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Cochlear morphology of Indonesian Homo erectus from Sangiran

Abstract

Homo erectus s.l. is key for deciphering the origin and subsequent evolution of genus
Homo. However, the characterization of this species is hindered by the existence of multiple
variants in both mainland and insular Asia, as a result of divergent chronogeographical
evolutionary trends, genetic isolation, and interbreeding with other human species. Previous
research has shown that cochlear morphology embeds taxonomic and phylogenetic
information that may help infer the phylogenetic relationships among hominin species. Here
we describe the cochlear morphology of two Indonesian H. erectus individuals (Sangiran 2
and 4), and compare it with a sample of australopiths, Middle to Late Pleistocene humans,
and extant humans by means of linear measurements and both principal components and
canonical variates analyses performed on shape ratios. Our results indicate that H. erectus
displays a mosaic morphology that combines plesiomorphic (australopith-like) features,
(such as a chimp-like round cochlear cross section and low cochlear thickness) with derived
characters of later humans (a voluminous and long cochlea, possibly related to hearing
abilities)—consistent with the more basal position of H. erectus. Our results also denote
substantial variation between the two studied individuals, particularly in the length and radius
of the first turn, as well as cross-sectional shape. Given the small size of the available
sample, it is not possible to discern whether such differences merely reflect intraspecific
variation among roughly coeval H. erectus individuals or whether they might result from
greater age differences between them than currently considered. However, our results
demonstrate that most characters found in later humans were already present in Indonesian
H. erectus, with the exception of Neanderthals, which display an autapomorphic condition

relative to other Homo species.

Keywords: Fossil humans; Inner ear; Cochlea; Morphometrics; Human Evolution;

Southeastern Asia.
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1. Introduction
1.1. Homo erectus from Indonesia

In 1891, a ‘pithecoid’ calotte and a ‘humanoid’ femur allowing for a bipedal stance were
discovered at the Trinil site in the island of Java. The following description of
Pithecanthropus erectus by Dubois (1892) represented a drastic paradigm shift in human
evolutionary studies, until then centered in Europe. Subsequent surveys in southeastern
Asia by von Koenigswald during the late 1930s led to the discovery of several hominin-
bearing sites within the Solo River Basin. The Sangiran Dome, found along a tributary of the
Solo River, is one of the richest fossil sites, having yielded several dozen hominin
specimens, comprising craniodental and postcranial material and including some remarkably
complete crania and numerous calvariae! (Koenigswald and Weidenreich, 1939;
Weidenreich, 1945; Jacob, 1973; Day, 1986). The dome is formed by a partly eroded
anticlinal holding Neogene and Quaternary lacustrine and fluviatile deposits, with two
hominin-bearing stratigraphic units: the Lower Pleistocene Pucangan (Sangiran) and the
Middle Pleistocene Kabuh (Bapang) Formations. Despite considerable efforts, the lower
boundary of the Pucangan Formation, where the oldest hominin remains were found, and
thus that of the arrival of H. erectus at Java, is still contentious, being dated to either 21.5 Ma
(Larick et al., 2001; Anton and Swisher, 2004; Zhu et al., 2004; Kaifu et al., 2011), ~1.4 Ma
(Matsu'ura et al., 2005; 2020), or ~0.9 Ma (Sémah et al., 2000; Hyodo, 2001). While the
specimens recovered from the Kabuh Formation clearly belong to H. erectus due to their
derived human morphology (Kaifu et al., 2005), the taxonomic allocation of the fossils from
the Pucangan Formation is still debated (e.g., Weidenreich, 1945; Koenigswald, 1951;

Krantz, 1975; Franzen, 1985a,b; Schwartz and Tattersal, 2003; Schwartz, 2016).

1 Here we preferred to use ‘calvaria’, rather than ‘calvarium’, for referring to the bones constituting the
neurocranium. While both wordings are viable singular form alternatives, we decided to follow the main
definition by White et al. (2012): “The calvaria (or calvarium) [emphasis in the original] is the cranium without
the face.”, which presents calvarium as a secondary option. Furthermore, we considered more advisable to
rely on the original Latin word ‘calvaria’ (feminine, plural: calvariae), rather than on the New Latin term
‘calvarium’ (neuter, plural: calvaria) that derived from the former later in time.
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Over the years, taxonomic opinions about Early Pleistocene Javanese hominins have
changed due to different interpretations of the considerable morphological variation
expressed by the Pucangan specimens and the presence of homoplastic characters in the
dentition of Early Pleistocene Homo and Pongo (Smith et al., 2009, 2018; Zanolli et al.,
2019). At present, following Mayr’s (1950) lumping influence, almost all Sangiran hominin
specimens are customarily referred to H. erectus (albeit not without criticism; Schwartz
2016). However, initially they were variously attributed to multiple taxa (such as
Pithecanthropus robustus, Pithecanthropus dubius, H. erectus modjokertensis,
Meganthropus paleojavanicus, or even Pongo) and the allocation of many has changed over
time or is still pending (Koenigswald and Weidenreich, 1939; Weidenreich, 1945;
Koenigswald, 1950; Krantz, 1975, 1994; Tyler, 2003, 2004, 2006). The great variability of H.
erectus and the taxonomic uncertainties about this species probably stem from the complex
evolutionary context posed by the physiography of the Indonesian archipelago. Eustatic sea-
level changes during the Plio-Pleistocene likely led to several isolation phases that would
have had a major role in shaping the faunal diversity of this region, including H. erectus
(Djubiantono and Sémah, 1991; Antén, 2003; Schwartz and Tattersall, 2003). This is further
complicated by the possible inclusion of nonhominin specimens within the H. erectus
hypodigm, as suggested by the resurrection by Zanolli et al. (2019) of Meganthropus
palaeojavanicus as a valid taxon distinct from H. erectus.

The heterogeneity of the Sangiran hominin sample is best exemplified by the partial
calvaria Sangiran 2 (S2) and the fragmentary cranium Sangiran 4 (S4; Fig. 1a, b). These
specimens represent opposite extremes in terms of gracile and robust cranial proportions,
respectively (Santa Luca, 1980). The S2 calvaria shows clear similarities with the H. erectus
holotype (Trinil 2; Schwartz and Tattersall, 2003), both in size (being fairly small) and
morphological details (e.g., the shape of the superior, lateral, and posterior profiles, the low
bregmatic swelling, and the slight frontal ‘keel’), thus warranting a straightforward attribution
to H. erectus (e.g., Koenigswald and Weidenreich, 1939). Conversely, S4 has always been

subject to controversy, being originally designated as the holotype of Pithecanthropus
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robustus, and subsequently considered by Weidenreich (1945, 1956) to be an intermediate
form between a giant hominid species (such as Gigantopithecus) and more gracile H.
erectus. S4 is indeed thick-boned, being also distinctive by the large and medially located
mastoid process and a peculiar drainage pattern in the sigmoid sinus (Schwartz, 2016). The
retention of some primitive features in the palate (e.g., the precanine diastemata and the
slightly anteriorly projecting canines) even led some authors to question its hominin status
(Krantz, 1975, 1994; Tyler, 2003, 2004, 2006), although such a claim seems no longer

tenable (Durband, 2008).

1.2. Cochlear morphology and human evolution

Given all these persisting uncertainties about Indonesian H. erectus, the analysis of inner
anatomical structures that might provide additional taxonomic and phylogenetic information
is of utmost significance. This is the case of the bony labyrinth of the inner ear, which has
been extensively investigated in hominids (Spoor and Zonneveld, 1994; 1998; Rook et al.,
2004; Braga et al., 2015; Le Maitre et al., 2017; Urciuoli et al., 2021a) and, especially,
hominins (Spoor et al., 1994, 2003; Ni et al., 2010; Braga et al., 2013; Osipov et al., 2013;
Wu et al., 2014; Quam et al., 2016; Conde-Valverde et al., 2018; Crevecoeur et al., 2016;
Ponce de Lebn et al., 2018; Beaudet, 2019; Beaudet et al., 2019; Ward et al., 2020). The
bony labyrinth is composed of the semicircular canals and the vestibule, which encase the
vestibular system (in charge of perceiving linear and angular accelerations), as well as the
cochlea, which houses the hearing organ. Recent studies have demonstrated that
semicircular canals are useful for inferring hominin taxonomic affinities (Braga et al., 2013;
Wu et al., 2014; Crevecoeur et al., 2016; Conde-Valverde et al., 2018; Beaudet, 2019;
Beaudet et al., 2019) and modern human dispersal distances from Africa (Ponce de Leén et
al., 2018), as well as for phylogenetic reconstruction (Urciuoli et al., 2020; 2021b). In
contrast, most studies dealing with the cochlea have investigated the relation between its
morphology and hearing function (e.g., Manoussaki et al., 2008; Kirk and Gosselin-Ildari,

2009; Braga et al., 2021), although recent analyses have shown that cochlear shape further
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embeds phylogenetically informative characters (Braga et al., 2015; Conde-Valverde et al.,
2018; 2019; 2020; Beaudet, 2019; Beaudet et al., 2019).

As a result of the larger number of available Neanderthal specimens, their cochlear
morphology has been studied in more detail (Spoor et al., 2003; Beals et al. 2016; Conde-
Valverde et al., 2019). Previous studies have reported multiple similarities (some interpreted
as homologous and others as homoplastic) in cochlear morphology between Neanderthals
and modern humans. In particular, both species share a similarly long first turn of the
cochlea (Conde-Valverde et al., 2019), a large cochlear volume (Beals et al., 2016), and a
thickened cochlear coiling—all of them interpreted as derived relative to early hominins and
chimpanzees (Conde-Valverde et al., 2019). In addition, similarities in cochlear volume have
been used to infer a comparable hearing range for modern humans and Neanderthals (Beals
et al., 2016), while evidence coming from the outer and middle ear has allowed to
reconstruct a similar sound power transmission and occupied bandwidth in both taxa
(Conde-Valverde et al., 2021). Finally, Conde-Valverde et al. (2019) identified an
evolutionary morphocline among Neanderthals, with younger specimens showing some
autapomorphic features (e.g., very low number of cochlear turns and extremely short third
turn) that are absent from older specimens such as those from Krapina in Croatia (Beals et
al., 2016).

Information about cochlear morphology in Middle Pleistocene humans is limited to the
data available only for the sample from Sima de los Huesos in Spain (Conde-Valverde et al.,
2019), the Aroeira 3 cranium from Portugal (Conde-Valverde et al., 2020), and Hexian 1
from China (Wu et al., 2014). A detailed analysis of cochlear shape in the Iberian hominins
showed that they differ from both Neanderthals and modern humans, by possessing an
intermediate morphology between Pan troglodytes and Late Pleistocene and Holocene
humans. In particular, Middle Pleistocene humans from the Iberian Peninsula display a
mosaic of some plesiomorphic hominin features (relatively short first cochlear turn,

somewhat rounder cross section, narrow coiling thickness, and fairly small volume) coupled
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with characters displayed by later humans (long cochlea relative to their body mass, short
third turn, and reduced number of turns; Conde-Valverde et al., 2019, 2020).

Cochlear shape remains largely unexplored in several hominin species, such as H.
erectus. Aside from Spoor’s (1993) seminal work, Braga et al. (2015) first provided
information about early hominin cochlear morphology when describing the remains of South
African australopiths (Australopithecus and Paranthropus) and Early Pleistocene Homo.
These authors highlighted the presence of a phylogenetic signal in the cochlear variables
analyzed by them, and suggested that Homo species are apomorphic relative to earlier
hominins in the possession of a longer cochlea relative to their body size when the length is
standardized by the number of cochlear turns—possibly an adaptation for increased hearing
sensitivity at low frequencies (Braga et al., 2015). South African hominins have also been
inspected by means of 3D geometric morphometrics techniques (Beaudet, 2019; Beaudet et
al., 2019), which allowed to identify a unique coiling morphology (with a very tight
spiralization, unlike that of other australopiths and modern humans) in early Homo
specimens (especially SK 27) and a few Paranthropus individuals. Unfortunately, this feature
has not been analyzed in other early Homo specimens, and the evolution of hominin
cochlear morphology during the Early Pleistocene is unknown to a large extent, except for
brief reports on the H. erectus s.l. specimens OH 9 from Olduvai, Tanzania (Spoor, 1993;
Spoor and Zonneveld, 1994) and Lantian 1 from China (Wu et al., 2014; Wu and Zhang,

2016).

1.3. Aims of this study

To fill in the gap of knowledge on the cochlear shape morphology of Early Pleistocene
humans and explore its implications for the evolution of this anatomical structure in the
origins and early evolution of genus Homo, here we describe and analyze the cochlear
morphology of two H. erectus individuals from Sangiran (S2 and S4). This work represents
the first detailed description of the cochlear morphology for this species. First, we inspect the

cochlear morphology of both specimens by means of linear measurements and shape ratios,
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and compare it to that of other Plio-Pleistocene hominins and extant humans using different
multivariate approaches. Second, we rely on cochlear morphology to evaluate several
competing taxonomic attributions proposed for the analyzed specimens as well as to refine
previous evolutionary inferences about this structure regarding the genus Homo. Finally, we
further infer the hearing ranges of the two H. erectus individuals and compare them with

those of modern humans and other hominins.

2. Materials and methods
2.1. Studied material

The fossil material analyzed in the present study comprises the S2 calvaria (Koenigswald
and Weidenreich, 1939) and S4 fragmentary cranium (partial calvaria and maxilla;
Weidenreich, 1945; Schwartz and Tattersall, 2000), both attributed to H. erectus (e.qg.,
Schwartz and Tattersall, 2000, 2003). Both specimens were collected from an area that
ranges from the Grenzbank zone and the upper levels of the Upper Sangiran formation (~1.4
Ma; Larick et al., 2001; or ~0.9 Ma; Matsu’ura et al., 2020) and are currently housed at the
Senckenberg Research Institute and Natural History Museum Frankfurt in Germany as part

of the Gustav Heinrich Ralph von Koenigswald collection.

2.2. Comparative sample

The comparative sample (n = 42; Table 1) is composed of modern humans (n = 10),
Neanderthals (n = 7), Sima de los Huesos humans (n = 10), Australopithecus spp. (n= 10),
Paranthropus spp. (n = 3), South African early Homo (n = 2), and Middle Pleistocene Homo
sp. (n = 1). The australopith and early Homo specimens come from different South African
sites (see Supplementary Online Material [SOM] Table S1), which span from ~4.02—-3.67 Ma
to 2.01 Ma in the case of Australopithecus (Pickering and Kramers, 2010; Granger et al.,
2015), and date to ~2.19-1.80 Ma regarding Paranthropus and early Homo (McKee et al.,
1995; Gibbon et al., 2014). The comparative sample of Middle and Late Pleistocene

hominins includes individuals from the Sima de los Huesos site (0.43 Ma, Spain; Arsuaga et
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al., 2014) together with Neanderthals from France and Israel (71-60 ka; Schwarcz et al.,
1989; Rink et al., 2001; Rendu et al., 2014; Guérin et al., 2015; Frouin et al., 2017), as well
as the Aroeira 3 cranium from Gruta da Aroeira, Portugal, dated to 0.436—0.389 Ma (Daura
et al., 2017). Three-dimensional geometric morphometric techniques could not be applied
because 3D models are not available for the Sima de los Huesos and Neanderthal
specimens, and hence we relied on linear measurements. As a cautionary note, it must be
stressed that some individuals from the comparative sample are subadults (StW 329, SK 27,
La Ferrassie 8, Cr. 3, Cr. 7, AT-421, AT-1907) and that some previous analyses have
identified ontogenetic changes in the relative orientation of the cochlea relative to the middle
and outer ear regions (McRackan et al., 2012). However, the bony labyrinth fully ossifies
between 17-19 weeks of gestation and reaches its adult size before birth (Scheuer and
Black, 2000; Jeffery and Spoor, 2004), while the variables here employed are unrelated to
the orientation of other cranial structures. Therefore, the inclusion of juveniles in the
comparative sample—as it is often the case in the literature (e.g., Conde-Valverde et al.,

2019; Beaudet et al., 2019)—seems warranted.

2.3. Sample preparation

The S2 and S4 partial crania were uCT-scanned at the Steinmann-Institute of Geology,
Mineralogy und Palaeontology at the University of Bonn, using a phoenix V|tome|x S240.
For S2, a total of 1300 projections were obtained using voltage = 200 kV and current = 200
MA, with magnification = 4.58, resulting in a voxel size of 0.087 mm after reconstruction. A
total of 1500 projections were obtained for S4 with voltage = 180 kV and current = 180 uA,
and magnification = 4.54, achieving a voxel size of 0.088 mm after reconstruction. Due to
their preservation state, only the right bony labyrinth of each individual was used. The uCT
scans of the australopith, early Homo, and modern human samples were performed at
different facilities (see SOM Table S1 for further information), and reconstructed with voxel
sizes ranging between 0.0135 and 0.088 mm. The reconstructed slice stacks were

segmented in Avizo v. 7.0 (FEI Visualization Sciences Group, Houston) following the
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protocol defined by Kirk and Gosselin-llidari (2009), which considers the variation in bone
density throughout the petrosal. The high-density threshold (HT) has been identified at the
first cochlear turn between the lumen and the cortical bone by averaging the maximum and
minimum gray values (Spoor and Zonneveld, 1995). Similarly, we identified a low-density
threshold (LT) at the boundary between the less dense modiolar bone and the cochlear
lumen. Finally, we obtained a high-adjusted threshold (HAT) by averaging LT and HT. The
volume of each individual was then obtained as the average of the volumes measured with
the LT and HAT. Because the cochlear cavity of some of the fossil specimens was partly or
completely filled with matrix (S4, MLD 37/38, STS5, STS19, and SK27), the segmentation
was carried out using the HAT only, as already performed by Conde-Valverde et al. (2019) in
the case of sediment filled cochlear lumen, with additional manual corrections when there
was not enough contrast at the boundary between the bone and the sediment. In the case of
the Aroeira 3 individual, we used the reconstructed surface provided by Conde-Valverde et
al. (2018: SOM File S1). The 3D models of the cochlea were obtained by separating it from
the rest of the bony labyrinth in Avizo, using the position of the round window and of the
basilar gap (the gap between the primary and secondary osseous spiral laminae) as
reference (Kirk and Gosselin-lldari, 2009). The meshes were then imported into Geomagic
Studio v. 2014.3.0 (3D Systems, Rock Hill) to remove possible self-intersections and non-
manifold faces, to fill the holes produced by the cutting with a flat surface, and eventually
measure cochlear volume. The uCT scans and 3D models of S2 and S4 are stored in the
Senckenberg institutional digital repository and are accessible for the scientific community

upon request.

2.4. Data collection and statistical analyses

With the exception Neanderthals and Sima de los Huesos individuals, whose
measurements were taken from the literature (Conde-Valverde et al., 2019: SOM Table S1),
all the included specimens were directly measured in Avizo using the same landmarks,

reference planes, and linear measurements defined by Conde-Valverde et al. (2019). For the
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present analysis we relied on a subset of the variables described by Conde-Valverde et al.
(2019), including: cochlear length (CL, mm), length of the first turn (L1, mm), length of the
third turn (L3, mm), radius of the first turn (R1, mm), radius of the third turn (R3, mm),
cochlear volume (Vol, mm3), angle of the third turn (A3), number of turns (NT; defined as the
number of the complete turns + A3/360°), width (Sw, mm), height (Sh, mm), and area (ABT,
mm?) of the first turn cross section, and cochlear thickness (CTh, mm). We also computed
the turn proportions (%L1, %L2, and %L3) defined as the length of each turn divided by total
cochlear length. All the variables were measured on the 3D model generated using the HAT.
Conversely, to ensure direct comparisons with previously published results for primates and
hominins (Kirk and Gosselin-lldari, 2009; Braga et al., 2015; Conde-Valverde et al., 2019),
cochlear volume was defined as the average between the volumes obtained using the LT
and HAT during segmentation. The ABT was measured in ImageJ (Schneider et al., 2012)
on an image of the cross-section taken from a view perpendicular to the cross-sectional
plane. For each of the aforementioned variables (except A3, which is used to compute NT),
we relied on box-and-whisker plots to assess their variability within the various groups
defined in the comparative sample, as well as to compare them with individual fossil
specimens.

To investigate the proportions of the cross section at the first cochlear turn, we inspected
the correlation between Sh and Sw by means of an ordinary least squares (OLS) allometric
regression (using decimal logarithms) performed in R Studio v. 1.1.453 for R v. 3.5.0 (R
Core Team, 2019), using the ‘stats’ package. We also relied on a box-and-whisker plot to
assess the variation in the Sw/Sh ratio. To test for significant differences among extant
groups, we used an analysis of variance (ANOVA) with Bonferroni-corrected Mann-Whitney
post hoc pairwise comparisons performed in R. Furthermore, we computed z-scores (z =
[measurement — mean] / SD) for individual fossil specimens to test whether they significantly
differ (z > |1.96]) from the a priori defined groups of the reference sample

We converted the metrical variables into dimensionless shape indices (denoted by an

asterisk following variable abbreviations) by dividing the former by the geometric mean of all
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the variables in each individual (Mosimann, 1970; Jungers et al., 1995). We then performed
a principal components analysis (PCA) on ten shape variables (CL*, L1*, L3*, Vol'?*, Sh*,
Sw*, R1*, R3*, CTh*, and NT*; SOM Table S2) to inspect patterns of shape variation. The
PCA was performed in R using the ‘ade4’ v. 1.7-16 package (Dray and Dufour, 2007). We
also performed a canonical variate analysis (CVA) on the same shape variables included in
the PCA, using the ‘Morpho’ v. 2.6 package (Schlager, 2017) for R, to assess the closest
morphometric affinities of individual fossil specimens by classifying them into various groups
defined a priori within the comparative sample. We used modern humans, Neanderthals,
australopiths (Australopithecus + Paranthropus), and Sima de los Huesos humans as a
priori defined groups, assuming equally distributed prior probabilities. The H. erectus S2 and
S4, the early Homo SK 27 and SK 847, and the Middle Pleistocene Aroeira 3 specimens
were projected a posteriori onto the morphospace identified by the CVA to classify them
based on the Mahalanobis squared distances between their projected scores and those of
group centroids. For these fossil specimens, we computed cross-validated posterior
probabilities as well as typicality probabilities (Albrecht, 1992) of group membership; the
latter were obtained using the ‘typprobClass’ fuction of the ‘Morpho’ package. Posterior and
typicality probabilities rely on different assumptions and are used in a complementary
manner. The former assumes that the analyzed individuals must belong to one of the a priori
defined group and thus add up to 100% for all the groups together. Conversely, the typicality
probabilities allow to evaluate the similarity of an individual to each group separately, based
on the distribution of the scores in each group. The classification of individual specimens into
one of the a priori defined groups relies on the highest probability in both cases, but the
typicality probabilities further represent the p-value to test the null hypothesis of membership
for each group. In other words, the highest posterior probability denotes the highest
morphometric affinities, but a significant typicality probability (p < 0.05) might still denote that

the specimen does not fit with the variation of the group with the highest posterior probability.

2.5. Estimation of hearing capabilities
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To assess hearing capabilities in fossil hominins, we relied on the correlation between the
log-transformed cochlear volume and both low and high hearing frequency limits for primates
as a whole (Kirk and Gosselin-lldari, 2009). Conde-Valverde et al. (2019) highlighted some
discrepancies between the estimates—based on the regression obtained for the
aforementioned correlation —and the empirical values reported by audiogram data for extant
humans (Heffner, 2004), thus indicating that the estimated values must be interpreted with
caution. Particularly, the empirical values obtained from audiograms of modern humans
(Heffner, 2004) demonstrate that this correlation is especially accurate in the case of the low
frequency limit (LFL), while it overestimates the high frequency limit (HFL; Conde-Valverde
et al., 2019). Hence, besides directly employing the regressions published by Kirk and
Gosselin-lldari (2009) to estimate the hearing frequency limits, we also computed an
adjusted high frequency limit value (AHFL). This adjustment was made by multiplying the
HFL estimates by a scaling factor corresponding to the quotient between the empirical mean
value known for extant humans (17.6 kHz; Heffner, 2004) and the mean estimated for extant
humans in the present study. Even if modern humans represent the best option available, as
they are the closest extant species to the analyzed fossil taxa, caution should be used when
interpreting the adjusted estimates, as the scaling factor is being used across taxa. The
variation in estimated LFL and AHFL for the groups included in the comparative sample was
inspected by means of box-and-whisker plots. Finally, we computed the z-scores for
individual fossil specimens to test whether they significantly differ from the variation of AHFL

and LFL displayed by the aforementioned groups.

3. Results
3.1. Description

The right bony labyrinths of S2 and S4 are completely preserved, even if the cochlea of
S4 is almost completely filled with sediment, and thus allowed us to readily extract the 3D
models of the cochlea (Fig. 1). While both specimens resemble each other in some features,

such as the low CTh and intermediate NT, they also display some differences, particularly in
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the shape of the first turn cross section (slightly elliptical in S2, round in S4) and in its ABT
(larger in S4), the volumetric proportions (smaller Vol in S2 despite a similar CL), and the
size of the R1 relative to the R3 (larger in S4; Table 1). The cochlea of S2 shows a narrow
CTh (Fig. 1a). Itis long and moderately coiled (NT = 2.54), with a not very extended L1 as
compared with the somewhat longer L3 relative to L1 and CL. The Vol is moderately large
and the first turn cross section has a small area, and appears slightly elliptical (Sw/Sh =
0.86; Fig. 2). The R1 is not very long, being slightly more than twice the size of the R3
(R1/R3 = 2.09). In turn, S4 shows an even narrower cochlea (very low CTh; Fig. 1b) than
S2. The CL is long and moderately coiled, quite similar to that of S2. Conversely, the Vol is
large and the proportion between L1 and L3 is much higher. The cross section at the first
turn is much larger than in S2 and almost perfectly round (Sw/Sh = 0.98; Fig. 2) and the R1

is much longer than the R3 (R1/R3 = 2.75).

3.2. Comparisons

When compared with other fossil hominins and extant humans, the cochlear morphology
of S2 appears more primitive (australopith-like) than that of S4 (Fig 3; Table 1). Particularly,
the CTh of S2 is very narrow, falling outside the ranges of modern human, Sima de los
Huesos and Neanderthals, and being even narrower than in most australopiths (Fig. 3h).
The small R1 and L1 of S2 do not fit either with the ranges of variation of modern humans
and Neanderthals, and rather resemble those of australopiths and Sima de los Huesos (Fig.
3d,f). When the relative length of the turns is considered, S2 falls instead within the range of
both modern humans and australopiths (Fig. 4). The relatively small ABT falls within the
range of all groups except modern humans (Fig. 3k), being farther than one SD from the
mean of Neanderthals and modern humans only (Table 1). The medium-sized Vol is
intermediate between the ranges of humans and australopiths, falling in the overlapping
zone between them (below the range of modern humans) and within one SD from the means

of all groups except modern humans (Fig 3b). Conversely, the cochlea of S2 shows
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similarities with modern humans, Neanderthals and Sima de los Huesos humans in the
possession of a long CL, which is longer than in most australopiths (Fig. 3c).

The combination of features found in S4 is unlike that of the other analyzed specimens
(Figs. 2 and 3; Table 1). The CTh is very narrow, as in S2 and most australopiths. At the
same time, S4 shows closer similarities than S2 with modern humans and fossils attributed
to the genus Homo (Fig. 1). The CL and L1 are long (longer than in australopiths), similar to
those of Neanderthals and modern humans (Fig. 3c, d). Notably, the turn proportions of S4
appear more similar to those of Neanderthals and of Sima de los Huesos humans, while
modern humans show a lower %L1 and higher %L3 (Fig. 4). The R1 is long as well, only
falling within the range of variation of modern humans (Fig. 3f), and the R1/R3 ratio is larger
(R1/R3 = 2.75) than in most of the analyzed specimens. The Vol of S4 is very large, and
overlaps only with the range of modern humans, falling at less than one SD from the modern
human mean (Fig. 3b; Table 1). The ABT is also large and falls at the high end of the
modern human and Neanderthal range (Fig. 3k). Altogether, the values displayed by S4 for
Vol, L1, ABT, and R1 resemble those of Homo and fall well outside the range of
australopiths (Fig. 3b; Table 1). Finally, S4 possesses a round cross section of the first turn,
more so than in S2 and in any other analyzed specimen (Fig. 2). Due to the large overlap
between the different hominin groups analyzed, the remaining variables (L3 and NT) are
slightly less informative, yet they rule out close similarities between Indonesian H. erectus
and Neanderthals (Fig. 3a, e).

Given that S2 and, especially, S4 differ from extant and fossil humans by the rounder first
turn cross section, we investigated the correlation between Sh and Sw by means of an
allometric regression (Fig. 2a). Data used for computing the regressions are given in SOM
Table S2. The results indicate a significant (p < 0. 001) isometric correlation between the
variables (slope = 0.877 £ 0.251 95% CI; intercept = 0.360 £ 0.147 95% CI; Fig. 2a), albeit
with some dispersion (r? = 0.62), with most australopiths falling below and humans above the
best-fit line. The two Sangiran specimens both fall below the regression line, like the early

Homo SK 27 and the Aroeira 3 specimens. Conversely, SK 847 falls slightly above the
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regression line, like later and extant humans. Differences in the cross-sectional shape of the
first turn are even clearer based on the Sw/Sh ratio. The pairwise comparisons for this ratio
denote significant differences between australopiths and all other human groups (p < 0.001),
while the latter do not significantly differ among each other. In addition, SK847 more closely
resembles humans, yet it does not significantly differ from any of the groups based on the z-
scores, as neither does SK27, falling in the overlap zone between the upper range of
humans and australopiths (Table 2). Similarly, Aroeira 3 occupies an intermediate position
between these groups, although it significantly differs from Neanderthals (Table 2).
Regarding the studied specimens, S2 most closely resembles australopiths (and does not
overlap with humans; Table 2), while S4 possesses a much rounder cross section than any
other analyzed specimen (Fig. 2b; SOM Table S2) and falls outside the range of any group

(Table 2).

3.3. Multivariate shape analyses

Principal components analysis The PCA performed on cochlear shape variables shows a

considerable amount of overlap between the analyzed hominin groups and only enables a
clear discrimination between australopiths and Neanderthals, as well as between modern
humans and Sima de los Huesos (Fig. 5). The shape variation captured by the first principal
component (PC1, 48.8% of variance) is mainly driven by differences in R1*, L1*, Vol**, CL*,
and Sw*, toward negative scores, as well as by L3*, with a positive loading (Fig. 5; Table 3).
Hence, the huge amount of overlap along this axis does not allow to discern clearly between
the groups, with only a few Neanderthals specimens (most negative values)that could be
pulled apart from rest of the comparative sample (intermediate and positive values, except
for Paranthropus). When the two Indonesian H. erectus are considered, S4 falls on
moderately negative scores for PC1, outside the range of Australopithecus and at the lower
range of modern humans and Paranthropus, due to its larger Vol* and L1*, as well as the
larger radius of the first turn, which mainly resemble the condition found in some

Neanderthal individuals. Conversely, S2 fits within the range of variation of all the groups
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defined in the comparative sample along PC1, as it shows a long CL* coupled with
moderately large Vol* and R1*, together with a long L3*. Among the fossil comparative
sample, early Homo SK 847 shows a morphology that is intermediate between those of S2
and S4, while neither the other early Homo (SK 27) nor the Aroeira 3 specimens display
close morphometric affinities with the studied specimens (Fig. 5).

The PC2 (16.8% of variance) is driven by differences in few variables—Sh*, CTh* toward
positive and NT* toward negative scores (Table 3). Like for PC1, the overlap between the
various groups along PC2 is extensive (Fig. 5). Nonetheless, this axis separates most
australopith specimens (moderate to very negative scores) from humans (moderate to very
positive scores), due to the broader CTh*, more elliptical cochlear cross section (low Sw/Sh;
Fig. 2b) and less coiled cochlea (lower NT*) in the latter. Along PC2, S2 falls clearly outside
that of humans (both extant and fossil) and shows closest morphometric affinities with
australopiths, especially due to their very narrow CTh*. For the same reason, also S4 and
SK 27 fall at the lowest end of the human range on somewhat less negative scores than S2.
The other early Homo specimen, SK 847, together with the Aroeira 3 individual are found on
intermediate PC2 scores, more clearly overlapping with fossil and extant humans due to
their larger CTh* (particularly in SK 847) and smaller Sw/Sh ratio (Fig. 2b).

When PC1 and PC2 are considered simultaneously, the similarities between S2 and
australopiths appear even clearer as the former falls well within the range of the latter and
outside the variation of Homo. Conversely, S4 does not fit well with the variability of either
Homo and australopiths, falling outside their convex hulls, albeit very close to Sima de los
Huesos and, to a slightly lesser extent, both Neanderthals and australopiths. Similarly,
despite some closer affinities with later occurring humans, Aroeira 3 falls outside the convex
hulls of modern humans, Sima de los Huesos, and Neanderthal variation, and closer to that
of australopiths. In turn, the two early Homo individuals also fall apart from one another, with
SK 27 markedly departing from the range of variation of the analyzed groups and SK 847
falling in the overlap zone between Neanderthals and Sima de los Huesos, not far from

modern humans.



442  Canonical variates analysis The CVA performed on the same ten shape variables used in

443  the PCA correctly classified 97.5% of the specimens (82.5% after cross-validation; Table 4).
444  After cross-validation, all modern humans were correctly classified, while Sima de los

445  Huesos humans show the highest number of misclassified individuals (30%), with two

446  individuals classified as Neanderthals (AT-421 and Cr.13) and one as modern human (AT-
447  1907). In the case of Neanderthals, two specimens were classified as Sima de los Huesos
448  humans (La Ferrassie 8 and Kebara 1), resulting in 71% of correctly classified specimens, a
449  result very close to the one obtained for the Sima de los Huesos humans. Similarly, two

450  australopith specimens (84% correct classification) were misclassified as modern humans
451  (MLD 37/38 and StW 573).

452 The CVA discriminates well among the four a priori defined groups (Fig. 6), with only

453  minimal overlap between Sima de los Huesos humans and Neanderthals, despite the fact
454  that the three out of four groups belong to genus Homo. The first canonical variate (CV1,
455  64% of variance) discriminates Neanderthals and Sima de los Huesos humans from

456  australopiths and modern humans, and is driven mostly by Vol*** and R1* and, to a lesser
457  extent, Sw*, all toward negative scores. The Sh* is the only variable possessing a

458  moderately positive effect on the CV1 (Table 5). The CV2 (31% of variance) pulls apart

459  modern humans from australopiths and Sima de los Huesos humans, while Neanderthals
460  occupy an intermediate position. The Vol** is the main factor positively influencing CV2
461  scores, followed by Sh*, L3*, and R1* with similar lower loadings. In contrast, Sw* and NT*
462  drive CV2 toward negative scores with a similar loading (Table 5). Hence, in combination,
463  CV1 and CV2 discriminate well modern humans (with negative CV1 and positive CV2

464  scores) from other groups due to the larger Vol***, longer R1*, more elliptical cross section
465  (low Sw/Sh ratio; Fig. 2b), and moderately higher NT* of the former. Australopiths display
466 negative CV1 and CV2 scores due to the high NT*, moderate Vol***, long R1* and L3*, and
467  similarly-sized Sw* and Sh*. Both Sima de los Huesos humans and Neanderthals differ from
468  australopiths and modern humans due to a shorter L3* and lower NT*, combined also with a

469  slightly longer CL*, thus displaying positive scores along CV1. At the same time,
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Neanderthals differ from Sima de los Huesos humans by the larger Vol*** and broader
CTh*, thus being somewhat closer to modern humans along CV2 (the moderate positive
scores are due to the low NT* in Neanderthals), while Sima de los Huesos humans appear
similar to the australopiths condition, characterized by a moderately small Vol*3*, narrow
CTh*, and fairly round cochlear cross section (hence falling on negative CV2 scores).

Sangiran 2 falls on moderate negative scores for both CV1 and CV2, at the edge of the
convex hull of australopiths and close to the Paranthropus specimens. This is due to its
moderate Vol'?**, coupled with a low CTh*, fairly long L3*, and slightly elliptical cochlear
cross section. Sangiran 4 falls outside the variation of the comparative groups, close to the
hull of australopiths on negative CV2 and, particularly, CV1 scores (Fig. 6). Indeed, while the
Vol*** and R1* of S4 are larger than in most australopiths, the Sw/Sh = 1 and narrow CTh*
are most similar to those of australopiths rather than Homo species. Both SK 847 and
Aroeira 3 display moderate negative values for both CV1 and CV2, falling outside the
variation of the inspected groups—with SK 847 being almost equidistant from modern
humans, Sima de los Huesos humans and australopiths—while Aroeira 3 approaches the
convex hull of Sima de los Huesos humans. Finally, SK 27 falls within the convex hull of
Sima de los Huesos humans, due to the low NT* combined with a small Vol'**.

The posterior probabilities of group membership (Table 6) classify the Sangiran
specimens as australopiths with very high probabilities even after cross-validation (99.5%
and 96.3% for S2 and S4, respectively), thereby denoting closer morphometric affinities in
cochlear shape with australopiths. However, while the typicality probabilities of group
membership (Table 6) further indicate that S2 significantly differs from the three human
groups but not australopiths (and thus confirm its overall australopith-like morphology), S4
represents an outlier for all the groups, suggesting that its cochlear shape does not fit well
with the variability displayed by any group. Among the fossil comparative sample (Table 6),
SK 847 is classified as an australopith with a high posterior probability (95.5%), as further
supported by the typicality probabilities, which do not recover it as an outlier for this group. In

turn, Aroeira 3 shows closest affinities with Sima de los Huesos and is classified as such
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with a high posterior probability (82.8%), while its typicality probabilities reject the null
hypothesis of group membership for all the other groups (Table 6). The early Homo SK 27
specimen is the only fossil individual classified as a Neanderthal with a high posterior
probability (82.8%). However, as for S4, the typicality probabilities demonstrates that it falls

outside the range of variation of any group (Table 6).

3.3. Estimates of auditory capabilities

The LFL and HFL estimates obtained for the studied and comparative samples are
reported in Figure 7 and Table 7. The estimated hearing range for modern humans ranges
from 24.0 Hz to 20.6 kHz. Our HFL estimates (mean = 20.79 kHz) are on average 15.3%
higher than the empirical mean derived for modern humans (17.6 kHz; Heffner, 2004),
thereby suggesting that the regression might be overestimating HFL and strengthening the
view that HFL estimates should be adjusted.

The results show that S2 matches the range of variation of all the investigated hominin
groups except that of modern humans (showing lower values for both AHFL and LFL; Fig. 7;
Tables 7 and 8). Nonetheless, the AHFL estimate for S2 (19.85 kHz) is compatible with the
nominal range for extant humans, and most similar to the condition estimated for the early
Homo specimen SK 847 (Fig. 7; Table 7). Sangiran 4, on the other hand, is most similar to
modern humans, falling into their distribution for the AHFL and LFL (Fig. 7; Table 7), while it
only significantly differs from Sima de los Huesos humans (Table 8). Among the analyzed
specimens from the comparative fossil sample, Aroeira 3 is the only one that matches the
hearing range of modern humans, while both SK 847 and SK 27 significantly differ from the

latter (and SK 27 also from Sima de los Huesos humans and Neanderthals; Fig. 7; Table 8).

4. Discussion
4.1. Cochlear morphology in human evolution
Although our analysis is focused on the cochlear morphology of H. erectus from

Sangiran, the inspection of the modern human sample adds information about the
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intraspecific variability of this species. In particular, our results indicate a higher maximum
volume than previous analyses, whereas the minimum value is similar (Beals et al., 2016;
Conde-Valverde et al., 2019). Given that all studies have relied on the same segmentation
protocol, this result is most likely related to individual variation and suggests a higher
intraspecific variability than previously reported for modern humans. Furthermore, the
inclusion of other extinct hominins in the fossil comparative sample further allows us to
provide insight on the evolution of this anatomical structure from a broader perspective—
which is essential for correctly inferring the polarity of change and hence adequately
interpreting the cochlear morphology of the investigated specimens. Our results first reveal
important cochlear characters of australopiths and South African early Homo (Table 9) that
remained unnoticed due to the approaches used in previous analyses (Braga et al., 2015;
Beaudet, 2019; Beaudet et al., 2019), which did not capture differences in cochlear volume,
cross section, and thickness. In particular, our results show that australopiths differ from
Middle/Late Pleistocene and extant humans by a rounder cochlear cross section (Sw/Sh
ratio closer to 1), shorter L1, and smaller Vol. All three characters were previously identified
as hominine symplesiomorphies based on the chimpanzee condition (Conde-Valverde et al.,
2019), but our analyses reveal that the plesiomorphic condition for these features was still
retained in early hominins (australopiths). In contrast, the two analyzed early Homo
specimens only appear plesiomorphic in the small Vol and short L1, while more closely
resembling later humans (especially SK 847) in the possession of an oval cross section. Our
results further indicate that both Neanderthals and modern humans are derived in the long
R1, although the comparatively shorter R1 of Sima de los Huesos suggests that such a
similarity might be homoplastic feature, as in the case of several other cochlear features
(Conde-Valverde et al., 2019)—maybe owing to similar architectural constraints imposed by
the course of the facial nerve, which is similar in both species (Spoor et al., 2003) and known
to influence the expansion of the cochlear coiling within the petrosal in modern humans

(Pietsch et al., 2017).
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Thanks to the inclusion of a broader comparative sample than in previous studies, our
results further imply that some other previous inferences must be reconsidered. Conde-
Valverde et al. (2019) suggested that the possession of an oval cross section might be
homoplastic between Neanderthals and modern humans, given the retention of a
plesiomorphic round cross section in the Sima de los Huesos humans (considered to
represent an early stage of the Neanderthal lineage; Arsuaga et al., 2014; Meyer et al.,
2016). However, an inspection of the australopith morphology indicates instead that the
Sima de los Huesos humans (sharing a similar Sw length with the australopiths, yet
possessing a longer Sh) should be regarded as possessing an oval morphology, similar to
that of later occurring humans, thereby implying that this feature is likely synapomorphic
between Neanderthals and modern humans, at least to some extent. Indeed, the similar
morphology displayed by the early Homo SK 847, coupled with the intermediate condition
found in Aroeira 3 and SK 27, further supports that a somewhat oval cross section might
have emerged earlier than previously thought along hominin evolution. Similarly, while it has
proposed that both Neanderthals and modern humans are derived in the thicker CTh
(Conde-Valverde et al., 2018), the comparison with australopiths indicates that Neanderthals
should be rather regarded as less derived than modern humans. Finally, and contrary to
previous suggestions, our results for L3, %L3, and NT show that these features vary
considerably among hominins. Particularly, Paranthropus and early Homo display very low
values for NT (Braga et al., 2015; Beaudet et al., 2019), L3, and %L3, showing closest
similarities with Neanderthals, which are considered autapomorphic for these characters
(Conde-Valverde et al., 2019). Accordingly, homoplasy might have also played a role in the
evolution of these features. Overall, our results confirm that the ancestral condition for the
genus Homo most likely included a short CL (both relative to body mass and in absolute
value) and L1, a small Vol and R1, low CTh, and a round cross section, while similarities

between Neanderthals and extant humans might be homoplastic to a large extent.

4.2. Evolutionary and paleobiological implications of Sangiran 2 and 4 cochlear morphology
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Our results demonstrate that the two analyzed H. erectus specimens, S2 and S4, are
quite different from one another, regardless of some similarities in the long CL—a
synapomorphy of humans except its earliest representatives—as well as in the narrow CTh
and round cochlear cross section—which are hominine plesiomorphic characters retained by
australopiths and some early Homo individuals. Such dissimilarities between S2 and S4 may
have different explanations. It is generally assumed that S2 and S4 are roughly
contemporaneous (Watanabe and Kadar, 1985; Brasseur et al., 2015), but given some
uncertainties about the chronostratigraphical provenance of S2 and S4 and the collection
methods employed by von Koenigswald’s local collaborators (e.g., Tyler and Sartono, 2001),
the analyzed Sangiran specimens might come from populations more distant in time from
one another than previously assumed. Under the latter assumption, the more derived
cochlear morphology of S4 would be suggestive of a younger (late Early/Middle Pleistocene)
age relative to S2. However, this is at odds with the clear similarities between S2 and the
Trinil 2 specimen (Schwartz and Tattersall, 2003; Schwartz, 2016), dated to the Middle
Pleistocene (Berghuis et al., 2021).

Irrespective of age uncertainties, it remains to be ascertained whether the differences
between S2 and S4 reflect intraspecific variation (as generally assumed) or are indicative of
taxonomic differences at the genus and/or species rank—as formerly concluded by previous
authors that assigned S4 to a different species (Weidenreich, 1945) or even suggested
pongine affinities (Krantz, 1975, 1994; Tyler, 2003, 2004, 2006). The cochlear morphology of
S4, together with its palate and dental morphology (Durband, 2008), allow us to rule out the
latter claim. Indeed, despite the plesiomorphic cross section of the first turn (falling close to
the high end of the chimpanzee distribution; Conde-Valverde et al., 2019), the larger Vol and
R1 and longer L1 of S4 suggest closer affinities with Neanderthals and modern humans than
in the case of S2. Given the small sample available, the differences between S2 and S4
might simply reflect opposite ends of the intraspecific range of cochlear morphology variation
of H. erectus. Despite considerable differences in robusticity between S2 and S4 (Santa

Luca, 1980), their conspecific status is supported by their similarities in external cranial
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morphology to the H. erectus holotype (Koenigswald, 1940; Schwartz and Tattersal, 2003;
Schwartz, 2016), as well as by the overall marked variation within the H. erectus hypodigm
as currently conceived (Antdn, 2003; Rightmire, 1990; Thorne and Wolpoff, 1982; Wolpoff,
1996; Wolpoff et al., 2001). Under such an assumption, it may be inferred that Indonesian H.
erectus would have probably displayed, on average, an intermediate cochlear morphology
between S2 and S4, and thus more derived than in australopiths and early Homo, but less
so than in later humans. Unfortunately, the scanty information on the cochlear morphology of
other Early and Middle Pleistocene H. erectus (Wu et al., 2014; Wu and Zhang, 2016) does
not favor either interpretation. Additional inner ear material of H. erectus s.l. from both Africa
and Asia should be inspected to test between these competing hypotheses in the future.

From a paleobiological viewpoint—and irrespective of the taxonomic and evolutionary
interpretation of differences in cochlear morphology between S2 and S4—the large Vol
found in S4 (and the hearing range estimated from it) closely resembles that of Neanderthals
and modern humans. Even if potentially variable, this is suggestive of a lowered high-
frequency cutoff, a possible homoplastic character for both taxa (Conde-Valverde et al.,
2019). This result is broadly compatible with an increased sensitivity to low frequencies,
which is a modern human autapomorphy relative to other primates (Heffner, 2004). Hence,
the S4 individual, and perhaps H. erectus more generally, currently represents the earliest
occurrence of a modern human-like hearing range, although this by itself cannot be used as
direct evidence suggestive of advanced speech capabilities.

Indeed, H. erectus s.l. is the first hominin species to clearly display a suite of human-like
adaptations, including not only a modern brain organization despite smaller cranial capacity
(Holloway et al., 2009; Ponce de Ledn et al., 2021), but further encompassing a very
committed terrestrial bipedalism (Harcourt-Smith, 2015), a more advanced (albeit not
completely modern human-like) pattern of dental development and inferred life-history profile
(Kelley and Bolter, 2013), and especially a diet including significant amounts of meat (Milton,
1999; Ben-Dor et al., 2021) and systematic stone tool-making abilities (Joordens et al.,

2015), both associated with the so-called human predatory pattern (Thompson et al., 2019).
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All these characteristics suggests that H. erectus s.l. represented the emergence of a new
hominin adaptive type (Wood and Collard, 1999), not fundamentally different from that
further elaborated by later humans. There is strong evidence in favor of the coevolution
between behavioral complexity and enhanced vocal communication abilities (Conde-
Valverde et al., 2021). Therefore, the possession—as hinted by the estimates obtained here
for S4—of a more modern-human-like hearing range in H. erectus than in any of its
predecessors may be hypothesized and should be subjected to more detailed investigation

in the future.

5. Conclusions

Our analyses indicate that cochlear morphology adequately distinguishes australopiths
from humans and further discriminates different human groups despite the presence of
homoplasies between modern humans and Neanderthals. Australopiths display overall a
plesiomorphic condition that confirms the ancestral morphotype previously inferred for
hominins—characterized by a short cochlear length (both in absolute and relative terms),
small volume, round cross-sectional shape, and short first cochlear turn. In turn, early Homo
specimens appear slightly more derived toward the modern human condition but less so
than later fossil humans. The inclusion of australopiths in the comparative sample allowed us
to refine the polarity of some characters, as well as to identify additional derived features for
humans. Based on these considerations, the studied specimens of Indonesian H. erectus
from Sangiran display a mosaic of plesiomorphic (australopith-like) and derived features,
consistent with their more basal status than other humans analyzed except for early Homo.

Both Sangiran specimens are largely plesiomorphic in cochlear thickness and cross-
sectional shape. Nevertheless, they also differ from one another in some other features.
Namely, S4 appears more derived toward later humans in its larger volume and longer and
larger first cochlear turn, while at the same time it retains an extremely round, chimpanzee-
like cross section. It cannot be completely ruled out that such differences result from S2 and

S4 belonging to different species and/or populations more distant in time than customarily
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assumed. However, based on similarities in cranial morphology—between them and relative
to other Indonesian specimens—the most plausible interpretation is that the differences
between S2 and S4 just represent opposite ends of the range of variation displayed by H.
erectus in cochlear morphology. The inspection of additional specimens of H. erectus s.I.
from both Africa and Asia will hopefully shed further light on this matter in the future, with
implications for understanding the entangled evolutionary history of hominins in southeastern
Asia and elsewhere.

In the meantime, the remarkable similarities between the hearing range estimated for S4
and those of Neanderthals and modern humans deserve further attention. In agreement with
previous inferences for Neanderthals, this suggests that H. erectus might have been more
modern-human-like than its hominin forerunners (including early Homo representatives) in
terms of hearing capabilities—consistent with other morphological and behavioral
innovations indicating that H. erectus s.l. was the first hominin to clearly display a human-like

adaptive strategy.
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Figure 1. Lateral view of Sangiran 2 calvaria (a) and Sangiran 4 partial cranium (b). Not to
scale. 3D model renderings of the Sangiran 2 (c, in red) and Sangiran 4 (d, in blue) cochlea

in lateral (top) and inferior (bottom) views. Scale bar = 5 mm.

Figure 2. Proportions of the first cochlear turn cross section. a) Bivariate ordinary least
square regression between log-transformed cross section height (log Sh) and width (log Sw).
b) Box-and-whisker plot of cochlear cross section aspect ratio (Sw/Sh). Horizontal lines
correspond to the median, boxes depict interquartile range, whiskers represent maximum
and minimum values within 1.5 times the interquartile range, and black dots are outliers. The
3D models at the low and high end of the distribution represent extreme morphologies of

cross-sectional shape (shaded in red): round (above) vs. oval (below).

Figure 3. Box-and-whisker plots of the cochlear variables analyzed in the present study and
derived from Conde-Valverde et al. (2018): a) number of turns (NT); b) cochlear volume (Vol,
in mm?); ¢) cochlear length (CL, in mm); d) length of the first cochlear turn (L1, in mm); e)
length of the third cochlear turn (L3, in mm); f) size of the first turn radius (R1, in mm); g) size
of the third turn radius (R3, in mm); h) cochlear thickness (CTh, in mm); i) height of the cross
section of the first cochlear turn (Sh, in mm); j) width of the cross section of the first cochlear
turn (Sw, in mm). Horizontal lines correspond to the median, boxes depict interquartile
range, whiskers represent maximum and minimum values within 1.5 times the interquartile

range, and black dots are outliers.

Figure 4. Box-and-whisker plots of cochlear turn proportions. Vertical lines correspond to the
median, boxes depict interquartile range, whiskers represent maximum and minimum values
within 1.5 times the interquartile range, and black dots are outliers. The wireframe on the

right depicts the three cochlear turns with red (L1), green (L2), and blue (L3) spheres.



1020 Figure 5. Patterns of cochlear shape variation among hominins based on the results of a
1021  principal component analysis, as depicted by bivariate plots between the first two principal
1022  components: PC2 vs. PC1. The variance explained by each PC is given along the

1023  corresponding axis. Four groups (modern humans, australopiths [Australopithecus +

1024  Paranthropus], Neanderthals, and Sima de los Huesos) were defined a priori. The convex
1025  hulls corresponding to the range of variation of each group are colored as follows: modern
1026  humans = blue; australopiths = brown; Neanderthals = lilac; Sima de los Huesos = green.
1027

1028  Figure 6. Patterns of cochlear shape variation among hominins based on the results of a
1029 canonical variates analysis, as depicted by bivariate plots between the first two canonical
1030 variates (CV): CV2 vs. CV1. The variance explained by each CV is given along the

1031  corresponding axis. Four groups (modern humans, australopiths [Australopithecus +

1032  Paranthropus], Neanderthals, and Sima de los Huesos) were defined a priori, while

1033  individual fossil specimens (the H. erectus S2 and S4, the early Homo SK 27 and SK 847,
1034 and the Middle Pleistocene human Aroeira 3) were projected post hoc onto the

1035 morphospace. The convex hulls corresponding to the range of variation of each group are
1036  colored as follows: modern humans = blue; australopiths = brown; Neanderthals = lilac;
1037  Sima de los Huesos = green.

1038

1039  Figure 7. Box-and-whisker plots of the hearing range limit estimates obtained for the studied
1040 and comparative samples: a) adjusted high frequency limit (in kHz; at 60db); b) low

1041  frequency limit (in Hz; at 60db). Horizontal lines correspond to the median, boxes depict
1042 interquartile range, whiskers represent maximum and minimum values within 1.5 times the
1043  interquartile range, and black dots are outliers. The plots are presented in logarithmic scale
1044  to facilitate the comparison between the results obtained for the high and low frequency limit.
1045  Abbreviations: AU = Australopithecus + Paranthropus; MH = modern humans; NE =

1046  Neanderthals; SH = Sima de los Huesos humans

1047
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Table 1

Cochlear variables measured for Indonesian Homo erectus (Sangiran 2 and 4) and the comparative sample.

Specimens/samples CL L1 L3 Vol Sw Sh R1 R3 CTh NT ABT
Indonesian H. erectus

Sangiran 2 39.04 21.20 5.66 66.80 1.81 2.14 3.79 1.81 1.58 2.54 2.93

Sangiran 4 41.72 24.20 5.17 89.13 2.39 2.45 4.32 1.57 1.70 2.47 4.39
Early Homo:

SK27 32.11 19.65 2.02 41.34 1.4 1.81 3.2225 1.26 1.54 2.15 1.9

SK847 35.73 20.70 3.52 63.74 1.75 2.39 3.7225 1.69 2.06 2.333 2.99
Middle Pleistocene Homo

Aroeira 3 40.94 21.47 7.01 76.46 1.72 2.20 3.84 1.94 2.54 2.64 2.80
Australopithecus (n = 10)

Mean (SD) 35.86 (2.62) 19.70 (1.27) 5.23(0.85) 58.97 (15.75) 1.70(0.22) 2.10(0.27) 3.53(0.23) 1.46 (0.21) 2.01(0.39) 2.63(0.15) 2.63(0.63)

Range 31.31-40.30 17.88-22.03 3.59-6.36 36.02-94.82 1.31-198 1.51-241 3.21-396 1.15-1.89 1.39-2.77 2.41-2.90 1.51-3.57
Paranthropus (n = 3)

Mean (SD) 36.46 (1.48) 21.17 (0.20) 3.89(0.99) 63.62(6.13) 1.90(0.06) 2.31(0.18) 3.73(0.13) 1.75(0.06) 1.65(0.25) 2.47(0.10) 3.21(0.46)

Range 35.01-38.48 20.90-21.37 3.16-5.30 58.11-72.17 1.82-1.97 2.17-2.57 3.67-3.80 1.53-2.03 1.35-1.96 2.36-2.60 2.85-3.86
Neanderthals (n = 7)2

Mean (SD) 41.11(2.89) 24.13(1.53) 3.90(1.57) 78.56(13.27) 1.84(0.13) 2.70(0.21) 3.99 (0.24) 1.61(0.26) 2.30(0.35) 2.37(0.13) 3.63(0.53)

Range 36.30-45.00 21.60-26.80 2.00-6.80 54.70-102.00 1.70-2.10 2.30-2.90 3.50-4.30 1.30-2.10 1.70-2.80 2.18-2.59 2.70-4.40
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Sima de los Huesos (n = 10)2

Mean (SD) 39.41 (1.96)
Range 35.30-42.10
Modern humans (n = 10)

Mean (SD) 41.81 (2.01)

Range 38.62-45.47

22.1(0.95) 5.10 (1.06)
20.50-23.60 2.90-6.60
22.91 (1.06) 6.46 (0.94)

21.61-24.74 4.12-7.61

60.31 (8.85)

44.90-71.60

91.01 (9.65)

72.64-107.98

1.71 (0.15)

1.40-1.90

1.88 (0.17)

1.65-2.20

2.33 (0.20)

1.80-2.50

2.68 (0.17)

2.33-2.95

3.73(0.12)

3.50-4.30

4.13 (0.18)

3.86-4.48

1.45 (0.15) 2.03(0.24) 2.53(0.15) 3.11 (0.49)
1.30-2.10 1.70-2.80 2.18-2.59  1.90-3.70
1.75(0.22) 2.59(0.26) 2.62 (0.08) 3.81 (0.61)
1.48-2.18 2.11-3.01 2.43-2.7  3.05-5.01

Abbreviations: CL = cochlear length (mm); L1 = length of the first turn (mm); L3 = length of the third turn (mm); Vol = cochlear volume (mm3);

Sw = width of the first turn cross section (mm); Sh = height of the first turn cross section (mm); R1 = radius of the 1st (basal) turn (mm); R3 =

radius of the 3rd (apical) turn (mm); CTh = cochlear thickness (mm); NT = number of turns; ABT = cross-sectional area at the first basal turn.

a Data taken from Conde-Valverde et al. (2019).



Table 2

Z-scores computed for individual fossil specimens based on the distribution (mean and SD)

of Sw/Sh in the various groups included in the comparative sample@.

Fossil specimens AU NE SH MH
Sangiran 2 046 456 411 3.01
Sangiran 4 243 820 891 5.70
SK27 -0.64 252 144 150
SK847 -1.26 1.36 -0.09 0.65
Aroeira 3 -0.51 276 175 1.68

Abbreviations: AU = Australopiths (Australopithecus + Paranthropus); NE = Neanderthals;
SH = Sima de los Huesos; MH = modern humans; Sw/Sh = ratio between the width and

height of the cochlear first turn cross section.

a Z-scores greater than |1.96/, indicating significant differences relative to the reference

distributions, are bolded.



Table 3
Shape variable loadings for the first two principal components (PCs) of the principal

components analysis depicted in Figure 5.

Variable PC1 PC2
NT* 0.0500 -0.5959
CL* -0.3196  -0.0835
L1* -0.4151 -0.0073
L3* 0.4265 -0.0667
Sw* -0.3192 -0.0588
Sh* -0.2754  0.5068
VolY/3* -0.3921  0.0156
R1* -0.4217 -0.1172
R3* -0.0414 -0.2095
CTh* 0.1734 0.5615

Abbreviations: NT* = number of turns; CL* = cochlear length; L1* = length of the first turn;
L3* = length of the third turn; Sw* = width of the first turn cross section; Sh* = height of the
first turn cross section; VolY3* = cube root of cochlear volume; R1* = radius of the first turn;

R3* = radius of the third turn; CTh* = cochlear thickness.



Table 4

Classification results of a canonical variate analysis based on cochlear variables and

performed using the four groups distinguished among the comparative sample. For each

group distinguished a priori, the number of individuals classified in each group and the

percentage of correctly classified individuals is provided. Cross-validated results are given

within parentheses.

Group %
AU MH NE SH
Australopiths  92.3% (84.6%) 12(11) 1(2) 0(0) 0(0)
MH 100% (100%) 0(0) 10(10) 0(0) 0(0)
NE 100% (71.4%) 0(0) 0@ 7(5) 0()
SH 100% (70.0%)  0(1) 0(0) 0(2) 10(7)

Abbreviations: AU = Australopiths (Australopithecus + Paranthropus); MH = modern

humans; NE = Neanderthals; SH = Sima de los Huesos.



Table 5
Shape variable loadings for the first two canonical variates (CVs) of the canonical variate

analysis depicted in Figure 6.

Variable Cvi Cv2
NT* -8.316 -19.446
CL* 6.078 -5.542
L1* -0.562 7.637
L3* -8.699 12.260
Sw* -18.854 -23.407
Sh* 11.286 16.110
VolY/3* -30.097 30.358
R1* -24.654 11.975
R3* -4.467 7.143
CTh* -0.069 6.393

Abbreviations: NT* = number of turns; CL* = cochlear length; L1* = length of the first turn;
L3* = length of the third turn; Sw* = width of the first turn cross section; Sh* = height of the
first turn cross section; VolY3* = cube root of cochlear volume; R1* = radius of the first turn;

R3* = radius of the third turn; CTh* = cochlear thickness.



Table 6

Cross-validated classification results for individual fossil specimens based on a canonical

variate analysis of cochlear variables performed using four groups distinguished a priori

among the comparative sample.

Fossil specimens AU MH NE SH
Posterior probabilities?
Sangiran 2 99.5% 0.3% 0.0% 0.2%
Sangiran 4 96.3% 3.7% 0.0% 0.1%
SK27 0.0% 0.0% 92.0% 8.0%
SK847 95.5% 2.7% 0.0% 1.8%
Aroeira 3 15.7% 1.5% 0.2% 82.8%
Typicality probabilities®
Sangiran 2 0.141 0.001 <0.001 0.001
Sangiran 4 <0.001 <0.001 <0.001 <0.001
SK27 <0.001 <0.001 0.001 0.001
SK847 0.107 0.004 <0.001 0.003
Aroeira 3 0.012 0.001 <0.001 0.054

Abbreviations: AU = Australopiths (Australopithecus + Paranthropus); MH = modern

humans; NE = Neanderthals; SH = Sima de los Huesos.

@ These probabilities assume that each fossil specimen belongs to one of the four groups

defined a priori, so that the sum of probabilities equals 100%. The highest nonsignificant

probability (if any) is bolded.

® These probabilities denote the probability of having the score of each fossil specimen

given membership in a particular group, not the likelihood of group membership in each of

the a priori defined groups given a particular score. p < 0.05 thus denotes outliers to the

distribution of each a priori group. The highest probability for each fossil specimen is bolded.



Table 7

Inferred high and low frequency limits based on cochlear parameters (Kirk and Gosselin-

lldari, 2009).

Specimens/samples HFL AHFL LFL
Indonesian Homo erectus

Sangiran 2 23.45 19.85 29.42

Sangiran 4 20.89 17.69 24.60
Early Homo

SK27 28.41 24.05 39.61

SK847 23.89 20.23 30.29
Middle Pleistocene Homo

Aroeira 3 22.21 18.81 27.06
Australopithecus (n = 10)

Mean (SD) 25.13 (2.64) 21.28 (2.24) 32.91 (5.37)

Range 20.38-30.02 17.26-25.42 23.68-43.15
Paranthropus (n = 3)

Mean (SD) 23.97(0.89) 20.29 (0.75) 30.46 (1.74)

Range 22.73-24.79 19.25-20.99 28.04-32.07
Neanderthals (n = 7)

Mean (SD) 22.16 (1.59) 18.77 (1.35) 27.02 (3.04)

Range 19.80-25.40 16.76-21.50 22.63-33.30
Sima de los Huesos (n = 10)

Mean (SD) 24.58 (1.53) 20.82 (1.29) 31.71 (3.07)

Range 22.81-27.49 19.31-23.27 28.18-37.64
Modern humans (n = 10)

Mean (SD) 20.79 (0.91) 17.60 (0.77) 24.43 (1.66)

Range 19.35-22.67 16.38-19.20 21.84-27.93

Abbreviations: HFL = high frequency limit (kHz) at 60 dB; AHFL = adjusted high frequency

limit (kHz) at 60 dB; LFL = low frequency limit (Hz) at 60 dB.



Table 8
Z-scores computed for individual fossil specimens based on the distribution (mean and SD)

of AHFL and LFL in the various groups included in the comparative sample.

Fossil specimens AU NE SH MH

AHFL Z-scores:

Sangiran 2 -0.59 081 -0.74 293
Sangiran 4 -1.65 -0.80 -2.42 0.12
SK27 147 392 251 840
SK847 -0.40 1.09 -0.45 3.42
Aroeira 3 -1.10 0.03 -156 157

LFL Z-scores:

Sangiran 2 -0.60 0.79 -0.75 3.00
Sangiran 4 -1.58 -0.79 -231 0.11
SK27 149 414 257 9.14
SK847 -042 1.07 -0.46 3.53
Aroeira 3 -1.08 0.01 -151 1.58

Abbreviations: AHFL = Adjusted high frequency limit (kHz) at 60 dB; LFL = low frequency
limit (kHz) at 60 dB; AU = Australopiths (Australopithecus + Paranthropus); NE =

Neanderthals; SH = Sima de los Huesos; MH = modern humans



Table 9

Updated character state summary combining the information provided in the present study with previously published data?®.

Taxon CL %L1 %L3 NT ABT Sw/Sh Vol CTh
Pan troglodytes  Long Short Long High Small Round Small Low
Australopiths  Short Short Long Low Small Round Small Low
Early Homo  Short Long Short Low/Very low Small Oval-shaped Small Low
Homo erectus Long Intermediate/Long Intermediate/Short Low Small/Large Round Intermedia Low
te/Large
Sima de los Huesos Hominins  Long Short Short Low Small Oval-shaped Small Low
Neanderthals Long Long Very short Very low Large Oval-shaped Large High
Modern humans  Long Long Short Low Large Oval-shaped Large High

Abbreviations: CL = cochlear length; L1% = proportional length of the first turn; %L3 = proportional length of the third turn; NT = number of

turns; ABT = cross-sectional area at the first basal turn; Sw/Sh = ratio between the cochlear first turn cross section width; Vol = cochlear

volume; CTh = cochlear thickness.

a States reported here for the first time or modified relative to Conde-Valverde et al. (2019) are in bold.



