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Summary - The development of protocols integrating 3D geometric morphometric data into cladistic 
analyses offers powerful tools to reassess previously established phylogenies. We examine evolutionary 
relationships within the genus Homo by comparing results from recently developed cladistic protocols using 
3D data with an approach based on morphological characters. We applied both to 78 hominid calvaria - 
comprising 9 great apes, 45 Homo sapiens, and 24 fossil specimens (2 australopithecines and 22 Homo) 
- grouped into 23 operational taxonomic units. The sample is described using 347 landmarks and 59 
discrete characters, from which three datasets were generated. The first uses Procrustes-aligned 3D landmark 
coordinates. The second uses principal component coordinates from a Principal Component Analysis run 
on the aligned landmarks. The third dataset includes coded morphological features. Phylogenetic trees were 
constructed using TNT software following a three-step protocol. Firstly, a phylogenetic search using the 
heuristic algorithm under equal weight was performed. Secondly, the consistency and rescaled consistency 
indices for each character were extracted. Finally, a second phylogenetic search using the heuristic algorithm 
after reweighting of the characters was performed. The cladistic analyses of 3D data and discrete morphological 
traits yield different yet mostly congruent results, highlighting the strengths and limitations of each approach, 
and bringing new insight on long standing discussions in palaeoanthropology.
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Introduction

Geometric Morphometrics (GMM) is a set 
of methods developed to quantitatively assess 
changes in biological shape within a statistical 
framework (Rohlf and Bookstein 1987). These 
techniques have made significant contributions 
to various biological fields, such as morpho-func-
tional studies, comparative anatomy, and evolu-
tionary biology (Zelditch et al. 2004). In GMM, 
shape refers to the geometric information of an 
object after removing the effects of size and rota-
tion, often through the use of General Procrustes 

Analysis (GPA), which aligns multiple datasets 
by minimizing non-shape-related differences 
(Kendall 1977). This allows for the examination 
of shape as an independent entity, which is essen-
tial for comparing organisms based on their form. 
The use of landmarks, or anatomical points that 
can be consistently identified across specimens, is 
central to this approach, providing a stable refer-
ence for shape analysis (Bookstein 1991). 

When GMM is applied in the context of cla-
distics, the methods aim to explain the evolution-
ary relationships among species based on shared 
shapes (Bookstein 1991). Cladistics involves 
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selecting the phylogenetic tree that best explains 
the observed similarities through common 
ancestry. This favours the most parsimonious 
explanation—one that minimizes the number of 
evolutionary changes. This principle is known as 
parsimony (Nelson 1978). However, not all simi-
larities between species can be explained by com-
mon ancestry, and those that cannot are termed 
homoplasies (Felsenstein 2004). The challenge 
in combining GMM with cladistics arises in how 
to interpret and quantify continuous variation 
in landmark data. This can lead to ambiguities 
in the phylogenetic tree. Ambiguity arises when 
multiple optimal states are possible for certain 
nodes, and continuous characters are often rep-
resented as ranges of possible values (Goloboff et 
al. 2006; Thiele 1993).

In this context, parsimony plays a criti-
cal role in determining the most parsimonious 
state reconstructions for continuous charac-
ters. However, as continuous variation is often 
difficult to discretize, the problem of decid-
ing where to “draw the line” between character 
states becomes a key issue (MacLeod et al. 2002; 
O’Hara 1988; Thiele 1993). For example, the 
presence of continuous variation in traditional 
morphological characters—such as body size or 
shape—can render difficult the classification of 
these traits into discrete states (Pleijel 1995). 

The multidimensional nature of landmark 
data limits the application of cladistic meth-
ods, which are traditionally designed for dis-
crete characters (Klingenberg and Monteiro 
2005; Monteiro 2000; Rohlf 1998). Critics have 
pointed out that the binary nature of homol-
ogy—where a character is either homologous 
or not—may not be suitable for shapes, as 
Bookstein (1994) notes, “any order is arbitrary” 
when dealing with shapes. This is because the 
geometric relationships between landmarks can 
vary depending on the reference systems and cri-
teria used to assess them (Klingenberg 2010).

While GMM and cladistics each offer power-
ful tools for understanding biological variation 
and evolutionary relationships, their combina-
tion faces significant challenges. These chal-
lenges include the difficulty of incorporating 

continuous variation into cladistic analyses, the 
ambiguity in defining and ordering character 
states, and the need for more effective methods 
of landmark alignment (Rohlf 2001). Ultimately, 
the success of combining these methods depends 
on finding ways to reconcile the continuous 
nature of shape variation with the discrete nature 
of cladistic character states. Although protocols 
have been developed to address these challenges 
(González-José et al. 2008; MacLeod et al. 2002),  
they have faced significant criticism (Adams et al. 
2011; O’Hara 1988) and have largely been aban-
doned in many fields.

With the development of numerous algo-
rithms, it is now technically possible to apply a 
standardized protocol and achieve reliable results 
(e.g., Catalano et al. 2010; Lockwood et al. 2004; 
Parins-Fukuchi 2018; Rohlf 2002; Smith and 
Hendricks 2013). The primary focus of ongo-
ing debates lies in the underlying theory, but as 
Zelditch (2004) highlighted, further experimen-
tation is needed to address these issues and reach 
a consensus. In this context, we aim at empiri-
cally testing a protocol that integrates 3D data - 
landmark coordinates - and principal component 
(PC) coordinates and compare the outcomes 
with the analysis of traditional morphological 
characters. The protocol, derived from Mounier 
and Caparros (2015), comprises three main steps: 
first, performing an initial heuristic analysis with 
equal weight; second, extracting consistency and 
rescaled-consistency indices (i.e., CI and RC) to 
weight each character, and finally, conducting 
a second heuristic analysis to assess the impact 
of the weighted characters. By integrating these 
various data types and methodologies, we aim at 
advancing the integration of GMM and cladis-
tics, ultimately improving the robustness of phy-
logenetic analyses in human evolution.

Materials and methods

Choice of operational taxonomic units (i.e., OTUs)
To conduct and evaluate phylogenetic recon-

structions, we examined a variety of taxa within 
the Hominidae family Gray, 1825 (Tab. 1). The 
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outgroup taxa consist of three specimens each 
from the genera Pongo, Gorilla, and Pan. Female 
specimens were chosen to minimize potential 
biases related to pronounced secondary sexual 
traits, such as the sagittal crest, which are typi-
cally more prominent in male apes. The remain-
ing 20 OTUs included representatives from the 
genera Homo and Australopithecus (see Table 1 
and Supplementary Material 1).

The study includes 78 specimens in total (see, 
Table 1 and Supplementary Material 1). Cladistic 
analysis was performed at the population/species 
level, with shape data averaged for each popula-
tion/species (see, “Modality of data processing” 
in Simon-Maciejewski et al. 2024), leading to the 
inclusion of 23 OTUs in the analysis.

Nature of the data 
The 3D models were generated by one of the 

authors (AM) through three different approaches, 
chosen according to the available equipment and 
specimens: 1) medical computed tomography 
(CT) scans processed with Amira (v5.5, FEI); 2) 
photogrammetric techniques using Metashape 
software (v1.8.1) (PH), and 3) 3D surface scan-
ning (OP) with an HDI Advance optical scanner 
(45µ accuracy, LMI), with subsequent process-
ing in Flexscan (v3.3, LMI) (Supplementary 
Material 1).

The shape of the calvarium, i.e. the cranium 
without the facial and mandibular parts, was 
described by both landmarks and semi-landmarks 
with the latter allowed to slide (Bookstein 1997). 
The sliding procedures used in the present analy-
ses, follows the method outlined in Gunz et al. 
(2005) and Gunz and Mitteroecker (2013) and 
has been applied in several prior studies (e.g., 
Mounier et al. 2020, 2024; Mounier and Mirazón 
Lahr 2019, 2016). The criterion used was bend-
ing energy, and the semi-landmarks were equally 
spaced across six patches: two on the frontal bone, 
two on the parietal bone, and two on the occipi-
tal bone, covering both the left and right sides. 
In total, 27 landmarks and 320 semi-landmarks 
were applied (Fig. 1 and Simon-Maciejewski et al. 
2024), and data were gathered using Landmark 
software (IDAV, Wiley 2005). 

Analyses were conducted separately on three 
different matrices, following the protocol of 
Mounier et al. (2016): matrix A (see Supplementary 
Material 2) includes the aligned 3D coordinates 
of landmarks and semi-landmarks (post-Gener-
alized Procrustes analysis, GPA) representing the 
averaged morphology of the calvarium of each 
OTU. Matrix B (see Supplementary Material 3) 
consists of principal components (PCs) coordi-
nates derived from a principal component analysis 
(PCA) (Abdi and Williams 2010) conducted on 
the aligned 3D landmarks and semi-landmarks 
of each OTU. Matrix C (see, Supplementary 
Material 4) contains 59 morphological characters 
describing the morphology of the calvarium (see, 
Choice and observation of morphological characters 
in Material and Methods), coded as discrete states 
ranging from 1 to 3 (Appendix).

Since bilateral landmarks tend to be largely 
symmetrical, the use of the whole calvarium 
could result in the lateral (semi-)landmarks being 
weighted twice as much as those located along the 
sagittal plane (see Palci and Lee 2019). To evalu-
ate the impact of this imbalance, a second data-
set was created by symmetrizing the configura-
tions using GPA. In this version, landmarks and 
semi-landmarks on the left side were excluded 
(see Supplementary Material 5) after alignment, 
resulting in a 192 landmarks coordinates dataset.

Choice and observation of the morphological 
characters 

59 morphological features were chosen to 
describe the morphology of the calvarium (Figure 
2, Supplementary Material 4 and 6) from past 
studies (Barriel 1994; Mounier 2009; Mounier 
and Caparros 2015; Zeitoun 2003, 2000), where 
detailed descriptions of each character can be 
found (not included here due to space limita-
tions). The definition of the states for the mor-
phological feature is mostly based from Mounier 
and Caparros (2015) and Mounier et al. (2016), 
and the 59 morphological traits were observed 
on 3D models of the 78 specimens included in 
the study by one of us (MS) before being con-
fronted to previous published studies (Barriel 
1994; Mounier 2009; Zeitoun 2003, 2000).
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Tab. 1 - Summary of the 78 specimens used in the study, with their chronology and references, the 
site they were found and the scanning technique used.

NAME OF 
THE OTU

SPECIMENS CHRONOLOGY SITE SCANNING 
TECHNIQUE*

CHRONOLOGY’S REFERENCES

Gorilla Gorilla 5, 11, 12 19-20th century - OP -

Pongo Pongo 2, 3, 6 19-20th century - OP -

Pan Pan 1, 6, 10 19-20th century - OP -

A. africanus

STS5 2.07 Ma Sterkfontein, South 
Africa

CT (Broom and Robinson 1950; 
Schwarcz et al. 1994)

STS71 2.61 -2.07 Ma Sterkfontein, South 
Africa

CT (Broom and Robinson 1950; 
Schwarcz et al. 1994)

Koobi Fora – 
H. habilis s.l.

KNM-ER 1470 ~1.88 Ma Koobi Fora, Kenya PH (Feibel et al. 1989

KNM-ER 1813 ~1.88 Ma Koobi Fora, Kenya PH (Feibel et al. 1989)

Dmanisi
D2282 ~1.77 Ma Dmanisi, Georgia PH (Gabounia et al. 2000)

D2700 ~1.77 Ma Dmanisi, Georgia PH (Gabounia et al. 2000)

Ngandong

Ngandong 7 108 - 117 ka Ngandong, Solo 
River, Java, Indonesia

PH (Rizal et al. 2020)

Ngandong 14 108 - 117 ka Ngandong, Solo 
River, Java, Indonesia

PH (Rizal et al. 2020)

Sangiran

Sangiran 17 1.02 - 1.50 Ma Sangiran, Java, 
Indonesia

PH (Antón 2003; Antón and Swisher 
2004; Larick et al. 2001)

Sangiran 2 1.02 - 1.50 Ma Sangiran, Java, 
Indonesia

CT (Antón 2003; Antón and Swisher 
2004; Larick et al. 2001)

Zhoukoudian

Sinanthropus III ∼0.68 - 0.78 Ma Zhoukoudian, Beijing, 
China

PH (Shen et al. 2009)

Sinanthropus XI ∼0.68 - 0.78 Ma Zhoukoudian, Beijing, 
China

PH (Shen et al. 2009)

Koobi Fora – 
H. ergaster

KNM-ER 3733 ~1.6 Ma Koobi Fora, Kenya PH (Feibel et al. 1989)

KNM-ER 3883 ~1.6 Ma Koobi Fora, Kenya PH (Feibel et al. 1989

Early 
Neandertals

Saccopastore 1 130-250 ka Saccopastore, Italy PH (Marra et al. 2015)

Ehringsdorf H ~200 ka Ehringsdorf, Germany PH (Grün and Stringer 1991)

Near East 
Neandertals

Amud 1 50-60 ka Amud, Israel OP (Grün and Stringer 1991; Rink 
et al. 2001)

Shanidar 1 60 - 80 ka Shanidar, Irak PH (Trinkaus 1991)

Classic 
Neandertals

Monte Circeo 1 52 +/- 12 ka Monte Circeo, Italy CT

La Chapelle-aux-
Saints

~50 ka La-Chapelle-aux-
Saints, France

CT (Grün and Stringer 1991)

La Ferrassie 1 53-66 ka La Ferassie, France CT (Blackwell et al. 2007)
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NAME OF 
THE OTU

SPECIMENS CHRONOLOGY SITE SCANNING 
TECHNIQUE*

CHRONOLOGY’S REFERENCES

Skhūl - 
Qafzeh

Qafzeh6 ~100 ka Qafzeh, Israël PH (Grün et al. 2005; Grün and 
Stringer 1991)

Qafzeh9 ~100 ka Qafzeh, Israël OP (Grün et al. 2005; Grün and 
Stringer 1991)

SkhūlV 100 - 135 ka Mugharet-es-Skhūl, 
Israël

CT (Grün et al. 2005)

KhoiSan Kh-1738, Kh-
1751, Kh-3731, 
Kh-3732, Kh-
5051

19-20th century Republic of South 
Africa

CT (Mounier and Mirazón Lahr 
2019)

Haya AF.23.0.20, 
AF.23.0.23, 
AF.23.0.109, 
AF.23.0.110, 
AF.23.0.112

19-20th century Tanzania CT (Mounier and Mirazón Lahr 
2019)

Kongo AfC-1730, AfC-
1777, AfC-4974, 
AfC-9639, AfC-
9642

19-20th century Congo, Angola, 
Gabon

CT, PH (Mounier and Mirazón Lahr 
2019)

Mande AfW-5419, AfW-
6089, AfW-9539, 
AfW-9543, AfW-
9544

19-20th century Mali, Guinea CT, PH (Mounier and Mirazón Lahr 
2019)

Berber AfN-18458, 
AfN-18459, 
AfN-18460, 
AfN-18464, AfN-
18465

19-20th century Marocco PH (Mounier and Mirazón Lahr 
2019)

Papu MEL076, 
MEL084, 
MEL085, 
MEL104, MEL130

19-20th century Papouasia, New-
Guinea

PH, CT (Mounier and Mirazón Lahr 
2019)

France Eu.24.00.1, Eu-
1036, Eu-1042, 
Eu-1051, Eu-
1065

19-20th century France CT (Mounier and Mirazón Lahr 
2019)

China EAS-ORSA0427, 
EAS-ORSA0550, 
EAS-ORSA0669, 
EAS-ORSA0670, 
EAS-ORSA1858

19-20th century China CT (Mounier and Mirazón Lahr 
2019)

Inuit 99.1-102, 99.1-
103, 99.1-161, 
99.1-168, 99.1-
196

19-20th century Alaska CT (Copes 2012)

* CT = CT-scanner; OP = optical scanner; PH = photogrammetry

Tab. 1 - Continued.
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Fig. 1 - Position of the 347 landmarks and semi-landmarks on the calvarium: A) norma facialis, B) ¾ 
posterior view, and C) norma basilaris. The landmarks with an asterisk “*” are bilateral.
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Phylogenetic analysis of the data 
The TNT software from the Willi Hennig 

Society includes algorithms that allow the direct 
analysis of continuous (overlapping) quantita-
tive data. These algorithms aim at reconstructing 
ancestral trait states by estimating shapes derived 
from landmarks, with the goal of parsimoniously 
minimizing the morphological evolution across 
the tree, using optimization logic (Catalano 
et al. 2010; Goloboff and Catalano 2011). 
This approach minimizes the displacement of 
individual landmarks between ancestors and 
descendants (Catalano et al. 2010; Goloboff and 
Catalano 2011; Simon-Maciejewski et al. 2024).

In each analysis, 20 OTUs from the genera 
Homo and Australopithecus formed the ingroup, 
while three OTUs representing the genera Gorilla, 
Pan, and Pongo were used as outgroups to root 
the search and polarize the transformations of 
the variables. The analyses were performed using 
TNT version 1.6 parsimony software (Goloboff 
and Morales 2023), which allows for the com-
parison of multiple relatedness hypotheses and 
the rapid identification of the most parsimoni-
ous tree. Parsimony was chosen because it allows 
the identification and discussion of the number 
and nature of synapomorphies observed at indi-
vidual nodes (Matile et al. 1987).

In these analyses, characters were considered 
unordered, and no transformation cost matrix 
was used. The initial matrix analyses employed 
a heuristic algorithm with equal weighting (see 
Supplementary Material 7), random addition 
sequence (RAS), and tree bisection and recon-
nection (TBR) for branch swapping. This 
method divides the tree into subtrees, rearranges, 
and reconnects them until the trees with the 
shortest tree is determined.

Six parsimony phylogenetic analyses were 
conducted, corresponding to the analysis of the 
three different matrices, with the reweighting 
according to two indices: the consistency index 
(i.e. CI) and the rescaled consistency index (i.e. 
RC), following the successive approximative 
weighting method (SAW) of Farris (1969) (see, 
“Scripts”). Farris proposed a method to evalu-
ate homoplasy using trees generated from an 

initial set of weights. He suggested using the lev-
els of homoplasy observed to adjust the weights 
assigned to the characters and then conduct a new 
analysis with these updated weights. This iterative 
process continues until the new weights match 
those from the previous round (Farris 1969). 
However, as others, this weighting method is not 
without biases. Using the consistency index (CI) 
provides insights into the homoplasy associated 
with each character, i.e., a CI of 1 indicate the 
absence of homoplasy, while a CI of 0 represents 
a homoplastic character (Farris 1983, 1989), but 
it diminishes the influence of multistate charac-
ters. Consequently, for a similar number of steps, 
binary characters tend to have a greater impact 
than multistate characters (Goloboff 2022a,b). 
To address these issues, we opted to compare the 
CI with the rescaled consistency index (i.e., RC) 
(Farris 1989), which combines the CI and the 
retention index (RI). The RC will measure the 
proportion of maximum observable homoplasy 
and will achieve 0 when a character fits the tree as 
poorly as possible (Farris 1989; Goloboff 2022b). 
We chose not to use the RI to weight the char-
acter because the tree with the highest RI may 
not be the shortest, and it tends to assign greater 
“weight” to characters with less informative vari-
ation (Goloboff 2022b). Given these considera-
tions, we chose the SAW method because it helps 
reduce bias from homoplasy by adjusting char-
acter weights. This ensures that less informative 
characters, which may contribute to homoplasy, 
are given less weight, while more informative 
characters are prioritized (Goloboff 2022b). 
Additionally, SAW offers flexibility in handling 
complex datasets, allowing for more accurate 
reflection of evolutionary relationships among 
OTUs. This leads to better tree resolution and 
reduces the effects of convergent evolution or 
reversals. In the present study, however, to avoid 
the risk of circularity, the SAW procedure was 
applied in a single iteration only, using the CI- or 
RC-derived weights from the first run without 
further reweighting cycles. Overall, SAW helps 
create a more reliable and balanced interpreta-
tion of the data, improving the robustness of the 
phylogenetic analysis (Farris 1969).
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Fig. 2 - Position of the morphological characters on the calvarium: A. norma verticalis B. norma 
facialis; C. norma occipitalis; D. norma lateralis, and E. norma basilaris.
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Although alternative weighting schemes—such 
as implied weighting (Goloboff 1993) or broader 
sensitivity analyses—were considered, they were 
not implemented here because they require addi-
tional assumptions about character fit, homoplasy 
distribution, and the expectation that characters 
vary in their reliability. In the present dataset, how-
ever, these assumptions are difficult to justify: the 
landmark-derived characters are numerous, math-
ematically interdependent, and not associated with 
discrete, biologically interpretable states, making it 
unclear how differences in fit should be meaning-
fully attributed to individual variables. Instead, the 
focus was placed on a controlled comparison of 
CI- and RC-based SAW weights.

After the reweighting process a subsequent 
tree search was run using the heuristic algorithm 
implemented in the software. The strict consen-
sus was finally calculated. 

To assess the robustness of the trees, the CI and 
RI were calculated. The CI was used to indicate 
the degree of homoplasy in each tree. However, if 
a tree has a high number of autapomorphies, this 
index may be artificially high (closer to 1), regard-
less of the homoplasy content of the other traits. 
To address this, we also calculated the RI of each 
tree, which represents the ratio between the maxi-
mum and observed number of homoplasies. 

Evaluating the performance of a phyloge-
netic method can be challenging, as the “real” 
phylogeny cannot often be known. One of the 
approach used is based on a congruence criterion, 
commonly used in cladistic (Wheeler 2001). To 
assess the accuracy and reliability of the GMM 
data, the trees obtained from matrices A and B are 
compared to a reference phylogeny based on an 
independent source of evidence. In this study the 
reference topology is the tree obtained from the 
morphological matrix (i.e., Matrix C), as molecu-
lar data are not available for most of the specimens 
sampled. To minimize the effect of the weighting, 
we compared each topology with the one derived 
from the same weighting (for example, the tree 
from matrix C from CI-weighting versus the tree 
from matrix A from CI-weighting). The level of 
concordance was then measured by calculating the 
number of SPR (Subtree Pruning and Regrafting) 

moves (Goloboff 2007). This metric represents 
the inverse of the number of SPR moves needed 
to transform one tree into the other, divided by 
T-2, where T is the number of taxa (Goloboff 
2007). We also calculated Robinson-Foulds dis-
tances (RF, Robinson and Foulds 1981) to further 
assess topological similarity. Higher SPR values 
and RF distances indicates greater dissimilarity, 
and therefore lower congruence, (i.e., a tree with 
a SPR value or RF distance of 0.4 will be more 
congruent than one with 0.6).

To assess the influence of allometry on shape, 
a linear regression of shape coordinates was per-
formed on centroid size using “lm()” function 
(Chambers 1992) on R, and then the residuals 
were submitted to the same phylogenetic proto-
col described previously.

The robustness of each branch was finally 
assessed through 100 standard bootstrap replica-
tions (following Felsenstein 1985) and combined 
Bremer support (Goloboff 2014).

Scripts 
In this study, the software TNT is used to run 

the analyses. It is an interactive program, that can 
read command from instructions files, allowing 
the automatization of protocols (Goloboff et al. 
2008). In order to apply this protocol to the three 
matrices, we developed a script (see Supplementary 
Material 8) divided into five parts: first, extracting 
all necessary values (e.g., minimum and maximum 
steps); second, calculating the CI and RC of each 
character; third, weighting each character based on 
its CI and RC; four, comparing the length of the 
newly obtained tree to the length of the previous 
one. If the trees have the same length, the search 
stops, having found the most parsimonious tree. 
If they differ, the search continues until identical 
trees are obtained. And finally, the strict consensus 
of the most parsimonious trees is calculated.

Results

The two analyses (i.e., CI-weight and 
RC-weight) of matrices A, B and C (i.e., respec-
tively composed of 347 landmarks, 22 PCs and 
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59 morphological characters) resulted, in each 
case, in several trees (see Figures 3 to 8). While 
the length and indices of each tree varies accord-
ing to the weighting applied (see Table 2), the 
topologies of the trees do not change for matrix A 
when using the CI and RC weighting (see Table 
4). For matrices B and C, polytomies are found 
in the H. sapiens populations, one at the root of 
the ingroup for matrix B and in the Neanderthals 
for matrix C (see Table 4). 

With the CI-weighting, matrix A produces 
one parsimonious tree of 13.35 steps, with a CI 
of 0.831 and RI of 0.803 (Fig. 3, Tab. 2). The 
heuristic analysis of matrix B results in a 108.654 
steps long phylogenetic tree with a CI of 0.486 
and a RI of 0.698 (Fig. 5, Tab. 2). Heuristic anal-
ysis of matrix C results in one parsimonious tree 
that unresolves the relationships between the H. 
sapiens populations (Node M of Figure 7) and 
the relationships of the different Neanderthals 
OTUs (Node L of Figure 7). The tree is of 7497 
steps with a CI of 0.636 and a RI of 0.829 (Fig, 
7 and Tab. 2). 

After weighting using the RC values, matrix A 
analysis generated one tree of 11.176 steps, with a 
CI of 0.831 and RI of 0.725 (Fig. 4, Tab. 2). The 
most parsimonious tree of matrix B is 49.963 steps 
long, with a CI of 0.686 and a RI of 0.887 (Fig. 6, 
Tab. 2). Heuristic analysis of matrix C results in a 
unique phylogenetic tree of 5327 steps with a CI 
of 0.709 and a RI of 0.883 (Fig. 8, Tab. 2). 

The CI and RI indices of the parsimony trees 
derived from the analyses of the three matri-
ces are relatively high, being overall superior 
to 0.5 - with matrix A yielding, overall, higher 
values - and reflect a robust phylogenetic signal 
(see, Table 2). We can observe that the length of 
the most parsimonious tree of each analysis is 
smaller with the RC weighting, rather than the 
CI weighting.

The results derived from the symmetrised 
half-calvarium dataset processed via GPA are 
congruent as well (see Supplementary Material 
9). Using the landmarks-based matrix, the 
results are consistent, showing topologies similar 
to those obtained from the complete calvarium 
analysis (see Supplementary Material 9.1). The 

primary difference appears in the PC-matrix trees 
(see Supplementary Material 9.2): in two of the 
analyses (equal-weight and CI-weight), “Koobi 
Fora – H. ergaster” clusters with Neanderthals 
and H. sapiens, whereas in the RC-weight analy-
sis, it is instead “Koobi Fora – H. habilis s. l.” 
that groups with Neanderthals and H. sapiens. 
However, the indices are higher, and the num-
bers of steps are shorter.

Overall, the topology derived from PCs coor-
dinates showed the highest congruence based 
on both SPR and RF metrics, with SPR values 
of 0.238 and 0.333 for CI-weighting and RC 
weighting respectively, and RF distance of 0.5 
and 0.524. In contrast, Matrix A produced trees 
with SPR similarity values above 0.4 and RF dis-
tances above 0.55 when CI and RC weightings 
are applied, indicating significant incongruence. 
This indicates that the results of the PC coor-
dinates are overall closer to the matrix C results 
than the 3D landmarks coordinate results.

The linear regression of shape (22 principal 
components) against centroid size revealed sig-
nificant allometric effects restricted to the first 
three principal components (see Supplementary 
Material 10). The remaining components 
showed no detectable relationship with size. 
Following the removal of allometric signal by 
using the residuals from this regression in phy-
logenetic reconstruction, the resulting trees 
displayed low topological coherence and failed 
to recover expected evolutionary relationships 
(Supplementary Material 10). This suggests 
that the residualised shape data, while size-
free, may lack sufficient phylogenetic signal for 
robust inference.

Matrix A of 347 landmarks coordinates. The most 
parsimonious trees, derived from the two-step 
analysis of matrix A, reveals several key pat-
terns found in both trees (i.e., CI-weighting 
and RC-weighting) (Figs. 3 and 4). Node 
D, which supports the monophyly of the in-
group, is backed by a bootstrap value of 100% 
and a combined Bremer support of 100% (see 
Supplementary Material 11). There are observ-
able changes that can be visualized through 3D 
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shapes (see, Figures 3 and 4 and Supplementary 
Material 12). Overall, in norma facialis, the sulcus 
supraorbitalis in the supraorbital region is pres-
ent, but the arcus superciliaris and supraorbitalis 
are not merged, and the postorbital constriction 
is less pronounced compared to that seen in apes. 
In norma occipitalis, we can observe the pres-
ence of an occipital bun and the appearance of 
the processus retromastoideus; we can also observe 
that the cranial outline, defined by the position 
of the greatest cranial width (bi-euryon), adopts a 
triangular (‘tent-like’) shape (Grimaud 1982). In 
norma lateralis, the profile of the antero-posterior 
frontal bone is more convex than in apes, and the 
transition between the planum occipital and pla-
num nucale is rounded, in contrast to the angular 
transition seen in apes, with the opisthocranion 
positioned lower.

At node G, two clades are formed. The first, 
contains Dmanisi, Sangiran and Zhoukoudian 

(node H); while the second includes Ngandong, 
the Neanderthals and H. sapiens (node J). 
Morphological changes at node G includes, in 
norma verticalis, a supraorbital profile changing 
from medially concave at the glabella (node F) to 
straight; in norma occipitalis, the appearance of a 
processus retromastoideus, which then disappears 
(node J), and the presence of a triangular cranial 
outline, contrasting with the more, but not fully, 
circular shape observed at node J. 

At node H, a clade is observed grouping 
Zhoukoudian, Sangiran, and Dmanisi, to the 
exclusion of Ngandong. This node is supported 
by a bootstrap value of 100% and a combined 
Bremer support of 100% (see Supplementary 
Material 11). Node I, which groups Sangiran 
and Dmanisi, is supported by a value of 8% 
for CI-weighting and 20% for RC-weighting 
and a combined Bremer support of 100% (see 
Supplementary Material 11). The changes in 

Tab. 3- Topological correspondence (SPR moves and Robinson-Foulds distances) between the refer-
ence phylogeny and the trees derived from the three matrices. The average SPR similarity is 0.357 
and the average RF distance is 0.541.

WEIGHTING SPR SIMILARITY RF DISTANCE

MATRIX A - LANDMARKS 
COORDINATES

CI 0.428 0.571

RC 0.428 0.571

MATRIX B - PCS 
COORDINATES

CI 0.238 0.5

RC 0.333 0.524

Tab. 2 - Length, consistency and retention indices of the tree for each analysis.

WEIGHTING LENGTH CI VALUE RI VALUE

MATRIX A - LANDMARKS 
COORDINATES

CI 13.3540022 0.831 0.803

RC 11.175915 0.831 0.725

MATRIX B - PCS COORDINATES
CI 108.654 0.486 0.698

RC 49.963 0.686 0.887

MATRIX C - MORPHOLOGICAL 
CHARACTERS

CI 7497 0.636 0.829

RC 5327 0.709 0.883
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the landmark’s coordinates (see, Supplementary 
Material 12), which describe shape changes of 
the calvarium, at node H includes, in norma ver-
ticalis, the transition from a rectilinear supraorbi-
tal profile to a convex one, and in norma lateralis, 
the angle between the planum occipital and pla-
num nucale become more pronounced compared 
to the other OTUs. In norma occipitalis, the 
processus retromastoideus and the torus occipitalis 
transversus are present, with the later, medially 
protruding, and the cranial outline is triangular 

(‘tent-like’) (Grimaud 1982), in contrast to the 
circular (‘bomb-like’) shape seen in Neanderthals 
(Boule 1913, 1912, 1911; Condemi 1992; 
Vandermeersch 1981). 

In those trees, Neanderthals appear paraphyl-
etic, while H. sapiens forms a monophyletic group 
at node N, supported by a bootstrap value of 
100% and a combined Bremer support of 100% 
(see, Supplementary Material 11). The calvarium 
shape at this node exhibits the general charac-
teristics of H. sapiens skull (see, Supplementary 

Fig. 3 - Unique phylogenetic tree based on the analysis of matrix A after CI-weighting (i.e., 347 
landmarks and 23 OTUs), 13.35 steps (CI = 0.831 and RI = 0.803). Values shown in green represent 
bootstrap scores in percentage (%) after 100 replications. Red letters are used to identify each node.
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Material 12), in norma occipitalis, the outline 
of the planum occipitale is pentagonal, the torus 
occipitalis transversus disappear, and the cranial 
outline presents a pentagonal shape (‘house-
like’) (Broca 1868; Olivier 1960). In norma 
verticalis, the profile of the supraorbital region 
is convex. Finally, in norma lateralis, the convex-
ity of the antero-posterior frontal bone is highly 
pronounced, and the angle between the planum 
occipital and planum nucale is entirely absent.

Matrix B of 22 PCs. The most parsimonious trees 
derived from the two-step analysis of matrix B 
reveals several key patterns found in both trees 
(Figs. 5 and 6). 

Node D formation is explained by a shift 
from -0.107 to -0.05 in PC1. The morphologi-
cal changes indicated by those values are, for 
the most, similar to those observed in the anal-
ysis of the matrix A (see Figures 5 and 6, and 
Supplementary Material 13): in norma facialis, 

Fig. 4 - Unique phylogenetic tree based on the analysis of matrix A after RC-weighting (i.e., 347 
landmarks and 23 OTUs), 11.17 steps (CI = 0.831 and RI = 0.725). Values shown in green represent 
bootstrap scores in percentage (%) after 100 replications. Red letters are used to identify each node.
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the sulcus supraorbitalis in the supraorbital region 
is present, but the arcus superciliaris and supraor-
bitalis are not merged, and the postorbital con-
striction is less pronounced compared to that 
seen in apes. In norma lateralis, the profile of the 
antero-posterior frontal bone is more convex than 
in apes and the transition between the planum 
occipital and planum nucale is rounded, with the 
opisthocranion positioned lower. In norma occipi-
talis, the occipital bun and the processus retromas-
toideus are also present, and the cranial outline is 
of triangular (‘tent-like’) shape (Grimaud 1982).

Node F supports a monophyletic group com-
prising Zhoukoudian, Sangiran, and Dmanisi, 
with the latter two forming a terminal clade at 
node G. those nodes are supported by bootstrap 
values of 40/64% and 49/76%, respectively, 
and a combined Bremer support of 100% (see 
Supplementary Material 11). The formation 

of node F is explained by shifts from -0,031 
to -0,043 in PC2, from -0,01 to 0,02 in PC4, 
from -0,025 to -0,012 in PC5 and from -0,002 
to -0,001 in PC14.  The formation of node G 
is explained by shifts from -0,043 to -0,049 in 
PC2, from 0,002 to 0,007 in PC4, from 0.001 
to -0.0055 in PC6, from -0.0066 to -0.005 in 
PC9, from 0.006 to 0.003 in PC11, from 0.0028 
to 0.0017 in PC12, from -0.0007 to 0.0008 in 
PC16, from -0.00022 to -0.00016 in PC18 and 
from 0,00006 to 0,00096 in PC19. This changes 
in PC coordinates values refer to the same mor-
phological changes as those described at nodes H 
and I from the analysis of matrix A (see Figures 
5 and 6, and Supplementary Material 13). At 
node G, in norma verticalis, the supraorbital pro-
file also goes from rectilinear in Zhoukoudian to 
concave in Sangiran and Dmanisi, and in norma 
lateralis, the angle between the planum occipital 

Fig. 5 - Unique phylogenetic tree based on the analysis of matrix B after CI-weighting (i.e., 22 PC 
coordinates and 23 OTUs), 108.654 steps (CI = 0.486 and RI = 0.698). Values shown in green rep-
resent bootstrap scores in percentage (%) after 100 replications. Values shown under the branches 
are the number of the PC changing at each node. Red letters are used to identify each node.
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and planum nucale is more pronounced compared 
to the other OTUs. In norma occipitalis, the torus 
occipitalis transversus and the processus retromastoi-
deus are present, and the cranial outline is triangu-
lar (‘tent-like’) (Grimaud 1982), in contrast to the 
circular (‘bomb-like’) shape seen in Neanderthals 
(Boule 1911, 1912, 1913; Condemi 1992; 
Vandermeersch 1981). Neanderthals are repre-
sented as a paraphyletic group from node I.

Node L, which includes the OTUs for H. 
sapiens (i.e., “Skhūl - Qafzeh” group and cur-
rent populations), present bootstrap values of 
50% (CI-weighting) and 39% (RC-weighting) 
and a combined Bremer support of 100% (see, 
Supplementary Material 11), and is supported by 
shifts from 0,018 to 0,05 in PC1, from -0,016 to 
0,006 in PC2, from -0,033 to -0,0055 in PC3, 
from -0,0099 to -0,0054 in PC4, from 0,0039 to 

0,0018 in PC9, from -0,002 to -0,0002 in PC11, 
from -0,0007 to -0,0012 PC16, from 0.0002 to 
0.0039 in PC17 and from 0.00012 to 0.00046 
in PC22. In terms of morphology, the changes 
observed at this node closely resemble those 
described following matrix A analysis (see, Figures 
5 and 6 and Supplementary Material 13). In 
norma facialis, the sulcus supraorbitalis is present, 
with the arcus superciliaris and arcus supraorbitalis 
merged. In norma occipitalis, the outline of the 
planum occipitale and the cranial outline present 
a pentagonal shape, and the torus occipitalis trans-
versus disappears. In norma verticalis, the profile 
of the supraorbital region is also convex, and in 
norma lateralis, the convexity of the antero-poste-
rior frontal bone and the angulation between the 
planum occipital and planum nucale are identical 
to those previously observed with matrix A.

Fig. 6 - Unique phylogenetic tree based on the analysis of matrix B after RC-weighting (i.e., 22 PC 
coordinates and 23 OTUs), 49.963 steps (CI = 0.686 and RI = 0.887). Values shown in green repre-
sent bootstrap scores in percentage (%) after 100 replications. Values shown under the branches 
are the number of the PC changing at each node. Red letters are used to identify each node.
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Matrix C of 59 morphological characters. The 
most parsimonious trees resulting from the 
two-step analysis of matrix C reveals a number 
of interesting trends found in both trees (Figs. 
7 and 8). First, at node D, which is supported 
by a bootstrap value of 100% and a combined 
Bremer support of 100% (see Supplementary 
Material 11), the taxon A. africanus is separated 
from H. habilis sensu lato. Node F supports a 
monophyletic group consisting of “Koobi fora – 
H. habilis s.l.”, “Koobi fora – H. ergaster” and 
the OTUs Dmanisi, Sangiran, Zhoukoudian 
and Ngandong, with the latter three taxa form-
ing a terminal clade at node I. The formation 
of nodes F and I is supported by bootstrap val-
ues of 39% and 38% (CI-weighting) and by 
42% and 43% (RC-weighting) and combined 
Bremer supports of 100% for each node (see 

Supplementary Material 11). The Neanderthals 
appear as a monophyletic group at node L, 
backed by a bootstrap of 72%/51%, respectively 
and a combined Bremer support of 100% (see 
Supplementary Material 11). At node M, which 
includes the OTUs representing H. sapiens 
(“Skhūl - Qafzeh” along with various H. sapiens 
populations), the formation of the node is sup-
ported by a bootstrap value of 88%/96%, respec-
tively, and a combined Bremer support of 100% 
(see Supplementary Material 11).

Regarding the morphological changes sup-
porting matrix C most parsimonious trees 
(Figs. 7 and 8; Supplementary Material and 
Supplementary Material 14), node D is explained 
by characters #10, 16, 17, 29, 54 and 55. They 
corresponds to several anatomical changes:, the 
antero-posterior convexity of the frontal (#10) 

Fig. 7 - Unique phylogenetic tree based on the analysis of matrix C after CI-weighting (i.e., 59 
morphological characters and 23 OTUs), 7497 steps (CI = 0.636 and RI = 0.829). Values shown in 
green represent bootstrap scores in percentage (%) after 100 replications. Values shown under 
the branches, at each node, are the character number where a change in states occurred, showing 
synapomorphies. Red letters are used to identify each node.
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changes from weak (state 1) to intermediate 
(state 2); the sagittal keel on the bregma-lambda 
arch (#16) disappears (state 1), along with the 
parasagittal hollowing on both sides of the pari-
etal suture (#17, state 1), the outline of the pla-
num occipitale in norma occipitalis becomes cir-
cular (#29, state 2), the petro-tympanic crest is 
now orientated backward in relation to the sagit-
tal plan (#54, state 3), and the articular tubercle 
presents a medio-lateral concavity (#55, state 1).

A. africanus is supported by five synapo-
morphies, which correspond to different states 
changes in characters #4, 5, 26, 28 and 47: the 
sulcus supraorbitalis in the supraorbital region (#4) 
goes from absent, with the arcus superciliaris and 
supraorbitalis merged (state 3), to complete (state 
1), the projection of the supraorbital region (#5) 
is only observed on the arcus superciliaris (state 

2); the occipital bun (#26) and the processus ret-
romastoideus (#28) are now present (state 2), and 
finally the auditory meatus is in an intermediate 
position in relation to the processus zygomaticus 
temporalis (#47, state 2).

At node E, the clade is supported by a convex 
supraorbital region in norma facialis (#3, state 2), 
a continuous sulcus postorbitalis (#8, state 3), a 
low positioned linea temporalis on the parietal 
(#20, state 3), and curved or sinuous outline 
of the superior border of the temporal squama 
(#41, state 1). 

Nodes F and I group together the Koobi Fora 
(i.e., H. ergaster and H. habilis) and Dmanisi 
specimens with fossils attributed to H. erectus (i.e., 
Ngandong, Zhoukoudian and Sangiran). The 
clades are supported respectively, by a medially 
protruding torus occipitalis transversus (#33, state 2) 

Fig. 8 - Unique phylogenetic tree based on the analysis of matrix C after RC-weighting (i.e., 59 
morphological characters and 23 OTUs), 5327 steps (CI = 0.709 and RI = 0.883). Values shown in 
green represent bootstrap scores in percentage (%) after 100 replications. Values shown under 
the branches, at each node, are the character number where a change in states occurred, showing 
synapomorphies. Red letters are used to identify each node.
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Tab. 4 - This summary table shows, for each matrix and weighting scheme, the node label subtend-
ing each taxon in the resulting phylogenetic trees. Letters indicate specific nodes, allowing direct 
comparison of whether a taxon is consistently associated with the same node across analyses. The 
layout highlights which clades remain stable and which show topological instability. For example, 
Gorilla appearing under node B in multiple trees indicates a stable clade. Some stable clades may 
receive different node labels across matrices (e.g., the Zhoukoudian–Sangiran–Dmanisi clade is 
node H in matrix A but node F in matrix B due to a polytomy).

GROUP MATRIX A MATRIX B MATRIX C

CI-
WEIGHTING

RC-
WEIGHTING

CI-
WEIGHTING

RC-
WEIGHTING

CI-
WEIGHTING

RC-
WEIGHTING

Pongo A A A A A A

Gorilla B B B B B B

Gorilla + Pan / / / / C C

Pan C C C C / /

A. africanus D D D D D D

Homo / / / / E E

Koobi Fora – H habilis E E E E F F

Koobi Fora – H. ergaster F F / / G G

H. erectus + Neandertals + 
H. sapiens

G G / / / /

Dmanisi / / / / H H

Zhoukoudian H H F F / /

Sangiran / / / / I I

Sangiran + Dmanisi I I G G / /

Zhoukoudian + Ngandong / / / / J J

Ngandong J J H H / /

Neandertals + H. sapiens / / J / K K

H. neanderthalensis / / / / L L

Classic Neandertals K K I I / /

Near East Neandertals L L / K / /

Early Neandertals M L / J / /

Near East + Early 
Neandertals

/ / K / / /

H. sapiens / / L / / /

Skhūl - Qafzeh P P / M M M

Modern Humans / / / / N N
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and by the presence of parasagittal hollowing on 
both sides of the parietal sutures (#17, state 2) and 
of a processus retromastoideus (#28, state 2). 

The Neanderthals appear as a monophyletic 
group from node L, supported by six synapo-
morphies: the occipital bun is present (#26, state 
2), the suprainiac fossa is present (#30, state 3), 
with lateral edges that are converging upward 
(#31, state 2), the crista supra mastoidea is not 
aligned with the processus zygomaticus tempora-
lis (#43, state 1), the auditory meatus is aligned 
with the processus zygomaticus temporalis (#47, 
state 3), and the tuberculum mastoideum anterior 
is present (#48, state 2). 

Finally, node M, which groups all H. sapiens 
OTUs (including “Skhūl - Qafzeh” and various 
H. sapiens populations), is supported by six syna-
pomorphies. This corresponds to the presence of 
a complete sulcus supraorbitalis in the supraorbi-
tal region (#4, state 1), to a pentagonal planum 
occipitale in norma occipitalis (#29, state 3), to 
the absence of a torus occipitalis transversus (#33 
and 34, state 1); to an antero-posterior convexity 
of the articular tubercle (#55, state 2), and to a 
weakly-marked or absent tuberculum zygomati-
cum posterius (post glenoid process, #57, state 1).

Discussion

Geometric morphometric data in cladistics 
The use of GMM data in cladistics has been 

subject to several criticisms, with two main issues 
often raised by researchers.

One of the primary concerns is the reliability 
of phylogenetic relationships inferred from mor-
phometric characters, specifically whether land-
mark coordinates carry a phylogenetic signal, 
and the claim that cladistics using GMM data 
is no more informative than phenetic methods 
(Adams et al. 2011) with resultant phylogenies 
capturing only a phenetic signal. Researchers 
argue that “phylogenetic inference from mor-
phometric data, or other high-dimensional 
phenotypic data in general, must be expected 
to be unreliable” (Varón-González et al. 2020). 
However, a number of studies have shown that 
some phylogenetic signal can be retrieved from 
morphometric characters (e.g., Catalano et 
al. 2015; Catalano and Torres 2017; Perrard 
et al. 2016). This is particularly relevant when 
the results obtained from morphometric data 
are congruent with established phylogenies. A 
study by Catalano and Torres (2017) further 

GROUP MATRIX A MATRIX B MATRIX C

CI-
WEIGHTING

RC-
WEIGHTING

CI-
WEIGHTING

RC-
WEIGHTING

CI-
WEIGHTING

RC-
WEIGHTING

Inuit N N / L / /

France O O / O / /

Inuit + France / / M / / /

Haya Q Q L L / /

Kongo R / / N / /

Kongo + Papu / / / Q / /

Berber + Mande / / / N / /

KhoiSan + Mande T V / / / /

China U U / R / /

Papu + Berber V T / / / /

Tab. 4 - Continued.
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emphasized that while overall performance of 
GMM data to infer phylogenies was modest, 
regardless of the method used, the inclusion of 
more anatomical structures tended to improve 
phylogenetic inferences and support the use of 
morphometric characters in cladistics. Moreover, 
with phenetic methods, such as neighbor-joining 
or UPGMA, the partitioning of shape variables 
is not crucial, as the analysis relies on distances 
between taxa. The result is not affected as long 
as relative positions in multidimensional space 
are used (Felsenstein 2004; Klingenberg and 
Gidaszewski 2010; Swofford et al. 1996), making 
trait definition less important. In contrast, clad-
istic approaches, especially those using Wagner 
parsimony, require characters to be discrete and 
independent—an assumption that clashes with 
the inherent interdependence of 3D landmark 
coordinates. Because parsimony treats each coor-
dinate as an independent character, the strong 
covariance structure among Procrustes coordi-
nates may artificially inflate character numbers 
and disproportionately influence tree searches. 
The present study acknowledges this issue, but 
further work is required to quantify its conse-
quences—for instance, through targeted sensi-
tivity tests assessing how dependence patterns 
affect tree length, support values, or recovered 
topologies. Nonetheless, landmark data still hold 
valuable phylogenetic information, particularly 
when integrated with other morphological traits 
that help contextualise shape variation (Goloboff 
2022b). Recent work (Simon-Maciejewski et 
al. 2024) demonstrated that phylogenetic trees 
inferred from GMM data using cladistic meth-
ods were more robust and consistent with exist-
ing phylogenies than those generated by phenetic 
methods. Specifically, analyses using UPGMA 
and Neighbor-Joining on a PCA-derived coordi-
nate matrix from a similar 347-landmarks data-
set produced incongruent and unreliable trees, 
both with each other and with the established 
literature. These findings suggest that cladistic 
approaches applied to 3D GMM datasets may 
yield more stable and congruent results than phe-
netic ones. Wheeler (2021) also advocated for 
parsimony-based methods over distance-based 

ones, particularly for their ability to reconstruct 
ancestral states, reinforcing the methodological 
preference for cladistic over phenetic approaches 
in this context.

The second major point of contention con-
cerns the dependence of characters. The ques-
tion of trait definition and independence and 
how shape data should be conceptualized is cen-
tral: as a single, unified trait or as a set of inde-
pendent traits. The answer has implications for 
how these traits are then coded as characters or 
states in phylogenetic analyses (Bookstein 2002, 
1991; MacLeod et al. 2002; Monteiro 2000; 
Rohlf 1998; Zelditch et al. 2004). However, it is 
important to note that this challenge is not exclu-
sive to morphometric data. In fact, defining and 
assessing the independence of “traditional” dis-
crete morphological characters presents similar 
difficulties, as their definitions can vary widely 
(e.g., Hawkins et al. 1997; Pleijel 1995; Pogue 
and Mickevich 1990; Sereno 2007; Thiele 1993)
and their implications evaluated. We argue that 
the recognition of structures which are alternate 
forms is a vital stage of primary homology assess-
ment and is equivalent to the conceptualization of 
a transformational homology. Such a view com-
plies with the demand that characters are inde-
pendent and that character states are hierarchi-
cally related. We identify one justifiable solution 
to the inapplicable data coding problem (coding 
for organisms which have red tails, blue tails or 
no tails, and their independence is often hard to 
establish (e.g., MacLeod et al. 2002; McCracken 
et al. 1999; Mounier et al. 2009). One possible 
advantage of morphometric data, however, is 
that PCs are mathematically independent. While 
PCs have their own limitations—such as inter-
pretability—they offer a way to formally ensure 
character independence. In the results, PC-based 
representations even yielded slightly better phy-
logenetic results than raw landmark coordinates, 
suggesting that this approach may partly resolve 
the dependence issue. Nevertheless, the sensi-
tivity of the PC-based topologies to weighting 
schemes indicates that this independence does 
not guarantee stability and must be interpreted 
with caution.
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In this context, TNT software from the Willi 
Hennig Society stands out as the only major 
phylogenetic tool with algorithms specifically 
designed for continuous morphometric data. 
These algorithms reconstruct ancestral shapes 
directly from landmarks by minimizing morpho-
logical changes along phylogenetic trees (Catalano 
et al. 2010; Goloboff and Catalano 2011), offer-
ing a promising way for more nuanced phyloge-
netic inference using GMM data.

The present approach follows that of 
Catalano and Goloboff (2010) and Goloboff 
and Catalano (2011), phylogenetic morphomet-
ric, which operates on the coordinates of either 
the principal components or landmarks after 
alignment to minimize displacement between 
ancestors and descendants. This method esti-
mates ancestral configurations at internal nodes 
in a similar way to traditional parsimony using 
discrete qualitative data but, in that case, each 
landmark coordinates are treated as a multi-
variate trait. The resulting ancestral patterns are 
composed of 3D landmark configuration which 
can be viewed through warping as fully rendered 
3D morphologies. The ancestral position of 
a landmark is identified by exploring a grid of 
possible positions based on observed descend-
ant landmarks, allowing for refinement through 
increased grid subdivisions or iterations around 
the initial estimation.

The primary goal of this study was to empiri-
cally test a protocol that integrates 3D data—
landmark coordinates and principal component 
(PC) scores—and to compare the results with 
those obtained from the analysis of discrete mor-
phological characters, assessing their congruence 
against a phylogeny derived from an independent 
source of information, in this case, morphologi-
cal characters. To better understand the advan-
tages and limitations of different data types in 
phylogenetic analysis, we examined the specific 
characteristics of each of the analysed matrices.

For matrix A, the analysis requires more time 
and more powerful computing resources. the 
nature of the data which is composed of aligned 
3D coordinates allow for the reconstruction of 
3D ancestral shapes at each node, providing a 

readily available visualisation of the morphologi-
cal changes across the trees (see, Figures 3 and 4). 
Additionally, by using a large number of varia-
bles (i.e., 347 for A compared to 22 for B and 59 
for C), it allows for a very detailed analysis of the 
morphological information of the OTUs. Using 
aligned landmark coordinates also has the advan-
tage of resolving the discretization issues found 
in traditional morphological features, thereby 
reducing bias in state definitions and improving 
the quantification of shape differences. However, 
3D landmark coordinates are mathematically 
interdependent and cannot be treated as inde-
pendent variables. This raises important ques-
tions about character weighting and the possi-
bility that covariance structures may exaggerate 
or obscure signal. Future work should incorpo-
rate formal sensitivity analyses, for example by 
selectively down-weighting blocks of correlated 
coordinates, permuting subsets of landmarks, or 
comparing results against randomized matrices 
to evaluate how dependence affects tree topology. 
One possible way to address this issue—though 
not explored in the present study—would be to 
analyse specific subsets of landmarks, such as 
those defining particular morphological traits 
or outlines. These subsets could be conceptually 
comparable to individual characters and might 
be treated as independent units of morpho-
logical information (see Catalano et al. 2015; 
Klingenberg 2010).

In contrast, matrix B employs dimensionality 
reduction through PCA, transforming original 
variables into independent, orthogonal variables 
(Jolliffe 2002). This approach addresses charac-
ter dependency issues commonly associated with 
3D geometric morphometric data. However, it 
has limitations when compared to matrix A. Like 
matrix A, it allows for ancestral shape reconstruc-
tion, but dimensionality reduction to just 22 
features may distort the matrix. Results from an 
exploratory study showed that a smaller charac-
ter set reduces the ability to account for the entire 
phylogenetic history between OTUs, hence lim-
iting the ability to discern meaningful evolution-
ary relationships between taxa, while limiting 
homoplasy (Rohlf 2001). Another limitation is 
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that PCA scores represent a projection of the 
landmarks onto a single, unidimensional value. 
As a result, they do not reconstruct the ances-
tral shape but instead only indicate the point 
where the landmarks would have been projected. 
Moreover, this approach shifts the analysis from 
being shape-based to relying on one-dimensional 
variables, which do not inherently provide direct 
insights into actual shapes (Adams et al. 2011; 
Catalano et al. 2010; Goloboff 2022b; Monteiro 
2000; Zelditch et al. 2004) and might not be 
meaningful, as the analyse of PCA scores from 
GM data rely on a phenetic analysis of overall 
similarity without regard to variation in individ-
ual morphological traits that represent hypoth-
eses of primary homology (sensu de Pinna 1991)
one related to comparisons among different 
organisms and the other restricted to compari-
sons within the same organism. The former is 
essentially hierarchical in nature, thus being in 
fact a less obvious form of taxic homology. The 
latter is logically equivalent to so-called serial 
homology in a broad sense (including homon-
omy, mass homology or iterative homology. The 
sensitivity of the PC-based trees to alternative 
weighting schemes in this study underscores 
these theoretical concerns and suggests that the 
apparent advantages of independence must be 
balanced against the potential loss of phylogenet-
ically informative structure. However, our results 
indicate that they can still yield informative phy-
logenetic signal—suggesting that, despite theo-
retical limitations, the method may be practically 
effective in some contexts.

Matrix C, which uses 59 discrete morpho-
logical characters, describe less of the morphol-
ogy of the calvarium but allows more straight-
forward discussions of synapomorphies at each 
node. While the characters in this matrix are 
morphologically separate, they are not neces-
sarily independent, and their independence is 
rarely tested (e.g., McCracken et al. 1999). As 
with any definition of character and its vari-
ous states (Pleijel 1995), challenges remain in 
character definition and states distinction, par-
ticularly with continuous variation, leading to 
potential loss of information when similar but 

not identical shapes are grouped in the same 
state. For instance, character 33, the torus occipi-
talis transversus, is categorized into three states: 
absent, present and medially protruding, and 
present and bilaterally protruding. In reality, the 
shape of this character is more nuanced and may 
vary between specimens included in the same 
OTU (Mounier 2009). These issues highlight 
that all three approaches—coordinates, PCs, and 
discrete characters—carry their own sources of 
bias, and comparisons between them must there-
fore be interpreted cautiously.

A further point concerns the strength of 
phylogenetic signal in the landmark coordinates 
themselves. As highlighted by recent critiques, 
establishing that morphometric data contain 
more hierarchical structure than expected by 
chance is essential for evaluating their suitabil-
ity in cladistic inference. Although the present 
study did not implement formal tests of phy-
logenetic signal, several approaches could be 
adapted for future work—for example, compar-
ing observed tree length distributions to those 
generated from randomized coordinate matrices, 
or applying extensions of classical signal metrics 
(e.g., Blomberg’s K or Pagel’s λ, Blomberg et al. 
2003; Pagel 1999) to multivariate shape data. 
Such analyses would allow a clearer assessment 
of whether the covariation patterns captured by 
the landmarks meaningfully reflect phylogenetic 
structure rather than noise or spatial autocorre-
lation. Incorporating these tests will strengthen 
future evaluations of morphometric datasets in 
phylogenetic contexts.

The symmetrized analyses—based on land-
mark configurations restricted to a single half of 
the calvarium—are broadly consistent with the 
results obtained from the full-calvarium data-
sets, yet they display slightly greater topologi-
cal instability, particularly in the PCA-derived 
trees. While the landmark-based matrices remain 
largely congruent with the complete-cranium 
analyses, the PC matrices show shifts in the posi-
tion of the Koobi Fora specimens, which alter-
nately cluster with H. sapiens and Neanderthals 
depending on the weighting scheme. This 
increased incongruence likely reflects the loss 
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of bilateral morphological information: by ana-
lysing only half of the calvarium, potentially 
informative asymmetries are excluded, reducing 
the phylogenetic signal. The differences observed 
here suggest that halving the configuration may 
remove structural correspondences that contrib-
ute to stability in the full dataset. Although the 
symmetrized half-calvarium approach remains 
useful—particularly for dealing with fragmen-
tary fossils—its slightly reduced performance 
highlights the need to consider how much evo-
lutionary information is embedded in bilateral 
or whole-vault patterns, and how their removal 
may influence tree topology, especially in PCA-
based analyses. These results reinforce the 
broader conclusion that morphometric phyloge-
netic inference is highly sensitive to data treat-
ment, landmark selection, and the handling of 
semi-landmarks, and should therefore be applied 
with caution (Cardini 2016; Klingenberg and 
McIntyre 1998).

Finally, although allometry was detected in 
the first three principal components, the phylo-
genetic trees generated from the size-corrected 
residuals yielded incoherent and biologically 
implausible topologies (see Supplementary 
Material 10). This outcome highlights a poten-
tial limitation of regressing out allometry in geo-
metric morphometric analyses: while intended 
to isolate shape variation independent of size, 
the process may also remove evolutionarily 
meaningful signal, particularly when allometric 
trends are themselves phylogenetically structured 
(Giannini 2014; Klingenberg and Marugán-
Lobón 2013; Pélabon et al. 2014). These results 
underscore the need for caution when apply-
ing allometry correction prior to phylogenetic 
inference, especially in datasets where size and 
shape covary in evolutionarily informative ways. 
More generally, the strong influence of allometry 
correction, symmetrisation, data filtering, and 
weighting demonstrates that conclusions drawn 
from morphometric phylogenetics remain pro-
visional and should be interpreted with appro-
priate restraint until tested across larger samples, 
alternative sliding procedures, and complemen-
tary lines of evidence.

Palaeoanthropology 
Overall, the main results of this study are 

aligned with generally accepted phylogenies. 
The positioning of the outgroups and the mono-
phyly of H. sapiens, despite minor variations in 
the relationships among contemporary human 
populations, is found in all six analyses, show-
ing a consistency in the results. The placement of 
the OTUs in the phylogenetic trees derived from 
the three matrices (A, B, and C) echoes histori-
cal taxonomic proposals on hominid evolution 
(Campbell 1963, 1962).

In one case, the phylogenetic relationships 
between “Koobi Fora – H. habilis s.l.” and A. afri-
canus, the six phylogenies resulting from the anal-
ysis of the different data matrix appears to yield 
to similar interpretations. In the trees obtained 
from matrices A and B, based on 347 landmark 
coordinates and 22 PCs coordinates, A. africanus 
(node D; see Figures 3 to 6) and “Koobi Fora – 
habilis s.l.” (node E; see Figures 3 and 6) do not 
group together. These nodes are distinguished by 
several morphological differences: in norma facia-
lis, the postorbital constriction is less pronounced 
in node E compared to node D, in norma occipi-
talis, an occipital bun is present in node D but 
absent in node E, and the cranial outline, marked 
by the position of the greatest cranial width (bi-
euryon), forms a more pronounced triangular 
shape in node D, whereas it is less defined in node 
E. In norma lateralis, the transition between the 
planum occipital and planum nucale is rounder in 
node E than in node D, with the opisthocranion 
positioned lower in node E. Similarly, the trees 
obtained from matrix C, which uses 59 tradi-
tional characters, separates the two taxa. It places 
A. africanus at the root of the genus Homo (node 
D), while grouping “Koobi Fora – H. habilis s.l.” 
with H. erectus sensu lato at node F (see Figures 7 
and 8). A. africanus is supported by five autapo-
morphies (see “Results”), whereas the grouping of 
the Koobi Fora specimens (referred to either H. 
ergaster or H. habilis) is supported by a single char-
acter, the presence of a medially protruding torus 
occipitalis transversus. In those trees, A. africanus 
and “Koobi Fora – H. habilis s.l.” are separated by 
five features. 
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Thus, all the trees separate these OTUs 
based on the same morphological criteria, with 
a focus on the occipital bun, the outline of the 
supraorbital region, the sulcus postorbitalis, and 
the torus occipitalis transversus. Overall, the syna-
pomorphies present in the trees obtained from 
matrix C are also observed in the trees obtained 
from matrices A and B, except when the charac-
ter states are not as finely defined or when the 
shape does not exhibit the feature. For instance, 
the antero-posterior convexity of the frontal 
(character 10) is coded with three distinct states 
in the morphological matrix (i.e., C). In the 
resulting trees, A. africanus and “Koobi Fora – 
H. habilis s.l.” share the same character state. 
However, in the trees obtained from matrices A 
and B, the shape differences are considered more 
explicitly and can be observed at nodes D and 
E. Additionally, the trees obtained from matrix 
C includes characters that are too subtle to be 
observed in the trees obtained from matrices A 
and B, such as the linea temporalis and the out-
line of the temporal squama. 

The classification and interpretation of 
the hominins within H. erectus have long been 
a subject of debate. In the 1980s, research-
ers tended to classify H. ergaster, Sangiran, and 
Zhoukoudian as distinct species (Andrews 1984; 
Tattersall 1986; Wood 1984), while the defining 
features of H. erectus are generally found in both 
African and Asian specimens. Some researchers 
propose that H. erectus could be ancestral to H. 
neanderthalensis or that H. erectus and H. sapi-
ens form a single highly variable group, with the 
Ngandong series sometimes referred to as Homo 
soloensis or Homo sapiens soloensis Dubois 1940 
(Bonde 1989; Bräuer and Mbua 1992; Campbell 
1963; Dubois 1940; Gingerich 1979; Jelinek 
1981, 1980; Stringer 1987a; Tobias 1985; Von 
Koenigswald 1958; Widianto and Zeitoun 2003; 
Wolpoff 1980; Zeitoun et al. 2010). This view 
is supported by two of the trees (A and B, see 
Figures 3 to 6), which include the Ngandong 
series within a monophyletic group with 
Neanderthals and H. sapiens, excluding them 
from the clade comprising Dmanisi, Sangiran, 
and Zhoukoudian.

Regarding what is referred to as H. erectus 
sensu lato, the results show divergent outcomes 
in the different phylogenetic trees derived from 
the matrices. The trees obtained from matrix A 
shows that H. erectus sensu lato is paraphyletic; 
at node H, the Sangiran, Zhoukoudian, and 
Dmanisi form a monophyletic group, exclud-
ing Ngandong at node J and “Koobi fora – H. 
ergaster” at node F (see Figures 3 and 4); at 
node I, Sangiran and Dmanisi group together. 
Similarly, the trees obtained from matrix B 
shows identical groupings at node G and H (i.e., 
Sangiran, Zhoukoudian, and Dmanisi), while 
Ngandong is excluded in node H (see Figures 
5 and 6). However, these trees fail to clarify the 
phylogenetic relationships between “Koobi fora 
– H. habilis s.l.”, “Koobi fora – H. ergaster”, the 
clade formed by Zhoukoudian, Dmanisi and 
Sangiran and Ngandong. In contrast, the trees 
obtained from matrix C, places all H. erectus 
sensu lato OTUs together at node F (see Figures 
7 and 8), with “Koobi fora – H. ergaster” at node 
G, followed by Dmanisi at node H; at node I, 
Sangiran, Zhoukoudian, and Ngandong group 
together, with Zhoukoudian and Ngandong 
forming a monophyletic group at node J. 

In these trees, the hypothetical ancestor of 
Ngandong, Neanderthals, and H. sapiens shares 
several morphological features. For example, in 
norma lateralis, the angle between the planum 
occipital and planum nucale is more pronounced 
compared to specimens from Dmanisi, Sangiran, 
and Zhoukoudian. Additionally, in norma occipi-
talis, the processus retromastoideus is absent, and 
the cranial outline is circular, or ‘bomb-like,’ as 
described in Neanderthals (Boule 1913, 1912, 
1911; Condemi 1992; Vandermeersch 1981). 

On the other hand, later studies proposed 
to group H. ergaster (African specimens) and H. 
erectus sensu stricto (Giava and China) into a sin-
gle species, arguing that the differences between 
African and Asian populations are not enough 
to warrant separate species designations (Bräuer 
and Mbua 1992; Harrison 1993; Kennedy 
1991; Kramer 1993). Some phylogenetic inter-
pretations of the Dmanisi hominids in Georgia 
further support the idea of H. erectus as a single, 
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highly dimorphic species with significant tempo-
ral and geographic variation (Lordkipanidze et 
al. 2013; Vekua et al. 2002). On the other hand, 
genetic studies have suggested that the Ngandong 
specimens may belong to the Denisovan lineage 
or may be close to H. sapiens (Condemi and 
Savatier 2024; Ji et al. 2021; Ni et al. 2021; 
Shao et al. 2021; Zeitoun 2000). Interestingly, 
in the trees obtained from matrix C (see Figures 
7 and 8), Dmanisi is included within H. erec-
tus s.l. and supported by two synapomorphies 
(the outline of the supraorbital region in norma 
facialis is straight, and the sulcus supraorbitalis in 
the supraorbital region is incomplete), and the 
“Koobi Fora – H. ergaster” group is positioned 
just beneath it, supported by five characters (e.g., 
the position of the temporal squama is high and 
the outline of its superior border is rectilinear). 
Meanwhile, “Koobi Fora – H. habilis s.l.” is 
placed at the root of the clade, emphasizing the 
bridge between Asian specimens (including the 
Ngandong specimens) and African specimens 
(“Koobi fora – H. ergaster”). Nevertheless, the 
results appear to support the existence of H. erec-
tus s.s., which may be restricted to Eurasia during 
the Early and Middle Pleistocene, thus excluding 
specimens from Africa and Ngandong.

The analysis of the three matrices, each rep-
resenting different data types, underscores the 
ongoing debate about the classification of H. 
erectus s.s. and H. ergaster and their position 
in the genus Homo (e.g., Antón 2003, 2002; 
Cameron et al. 2004; Dembo et al. 2016, 2015; 
Irish and Grabowski 2021; Martinón-Torres et 
al. 2007; Stringer 1987; Zeitoun 2000; Zeitoun 
et al. 2010). When analysing the PC scores, the 
resulting morphological characteristics of H. 
ergaster may resemble those of Ngandong and 
“Koobi fora – H. habilis s.l.” more closely than 
H. erectus s.s.. This similarity makes it more diffi-
cult to clearly differentiate between those taxa. In 
contrast, the morphological approach treats the 
presence of multiple states as distinct, allowing 
for the inclusion of the different states in various 
scenarios before selecting the most parsimonious 
tree. In this context, it seems more reasonable to 
consider these two OTUs as more closely related 

taxa, especially when considering the shared set 
of characteristics used to distinguish them from 
other clades in two of the matrices. 

The phylogenetic status and position of H. 
neanderthalensis has long been a subject of debate. 
Palaeogenomic data, suggesting admixture with 
H. sapiens populations (Fu et al. 2015; Green et 
al. 2010; Li et al. 2024; Prüfer et al. 2021) as 
well as the possibility of an isolated Neanderthal 
lineage in Europe (Slimak et al. 2024), have 
revived the debate over their taxonomic classi-
fication. In the present study, the OTUs “Early 
Neanderthals”, “Near East Neanderthal” and 
“Classic Neanderthals” were created follow-
ing the genetic study of Fabre et al. (2009). 
According to the results, the trees obtained from 
matrix A places the “Classic Neanderthals” at 
node K, the “Near East Neanderthals” at node 
L, and the “Early Neanderthals” at node M (see 
Figures 3 and 4). Similarly, the RC-weighted 
tree obtained from matrix B also supports the 
paraphyly of H. neanderthalensis. In this tree, 
the “Classic Neanderthals” are placed at node 
I, the “Early Neanderthals” at node J, and the 
“Near East Neanderthals” at node K. However, 
in the CI-weighted tree obtained from matrix 
B, the “Near East Neanderthal” and “Early 
Neanderthal” appear in a monophyletic group 
(node K, Fig. 5), as the sister group of H. sapiens 
(node L, Fig. 5), while the “Classic Neanderthal” 
are placed at the base of the clade (node J, Fig. 5).

Some authors (e.g., Ahern et al. 2002; 
Curnoe and Thorne 2003; Relethford 2001; 
Smith and Trinkaus 1991; Trinkaus 1991). 
Neanderthals and H. sapiens as variants of the 
same species, with the inclusion of the specimens 
from the Ngandong series (Bonde 1989; Bräuer 
and Mbua 1992; Campbell 1963; Dubois 1940; 
Gingerich 1979; Jelinek 1981, 1980; Stringer 
1987; Tobias 1985; Von Koenigswald 1958; 
Widianto and Zeitoun 2003; Wolpoff 1980; 
Zeitoun et al. 2010). On the other hand, recent 
cladistic studies based on discrete morphological 
features (Mounier and Caparros 2015), as well as 
genetic evidence (Hajdinjak et al. 2018; Harvati 
et al. 2004; Hublin 2000; Ni et al. 2021; Rak 
1993; White et al. 2014) support the existence 
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of two separate palaeontological species, which 
were nonetheless connected via geneflow from 
Africa to Europe during the second half of the 
Middle Pleistocene (Mounier and Mirazón Lahr 
2019; Petr et al. 2020; Posth et al. 2017). 

While the trees obtained from matrices 
A and B align with the hypothesis of a single, 
highly dimorphic species exhibiting significant 
temporal and geographic variation, the trees 
obtained from matrix C, based on 59 morpho-
logical features, groups all three OTUs into a 
monophyletic clade at node L, with bootstrap 
support of 72% for CI-weighting and 51% for 
RC-weighting (see Figures 7 and 8). In these 
trees, both the “Classic Neanderthals” and the 
“Near East Neanderthals” exhibit two autapo-
morphies, indicating a higher degree of differ-
entiation compared to the “Early Neanderthals”, 
(see Supplementary Material 14). This observa-
tion is consistent with the migration patterns 
of this group (Condemi 2007; Ghasidian et al. 
2023; Profico et al. 2023; Voisin 2006), and the 
idea of several “Out-of-Africa” events during the 
late Middle Pleistocene (Mounier and Mirazón 
Lahr 2019; Petr et al. 2020; Posth et al. 2017)
thus precluding the definition of boundaries of 
variability in early H. sapiens and the interpreta-
tion of individual fossils. Here we use a phyloge-
netic modelling method to predict possible mor-
phologies of a last common ancestor of all mod-
ern humans, which we compare to LMP African 
fossils (KNM-ES 11693, Florisbad, Irhoud 1, 
Omo II, and LH18, which contributed to the 
evolution of the Neanderthals. 

Regarding the H. sapiens populations, we 
decided to split the specimens into separate 
OTUs based on geographical groupings to test 
the coherence of the analyses at a sub-specific 
level. Interestingly, while the “Skhūl-Qafzeh” 
OTU appears as the root for H. sapiens in the 
trees based on morphological characters (node 
M, Figs. 7 and 8), it is placed inside the H. sapi-
ens clade in the analysis of matrix A and B (node 
M, see Figures 3 to 6). Despite these ambigui-
ties, all three trees consistently show H. sapiens as 
a monophyletic group, highlighting the value of 
this analytical approach.

For the taxa for which molecular data are 
available, the topologies recovered here are 
broadly consistent with genomic phylogenies 
(e.g., Meyer et al. 2016; Prüfer et al. 2014; 
Stringer 2016) particularly regarding the close 
relationships among H. sapiens, H. neandertha-
lensis, and other Late Pleistocene lineages. Minor 
incongruences are expected, however, as our 
analyses incorporate fossil OTUs for which no 
molecular data exist, and the inclusion of such 
taxa is known to affect tree reconstruction by 
introducing additional homoplastic or uncertain 
character information. Nonetheless, the overall 
agreement with genomic frameworks supports 
the biological plausibility of the results.

The length of the trees and the values of these 
indices vary depending on the weighting scheme 
used—showing fewer steps and higher indices for 
the RC weighting. The variation between the CI 
and RC weightings can be attributed to the fact 
that when a character exhibits homoplasy and the 
maximum homoplasy content for that character 
is important, adding additional homoplasy has 
a smaller effect on reducing the retention index 
(Goloboff 2022b). The effect of homoplasy on 
the retention index is moderated by the maxi-
mum possible homoplasy for a character, which 
depends on the number of taxa and the number 
of states that character can have. With characters 
with high potential for homoplasy, introducing 
more independent homoplastic changes has a 
reduced effect on lowering the retention index. 
As a result, the rescaled consistency index, which 
is the product of the consistency and retention 
indices, is less impacted (Goloboff 2022b).

The number of SPR moves and Robinson-
Foulds (RF) distances varied according to the 
matrix used. Matrix A showed greater incongru-
ence, while Matrix B produced more consistent 
topologies, particularly in the CI-weighted analysis, 
which demonstrated the highest level of congru-
ence. The low congruence observed in Matrix A 
could be interpreted as supporting the argument 
that landmark data are not well-suited for phyloge-
netic reconstruction (Klingenberg and Gidaszewski 
2010). However, an alternative explanation lies in 
the presence of polytomies in the trees generated 
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from Matrix B. Since both SPR and RF measures 
focus on conflicting nodes, they do not account for 
polytomies (Goloboff 2007), which may influence 
the apparent level of congruence in contrast with 
matrix A trees, who doesn’t present any polytomies. 

Overall, the results indicate that the phyloge-
netic trees are robust, with high consistency and 
retention indices. Considering both the morpho-
logical changes and the results, the trees obtained 
from matrices A and C appear to be the strongest 
trees. The trees obtained from matrix B, while 
showing strong indices, and lower SPR moves 
and RF distances, presents a large polytomy at 
their core (node E, Figures 5 and 6) and another 
polytomy in H. sapiens with the CI-weighting 
(node L, Fig. 5), undermining the robustness of 
the proposed phylogeny. 

Although the difference is subtle, the results 
suggest that aligned landmark coordinates (matrix 
A) may yield slightly more reliable phylogenetic 
reconstructions than PC scores (matrix B), as 
indicated by marginally higher CI and RI val-
ues. Aligned coordinates preserve the spatial con-
figuration of morphological traits, which can be 
advantageous when attempting to capture biolog-
ically meaningful variation—especially features 
traditionally emphasized in comparative mor-
phology and discrete character analyses  (Catalano 
et al. 2010; Goloboff 2022b; Monteiro 2000; 
Zelditch et al. 2004). That said, PC scores also 
have their strengths: by reducing dimensionality, 
they become mathematically independent. The 
observed differences in tree topologies are modest, 
and the presence of polytomies in some trees fur-
ther complicates direct comparisons, particularly 
for SPR moves and RF distances. Ultimately, both 
approaches contribute valuable perspectives, and 
their combined use may offer a more comprehen-
sive understanding of morphological evolution 
than either alone.

Finally, the results from the semi-calvarium 
were not significantly different from those derived 
from the whole calvarium (see Supplementary 
Material 9.3). Although the number of steps was 
slightly lower and the indices higher, the SPR 
values and RF distances were generally greater, 
indicating less congruent topologies.

Although the results obtained here are broadly 
coherent across datasets and weighting schemes, 
their robustness is inevitably constrained by sev-
eral factors. These include small fossil sample 
sizes, the potential introduction of averaging 
artefacts during reconstruction and landmark-
ing, and the presence of unresolved polytomies, 
all of which limit the confidence with which spe-
cific branching patterns can be interpreted. The 
sensitivity of the phylogenetic outcomes to data 
treatment—particularly in relation to semi-land-
mark placement, sliding procedures, and the use 
of different weighting schemes—further under-
scores the need for caution. As such, the topolo-
gies recovered should be considered provisional 
hypotheses whose stability must be re-evaluated 
through expanded sampling, increased anatomi-
cal coverage, and comparisons with independent 
lines of evidence. Future work would especially 
benefit from systematic assessments of alterna-
tive sliding strategies, including analyses con-
ducted without sliding, as well as from exploring 
additional character-weighting approaches and 
the use of cost matrices to model variation in 
evolutionary change more explicitly.

Conclusions

In this study, we applied a standardized clad-
istic protocol to three distinct matrices, each rep-
resenting a different type of data (landmark coor-
dinates, principal component (PC) coordinates, 
and discrete morphological features). Despite 
differences between the resulting phylogenies, the 
overall patterns remain consistent, highlighting 
the value of incorporating 3D datasets into cla-
distic analyses. The results contribute to ongoing 
debates in palaeoanthropology, such as the taxo-
nomical attribution of the specimens KNM-ER 
1470 and 1813, the taxonomical status of speci-
mens usually referred as H. erectus sensu lato and 
the phylogenetic relationships between H. nean-
derthalensis and H. sapiens. The present study only 
analyses the morphology of the calvarium and the 
obtained results must be interpreted cautiously, 
as cladistic analyses can be influenced by various 
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factors, such as character selection, OTU com-
position, and weighting methods (Arnold 1981; 
Chamberlain and Wood 1987). Indeed, the anal-
ysis of three different matrices related to the cal-
varium, each representing a distinct data type and 
following the same protocol, leads to varying yet 
coherent results that reflect different perspectives 
in the current discussion. The results and their 
contribution to current paleoanthropological dis-
cussions highlight the potential and reliability of 
this methodology, demonstrating that landmarks 
effectively capture morphologies that are usu-
ally described using morphological comparative 
methods, and that the resultant 3D data can be 
used in cladistics and can lead to improved phylo-
genetic resolution. Although the methodological 
and sampling limitations outlined above necessar-
ily temper the strength of some inferences, they 
also help clarify the conditions under which mor-
phometric phylogenetics performs most reliably. 
Despite these limitations, the present study dem-
onstrates the considerable potential of integrating 
3D geometric morphometric data into cladistic 
analyses. The congruence observed across dif-
ferent datasets—landmarks, PCs, and discrete 
characters—highlights the capacity of morpho-
metric information to capture phylogenetically 
meaningful signal and to complement traditional 
morphological approaches. The methodological 
framework applied here provides a foundation for 
future, more extensive analyses that incorporate 
larger samples, more complete anatomical regions, 
and refined treatments of semi-landmarks, sliding 
procedures, and character weighting. By building 
on these strengths, subsequent research can fur-
ther enhance the reliability of morphometric phy-
logenetics and contribute to increasingly robust 
reconstructions of hominin evolutionary history.
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Appendix - Description of each morphological feature and character state. Percentage of missing 
data for each character is indicated; for more details see Mounier and Caparros (2015) and Mounier 
et al. (2016).

MORPHOLOGICAL FEATURES % 
MISSING 
DATA

CHARACTER STATES

1)	 Outline of the calvarium,  
norma occipitalis

0 1 triangular

2 circular

3 pentagonal

2)	 Frontal cord length / parietal cord length 2,56 1 Frontal < Parietal

2 Frontal ≈ Parietal

3 Frontal > Parietal

3)	 Outline of the supraorbital region,  
norma facialis

2,56 1 straight

2 convex

4)	 Supraorbital region:  
sulcus supraorbitalis

2,56 1 complete

2 incomplete

3 absent: arcus superciliaris and 
supraorbitalis merged

5)	 Projection of the supraorbital region 0 1 not projecting

2 arcus superciliaris only

3 whole supraorbital region

6)	 Post-orbital constriction (Ipc=M9/M43) 0 1 important (Ipc<0.75)

2 weak (0.75≥Ipc≥0.85)

3 absent (Ipc>0.85)

7)	 Outline of the supraorbital region,  
norma verticalis

2,56 1 medially concave (glabella)

2 straight

3 convex

8)	 Sulcus postorbitalis 1,28 1 absent

2 medially present

3 present continue

9)	 Tuber frontale 0 1 absent

2 defined, medially shifted

3 present

10)	 Antero-posterior convexity of the frontal 
(Ifc=M29*100/M26)

2,56 1 weak (Ifc>95)

2 intermediate (95>Ifc≥90)

3 important (Ifc<90)

11)	 Linea temporalis development on the frontal 0 1 absent

2 present, unique

3 present, double

12)	 Sagittal keel on the frontal 0 1 absent

2 present

13)	 Bregmatic eminence 0 1 absent

2 present

14)	 Pterion (antero-lateral region of the skull 
formed by the junction of the frontal, the 
parietal, the sphenoid and the temporal)

0 1 spheno-parietal

2 fronto-temporal

15)	 Thickening on the superior part of the coronal 
sutures

0 1 absent

2 present

16)	 Sagittal keel on the bregma-lambda arch 1,28 1 absent

2 present
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MORPHOLOGICAL FEATURES % 
MISSING 
DATA

CHARACTER STATES

17)	 Parasagittal hollowing on both sides of the 
parietal suture

0 1 absent

2 present

18)	 Pre-lambdatic hollowing on the  
bregma-lambda arch

0 1 absent

2 present

19)	 Linea temporalis width of the temporal band 0 1 absent

2 narrow (<20mm)

3 wide (≥20mm)

20)	 Linea temporalis: position on parietal  
(Rlt = temporo-parietal suture-superior line / 
temporo-parietal suture-bregma)

0 1 high (Rlt>0.55)

2 medial (0.54>Rlt>0.46)

3 low (Rlt<0.45)

21)	 Torus angularis parietalis 0 1 absent

2 present

22)	 Tuber parietale 0 1 absent

2 present, medially shifted

3 present, high position

23)	 Outline of the occipital,  
norma lateralis

0 1 rounded profile

2 sharply angled

24)	 Outline of the planum occipitale,  
norma lateralis

0 1 no convexity

2 convexity

25)	 Relative development:  
planum nucale (PN) / planum occipitale (PO)

2,56 1 PN≥PO

2 PN<PO

26)	 Occipital bun 0 1 absent

2 present

27)	 Opisthocranion relative position / inion 0 1 same position

2 different position

28)	 Processus retromastoideus 2,56 1 absent

2 present

29)	 Outline of the planum occipitale,  
norma occipitalis

1,28 1 triangular

2 circular

3 pentagonal

30)	 Suprainiac fossa 0 1 absent

2 hollowing, weakly-delineated

3 present

31)	 Suprainiac fossa: lateral edges 0 1 absent

2 convergent upward

3 parallels or arched

32)	 Sulcus supratoralis 0 1 absent

2 hollowing

3 present

33)	 Torus occipitalis transversus 0 1 absent

2 present: medially protruding

3 present: bilaterally protruding

Appendix - Continued.
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MORPHOLOGICAL FEATURES % 
MISSING 
DATA

CHARACTER STATES

34)	 Torus occipitalis transversus form,  
norma occipitalis

0 1 absent

2 rectilinear

3 convex

35)	 Protuberantia occipitalis externa 1,28 1 absent

2 present

36)	 Tuberculum linearum 1,28 1 absent

2 present

37)	 External occipital crest 5,13 1 absent

2 present, posterior only

3 present

38)	 Aligned posterior and anterior external  
occipital crest

7,7 1 yes

2 no

39)	 Temporal squama heigh (Iet=maximal height 
from auriculae*100 / maximal width)

0 1 low (Iet ≤ 60)

2 high (Iet> 60)

40)	 Outline of the anterior border of the  
temporal squama

2,56 1 curved or sinuous

2 rectilinear

41)	 Outline of the superior border of the temporal 
squama

0 1 curved or sinuous

2 rectilinear

42)	 Development of the crista supramastoidea at 
the porion

0 1 absent

2 weakly marked

3 marked

43)	 Crista supramastoidea / 
	 processus zygomaticus temporalis

2,56 1 not lined up

2 lined up

44)	 Tuberculum supramastoideum anterius 0 1 absent

2 present

45)	 Supramastoid groove  
(between crista supramastoidea and  
crista mastoidea)

1,28 1 absent

2 present, closed anteriorly

3 present

46)	 Form of the auditory meatus 1,28 1 circular

2 elliptic

47)	 Position of the auditory meatus /  
processus zygomaticus temporalis

2,56 1 below

2 intermediate

3 lined up

48)	 Tuberculum mastoideum anterior 1,28 1 absent

2 present

49)	 Processus mastoideus: downward development / 
basicranium

6,4 1 weak

2 strong

50)	 Juxtamastoid ridge development /  
processus mastoideus

8,97 1 less developed

2 as developed

3 more developed

51)	 Digastric groove: presence of a bony bridge 3,85 1 no

2 yes

Appendix - Continued.
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MORPHOLOGICAL FEATURES % 
MISSING 
DATA

CHARACTER STATES

52)	 Crista occipito mastoidea 10,25 1 absent

2 present

53)	 Glenoid cavity depth /  
articular tubercle lowest point

0 1 shallow (<0.9 mm)

2 deep (>0.9 mm)

54)	 Petro-tympanic crest orientation in relation to 
the sagittal plan

0 1 perpendicular

2 frontward

3 backward

55)	 Articular tubercle configuration 0 1 medio-lateral concavity

2 antero-posterior convexity

3 medio-lateral convexity and vertical

56)	 Tuberculum zygomaticum anterius 3,85 1 absent to weakly marked

2 marked

57)	 Tuberculum zygomaticum posterius  
(post glenoid process)

2,56 1 absent to weakly marked

2 marked

58)	 Tympanal contribution to the posterior wall of 
the glenoid cavity

1,28 1 weak

2 important

59)	 Preglenoid tubercle 1,28 1 absent

2 present

Appendix - Continued.
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