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c Universitat Autònoma de Barcelona, Campus de la UAB, 08193 Cerdanyola del Vallès, Barcelona, Spain 
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1. Introduction 

In 1976, the first Homo fossils were found at the Xujiayao (XJY; also 
named Houjiayao) site locality 74093, Nihewan Basin, Northern China. 
Later excavations yielded a total of 21 cranial fragments, including 13 
parietal bones, two occipital bones, one left temporal bone, one partial 
left maxilla, one partial mandible, and three isolated teeth (Wu et al., 
2022). Recently, Wu et al. (2022) reconstructed the posterior portion of 
a cranium, XJY 6, with three of the fragments: a right parietal (originally 
PA 1490), an occipital (PA 1486), and a left temporal bone (PA 1498). A 
series of dating methods have been applied to the material from this site, 
resulting in various ages: 125–104 ka by uranium series (Chen et al., 
1984), 200–160 ka by optically stimulated luminescence (Li et al., 
2014), and 370–270 ka by electron spin resonance (Ao et al., 2017). The 
optically stimulated luminescence date is consistent with the 
cold-adapted fauna at the site and therefore more likely to be repre
sentative of the chronology of Homo in the site (Norton and Gao, 2008; 
Wu et al., 2022). 

The examination of the XJY fossils reveals a mosaic morphological 
pattern, exhibiting a combination of both derived (Neanderthal- and 
modern human-like) and archaic features (as seen in some Early to 

Middle Pleistocene Homo specimens). Several anatomical traits of the 
XJY Homo were suggested to display a Neanderthals-like morphology 
(Wu et al., 2014). The XJY 1 maxilla displays a bilevel nasal floor 
(Franciscus, 2003; Wu et al., 2012), a broad and rounded nasal margin, 
and strongly shoveled maxillary central incisors and canines (Wu and 
Poirier, 1995; Liu et al., 2013; Wu and Trinkaus, 2014). The XJY 14 
mandible features a wide mandibular ramus, an asymmetrical mandib
ular notch, an enlarged superior medial pterygoid tubercle, and a 
probable retromolar space (Wu and Trinkaus, 2014). The temporal bone 
of XJY 6 (originally designated as XJY 15) exhibits a high sagittal lab
yrinth index (i.e., the arc of the posterior canal is positioned low relative 
to the plane of the lateral canal; Spoor et al., 2003) and a relatively large 
lateral semicircular canal (Wu et al., 2014). However, the XJY remains 
also display characteristics that deviate from those typically observed in 
Neanderthals. The crowns of the M1s show a subrectangular outline in 
occlusal view, a prominent cingular development, and peripherally sit
uated cusps (Xing et al., 2015). The XJY 14 mandible possesses a 
mandibular gonial eversion and an open mandibular foramen (Wu and 
Trinkaus, 2014). The external morphology of the XJY 6 temporal bone 
bears little resemblance to that of Neanderthals, presenting a high and 
rounded squamosal portion. Additionally, the zygomatic arch extends 
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posteriorly above the auditory meatus, forming a supramastoid crest 
that terminates at the parietal notch. Notably, the long axis of the 
external acoustic meatus is oriented vertically rather than horizontally 
(Wu and Trinkaus, 2014). 

Evidence from ancient DNA indicates that Neanderthals and Deni
sovans diverged approximately 550,000 to 765,000 years ago (Meyer 
et al., 2016), or between 800 ka and 1 Ma based on dental morphology 
(Gómez-Robles, 2019). Both ancient DNA and morphological data sug
gest that Sima de los Huesos hominins are likely among the earliest 
members of the Neanderthal lineage (Arsuaga et al., 2014; Meyer et al., 
2014, 2016). However, in absence of genetic data and due to the 
apparent morphological variability observed in the eastern Asian Middle 
to Late Pleistocene fossil record, the phylogenetic relationships of most 
Homo fossils, such as XJY, Dali, Xuchang, and Jinniushan, with Deni
sovans and Neanderthals, remain unclear and this topic is currently 
under intense debate (Bae et al., 2023a, 2023b). Denisovans are the 
sister group of Neanderthals and, based on genetic analyses of living 
populations, it has been suggested that Denisovans lived in Asia, where 
they probably met and interbred with the ancestors of living humans 
(Meyer et al., 2012; Huerta-Sánchez et al., 2014). An analysis based on 
DNA methylation maps also suggested that morphologically, Denisovans 
should differ from modern humans, but show a high number of simi
larities with Neanderthals (Gokhman et al., 2019). The morphology of 
the XJY specimens is markedly different from that of early modern 
humans and shows some similarities to Neanderthals, which previously 
led to the proposal that they could represent Denisovans (Demeter et al., 
2022). Previous metric studies have revealed Neanderthal-like charac
teristics in the bony labyrinth of XJY 6 (Wu et al., 2014, Fig. 1), but here 

we provide more detailed insights into this crucial anatomical structure 
using a geometric morphometric approach. Therefore, this study aims to 
compare the 3D shape of the bony labyrinth of XJY 6 with that of Early 
Pleistocene Homo, Neanderthals, and Homo sapiens to assess whether 
XJY falls within the range of one of the comparative groups, and/or if it 
could represent a Neanderthal or possibly a Denisovan. 

2. Materials and methods 

To elucidate the taxonomic relationships between the Homo fossils, 
XJY, and other human groups, we relied on a comparative sample 
comprising African Early Pleistocene Homo, Homo erectus s.s. (i.e., Asian 
Homo erectus, e.g., Antón et al., 2007) and Neanderthals, as well as Late 
Pleistocene and recent H. sapiens (Table 1). Information on the scans of 
XJY 6 and comparative samples can be found in Supplementary Online 
Material (SOM) Table S1. The bony labyrinth of all the individuals was 
segmented in Avizo v. 7.1 (FEI Visualization Sciences Group, Hillsboro) 
and Mimics v. 23.0 (Materialise, Leuven) using a semi-automatic 
approach based on grey value thresholding, with manual corrections 
when sediments were filling the canal lumen. Shape analyses were 
carried out in R v. 4.3.1 (R Core Team, 2023) using the packages ‘geo
morph’ v. 4.0.6 (Baken et al., 2021), ‘Morpho’ v. 2.11 (Schlager, 2017), 
and ‘ggplot2’ v. 3.4.4 (Wickham, 2016). 

For the full bony labyrinth analysis, a total of 148 landmarks and 
semilandmarks (SOM Fig. S1; SOM Table S2) were placed along the 
outer surface of the common crus, semicircular canals, and cochlea. The 
landmark configuration is inspired by those of Beaudet et al. (2019) and 
Gunz et al. (2012), differing only in the slightly smaller number of 

Fig. 1. The bony labyrinth of XJY 6 in posterior (a), anterior (b), lateral (c), medial (d), superior (e), and inferior views (f).  
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semilandmarks for the canals and cochlea, which nonetheless allows to 
adequately capture patterns of shape variation (e.g., Perier et al., 2016). 
In addition, we conducted an analysis restricted to the semicircular 

canals (total of 98 landmarks and semilandmarks) to better understand 
the similarities between XJY 6 and the analyzed groups. Generalized 
Procrustes alignments were performed on the landmarks and equidistant 
semilandmarks (as in Beaudet et al., 2019; but see Gunz et al., 2012) to 
allow shape analysis with the function ‘gpagen’. Landmarks and semi
landmarks were placed by the same author (Y.Z.) to avoid inter-observer 
error. Intra-observer error was assessed by repeating landmark place
ment three times at different times for randomly selected individuals. 
This subset was Procrustes aligned and inspected by means of principal 
component analysis to ensure that differences between landmarking it
erations are negligible (SOM Fig. S2). 

We computed standard and cross-validated between group principal 
component analyses (bgPCA and CV-bgPCA) with the ‘groupPCA’ 
function, using Early Pleistocene Homo (African Early Pleistocene Homo 
sp. + H. erectus s.s.), Neanderthals, and H. sapiens as grouping factors, on 
the Procrustes aligned landmark data to inspect the patterns of shape 
variation occurring in the sample. The CV-bgPCA was used to ensure the 
absence of spurious grouping (Cardini and Polly, 2020) in the obtained 
results (SOM Figs. S3 and S4). The landmark configuration of XJY 6 was 
projected a posteriori into the shape space both in the full labyrinth and 
semicircular canal only analyses. We computed the typicality proba
bility of XJY for each group with the ‘typprobClass’ function, the latter 
describing whether XJY 6 could be considered as an outlier for each of 
the groups (note that these probabilities are given as p-values for the null 
hypothesis of group membership and do not sum up to 100%). The shape 
changes along major bgPCA axes were visualized via superimposed 
landmark wireframes. 

Table 1 
Analytical sample composition and chronological context.  

Group Sample composition Chronology 

Xujiayao Xujiayao 6 200–160 ka (Li et al., 
2014) 

African Early 
Pleistocene Homo 
(n = 2) 

SK 27, SK 847 2.2–1.8 Ma (Pickering 
et al., 2011) 

Homo erectus s.s. (n =
4) 

Sangiran 2, 4 1.4 Ma or 0.9 Ma ( 
Matsu’ura et al., 2020) 

Hexian 0.41 Ma (Grün et al., 
1998) 

Lantian 1.63 Ma (Zhu et al., 2015) 
Neanderthals (n = 14) Engis 2 44.2–40.6 ka (Devièse 

et al., 2021) 
Gibraltar 1 42 ka (Wood et al., 2013) 
Krapina 38.1, 38.12, 38.20, 
38.21, 39.1, 39.13, 39.18, 
39.20, 39.3 

130–120 ka (Rink et al., 
1995) 

La Ferrassie 1, La Ferrassie 2 54-40 ka (Guérin et al., 
2015) 

Tabun C1 143–112 ka (Grün and 
Stringer, 2000) 

Homo sapiens (n = 20) Longlin 14.3–11.5 ka (Curnoe 
et al., 2012) 

Ziyang 39–37 ka (Li and Zhang, 
1984) 

Asian, African, and European 
extant humans 

Modern (Dayal et al., 
2009; Zhang and 
Schepartz, 2021)  

Fig. 2. Scatterplot of the first two between group principal components (bgPCs; a). Wireframes of the full landmark configuration show shape changes along bgPC1 
and bgPC2 (b). Purple and cyan configurations correspond to maximum and minimum of each bgPC. Specimen abbreviations: Kr = Krapina, S = Sangiran, TC =
Tabun, G = Gibraltar, LF = La Ferrassie. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article). 
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3. Results 

The results of the bgPCA reveal the distinctiveness of Neanderthals 
from H. sapiens and Early Pleistocene Homo (Fig. 2). Homo sapiens and 
both African Early Pleistocene Homo and H. erectus s.s. have similar 
negative bgPC1 scores due to the possession of large anterior and pos
terior canals, a small and low positioned lateral canal, a vertically ori
ented and medially positioned cochlear coiling, as well as a wide first 
cochlear turn and tightly coiled second and third turns. Neanderthals are 
well separated from the other groups along bgPC1, with a more supe
riorly positioned lateral canal (as the result of the rotation of both lateral 
canal and posterior canals forming an acute angle among them), a 

vertically inclined anterior ampulla, a very short and stout common 
crus, somewhat small anterior and posterior canals, and a tight first 
cochlear turn. Early Pleistocene Homo (especially H. erectus s.s.) is 
separated from Neanderthals and H. sapiens along bgPC2 due to their 
more anteriorly positioned anterior semicircular canal, and shorter co
chlea with fewer turns. In both bgPC1 and bgPC2, XJY 6 clusters with 
Neanderthals, showing similar morphological. This result is further 
confirmed by the typicality probabilities obtained for XJY 6, showing 
that it is compatible with the group distribution of Neanderthals (SOM 
Table S3). 

The analysis of the semicircular canals (Fig. 3) is consistent with the 
results obtained for the full configuration (Fig. 2). The pattern captured 

Fig. 3. Scatterplot of the first two between-group principal components (bgPCs; a) with the extreme shapes of the semicircular canal landmark configurations 
between bgPC1 minimum (purple) and bgPC1 maximum (cyan), as well as bgPC2 minimum (purple) and bgPC2 maximum (cyan; b). Specimen abbreviations: Kr =
Krapina, S = Sangiran, TC = Tabun, G = Gibraltar, LF = La Ferrassie. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article). 
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by the first two bgPCs mirrors that obtained with the full bony labyrinth, 
although the differences between H. sapiens and Neanderthals are 
reduced, and Early Pleistocene Homo is separated from H. sapiens on 
bgPC2. Also, XJY 6 falls outside the convex hull of Neanderthals and lies 
between them and H. sapiens. This is caused by two facts. First, 
compared to the whole configuration, modern humans show wider 
shape variation in the semicircular canals, which hampers identifying 
nuanced differences with Neanderthals in the first bgPC. Second, the 
shape of the cochlea and its position relative to the canals in XJY 6 are 
good indicators of its Neanderthal affinities. Nonetheless, typicality 
probabilities attribute XJY 6 to Neanderthals, although similarities with 
Homo sapiens are recovered (SOM Table S3). 

4. Discussion and conclusions 

The distinct labyrinth morphology that differentiates Neanderthals 
from Early Pleistocene Homo and H. sapiens observed in this study aligns 
with previous morphometric analyses, showing that Neanderthals have 
a more elevated position of the lateral semicircular canal, a larger lateral 
semicircular canal, a narrower anterior canal, a shorter posterior canal, 
and a more vertically inclined ampulla line (Hublin et al., 1996; Spoor 
et al., 2003; Wu et al., 2014). However, geometric morphometrics 
allowed us to confirm that additional features distinguish these groups. 
In particular, the elevated position of the lateral semicircular canal is a 
composite character influenced by both the orientation of the lateral and 
posterior canals. These two canals also exhibit more torsion in Early 
Pleistocene Homo and H. sapiens compared to Neanderthals. The present 
analyses show that the angle between the lateral and posterior planes of 
the semicircular canals and the orientation of the basal turn of the co
chlea also differ between Neanderthals and other groups. Given the 
strong phylogenetic signal embedded in bony labyrinth shape (Spoor 
and Zonneveld, 1998; Lebrun et al., 2010; Urciuoli et al., 2020, 2021) 
and its importance for assessing dispersal distances in humans (Ponce de 
León et al., 2018), the present results based on inner ear morphology 
suggest a close phylogenetic relationship between XJY 6 and Neander
thals, and, by extension, possibly between XJY 6 and Denisovans. 
Consistent with a number of observed dental and cranial features, bony 
labyrinth morphology provides indications to connect the XJY speci
mens to Denisovans. As shown by paleogenetic analyses, Neanderthals 
and Denisovans are sister-groups (Meyer et al., 2012; Slon et al., 2018), 
and they likely share a number of morphological features (Demeter 
et al., 2022), but also probably differ in some cranial traits (Gokhman 
et al., 2019). The XJY cranial remains show a mosaic of Neanderthal-like 
traits and more primitive morphology as found in some Early and Middle 
Pleistocene Homo (Wu et al., 2012, 2013, 2014), together with a large 
cranial capacity exceeding the average value of Neanderthals (Wu et al., 
2022). The shape of a Denisovan parietal bone from Denisova Cave has 
been suggested to be similar to that of the XJY fossils (Viola et al., 2019). 
The mandibular morphology of XJY 14 displays Neanderthal-like fea
tures (an asymmetrical mandibular notch, an enlarged superior medial 
pterygoid tubercle), as well as an unusual depression in the planum 
triangulare (Wu and Trinkaus, 2014). Dental morphology also aligns the 
XJY fossils with those from Denisova Cave. The M2 PA1480 from XJY 
(Xing et al., 2015) is nearly identical in size and occlusal morphology to 
Denisova 4 (Sawyer et al., 2015). The enamel-dentine junction of the 
lower molar PA1500 (Xing et al., 2015) also strongly resembles that of 
the M2 of the Xiahe mandible (Chen et al., 2019) and the isolated molar 
TNH2-1 (Demeter et al., 2022), both regarded as Denisovan specimens. 
Collectively, the discrepancies in cranial shape between XJY humans 
and Neanderthals, the morphological similarities of the XJY fossils with 
the few clearly identified Denisovan remains, and the absence of Ne
anderthals in Eastern Asia, suggest that these individuals very likely 
represent Denisovans. 

The attribution of XJY humans to Denisovans has consequences for 
our understanding of human bony labyrinth evolution. Since most 
Neanderthal features in the bony labyrinth are not found in early 

Neanderthals, as highlighted by the Sima de los Huesos hominins (Quam 
et al., 2016; Conde-Valverde et al., 2023; Velez et al., 2023) and other 
Middle Pleistocene specimens (Spoor et al., 2003; Wu et al., 2014; Quam 
et al., 2016; Conde-Valverde et al., 2018), their presence in Denisovans 
would imply that it does not represent a retention of the plesiomorphic 
condition of the clade and must have been acquired after their split from 
Neanderthals (i.e., <500 ka; Meyer et al., 2016). One hypothesis is that 
the Neanderthal-like lateral canal morphology might have been present 
in the last common ancestor, but lost by the Sima de los Huesos homi
nins, possibly as a consequence of genetic drift related to a bottleneck 
that happened around 500–400 ka (Rogers et al., 2017). The evidence 
provided by another Iberian individual from the Gruta de Aroeira and 
dated to ca. 400 ka (Conde-Valverde et al., 2018) suggests that it 
belonged to a population with no clear similarities with Sima de los 
Huesos hominins, but that it was also lacking the typical 
Neanderthal-like canal morphology. The condition of these earliest 
known members of the Neanderthal lineage questions about the chro
nogeographic timing of fixation of this trait in the Nean
derthal–Denisovan clade. Assuming that the XJY hominins are 
Denisovans, the markedly Neanderthal-like morphology of the inner ear 
could have been inherited from the last common ancestor of these 
groups. It is also possible that this trait evolved independently in both 
Neanderthals and Denisovans, or that it resulted from interbreeding 
between these Asian Homo groups and Neanderthals that occurred later 
than 200 ka, i.e., after the onset of a full set of Neanderthal characters in 
the bony labyrinth (Hill et al., 2014). While we cannot discount the 
former hypotheses based on the available data, the latter is largely in 
accordance with the results from molecular analyses of Asian Late 
Pleistocene Neanderthals and Denisovans suggesting frequent admix
ture among them (Prüfer et al., 2014; Slon et al., 2018). Given the 
remarkable morphological variability of eastern Asian Middle Pleisto
cene humans (Ni et al., 2021; Roksandic et al., 2022; Bae et al., 2023a, 
2023b), further studies based on additional craniodental features and 
molecular analyses will be necessary to confirm the attribution of the 
XJY fossils to Denisovans and their phylogenetic relationships with 
Middle to Late Pleistocene Homo. 
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DNA sequences from two Denisovan individuals. Proc. Natl. Acad. Sci. USA 112, 
15696–15700. 

Schlager, S., 2017. Morpho and Rvcg – shape analysis in R: R-packages for geometric 
morphometrics, shape analysis and surface manipulations. In: Zheng, G., Li, S., 
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Pääbo, S., Derevianko, A.P., 2019. A parietal fragment from Denisova cave. Am. J. 
Phys. Anthropol. 168 (S68), 258. 

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New 
York.  

Wood, R.E., Barroso-Ruíz, C., Caparrós, M., Jordá Pardo, J.F., Galván Santos, B., 
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