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ABSTRACT: The astragalus plays a fundamental role in the graviportal locomotion of proboscideans, reflecting the
biomechanical constraints imposed by large body masses. This study analyses the morphological variability of the
astragalus in Quaternary elephantids using linear biometry and 3D geometric morphometrics, incorporating an
unpublished astragalus of Mammuthus meridionalis from the Calabrian (ca. 0.9Ma) of Barranc de la Boella (eastern
Iberian Peninsula) within a broad comparative framework of fossil and extant forms. The results reveal a marked
allometric relationship, whereby larger individuals have relatively flatter astragali, regardless of their taxonomic
affinity. The Barranc de la Boella specimen fits this pattern perfectly, showing dimensions comparable to those of the
largest elephantids of the Gelasian, Calabrian and Chibanian. No clear phylogenetic signal is detected in the
morphology of the astragalus, suggesting that body size dominates the observed variation and limits its usefulness in
discriminating specific taxonomic affinities or ecological adaptations.
© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction
Elephants (Elephantidae, Gray 1821) constitute a family of
animals extant today only in South and Southeast Asia, and
sub‐Saharan Africa. They are the last survivors of a highly
successful group of animals (order Proboscidea Illiger 1811),
which included colossal forms present from the Miocene
onwards across virtually all continents, except for Australia.
Their current distribution is largely constrained by human
activity, with populations in the temperate zones of Eurasia
and America (represented by the genus Mammuthus Brookes
1828) having become extinct between the Late Pleistocene
and Early Holocene (Smith et al., 2023). This group shares
some unique characteristics, the most notable of which is that
its members are the largest and heaviest land animals in
existence today (Cantalapiedra et al., 2021).
Proboscideans have graviportal locomotion, that is, they

show specific adaptations linked to heavy weight‐bearing
(Bader et al., 2024). The bones of the foot (tarsals, metatarsals
and phalanxes) form a rigid structure adapted to optimise the
weight distribution, enabling a slow but efficient gait
(Hutchinson et al., 2011). As part of the tarsals, the astragalus
of the proboscideans is robust and massive, reflecting their
need to support a large body weight (exceeding 10 tonnes).
This bone has a wide and deep trochlea for the tibia, which
confers important joint stability to support weight and allow
limited but powerful movements (Smuts and Bezuidenh-
out, 1994). At the same time, this broad and flat articular
surface helps to distribute the weight evenly (Bonnan

et al., 2005; Paul, 2008). In proboscideans, it has been
proposed that variations in astragalus morphology may
indicate both a relationship in response to differences in body
size and a phenotypic response of their adaptations to different
habitats (Scarborough et al., 2015; Chen and Tong, 2016).
It is clear that the astragalus plays a key role in supporting the

weight of the hind leg in proboscideans. Given the importance of
this structure in the locomotor strategies of such iconic taxa, and
following the methodological advances used in recent studies
such as that by Tetaert et al. (2026), in this work, we analyse the
morphological variability of the Quaternary elephantids astraga-
lus using a combined approach of linear biometry and three‐
dimensional geometric morphometrics (3DGM). We focus on an
unpublished astragalus of Mammuthus meridionalis from the
Calabrian (ca. 0.9Ma) site of Barranc de la Boella (El Forn
locality, East Iberia), integrating it into a broad comparative
framework including extant and extinct elephantids. Our main
objectives are (i) to assess the relationship between astragalus size
and shape across Quaternary elephantids; (ii) to discuss whether
astragalus morphology reflects phylogenetic affinities or is
primarily driven by body mass and locomotor constraints; and
(iii) to discuss the palaeoecological implications of the astragalus
morphology of the Barranc de la Boella specimen within the
context of Quaternary elephantid diversity.

Material and methods
Material

Among the specimens analysed in this study is an unpublished
astragalus of Mammuthus meridionalis from the El Forn locality
(Barranc de la Boella archaeo‐palaeontological site, East Iberia,
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ca. 0.9Ma; Fig. 1). This specimen (BB12_EF_4_K12_6), despite
having been excavated in 2012, was only recently identified
after a necessary restoration process was completed. For more
information on M. meridionalis in Barranc de la Boella, see
Fidalgo et al. (2025).
For the linear biometric analysis, data newly obtained by the

authors were used alongside open data from previous publica-
tions (Table S1). In total, one specimen of Palaeoloxodon recki,
two specimens of Elephas maximus, four of Mammuthus
meridionalis, nine specimens of Mammuthus trogontherii, 21
specimens of Mammuthus primigenius, eight specimens of
Palaeoloxodon antiquus and three specimens of Loxodonta
africana were included. Of these data, 28 specimens of all
species included have been measured specifically for this work:
11 specimens from Chen and Tong (2016) ofM. meridionalis,M.
trogontherii and M. primigenius; eight specimens from Scarbor-
ough et al. (2015) of E. maximus, L. africana and P. antiquus; and
one specimen of M. meridionalis from Fuente Nueva 3 from
Ros‐Montoya (2010). For further information, see Table S1.
The 3DGM analysis included a sample of 26 specimens

of P. recki (n= 1), E. maximus (n= 1), M. meridionalis
(n= 1), M. trogontherii (n= 1), M. primigenius (i= 18) and
P. antiquus (n= 3, two of which are possibly from the same
individual: MB_1999_a and b) and L. africana (n= 1) (Table S2).
The sample was mainly digitised at the Museum für Naturkunde
(Berlin, Germany) for this work, with the exception of the
specimen of E. maximus (IMNH_1486; MorphoSource id:
000168770) from the Idaho Virtualisation Lab (Idaho Museum
of Natural History) and the specimen of L. africana (MSCC_020)
from the Turner Geospatial Centre at The Mammoth Site of Hot
Springs. For more details on the provenance of the specimens,
see Table S1. The specimens were scanned in three dimensions
using the 3DMAKERPRO Mole multispectral scanner, with
0.005mm precision and 0.1mm resolution, which includes its
own standard software (JMStudio).

For the anatomical nomenclature of the specimens, that
used by Smuts and Bezuidenhout (1994) and Chen and Tong
(2016) was used (Fig. 1(A)). For phylogenetic and/or taxonomic
considerations, the combined proposals from Baleka et al.
(2021), Todd (2009) and Konidaris et al. (2020) were used.

Linear biometry

In order to quantitatively compare the biometric characteristics
of the quaternary elephantid astragalus, a linear biometric
analysis was performed using the maximal width of the
astragalus and the maximal length of the navicular facet
(Fig. 2(C)). The comparative data were taken from the 3D
model database digitised by one of the authors (D.F.) together
with other specimens from online 3D model databases and
previously published scientific literature (see Table S1; Scarbor-
ough et al., 2015; Chen and Tong, 2016; Ros‐Montoya, 2010).
The astragalus biometric data were plotted in a scatter plot using
Past 4.03 software (Hammer et al., 2001; Fig. 2(C)).

3D geometric morphometrics

Following the general ideas of Tetaert et al. (2026), another
approach to quantifying the shape and size of the digitised
proboscidean astragalus has been carried out from a study
protocol based on 3D geometric morphometrics (Lawing and
Polly, 2010). For this purpose, landmark configuration has
been developed (Fig. 1(B); Table S3). The anatomical
characterisation, together with details of each landmark, are
described in Fig. 1(B) and Table S3. The sample considered in
this analysis has been digitised by one of the authors (D.F.),
and specimens from online databases of 3D models have been
included (Table S2).
Measurement of each specimen was carried out in Viewbox

version 4.0 software (dHAL, Kiffisia, Greece), following the

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 666–671 (2026)

Figure 1. Anatomical location of the astragalus in a mammoth's foot, together with (A) Anatomical nomenclature of the elephantid astragalus,
modified from Smuts and Bezuidenhout (1994) and Chen and Tong (2017). (B) 3D Geometric morphometrics landmark template for the
measurement of elephantid astragalus (for a description of the landmarks, see Table S3). Orientations: Ant, anterior; Pos, posterior; Lat, lateral; Med,
medial; and Pro, proximal. [Color figure can be viewed at wileyonlinelibrary.com]
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methodology described in Bastir et al. (2019). The coordinates of
the landmarks measured for this study can be viewed in Table S2.
In order to include the largest possible sample of individuals, the
few landmarks of missing structures of specimens with missing
parts have been estimated mathematically. The protocol used for
the estimation of missing landmarks is based on TPS interpolation
(Gunz et al., 2009). This protocol has been carried out in
RStudio (v. 2023.03.0+ 386) using the function estimate.missing
from package geomorph v. 4.0.5 (Baken et al., 2021;
Adams et al., 2024).
To quantify the intraobserver measurement error associated

with landmark digitisation, the Barranc de la Boella specimen
(designated as the ‘problem specimen’) was digitised six times
on 6 different days by the same researcher. Then, these six
measurements from the problem specimen were compared
with the other digitised astragalus from our sample. The shape
differences were assessed through Procrustes distances,
defined as the square root of the summed squared distances
between Procrustes registered landmark configurations and
their shape coordinates (O'Higgins, 2000; Gunz et al., 2009;
Mitteroecker and Gunz, 2009). An acceptable intraobserver
error requires that the largest Procrustes distance between
the repetitions of the problem specimen has to be smaller than
the smallest Procrustes distances between the compared
specimens (Morecroft et al., 2010). The highest Procrustes
distance between the repetitions of the same specimen was
much lower than the smallest Procrustes distance between
specimens. Therefore, the intraobserver error is acceptable.
Whole 3D GM data processing and analysis, and the

production of graphical results were implemented in the
software MorphoJ 1.07a (Klingenberg, 2011), Past 4.03

(Hammer et al., 2001), R and RStudio (v. 2023.03.0+ 386).
For each data set, landmark configurations were subjected to a
generalised Procrustes analysis: they were rotated, translated
into a common centroid and scaled to unit centroid size
(CS) to remove any variation unrelated to shape (Gower, 1975;
Bookstein, 1991). To assess variability in the astragalus
morphology, independent principal component analysis
(PCA) dimensionality reduction analysis was performed,
detailing the variability picked up by the first two PCs
(Principal Components) in brackets in the title of the axes
(Fig. 2(B)). The analyses include the graphical expression of the
shape change associated with their principal axes of variance.
For the evaluation of the size of each specimen, the CS and the
LogCS of those 3D models that were correctly scaled were
used. This relationship has been expressed graphically by
means of a scatter plot of the regression score (Procrustes
coordinates against LogCS) versus Cs (Fig. 2(A)).

Results
Principal component analysis (PCA) performed on the 3D
geometric morphometry data of the astragalus shows a
distribution of data in the first principal component (PC1;
16.3% of variability; Fig. 2(B)), which highlights differences in
the relative height of the trochlea for the tibia versus the total
extent of this articular facet (relative height of the astragals
body). In its more positive values, PC1 includes more relatively
flattened specimens, while in its more negative values, it
includes relatively taller astragali. In this sense, the Barranc de
la Boella specimen is within the variability collected for

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 666–671 (2026)

Figure 2. (A) Scatter plot of the regression score (Procrustes coordinates against logarithm of the centroid size [LogCS]) versus CS of the 3D
geometric morphometrics (3DGM) data from the Quaternary elephantids astragalus. (B) Scatter plot of the 3DGM data principal component analysis
(PCA) dimensionality reduction analysis, with the variability picked up by the first two PCs (principal components) in brackets in the title of the axes.
(C) Scatter plot of the linear biometric data from the Quaternary elephantids astragalus. (D) Phylogenetic proposal used, combined phylogenetic data
from Baleka et al. (2022), Todd (2009) and Konidaris et al. (2020). The analyses include the graphical expression of the shape change associated with
their axes. All the astragalus figured are in proximal view. [Color figure can be viewed at wileyonlinelibrary.com]
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M. primigenius, moving away from the current proboscidean
species, P. antiquus from Sachsen‐Anhalt Gröbern and P. recki
from Olduvai. The second principal component (PC2; 15% of the
variability; Fig. 2(B)), on the other hand, mainly highlights the
relative position of the trochlea with respect to the articular facet
for the navicular and the medial tubercle. In the more negative
values, we find less developed medial tubercles and a greater
projection of this structure in values that are more positive. In this
aspect, the specimen from Barranc de la boella is found in mean
values that negatively exceed the variability recorded for
M. primigenius and the specimen of M. trogontherii included
(from Mosbach), but close to the minimum values of the first
species, of the specimen of P. antiquus from Thüringen or of the
specimen of P. recki (Fig. 2(B)).
The analysis including overall astragalus size (understood as

centroid size = CS) against astragalus shape (understood as the
regression score of Procrustes distances against LogCS) shows
a remarkably linear relationship between astragalus shape and
size (Fig. 2(A)). Those specimens that stand out for their large
size show a generally more dorso‐plantarly flattened morphol-
ogy with respect to their articular facet extension. This
phenomenon is also noticeable in the linear biometry
analyses, which highlight the large size of the Barranc de la
Boella specimen, comparable only to P. recki, M. trogontherii
from West runton or M. meridionalis from Untermassfeld and
Rodicnovo (Fig. 2(C)). These analyses distinguish the Barranc
de la Boella specimen from the morphologies and sizes
recorded for P. antiquus, highlighting a greater relative dorso‐
plantar height in the latter species. Also striking is the
biometric similarity of the BB specimen with that of P. reckii
from Olduvai and its biometric differences with the specimen
from Fuente Nueva 3.
Taking into account the combined phylogenetic data from

Baleka et al. (2021), Todd (2009) and Konidaris et al. (2020),
no clear phylogenetic clustering is observed (Fig. 2(D)) in the
morphospace defined by either linear (Fig. 2(C)) or geometric
morphometrics analyses (Fig. 2(A), (B)). Instead, species
overlap extensively, and the main source of variation appears
to be size‐related, although some tendency towards separation
between Palaeoloxodon antiquus and Mammuthus specimens
from the Gelasian, Calabrian and Chibanian can be observed.
These results should be interpreted with caution, given the
uneven taxonomic representation.

Discussion
The majority of results point to a primary relationship between
the quantified anatomy of the astragalus and its size in our
sample of Quaternary elephantids. This observation is fully
consistent with the findings recently published by Tetaert
et al. (2026) regarding proboscideans in general. In extant
proboscideans (Loxodonta africana and Elephas maximus),
maximum sizes in adult males have been documented as
reaching 6.000–7.000 kg (Osborn, 1936; Christiansen, 2004).
In contrast, representatives of the genus Mammuthus from the
Gelasian, Calabrian and Chibanian attained significantly larger
body sizes. Specifically, maximum sizes have been estimated
in individuals of Mammuthus trogontherii and large indivi-
duals of Mammuthus meridionalis, reaching and exceeding
10.000 kg (Lister and Stuart, 2010; Romano et al., 2022). Sizes
close to these values have been estimated for individuals of the
species Palaeoloxodon antiquus (Larramendi et al., 2017;
Estráviz López and Mateus, 2018; Biswas et al., 2024). Some
specimens of the African species Palaeoloxodon recki have
been found with similar or even higher estimated masses
(Christiansen, 2004; Larramendi, 2015). This information

would reinforce the idea of a direct relationship between the
size and shape of the astragalus and the mass of individuals
and would highlight the large size that the individual of
M. meridionalis from Barranc de la Boella would have
reached, close to that estimated for P. recki.
Caution is warranted, given the nature of the fossil sample

included in this study. The taphonomic context of the materials
included has not preserved dental elements or long bones
associated with the astragali, preventing an estimation of the
individuals' age based on dental stage or appendicular
epiphyseal fusion stages (e.g., Laws, 1966; Herridge, 2010).
Since proboscideans are very long‐lived and demonstrate
considerable ontogenetic allometry in many skeletal elements
(e.g., Miller et al., 2007), this issue would need to be addressed
more carefully in the future, especially because taphonomic
bias can drastically skew sample representation (Lister and
Agenbroad, 1994). A similar situation arises in the case
of estimating the sex of the individuals. Given the degree of
sexual dimorphism found in some skeletal elements of
proboscideans (e.g., Kongtueng et al., 2025), this factor
presents another clear limitation on the ability to generalise
the observations presented here.
At the phylogenetic level, no clear pattern can be observed in

the morphology and size of the astragalus. Even so, it is true that it
seems possible to distinguish between specimens of Palaeolox-
odon antiquus and those of Mammuthus from the Gelasian,
Calabrian and Chibanian, although some general shape con-
vergences could be observed in the more derived forms of
Mammuthus trogontherii orMammuthus primigenius. Within the
genus Mammuthus, only the morphological differences between
the much larger forms of the Gelasian, Calabrian and Chibanian
and those of the Late Pleistocene and Holocene seem evident, as
has been highlighted on several occasions (Christiansen, 2004;
Lister and Stuart, 2010; Larramendi et al., 2017). Based on a
detailed study of the foot bones of the steppe mammoth
(M. trogontherii), Chen and Tong (2016) highlight significant
differences with the morphology observed in M. primigenius and
P. antiquus, especially in the relatively quadrangled plantar
surface of the astragalus, the surface occupied by the tubercle of
the plantar surface and the extension of the neck. In turn, they
indicate that the morphology of the astragalus seems to show
transitional characteristics between that observed in M. meridio-
nalis and that more derived from M. primigenius. Even so, they
highlight that the morphology of the astragalus is very similar to
that observed in M. meridionalis (Chen and Tong, 2016).
Extant proboscideans (genera Loxodonta and Elephas)

inhabit diverse environments, such as savannahs, forests and
deserts. Expanding on this diversity of substrates, woolly
mammoths (M. primigenius) are known for their ability to
move in snowy and cold terrain (Lister and Bahn, 2007). The
posture of the feet in proboscideans has evolved to include
both this ecological diversity and the graviportal variable, with
the morphology of the astragalus playing a vital role in this
process (Hutchinson et al., 2011). Even so, few studies have
specifically evaluated the implication of the environment, or
type of substrate, on the morphology of the astragalus in
proboscideans. For example, Scarborough et al. (2015) high-
light that the presence of a proportionally shorter and wider
astragalus in dwarf elephants from Sicily and Malta (Palaeo-
loxodon falconeri) suggests a change in locomotion towards a
slower and more efficient lifestyle in rough and mountainous
terrain. Contrary to what Beden (1987) and Sanders (2011)
highlighted, our results show a high degree of morphological
similarity in the astragalus of E. maximus and L. africana,
despite their phylogenetic distance (Thomas et al., 2000;
Todd, 2009; Baleka et al., 2021). However, and due to the
observed strong influence of body mass on the morphology of

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 666–671 (2026)
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the astragalus in elephantids, the interpretations that can be
made at this time are limited.

Conclusions
The results obtained in this study indicate that the morphology
of the astragalus in Quaternary elephantids is strongly
conditioned by body size, a signal that tends to outweigh
phylogenetic and ecological differences between taxa. How-
ever, some general morphological trends are observed among
certain groups, such as greater relative dorsoplantar height in
Palaeoloxodon antiquus compared to more flattened morphol-
ogies in the large representatives of the genus Mammuthus
from the Gelasian, Calabrian and Chibanian, differences that
appear to be closely linked to variations in size. The astragalus
ofMammuthus meridionalis from Barranc de la Boella fits fully
within this general pattern, reflecting a large individual, with
dimensions similar to those reported for Palaeoloxodon recki
from Olduvai, and adapted to stable and efficient graviportal
locomotion. Overall, the combination of linear biometric
analysis and 3D geometric morphometrics shows that the
astragalus in continental Quaternary elephantids is an in-
formative element for inferring functional constraints related to
load and joint stability, although its ability to discriminate fine
taxonomic affinities or specific environmental preferences is
limited when considered alone.

Acknowledgements. The Barranc de la Boella fieldwork was supported
by Ajuntament de la Canonja and by Departament de Cultura of
Generalitat de Catalunya (CLT009/22/000024) and SGR 2021‐01239
(Catalan AGAUR). Sampling at the Museum für Naturkunde in Berlin was
possible thanks to the Ministerio de Universidades grant EST23/00053
(associated with the project (FPU20/03389). The Institut Català de
Paleoecologia Humana i Evolució Social (IPHES‐CERCA) has received
financial support through the ‘María de Maeztu’ program for Units
of Excellence (CEX2024‐01485‐M/funded by MICIU/AEI/10.13039/
501100011033). D.F. was supported by a Humboldt Research Fellowship
provided by the Alexander von Humboldt Foundation. A.P. was supported
by the Beatriu de Pinós postdoctoral fellowship (2024_BP_00024), funded
by the Agència de Gestió d'Ajuts Universitaris i de Recerca (AGAUR) of
the Generalitat de Catalunya and co‐funded by the Marie Skłodowska‐
Curie Actions under the Horizon Europe COFUND programme. Open
Access funding enabled and organized by Projekt DEAL.

Data availability statement

The data that support the findings of this study are available in
the supplementary material of this article.

Supporting information
Additional supporting information can be found in the online
version of this article.
Table S1. Database of specimens and measurements of

Quaternary elephantid astragali used in linear biometric
analyses.
Table S2. Database of specimens of Quaternary elephantid

astragali used in 3D geometric morphometrics analyses.
Table S3. Description of the landmarks used in Quaternary

elephantid astragali for the 3D geometric morphometrics
analyses.

References
Adams, D.C., Collyer, M.L., Kaliontzopoulou, A. & Baken, E.K. (2024)

Geometric Morphometric Analyses of 2D and 3D Landmark Data,
Version 4.0.8. Vienna, Austria: R Foundation for Statistical Computing.

Available from: https://cran.r-project.org/web/packages/geomorph/
index.html

Bader, C., Delapré, A., Göhlich, U.B. & Houssaye, A. (2024) Diversity
of limb long bone morphology among proboscideans: how to be the
biggest one in the family. Papers in Palaeontology, 10(6), e1597.
Available from: https://doi.org/10.1002/spp2.1597

Baken, E.K., Collyer, M.L., Kaliontzopoulou, A. & Adams, D.C. (2021)
Geomorph v4.0 and Gmshiny: enhanced analytics and a new
graphical interface for a comprehensive morphometric experience.
Methods in Ecology and Evolution, 12, 2355–2363. Available from:
https://doi.org/10.1111/2041-210X.13723

Baleka, S., Varela, L., Tambusso, P.S., Paijmans, J.L.A., Mothé, D.,
Stafford, T.W. et al. (2022) Revisiting proboscidean phylogeny and
evolution through total evidence and palaeogenetic analyses
including Notiomastodon ancient DNA. iScience, 25(1). 103559.
Available from: https://doi.org/10.1016/j.isci.2021.103559.

Bastir, M., García‐Martínez, D., Torres‐Tamayo, N., Palancar, C.A.,
Fernández‐Pérez, F.J., Riesco‐López, A. et al. (2019) Workflows in a
virtual morphology lab: 3D scanning, measuring, and printing.
Journal of Anthropological Sciences, 97, 1–28. Available from:
https://doi.org/10.4436/jass.97003

Beden, M. (1987) Fossil Elephantidae from Laetoli. In: Leakey, M.D. &
Harris, J.M. (Eds.) Laetoli: a Pliocene site in northern Tanzania.
Oxford: Clarendon, pp. 259–294.

Biswas, D.S., Chang, C.H. & Tsai, C.H. (2024) Land of the giants: body
mass estimates of Palaeoloxodon from the Pleistocene of Taiwan.
Quaternary Science Reviews, 336. 108761. Available from: https://
doi.org/10.1016/j.quascirev.2024.108761.

Bonnan, M.F. (2005) Pes anatomy in sauropod dinosaurs: implications for
functional morphology, evolution, and phylogeny. In: Tidwell, V. &
Carpenter, K. (Eds.) Thunder‐Lizards: The Sauropodomorph Dinosaurs.
Bloomington: Indiana University Press, pp. 346–380.

Bookstein, F.L. (1991) Morphometric rools for landmark data. Cam-
bridge: Cambridge Univ. Press.

Cantalapiedra, J.L., Sanisidro, Ó., Zhang, H., Alberdi, M.T., Prado, J.L.,
Blanco, F. et al. (2021) The rise and fall of proboscidean ecological
diversity. Nature Ecology & Evolution, 5(9), 1266–1272. Available
from: https://doi.org/10.1038/s41559-021-01498-w

Chen, X. & Tong, H. (2017) On the hindfoot bones of Mammuthus
trogontherii from Shanshenmiaozui in Nihewan Basin, China.
Quaternary International, 445, 50–59. Available from: https://doi.
org/10.1016/j.quaint.2016.09.001

Christiansen, P. (2004) Body size in proboscideans, with notes on
elephant metabolism. Zoological Journal of the Linnean Society,
140(4), 523–549. Available from: https://doi.org/10.1111/j.1096-
3642.2004.00113.x

Estraviz‐López, D. & Mateus, O. (2018) The size and body mass
estimations of the proboscidean Paleoloxodon antiquus (Falconer &
Cautley, 1847) from the Quaternary of São Antão do Tojal, Portugal. In:
VIII Congresso Jovens Investigadores em Geociências LEG 2018, 70–73.

Fidalgo, D., Rosas, A., Pineda, A., Ramírez‐Pedraza, I., Ros‐Montoya,
S., Rodríguez de la Fuente, D. et al. (2025) Multidisciplinary
approach to Mammuthus meridionalis from the late‐Early Pleisto-
cene archaeological site of Barranc de la Boella (Tarragona, North‐
East Iberia). Historical Biology, 1–20. Available from: https://doi.org/
10.1080/08912963.2025.2551767

Gower, J.C. (1975) Generalized Procrustes Analysis. Psychometrika,
40, 33–51.

Gunz, P., Mitteroecker, P., Neubauer, S., Weber, G.W., & Bookstein,
F.L. (2009) Principles for the Virtual Reconstruction of Hominin
Crania. Journal of Human Evolution, 57(1), 48–62. Available from:
https://doi.org/10.1016/j.jhevol.2009.04.004

Hammer, Ø., Harper, D.A.T. & Ryan, P.D. (2001) PAST: paleontolo-
gical dtatistics software package for education and cata Analysis.
Palaeontologia Electronica, 4(1), 1–9.

Herridge, V.L. (2010). Dwarf elephants on Mediterranean islands: a
natural experiment in parallel evolution. En UCL Discovery
(University College London). http://discovery.ucl.ac.uk/133456/

Hutchinson, J.R., Delmer, C., Miller, C.E., Hildebrandt, T., Pitsillides,
A.A. & Boyde, A. (2011) From flat foot to fat foot: structure,
ontogeny, function, and evolution of elephant “sixth toes”. Science,
334(6063), 1699–1703. Available from: https://doi.org/10.1126/
science.1211437

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 666–671 (2026)

670 JOURNAL OF QUATERNARY SCIENCE

 10991417, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jqs.70073 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [02/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://cran.r-project.org/web/packages/geomorph/index.html
https://cran.r-project.org/web/packages/geomorph/index.html
https://doi.org/10.1002/spp2.1597
https://doi.org/10.1111/2041-210X.13723
https://doi.org/10.1016/j.isci.2021.103559
https://doi.org/10.4436/jass.97003
https://doi.org/10.1016/j.quascirev.2024.108761
https://doi.org/10.1016/j.quascirev.2024.108761
https://doi.org/10.1038/s41559-021-01498-w
https://doi.org/10.1016/j.quaint.2016.09.001
https://doi.org/10.1016/j.quaint.2016.09.001
https://doi.org/10.1111/j.1096-3642.2004.00113.x
https://doi.org/10.1111/j.1096-3642.2004.00113.x
https://doi.org/10.1080/08912963.2025.2551767
https://doi.org/10.1080/08912963.2025.2551767
https://doi.org/10.1016/j.jhevol.2009.04.004
http://discovery.ucl.ac.uk/133456/
https://doi.org/10.1126/science.1211437
https://doi.org/10.1126/science.1211437


Klingenberg, C.P. (2011) Morphoj: an integrated software package for
geometric morphometrics. Molecular Ecology Resources, 11,
353–357. Available from: https://doi.org/10.1111/j.1755-0998.
2010.02924.x

Kongtueng, P., Piboon, P., Klinhom, S., Aunsan, I., Tongser, N.,
Angkawanish, T. et al. (2025) Sexual dimorphism in the skeletal
morphology of Asian elephants (Elephas maximus): a preliminary
morphometric study of skull, scapula, and pelvis. Biology, 14(8),
933. Available from: https://doi.org/10.3390/biology14080933

Konidaris, G.E., Kostopoulos, D.S. & Koufos, G.D. (2020) Mammuthus
meridionalis (Nesti, 1825) from Apollonia‐1 (Mygdonia Basin,
northern Greece) and its importance within the early Pleistocene
mammoth evolution in Europe. Geodiversitas, 42(6), 69. Available
from: https://doi.org/10.5252/geodiversitas2020v42a6

Larramendi, A. (2015) Proboscideans: shoulder height, body mass and
shape. Acta Palaeontologica Polonica, 61(3), 537–574. Available
from: https://doi.org/10.4202/app.00136.2014

Larramendi, A., Palombo, M.R. & Marano, F. (2017) Reconstructing
the life appearance of a Pleistocene giant: size, shape, sexual
dimorphism and ontogeny of Palaeoloxodon antiquus (Proboscidea:
Elephantidae) from Neumark‐Nord 1 (Germany). Bollettino della
Societa Paleontologica Italiana, 56(3), 299–317. Available from:
https://doi.org/10.4435/BSPI.2017.29

Lawing, A.M. & Polly, P.D. (2010) Geometric morphometrics: recent
applications to the study of evolution and development. Journal of
Zoology, 280(1), 1–7. Available from: https://doi.org/10.1111/j.
1469-7998.2009.00620.x

Laws, R.M. (1966) Age criteria for the african elephant. African Journal
of Ecology, 4(1), 1–37. Available from: https://doi.org/10.1111/j.
1365-2028.1966.tb00878.x

Lister, A.M. & Agenbroad, L.D. (1994) Gender determination of the
Hot Springs mammoths. In: Agenbroad, L.D. & Mead, J.I. (Eds.) The
Hot Springs Mammoth Site: A Decade of field and Laboratory
Research in Paleontology Geology and Paleoecology. Hot Springs,
SD: Mammoth Site, pp. 208–214.

Lister, A.M. & Bahn, P. (2007) Mammoths: giants of the Ice Age.
Berkeley: University of California Press.

Lister, A.M. & Stuart, A.J. (2010) The West Runton mammoth
(Mammuthus trogontherii) and its evolutionary significance.
Quaternary International, 228(1–2), 180–209. Available from:
https://doi.org/10.1016/j.quaint.2010.07.032

Miller, C.E., Basu, C., Fritsch, G., Hildebrandt, T. & Hutchinson, J.R.
(2007) Ontogenetic scaling of foot musculoskeletal anatomy in
elephants. Journal of the Royal Society Interface, 5(21), 465–475.
Available from: https://doi.org/10.1098/rsif.2007.1220

Mitteroecker, P. & Gunz, P. (2009) Advances in geometric morpho-
metrics. Evolutionary Biology, 36(2), 235–247. Available from:
https://doi.org/10.1007/s11692-009-9055-x

Morecroft, L., Fieller, N.R., Dryden, I.L. & Evison, M.P. (2010) Shape
variation in anthropometric landmarks in 3D. In: Evison, MP &

Vorder Bruegge, RW (Eds.) Computer‐aided forensic facial compar-
ison. Boca Raton, FL: CRC Press, pp. 35–52.

O'Higgins, P. (2000) The study of morphological variation in the
hominid fossil record: biology, landmarks and geometry. Journal of
Anatomy, 197(1), 103–120. Available from: https://doi.org/10.
1046/j.1469-7580.2000.19710103.x

Osborn, H.F. (1936) Proboscidea: a monograph of the discovery,
evolution, migration and extinction of the mastodonts and elephants
of the world, Vol. I: Moeritheroidea, Deinotheroidea, Mastodontoi-
dea. New York: American Museum Press.

Paul, G. (2009) The nearly columnar limbs of elephants are very
different from the more flexed, spring action limbs of running
mammals and birds. Journal of Experimental Biology, 212(1),
152–153. Available from: https://doi.org/10.1242/jeb.024661

Romano, M., Manucci, F., Antonelli, M., Rossi, M.A., Agostini, S. &
Palombo, M.R. (2022) In vivo restoration and volumetric body mass
estimate of Mammuthus meridionalis from Madonna della Strada
(Scoppito, L'Aquila). Rivista Italiana di Paleontologia e Stratigrafia,
128(3), 559–573. Available from: https://doi.org/10.54103/2039-
4942/16665

Ros‐Montoya, S. 2010: Los proboscídeos del Plio‐Pleistoceno de las
cuencas de Guadix‐Baza y Granada. PhD dissertation, Universidad
de Granada.

Sanders (2011) Proboscidea. In: Harrison, T. (Ed.) Paleontology and
geology of Laetoli: human evolution in context. vol. 2, Fossil
Hominins and the associated fauna. Vertebrate paleobiology and
paleoanthropology. Dordrecht: Springer, pp. 233–262.

Scarborough, M.E., Palombo, M.R. & Chinsamy, A. (2016) Insular
adaptations in the astragalus‐calcaneus of Sicilian and Maltese
dwarf elephants. Quaternary International, 406, 111–122. Available
from: https://doi.org/10.1016/j.quaint.2015.09.022

Smith, F.A., Elliott Smith, E.A., Hedberg, C.P., Lyons, S.K., Pardi, M.I.
& Tomé, C.P. (2023) After the mammoths: the ecological legacy of
late Pleistocene megafauna extinctions. Cambridge Prisms: Extinc-
tion, 1. e9. Available from: https://doi.org/10.1017/ext.2023.6.

Smuts, M.M. & Bezuidenhout, A.J. (1994) Osteology of the pelvic limb
of the African elephant (Loxodonta africana). Onderstepoort Journal
of Veterinary Research, 61(1), 51–66.

Tetaert, C., Bader, C., Verbeke, C. & Houssaye, A. (2026) Functional
adaptations to body mass in proboscidean ankle bones. Palaeontol-
ogy, 69(2), e70042. Available from: https://doi.org/10.1111/pala.
70042

Thomas, M.G., Hagelberg, E., Jones, H.B., Yang, Z. & Lister, A.M.
(2000) Molecular and morphological evidence on the phylogeny of
the Elephantidae. Proceedings of the Royal Society of London. Series
B: Biological Sciences, 267(1461), 2493–2500. Available from:
https://doi.org/10.1098/rspb.2000.1310

Todd, N.E. (2009) New phylogenetic analysis of the family Elephanti-
dae based on cranial‐dental morphology. The Anatomical Record,
293(1), 74–90. Available from: https://doi.org/10.1002/ar.21010

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 666–671 (2026)

ASTRAGALUS ECOMORPHOLOGY IN QUATERNARY ELEPHANTIDS 671

 10991417, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jqs.70073 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [02/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.3390/biology14080933
https://doi.org/10.5252/geodiversitas2020v42a6
https://doi.org/10.4202/app.00136.2014
https://doi.org/10.4435/BSPI.2017.29
https://doi.org/10.1111/j.1469-7998.2009.00620.x
https://doi.org/10.1111/j.1469-7998.2009.00620.x
https://doi.org/10.1111/j.1365-2028.1966.tb00878.x
https://doi.org/10.1111/j.1365-2028.1966.tb00878.x
https://doi.org/10.1016/j.quaint.2010.07.032
https://doi.org/10.1098/rsif.2007.1220
https://doi.org/10.1007/s11692-009-9055-x
https://doi.org/10.1046/j.1469-7580.2000.19710103.x
https://doi.org/10.1046/j.1469-7580.2000.19710103.x
https://doi.org/10.1242/jeb.024661
https://doi.org/10.54103/2039-4942/16665
https://doi.org/10.54103/2039-4942/16665
https://doi.org/10.1016/j.quaint.2015.09.022
https://doi.org/10.1017/ext.2023.6
https://doi.org/10.1111/pala.70042
https://doi.org/10.1111/pala.70042
https://doi.org/10.1098/rspb.2000.1310
https://doi.org/10.1002/ar.21010

	Astragalus ecomorphology in Quaternary elephantids
	Introduction
	Material and methods
	Material
	Linear biometry
	3D geometric morphometrics

	Results
	Discussion
	Conclusions
	Acknowledgements
	Data availability statement
	Supporting information
	References




