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Abstract 
Allometry, i.e., morphological variation correlated with size, is a major pattern in organismal evolution. Since size varies both within and among 
species, allometry occurs at different variational levels. However, the variability of allometric patterns across levels is poorly known since its eval-
uation requires extensive comparative studies. Here, we implemented a 3D geometric morphometric approach to investigate cranial allometry 
at three main variational levels—static, ontogenetic, and evolutionary—and two anatomical scales—entire cranium and cranial subunits—based 
on a dense intra- and interspecific sampling of extant armadillo diversity. While allometric trajectories differ among distantly related species, 
they hardly do so among sister families. This suggests that phylogenetic distance plays an important role in explaining allometric divergences. 
Beyond trajectories, our analyses revealed pervasive allometric shape changes shared across variational levels and anatomical scales. At the 
entire cranial scale, craniofacial allometry (relative snout elongation and braincase reduction) is accompanied notably by variations of nuchal 
crests and postorbital constriction. Among cranial subunits, the distribution of allometry was highly heterogeneous, with the frontal and petrosal 
bones showing the most pervasive shape changes, some of which were undetected at a more global scale. Evidence of widespread and super-
imposed allometric variations raises questions on their determinants and anatomical correlates and demonstrates the critical role of allometry 
in morphological evolution.

Resumen
La alometría, es decir, la variación morfológica correlacionada con el tamaño, es un patrón importante en la evolución de los organismos. Dado que 
el tamaño varía tanto dentro de las especies como entre ellas, la alometría se produce en distintos niveles variacionales. Sin embargo, la variabilidad 
de los patrones alométricos entre niveles es poco conocida, ya que su evaluación requiere amplios estudios comparativos. En este trabajo hemos 
implementado un enfoque morfométrico geométrico en 3D para investigar la alometría craneal en tres niveles variacionales principales -estático, 
ontogenético y evolutivo- y en dos escalas anatómicas -cráneo completo y subunidades craneales- basándonos en un denso muestreo intra e 
interespecífico de la diversidad de armadillos existentes. Mientras que las trayectorias alométricas difieren entre especies distantemente emparen-
tadas, apenas lo hacían entre familias hermanas. Esto sugiere que la distancia filogenética desempeña un papel importante a la hora de explicar 
las divergencias alométricas. Más allá de las trayectorias, nuestros análisis revelaron cambios alométricos generalizados en la forma, compartidos 
a través de niveles variacionales y escalas anatómicas. En toda la escala craneal, la alometría craneofacial (alargamiento relativo del hocico y reduc-
ción de la caja encefálica) se acompaña notablemente de variaciones de las crestas nucales y la constricción postorbital. Entre las subunidades 
craneales, la distribución de la alometría era muy heterogénea, siendo los huesos frontal y petroso los que mostraban los cambios de forma más 
generalizados, algunos de los cuales no se detectaban a una escala más global. La evidencia de variaciones alométricas generalizadas y superpues-
tas plantea interrogantes sobre sus determinantes y correlatos anatómicos y demuestra el papel crítico de la alometría en la evolución morfológica.
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Introduction
The concept of allometry describes the variation of organis-
mal traits associated with size. This phenomenon constitutes 
a pervasive pattern (e.g., Gould, 1966; Hallgrímsson et al., 
2019; Klingenberg, 1996) found at multiple variational lev-
els: (a) static, a single ontogenetic stage within a species; (b) 
ontogenetic, several ontogenetic stages within a single species; 
and (c) evolutionary, a single ontogenetic stage in several spe-
cies (Cheverud, 1982a; Klingenberg, 1996). Allometric varia-
tion is also present at various anatomical scales in the body 
(Le Verger et al., 2020), which makes shape—size covariation 
inherently complex. Such complexity originates from a highly 
polygenic source (Hallgrímsson et al., 2019; Klingenberg, 
2010; Pélabon et al., 2014; Zelditch et al., 2003) and multiple 
developmental and evolutionary processes intertwined with 
morphological integration (Klingenberg, 2014; Zelditch & 
Goswami, 2021). The wide expression of allometry implies 
that variation in size might drive evolutionary trends or con-
strain morphological variation (Gould, 1989; Klingenberg, 
2016; Klingenberg & Marugán-Lobón, 2013; Sidlauskas, 

2008; Zelditch & Swiderski, 2022). Allometric trajectories or 
shape changes can even be biological traits under selection 
(Adams & Nistri, 2010; Giannini, 2014; Klingenberg, 2010; 
Porto et al., 2013; Urošević et al., 2013).

Traditionally, allometry is examined either at the intraspe-
cific level, for which the two main variational levels are the 
static and the ontogenetic levels (Figure 1). Usually, ontoge-
netic allometric trajectories are independently documented 
to test if similarities can be detected in more or less distant 
species (e.g., Adams & Nistri, 2010; Esquerré et al., 2017; 
Ferreira-Cardoso et al., 2019; Piras et al., 2011; Simons & 
Frost, 2020; Weston, 2003; Wilson, 2018; Zelditch et al., 
2003). The evolutionary approach involves testing whether 
shape changes could be related to size variation across a clade 
(see Klingenberg & Marugán-Lobón, 2013; and citations 
therein). As size variation among species is substantial, allom-
etry can explain a large part of the morphological variation at 
the evolutionary level. This approach is crucial for highlight-
ing widespread evolutionary patterns (e.g., Cardini, 2019a; 
Billet & Bardin, 2021; Giannini et al., 2021).

Figure 1. Phylogenetic context, sample, and variational levels. (A) Time-calibrated phylogeny of the sampled taxa (reconstructed from Feijó et al., 2019; 
Gibb et al., 2016). The diameter of the black circle for each taxon is proportional to cranial adult size (centroid size). Species name in bold represent 
those species sampled at intraspecific levels. (B) Levels of variation sampled in this study: species sampled at intraspecific levels (ontogenetic and 
static) are represented by a series of crania at different developmental stages, while species sampled for the evolutionary level only are represented 
by a single adult cranium (see text for further explanation and for the special case of Cabassous). Abbreviations: E, early; M, middle; Mya, million years 
ago; L, late.
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As with the study of integration and modularity (Kling-
enberg, 2014), multilevel comparative studies can enhance 
our global understanding of allometric variation within a 
clade. The primary benefit of comparing the shape changes at 
the intraspecific and evolutionary levels is to provide details 
on the extent of the observed variation (Evans et al., 2022; 
Klingenberg, 2014; Zelditch & Goswami, 2021). Comparing 
different levels is also beneficial in that studies that look for 
allometric correlations at the evolutionary level alone can 
be misled by unreplicated evolutionary events (Uyeda et al., 
2018), while intraspecific studies alone cannot inform on 
patterns between species. Similarities between these two vari-
ational levels can lend further support for recognized novel 
patterns of evolutionary allometry (e.g., Cardini & Polly, 
2013). However, comparisons of allometric shape changes 
are rarely undertaken, especially with the use of 3D geomet-
ric morphometric methods (GMMs), and the maintenance of 
allometric shape changes across levels of variation remains 
understudied.

In addition to the three classical variational levels, the 
scrutiny and comparison of patterns of variation at different 
anatomical scales may also be valuable to better understand 
allometry. Body parts are often arranged hierarchically in 
organisms, so that different anatomical scales may be recog-
nized for a wide variety of organs. The mammalian cranium is 
a classic example, i.e., a composite anatomical structure made 
of more than 10 tightly connected bones, which can be scru-
tinized altogether or separately. Morphological variations at 
different scales on the cranium may be influenced by multiple 
developmental processes acting in different and overlapping 
cranial regions (Hallgrímsson et al., 2009; Kyomen et al., 
2023) and may be subject to different selective pressures and 
evolutionary processes (Mitteroecker et al., 2020). It is thus 
not surprising that a heterogeneous expression of allometry 
can be found among cranial subunits and on the entire cra-
nium (Gonzalez et al., 2011; Le Verger et al., 2020). Searching 
for allometric variation at different anatomical scales on the 
cranium can also reveal local allometric shape changes that 
go unnoticed at the global scale. The consideration of dif-
ferent anatomical scales is thus critical to recovering a more 
complete picture of the complex allometric variation in com-
posite structures.

The comparative study of allometry at different variational 
levels and anatomical scales is still a relatively unexplored 
research area (e.g., Chatterji et al., 2022; Cheverud, 1982a; 
Klingenberg, 2014; Klingenberg & Zimmermann, 1992; 
Klingenberg et al., 2012; Strelin et al., 2016; Urošević et al., 
2013, 2018). We use this approach to reveal allometric shape 
changes expressed both within species and among lineages 
across the cranium of extant armadillos (order Cingulata). 
Cingulates are part of the Xenarthra, one of the four major 
clades of placental mammals (e.g., Zachos, 2020), and have 
two main advantages for investigating allometry in a compar-
ative approach. First, the extant representatives of this clade 
span a wide range of body sizes, with weights ranging from 
approximately 100 g to over 50 kg (McDonough & Loughry, 
2018; Superina & Abba, 2018). Second, cingulates exhibit 
substantial ontogenetic and evolutionary patterns of morpho-
logical variation relative to other mammalian clades, as evi-
denced by their considerable snout elongation (e.g., Hautier 
et al., 2017), and thus are a particularly relevant model 
clade for investigating cranial allometric shape changes. For 
the cranium, only a few studies have preliminarily assessed 

evolutionary allometry (Abba et al., 2015; Cardini, 2019a; 
Feijó et al., 2018; Hautier et al., 2017; Machado et al., 2022; 
Moeller, 1968), without focusing on the shape deformations 
associated with size. An in-depth investigation of cranial 
allometry within nine-banded armadillos has shown great 
potential to improve our understanding of the ontogenetic 
and evolutionary dynamics of allometric shape changes (Le 
Verger et al., 2020). Using 3D GMM to characterize allome-
tric patterns for the entire cranium and for its constitutive 
subunits, we propose to test the hypothesis that the allome-
tric patterns detected in nine-banded armadillos are similar 
in two phylogenetically distant armadillo species. Second, we 
investigate whether such allometric patterns can be found at 
the evolutionary level in a dataset that includes nearly all the 
extant cingulate diversity.

Material and methods
Sampling
For our exploration of allometric variation at the static and 
ontogenetic levels, we sampled developmental series from 
juveniles to adult stages in two extant cingulate species 
belonging to the family Chlamyphoridae (Gibb et al., 2016), 
one euphractine and one tolypeutine, and compared them 
with that of a member of the family Dasypodidae, the nine-
banded armadillo Dasypus novemcinctus Linnaeus, 1758 
(Le Verger et al., 2020; Figure 1). For the Euphractinae, we 
sampled the extant Zaedyus pichiy Desmarest, 1804 (n = 43). 
According to the literature (Abba et al., 2015; Carlini et 
al., 2016; Superina & Abba, 2014), pichis can be mistaken 
for Chaetophractus vellerosus Gray, 1865 based on similar 
osteological features. We therefore assessed the taxonomical 
identification of our specimens using a statistical approach 
testing for the morphological homogeneity within the sample 
(see Supplementary Material S1). For the Tolypeutinae, we 
sampled a species complex (n = 32) consisting of Cabassous 
unicinctus Linnaeus, 1758 and Cabassous centralis Miller, 
1899. Doubt exists about the distinction between these two 
species of Cabassous that are weakly differentiated morpho-
logically and genetically (Feijó et al., 2021; Gibb et al., 2016; 
Hayssen, 2014; Wetzel, 1980, 1985). Our investigation of 
the cranial shape variation within our sample of C. unicinc-
tus and C. centralis did not reveal significant differences (see 
Supplementary Material S2). For this reason, and for the 
overall weak morphological and molecular differentiation 
mentioned above, we used both species in the same dataset as 
a species Supplementary Material S2).

In the exploration of allometric variation at the evolution-
ary level, our sampling includes 21 extant species covering 
all extant armadillo genera and all but two extant species 
(Feijó et al., 2019, 2021; Gibb et al., 2016; Dasypus beniensis 
Lönnberg, 1942 and Dasypus sabanicola Mondolfi, 1968 are 
missing here). For D. novemcinctus, the Guianan morpho-
type, the Northern/Central morphotype, and the Southern 
morphotype, which are likely distinct species (Arteaga et 
al., 2020; Billet et al., 2017; Feijó et al., 2018, 2019; Gibb 
et al., 2016; Hautier et al., 2017; Huchon et al., 1999), were 
included bringing the total number of specimens sampled at 
the evolutionary level to n = 23, with one adult specimen per 
species to ensure homogeneous sampling. Sexual dimorphism 
in size in armadillos is only known in a few species, where 
it is generally low, generating much lower intraspecific size 
differences than interspecific ones (e.g., McDonough, 2000; 
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Silveira et al., 2009; Squarcia et al., 2009). The complete 
list of specimens is provided in Supplementary Table S1. 
Additional information such as references and abbreviations 
are available in Supplementary Material S3.

3D Reconstructions
Specimens were scanned at the X-ray microtomography imag-
ery platforms of the American Museum of Natural History 
(New York, USA), the Royal Ontario Museum (Toronto, 
Canada), the Muséum national d’Histoire naturelle (Paris, 
France-AST-RX platform), the University of Montpellier 
(France-MRI platform), the Naturalis Biodiversity Center 
(Leiden, Netherlands), the Royal Belgian Institute of Natural 
Sciences (Brussels, Belgium), the Museum für Naturkunde 
(Berlin, Germany), and the State Museum of Natural History 
of Stuttgart (Germany). Three-dimensional reconstruction 
and visualization of the crania and cranial subunits were per-
formed using image stacks with MIMICS v. 21.0 software 
(3D Medical Image Processing Software, Materialize, Leuven, 
Belgium), as in Le Verger et al. (2020). Image stacks were 
improved in contrast, rotated, cropped, and reduced to 8 bits 
using the ImageJ software (Schneider et al., 2012).

Geometric morphometrics
Cranial shapes were quantified with 114 anatomical land-
marks (Supplementary Figure S1, Supplementary Tables S2 
and S3) placed on the exported 3D models using AVIZO v. 
9.7.0 software (Visualization Sciences Group, Burlington, 
MA, USA). In comparison with the previous study on nine-
banded armadillos, 17 landmarks were removed from the 
original dataset (Le Verger et al., 2020), since they could not be 
placed on the crania of Zaedyus and Cabassous (homologous 
structures were absent or not observable). The remaining 114 
landmarks were initially used for the analyses of the Dasypus 
novemcinctus complex (Le Verger et al., 2020; Supplementary 
Table S2). None of the previously defined cranial subunits, ini-
tially called Operational Bone Units, included less than four 
landmarks after the reduction of the landmark dataset, thus 
keeping all cranial subunits available for analyses (Le Verger 
et al., 2020). Because the analysis was already conducted on a 
larger dataset both in terms of number of specimens (n = 76) 
and landmarks (n = 131), we refer in the present work to the 
most robust statistical results obtained for Dasypus novem-
cinctus in Le Verger et al. (2020). However, to facilitate com-
parisons, here, all visualizations of widespread allometric 
variations correspond to a re-analysis of the Southern mor-
photype of Dasypus novemcinctus (n = 48), corresponding to 
the reduced landmark set of the present study after checking 
the similarity of deformations between the Southern morpho-
type and the total dataset (see Le Verger et al., 2020), and 
between the reduced and extended landmark datasets.

For all pre-analysis treatments, we followed the approach 
of Le Verger et al. (2020). We performed a generalized 
Procrustes analysis (Rohlf & Slice, 1990) using the function 
gpagen in the R package geomorph version 4.0.4 (Adams 
et al., 2022). Intra-individual asymmetries (Klingenberg et 
al., 2002) were removed using the function symmetrize in 
the R package Morpho version 2.6 (Schlager, 2017). When 
some landmarks were missing on one side of the cranium, 
their position was estimated using the function fixLMmirror 
in the Morpho R package (this represented less than 4% of 
the intraspecific datasets and less than 3% of the interspecific 
datasets—Supplementary Table S4). Missing landmarks on 

the cranial midline or landmarks missing on both sides were 
estimated in intraspecific datasets with the function estimate.
missing in the R package geomorph (0.8% of the dataset; 
Supplementary Table S4).

Ontogenetic stages determination
For each intraspecific dataset within Cabassous and Zaedyus, 
we subdivided the sample into different ontogenetic stages 
in order to study allometric patterns at the ontogenetic and 
static levels (Le Verger et al., 2020). For nine-banded arma-
dillos, three ontogenetic stages were previously recognized—
juvenile, subadult, and adult—based on three variables: 
dental eruption, cranial ossification, and total cranial length 
(Le Verger et al., 2020). Because Cabassous and Zaedyus only 
have one dental generation, in contrast to Dasypus (Ciancio 
et al., 2012), dental eruption could not be used to determine 
ontogenetic stages as in Le Verger et al. (2020). For these 
taxa, we used the basicranial ossification degree following 
the criteria of Hubbe et al. (2016), which include the same 
three genera, and were considered as adults those speci-
mens in which the supraoccipital-exoccipital, basioccipital- 
basisphenoid, and basioccipital-exoccipital contacts are 
completely closed (bones fused). Conversely, a specimen with 
completely unfused supraoccipital-exoccipital contact was 
considered as a juvenile and specimens with intermediate 
degrees of ossification for these three sutures were attributed 
to the subadult stage. The ontogenetic stages determination 
in Zaedyus and Cabassous is less distinct than in Dasypus, 
although we still tend to obtain an ontogenetic continuum 
from juveniles to adults, with more overlap among stages in 
Cabassous (Supplementary Materials S1 and S2; Le Verger et 
al., 2020; see Discussion). Based on these criteria, our sam-
pling for the ontogenetic level encompassed all specimens 
for the three ontogenetic stages (Zaedyus n = 43; Cabassous 
n = 32) whereas analyses at the static level included only adult 
specimens (Zaedyus n = 23; Cabassous n = 22). A complete 
account of the observations for these criteria and attribu-
tions to ontogenetic stages for each specimen can be found 
in Supplementary Table S5 (see Supplementary Materials S1 
and S2 for more details and Supplementary Figure S2 for an 
illustration of each ontogenetic stage for each developmental 
series).

Phylogenetic considerations
For the analyses at the evolutionary level, the phylogenetic 
relationships of taxa must be considered (Felsenstein, 1985; 
Klingenberg & Marugán-Lobón, 2013). We used the time-
tree of Gibb et al. (2016), which includes all extant species of 
armadillos. Slight modifications were made to this tree for the 
dasypodines in order to incorporate some changes from the 
recent reassessment of their phylogeny and taxonomic diver-
sity (Feijó et al., 2019; Figure 1). The reconstructed phyloge-
netic tree is illustrated in Figure 1.

Allometric analyses and detection of widespread 
variations
To quantify the covariance between cranial shape and size, 
we used the same approach as Le Verger et al. (2020), includ-
ing two anatomical scales: the entire cranium and cranial 
subunits—called respectively “entire skull” and “bone-by-
bone” in this previous study. We used the same specimens 
for both approaches. While the entire cranium Procrustes 
alignment was realized on the entire set of cranial landmarks, 
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each cranial subunit Procrustes alignment was realized on a 
reduced set of landmarks corresponding to the cranial sub-
unit under consideration, with a slight difference in the num-
ber of landmarks compared to Le Verger et al. (2020) (see 
Supplementary Table S6). A separate Procrustes alignment 
for each cranial subunit was adopted rather than subdividing 
the Procrustes alignment of the entire cranium. This strategy 
was selected to explore the anatomical extent of allometric 
variations—entire cranium and/or cranial subunits—help-
ing to determine whether the detected shape changes were 
expressed globally and/or locally on the cranium. The cra-
nium is subjected to multiple processes acting regionally, local 
allometric variations presumably exist beyond global ones. 
Using separate superimpositions at various anatomical scales 
represents an efficient means to detect both global and local 
trends, thus preventing allometric variation detected on a 
global scale from masking more localized allometric varia-
tions (Le Verger et al., 2020). This approach also served to 
detect allometric shape changes expressed at several ana-
tomical scales, affecting cranial structures both globally and 
locally (e.g., postorbital constriction—see Results). Finally, 
carrying out shape analyses at these two anatomical scales 
may also help filter out minor scale-specific biases potentially 
induced by Procrustes analyses on patterns of shape and size 
covariation (Cardini, 2019b). We performed the cranial sub-
unit analyses only on the left side of the cranium, which was 
more complete in most cases. The allometric component of 
shape variation for cranial subunits and for the entire cra-
nium was analyzed using the logarithm of the centroid size 
of the cranium as a measure of size (Monteiro, 1999). For 
intraspecific datasets, for both the entire cranium and cranial 
subunit analyses of allometry, we performed a multivariate 
regression of Procrustes shape coordinates on the log cen-
troid size (Monteiro, 1999), with a randomization of resid-
uals in permutation procedures (iterations = 10,000) using 
the function procD.lm of the R package geomorph. For the 
evolutionary level, we performed a phylogenetic regression 
under a Brownian motion model of evolution (phylogenetic 
generalized least squares using our baseline tree—Adams & 
Collyer, 2018; Klingenberg & Marugán-Lobón, 2013; Rohlf, 
2001) for Procrustes shape variables on the log centroid size 
using the function procD.pgls of the R package geomorph. 
We used the same statistical approach as for nine-banded 
armadillos (Le Verger et al., 2020) to analyze the intraspe-
cific and evolutionary datasets. For graphical display, we used 
the projected regression scores of the shape data to represent 
shape variation related to changes in log centroid size (Adams 
et al., 2013). Shape changes are visualized as vectors from 
the minimal shape (blue) to the maximal shape (gold) of the 
shape regression scores corresponding to the projection of the 
data points in shape space onto an axis in the direction of 
the regression vector (see Drake & Klingenberg, 2008). The 
extraction of widespread allometric variations corresponds to 
the interpretation of the displacement of one or more land-
marks with respect to the displacement of the whole land-
mark conformation for a given structure (i.e., entire cranium 
or cranial subunit). For each multivariate regression, the coef-
ficients of determination R² indicated the proportion of shape 
variation accounted for by size variation (thereafter called 
allometric proportion) according to a linear model.

We focus on the widespread allometric variations, i.e., the 
similar allometric shape changes detected across the three 
variational levels for each anatomical scale. These are selected 

using the following criteria for the cranium or a given cra-
nial subunit: (a) allometric variation is significant at least at 
the ontogenetic level in all datasets and at the evolutionary 
level; (b) part of the allometric shape change is similar at least 
at the ontogenetic levels in all datasets and at the evolution-
ary level; and (c) allometric proportions of shape variation 
(R²) are relatively high compared to other cranial subunits 
(NB: allometric signal has been scrutinized for the Z-scores as 
well). The criterion (b) corresponds to the comparative obser-
vation of the set of vectors extracted from the multivariate 
regression of each dataset. A given allometric shape change 
is deemed similar across datasets when the vectors in each 
dataset involve the relative displacement of the same land-
mark(s) in the same direction compared to the whole con-
formation. For (c), the allometric proportions of each cranial 
subunit are compared across all levels and assigned a relative 
score that serves as a summary evaluation of their allometric 
signal across datasets relative to other cranial elements. For 
a given dataset and level of variation, the scores assigned to 
the 13 cranial subunits range from 13 (highest) to 1 (low-
est). When two cranial subunits have the same R2 value, then 
they get attributed the same score and the next lower score 
is not attributed. If the allometry is not statistically detected 
for a cranial subunit (i.e., p-value > .05) then its score is 0. 
The final score of a given cranial subunit is obtained by sum-
ming its scores for each dataset at each level of variation 
(see Supplementary Table S7). Here, the ranking is used as a 
visualization tool and only serves to summarize the results. 
For each analysis, we provide the full set of related metrics 
(Supplementary Table S8).

Comparison of allometric trajectories
Differences in allometric trajectories among developmental 
series of different species or among clades (“subfamilies”/
families) were investigated to detect whether different allome-
tric trends exist at these variational levels. For these analyses, 
we tested whether the allometric trajectories are significantly 
different among the developmental series of different species 
at the static and ontogenetic levels. At the evolutionary level, 
we also tested whether the allometric trajectories are signifi-
cantly different among the four “subfamilies” (Dasypodinae, 
Euphractinae, Chlamyphorinae, and Tolypeutinae) and the 
two families (Dasypodidae and Chlamyphoridae) of Cingulata 
(Delsuc et al., 2016). Because sampling at the “subfamilial” 
level is particularly low for some “subfamilies” (N < 5), we 
mainly interpret results for the familial level, while present-
ing the “subfamilial” level as an indication only, calling for 
caution. For each analysis, we defined one model for different 
allometric trajectories (shape ~ centroid size * taxa) and one 
model for common allometric trajectories (shape ~ centroid 
size + taxa) and compared these two allometric models using 
an analysis of variance (ANOVA). The appropriate allometric 
model is thus selected and plotted using the plotAllometry 
function of the geomorph package in R. This approach is sim-
ilar to a homogeneity of slope test using a Procrustes ANOVA 
(Goodall, 1991) and follows the recommendation given with 
the geomorph package in R (Adams et al., 2022; Baken et al., 
2021; Collyer & Adams, 2018, 2021). This approach gives 
an overall statistical assessment of the difference in allometric 
slope between two or more groups and thus serves as a way 
to summarize the results of allometric trajectory comparisons. 
Complementarily, we have performed pairwise comparisons 
between allometries to assess the angle between each slope 
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and the differences in the total length of allometric vectors 
between each group, providing the upper confidence interval 
in each case. A more exhaustive description of the approach 
is available in Zelditch and Swiderski (2022). This last step 
was performed using the pairwise function of the RRPP R 
package (Collyer & Adams, 2018).

Allometric space
We synthetically represented the diversity of allometric pat-
terns at a given anatomical scale and for the various vari-
ational levels (ontogenetic, static, and evolutionary) using 
the allometric space approach (see Gerber et al., 2008, and 
Gerber & Hopkins, 2011 for geometric morphometric data). 
To do so, we aligned, symmetrized, and extracted size and 
shape data for all specimens in a single analysis (unique gen-
eralized Procrustes analysis). We then used various partitions 
of the shape and size data to characterize allometric patterns 
at the ontogenetic and static levels for Dasypus, Zaedyus, 
and Cabassous, and at the evolutionary levels for the clades 
Cingulata, Dasypodidae, and Chlamyphoridae (some individ-
uals were thus assigned to several partitions). Allometric pat-
terns were captured by the slope coefficients obtained from 
multivariate linear regressions of shape on size for the rele-
vant partitions of the data. A given allometric pattern was 
therefore depicted as a point in allometric space and we also 
plotted the isometric pattern (a vector of zero slope coeffi-
cients) as a reference to assess the degree of allometry of the 
various allometric patterns. The farther the point of a varia-
tional level for a given dataset is from the isometric referen-
tial (the greater the deviation from isometry), the greater the 
shape change for a given size change. Confidence ellipses for 
the allometric pattern estimates were obtained by bootstrap 
resampling (250 replicates), providing an assessment of the 
mean allometric pattern estimates and their confidence inter-
vals. The analyses were carried out in R (R Core Team, 2021; 
script in Supplementary Material S4) and followed the proto-
col defined by Gerber and Hopkins (2011).

Results
Allometric trajectories at different variational levels
When each dataset was taken separately, allometric variation 
was detected in the majority of anatomical scales and varia-
tional levels analyzed (Supplementary Table S8). When ana-
lyzed jointly, different allometric trajectories are detected for 
the three developmental series at all anatomical scales, i.e., for 
the entire cranium, as well as for each cranial subunit (Figure 
2A, Supplementary Figure S3, Table 1). At the evolutionary 
level, differences among allometric trajectories of families 
are generally not significantly supported at p-values < .05, 
except for a few cranial subunits (frontal, squamosal, spheno- 
pterygoid complex (as-os-pt-bs), and basioccipital-exoccipital 
complex (bo-eo); Table 1). However, p-values are just a little 
higher than this threshold for the entire cranium, premax-
illary, maxillary, jugal, and parietal (Supplementary Figure 
S3, Table 1), meaning that different allometric trajectories 
among families are not far from being supported for these 
cranial units as well. Analyses of the angles between allome-
tric slopes and total allometric vector lengths deliver partly 
similar results, with trajectories among ontogenetic or static 
series being most often statistically different, while differences 
among evolutionary trajectories are far from being significant 
to the exception of the entire cranium (Supplementary Table 

S9). Furthermore, these analyses allow us to detect fewer 
differences in allometric trajectories between Cabassous 
and Zaedyus than between those two genera and Dasypus 
at intraspecific levels (Supplementary Table S9). The results 
obtained at the “subfamilies” level are similar to those at the 
family level, except that no different allometric trajectories 
are detected (Table 1 and Supplementary Table S9).

Widespread allometric variations at the entire 
cranial scale
At the ontogenetic level, allometry explains a higher propor-
tion of shape variation of the entire cranium in Dasypus than 
in Zaedyus and Cabassous, while Zaedyus and Cabassous 
show a higher allometric proportion than Dasypus at the 
static level (Supplementary Table S8, Figures 2 and 3). Even 
removing the youngest specimens for Dasypus, the highest 
allometric proportion is still found in this genus (without the 
youngest: R2 = 17%, p-value < .0001; without the two young-
est: R2 = 13%, p-value < .0001). Zaedyus and Cabassous also 
show a higher allometric proportion at the static level than at 
the ontogenetic level, which contrasts with Dasypus. Despite 
significantly different allometric trajectories among these spe-
cies, many shape changes accompanying an increase in cranial 
size were comparable across the three intraspecific series and 
were also found at the evolutionary level (Figure 2C and D; 
Supplementary Figure S3). When size increases, in all data-
sets and at all variational levels, the most common allometric 
variations are a relative flattening of the cranial roof and a 
strong reduction of the braincase proportions (Figure 2C and 
D). These are accompanied by a stronger postorbital constric-
tion, a relative widening of the temporal fossa, and a rela-
tively more salient nuchal crest process posteriorly (Figure 2C 
and D). Anteriorly a strong relative elongation of the snout 
with increasing size (Figure 2C and D) was also found for all 
datasets.

The shape differences between small and large adult indi-
viduals (static allometries) are similar—though less pro-
nounced—than those observed between juvenile and adult 
specimens in the developmental series (ontogenetic allome-
tries), especially in Dasypus (Figure 2C and Supplementary 
Figure S3). Conversely, at the evolutionary level, the shape dif-
ferences between small and large species are more prominent 
than those observed between small and large specimens at the 
intraspecific level (Figure 2C). Finally, the dasypodids exhibit 
several allometric shape changes that depart from those of 
chlamyphorids (Figures 1 and 2 and Supplementary Figure 
S3), such as the convergence of the nuchal crests towards 
the midline or the relative retention of snout width as size 
increases. Additional information regarding each plot at all 
variational levels and the illustrations of allometric variations 
at the static level are available in Supplementary Figure S3.

Distribution of allometry at the cranial subunit 
scale
Investigation at the cranial subunit scale highlights a heteroge-
neous distribution of shape changes correlated to size across 
cranial subunits and a strong dissimilarity of these distribu-
tions across levels and datasets (Figure 3 and Supplementary 
Table S8). Several cranial subunits do not show significant 
allometric variation, particularly at the static level (Figure 
3A). Comparison of the intraspecific series and the evolu-
tionary level reveals that the frontal and petrosal are system-
atically affected by allometry, with high proportions for the 
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Figure 2. Allometric patterns at the entire cranial scale. (A) Multivariate regression performed for the comparison of allometric trajectories among the 
three developmental series at the ontogenetic level. (B) Multivariate regression of shape on size at the evolutionary level. (C) Allometric variations 
detected at the ontogenetic (left) and evolutionary (right) levels in each dataset. In order to facilitate the identification of widespread allometric variations 
discussed in the text, we have colored corresponding landmark numbers (Supplementary Table S2). (D) Diagrammatic summary of the widespread 
allometric variations using the same colors as in (C) (see text). Results for the static level are presented in Supplementary Figure S3. The statistical 
results of the ANOVAs with permutational tests are presented in Table 1 and Supplementary Tables S8 and S9. Abbreviations: A, adult; C, Cabassous 
spp.; D, Dasypus novemcinctus Southern Morphotype; J, juvenile; S, subadult; Z, Zaedyus pichiy.
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former (Figure 3A). The shapes of the squamosal and spheno- 
pterygoid complex (i.e., as-os-pt-bs) are also affected by 
allometry, except at the static level in Dasypus and Zaedyus, 
respectively (Figure 3A and B). Finally, the palatine, parietal, 
jugal, and maxillary show more variable allometric propor-
tions among series at the static level while the remaining cra-
nial subunits are variable at all intraspecific levels (Figure 3B).

The variation in size of each cranial subunit at each level 
for each dataset is variable and does not appear to correlate 

with the amount of allometric proportion in their shape vari-
ation. The cranial subunits of the face tend to show a higher 
variation in size (Figure 3B). As explained in the Material and 
methods section, we compared the allometric proportions of 
each cranial subunit across all levels and assigned them a rel-
ative score. This resulted in the frontal being by far the cra-
nial subunit with the strongest allometric signal across levels, 
followed by the petrosal and palatine bones (Supplementary 
Table S7 and Figure 3A). When using the Z-scores, the frontal 

Figure 3. Distribution of cranial allometry and size variation across cranial subunits. (A) Allometric proportions of shape variation across the cranium 
(entire cranium and cranial subunit). The tables gather the set of coefficients of determination (=R2) and Z-scores (=Z) from each multivariate regression. 
Each table cell, cranial subunit, and boxplot were colored according to the R2 value. Absence of color implies a non-significance of the statistical test 
(p-value > .05). Scores reported on the left reflect a ranking of the allometric signal of each cranial subunit based on the comparison of their allometric 
proportions at each level of variation (see Supplementary Table S7). (B) Boxplots showing the variation in size (log centroid size) for each cranial subunit 
relative to its mean in each dataset (ontogenetic, static, and evolutionary levels). Associated allometric proportions are reported in corresponding colors 
on virtually dislocated crania (in right lateral view). Additional information is available in Supplementary Tables S7 and S8 and Supplementary Figures 
S8–S12. Abbreviations: as, alisphenoid; bo, basioccipital; bs, basisphenoid; C, Cabassous spp.; CS, cranial subunit; D, Dasypus; eo, exoccipital; os, 
orbitosphenoid; pt, pterygoid; Z, Zaedyus.
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remains the cranial subunit with the strongest allometric sig-
nal across levels, followed by the petrosal and the spheno- 
pterygoid complex (Supplementary Table S7).

Widespread allometric variations at the cranial 
subunit scale
Following our selection criteria for a given cranial subunit (see 
Material and methods section “Allometric analyses and detec-
tion of widespread variations”), we detected allometric vari-
ations that were widespread across datasets for four cranial 
bones. These variations are briefly described below, in the case 
of an increasing cranial size. More information and details are 
shown in the Supplementary Data (Supplementary Figures 
S4–S14, Supplementary Tables S7–S10, and Supplementary 
Information S5). Apart from widespread allometric shape 
changes, variations unique to a given dataset were found for 
many cranial units as well.

Maxillary—As cranial size increases, the maxillary tends 
to display a reduced relative height (Figure 4).

Frontal—The frontal shows an increase in its thickness 
posteroventrally and a stronger postorbital constriction 
(Figure 4).

Squamosal—The squamosal exhibits a broader contact 
with the jugal on the zygomatic arch and a greater pro-
trusion of the most posterior part of the zygomatic arch 
(Figure 4).

Petrosal—The petrosal exhibits a more ventrally protrud-
ing mastoid process and a shallower fossa subarcuata 
(Figure 4).

Allometric space across variational levels
The allometric space reveals contrasted patterns of allometric 
slope coefficients (Figure 5). For both the entire cranial scale 
and the cranial subunits, the static allometry of each series 
tends to be close to ontogenetic allometry, and Dasypus pat-
terns are always closer to datasets at the evolutionary level 
than those of Cabassous and Zaedyus (Figure 5), except for 
the entire cranium scale where the Chlamyphoridae dataset 
overlaps with the Cabassous ones. Allometry in armadillos 
is manifested differently between the global (entire cranium) 
and local (cranial subunit) anatomical scales. For the entire 
cranium, Dasypus and the datasets at the evolutionary level 
correspond to the strongest deviations from the isometric 
reference (Figure 5A). For the cranial subunits, the trend is 
reversed with Zaedyus and Cabassous representing the most 
distant points from the isometric reference while Dasypus 
and the datasets at the evolutionary level are closer (Figure 
5B–E). It is also noteworthy that the size of the confidence 
ellipses is quite unbalanced in analyses of cranial subunits: 
Zaedyus and Cabassous exhibit large ellipses while Dasypus 
and evolutionary datasets most often have distinctly smaller 
ellipses, meaning that their slopes are better characterized.

Discussion
Cranial allometry in Cingulates: distribution, 
widespread variations, and biological 
interpretations
Allometric patterns are expressed in a contrasted manner 
across multiple variational levels and anatomical scales, 
according to our results. The most widespread allometric 

variation identified here corresponds to a relative lengthen-
ing of the snout associated with a relative reduction of the 
braincase proportions in large-sized specimens/species. This 
shape change, named CRaniofacial Evolutionary Allometry 
(= CREA), is well-known in a multitude of mammalian clades 
as well as some other vertebrates (Cardini, 2019a; Cardini 
et al., 2015; Cardini & Polly, 2013; Gould, 1975; Marcy et 
al., 2020; Osborn, 1912; Radinsky, 1982; Radinsky, 1984a, 
1984b; Radinsky, 1985; Robb, 1935a, 1935b; Tamagnini et 
al., 2017; Weidenreich, 1941). In cingulates, CREA is a per-
vasive morphological trend, but it is not the only one. CREA 
is accompanied by other widespread allometric shape changes 
distributed over different regions of the cranium (Figure 4), 
some of which appear to potentially involve muscle-bone 
interactions and/or cranial growth constraints. The allome-
tric variation of the petrosal bone illustrates both cases. As 
for many bony processes, the mastoid process of the petro-
sal in armadillos serves as a muscular attachment; here, the 
digastric muscle is involved in mandibular movement (Wible 
& Gaudin, 2004). A more protruding process may provide a 
proportionally larger attachment area for a potentially larger 
muscle. Another instance on the petrosal bone involves the rel-
ative reduction of the fossa subarcuata, which accommodates 
part of the cerebellum, with increasing cranial size. Because 
this fossa is usually circumscribed by the anterior semicir-
cular canal of the inner ear, Billet et al. (2015) have ques-
tioned whether the reduced size of this canal in large taxa, in 
comparison to the petrosal, could constrain the shape of the 
fossa subarcuata. The allometric shape change detected here 
supports this hypothesis since large armadillos tend to show 
a shallower fossa subarcuata. Further anatomical interpreta-
tions of the detected widespread allometric shape changes are 
discussed in Supplementary Material S6.

The discovery of these widespread allometric variations 
may have important implications for morphological phylo-
genetics. Fluctuation in size may indeed systematically gen-
erate similar suites of allometric shape changes, convergently 
evolved in distantly related large-sized taxa. Since biological 
dependencies among traits represent a major challenge for 
morphological phylogenetics (e.g., Billet & Bardin, 2019; 
Goswami et al., 2014; Phillips et al., 2023), the detection of 
multiple cranial variations dependent on size emphasizes the 
need to account for allometry when building morphological 
matrices and designing character models.

Besides these widespread variations, we showed that cin-
gulates exhibit varying strengths, or degree, of allometric 
variation (i.e., heterogeneous allometric proportions of shape 
variation) at different anatomical scales and variational lev-
els. At the intraspecific level and entire cranial scale, Dasypus 
shows a much stronger ontogenetic allometry than static 
allometry, as commonly seen in mammals (Frost et al., 2003; 
Hallgrímsson et al., 2009, 2015). By contrast, Zaedyus and 
Cabassous show more similar allometric strengths between 
ontogenetic and static levels. Although defining ontoge-
netic stages proved to be more challenging for the latter 
(see Supplementary Materials 1 and 2, and Le Verger et al., 
2020), dissimilarities among armadillo species may originate 
from different growth patterns (Porto et al., 2013). In mam-
mals and birds, growth strategies associated with differential 
growth rates during ontogeny range from altriciality to preco-
ciality, the former defining a species whose offspring is open-
eyed from birth in contrast to the latter (Isler & van Schaik, 
2009). Dasypus is precocial while Zaedyus and Cabassous 
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Figure 4. Selection protocol and diagrammatic summary of the widespread allometric variations at the cranial subunit scale detected at the ontogenetic 
and evolutionary levels in each dataset. Lower-case letters refer to the cranial subunit illustrated in the dislocated skull. (A) Selected example on the 
frontal (b) with colorized landmarks depicting a widespread allometric variation in relation to the overall landmark conformation (Supplementary Table 
S2). (B) Diagrammatic summary of widespread allometric variations on a cranium in different views. For each widespread allometric variation, a vignette 
illustrating the concerned cranial subunit accompanies the summary. Detailed illustrations supporting the detection of widespread allometric variations 
are available in Supplementary Figures S4 and S5. More details are provided in Supplementary Material S5, Supplementary Figures S4–S14, Table 1, 
and Supplementary Tables S7–S9. Abbreviations: Ant., anterior; C, Cabassous spp.; D, Dasypus; L, lateral; V, ventral; Z, Zaedyus.
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are altricial (Desbiez et al., 2018; McDonough et al., 1998; 
Meritt, 1985; Superina & Abba, 2014). Growth strategies 
are known to affect disparity in cranial shape more strongly 
for precocial mammals than for altricial ones (see Wilson, 
2018; and references therein). Different developmental strat-
egies might also explain differences in allometric strengths 
observed among developmental series, potentially explaining 
why Dasypus, with its longer growth period, has a higher 
ontogenetic allometry for the entire cranium than Zaedyus 
and Cabassous. However, this reasoning cannot apply to 
those cranial subunits (e.g., palatine, spheno-pterygoid com-
plex, jugal, premaxillary, and parietal) that show a greater 
allometric signal in Zaedyus and Cabassous than in Dasypus. 
Besides, these contrasted growth strategies may explain the 
greater difficulty of recognizing ontogenetic stages in Zaedyus 
and Cabassous.

Other developmental parameters, such as ossification pat-
terns and tissue origin, might explain heterogeneous allome-
tric strengths among cranial subunits in cingulates. Gonzalez 
et al. (2011) performed regionalized allometric analyses of 
the human cranium and showed that the face and vault had 
higher allometric strength than the basicranium. In our anal-
ysis, cranial subunits highly impacted by allometry are spread 
across the cranium, notably in the vault, but to the exclusion 
of the face. These subunits do not derive preferably from the 

neural crest or mesoderm and ossify at different times during 
prenatal ontogeny (Hautier et al., 2011; Piekarski et al., 
2014), which do not lend support to the existence of a link 
between tissue origin, ossification sequences and the distri-
bution of allometric strength (contra Le Verger et al., 2020).

The pervasiveness and spatial expression of 
allometry
Size-related shape changes constitute a major component 
of morphological variation and integration (e.g., Gould, 
1966; Hallgrímsson et al., 2019; Klingenberg, 2013, 2016; 
Mitteroecker & Bookstein, 2007; Porto et al., 2013). Here, 
we showed that size constitutes an important determinant of 
morphological variation in armadillos, by comparing allo-
metric patterns (trajectories and shape changes) across vari-
ational levels. Allometric trajectories at the intraspecific level 
were significantly different among the three species at all ana-
tomical scales. This contrasts with the comparison of evolu-
tionary allometric trajectories, which hardly differed among 
families, except for a few cranial subunits. The fact that onto-
genetic (and static) allometries differ but that evolutionary 
allometries do not is more difficult to interpret. Several stud-
ies have shown the existence of relatively low evolutionary 
allometry compared to lineage-specific patterns of diversifi-
cation, as divergences or convergences among lineages could 

Figure 5. Principal component analysis of the allometric spaces (=AS) using slope coefficients and combining ontogenetic, static, and evolutionary 
levels of allometric variation for the entire cranium (A) and at the scale of the selected cranial subunits (see Figure 3): maxillary (B), frontal (C), 
squamosal (D), and petrosal (E) (see text). Allometric patterns are displayed with 95% confidence ellipses (250 bootstrap replicates). Abbreviations: C, 
Cabassous; D, Dasypus; Z, Zaedyus.
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be mainly explained by size-dependent ecological specializa-
tions (Friedman et al., 2019; Zelditch & Swiderski, 2022). 
In armadillos, diet or other ecological factors do not strictly 
distinguish the two families. The few allometric differences at 
the evolutionary level could thus be suggested by this weak 
ecological distinction among the lineages, but this interpre-
tation remains speculative. Also, these contrasted patterns 
of trajectories might be explained by the differential sam-
pling of the ontogenetic, static, and evolutionary levels, the 
latter being much less densely sampled than the two others 
(N = 9–14 (species) per family vs N = 22–76 (individuals) per 
species). However, it might simply be that allometries differ 
more among cingulate species than among cingulate families. 
In the present case, intraspecific allometries were compared 
among distantly related species, belonging to two different 
families (and three “subfamilies”). It may well be that allom-
etries among distantly related species diverge more clearly 
than allometries of their respective families due to the greater 
evolutionary distance among the groups being compared in 
the former. Future research must determine whether these dif-
fering allometric trajectories across variational levels are the 
norm or an exception within mammals.

Although comparisons among and between levels revealed 
different allometric trajectories, our study highlights the exis-
tence of some allometric shape changes that are present in all 
investigated species, at all levels of variation, and at different 
anatomical scales (Supplementary Figures S4–S14). The iter-
ative detection of some allometric shape changes at differ-
ent variational levels meets a general observation, especially 
that of an alignment of static and evolutionary allometry 
(Hallgrímsson et al., 2019), although major exceptions also 
exist (Cheverud, 1982a; Cock, 1966; Lande, 1985; Voje et al., 
2014). Our results clearly concur with this contrasted view 
by recovering both shared and unique patterns across species 
and levels.

An allometric shape change present at all levels of variation 
and/or at different anatomical scales implies a major trend of 
morphological variation in a given clade. The link between 
size and shape variation is not straightforward, and the inter-
pretation of allometric shape changes present at multiple vari-
ational levels remains complex (Lande, 1979, 1985). A few 
studies have tentatively hypothesized the role of some driving 
selection processes in resolving the origin of integration pat-
terns occurring at different levels, with allometry being only 
a special case of morphological integration (Hallgrímsson 
et al., 2019). Cheverud (1982a) and Gonzalez et al. (2011) 
proposed that common integration patterns between ontoge-
netic and static levels could be induced by a rapid growth 
strategy, although Pélabon et al. (2013) pointed out that a 
comparison of the two levels is probably more complex. 
On the other hand, Weaver et al. (2007) and Smith (2011) 
have suggested that common integration patterns between 
the static and evolutionary levels could simply derive from 
drift. Allometric patterns could then arise from a size-induced 
constraint on shape along a line of least resistance (Schluter, 
1996; Voje et al., 2014). However, these hypotheses are chal-
lenged by numerous studies, showing that some of these pat-
terns correspond to biological traits under selection (Adams 
& Nistri, 2010; Esquerré et al., 2017, 2022; Frankino et al., 
2005; Giannini, 2014; Klingenberg, 2010; Porto et al., 2013; 
Wilson & Sánchez-Villagra, 2010). Such hypotheses remain 
largely underexplored and the characterization of the origin 
of allometry, and more broadly integration patterns, across 

variational levels represents a promising avenue to decipher 
morphological variation during development and evolution 
(Klingenberg, 2014). Our study can hardly contribute to these 
debates, but our results suggest that some allometric shape 
changes are highly conserved or selected within cingulates.

Widespread allometric variations among the three varia-
tional levels explored imply that multiple levels of variation 
should be scrutinized. Klingenberg (2014) highlighted that the 
source of morphological variation may be a consequence of 
genetic, environmental, functional, or developmental factors. 
Alongside the categorization of variational levels, morpholog-
ical variation should also be considered as a continuum, as 
evidenced by the intricacy of static, ontogenetic, and evolu-
tionary levels and the pervasiveness of some allometric pat-
terns. In the allometric space (Figure 5), the greater proximity 
between the slopes of the evolutionary level in cingulates and 
the intraspecific levels of Dasypus, as compared to those of 
Cabassous and Zaedyus, reinforces this assertion. Such intri-
cacy might also apply to the different anatomical scales at 
which allometry is scrutinized. Our study solely focused on 
the entire cranium and cranial subunits, but similar allome-
tric shape changes could also be present at other scales. For 
example, an allometric variation of the postorbital constric-
tion was found both at the entire cranial and frontal bone 
scale and could probably be detected at the scale of the vault. 
Many studies have shown that morphological integration 
can be more concentrated in certain regions of an anatomi-
cal structure than between these same regions, leading to the 
definition of commonly accepted cranial modules in mam-
mals (e.g., Bolker, 2000; Churchill et al., 2019; Goswami, 
2006; Goswami & Finarelli, 2016; Goswami & Polly, 
2010; Hallgrímsson et al., 2009; Klingenberg, 2005, 2008; 
Monteiro et al., 2005; Santana & Lofgren, 2013; Zelditch 
& Goswami, 2021), such as the vault. Modules could then 
represent a relevant intermediate anatomical scale to further 
disentangle cranial allometric patterns and explore their link 
to functional and developmental determinants of modularity 
and integration (Bissell & Diggle, 2010; Cheverud, 1982b; 
Olson & Miller, 1958; Wagner, 1996). The analysis of dif-
ferent scales has also shown unsuspected allometric shape 
changes shared among the variational levels, but not between 
the two anatomical scales. This reveals that analyses per-
formed at a cranial scale may mask more local allometric 
shape changes and emphasize the need to scrutinize allometry 
at various anatomical scales.

The detection of unsuspected allometric shape changes at 
a more local scale is reminiscent of the palimpsest metaphor 
of Hallgrímsson et al. (2009) for integration and modularity, 
recently revisited through an evolutionary palimpsest accord-
ing to Evans et al. (2022). Allometric shape changes occurring 
at different scales imply a superimposition of allometric pat-
terns throughout the cranium, which could mask local allo-
metric shape changes when looking at a global scale. Under 
this hypothesis, CREA-derived allometric shape changes 
expressed over the entire cranium would mask the more local 
non-CREA-derived allometric shape changes. An example 
supporting this hypothesis is the finding of the greater protru-
sion of the mastoid process at the petrosal scale and not at the 
cranial scale in which this variation is obscured by the rela-
tive reduction of the braincase. A limitation of this analogy is 
that the palimpsest, as defined by Hallgrímsson et al. (2009), 
describes how various subsequent developmental processes 
progressively leave covariation imprints that accumulate to 
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build a complex covariation structure. In the case of allome-
try, the processes involved are not clearly identified and may 
be complexified by the epigenetic response during growth in a 
composite structure like the skull (Hallgrímsson et al., 2007; 
Mitteroecker et al., 2020).

Conclusion and perspectives
The analysis of cranial allometry in armadillos demonstrates 
both the pervasiveness and complex expression of allometry 
across variational levels and anatomical scales. Our results 
show that the greater the phylogenetic distance between spe-
cies, the greater the difference in their ontogenetic and static 
trajectories of allometric variation. The magnitude of these 
differences is also greater than that observed between the evo-
lutionary allometric trajectories of the two families. Our anal-
yses further revealed the spatial complexity of allometry on 
a composite structure such as the armadillo cranium. At the 
entire cranium level, the main shape change consisted of gen-
eralized craniofacial allometry accompanied by other newly 
detected allometric shape changes. More locally, repeated 
allometric shape changes were also detected for cranial sub-
units, unveiling size-correlated shape changes that went unno-
ticed at a more global scale. Beyond this spatial complexity, 
the discovery of widespread allometric variations within a 
clade like Cingulata clearly demonstrates the highly pervasive 
nature of allometry (Hallgrímsson et al., 2019) and further 
raises the question of its determinants.

Although our analyses provide a substantial report of cra-
nial allometry in cingulates, our results encourage the explo-
ration of allometric patterns at the evolutionary level with 
the inclusion of extinct taxa, such as representatives prone to 
gigantism like glyptodonts and pampatheres (Le Verger, 2023; 
Machado et al., 2022; Vizcaíno & Loughry, 2008). Such an 
investigation would be even more relevant to test the CREA 
hypothesis, given the unusual short face and dorsal position 
of the orbit found in Pleistocene glyptodonts (e.g., Machado 
et al., 2022). At a broader taxonomic scale, the widespread 
allometric variations detected here may be extended to xenar-
thrans as a whole and even to other mammalian clades.

Supplementary material
Supplementary material is available online at Evolution.

Data availability
All data related to the present study are given in the body of 
the text and as supplementary data, except for the 3D models 
and CT scans. For the latter, given the large amount of data, 
sharing will be done progressively after publication as fol-
lows: a large part of specimens scanned will be available on 
MorphoMuseuM for 3D models and on MorphoSource for CT 
scans, both related to the present publication, including sharing 
specimens with Le Verger et al. (2020). Specimens CT scanned 
by L.R.G.R. will be available upon request to L.R.G.R.. The 
list of specimens is given in Supplementary Table S1.
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