


et al., 2022; Monclús-Gonzalo et al., 2023). Omomyiforms, on the 
other hand, are an extinct assemblage of stem haplorhines or stem 

tarsiiformes whose exact relationships with either tarsiers or an-
thropoids are still a matter of debate (Rosenberger and Preuschoft, 
2012; Ni et al., 2013, 2016). They are usually referred to as ‘tarsier-
like’, but current evidence indicates that omomyiforms differed 
substantially from tarsiers in their postcranial skeleton and likely 
occupied an ecological niche more similar to that of extant cheir-
ogaleids and some galagids (Godinot and Dagosto, 1983; Gebo, 
1988; Dagosto et al., 1999; Dunn et al., 2006; Gunnell et al., 2008). 

Anthropoids are also first recorded during the Eocene. The 
oldest group, eosimiids, from the middle Eocene of Asia (and 
probably afrotarsiids; Chaimanee et al., 2012, 2024), are usually 
regarded as the most basal stem anthropoids, exhibiting a mixture 
of primitive haplorrhine features together with more derived an-
thropoid ones (Beard et al., 1994, 1996; Gebo et al., 2000, 2001; 
Beard and Wang, 2004; Chaimanee et al., 2012, 2024; but see 
Gunnell and Miller, 2001; Miller et al., 2005). Another group of 
likely stem anthropoids, the amphipithecids, also exhibit a com-
bination of primitive and derived traits, as well as some re-
semblances to adapiforms, which have raised doubts on their 
inclusion within the Anthropoidea (Gunnell and Ciochcon, 2008), 
despite being favored by most authors (Kay et al., 2004; Beard 
et al., 2009; Marivaux et al., 2010; Coster et al., 2013; Jaeger 
et al., 2020; Chaimanee et al., 2024). Conversely, early anthro-
poids from the late Eocene and early Oligocene of Afro-Arabia (e.g., 
parapithecids and proteopithecids) display more clear-cut an-
thropoid synapomorphies (Fleagle and Kay, 1988; Simons and 
Seiffert, 1999; Seiffert et al., 2000, 2004, 2005). Early anthro-
poids generally differ from omomyiforms and most adapiforms in 
possessing adaptations for a more quadrupedal locomotion with 
higher utilization of larger and more horizontal substrates, thus 
departing from the more active grasp-leaping behavior exhibited 
by extant lemuriforms and tarsiers (Gebo, 1986; Dagosto, 1990; 
Kay et al., 1997).

There is a relatively diverse group of placentals, from the 
Paleocene and Eocene, which are usually regarded either as 
broadly ancestral to or as a paraphyletic assemblage of stem 

primates: plesiadapiforms (Silcox et al., 2007). Despite their 
considerable taxonomic diversity (including more than 120 spe-
cies classified into 10 families; Silcox et al., 2017; Crowell et al., 
2024), relatively little is known about the postcranial anatomy 
of these animals, except for a few partial skeletons (Bloch and 
Boyer, 2002, 2007; Bloch et al., 2007; Chester et al., 2017, 2019, 
2025; Boyer and Gingerich, 2019) and some isolated bones 
(Chester et al., 2015), thus hampering efforts to reach a compre-
hensive understanding of their locomotor diversity. Although 
most authors agree that plesiadapiforms were arboreal (Szalay 
and Decker, 1974; Szalay and Dagosto, 1980; Szalay and 
Drawhorn, 1980; Beard, 1989; Godinot and Beard, 1991; Rose, 
1994; Kirk et al., 2008; Chester et al., 2015, 2017, 2019), given 
that they lack most euprimate-like traits associated with loco-
motor behavior, their locomotor repertoire has been inferred to 
differ substantially from that of euprimates. Only Carpolestes 
simpsoni has been shown to exhibit adaptations related to 
grasping small branches, such as an opposable hallux with a nail 
instead of a claw (Bloch and Boyer, 2002). Altogether, the current 
evidence suggests that plesiadapiforms were probably as 
ecologically diverse as they were taxonomically, occupying a wide 
array of ecological niches, as defined by divergent dietary and 
locomotor adaptations (Bloch and Boyer, 2007; Prufrock et al.,
2016; L � opez-Torres et al., 2017; Silcox et al., 2017).

To explain the acquisition of euprimate distinct traits, several 
(not mutually exclusive) adaptive hypotheses have been proposed. 
These include the visual predation hypothesis (Cartmill, 1974,

1992), the angiosperm coevolution hypothesis (Sussman and 
Raven, 1978; Sussman, 1991; Sussman et al., 2012), and the 
grasp-leaping hypothesis (Szalay and Delson, 1979; Szalay and 
Dagosto, 1980; Kemp, 2024a, 2024b). Both the visual predation 
and the angiosperm coevolution hypotheses focus on selective 
pressures derived from the utilization of the fine branch milieu to 
access food resources, either small animal prey or angiosperm 

products. This led to their unification by Rasmussen (1990) based 
on the didelphid Caluromys as an extant analogue of the earliest 
euprimates. Conversely, the grasp-leaping hypothesis proposes 
that the modern primate morphotype, including the features 
related to the visual apparatus, is explained by the ability of the 
last common ancestor (LCA) of euprimates to engage in active 
leaping behavior (Szalay and Delson, 1979; Szalay and Dagosto, 
1980). Increasing evidence from the last two decades (e.g., Bloch 
and Boyer, 2002; Bloch et al., 2007; Chester et al., 2015) in-
dicates that distinctive euprimate traits did not appear simulta-
neously but in a stepwise manner. Accordingly, the origin of 
euprimates should be considered a protracted process rather than 
an abrupt event, allowing for the former adaptive hypotheses to fit 
into different stages along early primate (and euprimate) evolu-
tion (Gebo, 2004; Dagosto, 2007; Sargis et al., 2007; Silcox and
L � opez-Torres, 2017). Therefore, inferences about plesiadapiform
locomotor abilities, irrespective of their exact phylogenetic posi-
tion, are necessary to better understand the origin and early 
diversification of euprimates.

Among other elements of the postcranial skeleton, the hindfoot, 
composed by two tarsal bones (the astragalus and the calcaneus), 
has been extensively studied. This is because many astragalar and 
calcaneal features are informative about the locomotor adaptations 
of extinct species, given their critical role in important functional 
aspects of the foot. These include the leverage of many muscles and 
the mobility at the ankle joint and more distal tarsal joints, where 
most of the inversion and eversion of the foot, as well as its supi-
nation and pronation, occurs (Su and Zeiniger, 2022). In addition, 
the type of foot posture, defined by the location of the fulcrum of the 
foot (i.e., the position in which the lever comprised by the foot 
pivots), also influences the morphology of these two bones, 
particularly the calcaneus (Morton, 1924; Moy �a-Sol � a et al., 2012).
Tarsi-fulcrumators, including extant strepsirrhines and tarsiers, are 
characterized by a fulcrum located more proximally, at the distal 
part of the tarsus, resulting in increased grasping capabilities. 
However, the load arm of the lever is reduced and must be 
compensated via elongation of the midtarsal region. Conversely, 
metatarsi-fulcrumators, comprising extant anthropoids and most 
nonprimate mammals, exhibit a fulcrum that is placed more 
distally, in the metatarsal heads or the phalanges, and thus they do 
not require further elongation of the tarsus (Morton, 1924).

The relationship between the shape of these two bones and 
locomotor behavior, as a result of the strong functional signal 
embedded in their morphology, has been extensively addressed, 
mostly from a descriptive and qualitative perspective (e.g., 
Gregory, 1920; Decker and Szalay, 1974; Szalay and Decker, 1974; 
Walker, 1974; Conroy and Rose, 1983; Rose and Walker, 1985; 
Gebo, 1986, 1988; Covert, 1988; Dagosto, 1988, 1990; Gebo et al., 
2000; Pina et al., 2011) or using morphometric approaches based 
on linear measurements and indices (e.g., Gebo and Simons, 1987; 
Gebo et al., 1991, 2001, 2012; Marivaux et al., 2003, 2010, 2011; 
Boyer et al., 2010, 2015; Moy �a-Sol � a et al., 2012; Boyer and Seiffert,
2013; Seiffert et al., 2015; Dunn et al., 2016; Marig � o et al., 2016;
Yapuncich et al., 2017, 2019; Yapuncich and Granatosky, 2021). 
Only a handful of studies have tackled this question utilizing 
multivariate methods (Parr et al., 2014; Boyer et al., 2017a; Püschel 
et al., 2017, 2018, 2020; Llera Martín et al., 2022), albeit employing 
simplified locomotor categories that do not adequately represent
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the complex spectrum of primate locomotor repertoires. Here, we 
quantitatively investigate the correlation between astragalar/ 
calcaneal shape and locomotor behavior in extant primates to 
identify the main morphological correlates that span the extensive 
behavioral spectrum exhibited by this group (Bock and Von 
Wahlert, 1965). In particular, we use a three-dimensional (3D) 
high-density sliding semilandmark geometric morphometric 
approach to quantify the shape of the astragalus and the calcaneus. 
In addition, we use percentages of locomotor behaviors in extant 
primate species to quantify their locomotor repertoires and infer 
the locomotor repertoire of extinct primate species, which enables 
us to discuss the locomotor behavior exhibited by primates in the 
context of their early evolutionary history. As shown by previous 
studies (see references mentioned previously), we hypothesize 
that the shape of these two tarsal bones exhibits a strong corre-
lation with locomotion so that they can be used as predictors to 
reconstruct the locomotor behavior of extinct primate species. 
Both the astragalus and the calcaneus are relatively well known for 
several Paleogene primate species (Yapuncich et al., 2022: 
Fig. 12.1) and hence are important as potential indicators of their 
locomotor behavior. In line with previous studies, we predict that 
the locomotor repertoire estimated for early primates will be 
substantially diverse, as evinced by previous studies carried out on 
the available postcranial remains (e.g., Walker, 1974; Conroy and 
Rose, 1983; Gebo, 1988; Covert, 1995; Bloch et al., 2007; Boyer
et al., 2013a; Marig � o et al., 2016, 2020; Monclús-Gonzalo et al.,
2023; Monclús-Gonzalo et al., 2025). In addition, we also expect 
that locomotor estimates for euprimates will considerably differ 
from those for plesiadapiforms, emphasizing behaviors such as 
frequent leaping, which have been correlated with the morpho-
logical features that distinguish the euprimate ancestral mor-
photype from plesiadapiforms (Dagosto, 1988, 2007).

2. Materials and methods

2.1. Sample composition and data collection

Osteological sample The analyzed astragalar and calcaneal extant
samples are composed of 440 and 412 specimens, respectively,
representing nearly the entire diversity of the superorder Euarch-
onta at the family rank. In addition, we compiled surface models of
astragali (38) and calcanei (46) of extinct specimens representing all
major Paleogene primate groups (Table 1). Most adapine postcranial
remains are referred to Adapis parisiensis. However, the lack of
stratigraphic information for some of the oldest specimens, coupled
with geochronological and morphological evidence, suggests that
there are several species included within A. parisiensis (Godinot,
1998; Marig � o et al., 2019). For this reason, apart from the slightly
older and larger Leptadapis magnus, we informally refer the material
previously assigned to A. parisiensis to the ‘Adapis group’ (e.g., Marig �o 
et al., 2019). All these surface models were downloaded from Mor-
phoSource (www.morphosource.org; Boyer et al., 2017b), except for
a right astragalus of Djebelemur martinezi (CBI-1-545), which was
downloaded from MorphoMuseuM (www.morphomuseum.com;
Lebrun and Orliac, 2016; Marivaux et al., 2018). The list of the spec-
imens is provided in Supplementary Online Material (SOM) Table S1
(see Figs. 1—4 for a representative sample of extant and extinct 
astragali and calcanei). A phylogenetic tree (SOM Fig. S1) comprising
all extant primates in our study was downloaded from the 10kTrees 
Project v. 3 (Arnold et al., 2010). The criteria used to place the extinct
taxa are explained in SOM S1.
Locomotor data collection Behavioral data consist of percentages
of locomotor behaviors compiled from the literature (SOM
Table S2), divided into five categories based on Hunt et al.'s
(1996) descriptions for standardized primate locomotor and

postural modes (for more information on how the five locomotor 
categories were compiled, see SOM S1): quadrupedalism (Q), 
climbing (C), leaping (L), suspension (S), and clawed clinging/ 
climbing (CC). To standardize the data, the minimum number of 
studies (provided that more than one study was available for a 
given extant species) was considered when compiling the loco-
motor percentages (SOM S1). Because of the lack of behavioral 
information for some categories in several extant species, data 
from closely related species were sometimes used (see SOM 

Table S2 for details). An arcsine square root transformation was 
applied to the locomotor percentages; this is a standard procedure 
for analyzing proportional ecological data that makes the vari-
ances more homogeneous throughout the sample and approxi-
mates the data to a more normal distribution (Sokal and Rohlf, 
1995).

2.2. Quantification of shape, astragalar/calcaneal shape variation, 
and influence of size

Quantification of shape using three-dimensional geometric mor-
phometrics A 3D high-density sliding semilandmark procedure 
(Bookstein, 1997; Gunz et al., 2005) was used to quantify the 
shape of the two tarsal bones (Fig. 5; Tables 2 and 3), following 
the pipeline presented in Bardua et al. (2019). This methodology 
allows semilandmarks to slide along the curves and the surfaces, 
previously predefined using a template, while minimizing the 
bending energy. As a result, semilandmarks, which are inherently

Table 1
List of the extinct primate species and astragali/calcanei included in this study.

Family Species Astragalus Calcaneus

Plesiadapiformes:
Purgatoriidae Purgatorius sp. 1 1
Micromomyidae Tinimomys graybulliensis 0 1
Paromomyidae Ignacius graybullianus 1 0
Paromomyidae Phenacolemur sp. 0 1
Plesiadapidae Nannodectes gidleyi 1 0
Plesiadapidae Plesiadapis cookei 1 1
Plesiadapidae Plesiadapis rex 1 0
Carpolestidae Carpolestes simpsoni 0 1
Omomyiformes:
Incertae sedis Teilhardina belgica 1 1
Incertae sedis Vastanomys major 1 0
Omomyidae Absarokius sp. 0 1
Omomyidae Arapahovius gazini 1 1
Omomyidae Necrolemur sp. 1 0
Omomyidae Hemiacodon gracilis 2 0
Omomyidae Omomys carteri 2 4
Omomyidae Ourayia uintensis 0 1
Omomyidae Shoshonius cooperi 2 1
Omomyidae Washakius insignis 1 1
Adapiformes:
Notharctidae Marcgodinotius indicus 1 3
Notharctidae Cantius sp. 1 3
Notharctidae Copelemur tutus 0 1
Notharctidae Notharctus sp. 4 5
Notharctidae Smilodectes sp. 1 2
Notharctidae Anchomomys frontanyensis 1 1
Adapidae ‘Adapis group’ 5 5
Adapidae Leptadapis magnus 1 3
Adapidae Caenopithecus lemuroides 0 1
Stem Lemuriformes:
Djebelemuridae Djebelemur martinezi 1 0
Stem Anthropoidea:
Eosimiidae Eosimias sp. 2 3
Amphipitheciidae Ganlea sp. 1 0
Parapithecidae Apidium sp. 3 0
Parapithecidae Simonsius grangeri 1 0
Parapithecidae Parapithecidae indet. 0 3
Proteopithecidae Proteopithecus sylviae 0 1
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nonhomologous, are consequently transformed into geometri-
cally homologous landmarks and can be used to compare shapes 
(Gunz and Mitteroecker, 2013). Specimens from the left foot were 
mirrored before placing the landmarks. Anatomical landmarks 
and sliding semilandmarks of curves were placed manually on 
each 3D surface using the software Landmark v. 3.0.0.6 (Wiley, 
2006), while the remaining analyses were performed in R v. 
4.3.0 (R Core Team, 2023). To carry out the sliding-semilandmark

procedure, the R package morpho v.2.11 (Schlager, 2017) was 
used. To do so, it is first required to create a template for each 
bone, following the pipeline presented in Cornette et al. (2013), 
with 25 anatomical landmarks, 195 sliding semilandmarks on 
curves, and 130 sliding semilandmarks on surfaces for the 
astragalus and 20 anatomical landmarks, 100 sliding semiland-
marks on curves, and 49 sliding semilandmarks on surfaces for 
the calcaneus. All the sliding semilandmarks of each template,

Figure 1. Selected sample of astragali belonging to plesiadapiforms, scandentians, dermopterans, adapiforms, and extant strepsirrhines. Scale bars = 2 mm.
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based on the homology between the anatomical landmarks and 
the curves, are projected onto the specimens using a thin-plate 
spline deformation (Gunz and Mitteroecker, 2013) using the 
function ‘placePatch’ of the package morpho. Before this step, all 
specimens were decimated to a maximum of 50,000 faces using 
the software Avizo v. 8.1.1 (Visualization Sciences Group, Meri-
gnac) to facilitate the projection and sliding procedures, as well as 
their visualization in the subsequent analyses. After projecting 
the sliding semilandmarks on surfaces, four thin-plate spline 
relaxation procedures were performed using the function ‘sli-
der3d’ of the package morpho. The first relaxation was performed 
against the template, whereas the other three were performed 
against the Procrustes consensus obtained from the previous 
iteration. After the relaxation procedure, a generalized Procrustes 
superimposition (Rohlf and Slice, 1990) was performed using the 
function ‘gpagen’ of the package geomorph v. 4.0.6 (Adams and 
Otarola and Castillo, 2013).
Astragalar/calcaneal shape variation To assess astragalar and 
calcaneal shape variation across the sample, a principal compo-
nent analysis (PCA) was performed on the species-mean Pro-
crustes shape coordinates using the ‘gm.prcomp’ function of the 
package ‘geomorph’. To decide how many principal components 
(PCs) should be considered as relevant for the analysis, a barplot

depicting the variance explained by each PC was built following 
Hammer and Harper (2024). Phylogenetic signal was calculated 
employing two different methods, Blomberg's K (Blomberg et al., 
2003) and Pagel's lambda (Pagel, 1999), using the ‘phylosig’ func-
tion of the package ‘phytools’ v. 2.1—1 (Revell, 2012). Additionally, a 
phylogenetic PCA (Revell, 2009; Polly et al., 2013) was also per-
formed on the species-mean Procrustes shape coordinates using 
the ‘gm.prcomp’ function of the package ‘geomorph’. Compared to 
a standard PCA, a phylogenetic PCA allows us to calculate PCs that 
are oriented by the nonphylogenetic component of variation, 
allowing us to take into account the phylogenetic nonindepen-
dence among species. Therefore, differences between PCA and 
phylogenetic PCA scatterplots might indicate that factors other 
than the phylogenetic structure of the sample account for 
phenotypic variation. Principal components obtained from the 
phylogenetic PCA will be used as shape data to calculate branch-
specific evolutionary rates to address the evolution of astragalar 
and calcaneal morphology across the primate phylogenetic tree 
(see subsection 2.5).
Influence of size and foot type on astragalar/calcaneal shape The 
correlation between tarsal size, defined as the natural log-
transformed (ln) centroid size (CS), and ln body mass (BM) was 
first examined to identify the presence of allometric effects

Figure 2. Selected sample of astragali belonging to extant and extinct haplorhines. Scale bars = 2 mm.
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between these two variables (see SOM Table S3 for details on the 
BM). For the calcaneus, this analysis was repeated without gal-
agids and tarsiers as they are clear outliers in the linear regression. 
After that, a series of allometric regressions of the resulting PCs vs. 
ln CS or ln BM were calculated using a phylogenetic generalized

least squares analysis with the ‘pgls’ function in the package ‘ca-
per’ v. 1.0.3 (Orme et al., 2023). Shape differences based on the PCs 
between tarsi-fulcrumators and metatarsi-fulcrumators and the 
interaction term between size and foot type variables were also 
examined.

Figure 3. Selected sample of different calcanei belonging to plesiadapiforms, scandentians, dermopterans, adapiforms, and extant strepsirrhines. Scale bars = 3 mm.
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2.3. Covariation between astragalar/calcaneal shape and 
locomotor behavior in extant euprimates

To study the covariance between astragalar/calcaneal shape 
and locomotor behavior, a two-block partial least squares (PLS) 
analysis (Rohlf and Corti, 2000) was implemented using the 
functions ‘two.b.pls’ of the package geomorph and ‘pls2b’ of the 
package morpho. This type of analysis uses 3D landmark data and 
performs a singular value decomposition, which decomposes the 
covariance matrix of the two blocks of variables into two matrices 
of eigenvectors (one for each block of data) and a matrix of ei-
genvalues (the square roots of eigenvectors; Rohlf and Corti, 2000; 
Bookstein et al., 2003). The two blocks of data consisted of (1) the 
astragalar/calcaneal shape (Procrustes shape coordinates) aver-
aged by species and (2) locomotor percentages for the 78 species 
included in the extant comparative sample. The significance of 
each linear combination is assessed by comparing the singular 
value to those obtained after resampling. If the PLS covariation 
coefficient is higher than the ones obtained from permutated

blocks, its associated p value is significant. (The α level of signifi-
cance was set at <0.05).

2.4. Reconstruction of extinct primate locomotor behavior

Prediction of locomotor percentages Although the standard 
version of two-block PLS is conceptualized as a symmetric analysis 
that does not allow for predictive outcomes (Zelditch et al., 2012), 
there is another version of this analysis more comparable to a 
regression, known as PLS regression, which allows the generation 
of predictive models (Wold et al., 2001). Similar approaches have 
already been applied in archaeology and paleoanthropology (e.g., 
Archer et al., 2018; Bastir et al., 2019; Torres-Tamayo et al., 2020) 
and in the reconstruction of extinct primate locomotion, using the 
navicular bone (Monclús-Gonzalo et al., 2023), the astragalus
(Monclús-Gonzalo et al., 2025), or the ulna (Ravent� os-Izard et al.,
2025) as a predictor. Therefore, a PLS regression approach was 
applied to estimate the locomotor behavior of the 37 Paleogene 
taxa based on their astragalar/calcaneal shape. To do so, the two

Figure 4. Selected sample of different calcanei belonging to extant and extinct haplorhines. Scale bars = 3 mm.
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sets of eigenvectors generated by the singular warp analysis per-
formed on each covariance analysis were used. The species-mean 
Procrustes shape coordinates of every extinct taxon are projected 
onto the latent space generated after the singular warp analysis. 
After that, the coefficients obtained from the linear regression of 
the original latent variables can be used to estimate the variables 
corresponding to the second block of data. The resulting new 

latent variables can be projected back to obtain the scores of each 
behavioral category. To calculate the locomotor percentages, the 
arcsin square root transformation must be reverted and the 
resulting values normalized to ensure that their total sum is equal 
to 100. To check the accuracy of this method, a leave-one-out 
cross-validation approach was applied on the extant species set. 
The leave-one-out subsampling approach removes each extant 
individual one by one from the original sample and performs the 
analysis again with the remaining extant species to compare the 
original behavioral data compiled from the literature with the 
predictions and assess the error generated during the estimation 
procedure (Kuhn and Johnson, 2013). Based on the cross-validated 
results, the mean absolute error (i.e., the arithmetic average of the 
absolute errors) was computed to assess our prediction results 
using the extant sample (Willmott and Matsuura, 2005). 
Ancestral reconstruction Ancestral states of the locomotor reper-
toire for each node of the phylogenetic tree were estimated with 
the function ‘mvgls’ and ‘estim’ of the package ‘mvMORPH’ v. 1.1.6 
(Clavel et al., 2015). Four evolutionary models (Brownian motion, 
Ornstein-Uhlenbeck, Early Burst, and Pagel's lambda trans-
formation) were computed and compared using the Generalized 
Information Criterion with the function ‘GIC’ of the package 
‘mvMORPH,’ selecting the evolutionary model with the lowest GIC 
to calculate the ancestral locomotor reconstruction (Konishi and 
Kitagawa, 1996).

2.5. Rates of morphological evolution

To investigate the morphological evolution of the astragalus and 
the calcaneus, branch-specific evolutionary rates were estimated 
using the variable rates model in BayesTraits v3 (http://www. 
evolution.rdg.ac.uk/). The first 36 PCs from the phylogenetic PCA of 
species-mean Procrustes shape coordinates for the astragalus and

the first 25 PCs for the calcaneus were used as input. These PCs 
accounted for >95% of the total variation in astragalar/calcaneal 
shape. Five independent chains for 200 million interactions were ran, 
sampling every 10,000 iterations and discarding the first 25 million 
iterations as burn-in. Trace plots were examined to ensure statio-
narity and retain only chains that stabilized after burn-in. Effective 
sample sizes of the posterior distributions (effective sample 
size < 100) and chain convergence were assessed using Gelman and 
Rubin's diagnostic, using the functions ‘effectiveSize’ and ‘Gelman. 
diag’ in the package ‘coda’ v0.19-41 (Plummer et al., 2005). The 
verification of chain convergence is crucial to detect large deviations 
and ensuring similar between-chain variances (Gelman and Rubin, 
1992). Results were visualized on the phylogeny using the ‘mytree-
bybranch’ function (https://github.com/anjgoswami/salamanders/ 
blob/master/mytreerateplotter.R). Branch-specific average rates 
were obtained using the ‘rjpp’ function in the package ‘btrtools’ 
v0.0.0.9000 (https://github.com/hferg/btrtools/tree/master/R).

2.6. Shape visualization

To visualize the shape differences in astragalar and calcaneal 
shape between the extremes of the PC and PLS axes, a thin-plate 
spline deformation of the 3D models of an astragalus and a 
calcaneus was carried out using the functions ‘shape.predictor’ 
and ‘plotRefToTarget’ of the package geomorph and ‘shade3d’ of 
the package rgl 1.1.3 (Adler and Murdoch, 2020). Displacement 
heatmaps were calculated to illustrate mesh distances between 
extreme landmark configurations using the function ‘mehsdist’ of 
the package morpho. This function first calculates the distances 
between the vertices of the reference mesh and that of the target 
mesh. Then, distances are given a negative value if inside the 
reference mesh or a positive value if outside (Bærentzen and 
Aanæs, 2002). The functions ‘mshape’ and ‘findMeanSpec’ of the 
package geomorph were used to find the most suitable astragalar 
and calcaneal specimens to use as reference. The specimens 
selected were an astragalus of Plecturocebus moloch (AMNH 
244363) and a calcaneus of Eulemur albifrons (AMNH 170717).

3. Results

3.1. Astragalar shape variation

The first four PCs of the standard PCA performed on the 
species-mean Procrustes shape coordinates of the astragalus were 
chosen as the most meaningful and accounted for up to 59% of the 
total variance (SOM Fig. S2), differentiating species by phyloge-
netic group, locomotor behavior, and foot type.

The PC1 (accounting for 18% of the total variance, Fig. 6A) in-
dicates differences in astragalar body shape (mediolaterally 
broader and dorsoplantarly lower toward negative scores and 
narrower and higher toward positive scores), trochlear wedging 
(broader distally than proximally in negative scores and more 
parallel rims in positive scores), development of a posterior 
trochlear shelf (PTS; more developed in positive than in negative 
scores), fibular facet shape (steeper in negative scores and more 
sloping in positive ones), relative size of the medial tibial facet 
(smaller and without reaching the plantar edge toward negative 
scores and larger and reaching the plantar edge in positive scores), 
proximodistal elongation of the neck (more elongated in positive 
scores than in negative scores), and head shape (smaller and more 
spherical in negative scores and larger and mediolaterally 
extended toward positive scores; Fig. 7). This axis separates extant 
haplorhines (negative scores) from extant strepsirrhines, scan-
dentians, and dermopterans (intermediate to positive scores). As 
expected by the clear phylogenetic structure of PC1, a strong

Table 3
Definition of the 20 anatomical landmarks (LMs) used for the calcaneus.

LM Definition

1 Proximalmost point of the ectal facet
2 Distalmost point of the ectal facet
3 Proximolateralmost point of the ectal facet
4 Proximomedialmost point of the ectal facet
5 Dorsalmost point of the ectal facet
6 Medialmost point of the ectal facet
7 Proximolateralmost point of the sustentacular facet
8 Proximomedialmost point of the sustentacular facet
9 Distolateralmost point of the sustentacular facet
10 Distomedialmost point of the sustentacular facet
11 Dorsalmost point of the proximal facet
12 Plantarmost point of the proximal facet
13 Lateralmost point of the proximal facet
14 Medialmost point of the proximal facet
15 Lateralmost point of the peroneal tubercle
16 Plantarmost point of the calcaneal tubercle
17 Most concave point of the cuboid facet
18 Dorsomedialmost point of the cuboid facet
19 Plantolateralmost point of the cuboid facet
20 Dorsalmost point of the cuboid facet

To visualize placement of the LMs on the bone, see Figure 5. Landmarks includsed 
in the restricted configuration (see Material and Methods section) are denoted with 
an asterisk.
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phylogenetic signal is found for this axis (Table 4). Along PC1, most 
fossil species are projected onto slight to moderate negative scores 
and overlap with extant strepsirrhines, scandentians, and der-
mopterans, with only the Afro-Arabian anthropoids (Apidium and 
Simonsius grangeri) overlapping with extant haplorhines. 
Compared to the standard PC1, the phylogenetic PC1 (accounting 
for 18% of the total variance; SOM Fig. S3A) emphasizes changes in 
the trochlear and neck shape (a larger and broader trochlea rela-
tive to the neck toward negative scores and a smaller and more 
square-shaped trochlea relative to the neck in positive scores) and 
does not discriminate haplorhines from the other groups. Astra-
galar size and BM are significantly correlated (r 2 = 0.909; 
p < 0.001; SOM Fig. S4), although they exhibit a slight positive 
allometric slope. A significant allometric relationship is found 
between PC1 and either ln CS or ln BM, indicating a moderate 
negative correlation that accounts for 17—19% of the total variance 
(Table 5, SOM Figs. S5A—6A). Neither significant differences in PC1 
were found between tarsi-fulcrumators and metatarsi-
fulcrumators nor a significant interaction was found between 
either size variable and foot type.

The PC2 (accounting for 17% of the total variance, Fig. 6A) reflects 
differences in trochlear shape (more proximodistally elongated and 
less grooved toward negative scores and shorter and more grooved 
toward positive scores), fibular facet shape (more sloping in nega-
tive scores and steeper in positive scores), ectal facet shape (less 
concave in negative scores than in positive scores), neck shape 
(proximodistally abbreviated and mediolaterally broader in nega-
tive scores and more elongated and narrower in positive scores), 
and head shape (larger and mediolaterally broader toward negative 
scores and smaller and more spherical toward positive scores; 
Fig. 7). Within each group―nonprimates, strepsirrhines, and hap-
lorhines―PC2 differentiates those species with better climbing 
and/or suspensory abilities (lorisids, dermopterans, and atelids) 
from those that engage in more quadrupedal or leaping behaviors. 
Therefore, a lower (albeit still significant) phylogenetic signal is

found for this axis (Table 4). Plesiadapiforms and adapines are 
projected onto negative scores, between lorisids and the other 
extant groups. Notharctines, Marcgodinotius indicus and Vastanomys 
major are located in intermediate scores, overlapping with atelids, 
most extant strepsirrhines (excluding galagids and some cheir-
ogaleids), and dermopterans. Conversely, fossil anthropoids, the 
remaining omomyiforms, Anchomomys frontanyensis and 
D. martinezi are projected onto positive scores. Given the lower 
phylogenetic component of the standard PC2, the phylogenetic PC2 
(accounting for 11% of the total variation; SOM Fig. S3A) similarly 
discriminates more climbing and/or suspensory species (positive 
scores) from leapers and quadrupeds (negative scores). The PC2 is 
significantly correlated with both ln CS and ln BM (Table 5; SOM 

Figs. S5B—6B), suggesting a slight negative allometric correlation 
explaining up to 8—9% of the total variation. Significant differences 
in PC2 are found between tarsi-fulcrumators and metatarsi-
fulcrumators, but the interaction between either size variable and 
foot type remains nonsignificant.

PC1 (-)

PC2 (-)

PC1 (+)

PC2 (+)

PC3 (-)

PC4 (-)

PC3 (+)

PC4 (+)

Figure 7. Displacement heatmaps illustrating mesh distances between the mean astragalar shape of each PC axis depicted in Figure 6 against the shapes associated with the 
minimum (− ) and maximum (+) values. Blue and red indicate regions of contraction and expansion, respectively, based on the position of the extreme astragalar shapes 
(minimum or maximum values) relative to the mean shape along each PC axis. Abbreviation: PC = principal component. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

Table 4
Phylogenetic signal computed for the most explanatory principal components (PCs) 
derived from the species-mean Procrustes shape coordinates of each bone.

PC Statistic Astragalus p Calcaneus p

Phylogenetic signal Phylogenetic signal

1 K 1.854 <0.001 2.891 <0.001
λ 0.975 <0.001 1.000 <0.001

2 K 1.035 <0.001 1.211 <0.001
λ 0.993 <0.001 0.948 <0.001

3 K 0.867 <0.001 — —

λ 0.939 <0.001 — —

4 K 1.369 <0.001 — —

λ 0.963 <0.001 — —

Abbreviations: K = Blomberg's K; λ = Pagel's lambda. 
Significant results (p <0.05) are indicated in bold.
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The PC3 (accounting for 13% of the total variance, Fig. 6B) 
separates scandentians (very positive scores) from the other 
extant groups (slightly positive to negative scores). Shape differ-
ences associated with this axis are related to astragalar body shape 
(proximodistally shorter and lower medial side in positive scores 
than in negative scores), development of the trochlear rims (less 
developed in positive scores than in negative ones), and head 
shape (more dorsoplantarly compressed and laterally extended in 
positive scores than in negative scores; Fig. 7). A moderate 
phylogenetic signal, similar to that of PC2, is found for PC3 
(Table 4). Fossil species are located in negative to slightly positive 
scores, thus overlapping with extant euprimates and dermopter-
ans. Among fossil species, plesiadapiforms are the ones projected 
onto more positive scores, closer to scandentians. Unlike standard 
PC3, phylogenetic PC3 (accounting for 8% of the total variation; 
SOM Fig. S3B) discriminates plesiadapiforms (except for Plesiada-
pis cookei) from the other extant and extinct groups, resembling 
standard PC4. Only significant allometric relationship is found 
between PC3 and ln BM (Table 5; SOM Figs. S5C—S6C), although it 
is likely an artifact derived from the markedly different scores of 
scandentians. Conversely, strong significant differences in PC3 are 
found between tarsi-fulcrumators and metatarsi-fulcrumators, 
although the interaction between either size variable and foot 
type is nonsignificant.

The PC4 (accounting for 10% of the total variance, Fig. 6B) in-
dicates differences between astragalar body (lower toward negative 
scores and higher toward positive ones), trochlear shape (more 
grooved and distally abbreviated in positive scores and shallower 
and more distally elongated in negative scores), fibular facet shape 
(more sloping in negative scores and steeper in positive ones), neck 
(narrower and more elongated in negative scores than in positive 
ones), and head shape (smaller relative to neck in negative scores 
than in positive ones; Fig. 7). The PC4 separates plesiadapiformes 
(very positive scores) from the extant groups (negative to slightly 
positive scores), with most adapiforms, omomyiforms, and early 
anthropoids being also projected onto slightly to moderately positive 
scores. A strong phylogenetic signal is found for this axis, indicating

that phylogeny highly influences the distribution of species along 
PC4 (Table 4). Phylogenetic PC4 (accounting for 6% of the total vari-
ation; SOM Fig. S3B) resembles standard PC4, but it places greater 
emphasis on distal trochlear elongation, a feature that distinguishes 
notharctids (positive scores) due to their extreme development of 
the PTS. No significant correlation between PC4 and either ln CS or ln 
BM is found (Table 5; SOM Figs. S5D—S6D). Conversely, significant 
differences in PC4 are found between tarsi-fulcrumators and 
metatarsi-fulcrumators, as well as the interaction between ln CS and 
foot type, although this result is likely an artifact derived from the 
moderately positive scores of scandentians.

3.2. Calcaneal shape variation

The first two PCs of the standard PCA performed on the species-
mean Procrustes shape coordinates of the calcaneus were chosen 
as the most meaningful and account for up to 82% of the total 
variance (SOM Fig. S7), differentiating species by phylogenetic 
group, locomotor behavior, and foot type.

The PC1 (accounting for 76% of the total variance; Fig. 8) is mostly 
associated with distal calcaneal elongation (abbreviated distal 
calcaneus toward negative scores and very elongated distal calca-
neus toward positive scores; Fig. 9). This axis separates extant species 
depending on their degree of calcaneal elongation: scandentians, 
dermopterans, platyrrhines, lorisids, indriids, and Daubentonia 
madagascariensis are all projected in negative scores; lemurids, 
cheirogaleids, and lepilemurids are located along intermediate to 
slightly positive scores; and galagids and tarsiids are in the most 
positive scores of the axis. A strong phylogenetic signal is found for 
this axis, as evinced by the clear phylogenetic distribution of species 
along PC1 (Table 4). Plesiadapiforms (except for C. simpsoni) and 
adapines are projected onto very negative scores, outside the dis-
tribution of extant groups. Most adapiforms (except for An. fronta-
nyensis), the Afro-Arabian anthropoids, and C. simpsoni are in slightly 
negative scores, overlapping with lorisids, indriids, Da. mada-
gascariensis, platyrrhines, and nonprimate euarchontans. Omomyi-
forms, Eosimias and An. frontanyensis are projected onto slightly

Table 5
Results of the phylogenetic generalized least squares (PGLS) analyses between astragalar/calcaneal shape and natural log-transformed (ln) centroid size (CS) or body mass 
(BM).

PC Model Astragalus F p Calcaneus F p

R 2 Df R 2 Df

1 ln CS 0.174 97 21.640 <0.001 − 0.010 96 0.004 0.608
ln BM 0.186 97 23.320 <0.001 0.082 96 9.694 0.002
Foot type − 0.006 97 0.461 0.499 0.099 96 11.670 0.001
ln CS × foot type 0.166 95 7.503 0.992 0.084 94 3.955 0.924
ln BM × foot type 0.183 95 8.331 0.366 0.269 94 12.900 0.006

2 ln CS 0.088 97 10.480 0.002 0.107 96 12.630 0.001
ln BM 0.084 97 9.980 0.002 0.005 96 1.451 0.231
Foot type 0.049 97 6.037 0.016 − 0.009 96 0.110 0.741
ln CS × foot type 0.158 95 7.140 0.166 0.111 94 5.031 0.370
ln BM × foot type 0.144 95 6.509 0.333 − 0.004 94 0.870 0.303

3 ln CS 0.019 97 2.921 0.091 — — —

ln BM 0.039 97 5.021 0.027 — — —

Foot type 0.104 97 12.420 0.001 — — —

ln CS × foot type 0.134 95 6.037 0.242 — — —

ln BM × foot type 0.155 95 6.987 0.247 — — —

4 ln CS − 0.009 97 0.129 0.720 — — —

ln BM − 0.006 97 0.402 0.528 — — —

Foot type 0.036 97 4.662 0.033 — — —

ln CS × foot type 0.063 95 3.187 0.037 — — —

ln BM × foot type 0.050 95 2.719 0.094 — — —

Abbreviations: F = Fischer's F; Df = degrees of freedom; R 2 = adjusted coefficient of determination.
Astragalar and calcaneal shape are represented by the principal components (PCs) derived from the species-mean Procrustes shape coordinates of each bone. Additionally, 
the interaction between ln CS or ln BM and foot type was assessed too. a
a Significant results (p < 0.05) are indicated in bold.
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positive scores, overlying with lemurids and cheirogaleids. Despite 
the strong phylogenetic signal found for the standard PC1, the 
phylogenetic PC1 (accounting for 41% of the total variation; SOM 

Fig. S8) reflects the same distribution as proximodistal elongation 
is still the main source of variation for this bone even when the 
phylogenetic structure of the sample is considered. Nevertheless, it is 
remarkable that the amount of variance explained by this axis is only 
slightly more than half (41%) than that in the standard PCA (76%), 
suggesting that considering phylogenetic nonindependence among 
species improves the resolution for assessing aspects of calcaneal 
shape variation beyond distal elongation. Calcaneal size and BM are 
significantly correlated (r 2 = 0.667; p < 0.001; SOM Fig. S9). However, 
it is evident from the visualization of the scatterplot that galagids and 
tarsiers, which engage in a specialized locomotor behavior called 
vertical clinging and leaping (VCL), are outliers from the common 
trend exhibited by the rest of the sample. If galagids and tarsiers are 
removed from the analysis, the determination coefficient improves 
substantially (r 2 = 0.919; p < 0.001; SOM Fig. S10). A significant 
allometric relationship is found between PC1 and ln BM, but not with 
ln CS as the size variable (Table 5; SOM Fig. S11A, B). Significant 
differences are also found in PC1 between tarsi-fulcrumators and 
metatarsi-fulcrumators, and the interaction between ln BM and foot 
type is significant as well, explaining up to 27% of the total variance. 

The PC2 (accounting for 5% of the total variance; Fig. 8) reflects 
changes in the shape and orientation of the ectal facet (more saddle 
shaped toward negative scores and more rounded and oblique 
toward positive scores), shape and orientation of the sustentacular 
facet (narrower and more dorsally oriented in negative scores and 
mediolaterally broader and medially oriented toward positive 
scores), position of the peroneal tubercle (more distally in negative 
scores than in positive ones), shape and orientation of the tuber 
calcanei (straighter, mediolaterally broader, and dorsoplantarly 
higher in negative scores and medially oriented and dorsoplantarly 
lower in positive scores), shape of the cuboid facet (flatter in negative 
scores and more concave in positive scores), and plantar edge shape 
(straighter in negative scores and more concave toward positive 
scores; Fig. 9). The PC2 separates lorisids (very positive scores) from 

extant anthropoids, tarsiids, and nonprimate euarchontans (nega-
tive scores). The remaining extant strepsirrhines are located between 
these groups in slightly positive scores. Most fossil species are pro-
jected onto slightly positive scores as well, largely overlapping with 
extant lemuroids and galagids. Caenopithecus lemuroides overlies 
with lorisids in more positive scores than any other fossil species, and 
the Afro-Arabian anthropoids fall within platyrrhine variation in 
negative scores. Compared to PC1, this axis has a weaker (albeit 
significant) phylogenetic signal (Table 4). As expected from the only 
moderately strong phylogenetic signal, the phylogenetic PC1 (ac-
counting for 10% of the total variation; SOM Fig. S8) depicts a similar 
distribution of the species, separating the most climbing and/or 
suspensory species of each group―lorisids, atelids, and Ptilocercus 
lowii―from the most quadrupedal ones. Remarkably, the phyloge-
netic PC2 differs from the standard PC2 by associating distal calca-
neal elongation with positive scores too. This association may 
explain the greater amount of variance explained by this axis than 
the standard PC2. Unlike PC1, the only significant allometric rela-
tionship is found between PC2 and ln CS (Table 5; SOM Figs. S11C, D), 
explaining up to 11% of the total variance. Neither significant differ-
ences in PC2 were found between tarsi-fulcrumators and metatarsi-
fulcrumators nor a significant interaction was found between either 
size variable and foot type.

3.3. Astragalar shape as a predictor for locomotion

The covariation between astragalar shape and locomotor 
behavior is significant and explains up to 92% of covariance in the

first two PLS axes (Table 6). Mean absolute error resulting from the 
cross-validated results performed on the extant species set reveals 
that the analysis accurately predicted all five locomotor variables 
(Table 7; SOM Fig. S12; SOM Table S4).

The first axis (PLS1; Fig. 10A) resembles PC2 (Fig. 6A) and dis-
criminates between the more suspensory lorisids, atelids, der-
mopterans, and Da. madagascariensis, with more positive scores of 
the shape axis, and specialized VCL species (i.e., tarsiers, galagids, 
lepilemurids, and indriids). The group of more suspensory pri-
mates is characterized by a dorsoplantarly low astragalar body, a 
proximodistally elongated and slightly grooved trochlea, a laterally 
sloping fibular facet, a flat and slightly laterally oriented ectal 
facet, a proximodistally short and mediolaterally broad neck, and a 
relatively large and mediolaterally expanded head (Fig. 11). 
Conversely, the specialized leaping species possess a dorso-
plantarly high astragalar body, a proximodistally abbreviated 
trochlea, a relatively deep trochlear groove, a comparatively steep 
fibular facet, a concave and plantarly oriented ectal facet, a prox-
imodistally elongated and mediolaterally narrow astragalar neck, 
and a spherical astragalar head (Fig. 11). Plesiadapiforms display 
positive scores, suggesting that suspensory behaviors were an 
important component of their locomotor repertoire. Among fossil 
euprimates, the Adapis group exhibits the most positive scores, 
followed by V. major and M. indicus, indicating that suspension was 
also an important component of their locomotor repertoires. 
Notharctines, L. magnus and Ganlea are projected onto slightly 
positive scores, overlapping with more generalized species. The 
remaining species (Eosimias, the parapithecids, An. frontanyensis, 
D. martinezi, and most omomyiforms in exclusion of V. major) are 
plotted toward more negative values of the shape axis, indicating 
higher percentages of leaping behavior.

The second axis (PLS2; Fig. 10B) exhibits a clear phylogenetic 
pattern that nevertheless is also correlated with different

Table 6
Results of the two-block partial least squares (2B-PLS) between species-mean 
Procrustes shape coordinates of astragalar and calcaneal shape and quantified lo-
comotor data. a

Bone Latent variables Singular value % covariation r-PLS p

Astragalus PLS1* 0.017 63.298 0.790 <0.001
PLS2* 0.011 28.410 0.731 <0.001
PLS3 0.006 7.371 0.666 <0.001
PLS4 0.002 0.696 0.489 0.164
PLS5 0.001 0.224 0.497 0.026

Calcaneus PLS1* 0.039 88.463 0.565 <0.001
PLS2* 0.012 8.964 0.753 <0.001
PLS3 0.006 2.397 0.713 <0.001
PLS4 0.001 0.125 0.413 0.177
PLS5 0.001 0.051 0.467 0.015

Abbreviations: r-PLS = correlation coefficient between PLS scores.
a Significant results (p < 0.05) are indicated in bold, while the most explanatory 

PLS axes are denoted with asterisks.

Table 7
Mean absolute error (MAE) a calculated for the entire comparative sample after 
comparing the original locomotor values compiled for each extant species with the 
predicted ones using a leave-one-out cross-validation approach.

Astragalus Calcaneus

Q 0.172 0.184
C 0.101 0.095
L 0.174 0.162
S 0.138 0.134
CC 0.136 0.122

Abbreviations: Q = quadrupedalism; C = climbing; L = leaping; S = suspension; 
CC = clawed clinging/climbing.
a MAE is defined as the arithmetic average of the absolute errors.
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locomotor behaviors, resembling PC3 (Fig. 6B). Species with higher 
percentages of quadrupedalism, such as tree shrews and most 
platyrrhines, exhibit the most negative values along the shape 
axis, associated with a dorsoplantarly low astragalar body, a flat 
and slightly wedged trochlea (wider distally than proximally) with 
an elevated lateral rim, a steep fibular facet, a restricted medial 
tibial facet, an only slightly concave ectal facet, and a laterally 
tilted head (Fig. 11). In contrast, those species (strepsirrhines, 
dermopterans, and tarsiids) with a higher proportion of suspen-
sory behaviors, leaping, and climbing, which can be interpreted as 
an emphasis in a ‘grasp-leaping’ behavior in euprimates, display 
the most positive scores and exhibit a dorsoplantarly high astra-
galar body, a moderately grooved trochlea with equally high par-
allel rims, a sloping fibular facet, a broad and dorsoplantarly 
extended medial tibial facet, a moderately concave ectal facet, and 
a head comparably oriented in the horizontal plane (Fig. 11). Ple-
siadapiforms, Ganlea, and most omomyiforms are projected onto 
intermediate scores between the two clusters formed by platyr-
rhines (negative scores) and strepsirrhines and tarsiers (positive 
scores). This indicates no predominance in their locomotor 
behavior of neither quadrupedalism nor a combination of sus-
pensory and climbing and/or leaping behaviors typical of most 
extant prosimians. Conversely, Eosimias and the parapithecids are 
projected onto negative scores, overlapping with platyrrhines and 
suggesting an important quadrupedal component in their loco-
motor repertoire, whereas adapiforms and Arapahovius gazini fall 
with the extant strepsirrhine/tarsier cluster, indicating greater 
frequencies of suspensory, leaping, and climbing behaviors.

3.4. Calcaneal shape as a predictor for locomotion

There is significant covariation between calcaneal shape and 
locomotor behavior and explains 97% of the total covariance in the 
first two PLS axes (Fig. 12; Table 6). Mean absolute error resulting 
from the cross-validated results performed on the extant species 
set reveals that the analysis accurately predicted all five locomotor 
variables (Table 7; SOM Fig. S13; SOM Table S5).

The first axis (PLS1; Fig. 12A) is primarily related to distal 
calcaneal elongation, resembling PC1 (Fig. 8A). Species associated 
with high percentages of either quadrupedalism or suspension, in 
positive scores, are characterized by a proximodistally short distal 
calcaneus with mediolaterally wide ectal and sustentacular 
facets and a dorsoplantarly high and concave cuboid facet with a 
comparatively deep cuboid pit (Fig. 13). Conversely, leaping be-
haviors, exhibited by galagids and tarsiers (small VCL species), in 
negative scores, are associated with an extreme proximodistal

elongation of the distal part of the calcaneus and mediolaterally 
narrow and restricted ectal and sustentacular facets (Fig. 13). 
Larger-bodied specialized VCL species, namely indriids and Lep-
ilemur, are clear outliers of the trend observed in the scatterplot, 
displaying relatively positive scores in the shape axis and negative 
scores in the locomotor axis. Neither indriids nor lepilemurids 
exhibit extreme proximodistal elongation of the distal calcaneus. 
Plesiadapiforms display very positive scores, indicating that 
quadrupedalism and suspension were frequent behaviors in their 
locomotor repertoire. Omomyiforms and the small-sized adapi-
form An. frontanyensis overlap between cheirogaleids and non-
indriid lemuroids, suggesting moderate use of climbing and 
leaping behaviors, without reaching the extremes exhibited by 
galagids and tarsiers. In contrast, the remaining adapiforms fall 
among anthropoids, indicating a higher frequency of quad-
rupedalism in their locomotion. Caenopithecus lemuroides is 
located very close to lorisids, denoting a similar type of locomo-
tion. Early anthropoids are projected closer to adapiforms, except 
for Eosimias, which overlaps with omomyiforms.

The second axis (PLS2; Fig. 12B) resembles PC2 (Fig. 8) and 
phylogenetic PC2 (SOM Fig. S8), separating the most suspensory 
species (lorisids, atelids, and dermopterans) from the most quad-
rupeds (tupaiids, pitheciids, and cebids), as well as clawed clingers 
(callitrichids). Suspensory species, in most positive scores, are 
associated with a rounded and oblique ectal facet, mediolaterally 
broad and medially oriented sustentacular facet, a very proximally 
located peroneal tubercle, a medially oriented and dorsoplantarly 
low tuber calcanei, a very concave cuboid facet, and a concave 
plantar edge (Fig. 13). Conversely, quadrupedal species, in negative 
scores, exhibit a saddle-shaped ectal facet, a narrow and dorsally 
oriented sustentacular facet, a distally positioned peroneal tu-
bercle, a straight, stout, and mediolaterally broad tuber calcanei, a 
flat cuboid facet, and a straight plantar edge (Fig. 13). Plesiadapi-
forms are distributed along the shape axis in a gradient, ranging 
from Purgatorius (negative scores) to C. simpsoni (positive scores), 
indicating distinct proportions of quadrupedal and suspensory 
behaviors within their locomotor repertoire depending on the 
species. Most adapiforms and omomyiforms are projected onto 
slightly negative to slightly positive scores, indicating a predomi-
nance of quadrupedalism over suspension, albeit some species like 
Ca. lemuroides, M. indicus, Ar. gazini, and An. frontanyensis are in 
more positive scores, suggesting a greater reliance in suspensory 
locomotion. Within anthropoids, the Afro-Arabian anthropoids are 
distinguished by their very negative scores, whereas Eosimias 
overlaps with adapiforms and omomyiforms in slightly positive 
scores. This result suggests that while the former probably

PLS1 (-)

PLS2 (-)

PLS1 (+)

PLS2 (+)

Figure 11. Displacement heatmaps illustrating mesh distances between the mean astragalar shape of each PLS shape axis depicted in Figure 10 against the shapes associated with 
the minimum (− ) and maximum (+) values. Blue and red indicate regions of contraction and expansion, respectively, based on the position of the extreme astragalar shapes 
(minimum or maximum values) relative to the mean shape along each PLS shape axis. PLS = partial least squares. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
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engaged in mostly quadrupedal locomotion with little to no sus-
pension, Eosimias exhibited a more versatile locomotor behavior 
that included some degree of suspensory locomotion.

3.5. Variation in the locomotor behavior of Paleogene primates

Variation in the predicted percentages of locomotion in 
Paleogene primates not only supports the existence of a diverse 
array of locomotor behaviors among the various primate groups 
represented in this study but, in some cases, also denotes different 
estimates for some locomotor categories depending on the bone 
used as a predictor (Figs. 14—16; Tables 8 and 9).

When astragalar shape is used as a predictor, all plesiadapiform 

species are reconstructed displaying a very similar locomotor 
repertoire, with an important quadrupedal component (42—47%), 
and moderate amounts of climbing (14—22%), leaping (15—24%), 
and suspension (15—20%). No clawed clinging/climbing behavior is 
inferred for plesiadapiforms when astragalar shape is utilized as a 
predictor. This locomotor profile approaches the condition 
exhibited by Cheirogaleus, as well as that of the most arboreal tree 
shrews (P. lowii and Tupaia minor). Contrarily, when calcaneal 
shape is used as a predictor, plesiadapiforms reveal a different 
picture: on the one hand, Purgatorius, Tinimomys graybulliensis, 
and Phenacolemur (i.e., nonplesiadapoid plesiadapiforms) are 
characterized by relatively high amounts of quadrupedalism 

(60—67%) followed by small amounts of the other behaviors 
(>15%), except for clawed clinging/climbing. The only exception to 
this is T. graybulliensis, which is inferred to suspend more than the 
other two (19%). On the other hand, the locomotor repertoire of Pl. 
cookei and C. simpsoni (i.e., plesiadapoids) is dominated by quad-
rupedalism (42—49%) and suspension (26—32%), with only mod-
erate amounts of climbing (15%) and traces of leaping (2—4%). 
Contrasting with nonplesiadapoid species, both Pl. cookei and 
C. simpsoni are inferred to participate in some degree of scansorial 
behavior as well (6—9%). The former nonplesiadapoid species 
mostly resembles extant tupaiids in their inferred locomotor 
repertoire. In contrast, plesiadapoids (particularly C. simpsoni) 
approach the locomotor profile of lorisids and other suspensory 
species (e.g., dermopterans and Da. madagascariensis).

Among early euprimates, adapiforms are the group exhibiting 
the most diverse locomotor behavior. Overall, three different main 
locomotor repertoires can be inferred from their estimated loco-
motion. The first one, exhibited by most species, is that of an 
arboreal quadruped and leaper, characterized by higher percent-
ages (mostly above 30%) for both locomotor behaviors. When 
astragalar shape is used as a predictor, most notharctines, 
M. indicus, L. magnus, as well as An. frontanyensis and D. martinezi 
for both bones, concur with this locomotor profile. Remarkably, 
when astragalar shape is used as the predictor, higher values for 
leaping behavior are recovered (40—58%), whereas when calcaneal 
shape is utilized, comparatively higher percentages for suspension 
(up to 16%) are obtained for these species. Compared to extant 
species, they are better analogized to lemurids (in the case of 
notharctines and L. magnus) and to Mirza and Microcebus 
(M. indicus, An. frontanyensis, and D. martinezi). The second loco-
motor profile, characterized by a high quadrupedal component 
(49—55%), is represented by the Adapis group, L. magnus, and 
Copelemur tutus when calcaneal shape is used as the predictor. In 
this case, they are better analogized to small quadrupedal an-
thropoids (e.g., Saimiri, Cebus, and Callicebus), which participate in 
different arboreal behaviors (climbing, leaping, and suspension) 
but mainly move quadrupedally above relatively large supports. 
Lastly, the third locomotor profile is characterized by a high pro-
portion of suspension (28—30%) and relatively low values for the 
other behaviors, particularly leaping. Marcgodinotius indicus and

Ca. lemuroides fit this locomotor profile when calcaneal shape is 
used as a predictor and the Adapis group, when astragalar shape is 
used as a predictor. They resemble extant lorisids, Daubentonia, 
and Cheirogaleus due to their inferred emphasis on suspension. 

Omomyiforms consistently exhibit a very homogeneous loco-
motor repertoire when either astragalar or calcaneal shape is used 
as the predictor. All omomyiforms display high percentages of 
leaping behavior (39—64%), followed by moderate amounts of 
quadrupedalism (20—39%) and climbing (12—23%). Compared 
with extant species, omomyiforms most closely resemble Micro-
cebus and the most generalized galagids (i.e., those that more 
rarely engage in VCL behaviors). The only exception is V. major, 
which is inferred to have relied more on quadrupedalism (41%) 
and to have been a less frequent leaper (27%). In addition, mod-
erate amounts of climbing (20%) and suspension (12%) indicate a 
more generalized behavior for this species, approaching that of 
Otolemur.

Anthropoids are reconstructed as mostly relying on quad-
rupedalism (43—55%) and leaping (30—42%), with small amounts 
of climbing in their locomotor repertoire as well (12—15%). 
Remarkably, they are inferred not to participate in suspensory 
behaviors at all. This locomotor profile is exhibited by para-
pithecids, Proteopithecus sylviae, and Eosimias when astragalar 
shape is used as the predictor, resembling the locomotor reper-
toire exhibited by extant small platyrrhines (e.g., Saimiri, Cebus, 
and Callicebus). Contrarily, when calcaneal shape is used as the 
predictor, Ganlea and Eosimias display less emphasis on quad-
rupedalism (28—31%), higher amounts of leaping (36—39%), and 
moderate frequency of climbing (19—20%). In addition, they are 
inferred to have moved using suspension as well (6—13%). This 
results in Eosimias (as predicted from calcaneal shape) approach-
ing the condition exhibited by extant cheirogaleids, whereas 
Ganlea is better analogized to extant lemurids and Otolemur.

3.6. The evolution of astragalar and calcaneal shape in relation to 
locomotor changes among early primates

Branch-specific rate reconstructions (Fig. 17A, B) indicate that 
the transition from plesiadapiforms to euprimates exhibits very 
high evolutionary rates, the highest across the entire tree in the 
case of the calcaneus. Plesiadapiform branches are also charac-
terized by very high evolutionary rates, particularly plesiadapoids. 
Similarly, adapiforms and omomyiforms display high evolutionary 
rates. Among the former, Ca. lemuroides and adapines exhibit 
particularly high evolutionary rates for the calcaneus, while the 
other species do not show increased rates compared to the branch 
leading from the euprimate LCA, suggesting less morphological 
change. In contrast, evolutionary rates for the astragalus remain 
consistently high across all adapiform species. Omomyiforms 
display increased evolutionary rates for both bones, with further 
increases in the branch leading to crown tarsiiforms. Remarkably, 
evolutionary rates in the branch leading to anthropoids are 
consistently low, indicating little morphological change between 
the euprimate/haplorrhine and anthropoid LCAs. However, in both 
bones, the lineage leading to the clade comprised by crown an-
thropoids and Afro-Arabian parapithecids and proteopithecids―to 
the exclusion of Eosimias and Ganlea―is characterized by 
increased evolutionary rates, suggesting significant morphological 
changes were occurring along this branch. Additionally, extant 
groups that exhibit specialized locomotor behaviors―such as 
lorisids, galagids, atelids, and tarsiids―display higher evolu-
tionary rates at the base of their clades than other groups. This 
pinpoints that evolutionary rates of astragalar and calcaneal 
morphology are informative about locomotor transitions.
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indriids) and clawed clinging callitrichids (Gebo, 1987a; Oxnard 
et al., 1990; Youlatos, 1999), this results in an admixture of 
morphological features associated with leaping (functionally 
linked to increasing the lever arm or the stability of the tarsal 
joints) and climbing (increasing the mobility of the foot). More 
precisely, strepsirrhines that engage in specialized VCL behavior, 
such as galagids and indriids (excluding more ‘occasional’ leapers 
such as cheirogaleids and some lemurids), exhibit clear adapta-
tions for climbing vertical substrates (e.g., a sloping fibular facet, 
contrasting with the steeper shape found in haplorhines), which 
paradoxically contribute to greater foot mobility (Beard et al., 
1988; Gebo and Dagosto, 1988; Gebo, 2011).

Generalized arboreal quadrupeds (e.g., lemurids, cheirogaleids, 
and many nonatelid platyrrhines) lack the extreme morphological 
adaptations found in either slow climbing/suspensory or special-
ized VCL species (Gebo, 1988). Our analyses show that quadru-
pedal species exhibit a dorsoplantarly low astragalar body, a flat 
and slightly wedged trochlea (wider distally than proximally) with 
an elevated lateral rim, a steep fibular facet, a restricted medial 
tibial facet, an only slightly concave ectal facet, a laterally tilted 
head (in the astragalus), a saddle-shaped ectal facet, a narrow and 
dorsally oriented sustentacular facet, a distally positioned pero-
neal tubercle, a straight, stout, and mediolaterally broad tuber 
calcanei, a flat cuboid facet, and a straight plantar edge (in the 
calcaneus). This set of features provides stability at the ankle (less 
concomitant mediolateral movements during plantarflexion or 
dorsiflexion) and increases the power arm of the triceps surae 
(facilitating force transmission, which is greater in the context of 
quadrupedal locomotion on large substrates; Conroy and Rose, 
1983; Gebo, 1986, 1989b; Strasser, 1988). Early anthropoids and 
some adapiforms exhibit many of these features, suggesting that 
above-branch quadrupedal running on large and horizontal sub-
strates was an important component of their locomotor behavior 
(Fleagle, 1980; Conroy and Rose, 1983; Gebo and Simons, 1987; 
Gebo, 1989b; Godinot, 1991; Fleagle and Simons, 1995). In addi-
tion, scandentians, regardless of their locomotor repertoire, that 
grade from mainly arboreal to more terrestrial forms, exhibit much 
reduced foot mobility and grasping capabilities, resembling some 
of those found in small quadrupedal primates (Sargis, 2001, 2002a, 
2002b; Youlatos et al., 2017; Granatosky et al., 2022). As already 
suggested, astragalar and calcaneal shape of the most primitive 
(nonplesiadapoid) plesiadapiforms match some of the features 
exhibited by scandentians, evincing the potential of tree shrews as 
extant analogues of the ancestral euarchontan positional behavior 
(Sargis, 2001; Gebo, 2004; Bloch et al., 2007; Godinot, 2007; Sargis 
et al., 2007).

As previously stated, an elongated calcaneus is associated to
habitual leaping behavior (Hall-Craggs, 1965; Decker and Szalay, 
1974; Gebo, 1988; Dagosto, 1988, 2007; Moy �a-Sol � a et al., 2012;
Boyer et al., 2013b; Marig� o et al., 2016; Monclús-Gonzalo et al.,
2023). Proximodistal elongation of the distal calcaneus results in
an increase of the lever arm of the foot, which is required to
generate enough force to leap efficiently (Morton, 1924; Gebo,
1988). However, because of the different biomechanical con-
straints associated with distinct BMs, different anatomical solu-
tions are exhibited by taxa (Demes and Günther, 1989). Small-
bodied leapers (considered ‘foot-powered leapers’) exhibit elon-
gation of the distal segments of the hind limb (the tarsus), whereas 
larger-bodied leapers (regarded ‘thigh-powered leapers’) display a
more elongated proximal hind limb segment and use the foot
solely as a force transducer (Gebo and Dagosto, 1988; Demes and
Günther, 1989; Demes et al., 1996). Additionally, the type of foot 
(in relation to the location of the fulcrum; Morton, 1924) also

Table 8
Estimated locomotor percentages using species-mean Procrustes shape co-
ordinates of astragalar shape as a predictor.

Family Species Q C L S CC

Plesiadapiformes:
Purgatoriidae Purgatorius sp. 46 22 15 17 0
Paromomyidae Ignacius graybullianus 48 18 20 15 0
Plesiadapidae Nannodectes gidleyi 44 18 23 15 0
Plesiadapidae Plesiadapis cookei 42 14 20 24 0
Plesiadapidae Plesiadapis rex 45 15 21 19 0
Omomyiformes:
Incertae sedis Teilhardina belgica 38 19 43 0 0
Incertae sedis Vastanomys major 41 20 27 12 0
Omomyidae Arapahovius gazini 20 14 64 0 1
Omomyidae Necrolemur sp. 39 13 47 1 0
Omomyidae Hemiacodon gracilis 35 17 48 0 0
Omomyidae Omomys carteri 35 18 46 0 1
Omomyidae Shoshonius cooperi 32 12 53 0 2
Omomyidae Washakius insignis 37 12 49 2 0
Adapiformes:
Notharctidae Marcgodinotius indicus 30 15 40 14 1
Notharctidae Cantius sp. 35 13 45 7 0
Notharctidae Notharctus sp. 31 11 52 6 0
Notharctidae Smilodectes sp. 24 14 52 10 0
Notharctidae Anchomomys frontanyensis 27 14 58 1 0
Adapidae ‘Adapis group’ 20 20 29 30 2
Adapidae Leptadapis magnus 24 16 51 8 0
Stem Lemuriformes:
Djebelemuridae Djebelemur martinezi 23 21 54 1 1
Anthropoidea:
Eosimiidae Eosimias sp. 43 12 42 0 2
Amphipitheciidae Ganlea sp. 31 19 39 6 5
Parapithecidae Apidium sp. 52 12 35 0 2
Parapithecidae Simonsius grangeri 46 12 40 0 2

Abbreviations: Q = quadrupedalism; C = climbing; L = leaping; S = suspension; 
CC = clawed clinging/climbing.

Table 9
Estimated locomotor percentages using species-mean Procrustes shape co-
ordinates of calcaneal shape as a predictor.

Family Species Q C L S CC

Plesiadapiformes:
Purgatoriidae Purgatorius sp. 69 15 11 6 0
Micromomyidae Tinimomys graybulliensis 60 15 6 19 0
Paromomyidae Phenacolemur sp. 67 12 8 13 0
Plesiadapidae Plesiadapis cookei 48 15 4 26 6
Carpolestidae Carpolestes simpsoni 42 15 1 32 9
Omomyiformes:
Incertae sedis Teilhardina belgica 30 19 45 5 0
Omomyidae Absarokius sp. 24 16 60 0 0
Omomyidae Arapahovius gazini 22 23 41 13 1
Omomyidae Omomys carteri 30 18 52 1 0
Omomyidae Ourayia uintensis 32 17 50 0 0
Omomyidae Shoshonius cooperi 30 20 39 10 1
Omomyidae Washakius insignis 27 22 47 4 0
Adapiformes:
Notharctidae Marcgodinotius indicus 32 19 17 28 4
Notharctidae Cantius sp. 35 18 33 14 0
Notharctidae Copelemur tutus 47 17 27 9 0
Notharctidae Notharctus sp. 32 21 31 17 0
Notharctidae Smilodectes sp. 45 18 31 6 0
Notharctidae Anchomomys frontanyensis 21 22 42 14 0
Adapidae ‘Adapis group’ 56 19 21 5 0
Adapidae Leptadapis magnus 55 17 23 5 0
Adapidae Caenopithecus lemuroides 43 21 8 28 0
Anthropoidea:
Eosimiidae Eosimias sp. 28 20 36 13 3
Parapithecidae Parapithecidae indet. 54 15 30 0 0
Proteopithecidae Proteopithecus sylviae 45 14 39 1 1

Abbreviations: Q = quadrupedalism; C = climbing; L = leaping; S = suspension; 
CC = clawed clinging/climbing.
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euprimates (adapiforms and omomyiforms), exhibit a tarsi-
fulcrumating foot, characterized by a much more proximally 
placed fulcrum (on the distal tarsal bones). The more proximal 
placement of the fulcrum provides improved grasping abilities at 
the cost of losing the part of the lever constituted by the meta-
tarsus. Therefore, tarsi-fulcrumators require further elongation of 
the tarsal elements to compensate the loss of load arm, even if 
they are not specialized VCL species (Moy �a-Sol � a et al., 2012). For
this reason, small-bodied tarsi-fulcrumating primates are more 
prone to exhibit proximodistally elongated calcanei, even if they 
are not specialized leapers. In contrast, metatarsi-fulcrumating 
habitual leapers, as it is the case of many small platyrrhines and 
cercopithecoids, do not display a very elongated calcaneus. The 
results of our analyses concur with previous studies that extreme 
proximodistal elongation of the mid-tarsal region (including the 
distal calcaneus) in the case of small-bodied species with a tarsi-
fulcrumating foot (e.g., tarsiers, galagids, and some cheir-
ogaleids) is an adaptation for leaping behavior (Hall-Craggs, 1965; 
Dagosto, 1988; Gebo, 1988; Moy �a-Sol � a et al., 2012; Boyer et al.,
2013b; Monclús-Gonzalo et al., 2023) that can be found to 
different degrees among extinct tarsi-fulcrumating primates, 
indicating emphasis on leaping (Decker and Szalay, 1974; Dagosto, 
1983; Covert, 1988; Gebo, 1988; Godinot, 1991; Gebo et al., 1991, 
2001, 2012; Covert and Hamrick, 1993; Dagosto et al., 1999; Seiffert
et al., 2015; Dunn et al., 2016; Marig� o et al., 2016; Llera Martín
et al., 2022). This is further supported by our allometric 
analyses that indicate significant differences in calcaneal shape 
(mainly driven by distal calcaneal elongation) between tarsi- and 
metatarsi-fulcrumating species in relation to body size (Moy �a-Sol �a 
et al., 2012; Boyer et al., 2013b).

4.2. The locomotor behavior of Paleogene primates

Plesiadapiforms Our locomotor estimates for plesiadapiforms 
indicate a relatively generalized locomotor repertoire dominated 
by quadrupedalism, combined with lower percentages of climb-
ing, leaping, and suspensory behaviors, concurring with a rela-
tively mobile ankle, capable of extensive movements of inversion 
and eversion and adapted to the arboreal milieu (Szalay and 
Decker, 1974; Chester et al., 2015, 2017, 2019). Compared to most 
euprimates, plesiadapiforms are reconstructed as more suspen-
sory and less prone to leap (Szalay and Dagosto, 1980; Dagosto, 
1988, 2007). Nevertheless, the distinct relative amounts of quad-
rupedalism, leaping, and suspension predicted for each species, as

well as the information provided by other skeletal elements of the 
postcranium, suggests that plesiadapiforms displayed consider-
able locomotor diversity (Bloch and Boyer, 2007; Bloch et al., 
2007).

Purgatorius, the earliest known plesiadapiform (Van Valen and 
Sloan, 1965; Clemens, 1974; Wilson Mantilla et al., 2021), is 
reconstructed as having a locomotor repertoire largely analogous 
to that of extant arboreal tree shrews (Sargis, 2001, 2002a; Sargis 
et al., 2007; Chester et al., 2015). However, based on astragalar 
shape, it exhibits substantial amounts of suspensory behaviors 
(17%), suggesting a more deliberate type of locomotion for this 
species than for extant tree shrews. In contrast, calcaneal shape 
indicates that Purgatorius would have been the most quadrupedal 
plesiadapiform in our sample (69%)―which may be interpreted as 
a plesiomorphic condition of the ancestral euarchontan locomotor 
behavior. Extensive quadrupedalism in Purgatorius is supported by 
several calcaneal features, such as the relatively restricted ectal 
and sustentacular facets, and the dorsoplantarly lower and prox-
imodistally elongated tuber calcanei, resembling those exhibited 
by tree shrews (Godinot, 2007).

Estimated locomotor percentages for T. graybulliensis, solely 
based on calcaneal shape, suggest a different locomotor behavior 
to that of Purgatorius, emphasizing more suspensory behaviors 
(19%). This concurs with the view, based on some features at the 
pelvis resembling those of taxa that frequently engage in sus-
pensory behaviors (such as dermopterans and lorisids), that 
micromomyids might have been capable of some sort of below-
branch suspensory behaviors (Bloch and Boyer, 2007).

We did not find evidence of a ‘callitrichid-like’ locomotor 
behavior in paromomyids, which has been inferred due to simi-
larities in body size, exudativory diet, and locomotor repertoire 
(Garber, 1992; Vinyard et al., 2003; Youlatos and Meldrum, 2011). 
Our results, based on an astragalus of Ignacius graybullianus and a 
calcaneus of Phenacolemur, do not recover percentages of clawed 
clinging/climbing for these two species, as would be expected 
from the analysis of the rest of their postcranial skeleton (Bloch 
and Boyer, 2007; Bloch et al., 2007). In contrast, they are recon-
structed as versatile quadrupeds, comparable to the other plesia-
dapiforms. Nevertheless, given that most features associated with 
vertical clinging/climbing are found in the trunk and forelimbs, 
our results do not unambiguously rule out this locomotor 
behavior and instead, given the less importance of suspensory 
locomotion (13—15%) inferred for this group, concur with the view 

that they were also adept pronograde bounders (Bloch and Boyer, 
2007; Bloch et al., 2007).

Plesiadapids are consistently reconstructed as generalized 
arboreal quadrupeds capable of engaging in substantial amounts 
of suspensory behavior. The results based on the calcaneus of Pl. 
cookei suggest a more frequent use of suspension (26%) and claw 

clinging/climbing postures (6%), as indicated by the prox-
imodistally long calcaneal ectal facet and dorsoplantarly high 
tuber calcanei. This result is consistent with its greater inferred BM 

(Boyer and Gingerich, 2019) as well as with the analysis of other 
regions of its postcranial skeleton, such as phalangeal proportions 
and humeral morphology, which resemble those of dermopterans 
and sloths (Hamrick, 2001; Boyer and Gingerich, 2019). 

Calcaneal shape in C. simpsoni indicates a marked increase in 
the utilization of suspensory behaviors (32%) compared to the 
other plesiadapiforms, supporting the view that this animal had a 
more deliberate locomotion, which some have analogized to the 
extant didelphid Caluromys (Bloch and Boyer, 2002; Sargis et al., 
2007). Similarities between the calcaneal shape of Carpolestes 
and extant suspensory species like dermopterans and lorisids, 
such as a rounded and oblique ectal facet, a mediolaterally broad 
and medially oriented sustentacular facet, a more proximally

Table 10
Estimated locomotor percentages of the internal nodes representing the last 
common ancestor (LCA) of euarchontans, primates, euprimates, strepsirrhines, 
tarsiiforms, and anthropoids.

LCA Q C L S CC

Astragalus:
Euarchonta 39 17 26 13 5
Primates 39 16 27 14 4
Euprimates 37 17 32 12 2
Strepsirrhini 32 16 39 12 1
Tarsiiformes 35 17 43 4 1
Anthropoidea 40 15 38 4 3
Calcaneus:
Euarchonta 49 15 16 14 6
Primates 49 15 16 15 5
Euprimates 43 17 22 15 3
Strepsirrhini 39 18 24 17 2
Tarsiiformes 31 19 41 8 1
Anthropoidea 39 18 32 9 2

Abbreviations: Q = quadrupedalism; C = climbing; L = leaping; S = suspension; 
CC = clawed clinging/climbing.
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(compared to other plesiadapiforms) peroneal tubercle, and a 
proportionally short and a dorsoplantarly high tuber calcanei, are 
indicative of a very mobile ankle better adapted to accommodate 
the foot into different postures on differently oriented supports 
and endure tensile forces during suspension rather than resist 
large loads derived from a more quadrupedal locomotion. This 
concurs with other features of the postcranial skeleton, such as the 
possession of long fingers and an opposable hallux with a nail 
instead of a claw―which have been related to the ability to grasp 
small branches and variously interpreted as either homologous or 
convergent with euprimates (Bloch and Boyer, 2002; Gebo, 2004; 
Sargis et al., 2007).
Adapiforms Adapiforms are predicted to have exhibited the most 
diverse locomotor behavior among early euprimates, with species 
characterized by substantial quadrupedalism accompanied by 
moderate amounts of leaping, climbing, and suspension; some 
species inferred to engage more in leaping behavior; and others 
exhibited a great suspensory component accompanied by climb-
ing, quadrupedalism, and a little leaping behavior. These more 
extensive locomotor differences may be related with greater dif-
ferences in body size as well as an occupation of different 
ecological niches (Godinot, 1998; Gunnell et al., 2008). 

Asiadapines, represented by M. indicus, are reconstructed as 
arboreal quadrupeds with less leaping proclivity than in later and
more derived adapiforms (Boyer et al., 2013b, 2015; Marig� o et al.,
2016; Ni et al., 2016). Its predicted low leaping component is 
explained by many astragalar features (e.g., a proximodistally long 
trochlea, the lack of a developed PTS, and a mediolaterally 
expanded and a dorsoplantarly low astragalar head) as well as by 
its relatively short distal calcaneal region, indicating an abbrevi-
ated tarsus, especially when compared with similarly sized ada-
piforms such as An. frontanyensis (Marig �o et al., 2016, 2020).
Furthermore, locomotor percentages based on calcaneal shape 
yield substantial suspensory behavior (28%), which is supported 
by several calcaneal traits resembling lorisids, including a large 
and more proximally located (compared to other adapiforms) 
peroneal tubercle, a medially oriented tuber calcanei, a slightly 
concave calcaneal plantar edge, a rounded ectal facet, and a broad 
and medially facing sustentacular facet (Gebo, 1988, 1989a). This 
result is consistent with previous studies that argue for a cautious 
locomotion with very little leaping behavior for this species (Boyer 
et al., 2013b), although other suggest a more generalized 
quadrupedal locomotion (Rose et al., 2009; Dunn et al., 2016; Llera 
Martín et al., 2022).

Our results do not support the view that notharctines were 
specialized in VCL like extant indriids and Lepilemur (Walker, 1974; 
Rose and Walker, 1985; Covert, 1995; Schmitt, 1996). This hy-
pothesis has been already contested due to the lack of several key 
features of the distal tarsus and metatarsus associated with a 
derived adductor grasping mode (Gebo, 1985), which is at odds 
with an extensive use of vertical substrates (Gebo et al., 1991). In 
addition, the relatively long hind limbs, characteristic of notharc-
tines, do not necessarily refer to adaptations for leaping behavior 
(Preuschoft et al., 1998). Conversely, the notharctines analyzed 
here (Cantius, Notharctus, Smilodectes, and Co. tutus) are recon-
structed as above-branch quadrupeds resembling extant lemurids, 
with substantial amounts of quadrupedalism and leaping in their 
inferred locomotor repertoire, concurring with previous studies 
(Gregory, 1920; Decker and Szalay, 1974; Rose and Walker, 1985; 
Covert, 1988; Gebo, 1988; Gebo et al., 1991). Inferences based on 
astragalar shape yield higher percentages of leaping behavior 
(45—52%), whereas calcaneal shape distinguishes Cantius and 
Notharctus, characterized by higher suspensory behavior 
(14—16%), from Smilodectes and Co. tutus, which are reconstructed 
as more quadrupedal (45—49%).

Locomotor percentages based on astragalar shape discriminate 
L. magnus from the Adapis group because of the more lorisid-like 
features in the astragalus of the latter (Dagosto, 1983). These re-
sults suggest that L. magnus was likely an above-branch quadru-
pedal runner (24%) and leaper (52%), while specimens included in 
the Adapis group displayed more suspensory behaviors (30%), 
approaching those of extant lorisids (Dagosto, 1983; Gebo, 1988). 
Conversely, locomotor percentages based on calcaneal shape de-
pict a more homogeneous locomotor behavior for adapines, vastly 
dominated by quadrupedalism (55%) and convergent to that dis-
played by anthropoids (Godinot, 1991). This result is explained by 
the presence of several features in the adapine calcaneus (such as a 
longer and stouter tuber calcanei, indicating strong plantarflexion) 
related to quadrupedal locomotion (Godinot, 1991). The overall 
picture of adapines indicates that these animals moved quad-
rupedally engaging in less leaping behavior than notharctines, 
with at least some of the specimens included in the Adapis group 
displaying adaptations for a cautious slow climbing locomotion 
(Dagosto, 1983; Bacon and Godinot, 1998; Boyer et al., 2013a;
Marig � o et al., 2019).

As previously suggested by Seiffert et al. (2015), our locomotor 
estimations based on its calcaneal shape indicate that Ca. lemur-
oides displayed a slow-climbing locomotor repertoire, character-
ized by considerable amounts of climbing (21%) and suspensory 
(28%) behaviors. This result is supported by the presence of several 
adaptations that facilitate rotational movements within the foot 
(required to habitually hold an inverted foot to navigate across 
complex arboreal settings), such as concave calcaneal plantar 
edge, a dorsoplantarly high cuboid facet with a deep cuboid pit, a 
dorsomedially inclined sustentacular facet, a rounded and oblique 
ectal facet, and a medially angled and plantarly projecting tuber 
calcanei. The latter feature is expected to allow for digital flexion 
because of increasing the mechanical advantage of the flexor 
digitorum brevis muscle (Sarmiento, 1983).

In agreement with previous studies, our results support 
marked leaping adaptations in the astragalus and calcaneus of An. 
frontanyensis and D. martinezi (43—58%; Marivaux et al., 2013;
Marig � o et al., 2016, 2020; Monclús-Gonzalo et al., 2023). Features
in the astragalus (a dorsoplantarly tall astragalar body, a relatively 
narrow and proximodistally elongated astragalar neck, and a 
developed PTS) and the calcaneus (moderate proximodistal elon-
gation of the distal portion, comparable to that of some contem-
poraneous omomyiforms) are associated with active arboreal 
locomotion (Gebo, 1988). Nevertheless, other calcaneal features of 
An. frontanyensis (such as a rounded and proximodistally elon-
gated ectal facet, a relatively concave plantar calcaneal edge, and a 
medially bended tuber calcanei) are indicative of better climbing 
abilities (21%) and higher mobility of the foot (as suggested by its 
predicted suspensory locomotion, 14%) than in some omomyiform 

species with similar distal calcaneal elongation. This concurs with 
the view that sympatric omomyiforms and adapiforms with 
similar locomotor profiles may have nevertheless partitioned their
niches by substrate preference (Marig � o et al., 2020).
Omomyiforms The results for most omomyiforms analyzed here 
(Teilhardina belgica, Ar. gazini, Hemiacodon gracilis, Omomys carteri, 
Ourayia uintensis, Shoshonius cooperi, Washakius insignis, and 
Absarokius) support an active locomotor behavior dominated by 
leaping (39—64%) and quadrupedalism (20—39%), in agreement 
with previous studies (Szalay, 1976; Savage and Waters, 1978; 
Gebo, 1988; Covert and Hamrick, 1993; Dagosto and Schmid, 1996; 
Anemone and Covert, 2000; Dunn et al., 2006; Rose et al., 2011; 
Gebo et al., 2012, 2015). Together with several astragalar features 
(such as a dorsoplantarly high astragalar body and a narrow and 
elongated astragalar neck), the moderately elongated calcaneus of 
omomyiforms, falling within the cheirogaleid range, is the most
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prominent feature related with increased leaping behavior. 
Nevertheless, omomyiforms do not exhibit the extreme elongation 
displayed by the specialized small VCL species (galagids and tar-
siers), suggesting an overall active yet not specialized VCL loco-
motor behavior for these species (Dagosto, 1988; Gebo, 1988; 
Boyer et al., 2013b; Monclús-Gonzalo et al., 2023). Only a calca-
neus specimen attributed to Necrolemur, which is broken distally 
and could not be included in this study, exhibits a proximodistal 
elongation comparable to that of galagids and tarsiers (Godinot 
and Dagosto, 1983).

An astragalus attributed to V. major (GU 800) departs from the 
overall omomyiform locomotor profile discussed earlier. Our lo-
comotor estimates indicate a more generalized locomotor reper-
toire, dominated by quadrupedal locomotion (41%) and exhibiting 
less emphasis for leaping behavior (27%). This result concurs with 
recent studies carried out on the available material attributed to 
this species (Dunn et al., 2016; Llera Martín et al., 2022).
Early anthropoids Our locomotor estimates concur with previous 
studies that highlighted the morphological and behavioral shift 
toward a more quadrupedal locomotion in early anthropoids 
(Fleagle, 1980; Conroy and Rose, 1983; Gebo and Simons, 1987; 
Gebo, 1989b; Fleagle and Simons, 1995). However, the Asian taxa 
(Eosimias and Ganlea) still retain astragalar and calcaneal features 
that lack the derived anthropoid condition displayed by the Afro-
Arabian taxa, resulting in locomotor repertoires that depart from 

the latter group and, instead, more closely resemble those of 
strepsirrhines and tarsiiforms (Gebo et al., 2000, 2001; Marivaux 
et al., 2003, 2010).

Eosmiids resemble omomyiforms in having a high astragalar 
body, a reduced PTS (absent from early anthropoids from Afro-
Arabia), a shallow trochlea with parallel rims, a mediolaterally 
narrow astragalar neck, and a moderately long astragalar neck 
(Gebo et al., 2000, 2001; Gebo and Dagosto, 2004). Our locomotor 
estimates based on astragalar shape indicate considerable 
amounts of leaping (42%) and quadrupedalism (43%). Conversely, 
locomotor estimates based on calcaneal shape yield substantial 
suspensory (13%) and climbing (20%) components, resembling 
similar-sized adapiforms like An. frontanyensis and M. indicus. This 
is supported by several features (a rounded ectal facet, a moder-
ately concave plantar edge, and a slightly medially bended tuber 
calcanei) that are associated with relatively mobile ankle (Gebo, 
1988). Overall, our locomotor estimates concur with the view 

that eosimiids fill the morphological and behavioral gap between 
the earliest euprimates and more derived anthropoids from Afro-
Arabia (Gebo, 1986; Dagosto, 1990; Gebo and Dagosto, 2004). 

Ganlea is reconstructed as a generalized arboreal quadruped, 
with substantial amounts of leaping (39%) and quadrupedalism 

(31%), as well as non-negligible percentages of climbing (19%) and 
suspensory behaviors (6%). This result is consistent with the 
mosaic morphology exhibited by its astragalus, displaying features 
associated with leaping (e.g., a dorsoplantarly high astragalar 
body, parallel trochlear rims, and a straight and moderately 
elongated astragalar neck) and others more tightly related to 
increased mobility at the upper ankle joint (such as a relatively 
shallow trochlear groove; Marivaux et al., 2003, 2010). Given the 
purported more basal anthropoid position of eosmiids and 
amphipithecids in relation to Afro-Arabian parapithecids and 
proteopithecids (Beard et al., 2009; Coster et al., 2013; Jaeger et al., 
2020; Chaimanee et al., 2024), this agrees with the view that a 
more generalized locomotor behavior with less emphasis on 
quadrupedalism might be plesiomorphic for anthropoids (Gebo 
et al., 2000, 2001; Gebo and Dagosto, 2004).

Locomotor estimations based on astragalar and calcaneal shape 
consistently reconstruct parapithecids and proteopithecids as 
above-branch arboreal quadrupeds and leapers similar to extant

small platyrrhines such as Cebus or Saimiri (Fleagle, 1980; Gebo 
and Simons, 1987; Gebo, 1989b; Simons and Seiffert, 1999; 
Seiffert and Simons, 2001; Gladman et al., 2013). The recon-
structed locomotor profile, vastly dominated by quadrupedalism 

(55—45%) and leaping (35—40%), reflects the presence of many 
astragalar (a broad trochlear surface with moderate wedging, a 
marked notch on the astragalar neck, a lack of PTS, and a medial 
tibial facet forming a small cup-like concavity) and calcaneal fea-
tures (abbreviated distal calcaneal elongation, a lateral extension 
of the cuboid facet, and a stout and mediolaterally broad tuber 
calcanei), indicative of an ankle capable of high degrees of dorsi-
flexion but less prone to use inverted postures like strepsirrhines 
or tarsiers (Conroy and Rose, 1983). Compared with the contem-
poraneous and larger-sized parapithecids, Pr. sylviae is recon-
structed as a more agile leaper, in agreement with its more 
proximodistally elongated calcaneal distal region and overall more 
gracile morphology (Seiffert and Simons, 2001; Gladman et al., 
2013).

4.3. Origin and diversification of euprimates in the light of 
locomotor behavior

Fossil evidence suggests that the emergence of euprimates was 
marked by profound anatomical modifications, including the 
acquisition of a complete postorbital bar, convergent orbits, higher 
encephalization, relatively long digits, opposable hallux and 
pollex, nails instead of claws, and adaptations for leaping behavior 
(Cartmill, 1974, 1992; Szalay et al., 1987; Rose, 1994; Silcox et al., 
2015). At the hindfoot, several adaptations for strong pedal 
grasping and leaping behavior (e.g., development of a PTS, a more 
sloping fibular facet, tarsal elongation) distinguish early eupri-
mates from plesiadapiforms (Dagosto, 1988, 2007; Rose, 1994; 
Boyer and Seiffert, 2013; Boyer et al., 2013b; Yapuncich et al., 2017, 
2019). Our results align with this, as evidenced by the increased 
evolutionary rates for both astragalar and calcaneal shape along 
the lineage leading to the first euprimates. However, the lack of 
any transitional species displaying a mixture of archaic (i.e., 
plesiadapiform-like) and derived (i.e., euprimate-like) traits 
hampers testing among competing hypotheses about the original 
selection pressures that drove the origin and early diversification 
of euprimates (Silcox et al., 2015). To date, only a single species, 
C. simpsoni, could fill in this ‘transitional’ gap (Bloch and Boyer, 
2002). Based on the features displayed by this species, 
combining adaptations for strong pedal grasping (opposable 
hallux with a nail) with the lack of euprimate-like visual or leaping 
adaptations, Bloch and Boyer (2002) concluded that small-branch 
specialization would have preceded visual and leaping-related 
adaptations. Our results provide further support to this 
hypothesis as our locomotor estimates based on the calcaneus of 
C. simpsoni yielded the highest percentage of suspensory loco-
motion among plesiadapiforms, concurring with a mobile ankle 
adapted to a more deliberate type of locomotion, as would be 
required to engage in the fine branch milieu. Additionally, we also 
found particularly high evolutionary rates describing plesiadapoid 
evolution, pinpointing to the substantial morphological changes 
already occurring prior the emergence of euprimates (Sargis et al., 
2007). Altogether, these results are consistent with the terminal 
branch feeding hypothesis (Rasmussen, 1990), suggesting that 
adaptation to the fine branch milieu was critical in the early stages 
of primate evolution.

Of the various locomotor categories investigated here, leaping 
behavior within the arboreal canopy is the one that most consis-
tently discriminates between plesiadapiforms and euprima-
tes―and, thus, the most relevant for characterizing the locomotor 
shift that occurred during the plesiadapiform-euprimate
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transition. Albeit lacking in some extant euprimates (lorisids and 
hominids), leaping is widespread and most characteristic of this 
group (Dagosto, 1988, 2007). This is confirmed by our results as we 
only obtained substantial percentages of leaping for euprimate 
specimens. Habitual leaping may be thus considered synapomor-
phic for euprimates, even though this does not imply that the 
euprimate LCA was necessarily an adept leaper. These results, in 
line with previous studies, are consistent with the ‘grasp-leaping’ 
hypothesis (Szalay and Dagosto, 1980). The locomotor estimate for 
the euprimate LCA concurs with only moderate leaping capabil-
ities (22—32%). Indeed, the percentages of leaping inferred for the 
most basal species in this study, such as Te. belgica, V. major, and 
M. indicus (Rose et al., 2009, 2011; Dunn et al., 2016; Llera Martín 
et al., 2022), are substantially lower than those of more derived 
species, thereby rejecting the existance of specialized leaping 
behavior during the emergence of euprimates. This view is further 
supported by a partial skeleton of the basal haplorrhine Archicebus 
achilles described by Ni et al. (2013), which has been reconstructed 
as a generalized arboreal quadruped instead of a committed 
leaper―but see Boyer et al.'s (2017a) interpretation of an astra-
galus of Donrussellia provincialis for an alternate view on the 
importance of leaping among the earliest euprimates. On the other 
hand, euprimates from various clades (e.g., most omomyiforms 
and later crown tarsiiforms, galagids, D. martinezi, and An. fron-
tanyensis) exhibit substantially higher leaping percentages than 
other members of their respective clades, supporting the inde-
pendent evolution of specialized leaping adaptations among 
various extant and extinct euprimate lineages (Boyer et al., 2013b). 
This is further exemplified by our locomotor estimates (strepsir-
rhine LCA = 24—39%; tarsiiform LCA = 41—43%; anthropoid 
LCA = 32—38%) and by the increased evolutionary rates in the 
branches leading to these groups, suggesting substantial 
morphological changes associated with the acquisition of more 
specialized leaping behavior, which probably was absent in the 
euprimate LCA. Conversely, the low evolutionary rates observed in 
the branch leading from the euprimate LCA to Eosimias, along with 
the similarity between its locomotor estimates and those of the 
euprimate LCA, suggest that this early anthropoid could be a 
reasonably good analogue of the euprimate LCA, even if it already 
exhibited some derived anthropoid adaptations (Gebo et al., 2000, 
2001).

5. Summary and conclusions

We quantitatively analyzed the shape of the astragalus and 
calcaneus in a broad sample of extant and extinct primates (and 
close relatives) by means of a high-density sliding semilandmark 
3D geometric morphometric approach for the first time. We also 
investigated the functional relationship between tarsal shape and 
locomotion using an extensive locomotor dataset of extant species 
compiled from the literature. Based on the covariation between 
tarsal shape and locomotion, we made locomotor inferences about 
early primates and, on this basis, critically evaluated their 
exhibited locomotor diversity and the potential locomotor changes 
that might have occurred during the origin and early diversifica-
tion of euprimates. Concurring with previous studies, our results 
indicate that the shape of these bones is an excellent predictor of 
the locomotor repertoire of extant species. In particular, the shape 
of the facets involved in the mobility at the main joints of the 
proximal tarsus is indicative of adaptations for different locomotor 
behaviors. In turn, the elongation of the distal region of the 
calcaneus is correlated with agile grasp-leaping locomotion in 
many primates, although biomechanical factors such as BM and 
foot type may also influence calcaneal proportions.

Plesiadapiforms are reconstructed as generalized arboreal an-
imals with substantial amounts of quadrupedalism and suspen-
sory behaviors. Calcaneal shape further indicates an evolutionary 
trend toward decreased quadrupedalism and higher reliance on 
suspensory behaviors in plesiadapoids (C. simpsoni and Pl. cook-
ei)―supporting the view that locomotor changes were already 
underway before the LCA of euprimates. Most early euprimates 
differ from plesiadapiforms in their higher emphasis on leaping. 
Adapiforms exhibit a diverse locomotor behavior, with some 
species estimated to have exhibited extensive suspensory behav-
iors (like extant lorisids, Daubentonia, and some cheirogaleids), 
some characterized as more quadrupedal and resembling an-
thropoids, and others displaying a more generalized locomotor 
pattern (similar to extant lemurids and cheirogaleids, depending 
on their body size). Omomyiforms display moderate percentages 
of leaping and extensive use of small substrates but lack extreme 
adaptations for VCL. They rather resemble the most leaping 
cheirogaleids except for the lack of frequent suspensory behaviors, 
thus being better envisioned as quadrupedal leapers with less 
ability to suspend or move deliberately than most strepsirrhines. 
Finally, early anthropoids are reconstructed as more quadrupedal 
than both adapiforms and omomyiforms. However, basalmost 
anthropoids (eosimiids) and Ganlea are intermediate in locomo-
tion between omomyiforms and the late Eocene/early Oligocene 
Afro-Arabian anthropoids.

Overall, our results based on the astragalus and calcaneus 
indicate that early primates exhibited a very diverse array of lo-
comotor repertoires. Moreover, the estimated locomotor per-
centages for euprimates differ significantly from those of 
plesiadapiforms, with the former showing a notably higher pre-
dicted leaping behavior. This provides further evidence of a major 
locomotor shift during the early evolution of euprimates, concur-
ring with the ‘grasp-leaping’ hypothesis. While no plesiadapiform 

recovered so far exhibits adaptations for frequent leaping 
behavior, our results support that some plesiadapoid species dis-
played a more deliberate locomotion, particularly C. simpsoni. We 
therefore conclude that our results are consistent with the view 

that the adaptation to the fine branch milieu, as proposed by the 
terminal branch feeding hypothesis, preceded the leaping spe-
cializations exhibited by the earliest euprimates. As suggested by 
our locomotor estimations, several euprimate lineages further 
developed these leaping adaptations, some of them reaching very 
high levels of specialization, for example, extant VCL species. 
However, leaping behavior, even if not a specialized form, was 
already present during the origin of euprimates. Future research in 
other anatomical areas will be required to better determine the 
original selective pressures underpinning the profound locomotor 
shift that occurred during the origin and early diversification of 
euprimates.
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