x-axis (Fig. 3). The size of
the bounding box enclosing the crown and cervical outlines were
used to collect mesiodistal (MD) and buccolingual (BL) diameters,
following the approach published by Benazzi et al. (2013),
Margherita et al. (2016, 2017), and Been et al. (2017).

The bidimensional topographic variation of enamel thicknesses,
on both the buccal aspect of RB1 and in the comparative sample,
was measured using the free software package MPSAK v. 2.9 (Dean
and Wood, 2003) on virtual sections along the BL plane and
through the longitudinal mid-axis of the teeth (SOM Fig. S2).
Enamel thickness was measured between the EDJ and the outer
enamel surface, from the neck to the most apical preserved enamel,
at 100 mm intervals. To reduce the effect of tooth size, linear enamel
thicknesses were standardized with the bicervical diameter
measured on the same section of each tooth (Macchiarelli et al.,
2007; Le Luyer et al., 2014). The lingual aspect was not taken into
consideration because it is affected by the high morphological
variability of the EDJ shape (Fig. 4).

To compare the same sampling points across all individuals,
enamel thickness values were also taken at the first, second (me-
dian), and third quartile of the distance between the cervical plane
and the 100 mm bin closest to the bicervical diameter (Fig. 5). Dif-
ferences in the distribution of enamel thickness between Nean-
derthal and RHS were then analyzed using one-tailed Mann-
Whitney tests for each quartile (null hypothesis assumed that Ne-
anderthals had lower values than RHS).

The presence of significant differences in the distribution of
both crown and cervical BL and MD diameters among fossil and
extant human groups (with the exclusion of RB1) was first assessed
using a nonparametric Kruskal-Wallis test and further investigated
using two-tailed pairwise Mann-Whitney tests for independent
study design. Observed diameter values were used for individuals
who presented with either the left or right upper canine, whereas
for individuals presenting with both antimeres, we estimated and
used the mean between the left and right tooth. The effects of
multiple testing were controlled via a Bonferroni correction. Effect
size between RHS and NEA was calculated for both crown and
cervical BL and MD diameters, whereas effect size between UPMHS
and NEA was calculated only for crown diameters. In all cases, we
used Cohen's d for unpaired samples with pooled standard devia-
tion and Hedge's correction for the small sample size via the
function cohen.d of the package effsize in R (R Core Team, 2018;
Torchiano, 2018). We tested for normality of crown and cervical BL
and MD diameters in RHS, UPMHS, and NEA using a Shapiro-Wilk
test. Power analysis for an unpaired t test with unequal sample
sizes between RHS and NEAwas also run for all the aforementioned
variables, while the same analysis was run for crown diameters



Figure 3. Pulp chamber volume. A) A spline curve was digitized at the cervical line to isolate the crown dentine, which was then closed by interpolating the curve with a smooth
surface (knife plane). This surface was used to trim the upper area of the pulp chamber (coronal pulp chamber). B) A plane (offset) was drawn parallel to the cervical plane, passing
through the highest point of the crown pulp chamber. Dentine volume without pulp was the region used to measure the coronal pulp index, i.e., the coronal pulp volume divided by
the lateral dentine volume.

Figure 4. Patterns of standardized enamel thickness variation in the buccal aspect of
Riparo Broion 1 (RB1) and of the deciduous canine comparative set. Abbreviations:
NEA ¼ Neanderthals; EHS ¼ early Homo sapiens; UPHS ¼ Upper Paleolithic H. sapiens;
RHS ¼ recent H. sapiens. See text for details on measurements and standardization.
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between RHS and NEA as well as between UPMHS and NEA using
the function pwr.t2n.test of the package pwr in R (Champely, 2018).
The measure obtained for RB1 crown BL and MD diameters was
visually compared against 95% confidence intervals calculated for
NEA, UPMHS, and RHS and with individual measures obtained for
EHS. Cervical diameters measured on RB1 were compared against
individual values plotted for EHS and UPHS specimens. We finally
measured the probability that RB1 falls within the range of vari-
ability of crown BL diameter, cervical BL diameter, and cervical MD
diameter attributed to RHS, and within the range of crown BL es-
timates for UPMHS, through a one-tailed t test for comparison of a
single observation with the mean of a sample (following Sokal and
Rohlf, 1995 and Madrigal, 2012). The alternative hypothesis was
that each individual diameter measured for RB1 could be signifi-
cantly higher than the mean respective value calculated for recent
and fossil modern humans.

Morphological variability was further explored by computing
the relative frequency of each morphological trait (vestibular
bulging, outline asymmetry, andmesial crest) in RHS, EHS, and NEA
and calculating a pairwise Morisita-Horn index of overlap (via the
function sim.table in the package vegetarian in R; Charney and
Record, 2012; Jost, 2007). The inverse of such an index was used
in a hierarchical cluster analysis performed usingWard's method to
visually inspect proximity between the groups.

A new index (hereafter called the coronal pulp index) was
computed to overcome limitations and alterations produced by
dental wear on the incisal surface. In detail, the crown dentine was
isolated from the root by using the spline curve digitized at the
cervical line, which was then closed by interpolating the curvewith
a smooth surface (Benazzi et al., 2014a). A plane (offset plane) was
drawn parallel to the cervical plane, passing through the highest
point of the crown pulp chamberddifferently to what was pro-
posed by Benazzi et al. (2011b) for molars, where the plane was set
at the lowest point of the EDJ in the mid-occlusal basin. The region
of the crown between the two planes (i.e., cervical and offset plane)
was used to measure the lateral enamel volume, lateral dentine
volume, and coronal pulp volume (Fig. 3). The latter two tissues



Figure 5. Box plots comparing the distribution of enamel thickness measured at 25%, 50%, and 75% of the distance between the cervical plane and the 100 mm bin closest to the
bicervical diameter in Riparo Broion 1 (RB1), Early Homo sapiens (EHS), Neanderthals (NEA), recent H. sapiens (RHS), and Upper Paleolithic H. sapiens (UPHS) in the present sample.
The value corresponding to RB1 (single observation) is indicated by a green dot, while the distribution of values measured in other groups is depicted as boxes representing 50% of
all observations, i.e., those with values comprised between the first (lower limit) and third (upper limit) quartile, and whiskers which extend to values located in the lowermost and
uppermost quarters of the distribution up to values as high as 1.5 times the interquartile range. Outlier points represent maximum values located beyond this threshold. Solid black
lines in each box indicate median values. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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were used to calculate the coronal pulp index as follows: coronal
pulp volume/lateral dentine volume without pulp * 100. Differ-
ences in coronal pulp index values between NEA and RHS were also
ascertained through two-tailed Mann-Whitney tests.

Although RB1 did not provide reliable information for the
computation of 2D and 3D average enamel thickness (AET) and
relative enamel thickness (RET) owing to its heavily worn condition
and a crown fracture, 3D AET/RET (Benazzi et al., 2014a) and 3D
lateral AET/RET (Benazzi et al., 2011b)dsuitably modified consid-
ering the highest point of the crown pulp chamber rather than the
lowest point of the EDJ in the mid-occlusal basindwere calculated
on the comparative sample to provide a comprehensive database
for deciduous upper canines. The 3D AET index (in mm) is the
enamel volume divided by the underlying EDJ surface, whereas the
3D RET index (scale-free) is the 3D AET divided by the cube root of
the crown dentine and pulp volumes. As far as the lateral enamel
thickness is concerned, we considered the region of the crown
between the two planes mentioned previously (i.e., cervical and
offset planes). The 3D lateral AET index (in mm) is the lateral
enamel volume divided by the underlying EDJ surface, whereas the
3D lateral RET index (scale-free) is the 3D lateral AET divided by the
cube root of the lateral crown dentine and pulp volumes.

Differences in the distribution of 3D lateral RET values between
NEA and RHS were ascertained through two-tailed Mann Whitney
tests. As far as the 3D RET is concerned, the small sample size
discouraged any statistical analysis.

2.5. DNA analysis

After removing a thin layer (~1mm) from a small area of the root
surface and obtaining a sample of dentine, 500 ml of lysis buffer was
added to 5 mg of material. Three DNA extracts were prepared from
150-ml aliquots of the lysate on a Bravo NGS workstation (Agilent
Technologies) using silica-coated magnetic beads and binding
buffer ‘D’ as described elsewhere (Rohland et al., 2018). Extracts
were converted into single-stranded libraries using an automated
version of a protocol using T4 DNA ligase for the ligation of both
adapters (Gansauge et al., 2017). Quantitative polymerase chain
reaction assays were carried out to quantify the number of mole-
cules in the libraries (Gansauge and Meyer, 2013) and to evaluate
the efficiency of the library preparation procedure (Glocke and
Meyer, 2017). More details can be found in SOM S1.

We used a hybridization capture method to enrich human
mtDNA fragments from an aliquot of each indexed DNA library
(Maricic et al., 2010). The enriched libraries were then sequenced
on an IlluminaMiSeq platform in 76-cycle paired-end runs (Kircher
et al., 2012). For a detailed description of read processing, see SOM
S1eS3. We aligned sequences to the revised Cambridge reference
sequence (Andrews et al., 1999) or the mitochondrial sequence of
Spy 94a (Hajdinjak et al., 2018) using parameters adjusted for
ancient DNA (Meyer et al., 2012). To estimate present-day human
DNA contamination, we identified 48 positions where the mito-
chondrial genomes of 312 present-day humans (Green et al., 2008;
including the revised Cambridge reference sequence) and 23 Ne-
anderthals (Green et al., 2008; Briggs et al., 2009; Gansauge and
Meyer, 2014; Prüfer et al., 2014; Skoglund et al., 2014; Brown
et al., 2016; Rougier et al., 2016; Hajdinjak et al., 2018; Peyr�egne
et al., 2019) differ and computed for each library the proportion
of sequences that carry the present-day human allele at these po-
sitions. The partial mitochondrial genome sequence of RB1 was
reconstructed from a consensus call at positions covered by at least
five sequences and where at least 80% of the sequences carry the
same allele. Some positions with a consensus support lower than
80% could be resolved by calling a consensus base solely from se-
quences that exhibit cytosine-to-thymine substitutions within the
last three positions of either end.

We used BEAST2 (Bayesian Evolutionary Analysis Sampling
Trees v. 2.6.1; Bouckaert et al., 2014) to build a phylogenetic tree
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relating the mtDNA of RB1 to 54 present-day (Ingman et al., 2000)
and 38 ancient humans including 23 Neanderthals (Green et al.,
2008; Briggs et al., 2009; Gansauge and Meyer, 2014; Prüfer et al.,
2014; Brown et al., 2016; Rougier et al., 2016; Slon et al., 2017;
Hajdinjak et al., 2018; Peyr�egne et al., 2019), 4 Denisovans (Reich
et al., 2010; Krause et al., 2010a; Sawyer et al., 2015; Slon et al.,
2017), one hominin from Sima de los Huesos (Meyer et al., 2014),
and 10 early modern humans (Ermini et al., 2008; Gilbert et al.,
2008; Krause et al., 2010b; Fu et al., 2013a, b, 2014). We identified
the best-fitting substitution model using jModelTest 2.1.10 and the
best-fitting clock and tree models using the MODEL_SELECTION
package of BEAST2 (Bouckaert et al., 2014). We used three Markov
Chain Monte Carlo runs of 75,000,000 iterations, sampling
parameter values, and trees every 5000 iterations. A detailed
description of this analysis can be found in the SOM S4. The
sequencing data generated for this project were deposited in the
European Nucleotide Archive (https://www.ebi.ac.uk/ena, acces-
sion number PRJEB35184).

2.6. Radiocarbon dating

All bones selected for dating were anthropically marked
(Table 1). They were dated at the Oxford Radiocarbon Accelerator
Unit, University of Oxford, using established protocols (Higham
et al., 2006; Brock et al., 2010) based on the ultrafiltration of
gelatinized bone collagen (Brown et al., 1988) to remove low-
molecular-weight contaminants (Brock et al., 2010). Radiocarbon
ages are provided as conventional ages BP after Stuiver and Polach
(1977) in Table 1, with BP representing radiocarbon years before
present (1950 AD). We also provide our results in fM (fraction
modern) notation and use this for the purpose of calibration
(Reimer et al., 2013). We subtracted a bone-specific background
after Wood et al. (2010) for all samples down to ~5 mg of collagen.
We measured C:N atomic ratios, %weight collagen, %C on com-
bustion, %N, and stable isotopic values (Table 1). Two samples
yielded sufficiently well-preserved collagen (both with OxA
numbers). Two others showed very poor yields (i.e., less than the
ideal minimum of 5 mg of collagen). These were given OxA-X
numbers. The %carbon values are also very low compared with
the average expected values (~42e45%), and for this reason, these
two samples were pretreated using the AG (gelatinization) method
instead of ultrafiltration. We therefore consider the resulting dates
as most likely minimum ages. Despite the few results at hand, we
incorporated the chronometric results into a basic Bayesian phase
model to consider the results with respect to stratigraphic phasing
(see Higham et al., 2014 for details). We used OxCal (Bronk Ramsey,
2009) and the IntCal13 data set (Reimer et al., 2013).
Table 1
Radiocarbon determinations obtained from Riparo Broion and the associated analytical d

OxAa PCodeb Used (mg)c Yield (mg)c %Yldc %Cd

OxA-X-2792-24 AG 721 3.61 0.5 35.1
OxA-X-2792-25 AG 746 2.17 0.3 23
OxA-35527 AF 780 10.3 1.3 43.1
OxA-37959 AF 763 22.04 2.9 44.8

Abbreviations: PCode ¼ pretreatment code; %Yld ¼ percent yield; CRA ¼ conventional r
a OxA-X- prefixes denote either an unusual experimental pretreatment chemistry or c

collagen yields and %C on combustion. The bones were all humanly modified: OxA-X-279
37959 (US 11 lower) were small bones with percussion evidence; OxA-35527 (level 1g)

b AG ¼ unfiltered and gelatinized collagen extracted from the bones after Brock et al.
c Yield represents the weight of ultrafiltered collagen in milligrams. %Yld is the percent

(‘used’ also in mg).
d %C is the carbon present in the combusted gelatin.
e Stable isotope ratios are presented in ‰ relative to VPDB and AIR with a mass spect
f CN is the atomic ratio of carbon to nitrogen. It is acceptable if it ranges between 2.9
3. Results

3.1. Morphological description

RB1 is an exfoliated right upper deciduous canine (dC1), with a
fractured crown and about one-fourth of the root preserved (Fig. 2).
As far as pathological conditions are concerned, neither caries nor
enamel hypoplasia is visible. The enamel shows some fractures
from the cervix to the incisal margin. Dentine tissue is visible on the
distal side of the crown owing to a large fracture of the enamel
(length¼ 3.20mm; breadth¼ 3.35mm). The fractures, however, do
not affect the underlying dentine, whichwas used to obtain cervical
MD diameters. The incisal edge is worn obliquely, from mesio-
buccal to distolingual, exposing a large area of dentine (wear stage
4 according to Molnar, 1971). The tooth crown has a BL diameter of
6.84 mm (SOM Table S3), whereas BL and MD cervical diameters
are 6.22 mm and 6.23 mm, respectively (SOM Table S4). The pre-
served root, slightly more elongated buccally (mid-buccal
height ¼ 3.71 mm) than lingually (mid-lingual height ¼ 1.29 mm),
is resorbed (stage Res3/4 of Moorrees et al., 1963), suggesting an
age at exfoliation of approximately 11e12 years on the basis of
recent human standards (Al Qahtani et al., 2010).

Overall, the crown is bulging on the buccal side (vestibular
convexity equal to ASUDAS grade 4). Observing from the incisal
view, the crown appears asymmetrical owing to a distolingual
projection of a lingual cervical eminence. From the cervix, the
crown flares mesially, whereas it raises almost vertically on the
distal side, possibly accentuated by the lack of enamel on this side
of the crown. Although on the external surface most of the dental
traits were removed by tooth wear, remnants of lingual crests are
still visible at the EDJ (SOM Fig. S1). More specifically, two
moderately expressed mesial and distal crests delimit a shallow
central fossa, whereas the mesial crest and the mesial marginal
ridge delimit a mesial fossa (Fig. 4, right panel).

As shown in Figure 6, Neanderthals and H. sapiens show
different features at the EDJ. From the incisal view, Neanderthals
are characterized by a strong buccal bulging of the crown and a
concave lingual side with a cervical, distolingually directed
eminence or tubercle, which contributes to an asymmetrical
outline. Based on our comparative sample, the lingual wall often
shows crests and a mesial fossa distally limited by a mesial crest,
which are less frequently observed in ourH. sapiens sample. Indeed,
in EHS and RHS (Fig. 6; SOM S5), the crown is less rounded, more
flattened buccolingually due to the reduced expression of the
lingual eminence or tubercle, and has a more symmetric outline
(from the incisal view) than in Neanderthals. Therefore, the com-
bined presence of these features (vestibular bulging, asymmetric
ata.

d13C (‰)e d15N (‰)e CNf CRA ± F14C ±

�20.8 5.4 3.2 37,800 1200 0.00899 0.00133
�20.0 5.7 3.3 37,000 1900 0.00995 0.00231
�19.8 9.0 3.2 38,900 1000 0.00793 0.00101
�21.4 2.8 3.2 48,100 3100 0.00249 0.00098

adiocarbon age (BP); F14C ¼ fraction modern 14C.
aution recommended to the measurement. In this case, it is the latter owing to low
2-24 (US 9) was a bone flake derived from impact; OxA-X-2792-25 (US 9) and OxA-
was the diaphysis fragment of an herbivore with a percussion cone.
(2010); AF ¼ ultrafiltration protocol applied in Oxford.
yield of extracted collagen as a function of the starting weight of the bone analyzed

rometric precision of ±0.2‰ for C and ±0.3‰ for N.
and 3.5 (Brock et al., 2010).

https://www.ebi.ac.uk/ena


Figure 6. Enamel-dentine junction of individuals belonging to the comparative sample composed by Neanderthals (NEA), early H. sapiens (EHS), and recent Homo sapiens (RHS). On
the right side, the EDJ of Riparo Broion 1. Some teeth have been flipped to facilitate morphological comparison among species and Riparo Broion 1: Roc de Marsal (NEA), Engis2
(NEA), T16 (RHS), T48 (RHS), 3a (RHS), T64 (RHS), KMH22 (Kebara, NEA), KRP_D23 (Krapina, NEA). Scale bar ¼ 1 cm.
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outline, mesial crest) aligns RB1with Neanderthals. This conclusion
is supported by measures of overlap between groups and based on
the frequency of the observed morphological traits, which show
that RB1 is morphologically closer to NEA and that both groups are
more similar to RHS than to EHS (SOM S5 and S6).

3.2. Morphometric comparison

The BL crown diameter of RB1 (6.84 mm) is notably greater than
that measured for RHS (BL: mean ¼ 6.10, SD ¼ 0.40) and UPMHS
(mean ¼ 6.23, SD ¼ 0.47), is smaller than the diameters measured
for EHS (BL: mean ¼ 7.17, SD ¼ 0.43), and falls within the Nean-
derthal range of variation (BL: mean¼ 6.86, SD¼ 0.54), close to Roc
de Marsal and La Quina (LQ33; Table 2; SOM Table S3; SOM S7). We
Table 2
Crown and cervical measurement of Riparo Broion 1 tooth (RB1) and individuals
belonging to the comparative sample. Each row reports group mean and SD (in
parentheses).

Sample MDCrown BLCrown MDCervical BLCervical

RB1 NA 6.84 6.23 6.22
NEA 7.59 (0.62) 6.86 (0.54) 6.04 (0.34) 6.27 (0.32)
EHS 8.28 (0.50) 7.17 (0.43) 6.1 (0.42) 5.89 (0.23)
UP(M)HS 6.95 (0.48) 6.23 (0.47) 5.38 (0.11) 5.25 (0.28)
RHS 6.94 (0.47) 6.10 (0.40) 5.27 (0.42) 5.39 (0.34)

Abbreviations: NEA ¼ Neanderthals; EHS ¼ early Homo sapiens; UP(M)HS ¼ Upper
Paleolithic (and Mesolithic only for crown diameters) H. sapiens; RHS ¼ recent
H. sapiens; MDCrown ¼ mesiodistal crown length; BLCrown ¼ buccolingual crown
width; MDCervical ¼mesiodistal cervical length; BLCervical ¼ buccolingual cervical
width.
found significant differences between RHS and NEA for all the
examined diameters (i.e., crown BL diameter, cervical BL diameter,
crown MD diameter, and cervical MD diameter; SOM S8). Both
crown diameters were also found to be significantly different be-
tween NEA and UPMHS (SOM S8).

Effect size and statistical power for the difference between NEA
and RHS, as well as between NEA and UPMHS, are large for all the
considered measures (SOM S9eS11). Crown BL diameter, cervical
BL diameter, and cervical MD diameter of RB1 (Table 2) are signif-
icantly higher than the upper limit of the present RHS group range
(SOM S12; SOM Tables S3 and S4), whereas the crown BL diameter
of RB1 is not significantly higher than the range recorded for
UPMHS (SOM S12). Values recorded for RB1 consistently fall within
the 95% confidence intervals calculated for the same measures in
NEA and are always close to values attributed to EHS specimens
(SOM Figs. S3 and S4).

Figure 4 depicts the patterns of standardized 2D enamel thick-
ness variation (buccal aspect) in RB1 and the comparative set.
Engis2 was excluded from the analysis owing to the absence of
enamel in the cervical third of the buccal aspect.

The Neanderthal group shows the lowest standardized enamel
thicknesses compared with H. sapiens, both fossil and extant.
However, the Neanderthal Krapina D23 (KRP_D23) falls inside the
RHS range of variation. The UPHS individuals fit inside the upper
levels of the RHS range. The EHS individuals (Qafzeh 12 and 15)
exhibit the thickest enamel. Shapes of EHS profiles are different
compared with the shapes of the other groups, showing a relative
expansion in the middle and cervical third of the crown. RB1 shows
the lowest standardized enamel thickness profile in the whole
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comparative fossil and extant Homo data set. Significant differences
in the distribution of enamel thickness emerged between NEA and
RHS at 25%, 50%, and 75% of the distance between the cervical plane
and the 100 mm bin closest to the bicervical diameter (Fig. 5; SOM
Table S5). RB1 is close to Neanderthals at 25% and 50%, whereas it
overlaps with UPHS values at 75% (Fig. 5).

As far as the coronal pulp index is concerned (SOM Table S4), it
shows no significant differences (W ¼ 34, p ¼ 0.3; SOM S13) be-
tween NEA (mean ¼ 8.92, SD ¼ 5.39) and RHS (mean ¼ 12.11,
SD ¼ 4.87). However, although Neanderthal mean values show an
overlap with RHS values, it is clear that the coronal pulp index of
the former group tends to be smaller than the one measured for
RHS. In light of this consideration, RB1 (coronal pulp index ¼ 4)
might be considered out of the RHS range and comparatively closer
to Neanderthals.

The 3D lateral RET index did not provide any significant result
between the NEA and RHS (LatRET: W ¼ 25, p ¼ 0.0969; SOM S14;
SOM Table S6). As far as 3D RET is concerned, increase in the wear
pattern on the occlusal surface seems to produce a reduction of 3D
RET for each human group (SOM Table S6). Moreover, although it
was not possible to perform statistical analysis, differences can be
appreciated in 3D RET values between NEA and RHS, wherein Ne-
anderthals show lowermean values (for each wear stage) than RHS.
3.3. DNA analysis

After the preparation of DNA libraries (SOM Table S7) from the
specimen and their enrichment for hominin mtDNA fragments, we
obtained 54,540 unique sequences that align with the human
mitochondrial reference genome (~154-fold average coverage),
including 20,747 sequences that exhibit signs of ancient DNA
damage (Briggs et al., 2007) within the first or last three positions
(~57-fold average coverage; SOM Tables S8 and S9). Using diag-
nostic positions that differ between the mitochondrial genomes of
present-day humans and Neanderthals (Green et al., 2008), we
found that 83.9% of the retrieved sequences overlapping such po-
sitions exhibit the Neanderthal state (SOM Table S10). This suggests
that the mitochondrial genome of this individual falls into the
Neanderthal mitochondrial variation and that 16.1% of the se-
quences represent present-day human DNA contamination (95%
binomial confidence interval ¼ 14.6e17.8%). Because contaminant
sequences represent a minority of the retrieved sequences, we
were able to assemble a partial mitochondrial genome from the
ancient individual (44 unresolved positions; see Materials and
methods and SOM S3).

We then applied a Bayesian method for phylogenetic tree
inference (Bouckaert et al., 2014) to assess how this mitochondrial
genome relates to other Neanderthal mitochondrial sequences
(SOM Tables S11 and S12). We found that it is most closely related
to the published sequences from the Spy and Goyet Neanderthals
from Belgiumwho lived between 38 and 43 ka cal BP (Rougier et al.,
2016; Hajdinjak et al., 2018; Fig. 7). The number of mutations they
share allowed us to date their last common mitochondrial ancestor
to 47 ka (95% highest posterior density interval [HPDI]¼ 43e51 ka).
Finally, by comparing the branch lengths of RB1 and other Nean-
derthals in the tree, we estimated the age of RB1 to be close to 39 ka
(95% HPDI ¼ 30e46 ka).
3.4. Radiocarbon dating

The radiocarbon dating results (Fig. 8) are consistent, and there
are no outliers of significance. The posterior probability distribution
assigned by the Bayesian age model to the lower portion of unit 11
ranges from 50,000 to 45,700 cal BP (95% confidence interval).
4. Discussion and conclusions

RB1 is a right dC1 with an incomplete crown and bulged buccal
wall, an asymmetric outline due to a distolingually directed lingual
eminence (from the incisal view), and a complexmorphology in the
lingual aspect of the EDJ (crests and fossae). As pointed out previ-
ously (see also Fig. 5), these features are typically observed in Ne-
anderthals and allow RB1 to be assigned to this human group.
Moreover, the standardized enamel thickness of RB1 falls within
the Neanderthal range of variability, which is significantly lower
than the range observed for RHS.

Because of the advanced wear stage of RB1, we made use of a
digital comparative sample to attempt a taxonomic discrimination
based on the coronal pulp index, a new index computed by dividing
the pulp crown volume by the crown dentine volume. Unfortu-
nately, this index did not allow discrimination between Neander-
thal andmodern human upper deciduous canines. Nonetheless, the
indexwe provide can be used in future studies concerning the same
or different tooth classes and offer additional means for taxonomic
discrimination between groups.

Despite being unhelpful for the taxonomical assessment of RB1,
this study offers the first available morphometric reference sample
for the distribution of enamel thickness in upper deciduous canines
of both modern humans and Neanderthals. Owing to the general
worn condition of the dental hominin fossil record, besides
computing the 3D AET/RET indices from the complete crown, we
decided to quantify the 3D lateral AET/RET indices, taking advan-
tage of the two planes opportunely created to identify the crown
pulp volume. Unfortunately, at least based on our sample, the 3D
lateral RET index does not seem to be useful to discern this tooth
position (dC1) between Neanderthals and modern humans.
Conversely, despite the small sample size, the 3D RET computed
from the entire crown seems promising for taxonomical discrimi-
nation between the two human groups, at least for moderately
worn upper deciduous canines. However, additional work is
needed to fully explore the discriminant power of enamel thickness
in deciduous canines.

Considering the high discriminant power observed for crown
and cervical diameters, morphometric comparisons exclude the
attribution of RB1 to a modern human, whereas general
morphology confidently indicates that RB1 belonged to a Nean-
derthal individual who lived between 48 (layer 11 lower) and 45
(transition layer 11 top/9) ka cal BP (Fig. 8; Table 1). Moreover, the
reconstructed mtDNA from RB1 also places this individual inside
the known Neanderthal mitochondrial diversity.

It is interesting to note that this mitochondrial sequence is
remarkably similar to some of the latest Neanderthal individuals
uncovered in northern Europe (dated to ca. 43e38 ka, from Spy and
Goyet Caves, Belgium; SOM S4; SOM Table S13), with a most recent
mitochondrial common ancestor at 47 ka (95% HPDI: 51e43 ka).
However, future analysis of nuclear DNA is required to determine
RB1's relationship with these and other Neanderthals.

Although the presence of modern humans in eastern Europe
between ~50 and 46 ka cal BP has now been confirmed (Richter
et al., 2009; Fewlass et al., 2020; Hublin et al., 2020), the vast ma-
jority of human remains found in southwestern andMediterranean
Europe in this temporal interval, including RB1 (e.g., La Ferrassie, Le
Moustier, and Portel-Ouestin, France; El Salt, El Sidr�on, Zafarraya
and Sima de las Palomas, Spain; Devil's Tower, Gibraltar; and
potentially Lakonis, Greece; Fumane, Italy; and Vindija, Croatia),
keep confirming that these regions were, during this time period,
still mainly populated by Neanderthals (Wolpoff et al., 1981; Tillier,
1982; Gargett, 1989; Zollikofer et al., 2002; Harvati et al., 2003;
Walker et al., 2008; Benazzi et al., 2014b, 2015; Ruiz et al., 2014;
Garralda et al., 2014; Guerin et al., 2015; Rosas et al., 2017; G�omez-



Figure 7. Phylogenetic relationship between the Riparo Broion 1 mitochondrial sequence and currently available archaic and modern human mitochondrial genomes. The tree was
reconstructed using BEAST 2. The branch representing the mtDNA of Riparo Broion 1 is in red. The branch representing the mtDNA of a chimpanzee used to root the tree is not
shown, and the branches corresponding to the modern human mtDNAs were collapsed. The x-axis represents time in years, and the numbers at the nodes correspond to posterior
probabilities of the depicted branching orders. Abbreviations: HST ¼ Hohlenstein-Stadel Neanderthal; El Sidr�on ¼ El Sidr�on 1253; Les Cott�es ¼ Les Cott�es Z4-1514; Altai
Neanderthal ¼ Denisova 5. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Figure 8. Bayesian age model for Riparo Broion 1. The lighter shaded distributions represent the individual radiocarbon likelihoods. The darker outlines represent the posterior
probability distributions, which are the results of the Bayesian modeling.
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Olivencia et al., 2018; Becam and Chevalier., 2019). In the rest of
Europe (Spy and Goyet in Belgium and Kulna 1 in the Czech Re-
public; Jelinek, 1980; Rougier et al., 2016; Semal et al., 2009), the
human remains uncovered in contexts dated between 50 and 46 ka
cal BP are ascribed to individuals of all ages (Becam and Chevalier,
2019); all coeval human fossils uncovered in Italy (with the
exception of Fumane 6; Benazzi et al., 2014b) consist of deciduous
teeth (Benazzi, 2018). This pattern is particularly remarkable in the
sheltered sites of the Berici Hills and Lessini Mountains. In this
region, the high density of faunal bones modified by humans, stone
tools, combusted remains, and fire places points to an intensive
(although seasonal) use of caves by human groups, which were
likely composed of individuals of all ages (Peretto et al., 2004;
Peresani, 2011; Romandini et al., 2014, 2019). The preliminary
material analysis of layer 11 at Riparo Broion, together with
zooarchaeological (Romandini et al., 2019) and paleoecological in-
formation at a regional scale (Badino et al., 2019), yielded evidence
of a wide range of Neanderthal activities. For example, cave de-
posits document an intensive use of fire in a context of environ-
mental conditions ranging from open to dense cool mixed forests,
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transitional and discontinuous Alpine grasslands, pioneer vegeta-
tion on carbonate rocks, surrounded by humid marshy environ-
ments, low-energy water courses, wet meadows, or shallow lakes.

Outside Italy, in the same interval, the majority of Neanderthal
anthropological findings are linked either to inner caves (depth >15
m), to possible evidence of cannibalism, or to cave mouths/shelters
where archaeologists found plausible or confirmed evidence of
deliberate burial (SOM Table S14). For the considered time frame,
all evidence collected in Italy to date cannot be linked with cer-
tainty to funerary practices, suggesting that diagenesis and
taphonomy might also be relevant due to different geomorpho-
logical settings of the finding sites (SOM Table S14).

Morphological information, morphometric analysis, and ancient
DNA analysis show that the Riparo Broion 1 tooth belongs to a
Neanderthal child, ultimately adding importance to our knowledge
of the occupation of northeastern Italy, in a period close to the
arrival of modern humans in southern Europe.
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