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Abstract

The potential connection between trends of within species variation, such as

those of allometric change in morphology, and phylogenetic divergence has

been a central topic in evolutionary biology for more than a century, including

in the context of human evolution. In this study, I focus on size-related shape

change in craniofacial proportions using a sample of more than 3200 adult Old

World monkeys belonging to 78 species, of which 2942 specimens of 51 species

are selected for the analysis. Using geometric morphometrics, I assess whether

the divergence in the direction of static allometries increases in relation to phy-

letic differences. Because both small samples and taxonomic sampling may

bias the results, I explore the sensitivity of the main analyses to the inclusion

of more or less taxa depending on the choice of a threshold for the minimum

sample size of a species. To better understand the impact of sampling error,

I also use randomized subsampling experiments in the largest species samples.

The study shows that static allometries vary broadly in directions without any

evident phylogenetic signal. This variation is much larger than previously

found in ontogenetic trajectories of Old World monkeys, but the conclusion of

no congruence with phylogenetic divergence is the same. Yet, the effect of

sampling error clearly contributes to inaccuracies and tends to magnify the dif-

ferences in allometric change. Thus, morphometric research at the boundary

between micro- and macro-evolution in primates, and more generally in mam-

mals, critically needs very large and representative samples. Besides sampling

error, I suggest other non-mutually exclusive explanations for the lack of corre-

spondence between allometric and phylogenetic divergence in Old World

monkeys, and also discuss why directions might be more variable in static

compared to ontogenetic trajectories. Even if allometric variation may be a

poor source of information in relation to phylogeny, the evolution of allometry

is a fascinating subject and the study of size-related shape changes remains a

fundamental piece of the puzzle to understand morphological variation within

and between species in primates and other animals.
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1 | INTRODUCTION

The interaction between ontogenetic and evolutionary
change has been a main research area in evolutionary devel-
opmental biology for more than a century (Minelli, 2020).
Haeckel strongly argued that ontogeny recapitulates phylog-
eny, thus creating a connection between ontogenetic and
evolutionary change (Dayrat, 2003; Kluge & Strauss, 1985),
and Gould (1966) stressed the importance of ontogenetic
and especially allometric variation in animal evolution.
Even if the theory of recapitulation, which predates Haeck-
el's emphasis on its putative centrality in evolution (Kluge &
Strauss, 1985), has been largely disproved (save specific
exceptions—Richardson & Keuck, 2002), discussions by
Haeckel and Gould made clear the relevance of regional
changes in the timing of events during development, when
descendants and ancestors are compared (i.e., hetero-
chrony—Hall & Hanken, 2023).

In mammals, and especially in primates (Simons
et al., 2020, and references therein) in relation to human
evolution (e.g., Bastir et al., 2007; Le�on & Zollikofer, 2001;
Mitteroecker et al., 2004; Penin et al., 2002), there has
been a great interest in understanding whether important
aspects of morphological evolutionary variation might
originate, at least to a certain degree, from heterochronic
changes. For instance, an extension or truncation of a
common ontogenetic trajectory, via selection on adult size,
may have produced differences thanks to a small change
in the regulatory genes controlling the endpoint of ontog-
eny. More realistic heterochronic changes, however, are
likely to happen by simultaneous modification of multiple
parameters (not only extension or truncation, but
also rates of development, etc.) in ontogeny (Kluge &
Strauss, 1985). Heterochrony can be investigated experi-
mentally in a number of model organisms (Dobreva
et al., 2022), but it can also be explored using morphomet-
rics, the quantitative study of morphological differences
(Rohlf, 1990). Within the popular framework of Procrus-
tean geometric morphometrics (Adams et al., 2004), there
are a variety of approaches available to dissect and com-
pare the specific aspects of morphological trajectories and
heterochronic change (Klingenberg, 2016; Mitteroecker
et al., 2013; Piras et al., 2016; Sheets & Zelditch, 2013;
Simons et al., 2018).

The proportions of an organism (i.e., its shape) often
vary in relation to size, a type of covariation called allometry
(Klingenberg, 1998, 2022). Allometry may occur at different

levels, but it is most evident in ontogeny and evolution.
Human babies, for instance, are born with a relatively large
head, since the brain and sensory organs develop early. As
the rest of the body grows faster after birth, however, adults
end up with a proportionally smaller braincase and both a
longer face and body (Lieberman, 2011). This type of ontoge-
netic allometry is probably, in broad terms, a rule with few
exceptions among placentals (Smith, 1997). Likewise,
although the mechanisms are unclear, within a clade of
closely related species of terrestrial vertebrates, evolutionary
divergence frequently occurs so that larger species tend to
have proportionally longer snouts but shorter braincases, a
macroevolutionary pattern known as “CRanial Evolutionary
Allometry” (CREA—Cardini, 2019; Cardini & Polly, 2013;
Krone et al., 2019; Marug�an-Lob�on et al., 2022;
Radinsky, 1985). Beside ontogenetic and evolutionary, there
is a third kind of allometric variation, called “static.” With
static allometry, when present, intraspecific size-related
shape variation happen within a given ontogenetic stage
(e.g., adults of the same species).

Allometric patterns can be more or less conserved in
evolution, and allometry can be both a constraint and
an accelerator of morphological change (Gould, 2002;
Kluge & Strauss, 1985; Pélabon et al., 2014). Ontogenetic
and evolutionary allometry are of particular interest in
evolutionary developmental biology (Klingenberg, 2010),
the discipline that studies the relationships between evo-
lution and development: “From the point of view of evo-
lutionary developmental biology (evo-devo), evolvability
is largely a function of developmental systems' ability to
generate variation (Hendrikse et al., 2007). Through
development, genetic variation is translated into pheno-
types subject to what has been called developmental
constraint or bias [sic], which include modularity, canali-
zation, heterochrony, allometry, and integration” (p. 218,
Minelli, 2009). Data on static allometry, however, also
have a role to play “because it is the level at which devel-
opmental constraints can be easily measured” (p. 62,
Pélabon et al., 2014), thus contributing to generate pre-
dictions about phenotypic evolution. In practice, static
allometries not only are informative in relation to evolu-
tionary change, but, when ontogenetic series are not
available, can also provide clues on ontogenetic allome-
tries. This is because, even if there can be differences,
static patterns of size-related variation are a consequence
of growth and development during ontogeny (Pélabon
et al., 2014).
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In this article, I explore the potential connection
between static allometry, an aspect of microevolutionary
variation, and interspecific divergence within an evolu-
tionary radiation. The primary hypothesis is whether
there is any degree of congruence between the change in
direction of interspecific allometries and phylogeny. A
number of previous studies (e.g., Pav�on-V�azquez
et al., 2022; Simons et al., 2018, 2020) have suggested that
variation in allometric direction (measured by regression
slopes) might be the most variable aspect in the evolution
of allometric patterns. Divergence in allometries, how-
ever, can happen (if it does) in different modalities. If the
relationship between shape and size variation is progres-
sively modified as species evolve, a prediction that angles
in allometric trajectories should increase proportionally
to phylogenetic distances may be tested. Therefore, for
instance, in relation to the taxonomic hierarchy in phylo-
genetic systematics, differences in allometric directions
should be smaller between species of the same genus,
larger between species of different genera and even larger
across tribes and families. Alternative hypotheses are that
allometries could be highly conserved and hardly change
or, at the opposite extreme of variability, be so labile that
the rate of divergence varies widely; in both instances,
the phylogenetic signal is likely to be tiny or totally lost.

The study group for my analysis is the Old World
monkeys (family Cercopithecidae—Groves, 2001), whose
African origin dates between 25 and 35 million years ago,
although most of the living species belong to more recent,
and still ongoing, radiations occurring in the last 10 mil-
lion of years (Frost, 2017). Modern cercopithecids are
diverse. They show wide interspecific differences in body
mass, ranging from a small talapoin of about 1 kg to a
large male mandrill or baboon weighing 30 kg or more.
Likewise, they have large variability in diet, habitat and,
more generally, ecology (Elton, 2007). This lineage also
offers textbook examples of surprising disagreements
between morphological and DNA analyses, such as man-
gabeys or baboons-mandrills not being monophyletic
despite very strong phenotypic similarities (Collard &
O'Higgins, 2001; Gilbert & Rossie, 2007; Harris, 2000,
2002; Lycett & Collard, 2005; Singleton, 2002). To better
understand the mechanisms that seem to have almost
decoupled morphological and molecular evolution in
some of the Old World monkeys, the Cercopithecidae
have been the subject of numerous evo-devo studies
using morphometrics (Simons et al., 2018; Simons &
Frost, 2021; Singleton, 2012, and references therein).

It is in this specific context that I have explored
whether the divergence in static allometry and the phylo-
genetic divergence show correspondence or incongru-
ence. The original dataset consisted of more than 3200
adult crania of 78 species of cercopithecids (Table 1).

However, to mitigate against inaccurate estimates in
small samples, I excluded the species with fewer individ-
uals and selected for the study only 51 species with larger
samples, for a total of almost 3000 specimens. Cranial
size and shape were, thus, analyzed using Procrustean
geometric morphometrics and a small set of well-defined
midplane cranial landmarks (Figure 1). This landmark
configuration is simple, but it measures an important
aspect of craniofacial allometric change in the ontogeny
and evolution of mammals and other terrestrial verte-
brates (Cardini, 2019; Radinsky, 1985; Smith, 1997),
which is the relative length and depth of the snout and
braincase in relation to cranial size.

In the study, I have also investigated the impact of
sampling error on the estimates of the direction of static
allometries, a central issue for answering the main study
question on allometric and phylogenetic divergence. This
type of sensitivity analysis was performed using random-
ized subsampling experiments in the species with the
largest sample sizes. Interspecific analyses in morpho-
metrics are often done using relatively small numbers of
specimens with little attention to the potentially severe
inaccuracies introduced by small and sometimes biased
samples. Yet, there is an increasing amount of evidence
(Cardini et al., 2021, and references therein) that not only
intraspecific comparisons of small differences, but also
investigations at boundary between micro- and macro-
evolution require large and representative datasets for
obtaining robust and really meaningful results. Without
such accurate findings, we cannot trust the answers we
obtain as we try to elucidate the connection between the
origin of differences at population level and those gener-
ated by speciation processes in primates and other
mammals.

2 | MATERIALS AND METHODS

2.1 | Dataset

The total dataset included 3221 adult specimens of 78 spe-
cies of Old World monkeys (Table 1), of which 2942 speci-
mens of the 51 species with at least 10 individuals in one or
the other sex were selected for the analysis. The vast major-
ity (97%) are wild individuals collected during the 21st cen-
tury. Virtually all specimens are from museums (see the
supplementary online material for more details) and pre-
cisely from the American Museum of Natural History (NY),
Academy of Natural Sciences of Philadelphia, UK Natural
History Museum (London), Field Museum of Natural
History (Chicago), Museum of Comparative Zoology
(Harvard), Museum für Naturkunde (Berlin), Zoologische
Staatssammlung München (Munich), Kosmos Museo di
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TABLE 1 Sample composition. Species samples with less than 10 individuals per sex were not used for the analyses. In this and other

tables, F is the abbreviation for females and M for males.

Lineage Genus Species F M

African Colobini Colobus angolensis 4 4

guereza 21 18

polykomos 9 10

Piliocolobus badius 49 30

bouvieri 1 1

ellioti 65 44

epieni 1 1

foai 12 34

gordonorum 4 0

kirkii 32 10

oustaleti 35 40

parmentieri 45 21

preussi 31 8

rufomitratus 5 1

temminckii 11 5

tephrosceles 8 17

tholloni 38 16

waldroni 15 6

Procolobus verus 20 6

Cercopithecini Allochrocebus lhoesti 16 17

preussi 3 5

Allenopithecus nigroviridis 6 8

Chlorocebus aethiops 11 6

cynosuros 19 15

djamdjamensis 8 6

pygerythrus 51 74

sabaeus 11 30

tantalus 17 23

Cercopithecus ascanius 33 37

campbelli 32 29

cephus 27 28

diana 29 32

erythrogaster 4 5

erythrotis 4 10

hamlyni 13 15

mitis 67 78

mona 15 19

neglectus 23 27

nictitans 23 23

petaurista 15 25

pogonias 37 38

sclateri 5 6

(Continues)
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Storia Naturale dell'Università di Pavia (Pavia), University
of Cambridge Zoology Museum (Cambridge, UK), Powell-
Cotton Museum (UK), Hunterian Museum of the Royal
College of Surgeons (London), Royal Museum for Central
Africa (Tervuren), Staatliches Museum für Naturkunde
(Karlsruhe), Senckenberg, Naturmuseum Frankfurt, US

Natural History Museum (Washington DC), Anthropology
Collection (University of Zurich). The data were borrowed
from those used in a series of studies on patterns of mor-
phological variation and evolutionary allometry in placen-
tal mammals (Cardini, 2019; Cardini et al., 2021). Those
papers provide more information on samples, as well as on

TABLE 1 (Continued)

Lineage Genus Species F M

Erythrocebus patas 9

Miopithecus ogouensis 16 11

talapoin 2 3

Papionini Cercocebus atys 30 23

galeritus 19 27

torquatus 9 14

Lophocebus albigena 23 19

aterrimus 19 21

Macaca arctoides 10 11

assamensis 12 19

cyclopis 14 12

fascicularis 184 281

fuscata 14 11

hecki 9 9

leonina 10 8

maura 3 5

mulatta 36 23

nemestrina 15 18

nigra 13 13

ochreata 3 2

pagensis 2 1

radiata 9 8

silenus 4 3

sinica 6 14

sylvanus 11 3

thibetana 3 7

tonkeana 8 5

Mandrillus leucophaeus 21 15

sphinx 6 9

Papio anubis 54 123

cynocephalus 11 59

kindae 11 11

hamadryas 4 19

papio 1 12

ursinus 8 44

Theropithecus gelada 14 16
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measurement error in a larger configuration (Cardini &
Elton, 2008a) that includes the landmarks employed in this
study.

The classification largely followed Groves' (2005) assess-
ment of primate taxonomy in the Mammal Species of the
World (Wilson & Reeder, 2005). There were a few excep-
tions, however, such as the distinctively small Papio kindae,
a subspecies of P. cynocephalus in Groves (2005), but a valid
species in this study as well as in recent revisions (Burgin
et al., 2018; Mammal Diversity Database, 2023). Also, with
some of the red colobus (genus Piliocolobus), whose taxon-
omy remains unstable and subject to frequent changes
(Oates & Ting, 2015), I generally followed the classification
used in the original museum database. This mostly means
that some of the populations classified as subspecies by
Groves (2005) are raised to species level, that is similar to
the taxonomic revision of Piliocolobus in the Mammal

Diversity Database. However, in a couple of cases, the
museum classification at the time of data collection recog-
nized as a valid species a taxon, which is now seen as dubi-
ous. To avoid potentially incorrect updates, I followed the
museum original taxonomy and, therefore, analyzed as sep-
arate taxa both P. ellioti, now seen either as a synonym of
P. semlikiensis or a hybrid between other red colobus spe-
cies (Maisels & Ting, 2020), and P. temminckii, possibly a
synonym of P. badius (Mammal Diversity Database, 2023)
or one of its subspecies (Groves, 2005). Therefore, because
of taxonomic inaccuracies, as well as the smaller number of
species, which only represent part of the African radiation
of colobine monkeys, results for the Colobini are largely
preliminary and must be interpreted with caution.

2.2 | Analysis samples and landmark
configuration

I performed all analyses using separate sexes, because of
the variable but usually large sexual dimorphism of Old
World monkeys (Cardini & Elton, 2008c; Plavcan, 2001).
This decision has the disadvantage of reducing sample size
(N), but allows to have more homogeneous samples, where
variation due to static allometry is not mixed up with sex
differences in adults. Estimates of static allometries, how-
ever, can be severely affected by sampling error (Cardini &
Elton, 2007). Thus, species with very small samples must
be excluded. An inevitably arbitrary decision of a minimum
N for inclusion is not straightforward and has an impact on
taxonomic sampling: with a smaller minimum N, more spe-
cies are included but species with small samples have large
inaccuracies; with larger N, there are fewer species in the
analysis but estimates of their allometric slopes should be
more accurate. To explore the consequences of this trade-
off, within each sex I selected species with at least 10, 20, or
30 specimens and, after re-superimposing the data, repeated
all analyses using each of the three different thresholds for
minimum N.

The landmark configuration is shown in Figure 1. All
landmarks are on the midplane and small asymmetries
orthogonal to this plane in the original set of 3D land-
marks have been removed following Cardini (2017).
Thus, the six midplane landmarks are, in fact, two-
dimensional (as if they had been digitized on a photo-
graph) and the specimens lie in an eight dimensional
shape space, after accounting for the loss of degrees of
freedom in the Procrustes superimposition (see next sub-
section). The raw coordinates of the whole sample are
available as supplementary online material in the same
spreadsheet as Tables S1 and S2. A detailed list of the
software for the analyses described in the next subsec-
tions can be found at the end of the methods.

FIGURE 1 Landmark configuration (a) and wireframe (b).

The definitions of the landmarks are: 1, prosthion, antero-inferior

point on the projection of pre-maxilla between central incisors;

2, palatine posterior edge on the midline; 3, basion, anterior-most

point of the foramen magnum; 4, rhinion, most anterior midline

point on nasals; 5, nasion, midline point on fronto-nasal suture;

6, inion, most posterior point of the cranium in dorsal view.
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2.3 | Geometric morphometrics: Size and
shape variables

I computed the centroid size (CS) of each configuration
and the matrix of shape coordinates using a Procrustes
superimposition (Goodall, 1991; Gower, 1975; Rohlf &
Slice, 1990; Sneath, 1967). For testing allometries, I trans-
formed CS using the natural logarithm (lnCS) and used
the non-zero eigenvalue principal components (PCs) of
the shape coordinates in the regressions, always includ-
ing all eight PCs. This is equivalent to using the full
matrix of Procrustes shape coordinates, but has the
advantage of removing the redundancy introduced by
the loss of degrees of freedom after the superimposition.
Thus, the full shape information is used in all analyses,
but none of the parametric tests is impacted by poten-
tially inaccuracies that can happen when the software
miscalculates the degrees of freedom of the data.

Subsamples of shape variables projected in the tan-
gent space, as required by most statistical analyses
(Klingenberg, 2020), might slightly distort the Procrustes
shape distances. I anticipate here, in the methods, that in
the total sample (N = 3221), as well as in each of the six
subsamples (females and males with N ≥10 or 20 or 30),
distortions were totally negligible. This was assessed by
plotting pairwise Euclidean shape distances computed
using the full set of eight PCs of a subsample projected in
the tangent space and the corresponding pairwise Pro-
crustes shape distances. Also, I computed the matrix cor-
relation between the two sets of distances matrices. In all
plots, the deviation from a straight line with slope one,
passing through the origin of the axes, was always minus-
cule (not shown) with matrix r > 0.99.

2.4 | Allometries

I tested static allometry within each species using a mul-
tivariate regression of all eight shape PCs onto lnCS
(Klingenberg, 2022), computed the multivariate variance
accounted for by the predictor (R squared, abbreviated as
Rsq) and estimated the significance of the regression
(parametric F approximation for the Wilks' lambda). For
the sake of brevity, from now on, I use interchangeably
the terms static allometric trajectory and static allometry
to refer to the regression line estimated by the multivari-
ate regression. Also, I will call “non-negligible” any allo-
metric regression that meets the criterion of being either
significant (p < 0.005, following Benjamin et al., 2018) or
of having Rsq >0.05 (5% of shape variance accounted for
by allometry). Because Rsq tends to be overestimated in
smaller samples (Cramer, 1987), it must be used with
caution, but has the advantage of being easy to interpret.

The thresholds I am using (p and Rsq) are both arbitrary,
but help to filter out the cases with the weakest evidence
for static allometry. In this respect, 5% of shape variance
accounted for by allometry may seem like a small
amount, but static allometry in adult primates of the
same sex is unlikely to have a very large effect and 5% is
about the same as the Procrustes shape variance
explained by biologically meaningful variation in crania
such as, for instance, sex differences in human adults
(Bigoni et al., 2010; Del Bove et al., 2020; Franklin
et al., 2012). Setting p < 0.005 reduces the risk of false
positives including, to a degree, those related to the
potential inflation of type I errors in multiple tests.

Using the results of the multivariate regressions, I
selected the species with non-negligible allometries in
each sex and dataset (minimum N ≥ 10, 20, or 30), and
measured the divergence in allometric directions by com-
puting pairwise angles between the vectors of slope
regression coefficients. To this aim, I employed the for-
mula for the inner dot product of a pair of vectors and
converted the result from radians to degrees. I also visu-
ally summarized allometries using a scatterplot of pre-
dicted allometric shapes onto lnCS. The predicted shapes
were first subjected to a PCA (Adams & Nistri, 2010) and
then the resulting PCs rotated to maximize their covaria-
tion with lnCS, as it is done to obtain regression scores
(Drake & Klingenberg, 2008). This further rotation may
improve the accuracy of the visualization of the predic-
tions in relation to the predictor (lnCS, in this case) or
leave the scores almost unchanged compared to those of
PC1 of the predictions.

2.5 | Congruence between allometric
and evolutionary divergence

The main part of the study is the analysis of the pattern
of allometric divergence in relation to phyletic relation-
ships. This requires an independent phylogeny (unrelated
to cranial variation) to be used as a proxy for the evolu-
tionary history of the lineage. For the phylogenetic
framework (Figure 2), I chose the consensus chronogram
of the 10Ktrees molecular phylogeny of Arnold et al.
(2010). The phylogeny is mainly based on mitochondrial
DNA, includes most of the species in my analysis and
corroborates the monophyly of the majority of the tradi-
tional genera of Old World monkeys (e.g., Chlorocebus,
Macaca, Papio, Piliocolobus). The main exception is
Cercopithecus. Among species available in my study, two
were formerly recognized as Cercopithecus (C. lhoesti and
C. preussi), but now they form a separate clade, the genus
Allochrocebus, which is closer to Chlorocebus and patas
monkeys. Samples of these two species, however, were
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modest or small in my dataset and, therefore, only
A. lhoesti was included in the analyses using the smallest
N threshold (≥10).

To explore the congruence between allometric and
evolutionary divergence I used multiple approaches,
which partly overlap with those of Watanabe and Slice
(2014). The first is purely graphical and uses an
Unweighted Pair Group Method with Arithmetic Mean
(UPGMA) phenogram to summarize interspecific similar-
ity relationships based on the pairwise angles of allome-
tric trajectories. This is also similar to Simons et al.'s
(2018) use of a PCA to summarize the coefficients of cra-
nial ontogenetic trajectories. A very basic expectation for
a degree of congruence with phylogeny is that allometric
angles will produce clusters of species corresponding to
monophyletic genera. Likewise, angles between species
of the same genus should on average (median angle) be
smaller than angles between species of different genera.
If the divergence in allometric trajectories increases with
phyletic distance, pairwise interspecific angles should
also be correlated to patristic distances calculated using
the molecular phylogeny and, thus, have a high matrix
correlation. In this specific analysis, however, I did not
test the significance of the matrix correlation, which is a
crude way to assess congruence between phenotypic and
phylogenetic data and has potential statistical issues (see
Watanabe & Slice, 2014, and references therein). In con-
trast, for assessing the significance of the phylogenetic
signal, I employed K, the multivariate extension of Blom-
berg k statistics (Adams, 2014; Blomberg et al., 2003) with
a 1000 randomization test that permutes the shape data
among the tips of the phylogeny. K calculates the degree
of interspecific similarity in a set of measurements (allo-
metric trajectories, in this study) compared to the similar-
ity expected from a Brownian motion model of trait
evolution according to phylogeny (the 10Ktrees chrono-
gram, in my case). With K = 1, the measurements match
the expectations of the model (i.e., the correspondence
between allometric and evolutionary divergence is per-
fect); if K < 1 the correspondence with the phylogeny is
poor; if K > 1 the direction of allometries is more similar
among closely related species than expected from the
phylogeny. As the test is only assessing whether K is sig-
nificantly larger than it would be in the absence of any
phylogenetic signal, however, one cannot conclude that
K, even when significant, does not deviate significantly
from one. Thus, significance indicates that a degree of
correspondence between allometric and phylogenetic
divergence is found, which is unlikely to be present by
chance given those samples and data. However, this does
not say whether K is significantly less or more than one.
Also, because the computation of K cannot be done
directly using the matrix of pairwise interspecific angles
of allometric trajectories, I first run a principal coordi-
nates analysis on the matrix of pairwise angles and then
used the full set of PCOAs to compute K. Finally,

FIGURE 2 10KTrees consensus chronogram (https://10ktrees.
nunn-lab.org/) for most of the Old World monkey species in the
study (MYA, millions of years ago). Three of the most diverse
monophyletic genera are emphasized using colors. These three
genera are later used (Figure 5) as examples to explore phylogenetic
clustering of allometric trajectories.
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Blomberg et al. (2003) warned that the random permuta-
tion approach has low error and good power for samples
of 20 species or more, which, if applicable also to the
multivariate extension of K, might contribute to explain
some of the similarities in the results of analyses using
N ≥ 20 and N ≥ 30 (see below).

2.6 | Randomized subsampling
experiments to explore the impact of
sample size on estimates of angles between
allometric trajectories

As in all other analyses, I kept females and males sepa-
rate, but I limited this part of the analysis to the species
with non-negligible allometric regressions in the largest
samples (N ≥ 30), which were six for females and nine
for males (see Table 2 in the Results). For each of these
species, I first bootstrapped the total sample and then
randomly selected either 30, 20, or 10 specimens. The
design of the analysis is, thus, perfectly balanced (i.e., N
is identical in each species). In the next paragraph, I use
N = 30 in the females as an example to describe how
bootstrapped subsamples were analyzed to explore the
impact of N on angles of allometric trajectories. The same
procedure was repeated with N = 20 and with N = 10.
After females, I did the same series of randomized boot-
strapped subsampling with N = 30 or 20 or 10 in males.

With the six bootstrapped species samples of females
with N = 30, I did the multivariate allometric regressions
of shape (always all eight PCs) onto lnCS and computed
the species pairwise angles between vectors of slope coef-
ficients, as in the main analysis (2.4). In this example,
because there are six species, there will be 15 pairwise
angles. The computation (regressions and angles) was
repeated 100 times, each time redoing the bootstrap and
random selection of 30 individuals per species. To obtain
an average result, I used the median of the 100 estimates
of each of the 15 pairwise angles. Finally, to compare this
averaged outcome with the angles estimated for the same

species in the main analysis (2.4), I computed the differ-
ence between the 15 bootstrapped subsamples median
angles and the corresponding 15 observed angles in the
original total samples. Thus, negative or positive differ-
ences mean that on average angles in samples with
N = 30 are, respectively, under- or over-estimated rela-
tive to those in the main analysis using all individuals. To
concisely report the 15 differences, I used a set of sum-
mary statistics (mean, standard deviation, range, etc.).

2.7 | Software

I performed most analyses in R (R Core Team, 2023)
using a range of packages and custom scripts with some
of the code modified from the one written by chatGPT
(OpenAI, 2022) accessed in January/February 2024. The
main software/packages in the study were:

1. Morpho (Schlager, 2017) for the Procrustes superim-
position and the computation of regression scores.

2. car (Fox & Weisberg, 2019) for multivariate regres-
sions of the eight PCs of Procrustes shape coordinates
onto lnCS (some computations were double checked
in vegan—Oksanen et al., 2011).

3. ggplot2 (Wickham, 2011) for drawing scatterplots.
4. ape (Paradis et al., 2004) and TreeView 1.6.6

(Page, 1996) for tree editing and drawing.
5. geomorph (Adams & Ot�arola-Castillo, 2013) for com-

puting and testing K.
6. TPSRegr (Rohlf, 2015) to further double check multi-

variate regressions and mainly for the visualization of
allometric shape changes using wireframes and TPS
deformation grids (Klingenberg, 2013).

7. MorphoJ (Klingenberg, 2011) to replicate and check
some of the analyses done in R (e.g., PCA, angles
between allometric trajectories).

Other R functions, such as those used to compute
PCAs and PCOAs, phenograms, cophenetic distances,

TABLE 2 Summary statistics for

the species pairwise angles of static

allometries. In all tables, angles are in

degrees. Abbreviations (valid also for

other tables): Species n = number of

species with non-negligible static

allometries; min N = minimum species

sample size; SD = standard deviation;

q10 and q90 are, respectively, the 10th

and 90th percentiles; min and max are,

respectively, the minimum and

maximum.

Sex Species n Min. N Mean SD Median q10 q90 Min Max

F 6 30 56 19 53 31 80 24 88

9 20 54 19 54 32 79 16 88

31 10 72 23 70 43 104 16 143

M 9 30 62 25 60 36 91 15 134

16 20 59 19 58 37 83 15 134

40 10 70 23 67 41 101 15 143
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bootstrapped subsamples, and so forth belong to the base
and stats packages of R (R Core Team, 2023).

3 | RESULTS

3.1 | Allometries

Because the regression analyses of species samples with a
larger minimum N should produce, in relative terms, the
most accurate estimates, I present first the results for
the species with N ≥ 30, followed by those with N ≥ 20
and N ≥ 10. Detailed numerical statistics for the regres-
sions are in the Table S1 and S2 and summarized in
words in the next paragraph.

In females, depending on the minimum N, there were
6 (N ≥ 30), 9 (N ≥ 20), and 31 (N ≥ 10) non-negligible
static allometric regressions (Table S1). In males, the cor-
responding numbers of non-negligible allometric regres-
sions (Table S2) were 9 (N ≥ 30), 16 (N ≥ 20) and
40 (N ≥ 10). In the species with non-negligible regres-
sions, Rsq ranged overall from 4 to 31%, with a median of
11%, in females, and from 5 to 27%, with a median
of 10%, in males. In both sexes, however, Rsq tend to be
slightly smaller (7–8% using medians, respectively, in
females and males) if only the larger samples (N ≥ 30)
are considered. The proportion of statistically significant
(p < 0.005) regressions ranged in females from 83%
(N ≥ 30) to 19% (N ≥ 10) and in males from 67% (N ≥ 30)
to 27% (N ≥ 10). As anticipated in the methods, both pos-
itively biased Rsq and a reduction in statistical power,
with proportionally fewer significant tests, were expected
when smaller samples are included.

As an example, non-negligible allometric trajectories
of females and males in species with N ≥ 30 are shown in
Figure 3. The scatterplots mainly illustrate the wide
range of adult size variation and suggest some differences
among species, such as the apparently more horizontal
scatter of some of the red colobus. However, as I clarify
later (see Section 4), sampling and dimensionality reduc-
tion may impact these summary plots, which should be
interpreted with caution. Thus, on the horizontal axis
(lnCS), larger variation in size (as seen, for instance, in
M. fascicularis) tends to be associated with larger N. On
the vertical axis (the summary of allometric predictions),
differences in trajectories are potentially interesting, but
this axis summarizes 86–95% (respectively, in females
and males) of the variance in allometric predictions. This
implies that, even when trajectories appear to point to a
similar direction, further allometric divergence is likely
to be present in the remaining allometric data space.

Non-negligible allometric shape changes are exemplified
for males in Figure 4 using the species with larger samples

(N ≥ 30, as in Figure 3b). Static allometric variation is rela-
tively modest and needs to be magnified three times to
attempt a description of the main patterns. I focus on the
three species of Figure 4, M. fascicularis, P. ursinus, and
P. ellioti, where the effect of static allometry is stronger
(Rsq > 10%). In the crab-eating macaques and Chacma
baboon, smaller individuals tend to be relatively less progna-
thic and have longer cranial vaults compared to their larger
conspecifics. In the Elliot's red colobus, which has a fairly
flat face, as in most colobines (Ledevin & Koyabu, 2019), the
cranial vault of the smaller individuals is proportionally
slightly longer. This aspect of allometric variation is similar
to the pattern described in M. fascicularis and P. ursinus. In
contrast, a reduced prognathism in smaller individuals of
the Elliot's red colobus is less evident. In fact, the deforma-
tion grids and wireframes suggest that, in this species, a
more pronounced flexion of the palate relative to the com-
paratively shorter cranial base might make the face of smal-
ler individuals look less prognathic without any substantial
shortening of the palate.

All analyses (N ≥ 30, 20, 10) in both sexes show a
wide variation in interspecific angles between static

FIGURE 3 Summary scatterplots of non-negligible static

allometric trajectories in the larger samples (N ≥ 30) of females

(a) and males (b): lnCS is on the horizontal axis and a summary of

the allometric predictions (see Sections 2 and 3) is on the

vertical axis.
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FIGURE 4 Legend on next page.

878 CARDINI

 19328494, 2025, 3, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25544 by C
ochraneItalia, W

iley O
nline L

ibrary on [06/05/2025]. 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



allometries (Table 2). Although on average pairwise
angles are approximately 50–70�, angles can vary
between about 30� and 100� or more, even when the
range is trimmed (q10-q90 in Table 2) to exclude the 10%
of the most extreme values at both ends of variation.
Averages of the angles, as well as their ranges, are evi-
dently larger when the species with smallest minimum
N (N ≥ 10) are also included in the analysis. In contrast,
within each sex, summary statistics for pairwise angles
are fairly similar using either a minimum N of 20 or one
of 30. The standard deviation of the pairwise angles
(�21� on average), however, is fairly similar in all data-
sets regardless of the minimum N used to select the
species.

3.2 | Congruence between allometric
and evolutionary divergence

Given that angles between pairs of non-negligible static
allometric vectors suggest an ample range of directions,
the next question is whether allometric divergence hap-
pens proportionally to evolutionary divergence. In the
phenograms using angles (Figure 5), this does not seem
to be the case, as the trees do not show a strong pattern
of clustering according to taxonomy. This finding is con-
sistent with the observation that, on average, angles
between species of the same genus are not much smaller
than between species of different genera (Table 3). In
fact, the latter are no more than a few degrees larger
(values emphasized with gray background in Table 3), if
larger at all, and in one case (females with N ≥ 30) it is
within-genus angles that are wider on average than
between genera. There is also no clear clustering accord-
ing to tribe or subfamily, as Cercopithecini, Papionini,
and Colobini are mostly mixed up in the UPGMA trees.
The main exception to the almost complete incongruence
between taxonomic separation and allometric divergence
is male baboons in the two datasets with larger N (≥20

and ≥30), where the three species with non-negligible
regressions cluster together.

Matrix correlations between allometric angles and
patristic distances calculated from the 10Ktrees chrono-
gram generally indicate a very modest congruence
between them (Table 4). For the angles, the values of
K were also modest (<1), as they ranged, when signifi-
cant, between 0.02 and 0.4 (Table 4). In two cases
(females with N ≥30 or 20), however, both correlations
and K were fairly high (r = 0.6–0.8; K = 0.9–1.1). Yet,
analyses in these datasets, which included fewer species
than in all other cases, never reached statistical signifi-
cance for K. Thus, overall, the results suggest that there
might be a phylogenetic signal in angular divergence of
allometric trajectories, but the signal is tiny and never
reaches significance. Interestingly, however, K tends to
be larger when the smaller species samples are excluded,
as it increases in both sexes in relation to the minimum
N threshold.

For a comparison (see Section 4), Table 4 also shows
results (matrix correlations and K) using, instead of pair-
wise static allometric angles, the Procrustes shape dis-
tances between the mean shapes of the same species: in
this case, unlike with angles and with few exceptions (the
two female datasets with only 5–8 species), species mean
shapes showed larger correlations and often signifi-
cant Ks.

3.3 | Randomized subsampling
experiments to explore the impact of
sample size on estimates of angles between
allometric trajectories

To introduce this subsection of the Results, I first go
briefly back to the findings in the main set of regressions
(Section 3.1). In the main analysis, the summary statistics
of Table 2 suggest a trend toward larger averages (and
ranges) of pairwise allometric angles when smaller

FIGURE 4 Example of non-negligible allometric variation predicted by the multivariate regressions for the opposite extremes

(magnified three times) of size variation in the largest male samples (N ≥ 30). Photos for the species in this analysis (with images cropped,

and sex unknown except for male macaques and baboons) are from Wikimedia Commons (see below) under the Creative Commons

Attribution-Share Alike 2.0, 3.0, 4.0, except the red colobus at the bottom (by Nick Borrow, CC BY-NC 2.0), whose species is unknown and

was used as an example for this genus due to the nonavailability of a photo of P. ellioti. The original webpages of the photos, from the top to

the bottom, are: https://en.wikipedia.org/wiki/File:Red-Tailed_Monkey,_Uganda_(15587657375).jpg. https://upload.wikimedia.org/

wikipedia/commons/5/5f/La_Bourbansais_04.jpg. https://en.wikipedia.org/wiki/Blue_monkey#/media/File:Blue_monkey_(Cercopithecus_

mitis_stuhlmanni)_pair.jpg. https://upload.wikimedia.org/wikipedia/commons/4/40/Cercopiteco_verde_%28Chlorocebus_pygerythrus%29%

2C_parque_nacional_Kruger%2C_Sud%C3%A1frica%2C_2018-07-25%2C_DD_57.jpg. https://upload.wikimedia.org/wikipedia/commons/5/

53/Ngarai_Sianok_sumatran_monkey.jpg. https://en.wikipedia.org/wiki/Olive_baboon#/media/File:Papio_anubis_in_Kenya.jpg. https://

upload.wikimedia.org/wikipedia/commons/2/2c/Chacma_baboon_%28Papio_ursinus_griseipes%29_male_head.jpg. https://www.flickr.com/

photos/nikborrow/42455290670.
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species samples (minimum N ≥ 10) are included to
increase taxonomic sampling. This seems to indicate an
effect of sampling error, with inaccurate estimates of
slopes in small samples generally leading to inflated
angles. However, the interpretation is uncertain, because
the angles SD varies little and results (Table 2) with inter-
mediate minimum N (N ≥ 20) are similar to those with

larger samples (N ≥ 30). Besides, since with a minimum
N ≥ 10 the number of species analyzed is more than two-
to-three times larger, one cannot exclude that the wider
divergence in the angles is a genuine consequence of a
better taxonomic sampling. The randomized subsampling
experiments helped to clarify these doubts and, thus,
allow a more accurate interpretation of the main results.

FIGURE 5 UPGMA

phenograms based on angles

(in degrees) between species

allometric trajectories.

Macaques, baboons, and red

colobus are emphasized with,

respectively, red, blue, and green

frames to exemplify the general

lack of congruence between

phenetic clusters and well

supported, diverse,

monophyletic genera.
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Estimates of angles in balanced bootstrapped ran-
dom subsamples were on average 6–18� larger (Table 5)
than the corresponding estimates using the total sam-
ples. The smaller the N in the balanced randomized
bootstrapped subsamples, the larger the positive bias
and the larger the range of variation in angles (larger
SD, trimmed and absolute ranges for the angles).
Overall, therefore, the randomized subsampling experi-
ments strongly indicated that the increase in the
observed divergence of allometries when minimum
N ≥ 10 (Table 2) is mainly driven by sampling error
and the much larger uncertainties in the smallest
(10 ≤ N ≤ 20) species samples.

4 | DISCUSSION

I open this section by recapitulating the main results and
by discussing some of the methodological issues. Later, I
go on with the interpretation of the results, the main con-
clusions and future directions.

4.1 | Static allometry: Effect size,
significance, angles, and sampling error

How strong is static allometry in the cranium of Old
World monkeys? The effect size of allometry is typically
moderate (median Rsq = 10–11%). To put it into context,
even if they used a larger landmark configuration, Car-
dini and Elton (2017) found that sexual dimorphism in
guenon skulls had a median Rsq of 19%, which is almost
twice that of static allometry in this study. Because the
effect of static allometry is generally modest in both
female and male Old World monkeys, it is not surprising
that regressions often fail to reach statistical significance
and the proportion of significant regressions drops when
species with smaller samples are included. Larger sam-
ples not only increase power, but are more representative
of population variability and likely provide a more accu-
rate picture of size and, thus, size-related shape variation
within each species. For instance, the range of lnCS vari-
ation in females with N > 10 has a 0.6–0.7 Pearson corre-
lation with species N (respectively, excluding or
including the very large M. fascicularis sample). A similar
correlation is found also in males (r = 0.7 both with or
without M. fascicularis). These correlations indicate that
the amount of variation in the samples is strongly and
positively influenced by sample size and, therefore, only
the largest samples are likely to approximate the true
extent of cranial size and allometric shape variation in
the adults of a species.

The considerations on effect size and N should be
borne in mind to cautiously interpret also the visualiza-
tion of static allometric shape variation. Figure 4 shows
in most species, with differences in degree and strength,
a trend toward relative facial elongation and braincase
reduction, which is, as mentioned in the Introduction, a
pervasive pattern of both ontogenetic and evolutionary
allometry in primates and more generally in mammals

TABLE 4 Phylogenetic signal explored using matrix correlations (pairwise angles or mean shape distances vs. patristic distances from

the 10Ktrees molecular chronogram) and tested using the multivariate K statistics (tests with p < 0.005 are emphasized in italics).

Angles Mean Shapes

Sex Species na Min. N Matrix r K pb Matrix r K pb

F 5 30 0.763 1.062 0.196 0.145 1.007 0.238

8 20 0.575 0.873 0.053 0.273 0.924 0.132

25 10 0.218 0.388 0.051 0.358 0.994 0.001

M 9 30 0.068 0.578 0.244 0.757 2.349 0.006

15 20 0.022 0.485 0.086 0.361 1.672 0.001

36 10 0.179 0.184 0.266 0.233 0.815 0.001

aWhen smaller than in Table 2, it is because a few species are missing in the 10Ktrees chronogram.
bp-Value for the K statistics.

TABLE 3 Median of species pairwise angles of static

allometries within and between genera (gray background

emphasizes when angles are on average larger between genera

rather than within).

Median Angles

Females Males

Min. N Withina Between Within Between

30 69 52 57 60

20 54 54 56 59

10 67 71 60 68

aFor females with min. N = 30 or 20, within genus angles are only one and
two cases, respectively.
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(Cardini, 2019). Yet, the pattern is far from obvious in
some cases, such as Elliot's red colobus and the red-tailed
guenon (C. ascanius), and, depending on the species,
may be more evident in dorsal rather than ventral mea-
surements of the cranium, or vice versa. Whether the
aspects specific to each species are genuine or to a larger
or smaller extent affected by sampling error it is difficult
to say, but there is little doubt that sampling error intro-
duces inaccuracies. I further discuss this issue in the next
paragraphs on Rsq and angles, but those considerations
apply also to the visualization of allometries, because
allometric shape diagrams are also computed using the
regression coefficients.

In relation to the choice of the minimum N for the
inclusion of species samples in the analysis, the multivar-
iate regressions showed reduced power (a smaller propor-
tion of significant analyses) and a small inflation of Rsq
(becoming on average larger) when the N threshold was
lowest and smaller samples were included. With more
species and, thus, a better taxonomic sampling, the range
of results (both Rsq and angles) also widened remarkably
(Table 2 and Tables S1 and S2). Regrettably, this wider
range is, as anticipated at the end of the Results, likely
mostly a consequence of sampling error rather than being
an accurate outcome of the better taxonomic representa-
tiveness of the analyses that included smaller samples
and, thus, more species. The inflation of Rsq (both on
average and in terms of variability) in small samples is
both theoretically expected (Cramer, 1987; Wainer, 2007)
and supported by previous studies using multivariate
regressions (Cardini & Elton, 2007). Randomized sub-
sampling experiments using a large configuration of skull
landmarks in vervets (Cardini & Elton, 2007) showed

that, when the most accurate estimates of Rsq for static
allometries was �17–19% ± 3% (total N ≥ 100), small
samples (N = 10) produced mean estimates of 22–32%
± 6% or more. Thus, as in this study, Rsq was inflated
and the range of its estimates became wider as N was
reduced. These observations further stress the importance
of large samples in studies at the boundary between
micro- and macro-evolution (Cardini et al., 2021). Indeed,
in the balanced randomized bootstrapped subsamples,
even when N = 30, divergence in static allometries was
on average overestimated compared to the angles calcu-
lated using the total samples. This indicates that not even
30 adult females (or males) per species may be enough
for accuracy.

The balanced randomized bootstrap subsampling
experiments not only showed that angles are overesti-
mated on average (+6–16�) in smaller samples, but also
confirmed that the range of estimates is wider. For
instance, the SD of the differences between angles from
bootstrapped subsamples and observed total samples
more than doubled from N = 30 to N = 10 (Table 5).
Because in smaller samples pairwise estimates of angles
vary more, it is worth observing that, despite an average
overestimate when N is reduced, some of the angles (neg-
ative deviations emphasized with a gray background in
Table 5) can be smaller than observed in the total sam-
ples. This is a useful warning not to expect that smaller
samples will always inflate angles between static allome-
tric vectors: on average they will, but in some cases one
might in fact get an underestimate. As with the Rsq, the
observations on the impact of N on estimates of static
allometric divergence are, again, congruent with previous
work on crania, which suggested the need of really large

TABLE 5 Summary statistics for

the differences in averaged angles

estimated using perfectly balanced

bootstrapped subsamples (100

bootstraps) and the observed angles in

the same species using all individuals:

Positive or negative values mean that

angles are, respectively, overestimated

or underestimated (the latter

emphasized with a gray background) on

average in the bootstrapped

subsamplesa.

Sex Species n N Mean SD Median q10 q90 Min Max

F 6 30 9 5 8 3 16 1 17

6 20 12 8 12 2 22 1 26

6 10 18 13 16 0 33 �5 38

M 9 30 7 7 6 �1 16 �11 23

9 20 9 10 9 0 19 �19 32

9 10 15 15 15 0 33 �27 47

aAs explained in detail in Section 2, species with N > 30 and non-negligible regressions (first block of
Tables S1 and S2 with six female species and nine male species) are selected to build bootstrapped
subsamples of N = 30, 20, or 10. Each bootstrapped subsample is used to replicate the allometric regression

and then recompute the species pairwise angles. The median of the angles of each dataset (e.g., 100
bootstrapped female samples with N = 30 in all six species) is calculated and its difference from the
observed angles in the total (all individuals) samples is computed pairwise. Differences (e.g., bootstrapped
medians minus observed for the 15 interspecific angles in the 6 female species, etc.) are summarized using
means, SD, medians, q10–q90 percentiles and the minimum and maximum (see Table 2 for the

abbreviations).
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samples for accuracy and precision of static allometric
regressions in primates (and likely most mammals).
Specifically, Cardini and Elton (2007) found that approxi-
mately 60 individuals per species were necessary to have
estimates of allometric angles on average within 50% of
the most accurate result obtained in their total samples
of vervets and blue monkeys.

As in Cardini and Elton (2007), the randomized sub-
sampling experiments in this study were run using per-
fectly balanced samples. This was done to be confident
that the effect on estimates of angles was exclusively
driven by sample size. As it is generally the case with
other statistical analyses, variability in sample size across
groups typically contributes to inaccuracies, reduces
robustness and makes interpretations less simple. Yet, as
shown in my own dataset, heterogeneous N, with often
many relatively small samples, is every-day life for those
working on wild species and especially when they must
rely on museum collections. These are a most precious
source of information, but also one where researchers
opportunistically depend on what is available, as well as
in relation to the funds they have for visiting multiple
collections. Thus, the impact of sampling error on allo-
metric analyses is, as in taxonomy, likely to be very
strong, a problem that should be acknowledged and
explored (Cardini, 2020; Cardini et al., 2021). With onto-
genetic data, given the much larger changes happening
during growth and development, the requirement of very
large samples might be less strict, but issues with power
may nevertheless occur (Brown & Vavrek, 2015) and data
should be equally representative of all age classes. With
primates and other mammals, however, it is often the
case that ontogenetic series are incomplete and the youn-
ger age groups poorly represented.

To conclude the discussion on the impact of sample
size, I briefly touch on a related issue, which is not part
of this study and, to my knowledge, has been rarely
investigated in the context of allometry. A large p / N
ratio, where p is the dimensionality of the data, is well
known to be problematic in multivariate data analysis
(Hair et al., 1998), so much so that even exploratory
methods for dimensionality reduction might be impacted
(Björklund, 2019; Cardini et al., 2019; Rohlf, 2021). Data
dimensionality also has an effect on estimates of angles
between vectors so that, with larger p, estimates of
angles tend to cluster more tightly around the true esti-
mate (Watanabe, 2022). Thus, in highly dimensional
spaces, one can find that large angles, despite suggesting
different directions of allometric trajectories, can be sig-
nificantly smaller than expected for uncorrelated, orthog-
onal, random vectors. If a test is accurate and has a
correct type I error rate (the rate of false positives), the
result is valid, with more similarity in direction than

predicted for random vectors. Yet, this might mean that a
researcher could be pushed to interpret almost orthogo-
nal vectors (e.g., 86� in the empirical example used by
Watanabe, 2022) and, thus, seek uncertain similarities in
the visualization of shape change along the correspond-
ing trajectories. In this respect, a small landmark configu-
ration focusing on specific but relevant dimensions in
relation to a well-defined hypothesis may help to reduce
noise (aspects uninteresting in the context of that hypoth-
esis), have a smaller dimensionality (without recurring
to, for instance, using a subset of the first PCs to control
for p) and lead to simpler, but potentially more robust
interpretations of allometric change.

4.2 | Allometric directions and
phylogenetic divergence

Studies on static and ontogenetic allometries in terrestrial
vertebrates using geometric morphometrics are numer-
ous (e.g., Chiozzi et al., 2014; Djurakic & Milankov, 2020;
Drake & Klingenberg, 2008; Le Verger et al., 2020, 2024;
Marcy et al., 2020; Murta-Fonseca et al., 2019; Simons &
Frost, 2021; Singleton, 2002), but few specifically focused
on the relationship between phylogeny and allometric
divergence. I mainly discuss geometric morphometric
analyses because methods and results are more directly
comparable. My own interest was prompted by a recent
publication using landmark-based Procrustes methods in
armadillos. In that work, the authors found congruence
between cranial allometric divergence and taxonomic
groups, so that “the greater the phylogenetic distance
between species, the greater the difference in their onto-
genetic and static trajectories of allometric variation”
(p. 14, Le Verger et al., 2024). As mentioned in the Intro-
duction, it might seem intuitive that, as speciation hap-
pens and evolutionary divergence increases, allometric
patterns also progressively diverge in direction. Yet, phe-
notypic and phylogenetic differences are often not so
tightly coupled and, in Old World primates, congruence
with allometric divergence might be the exception rather
than the rule. Simons et al. (2018) found that in cerco-
pithecine monkeys cranial ontogenetic trajectories carry
no phylogenetic signal. Singleton (2002), using cranial
landmarks to compare static allometries of adult papio-
nins, reported (p. 547) “positive facial allometry and neg-
ative neurocranial allometry,” but found a mix of
divergence and homogeneity in allometric trajectories.
Her results, however, are not easy to compare with mine,
because she did not perform multivariate regressions and
did most of her analyses with pooled sexes.

The approach I used in this study has, as anticipated
in Section 2, similarities to Simons et al. (2018) and
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especially to Watanabe and Slice (2014). Watanabe and
Slice employed a battery of analyses including matrix cor-
relations, phenograms and tests of the phylogenetic signal
(such as the univariate k) to investigate the phylogenetic
signal in the ontogenetic allometries of crocodylians.
Again, results were very similar to mine, since they also
found no appreciable phylogenetic signal. Likewise, previ-
ous research on a smaller group of crocodylians suggested
little congruence of ontogenetic allometric divergence
with phylogeny, but, in that paper, the accuracy of the
molecular phylogeny itself was subject to debate (Piras
et al., 2010). This is an important point to consider, as
some of the incongruence I and others have found
between allometric and evolutionary divergence may in
fact be due to uncertainties in the phylogenetic and taxo-
nomic relationships. Yet, in my study, at least the mono-
phyly of species-rich genera such as Macaca, Papio, and
Piliocolobus is robust. Therefore, if allometric divergence
increased with phylogenetic distance, one would at least
expect clustering according to taxonomy in these genera.
This prediction is clearly refuted by an almost consistent
lack of unequivocal clusters of congeneric species in the
UPGMA trees of static allometric angles (Figure 5). Thus,
it seems that, if there were similarities between closely
related species when they started diverging from a com-
mon ancestor, these were mostly lost as differences
increased over a longer evolutionary time span.

To explain the general lack of congruence between allo-
metric directions and phylogenetic distances, Watanabe
and Slice (2014) offered several non-mutually exclusive
explanations. Their explanations, complemented with the
discussion on uncertainties in the phylogeny (above) and
sampling error (Section 4.1) are valid for my analyses as
well. To start, as Watanabe and Slice (2014) pointed out, we
cannot exclude that the statistical model used for the analy-
sis is inadequate. This is, of course, true for all statistical
analyses. For instance, in morphometrics we usually prefer
linear models for their simplicity, but allometries could be
nonlinear or multiphasic (Kluge & Strauss, 1985). Together
with the statistical model, we should also consider that
what is being measured is crucial, as I have already
stressed. In my study, one could argue that the problem
was, in fact, one of measuring fewer landmarks than
needed. I have already clarified the reasons for the choice
of a simple midplane configuration. However, that even
those few landmarks can be phylogenetically informative is
shown by the analysis of the phylogenetic signal in species
mean shapes (Table 4). Unlike most of the results for allo-
metric angles, mean shape data showed a degree of correla-
tion with phyletic distances and often had significant Ks. A
modest but appreciable phylogenetic signal in mean shapes
is also suggested by the UPGMA phenograms of Figure 6,
which include the same species as in the two trees at the

bottom of Figure 5 (i.e., species with non-negligible allome-
tries and N ≥ 10). Unlike the cluster analyses of allometric
angles (Figure 5), the summary of similarity relationships
between species mean shapes in Figure 6 is characterized
by at least a degree of taxonomic clustering, that happens
despite likely large inaccuracies in estimates of species
means in the smaller samples (Cardini et al., 2021).

Why, then, in contrast to species mean shapes, does the
divergence of Old World primates allometries have almost
nothing to do with phyletic relationships? Watanabe and
Slice argued that, in crocodylians, allometric patterns tend
to be so evolutionarily labile that the phylogenetic signal is
soon lost, a point made also by Simons et al. (2018) and
Pav�on-V�azquez et al. (2022). This explanation, if valid for
my study on Old World monkeys, raises an interesting
question: if allometry really varies so easily in direction, is
there a contradiction with the observation of the conserved
“CREA” pattern of evolutionary allometric change in cerco-
pithecids (Cardini & Polly, 2013; Radinsky, 1985)? I do not
think there is a contradiction, when the problem is care-
fully considered. First, the level of the analyses (within spe-
cies vs. above species) is different. More importantly, a
macroevolutionary trend, such as the positive allometry of
the snout and the negative allometry of the braincase, may
be found in closely related species and also have broad sim-
ilarities to within species patterns. Yet, there may be differ-
ences in many, less evident, aspects. It is these differences
in “details,” caused by a combination of stochastic and
selective forces (plus, possibly, plasticity), which likely
amplify allometric divergence during evolutionary radia-
tions in which, as in the Old World monkeys, a variety of
geographic regions, habitats and ecological niches are colo-
nized (Elton, 2007; Frost, 2017; Lo Bianco et al., 2017).
Indeed, although the common mammalian pattern of rela-
tive facial elongation and braincase reduction in larger spe-
cies was well supported in the same lineages I have
analyzed in this article, with slopes of regressions of facial
length onto braincase length mostly larger than one
(Cardini, 2019), evolutionary allometric slopes varied
widely among clades. Part of the variation was, as in the
present study, a likely consequence of statistical uncertainty
(sampling error, different tree topologies in comparative
analyses, etc.), but another part likely reflected genuine tax-
onomic differences. Thus, the general shape change pre-
dicted by CREA can occur in a lineage, but the precise
details vary from case to case.

4.3 | Static versus ontogenetic
trajectories

Static allometry in adults captures only a specific aspect of
the very end of a much longer and complex ontogenetic

884 CARDINI

 19328494, 2025, 3, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25544 by C
ochraneItalia, W

iley O
nline L

ibrary on [06/05/2025]. 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



path. If developmental changes contribute to species diver-
gence, a fuller quantitative description of ontogeny (allom-
etry, development, growth) is crucial. Ideally, one might
want to use longitudinal data, rather than cross-sectional,
and both pre- and post-natal information. Unfortunately,
as already discussed, in most primate species and, more
generally, in mammals with few exceptions, the availabil-
ity of representative samples covering all main age classes
is a rare instance even when one is happy to use post-natal
cross-sectional data. Simons and Frost's (2021) analysis of
cranial ontogeny in catarrhines, for instance, includes rel-
atively few representatives of this diverse group and, as
they acknowledge, samples may be inadequate in several
cases. For this reason, as in previous work, they (Simons
et al., 2018; Simons & Frost, 2021) pooled sexes, arguing

that this is a reasonable approximation, because within
species ontogenetic trajectories diverge between sexes only
toward the end of development. But this is also a compro-
mise, as the degree of sexual dimorphism varies from spe-
cies to species (Gordon, 2006; Smith & Cheverud, 2002)
and that implies a different amount of divergence in older
ontogenetic stages, which may be negligible in some spe-
cies and not in others. This might be a small source of
error and most of Simons and colleagues' findings, at least
those concerning the divergence of ontogenetic trajecto-
ries, are probably robust in their conclusions. Yet, it is
another example of how difficult it is to perform accurate
allometric studies in primates.

In spite of the limitations I have briefly discussed,
Simons and Frost (2021) is to date possibly the largest

FIGURE 6 UPGMA

phenograms based on Procrustes

shape distances between species

mean shapes (minimum

N ≥ 10); example genera are

emphasized as in Figure 5.
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geometric morphometric study of cranial ontogeny in cat-
arrhines. As three of the four lineages they analyzed
(i.e., papionins, cercopithecins, colobines, and apes) are
the same as in my study, their work is particularly impor-
tant to appreciate the potential differences between onto-
genetic and static patterns of size-related shape variation
in Old World monkeys. A long quote from the main con-
clusions of Simons and Frost (2021) (p. 703) is useful to
compare our results: “In general … the amount of shape
change (i.e., the length of the trajectory) over ontogeny
from the time of the full eruption of dP4 to adulthood is
mostly conserved among catarrhines, whereas differences
in the pattern of shape change (i.e., the direction mea-
sured using pairwise angles) over ontogeny are common
… However, within each of the four subclades, allometric
trajectories were largely oriented in the same direction …
This indicates that one of the ways catarrhines are
achieving differences in adult cranial morphology is
through relatively slight, though detectable differences in
the patterns of those changes, but not through truncation
or extension of a common pattern. These modest differ-
ences in patterns of ontogenetic shape changes are there-
fore adding to the well documented pre-natal and early
post-natal differences.” Therefore, while Simons and
Frost (2021) found divergence in patterns of cranial
ontogeny, they also stated that the species-specific trajec-
tories largely point in similar directions within the four
catarrhine clades. This seems in stark contrast compared
to my results of remarkably divergent static allometries.
However, for a more accurate comparison, I computed
the median allometric angle in the colobines, cercopithe-
cins, and papionins using the table published by Simons
and Frost (2021). Within each of the three lineages, the
median angle is approximately 20��25� (with an average
trimmed range—q10 to q90—of 15� to 30�). These angles
are approximately half or less than found in my analysis
of static allometries in same taxa, where median angles
were larger than 50� and ranged (q10–q90) from about
30� to more than 100�. Thus, the difference is indeed
large and even more impressive if we consider that, when
the same species was analyzed, my estimate of an allome-
tric trajectory corresponds to the end part of the regres-
sion line computed by Simons and Frost. Then, what is
the reason for such a clear dissimilarity between the aver-
age divergence of ontogenetic and static allometries?

The answer is not easy, but some speculations are
possible. Taxonomic samples are not identical, even if
most of the species of Old World monkeys analyzed by
Simons and Frost are also present in my study. Sample
composition, however, cannot explain on its own the
large incongruence we observe, since even the upper
limit of their range of angles (q90–30�) barely overlaps
with the lower limit of my estimates (q10–30�). In

contrast, as mentioned, pooling sex likely introduced
some inaccuracy in the estimates of ontogenetic diver-
gence of Simons and Frost (2021). It is hard to say with
confidence whether that led to a degree of underestima-
tion of angles of ontogenetic trajectories. In contrast, I
have almost certainly inflated estimates of divergence,
because of the stronger effect of sampling error on the
much shorter static allometries. Thus, to some extent, the
different results in the study by Simons and Frost (2021)
and this study probably relate in part to issues with sam-
ples. It is also likely that ontogenetic analyses capture
larger changes whose direction might be less affected by
“details,” which in contrast matter relatively more when
less variance is accounted for by a factor, as it happens
with static allometry. Thus, species-specific aspects of
size-related shape change could be a major contributor to
divergence in static allometries, whereas small changes
that deviate from a main common trend in large ontoge-
netic variation could have a more modest impact on
allometry (at least when modeled with a simple linear
regression). Likewise, as discussed in the previous subsec-
tion, the much larger interspecific allometric variation
across closely related species of Old World monkeys is
one of the probable reasons why CREA is supported in
these lineages (Cardini, 2020) despite a huge variability
in the direction of their static allometries. Another, more
obvious, reason for differences in results between my
study and the ontogenetic analyses of Simons and Frost
(2021) is that the landmark configuration is not the same,
with Simons and Frost measuring at least four times
(considering only one of each pair of their bilateral land-
marks) the number of landmarks of my study. With
fewer landmarks, the range of estimates is likely to be
wider, but the average should not be biased. Regardless
of the explanation, on a practical level, finding large dif-
ferences between estimates of allometric divergence in
static and ontogenetic analyses does not induce optimism
in the possibility of accurately using static allometries as
a proxy for ontogenetic ones, when subadults and young
are not available in a study. This is another aspect that
deserves careful scrutiny in future research on allometry.

Despite the evident difference in the amount of allo-
metric divergence in allometries, however, both Simons
and colleagues and I discovered almost no phylogenetic
signal in size- or age-related within species shape trajec-
tories. Their tests for K, like mine, were non-significant.
Furthermore, if one computes median angles within and
between genera using the matrix of interspecific pairwise
angles of ontogenetic change of Simons et al. (2018), the
angles between species of different genera are on average
only slightly larger than those between species of the
same genus (27� vs. 24�, respectively). This similarity in
the average divergence within and between genera is
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in good agreement with my results (Table 3) and,
together with the nonsignificance of K, corroborates the
conclusion that there is hardly any congruence in Old
World monkeys between phylogenetic structure and allo-
metric divergence regardless of using static or ontoge-
netic data. Thus, the hope that differences in direction of
within-species trends in cranial shape change may help
to elucidate the phylogeny of living and extinct species,
in primates and other mammals, as well as in the context
of human evolution, seems to be small. With fossils, the
problem is further aggravated by the incomplete and gen-
erally scarce study material of most species.

4.4 | Conclusions and future directions

Static allometries encompass relatively little variation
and have a small effect size. Estimates may require sam-
ples close to or larger than 100 individuals per species
and sex (see fig. 3a,b of Cardini & Elton, 2007), before a
level of accuracy appropriate for assessing a potential
phylogenetic signal is achieved. Ontogenetic trajectories
may need smaller samples, but only as long as variation
in all age classes is truly representative. Also, as briefly
discussed, and especially in ontogeny, one cannot exclude
that change is multiphasic, so that, for instance, the slope
of a regression varies depending on the stage. For ontoge-
netic variation, we should more often consider nonlinear-
ities. Trajectories can be split into subsets of comparable
ontogenetic stages (Neubauer et al., 2010; Scott et al.,
2014). Alternatively one can explore the application of a
multivariate curvilinear regression using a polynomial
expansion of the size predictor. A similar approach has
been shown to be useful for modeling clinal variation in
primates (Cardini et al., 2010). When a more sophisti-
cated method, with more parameters, is employed, how-
ever, sample representativeness is even more crucial, and
over-fitting must be excluded before the model is
selected. As in biogeography (Cardini et al., 2010), resam-
pling methods and the use of information criteria may
help to estimate uncertainties and compare models.

If the change in direction of allometry in Old World
primates is unlikely to be phylogenetically informative,
that does not diminish the relevance of size-related shape
changes in the study of morphological variation in pri-
mates and other tetrapods. Cardini and Elton (2008b)
argued that allometry is a major player in the cranial evo-
lution of guenons and that, if size is more labile than
non-allometric shape, this contributes to the weak phylo-
genetic signal in the mean cranial shape differences of
these species. However, this is not the same as saying that
allometry is either the main or an exclusive driver of
morphological change. That allometry might have acted,

in guenons, as a path of least evolutionary resistance does
not imply a simple extension/truncation of ontogenetic
allometry. Likewise, it does not mean that allometry
explains most morphological differences: “size … has
helped to determine morphological change … biasing of
the direction of evolutionary shape modification … [but]
Such biases … decay with time, and shape variation is
progressively less constrained as the structure of trait
covariance is modified by selective pressures … Ecology
and evolutionary history remain important components
in understanding … morphological differentiation …
[with] instances in which morphological divergence can-
not be attributed mostly to size” (pp. 633-634, Cardini &
Elton, 2008c).

Species-specific differences can occur together with,
and in spite of, broad similarities in patterns of CREA
(Cardini, 2019, and references therein). Allometry is not
a unsurmountable constraint that narrowly limits mor-
phological evolvability. Thus, for instance, CREA has
exceptions such as saber-tooth cats (Tamagnini et al.,
2023) and probably our own lineage, the hominins
(Cardini & Polly, 2013). Even when the evidence for
CREA is robust, so that larger species tend to be more
prognathic than their smaller close relatives, the trend
explains only a fraction of cranial variation and does not
exclude the presence of taxon-specific aspects of allome-
tric change (Cardini, 2019; Marug�an-Lob�on et al., 2022).

What are the future directions for allometric analyses
trying to bridge micro- and macro-evolution in primates
and other vertebrates? The issue with sampling error
remains crucial, as I have stressed multiple times. Also,
there is the question of what is being measured and, in
relation to this, whether findings have external validity.
The choice of a small set of landmarks tailored to the spe-
cific allometric hypothesis being investigated may be wiser
than trying to measure everything, regardless of relevance,
homology and accuracy, as in “high-density morphomet-
rics” (Cardini, 2020). Thus, my findings in this study are
specific to a configuration of midplane landmarks mainly
aimed at capturing the relative lengths of the face and
braincase, an aspect central to ontogenetic development
(Smith, 1997; Usui & Tokita, 2018), as well as to the study
of the macroevolutionary allometry in terrestrial verte-
brates (Bardua et al., 2021; Cardini & Polly, 2013; Krone
et al., 2019; Marug�an-Lob�on et al., 2022; Radinsky, 1985).
However, there are alternatives that could be tried with a
deeper understanding of primate anatomy and cranial
development. Clearly, results may be different using other
landmarks, focusing on different cranial regions or on
another anatomical structure. Using the same configura-
tion and species, but replicating the analysis with esti-
mates of ontogenetic trajectories could also lead to
different outcomes, but the comparison with the work of
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Simons and colleagues suggests that, despite their finding of
a much smaller divergence, the conclusion of a negligible
phylogenetic signal is probably robust. Nonetheless, if allo-
metric change is accurately measured and detailed ecologi-
cal data are available, then it might become interesting to
also explore whether ecology influences the direction of
allometries, as exemplified by Pav�on-V�azquez et al. (2022)
using a comparative phylogenetic regression of slope coeffi-
cients onto a set of predictors measuring habitat use. Ave-
nues for future research are vast with interesting challenges
that may often concern the quality of the data more than
the specific method being used. Much has been learnt, but
in many respects we are still at the beginning of a deeper
understanding of the relationship between shape and size
and, for now, I must concur with Pélabon et al. (2014, p.71)
that “the evolution of allometry … remain[s] a mystery.”
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Bigoni, L., Velemínsk�a, J., & Brůžek, J. (2010). Three-dimensional
geometric morphometric analysis of cranio-facial sexual dimor-
phism in a central European sample of known sex. Homo,
61(1), 16–32. https://doi.org/10.1016/j.jchb.2009.09.004

Björklund, M. (2019). Be careful with your principal compo-
nents. Evolution, 73(10), 2151–2158. https://doi.org/10.1111/
evo.13835

Blomberg, S. P., Garland, T., & Ives, A. R. (2003). Testing for phylo-
genetic signal in comparative data: Behavioral traits are more
labile. Evolution, 57(4), 717–745. https://doi.org/10.1111/j.0014-
3820.2003.tb00285.x

Brown, C. M., & Vavrek, M. J. (2015). Small sample sizes in the
study of ontogenetic allometry; implications for palaeobiology.
PeerJ, 3, e818. https://doi.org/10.7717/peerj.818

Burgin, C. J., Colella, J. P., Kahn, P. L., & Upham, N. S. (2018).
How many species of mammals are there? Journal of Mammal-
ogy, 99(1), 1–14. https://doi.org/10.1093/jmammal/gyx147

Cardini, A. (2017). Left, right or both? Estimating and improving accu-
racy of one-side-only geometric morphometric analyses of cranial
variation. Journal of Zoological Systematics and Evolutionary
Research, 55(1), 1–10. https://doi.org/10.1111/jzs.12144

Cardini, A. (2019). Craniofacial allometry is a rule in evolutionary
radiations of placentals. Evolutionary Biology, 46(3), 239–248.
https://doi.org/10.1007/s11692-019-09477-7

888 CARDINI

 19328494, 2025, 3, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25544 by C
ochraneItalia, W

iley O
nline L

ibrary on [06/05/2025]. 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://www.synthesys.info/
https://www.synthesys.info/
https://www.dissco.eu/synthesys/
https://doi.org/10.1093/sysbio/syu030
https://doi.org/10.1093/sysbio/syu030
https://doi.org/10.1186/1471-2148-10-216
https://doi.org/10.1111/2041-210X.12035
https://doi.org/10.1002/evan.20251
https://doi.org/10.1038/s41467-021-22792-y
https://doi.org/10.1038/s41467-021-22792-y
https://doi.org/10.1098/rspb.2006.0448
https://doi.org/10.1098/rspb.2006.0448
https://doi.org/10.1038/s41562-017-0189-z
https://doi.org/10.1016/j.jchb.2009.09.004
https://doi.org/10.1111/evo.13835
https://doi.org/10.1111/evo.13835
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.7717/peerj.818
https://doi.org/10.1093/jmammal/gyx147
https://doi.org/10.1111/jzs.12144
https://doi.org/10.1007/s11692-019-09477-7


Cardini, A. (2020). Modern morphometrics and the study of popula-
tion differences: Good data behind clever analyses and cool pic-
tures? The Anatomical Record, 303(11), 2747–2765. https://doi.
org/10.1002/ar.24397

Cardini, A., & Elton, S. (2007). Sample size and sampling error in
geometric morphometric studies of size and shape. Zoomor-
phology, 126(2), 121–134. https://doi.org/10.1007/s00435-007-
0036-2

Cardini, A., & Elton, S. (2008a). Does the skull carry a phylogenetic
signal? Evolution and modularity in the guenons. Biological
Journal of the Linnean Society, 93(4), 813–834. https://doi.org/
10.1111/j.1095-8312.2008.01011.x

Cardini, A., & Elton, S. (2008b). Variation in guenon skulls (I): Spe-
cies divergence, ecological and genetic differences. Journal of
Human Evolution, 54(5), 615–637. https://doi.org/10.1016/j.
jhevol.2007.09.022

Cardini, A., & Elton, S. (2008c). Variation in guenon skulls (II): Sex-
ual dimorphism. Journal of Human Evolution, 54(5), 638–647.
https://doi.org/10.1016/j.jhevol.2007.09.023

Cardini, A., & Elton, S. (2017). Is there a “Wainer's rule?” Testing
which sex varies most as an example analysis using GueSDat,
the free guenon skull database. Hystrix, the Italian Journal of
Mammalogy, 28(2), 147–156.

Cardini, A., Elton, S., Kovarovic, K., Strand Viđarsd�ottir, U., &
Polly, P. D. (2021). On the misidentification of species: Sampling
error in primates and other mammals using geometric morpho-
metrics in more than 4000 individuals. Evolutionary Biology,
48(2), 190–220. https://doi.org/10.1007/s11692-021-09531-3

Cardini, A., Filho, J. A. F. D., Polly, P. D., & Elton, S. (2010). Bio-
geographic analysis using geometric morphometrics: Clines in
skull size and shape in a widespread African arboreal monkey.
In A. M. T. Elewa (Ed.), Morphometrics for nonmorphometri-
cians (Vol. 124, pp. 191–217). Springer. Retrieved from http://
www.springerlink.com/content/w6rr3q66874ht697/

Cardini, A., O'Higgins, P., & Rohlf, F. J. (2019). Seeing distinct
groups where there are none: Spurious patterns from between-
group PCA. Evolutionary Biology, 46(4), 303–316. https://doi.
org/10.1007/s11692-019-09487-5

Cardini, A., & Polly, P. D. (2013). Larger mammals have longer
faces because of size-related constraints on skull form. Nature
Communications, 4, 2458. https://doi.org/10.1038/ncomms3458

Chiozzi, G., Bardelli, G., Ricci, M., De Marchi, G., & Cardini, A.
(2014). Just another Island dwarf? Phenotypic distinctiveness in
the poorly known Soemmerring's gazelle, Nanger soemmerringii
(Cetartiodactyla: Bovidae), of Dahlak Kebir Island. Biological
Journal of the Linnean Society, 111(3), 603–620. https://doi.org/
10.1111/bij.12239

Collard, M., & O'Higgins, P. (2001). Ontogeny and homoplasy in
the papionin monkey face. Evolution & Development, 3(5), 322–
331. https://doi.org/10.1046/j.1525-142X.2001.01042.x

Cramer, J. S. (1987). Mean and variance of R2 in small and moder-
ate samples. Journal of Econometrics, 35(2), 253–266. https://
doi.org/10.1016/0304-4076(87)90027-3

Dayrat, B. (2003). The roots of phylogeny: How did Haeckel build
his trees? Systematic Biology, 52(4), 515–527. https://doi.org/10.
1080/10635150390218277

Del Bove, A., Profico, A., Riga, A., Bucchi, A., & Lorenzo, C. (2020).
A geometric morphometric approach to the study of sexual
dimorphism in the modern human frontal bone. American
Journal of Physical Anthropology, 173(4), 643–654. https://doi.
org/10.1002/ajpa.24154

Djurakic, M. R., & Milankov, V. R. (2020). The utility of plastron shape
for uncovering cryptic diversity in Hermann's tortoise. Journal of
Zoology, 310(2), 145–157. https://doi.org/10.1111/jzo.12736

Dobreva, M. P., Camacho, J., & Abzhanov, A. (2022). Time to
synchronize our clocks: Connecting developmental mecha-
nisms and evolutionary consequences of heterochrony. Jour-
nal of Experimental Zoology Part B: Molecular and
Developmental Evolution, 338(1–2), 87–106. https://doi.org/
10.1002/jez.b.23103

Drake, A. G., & Klingenberg, C. P. (2008). The pace of morphologi-
cal change: Historical transformation of skull shape in St
Bernard dogs. Proceedings of the Royal Society B: Biological Sci-
ences, 275(1630), 71–76. https://doi.org/10.1098/rspb.2007.1169

Elton, S. (2007). Environmental correlates of the Cercopithecoid
radiations. Folia Primatologica, 78(5–6), 344–364. https://doi.
org/10.1159/000105149

Fox, J., & Weisberg, S. (2019). An R companion to applied regression
(3rd ed.). Sage. Retrieved from https://socialsciences.mcmaster.
ca/jfox/Books/Companion/

Franklin, D., Cardini, A., Flavel, A., & Kuliukas, A. (2012). The
application of traditional and geometric morphometric analyses
for forensic quantification of sexual dimorphism: Preliminary
investigations in a Western Australian population. Interna-
tional Journal of Legal Medicine, 126(4), 549–558. https://doi.
org/10.1007/s00414-012-0684-8

Frost, S. R. (2017). Evolution of the Cercopithecidae. In M. A.
Meyers (Ed.), The international encyclopedia of primatology
(Vol. 2, pp. 1–3). John Wiley & Sons.

Gilbert, C. C., & Rossie, J. B. (2007). Congruence of molecules and
morphology using a narrow allometric approach. Proceedings of
the National Academy of Sciences, 104(29), 11910–11914.
https://doi.org/10.1073/pnas.0702174104

Goodall, C. (1991). Procrustes methods in the statistical analysis of shape.
Journal of the Royal Statistical Society: Series B (Methodological),
53(2), 285–321. https://doi.org/10.1111/j.2517-6161.1991.tb01825.x

Gordon, A. D. (2006). Scaling of size and dimorphism in primates
II: Macroevolution. International Journal of Primatology, 27(1),
63–105. https://doi.org/10.1007/s10764-005-9004-1

Gould, S. J. (1966). Allometry and size in ontogeny and phylogeny.
Biological Reviews, 41, 587–638.

Gould, S. J. (2002). The structure of evolutionary theory. Harvard
University Press.

Gower, J. C. (1975). Generalized procrustes analysis. Psychometrika,
40(1), 33–51. https://doi.org/10.1007/BF02291478

Groves, C. (2001). Primate taxonomy. Smithsonian Institution.
Groves, C. P. (2005). Order primates. In D. E. Wilson & D. M. Reeder

(Eds.),Mammal species of the world: A taxonomic and geographic
reference (3rd ed., pp. 111–184). Johns Hopkins University Press.

Hair, J. F., Anderson, R. E., Tatham, R. L., & Black, W. C. (1998).
Multivariate data analysis. Prentice Hall.

Hall, B. K., & Hanken, J. (2023). Modularity, homology, hetero-
chrony: Gavin de Beer's legacy to the mammalian skull. Phil-
osophical Transactions of the Royal Society B: Biological
Sciences, 378(1880), 20220078. https://doi.org/10.1098/rstb.
2022.0078

Harris, E. E. (2000). Molecular systematics of the Old World mon-
key tribe Papionini: Analysis of the total available genetic
sequences. Journal of Human Evolution, 38(2), 235–256.
https://doi.org/10.1006/jhev.1999.0318

Harris, E. E. (2002). Why such long faces? Response to Collard and
O'Higgins. Evolution and Development, 4(3), 167–168.

CARDINI 889

 19328494, 2025, 3, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25544 by C
ochraneItalia, W

iley O
nline L

ibrary on [06/05/2025]. 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/10.1002/ar.24397
https://doi.org/10.1002/ar.24397
https://doi.org/10.1007/s00435-007-0036-2
https://doi.org/10.1007/s00435-007-0036-2
https://doi.org/10.1111/j.1095-8312.2008.01011.x
https://doi.org/10.1111/j.1095-8312.2008.01011.x
https://doi.org/10.1016/j.jhevol.2007.09.022
https://doi.org/10.1016/j.jhevol.2007.09.022
https://doi.org/10.1016/j.jhevol.2007.09.023
https://doi.org/10.1007/s11692-021-09531-3
http://www.springerlink.com/content/w6rr3q66874ht697/
http://www.springerlink.com/content/w6rr3q66874ht697/
https://doi.org/10.1007/s11692-019-09487-5
https://doi.org/10.1007/s11692-019-09487-5
https://doi.org/10.1038/ncomms3458
https://doi.org/10.1111/bij.12239
https://doi.org/10.1111/bij.12239
https://doi.org/10.1046/j.1525-142X.2001.01042.x
https://doi.org/10.1016/0304-4076(87)90027-3
https://doi.org/10.1016/0304-4076(87)90027-3
https://doi.org/10.1080/10635150390218277
https://doi.org/10.1080/10635150390218277
https://doi.org/10.1002/ajpa.24154
https://doi.org/10.1002/ajpa.24154
https://doi.org/10.1111/jzo.12736
https://doi.org/10.1002/jez.b.23103
https://doi.org/10.1002/jez.b.23103
https://doi.org/10.1098/rspb.2007.1169
https://doi.org/10.1159/000105149
https://doi.org/10.1159/000105149
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.1007/s00414-012-0684-8
https://doi.org/10.1007/s00414-012-0684-8
https://doi.org/10.1073/pnas.0702174104
https://doi.org/10.1111/j.2517-6161.1991.tb01825.x
https://doi.org/10.1007/s10764-005-9004-1
https://doi.org/10.1007/BF02291478
https://doi.org/10.1098/rstb.2022.0078
https://doi.org/10.1098/rstb.2022.0078
https://doi.org/10.1006/jhev.1999.0318


Hendrikse, J., Parsons, T., & Hallgrímsson, B. (2007). Evolvability
as the proper focus of evolutionary developmental biology. Evo-
lution & Development, 9, 393–401.

Klingenberg, C. P. (1998). Heterochrony and allometry: The analysis
of evolutionary change in ontogeny. Biological Reviews, 73(1),
79–123. https://doi.org/10.1111/j.1469-185X.1997.tb00026.x

Klingenberg, C. P. (2010). Evolution and development of shape:
Integrating quantitative approaches. Nature Reviews Genetics,
11(9), 9. https://doi.org/10.1038/nrg2829

Klingenberg, C. P. (2011). MorphoJ: An integrated software package
for geometric morphometrics. Molecular Ecology Resources,
11(2), 353–357. https://doi.org/10.1111/j.1755-0998.2010.02924.x

Klingenberg, C. P. (2013). Visualizations in geometric morphometrics:
How to read and how to make graphs showing shape changes.
Hystrix, the Italian Journal of Mammalogy, 24(1), 15–24.

Klingenberg, C. P. (2016). Size, shape, and form: Concepts of
allometry in geometric morphometrics. Development Genes and
Evolution, 226(3), 113–137. https://doi.org/10.1007/s00427-016-
0539-2

Klingenberg, C. P. (2020). Walking on Kendall's shape space:
Understanding shape spaces and their coordinate systems. Evo-
lutionary Biology, 47(4), 334–352. https://doi.org/10.1007/
s11692-020-09513-x

Klingenberg, C. P. (2022). Methods for studying allometry in
geometric morphometrics: A comparison of performance. Evo-
lutionary Ecology, 36(4), 439–470. https://doi.org/10.1007/
s10682-022-10170-z

Kluge, A. G., & Strauss, R. E. (1985). Ontogeny and systematics.
Annual Review of Ecology and Systematics, 16, 247–268.

Krone, I. W., Kammerer, C. F., & Angielczyk, K. D. (2019). The
many faces of synapsid cranial allometry. Paleobiology, 45(4),
531–545. https://doi.org/10.1017/pab.2019.26

Le Verger, K., Hautier, L., Bardin, J., Gerber, S., Delsuc, F., & Billet, G.
(2020). Ontogenetic and static allometry in the skull and cranial
units of nine-banded armadillos (Cingulata: Dasypodidae: Dasypus
novemcinctus). Biological Journal of the Linnean Society, 131(3),
673–698. https://doi.org/10.1093/biolinnean/blaa083

Le Verger, K., Hautier, L., Gerber, S., Bardin, J., Delsuc, F.,
Gonz�alez Ruiz, L. R., Amson, E., & Billet, G. (2024). Pervasive
cranial allometry at different anatomical scales and variational
levels in extant armadillos Alometría craneal generalizada a
diferentes escalas anat�omicas y niveles de variaci�on en armadil-
los actuales. Evolution, 78(3), 423–441. https://doi.org/10.1093/
evolut/qpad214

Ledevin, R., & Koyabu, D. (2019). Patterns and constraints of cra-
niofacial variation in Colobine monkeys: Disentangling the
effects of phylogeny, allometry and diet. Evolutionary Biology,
46(1), 14–34. https://doi.org/10.1007/s11692-019-09469-7

Le�on, M. S. P. d., & Zollikofer, C. P. E. (2001). Neanderthal cranial
ontogeny and its implications for late hominid diversity.
Nature, 412(6846), 534–538. https://doi.org/10.1038/35087573

Lieberman, D. (2011). The evolution of the human head. Harvard
University Press.

Lo Bianco, S., Masters, J. C., & Sineo, L. (2017). The evolution of
the Cercopithecini: A (post)modern synthesis. Evolutionary
Anthropology: Issues, News, and Reviews, 26(6), 336–349.
https://doi.org/10.1002/evan.21567

Lycett, S. J., & Collard, M. (2005). Do homoiologies impede phyloge-
netic analyses of the fossil hominids? An assessment based on
extant papionin craniodental morphology. Journal of Human Evo-
lution, 49(5), 618–642. https://doi.org/10.1016/j.jhevol.2005.07.004

Maisels, F., & Ting, N. (2020). Piliocolobus semlikiensis. The IUCN
Red List of Threatened Species, 2020, e.T92657343A92657454.
https://doi.org/10.2305/IUCN.UK.2020-1.RLTS.T92657343A92
657454.en

Mammal Diversity Database. (2023). Mammal Diversity Database
(Version 1.12.1) [Data set]. https://doi.org/10.5281/zenodo.
10595931

Marcy, A. E., Guillerme, T., Sherratt, E., Rowe, K. C.,
Phillips, M. J., & Weisbecker, V. (2020). Australian rodents
reveal conserved cranial evolutionary allometry across 10 mil-
lion years of murid evolution. The American Naturalist, 196(6),
755–768. https://doi.org/10.1086/711398

Marug�an-Lob�on, J., Nebreda, S. M., Naval�on, G., & Benson, R. B. J.
(2022). Beyond the beak: Brain size and allometry in avian cra-
niofacial evolution. Journal of Anatomy, 240(2), 197–209.
https://doi.org/10.1111/joa.13555

Minelli, A. (2009). Evolutionary developmental biology does not offer a
significant challenge to the neo-Darwinian paradigm. In Contem-
porary debates in philosophy of biology (pp. 213–226). John Wiley &
Sons. https://doi.org/10.1002/9781444314922.ch12

Minelli, A. (2020). Ontogeny/phylogeny. In F. Vercellone & S.
Tedesco (Eds.), Glossary of morphology (pp. 359–363). Springer
International Publishing. https://doi.org/10.1007/978-3-030-
51324-5_84

Mitteroecker, P., Gunz, P., Bernhard, M., Schaefer, K., &
Bookstein, F. L. (2004). Comparison of cranial ontogenetic trajec-
tories among great apes and humans. Journal of Human Evolution,
46(6), 679–698. https://doi.org/10.1016/j.jhevol.2004.03.006

Mitteroecker, P., Gunz, P., Windhager, S., & Schaefer, K. (2013). A
brief review of shape, form, and allometry in geometric mor-
phometrics, with applications to human facial morphology.
Hystrix, the Italian Journal of Mammalogy, 24(1), 59–66.

Murta-Fonseca, R. A., Machado, A., Lopes, R. T., &
Fernandes, D. S. (2019). Sexual dimorphism in Xenodon neu-
wiedii skull revealed by geometric morphometrics (Serpentes;
Dipsadidae). Amphibia-Reptilia, 40(4), 461–474. https://doi.org/
10.1163/15685381-20191147

Neubauer, S., Gunz, P., & Hublin, J.‐J. (2010). Endocranial shape changes
during growth in chimpanzees and humans: A morphometric analy-
sis of unique and shared aspects. Journal of Human Evolution, 59(5),
555–566. https://doi.org/10.1016/j.jhevol.2010.06.011

Oates, J., & Ting, N. (2015). Conservation consequences of unstable
taxonomies: The case of the red colobus monkeys. Taxonomic
Tapestries, 321–345.

Oksanen, J., Guillaume Blanchet, F., Kindt, R., Legendre, P.,
Minchin, P., O'Hara, R., Simpson, G., Solymos, P.,
Stevens, M., & Wagner, H. (2011). Vegan: Community ecology
package. R package ver. 2.0-2.

OpenAI. (2022). ChatGPT (GPT-3.5) [Computer software].
Retrieved from https://openai.com/chatgpt

Page, R. D. M. (1996). TreeView: An application to display phyloge-
netic trees on personal computers. Computational Applications
in Biosciences, 12(4), 357–358.

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: Analyses of
phylogenetics and evolution in R language. Bioinformatics, 20,
289–290.

Pav�on-V�azquez, C. J., Esquerré, D., & Keogh, J. S. (2022). Ontoge-
netic drivers of morphological evolution in monitor lizards and
allies (Squamata: Paleoanguimorpha), a clade with extreme
body size disparity. BMC Ecology and Evolution, 22(1), 15.
https://doi.org/10.1186/s12862-022-01970-6

890 CARDINI

 19328494, 2025, 3, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25544 by C
ochraneItalia, W

iley O
nline L

ibrary on [06/05/2025]. 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.1469-185X.1997.tb00026.x
https://doi.org/10.1038/nrg2829
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1007/s00427-016-0539-2
https://doi.org/10.1007/s00427-016-0539-2
https://doi.org/10.1007/s11692-020-09513-x
https://doi.org/10.1007/s11692-020-09513-x
https://doi.org/10.1007/s10682-022-10170-z
https://doi.org/10.1007/s10682-022-10170-z
https://doi.org/10.1017/pab.2019.26
https://doi.org/10.1093/biolinnean/blaa083
https://doi.org/10.1093/evolut/qpad214
https://doi.org/10.1093/evolut/qpad214
https://doi.org/10.1007/s11692-019-09469-7
https://doi.org/10.1038/35087573
https://doi.org/10.1002/evan.21567
https://doi.org/10.1016/j.jhevol.2005.07.004
https://doi.org/10.2305/IUCN.UK.2020-1.RLTS.T92657343A92657454.en
https://doi.org/10.2305/IUCN.UK.2020-1.RLTS.T92657343A92657454.en
https://doi.org/10.5281/zenodo.10595931
https://doi.org/10.5281/zenodo.10595931
https://doi.org/10.1086/711398
https://doi.org/10.1111/joa.13555
https://doi.org/10.1002/9781444314922.ch12
https://doi.org/10.1007/978-3-030-51324-5_84
https://doi.org/10.1007/978-3-030-51324-5_84
https://doi.org/10.1016/j.jhevol.2004.03.006
https://doi.org/10.1163/15685381-20191147
https://doi.org/10.1163/15685381-20191147
https://doi.org/10.1016/j.jhevol.2010.06.011
https://openai.com/chatgpt
https://doi.org/10.1186/s12862-022-01970-6


Pélabon, C., Firmat, C., Bolstad, G. H., Voje, K. L., Houle, D.,
Cassara, J., Rouzic, A. L., & Hansen, T. F. (2014). Evolution of
morphological allometry. Annals of the New York Academy
of Sciences, 1320(1), 58–75. https://doi.org/10.1111/nyas.12470

Penin, X., Berge, C., & Baylac, M. (2002). Ontogenetic study of the
skull in modern humans and the common chimpanzees: Neo-
tenic hypothesis reconsidered with a tridimensional procrustes
analysis. American Journal of Physical Anthropology, 118(1),
50–62. https://doi.org/10.1002/ajpa.10044

Piras, P., Colangelo, P., Adams, D. C., Buscalioni, A., Cubo, J.,
Kotsakis, T., Meloro, C., & Raia, P. (2010). The Gavialis–
Tomistoma debate: The contribution of skull ontogenetic
allometry and growth trajectories to the study of crocodylian
relationships. Evolution & Development, 12(6), 568–579. https://
doi.org/10.1111/j.1525-142X.2010.00442.x

Piras, P., Teresi, L., Traversetti, L., Varano, V., Gabriele, S.,
Kotsakis, T., Raia, P., Puddu, P. E., & Scalici, M. (2016). The
conceptual framework of ontogenetic trajectories: Parallel
transport allows the recognition and visualization of pure
deformation patterns. Evolution & Development, 18(3), 182–200.
https://doi.org/10.1111/ede.12186

Plavcan, J. M. (2001). Sexual dimorphism in primate evolution.
American Journal of Physical Anthropology, 116(S33), 25–53.
https://doi.org/10.1002/ajpa.10011

R Core Team. (2023). R: A language and environment for statistical
computing. R Foundation for Statistical Computing. Retrieved
from https://www.R-project.org/

Radinsky, L. B. (1985). Approaches in evolutionary morphology:
A search for patterns. Annual Review of Ecology and Systematics,
16(1), 1–14. https://doi.org/10.1146/annurev.es.16.110185.000245

Richardson, M. K., & Keuck, G. (2002). Haeckel's ABC of evolution
and development. Biological Reviews, 77(4), 495–528. https://
doi.org/10.1017/S1464793102005948

Rohlf, F. J. (1990). Morphometrics. Annual Review of Ecology and
Systematics, 21, 299–316.

Rohlf, F. J. (2015). The tps series of software. Hystrix, the Italian
Journal of Mammalogy, 26(1), 9–12.

Rohlf, F. J. (2021). Why clusters and other patterns can seem to be
found in analyses of high-dimensional data. Evolutionary Biol-
ogy, 48(1), 1–16. https://doi.org/10.1007/s11692-020-09518-6

Rohlf, F. J., & Slice, D. (1990). Extensions of the Procrustes method
for the optimal superimposition of landmarks. Systematic Zool-
ogy, 39(1), 40–59. https://doi.org/10.2307/2992207

Schlager, S. (2017). Morpho and Rvcg—Shape analysis in R. In G.
Zheng, S. Li, & G. Szekely (Eds.), Statistical shape and deforma-
tion analysis (pp. 217–256). Academic Press.

Scott, N., Neubauer, S., Hublin, J.‐J., & Gunz, P. (2014). A shared
pattern of postnatal endocranial development in extant homi-
noids. Evolutionary Biology, 41(4), 572–594. https://doi.org/10.
1007/s11692-014-9290-7

Sheets, H., & Zelditch, M. (2013). Studying ontogenetic trajectories
using resampling methods and landmark data. Retrieved from
http://www.italian-journal-of-mammalogy.it/article/view/6332

Simons, E. A., & Frost, S. R. (2021). Ontogenetic allometry and scal-
ing in catarrhine crania. Journal of Anatomy, 238(3), 693–710.
https://doi.org/10.1111/joa.13331

Simons, E. A., Frost, S. R., Harvati, K., McNulty, K., &
Singleton, M. (2020). Comparing rates of linage diversification
with rates of size and shape evolution in catarrhine crania.

Evolutionary Biology, 47(2), 152–163. https://doi.org/10.1007/
s11692-020-09500-2

Simons, E. A., Frost, S. R., & Singleton, M. (2018). Ontogeny and
phylogeny of the cercopithecine cranium: A geometric morpho-
metric approach to comparing shape change trajectories. Jour-
nal of Human Evolution, 124, 40–51. https://doi.org/10.1016/j.
jhevol.2018.08.001

Singleton, M. (2002). Patterns of cranial shape variation in the
Papionini (primates: Cercopithecinae). Journal of Human Evo-
lution, 42(5), 547–578. https://doi.org/10.1006/jhev.2001.0539

Singleton, M. (2012). Postnatal cranial development in Papionin
primates: An alternative model for hominin evolutionary devel-
opment. Evolutionary Biology, 39(4), 499–520. https://doi.org/
10.1007/s11692-011-9153-4

Smith, K. K. (1997). Comparative patterns of craniofacial develop-
ment in eutherian and metatherian mammals. Evolution, 51(5),
1663–1678.

Smith, R. J., & Cheverud, J. M. (2002). Scaling of sexual dimor-
phism in body mass: A phylogenetic analysis of Rensch's rule
in primates. International Journal of Primatology, 23(5), 1095–
1135.

Sneath, P. H. A. (1967). Trend-surface analysis of transformation
grids. Journal of Zoology, 151(1), 65–122. https://doi.org/10.
1111/j.1469-7998.1967.tb02866.x

Tamagnini, D., Michaud, M., Meloro, C., Raia, P., Soibelzon, L.,
Tambusso, P. S., Varela, L., & Maiorano, L. (2023). Conical and
sabertoothed cats as an exception to craniofacial evolutionary
allometry. Scientific Reports, 13(1), 13571. https://doi.org/10.
1038/s41598-023-40677-6

Usui, K., & Tokita, M. (2018). Creating diversity in mammalian facial
morphology: A review of potential developmental mechanisms.
EvoDevo, 9(1), 15. https://doi.org/10.1186/s13227-018-0103-4

Wainer, H. (2007). The most dangerous equation. American Scien-
tist, 95(3), 249.

Watanabe, A., & Slice, D. E. (2014). The utility of cranial ontogeny
for phylogenetic inference: A case study in crocodylians using
geometric morphometrics. Journal of Evolutionary Biology,
27(6), 1078–1092. https://doi.org/10.1111/jeb.12382

Watanabe, J. (2022). Detecting (non)parallel evolution in multidimen-
sional spaces: Angles, correlations and eigenanalysis. Biology Let-
ters, 18(2), 20210638. https://doi.org/10.1098/rsbl.2021.0638

Wickham, H. (2011). Ggplot2. WIREs Computational Statistics, 3(2),
180–185. https://doi.org/10.1002/wics.147

Wilson, D. E., & Reeder, D. M. (2005). Mammal species of the world:
A taxonomic and geographic reference. JHU Press.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Cardini, A. (2025).
Allometry and phylogenetic divergence:
Correspondence or incongruence? The Anatomical
Record, 308(3), 868–891. https://doi.org/10.1002/ar.
25544

CARDINI 891

 19328494, 2025, 3, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25544 by C
ochraneItalia, W

iley O
nline L

ibrary on [06/05/2025]. 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/nyas.12470
https://doi.org/10.1002/ajpa.10044
https://doi.org/10.1111/j.1525-142X.2010.00442.x
https://doi.org/10.1111/j.1525-142X.2010.00442.x
https://doi.org/10.1111/ede.12186
https://doi.org/10.1002/ajpa.10011
https://www.r-project.org/
https://doi.org/10.1146/annurev.es.16.110185.000245
https://doi.org/10.1017/S1464793102005948
https://doi.org/10.1017/S1464793102005948
https://doi.org/10.1007/s11692-020-09518-6
https://doi.org/10.2307/2992207
https://doi.org/10.1007/s11692-014-9290-7
https://doi.org/10.1007/s11692-014-9290-7
http://www.italian-journal-of-mammalogy.it/article/view/6332
https://doi.org/10.1111/joa.13331
https://doi.org/10.1007/s11692-020-09500-2
https://doi.org/10.1007/s11692-020-09500-2
https://doi.org/10.1016/j.jhevol.2018.08.001
https://doi.org/10.1016/j.jhevol.2018.08.001
https://doi.org/10.1006/jhev.2001.0539
https://doi.org/10.1007/s11692-011-9153-4
https://doi.org/10.1007/s11692-011-9153-4
https://doi.org/10.1111/j.1469-7998.1967.tb02866.x
https://doi.org/10.1111/j.1469-7998.1967.tb02866.x
https://doi.org/10.1038/s41598-023-40677-6
https://doi.org/10.1038/s41598-023-40677-6
https://doi.org/10.1186/s13227-018-0103-4
https://doi.org/10.1111/jeb.12382
https://doi.org/10.1098/rsbl.2021.0638
https://doi.org/10.1002/wics.147
https://doi.org/10.1002/ar.25544
https://doi.org/10.1002/ar.25544

	Allometry and phylogenetic divergence: Correspondence or incongruence?
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Dataset
	2.2  Analysis samples and landmark configuration
	2.3  Geometric morphometrics: Size and shape variables
	2.4  Allometries
	2.5  Congruence between allometric and evolutionary divergence
	2.6  Randomized subsampling experiments to explore the impact of sample size on estimates of angles between allometric traj...
	2.7  Software

	3  RESULTS
	3.1  Allometries
	3.2  Congruence between allometric and evolutionary divergence
	3.3  Randomized subsampling experiments to explore the impact of sample size on estimates of angles between allometric traj...

	4  DISCUSSION
	4.1  Static allometry: Effect size, significance, angles, and sampling error
	4.2  Allometric directions and phylogenetic divergence
	4.3  Static versus ontogenetic trajectories
	4.4  Conclusions and future directions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES
	SUPPORTING INFORMATION


