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a b s t r a c t

Since the discovery of a human mandible in 1887 near the present-day city of Banyoles, northeastern Spain,
researchers have generally emphasized its archaic features, including the lack of chin structures, and
suggested affinities with the Neandertals or European Middle Pleistocene (Chibanian) specimens. Uranium-
series and electron spin resonance dating suggest the mandible dates to the Late Pleistocene (Tarantian),
approximately ca. 45e66 ka. In this study, we reassessed the taxonomic affinities of the Banyoles mandible
by comparing it to samples of Middle Pleistocene fossils from Africa and Europe, Neandertals, Early and
Upper Paleolithic modern humans, and recent modern humans. We evaluated the frequencies and ex-
pressions of morphological features and performed a three-dimensional geometric morphometric analysis
on a virtual reconstruction of Banyoles to capture overall mandibular shape. Our results revealed no derived
Neandertal morphological features in Banyoles. While a principal component analysis based on Euclidean
distances from the first two principal components clearly grouped Banyoles with both fossil and recent
Homo sapiens individuals, an analysis of the Procrustes residuals demonstrated that Banyoles did not fit into
any of the comparative groups. The lack of Neandertal features in Banyoles is surprising considering its Late
Pleistocene age. A consideration of the Middle Pleistocene fossil record in Europe and southwest Asia
suggests that Banyoles is unlikely to represent a late-surviving Middle Pleistocene population. The lack of
chin structures also complicates an assignment to H. sapiens, although early fossil H. sapiens do show
somewhat variable development of the chin structures. Thus, Banyoles represents a non-Neandertal Late
Pleistocene European individual and highlights the continuing signal of diversity in the hominin fossil
record. The present situation makes Banyoles a prime candidate for ancient DNA or proteomic analyses,
which may shed additional light on its taxonomic affinities.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The human mandible from the site of Banyoles was accidentally
discovered in 1887 during limestone quarrying operations near the
town of Banyoles in northeastern Spain (Hernandez-Pacheco and
Obermaier, 1915; Juli�a et al., 1987; Figs. 1 and 2). Historically, this
mandible is one of the earliest fossil hominin discoveries on the
Iberian Peninsula, and the specimen has a long history of study and

analysis. Nevertheless, despite over a century of research, the
taxonomic affinities of this fossil have remained elusive. Given the
historical significance of the specimen, along with its fairly com-
plete state of preservation and a clearer idea of its chronology, we
undertook a reanalysis of the mandible from Banyoles (referred
hereafter as Banyoles) relying on descriptive comparative
morphology and quantitative three-dimensional geometric mor-
phometrics (3D GM). We use these approaches to yield new in-
sights into the taxonomic affinities of this mandible.

At the time of the mandible's discovery, the human fossil record
consisted of only a few clearly recognizably nonmodern fossils,
including the Neandertal child's skull from Engis in Belgium (1830;
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Schmerling, 1833e1834), the adult Neandertal cranium from For-
bes' Quarry in Gibraltar (1848; Busk, 1865), the original Neandertal
type specimen from Feldhofer Grotto (1856; Schaaffhausen, 1858),
and the early Homo sapiens remains from Cro-Magnon (1868;
Broca, 1868). Banyoles was found after Fraipont and Lohest (1887)

demonstrated the antiquity of the Neandertal remains from Spy
based on the presence of carbonaceous concretions on the bones
similar to those found on extinct animal remains at this same site
(Pirson et al., 2018). Thus, the discovery of Banyoles occurred at a
time when the antiquity of human fossils was being increasingly

Figure 1. Map of the Iberian Peninsula indicating the location where the Banyoles mandible was found (yellow star). Late Pleistocene Neandertal (orange triangles) and
anatomically modern Homo sapiens (white squares with a blue outline) sites are shown for reference.

Figure 2. The Banyoles mandible in A) anterior, B) posterior, C) superior, D) right lateral, and E) left lateral views. Figure from Grün et al. (2006).
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accepted, along with the notion that humans evolved from an ape-
like ancestor.

Banyoles was encased in a limestone block when it was first
discovered, and the travertine matrix was subsequently removed
by Pere Alsius, a local pharmacist and naturalist, who exposedmost
of the external surface of the mandible and published two short
descriptions of the fossil (Alsius, 1907, 1915). These were followed
by the first monographic treatment of the specimen by Hernandez-
Pacheco and Obermaier (1915) who aligned Banyoles with the
Neandertals. Other authors of the time also generally emphasized
resemblances to the Neandertals (MacCurdy, 1915; Sergi, 1917;
Giuffrida-Ruggeri, 1921; Hoyos-S�ainz, 1947) or European Middle
Pleistocene specimens (Bonarelli, 1916). In contrast, Keith (1931)
noted a rudimentary expression of the chin present in Banyoles
that is not typically seen in Neandertals. It was not until the 1950s
that Santiago Alcob�e (1993) undertook the task of extracting the
mandible from the remaining adhering matrix and cleaning it.
Thus, before 1956, all studies of Banyoles were done while it was
still partially encased in the limestone travertine matrix, concealing
the posterior and internal aspects of the mandible.

De Lumley (de Lumley, 1971e1972) provided the first detailed
study of Banyoles after its restoration by Alcob�e, noting some char-
acteristics shared with European Middle Pleistocene (now Chiba-
nian; Suganuma et al., 2021) mandibles, such as a relatively low
corpus height, large condylar dimensions, and nontruncation of the
gonial margin. De Lumley (de Lumley, 1971e1972) argued that the
symphyseal region is most similar to Middle Pleistocene mandibles
in lacking a mentum osseum, but with some features resembling
recent H. sapiens, including a fairly vertical symphysis and a very
shallow alveolar depression and slight lateral tubercles on the
external surface.

AmonographonBanyoles and its contextwaspublished following
an international conference in 1987 (Maroto, 1993). Contributions
from numerous scholars characterized the mandible as a late Middle
Pleistocene form of archaic genusHomo (de Lumley,1993; Roth et al.,
1993;Rosas,1993). S�anchez-Lopez (1993)argued fora lateNeandertal
classification, but also noted some slight chin structures on the
mandibular symphysis as potentially more modern-like features.
Most recently, Alc�azar de Velasco et al. (2011) also argued for the
presence of some morphological features Banyoles shares with
modern H. sapiens, including some chin structures. Nevertheless,
studies thathave includedBanyoles incomparative samplesgenerally
consider it to represent either a Middle Pleistocene European (MPE)
specimen or a Neandertal (Rosas, 2001; Mounier et al., 2009;
Roksandic et al., 2011). Thus, despite the long history of research,
scholars remain divided regarding the taxonomic affinities of this
fossil. Part of this confusion seems to be linked to the lack of a clear
archaeological context and date.

1.1. Context and dating of Banyoles

The town of Banyoles lies on a floodplain adjacent to Lake
Banyoles, which has accumulated large amounts of limestone
travertine since the Neogene (Hernandez-Pacheco and Obermaier,
1915; Juli�a et al., 1987; Maroto, 1987). The mandible was found
east of Lake Banyoles in the Pla de la Formiga open quarry, which
extends into the Pla de la Mata. Although the exact findspot cannot
currently be located because of the continued quarrying activities
at the site, the mandible was discovered around four meters below
the surface in a limestone travertine tuff in the Pla de la Formiga
quarry (Juli�a et al., 1987).

Faunal and floral remains were found near the mandible and can
perhaps provide insights into the paleoenvironment of Banyoles, but
no formal analysis of the faunal remains has been done (Juli�a et al.,
1987). Nevertheless, the Pla de la Mata travertine matrix does

contain Middle-Late Pleistocene species, including several species of
Equus (horse), Bos primigenius (wild auroch), Bison priscus (steppe
bison), and Cervus elaphus (red deer; Maroto and Soler, 1993).

Several isotopic studies have attempted to date the mandible.
An early study by Berger and Libby (1966) radiocarbon dated the
site to 17 ± 1.0 ka suggesting the mandible was much younger and
postdated the Neandertals, in contrast to stratigraphic estimates of
a Middle-Late Pleistocene age (Hernandez-Pacheco and Obermaier,
1915; Bonarelli, 1916; Sol�e Sabarís, 1957; Bech, 1971). Later,
Yokoyama et al. (1987) performed a U-series analysis of a travertine
sample of unknown provenience from the site as well as directly on
the bone of the mandible itself. Yokoyama et al. (1987) modeled for
both closed and open system behaviors and noted that the Banyoles
bone was much younger (16.2 ± 3.2 ka) than the travertine for both
a closed (ca. 70 ka) and open system (ca. 110 ka).

Shortly thereafter, Juli�a and Bischoff (1991) performed U-series
analyses of a travertine sample which was removed from the
mandible during Alcob�e's restoration in 1956 as well as several
travertine samples from different stratigraphic layers from the Pla
de la Mata and the nearby Les Pedreres sediments. Their analyses
yielded a date of 45 ± 4 ka for the travertine sample, suggesting this
was the age of the fossil. The good agreement between the dates for
the mandible and those from Pla de la Mata (45e50 ka) suggested
the mandible most likely derived from this site, and the site likely
represented a closed system, with no evidence of the mandible
having been reworked (Juli�a and Bischoff, 1991).

Most recently, Grün et al. (2006) conducted a joint U-series/
electron spin resonance (ESR) analysis of enamel and dentine
fragments from the right M3 of the mandible as well as on the
travertine matrix adhering to the mandible. Considerable het-
erogeneity was seen between the ages derived from the dentine
samples, and the mandible appears to have undergone at least
two Uranium-accumulation stages (Grün et al., 2006). The trav-
ertine samples yielded an age estimate of 42.5 ± 4.1 ka, in good
agreement with the results of Juli�a and Bischoff (1991), whereas
the enamel/dentine samples yielded a somewhat older age esti-
mate of 66.0 ± 7.0 ka. This discordance between the enamel/
dentine age and the age of the adhering travertine may indicate
the mandible was reworked, although Grün et al. (2006) do not
favor this hypothesis. Even if it were reworked from the surface of
an older travertine, it is unlikely to be more than a few thousand
years older than the age of the adhering travertine (Grün et al.,
2006). A consensus view, then, would consider the travertine
date of Juli�a and Bischoff (1991) to likely represent a minimum age
for the specimen, whereas the enamel/dentine date of Grün et al.
(2006) would likely represent close to a maximum age for the
specimen. Thus, the age of Banyoles can be considered to fall
somewhere between 45 ± 4 ka and 66.0 ± 7.0 ka, and Grün et al.
(2006) explicitly rule out the possibility of a late Middle Pleisto-
cene age for the specimen.

1.2. The Late Pleistocene evolutionary context of Banyoles

The results of the joint U-series/ESR dating for the mandible
from Banyoles place it either in the earlier part of Marine Isotope
Stage (MIS) 3 or during MIS 4, when continental glaciation was at
its most extensive in the Late Pleistocene. Based on the current
fossil record, Europe was occupied solely by Neandertals during
the first half of the Late Pleistocene, with H. sapiens fossils only
appearing during MIS 3 (Ahern et al., 2013; Higham et al., 2014).
Although many human fossils do not have a clear chronology,
there are very few securely dated fossils from European sites
during MIS 4, including perhaps the Neandertal skeleton from
R�egourdou cave in France (Vandermeersch and Trinkaus, 1995). In
contrast, Neandertal remains recovered from sites in southwest
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Asia such as Amud, Kebara, and Ein Qashish likely fall between 50
and 70 ka (Schwarcz et al., 1989; Rink et al., 2001; Been et al.,
2017), making them potentially contemporaneous with
Banyoles, and a similar chronology has been reported for the fossil
H. sapiens cranium from the site of Manot (Hershkovitz et al.,
2015; Alex et al., 2017).

A notable increase inMousterian occupation sites and Neandertal
remains is documented in MIS 3 (Mellars, 1999; Van Andel et al.,
2003; Smith et al., 2017), with numerous Neandertal fossils falling
within the time range estimated for Banyoles (Higham et al., 2014).
However, by around 40 ka, the Neandertals start to disappear from
the archaeological and fossil records (Van Andel et al., 2003; Ahern
et al., 2013; Smith, 2013; Higham et al., 2014), and the latter half of
the Late Pleistocene saw the appearance of H. sapiens in Europe.

Although a potentially much earlier H. sapiens fossil has been
reported from Apidima in Greece by 210 ka (Harvati et al., 2019),
the earliest fossil evidence for H. sapiens from the Late Pleistocene
was recently suggested at the Grotte Mandrin in France dating to
between 56.8 and 51.7 ka (Slimak et al., 2022). Other, slightly
younger European early H. sapiens fossils, include fragmentary
specimens from Bacho Kiro cave (Bulgaria; Hublin et al., 2020), a
partial cranium from Peştera cu Oase (Romania), some isolated
teeth from the Grotta del Cavallo (Italy) and the cranium from
Zlatý K�u�n (Czechia) and the fragmentary maxilla from Kent's
Cavern (England; Benazzi et al., 2011; Higham et al., 2011, 2014;
Prüfer et al., 2021). All these early H. sapiens specimens likely
overlap chronologically with the younger age estimate for
Banyoles, and recent genetic evidence suggests that ancestral
populations of H. sapiens potentially arrived much earlier than
MIS 3 (Meyer et al., 2016; Posth et al., 2017; Petr et al., 2020).

Our understanding of the significance of Banyoles has been
hampered by several factors. The lack of any archaeological context
means behavioral inferences are difficult to draw for this individual,
and the precise chronology of the specimen has been an open
question for most of the past century. In addition, the extreme tooth
wear in this individual also limits useful taxonomic information from
the dentition. Fortunately, the chronology of the specimen has much
improved, and, although still imprecise, clearly indicates a Late
Pleistocene age, likely falling within MIS 3e4. Thus, a Middle Pleis-
tocene age can be ruled out for Banyoles, and this means the most
appropriate comparisons for the specimen are with other contem-
porary hominins in Late Pleistocene Europe and perhaps southwest
Asia. As the long and complex history of the taxonomic placement of
Banyoles demonstrates, new methodological approaches are neces-
sary to shed further light on this enigmatic specimen.

2. Materials and methods

2.1. Banyoles preservation and morphology

The mandible is fairly complete but is missing portions of the
mandibular rami. The right ramus is missing the upper portion of
the coronoid process and the entire condyle, whereas the left
ramus is missing most of the superior portion including the
condyle, the mandibular notch, and the coronoid process and
shows some damage in the gonial region. However, unlike the
right ramus, adhering travertine matrix that was not removed
from the mandible still preserves a negative impression of the
complete posteroinferior aspect of the left condyle in correct
anatomical position. This makes it possible to accurately locate
the medial and lateral extents of the condyle. The travertine
matrix on the left ramus extends inferiorly toward the posterior
edge of the alveolar margin, covering the left mandibular fora-
men internally. The right ramus has remaining travertine on its
external aspect extending from the location of the condylar neck

anteriorly and inferiorly. Most of the medial face of the ramus,
including the mylohyoid groove, is preserved, and the gonial
margin is intact. Nevertheless, the remaining travertine effec-
tively separates the coronoid process tip from the rest of the
ramus and its current position appears to protrude laterally to an
exaggerated extent.

In addition, most of the mandibular corpus is preserved. Un-
fortunately, accidental damage during the course of study by
Hernandez-Pacheco and Obermaier (1915) resulted in some dam-
age and fragmentation of the left corpus as well as damage to the
anterior symphysis andmisalignment of the anterior dentition, still
visible today (Fig. 2). Small pieces of bone are missing along the
basal margin near the midline and the left mental foramen. The
symphysis itself is fully intact and well-preserved on the internal
surface. The external surface is mostly preserved but shows some
damage and is represented by three large fragments of bone. The
largest fragment preserves most of the anterior surface of the
symphysis, but the alveolar margin is damaged. Two smaller frag-
ments are present just inferior to this larger fragment and comprise
the inferior aspect of the symphysis. Despite the damage to the left
corpus and symphysis, the fragments articulate well between each
other, and the current reconstruction seems to accurately reflect
the original morphology.

The alveolar margin shows signs of significant resorption and
periodontal disease, and the left M3 has been reported to exhibit
a carious lesion on the distal aspect (Lalueza et al., 1993). How-
ever, the most striking feature of the dentition in Banyoles is the
very high degree of dental wear seen on nearly every tooth in the
dental arcade (Puech and Puech, 1993). Only the right and left
M3s preserve any of the original enamel surface. All the other
teeth present a helicoidal wear pattern that is obliquely angled
inferiorly and buccally. This is most extreme in the M1s and M2s
where the pulp cavity is exposed. Hernandez-Pacheco and
Obermaier (1915) and de Lumley (1971e1972) have suggested
that the mandible likely represents an older individual based on
this severe degree of dental wear. Puech and Puech (1993) sug-
gested that this severe helicoidal dental wear shares similarities
with recent H. sapiens populations that have an abrasive dried
fish diet (Puech and Puech, 1993) as well as similarities with the
wear patterns of Andaman islanders, indigenous Australians, and
San populations (Lalueza et al., 1993). Lalueza et al. (1993) also
noted a small groove on the distal root of the left M2 that may
have been from habitual toothpick use.

Given that the damage that occurred to the symphyseal region
early on may have obscured some of the chin structures in this
individual, it was important to also consult the earliest descriptions
of the specimen, before the damage. The earliest description of the
mandible describes the symphysis as: “… carecer de apofisis
mentoniana a la que sustituye un peque~no y ligero abultamiento
disc�oideo en la parte media de la barba, retir�andose luego hacia
atras en el borde inferior …” (Alsius, 1915: p. 128), translated as ‘…
lack of a mental process which is replaced by a small and slight
discoidal bulge in the middle part of the chin, then retreating
backwards at the lower edge …’. This would seem to be describing
the presence of a slight symphyseal tubercle or mentum osseum in
Banyoles, and the original photographs do show a more projecting
inferior margin of the symphysis (Fig. 3).

This same year, Hernandez-Pacheco and Obermaier (1915)
published the first detailed description of the specimen, com-
menting on the damage that occurred to the symphyseal region
during the course of their study. Importantly, their morpholog-
ical observations were carried out before the damage to the
specimen. They argue for the presence of a slight mentum
osseum along the midline of the symphysis. However, the mental
trigone is characterized as barely perceptible, showing at most a
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very rudimentary form, and Hernandez-Pacheco and Obermaier
(1915) argue that the symphyseal morphology in Banyoles rep-
resents the earliest stage of evolution of the recent H. sapiens
chin. Importantly, Hernandez-Pacheco and Obermaier (1915)
argue that the damage to the specimen did not alter the sym-
physeal morphology, as it was possible to perfectly refit the
separated pieces back onto the specimen in their original
placement. Thus, the current restoration seems fairly close to the
original condition of the fossil at the time of discovery.

Subsequent contemporaneous descriptions (MacCurdy, 1915;
Bonarelli, 1916; Sergi, 1917) of Banyoles generally agree with the
findings of Alsius (1915) and Hernandez-Pacheco and Obermaier
(1915). These early accounts both before and just after the damage
to the symphysis, agree that Banyoles lacks most of the chin struc-
tures seen in living H. sapiens, and subsequent studies have largely
agreed with this assessment (Dobson and Trinkaus, 2002). However,
while de Lumley (1973) and Alc�azar de Velasco et al. (2011) later
denoted a weakly developed mental fossa on both sides of the
anterior symphysis, upon careful examination only a slight depres-
sion can be observed on the right side but not on the left.

Furthermore, the internal aspect of the symphysis is fairly ver-
tical but shows a slight expression of an alveolar planum with a
shallow genioglossal fossa. Inferiorly, the impressions for the
digastric muscles are well-defined and visible when the mandible
is viewed in posterior view, suggesting a more posterior orientation
also noted by Hernandez-Pacheco and Obermaier (1915).

The dental arcade is parabolic in shape, and the alveolar and
basal margins of the mandibular corpus are largely parallel. The
position of the mental foramen is under the P4 on both sides and
the lateral prominence is located below the distal M1. Internally, the
position of the mylohyoid line at the M3 is close to the alveolar
margin and angles inferiorly as it moves anteriorly. The distal sur-
face of the M3 is covered by the ramus in lateral view and, thus,
there is no retromolar space. A preangular notch is present along
the basal margin at the junction of the corpus with the ramus. The
gonial margin flares laterally and the insertions for the masseteric
muscle are well-defined and visible, especially on the left side. On
the internal aspect of the ramus, the mandibular foramen shows
the normal morphology, without lingual bridging. A medial pter-
ygoid tubercle is absent on the right side where this region is
preserved. The relative heights of the condyle and coronoid process
and the shape of the mandibular incisure cannot be determined
because of damage to the specimen.

2.2. Comparative sample

Banyoles was scanned using computed tomography (CT) by the
Institut Catal�a de Paleontologia 3D Virtual Lab at the request of the
Alsius family using the following scanning parameters: voltage

200 kV, 3.5 amperage, and a resultant isometric voxel size of
0.25 mm. A 3D model of Banyoles was then generated from the CT
scan. The comparative sample included 87 nearly complete adult
mandibles (Table 1; Supplementary Online Material [SOM]
Table S1). Adult status for the entire comparative sample was
determined based on the complete eruption of the M3 (Buikstra
and Ubelaker, 1994), and only specimens with a fully erupted M3
were selected for the comparative sample.

The comparative fossil sample included specimens from
different geographic regions and chronologies (Table 1). Given the
temporal (45e66 ka) and geographic (Western Europe) context
associated with Banyoles, the most appropriate comparisons are
with Neandertals and fossilH. sapiens. We also included five Middle
Pleistocene specimens, mainly from Europe, because Banyoles was
argued in the past (de Lumley, 1971e1972) to show affinities with
European Middle Pleistocene fossils. Microcomputed tomography
scans of several fossil specimens (n ¼ 8) were obtained from the
institutions where the originals are housed (Table 1), and these
were used to generate 3D models of the specimens. Three-
dimensional models of additional fossil specimens were gener-
ated from surface scans of high-quality research casts (n¼ 14) using
a NextEngine HD laser scanner and all mandibles were scanned
using the same settings (360� rotation, 15 divisions, full high defi-
nition, neutral target, and macro range). In addition, 3D models of
the Arene Candide mandibles (n ¼ 4), generated from surface scans
of the original specimens, were retrieved from Morphosource.org.
Several fossil specimens that were incomplete were virtually
reconstructed (see below).

Finally, the Recent Modern Human (RMH) sample consists of 63
mandibles of unknown sex (Table 1; SOMTable S1). The vastmajority
of these come from the osteological teaching collection housed at
Binghamton University (n ¼ 36), as well as eastern European in-
dividuals housed at theAMNH(17 female, 9male). Three-dimensional
models of the RMH samplewere generated from surface scans using a
NextEngineHD laser scannerand the samescanningparameters as for
the fossils (see above). Three-dimensional models of two additional
RMH individuals were retrieved from online databases (www.
morphosource.org; n ¼ 1; www.thingiverse.com; n ¼ 1).

2.3. Data collection

Morphological features This study examined the expressions and
frequencies of a series of morphological traits from the mandibular
symphysis, corpus, and ramus (Table 2) that are variably expressed
in H. sapiens, MPE, and Neandertals, and are observable in the
mandible from Banyoles (Smith, 1978; Rak et al., 1994; Schwartz
and Tattersall, 2000; Quam et al., 2001; Rosas, 2001; Trinkaus
et al., 2003; Bermúdez de Castro et al., 2015; Verna et al., 2020).
Many of these features (e.g., medial pterygoid tubercle, truncated

Figure 3. Right lateral view of the Banyoles mandible originally published by Alsius (1915; figs. 353 and 354).
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gonion, prominent alveolar planum, horizontal-oval mandibular
foramen) are argued to represent derived traits in Neandertals or
H. sapiens, and their expression in fossil specimens can help to
taxonomically classify individuals. Although Banyoles is fairly
complete, some features of the ascending ramus could not be
included because of the preservation of the specimen. In addition,
the heavily worn state of the dentition largely limits any observa-
tions to those based on the root morphology.

Expression of a chin followed the ranking system developed by
Dobson and Trinkaus (2002). This scoring system ranks mentum
osseum development from 1 to 5, where a rank of 1 indicates the
“complete absence of a mentum osseum with posteroinferior
rounding of the anterior symphysis” (Dobson and Trinkaus, 2002:
73) and a rank of 5 indicates the “strong presence of a mentum
osseumwith prominent tuberculum laterale and the formation of a
projecting, shelf-like anteroinferior border to the symphysis”

Table 1
Inventory of the comparative sample used in the present study.

Specimen Taxonomic
group

Group
abbreviation

Geological
age

Original/cast Scan type Institution scanned

Tighenif 3 Middle Pleistocene Africa MPA 700 ka Cast Surface Scan Binghamton University
Arago II Middle Pleistocene Europe MPE 450 ka Cast Surface Scan Binghamton University
Arago XIII Middle Pleistocene Europe MPE 450 ka Cast Surface Scan Binghamton University
Mauer 1 Middle Pleistocene Europe MPE 600 ka Cast Surface Scan AMNH
Montmaurin Middle Pleistocene Europe MPE 190e210 ka Original mCT Mus�ee de l'Homme
Amud 1 Homo neanderthalensis e 53 ± 8 ka Original mCT Tel Aviv University
Kebara 2 Homo neanderthalensis e 60 ka Original mCT Tel Aviv University
Krapina 59 Homo neanderthalensis e 130 ± 10 ka Cast Surface Scan AMNH
La Ferrassie 1 Homo neanderthalensis e 54e44 ka Original mCT Mus�ee de l'Homme
La Quina H5 Homo neanderthalensis e 40 ka Original mCT Mus�ee de l'Homme
Shanidar 1 Homo neanderthalensis e 60 ka Cast Surface Scan AMNH
Tabun CII Early Homo sapiens EMH 170 ka Original mCT Tel Aviv University
Qafzeh 9 Early Homo sapiens EMH 120 ka Cast Surface Scan AMNH
Skh�ul 5 Early Homo sapiens EMH 119 ± 18 ka Cast Surface Scan AMNH
Abri Pataud Upper Paleolithic Homo sapiens UPMH 21 ka Original mCT Mus�ee de l'Homme
Brno III Upper Paleolithic Homo sapiens UPMH 25 ka Cast Surface Scan AMNH
Grotte

des Enfants 6
Upper Paleolithic Homo sapiens UPMH 28 ka Cast Surface Scan AMNH

Ohalo II H2 Upper Paleolithic Homo sapiens UPMH 19 ka Original mCT Tel Aviv University
Oberkassel 1 Upper Paleolithic Homo sapiens UPMH 14 ka Cast Surface Scan AMNH
Oberkassel 2 Upper Paleolithic Homo sapiens UPMH 14 ka Cast Surface Scan AMNH
Arene Candide 1 Upper Paleolithic Homo sapiens UPMH 12e14 ka Original Surface Scan Museo Archeologico del

Finale/Morphosource
Arene Candide 2 Upper Paleolithic Homo sapiens UPMH 12e14 ka Original Surface Scan Museo Archeologico del

Finale/Morphosource
Arene Candide 12 Upper Paleolithic Homo sapiens UPMH 12e14 ka Original Surface Scan Museo Archeologico del

Finale/Morphosource
Arene Candide T4 Upper Paleolithic Homo sapiens UPMH 12e14 ka Original Surface Scan Museo Archeologico del

Finale/Morphosource
Recent modern

humans (n ¼ 63)
Recent Homo sapiens RMH Holocene Originals Surface Scan AMNH, (SUNY) Binghamton

University, Morphosource,
Thingiverse

AMNH ¼ American Museum of Natural History.

Table 2
List of morphological features analyzed in Banyoles and the comparative sample.

Morphological features Definition Possible expressions Reference

Mentum osseum rank Development of the chin structures on the anterior surface of
the symphysis

Ranks 1e5 Dobson and Trinkaus (2002)

Alveolar planum Development of the superior aspect of the internal symphysis Present/absent Present study
Genioglossal fossa Depression on internal surface for attachment of genioglossal

muscles
Shallow/deep Present study

Position of the mental foramen Horizontal position of the mental foramen relative to the
dentition

P3/P4, P4, P4/M1, M1, M1/M2 Rosas (2001)

Retromolar space Gap between the M3 and anterior ramus margin in lateral view Absent/present Franciscus and Trinkaus (1995)
Shape of gonial margin Shape of the posteroinferior margin of the mandibular ramus Expanded/normal/truncated Rosas (2001)
Masseteric fossa Depression on the external aspect of the ramus for the insertion

of the masseter muscle
Absent/shallow/deep Rosas (2001)

Medial pterygoid tubercle Presence of a tubercle marking the insertion site of the superior
fibers of the medial pterygoid muscle on the internal ramus

Absent/present Rak et al. (1994); Bermúdez de
Castro et al. (2015)

Mandibular foramen shape mandibular foramen showing the normal form or covered by a
bridge of bone

Normal/horizontal-oval Smith (1978); Rosas (2001)

Mylohyoid bridging (present/
absent)

Presence of a bony covering of the mylohyoid line on the
internal aspect of the ramus

Absent/present Ossenberg (1974);
Jidoi et al. (2000)

Position of the mylohyoid line
at M3

Vertical position of the mylohyoid line relative to the alveolar
margin at the level of the M3

Low/medium/high Rosas (2001)

Trajectory of mylohyoid line in
relation to alveolar margin

Anteroposterior trajectory of the mylohyoid line relative to the
alveolar margin

Parallel/irregular/diagonal Rosas (2001)
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(Dobson and Trinkaus, 2002: 74). In the present study, ranks 1e3
were taken to reflect the absence of a mentum osseum, while a
mentum osseum was considered present for ranks 4e5. Dobson
and Trinkaus (2002) have previously assigned the Banyoles
mandible a mentum osseum rank of 1, indicating no development
of any relief on the external symphysis.
Virtual reconstruction We performed a virtual reconstruction of
Banyoles, based on mirror-imaging across the sagittal plane, to
complete some damaged sections of the ascending ramus using
Mimics v. 20.0 (Materialise Mimics, Belgium). In particular, the left
condylar region was mirror-imaged to the right side and the right
gonial margin was mirror-imaged to the left side. This made it
possible to include a series of landmarks on the nearly complete
mandible in the 3D GM analysis. Additional fossil specimens were
virtually reconstructed by mirror-imaging one side of the mandible
to the other if the specimen was incomplete but preserved the
midline sagittal plane. Virtual reconstruction for this study was
adapted from protocols for 3D reconstruction outlined by Benazzi
et al. (2009) and Weber and Bookstein (2011).

First, three separate reconstructions were generated for
Banyoles to control for potential intraobserver error in the recon-
struction process. Each of the reconstructions was made on a
separate day and was thresholded relying on the standard half-
maximum height protocol (Weber and Bookstein, 2011). Subse-
quently, a 3D model of the mandible was produced through two
processes: global alignment and manual local positioning (Fig. 4).
The first step in global alignment is to place bilateral landmarks on
the mandibular corpus and ramus. The specimen is then mirror-
imaged about the midline and the homologous bilateral land-
marks are aligned to yield a best fit. This results in an estimation of
the location of any missing portions on one side of the mandible. In
the case of Banyoles, both the right and left condyles are not pre-
served. Nevertheless, a negative impression of the posterior surface

of the left condyle in correct anatomical position is preserved
within the adhering travertine on the posterior aspect of the ramus.
Thus, the travertine was not virtually removed, but was used in the
mirror-imaging to place the right condyle in the virtual recon-
struction. After the global alignment is completed, manual local
alignment is performed to align the mirrored left ramus with the
right ramus. After the two objects are aligned, they are then fused
together into a single 3D model. These steps were repeated for
several additional fossil mandibles that needed to be reconstructed.
The following specimens were all virtually reconstructed using the
mirror image reconstruction techniques described earlier: Arago II,
Arago XIII, Kebara 2, La Quina H5, Qafzeh 9, and one RMH (Bio B).

2.4. Data analysis

Landmark placement Three-dimensional geometric morphomet-
rics was carried out to compare Banyoles with the comparative
sample. We included 22 landmarks, or 3D points, that best capture
the overall shape of Banyoles (Fig. 5; SOM Table S2). Landmarking of
all the fossil and recent individuals in this study was performed by
the first author. Landmarking of all mandibles were performed
using the Mimics Medical v. 20.0 landmarking tool. These land-
marks are based on standard osteometric points of the mandible
and have been used by other researchers in earlier studies (Rosas
and Bastir, 2002, 2004; Nicholson and Harvati, 2006; Rosas et al.,
2019). Some landmarks were not included (e.g., tip of coronoid
process) if they were not preserved in Banyoles.
Three-dimensional geometric morphometrics Landmarks were
subjected to a Generalized Procrustes Analysis (GPA) using
MorphoJ v. 1.08.0 (Klingenberg, 2011), resulting in a new set of
Procrustes-fitted coordinates. This involves calculating the
centroid point of all landmarks in a configuration for each indi-
vidual within the comparative sample and subsequently

Figure 4. Reconstruction process of a 3D model of the Banyoles mandible. A) Right lateral view of the Banyoles mandible during the global alignment process. The red dots indicate
pairs of landmarks used to align each piece of the mandible to each other. B) Right lateral view of the Banyoles mandible after reconstruction and global alignment. The blue, green,
and red arrows indicate manual mode where the user manually moves each object together. C) Superior view (left) and right lateral view (right) of the Banyoles mandible after
mirroring the right condyle. Highlighted piece in blue indicates mirrored element. (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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translating each of these centroids to a single origin point in 3D.
These Procrustes coordinates are then scaled to reflect the
removal of size (but not necessarily shape variation related to
allometry), and then are rotated to minimize the sum of squared
distances between them. Size is retained as a separate variable,
centroid size. To assess which landmarks explain the most vari-
ation within the sample, a principal component analysis (PCA)
was computed in MorphoJ v. 1.08.0. An assessment of the shape
variance represented by each principal component (PC) axis was
carried out with R v. 4.2.1 in RStudio 2022.02.1þ461 using the
‘warpRefMesh’ function in the ‘Geomorph’ package (R Core Team,
2022; RStudio Team, 2022; Adams and Ot�arola-Castillo, 2013;
Baken et al., 2021). This involved identifying the RMH mandible
(DU_EA_CH01) closest to the origin point (0,0) on the PCA
bivariate plot showing the sample specimens along the PC1 and
PC2 axes, and then warping it to the predicted origin shape. The
starting shape mandible was then further warped to the Pro-
crustes fitted coordinates that represent the extreme value along
each PC axis. Three Pleistocene individuals were not included in
the 3D GM analysisdthe Neandertal specimen Kebara 2 and the
Pleistocene H. sapiens specimen Brno III due to distortion issues,
and KNM-BK 67, which was missing both gonial regions.

In addition, we statistically evaluated whether the position of
each reconstruction of Banyoles based on the first two PCs is
significantly different (i.e., how dissimilar) from any of the five
comparative groups (i.e., RMH, MPE, Neandertals, EMH, and UPMH).
First, we generated the centroid coordinate (i.e., the geometric mean
for each PC) of each group (including the centroid between all three
reconstructions of Banyoles) in the PCA bivariate plot. Then, we
measured the Euclidean distances between the centroid of the three
Banyoles reconstructions and each group centroid using the ‘dis-
t2centroid’ function from the ‘swaRm’ package (Garnier, 2021) with
R v. 4.2.1 in RStudio 2022.02.1þ461. Similarly, we calculated the
Euclidean distances of each member in a group to their respective
group centroid as well as each Banyoles reconstruction to that
respective group centroid for further statistical analysis.

We conducted a Welch's t-test, which is more robust compared
to a Student's t-test (see Delacre et al., 2017), to test for statistical
significance. We conducted five (i.e., one for each group in the
comparative sample) permuted (n ¼ 10,000) two-sample tests.
Welch's t-test was computed between the Euclidean distances of
each member of a group and each reconstruction of Banyoles to the
group's centroid. The permutation analysis used a resampling
without replacement approach by identifying all the different

Figure 5. Locations of the landmarks used in this study on a modern human mandible (BU 21). Landmarks were placed in Avizo v. 7.0 for visualization and processed in Photoshop v.
23.1.0. Top image, right lateral view of the mandible. Bottom image, posterior view of the mandible.
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combinations of individuals into the groups being compared (see
Kohl, 2020). The null hypothesis is that the group that is not
significantly different from the three reconstructions of Banyoles is
likely the taxonomic group that Banyoles is most similar to in the
first two PCs. For example, we performed a permuted (n ¼ 10,000)
Welch's t-test comparing how different the Euclidean distances of
the Banyoles reconstructions (i.e., distances between the three re-
constructions of the Banyoles mandible to the RMH group centroid)
are to the Euclidean distances of the RMH group (i.e., distances of
members in the RMH group to their group centroid). All five
permuted Welch's t-tests were performed using the ‘MKinfer’
package (Kohl, 2020) with an a priori alpha level of significance set
to p < 0.05. All statistical analyses and packages were performed
using R v. 4.2.1 (R Core Team, 2022) through RStudio 2022.02.1þ461
(RStudio Team, 2022).

Furthermore, we also statistically evaluated whether the set of
Procrustes fitted landmarks from the reconstructions of Banyoles is
significantly different (i.e., how dissimilar) from any of the five
comparative groups (i.e., RMH, MPE, Neandertals, EMH, and UPMH)
when considering total shape variation as opposed to only the first
two PCs. We performed a permuted (n ¼ 10,000) canonical variate
analysis (CVA) which calculated Procrustes distances between each
of the comparative groups to the reconstructions of Banyoles. The
permuted CVA was computed in MorphoJ v. 1.08.0 (Klingenberg,
2011) with an a priori alpha level of significance set to p < 0.05.

Furthermore, the effects of allometry (i.e., the relationship of
size on shape) were also tested through both simple linear and
multivariate regression. Simple linear regression involved
regressing PC scores from the top five PC axes on the natural log of
centroid size; this provided some estimate of how these individual
PC axes were related to size. Multivariate regression involved
regressing the Procrustes residuals for each individual on the nat-
ural log of centroid size; in contrast to the univariate regression,
this provides a global measure of how size and shape are related in
the entire sample. All regression analyses were permuted
(n ¼ 10,000) involving randomly generated reassignment of ob-
servations of the dependent variables and were computed in
MorphoJ v. 1.08.0 using the regression function.
Intraobserver error estimation We performed an intraobserver error
analysis of the landmarks used in this study as well as the landmarks
from three reconstructions of Banyoles following the protocols out-
lined in Shearer et al. (2017), to ensure that our results reflect the true
biological signal of variation rather than error in landmark placement
and also on the reproducibility of the virtual reconstructions. We
calculated the average Procrustes distance for all landmarks in 10
copies of the sameRMH individual (VL 2609a; hereafter referred to as
the ‘replicates’ group) and in10different RMH individuals (BU1, BU2,
BU3, BU4, BU5, BU6, BU7, BU8, BU9, andBU10b; hereafter referred
to as the ‘different’ group). A two-sample Welch's t-test was then
performed using R v. 4.2.1 (R Core Team, 2022) through RStudio
2022.02.1þ461 (RStudioTeam, 2022) to establishwhether themeans
of these two groups were statistically different (p < 0.05). If the
average Procrustes distance in the replicates group is significantly
smaller than that in thedifferent group, then there is no intraobserver

bias in landmark placement. Similarly, we computed two Welch's
two-sample t-tests between the three Banyoles reconstructions and
the replicate RMH group and the different RMH group. If the average
Procrustes distance in the Banyoles reconstructions is statistically
indistinguishable from the replicates RMH group but statistically
different from thedifferent RMHgroup,we canhavemore confidence
in the reproducibility of the Banyoles reconstructions. This is because
the virtual reconstructions should be nearly identical and thus the
mean Procrustes distances should be no different than that of
repeatedly landmarking the same mandible.

3. Results

3.1. Comparative morphological analysis

Mandibular symphysis Banyoles shows a fairly vertical symphysis
(94�), without an incurvatio mandibulae anterior but showing a
weak expression of a lateral tubercle and possible mental fossa on
the right side. Thus, we agree with Dobson and Trinkaus (2002)
assigning a mentum osseum rank of 1 to Banyoles (Table 3).
Although Alc�azar de Velasco et al. (2011) suggested that Banyoles
may have amental trigone, the full suite of features found in RMH is
not present, and Banyoles retains the primitive condition of a low
mentum osseum rank. Comparison of the mentum osseum rank in
Banyoles with other Pleistocene and recent Homo specimens
(Table 3) shows that Banyoles shared the expression most
frequently seen in MPEs as well as some Neandertals.

The presence of a superior transverse torus is an archaic feature
in the genus Homo, represented by a swelling of bone on the in-
ternal aspect of the symphysis. When present, the superior trans-
verse torus also creates an alveolar planum, an obliquely sloped
surface just posterior to the dentition representing the superior
aspect of the torus. The torus is demarcated inferiorly by the
presence of the genioglossal fossa, the insertion site for the gen-
ioglossal and geniohyoid muscles. When observing the expression
in Banyoles, the posterior symphysis is fairly vertical, suggesting, at
most, only a slight alveolar planum and a relatively shallow gen-
ioglossal fossa. The presence of a developed superior transverse
torus and genioglossal fossa is considered a primitive feature
within the genus Homo and characterizes European Middle Pleis-
tocene specimens and Neandertals (Quam et al., 2001; Daura et al.,
2005; Carbonell et al., 2008; Bermúdez de Castro et al., 2010; Vialet
et al., 2018). In contrast, RMH generally lacks a superior transverse
torus and genioglossal fossa, showing a fairly vertical internal
symphysis with, at most, some expression of genial tubercles
(Daegling, 2005; Lipski et al., 2013).

Along the basal border of the mandibular symphysis, the
digastric fossae mark an origin site of the anterior belly of the
digastric muscles to a fibrous tendon attached to the hyoid bone
and another origin of the posterior belly of the mastoid, or styloid,
process on the temporal bone (De-Ary-Pires et al., 2003). The
orientation and morphology of the digastric fossae on Banyoles
presents a posteriorly oriented digastric fossae with a well-marked
muscle site attachment. This is similar to the more derived

Table 3
Mentum osseum ranks for the Banyoles mandible compared with Pleistocene and recent modern humans.

Specimen/group n Mentum osseum rank Source

1 2 3 4 5

Banyoles X Present study
Middle Pleistocene Europe 10 70% 30% Dobson and Trinkaus (2002);

includes Arago 13 (rank ¼ 1)
Neandertals 18 28% 44% 28% Dobson and Trinkaus (2002)
Pleistocene modern humans 14 64% 36% Dobson and Trinkaus (2002)
Recent modern humans 63 38% 62% Present study
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posterior orientation seen in RMH and in contrast to the primitive
inferior condition seen in MPE and Neandertal fossil mandibles (Liu
et al., 2010; Hershkovitz et al., 2021).
Mandibular corpus The position of the mental foramen in relation
to the tooth row has long figured in descriptions of Pleistocene
Homo mandibles. In Banyoles, the mental foramen is located
directly under the P4 (Table 4), resembling the placement in RMH
and early Homo specimens (Rosas, 2001). In contrast, a relatively
posterior placement, frequently located under the M1, in Nean-
dertals (Table 4) is considered to represent a derived condition that
reflects the development of midfacial prognathism in this group of
hominins (Stringer et al., 1984; Trinkaus, 1987; Rosas, 2001). This
posterior position is also commonly found in MPE mandibles. On
the other hand, earlier Homo fossils such as Homo habilis, Homo
ergaster, and Homo erectus generally show a more anterior place-
ment of the foramen under the P3 or P4 (Rosas and Bermúdez de
Castro, 1998; Rosas, 2001; Carbonell et al., 2005; Bermúdez de
Castro et al., 2007; Carbonell et al., 2008). Also, this study
(Table 4) suggests H. sapiens show this more anterior placement,
indicating they show the primitive condition for the genus Homo in
this feature. The retromolar space is represented by a gap in lateral
view between the anterior ramus margin and the posterior edge of
the third molar (Franciscus and Trinkaus, 1995) and has been
regarded as a derived feature of Neandertals, one that was also
present in European Middle Pleistocene specimens (Stringer et al.,
1984; Rak,1986; Creed-Miles et al., 1996; Rosas, 2001; Smith, 2013).
Neandertals show the highest frequency of a retromolar space
(81%), and this feature was also present in over half (53%) of Eu-
ropean Middle Pleistocene specimens (Table 5). It occurs at lower
frequencies in fossil and recent H. sapiensmandibles, which usually
lack a retromolar space. Its absence in African Middle Pleistocene
mandibles as well as Asian H. erectus specimens suggests this
represents the primitive condition for the genus Homo (Franciscus
and Trinkaus, 1995). In Banyoles, the anterior ramus margin over-
laps with the posterior aspect of the M3, indicating the absence of a
retromolar space, and resembling early Homo specimens as well as
in RMH.

On the internal aspect of the mandibular corpus, variation in the
position of the mylohyoid line relative to the alveolar margin at the
level of the M3 has been observed in different species within the
genus Homo (Table 6; Rosas, 2001). Earlier members of the genus
Homo tend to show a relatively low position of the mylohyoid line
at the level of the M3, being located clearly below the alveolar
margin (Rosas, 2001). This same condition is generally seen in
European Middle Pleistocene specimens. In contrast, Neandertals

mainly show a higher position of the mylohyoid line, being located
very close to the alveolar margin at the M3 and a steeply inclined
diagonal trajectory of the mylohyoid line, descending anteriorly
(Rosas, 2001). In Banyoles, the mylohyoid line is not located close to
the alveolar margin and the inclination anteriorly is not steep. In
both these features, Banyoles differs from Neandertals but re-
sembles the European Middle Pleistocene specimens and our
recent human sample (Table 6).
Mandibular ramus The preangular notch is a feature located along
the basal margin of the mandibular ramus, just anterior to gonion,
and is produced by an expansion of the gonial region. A normal
gonial profile follows a smooth curve from the inferior corpus to the
posterior ramus giving it a rounded profile. Variation in the shape
of the gonial region in the genus Homo has been previously
described, with a normal or slightly expanded gonial region seen in
RMH and some fossil specimens (e.g., Zhoukoudian G1, KNM-ER
992; Weidenreich, 1936; Wood, 1991) apparently being consid-
ered the primitive morphology for the genus (Rosas 2001). In
contrast, the gonial margin has a unique expression in Neandertals
where a truncated gonial profile is often seen and the “gonion angle
is formed as a third arista between the posterior border of the
ramus and the basal border” (Creed-Miles et al., 1996:152). Speci-
mens that show this truncated morphology also generally lack a
preangular notch. The majority (80%) of the MPE fossils (except for
Mauer and Arago 13) show a normal, rounded gonial margin,
whereas 75% of Neandertals had a truncated gonion, supporting the
suggestion of Rosas (2001) that this represents a derived Nean-
dertal feature (see also Table 7). In our RMH sample, 76% have an
expanded gonion, with 24% of them having a rounded gonial pro-
file, and none having a truncated gonion. The expanded gonial
profile in Banyoles, clearly seen on the well-preserved right side, is
most similar to earlyHomo specimens and RMHwhich clearly differ
from the Neandertal expression.

The masseteric fossa is a variable depression on the external
aspect of the ramus and is related to the strength of attachment of
the masseter muscle at the gonial region of the mandible (Spencer
and Demes 1993; Rosas 2001). Rosas (2001) previously recorded
three expressions (deep, shallow, and flat) of this feature in the
genus Homo. A deep masseteric fossa is created when the gonial
region flares out laterally creating a deep depression. A shallow
masseteric fossa is when the outline of the depression can be
macroscopically observed but is not as pronounced. Finally, in the
flat expression, individuals do not show any lateral flaring from the
masseter muscle, and sometimes express a slight indentation of the
gonial region. Among European Middle Pleistocene specimens, 74%

Table 4
Position of the mental foramen in Banyoles compared with Pleistocene and recent modern humans.

Specimen/Group n P3/P4 P4 P4/M1 M1 Source

Banyoles X Present study
Middle Pleistocene Europe 20 0% 15% 45% 40% Trinkaus and Shipman (1993); Rosas (2001)
Neandertals 25 0% 4% 32% 64% Trinkaus and Shipman (1993)
Recent modern humans 75 15% 76% 9% Present study

Table 5
Retromolar space expression in the Banyoles mandible compared with Pleistocene and recent modern humans.

Specimen/Group n Present Absent Source

Banyoles X Present study
Middle Pleistocene Europe 15 53% 47% Franciscus and Trinkaus (1995); Rosas (2001)
Neandertals 32 81% 19% Franciscus and Trinkaus (1995)
Pleistocene modern humans 29 28% 72% Franciscus and Trinkaus (1995)
Recent modern humans 59 31% 69% Present study
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of individuals had a deep masseteric fossa, and a few shared the
other two expressions (Table 8). A deep fossa characterizes the
Sima de los Huesos mandibles as well as Arago 13. In contrast, most
Neandertals (82%) have a flat masseteric region, with only 18%
showing a shallow depression and none showing a deep fossa
(Table 8). In our RMH sample, themajority of individuals (57%) have
a deep masseteric fossa while nearly a third (37%) show a shallow
fossa and a fossa is absent in only 5% of individuals (Table 8). The
deep masseteric fossa in Banyoles is an expression shared with
European Middle Pleistocene fossils and H. sapiens.

Themedial pterygoid tubercle is located on the internal aspect of
the ramus and reflects a hypertrophy of the superior fibers of the
medial pterygoidmuscle. Individuals that lack amasseteric fossa on
the external ramus generally also have pronounced pterygoid
muscle attachments on the medial ramus (Rosas, 2001). This tu-
bercle has been argued previously to be a derived trait of Neander-
tals (Rak et al., 1994; Trinkaus, 2006), and it does occur at high
frequencies (94%) in this group, as well as in approximately half
(53%) of European Middle Pleistocene fossils (Bermúdez de Castro
et al., 2015). In contrast, the majority (ca. 75%) of RMH lack a
medial pterygoid tubercle (Bermúdez de Castro et al., 2015), and a
clear tubercle was similarly absent in 89% of the RMH sample in the
present study. The internal aspect of the right ramus in Banyoles is
well preserved and shows several musclemarkings for the insertion
of the medial pterygoid muscle. However, no medial pterygoid tu-
bercle is present superiorly (contra Alc�azar de Velasco et al., 2011),
and its absence in Banyoles distinguishes it from Neandertals.

The mandibular foramen is located on the internal aspect of the
ramus and transmits the mandibular branch of the fifth cranial
nerve (CN V). In RMH, the foramen is usually partially covered by
the lingula, which is open posteriorly, and connects directly to the
mylohyoid groove. In contrast, a distinct horizontal-oval (H-O)
morphology of the foramen has been noted in Neandertals, which
often show a lingula that completely encompasses the canal and
separates it from themylohyoid groove (Smith,1978). Although this
feature has not been systematically reported in the literature for
fossils outside of Europe, data for Neandertals suggest the H-O form
is present in just under 50% of Neandertal individuals (Smith, 1978;
Stefan and Trinkaus,1998), but is mainly absent in EuropeanMiddle
Pleistocene specimens. A very low frequency of this feature (ca. 3%)
has been reported in RMH (Table 9). Banyoles expresses the
ancestral (i.e., not the H-O form) state of the mandibular foramen
on the right ramus where it can be clearly observed, differing from
the majority of Neandertals.

Occasionally, a bony bridge of bone (mylohyoid bridge), partially
covering the mylohyoid groove, is present on the internal ramus.
Recent modern humans generally lack mylohyoid bridging, and a
study of this feature in a large sample of recent humans reported a
relatively low frequency (13%) of occurrence when compared to Ne-
andertals (Ossenberg, 1974). Approximately half of Neandertals (52%)
showsomeformofbridgingof themylohyoidgroove, andthepresence
of bridging has been positively correlated with the H-O form of the
mandibular foramen (Jidoi et al., 2000). Similarly, 50% of a small Eu-
ropean Middle Pleistocene sample in this study showed some degree

Table 7
Morphology of the gonial region in the Banyoles mandible compared with Pleistocene and recent humans.

Specimen/group n Expanded Normal Truncated Source

Banyoles X Present study
Middle Pleistocene Europe 10 80% 20% Rosas (2001)
Neandertala 12 25% 75% Rosas (2001)
Recent modern humans 75 76% 24% Present study

a Krapina J, Shanidar 1, Le Moustier 1.

Table 8
Expression of the masseteric fossa in the Banyoles mandible compared with Pleis-
tocene and recent humans.

Specimen/sample n Deep Shallow Flat Source

Banyoles X Present study
Middle Pleistocene Europe 15 74% 13% 13% Rosas (2001)
Homo neanderthalensis 22 18% 82% Rosas (2001)
Homo sapiens 74 57% 37% 5% Present study

Table 6
Position of the mylohyoid line at M3 in the Banyoles mandible compared with Pleistocene and recent humans.

Specimen/sample n Low Medium High Source

Banyoles X Present study
Middle Pleistocene Europe 15 93% 7% 0% Rosas (2001)
Neandertals 28 14% 32% 54% Rosas (2001)
Recent modern humans 70 57% 29% 14% Present study

Table 9
Mandibular foramen morphology in the Banyoles mandible compared with Pleistocene and recent humans.

Specimen/sample n Normal Horizontal - Oval Source

Banyoles X Present study
Middle Pleistocene Europe 12 100% 0% Smith (1978); Stefan and Trinkaus (1998)
Neandertals 27 56% 44% Smith (1978); Stefan and Trinkaus (1998)
Recent humans 478 97% 3% Smith (1978); Stefan and Trinkaus (1998)

Table 10
Mylohyoid bridging in the Banyolesmandible comparedwith Pleistocene and recent
humans.

Specimen/Sample n Present Absent Source

Banyoles X Present study
Middle Pleistocene Europe 4 50% 50% Present study
Neandertals 29 52% 48% Jidoi et al. (2000)
Recent humans 7811 13% 87% Ossenberg (1974)
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of bridging, as seen in Mauer and Montmaurin (Table 10). The right
ramus of Banyoles,where themylohyoid groove iswell-preserved and
can be seen in its entirety, shows no evidence of bridging.

3.2. Intraobserver error

The average Procrustes distance was calculated for all the
landmarks in 10 copies of the same RMH individual and in 10
different RMHs (SOM Table S3). The mean Procrustes distance for
the three Banyoles reconstructions was similar to that of the
replicated RMH sample and the values for all three Banyoles re-
constructions clearly fall within the range of variation of the
replicate RMH sample. The mean Procrustes distance of the three
Banyoles reconstructions (SOM Table S3) was significantly lower
(p < 0.0001) than the 10 different RMH individuals. In contrast, no
difference (p¼ 0.58) was found in the Procrustes distances between
the RMH replicate sample and the Banyoles replicate sample. We
found a significantly smaller Procrustes distance (p < 0.0001) in the
sample consisting of copies of the same individual (SOM Table S3),
indicating that the intraobserver error in landmark placement is
lower than the true biological signal.

Thus, these results indicate two important things. First, that the
intraobserver error in the Banyoles replicates resembles that seen
in the RMH replicate sample, giving credence to the reliability of
the reconstructions. Second, the downstream 3D GM analysis that

includes all the comparative specimens has minimized the error in
landmark placement to better reflect a biological signal of variation.

3.3. Three-dimensional geometric morphometric analysis

The PCA generated 64 PCs that explain 100% of the shape vari-
ance. The first two PCs explain just under half (45.63%) of the total
variance (Table 11) and reveal separation between some groups.
Principal components 3e5 represent a total of 22.83% of the total
shape variation but did not reveal any taxonomic separation.
Principal component 3 reflects changes in the flexure of the ramus
where positive PC3 scores equate to a more posteriorly flexed
condylar region, anterior migration of the posterior ramus, and
superoanterior migration of gonionwhile negative scores equate to
a less posteriorly flexed condylar region, a posterior migration of
the posterior ramus, and an inferoposterior migration of gonion.
Principal component 4 primarily reflects shape changes in the
condylar neck and migration of the dentition. Positive PC4 scores
indicate a posterior migration of the dental arcade, a superior po-
sition of pogonion, and a shorter condylar neck, whereas negative
scores reflect an anterior migration of the dental arcade, an inferior
position of pogonion, and a taller condylar neck. Principal compo-
nent 5 reflects shape changes in the depth of themandibular corpus
where positive scores indicate a deeper corpus and negative scores
reflect a shallower corpus. No other combinations of PCs revealed

Table 11
Results of the top five principal components from the principal component analysis.

PC Eigenvalues % Variance Cumulative % % Variance explained by Allometry

1 0.00206373 29.779 29.779 0.00%
2 0.00109862 15.853 45.631 19.21%
3 0.0007229 10.431 56.063 8.58%
4 0.00047668 6.878 62.941 0.11%
5 0.00038228 5.516 68.457 0.00%

Figure 6. Plot of the first two principal components (PCs) from a PC analysis of the Procrustes landmarks (see also Table 11). The extremes of shape variation along each axis are
shown by warping a modern human mandible (DU_EA_CH01). Banyoles reconstructions¼ red stars, recent modern humans (RMH) ¼ tan crosses, Upper Paleolithic modern humans
(UPMH) ¼ brown circles, early modern humans (EMH) ¼ gray squares, Neandertal ¼ blue triangles, Middle Pleistocene Europeans (MPE) ¼ cyan diamonds, Middle Pleistocene
African ¼ green ‘X’. Figure was generated using the PC scores using R v. 4.2.1 in Rstudio 2022.02.1þ461 using the ‘ggplot2’ package (Wickham, 2009) and superimposed warped
mandibles using R v. 4.2.1 in RStudio 2022.02.1þ461 using Photoshop v. 23.1.0. (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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any further taxonomic separation and therefore only PC1 and PC2
were examined further for taxonomic assessments.

Principal component 1 mainly reflects variation in the overall
widths of the mandible. Specimens with negative scores along PC1
(e.g., La Quina H5) represent a narrower U-shaped mandible, and
specimens with positive scores along PC1 (e.g., Grotte des Enfants 6)
represent a wider arch-shaped mandible (Fig. 6). Principal compo-
nent 2 reflects variation in the gonial profile, ramus morphology,
mental foramen position, symphyseal region, and overall shape of
the dental arcade. Specimens with positive scores along PC2 (e.g.,
many of the recent H. sapiens specimens) tend to have an expanded
and laterally flaring gonial profile, an anteroposteriorly (AP) nar-
rower ramus, more anterior mental foramen position, an AP shorter
dental arcade, and a more anteriorly projecting external symphysis.
Whereas specimens with negative scores along PC2 (e.g., Arago II)
have a truncated gonial profile with no lateral flaring, an AP wider
ramus, posteriorly oriented mental foramen, an AP longer dental
arcade, and a more retreating symphyseal region.

The PCA revealed a clear separation along PC2 between the Ne-
andertals andMPE specimens on the one hand, andH. sapiens on the
other (Fig. 6). Pleistocene and recentH. sapiens show largely positive
values on PC2, while the archaic Homo specimens, including the
Neandertals, showed uniformly negative values, with only limited
overlap between the modern and non-modern groups. The MPE
specimens tend to cluster together with the Neandertals and the
MPA specimenTighenif 3 in shape space. One of the Neandertals (La
Quina H5) fell further away from most Middle-to-Late Pleistocene
Homo specimens along PC1, reflecting its narrower dental arch. All
three reconstructions of Banyoles fell very close to one another and
are clearly within the recent H. sapiens grouping along PC1 and PC2.
The three nearest neighbors to Banyoles based on Euclidean dis-
tances are all RMH individuals, while the three nearest fossil spec-
imens (AC 10997, Ohalo 2 H2, Abri Pataud) are all UPMH,with Ohalo
II H2 being the closest fossil specimen to Banyoles.

Evaluating the Euclidean distances from the centroid of the
Banyoles reconstructions toeachgroup's centroid alongPC1andPC2
(Table 12) further revealed that Banyoles falls closest to the centroid
of the RMH sample, followed by the EMH and UPMH groups. The
Neandertals andMPE centroids fell further away fromBanyoles. The

results of theWelch's t-test demonstrated that themeanof the three
Banyoles reconstructions to the centroids of all groups except RMH
were statistically significant (p < 0.05), indicating that Banyoles is
morphologically closest to RMH individuals (Table 12).

Comparing theCVA results basedon theProcrustes distances from
reconstructions of Banyoles to each group (Table 13) revealed that
Banyoles falls closest to the centroid of theUPMHsample, followedby
the RMH and EMH groups. The Neandertals and MPE group fall
furthest away from Banyoles based on their Procrustes distances.
However, the Procrustes distance from the reconstructions of
Banyoles to each group were all statistically significant (p < 0.05;
Table 13). This suggests thatwhile the reconstructions of Banyoles are
squarelywithin the range of variation of the RMHgroup based on the
first two PCs, the reconstructions of Banyoles are still significantly
different from each group when considering total shape variation.

The effects of allometry on the Procrustes residuals were rela-
tively small, with allometry accounting for only 4.283% of the
variation (SOM Table S4). Shape variation explained by each PC was
also relatively small overall but still statistically significant (SOM
Table S4). The percentage of shape variation explained by allom-
etry is 0.003% (p ¼ 0.953) in PC1 but 19.21% (p < 0.001) in PC2.
Allometry explains 8.58% of the total shape variation represented in
PC3 (p < 0.001) but less than 1% in PC4 and PC5.

4. Discussion

The comparative morphological analysis of Banyoles revealed
that this fossil specimen shows several features that are likely
primitive expressions for the genus Homo. These include the low
mentum osseum rank and lack of chin structures, the relatively
anterior placement of the mental foramen under the P4 and lack
of a retromolar space as well as an expanded gonial margin, the
absence of a medial pterygoid tubercle and the normal
mandibular foramen morphology in the ramus. Other features
are either more ambiguous in their phylogenetic polarity or their
expression in Banyoles is somewhat intermediate, including the
alveolar planum development, the mylohyoid line position at the
M3, the deep masseteric fossa and the absence of lingual bridging
of the mylohyoid groove. The expression of these morphological

Table 12
Results of the pairwise permuted Welch's t-tests comparing the mean Euclidean distances in the Banyoles reconstructions to the mean Euclidean distance in each group.

Groups compared Distance to Group Centroid t-value s p-valuea Permutations Permutated p-valuea

Banyoles and RMH 0.03 2.022 0.003 0.048* 10000 0.139
Banyoles and UPMH 0.05 �6.38 0.003 <0.001*** 10000 0.011**
Banyoles and EMH 0.04 �8.31 0.003 <0.001*** 10000 0.002***
Banyoles and NT 0.07 13.17 0.003 <0.001*** 10000 <0.001***
Banyoles and MPE 0.08 18.92 0.003 <0.001*** 10000 <0.001***

Abbreviations: RMH ¼ Recent Modern Human, UPMH ¼ Upper Paleolithic Modern Human, EMH ¼ Early Modern Human, NT ¼ Neandertal, MPE ¼ Middle Pleistocene
European.

a * ¼ p < 0.05; ** ¼ p < 0.01; *** ¼ p < 0.001.

Table 13
Results of permuted Canonical Variate Analysis (CVA) to test whether the Procrustes distances of each group to the reconstructions of Banyoles are statistically different.

Groups compared Procrustes distance Permutations Permutated p-valuea

Banyoles and RMH 0.0925 10000 <0.001***
Banyoles and UPMH 0.0878 10000 0.005**
Banyoles and EMH 0.1100 10000 0.043*
Banyoles and NT 0.1209 10000 0.028*
Banyoles and MPE 0.1305 10000 0.029*

Abbreviations: RMH ¼ Recent Modern Human, UPMH ¼ Upper Paleolithic Modern Human, EMH ¼ Early Modern Human, NT ¼ Neandertal, MPE ¼ Middle Pleistocene
European.

a * ¼ p < 0.05; ** ¼ p < 0.01; *** ¼ p < 0.001.
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features in Banyoles clearly differentiates this specimen from
Neandertals but resembles non-Neandertal archaic Homo man-
dibles from Africa and Asia and H. sapiens more closely. Never-
theless, most of the features in H. sapiens mandibles seem to be
largely primitive retentions, making them less useful in taxo-
nomic diagnoses in individual specimens. While the expression
for some of the features in Banyoles (e.g., more anterior place-
ment of the mental foramen or absence of the medial pterygoid
tubercle) can occasionally be found in Neandertals (Franciscus
and Trinkaus, 1995; Bermúdez de Castro et al., 2015), the
expanded gonial margin differentiates Banyoles from European
Middle Pleistocene specimens and Neandertals.

Given its chronological and geographic context in Upper Pleis-
tocene Western Europe, the most relevant comparisons for
Banyoles are with Neandertals and H. sapiens. Importantly, several
of the morphological features analyzed are argued to show a
derived expression in Neandertals, including the posterior position
of the mental foramen, typically below the M1, the presence of a
retromolar space behind the M3, the high placement of the mylo-
hyoid line at the M3 and its steep inclination anteriorly, a truncated
and inverted gonial margin, and the presence of a medial pterygoid
tubercle and H-O mandibular foramen on the medial ramus. Un-
fortunately, damage to Banyoles precludes assessment of the su-
perior ramus anatomy, a region that has been shown to be highly
derived in Neandertals (Rak et al., 2002). Nevertheless, the
expression of all the morphological features in Banyoles differs
from that seen in Neandertals, and Banyoles appears not to show
any clearly derived Neandertal mandibular features.

The single uniquely derived feature in the H. sapiensmandible is
the presence of a bony chin. While individual elements of the
H. sapiens chin can occasionally be found in Neandertals (e.g., Quam
et al., 2001, 2011) and other early Homo specimens (e.g., UR 501, OH
7, OH 13, KNM-ER 730, Dmanisi, D211 and D2735, ATE9-1, or San-
giran 9 and 22), the full combination of features that comprise the
H. sapiens chin are found exclusively in H. sapiens (Schwartz and
Tattersall, 2000). Notably, most of these features are absent in
Banyoles. While the symphysis is essentially vertical, and not
retreating, the external symphyseal face shows at most a minimal
expression of chin features. However, one potential explanation for
Banyoles' unexpected symphyseal morphology may be related to
the severe anterior dental wear.

Banyoles thus lacks any derived Neandertal or H. sapiens fea-
tures. Rather, the morphology of Banyoles seems to be that of a
generalized, primitive form of the genusHomo, despite its relatively
late chronology and its geographic location in Western Europe.
Despite a lack of clearly derived morphological features, the 3D GM
analysis grouped Banyoles with H. sapiens in the overall shape of
the mandible, and the closest specimens to Banyoles are recent and
fossil H. sapiens individuals. Given the considerable degree of
overlap between groups along PC1, this result was largely driven by
its placement along PC2, and reflects the expanded gonial region,
vertical symphysis, narrower ramus width, more anterior mental

foramen position, and shorter dental arcade in Banyoles. The two
non-H. sapiens fossils that fell closest to Banyoles along PC2 are La
Quina H5 and Tighenif 3, but these aspects of Banyoles generally
differentiate the specimen from Middle Pleistocene specimens and
Neandertals.

Furthermore, the allometric signal for PC2 is interesting, espe-
cially considering that negative PC2 scores indicate a more poste-
rior position of the mental foramen and also a retreating
symphyseal region (see below), which has been found to be posi-
tively allometric by Rosas and Bastir (2004). This study thus sup-
ports the allometric significance of these features in mandibular
variation. However, while PC2 may show a significant allometric
effect overall, the total shape variances across all PC axes computed
in this study show a biological signal that cannot be fully explained
by size-correlated shape change.

4.1. Taxonomic considerations for Banyoles

Numerous researchers have suggested affinities for Banyoles
with the Neandertals or MPE specimens (Hernandez-Pacheco and
Obermaier, 1915; Bonarelli, 1916; Sergi, 1917; Keith, 1931; Hoyos-
S�ainz, 1947; de Lumley, 1971e1972; Roth, 1982; S�anchez-Lopez,
1993; Roth et al., 1993; Rosas, 1993). However, given the Late
Pleistocene age of Banyoles and its generalized morphology, other
interpretations should be considered (Table 14).

One possibility is that the specimen represents a late-
surviving individual of a Middle Pleistocene population. In
Europe, there appear broadly to be two Middle Pleistocene
hominin populations (Tattersall, 2011). One is represented by
fossils that show clearly derived Neandertal features, like those
from the sites of the Sima de los Huesos, Payre, Ehringsdorf and
l'Aubesier (Arsuaga et al., 2014). The other generally seems to
lack derived Neandertal features, as represented most clearly by
Mala Balanica, Mauer, and Ceprano, although the latter lacks an
associated mandible (Manzi et al., 2001; Rak et al., 2002;
Roksandic et al., 2011). However, these latter fossils all pre-date
Banyoles by at least 300 kyr, based on the date for Ceprano
(Muttoni et al., 2009), the youngest specimen among them, and
all MPE mandibles younger than the Ceprano cranium show
derived Neandertal features (e.g., Ehringsdorf, La Chaise-BD,
Payre; Vlcek, 1993; Condemi, 2001; Verna et al., 2020). This
makes it unlikely that Banyoles represents a late-surviving in-
dividual of this non-Neandertal European group.

Middle Pleistocene fossils that appear to lack clear Neandertal
affinities have also been reported from some sites in the Middle
East, including Zuttiyeh and (perhaps) Qesem (Hershkovitz et al.,
2011; Freidline et al., 2012). Nevertheless, no mandible is pre-
served at either of these sites, complicating a direct comparison
with Banyoles. In contrast, the recently discovered mandible
from the site of Nesher Ramla dates to ca. 140 ka and shows some
Neandertal affinities (Hershkovitz et al., 2021; Marom and Rak,
2021; May et al., 2021). Nesher Ramla is similar to Banyoles in

Table 14
Taxonomic considerations for Banyoles.

Group Not
possible

Unlikely Possible Reason

European Middle Pleistocene specimen X Late Pleistocene date
Late-surviving European Middle Pleistocene specimen X Middle Pleistocene fossils <400 kya all show Neandertal features
Late-surviving Levantine Middle Pleistocene specimen X No clear affinities with Nesher Ramla
Neandertal X No Neandertal features present
Neandertal/Homo sapiens hybrid X No Neandertal features present
Homo sapiens X 3D GM placement
Non-Neandertal/Homo sapiens hybrid X 3D GM placement and rudimentary chin structures
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the details of the anterior symphyseal morphology (i.e., lack of
chin structures), in showing parallel alveolar and basal borders of
the corpus, and in the lack of both an H-O mandibular foramen
and bridging of the mylohyoid line. Nesher Ramla differs from
Banyoles in showing a more posteriorly placed mental foramen, a
likely retromolar space behind the M3, a more steeply inclined
mylohyoid line and inferiorly facing digastric fossae. Thus,
Neandertal affinities are more clearly expressed in Nesher Ramla
than in Banyoles. The 3D GM analysis in the Nesher Ramla study
also included Banyoles in the comparative sample, but these two
specimens did not cluster closely together in shape space
(Hershkovitz et al., 2021). Rather, Nesher Ramla fell closest to the
Neandertals, while Banyoles fell closest to the H. sapiens speci-
mens in the analysis (Hershkovitz et al., 2021). This makes it
unlikely that Banyoles represents a late-surviving individual of
this Levantine Middle Pleistocene group.

The lack of Neandertal features and the Upper Pleistocene age of
Banyoles suggest a possible assignment to H. sapiens, despite the
lack of chin structures. In fact, the expression of chin features is
somewhat attenuated in fossils that have been attributed to early
H. sapiens. The juvenile mandible Jebel Irhoud 3 shows a raised
central keel and mental fossae on either side of the midline and an
inferiorly positioned mental trigone (Hublin and Tillier, 1981;
Hublin et al., 2017). These same features are less pronounced in the
adult Jebel Irhoud 11 mandible which, however, does show some
curvature of the anterior face (incurvatio mandibulae anterior;
Hublin et al., 2017). Jebel Irhoud 11 is similar to the Tabun C2
mandible in a number of details, including the symphyseal
morphology. In particular, Tabun C2 shows a clear depression
below the incisors (incurvatio mandibulae anterior) and some
development of pogonion, and this specimen has been argued to
show modern affinities (Quam and Smith, 2002).

Similarly, the early H. sapiens specimens from Qafzeh and Skhul
show variable development of the chin structures, with several
specimens showing a broad depression just below the incisors and
a swelling at the base of the anterior symphysis but lacking a
central keel and well-defined mental trigone (Schwartz and
Tattersall, 2000). Thus, early H. sapiens fossils show incomplete
and variable development of the chin structures, although all these
specimens predate Banyoles by at least 30 ka (Skhul/Qafzeh) and as
much as 200 ka (Hublin et al., 2017).

Fossils attributed to H. sapiens that are approximately contem-
poraneous with Banyoles (ca. 45e66 ka) have recently been
documented at the Grotte Mandrin in France (ca. 51.7e56.8 ka;
Slimak et al., 2022) and at the Levantine site of Manot (ca. 66 ka;
Alex et al., 2017). Unfortunately, no mandible is preserved at either
of these sites, so it is not possible to draw any conclusions regarding
affinities with Banyoles. Other European sites that have yielded
H. sapiens fossils that may overlap chronologically with Banyoles
include Bacho Kiro, Peştera cu Oase, Zlatý K�u�n, and Kent's Cavern.
Of these specimens, the Oase 1 mandible provides the most direct
comparisonwith Banyoles. Notably, both Banyoles and Oase 1 show
an expanded gonial profile and vertical symphysis, features which
distinguish them from Neandertals. However, Oase 1 differs from
Banyoles in showing a clear H-O form of the mandibular foramen
on one side, a very wide ramus and a greater development of the
chin structures, including the presence of a prominent symphyseal
tubercle and lateral fossae, and a mentum osseum rank of 4
(Trinkaus and Rougier, 2013). Notably, ancient DNA evidence for
Oase 1 revealed that this specimen shared 6e9% of its DNA with
Neandertals and may have had a Neandertal ancestor as recently as
4e6 generations ago (Fu et al., 2015).

Ancient DNA sequencing of the Neandertal genome within the
last decade has shed light on our understanding of Neandertal and
H. sapiens admixture (Green et al., 2010; S�anchez-Quinto et al., 2012;

Sankararaman et al., 2012; Prüfer et al., 2014; Fu et al., 2014, 2015;
Posth et al., 2017). Prüfer et al. (2014) found that RMH shares on
average 1.4e2.1% of Neandertal DNA based on a complete genome
sequence from the Neandertal found in the Altai mountains. That
sameyear Lohse andFrantz (2014) compared threeRMHgenomes to
that of a Neandertal from the site of Vindija (Croatia) and found even
higher shared DNA ranging from 3.4 to 7.9%.

These genetic studies also shed light on the timing of Neandertal
and RMH admixture. More recently, Posth et al. (2017) proposed
genetic evidence for an early, and potentially ancestral, African
population introgression event before 270 ka in the Neandertal
lineage to explain a discrepancy in the mitochondrial genome of
Neandertals from their genetic predecessors. Another study by
Sankararaman et al. (2012) demonstrated that the latest episode of
gene flow from Neandertals to non-Africans most likely occurred
between 47 and 65 ka. Based on the fossil genetic evidence, one of
the earliest H. sapiens in Europe, Peştera cu Oase 1, was found to
share 6e9% Neandertal DNA. Mitochondrial DNA of H. sapiens was
sequenced from bone fragments at Bacho Kiro Cave, Bulgaria dating
to 46 ka but found no evidence of Neandertal admixture (Hublin
et al., 2020). In Western Siberia, the Ust-Ishim H. sapiens dating
to 45 kawas found to share 2.3% Neandertal DNA (Fu et al., 2014). In
Czechia, the Zlatý K�u�n cranium dated to a minimum of 45 ka was
found to share around 3% Neandertal DNA (Prüfer et al., 2021). Also,
in the Middle East, where the oldest H. sapiens fossils are found
outside of Africa, Green et al. (2010) hint at a single admixture
event occurring there and suggest it fits a timeline of 50e80 ka
(Green et al., 2010; Smith, 2013; Wall et al., 2013). Thus, while
Neandertals disappeared from the fossil record as a distinct bio-
logical entity during the second half of the Late Pleistocene, genetic
admixture with H. sapiens occurred onmore than one occasion, and
their genetic legacy lives on today in RMH.

Furthermore, several studies on hybridity in the genus Homo
(Duarte et al., 1999; Tattersall and Schwartz, 1999; Trinkaus et al.,
2003; Gunz and Harvati, 2011; Smith, 2013; Ackermann et al.,
2016; Smith et al., 2017) have argued for species/subspecies
introgression by highlighting a derived feature of one species in
an individual of another separate species/subspecies, and the
mixture of Neandertal and H. sapiens features in Oase 1 is
consistent with this perspective. In contrast, the lack of Nean-
dertal features in Banyoles would seem to rule out hybridization
with a Neandertal, but admixture with a non-Neandertal archaic
Homo ancestor could still potentially account for why Banyoles
retained primitive features not seen in modern H. sapiens.
Notably, some attenuated chin structures have been argued to be
present in both the Zhoukoudian and Tighenif mandibles
(Weidenreich, 1936; Schwartz and Tattersall, 2000), although
both samples are far removed from Banyoles in time and geog-
raphy, making these populations unlikely candidates for hy-
bridization or gene flow with Banyoles. While the lack of chin
structures in Banyoles might be explained by admixture with a
non-Neandertal archaic Homo form, no such population has been
identified in the Late Pleistocene European fossil record.

5. Conclusions

The results of the present study have demonstrated clearly that
Banyoles does not show any derived Neandertal features. This calls
into question previous assessments of Banyoles as representing
either a Neandertal or a Middle Pleistocene Neandertal precursor.
While the precise taxonomic classification is uncertain, Banyoles
clearly does not represent a Neandertal. The age range for Banyoles
is approximately 45e66 ka and broadly corresponds to when Ne-
andertals were present throughout Europe. Thus, the lack of
Neandertal features in Banyoles is surprising. The age range of
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Banyoles does also encompass the date for early H. sapiens fossils
from the Levant and Europe.

Thus, this study argues Banyoles represents a non-Neandertal
Late Pleistocene European individual. The 3D GM analysis clearly
grouped Banyoles with H. sapiens, but the lack of chin structures
complicates this assignment and leaves a taxonomic decision on
the specimen currently open. While the lack of chin structures in
Banyoles might be explained by admixture with a non-Neandertal
archaic Homo form, no such population has been identified in the
Late Pleistocene European fossil record, and European Middle
Pleistocene fossils that lack Neandertal features predate Banyoles
by at least 300 ka. The present situation makes Banyoles a prime
candidate for ancient DNA or proteomic analyses, which may shed
additional light on its taxonomic affinities. Regardless, Banyoles
highlights the continuing signal of diversity in the human fossil
record.
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