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a b s t r a c t

Serial morphology is the study of repeating, sequentially arranged structures in organisms, focusing on
their development, organization, and evolutionary significance. Manual digits in primates, exhibiting
proximodistal and radioulnar homology, can be analyzed using a serial morphological approach. This
method offers a potential tool for reconstructing serial elements of hominin fossil record. Therefore, this
study aims to analyze serial homology in proximal and intermediate phalanges of extant and extinct
Hominini species to validate a novel methodology for reconstructing missing bones within the hand. For
this purpose, we designed a template (27 true landmarks and 128 curve semilandmarks) for proximal
and intermediate phalanges of digits IIeV, applied to Homo sapiens (n ¼ 125), Homo neanderthalensis
(n ¼ 9), Homo naledi (n ¼ 9), Australopithecus sediba (n ¼ 2), and Pan troglodytes (n ¼ 122). Missing data
were estimated using bilateral symmetry or geometric estimation methods. We used principal compo-
nent analysis to quantify and examine morphological variability for each phalanx. Each serially recon-
structed phalanx was validated by comparing the estimated to the original morphology using
generalized Procrustes analysis and Procrustes distances, principal component analysis, and the Mann-
Whitney U test. The results highlight both similarities and differences in serial homology between Pan
and hominins, reflecting a shared developmental ‘blueprint’ alongside interspecific morphological
variations influenced by genetic and functional factors. Finally, serial reconstruction with homologous
elements is possible in the proximal and intermediate manual phalanges of Hominini, being more
accurate with a proximal-proximal or intermediate-intermediate disposition, offering potential for
reconstructing missing fossil hominin manual phalanges.
© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

When studying hand evolution within the hominin clade, the
only available paleontological evidence is derived from hard tissues
preserved in the fossil record (Marzke, 1997; Susman,1998; Tocheri
et al., 2008; Trinkaus, 2016; Kivell et al., 2022). However, the
scarcity, uneven distribution, and temporal and spatial biases of
fossil evidence from the Early and Middle Pleistocene create sig-
nificant gaps in our understanding of the evolution of hand
morphology during these periods. Moreover, the challenge of
studying the hominin hand is heightened by its complex structure:
it consists of 27 articulated bones, which are mostly found isolated
rather than in anatomical connection, making it difficult to assign
individual bones to specific species.
pez-Cano).
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Since missing data from broken or unpreserved elements are
a common issue in the hominin fossil record, three main
methods have been developed to address these limitations. The
first method uses information from the same preserved skeletal
element (i.e., mirror imaging; Mardia et al., 2000), the second
applies geometric techniques to deform and smooth shapes by
mapping landmarks and semilandmarks from a reference to a
target specimen (i.e., thin-plate spline reconstruction; Gunz
et al., 2009), and the third exploits statistical approaches to
predict the location of every missing coordinate using multiple
regressions based on a sample of complete specimens (i.e., two-
block partial least squares; Bookstein et al., 2003). There is also a
fourth approach that can integrate all three of the previously
mentioned methods as it uses morphological series of homolo-
gous elements (e.g., the thoracic spine; García-Martínez et al.,
2018). This last method has already proven particularly useful
for reconstructing structures from incomplete fossil remains
(Bastir et al., 2020).
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Serial homology occurs when a structure's underlying genetic
program is duplicated, either partially or fully, and expressed at a
new time or place during development (Hall, 1995). By definition,
serially homologous structures share much of their genetic archi-
tecture and developmental processes, establishing basic common
body plans or morphologies (Hall, 1992). This principle is evident in
the hominin hand, an idea used by Hamrick (2012), who grouped
the hand elements into three main modular developmental units
(see Fig. 1): a preaxial unit (thumb metacarpus and the first prox-
imal phalanx), a postaxial unit (metacarpals and proximal [PP] and
intermediate [IP] phalanges of digits IIeV), and a distal phalanx
unit. Developmentally, these units form from the lateral plate
mesoderm under the influence of gradual expression of Sonic
Hedgehog, Hox, and clock genes each undergoing a distinct
morphogenetic process. Specifically, the PP and IP of the postaxial
unit are among the first to form in sequence and share unique
developmental traits, such as the timing and regulation of Hoxd11
expression (Reno et al., 2008; Hamrick, 2012).

Furthermore, the postaxial unit is also themost morphologically
homogeneous, with PPs and IPs exhibiting the greatest similarity
(Patel andMaiolino, 2016; Kavanagh, 2020). Both phalanges share a
radioulnarly broad shaft extending distally, trochlea-shaped heads
with asymmetrical radial and ulnar halves and radial and ulnar
lateral pits. However, they differ in features such as the proximal
articular surfacedsingle and vertically oriented in PPs vs. two
elliptical facets in IPsdthe palmar curvature, and the presence of a
median keel.
Figure 1. Theoretical modular development units of the hand (Hamrick, 2012). The arrows
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Given their shared genetic and developmental foundation, the
PPs and IPs of the postaxial unit are expected to exhibit a significant
morphological covariation (Reno et al., 2008). This relationship can
be particularly useful for reconstructing missing phalanges in fossil
hominin hands. In the last 15 years, discoveries of partial hand
skeletons from Australopithecus sediba (Berger et al., 2010) and
Homo naledi (Berger et al., 2015) have provided relatively complete,
semiarticulated, and publicly accessible (https://www.
morphosource.org/, Duke University) hand remains from single
individuals. The adult A. sediba individual ‘MH2’ preserves a nearly
complete right hand skeleton, missing only the distal phalanges of
rays 2e5 and three carpal bones (Kivell et al., 2011, 2018). Similarly,
the H. naledi specimen ‘Hand 1’ includes all the hand and wrist
bones except for the pisiform (Kivell et al., 2015). These well-
preserved hands provide a unique opportunity to robustly test
the reconstruction of serial homologous phalanges within the
hominin fossil record.

Among the features that distinguish the human hand from those
of other apes, intrinsic hand proportions are key adaptations for
enhanced dexterity and forceful pad-to-pad precision grips
(Marzke, 1997; Alba et al., 2003; Feix et al., 2015; Kivell, 2015).
Accurately quantifying these proportions requires multiple asso-
ciated elements from the same individual. Consequently, recon-
structing the postaxial unit not only addresses anatomical gaps in
fossil specimens but may also provide critical insights into the
evolution of manual capabilities and dexterity across hominin
lineages.
in both directions indicate gene expression that regulates osteological development.
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The principle of serial homology and the modular structure of
the hand provide a framework for predicting the morphology of
missing elements. We expect that the shape of a PP or an IP can
predict the shape of another PP or IP within and between digits in
the postaxial unit, using data from a sample of associated in-
dividuals (E1). To test E1, we will analyze morphometric data from
associated modern and fossil specimens to evaluate whether the
preserved elements can accurately predict the morphology of
missing counterparts. Support for this expectationwould indicate a
strong morphological covariation between PPs and IPs, validating
the use of serial homology in reconstructions. Conversely, if pre-
diction accuracy is low, it would suggest that other factors (e.g.,
independent variation or environmental influences) may play a
larger role in shaping phalangeal morphology.

Empirical studies suggest that PP and IP of a single digit are
highly internally coordinated developmental modules that interact
less consistently with the rest of the modules (Klingenberg, 2008;
Kavanagh et al., 2013). This morphogenetic and developmental
perspective indicates that serial homologs are better defined as
structures across rays (e.g., PP to PP) rather than phalanges within
the same digit ray (e.g., PP to IP). However, phalanges are also
considered “homologous adjacent structures in series” (Kavanagh,
2020: p. 202) with significant morphological similarities. This dual
approachdemphasizing developmental modularity within a digit
ray and quantifiable morphological similarities across raysdraises
questions about the extent to which positional homology (PP to PP
or IP to IP) enhances our ability to predict or reconstruct missing
elements compared to within-digit serial homology (PP to IP).

Given the stronger morphological and developmental similarity
between phalanges occupying the same positional role across
digits, we expect them to show greater predictive accuracy and
morphological similarity than homologous phalanges across a ray
(E2). Quantifying this relationship using three-dimensional geo-
metric morphometric (3DGM) techniques would allow for a direct
test of whether positional homology provides a more robust basis
for reconstructing missing phalanges than serial proximodistal
homology. Greater predictive power from positional homologs
would support the expected, while comparable or superior pre-
dictive power from serial proximodistal homologs would falsify it,
indicating that shared genetic and developmental pathways within
a ray play a larger role in shaping phalangeal morphology.

The examination of serial homology within the phalanges not
only provides insights into reconstructing missing elements but
also offers a foundation for exploring broader evolutionary ques-
tions. Panins and modern humans' digits, as closest living relatives
(Mikkelsen et al., 2005), share a common genetic and develop-
mental ‘blueprint,’ which constrains their capacity to vary inde-
pendently (Rolian et al., 2010). This genetic limit leads to similar
patterns of phenotypic variation in both size and shape across these
species, despite their differing morphology (e.g., phalangeal cur-
vature angle or body length), lifestyles, and functional demands
(e.g., knuckle-walking vs. bipedalism). Nevertheless, it is unclear to
what extent this species-specific adaptation restricts their serial
homology of PPs and IPs.

To investigate this, it is important to quantify and compare the
serial deformation of PPs and IPs in both species. Serial deformation
refers to the measurable changes in shape and geometry that occur
between homologous skeletal elements within a series, such as the
PPs and IPs of the hand (Kavanagh, 2020). We expect that the
deformation patterns of serial homologs (PPs and IPs) differ between
hominins and Pan troglodytes due to their distinct morphology,
manual adaptations, and functional constraints (E3). We will use
3DGM analyses to quantify and compare serial deformation patterns
of PPs and IPs between Hominini species. Significant differences in
deformation patterns would indicate the influence of species-
3

specific functional or genetic causes. Conversely, a lack of signifi-
cant differences would suggest that shared genetic constraints play a
dominant role in shaping these patterns, over-riding functional
divergence.

2. Materials and methods

2.1. Sample and scanning techniques

The sample consisted of 3D models of IIeV PPs and IPs of Homo
sapiens (Hs), Pan troglodytes (Pt), Homo naledi (Hn), Homo nean-
derthalensis (Neanderthals), and Australopithecus sediba (As)
(see Fig. 2).

The 3D models were gathered from the collections of the Na-
tional Museum of Natural Sciences (MNCN, Madrid), the National
Museum of Natural History (Paris), and online repositories
including Morphosource (www.MorphoSource.org, Duke Univer-
sity) and The Human Fossil Record (www.human-fossil-record.
org). Clinical CT data were acquired at the National Centre for
Accelerators (Seville) through collaboration between the MNCN
and Charles University, independent of this study. The dataset ob-
tained via clinical CT scans received ethical approval from the
Faculty of Sciences, Institutional Review Board of Charles University
(2024/03), and a written informed consent was obtained from the
participants, adhering to the Helsinki Protocol (Goodyear et al.,
2007), ensuring anonymization of the data.

Themodern human sample included 17 healthy adults (11males
and six females, aged 59e74 years) housed at the MNCN. Addi-
tionally, we incorporated a 28-year-old female climber with over
six years of experience in free climbing, who trains four times per
week, scanned at the National Centre for Accelerators, and two
archaic Hs individuals (Arene Candide 2 and Nazlet Khater 2)
housed at the Archaeological Museum of Finale and the National
Museum of Egyptian Civilization, respectively. The Pt sample con-
sisted of 12 wild-shot healthy adults (five males, four females, and
three of undetermined sex), obtained from the National Museum of
Natural History.

The Hn and As samples consist of previously published pha-
langes of specimens ‘Hand 1’ and ‘MH2’ (Kivell et al., 2011, 2015),
housed at the Evolutionary Studies Institute at the University of the
Witwatersrand. These 3D models were downloaded from Mor-
phosource. For ‘MH2,’ only the fourth and fifth IPs of the right hand
were analyzed as the 3D model of the left hand is in anatomical
articulation, preventing accurate measurements. The Neanderthal
sample comprised hand phalanges of Shanidar 3 and Spy 2, housed
at the Smithsonian National Museum of Natural History and the
Royal Belgian Institute of Natural Sciences, respectively.

The main sample focuses on Pt and Hs as they, along with
bonobos, are the closest living relatives (Mikkelsen et al., 2005) and
with extensive available data on both hand morphology and
functional anatomy (Susman, 1979; Marchi, 2005; Lazenby et al.,
2011; Wallace and Patel, 2013; Syeda et al., 2023, 2024),
providing a robust comparative framework to study serial recon-
struction in hominin evolution.

The PPs and IPs of Hs and Pt, excluding the ‘climber’ and both
archaic Hs individuals, were scanned using a high-resolution Artec
Space Spider Scanner with a resolution of 0.1 mm and an accuracy
of 0.05 points per mm. The resulting 3D meshes were post-
processed using Artec Studio v. 16 (3D Systems, Rock Hill). For the
‘climber,’ a Spiral Acquisition by a Siemens Biograph CT scanner
with settings of 120 kV, 160 mAs, and 0.6 mm slice thickness was
used. Routine matrix clinical images were reconstructed using the
high-resolution B30F kernel for hard tissues assessment. High-
resolution mCT scans of Arene Candide 2 PPs and IPs were collected
using a SkyScan 1173 at 100e130 kV, 61e62 mA; and the scans

http://www.MorphoSource.org
http://www.human-fossil-record.org
http://www.human-fossil-record.org


Figure 2. A subset of the sample by species considered in this study in dorsal, lateral, and palmar views (left to right). (A) PP2 and IP2 of Arene Candide 2 (Hs); (B) PP3 and IP3 of
Shanidar 3 (Neanderthal); (C) PP3 and IP3 of U.W. 101 (Hn); (D) PP4 (in dark gray as it was not considered in the study) and IP4 of MH2 (As); (E) PP4 and IP4 of MNHN 1901-659 (Pt).
As ¼ Australopithecus sediba; Hn ¼ Homo naledi; Hs ¼ Homo sapiens; IP ¼ intermediate phalanx; PP ¼ proximal phalanx; Pt ¼ Pan troglodytes.

M. L�opez-Cano and M. Bastir Journal of Human Evolution 203 (2025) 103674
resolution ranged between 0.030 and 0.042 mm. Nazlet Khater 2
PPs and IPs mCT scans were collected using the GE phoenix v | tome |
x L 240e180 at 180e240 kV, 300 mA, and 0.11 mm scan resolution.
The 3D models from the CT and mCT scans were generated using
Slicer 4.10.2 software (www.slicer.org; Fedorov et al., 2012). Every
3D model was exported as .ply files.

2.2. Landmark measurements and basic three-dimensional
geometric morphometric analysis

The shape of each phalanx was quantified by 3DGM using
Viewbox 4.0 (Dhal, Kiffisia), following standard processes for analyses
and visualizations in virtual morphology and morphometrics (Bastir
et al., 2019). Previous studies have demonstrated the comparability of
landmarks measurements on 3D models obtained from clinical CT
scans, high-resolution mCTscans, and high-quality surface scanners in
geometric morphometrics analysis (Ross and Williams, 2008;
Brzobohat�a et al., 2012; Rosas et al., 2016; Bastir et al., 2017; Shearer
et al., 2017; D'Angelo del Campo et al., 2023; for further details, please
see Supplementary Online Material [SOM] S3).

Four of the analyzed fossil phalanges had missing data. For both
PP2 phalanges of Shanidar and the left PP3 ofHn, missing datawere
estimated using mirror imagining (i.e., mirror imaging; Mardia
et al., 2000). For the PP5 of Hn, TPS interpolation was applied us-
ing PP4 from the same side of ‘Hand 1’ to estimate the missing
coordinates (Gunz et al., 2009).

We developed a template for both PPs and IPs comprising 155
points, consisting of 27 landmarks linked by 128 curve semiland-
marks. (For further details please see SOM S1.) The template was
designed to exclude anatomical regions related to functionality
(e.g., entheses) and instead focuses on regions shared by both PPs
and IPs that hold morphological potential for serial reconstruction.
The semilandmark data were slid and reslid in the Viewbox 4.0
software to align with the Procrustes sample average, following
standard procedures (Gunz et al., 2005; Mitteroecker and Gunz,
2009; Gunz and Mitteroecker, 2013; Bastir et al., 2019). All land-
marks and semilandmarks were subjected to a generalized Pro-
crustes analysis (GPA).

2.3. Intraobserver error test

To ascertain the repeatability of the measurements, we con-
ducted an intraobserver error (IOE) test in three distinct phases
4

(see SOM S3 for further details). First, we measured three sets of
measurements, spaced one week apart, from three randomly
selected individuals of bothHs and Pt and contrasted the Procrustes
distances (PDs) between these individuals and the sample. Second,
we calculated the percentage of individuals whose PDs were
smaller than that among the IOE replicates. To determine whether
the variation was due to a measurement error or actual biological
shape variation, we assessed the error at two levels: interspecific
(Hs and Pt) and interdigit. Third and in line with this previous
analysis, we remeasured a PP2 and a IP2 from two randomly
selected Hs over two days and compared their coordinates and
vectors with the entire sample of PP2 and IP2 through a principal
component analysis (PCA; please see Fig. 3 and SOM S3 for more
details) at two different levels: the vector between each phalanx
repetition and the vector between the mean shape of each phalanx
and its serial counterpart within the entire sample (e.g., PP2 to PP3
or PP2 to IP2).

Intraobserver error was considered acceptable if the largest PD
resulting from repeated measurements on the same specimen was
smaller than the smallest distance between distinct specimens
(Bastir et al., 2014, 2017) or if its signal differed from that produced
by true biological shape variation (Engelkes et al., 2019).

2.4. Serial homology analysis

The first step in understanding the potential for serial recon-
struction of the phalanges has been to evaluate their differences in
shape. To achieve this, after performing a GPA and PCA with the
entire sample, we grouped the phalanges with their potential ho-
mologs from both the radioulnar axis between digits (e.g., PP2-PP3)
and the proximodistal axis within the same digit (e.g., PP2-IP2).
Subsequently, we conducted specific GPAs and PCAs (Mitteroecker
and Gunz, 2009) and established the vector between the mean
shapes for each phalanx and taxon. Additionally, to facilitate
morphological interpretation, we warped the individual closest to
the extreme positive and negative values of each principle
component to the shape coordinates representing those extremes
(Bastir et al., 2019).

2.5. Reconstruction using serial homology

To assess the potential of seriality patterns for reconstructing
missing phalanges, we conducted an experiment adapted to the

http://www.slicer.org
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available sample. For Hs and Pt, where a larger sample is avail-
able, we used the mean shape of the phalanges and compared it
to a randomly selected ‘problem case’ to test reconstruction ac-
curacy. We tested the potential for reconstruction based on
morphological homology along the ulnoradial axis (e.g., for IP3,
we used IP2 and IP4) and the proximodistal axis (e.g., for IP3, we
used PP3). First, a GPA was performed to align the ‘problem case’
phalanx and the mean shapes. Then, the morphological variation
observed between the mean shapes was applied to the ‘problem
case’ phalanx to estimate each serially reconstructed phalanx,
and the PDs of the reconstructions were compared to the original
to evaluate accuracy (Zelditch et al., 2012). Next, we used a
Mann-Whitney U test with principal component 1 (PC1) scores to
compare the selected reconstructed phalanx to the rest of the
same digit and species sample. Finally, we performed a PCA to
ensure the reconstructed phalanges fell within the original
sample's morphological space, including the 95% confidence
ellipsoid (please see SOM S4).

For the fossil sample (Neanderthals and Hn), we only
considered for reconstruction those with more than one phalanx
from the same digit and segment, and aimed to serially recon-
struct those that also had the original phalanx. We also main-
tained the test for serial homology in both the radioulnar and
proximodistal axes. Once again, the first step was to perform a
GPA with the phalanges under study. Next, we calculated the
morphological variation in each axis of phalanges from the same
individual, which was then applied to another phalanx on that
axis within the same species to estimate its serial reconstruction.
Additionally, we tested the same process by applying the serial
deformation vector from Hs. Afterward, all reconstructions were
compared to the original using PDs to select the most accurate
one. Finally, as a statistical check, we performed another Mann-
Whitney U test following the same procedure mentioned earlier.

The 3DGM and statistical analyses were performed in R v. 4.3.2
(R Core Team, 2023) using the packages ‘Morpho’ v. 2.13 (Schlager,
2017), ‘Geomorph’ v. 4.0.6 (Adams et al., 2023), ‘ggplot2’ v. 3.5.1
(Wickham, 2016), ‘dplyr’ v. 1.1.4 (Wickham et al., 2023), ‘tidyr’ v.
1.3.1 (Wickham et al., 2024), ‘stringr’ v. 1.5.1 (Wickham, 2023),
‘patchwork’ v. 1.3.0 (Pedersen, 2024), and ‘Rvcg’ v. 0.22.2 (Schlager,
2017). Please see SOM S2 for further details.

3. Results

3.1. Intraobserver error

The results of the first and second phases of the IOE test indicate
that 99.04% of the analyzed sample meet the criteria for
repeatability as their PDs are higher than the highest observed
error PD (0.05; please see SOM S3 for further details). This IOE does
not occur at interspecific or interdigit levels, meaning that this
variation is relatively small compared to the true biological shape
variation. Furthermore, as shown in Figure 3, the variation among
the IOE repetitions is not comparable to the biological differences in
shape among the phalanges. The IOE vectors have a different
magnitude, direction, and orientation from those established be-
tween the shapes of serial phalanges.

Hence, despite larger absolute levels of IOE in few cases, the fact
that all specimens in our superimposed landmark dataset were
well separated along the first principal components shows that
landmark data acquired by the same observer can give results that
are precise enough to allow correct biological inferences (Engelkes
et al., 2019). Thus, we believe that there is convincing evidence to
argue that the measurement error does not affect the reliability of
5

our study in analyzing the serial reconstruction capability in
hominins and Pt phalanges.

3.2. Serial reconstruction

The phalanges with the most accurate reconstructions were
positionally homologous along the radioulnar axis (PP-PP or IP-IP,
Table 1, and for further details, see SOM S4), even though the fos-
sil-reconstructed phalanges following the proximodistal axis were
also accurate and statistically reliable.

Only in the cases of PP2 and PP5, we observe a difference be-
tween the closest serially reconstructed phalanx of Hs and Pt. For
Hn, only PP2, PP4, and IP3 were reconstructed due to limited
sample availability, with just two PP3 and IP3 phalanges. In Ne-
anderthals, we used PP2 and IP3 to reconstruct PP3, PP4, and IP4,
and IP2 was excluded due to the absence of an original phalanx for
comparison.

Importantly, Mann-Whitney U tests and PCAs revealed no
statistically significant differences between the original and
reconstructed phalanges. All reconstructed phalanges of Hs and
Pt, when compared to the rest of the phalanges in the sample
from the same segment and digit, fall within the 95% confidence
region in PC1 and PC2 (see SOM S4), which validates serial
reconstruction of these species in PPs and IPs. However, the high
p value observed in fossil-reconstructed phalanges likely reflects
the small sample size; future studies with larger samples on
partially complete hands will be necessary to strengthen these
results.

3.3. Seriality in proximal and intermediate phalanges

In the serial morphological analysis of PPs and IPs in Homi-
nini, we found distinct deformation patterns of serial homolo-
gous phalanges between Hs and Pt, with all hominin species
clustering within a shared region, clearly separating them from
chimpanzees (see Figs. 4 and 5). Across species, the vectors of
serially homologous phalanges exhibit similar deformation
magnitudes, except for Neanderthals. This exception is likely due
to the limited sample size and their particular shape (relatively
broad epiphyses) compared to other hominins; future studies
with larger samples will be necessary to confirm these anoma-
lous distinctive patterns.

Both in the comparison of serially homologous phalanges along
the radioulnar and proximodistal axes (Figs. 4 and 5 respectively),
PC1 (explaining 53e74.4% of the total variance) primarily captures
the anatomical features that distinguish hominins from panins,
such as the phalangeal curvature, the radioulnar extension, and the
body shape. However, PC2 (explaining 3.6e9.7% of the total vari-
ance) reveals greater variation depending on whether the serial
homology involves positionally homologous phalanges or not. In
the case of positionally homologous phalanges, they do not show a
clear differentiation in the clustering (Fig. 4). Conversely, when
comparing PPs and IPs of the same digit, they cluster separately,
highlighting their distinct anatomical traits, like their body shape or
the proximal articular surface.

Consistent with the previous results, along the radioulnar
axis (Fig. 4), interdigital differences are minimal, with smaller
vectors between mean shapes. In contrast, the proximodistal
axis (Fig. 5) shows greater differentiation and the magnitude of
the vectors increases. Thus, positional homologous phalanges
display higher morphological similarity, with smaller deforma-
tion vectors and clustering closer than proximodistal homolo-
gous phalanges.



Table 1
Phalanx-based serial reconstruction across species and comparison of reconstruction vs. original using the Mann-Whitney U test.

Homo sapiens (Hs) Pan troglodytes (Pt) Homo naledi (Hn) Neanderthals

PP2 CSRP PP4 PP3 PP3a PP4a

PD 0.051 0.044 0.085 0.085
p 0.823 0.56 1 1

PP3 CSRP PP4 PP4 PP2a PP4a IP3a

PD 0.044 0.034 0.065 0.065 0.066
p 0.941 0.381 1 1 1

PP4 CSRP PP3 PP3
PD 0.044 0.035
p 0.824 0.45

PP5 CSRP PP2 PP4
PD 0.057 0.056
p 0.588 0.75

IP2 CSRP IP3 IP3
PD 0.091 0.056
P 0.25 0.4

IP3 CSRP IP4 IP4 PP3a IP4a

PD 0.061 0.038 0.052 0.053
p 0.875 0.737 1 1

IP4 CSRP IP3 IP3
PD 0.062 0.038
p 0.941 1

IP5 CSRP IP2 IP2
PD 0.078 0.055
p 0.5 0.6

Abbreviations: CSRP ¼ closest serially reconstructed phalanx; IP ¼ intermediate phalanx; PD ¼ Procrustes distance; PP ¼ proximal phalanx.
a The CSRP has been following the fossil deformation vector.

Figure 3. A principal component analysis illustrating the shape variance between PP2-PP3 and IP2-IP3 in the studied sample and the IOE test for PP2 and IP2. Circle: IP2; square:
PP2; diamond: IP3; triangle: PP3; red: general sample; green: mean shape fromMonday IOE test; blue-green: mean shape from Tuesday IOE test; purple: mean shape of the general
sample. IOE ¼ intraobserver error; IP ¼ intermediate phalanx; PC1 ¼ principal component 1; PC2 ¼ principal component 2; PP ¼ proximal phalanx. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Figure 4. Principal component analyses illustrating the shape variance between phalanges following the radioulnar axis. (A) IP2-IP3; (B) IP3-IP4; (C) IP4-IP5; (D) PP2-PP3; (E) PP3-
PP4; (F) PP4-PP5. IP ¼ intermediate phalanx; PP ¼ proximal phalanx. (For interpretation of the references to color in this figure, the reader is referred to the Web version of this
article.)
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Figure 5. Principal component analyses illustrating the shape variance between phalanges following the proximodistal axis. (A) PP2-IP2; (B) PP3-IP3; (C) PP4-IP4; (D) PP5-IP5.
IP ¼ intermediate phalanx; PP ¼ proximal phalanx. (For interpretation of the references to color in this figure, the reader is referred to the Web version of this article.)
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4. Discussion

In this study, we explored the morphological seriality and ho-
mology between PPs and IPs of the postaxial unit in Hominini to
test E1eE3 regarding serial deformation patterns and their poten-
tial for reconstructing missing skeletal elements within the hand in
fossil specimens.

4.1. Shape covariation of proximal and intermediate phalanges

We expected that the shape of a PP or an IP could predict the
shape of another PP or IP within and betweenmanual digits if using
the deformation vector and data from E1. Our results confirm a
significantmorphological covariation between PPs and IPs, which is
consistent with theoretical models of metameric development
(Hamrick, 2012) but seems to contradict the concept of phalanges
as modular structures with independent development
(Klingenberg, 2008; Kavanagh et al., 2013). However, Kavanagh
(2020) also describes phalanges as “homologous adjacent struc-
tures in series” (p. 202), which support the existence of serial ho-
mology between the external shape of PPs and IPs. These findings
validate E1 and demonstrate the feasibility of using this
8

morphological serial covariation for reconstructing missing pha-
langes as we have statistically validated.
4.2. Positional vs. proximodistal homologs

Building on the confirmation of PP and IP as serial homologs, we
tested whether positional homologs (PP-PP or IP-IP) provide
greater predictive accuracy than serial homologs along the prox-
imodistal axis within the same digit (PP-IP). Our findings support
E2. As shown in Figures 4 and 5, positional homologs cluster closer
than PP-IP, and also the reconstructions based on positional ho-
mologs yielded more accurate results for Hs and Pt. This can be
attributed to their higher degree of anatomical similarity and
shared developmental modularity (Klingenberg, 2008; Kavanagh
et al., 2013), as well as their distinct functional roles in chimpan-
zees (Matarazzo, 2015; Syeda et al., 2024).

However, we also found that reconstructions based on same-
digit proximodistal serial homologous phalanges can produce sta-
tistically reliable results, though with reduced accuracy. Therefore,
we recommend prioritizing positional homologous phalanges for
future reconstructions if possible.
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This validated reconstruction approach using serial deformation
of homologous bones as PPs and IPs may be particularly useful for
other fossil sites where incomplete but associated manual PPs and
IPs are preserved, such as L.H. 21 (Australopithecus afarensis; White,
1980), DIK-1-1 (A. afarensis; Alemseged et al., 2006), OH 7 (Homo
habilis; Napier, 1962), KNM 47000 (Paranthropus boisei; Richmond
et al., 2020), and LB1 and LB6 (Homo floresiensis; Larson et al.,
2009). For Neanderthals and modern humans, examples include
Shanidar 4 and 6 (H. neanderthalensis; Trinkaus, 1983; Niewoehner,
2006) and El Mir�on 1 (H. sapiens; Carretero et al., 2015). Applying
this method to these individuals could enhance our understanding
of the evolution of intrinsic hand proportions andmanual dexterity
during human evolution.

4.3. Seriality differences between proximal and intermediate
phalanges

To explore this covariation between PP and IP in Hominini, we
compared the two best studied species, Hs and Pt. We expected the
deformation pattern of serial homologous phalanges to differ due
to their distinct morphology, manual adaptations, and anatomical
constraints (E3), and our results partially reject E3. On the one
hand, similarities in the magnitude and direction of PP-PP, IP-IP,
and PP-IP deformation vectors in Hs and Pt support the idea of a
shared genetic and developmental ‘blueprint’ of both species
(Rolian et al., 2010), which is also consistent with theoretical ar-
guments of PP-IP undergoing the same metameric development
within primates (Hamrick, 2012). On the other hand, the phalanges
of modern humans and chimpanzees occupy distinct spaces in
PCAs, reflecting their morphological differences, likely driven by
genetic, functional, and behavioral adaptations (Susman, 1979;
Inouye, 1991, 1992, 1994; Rasmussen and Tan, 1992; Prabhakar
et al., 2008; Patel and Maiolino, 2016).

Focusing on functional traits that are genetically determined
and shaped by adaptation, researchers have primarily examined
manipulation and locomotion differences between panins and
hominins (Susman, 1979, 1998; Marchi, 2005; Matarazzo, 2013;
Kunze et al., 2024). Hs, Neanderthals, Hn, and As locomotion is
bipedalism, though the latter two exhibit certain arboreal adapta-
tions (Kivell et al., 2011, 2015). In contrast, Pt engages in a
specialized form of terrestrial quadrupedalism known as knuckle-
walking and also displays a greater degree of arboreality than the
other hominines (Hunt, 2020; Syeda et al., 2023, 2024). These
functional adaptations are reflected in their anatomical features
such as the included angle and the flexor sheath ridges (Susman,
1979; Susman et al., 1984).

Among hominins, Hn and As show serial deformation vectors
closer to Hs, confirming shared morphological features (e.g.,
reduced phalangeal flexor sheath ridges, Kivell et al., 2011, 2015).
Neanderthals, however, show a completely distinct signal when
compared to the other Hominini analyzed. There are several traits
on their phalanges which differentiate them from Hs, but many
researchers have mainly focused on one feature: their relatively
broad epiphyses involving both the distal trochlea and the articular
facets and lateral tubercles on the bases of PP and IP (Musgrave,
1973; Trinkaus, 1983; Trinkaus et al., 2007; Semal et al., 2009).
However, due to the small fossil sample size, further research
increasing the analyzed individuals is needed to refine these ob-
servations and clarify the serial deformation vectors of PPs and IPs
in human evolution.

4.4. Step-by-step protocol for future fossil serial reconstruction

Based on our findings, we propose the following protocol for
applying serial reconstruction to fossil phalanges. The first step
9

involves identifying which phalanges, either PP or IP, are missing
from the fossil specimen. It is important to mention that to estab-
lish a serial deformation vector, it is necessary to have at least two
PPs, two IPs, or one of each. If only one phalanx is preserved, the
researcher can attempt a taxonomic assignment with statistical
validation and then use the serial deformation vector of that spe-
cies to reconstruct its homologous phalanx.

Next, the researcher should establish a comparative dataset of
associated PP-IPs, preferably from individuals of the same species
and ontogenetic period, to model phalangeal serial deformation.
When both positional homologous phalanges are available, they
should be prioritized for reconstruction due to their higher
morphological similarity and predictive accuracy. If not, it is also
possible to apply the deformation vectors following the prox-
imodistal axis of homologous phalanges within the same digit.

The final step involves validating the reconstructions. This can
be achieved through a GPA comparing the PDs, followed by a PCA
with 95% confidence ellipsoid.

4.5. Limitations

There are some limitations to our study that should be
acknowledged. First, our study is founded upon morphological
traits of PPs and IPs resulting from their external shape. As a result,
any assumption regarding functional adaptations must be inter-
preted with caution since this approach does not consider that
other factors as genetics, age, hormonal variation, or the internal
bone structure do also affect the bone shape and development and
thus its serial covariation. Indeed, there are other methods that
deeply assess manual functional adaptations in bone tissue, such as
cross-sectional geometry (Marchi, 2005), trabecular and cortical
bone distribution (Tsegai et al., 2013; Syeda et al., 2023, 2024), and
3D entheseal patterns reflecting muscle coordination (Karakostis
et al., 2018).

Second, the fossil sample analyzed to validate the reconstruc-
tion method remains limited. This constraint is primarily due to
taphonomic factors as the fossil record is biased and associated
manual remains are rare. A further limitation is the restricted
accessibility of associated hands. To strengthen the validation of
this reconstruction approach, future research should test it on
additional fossil specimens, such as OH 7 or LB1, among others.

5. Conclusions

Our results provide a detailed analysis of the external serial
shape covariation between the PP and IP within the Hominini tribe
and demonstrate its utility as a reconstruction method. First, we
confirm the significant serial covariation of the PP and IP, validating
them as homologous elements. Second, we show that this serial
covariation can be successfully applied to reconstruct missing
manual homologous elements, with positional homologs offering
greater accuracy. Finally, we highlight that while certain patterns of
this serial homology are shared between hominins and panins
because of their common ‘blueprint,’ there are also differences that
point to the distinct genetic and manual functional adaptations
across each species.
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