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Using Geometric Morphometrics to Assess a Lost Presumed Human Fossil
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ABSTRACT

Originally suggested to represent a new group of hominins, the presumed fossil cranium from Cannstatt, Ger-
many, was influential in early accounts of human evolution. Despite its early prominence, it was later reclassified
as a modern human and subsequently fell into obscurity, after its destruction in World War II. Here we revisit the
Cannstatt specimen using 3D geometric morphometrics to evaluate its morphology and taxonomic status using
a cast of the original. A surface scan of the cast, along with a comparative dataset of 46 cranial specimens from
Middle and Late Pleistocene hominins, as well as recent Homo sapiens, were used in the analysis. The results con-
sistently indicated that Cannstatt aligns most closely with early Homo sapiens, also with significant similarities to
recent H. sapiens. This supports its later assignment to H. sapiens and counters its initial classification as its own
distinct race or a Neanderthal. The study highlights the importance of re-evaluating historical fossils with modern
techniques, providing a more accurate understanding of human evolution in Europe.

INTRODUCTION

he Cannstatt fossil is thought to have been initially dis-

covered near Uffkirche, Germany, in 1700 during an ex-
cavation ordered by Duke Eberhard Ludwig, undertaken
due to the discovery of a mammoth tusk nearby (Adam
1973). This excavation yielded several remains, including
mammoths, woolly rhinos, wild horses, and reindeer. The
fossil and other materials discovered were all subsequently
housed in Duke Kunst Kammer’s collection (Adam 1989)
but remained unstudied until 1835, when George Friedrich
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von Jager rediscovered and described them. Among the
finds was the Cannstatt fragmentary cranium, which von
Jager recognised as human (Jager 1835). Despite this, the
specimen did not receive significant attention in the scien-
tific community at the time (Adam 1989). Darwin’s theory
of natural selection through his release of On the Origin of
Species (Darwin 1864) had not yet been published, and evo-
lution in general, as well as human evolution in particular,
was not yet a mainstream scientific view.

Furthermore, there are some questions around its dis-
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covery, as it has been stated to have been found in 1700,
but it was not until 100 years later that Georg Friedrich von
Jager first described it and there is no documentation link-
ing the skull to the 1700 excavation (Zangl-Kampf 1997),
suggesting that its discovery may have occurred later, pos-
sibly between the mid-18th and early 19th centuries. As a
result, the precise provenance and context of the fossil re-
main uncertain.

The status of the Cannstatt cranium changed when it
was included in the influential publication “Crania Eth-
nica: les Cranes des races Humaines” by de Quatrefages
and Hamy (1882). In this work, it was declared to be the
prototype of a new hominin group, referred to as the ‘race
de Cannstatt’. This classification positioned the Cannstatt
specimen alongside fossils such as Neanderthal 1 and La
Naulette. While these specimens are today classified as
Neanderthals (Schmitz et al. 2022; Toussaint and Leguebe
1984), others included in that grouping are now considered
to represent Homo sapiens, possibly from the Upper Palaeo-
lithic (e.g., Riquet 1972).

The classification of the Cannstatt fossil soon came un-
der scrutiny. Notably, the German anatomist and anthro-
pologist Gustav Schwalbe (1906) questioned its appoint-
ment as a distinct group. In his comparative study, some
of the cranial differences between H. sapiens and Neander-
thals were examined, which led him to conclude that the
Cannstatt specimen was a modern human. His conclusion
was based on several morphological features including the
presence of a superciliary arch and planum supraorbitale
(Schwalbe 1906). Schwalbe’s study employed classical cra-
nial measurements, including the cerebral index and the
angle of the frontal bone, to support his argument. These
methods provided a cranial analysis using the relative size
and angles of different features to compare each specimen
against each other to categorize the differences between H.
sapiens and Neanderthals. These findings significantly im-
pacted the perceived importance of the Cannstatt cranium.
As it became increasingly regarded as a modern human,
its perceived importance for our understanding of human
evolution was reduced (Adam 1989).

Closely tied to the taxonomic interpretation of the
Cannstatt cranium was the understanding of its geological
age. Initially thought to be geologically relatively old, being
described as a prehistoric human form, the fossil’s chronol-
ogy became a subject of debate (Adam 1989; Quatrefages
and Hamy 1882). Berckhemer (1934) questioned the fossil’s
geological dating due to its fossilization patterns and the
presence of Upper Paleolithic activity at the archaeological
site where it was discovered. Again, this raised questions
about the accuracy of its initial classification and its signifi-
cance within the broader context of paleoanthropological
research.

Unfortunately, little context remains for Cannstatt. It
was found around faunal remains that suggested colder,
ice age conditions (Jager 1835). The mammoth fossil that
was found in 1700 was initially interpreted as a unicorn
fossil, prized for supposed healing powers (Adam 1973).
Cannstatt was not even realized to be human until the col-

lection was rediscovered in 1835 (Jager 1835). While there
was no direct evidence of butchery or hunting, the presence
of large mammals and humans at the site has caused some
suggestions that it was a Paleolithic hunting site (Adam
1973, 1989).

Today, two lineages are commonly recognized in the
European Middle and Late Pleistocene human fossil re-
cord and are linked to Paleolithic assemblages. These in-
clude the Neanderthal lineage, which is considered to
have evolved gradually in Eurasia from Middle Pleisto-
cene forms referred to as H. heidelbergensis (e.g., Harvati
and Reyes-Centeno 2022; Hublin 2009; see also Harvati et
al. 2010). According to the ‘Accretion Hypothesis’ (Dean
et al. 1998, Hublin 1998), Neanderthal traits evolved in a
mosaic fashion through time, with the full suite of Nean-
derthal features, including the typical double arched con-
tinuous supraorbital torus and a low frontal bone squama
(e.g., Harvati 2015) becoming established around Marine
Isotope Stage (MIS) 7, or around 250 ka (Harvati et al. 2019;
Hublin 2009). The H. sapiens lineage appeared later, with
early Upper Paleolithic populations arriving in Europe by
45 ka (Hajdinjak et al. 2021; Priifer et al. 2021)—although
recent evidence suggests additional potential earlier incur-
sions into Europe (e.g., at Mandrin, France, at ca. 54 ka, see
Slimak et al. 2022; at Banyoles, Spain, at ca. 45-65 ka, see
Keeling et al. 2023; Harvati et al. 2024; and at Apidima at
ca. >210 ka, see Harvati et al. 2019). While recent H. sapiens
is characterized by the gracile and discontinuous supraor-
bital region and a high, domed frontal bone squama, earlier
representatives of the taxon, including Upper Paleolithic
Europeans as well as basal H. sapiens, often show heavier
and sometimes continuous supraorbital tori and less ex-
panded frontal squama (e.g., Stringer 2016). This can be in-
terpreted possibly as retention of ancestral features or as re-
lated to recent interbreeding with other hominin lineages,
including Neanderthals in Europe (e.g., Harvati and Ack-
ermann 2022). The temporal and geographic overlap, as
well as extent of biological and cultural interaction between
the two lineages remain hotly debated (e.g., Harvati and
Ackermann 2022; Tsanova et al. 2024; Vallini et al. 2022),
as does the general taxonomic status and phylogenetic af-
finities of the Middle Pleistocene H. heidelbergensis sensu lato
(s.l.) (see e.g., Harvati and Reyes-Centenno 2022; Roksandic
and Bae 2025). One severe limitation is the general scarcity
of fossil remains (e.g., Harvati and Reyes-Centenno 2022;
Vallini et al. 2022). In addition to new fieldwork and the
discovery of new fossil remains, recent work has focused
on the re-evaluation of existing specimens using modern
approaches, either genetic or morphological, with the aim
of clarifying their classification and relationships (e.g., Har-
vati et al. 2019, 2024; Keeling et al. 2023; Priifer et al. 2021;
Rmoutilova et al. 2018; Réding et al. 2021). This is also the
goal of the present study.

The Cannstatt cranium was destroyed during bomb-
ing in the Second World War when on loan to anthropolo-
gist Theodore Mollison in Munich, drastically limiting the
possibility of further study and verification of the fossil’s
characteristics and classification (Ziegler 1986). Its destruc-
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Figure 1. a) Photograph of the Cannstatt fossil (Adam 1989) with b) three images of its surface scan in lateral view, c) anterior view,
and d) frontal-anterior oblique view. The surface scans also show the position of each of the landmarks placed (red).

tion has therefore left a gap in the historical and scientific
record preventing aDNA analysis among other modern
techniques, contributing to its status as an understudied
and relatively obscure specimen in the field of paleoan-
thropology (Adam 1973, 1986, 1989). This study aims to re-
assess its affinities through a comparative shape analysis
of its cast, using the toolkit of landmark-based geometric
morphometrics (GMM) and focusing on its frontal bone
(cf. Athreya 2006; White et al. 2022). Ultimately, this study
aims to shed light on its potential significance in the broad-
er context of Upper Paleolithic modern humans in Europe.

MATERIALS AND METHODS

SAMPLE

The forgotten, plaster cast of the original Cannstatt fossil
was recently located in collections of the Stuttgart State
Museum of Natural History by Achim Lehmkuhl (per-
sonal communication), another cast was also recently re-
discovered in the Osteological collection of the University
of Tiibingen. The cast from the Stuttgart State Museum of
Natural History was digitized using SHINING EinScan Pro
HD and its accompanying software EXScan Pro 3.7.0.3, at
a resolution of 0.25mm (Figure 1). The specimen preserves
most of the frontal bone, with the exception of the lateral

supraorbital regions, and part of the right parietal. Here we
focus on the frontal bone, which is more complete and pre-
serves several landmarks (homologous biological or struc-
turally significant points on an object—Bookstein 1991;
Slice 2007, Zelditch 2012) for analysis. The frontal bone has
also been shown to be diagnostic for the classification of
Pleistocene hominins (e.g., Athreya 2011; Mori et al. 2020).

A total of forty-six comparative specimens in the form
of digital surface models were used in this study. They
represented samples of recent H. sapiens (n=30), European
Upper Paleolithic H. sapiens (n=7: Brno 2, Briinn 3, Grotte-
Enfants 6, Mladec 1, Mladec 5, Predmosti 3, Predmosti 4),
early H. sapiens (n=3: Skhul 5, Omo 1, Jebel Irhoud 1), Homo
neanderthalensis (n=5: La Ferrassie 1, Neandertal 1, Guattari
1, Shanidar 1, Spy 1), Homo heidelbergensis s.I. (n=3: Arago
21, Sima de los Huesos 5, Petralona) (Table 1). Here, we
follow Harvati and Reyes-Centeno (2022) and Menegan-
zin and Bernardi (2023) in recognizing Neanderthals as a
distinct lineage, to which the taxonomic distinction of spe-
cies can be applied, despite evidence for interbreeding with
early H. sapiens.

GEOMETRIC MORPHOMETRICS
Nine homologous landmarks were identified on each
frontal bone using the software AVIZO (Version 9.2 Lite,
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Specimen Type of data Classification
Arago 217 Surface Scan Homo heidelbergensis
Petralona Medical Computed Tomography (CT) Homo heidelbergensis

Scan, Museum of Geology, Paleontology
and Paleoanthropology of the Aristotle
University of Thessaloniki

Sima de los Huesos 5*

Surface Scan

Homo heidelbergensis

Guattari 1*

Surface Scan

Homo neanderthalensis

La Ferrassie*

Surface Scan

Homo neanderthalensis

Neandertal 1*

Surface Scan

Homo neanderthalensis

Shanidar 1* Surface Scan Homo neanderthalensis
Spy 1 Surface Scan, Homo neanderthalensis
Institut royal des Sciences naturelles de
Belgique, Bruxelles
NM Digital Archive
Jebel Irhoud 1* Surface Scan Early Homo sapiens
Omo 1* Surface Scan Early Homo sapiens
Skhul 5 UCT Scan, Peabody Museum of Early Homo sapiens
Archaeology and Ethnology
Brno 2% Surface Scan European Upper
Paleolithic Homo sapiens
Briinn 3* Surface Scan European Upper

Paleolithic Homo sapiens

Grotte-Enfants 6* Surface Scan European Upper
Paleolithic Homo sapiens
Mladec 1 Medical CT Scan European Upper
Natural History Museum Vienna, Paleolithic Homo sapiens
Anthropology Department
Mladec¢ 5* Surface Scan European Upper
Paleolithic Homo sapiens
Predmosti 3* Surface Scan European Upper
Paleolithic Homo sapiens
Predmosti* Surface Scan European Upper

Paleolithic Homo sapiens

HD-Ber 2010/12

Surface Scan

Recent Homo sapiens (sexes

(Germany) (n=22)

Paleoanthropology Osteological
Collection of the University of Tiibingen

(Germany) Kurpfalzisches Museum, Heidelberg unknown)
Nusplingen (Germany) Surface Scan Recent Homo sapiens (sexes
(n=7) Paleoanthropology Osteological unknown)
Collection of the University of Tiibingen
Vaihingen & Wiirtemberg | Surface Scan Recent Homo sapiens (sexes

unknown)

1Asterisks indicate specimens for which high quality casts were used from the collections of the American Museum of Natural

History (New York), Department of Anthropology (New York), and Tiibingen Osteological Collection.




Geometric Morphometric Analysis of Cannstatt * 5

TABLE 2. THE HOMOLOGOUS ECTOCRANIAL LANDMARKS THAT WERE IDENTIFIED
FOR EACH OF THE COMPARATIVE SPECIMENS USED IN THIS STUDY.

Landmark Location

Definition

Bregma - 1 midsagittal

The intersection between the sagittal and coronal
sutures!

Glabella - 2 midsagittal

The point on the lower edge of the frontal bone, which
is located above the frontonasal suture and between the
superciliary arches. Measured at the most forward
projecting point in the median sagittal plane (when the
skull is oriented in the ear-eye plane)!

Post-toral sulcus - 3 midsagittal

Minima of concavity on midline post-toral frontal
squama?

Stephanion -4 & 5 bilateral

The intersection between the coronal suture and the
temporal line!

Mid-orbit torus inferior -6 & 7 bilateral

The point on the inferior margin of the supraorbital
torus in the middle of the orbit?

Mid-orbit torus superior -8 & 9 | bilateral

The point on the superior aspect of the supraorbital
torus in the middle of the orbit?

IKnufimann (1988)
2Harvati et al. (2010)

Thermo Fischer Scientific). Table 2 shows the landmarks
used and their definitions (for illustration, see Figure 1b-d),
which were chosen for their anatomical relevance for the
cranial differences across all specimens.

The first step of the GMM analysis is a Generalized Pro-
crustes Analysis (GPA). In this study, it was performed us-
ing the Morpho package (version 2.12, Schlager et al. 2023)
in R (version 4.3.2). This standardized the specimens, align-
ing them by minimizing distances between corresponding
landmarks so that there can be a statistical analysis of the
resulting Procrustes shape coordinates (see e.g., Gunz et al.
2005; Harvati et al. 2019; Zelditch et al. 2012). In this process
information about a specimen’s orientation and location is
removed, and landmark configurations are scaled to cen-
troid size, the square root of the sum of squared distances
from each landmark to the centroid (e.g., Zelditch et al.
2012).

ERROR CALCUALTIONS

An intra-observer error test was carried out by one of us
(BC). Therefore, five individuals from the comparative
sample were selected based on extremes of variation from
a visual inspection, and the landmark set was digitized five
times each over a week. The collected data were processed
via GPA as described above and visualized in the form of a
Principal Component Analyses (PCA) of all repeated mea-
surements (Supplementary Information Figure S1). This
PCA shows a successful error test, where the clusters for
each individual have only a little variation between them,

and considerable variation between clusters with none of
them overlapping.

ANALYSIS

A PCA was then performed on the Procrustes-aligned co-
ordinates using the geomorph package (version 4.0.7, Ad-
ams et al. 2024) in R. The Cannstatt fossil was projected into
the PCA, which was based on the comparative sample, to
determine its classification relative to the known species
(e.g., Bosman et al. 2020; Roding et al. 2021; 2023). Three
principal component plots (PC1 vs. PC2, PC1 vs. PC3, and
PC2 vs. PC3) were generated to visualize the shape differ-
ences among the specimens. Convex hulls were used to
show the ranges of each sample and were drawn around
the extremes of each group. Deformed surfaces at +2 sd of
the PCs were produced to show shape changes along each
PC axis.

In addition to the PCA, allometry was evaluated by vi-
sualizing the relationship between PC1 and centroid size as
a measure of overall size and calculating a Pearson corre-
lation test in PAST (version 4.03). The pairwise Procrustes
distances of the landmark configurations of each individ-
ual measured compared to Cannstatt were also calculated
for the recent H. sapiens, early H. sapiens, and Neanderthal
groups (Harvati 2009).

For a statistical test to classify the Cannstatt crania, a
discriminant function and classification analysis was per-
formed in PAST to create a model where Cannstatt is as-
signed as unknown to predict how it would be classified.
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In order to have more individuals in each group than vari-
ables, the H. heidelbergensis were removed from the analy-
sis, and the early H. sapiens, and Upper Paleolithic H. sapi-
ens were pooled into one group—Pre-modern H. sapiens.
Although this group encompasses temporal and morpho-
logical diversity, its members broadly represent early ex-
amples of H. sapiens and share a diversity of ancestral and
derived features. This grouping was not intended as a strict
taxonomic category, but rather as a heuristic device to ex-
plore how the Cannstatt specimen relates morphologically
to populations transitional between archaic forms and fully
derived modern humans. For the statistical tests, PC 1-4
scores (accounting for 83.75% of the variation) were used.
However, it is important to note that assumptions under-
lying the analysis, such as normality of the data, homo-
geneity of variance, and lack of multivariate collinearity,
were not tested. A jack-knifed model was used, which re-
samples the data removing one individual from the dataset
and evaluates whether the results change. This assesses the
robustness of the classification analysis (Humphrey et al.
1999; Nicholson and Harvati 2006).

RESULTS

PRINCIPAL COMPONENTS ANALYSIS

The first principal component explained 54.07% of the vari-
ance. Individuals with a lower PC1 score have a slightly
wider cranial shape along the transverse axis and rounder
frontal squama with the temporal regions of the frontal
bone extending less far posteriorly. In contrast, individuals
with a higher PC1 score show a relatively more prominent
supraorbital region with a deeper depression at the post-
toral sulcus.

The second principal component explained 15.55% of
the variance. Individuals with a lower PC2 score are rela-
tively wider transversally and have a flatter frontal squama,
also with a temporal region extending less posteriorly. In
contrast, individuals with a higher PC2 score show a more
prominent glabella as well as a more depressed post-toral
sulcus.

The third principal component explained 8.36% of the
variance. Individuals with a lower PC3 score seem to have
a flatter, wider and more square-shaped frontal squama,
whereas in the individuals with a higher PC3 score, it ap-
pears more rounded.

The first two PCs (together accounting for ca. 70% of
the total variance) separate the groups relatively well, al-
though extensive overlap exists between recent and Upper
Paleolithic H. sapiens, as well as between H. neanderthalensis
and early H. sapiens. Cannstatt is an outlier in this plot but
plots closest to the convex hulls of our H. sapiens samples,
which span a wide area of PC1. It is especially close the
specimens Mladec¢ 5 and Omo 1, falling slightly above them
on the plot (Figure 2). This high PC2 score could reflects
Cannstatt’s prominent glabella region.

When plotting PC1 against PC3 (Figure 3), our Nean-
derthal sample is largely distinct from all H. sapiens and H.
heidelbergensis s.I. samples, with the exception of Sima de

Los Huesos Cranium 5 falling into the H. sapiens variation.
Similarly, the H. heidelbergensis s.I. sample overlaps in one
case, Guattari, with the Upper Paleolithic H. sapiens convex
hull. Where the main driver of this appears to be individu-
als with lower PC3 scores having a flatter, wider squamous
region here, Cannstatt plots within the convex hulls of the
European Upper Paleolithic H. sapiens but close to the re-
gion of overlap with Neanderthals and early H. sapiens.

Cannstatt plots well within the European Upper Paleo-
lithic H. sapiens group when PC1 scores are plotted against
centroid size (Figure 4). The centroid sizes of the groups
tend to increase from modern to European Upper Paleo-
lithic, to early H. sapiens and Neanderthals. The H. heidel-
bergensis individuals fall below that trend line, between the
European Upper Paleolithic and early H. sapiens to Nean-
derthal range. An allometric component to PC1 was con-
firmed with a positive correlation between PC1 and cen-
troid size (Pearson correlation test: t=3.62, DoF=47, r=0.467,
p<0.001).

PAIRWISE PROCRUSTES DISTANCE

Figure 5 shows a plot with the spread of the pairwise Pro-
crustes distances to Cannstatt within each group of the
dataset. Cannstatt is closest to recent H. sapiens based on
the median Procrustes distances, although the intra-group
variation of recent H. sapiens is substantial. This is at least
partially due to the larger sample size of this group relative
to the others. The European Upper Paleolithic and early H.
sapiens groups are also close to Cannstatt, and their spread
of data is much narrower. Indeed, the early H. sapiens speci-
men Omo 1 is closest in overall shape to Cannstatt based on
their pairwise Procrustes distance. The Neanderthal group
shows higher Procrustes distances, although not statistical-
ly different from the H. sapiens samples. In contrast, all pair-
wise Procrustes distances to H. heidelbergensis fall above the
observed variation for the early H. sapiens and Neanderthal
samples and in the upper 25% of variation for the recent
and Upper Paleolithic H. sapiens.

DISCRIMINANT FUNCTION ANALYSIS

The results of the discriminant function analysis using the
scores from PC 1-4 are plotted in Figure 6. Cannstatt is an
outlier in this plot but is closest to the convex hull of pre-
modern H. sapiens. This model predicted the Cannstatt in-
dividual to be within the pre-modern H. sapiens group. The
jack-knifed classification correctly classified 80% of the in-
dividuals, with the group that had the highest classification
percentage being the recent H. sapiens with 93.33% correct
(Table 3). The pre-modern H. sapiens group that Cannstatt
was assigned to had a classification percentage of 40% (6 of
the 10 were misclassified) suggesting its classification here
may not be so reliable.

DISCUSSION
This study used geometric morphometrics to analyse the
Cannstatt calvarium, a specimen whose classification has
been debated. By comparing it to several Middle and
Late Pleistocene hominins as well as recent H. sapiens, we
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Figure 2. Principal components analysis for frontal bone shape— PC1 plotted against PC2 with Cannstatt (plotted in black) projected
into the plot. Recent Homo sapiens (1=30) are plotted in light blue, European Upper Paleolithic H. sapiens (n=7) are plotted in
dark blue, early H. sapiens (n=3) are plotted in purple, Neanderthals (n=5) are plotted in red, Homo heidelbergensis (n=3) are
plotted in orange. Shape changes along the axis for each PC are illustrations of surfaces +2sd (frontal bone of individual 1106b from

the Nusplingen collection).
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Figure 3. Principal components analysis for frontal bone shape—PC1 plotted against PC3 with Cannstatt projected into the plot.
Symbols and colors are as in Figure 2.
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Figure 5. Box-whisker plot showing the Procrustes distance (PD) to Cannstatt of each of the recent Homo sapiens, European Upper
Paleolithic H. sapiens, early H. sapiens, Neanderthal, and Homo heidelbergensis samples. Colors for grouping used in this plot
are as used in Figure 2.
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Figure 6. Plot of the results of the Discriminant Function analysis between the recent Homo sapiens (light blue), pre-modern H.

sapiens (dark purple), and Neanderthal (red) groups.

aimed to help determine its affinities. The PCA revealed
that Cannstatt plots consistently closest to H. sapiens, es-
pecially our Upper Paleolithic H. sapiens sample. Pairwise
Procrustes distances further supported this finding, show-
ing that recent H. sapiens had the closest median Procrustes
distance to the Cannstatt specimen, followed by European
Upper Paleolithic, and early H. sapiens. The discriminant
function analysis provides additional support for these re-
sults, classifying Cannstatt as a pre-modern H. sapiens.
Our findings support Schwalbe’s (1906) conclusion
that the Cannstatt specimen is a representative of H. sapi-
ens rather than a Neanderthal or other hominin species.
Schwalbe’s classification was based on traditional morpho-
logical features such as the superciliary arch and the frontal

bone angle, which he found to be characteristic of recent
H. sapiens. The results of our 3D geometric morphometrics
analysis of Cannstatt’s frontal bone shape, reinforce this as-
sessment with modern methods. Our findings also suggest
that some of the more basal features that align Cannstatt
with Upper Paleolithic or early H. sapiens on PC1, such as
the prominent glabella, may be related to size, as PC1 in-
cludes an allometric component. This allometric relation-
ship may also partly explain the overlap on PC1 of early
H. sapiens specimens such as Irhoud 1 and Skhul 5, which
are both considered to have relatively robust supraorbital
regions (Gunz et al. 2009) as well as of the early Upper Pa-
leolithic specimen Mladec 5, which is also considered to
be relatively robust (Weber et al. 2006), with our Neander-

TABLE 3. CROSS VALIDATION RESULTS FROM THE DISCRIMINANT FUNCTION
ANALYSIS SHOWING THE NUMBER OF ACTUAL AND PREDICTED RESULTS

FOR THE INDIVIDUALS IN EACH GROUPING.

Actual
Pre-modern H. sapiens | Neanderthal | Recent H. sapiens
Pre-modern H. sapiens 4 1
Predicted | Neanderthal 3 4
Recent H. sapiens 3 0 28
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thal sample. To what extent such morphology may also be
influenced by genetic factors through interbreeding with
Neanderthals (see, e.g., Gunz et al. 2019; Harvati and Ack-
ermann 2022) is unclear. Cannstatt does not plot close to
H. heidelbergensis, as expected from previous work identify-
ing the specimen as a modern human. Figure 5 shows this
particularly well where its Procrustes distances are greatest
from the H. heidelbergensis individuals.

This study, albeit limited, contributes to the known evi-
dence on human evolution in Europe in the late Pleistocene,
a period of coexistence and interaction between hominin
populations. The classification of the Cannstatt fossil as H.
sapiens is consistent with previous work on this specimen.
If we assume an Upper Paleolithic age, its retention of some
archaic features can be interpreted as retention of basal
traits from earlier ancestral populations, or through poten-
tial recent admixture with Neanderthal populations (Green
et al. 2010; Harris and Nielsen 2016; Harvati and Acker-
mann 2022; Meyer et al. 2012; Priifer et al. 2014). However,
a later chronology, and the possibility that these features
are related to its large size alone, cannot be excluded.

This study is limited by several factors, the most im-
portant of which are the lack of contextual information for
the specimen, which severely limits its interpretation, and
the use of a cast, rather than the original, in our analysis.
This was necessary, since the original was destroyed and
is no longer available. Although we cannot exclude that
some deformation might have taken place in the interven-
ing years since the cast was produced, no obvious asym-
metries or other anomalies were observed, leading us to
believe that if such deformation occurred, it likely would
not greatly influence our results. Additionally, an impor-
tant limitation is the small dataset, particularly with regard
to the fossil samples included. An expanded sample, espe-
cially of Upper Paleolithic individuals, may help further
assess the hypothesis that Cannstatt is a representative of
these early Europeans. Furthermore, the current study fo-
cused on the frontal bone, excluding the parietal morphol-
ogy. The right parietal is partially preserved but does not
preserve a sufficient number of landmarks for inclusion in
this study. Future work including the parietal should be
conducted to further evaluate our results, as the parietals
contribute to the overall shape of the skull influencing cra-
nial width, and height, therefore allowing for more com-
prehensive analysis of cranial variation. Another limitation
of this study is the broad and heterogeneous nature of the
“pre-modern H. sapiens” group, which includes individuals
from varying regions and time periods, ranging from 300
ka to 30 ka. While these specimens share general similari-
ties as H. sapiens, they also show considerable morphologi-
cal variation, reflecting different evolutionary stages and
local adaptations. This group should be interpreted as a
useful tool for comparative purposes rather than a precise
taxonomic group. Finally, several of the landmarks used in
this study do not represent Type I landmarks (Bookstein
1990) and therefore are potentially prone to a higher de-
gree of error, a problem which is compounded here by the
fragmentary nature of the specimen, which, additionally,

is only represented by a cast. This issue may complicate
the interpretation of our findings. The future use of new
methods, such as surface registration for shape analysis
(e.g., Roding et al. 2023), which is largely independent of
landmarks, would circumvent these issues and provide a
more comprehensive view of the surface morphology of
this specimen. Finally, any conclusive reinterpretation of
this specimen must also take its geological and cultural
context into account, something that can only be clarified
with a combination of archival investigation and new field-
work at the site.

CONCLUSION

In conclusion, we have used landmark-based 3D geometric
morphometrics to re-evaluate the Cannstatt specimen. Our
results confirm its previous classification as H. sapiens and
provide tentative support for a potential attribution to Up-
per Paleolithic Europeans. The results highlight the impor-
tance of revisiting historical finds with modern techniques.
Future work should expand to include surface analysis of
both the frontal and the parietal bone, as well as consider
the specimen’s geological and cultural context, for a more
secure interpretation.
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Supplementary Figure 1. Principal components analysis for frontal bone shape for landmark error test—PC1 plotted against PC2.
Each individual was measured five times over a week for the landmarks shown in Figure 1. Cannstatt is plotted in brown. Mladec 1 is
plotted in pink, Neanderthal 1 is plotted in green, individual 803 from the Vaihingen & Wiirtemberg collection is plotted in cyan, and
individual 1124 from the Nusplingen collection is plotted in orange.
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