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ABSTRACT
Thesis Title: Morpho-functional analyses of the primate skeleton: applying 3D
geometric morphometrics, finite element analysis and phylogenetic comparative
methods to assess ecomorphological questions in extant and extinct anthropoids
Name: Thomas Puschel Rouliez
Institution: University of Manchester
Degree Title: Doctor of Philosophy
Date: December 2017
The overarching objective of this dissertation is to understand the relationship
between form and ecological function in diverse skeletal elements belonging to
different primate clades using geometric morphometrics (GM), finite element
analysis (FEA) and phylogenetic comparative methods (PCMs). GM provides a
system for quantifying morphology; while FEA allows measuring biomechanical
performance and PCMs are used to model how phenotypic traits have evolved
through time. Most chapters in this thesis focus on the association
between locomotion and morphology and how to apply this information in the
fossil record, while one analyses the form–function relationship in a dietary
context. Firstly, a combined approach using FEA and GM is applied to analyse
different hominoid scapulae. The obtained results show that there is a significant
relationship between scapular shape and its biomechanical performance. Hence at
least part of scapular shape variation is due to non-phylogenetic factors.
Secondly, it is tested whether there is a sclerocarpic specialization gradient in
the mandibular morphology of pitheciids. The results show that there is indeed a
relative specialization continuum for some aspects of shape, although the
story is more complex from a biomechanical perspective. Subsequently, an
analysis of the phenetic affinities of extant platyrrhine tali and their Miocene
counterparts is carried out to explain the evolution of talar shape and size in
platyrrhines. The results suggest that talar shape diversification can be explained
by invoking a model representing a phylogenetic hypothesis in which each
platyrrhine family occupied a separate adaptive optimum. Moreover, talar size
diversification can be characterised by a multidimensional niche model. Finally, the
main locomotor mode of different platyrrhine fossils is inferred by applying a
combination of GM, FEA and machine-learning (ML) classification techniques.
The ML algorithm applied to both biomechanical and morphometric data
categorised most of the fossil sample as arboreal quadrupeds, which is
consistent with previous studies. Thus, it is expected to contribute to the
understanding of the correlation between form and ecological function, which is not
only relevant to appreciate the morphological diversity in extant species, but also
because it allows to infer past behaviours in fossil taxa.
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INTRODUCTION
Understanding the evolution and ecology of animals and advancing predictions
regarding particular behaviours in extant and extinct taxa involves an appreciation
of the exact relationship between form and function which has always been
challenging to ascertain (Benton, 2010). For a long time many authors have
attempted to predict function from form in biological contexts (Borelli, 1680;
Thompson, 1942; Alexander, 1971, 1983; Lauder, 1995; Alexander, 2006;
Hutchinson, 2012; O’Higgins et al., 2017) and yet even nowadays there is no
straightforward answer available (Pearson and Lieberman, 2004; Riggs et al., 2004).
This is partly because there is no univocal relationship between the form and
function of a biological structure, but also due to the many factors that interplay in
this relationship (Bertram and Swartz, 1991; Pearson and Lieberman, 2004; Ruff et
al., 2006; Barak et al., 2011). Given the inherent difficulty of this topic, to elucidate
the association between form and function in an ecological and evolutionary
context it is necessary to coherently apply a combination of diverse methods
derived from several disciplines such as evolutionary biology, quantitative genetics,
biomechanics, phylogenetic comparative techniques, multivariate statistics, ecology,
among others (Polly et al., 2016).
Analysing the correlation between form and ecological function is not only relevant
to understand the morphological diversity observed in extant species, but also
because it allow us to infer past behaviours in palaeobiological contexts (Elton et al.,
2016). This is particularly important when analysing skeletal morphology since any
behavioural reconstruction derived from osteological data relies in the idea that
bone is functionally adapted to its mechanical environment during life and that its
shape also reflect evolutionary functional adaptations (Lieberman, 1997). So far,
several approaches have been applied to understand the relationship between form
and function in skeletal structures (e.g. Harcourt-Smith, 2002; Carter and Beaupre,
2007; Curtis et al., 2011; Bookstein, 2013; O’Higgins and Milne, 2013; Esteve-Altava
and Rasskin-Gutman, 2014). Among them, the combined approach of geometric
morphometrics (GM) and finite element analysis (FEA) is considered among the
most promising ones (Pierce et al., 2008; Cox et al., 2011; O’Higgins et al., 2011;
Parr et al., 2012; O’Higgins and Milne, 2013; Tseng, 2013; Toro-Ibacache et al.,
22

2016; O’Higgins et al., 2017). However, it still unclear how to properly combine or
jointly apply these two methods in evolutionary contexts (Bookstein, 2013; Polly et
al., 2016).
Although the present dissertation does not provide a definite answer to this
question it advances some possible approaches by developing different examples of
how to combine GM and FEA in evolutionary contexts using primate skeletal
elements as biological case studies. Primates are arboreal, terrestrial, nocturnal,
diurnal, and cathemeral, and live in several biomes from rainforests to deserts
(Napier and Napier, 1967; Strier, 2006). As a result of the broadly varying demands
and constraints of these diverse ecological niches, primate behaviours are
congruently complex, plastic and diverse (Napier and Napier, 1967; Fleagle, 1998;
Strier, 2006; Thorpe, 2016), which means that the relationship between a particular
morphology and certain behaviour might not be that straightforward. Therefore, it
is particularly relevant to understand how primate form reflects adaptation to
specific environmental contexts and how these particular morphologies evolved,
since they represent a particularly challenging and interesting case study (Thorpe,
2016).
Consequently, the overall objective of this dissertation is to understand the
relationship between form and ecological function in diverse skeletal elements
belonging to different primate clades taking into account their phylogenetic
relatedness and using state-of-the-art in silico techniques. The different chapters of
this thesis all aim to provide an understanding of the role of functional performance
in the evolution of morphological form in different anthropoid groups and ascertain
the influence of ecological function on skeletal morphology. My approach is
characterised by the combination of GM to quantify shape, FEA to analyse
function, and phylogenetic comparative methods (PCMs) to contextualise the
obtained results in an evolutionary and ecomorphological framework. This allows
me to explicitly test hypotheses regarding the role of functional factors in the
evolution of morphological diversity. Most chapters in this thesis focus on the
association between locomotion and morphology and how to apply this information
to the fossil record, while one of them examines the form–function relationship in a
dietary context. In addition, there is one chapter that also deals with the application
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of machine-learning (ML) classification algorithms to infer fossil locomotion.
The objective of the Second Chapter is to explore a combined approach using FEA
and GM to analyse the biomechanical performance of different hominoid scapulae.
It has been shown that the evolution of shoulder mobility can be regarded as an
important evolutionary process generating locomotor diversity in primates (Larson,
1998; Chan, 2007). This is of particular relevance among hominoids because within
this group five divergent locomotion modes and associated body plans have evolved
(Preuschoft, 2004). Provided that the scapula is both biomechanically and
anatomically involved in the function of the shoulder and the movement of the arm
(Kibler and McMullen, 2003), in this first chapter some basic biomechanical
scenarios are simulated. In addition, scapular morphology is quantified and the
association between form and function is analysed using phylogenetic comparative
methods. This approach could provide a better understanding of the association
between hominoid scapular morphology and its biomechanical performance.
In the Third Chapter, the aim is to investigate a specific dietary specialization
observed in a lineage of New World monkeys, which are the Pitheciids. This group
stands out among platyrrhines because they specifically predate seeds (Kay et al.,
2013). This dietary specialization is known as sclerocarpy and involves using
anterior dentition to separate seeds from the surrounding hard tissues, followed
by their mastication (Kinzey, 1992). It has been proposed that Callicebus–
Pithecia–Chiropotes-Cacajao represent a morphocline of increasingly specialized
anatomical traits

for

sclerocarpic

foraging

(Kay,

1990;

Kinzey,

1992;

Rosenberger, 1992; Meldrum and Kay, 1997). However, this has neither been
biomechanically tested in this lineage, nor has the association between
mandibular shape and mastication performance been analysed. Using FEA and
GM it is tested whether there is a sclerocarpic specialization gradient in the
mandibular morphology of pitheciids as it has been previously suggested.
The Fourth Chapter focuses on the morphological evolution of the platyrrhine
talus. New World monkeys are a diverse group of primates that inhabit a broad
range of tropical-equatorial environments in the Americas (Rylands and
Mittermeier, 2009). Whilst the modern day success of the group is clear, the
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evolutionary history of these lineages is still highly debated (Youlatos and Meldrum,
2011). Even though the fossil record of New World monkeys has improved
considerably in recent years (e.g. Bond et al., 2015; Bloch et al., 2016; Marivaux et
al., 2016b, 2016a), tracing the origin of major modern clades is still a difficult task.
The most commonly preserved post-cranial element in the platyrrhine record is the
talus (Tejedor, 2008), hence its importance. Additionally, it has been shown that its
morphology could reflect postural and locomotor adaptations based on its central
position in the foot as well as its functional relationship with other foot bones
(Lisowski et al., 1974; Yapuncich and Boyer, 2014; Yapuncich et al., 2015). For this
reason, the Third Chapter analyses the phenetic affinities of extant platyrrhine tali
and their Miocene counterparts, which is carried out using GM, extant locomotor
data and a series of phylogenetic comparative analyses. All this allows understanding
the evolution of talar shape and size in platyrrhines. Additionally, body mass
predictions for the analysed fossil sample were also computed using the available
articular surfaces. The results obtained from these analyses allowed advancing
possible evolutionary mechanisms involved in talar shape and size evolution, as well
as to infer locomotor behaviours and body mass in the fossil sample.
As outlined above, talar morphology can provide information about postural
adaptations because it is the anatomical structure responsible for transmitting body
mass forces from the leg to the foot, as well as providing stability and mobility
throughout most postural and locomotor behaviours (Boyer et al., 2015). Therefore,
the aim of the Fifth Chapter is to test whether the locomotor behaviour of fossil
platyrrhines could be inferred from their talus morphology and biomechanical
performance. To test this possibility the same extant sample of platyrrhines was
classified into three different locomotor categories and then talar strength was
compared between the different locomotion categories using FEA to simulate a
static scenario. Subsequently, talar morphometric data was collected and analysed
using GM to distinguish between locomotor modes. The association between talar
shape and biomechanical function was tested using a phylogenetic version of partial
least squares analysis. Finally, several ML algorithms were trained using both the
biomechanical and morphometric data from the extant sample in order to infer the
possible locomotor behaviour of the Miocene fossil sample. This Chapter shows
that a combined approach using FEA, GM and ML algorithms, can contribute in
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the understanding of platyrrhine talar morphology and its relationship with
locomotion. Furthermore, it is proposed that this approach is likely to be beneficial
for determining locomotor habits in other vertebrate taxa.
Finally, the following subsection is devoted to provide some key terminology
necessary as background information, such as defining ecomorphology, as well as
succinctly introducing the group under study (i.e. primates and more specifically
anthropoids) and summarising the different methods used in the present
dissertation.

1.1 Ecomorphology
Ecomorphology or ecological morphology can be defined as the characterisation of
the adaptive relationship between the morphology of an organism and its ecological
role (Soligo and Smaers, 2016). Ecomorphological studies try to relate the function
and structure of organisms with relevant aspects of their environment (Losos and
Miles, 1994), while their scope encompasses adaptation, morpho-functional
evolution, convergence, form-function correlations and community organization
(Wainwright and Reilly, 1994). Since its conception as a sub-discipline, several
studies have shown different relationships between form, function and ecology in
numerous animal groups (e.g. Williams, 1972; Losos, 1990; Leisler and Winkler,
1991; Motta and Kotrschal, 1991; Winemiller, 1991; Bock, 1994; Wainwright and
Reilly, 1994; Fortuny et al., 2011; Vizcaíno et al., 2011), including primates (e.g.
Cartmill, 1972; Fleagle, 1977; Rodman, 1984; Hunt, 1991, 2004; Sussman, 1991;
Norconk et al., 2013).
The ecomorphological framework is based on the idea that morphology is an
accurate and predictable reflection of an animal's behaviours and ecology (Thorpe,
2016). The general notion that mechanical loadings influence bone structure has
been acknowledged for almost a century in what is commonly referred as ‘Wolff’s
Law’, even though several later authors have pointed out that its original meaning
was to certain extent different (Lieberman et al. 2004; Ruff et al. 2006; Ruff 2008).
For this reason, it has been proposed to replace the term with the more precise
‘bone functional adaptation’ (Ruff et al. 2006). It is now accepted that the ultimate
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form of a bone is dependent upon extra constraints, in addition to the mechanical
loadings to which it is subjected (Pearson and Lieberman, 2004). Non-functional
influences acting on skeletal form such as disease, age, circulating hormones, genetic
drift, phylogeny, etc. might obscure the relationship between ecological function
and morphology (Pearson and Lieberman, 2004; Ruff et al., 2006; Barak et al.,
2011). However, it is also known that there are also many frequently interacting
functional demands such as postural behaviour, locomotion, diet, thermoregulation,
social behaviour, among others, which certainly influence bone shape and size
(Elton et al., 2016), thus enabling the ‘ecomorphological agenda’.
Consequently, it is particularly interesting to examine how morphology reflects
adaptation to a specific environmental context (i.e. the functional consequences
which are enabled by a specific morphology), but also to understand how these
specific morphologies influence the environment where they are being expressed
(i.e. the ecological role an organism in its environment given its phenotype) (Soligo
and Smaers, 2016). Morphological evolution results from both selective and random
processes acting on a certain phenotype, which are channelled by genetic,
developmental, mechanical, and physical constrains (Raff, 1996). Analysing function
is crucial as it influences selection, since fitness is at least partially determined by the
overall functional performance of a certain morphology in a particular ecological
context (Endler, 1986; Arnold, 2003; McGill et al., 2006; Charmantier et al., 2014).
All chapters of the present dissertation analyse ecomorphological questions in
different primate skeletal elements. Most of them deal with the association between
form and function in locomotor contexts. Chapter 2 focuses on hominoid scapular
functional morphology, while Chapters 4 and 5 analyse the evolution of the
platyrrhine talus and the link between its morphology, locomotor behaviour and
biomechanical performance. Chapter 3 does not focus on locomotion, but it
analyses a specific dietary ecomorphological adaptation by studying the mandibular
morphology of the Pitheciidae and its association with stress data.
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1.2 Primates
The animal group under study in this dissertation is the order Primates and more
specifically anthropoids. Therefore the following section briefly characterises both
primates and anthropoids to provide a basic context.

1.2.1 Primate classification
The mammalian order Primates has always captivated our imagination as humans,
probably because it is quite easy to notice morphological and behavioural similarities
that evidence our shared ancestry (Aiello and Dean, 1990; Fleagle, 2013). Extant
primates are quite diverse, with more than ~ 600 species recognised by the IUCN
https://www.iucn.org/ (Rowe and Myers, 2016), ranging in size from minuscule
mouse lemurs (30 g) to large gorilla silverbacks (200,000 g) (Jungers, 2013). Primates
are relatively well-defined when compared to other mammalian orders, with some
key sets of traits considered to be exclusive of this group (Silcox et al., 2015). This
includes features such as grasping hands with nails on all or most digits (i.e.
relatively long hand and foot phalanges, divergent thumb and big toe), common
leaping specializations (e.g. long hind limbs ending in modified ankle bones),
developed visual system (i.e. large eyes, convergent orbits, postorbital bar, increased
visual cortex), decreased olfactory capabilities, and dental characters mostly
associated with frugivory (e.g. bunodont molars) (Aiello and Dean, 1990; Fleagle,
2013a; Gebo, 2014).
Extant primates are currently classified into two main groups: the Strepsirrhini,
comprising lemurs, galagos, and lorises, and the Haplorrhini containing tarsiers and
anthropoids (i.e. New and Old World monkeys and apes) (Fleagle, 2013a). Fossil
primates were also extremely diverse, with some species smaller than mouse lemurs
(e.g. middle Eocene Shanghuang primate species; Gebo et al., 2000) (or larger than
any living primate (e.g. Gigantopithecus blacki; Simons and Ettel, 1970). Many of these
fossils have been classified into the current taxonomic consensus, thus providing
highly relevant information about the particular evolution of different lineages
within this order. However, there are still many fossil taxa that have not been
classified, hence sparking intense debates about their possible phyletic relationships
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(Cachel, 2015). The earliest stage of the evolution of primates is still subject of
intense research, with studies constantly carried out and new materials being
discovered with relatively high frequency. Diverse review articles offer background
information regarding primate’s early evolution (e.g. Cartmill, 1992; Ross, 2000;
Sussman et al., 2013; Silcox et al., 2015), but it is such an active area of research that
most of those reviews cannot keep up with the pace of investigations and volume of
new discoveries. For this reason, the following summary will be based mostly on
consensus ideas.

1.2.3 Primates within Mammalia
The use of modern phylogenetic inference tools using genetic data has
revolutionised our understanding about the inter-ordinal relationships among
Mammalia. Molecular analyses tend to show that the order Primate seems to be
closely related to Scandentia and Dermoptera, thus comprising a group known as
Euarchonta (Waddell et al., 1999), which is closely related to Glires (i.e. the
supraordinal grouping including rodents and lagomorphs), hence conforming a
group now recognised as Euarchontoglires (Murphy et al., 2001). It is important to
point out that even though most of these new taxonomic classifications are based
on molecular data and analyses, one of the largest studies carried out analysing
mammalian morphological data found mostly consistent relationships with the
molecular classification mentioned above (O’Leary et al., 2013).

1.2.4 Earliest primates
Fossil record
Omomyoidea and Adapoidea are two fossil groups that appear near the start of the
Eocene ∼55.8 million mya across Laurasia (Ni et al., 2004; Smith et al., 2006; Beard,
2008; Rose et al., 2011, 2012). They exhibit all (or most) of the diagnostic
traits of living primates including features such as the postorbital bar and digits
tipped with nails. There is still a lively debate regarding the relationships
between these two groups and with respect to Primates (e.g. Franzen et al., 2009;
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Gingerich et al., 2010; Williams et al., 2010). Nonetheless, there is relative consensus
that they both are within Primates or Euprimates (Robert Hoffstetter, 1977).
Omomyoids have been broadly characterised as tarsier- or galago-like (i.e.,
nocturnal

animals

with

leaping

specializations),

whilst

adapoids

have

been interpreted as being relatively lemur-like (i.e. frequently larger and
showing a diversity of arboreal locomotor behaviours) (Fleagle, 2013a).

Molecular analyses
Several molecular studies (e.g. Springer et al. 2003, Meredith et al. 2011) suggest an
origin of Primates well back in the Cretaceous, much earlier than the earliest
primate or euprimate fossil. A possible cause for this conflict is that earlier primates
are simply not being recognized because of their primitive morphology (Silcox et al.,
2015). However, as molecular clock estimates have been refined, the estimates for
the origin of Euprimates have come closer to the dates from the fossil record.
Indeed, Springer et al. (2012) put the age of the last common ancestor of living
primates between 71 and 63 mya, implying that the group could have originated in
the Paleogene, which is more concordant with the fossil record. Figure 1.1 provides
a phylogenetic hypothesis of the order Primates based on Springer et al. (2012),
while the taxonomic groupings are displayed according to Fleagle (2013).
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Figure 1.1 Phylogeny for extant primates based on Springer et al. (2012).
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1.2.5 Anthropoidea
Anthropoidea (i.e. simians, infraorder Simiiformes) was recognized as a natural
group by Carl von Linné (1707-1778) who classified Simia (monkeys and apes) as
one of four divisions of his first mammalian order Primates (i.e. animals with four
parallel upper incisors and two pectoral mammae). Several morphological,
behavioural and ecological traits distinguish the anthropoids from the rest of the
primates. These features are currently interpreted as synapomorphies defining this
clade. Furthermore, diverse functional and/or adaptive interpretations of these
synapomorphies have been advanced in order to propose explanations regarding the
origins of the anthropoids (Cartmill, 1980; Ross, 1996; Kay et al., 1997). Diverse
investigations have provided new evidence about the phylogenetic relationships of
early anthropoids, as well as about the functional significance of the different
anthropoid synapomorphies (Gebo, 1986; Fleagle and Kay, 1994; Kay et al., 1997;
Ross, 2000; Gunnell and Miller, 2001).
Anthropoid monophyly is pretty much universally accepted (Delson and
Rosenberger, 1980; Hoffstetter, 1980; Rosenberger, 1986; Martin, 1993; Kay et al.,
1997; Ross et al., 1998; Gunnell and Miller, 2001; Szalay and Delson, 2013), and the
Early Oligocene Parapithecidae are considered by most to represent a sister taxon
of the crown group of the anthropoids (Delson, 1975; Hoffstetter, 1977; Fleagle
and Kay, 1987; Harrison, 1987). The late Eocene–early Oligocene Oligopithecidae
are considered by some researchers to represent early catarrhines (e.g. Miller and
Simons, 1997; Simons et al., 1999), while others (e.g. Ross et al., 1998) place them
further down the anthropoid stem. There is still no consensus regarding the
phylogenetic relationship and position of Pondaungidae (Ducrocq, 1999), because
some researchers consider this group to be located between the Oligopithecidae and
the Parapithecidae (Ross, 2000), while others regard them as crown anthropoids
(Chaimanee et al., 1997; Ducrocq, 1999). Until it is resolved which is the
phylogenetic position of this group, the current consensus position regards the
Propliopithecidae as the oldest definitive catarrhines (Harrison, 2013).
There still disagreement when it comes to the phylogenetic relationship between the
Oligopithecidae and Parapithecidae in relation to platyrrhines and catarrhines (Ross
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et al., 1998; Ross, 2000). Two main monophyletic groups are widely recognised, the
Propliopithecidae and the Parapithecidae (Ross, 2000). Oligopithecids are
considered to either represent primitive members of the Propliopithecidae, thus true
catarrhines, possibly ancestral to later cercopithecoids and hominoids (Simons and
Rasmussen, 1994). Others think that they are actually stem anthropoids (Ross et al.,
1998). The Parapithecidae are now regarded by most as being a sister clade of all
anthropoids (i.e. extant and extinct) (Hoffstetter, 1977; Fleagle and Kay, 1987;
Harrison, 1987).

Platyrrhines
Currently, a source of difficulties in platyrrhine palaeontology is the scarcity of
available data from the Eocene and Oligocene. Most platyrrhine fossils have been
dated to the Miocene or the Pleistocene of South America and the Caribbean
(Rímoli, 1977; MacPhee et al., 2003; Kay and Cozzuol, 2006; Tejedor et al., 2006;
Fleagle et al., 2012; Perkins et al., 2012). Nevertheless, there are remarkable
exceptions from Bolivia and Peru (Hoffstetter, 1969, p. 19; Wolff, 1984;
Rosenberger et al., 1991; Takai and Anaya, 1996; Takai et al., 2000; Kay et al., 2002;
Bond et al., 2015). Most of the fossils are composed of fragmentary dental remains,
with several species such as Branisella boliviana (Hoffstetter, 1969), Mohanimico
hershkovitzi (Luchterhand et al., 1986), Szalatavus attricuspis (Rosenberger et al., 1991),
Solimoea acrensis (Kay and Cozzuol, 2006), Insulacebus toussainatiana (Cooke et al.,
2011), Perupithecus ucayaliensis (Bond et al., 2015), Panamacebus transitus (Bloch et al.,
2016) and Canaanimico amazonensis (Marivaux et al., 2016a), being classified based on
limited dental traits. Interestingly, the Eocene species Perupithecus ucayaliensis found in
Peru bear striking resemblances to Eocene African anthropoids (Bond et al., 2015).
Bond et al. (2015) suggest that Perupithecus would be nested within a Late Eocene (38
to 34 mya) African anthropoid group comprising Catopithecus, Proteopithecus, and
Talahpithecus. However, in spite of their morphological resemblance, others have
disputed this proposal (see Kay, 2015 for a discussion) since Proteopithecus is
normally classified as a parapithecoid, while Catopithecus and Talahpithecus are
recognised most of the time as oligopithecids. Despite this controversy, most of the
available evidence including molecular analyses strongly points that Africa was the
most likely source of the protoplatyrrhine immigration. Modelling approaches have
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suggest that somewhere between 40 and 30 myr, the time when the Fayum
sediments were being laid down, a primate of ~1,000 g could have crossed the
Atlantic on a ‘floating island’ (Houle, 1999).
Extant platyrrhines or New World Monkeys (NWM) inhabit a diverse range of
habitats in the Americas (Fleagle, 2013b). The occupation of these niches has been
accompanied by distinct behavioural, locomotor, morphological, and ecological
adaptations in each one of the main platyrrhine clades (Ford and Davis, 1992;
Rosenberger, 1992; Fleagle and Reed, 1996; Fleagle et al., 1999; Rosenberger, 2002;
Youlatos, 2004; Rosenberger et al., 2009). The Pitheciidae (Callicebus, Pithecia,
Chiropotes, Cacajao) are characterized by their peculiar adaptions to sclerocarpy,
exhibiting evident modifications of the cranium, mandible, dentition, cranial
musculature and viscera to predate seeds (Kinzey, 1992; Norconk and Veres, 2011;
Kay et al., 2013; Ledogar et al., 2013; Norconk et al., 2013), as well as being canopy
dwellers, which move mostly quadrupedally with variable rates of suspension and
leaping (Youlatos and Meldrum, 2011). The Atelidae (Ateles, Alouatta, Lagothrix,
Brachyteles), comprise the largest NWM which are characterized by their occupation
of the upper canopy layers and their diet being composed mostly by fruits and
leaves (Campbell, 2008). One of their most distinct traits is their highly specialized
locomotion that often employs climb/clambering and suspensory behaviours,
frequently aided by the use of their prehensile tails (Rosenberger and Strier, 1989;
Strier, 1992). The Cebidae encompass two morphologically and behaviourally
distinct groups. The Cebinae (Cebus, Saimiri) correspond to medium-sized
inhabitants of all forest strata. They represent the most encephalized NWM,
showing particularly complex behaviours, foraging on both fruits and animal preys
via manipulative behaviours, and moving via quadrupedalism and leaping (Janson
and Boinski, 1992; Fragaszy et al., 2004). Finally, the Callitrichinae (Callithrix,
Cebuella, Leontopithecus, Saguinus, Callimico, Mico) are miniature monkeys characterized
by several unusual traits, such as being the only primate group that often gives birth
to twins, as well as exhibiting high levels of male parental care (Ford, 1980). Besides
their extremely reduced size, they also show other uncommon morphological
features, such as claws instead of nails and the loss of their third molar (excepting
Callimico) (Ford et al., 2009). Callitrichines occupy diverse levels of strata and many
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forests types, exhibiting a diet based on gums and arthropods and moving along
using quadrupedalism, leaping and clawed scansorial locomotion (Garber, 1992).
In the present dissertation both extant and extinct platyrrhines are the group under
study in the Fourth and Fifth Chapters, where different analyses are applied to study
their talar morphological data to get an insight into the evolution of this anatomical
structure, as well as its relationship with locomotion. In the Third Chapter the
Pitheciidae mandible is analysed to biomechanically test hypotheses regarding a
particular ecomorphological adaptation to seed predation known as sclerocarpy.

Catarrhines
From paleontological evidence it has been suggested that the first appearance of
early catarrhines occurred in Afro-Arabia during the Early Oligocene (dating
to about 29–32 mya), before their migration to Eurasia during the Miocene
(~17-18 mya) (Andrews et al., 1996; Harrison and Yumin, 1999; Harrison,
2005). For catarrhines and platyrrhines, the estimated molecular divergence date
suggests that catarrhines may have had an even earlier phylogenetic history that
can be traced back to the Middle Eocene (~40-44 mya) (Chatterjee et al.,
2009). During this period numerous clades of catarrhines originated, including the
Propliopithecoidea,
Cercopithecoidea

Pliopithecoidea,

Saadanioidea,

Dendropithecoidea,

and Hominoidea.

These lineages separated before the last common ancestor of hominoids and
cercopithecoids, being commonly known as stem catarrhines (Harrison, 2013).
Except Eurasian Pliopithecoidea, all of them were confined to Afro-Arabia, and
range in age from 32 to 7 mya (late Oligocene to late Miocene). In the past, some
Eocene and Early Oligocene anthropoids from the same region were proposed as
early catarrhines (Rasmussen, 2002), such as for instance the parapithecoids and
oligopithecids. Nevertheless, new evidence suggests that these taxa are in fact stem
anthropoids which diverged before the last common ancestor of both platyrrhines
and catarrhines (Fleagle and Kay, 1987; Harrison, 1987; Kay et al., 1997; Ross et al.,
1998; Beard, 2002; Kay et al., 2004; Seiffert et al., 2005, 2010). The earliest widely

35

accepted record of fossil catarrhines is represented by the propliopithecoids from
the Early Oligocene (~ 29–32 mya) of Egypt (Zalmout et al., 2010).
Extant catarrhines are the result of two distinct radiations with their own
characteristic evolutionary histories (i.e. cercopithecoids and hominoids) (Raaum et
al., 2005; Pozzi et al., 2014). In taxonomical terms Cercopithecoidea (i.e. Old World
monkeys) are the more diverse and successful of extant catarrhines at least in view
of the number of species and its diversity (Whitehead and Jolly, 2000; Fleagle,
2013). Cercopithecoid monkeys currently inhabit most of Africa and Asia, however
it is now also clear that they also occupied some parts of Europe in the recent past
(Modolo et al., 2005). The Old World monkeys can be characterise in two very
distinct groups which are classified into two subfamilies: the cercopithecines and the
colobines (Napier and Napier, 1967). It has been argued that when compared to
either platyrrhines or strepsirrhines, catarrhines seem to be a comparatively uniform
group regarding a variety of morphological and behavioural aspects, probably due to
the recentness of their adaptive radiation (Harrison, 2013). Nonetheless, both
lineages have experienced extensive adaptive radiations and are also composed of
numerous genera and species (Herrera, 2017). The colobines are predominantly leaf
and seed eaters of Africa and Asia, represented by two major groups: the colobus
monkeys of Africa (Colobini) and the langurs of Asia (Presbytini) (Davies and
Oates, 1994; Kirkpatrick, 2016). Yet genetic and phylogenetic relationships within
and between African and Asian colobines are very intricate, probably reflecting a
complex history of hybridization (Roos et al., 2011; Wang et al., 2012). The
cercopithecines on the other hand, are a predominantly African group of fruit eaters
represented by a single extremely successful genus in Asia and Europe (i.e. Macaca)
(Morales and Melnick, 1998) and two distinct clades of African cercopithecines: the
larger papionins (i.e. macaques, mangabeys, mandrills, geladas, and baboons)
(Zinner et al., 2011, 2013) and the smaller cercopithecines (i.e. guenons, vervets,
grivets, patas and talapoin monkeys) (Glenn and Cords, 2002). They exhibit a
complex phylogenetic history that is reflected in the variety of alternative
taxonomies proposed to resolve these relationships (Tosi et al., 2005; Sargis et al.,
2008).
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Hominoids are the less taxonomically diverse group of living catarrhines (Fleagle,
2013), being distinguished from the rest of the Old World monkeys by a variety of
both primitive catarrhine features and unique specializations, particularly in aspects
related to many aspects of their behaviour and ecology, as well as their life history
(Hill and Ward, 1988; Hunt, 1991b; Benefit and McCrossin, 1995). There are only
five genera of extant hominoids that are categorised in two families: hylobatids (i.e.
siamangs and gibbons) and hominids (i.e. orang-utans, gorillas, chimpanzees,
bonobos and humans) (Pilbeam, 1996). They have an interesting fossil record that
starts probably around the latest part of the Oligocene and Early to Middle
Miocene, with evidence of an extensive radiation of ape-like catarrhines that have
been traditionally placed in one superfamily known as the proconsuloids (Fleagle,
2013). Subsequently, there is dissimilar fossil record for the different hominoid
groups with an increasingly complex evolutionary history (Begun, 2015). Even
though the phylogenetic relationships among the extant taxa are mostly well
resolved since there is high quality genomic data for the majority of the hominoid
genera (Costa et al., 2016).
Hominoids are the group under study in the Second Chapter of this thesis, which
aims to analyse the association between scapular form and function in hominoids.
This is relevant because it has been proposed that the evolution of shoulder
mobility is one of the important evolutionary processes generating the locomotor
diversity observed in different primate lineages.

1.3 Methods applied in the present dissertation
Since an important part of the present dissertation deals with how to jointly apply
GM, FEA and PCMs in ecomorphological contexts, a brief description of these
methods will be provided in the following subsection. In addition, the Fifth chapter
of this dissertation also applies ML techniques to infer locomotion in a fossil
platyrrhine sample, so a succinct characterisation of this group of methods is also
included.

37

1.3.1 Finite element analysis
Finite Element Analysis (FEA) is a general modelling technique that can be used for
structural, thermal, fluid, and acoustic analyses, amongst others (Zienkiewicz et al.,
2005). It is a computational technique which applies the finite element method that
when used to deal with structural problems, allows the computation of the
mechanical response of a structure to different simulated loads and constraints and
with defined material properties (Zienkiewicz et al., 2005). FEA acts by dividing a
structure into a finite number (normally thousands or millions) of discrete elements
with well-known mathematical properties (e.g., triangles, tetrahedrons or cubes)
(Beaupré and Carter, 1992). If the geometry of an object is simple enough, applying
analytical solutions can solve strain and stress (Richmond et al., 2005). However,
more complex shapes (such as the ones observed in most biological cases) might be
difficult or even impossible to solve using analytical means, especially if the loading
scenarios or material properties are complex (Richmond et al., 2005). Therefore,
FEA offers an alternative approach by approximating the solution via the
subdivision of complex geometries into multiple finite elements of simpler
geometry. After virtually applying forces to the structure under analysis the
displacements of the nodes are computed, which are are then converted into strains,
and ultimately used to calculate stresses (Marcé-Nogué et al., 2017a).
FEA has been used in engineering (with particular emphasis in mechanical
engineering) for a long time, with applications to biological structures particularly in
the field of bioengineering, implantology and orthopaedic medicine (e.g. Huiskes
and Chao, 1983; Geng et al., 2001; Trivedi, 2014; Taylor and Prendergast, 2015).
FEA has attracted attention of organismal biologists and especially palaeontologists,
as it allows analysing the mechanical behaviour and performance under simulated
biomechanical scenarios of not only extant species, but also fossils, as well as
modern species in which experimentation is not allowed due to ethical, conservation
and/or access reasons (Spears and Crompton, 1994; Richmond et al., 2005;
Rayfield, 2007; Panagiotopoulou, 2009; Bright, 2014). Most of the studies in
organismal biology have focused in the vertebrate skull, jaw and teeth (e.g. Kupczik
et al., 2007; Pierce et al., 2009; Gröning et al., 2011; Rayfield, 2011; Tseng, 2013;
Figueirido et al., 2014), although more recently several studies have applied FEA to
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analyse aspects of the postcranial skeleton (Ogihara et al., 2003; Piras et al., 2012,
2015; Püschel and Sellers, 2016).
The FEA workflow starts by capturing the geometry of the structure under analysis,
in 2D or 3D, but planar models have been also used (i.e. ‘2D model’ with constant
thickness) (Marcé Nogué et al., 2013). Depending on the desired dimensionality
different methods are available to capture morphological data. 2D FE models are
commonly generated using photographs, outlines or even drawings (Marcé Nogué
et al., 2013), whilst 3D FE models are usually obtained from CT-scans, magnetic
resonance imaging, photogrammetry, among other options (Ross, 2005). In cases
with a limited access to the specimen of interest or when it is not possible to scan it
due to any limitations, it has been even proposed that models could be generated
from simple shapes and then CAD software could be used to modify these shapes
until the desired morphology is achieved (i.e. Box modelling) (Rahman and
Lautenschlager, 2016). 3D volumetric models obtained from methods that allow
obtaining internal geometry have the advantage of enabling modelling of both the
external and internal morphology of the structure under analysis (e.g. trabecular
structure, cavities, sinuses, osteological thickness), which are factors that might
influence the mechanical behaviour of an structure or might be relevant for certain
studies (Fagan et al., 2007). However, it has been shown that when FEA is applied
to specimens with unknown internal architecture, it still can produce reliable results,
even when the internal bone architecture cannot be modelled in detail, because
probably most of the stiffness in a structure depends on its external morphology
(Fitton et al., 2015).
After obtaining the model, the digital area (2D) or volume (3D) is transformed into
a finite number of simpler geometric shapes called ‘elements’, which are joined by
nodes, thus conforming a mesh (Bright, 2014). Meshes can be comprised of
different numbers and shapes of elements (Zienkiewicz et al., 2005). Increasing the
number of elements usually generates better models, but it does not necessarily
increase the accuracy of the solution, whereas it substantially increases computing
time (Brassey et al., 2013). Therefore, it is a quite common procedure to perform
sensitivity studies testing models that exclusively vary in the number of elements to
determine the number elements required for the convergence of the results
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(Kupczik et al., 2007; Brassey et al., 2013). The following step is to assign material
properties to the mesh elements (Bhatti, 2005). Depending on the specific purpose
of the analyses, just one or several material properties can be assigned to different
elements representing, for instance, different tissues (e.g., cortical and trabecular
bone, ligaments, dentine, cement, enamel, etc.) (Gröning et al., 2011). It is quite
common for biological contexts to just specify the Young's modulus of elasticity
and Poisson's ratio of compressibility, which can vary in magnitude or orientation to
reflect heterogeneous or anisotropic properties of the source material, respectively
(Williams and Lewis, 1982; Chen and Povirk, 1996; Rho et al., 2001). Nonetheless,
most of the studies assume a linear, isotropic behaviour to simplify the analyses
unless the actual objective of the study is to see how this decision influences the
obtained results (Chen and Povirk, 1996). Although bone generally behaves
anisotropically, it is usually modelled as a linear elastic and isotropic material for
simplicity, because it has been shown that isotropic modelling seems to have little
effect compared to anisotropic modelling on the pattern of stress (Chen and Povirk,
1996; Strait et al., 2005). Material properties can be determined using experimental
approaches for extant species (Peterson and Dechow, 2003; Daegling et al., 2009),
but for extinct taxa the material properties are typically established using some
comparative criterion such as the extant phylogenetic bracket (Witmer, 1995),
phylogenetic distance/relatedness (Wroe et al., 2007) or by comparing bone
histological morphology in a series of taxa (Rayfield et al., 2001). However, in most
studies comparing different specimens FEA is applied as a structural comparative
technique and the objective is not necessarily to recreate exactly the way an
anatomical structure is loaded during life and/or to estimate exact strain/stress
values, but rather to compare a general measure of mechanical performance
(Püschel and Sellers, 2016). In other words, in comparative studies the idea is to
assess how different shapes affect mechanical performance under comparable
loading scenarios, with no need of validating the obtained results against
experimental data and/or obtain in vivo-like stress or strain values (at least not
necessarily) (Marcé-Nogué et al., 2017b).
The following step is to define boundary conditions, constraints and loads (wich
specify magnitudes and orientations) in order to simulate the desired biomechanical
scenarios (e.g. unilateral biting, striding, jumping, climbing, standing, etc.)
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(Richmond et al., 2005; Rayfield, 2007). In most cases extra constraints are required
to prevent rigid body motions of the geometry and counteract residual moments
(e.g. from errors when applying the loadings), although caution is required when
placing constraints in order to avoid over-constraining the model under analysis
(Ross, 2005). The applied loads are used to simulate either an external force (e.g.
ground reaction forces, impacts, etc.) or intrinsic loads, such as muscle actions or
joint reaction forces (Rayfield, 2007). Depending on the specific purpose of the
study, loads can be more realistically derived by estimating them using experimental
data (i.e. by measuring the performance of a certain action both in vivo or ex vivo)
(Anderson et al., 2007; Ellis et al., 2008), soft tissue data obtained from dissections
(Toro-Ibacache et al., 2016), or contrast enhanced CT-scanning (Cox et al., 2011;
Bribiesca-Contreras

and

Sellers,

2017).

Since

most

of

the

above

mentioned information is not available for extinct taxa, similar criteria as the ones
mentioned for material properties can be applied to determine which values to
apply (Bright, 2014). Extant phylogenetic bracket can be used to reconstruct
muscle position and forces (Witmer, 1995), or muscle or fascia insertion marks
can be used to establish muscle attachment areas to compute muscle volume and
cross-sectional area (i.e. anatomical cross-sectional area) (Demes and Creel,
1988; Christiansen and Adolfssen, 2005; Ellis et al., 2008). However, as it was
previously mentioned, in several studies the objective is not to obtain the
absolute forces or loads, but to analyse the performance in relation to shape in a
comparative framework (Piras et al., 2013).
One important consideration to take into account when analysing different
individuals using FEA is how to make the obtained results comparable. Strain
energy is proportional to the square of the load and to volume (Dumont et al.,
2009), hence it is important to account for size differences when performing strain
or stress comparisons. Several solutions have been proposed to compare total strain
or stress between different specimens. Suggestions include scaling the loads to yield
similar force:surface area ratios or scaling them to a relevant biological measurement
(e.g. bite force, moment arm, animal weight) (Fitton et al., 2012; Parr et al., 2012;
Brassey et al., 2013). Another possibility is to scale the models to achieve the same
surface area or same volume, or to simply scale the obtained results from the
analysis with respect to a sensible measure (Dumont et al., 2009).
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In a structural analysis, typical mechanical parameters of interest are strain, which is
the deformation within a structure (Δlength/length; unitless) and stress, the applied
force per unit area (Nm−2), which are obtainable as result of FEA (Kupczik, 2008).
Therefore FEA calculate the deformation at the nodes within the FE models as
affected by the applied simulation conditions, thus providing values of nodal strains,
element stress, and strain energy (Zienkiewicz et al., 2005). Subsequently, these
values are used as indicators of the mechanical performance of a structure (MarcéNogué et al., 2013). Earlier studies assumed that in most cases natural selection
acted to increase the mechanical efficiency of anatomical structures (e.g. decreased
strain and stress under the typical behaviour of an animal would be indicative of
adaptation for structural strength) (e.g. Preuschoft and Witzel, 2005; Wroe et al.,
2005, 2007; Dumont et al., 2011). However, more recent studies analysing several
taxa have shown that the picture is not as simple as initially thought. For example, a
study addressing adaptation hypotheses using FEA derived data from large-enough
clades with well-documented phylogenies has shown that there is no straightforward
evidence of low stress selection in hard-food eating species (Dumont et al., 2014),
although the expected pattern has been found in other clades (Marcé-Nogué et al.,
2017b). In part, this is related to the fact that in many of these structures several
different functions are performed (e.g. the cranium is involved in feeding, hearing,
vocalization, etc.) (Lieberman, 2011) and consequently, several selection pressures
could be acting simultaneously. Additionally, the role of morphological integration
in the development of these structures could also influence the final morphology
and as a result, some morphological aspects could not be functionally related, but
instead arise as result of the developmental covariation between modules
(Klingenberg, 2008).
Finally, in some cases when necessary, FE models can be validated experimentally
by measuring strains and stress in an experimental setting and comparing those
values against the ones obtained in silico (Kupczik et al., 2007; Panagiotopoulou et
al., 2011; Rayfield, 2011; Toro-Ibacache et al., 2016). There are several ways in
which the validation procedure can be performed, ranging from in vivo recordings
using strain gauges or force transducers to ex vivo measurements using digital speckle
interferometry, photoelastic materials, etc. (Toro-Ibacache et al., 2016). Validation
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studies are important not only to validate the specific models (Kupczik et al., 2007),
but also to test how accurate the discretised models are, or how changing
parameters affects their performance (Panagiotopoulou et al., 2011), as well as how
they can be simplified until they are no longer realistic (Fitton et al., 2015). Another
available approach is sensitivity analysis, which in its basic form enables us to assess
how variation in the FEA input parameters or model geometry affects the obtained
results (the ideal is to reach convergence, which means the point in which variation
in the parameters does not affect significantly the outcomes) (Brassey et al., 2013).

1.3.2 Geometric morphometrics
Geometric morphometrics (GM) comprise a set of techniques for the analysis of
form (i.e. shape and size) that utilise as primary data Cartesian coordinates rather
than linear distances, angles, ratios or other measurements (Adams et al.,
2013). These techniques focus their analyses on homologous coordinates instead
of

linear

measurements,

thus

allowing

a

consistent

partition

of

the

mathematical effects of size, as well as providing results that can be visualized as
graphical transformations of the shape under analysis (Slice, 2007). The primary data
for geometric morphometric analysis are landmarks (i.e. 2D or 3D discrete
anatomical loci on the specimens of interest) or semi-landmarks (i.e. series of points
that are located relative to one another by some consistent rule along a curve or
across a surface), which from a mathematical perspective correspond to
homologous points between different specimens (Dryden and Mardia, 1998).
Coordinate data collection will vary primarily depending on the required
dimensionality (i.e. 2D or 3D), as well as depending on the structure of interest. 2D
landmarks can be simply collected from digital photographs using standard
geometric software (e.g. TPS series) or using custom written scripts or R functions
(Zelditch et al., 2012; Adams and Otárola-Castillo, 2013; Rohlf, 2015). In general,
collecting 3D landmarks requires some more specialized equipment such as point
digitizers (e.g., Microscribe 3D), laser or structured-light surface scanners (e.g.,
NextEngine, David), CT-scans or MRIs, among other equipment (Weber and
Bookstein, 2011). Nonetheless, a simpler and non-expensive solution can be
achieved by using photogrammetry to generate 3D models from several digital
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photos taken from different angles and positions (Falkingham, 2012) or by using at
least two photographic cameras to set up a stereo camera that allows the collection
of 3D points (Olsen and Westneat, 2015).
Even though linear measurements do not allow a separation of size as coherent as
the one achieved by using GM techniques, they have the advantage that distances
are invariant with respect to rotation and translation, whereas coordinate data is not
(Bookstein, 1991). Since landmark coordinates have no intrinsic scale or orientation,
they have to be collected in way that makes the coordinates of one specimen
comparable to rest of the sample (Kendall, 1977). The most popular method to
achieve this is the Generalized Procrustes Analysis (GPA) that basically consists in
an algorithmic procedure that rescales a set of landmarks and then aligns them with
other sets at their geometric centres (i.e. centroids), to finally rotate them until the
sum of squared distances between them is minimized (Gower, 1975; Rohlf and
Slice, 1990). Several variations of the traditional Procrustes superimposition that are
available differ in the manner in which size is computed to be rescaled, the
coordinates used to rotate the structure of interest and if shapes are fit one another
or with respect to the sample mean (Zelditch et al., 2012). For instance, most
standard GM packages (e.g. TPS series, ‘geomorph’ R package) perform a partial
Procrustes superimposition (i.e. configurations are scaled to unit centroid size
during the scaling step) (Rohlf, 1999), where there is an additional step that projects
the aligned specimens onto the tangent space (Adams and Otárola-Castillo, 2013;
Rohlf, 2015), while others (e.g. MorphoJ) carry out a full Procrustes
superimposition (i.e. configurations are scaled to cos(ρ) during the scaling step,
where ρ are Procrustes distances, so that the total sum of squares is minimised)
(Dryden and Mardia, 1998; Klingenberg, 2011). Nevertheless, the differences due to
the application of slightly dissimilar Procrustes superimposition procedures are
expected to be insignificant or almost negligible depending on the dataset under
analysis (unless there is unusual large variation or extreme outliers) (Dryden and
Mardia, 1998).
It is also important to consider that by removing the effects of size, orientation and
translation, there is consequent reduction in the degrees of freedom of the
Procrustes residuals (i.e. four degrees of freedom in 2D and seven in 3D
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configurations, respectively). This reduced dimensionality implies that variation is
constrained so that shapes are distributed in a hyperdimensional sphere, which is a
non-Euclidean mathematical space (Kendall, 1984). Consequently, shapes are often
projected to a Euclidean tangent space to allow the use of traditional multivariate
statistics. Although routinely performed, this step is not strictly necessary since most
biological shape variation is sufficiently constrained due to factors such integration
that the non-Euclidean curvatures of shape space are negligible (Rohlf and Slice,
1990), unless comparing astoundingly dissimilar structures.
The coordinates transformed after the Procrustes superimposition can be used as
shape variables themselves, but their covariances and reduced degrees of freedom
have to be considered when computing p-values or other statistics (Zelditch et al.,
2012). Frequently these coordinates are converted into other two kinds of variables
commonly seen in the morphometric literature so that they have the proper number
of degrees of freedom (Bookstein, 1991). One option is to simply carry out a
principal component analysis (PCA) so that the Procrustes coordinates are
projected onto their principal component axes (PCs) (Rohlf, 1993). Therefore, each
PC corresponds to a new variable of correlated variation in landmark coordinates
that is orthogonal to the other PCs (Polly et al., 2013). The scores of the objects on
the PC axes are then shape variables that have both the proper number of degrees
of freedom and are uncorrelated (Hotelling, 1933; Zelditch et al., 2012). The other
commonly used option is to apply the thin-plate spline decomposition method to
factor the coordinates into partial warp and uniform component scores (Bookstein,
1991; Bookstein et al., 2003). Carrying out a PCA using the partial warp and
uniform component scores (i.e., relative warps analysis sensu Bookstein) is identical
to performing a PCA using Procrustes residuals (i.e. if the partial warp and uniform
component scores are weighted equally) (Rohlf, 1993). Subsequently, the standard
multivariate toolkit can be applied on these different shape variables, using standard
multivariate techniques (e.g. regression, MANOVA, partial-least squares, etc.) with
the precaution of preferring non-parametric permutation tests since shape variation
infrequently meets normality assumptions and sample sizes are often unbalanced
(Zelditch et al., 2012).
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One of the greatest features of geometric morphometrics is that it allows a graphic
and more intuitive visualization of the obtained results (Klingenberg, 2013). Whilst
in linear morphometrics most results are summarised in the form of tables and/or
traditional graphs, the application of the thin-plate spline method allows us to
visualize shape changes by morphing one digital object into the shape of another or
into hypothetical morphologies resulting from multivariate analyses (Weber and
Bookstein, 2011). The thin-plate spline also can also be applied to decompose shape
differences into different geometric components (i.e., the uniform component that
corresponds shape differences across a whole target specimen and the non-uniform
component that describes local shape differences) (Bookstein, 1989).
GM has become the standard tool to quantify morphology in organismal biology
and vertebrate palaeontology. Many examples are available with applications to
development, integration, sexual dimorphism, intra and inter-specific variation,
functional morphology, taxonomy, phylogenetics, ecomorphology, palaeoecology,
among others.

1.3.3 Approaches combining FEA and GM
Recent developments in the study of geometric shape and biomechanical modelling
have proposed that using both GM and FEA could provide a better understanding
of the existing relationship between the shape of skeletal elements and their
mechanical performance (Pierce et al., 2008; Piras et al., 2012, 2013; Tseng, 2013).
Even though there has been some controversy regarding how to properly combine
FEA and GM data (Bookstein, 2013), there is relatively uniform agreement that
bridging these two techniques could provide interesting insights about the
relationship between form and function (O’Higgins et al., 2011; Parr et al., 2012;
Polly et al., 2016). For this reason, different approaches have been proposed to
combine FEA and GM data, such as for instance landmark-based analysis in the
size-and-shape space of the deformations obtained as result of FEA (Cox et al.,
2011; Gröning et al., 2011; O’Higgins et al., 2011; Milne and O’Higgins, 2012;
O’Higgins and Milne, 2013), the analysis of finite element models based on warped
and target surface meshes (Stayton, 2009; Parr et al., 2012), and the construction of
regressions for strain energy density on the largest-scale relative warps (Bookstein,
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2013), among others. Since several approaches have been proposed to combine
these two tools in the context of the virtual functional morphology toolkit, a brief
summary and classification of the most popular ones is provided below:

Figure 1.2 a) Virtual representation of the original Neanderthal scapula (Krapina 132), b) Female
Homo sapiens scapula used as reference to warp the fossil using the thin-plate spline function, c) final
result of the virtual reference-based reconstruction process and d) FEA analysis of the reconstructed
model.

GM as data generation/manipulation tool for FEA
One of the simplest options is to just use the reconstruction techniques derived
from GM (e.g. TPS, multivariate regression, PLS, etc.) (see Figure 1.2 for an
example) to reconstruct missing portions of a model or to correct deformed or
distorted aspects of its anatomy, and then to carry out an FEA of the resulting
reconstructed model (Zollikofer and Ponce de León, 2005; Weber and Bookstein,
2011). Another similar approach implies warping a model to represent some of the
results obtained from analyses such as PCAs, CVAs, or multivariate regressions (i.e.,
hypothetical morphologies) and then to perform an FEA of these theoretical
morphologies (Fig. 1.3). This approach has the advantage that starting from just one
model (e.g., a warped model representing the multivariate mean of a sample) it
is possible to efficiently and quickly generate a dataset of hypothetical
morphologies representing the variation observed in a particular morphospace
(Stayton, 2009). With this approach, landmark data can be used to warp an FE
mesh generated from one particular individual into several different target
shapes that could be hypothetical morphologies, or real specimens whose
mechanical performance can then be studied (Parr et al., 2012). It is
important to consider that warped morphologies depend on the initial
landmark selection and if only surface
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landmarks were collected then the internal anatomy of the model is likely to be
severely distorted since the internal architecture of the bone (e.g., cortical thickness,
trabecular organization) would not be accurately represented. One solution is to
analyse only filled models or to collect representative landmark all over the model.
However, the latter still needs to be properly explored to define a well-established
workflow.
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Figure 1.3 a) Canonical variate analyses (CVA) of talar shape using locomotor classifications. The
circles represent 90% confidence intervals, while the filled dots correspond to the group means. One
of the models closest to the mean shape was warped to match the multivariate mean using the thin
plate spline method, then the obtained average model was warped to represent the variation along
the two plotted CV axes in both analyses. These warped models were then used to b) perform a FEA
of these hypothetical extreme locomotor morphologies and compare them against a fossil sample
using a UPGMA clustering method. Bootstrap values at nodes were calculated after 10,000
permutations.
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GM as a tool to analyse deformations after FEA analysis
GM has been applied to analyse strain deformation, particularly in the context of
sensitivity analysis (i.e., how changing certain parameters, such as for instance
material properties or load forces, affect the obtained outputs) (Cox et al., 2011).
This has been done by collecting a series of easy identifiable landmarks on the
model and then comparing the strain values at those locations (Parr et al., 2012) and
also by using GM itself to analyse the global deformation before and after FEA, and
depending on different loading scenarios (Cox et al., 2011; O’Higgins et al., 2011;
Toro-Ibacache et al., 2016; O’Higgins et al., 2017). Although initially promising, it
remains still unclear how the representations of these shape differences (measured
in Procrustes distances) relate to the strain/stress patterns obtained from FEA, in
particular when shape changes are obtained via interpolation (e.g., when using the
TPS method) (Bookstein, 2013). Furthermore, there are concerns regarding certain
incompatibilities of the differential equation implementation between the two
techniques, along with incompatibilities of graphical semiotics (i.e. how to compare
stress/strain maps from different specimens in FEA) (Bookstein, 2013). All these
unresolved questions perhaps explain why this approach has not been widely
adopted among researchers.

GM and FEA combined by analysing their results using
multivariate statistical tools
FEA and GM outputs have been used to explore questions in functional
morphology, ecomorphology, macroevolution, among others, by applying standard
statistical methods such as multivariate regressions, ANOVAs or PLSs. Diverse
authors have tried to link functional performance (i.e., measured as a strain or
stress) and shape data (i.e., PC axes, or Procrustes coordinates) (e.g. Pierce et al.,
2008, 2009, Piras et al., 2012, 2013; Püschel and Sellers, 2016). Furthermore, using
the results obtained from both techniques, evolutionary hypotheses can be tested in
order to understand the possible underlying mechanisms explaining the observed
phenotypic differences (Polly et al., 2016). For example, by combining these results
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with a well-resolved phylogeny, it is possible to test different evolutionary models
(e.g. Brownian motion, adaptive radiation, directional selection, stasis, OrnsteinUhlenbeck models) for congruence with the phenotypic data models using a
maximum-likelihood framework in order to assess which possible evolutionary
scenario better explains the distribution of shape and function on a phylogeny
(Young et al., 2011). In addition, some other studies have also generated several FE
models representing a range of morphologies corresponding to a set of consistently
spaced points from a particular morphospace and then assigned to each point in the
set its stress or strain values and by using interpolation functions generate a
continuous surface showing expected performance for all possible shapes in that
morphospace (Stayton, 2011; Dumont et al., 2014; Polly et al., 2016). For example,
Polly et al. (2016), combined FEA and GM by generating performance surfaces
describing a quantitative adaptive landscape that was used to predict the direction of
morphological evolution (assuming that shapes were being selected for functional
performance). Then they proposed to test the obtained evolutionary paths against
evolutionary pathways documented by either phylogenies or fossil sequences (Polly
et al., 2016). The present dissertation can be regarded as being within this latter
approach to bridge GM and FEA using multivariate tools, but it differs from
previous approaches in some ways that will be explained in the general discussion
section.

1.3.4 Phylogenetic comparative methods
Modern phylogenetic comparative methods (PCMs) consist of a series of statistical
procedures applied to analyse phylogenetic trees, and frequently, their association
with trait/phenotypic data (Paradis 2014). The overall objective of most modern
phylogenetic comparative tools is to elucidate how evolution has generated the
observed biodiversity patterns through time (O'Meara, 2012; Pennell and Harmon,
2013). The first PCMs were developed to test if two or more traits evolved in a
correlated fashion taking into account the inherent non-independence of
phylogenetic data (Felsenstein, 1985; Grafen, 1989), but they have now expanded to
also test hypotheses about the evolutionary tempo and mode of different
phenotypes (Butler and King, 2004; O'Meara et al., 2006), as well as to analyse clade
diversification dynamics.
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Currently there are two main sub-families of methods within the PCMs, which can
be broadly classified as those focused on trait evolution and those used to
investigate lineage diversification (Cornwell and Nakagawa, 2017). Since the
present dissertation exclusively applies trait-evolution PCMs, the following
section explains these methods in more detail than those focused on lineage
diversification, which are just briefly presented.

Trait-evolution PCMs
One of the main goals of trait-evolution PCMs is to model evolutionary tempo and
mode (i.e. speed and manner of evolution) (Simpson, 1944). Consequently,
phylogeny is used as a historical framework that can be used to model trait
evolution along its branches (Smaers et al., 2016). Trait-evolution PCMs commonly
apply different models of evolution that define how to map trait variation in
observed taxonomic units onto the branches of a phylogenetic tree. There are two
main standard models commonly applied to characterise trait evolution: Brownian
motion (BM) and Ornstein–Uhlenbeck (OU). However, they have been adapted
and modified to model other possible evolutionary scenarios, which were not
possible to describe with the most basic formulations (Butler and King, 2004;
O’Meara, 2012; Ho and Ané, 2014; Smaers et al., 2016; Cornwell and Nakagawa,
2017).
Under BM, trait evolution is simulated as a random walk through trait space, and
phenotypic difference between sister taxa is expected to grow proportional to
the sum of branch lengths between them. Support for a BM model suggests that
trait disparity uniformly increases over time. An extension of the BM model
applied to adaptive radiation scenarios is the Early Burst (EB) model, where the
rates of Brownian evolution decay exponentially with time, thus use to represent
niche-filling scenarios (Harmon et al., 2010). Support for EB models suggests that
most of the trait disparity of a particular clade is partitioned early in their
evolutionary history (Harmon et al., 2010). It is important to keep in mind that BM
represents random change that can arise as result of several distinct evolutionary
processes such as genetic drift (i.e. a BM process that generally affects smaller
populations since results from chance sampling of one generation from the previous
one, thus being related to population size) or selective drift (i.e. a BM process
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randomly changing directional selection). Although these two different phenomena
can be modelled using a BM process, they can be distinguished by estimating
evolutionary change rates (i.e. fast rates for selective drift, whereas slower rates for
genetic drift) (Harmon et al., 2003). The traditional BM model has been now
expanded to allow multi-rate BM models using reversible-jump Markov chain
Monte Carlo procedures in order to estimate how rates change across a phylogeny,
and to test specific hypotheses about where rate shifts happen (O’Meara et al., 2006;
Eastman et al., 2011; Venditti et al., 2011; Revell et al., 2012). In addition, recent
developments in BM models have allowed the estimation of branch-specific rates of
evolution in a deterministic manner using the available phylogenetic and phenotypic
information (Smaers et al., 2016). The obtained evolutionary rates are successively
used to parameterize a multiple variance BM model, in which it is possible to
stochastically infer the phenotypic values for all internal nodes using a Bayesian
Markov chain Monte Carlo approach (Smaers et al., 2016).
On the other hand, OU models allow us to model processes that are not possible to
describe using the unconstrained random walk of BM (Bookstein, 1987; Gingerich,
1993; Butler and King, 2004; Hunt, 2006; Cressler et al., 2015). OU models describe
trait evolution under stabilizing selection, so in addition to a random walk
component there is attraction to a selective optimum (θ), and the strength of
attraction to this selective optimum (i.e., the strength of selection) is measured using
the α parameter (Butler and King, 2004). The OU framework has been expanded to
consider not only single peak models (which in most cases would be highly
unrealistic), but to also consider ‘multi-regime’ scenarios that enable the OU
parameters to vary across the phylogeny (Butler and King, 2004; Beaulieu et al.,
2012; Ingram and Mahler, 2013; Uyeda and Harmon, 2014; Khabbazian et al.,
2016). These ‘multi-regime’ OU models are extremely useful when testing different
evolutionary

hypotheses

parameterizations,

where

(i.e.
each

when
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parameterization

among
describes

different
an

model

alternative

evolutionary scenario characterising the structure of the adaptive landscape
throughout time) (Butler and King, 2004).
It has to be noted that these different evolutionary models are generated to facilitate
the understanding of possible underlying evolutionary processes, but they do not
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necessarily represent complete explanations (i.e., model selection is not an end in
itself but a helpful approach in contributing to reasoning about the evolutionary
mechanisms that might explain the observed variation in the analysed traits) (Ho
and Ané, 2014; Cressler et al., 2015). In fact the manner in which both BM and OU
model parameters are connected to more commonly tested biological scenarios,
such as ‘adaptive radiations’, ‘key innovations’, ‘niche-filling situations’, etc., is not
necessarily straightforward (Pennell and Harmon, 2013; Pennell, 2015; Pyron, 2015).
For instance, model selection among poor alternatives will unavoidably provide a
best candidate, which might be in any case a poor explanation of the evolutionary
phenomenon under study (Aho et al., 2014). Furthermore, the evolutionary
scenarios of interest may be not well-described by current models and methods
(Harmon et al., 2010; Pennell, 2015). The OU assumption of clade-wide stabilizing
selection might be unrealistic, since particular lineages within a clade may have
experienced their own specific evolutionary histories that could differ strikingly
from the history of the rest of the clade (Pennell, 2015). Likewise, the BM
assumption that trait change is proportional to the square root of time and constant
along all branches has long been considered to be discordant with how many traits
evolve (although as explained above new models can at least consider different rates
in different branches) (Harvey and Purvis, 1991; Smaers et al., 2016).
Nonetheless, the application of BM and OU models continues to be highly useful
and is supported by their efficacy to detect patterns of change through time, their
interpretative value in terms of evolutionary processes (i.e. it allows describe trait
evolution as wished by Simpson [1944]) and being at least loosely connected to
biological concepts, such as ‘adaptive radiation’, ‘niche-filling scenarios’, among
others (Pennell, 2015). In fact, it can be argued that trait-evolution PCMs aim to
detect patterns of trait change through time, irrespective of the underlying
microevolutionary processes that might explain the observed pattern (Pennell,
2015). Further studies connecting PCMs with quantitative genetic models might
help to properly connect the macroevolutionary explanations derived from traitevolution

phylogenetic

comparative

techniques

with

the

underlying

microevolutionary processes (Lynch, 1991; Housworth et al., 2004; Hadfield and
Nakagawa, 2010).
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Lineage diversification PCMs
The second sub-family of PCMs is focused on answering questions about taxa
number and distribution across the tree of life (Cornwell and Nakagawa, 2017).
There is evidence for shifts in speciation and extinction rates in different groups
from both the fossil record and also based on the relative diversity of extant
lineages, therefore the main goal of this group of PCMs is to test for changes in
speciation and/or extinction rates through time and across different groups (Alfaro
et al., 2009; Morlon et al., 2011; Stadler, 2011; Etienne and Haegeman, 2012;
Condamine et al., 2013). Lineage diversification PCMs can be further divided
between those using a) tree topology and those that are b) model-based.
a) Methods using tree topology to investigate lineage diversification: The topology
of any phylogeny contains information about historical patterns of diversity
dynamics (Pennell and Harmon, 2013). This approach used different tree metrics
measuring how balanced a trees was in order to get insight about diversification
dynamics. In brief terms, these metrics compare the number of species in sister
clades and the obtained differences are compare against a null model (usually a
birth-death one) (Slowinski and Guyer, 1989). Thus, high differences in the number
of species between sister clades were considered as a sign of different diversification
rates (Slowinski and Guyer, 1993). One limitation of this approach is that the birthdeath model requires dramatic differences in diversity between clades in order to
find significant results (Slowinski and Guyer, 1989). Yet more recent methods used
either a maximum-likelihood or Bayesian framework in their tree balance tests to
counteract this limitation (Chan and Moore, 2005; Moore and Donoghue, 2009).
b) Model-based methods to assess rates of diversification: It is also possible to
directly fit a birth-death model to a phylogenetic tree by using likelihood equations
for phylogenetic trees of extant taxa generated under a birth–death process (Nee et
al., 1992). This approach has been expanded to allow more complex hypotheses
testing, such as to find clades that have unusual rates of speciation and/or
extinction (Alfaro et al., 2009), or to test how patterns of diversification rates
change through time (Morlon et al., 2010; FitzJohn, 2012).
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1.3.5 Machine Learning
Machine-learning (ML) is a discipline at the crossroads between statistics, artificial
intelligence, data and computer sciences, being also known as predictive
analytics/modelling or statistical learning (Kuhn and Johnson, 2013a). ML deals
with topics such as developing and assessing algorithms for classification, prediction
and pattern recognition based on models derived from existing data (Tarca et al.,
2007). This means that both the generation of the algorithm and its object
classification process or event prediction are to be based on observable data. There
is a long and complex history between biology and ML, since some of the first ML
algorithms were developed to tackle questions in the cognitive sciences (Wilson and
Kehr, 2001). For example, an early ML technique called the perceptron constituted
one of the first attempts to model neuronal behaviour, and the field of artificial
neural network (ANN) arose from this initiative (Tarca et al., 2007). Currently, the
application of ML techniques has become ubiquitous in different fields within
biology, although its application has been mostly concentrated in certain areas.
Some well-known algorithms (e.g. Bayesian and Gaussian networks, random forests,
hidden Markov models, support vector machines, etc.) have been successfully used
in genomics, transcriptomics, proteomics, systems biology and numerous other
domains (Larrañaga et al., 2006). Even so, in the areas of ecology and evolution it
has been mostly applied to tackle problems of automated taxon identification,
comparative genomics and phylogenetic inference (Larrañaga et al., 2006; MacLeod,
2007; Libbrecht and Noble, 2015).
It has been only recently that several ML methods have started to be applied more
frequently in the field of functional evolutionary morphology (Dobigny et al., 2002;
Feldesman, 2002; Mendoza et al., 2002; Baylac et al., 2003; Bignon et al., 2005;
MacLeod, 2007; Van Bocxlaer and Schultheiß, 2010; Brink and Bokma, 2011;
Santos et al., 2014; Navega et al., 2015; Sonnenschein et al., 2015; Li et al., 2016;
Hanot et al., 2017; MacLeod, 2017). While some of these techniques (e.g. support
vector machines, random forests) are based on mathematics, which are quite
different to those regularly applied in standard morphometric studies, other
approaches (e.g., logistic regression, Bayesian networks) are related to methods that
have been previously applied in morphometrics or in other related biological fields
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(MacLeod, 2017). Although there are available publications using ML techniques to
classify observations using morphometric data (e.g. Dobigny et al., 2002;
Feldesman, 2002; Mendoza et al., 2002; Baylac et al., 2003; Bignon et al., 2005;
MacLeod, 2007; Van Bocxlaer and Schultheiß, 2010; Brink and Bokma, 2011;
Santos et al., 2014; Navega et al., 2015; Sonnenschein et al., 2015; Li et al., 2016;
Hanot et al., 2017; MacLeod, 2017), they are still not commonly adopted by the
morphometrics or functional morphology community, probably due to the lack of
familiarity regarding these techniques among the practitioners of these disciplines.
Consequently, the idea of this section is to briefly describe some of the most
common concepts in ML, as well as to characterise some of the most widespread
practices. One of the most common ways to classify ML algorithms is based on
whether they require prior information about the output, or whether they are able
to define their classification criteria without this additional information.

Supervised learning
The ML algorithms applied in supervised learning are those that automate decisionmaking processes by making generalisations from known examples (Wilson and
Kehr, 2001). When using supervised ML techniques, the user feeds the algorithm
with inputs and expected outputs, and the algorithm seeks a manner to generate the
expected output given an input (Hastie et al., 2017). ML algorithms that learn in this
way are known as supervised learners because a ‘teacher’ supervises the algorithms
by providing the expected outputs for each example that they learn from (Raschka
and Mirjalili, 2017). While organising a dataset of inputs and outputs is frequently an
arduous procedure, supervised learning algorithms are well understood and their
performance is relatively simple to measure and compare (Kuhn, 2008). In any case,
the objective of supervised learning is to generate a system that allows an accurate
prediction of the category/classification of new observations based on the available
variables (Tarca et al., 2007). As well as predicting categorical attributes such as
class/category membership, supervised techniques can also be applied to predict
continuous features of the observations (Raschka and Mirjalili, 2017).
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Classification for predicting class labels: Classification is a subcategory of
supervised learning where the ultimate objective is to predict the categorical class
labels of new observations, based on past instances. The class labels or categories
are discrete, unordered values that can be understood as the group memberships of
the observations (Raschka and Mirjalili, 2017). Labels or categories can be either
binary or multiclass, which means that a supervised learning algorithm can assign
any class membership in the training dataset to a new, unlabelled observation. The
following figure illustrates the concept of a binary classification task (Fig. 1.4).
Given two variables in a two dimensional dataset (i.e. each sample has two values
associated), a supervised ML algorithm will try to learn a rule (i.e. the decision
boundary represented as a dashed line) that can separate those two classes and
classify new data into each of those two categories given its values in the two
variables.

Figure 1.4 Example of a classification task that can be modelled using supervised learning
techniques. See text for an explanation.

Regression for predicting continuous outcomes: Another kind of supervised
learning is the prediction of continuous results, which is also known as regression
analysis, although it is important not to confuse this type of supervised learning with
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linear regression analysis, which is only one technique among several others that can
be applied to predict a continuous outcome (Kuhn and Johnson, 2013a). In
regression analysis, a number of predictor (explanatory) variables are used to predict
a continuous response variable (outcome or target) by finding a relationship that
allows the prediction of the outcome. Depending on the dataset under analysis
these relationships can be either linear or non-linear. Figure 1.5 illustrates the
concept by showing a classic linear regression. Given a predictor variable x and a
response variable y, a straight line can be fitted to this data by minimising the
average squared distance between the sample points and the fitted line.
Subsequently, the intercept and slope learned from this data can be applied to
predict the outcome variable of new observations.

Figure 1.5 Example of a regression task that can be modelled using supervised learning techniques.
See text for an explanation.

Unsupervised learning
Unsupervised learning algorithms work in a different way, since no known output
data is provided to the algorithm (i.e. no a priori class labels are available for the
observations under study), and only the input data is known (Kuhn and Johnson,
2013a). In brief terms, the goal in unsupervised learning is to find ‘natural’
groupings in the data by discovering similarities between observations (Cui et al.,
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2011). Similarities are computed to distinguish groups of objects, normally denoted
as clusters (Tarca et al., 2007), thus many unsupervised learning algorithms (with
certain shared characteristics) are classified under the term ‘clustering’. Although
highly used to explore data (especially when little is know about it), they are often
more difficult to understand and assess as compared to a more standard supervised
learning algorithm (Kuhn and Johnson, 2013a).
Clustering: This is a family of exploratory data analysis methods that allow to
organize un-labelled information into meaningful sub-groups or clusters without
having any prior knowledge regarding their group memberships (Tarca et al., 2007).
Each cluster generated during the analysis defines a group of observations that
share a certain degree of similarity based on a specific criterion, being at the same
time more different with respect to the observations structured in other clusters
(Raschka and Mirjalili, 2017). Clustering is a useful set of methods to structure
information and extract meaningful relationships from the data itself, that are often
not evident to the researcher prior to the analysis. Figure 1.6 shows how clustering
can be used to organise unlabelled data into six distinct groups based on the
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Figure 1.6 Example of a clustering task that can be modelled using unsupervised learning
techniques. See text for an explanation.
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compression could be regarded as its own topic, several standard dimensionality
reduction techniques are routinely used in ML and can be considered as a subcategory within the unsupervised methods. It is quite common (especially nowadays
in the era of Big Data), that each observation (e.g. species) is described by a high
number of features (i.e. variables), which can be challenging in term of storage
space, computational performance and visualization. Unsupervised dimensionality
reduction is commonly applied during pre-processing to remove noise from data, or
to reduce the number of variables to work with, thus compressing the data onto a
smaller dimensional subspace while retaining most of the relevant information
(Kuhn and Johnson, 2013b).

Reinforcement learning
These kinds of algorithms need an evaluation signal that specifies some measure of
progress without intrinsically giving an example of correct behaviour (Wilson and
Kehr, 2001). Reinforcement learning research has had an especial emphasis on
temporal learning tasks, in which the assessment is given following a sequence of
responses. Reinforcement learning is distinguished from typical supervised learning
in that precise input/output pairs are not provided at all, nor sub-optimal actions
explicitly amended. Instead the attention is on online performance, which implies
finding the correct balance between exploration (of unknown terrain) and
exploitation (of available knowledge) (Kaelbling et al., 1996). In other words, in
reinforcement learning the aim is to develop a system (i.e. agent) that improves its
performance based on its interactions with the environment. The information about
the current state of the environment typically includes a reward signal, which is not
the correct label or value (as it would be in supervised learning), but a performance
measure of how well the action was calculated by a reward function (Raschka and
Mirjalili, 2017). The latter is an extremely brief and simplified description of
reinforcement learning, since a detailed overview is beyond the scope of this
dissertation.
Modern biology can greatly profit from the developments made in the area of ML
(Tarca et al., 2007). In the present dissertation different supervised ML algorithms

60

were used to address problems of group analysis and classifications using
morphometric and biomechanical data. The application of these algorithms to at
least some types of morphometric and biomechanical problems can be regarded as a
contribution that could improve the traditional way in which classification tasks
have been undertaken in these fields. One of the advantages is the flexibility that
allows the use of several different algorithms which can have dissimilar performance
depending on the specific problem, rather than the use of only one classification
approach (e.g., linear discriminant analysis) without comparing its performance
against alternative approaches that might be more suitable for a particular task. The
potential is enormous when it comes to the possible applications of ML algorithms
in the field of functional morphology. For example, the ability of some of these
algorithms to deal with image identification could provide a complementary
approach to traditional morphometrics that cannot typically deal with some visual
information other than shape (e.g. texture, colour, etc.). This could prove highly
useful when carrying out classification tasks. Incorporating the predictive modelling
techniques derived from ML into the standard virtual functional morphology toolkit
can result in a useful addition that offers further flexibility and predictive power
when analysing data and dealing with classification problems.

1.4 Workflow applied in the present dissertation
Figure 1.7 schematises how the above-mentioned methods were used and
combined in the dissertation. In the different chapters, diverse sections of this
workflow were applied. The tested dataset is a real example comprising talar 3D
morphological data representing several extant and extinct platyrrhines, which was
analysed in Chapters 4 and 5.
a) Firstly, morpho-functional or ecomorphological questions were identified. For
example: How did talar shape evolved during platyrrhine evolution? Is talar
morphology related to biomechanical performance and/or locomotion? What was
the locotomor behaviour of fossil platyrrhines? b) landmark data was collected to
quantify morphology (i.e. talar shape), while c) FEA was used to simulate a
functional/locomotor/postural scenario to analyse biomechanical performance (in
this case quadrupedal standing); d) a data dimensionality reduction technique was
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applied (i.e. PCA) to generate a morphospace that displays the main aspects of
shape variation; e) stress and strain data were obtained from the FEA simulation,
thus characterising biomechanical performance among several taxa; f) a combined
biomechanical-phylomorphospace can be computed to ordinate the data according
to both morphology and biomechanics (i.e. x and y are shape PCs, while z is an
average stress value); g) evolutionary modelling techniques can be used to test
different evolutionary hypotheses for congruence with the phenotypic data using
BM, OU, EB, among other possible processes; h) phenotypic data can be mapped
onto the phylogeny and ancestral states can be estimated according to a defined
mode of evolution; and i) ML approaches can be used to classify new observations
(e.g. fossils) into taxonomic, functional, phenetic, etc. categories (e.g. locomotor
classes).
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Figure 1.7 Proposed workflow to combine GM and FEA in this dissertation. See text for an explanation.

1.5 Journal format
The thesis is being presented in the alternative format in accordance with the rules
and regulations of the University of Manchester. Chapters 2 and 4 presented herein
have been published as articles in peer-reviewed journals during the course of my
PhD. These chapters have been inserted in their final typeset as specified by the
individual journals. As such, each chapter differs in layout and referencing style.
Chapter 3 is currently undergoing revisions for The American Journal of Primatology,
while Chapter 5 will be submitted in soon to the Journal of the Royal
Society INTERFACE, so they have been included here as a manuscripts.
Listed below are the details of each article, its final journal destination and the
contribution of each author to the work presented.
Chapter 2. Standing on the shoulders of apes: Analyzing the form and
function of the hominoid scapula using geometric morphometrics and finite
element analysis.
Authors: Püschel, T.A., Sellers, W.I.
Destination: American Journal of Physical Anthropology. 2016. 159, 325–341.
Author contribution: T.A.P and W.I.S. designed the study. T.A.P collected and
analysed the data. T.A.P. interpreted the data and wrote the paper, while W.I.S.
advised and provided feedback and interpretation at all stages.
Chapter 3. Analyzing the Sclerocarpy Adaptations of the Pitheciidae
Mandible using Finite Element Analysis and Geometric Morphometrics
Authors: Püschel, T.A., Marcé-Nogué J., Kaiser T., Brocklehurst R., Sellers, W.I.
Destination: American Journal of Primatology. Under review.
Author contribution: T.A.P, R. B. and W.I.S. designed the study. R.B segmented the
CT-scan data. T.A.P and J.M-N carried out the simulations. T.A.P analysed the data.

64

T.A.P. interpreted the data and wrote the paper, while R.B, J. M-N, T.K and W.I.S.
advised and provided feedback and interpretation at all stages
Chapter 4. The evolution of the platyrrhine talus: A comparative analysis of
the phenetic affinities of the Miocene platyrrhines with their modern
relatives.
Authors: Püschel, T.A., Gladman, J.T., Bobe, R., Sellers, W.I.
Destination: Journal of Human Evolution. 2017. 111, 179–201.
Author contribution: T.A.P, R. B and W.I.S designed the study. T.A.P and J.T.G
collected the primary data. T.A.P carried out the different analyses. T.A.P
interpreted the data and wrote the paper, while J.T.G, R.B and W.I.S advised and
provided feedback and interpretation at all stages.
Chapter 5. Inferring locomotor behaviours in Miocene New World monkeys
using Finite Element Analysis, Geometric Morphometrics and MachineLearning classification techniques applied to talar morphology
Authors: Püschel, T.A., Marcé-Nogué J., Gladman, J.T., Bobe, R., Sellers, W.I.
Destination: Journal of the Royal Society INTERFACE. In preparation.
Author contribution: T.A.P and W.I.S. designed the study. T.A.P and J.T.G
collected the primary data. T.A.P and J.M-N carried out the simulations. T.A.P
analysed the data. T.A.P interpreted the data and wrote the paper, whilst J.M-N,
J.T.G, R.B and W.I.S advised and provided feedback and interpretation at all stages
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ABSTRACT
Objective: The aim was to analyze the relationship between scapular form and function in hominoids by using
geometric morphometrics (GM) and finite element analysis (FEA).
Methods: FEA was used to analyze the biomechanical performance of different hominoid scapulae by simulating
static postural scenarios. GM was used to quantify scapular shape differences and the relationship between form
and function was analyzed by applying both multivariate-multiple regressions and phylogenetic generalized leastsquares regressions (PGLS).
Results: Although it has been suggested that primate scapular morphology is mainly a product of function rather
than phylogeny, our results showed that shape has a significant phylogenetic signal. There was a significant relationship between scapular shape and its biomechanical performance; hence at least part of the scapular shape variation is due to non-phylogenetic factors, probably related to functional demands.
Discussion: This study has shown that a combined approach using GM and FEA was able to cast some light regarding
the functional and phylogenetic contributions in hominoid scapular morphology, thus contributing to a better insight of
the association between scapular form and function. Am J Phys Anthropol 159:325–341, 2016. VC 2015 Wiley Periodicals, Inc.
Primates live in diverse environments, mastering both
life in trees and in terrestrial locations (Fleagle, 1998).
Because of the variable requirements of these diverse ecological niches, primate movements are consequently complex, exhibiting an impressively large locomotor repertoire.
This locomotor complexity relies on the strong hind limbs
and mobile forelimbs. The overall mobility of the forelimb
depends on the structure and function of the shoulder
region (Larson, 1995; Chan, 2007). Consequently, the evolution of shoulder mobility is one of the important evolutionary processes generating the locomotor diversity of
primates. The latter is especially relevant among hominoids because within Hominoidea five divergent locomotion
modes and associated body plans have evolved (Preuschoft,
2004): arm-swinging in gibbons; forelimb-dominated slow
climbing in orangutans; quadrupedalism with climbing in
the African apes; mixed bipedal climbing for australopithecines; and bipedal walking in humans. Although the anatomy of the upper limb of apes has been suggested to be
adapted for suspensory behaviors (Aiello and Dean, 1990;
Larson, 1993; Rose, 1993), some significant differences in
limb morphology have also been described that could correspond to differences in locomotion. Even though the locomotor repertoires of non-human apes overlap to a certain
extent, the proportions of the different locomotor behaviors
and their related kinematics differ between species and
hence it is logical to expect that these differences will be
reflected in their shoulder morphology. One of the main
behavioral dissimilarities is the amount of time that each
species spends in arboreal locations. For instance, orangutans and gibbons are predominantly arboreal spending the
majority of their time in the canopy (Rodman, 1984), while
on the other hand African apes are primarily terrestrial
Ó 2015 WILEY PERIODICALS, INC.

using knuckle-walking when travelling (Hunt, 2004),
spending time in the forest canopy to almost exclusively
sleep and feed (Hunt, 1992).
The shoulder is a region that in primates functions in
rather dissimilar ways in different groups (Oxnard, 1967).
It is a pivotal component of the locomotor system as it
links the upper limb with the trunk and participates in
several ways during different locomotion behaviors (e.g.,
grasping, climbing, brachiation, among others). Primates
exhibit some specific morphological features in their
shoulders that distinguish them with respect to other
mammals, such as a well-developed clavicle, a dorsally
shifted scapula with a prominent acromion and robust
spine, and a relatively straight humerus with a globular
head (Schultz, 1930, 1961). These traits have usually been
related to the high mobility of the arm, and the wide
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excursions of the forelimb. Earlier studies (Oxnard and
Ashton, 1962; Ashton and Oxnard, 1963, 1964a,b) showed
that forelimb function was related to the degree to which
the limb is subject to tensile or compressive forces, being
consequently classified based on these results: a) quadrupeds (shoulder subject to mainly compressive forces), b)
brachiators (shoulder subject to mostly tensile forces), and
c) semi-brachiators (shoulder intermittingly subject to
both forces) (Oxnard, 1967, 1968, 1973; Feldesman, 1976;
Corruccini and Ciochon, 1978). Following this trend, several authors attempted to relate the observed variability
in the primate scapula and associate it with a priori
defined locomotor categories by using morphometrics
(Miller, 1932; Inman et al., 1944; Davis, 1949; Smith and
Savage, 1956; Ashton and Oxnard, 1963, 1964a; M€
uller,
1967; Oxnard, 1973; Roberts, 1974; Corruccini and Ciochon, 1976; Fleagle, 1977; Kimes et al., 1981; Shea, 1986;
Taylor, 1997; Young, 2004, 2006, 2008). These studies
have shown that the primate scapular morphology mainly
reflects its function; however these analyses do not provide any understanding about the underlying processes
relating the scapular form with its function. Although valuable, most of the research about the shoulder girdle have
been restricted to morphological comparisons and infrequently aimed to elucidate function from a biomechanical
perspective (Preuschoft et al., 2010).
The scapula is anatomically and biomechanically
involved in shoulder function and the movement of the
arm (Kibler and McMullen, 2003). During daily activities, the shoulder and arm movements required to produce a change in the glenohumeral position are linked.
Scapula, shoulder, and arm are either moved into or stabilize in a certain position in order to generate, absorb,
and transfer forces that allow movement. Nonetheless,
the specific biomechanical function of the shoulder is
poorly known when compared to other anatomical locations (Preuschoft et al., 2010). Some classical studies
have focused on estimating the force equilibrium for the
glenoid cavity of chimpanzees (Preuschoft, 1973), defining basic conditions (Badoux, 1974; Roberts, 1974) and
analyzing the functional loadings of the scapula by modeling it as a framework (M€
uller, 1967). In spite of the
practical difficulties involved in observing the movements of the shoulder, some primate taxa have been
analyzed (Schmidt and Fischer, 2000; Schmidt, 2005,
2008; Schmidt and Krause, 2011), complementing the
observations made earlier by several authors (Stern and
Oxnard, 1973; Rose, 1974, 1979; Larson, 1993; Whitehead and Larson, 1994). Preuschoft et al., (2010) applied
both armchair biomechanics and 2D finite element models in order to understand the basic functional conditions
that occur in the shoulder joint and shoulder girdle of
primates. The stress distributions in their hypothetical
scapula under the conditions of terrestrial versus suspensory behavior showed that during quadrupedalism
the scapula concentrates stress along the cranial margin
whereas during suspension generates higher stresses
along the axillary border. This would mean that quadrupedal locomotion involves joint forces and muscle activities that would require a long scapula with axillar and
cranial margins of a relatively similar length. On the
other hand, suspensory behaviors would need a more
extended axillary border and a relatively shorter cranial
margin in order to provide longer lever arms to the
active muscles. Based on their results, they suggested
that the forces exerted on the scapula generate, at least
partially, its shape (Preuschoft et al., 2010). Indeed,
American Journal of Physical Anthropology

arboreal monkeys seem to have concordant morphological features such as the reinforcement of the axillary
border of the scapula and the extension of the infraspinatous fossa (Larson, 1993). This is coherent with all the
evidence supporting the idea that bone is functionally
adapted to the mechanical demands that are imposed
during life (Wolff, 1892; Pearson and Lieberman, 2004).
Nevertheless, other lines of evidence regarding shoulder
form and function have found that this relationship is not
as clear or straightforward as initially thought (Taylor,
1997; Young, 2003, 2008; Larson and Stern, 2013). It has
been found that locomotion differences are not well
reflected at an intraspecific level in gorilla scapulae (Taylor,
1997) and that despite locomotion similarities, the scapulae
of hylobatids are most similar to those of panids, rather
than to those of orangutans (Young, 2008). Furthermore,
comparative electromyography data recorded from different apes have shown that there are few differences in
patterns of muscle activity among them, consequently suggesting that perhaps hominoids in general use basically
similar shoulder mechanisms during locomotion (Larson
and Stern, 2013). Unfortunately, there is no clear perspective about the relationship between scapular morphology
and its function, in spite of its growing relevance due to
recent finding of several hominin scapulae such as Australopithecus afarensis (Alemseged et al., 2006; Haile-Selassie
et al., 2010; Green and Alemseged, 2012) or Australopithecus sediba (Berger et al., 2010; Churchill et al., 2013). In
fact, the analyses of these fossils have shown that they
tend to resemble the scapula of juvenile gorillas (Green and
Alemseged, 2012) or orangutans (Churchill et al., 2013),
instead of those of our closest phylogenetic relatives (i.e.,
panids). Because scapular form has been widely regarded
to be primarily a product of shoulder function, it has been a
central element in the interpretation of the primate fossil
record (Larson, 2007). Understanding how scapular morphology is related to biomechanical performance is important in order to reconstruct the possible locomotor
repertoires of extinct species and to appreciate the locomotor diversity observed in extant hominoids.
Nowadays it is possible to produce scientifically accurate
virtual reconstructions of primates (Zollikofer and Leon,
2005; Sellers et al., 2010; Ogihara et al., 2011; Weber and
Bookstein, 2011). Technological advances in 3D imaging
allow the generation of virtual models based on skeletal
morphology and comparative soft tissue data obtained from
the literature. This is highly useful since the study of primate biomechanics is challenging because traditional
experimental techniques are not easily applicable due to
practical, conservation, and ethical reasons (Sellers et al.,
2010; D’Aou^t and Vereecke, 2011). Computer-based biomechanics comprise 3D quantitate image analysis and simulation techniques applied to musculo-skeletal systems such
as finite element analysis (FEA) and multibody dynamics
(Sellers and Crompton, 2004; Kupczik, 2008; O’Higgins
et al., 2012). FEA is a technique that reconstructs stress,
strain, and deformation in material structures and has its
origin in mathematical and engineering problems,
although it is been increasingly used in biological fields
(Rayfield, 2007). This technique is a numerical analysis
that acts by dividing a system into a finite number of discrete elements with well-known properties (e.g., triangles,
tetrahedrons, or cubes) (Ross, 2005). Strain and stress can
be solved by finding analytical solutions if the geometry of
the object is simple enough. However, more complex forms
may be difficult or even impossible to solve using analytical
means, especially if the loading regimens and/or material
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properties are complex (Beaupre and Carter, 1992). This
situation is the most common when dealing with realistic
representations of biological structures. FEA offers an
alternative approach, approximating the solution by subdividing complex geometries into multiple finite elements of
simple geometry. In a structural analysis, typical mechanical parameters of interest are strain, which is the deformation within a structure (Dlength/length; unitless) and
stress, the applied force per unit area (Nm22), which are
obtainable as result of FEA (Kupczik, 2008). FEA studies of
the scapula have been mostly restricted to orthopedic studies focusing principally on the generation of models of the
implanted glenoid (e.g., Friedman et al., 1992; Lacroix
et al., 2000; Gupta and van der Helm, 2004; Gupta et al.,
2004; Yongpravat et al., 2013; Campoli et al., 2014; Hermida et al., 2014). Even though other FEA studies have
been used in comparative primatology and paleoanthropology, they have been predominantly devoted to the analysis
of the craniofacial system during mastication (Kupczik
et al., 2007; Wroe et al., 2007, 2010; Strait et al., 2009; Curtis et al., 2011; Dumont et al., 2011; O’Higgins et al., 2011;
Fitton et al., 2012; Kupczik and Lev-Tov Chattah, 2014).
There have been fewer attempts applying FEA to analyze
different primate scapulae (Ogihara et al., 2003), so the
present study probably represents one of the first analyses
of this anatomical structure using an explicit comparative
framework.
Morphometrics can be understood as the quantitative
analysis of form (i.e., shape and size) and how it covaries
with regard to other factors (e.g., biomechanics, development, ecology, genetics, etc.) (O’Higgins, 2000; Adams
et al., 2004, 2013). More specifically, geometric morphometrics (GM) refers to the application of morphometrics to
coordinate data (i.e., 2D or 3D Cartesian coordinates), normally defined as discrete anatomical loci that are homologous among all the individuals under analysis (Bookstein,
1991; Slice, 2007). GM allows the analysis of the association between morphometric and biomechanical data, which
is really useful when studying the relationship between
shape and function. There are many available methods to
study the connection between morphological and biomechanical variables (e.g., canonical correlation, regression
analysis, Mantel test, principal coordinate analysis, and
partial least squares, among others). Recent developments
in the study of geometric shape and biomechanical modeling have proposed that using both GM and FEA could provide a better understanding of the existing relationship
between the shape of skeletal elements and their mechanical performance (Pierce et al., 2008; Piras et al., 2012,
2013; Tseng, 2013). Even though there has been some controversy regarding how to properly combine FEA and GM
data (Bookstein, 2013), there is relative agreement that
bridging these two techniques could provide interesting
insights about the relationship between form and function
(O’Higgins et al., 2011; Parr et al., 2012). Because of this
reason, different approaches have been proposed to combine FEA and GM data, such as landmark-based analysis
in the size-and-shape space of the deformations obtained as
result of FEA (Cox et al., 2011; Gr€oning et al., 2011; O’Higgins et al., 2011; Milne and O’Higgins, 2012; O’Higgins and
Milne, 2013), the analysis of finite element models based
on warped and target surface meshes (Parr et al., 2012),
and the construction of regressions for strain energy density on the largest-scale relative warps (Bookstein, 2013).
Besides the issues of how to properly analyze both GM and
FEA data, another problem arises when carrying out any
biological study containing several species, due to the phy-

327

logenetic structure of the data (i.e., non-independence problem). Some approaches have been proposed to take into
account phylogeny such as the application of phylogenetic
generalized least squares models (PGLS) to fit regressions
between matrices of functional/ecological variables and
shape variables (R€
uber and Adams, 2001; Clabaut et al.,
2007; Meloro et al., 2008; Nogueira et al., 2009; Raia et al.,
2010; Piras et al., 2013), the use of phylogeneticindependent contrasts estimated for each shape variable
before associating them with contrasts derived from functional/ecological variables applying either partial least
squares (Klingenberg and Ekau, 1996) or multivariate
regressions (Figueirido et al., 2010) and the correlation
between morphometric, functional/ecological, and phylogenetic matrices (Harmon et al., 2005; Young et al., 2007;
Ast
ua, 2009; Monteiro and Nogueira, 2010). In the present
study, PGLS was preferred because this method is considered more informative and powerful than other methods
(e.g., distance matrix correlation) (Peres-Neto and Jackson,
2001).
In this work, FEA was used to analyze the biomechanical performance of different hominoid scapulae by simulating two basic static scenarios: a) quadrupedal
standing and b) bimanual suspension. It is expected that
scapular mechanical performances will vary depending
on the principal locomotion mode of each species. Hence,
it is expected that those species that are mostly quadrupedal (i.e., chimpanzees, bonobos, and gorillas) will better withstand the forces generated during quadrupedal
standing, while more arboreal species (i.e., orangutans
and gibbons) will better bear the forces generated during
suspension, as previously proposed (Oxnard and Ashton,
1962; Ashton and Oxnard, 1964a; Roberts, 1974; Preuschoft et al., 2010). On the other hand, GM was used to
quantify shape differences, thus comparing different
scapular morphologies in relation to their known locomotion regimes. Based on preceding studies (Oxnard and
Ashton, 1962; Ashton and Oxnard, 1964a; Young, 2008),
scapular shape is expected to reflect mostly functional
demands instead of phylogenetic relationships. Finally
both FEA and GM were used to study the relationship
between form and function by applying both multiple
multivariate regressions and PGLS regressions. Our
results are expected to contribute to a better insight of
the association between hominoid scapular morphology
and its biomechanical performance.

MATERIALS AND METHODS
Sample
CT-scan stacks of 11 different hominoid individuals
obtained from online databases and two zoos were analyzed (Table 1; Fig. 1) (for further details about the sample see Supporting Information 1). The included species
were Hylobates lar, Pongo abelii, Pongo pygmaeus,
Gorilla gorilla, Pan paniscus, Pan troglodytes, and
Homo sapiens. All the specimens were adult with no evident or reported pathologies associated with their
shoulder girdles. Only left scapulae were modeled,
although due to some CT artifacts, some right scapulae
were reflected to be used in the subsequent analyses.

Finite element modeling
Segmentation. The first step to build a model from a
CT stack is to carry out image segmentation. This procedure basically consists in extracting the material of
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TABLE 1. Sample
Species

Common name

Pan paniscus

Bonobo

Desmond

Gorilla gorilla

Gorilla

Willie (GAIN 23)

Pan troglodytes

Chimpanzee

9266

Pan troglodytes

Chimpanzee

9783

Pan troglodytes

Chimpanzee

10048

Pongo pygmaeus

Satsuki (GAIN 37)

Homo sapiens

Bornean
Orangutan
Sumatran
Orangutan
Human

Homo sapiens

Human

Visible human male

Hylobates lar

White-handed
Gibbon
White-handed
Gibbon

3308

Pongo abelii

Hylobates lar

Accession number

9653
Visible human female

3508

interest (in this case bone) out of the surrounding background and tissues where it is embedded. The CT-scans
of the different hominoid species were segmented; DICOM
files were imported into Seg3D v. 2.1 (CIBC, USA) where
each specimen was segmented by applying a combination
of case-specific thresholding values and manual painting
techniques. Scapulae can be complicated to segment
because their blade is extremely thin at certain areas. As a
result all the models were dilated one extra voxel, to avoid
possible holes in the mesh that could affect the FEA
results. After performing this procedure and manually
checking the results, the extra voxel layer was removed by
using an erode function in the same software. The scapulae
were modeled as solid parts composed only by cortical bone.
Surfaces were then generated and exported as .STL files
into Geomagic Studio v. 12 (Geomagic, USA). Using this
software, possible errors in the polygon mesh were detected
and corrected in order to remove protruding vertices and
localized holes. The models had dissimilar number of elements derived from the differences in the original scan
resolution; therefore they were decimated to a number of
elements ranging from 20,000 to 25,000 mesh triangles. All
the models were globally remeshed to simplify their element geometry, keeping the number of mesh triangles in a
similar number range (i.e., 20,000–25,000). The remeshing
process was applied to generate a more homogenous mesh
in terms of the shape of the triangles, their distribution on
the surface, and their connectivity. In addition, one individual was selected as a reference to perform a best-fit alignment using the same software in order to align all the
models with respect to a common reference plane. This procedure was carried out prior to FEA to align all the models,
so that loads could be applied in the same axis and to allow
easier interpretation of stress results. Basically, the procedure consisted in fitting two scapula models at each time
by measuring from point to point and adjusting the location
of the target model to the stationary reference specimen
until the average deviation was as low as possible using an
iterative process (sample size: 10,000). The sums of squares
of the distances between the sample pairs were minimized
over all the rigid motions that could realign the two models
American Journal of Physical Anthropology

Origin
The Royal Zoological
Society of Antwerp
Digital Morphology
Museum (KUPRI)
Digital Morphology
Museum (KUPRI)
Digital Morphology
Museum (KUPRI)
Digital Morphology
Museum (KUPRI)
Digital Morphology
Museum (KUPRI)
Digital Morphology
Museum (KUPRI)
The Visible
Human Project
The Visible
Human Project
National Museum
of Scotland
National Museum
of Scotland

Sex

Number of elements

Male

953156

Male

931087

Male

936693

Female

952156

Female

950295

Female

996480

Male

935358

Female

962225

Male

985562

Male

940973

Female

939611

to achieve the best-fit alignment of them. This procedure
was repeated for each one of the analyzed specimens. The
models were then exported as .OBJ files into Autodesk 3ds
Max 2012 (AutoDesk, USA), where they were converted
into .SAT files. The models were then imported into Abaqus
v. 6.13 (Simulia, USA) as closed manifold solid parts in
order to carry out an implicit static FEA. Finite element
validation analyses have shown that both four-node and
eight-node tetrahedral, and mixed four-node tetrahedral
and eight-node hexahedral meshes perform well when compared with experimental data (Panagiotopoulou et al.,
2011). Likewise, it has been shown that meshes composed
by more than 200,000 elements show negligible stress differences between models with four- or ten-node tetrahedra
elements (Brassey et al., 2013). Because ten-node tetrahedra are computationally more expensive than those composed by four nodes, the surfaces were meshed using fournode tetrahedral elements (C3D4) by applying a built-in
Delaunay meshing algorithm in Abaqus v. 6.13. FE meshes
were verified in the same software to find poor-meshed
areas or low quality elements (i.e. aspect ratio >10). When
found, those areas were re-meshed to improve mesh
quality.
Material properties and boundary conditions. Many
researchers are currently trying to produce more accurate finite element models by incorporating more
detailed information such as muscle activation data, anisotropic material properties, several different tissues
with dissimilar material attributes, etc. (Ross et al.,
2005; Strait et al., 2005; Kupczik et al., 2007; Gr€oning
et al., 2011; Rayfield, 2011). These kinds of analyses
have shown that when this type of information is
included, the correlation between simulations and experimental data is usually increased. Nevertheless, in this
work FEA was used in a comparative fashion rather
than being used to validate the models. Because of the
fact that hominoid scapulae are relatively uncommon
(belonging most of the time to museum specimens),
destructive experimental mechanical approaches are
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Fig. 1. Three-dimensional volumetric models of the hominoid scapulae considered in this study. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

typically difficult or impossible to perform. The present
study therefore applied FEA as a structural comparative
technique rather than trying to specifically recreate how
the hominoid is loaded during life; the idea was to compare a general measure of mechanical performance taking
into account phylogenetic relationships. Furthermore, living specimens would probably withstand the tensile
strain and stresses experienced during locomotion mostly
on their shoulder soft tissues such as muscles, ligaments,
and tendons rather than directly on their scapulae. Even
though shoulder muscle origin and insertions for hominoids are known (Diogo et al., 2010,2012,2013a,2013b;
Diogo and Wood, 2012) and physiological cross-sectional
areas of some the muscles are available for some of the
analyzed species (Veeger et al., 1991; Keating et al., 1993;
Thorpe et al., 1999; Cheng and Scott, 2000; Carlson,
2006; Oishi et al., 2008, 2009; Michilsens et al., 2009;
Peterson and Rayan, 2011; Myatt et al., 2012), the specific activation patterns are unknown for the majority of
the species when performing the analyzed postures.
These reasons ratified the decision of carrying out simpler
comparative structural analyses instead of simulating in
detail loading scenarios based on unknown or uncertain
information. This means that the current work can be
better understood as an analysis of how the mechanical
behavior of the hominoid scapula is related to its shape,
rather than being a highly-realistic simulation of how the
scapula is loaded in vivo.
After the construction of the finite element mesh, it was
necessary to specify the mechanical properties of the elements composing the specimens. Even though several
material properties for primate cortical and trabecular
bone have been published especially for humans (e.g.,
Currey and Butler, 1975; Williams and Lewis, 1982;
Currey, 1988; Dechow et al., 1993; Ding et al., 1998; Zysset
et al., 1999; Margulies and Thibault, 2000; Phelps et al.,
2000; Dechow and Hylander, 2000; Peterson and Dechow,
2003; Havill et al., 2003; Bayraktar et al., 2004; Kaneko
et al., 2004; Wang et al., 2006a,b; van Eijden et al., 2006;
Hofmann et al., 2006; Kupczik et al., 2007; Daegling et al.,
2009), there is almost a total absence of material property
values for the analyzed hominoid scapulae. We used rough
average values for mammalian-longitudinal cortical bone
samples (Currey, 2002) (Young’s modulus: 18 GPa; Poisson’s ratio 0.3). The scapulae were modeled as solid models composed only of cortical bone in order to simplify the

analyses, as well as to limit the number of assumptions.
In fact, recent evidence has shown that FEA applied to
specimens with unknown internal architecture can produce reliable results, even when the internal bone architecture cannot be modeled in detail (Fitton et al., 2015). In
addition, scapulae do not exhibit high internal complexity
in comparison with other bones, because most of the scapular blade consists of only a thin layer of compact tissue
(i.e., cortical bone). Although bone generally behaves anisotropically, it was modeled as a linear elastic and isotropic material due to the same reasons outlined above.
Besides, it has been shown that isotropic modeling seems
to have little effect compared to anisotropic modeling on
the pattern of stress (Chen and Povirk, 1996; Strait et al.,
2005). Apart from assigning material properties, it was
necessary to define boundary conditions (Bhatti, 2005).
Two essential boundary conditions were specified; one recreating the action the rhomboideus, and another simulating the constraint imposed by the serratus anterior, as
shown in Figure 2a. It was decided to constrain these
areas because in both quadrupedal and suspensory situations the forces applied to the shoulder region seem to be
predominantly supported by the muscles attached to the
vertebral border of the scapula (Badoux, 1974). In these
areas the displacements were only constrained in the zdirection in both cases because the forces were applied
only in that direction. These boundary conditions were
defined to prevent rigid body motions of the geometry and
counteract residual moments (from errors when applying
the loadings), but without over-constraining the models.
Loading scenarios. The scapula is one of the most complex bones of the primate skeleton due to its particular
shape and because it is subjected to a great variety of forces
from attached muscles during its movement (Roberts,
1974; Aiello and Dean, 1990). This bone is subject to a number of muscle, ligament, and joint reaction forces during
elevation of the arm, that are difficult to quantify (Bagg
and Forrest, 1986; Johnson et al., 1996; Kibler and
McMullen, 2003; Fayad et al., 2006; Amadi et al., 2008;
Bello-Hellegouarch et al., 2013). Quantitative and qualitative estimates of all the muscles, ligaments, and joint reaction forces acting on the human scapula during humeral
abduction have shown that the scapula is relatively loaded
all over its structure during abduction (van der Helm,
American Journal of Physical Anthropology
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Fig. 2. Pan paniscus scapula used to depict a) FEA loading scenarios: the red arrows represent the force vectors and their
direction, while the blue shapes represent the applied constraints. The constraints representing the action of serratus anterior and
rhomboideus muscles were applied in both the quadrupedal standing and bimanual suspension scenarios by limiting displacement
in the z-axis; b) Extraction method of the stress values: 1) At the center of the glenoid cavity a slice on the x-axis was defined (blue
line), 2) this slice was separated and 3) two coordinates at each extreme of the slice (red dots) were used to define a path (black
line) divided in 101 equidistant points used to extract von Mises stress values; c) 3D landmarks used to perform GM analyses.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

1994; Gupta and van der Helm, 2004). It is therefore
extremely difficult to define realistic loading scenarios and
necessary to simplify the load cases in order to avoid excessive assumptions.
One important consideration to take into account when
analyzing different individuals using FEA is how to make
the obtained results comparable. Strain energy is proportional to the square of the load and to volume (Dumont
et al., 2009), hence it is important to account for size differences when performing strain energy comparisons. Several
solutions have been proposed to compare total strain
between different specimens. Suggestions include scaling
the loads to yield similar force:surface area ratio or scaling
them to a relevant biological measurement (e.g., bite force,
moment arm, animal weight) (Fitton et al., 2012; Parr
et al., 2012; Brassey et al., 2013). Another possibility is to
scale the models to achieve the same surface area or same
volume, or to simply scale the obtained results from the
analysis with respect to a sensible measure (Dumont et al.,
2009). In the present work, it was decided to normalize
scapular size by volume while applying the same forces to
all the individuals during the FEA. This decision was based
on the fact that this approach seems more suitable to evaluate how scapular shape affects mechanical strength. All
the scapulae were scaled to have the same volume as the
gorilla specimen (i.e., 387810.84 mm3) in Geomagic Studio
American Journal of Physical Anthropology

v. 12 (Geomagic, USA), and depending on the specific loading scenarios, different percentages of the reported body
weight of the gorilla specimen (i.e., 176 kg) were applied to
simulate the mechanical loadings. The biomechanical performance of different hominoid scapulae was tested in two
basic static scenarios (Fig. 2a).
Quadrupedal standing: African apes predominantly use
knuckle-walking when travelling. According to Hunt
(2004), terrestrial quadrupedalism represents 96% of the
locomotor behavior in mountain gorillas, 64.4% in lowland
gorillas, and 35.3% in bonobos, but only 9.9% in chimpanzees. African ape scapular morphology is therefore
expected to show clearer adaptations to terrestrial quadrupedalism. It is important to take in to account that
chimpanzees and other primates support most of their
body mass on their hind limbs during quadrupedalism
rather than on their forelimbs (Reynolds, 1985; Kimura,
1992; Demes et al., 1994; Li et al., 2004; Raichlen et al.,
2009). Nonetheless, due to the greater use of terrestrial
locomotion modes in the African apes than in orangutans
or gibbons, it is reasonable to expect that their forelimbs
would be less specialized for arboreal behaviors. Even
though African apes do use suspensory behaviors as a
static postural activity, it is likely their scapulae are not
as specialized for more recurrent suspensory behaviors
such as those observed in gibbons and orangutans.
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Although adult humans do not use their forelimbs for
quadrupedal locomotion, the same loading scenario was
applied for comparative purposes. Hominoid forelimbs
support about 40% of the body weight during terrestrial
quadrupedalism (Reynolds, 1985; Kimura, 1992; Demes
et al., 1994; Li et al., 2004; Raichlen et al., 2009). Hence,
the total applied load was calculated as 20% of the gorilla’s
body mass Mb; kg) multiplied by gravitational acceleration (G: 9.81 m s22), because only one scapula was analyzed per individual. This yielded a total force vector of
345.31 N., which was directed towards the center of the
glenoid cavity in the z-axis, and applied in 24 nodes (total
force/24 nodes). In addition, two models (one gibbon and
the gorilla) were selected to carry out additional simulations to the test the sensitivity of the results to small differences in the application angle of the load vector, so it
was changed in 58. The results were extracted according
to the procedure described in Figure 2b and a correlation
was estimated to assess the level of concordance between
the original stress values and those obtained after changing the load vector (Gibbon: R2: 0.981, P value: <0.001;
Gorilla: R2: 0.969, P value: <0.001) . Therefore, the results
seem to be robust to at least small changes in load
direction.
Bimanual suspension: Arm-hanging is probably the
only common ape posture requiring complete abduction
of the arm (Hunt, 1991a,b,1992,2004). It has been suggested that the cranially oriented glenoid fossa observed
among apes may be adaptive to distribute strains more
evenly over the glenohumeral joint capsule during armhanging (Hunt, 1991b,). The long and narrow scapular
shape exhibited by apes has been hypothesized to
increase the mechanical advantage of the trapezius and
serratus anterior during the scapular rotation necessary
for arm-raising (Ashton and Oxnard, 1963, 1964b;
Oxnard, 1967). However some hominoid species probably
use this locomotor behavior more often than others. For
instance, the highly arboreal gibbons and orangutans
are expected to better cope with strains derived from
this posture than the more quadrupedal species.
Even though earlier studies (Roberts, 1974; Tuttle and
Basmajian, 1978) suggested that no scapulohumeral muscle was activated during bimanual or unimanual hanging
assuming that joint integrity was kept solely by osseoligamentous structures, new evidence have proved the contrary. Opposed to the common idea that no muscle
activation is required while the body is suspended beneath
the hand (likely causing transarticular tensile stress at the
glenoid cavity), hominoid electromyography data during
bimanual hanging has shown that there is a continuous
activity in the infraspinatous, posterior deltoid, and teres
minor muscles (Larson and Stern, 1986; Larson and Stern,
2013). It has been pointed out that when climbing or hanging, primates activate the levator scapulae and trapezius
muscles to prevent the caudal movement of the scapula
(Larson and Stern, 1986). The resulting dorsal rotation of
the caudal angle of the scapula is counteracted by the
action of the caudal portion of the serratus anterior (Larson
and Stern, 2013). This implies that the scapula seems to
achieve its equilibrium during suspension by the coordinated action of levator scapulae and cranial trapezius, as
well as the caudal serratus (Larson and Stern, 1986). In
addition, to avoid the pulling of the scapula in a ventral
direction, the activity of the caudal portion of the trapezius
is required (Larson et al., 1991). In fact it has been
observed that this muscular portion is prominently developed in apes (Aiello and Dean, 1990). It has been also men-
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tioned that some of the forces applied to the shoulder
region during suspension are supported by the muscles
attached to the vertebral border of the scapula (i.e., serratus anterior and rhomboideus) (Badoux, 1974). The models
were loaded in a simpler scenario by applying total load
estimated as 50% of the gorilla’s body mass Mb; kg) multiplied by gravitational acceleration (G: 9.81 m s22), because
the total animal weight was supported by the two shoulders, thus yielding a total force vector of 863.28 N. This tensile force vector was directed away from the acromion in
the z axis and it was also applied on 24 nodes (total force/24
nodes).
Solution. After defining the material properties and
establishing the boundary conditions, the models were
submitted into the Abaqus implicit solver. Each specimen was subjected to two different simulations: a) quadrupedal standing and b) bimanual suspension. Stress
values were obtained and exported as .CSV files.
Statistical analyses of FEA results. von Mises stress
values were obtained from 101 locations extracted along a
path as described in Figure 2b. Starting from the center of
the glenoid a slice on the x-axis was selected. Two points
were defined at each opposite extremes of the slice and
between these two coordinates a path was established
where 101 equidistant points were positioned to extract
stress values. These values were imported into R v.3.1.3
(http://www.R-project.org/) to carry out statistical analyses.
The average values per species were calculated for each
one of the locations. To visualize these results, a UPGMA
clustering was estimated by calculating the Euclidean distances between species using the hclust() function of the
package “stats.” In addition a Principal Components Analysis (PCA) was performed using the princomp() function of
the same package in order to reduce the number variables
of this high dimensional dataset, and to subsequently perform the multivariate multiple regressions and the PGLS
regressions. Because of the fact that the obtained stress
could have values that differ in orders of magnitude
between anatomical loci, the PCA was carried out based on
the correlation matrix to standardize these possible scale
differences. The number of PCs used in the successive
analyses was selected to account for ca. 95% of the total
variance of the sample.

Geometric morphometrics
The 3D surface models were imported into the R package
“geomorph” where 20 homologous landmarks were collected
on each one of the analyzed specimens using the digit.fixed()
function (Adams and Ot
arola-Castillo, 2013) (Fig. 2c). All the
GM analyses were carried out in the same package. A generalized procrustes analysis was applied to extract the shape
variables from the raw landmark data, by removing all the
differences due to translation, rotation and scale (Bookstein,
1991). The average shape and biomechanical performance
was estimated for each species and used in the subsequent
analyses. A PCA of the procrustes coordinates was performed
in order to find the orthogonal axes of maximal variation,
thus allowing the visualization of scapular shape variation.
A consensus phylogeny (described below) was projected onto
the space identified by the first two PCs obtained from the
covariance matrix of the average shapes of the analyzed
taxa. Using this consensus phylogeny, both morphological
(i.e., shape variables) and biomechanical (i.e., stress values)
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Fig. 3. 10,000 molecular phylogenetic trees plotted to overlap on top of each other in order to represent the evolutionary relationships of the analyzed taxa. The high density of the main branches is indicative of a high consistency between trees. The consensus tree was estimated and used in the subsequent comparative analyses. The plot was generated using DensiTree 2.01
(Bouckaert, 2010) and the phylogenies were obtained from the 10KTrees website (http://10ktrees.fas.harvard.edu/Primates/index.
html). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

phylogenetic signal were estimated using a generalization of
the Kappa statistic suitable for highly multivariate data
using the physignal() function (Blomberg et al., 2003; Adams,
2014). This method, denominated as Kmult, is based on the
equivalency between statistical methods based on covariance
matrices and those based on distance matrices, thus allowing
a convenient way to assess phylogenetic signal in highdimensional multivariate traits, such as those analyzed here
(Adams, 2014). The K-statistic varies between 0 (no phylogenetic signal in the data, for instance with a star phylogeny)
to 1 or more (data fit a Brownian motion model of evolution)
(Blomberg et al., 2003). To analyze the relationship between
shape and function a multiple multivariate regression of
shape variables and stress PC scores was performed using
the procD.lm() function. Subsequently, in order to examine
the relationship between morphology and biomechanical performance taking into account the phylogenetic structure of
the data a PGLS regression of shape variables and stress PC
scores was performed using the procD.pgls() function. The
idea in both cases was to evaluate the amount of shape
explained by functional demands (Piras et al., 2013). The
PGLS regressions were carried out using the procD.pgls()
function. It is important to consider that the phylogenetic
covariance matrix is just a 7 3 7 matrix, which is a limitation. In previous methodological papers (e.g., Blomberg and
Garland, 2002; Blomberg et al., 2003), it has been suggested
that about 15–20 OTUs are the minimum to have an acceptable statistical power, hence the obtained results have to be
cautiously considered. All the aforementioned analyses were
carried out in R v. 3.0.3. (http://www.R-project.org/).

Phylogeny
Using the 10kTrees Website (http://10ktrees.fas.harvard.
edu/Primates/index.html), 10,000 phylogenies of the analyzed hominoid species were downloaded using the third
version of this dataset (Arnold et al., 2010) (Fig. 3). These
phylogenies were sampled from a Bayesian phylogenetic
analysis of molecular data for eleven mitochondrial and six
autosomal genes that were available in GenBank (Arnold
et al., 2010). The advantage of using the 10kTrees dataset
American Journal of Physical Anthropology

that it allows the generation of a set of phylogenetic trees
suitable for comparative research that actually reflects
uncertainty levels in the understanding of phylogenetic
relationships, as well as providing a robust way to test phylogenetic relationships. The consensus tree of these 10,000
phylogenies was estimated and used in the subsequent
comparative analyses.

RESULTS
FEA
All the analyzed individuals showed a stress widely distributed on the scapular blade, although it was logically
higher in the locations where the constraints were placed
(Fig. 4) (the stress values used in the analyses are available
in the Supporting Information 2). The suspension scenario
logically showed greater stress values (mostly on the acromion) than the quadrupedal standing simulation, due to
the fact that higher loads were applied. Hylobates lar experienced the lowest stress for both loading scenarios when
compared with rest of the hominoids, while the gorilla specimen showed the highest stress values. Interestingly, the
pongids showed relatively high stress values for the standing scenario, while exhibiting relatively similar values to
the gibbons during the suspension scenario. Biomechanical
performance measured as von Mises stress also showed significant phylogenetic signal (quadrupedal standing, Kmult:
0.73; P value: 0.022; 10,000 perm. and bimanual suspension, Kmult: 0.67; P value: 0.042; 10,000 perm.). The
UPGMA clustering of the standing scenario partially followed the hominoid phylogeny, although the gibbon and
the gorilla were in reverse positions. On the other hand,
UPGMA clustering of the suspension scenario showed that
the suspensory species grouped together with lower stress
values as compared with the rest of specimens.

GM
Phylogenetic signal was found for shape (Kmult: 0.74; P
value: 0.007; 10,000 perm.) but not for centroid size (Kmult:
1.09; P value: 0.07; 10,000 perm.). Regarding shape
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Fig. 4. UPGMA dendrogram of the von Mises stress values extracted from the different scapulae: a) quadrupedal standing and
b) bimanual suspension. Bootstrap values at nodes were calculated after 10,000 permutations. Above each dendrogram the finite
element models were drawn to depict the distributions of von Mises stress observed in the different hominoid scapulae. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(Fig. 5), the lack of overlapping branches of the phylogeny
projected onto the shape space seems to imply that there is
little evidence to support convergent evolution in the hominoid scapular shape, although further tests are required.
The variation along PC1 could be described as more slender

shapes at the positive side (e.g., Hylobates lar; Pan troglodytes) while the scapular morphologies occupying the negative side were relatively wider (e.g., Homo sapiens).
Interestingly, Homo and Pongo morphology seem to be the
most divergent compared to the other nonhuman
American Journal of Physical Anthropology
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Fig. 5. Phylomorphospace of the hominoid scapular variation. The first two principal components (PCs) were used to display
the majority of the morphological variation, while the projected phylogeny shows the evolutionary relationship between the analyzed taxa. The scapulae models were used to depict morphological variation along the PC axes. The model closest to the mean
shape was warped to match the multivariate mean using the thin plate spline method (Bookstein, 1991). Then the obtained average model was warped to represent the variation along the two plotted PC axes. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

hominoids. The multiple multivariate regressions of
shape variables on the stress PC scores showed that there
is significant relationship between scapular morphology
and biomechanical performance (quadrupedal standing:
adjusted-R2: 0.79; F: 5.5918; P value: 0.022; bimanual suspension: adjusted-R2: 0.63; F: 3.5333; P value: 0.006;
10,000 permutation rounds). However, only the PGLS
regression of shape variables on the PC scores of the standing scenarios stress values was significant (quadrupedal
standing: adjusted-R2: 0.26; F: 1.4212; P value: 0.044;
bimanual suspension: adjusted-R2: 0.21; F: 1.4066; P value:
0.074; 10,000 permutation rounds). The low adjusted R2
values are partially explained due to the reduced sample
size, hence these results must be cautiously considered.

DISCUSSION
Previous studies have shown that primate scapular
morphology is primarily related to positional behavior
and/or movement needs (Oxnard, 1998). In fact, scapular
morphological variation has been interpreted as being a
reflection of the functional demands related to particular
locomotion requirements (Inman et al., 1944; Oxnard,
1969; Radinsky, 1987; Larson, 1993; Hildebrand and
Goslow, 1998). However, it is still not completely clear
what the relationship is between scapular form and
function. This question is relevant in order to address
whether scapular shape reflects mostly functional or
phylogenetic signals, because it has been frequently
assumed that the postcranium is the product of stronger
functional signals rather than containing phylogenetic
information (Pilbeam, 1996, 2004; Ward, 1997; Lockwood, 1999; Collard et al., 2001). This assumption can
lead to profoundly biased evolutionary reconstructions,
in spite of the cumulative evidence that demonstrates
the significant phylogenetic structure in mammalian
postcrania (S
anchez-Villagra and Williams, 1998; Young,
2003, 2005). In spite of the widespread idea that the
scapular morphology mainly reflects functional demands,
our results showed that shape exhibited significant phylogenetic signal. This means that closely-related species
tend to show similar trait values due to their common
American Journal of Physical Anthropology

ancestry. This is consistent with more recent research
that proposed within the functional structure of the
scapula there is phylogenetic signal as well (Young,
2003, 2008). Although Young (2008) states that this phylogenetic signal is particularly noticeable at infant
stages, we were able to clearly identify it in adult scapulae. The FEA results also showed significant phylogenetic signal, thus closest related species tended to show
similar stress values in both loading scenarios, as
broadly observed in the UPGMA clustering. However, as
previously mentioned these results have to be carefully
considered due to the reduced number of analyzed
OTU’s. It is necessary to increase the phylogenetic
extent of this analysis including more anthropoid species
so that the analysis can be more robust.
The FEA results showed that most species seem to
behave relatively similarly under the two loading scenarios, with gibbons exhibiting the lowest stress levels,
probably because their scapulae have to cope with the
elevated stresses resulting from their highly demanding
locomotion mode. Because of the fact that material properties were the same for all the models and that the
same load was applied to all the specimens after scaling
them to the same volume, it is possible to suggest that
the particularly different scapular morphology of the gibbons could be the main factor reducing the experienced
stress. Even though the locomotor morphology of gibbons
is qualitatively similar to the anatomy of the other hominoids (Swindler and Wood, 1973), the highly suspensory
locomotion mode of the gibbons has contributed to certain specialized anatomical features such as an axially
elongated scapula (Takahashi, 1990). This could imply
that their particular scapular morphology is adjusted to
support their highly demanding locomotion habits. Interestingly, orangutans showed relatively higher stress values in the standing scenario but relatively lower values
in the suspension case (similar to the gibbon values).
Perhaps the slow climbing locomotion mode observed in
these animals could explain this observation, because
these species are noticeable slower and less acrobatic
than the other hominoids. However, it is necessary to
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include a broader sample of primate species in order to
test this issue in a more comprehensive and robust
manner.
The FEA results also showed that for the two analyzed loading scenarios, the stress was relatively distributed all over the scapular blade, although logically the
higher localized areas were the locations where the
forces were applied and where the constraints were positioned. This result is consistent with quantitative and
qualitative studies that have shown that the scapula is
relatively loaded all over its structure (van der Helm,
1994; Gupta and van der Helm, 2004). However in the
suspension scenario higher loads were observed in the
acromion. Epidemiological reports in human populations
have shown that scapular fractures are extremely
uncommon, showing the lowest incidence among all fractures, normally requiring exceptionally large amounts of
energy to be affected (e.g., motor vehicle accidents) (van
Staa et al., 2001). Of the different fractures that affect
the bony components of the shoulder girdle, clavicle fractures are significant and notoriously more common
(Armstrong and Van der Spuy, 1984; Nordqvist and
Petersson, 1995). The scapula is wrapped by soft tissue
and the clavicle tends to fracture more frequently, suggesting that when the scapula is loaded an important
portion of the load is transmitted to the clavicle that
seems to behave as a strut. The present FEA models are
consistent with this possibility showing higher stress
value at the scapular spine when they are “pulled”
upwards such as in the suspension scenario.
The phylomorphospace (Fig. 5) showed that scapular
shape seems to be consistent with the phylogenetic history of the group, thus morphological variation seems to
relatively follow the evolutionary history. The absence of
overlapping branches in the phylomorphospace suggests
that scapular shape variation does not exhibit evident
convergent evolution, however further analyses are
required. Humans and orangutans showed the most
divergent morphologies when compared to the rest of
the hominoids (they were mostly distinguished by PC1,
which accounted for 42.9% of the scapular shape variation). The morphological variation along this axis could
be described as more slender shapes at the negative side
(e.g., Hylobates lar; Pan troglodytes), while the scapular
morphologies occupying the positive side were relatively
wider (e.g., Homo sapiens, Pongo abelii). On the other
hand, PC2 seems to separate between more arboreal species (i.e., orangutans and gibbons) and the rest of the
hominoids. The morphological variation along this particular axis is associated with a scapular spine that
points upwards in the negative portion of the axis, while
the upper part exhibits morphologies that tend towards
more horizontal spines. Additionally, the shapes occupying the negative side of the axis present different morphologies of the superior angles in comparison with
those located on the positive side. This area provides the
attachment site for some fibers of the levator scapulae
muscle, thus suggesting different loading regimes of this
muscle when elevating the scapula between arboreal
and non-arboreal hominoid species.
There was a significant relationship between scapular
shape and biomechanical performance both for the multiple multivariate regressions and when phylogenetic
nonindependence was taken into account by performing
the PGLS regression (excepting the suspension scenario,
which was almost significant for this latter test). This
means that there is relationship between scapular shape
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and its function, with at least part of the scapular shape
variation due to non-phylogenetic factors, probably
related to functional demands. This is logical, because
the mechanical behavior of a structure depends on the
combination of the geometry (i.e., shape) and the material properties that constitute the structure itself. Nonetheless, it is important to interpret all these results with
caution, due to the small sample size used here. Further
studies should increase the analyzed specimens to generate more robust statistical analyses. Interestingly, the
most slender specimens (i.e., hylobatids) showed lower
stress levels compared to the rest of the hominoids. In
fact, hylobatids are clearly distinguished from other
hominoids by a very angled spine and small infraspinous
and supraspinous fossae. These specific differences
might reflect gibbon adaptations to the highly specialized hylobatid locomotion (i.e., brachiation). Nonetheless,
it is intriguing that gibbons and chimpanzees are distinguished along PC2, occupying almost the same position
in PC1. Along this axis there is an overall similarity
between panids and hylobatids. Both groups posses a
narrow scapula from the vertebral border to the glenoid,
with short and more acutely angled spine relative to the
axillary border. The similarities suggest that these morphological traits could be an ancestral condition of apes,
or could have arisen as convergent traits due to common
function. Nevertheless, there are few specific locomotor
similarities between panids and hylobatids, once the
arboreal and suspensory adaptations shared also with
Pongo and Gorilla are excluded. The analyses also
revealed that Homo exhibit a derived morphology
expressed in a relatively broader blade, probably associated with the fact that humans normally do not extensively use their arms during locomotion in comparison
with the rest of the hominoids. Perhaps the biggest loads
on human shoulders might relate to carrying, then being
consequently tensile and complex. Human scapulae
occupy the opposite morphological position of gibbons in
the morphospace both in PC1 and PC2, suggesting a
scapular shape possibly devoted to less demanding biomechanical regimens.
Interestingly, the scapula of Pongo seems to be distinct
compared to the rest of hominoids (Young, 2003, 2008).
The present study has also shown that this genera
stands out when compared to the other hominoids due to
its outlier position in the different analyses that were
carried out. They have a scapular shape unique among
the hominoids, which can be described as a combination
of suspensory and quadrupedal characteristics. This
trait combination is interesting; because orangutans are
highly arboreal and suspensory, but these characters
seem to suggest a closer morphological affinity to arboreal quadrupeds (Young, 2008). This distinctive morphology seems to combine both traits that have been
traditionally associated with quadrupeds (e.g., glenoid
greatest width caudally located and a scapular spine
that extends to the vertebral border) and others that are
typical of non-quadrupedal species (e.g., a cranially oriented glenoid cavity and long scapular shape blade that
is also cranially oriented). The pongid scapular spine is
comparatively robust, thus suggesting a larger trapezius
attachment compared with the other hominoids. Nevertheless, its glenoid cavity seems to be more similar to
the quadrupedal condition, although lacking the distinct
lip that supposedly limits limb mobility during forelimb
extension (Larson, 1993). A possible explanation for this
singular morphology is that forelimb-dominated slow
American Journal of Physical Anthropology
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climbing in orangutans could be related to these anatomical features, because they use more cautious pronograde
suspensory behaviors compared to the rest of the African
apes (Thorpe and Crompton, 2005, 2006). The particular
shoulder morphology of orangutans could be related to
suspensory postures and locomotion that imply placing
the shoulder in orientations requiring special stabilization, especially while slowly moving through the canopy.
It has long been thought that hominoids are best
defined by a common set of morpho-functional traits
related to the trunk and upper limb, in which the scapula
is characterized by being located on the back of the ribcage, while the glenohumeral joint would be adapted to
allow extensive abduction (Keith, 1923; Rose, 1997; Larson, 1998). It has been suggested that these shared characteristics are related to forelimb-suspensory locomotion
or brachiation. This idea has led us to consider hominoids
as being relatively homogenous postcranially (Ward,
1997), despite evidence indicating that there is more variability than initially believed (Larson, 1998). For instance,
locomotor ecology and recent analyses of the available fossil evidence indicate that suspensory locomotion may
have been acquired independently by several hominoid
lineages. In fact, it has been argued that Miocene apes
characteristically lack many of the traits associated with
suspensory behaviors that are present in their crown
descendants (e.g., Sivapithecus and Pongo) (Begun and
Kivell, 2011). The possible physical attributes of the last
common ancestor of all hominoids have been discussed for
a long time (Pilbeam, 2002). It has been traditionally
thought that the majority of the postcranial resemblances
of the crown hominoids correspond to shared-derived features (Schultz, 1930; Larson, 1998), however based on
Miocene hominoid postcranial discoveries, this perspective has been recently re-examined (Begun and Kordos,
1997; Larson, 1998). These new fossils exhibit morphologies that differ with what would have been typically
expected, thus raising the possibility that some of the
extant ape postcranial similarities could be homoplasies
(Begun, 1993). Furthermore, the inferences regarding
Miocene hominoid positional behavior have shown that
most of the fossil taxa seems to differ from the extant apes
in that they seem to have been pronograde arboreal quadrupeds, although some exceptions have been proposed as
well (Rose, 1997; Ward, 1997; Moy
a-Sol
a et al., 2009).
Although this research did not try to address this issue
directly, the results show there is no generic and homogenous scapular morphology, but it noticeably varies in the
different analyzed taxa. Hominoid scapular shape variation seems to be firstly distinguishing between “broad”
versus “slender” scapulae, while secondly between arboreal and non-primarily arboreal hominoids. This morphological arrangement can be useful when discussing if the
arboreal specializations observed in some of this species
are in fact symplesiomorphies, as usually interpreted, or
on the contrary represent evolutionary adaptations to
novel environments. Hence it is important to consider this
information when testing evolutionary models that
explain the appearance of suspensory features gradually
accreting in time (Moy
a-Sol
a et al., 2004) or evolving as
an integrated array (Pilbeam, 1996).
A limitation of the present study is that in reality
shoulder soft tissues would mostly cope with strain and
stress experienced by the shoulder (especially during the
suspension scenario) but due to simplicity reasons, they
were not modeled. In fact one of the main limitations of
the proposed loading scenarios is that none of the muscuAmerican Journal of Physical Anthropology

lar, ligamentous, capsular, fascia, or tendinous elements
were considered, due to the absence of standardized data
or because it was not possible to find information about
their properties for all the analyzed species. Even though
this is an unrealistic assumption, the objective of the present study was mostly comparative. Another limitation is
that only relatively few stress values were analyzed (just
101 values in one slice of the models), which merely represents a localized part of the scapular biomechanical performance. Even though it was sufficient to carry out the
presented analyses, following studies should include
stress values more widely distributed on the scapula.
The present study has showed that the analysis of
form and function using GM and FEA was able to cast
some light regarding the functional and phylogenetic
contributions in hominoid scapular morphology. Future
studies should generate an integrative approach to analyze both shape and biomechanical data using more realistic loading scenarios derived from both observational
and simulation data (e.g., multibody dynamics).
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2.7 Supporting information
(S1) Further details about the sample
(S2) Stress values used in the analyses: a) Standing scenario; b) Suspension scenario.
These supplementary materials can also be found in a slightly different format at:
http://onlinelibrary.wiley.com/doi/10.1002/ajpa.22882/abstract
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Gorilla

Gorilla gorilla

Chimpanzee

Chimpanzee

Pan troglodytes

Pan troglodytes

Chimpanzee

Gibbon

handed

White-

Gibbon

handed

Pan troglodytes

Hylobates lar

Hylobates lar

Human

Homo sapiens

White-

Human

Orangutan

Bornean

Orangutan

Sumatran

Bonobo

name

Homo sapiens

Pongo pygmaeus

Pongo abelii

Pan paniscus

Species

Common

9266

9783

10048

3508

3308

Willie (GAIN 23)

Male

Visible Human

Female

Visible Human

Satsuki (GAIN 37)

9653

Desmond

Accesion Number

936693

952156

950295

940973

939611

931087

962225

985562

996480

935358

953156

elements

Number of

1.61

1.60

1.61

1.61

1.61

1.60

1.60

1.59

1.60

1.60

1.60

aspect ratio

Average

0.000002

0.000011

0.000000

0.000000

0.000000

0.000008

0.000000

0.000006

0.000000

0.000011

0.000000

10

ratio % >

Aspect

0.50x0.50x0.50 mm

0.20x0.20x0.20 mm

0.361x0.361x1.0 mm

0.55x0.55x1.20mm

0.75x0.75x1mm

0.71x0.71x0.50 mm

1x1x1 mm

1x1x1 mm

0.624x0.624x0.5mm

0.625x0.625x0.3 mm

0.56x0.56x1.00 mm

Voxel size
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94149.51

75133.91

120347.76

19071.00

18812.69

387810.84

162169.66

105571.26

118083.86

114133.66

100802.34

(mm3)

Original volume

2.7.2 Supporting information 2. Table 2.3 a) von Mises stress
values were obtained from 101 locations extracted along a
path as described in Figure 2b for the standing scenario.
Stress

Gorilla

Homo

Hylobates

Pan

Pan

Pongo

Pongo

point

gorilla

sapiens

lar

paniscus

troglodytes

abelii

pygmaeus

1

1.06

1.06

0.28

0.62

0.45

0.70

0.19

2

0.78

0.67

0.27

0.50

0.38

0.76

0.20

3

0.65

0.45

0.33

0.48

0.46

0.87

0.24

4

0.66

0.46

0.37

0.53

0.48

0.98

0.30

5

0.69

0.60

0.39

0.56

0.54

1.12

0.37

6

0.72

0.57

0.40

0.58

0.55

1.05

0.45

7

0.73

0.60

0.40

0.60

0.57

1.02

0.53

8

0.79

0.69

0.39

0.59

0.56

0.95

0.59

9

0.83

0.73

0.39

0.58

0.55

0.90

0.66

10

0.88

0.72

0.39

0.55

0.53

0.81

0.72

11

0.91

0.76

0.38

0.53

0.51

0.80

0.77

12

0.93

0.76

0.37

0.50

0.49

0.80

0.82

13

0.98

0.75

0.37

0.49

0.49

0.81

0.84

14

1.04

0.76

0.36

0.48

0.48

0.82

0.86

15

1.09

0.75

0.35

0.49

0.49

0.85

0.87

16

1.10

0.75

0.35

0.50

0.50

0.88

0.88

17

1.14

0.76

0.35

0.50

0.51

0.95

0.92

18

1.12

0.71

0.34

0.51

0.53

0.97

0.99

19

1.13

0.71

0.35

0.51

0.54

1.04

1.01

20

1.24

0.69

0.36

0.52

0.56

1.12

1.06

21

1.14

0.66

0.37

0.54

0.57

1.18

1.05

22

0.94

0.63

0.37

0.54

0.61

1.16

1.07

23

0.90

0.61

0.38

0.53

0.65

1.21

1.06

24

0.89

0.58

0.39

0.53

0.66

1.24

1.00

25

0.96

0.56

0.39

0.51

0.69

1.26

0.99

26

1.03

0.54

0.40

0.51

0.69

1.22

0.95

27

1.07

0.53

0.40

0.47

0.69

1.26

0.96

28

1.02

0.51

0.40

0.46

0.70

1.21

0.93

97

29

0.98

0.50

0.40

0.48

0.71

1.17

0.94

30

0.94

0.52

0.40

0.48

0.73

1.07

0.92

31

0.87

0.54

0.40

0.47

0.72

1.01

0.91

32

0.88

0.56

0.40

0.48

0.73

1.03

0.89

33

0.84

0.56

0.40

0.49

0.68

0.96

0.86

34

0.82

0.56

0.39

0.49

0.65

0.93

0.83

35

0.80

0.58

0.39

0.48

0.62

0.89

0.79

36

0.78

0.58

0.38

0.47

0.61

0.87

0.78

37

0.74

0.58

0.38

0.46

0.60

0.81

0.76

38

0.75

0.56

0.37

0.44

0.60

0.77

0.77

39

0.75

0.55

0.37

0.44

0.58

0.73

0.77

40

0.73

0.56

0.36

0.42

0.58

0.70

0.77

41

0.70

0.54

0.36

0.39

0.54

0.65

0.78

42

0.72

0.52

0.36

0.39

0.51

0.65

0.81

43

0.72

0.53

0.36

0.37

0.49

0.66

0.83

44

0.69

0.53

0.35

0.38

0.47

0.66

0.84

45

0.64

0.53

0.35

0.41

0.47

0.67

0.83

46

0.59

0.51

0.35

0.41

0.48

0.67

0.81

47

0.58

0.48

0.35

0.41

0.47

0.67

0.77

48

0.60

0.46

0.35

0.42

0.48

0.63

0.75

49

0.61

0.45

0.35

0.42

0.48

0.64

0.72

50

0.61

0.40

0.35

0.42

0.48

0.62

0.69

51

0.58

0.36

0.35

0.43

0.48

0.58

0.65

52

0.56

0.33

0.35

0.43

0.47

0.58

0.63

53

0.50

0.34

0.34

0.43

0.46

0.54

0.61

54

0.47

0.34

0.34

0.44

0.44

0.53

0.57

55

0.44

0.35

0.34

0.43

0.44

0.51

0.56

56

0.42

0.34

0.33

0.42

0.44

0.50

0.57

57

0.42

0.34

0.33

0.42

0.43

0.50

0.53

58

0.42

0.35

0.32

0.41

0.42

0.50

0.50

59

0.46

0.35

0.32

0.40

0.41

0.49

0.50

60

0.47

0.35

0.32

0.39

0.40

0.49

0.47

61

0.48

0.35

0.32

0.39

0.38

0.49

0.46
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62

0.52

0.36

0.32

0.37

0.37

0.48

0.44

63

0.55

0.37

0.32

0.36

0.36

0.46

0.42

64

0.58

0.37

0.32

0.36

0.35

0.45

0.41

65

0.62

0.38

0.32

0.34

0.33

0.44

0.39

66

0.64

0.38

0.32

0.33

0.32

0.42

0.37

67

0.65

0.38

0.33

0.32

0.31

0.40

0.36

68

0.66

0.38

0.33

0.31

0.30

0.39

0.36

69

0.62

0.39

0.34

0.30

0.29

0.38

0.35

70

0.59

0.37

0.35

0.30

0.28

0.38

0.35

71

0.56

0.36

0.35

0.29

0.27

0.37

0.35

72

0.53

0.35

0.36

0.29

0.27

0.36

0.34

73

0.51

0.34

0.37

0.29

0.27

0.36

0.34

74

0.49

0.33

0.37

0.29

0.26

0.35

0.34

75

0.48

0.32

0.38

0.29

0.26

0.35

0.34

76

0.47

0.31

0.39

0.29

0.26

0.34

0.33

77

0.48

0.31

0.39

0.29

0.26

0.34

0.34

78

0.51

0.31

0.39

0.30

0.26

0.34

0.34

79

0.54

0.31

0.39

0.30

0.27

0.34

0.34

80

0.58

0.31

0.39

0.31

0.27

0.34

0.34

81

0.64

0.32

0.39

0.32

0.28

0.34

0.35

82

0.69

0.32

0.39

0.32

0.29

0.35

0.36

83

0.77

0.33

0.40

0.33

0.30

0.35

0.36

84

0.89

0.34

0.40

0.34

0.31

0.36

0.38

85

0.98

0.35

0.42

0.36

0.32

0.38

0.39

86

1.08

0.37

0.45

0.37

0.34

0.40

0.41

87

1.06

0.39

0.47

0.39

0.36

0.42

0.43

88

0.80

0.42

0.52

0.41

0.39

0.44

0.45

89

0.53

0.45

0.56

0.45

0.42

0.48

0.48

90

0.58

0.50

0.60

0.49

0.46

0.51

0.51

91

0.66

0.55

0.66

0.54

0.51

0.56

0.54

92

0.73

0.60

0.73

0.60

0.56

0.62

0.58

93

0.82

0.68

0.81

0.67

0.62

0.70

0.64

94

0.92

0.76

0.91

0.76

0.68

0.79

0.72

99

95

1.10

0.86

1.02

0.86

0.79

0.91

0.81

96

1.30

0.97

1.17

0.98

0.89

1.05

0.93

97

1.56

1.14

1.37

1.12

1.02

1.21

1.11

98

1.72

1.29

1.56

1.23

1.15

1.38

1.27

99

1.73

1.50

1.78

1.35

1.28

1.50

1.45

100

0.58

1.69

1.84

1.30

1.39

1.57

1.52

101

0.36

1.76

2.24

1.76

1.42

2.59

2.06

100

2.7.2 Supporting information 2. Table 2.3 b) von Mises stress
values were obtained from 101 locations extracted along a
path as described in Figure 2b for the suspension scenario.
Stress

Gorilla

Homo

Hylobates

Pan

Pan

Pongo

Pongo

point

gorilla

sapiens

lar

paniscus

troglodytes

abelii

pygmaeus

1

1.67

5.16

2.63

2.14

2.32

1.77

2.81

2

2.36

4.76

2.11

1.92

2.02

1.83

2.75

3

2.97

4.24

1.52

1.87

2.38

1.77

2.83

4

3.09

3.55

1.01

2.17

2.26

1.73

3.00

5

2.66

3.49

1.13

3.48

2.35

1.88

2.53

6

2.41

3.61

1.30

4.44

2.45

2.02

2.27

7

2.24

3.51

1.57

4.65

2.55

1.94

2.08

8

2.15

3.24

1.69

4.61

2.60

1.88

2.06

9

2.03

2.96

1.79

4.59

2.62

1.82

2.13

10

2.15

2.81

1.86

4.34

2.62

2.00

2.01

11

2.07

2.89

1.82

4.03

2.52

2.20

2.12

12

1.95

2.93

1.81

3.69

2.60

2.33

2.07

13

1.99

3.12

1.78

3.42

2.63

2.43

1.94

14

1.83

3.34

1.75

3.33

2.66

2.71

1.94

15

1.69

3.66

1.71

3.26

2.75

2.91

1.72

16

1.65

3.78

1.68

3.18

2.83

2.79

1.64

17

1.64

3.67

1.65

3.28

2.92

2.80

1.68

18

1.68

3.41

1.63

3.29

2.95

2.77

1.75

19

1.92

3.06

1.61

3.33

2.99

2.58

1.78

20

1.97

2.71

1.61

3.35

3.13

2.64

1.75

21

2.15

2.49

1.60

3.39

3.15

2.29

2.07

22

2.33

2.34

1.60

3.44

3.21

2.53

2.25

23

2.34

2.18

1.60

3.44

3.37

2.35

2.51

24

2.60

2.08

1.60

3.46

3.37

2.24

2.69

25

2.47

2.00

1.60

3.50

3.36

2.31

2.75

26

2.67

2.01

1.59

3.54

3.31

2.09

2.68

27

2.81

2.08

1.59

3.35

3.26

2.13

2.59

28

3.00

2.15

1.57

3.31

3.27

1.96

2.31

101

29

3.62

2.19

1.57

3.25

3.25

1.82

2.11

30

3.48

2.18

1.57

3.24

3.31

1.74

1.88

31

4.04

2.22

1.58

3.24

3.28

1.63

1.84

32

4.89

2.13

1.57

3.08

3.19

1.61

1.70

33

4.84

2.10

1.58

2.95

3.09

1.53

1.50

34

4.64

2.02

1.58

2.85

3.03

1.57

1.46

35

4.38

2.01

1.59

2.68

2.93

1.61

1.37

36

4.25

1.91

1.61

2.61

2.86

1.72

1.30

37

4.45

1.89

1.58

2.46

2.78

1.74

1.19

38

4.67

1.86

1.59

2.50

2.73

1.71

1.08

39

4.93

1.84

1.59

2.43

2.66

1.63

0.99

40

4.96

1.83

1.61

2.49

2.58

1.65

0.91

41

4.70

1.81

1.64

2.34

2.53

1.65

0.95

42

4.46

1.76

1.65

2.38

2.42

1.74

1.15

43

4.28

1.74

1.65

2.51

2.40

1.74

1.38

44

4.20

1.69

1.66

2.61

2.32

1.91

1.64

45

4.10

1.62

1.70

2.69

2.26

1.98

2.05

46

3.99

1.56

1.68

2.74

2.24

2.14

2.35

47

3.97

1.50

1.70

2.73

2.17

2.24

2.45

48

3.80

1.45

1.70

2.70

2.17

2.46

2.59

49

3.65

1.41

1.73

2.72

2.12

2.50

2.73

50

3.58

1.37

1.71

2.72

2.06

2.50

2.69

51

3.33

1.27

1.73

2.80

2.04

2.61

2.67

52

3.03

1.21

1.72

2.75

1.98

2.73

2.72

53

2.59

1.15

1.71

2.61

1.97

2.85

2.83

54

2.33

1.11

1.72

2.52

1.84

3.01

2.81

55

1.91

1.07

1.72

2.40

1.79

2.96

2.63

56

1.84

1.03

1.70

2.24

1.72

3.15

2.43

57

1.99

0.96

1.66

2.08

1.68

2.98

2.20

58

2.09

0.95

1.65

1.93

1.60

2.79

2.11

59

2.20

0.91

1.63

1.88

1.59

2.56

2.01

60

2.32

0.91

1.66

1.72

1.61

2.37

1.96

61

2.47
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Abstract
Primates are interpreted to be ancestrally adapted to frugivory, although some
modern groups show clear adaptations to other diets. Among them, pitheciids stand
out for specifically predating seeds. This dietary specialization is known as
sclerocarpy and refers to the extraction of seeds from surrounding hard tissues
using the anterior dentition followed by the mastication of seeds by the molars. It
has been proposed that Callicebus–Pithecia–Chiropotes-Cacajao represent a morphocline
of increasingly specialized anatomical traits for sclerocarpic foraging, although this
has not been biomechanically tested. This study addresses whether there is a
sclerocarpic specialization gradient in the mandibular morphology of pitheciids, and
also tests whether mandibular shape is associated with mandibular strength. Finite
element analysis (FEA) was used to simulate two biting scenarios and the obtained
stress

values

were

compared

between

different

pitheciids.

Geometric

morphometrics (GM) were used to test the association between mandibular shape
and stress values. The obtained results show that there is indeed a relative
specialization continuum in the pitheciid mandible for some aspects of shape as
expected for the morphocline hypothesis, although from a biomechanical
perspective Cacajao and Chiropotes showed a similar performance, thus not exhibiting
the expected gradient. Additionally, it was found that there is a significant
association between mandibular shape and stress values. The present results are
expected to contribute to a better insight regarding the ecomorphological
relationship between mandibular morphology and mechanical performance among
pitheciids.
Keywords: Pitheciidae; Sclerocarpy; Mandible; Finite Element Analysis;
Geometric Morphometrics
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3.1 Introduction
Primates are often interpreted as morphologically and behaviorally adapted to
frugivory, this trait being regarded as the ancestral condition of this order (Kay,
1984; Fleagle and McGraw, 1999). Nearly all primates will eat fruit when available:
however it has been argued that it is almost always an ephemeral resource in natural
environments (Steege and Persaud, 1991; Chapman et al., 1999) and fruits provide a
variable amount of essential nutrients (Oftedal et al., 1991; Conklin-Brittain et al.,
1998; Milton, 1998; Norconk and Conklin-Brittain, 2004; Norconk et al., 2009).
Many frugivorous primates also add insects and/or leaves to their diets in order to
both balance their nutritional intake as well as to supply possible deficiencies in their
food (Fleagle, 2013). Besides the main dietary groups of fruit, leaves and insects,
there are also several other incidental food items that can contribute important
nutrients or serve as fallback items when required, such as flowers, gum, bark,
fungus, lichen, pith and seeds (Conklin-Brittain et al., 1998; Lambert, 1998; Lambert
et al., 2004; Sayers and Norconk, 2008; Grueter et al., 2009; Marshall et al., 2009;
Norconk et al., 2009). Among these different dietary items, seeds are relevant
nutritional items for at least 31 primate species that consume seeds either seasonally
or regularly (Norconk et al., 2013). Seed predation has been defined as the action of
masticating and ingesting seeds or whole fruits that include seeds (Norconk et al.,
2013). Due to the fact that seeds are often well protected against predation, seed
predators show a broad variety of adaptations to extract them from protecting
tissues and later consume them. Primates typically tend to prefer the soft, outer
layers of the fruit (i.e. the pericarp). The soft parts are obtained by swallowing the
fruit whole, or by removing the edible portions with teeth and/or hands and then
dropping the seeds (Kay et al., 2013). Whole seeds ingested together with the soft
outer layers can germinate if passed intact through the gastrointestinal tract
(Norconk et al., 2013). However, among primates, pitheciines (i.e. Pithecia, Chiropotes,
Cacajao) follow a different pattern. They actively extract seeds from the fruit,
chewing them before swallowing, and are consequently recognized as seed
predators (Rosenberger, 1992). Some other primates from South America are
sporadic seed predators, but pitheciines appear to be specialized to varying degrees
in seed predation or sclerocarpic foraging (van Roosmalen et al., 1988). Even
though this specific dietary strategy is rare among primates, it might have arisen as

108

way to reduce dietary stresses and competition with sympatric taxa during periods
of scarcity of other preferred food (Davis, 1996; Norconk et al., 2009). The seeds of
unripe fruit seem to represent a particularly unique means of acquiring fundamental
nutrients, especially when considering that young seeds are an exceptionally good
source of lipids, proteins, and carbohydrates (Kinzey and Norconk, 1993; Norconk
and Conklin-Brittain, 2004).
Sclerocarpy refers to the extraction of seeds using the anterior dentition (i.e.
incisors, canines and/or the first premolar in the tooth row) and hands, followed by
the mastication of seed by the molars (Kinzey and Norconk, 1990). Interestingly,
within the Pitheciidae the pitheciines are the quintessential example of this type of
seed predation; in fact the pitheciin fossil record (e.g. Proteropithecia neuquensis,
Nuciruptor rubicae) suggests that the lineage began to fill their hard-object feeding
niche around the middle Miocene, thus scleorcarpic foraging is a relatively old trait
in this lineage (Meldrum and Kay, 1997; Kay et al., 1998, 2013). Pitheciids comprise
two distinctive platyrrhine sub-families: the Callicebinae consisting of the genus
Callicebus (titi monkeys) and the Pitheciinae comprising Pithecia (sakis), Chiropotes
(bearded sakis) and Cacajao (uakaris). All these genera predate hard unripe seeds to a
varying degree, although only the Pitheciinae exhibit most marked specializations to
this particular diet, showing noticeable modifications of the cranium, mandible,
dentition, cranial musculature and viscera (Kinzey, 1992; Norconk and Veres, 2011;
Kay et al., 2013; Ledogar et al., 2013; Norconk et al., 2013). These features are
particularly evident and developed in Cacajao (Kinzey, 1992); nonetheless, in all three
pitheciin genera the most significant food element consumed is seeds. Furthermore,
it is been shown that when resources are scarce, Pithecia, Chiropotes and Cacajao
further increase their seed consumption (Norconk et al., 2009). Pitheciins are predispersal seed predators (Janzen, 1971), therefore they eat fruit primarily covered
with a hard pericarp that is subsequently opened with their canines and/or incisors
(Kinzey and Norconk, 1990). Callicebus also share the seed-eating habits of
pitheciines but to a lesser degree, although it has been reported that almost a quarter
of the diet of Callicebus personatus (Müller, 1996), and almost half of that of Callicebus
lugens may correspond to immature seeds (Palacios et al., 1997). Some authors have
actually proposed that Callicebus–Pithecia–Chiropotes-Cacajao represent a morphocline
of increasingly specialized anatomical traits for sclerocarpic foraging (Kay, 1990;
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Kinzey, 1992; Rosenberger, 1992; Meldrum and Kay, 1997). A pattern of derived
traits related to this feeding behavior distinguish the living pitheciids from any other
extant platyrrhine (Kay, 1990; Rosenberger, 1992).
In this sclerocarpy specialization gradient, Callicebus would represent the least
specialized genus for seed predation among the pitheciids, because it lacks some of
the dental and mandibular associated with sclerocarpy, such as enlarged canines,
molarized premolars and flatter molars with poorly developed crests (Kinzey, 1992).
Nonetheless, Callicebus does show some seed predation features, like a posterior
deepening of the mandible, as well as narrow and elongated incisors (Kinzey, 1992).
On the other hand, Pithecia, Chiropotes and Cacajao would exhibit adaptations for
sclerocarpy in an increasing manner (Kay et al., 2013). All of these genera exhibit an
incisor–canine complex that enables a specialized puncturing and prying mechanism
(Kay et al., 2013). The lower incisors are narrow, styliform and particularly
procumbent, which creates a gouge (Kay et al., 2013). The canines are enlarged,
laterally splayed, and have a sharp lingual crest (i.e. entocristid), producing a
triangular cross-section (Rosenberger and Tejedor, 2013). This specialized large-seed
scraping and splitting mechanism is powered by extremely hypertrophied
mastication musculature with associated posterior jaw deepening (Rosenberger and
Tejedor, 2013). The first lower molars are also enlarged (Kinzey, 1992; Norconk et
al., 2013), and they show molarized last premolars with high complexity and low
relief, shear, and curvature of molar occlusal surfaces (Ledogar et al., 2013;
Winchester et al., 2014). Interestingly, it has been shown that the molar enamel of
pitheciins is relatively thin and often crenulated, although it exhibits extremely welldefined Hunter-Schreger bands, a trait that seems to strengthen the enamel and
prevent cracks from propagating through the tooth (Koenigswald and Pfretzschner,
1987; Rensberger, 1993). On the other hand, Callicebus exhibits relatively thin and
radial enamel with no evident Hunter-Schreger bands, indicative of a softer diet
(Martin et al., 2003). This relatively thin molar enamel exhibited by the pitheciins
could be related to the fact that although they are sclerocarpic foragers that open
hard husks with their canines and/or anterior incisors, the seeds that they then
chew are relatively soft and pliable when compared to the ones consumed by other
primates. For instance, the other platyrrhine that often consumes hard objects (i.e.
Cebus) has probably the thickest molar enamel of all primates (Dumont, 1995;
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Martin et al., 2003). This is possibly an adaptation that slows wear, thus prolonging
the life of the tooth, in particular their relief and cusps. Taking into account the
extreme hardness of the items ingested by Cebus, such adaptation might be of crucial
benefit. However, it is important to keep in mind that even though the seeds
consumed by the pitheciines are soft, the sclerotized pericarp that protects them is
still extremely hard. For example, the maximum hardness of the pericarp ingested
by Pithecia pithecia is approximately five times that of fruits ingested by Ateles, while
the maximum hardness recorded for fruits ingested by Chiropotes satanas was 27
times that of the hardest fruit opened by Ateles (Kinzey and Norconk, 1990).
Even though several studies report on some specific phenotypic aspects related to
the sclerocarpic behavior of the pitheciids, there are only few quantitative analyses
focusing on the sclerocarpy adaptations of the mandibular morphology. For
instance, Wright (2005) compared the mechanical advantage (MA) of the jawclosing muscles at different biting positions across ten platyrrhine species, focusing
especially on Cebus spp. due to their known durophagic behavior. He found that
Cebus showed the highest MA for the jaw-closing muscles (excepting the medial
pterygoid), while Chiropotes satanas exhibited the next highest MA followed by Pithecia
pithecia, Lagothrix lagotricha and Ateles paniscus (Wright, 2005). On the other hand
Alouatta seniculus, Callicebus spp. and Aotus trivirgatus exhibited the least MA among
the analyzed species (Wright, 2005). In another study, Anapol & Lee (1994)
estimated the temporalis and masseter lever arms for eight platyrrhine species,
focusing mostly on variation among lever arm lengths. They noticed that the
temporalis lever arm showed relatively more variation than the masseter lever arm
(Norconk et al., 2009). They measured moment arms for the temporalis, masseter
and medial pterygoid in 22 platyrrhine species, in a similar fashion to Wright (2005).
Subsequently, Anapol & Lee (1994) scaled these measurements by the proportion of
the total jaw-adductor muscle weight each muscle represents based on the few
platyrrhine data provided by Turnbull (1970). It was found that individual moment
arms and average moment arm scale close to or slightly below isometry relative to
incisor, canine and molar biting moment arms (Norconk et al., 2009). They also
found that relative MA among platyrrhines seemed to trend toward a size-related
decrease in biting leverage, especially for biting along the post-canine dentition (i.e.
smaller platyrrhines seemed to have greater MA on average than larger species for
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biting at M1) (Norconk et al., 2009). They also found that among the noncallitrichines, Cebus apella exhibited the highest leverage for biting, while Chiropotes
satanas and Cacajao melanocephalus have the next highest advantage followed by Pithecia
pithecia and Cebus albifrons. Consequently, they proposed that these results support
previous observations suggesting that “hard-object” feeders have relatively greater
MAs, predominantly during anterior tooth use (Anapol and Lee, 1994; Wright,
2005). In addition to these MA estimations, Norconk et al. (2009) also attempted to
summarize morphological variation in load bearing ability across platyrrhine species
by carrying out a principal component analysis (PCA) of various ratios calculated
from a set of mandibular measurements. They interpreted their PC1 as a general jaw
robusticity factor, where Chiropotes satanas and Cacajao melanocephalus had the largest
scores followed by Cebus, thus suggesting these taxa must have relatively robust
mandibles, likely due to their ingestion of mechanically challenging seeds (Bouvier,
1986; Kinzey, 1992; Anapol and Lee, 1994).
In spite of all these valuable studies, most of these investigations have been
restricted to morphological comparisons and simple biomechanical comparisons
(i.e. comparing lever arms and MA), with fewer studies using modern virtual
functional morphology techniques or experimental approaches applied to analyze
platyrrhine mandibles (Ross et al., 2013, 2016). In the present study we chose to
focus on the mandible rather than the whole cranium, because this latter structure
exhibits a morphology associated with multiple and diverse functions, while the
lower jaw is primarily involved in food acquisition and consumption, and
consequently it would be expected that its morphology better reflects dietary
adaptations (Hiiemae and Kay, 1972; Hiiemae, 1978; Hylander et al., 1987; Chew et
al., 1988; Agrawal et al., 1998; Vinyard et al., 2003; Gröning et al., 2012; O’Higgins
et al., 2012). In fact it has been stated that understanding the biomechanical
behavior of the primate mandible seems to be essential to gain insight about
primate dietary adaptations, and thus about their evolution (Wroe et al., 2010; Perry
et al., 2011). This study investigates the biomechanical performance of four
different pitheciid species representing the seed predation specialization gradient
using finite element analysis (FEA). FEA is a technique that reconstructs stress,
strain, and deformation in material structures that has become a standard part of the
biomechanical toolkit (Rayfield, 2007). The application of FEA to analyze primate
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mandibular morphology is particularly relevant, due to the limited number of
studies where ecological data on primate diet is used to explicitly test biomechanical
hypotheses. It was expected that those species that rely more on seed consumption
should exhibit stronger jaws (i.e. lower stress values) due to morphological
adaptations to this particular diet, when compared to those species that eat fewer
seeds. In addition, we examined the relationship between mandibular shape and
mandibular strength (i.e. stress values) by using geometric morphometrics (GM).
GM refers to the quantitative analysis of Cartesian coordinates representing form
(i.e., shape and size) and how it covaries with respect to other factors (e.g.,
biomechanics, development, ecology, genetics, etc.) (O’Higgins, 2000; Adams et al.,
2013). Based on the evidence that has shown that skeletal morphology reflects to a
certain extent the mechanical pressures exerted during life (Pearson and Lieberman,
2004; Ruff et al., 2006; Barak et al., 2011), it was expected that mandibular shape
would be significantly associated with stress values. The two following hypotheses
were tested:
H1: The strength of the mandible obtained from the FEA simulations reflect the
sclerocarpy specialization gradient described for pitheciids. Consequently, the results
observed in the mandible should show a gradient from weaker to stronger
mandibles following the seed predation specialization observed in this group (i.e.
Callicebus–Pithecia–Chiropotes-Cacajao).
H2: Mandibular shape is significantly associated with mandibular strength
(measured as stress values).

3.2 Methods
This research met the animal research requirements of the UK, and adhered to the
American Society of Primatologists principles for the ethical treatment of nonhuman primates.
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3.2.1 Sample
The CT-scan data of four pitheciid species housed at the Museum of Comparative
Zoology - Harvard University (Cambridge, MA, USA) were obtained from the
Morphosource database (http://morphosource.org/) (Table 3.1; Fig. 3.1) (Copes et
al., 2016). The species under study are Cacajao calvus, Callicebus moloch, Chiropotes
satanas and Pithecia monachus. This sample was selected to consider one member of
every genus within Pitheciidae, in order to represent the proposed sclerocarpy
specialization gradient exhibited by this group. All specimens were adult with no
reported or evident pathologies associated with their mandibular anatomy. The
Callicebus moloch and Cacajao calvus individuals were male according to the
information available from the museum records. Unfortunately, there was no
information regarding the sex of the two other analyzed specimens. Nonetheless, it
is well known that black-bearded sakis (i.e. Chiropotes satanas) are only slightly
sexually dimorphic (Hershkovitz, 1985; Smith & Jungers, 1997), and that Pithecia
monachus also shows minor sexual dimorphism in their skull morphology, the males
being on average only slightly larger (in all measurements) when compared to
females (Hershkovitz, 1987). Therefore, this uncertainty should not affect our
results, particularly when considering that the FEA represents simplified loading
scenarios. Further details regarding the scanning process can be found in
http://morphosource.org/ or in the Harvard Museum of Comparative Zoology
database http://mczbase.mcz.harvard.edu/SpecimenSearch.cfm

Table 3.1 Sample
Species

Accession number

Scan resolution [mm]

Cacajao calvus

MCZ-27870

0.08

Callicebus moloch

MCZ-20186

0.05

Chiropotes satanas

MCZ-BOM-6028

0.053

Pithecia monachus

MCZ-27124

0.05
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Figure 3.1 Analyzed pitheciid mandibles plotted next to a consensus phylogenetic tree computed
from

10,000

phylogenies

downloaded

from

the

10kTrees

dataset

(http://10ktrees.fas.harvard.edu/Primates/index.html) (Arnold et al., 2010).

Image segmentation
The CT-scans of the different pitheciid species were segmented in the following
manner. DICOM files were imported into AVIZO v. 9.1 (VSG, USA) where each
specimen was segmented by applying a combination of manual painting techniques
and case-specific thresholding. The segmented models were then converted to CAD
models (Marcé-Nogué et al., 2015). During this step, surface irregularities from
model generation were repaired using the refinement and smoothing tools from
Rhinoceros v. 5.0 (McNeel & associates). The models were all oriented with respect
to the same occlusal plane to facilitate the comparison between them. This occlusal
plane was defined as an imaginary surface that ‘touched’ the incisal edges of the
incisors and the tips of the occluding surfaces of the posterior teeth.
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3.2.2 Finite element analysis
Model properties
A structural static analysis to evaluate the biomechanical behavior of the four
different jaws during biting was performed using the Finite Element Package
ANSYS 17.1 on a Dell Precision™ Workstation T5500. It is important to bear in
mind that the objective of this study was to develop a FEA structural comparative
analysis; therefore we were not interested in the in vivo value of load forces
or resulting stresses. The aim was to analyze mandibular strength under
equivalent loads and comparable loading scenarios. Consequently in this work FEA
was used in a comparative fashion rather than being used to validate the models
against experimental data. FEA was applied as a structural comparative technique,
the idea being to compare a general measure of mechanical performance. This
means that any simplification performed in our models is present in all the four
jaws and is therefore not affecting our macroscopic comparisons because the
same simplifications were applied to all the models.
In this study, we obtained the von Mises stress distribution in the jaw under the
chosen loading conditions, which reflect different feeding scenarios. Von Mises
criterion is the most accurate value for predicting fracture location when isotropic
material properties are used in cortical bone (Doblaré et al., 2004). Elastic, linear
and homogeneous material properties were assumed for the bone using the
following values from Macaca: Young Modulus E=21 GPa and Poisson´s ratio
v=0.3 for the mandible (Strait et al., 2005), while for the teeth the values for the
enamel were E=99.4 GPa and v=0.3 (Constantino et al., 2012). Strait et al. (2005)
have shown that the Young’s Modulus of bone in the primate skull varies
depending on the analyzed anatomical locations, ranging from 12.5 GPa (posterior
portion of the zygomatic arch) to 20.8 GPa (anterior zygomatic). However, the use
of these values is not crucial for the development of the analyses proposed here
because these values do not affect the results when a relative comparison of stress
results between models is performed (Gil et al., 2015). The models were segmented
as a solid models without including trabecular bone properties because it has been
shown that the exclusion of trabecular bone does not affect the overall results of a
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FEA (Fitton et al., 2015). Additionally, we decided not to segment the periodontal
ligament (PDL) because there is a considerable debate in the literature regarding the
importance or not of modeling the PDL in FEA (Bright, 2014). Some modeling
studies of the primate mandible have suggested that the presence or absence of the
PDL might affect the obtained results substantially throughout the whole structure
(e.g. Marinescu et al., 2005; Gröning et al., 2011), while other researchers found that
it is only important in the areas immediately adjacent to the teeth (e.g.
Panagiotopoulou et al., 2011). Likewise, models of the crania of Cebus (Wood et al.,
2011) found that the PDL had exclusively local effects when performing FEA.
Therefore, we decided not to include this extra variable in our models until its role
is better understood, because it can introduce further uncertainties in our models
that might confuse our result interpretation. Finally, the jaws were meshed using an
adaptive mesh of hexahedral elements also using ANSYS v. 17.1 (Marcé-Nogué et
al., 2015). The model meshes ranged between 200,000-500,000 elements depending
on the particular specimen and biting case.

Boundary conditions and applied loadings
The available literature on sclerocarpic foraging was reviewed in order to define
sensible loading conditions (van Roosmalen et al., 1988; Norconk et al., 2013).
Based on the available descriptions of sclerocarpic foraging behavior, it was possible
to establish commonalities regarding the way in which the pitheciines extract seeds.
They basically apply two different bites, either using their procumbent incisors or
their wedge-shaped canines (Fig. 3.2a), seemingly depending on the hardness of the
fruit (Norconk et al., 2013). For instance, it has been reported that Chiropotes bites a
hole into the fruit at the edge of the operculum when dealing with Eschweilera fruits
from the Brazil nut family (Lecythidaceae) (van Roosmalen et al., 1988). Then it
uses its incisors like a can opener to pop the operculum off and gain access to the
seeds inside. When feeding on the very hard seedpods of larger Lecythidaceae such
as Lecythis davisii, sakis use their powerful wedge-shaped canines rather than their
incisors (van Roosmalen et al., 1988).
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Figure 3.2 a) Cacajao calvus individual biting a hole into a fruit using its wedge-shaped canines; b)
Free-body diagram of the applied biomechanical scenarios showing boundary conditions, muscular
forces and insertion areas, as well as dental positions used to simulate Incisive Bite and Canine Bite.

Boundary conditions were defined to represent the loads and fixed displacements
that the mandibles experience during two biting scenarios (Fig. 3.2b). The first
boundary condition restrained the condyle at the level of the contact points with the
mandibular fossa of the cranium in order to represent the immobilization of the
mandible constraining the translation of the jaw in all the directions. The analysis
simulated an instantaneous event at static equilibrium, in order to examine overall
patterns of stress distribution in the mandible. In order to simulate biting, a fixed
displacement boundary condition in the y-axis was applied in two different dental
positions: 1) Incisive bite: at the occlusal edge of the central incisive and 2) Canine
bite: at the tip of the canine (Fig 3.2b).
The muscular insertion areas of the masseter, medial pterygoid and temporalis were
defined in the model in order to apply the forces of muscular contraction during the
bite in the jaw. The directions of the forces were defined by lines joining the
centroid of the insertion area on the skull with the centroid of the insertion areas on
the mandible (Supporting information 1 of this chapter). The reduced Physiological
Cross-Section Areas (PCSA) of P. monachus were obtained from (Anapol et al., 2008)
for the temporalis (163 mm2), masseter (133 mm2) and the medial pterygoid (84
mm2). Assuming a value of 0.3MPa as muscular contraction pressure (Alexander,
1992)], the muscle force was obtained for P. monachus, which was used again as a
reference model (Table 3.2).
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Table 3.2 Muscle forces and volumes of the models
Volume of
Model

the jaw
[mm3]

Pterigoid

Masseter

Temporalis

Force [N]

Force [N]

Force [N]

Callicebus moloch

3288.3

22.92

36.28

44.47

Pithecia monachus

3792

25.2

39.9

48.9

Chiropotes satanas

6923.9

37.65

59.61

73.05

Cacajao calvus

11554

52.96

83.86

102.77

Scaling
One relevant concern to be considered when analyzing different individuals using
FEA is how to compare models that differ in shape and size (Dumont et al., 2009).
In this study, the values of muscular forces applied in the models were calculated
according to the methodology developed by Marcé-Nogué et al. (2013) and
rearranged for 3D models by Fortuny et al. (2015) based on scaling the forces via
the volume ratio (Equation 1). VB is the volume of the reference model and VA is
the volume of the scaled model. The muscular force (F) of both models A and B
were related with the variation of the volume (V) of the skull as stated in equation 1
(Table 3.2). P. monachus was used as the reference model B in Equation 1, scaling the
values of these forces in the other models to enable an appropriate comparison.
Equation 1.
!

𝐹! =

!

𝑉!
𝑉!

𝐹!

Analysis of the FEA results
In order to facilitate the comparison between models, quantitative measurements of
the relative strength of the different jaws were used to summarize the FEA results.
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The von Mises stress distributions of the different mandibles were evaluated using
their average values and presented using box-plots to display their stress
distributions following the proposal by Farke (2008), who recommends plotting
stress distributions as quantitative data. However, the use of box-plots for the stress
and statistics derived from them (e.g. percentiles or whiskers) requires the use of a
quasi-ideal mesh (QIM), thus involving corrections for mesh non-uniformity. In the
present paper we used QIM for our models -a mesh where all the elements have
practically the same size- thus allowing the display the obtained stress values as
boxplots (Marcé-Nogué et al., 2016). Due to the fact that a QIM is a non-uniform
mesh (i.e. different elements have dissimilar sizes, although nearly identical in a
QIM), new statistics that take into account this non-uniformity were estimated, such
as the mesh-weighted arithmetic mean (MWAM) and the mesh-weighted median
(MWM). For the MWAM some data points contribute more than others depending
on the size of the element (i.e. the sum of the value of the von Mises stress for each
element multiplied by its own volume and divided by the total volume), while the
MWM is defined as the division of the median of the product of stress and volume
by the median of the volume (Marcé-Nogué et al., 2016). These values (i.e. MWAM
and MWM), are required to estimate the percentage error of the arithmetic mean
(PEofAM) and percentage error of the median (PEofM), which are statistics used to
ensure that our models were good QIMs as described in (Marcé-Nogué et al., 2016).

3.2.3 Association between mandibular shape and stress
values
Shape variables were obtained using GM methods (Slice, 2007; Zelditch et al.,
2012). Landmark acquisition was carried out by TP in Landmark Editor v.3.6
(IDAV) (Wiley et al., 2005) by collecting 22 homologous and well-defined 3D
points (Fig. 3.3). GM and statistical analysis were carried out in R using the
‘geomorph’ package (Adams and Otárola-Castillo, 2013). A generalized Procrustes
analysis was applied to extract the shape variables from the raw landmark data, by
removing all the differences due to translation, rotation and scale (Bookstein, 1991).
This generalized Procrustes analysis took into account object symmetry; therefore
two separate matrices were generated, representing the symmetric and asymmetric
components of shape variation respectively (Klingenberg et al., 2002). The
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symmetric component represents shape variation among individuals in what could
be regarded as a left-right average, while the asymmetric component represents the
differences between the original and mirrored configurations (Klingenberg et al.,
2002). For the following analyses only the symmetric component was analyzed. We
did not find a significant result from a regression of shape on centroid size (R2:0.59;
F: 2.9128; p-value: 0.1028); therefore we thought it unnecessary to correct for
allometric effects by for instance estimating size-adjusted shape coordinates.
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Figure 3.3 3D landmarks used to perform GM analyses. Green spheres represent the median
landmarks, while the purple ones correspond to bilateral coordinates.

A PCA of the symmetric component was carried out to visualize the main axes of
variation in mandibular shape. The associations between mandibular shape (i.e.
Procrustes coordinates), and mandibular strength (i.e. stress percentile values: M25,
M50, M75, M95) for the two biting scenarios was assessed by carrying out two
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partial least squares (PLS) analyses (Corti and Rohlf, 2001). PLS computes the
degree of covariation between the two datasets, and it has the advantage that it does
not assume that one block of variables is dependent on the other (Rohlf and Corti,
2000). In order to visualize shape changes, the model closest to the mean shape was
warped to match the multivariate mean using the thin plate spline method
(Bookstein, 1991). Then the obtained average model was warped to represent the
shape changes along the first PLS.

3.3 Results
3.3.1 Finite element analysis
The visual representation of the von Mises stress distributions for each mandible is
a useful proxy for qualitative comparisons regarding their biomechanical behavior
because these stress patterns can be interpreted as a sign of relative strength
independent of orientation (e.g. specimens exhibiting higher stress would be
weaker) (Fig. 3.4). All the models in Figure 4 showed higher stresses in the ramus
than in the corpus of the mandible. When comparing the different models, Callicebus
moloch showed a greater area of higher stress, whereas Chiropotes satanas and Cacajao
calvus showed lower stress, with the corpus being the area exhibiting more
noticeable higher stresses.
Figure 3.5. shows the stress distribution of the QIM in boxplots. These boxplots
show that the stress values in the mandible of Callicebus moloch exhibit a wider range,
including higher stresses than the other models. The boxplots also show that
Chiropotes satanas and Cacajao calvus have a more restricted range of stress values.
Peak stresses were lowest in Cacajo calvus, although on average Chiropotes satanas
exhibited a lower value than Cacajao calvus. The MWAM, the stress quartile values of
the boxplots, the estimated bite forces and the MA (measured as bite force/total
muscle force) can be found in Table 3. All the values were calculated for the two
loading cases. MWM, the percentage error of the arithmetic mean (PEofAM) and
the percentage error of the median (PEofM) used to ensure QIM are provided in
the Supporting information 2 of this chapter.
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Figure 3.4 von Mises stress distribution for the analyzed species under the boundary conditions
defined for Incisive Bite and Canine Bite.

a)

b)
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Figure 3.5. Box-plots of the von Mises stress values for the analyzed species for the two loading
scenarios: a) Incisive Bite and b) Canine Bite.
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414016
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Cacajao calvus

423375
424957
200687
336121

Callicebus moloch

Pithecia monachus

Chiropotes satanas

Cacajao calvus

3.9948

3.8387

4.3300

7.1881

MWAM

4.1775

3.9060

4.6569

7.3543

MWAM

1.1794

1.4213

1.7180

2.9043

M(25%)

1.4877

1.5034

2.1194

3.1165

M(25%)

2.6936

2.4214

2.9363

4.7315

M(50%)

2.8424

2.4837

3.2242

4.9367

M(50%)

5.3559

4.6992

5.2324

7.3541

M(75%)

5.4829

4.7484

5.4614

7.5291

M(75%)

11.9980

12.5952

13.1210

22.9088

M(95%)

12.1230

12.6745

13.4340

23.0320

M(95%)

164.5

104.62

103.89

77.14

Bite Force [N]

99.27

65.82

52.17

43.70

Bite Force [N]

M(95%): 95% percentile; MA: mechanical advantage.

Key: MWAM: mesh-weighted average mean; M(25%): 25% percentile; M(50%): 50% percentile; M(75%):75% percentile;

Elements

SPECIES

CASE 2: CANINE BITE

Elements

SPECIES

CASE 1: INCISIBE BITE

Table 3.3 FEA results

0.44

0.40

0.50

0.44

MA

0.41

0.39

0.46

0.42

MA

3.3.2 Geometric morphometrics
The PCA of the symmetric component shows the morphological differences
between the analyzed species (Fig. 3.6). The first two PCs accounted for 90.3% of
the total shape variation, thus providing a reasonable approximation of the total
amount of shape variation. PC1 seems to represent the robusticty morphocline
described for this platyrrhine family. The warped model on the left of the plot is
characterized by less pronounced coronoid processes and a more ‘robust’ ramus,
while on the right of the graph the warped lower jaw exhibited a more ‘gracile’
mandibular body and higher coronoid processes. In other words, the positive side
of the axis describes more ‘gracile’ mandibles showing elongated mandibular corpus
along with a narrower gonial angle, while the negative side shows more ‘robust’
mandibles exhibiting a shorten mandibular ramus and less projecting coronoid
process. On the other hand, PC2 distinguishes between Chiropotes-Pithecia and
Callicebus-Cacajao. The warped model on the top of the plot shows a relatively
antero-posteriorly thinner mandibular ramus when compared to the model at the
bottom of the graph, which is more ‘robust’ with a shorter and broader ramus.
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Figure 3.6. Morphospace of the pitheciid mandibular variation. The first two principal components
(PCs) were used to display most of the morphological variation. The mandible models were used to
depict the morphological variation along the first two PC axes that accounted for ca. 90.3% of the
total shape variation. The model closest to the mean shape was warped to match the multivariate
mean using the thin plate spline method (Bookstein, 1991). Then the obtained average model was
warped to represent the variation along the two plotted PC axes.

3.3.3 Association between mandibular shape and stress
values
We found a strong and significant association between mandibular shape and
percentile stress values for the incisive (r-PLS: 0.988; p-value: 0.02; RV-coefficient:
0.81; p-value: 0.043; 9,999 perm. rounds; Fig. 3.7a) and canine bite scenarios (r-PLS:
0.986; p-value: 0.026; RV-coefficient: 0.807; p-value: 0.042; 9,999 perm. rounds; Fig.
3.7b). In both analyses the first PLS axes accounted for almost all the observed
covariation. Warped models are provided in Figure 3.7 to visualize the covariation
between shape and stress values.
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Figure 3.7 PLS analyses of shape and stress percentile values (M25, M50, M75, M95) for the two
loading scenarios: a) Incisive Bite and b) Canine Bite. The consensus model was warped to represent
the variation along PLS1.
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3.4 Discussion
Regarding H1, we found that there is a gradient of relative morphological
‘robusticity’ represented by PC1, which accounts for 66.4% of the variance in the
sample. As expected more gracile shapes (i.e. Callicebus moloch) are located opposite
to more robust morphologies (i.e. Cacajao calvus). Nonetheless, PC2 distinguishes
these two opposite morphologies from the other analyzed taxa (i.e. Pithecia monachus
and Chiropotes satanas), which seem to be characterized by vertically elongated
condyles and symphyses. In addition, we found a coherent trend with the
sclerocarpy specialization gradient for the estimated bite force, increasing from
Callicebus towards Cacajao. This result is consistent with H1 due to the fact that the
analyzed species exhibit high dietary demands on their anterior dentition in an
incremental fashion (i.e. Callicebus–Pithecia–Chiropotes-Cacajao). Nonetheless, bite
force is associated with size; therefore caution is required when interpreting this
result because Cacajao corresponds to the larger analyzed species. In addition, our
results do not demonstrate the expected trend in mandibular strength for the
analyzed species. Even though Chiropotes and Cacajao showed similar stress values,
the former exhibited on average the lowest values for both loading scenarios, but
not lower peak stress. The third pitheciine, Pithecia monachus also showed similar
values, although occupying an intermediate position between these robust forms
and Callicebus moloch, hence supporting the argument that among the analyzed taxa,
this species represents the less robust member of this seed-eating clade (Kinzey,
1992; Anapol and Lee, 1994).
Although this result could be regarded as intriguing, previous studies have found
similar results applying different techniques. For instance, when analyzing
robusticity using shape ratios of mandibular condyle, corpus and symphysis by using
a PCA, they also found that Chiropotes followed by Cacajao and then Cebus have the
largest scores along PC1, thus suggesting these taxa have relatively robust mandibles
probably due to their consumption of mechanically challenging seeds (e.g. Bouvier,
1986; Kinzey, 1992; Anapol & Lee, 1994). Additionally, they also devised a
biomechanical robusticity index for platyrrhines by combining several measures of
the masticatory apparatus (Norconk et al., 2009). They averaged z-scores for 10
relative measures of the masticatory apparatus associated with load bearing, dental
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function and bite force production and found again that Chiropotes followed by
Cacajao and then by Cebus exhibit the largest average scores for this masticatory
apparatus index. The present results are consistent with these previous findings,
showing that the strongest pitheciid mandible corresponds to Chiropotes, despite the
fact that apparently this genus consumes fewer seeds than Cacajao (although some
studies have reported higher seed consumption percentages for Chiropotes; see for
instance Kinzey, 1992; Kinzey & Norconk, 1990). We found that Chiropotes exhibits
the strongest mandible closely followed by Cacajao. One possible explanation about
the slightly higher stresses found in Cacajao can be advanced by considering the
results from the upper part of the boxplots. Although Chiropotes presents on
averaged a stronger lower jaw than Cacajao, it is the latter which exhibits higher
values of stress in the peak areas of the jaw (see for instance the 95% percentile). It
must be noted that an unusually high stress appears where the boundary conditions
are set as a simple support. These stresses are artificially inflated by the constraints
imposed on the model due to a numerical singularity (Marcé-Nogué et al., 2015).
This numerical singularity is a consequence of the applied mathematical approach,
and consequently it is not related to any biological process. In those areas, stresses
have the tendency to increase in value towards infinity; therefore, results of these
areas should not be considered in the qualitative analysis of the mandible. To avoid
this problem with the highest stresses and following the suggestions of Walmsley et
al. (2013) and Marcé-Nogué et al. (2016), the analysis of the 95% percentile of the
boxplot was used as the peak stress value in the jaw. If we assume the same bone
properties for all the models as done here, the obtained results suggest that, in spite
of being stronger on average, the application of extremely high forces during biting
in Chiropotes would more likely result in a fracture or generate a non-comfortable
stress state in some areas of the mandible, than if equivalent forces are applied in
Cacajao.. Therefore there is some evidence for a mandibular strength trend, at least
for this biomechanical aspect. Nonetheless, it is important to also notice that the
differences between these two taxa are really small, so both would represent two
mandibular phenotypes adjusted for sclerocarpy.
Regarding MA, our results showed an intriguing pattern that has not been
previously observed, where the most sclerocarpic species show the lowest MA (i.e.
Incisive bite: Callicebus moloch: 0.42, Pithecia monachus: 0.46, Chiropotes satanas:
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0.39, Cacajao calvus: 0.41; Canine bite: Callicebus moloch: 0.44, Pithecia monachus:
0.50, Chiropotes satanas: 0.40, Cacajao calvus: 0.44). When comparing the MA of
the platyrrhine masticatory apparatus, Norconk et al. (2009) found that among the
non-callitrichines, the durophagus Cebus possesses the highest leverage for biting at
the canines and incisors followed by Chiropotes and then by Cacajao, supporting
previous observations that predominant seed feeders seem to exhibit relatively
greater mechanical advantage, especially during anterior tooth use (Anapol and Lee,
1994; Wright, 2005). One possible explanation for the observed disagreement
might be related to the fact that Norconk et al. (2009) used a simplified approach
assuming one vertical vector for all the jaw closing muscles, while our estimation
differs because it considered three separate muscles and their respective vector
orientations. In addition, it is important to consider that the present paper has a
reduced sample size, so future studies addressing MA should consider more
individuals.
It is also important to consider that Cacajao might not be such a hard-fruit feeder
after all (Barnett et al., 2016). A recent study has shown that Cacajao ouakary is not
randomly biting on the surface of fruits, but that on the contrary they focused on
those areas needing less force to penetrate in order to gain access to the seeds
(Barnett et al., 2016). This behavior was interpreted as being an energy saving
mechanism, and/or be performed to reduce the risk of damaging the teeth used in
food acquisition (Barnett et al., 2016). This probably also implies that related species
might show a similar behavior and that consequently pitheciine should not be
simply regarded as nut-cracking primates exclusively applying brute force to break
fruit’s pericarps (Barnett et al., 2016). Nonetheless, it is relevant to also notice that
even though they are selecting the weakest areas of the pericarp, getting access to
the seeds still requires substantial force and that this behavior could be repeated
several hundred times per day (Ayres, 1989).
The platyrrhine masticatory apparatus experiences significant internal loads in the
mandibular condyles, corpora and symphyses during biting and mastication (e.g.
Hylander, 1979a; b, 1984, 1985; Hylander et al., 1987). One possible solution to bear
these loadings is to either increase in size as observed in the pitheciid lineage and/or
change in shape in a certain direction that could improve load bearing ability, which
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could to explain why Chiropotes is on average stronger in the two tested biting
scenarios than the other analyzed genera. Nonetheless its position in the PCA near
Pithecia, seems to imply that actually Cacajao modified its morphology towards a
different region of the morphospace. Cacajao shows a slightly more restricted stress
distribution (Fig. 4) than Chiropotes, thus showing more evenness in its stress
distribution (i.e. both the box and the whiskers in Fig 4. are smaller). This means
that the stress is more uniformly distributed in Cacajao as compared to Chiropotes,
which exhibits some areas of particularly higher stress (e.g. in the ramus).
The ecological implications of these morphological differences are the subject of
some speculation. The geographic ranges of Chiropotes and Cacajao are completely
allopatric, excepting a possible zone of sympatry in the northern Amazon basin
(Boubli,

2002).

This

geographic

distribution

might

explain

the

broad

ecomorphological similarities between these two genera, which could perhaps imply
that they are too competitive to coexist in the same habitat (Ayres and Prance,
2013). As previously discussed, both uakaris and bearded sakis are highly specialized
morphologically for the consumption of immature seeds (Kinzey, 1992;
Rosenberger, 1992). These similarities are even more striking when considering that
some studies have shown that seed consumption in bearded sakis can reach levels
similar to uakaris in some observation sites. Cacajao’s seed consumption is about
66.9% (Norconk et al., 2009), while Chiropotes satanas has reported percentages of
63% (Port-Carvalho and Ferrari, 2004) or even a striking 91% (Kinzey and
Norconk, 1990; Kinzey, 1992), while other species such as Chiropotes sagulatus have
reported values of 86% (Kinzey and Norconk, 1990). This information might imply
that instead of having a linear transition in sclerocarpy specialization from Callicebus
to Cacajao, both Chiropotes and Cacajao might represent to two different phenotypes
specialized in sclerocarpy. In brief terms, it seems that there is a relative
specialization gradient in the pitheciid mandible as expected for the morphocline
hypothesis but only for some aspects of shape (i.e. PC1). In addition, the support
for the morphocline hypothesis regarding stress values is ambiguous depending on
whether peak or mean stress is analyzed. It conclusion it seems that the proposed
Callicebus–Pithecia–Chiropotes-Cacajao

morphocline

of

increasingly

specialized

anatomical traits for sclerocarpic foraging would be rather better described as
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Callicebus–Pithecia–Chiropotes/Cacajao at least for some of the traits analyzed in the
present paper.
Regarding H2, we found that that mandibular shape and mandibular strength are
strongly associated in spite of the reduced sample size, thus indicating the high
strength of this association. This is reasonable, since the mechanical behavior of a
structure depends on the combination of the geometry (i.e. shape) and the material
properties of the structure itself. Other studies have found an association between
cranial and mandibular shape and stress values in other groups (Pierce et al., 2008,
2009; Piras et al., 2013), which has been explained since skeletal morphology reflects
to a certain degree the mechanical demands exerted during life (Barak et al., 2011;
Pearson & Lieberman, 2004; Ruff et al., 2006). In the case of the mandible these
demands can be interpreted as being mostly associated with food acquisition and
consumption (Agrawal et al., 1998; Chew et al., 1988; Gröning et al., 2012; Hiiemae
& Kay, 1972; Hiiemae, 1978; Hylander et al., 1987; O’Higgins et al., 2012; Vinyard
et al., 2003). Previous studies focused on the proposed connection between
mandibular form and diet in mammals have not found a straightforward link
between them (e.g. Turnbull, 1970; Raia et al., 2010; Meloro & O’Higgins, 2011). A
recent study that applied morphometric techniques found that in primates there is a
significant but weak influence of diet on mandibular shape variation when the order
Primates is analyzed altogether, but not in anthropoids and catarrhines when tested
separately (Meloro et al., 2015). Nonetheless, they found that diet is an important
factor in the diversification of platyrrhines, showing some of the highest values of
variance explained by feeding habits. This association between morphology and diet
has been also identified for the shape of the temporomandibular joint in Platyrrhini
(Terhune, 2011, 2013).

Although our results are limited to only one of the

platyrrhine families, they can complement the evidence described above by relating
mandibular morphology and the stress derived from a food acquisition behavior (i.e.
sclerocarpy). In addition, the present results were not based solely on morphology,
but obtained from hypothesis-driven biomechanical analyses, thus providing much
clearer evidence for the mechanical interpretation of the observed shape
differences. The present results are expected to contribute to a better insight
regarding the ecomorphological relationship between mandibular morphology and
mechanical performance among pitheciids, and platyrrhines more generally.
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3.7.1 Supporting information 1. Forces directions and
muscle insertion areas.

Figure 3.8 The muscle insertion areas are painted in red for the masseter,
temporalis and medial pterygoid muscles on the mandibles and crania of the species
under analysis. The black arrows represents the muscle vector orientations used in
the finite element analysis (FEA). Please notice that even though the C. calvus
individual is missing a portion of the skull that area was also considered for all
practical purposes.
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3.7.2 Supporting information 2. Table 3.4 Statistics used to
ensure a Quasi-ideal Mesh (QIM)
CASE 1: INCISIBE BITE
SPECIES

MWM

PEofAM

PEofM

Callicebus moloch

4.7463

0.8217

4.0120

Pithecia monachus

3.1779

0.7572

1.4557

Chiropotes satanas

2.4395

0.8045

1.8103

Cacajao calvus

2.7807

0.6106

2.2193

CASE 2: CANINE BITE
SPECIES

MWM

PeofAM

PeofM

Callicebus moloch

4.5570

0.8296

3.8302

Pithecia monachus

2.8832

0.8206

1.8406

Chiropotes satanas

2.3625

0.8959

2.4931

Cacajao calvus

2.6305

0.6034

2.4007

Key: MWM:mesh-weighted mean ;PEofAM: Percentage Error of
the Arithmetic Mean; PEofM: Percentage Error of the Median.
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Platyrrhines are a diverse group of primates that presently occupy a broad range of tropical-equatorial
environments in the Americas. However, most of the fossil platyrrhine species of the early Miocene
have been found at middle and high latitudes. Although the fossil record of New World monkeys has
improved considerably over the past several years, it is still difﬁcult to trace the origin of major modern
clades. One of the most commonly preserved anatomical structures of early platyrrhines is the talus.
This work provides an analysis of the phenetic afﬁnities of extant platyrrhine tali and their Miocene
counterparts through geometric morphometrics and a series of phylogenetic comparative analyses.
Geometric morphometrics was used to quantify talar shape afﬁnities, while locomotor mode percentages (LMPs) were used to test if talar shape is associated with locomotion. Comparative analyses
were used to test if there was convergence in talar morphology, as well as different models that could
explain the evolution of talar shape and size in platyrrhines. Body mass predictions for the fossil
sample were also computed using the available articular surfaces. The results showed that most
analyzed fossils exhibit a generalized morphology that is similar to some ‘generalist’ modern species. It
was found that talar shape covaries with LMPs, thus allowing the inference of locomotion from talar
morphology. The results further suggest that talar shape diversiﬁcation can be explained by invoking a
model of shifts in adaptive peak to three optima representing a phylogenetic hypothesis in which each
platyrrhine family occupied a separate adaptive peak. The analyses indicate that platyrrhine talar
centroid size diversiﬁcation was characterized by an early differentiation related to a multidimensional
niche model. Finally, the ancestral platyrrhine condition was reconstructed as a medium-sized,
generalized, arboreal, quadruped.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Modern New World monkeys (NWM) occupy a diverse array of
habitats, ranging from the Amazonian Basin, the semi-deciduous
Atlantic Forest, to the fringes of great forests such as in the Venezuelan plains (Rylands and Mittermeier, 2009; Fleagle, 2013). The
occupation of these diverse environments has been accompanied
by distinct behavioral, morphological and ecological adaptations,

* Corresponding author.
E-mail address: thomas.puschel@postgrad.manchester.ac.uk (T.A. Püschel).

which are broadly correlated with speciﬁc phylogenetic groups
(Ford and Davis, 1992; Rosenberger, 1992; Fleagle and Reed, 1996;
Fleagle et al., 1999; Rosenberger, 2002; Youlatos, 2004;
Rosenberger et al., 2009). Whilst the modern day success of the
group is clear, the evolutionary history of these lineages is still
highly debated (Youlatos and Meldrum, 2011). Currently one of the
main difﬁculties in platyrrhine paleontology is the scarcity of data
available from the Eocene and Oligocene, because most platyrrhine
fossils have been dated to the Miocene or the Pleistocene of South
America and the Caribbean (Rímoli, 1977; MacPhee and Woods,
1982; MacPhee et al., 2003; Kay and Cozzuol, 2006; Tejedor et al.,
2006; Fleagle et al., 2012; Perkins et al., 2012), although there are

http://dx.doi.org/10.1016/j.jhevol.2017.07.015
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notable exceptions from Bolivia and Peru (Hoffstetter, 1969;
Rosenberger, 1981; Wolff, 1984; Rosenberger et al., 1991; Takai
and Anaya, 1996; Takai et al., 2000; Kay et al., 2002; Bond et al.,
2015). Most of these fossils are composed of fragmentary dental
remains, with several species, such as Branisella boliviana
(Hoffstetter, 1969), Mohanimico hershkovitzi (Luchterhand et al.,
1986), Szalatavus attricuspis (Rosenberger et al., 1991), Solimoea
acrensis (Kay and Cozzuol, 2006), Insulacebus toussainatiana (Cooke
et al., 2011), Perupithecus ucayaliensis (Bond et al., 2015), Panamacebus transitus (Bloch et al., 2016) and Canaanimico amazonensis (Marivaux et al., 2016a), being classiﬁed based on limited
dental traits.
Interestingly, most of the fossil platyrrhine species of the early
Miocene have been found at middle and high latitudes (i.e., central
Chile and Patagonia), which are areas that are nowadays uninhabited by non-human primates (Bordas, 1942; Fleagle and Bown,
1983; Fleagle et al., 1987; Fleagle and Kay, 1989; Fleagle, 1990;
Meldrum, 1990; Flynn et al., 1995; Tejedor, 2002, 2003, 2005a,b),
as well as one from a tropical-equatorial area (i.e., Peruvian Amazonia) (Marivaux et al., 2012) and one from Panama (Bloch et al.,
2016). Even though the NWM fossil record has improved considerably over the past several years (Tejedor, 2008; Bond et al., 2015;
Kay, 2015a; Bloch et al., 2016; Marivaux et al., 2016a,b), it is still
difﬁcult to trace the origin of major modern clades (i.e., Atelidae,
Pitheciidae and Cebidae), especially considering that some of the
earliest fossil taxa may fall outside the crown radiation (Kay et al.,
2008; Hodgson et al., 2009; Kay and Fleagle, 2010; Youlatos and
Meldrum, 2011; but for a different opinion see Schrago, 2007;
Rosenberger, 2010). There are two diverging positions regarding
the relationship between the early platyrrhine fossils and the
modern species that have been proposed: the long lineage hypothesis (LLH) and the stem platyrrhine hypothesis (SPH) (Kay
et al., 2008). The LLH states that modern platyrrhines are deﬁned
by a number of long-lived clades and that most of the known fossil
taxa belong to these lineages (Rosenberger et al., 2009). This position is supported by some divergence date estimates based on
molecular clock data (Schneider et al., 2001; Opazo et al., 2006;
Schrago, 2007). The SPH proposes that most of the early Patagonian fossil taxa are not ancestral to the modern clades (Kay et al.,
2008; Kay and Fleagle, 2010). Instead they represent a sister
group of all living platyrrhines that occupied niches analogous to
those ﬁlled by modern NWM (Kay et al., 2008; Hodgson et al., 2009;
Kay and Fleagle, 2010). Kay and Fleagle (2010) indicate that dissimilar methods can produce varying results starting from the same
data and that alternate divergence times lend support to the SPH.
Nonetheless, it is important to consider that a phylogenetic metaanalysis carried out by Perez and Rosenberger (2014) comparing
the topologies of the 31 major neontological phylogenies concluded
that major disparities are rather common among the hypotheses
concerning higher level relationships of platyrrhines (e.g., the position of Aotus). Additionally, they also found that the correspondence among phylogenetic trees seems to depend on the type of
dataset analyzed (i.e., nuclear DNA, mtDNA, Alu sequences,
morphology or mixed data), which implies that the biological
characteristics emphasized in different datasets intrinsically inﬂuence the likelihood of producing similar reconstructions (Perez and
Rosenberger, 2014).
One of the most commonly preserved anatomical elements in
the platyrrhine fossil record is the talus (Tejedor, 2008). Many
Argentinian platyrrhine taxa exhibit at least one preserved talus
(i.e., Carlocebus carmenensis, Soriacebus ameghinorum, Dolichocebus
gaimanensis, Proteropithecia neuquenensis), while in Chile (Río
Cisnes) and Peru (Madre de Dios) the post-cranial fossil record is
represented by tali (Bordas, 1942; Fleagle and Bown, 1983; Fleagle

et al., 1987; Fleagle and Kay, 1989; Fleagle, 1990; Meldrum, 1990;
Flynn et al., 1995; Tejedor, 2002, 2003, 2005a,b; Marivaux et al.,
2012). Many of the Colombian fossils from La Venta also have
preserved tali (i.e., Neosamiri ﬁeldsi, Aotus dindensis, Cebupithecia
sarmientoi) and the Miocene Caribbean fossil of Paralouatta
marianae is represented only by one talus (MacPhee et al., 2003).
Furthermore, the talus is important because it has been suggested
that its morphology could reﬂect postural adaptations, based on its
central position in the foot as well as its functional relationship
with other foot bones (Lisowski et al., 1974; Boyer et al., 2010, 2015;
Yapuncich and Boyer, 2014; Yapuncich et al., 2015). The talus is the
principal mechanical link between the leg and the foot, hence it is
responsible for transmitting forces derived from an animal's body
mass, as well as allowing mobility and providing stability during
most postural and locomotor behaviors (Boyer et al., 2015).
Consequently, it has been argued that the talus is a useful element
for both functional and phylogenetic analyses based on its high
prevalence and good preservation in the fossil record, and also
because its intricate morphology coupled with a relatively
straightforward functional role in the ankle joint allow postural and
locomotor inferences (Gebo, 1986, 1988, 2011; Boyer and Seiffert,
2013). Even though some platyrrhine fossil tali have been
analyzed using linear morphometrics (Meldrum, 1990), there is an
absence of current morphometric and comparative analyses that
could provide important information regarding the evolution of
this anatomical structure.
In this study we analyze Miocene fossil platyrrhine talar shape
and size in the context of a broad comparative sample representing
all extant platyrrhine families. Modern NWM are represented by
three families that are well-deﬁned based on congruent morphological and molecular data (Aristide et al., 2015; Kay, 2015b), except
for the still debated position of Aotus, which has been classiﬁed
either as a member of the cebines, as a sister group of the callitrichines or as a pithecid (Kay, 1990; Rosenberger et al., 1990;
Rosenberger, 2002; Wildman et al., 2009). These clades show
remarkable adaptions to different environments, occupying very
distinct habitats and climates. Consequently their ecomorphological
adaptations and body sizes are variable, ranging in the modern
platyrrhine clade from 100 g to more than 10,000 g (Ford and Davis,
1992). Thus, this research has four objectives. First, to examine
morphological afﬁnities, and identify the phenetic afﬁnities between fossil and living NWM tali. Second, to analyze locomotor
mode percentages to understand the relationship between locomotion and talar shape and reconstruct the ancestral locomotor
condition of the NWM. Third, to undertake evolutionary modeling to
test if there is morphological convergence among NWMs and model
the possible evolutionary processes explaining observed diversity in
talar shape and size. Fourth, to predict body mass for the fossil
sample.

2. Material and methods
2.1. Sample
The comparative sample included platyrrhines from nearly
every extant genus in order to capture the full morphological diversity of the extant crown group (n ¼ 203; 40 species; Table 1). The
fossil sample included most of the available Miocene platyrrhine
tali (n ¼ 15; eight species plus two specimens that have not been
taxonomically assigned; Table 2). A total of 34 three-dimensional
(3D) tali scans were downloaded from Morphosource (http://
morphosource.org/) e an online repository of 3D scan data
(Copes et al., 2016) e as ply surface models, while the rest were
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2.3. Morphological afﬁnities

Table 1
Extant sample.
Species
Alouatta caraya
Alouatta seniculus
Aotus azarae
Aotus infulatus
Aotus nancymaae
Aotus trivirgatus
Ateles belzebul
Ateles fusciceps
Ateles geoffroyi
Ateles marginatus
Cacajao calvus
Callicebus cupreus
Callicebus donacophilus
Callicebus moloch
Callicebus personatus
Callicebus torquatus
Callimico goeldii
Callithrix geoffroyi
Callithrix jacchus
Callithrix penicillata
Cebuella pygmaea
Cebus albifrons
Cebus apella
Cebus nigritus
Cebus olivaceus
Chiropotes satanas
Lagothrix lagotricha
Leontopithecus rosalia
Mico argentatus
Mico humeralifer
Mico melanurus
Pithecia monachus
Pithecia pithecia
Saguinus fuscicollis
Saguinus leucopus
Saguinus midas
Saguinus mystax
Saguinus oedipus
Saimiri boliviensis
Saimiri sciureus
Total

181

n

Postural behavior

16
15
19
1
2
3
6
3
4
2
8
3
5
4
1
1
7
2
8
1
5
10
14
1
5
4
5
5
1
1
1
1
2
1
1
6
6
1
16
6
203

Clamber/suspensory
Clamber/suspensory
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Clamber/suspensory
Clamber/suspensory
Clamber/suspensory
Clamber/suspensory
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Leaper/clawed
Leaper/clawed
Leaper/clawed
Leaper/clawed
Leaper/clawed
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Clamber/suspensory
Leaper/clawed
Leaper/clawed
Leaper/clawed
Leaper/clawed
Arboreal quadrupedalism
Arboreal quadrupedalism
Leaper/clawed
Leaper/clawed
Leaper/clawed
Leaper/clawed
Leaper/clawed
Arboreal quadrupedalism
Arboreal quadrupedalism

scanned for this study (details of the sample are provided in the
Supplementary Online Material [SOM] S1).
2.2. 3D surface rendering
Surface models were imported into Geomagic Studio v. 12
(Geomagic, USA). Using this software, possible errors in the polygon
mesh were identiﬁed and adjusted to remove localized holes and
protruding vertices. When the 3D models where particularly large,
they were globally re-meshed to simplify their element geometry.

The 3D models of platyrrhine fossils and extant individuals were
used to carry out geometric morphometric (GM) analyses. Most of
the specimens were right tali, but some of them were reﬂected
when necessary to provide a uniformly right-sided dataset. First, a
series of 30 Cartesian coordinates were collected on the surface of
the models following the homologous landmark map proposed by
Turley and Frost (2013) (Fig. 1). These coordinates were collected
using Landmark editor v. 3.6 (Wiley et al., 2005) and then imported
into R 3.4.0 (http://www.R-project.org/) to carry out the GM anarola-Castillo,
lyses using the ‘geomorph’ package (Adams and Ota
2013). A Procrustes superimposition was performed on these coordinates, to remove differences due to scale, translation and
rotation, thus obtaining shape variables (Bookstein, 1997). Because
some of the fossils had missing landmarks due to postdepositional
damage (SOM S2), a missing data imputation procedure was performed (Gunz et al., 2009). By using the complete cases from the
extant comparative sample, multivariate regression was used to
estimate the location of the missing landmarks using the estimarola-Castillo,
te.missing() function in ‘geomorph’ (Adams and Ota
2013). Here each landmark with missing values was regressed on
all other landmarks for the set of complete extant specimens, and
the missing landmark values were then predicted by this linear
regression model (Gunz et al., 2009). This procedure was carried
out to avoid the problem of having different specimens with
different missing landmarks. Then, the obtained shape variables
were used in a principal component analysis (PCA) to establish
initial morphological afﬁnities between all extinct and extant
species using the prcomp() function from the ‘stats’ package (R Core
Team, 2017).
A canonical variates analysis (CVA) of the extant species was
carried out using the shape variables and taxonomic family as a
priori category to test whether talar morphology could be used to
distinguish between these different taxonomical levels (Tallman
and Cooke, 2016). This analysis was carried out using the CVA()
function from the R package ‘Morpho’ (Schlager, 2017). Then, using
the obtained canonical coefﬁcients, the different fossils were
deﬁned within the taxonomical levels to establish possible similarities. Based on the work of Youlatos and Meldrum (2011), the
platyrrhine species were classiﬁed according to their main locomotion mode in three categories (i.e., clamber/suspensory, leaper/
clawed and arboreal quadrupedalism) (Table 1) and another CVA
was performed using these categories. This CVA was initially carried out with the extant comparative sample and then, using the
obtained canonical coefﬁcients, the different fossils were deﬁned
within the proposed locomotion categories. In this way it was
possible to have an initial approximation of the possible locomotor
repertoires of the fossil specimens, as well as to test if talar shape
could be used to distinguish different locomotor habits. The

Table 2
Fossil sample.
Fossil
Dolichocebus gaimanensis
Carlocebus carmenensis (n ¼ 4)
Soriacebus ameghinorum
Madre de Dios
Río Cisnes
Proteropithecia neuquenensis
Aotus dindensisa
Cebupithecia sarmientoi
Neosaimiri ﬁeldsi (n ¼ 3)a
Paralouatta marianaea
a

Scans obtained from casts.

Age (Ma)

Locality

Previous body
mass estimates (g)

Accession number

~20.0
17.5e16.5
17.5e16.5
~18.75e16.5
16.5
15.8
13.0e13.2
13.5e11.8
12.0e13.2
~17.5e18.5

Sarmiento, Chubut, Argentina
Pinturas, Santa Cruz, Argentina
Pinturas, Santa Cruz, Argentina
Atalaya, Cusco, Upper Madre de Dios Basin, Peru
Alto Río Cisnes, Chile
 n Cur
n, Argentina
Collo
a, Neuque
La Venta, Madgalena Valley, Colombia
La Venta, Madgalena Valley, Colombia
La Venta, Madgalena Valley, Colombia
Domo de Zaza, Lagunitas Formation, Cuba

1500
2500
1800
250e500
?
1500
1000
1602
725
?

MACN 362
MACN 271, 304, 368, 396
MACN 397
MUSM 2024
SGO.PV 974
MLP 91-IX-1-119
IGMKU 8802
UCMP 38762
IGMKU 89030, 89031, 89199
MNHNCu 76.3059
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Figure 1. Thirty landmarks in situ illustrated using a talus of Chiropotes satanas (AMNH 95760). The talus is visualized in a dorsal, plantar, anterior, and posterior view.

percentage of correct classiﬁcation of the two performed CVAs was
assessed via a jackknife resampling procedure.
Additionally, to visualize morphological afﬁnities between the
extant species and the fossils, a morphological afﬁnity dendogram
was generated by applying Ward's method for agglomerativehierarchical cluster analysis, since this algorithm has been recommended for morphometric data (Hammer and Harper, 2008).
Euclidean distances were used as the similarity index, and the
dendrogram was computed using all the principal components
(PCs) from the PCA considering the extant species and the fossils.
Additionally, all the shape changes associated with the proposed analyses were visualized, when necessary, using 3D
warpings of the surface models. First one of the surface models
closest to the consensus conﬁguration was warped to match the
multivariate mean using the thin plate spline method (Bookstein,
1997), then the obtained average model was warped to represent
the morphological variation depending on the different analyses
performed.
2.4. Phylogeny
An up-to-date platyrrhine phylogeny (Aristide et al., 2015) was
modiﬁed slightly in Mesquite v. 3.04 (Maddison and Maddison,

2017), adjusting some species names to match those in the
morphological dataset, adding some species (Ateles marginatus,
Aotus infulatus, Chiropotes satanas, Mico melanurus, and Saguinus
leucopus; Sena et al., 2002; Bonvicino et al., 2003; Araripe et al.,
2008; Menezes et al., 2010; Morales-Jimenez et al., 2015) by hand
and removing species for which there were no talar data. The
resulting phylogeny (Fig. 2; SOM S3) was used to perform all the
described comparative analyses.
2.5. Locomotor mode percentages
It was necessary to establish if there was a signiﬁcant association between talar morphology and locomotion to test whether
talar morphology is a good proxy for locomotion. First the locomotor mode percentages (LMPs) (i.e., the percentage time a species
spends performing a certain locomotor behavior) of 31 platyrrhine
species were obtained from Youlatos and Meldrum (2011). This
dataset compiled several sources from different publications, and
considered ﬁve different locomotor behaviors: bridge/suspensory
locomotion, arboreal quadrupedal walk, clamber/vertical climb,
leap/drop/hop, and clawed locomotion. A PCA of the correlation
matrix of the LMPs of the species used in the present study (n ¼ 23)
was carried out to see if main locomotion modes could be
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Figure 2. Extant platyrrhine phylogeny used in the present study. Node numbers are displayed. In the nodes, the ancestral shape reconstructions are shown, using the squaredchange parsimony approach of Maddison (1991).

distinguished. The phylogenetic signal of the LMPs was estimated
using a mathematical generalization of the K-statistic (Blomberg
et al., 2003) appropriate for multivariate data (i.e., Kmult)
(Adams, 2014). The K-statistic varies between 0 (no phylogenetic
signal in the data as in a star phylogeny) to 1 (data ﬁt a Brownian
motion (BM) model of evolution) or signiﬁcantly more (species are
more similar than expected under BM) (Blomberg et al., 2003).
Subsequently, both a standard partial least squares (PLS) and a
phylogenetic PLS analysis were performed to examine the association between the LMPs and the shape variables of the species that
were present in both datasets (Rohlf and Corti, 2000). The standard
PLS calculates the degree of covariation between the two datasets,
while the phylogenetic PLS also accounts for phylogeny under a BM
model of evolution (Adams and Felice, 2014). Partial least squares
has the advantage that it does not assume that one set of variables
is dependent on the other, thus being a useful tool for assessing the
relationship between sets of variables that might covary but for
which there is no a priori directional relationship (Rohlf and Corti,
2000). These results were expected to contribute to the understanding of the relationship between talar morphology and locomotion. In addition, the ﬁrst two PCs of the PCA of the LMPs were
used to estimate the ancestral states for internal nodes, ﬁrst using

maximum likelihood and then by interpolating the states along the
branches of the tree according to Felsenstein (1985) in the R
package ‘phytools’ (Revell, 2012, 2013). In this way, we tried to
reconstruct the ancestral locomotor condition of the NWM using
published locomotion data.
2.6. Evolutionary modeling
Phylogenetic signal was estimated for talar shape, centroid size
and body mass using the Kmult statistic (Adams, 2014). To visualize
the phylogenetic relationships in the morphospace, the phylogeny
was projected onto the space identiﬁed by the ﬁrst two PCs obtained from the covariance matrix of the average shapes of the
analyzed taxa (Klingenberg and Gidaszewski, 2010). In addition, by
using the squared-change parsimony approach of Maddison (1991)
the ancestral body masses, centroid sizes and shapes (Fig. 2) for the
different nodes of the phylogeny were estimated. This approach
was preferred because the squared-change parsimony reconstruction has maximum posterior probability under a BM evolutionary
model (Maddison, 1991). Therefore, the ancestral reconstructions
represent conservative hypotheses about the possible trait values of
the actual ancestors.
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A multivariate phylogenetic generalized least square regression
(PGLS) was used to evaluate the association between shape and
some size measures (i.e., body mass and centroid size) to analyze
the inﬂuence of allometry on talar shape. Even though talar
centroid size and body size are highly correlated (R2 ¼ 0.94; pvalue < 0.001), two separate regressions were performed using
these two size measures to provide a full picture. By modeling residual variation assuming a BM evolution mode, PGLS takes into
account the expected absence of independence across taxa due to
phylogenetic structuration, which is expected to affect the covariance in trait values (Adams, 2014). The body mass data were
gathered from the available literature (Smith and Jungers, 1997;
Aristide et al., 2015). As male and female body mass are highly
correlated among the living platyrrhine species, average body mass
was used in the analyses (Aristide et al., 2015).
The ﬁrst ﬁve PCs of the extant dataset (63.57% of explained
variance) were used in the following comparative analyses based
on the results obtained from a broken-stick model used to assess
signiﬁcance of variance (Jackson, 1993). This procedure was performed to reduce the number of variables, given that 40 taxa, each
one represented by 30 3D landmarks, were analyzed.
It was tested whether talar morphology exhibited shape
convergence between some of the platyrrhine groups by using the
SURFACE method implemented as the runSurface() function from
the R package ‘surface’ (Ingram and Mahler, 2013). This method ﬁts
a model of adaptive radiation in which lineages might experience
shifts to adaptive peaks on a macro-evolutionary landscape
without reference to a priori hypotheses specifying which lineages
correspond to particular peaks (Mahler et al., 2013). Starting with
an Ornstein-Uhlenbeck (OU) model in which all species are
attracted to a single adaptive peak in trait space (Butler and King,
2004), SURFACE uses a stepwise model selection process based
on the ﬁnite-samples Akaike information criterion (AICc) to ﬁt
increasingly complex multi-peak models (Mahler et al., 2013). In
the ‘forward phase’ a new peak shift is added to the branch of the
phylogeny that most improves model ﬁt across all traits, and shifts
are added until none results in further improvement (i.e.,
DAICc < 2) (Ingram and Mahler, 2013). Then in the ‘backward phase’
the method assesses whether the AICc score is improved further by
collapsing regimes in different branches to shift toward shared
adaptive peaks rather than requiring each to occupy a unique peak,
to identify possible convergence (Mahler et al., 2013). This ‘backward phase’ proceeds step by step until no further improvement is
achieved. The SURFACE method can thus survey several hundred
OU models, obtaining a model with the highest absolute statistical
support among those explored. Importantly, convergence is understood here as described by Ingram and Mahler (2013) as evolution towards the same adaptive peak, therefore distinguishing
between convergence occurring as a result of deterministic adaptation to specific ecological conditions and convergence occurring
by chance under simple random-walk processes (Stayton, 2015).
SURFACE does not consider the evolutionary correlations among
variables, thus being unable to ﬁt data in a multivariate way,
therefore the model found by SURFACE was translated into the
‘mvMORPH’ package and tested along diverse alternative hypotheses in order to test if the SURFACE model was also the best
adaptive explanation for the evolution of talar shape.
It has been suggested that the talus has been shaped through
habitat utilization within speciﬁc contexts e both locomotor and
ecological e therefore being associated with the adaptive radiation
suggested for platyrrhine evolution (Youlatos and Meldrum, 2011).
Using the platyrrhine phylogeny and talar shape and size data a
series of evolutionary models were tested for congruence with the
actual morphological data (Freckleton et al., 2003). Model selection

analyses were performed with the ‘mvMORPH’ package for R
(Clavel et al., 2015), which allowed ﬁtting several evolutionary
models to trait data and a phylogeny in a multivariate framework.
For each model, the relative ﬁt was assessed using the AICc
(Burnham and Anderson, 2013). Several models were assessed,
with BM as the simplest, while more complex models included
early burst (EB) (Harmon et al., 2010) as well as several adaptive OU
models (Butler and King, 2004). Under BM, trait evolution is
simulated as a random walk through trait space, and phenotypic
difference between sister taxa is expected to grow proportional to
the sum of branch lengths between them (Wilson et al., 2015).
Support for a BM model suggests that morphological disparity is
uniformly increasing over time. In the EB model, the rates of
Brownian evolution decays exponentially with time, thus representing niche-ﬁlling scenarios (Harmon et al., 2010). Support for
the EB model suggests that most of the morphological disparity
present in extant NWM was partitioned early in their evolutionary
history and therefore provides weight to the LLH (Harmon et al.,
2010). The OU model describes trait evolution under stabilizing
selection, whereby there is attraction to a selective optimum; the
strength of attraction to this selective optimum (i.e., the strength of
selection) is measured using the a parameter (Butler and King,
2004). Several OU models were constructed (SOM S4) to test if
adaptive evolution could explain talar shape diversiﬁcation. Each
one of the proposed models represents an alternative biological
hypothesis regarding the possible factors that might have inﬂuenced the adaptive landscape for platyrrhines. These models were
based on different adaptive evolution hypotheses and ecological
niches suggested for platyrrhine species (Rosenberger, 1992;
Norconk et al., 2009; Youlatos and Meldrum, 2011; Allen and Kay,
2012; Aristide et al., 2015, 2016). Many of the analyzed models
were derived and adapted from the work of Aristide et al. (2015,
2016), however due to the fact that these models were generated
to analyze different traits (i.e., brain shape and body mass), only
those that were more general were applied, while others were not
considered. In addition, other models speciﬁcally designed for talar
morphology were generated.
The ﬁrst multi-peak model contained three separate optima that
corresponded to the three platyrrhine families (OU-Clade), while
the second was based on data concerning diet composition (OUDiet Composition) and also had three optima (i.e., average annual
percentages of plant parts and insects in the diets of platyrrhine
genera) (Norconk et al., 2009). This diet model was considered
because access to different diets requires differences in both locomotion and postural repertoire (Rosenberger, 1992). The third (OULocomotion A) was deﬁned according to main locomotion categories and had three optima (clamber/suspensory, leaper/clawed
and arboreal-quadrupedalism) (Youlatos and Meldrum, 2011).
Another locomotor model (OU-Locomotion B) similar to the previous one was tested, however in this one, only Callimico, Callithrix
and Cebuella were considered within the leaper/clawed category,
while the rest of the callitrichines were classiﬁed as arboreal
quadrupeds based on the fact that they exhibited higher percentages of arboreal quadrupedal walking (Youlatos and Meldrum,
2011). Additionally a third locomotor model (OU-Locomotion C)
was designed by combining the OU-Locomotion A and the
convergence result obtained from the SURFACE method; this model
had four optima representing the three locomotor categories
already mentioned, as well as one adaptive peak representing the
convergence result found by SURFACE.
Following Aristide et al. (2015, 2016) a multidimensional niche
model was deﬁned (OU-Multidimensional Niche) with ﬁve optima
that combined diet and locomotion information (Rosenberger,
1992). Two other models were generated based on the main

T.A. Püschel et al. / Journal of Human Evolution 111 (2017) 179e201

canopy level occupied by the different species analyzed. The ﬁrst
one (OU-Canopy A) had three different optima (understory, middle
and upper), while the second (OU-Canopy B) had four optima,
which were the same as the three previous ones, but included an
additional optimum for Aotus, which has been observed occupying
all canopy levels with relative frequency (Fleagle, 2013). The canopy
level classiﬁcations were performed using the data available in the
Animal Diversity Web (ADW) of the University of Michigan (http://
animaldiversity.org/) and Fleagle (2013). Different canopy levels are
differentially structured, thus requiring different locomotor behaviors, therefore it was expected that these differences might
impact on talar morphology.
It is relevant to bear in mind that these different evolutionary
models are generated to help in the understanding of possible
underlying evolutionary processes, but they do not necessarily
represent complete explanations (i.e., model selection is not an end
in itself but a helpful approach in contributing to reasoning about
the evolutionary mechanisms that might explain the observed
variation in the analyzed traits) (Cressler et al., 2015). The different
OU models based on different biological criteria were tested and
their relative ﬁt was assessed using AICc scores. In this manner, a
measure of the relative explanatory power of each hypothesis
(DAICc) was obtained. In addition to the OU models based on biological criteria, a single-peak OU model was also tested (if supported, that would suggest that there is a single, optimal talar shape
for all of the platyrrhines), as well as a model representing the
result obtained from the SURFACE method.
A mean relative disparity-through-time (DTT) plot of the temporal pattern of change in relative talar shape disparity along the
platyrrhine phylogeny was calculated using the ﬁrst ﬁve PCs obtained from the shape PCA and also for centroid size (Harmon et al.,
P
2003). Disparity was measured as D ¼
ðdi Þ=n  1 where di is the
pairwise Euclidean distance between species and n is the number
of species. First, disparity was calculated for the entire platyrrhine
clade, and then for each sub-clade. Disparity of each sub-clade was
standardized by dividing it by the disparity of the entire clade
(relative disparity sensu Harmon et al., 2003). Such analyses allow
comparison of the observed pattern of intra-clade versus amongclade disparity through time with a BM expectation. Therefore,
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high relative disparity values are a sign of extensive within-clade
diversiﬁcation and among-clade overlap, whereas values near
0 might imply that variation is mostly partitioned among clades
(Harmon et al., 2003). The ‘geiger’ package for R (Harmon et al.,
2008) was used to generate DTT plots.
2.7. Body mass
Due to the lack of body mass predictions for the Río Cisnes talus
and for P. marianae, as well as the absence of robust mass predictions for some of the other fossils, it was decided to include
calculation of this relevant biological information for the fossil
sample under study. The predicted masses of the fossil taxa were
derived from surface area measurements of the talar articular
facets taken directly from 3D digital models. Articular surfaces of
the talus have proven to be reliable and accurate predictors of
body mass across primates, and using 3D surface areas taken
directly from digitized models of the fossil has yielded precise and
accurate results (Lieberman et al., 2001; Yapuncich et al., 2015).
Mass regressions were based on a sample of 123 individual platyrrhine tali from across 15 genera (SOM S5) that were MicroCT
scanned at the Shared Materials Instrumentation Facility (SMIF) at
Duke University or the Microscopy and Imaging Facility (MIF) at
the American Museum of Natural History. The creation of 3D
surface models, the measurement of facet surface areas, and the
construction of new mass predictive equations follows methods
set out in Yapuncich et al. (2015).
Facet measurements from all 123 individuals were reduced to
40 species-dimorphic average data points; male and female individuals of the same species were all averaged into a single data
point unless reported dimorphism levels were above 20%. Taxa
with dimorphism levels above this threshold were treated as
separate male and female data points for that species. All published body mass data for the dimorphism cutoffs and for the
creation of the mass regressions was taken from Smith and Jungers
(1997). Body mass data from the literature were regressed onto the
averaged facet surface area data to generate four independent
body mass estimates from articular surfaces of the talus: the ectal
(or posterior calcaneal) facet, navicular facet, sustentacular facet,

Figure 3. Facet measurements for the talus in dorsal, distal, and plantar orientations. Articular surface areas were measured for the ectal (green), trochlear (red), navicular (light
blue) and sustentacular facets (dark blue). Talus measurements shown on Callimico goeldii (USNM 395455). (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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and trochlear (lateral tibial) facet (Fig. 3). Unlike in the sample of
extant tali, the fossil sample did not consistently have all four
facets pristinely represented for every individual so an average
mass derived from estimates of all intact facets was used for the
body mass prediction.
3. Results
3.1. Morphological afﬁnities
The PCA shows three major regions of occupied shape space
(Fig. 4), which tend to correspond to the previously described locomotor categories. Principal component 1 mostly distinguished
between the small-bodied Callitrichinae, exhibiting claw-assisted
scansorial and clinging positional behaviors towards one extreme
of the axis, and the large-bodied Atelidae, exhibiting climbing/
clambering and suspensory behaviors with tail-assisted suspension
toward the other extreme (Youlatos and Meldrum, 2011). The more
derived locomotor behaviors described above were separated from
increasingly quadrupedal species on PC2. There was a central
cluster of more ‘generalist’ species, which are predominately
quadrupedal although they engage in other locomotor behaviors,
such as Chiropotes and Cebus, while the negative extreme of PC2
was occupied by the most quadrupedal species (i.e., Saimiri and
Callicebus). The Pitheciinae, which are located at the center of the
plot, are divided between the most quadrupedal species (i.e.,
Cacajao and Chiropotes) from those that exhibit more suspensory
behaviors (i.e., Pithecia), which are located almost at the same position as Alouatta along PC1. Interestingly, some Cebus species and
the Pitheciinae subfamily exhibit the most ‘generalist’ talar
morphology. The variation on the negative side of PC1 can be
associated with a longer posterior and shorter anterior calcaneal

facet, a broader talar head, a lower trochlea, and increased trochlear
wedging. These traits have been linked with greater mobility of the
subtalar and transverse talar joints, along with a greater range of
ﬂexion-extension at the upper ankle joint (Meldrum, 1990). The
morphological variation on the positive side of PC1 is related to a
relatively increased anterior calcaneal facet and relatively shorter
trochlea antero-posteriorly with more parallel lateral and medial
rims. These features have been associated with frequent leaping as
observed in some callitrichines (Meldrum, 1990). In contrast, PC2
mostly differentiates between decreased dorso-lateral articular
surfaces on the positive side of the axis and those showing
increased dorso-lateral articular surfaces on the negative side.
Most of the fossil sample is located at the center of the PCA, in an
area of the morphospace mostly occupied by locomotor ‘generalist’
species. Only one fossil specimen, the Madre de Dios talus, occupies
an area on an extreme of the plot. The oldest Patagonian fossils
(Dolichocebus, Soriacebus and Carlocebus) are located near the
center of the PCA, while A. dindensis and N. ﬁeldsi are located among
Cebus and Cacajao. Río Cisnes and Madre de Dios are located in
zones of the morphospace that are not shared with any extant
species under analysis. Although on PC2 these specimens are
located in the ‘generalist’ area of the morphospace, on PC1 they are
unique. Proteropithecia occupies a position between the cebids and
Río Cisnes, whilst Paralouatta occupies a position near Alouatta.
The two CVAs showed clear and signiﬁcant differentiation both
among the platyrrhine families and according to locomotion
(Table 3 and Fig. 5a and 5b). Consequently, it seems that talar
morphology is a good descriptor of taxonomic afﬁliation at least at
the family level, and that its shape reﬂects different locomotor
behaviors. When classiﬁed according to the extant platyrrhine
families, most of the fossils were classiﬁed as members of Cebidae
or in some cases as belonging to Pitheciidae. These results are

Figure 4. Principal component analysis (PCA) of the talar shape variables (only the two ﬁrst PCs are shown) including both the extant and fossil samples. One of the models closest
to the mean shape was warped to match the multivariate mean using the thin plate spline method. The obtained average model was then warped to represent the variation along
the two plotted PC axes in both analyses. Note that Cacajao calvus is not miscolored, but Cebus albifrons exactly overlays it.
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Table 3
Canonical variate analyses results.
a) Extant sample
Extant sample classiﬁcation:

% Correctly classiﬁed (jacknifed)
Family

98.03%

Atelidae
0
11.4336
11.1636

Cebidae
p < 0.0001
0
5.9898

Pitheciidae
p < 0.0001
p < 0.0001
0

Leaper/clawed
0
12.3204
7.9371

Clamber/suspensory
p < 0.0001
0
11.1666

Arboreal quadrupedalism
p < 0.0001
p < 0.0001
0

Mahalanobis distances among taxonomic families and p-values (above the diagonal)
Atelidae
Cebidae
Pitheciidae
Mahalanobis distances among locomotor categories and p-values (above the diagonal)
Leaper/clawed
Clamber/suspensory
Arboreal quadrupedalism

Locomotion

95.57%

b) Fossil sample
Obtained classiﬁcation

Posterior probabilities

Family
Dolichocebus gaimanensis
Madre de Dios
Río Cisnes
Cebupithecia sarmientoi
Carlocebus carmenensis
Soriacebus ameghinorum
Proteropithecia neuquenensis
Neosaimiri ﬁeldsi
Aotus dindensis
Paralouatta marianae

Dolichocebus gaimanensis
Madre de Dios
Río Cisnes
Cebupithecia sarmientoi
Carlocebus carmenensis
Soriacebus ameghinorum
Proteropithecia neuquenensis
Neosaimiri ﬁeldsi
Aotus dindensis
Paralouatta marianae

Atelidae

Cebidae

Pitheciidae

Cebidae
Cebidae
Cebidae
Cebidae
Cebidae
Pitheciidae
Cebidae
Cebidae
Pitheciidae
Cebidae

0.00000006
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.99999994
0.99999999
0.99994768
0.99999257
0.99999257
0.03667571
0.72229885
0.99999257
0.03768954
0.99999999

0.00000000
0.00000001
0.00005232
0.00000743
0.00000000
0.96332429
0.27770115
0.00000000
0.96231046
0.00000001

Locomotion

Leaper/clawed

Clamber/suspensory

Arboreal quadrupedalism

0.062085723
0.999883487
0.000000003
0.000000034
0.000000010
0.000000013
0.000000084
0.002491686
0.000000153
0.004193355

0.024260237
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000002963
0.000000000
0.000000000

0.913654040
0.000116513
0.999999997
0.999999966
0.999999990
0.999999987
0.999999916
0.997505351
0.999999847
0.995806645

Arboreal quadrupedalism
Leaper/clawed
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism
Arboreal quadrupedalism

consistent with the PCA that indicated most fossils tend to show an
intermediate morphology, most similar to the Pitheciinae and
Cebinae subfamilies. This morphology could be interpreted as
potentially primitive for platyrrhines. In morphological terms, the
shape changes associated with CV1 are a broader and lower
trochlear surface with a shorter talar neck on the positive side of
the axis, while the negative side is related to a narrower, higher and
saddle-shaped trochlea, along with a longer talar neck. A more
wedge shaped trochlea lies on the positive side of CV2, while the
negative side shows a narrower and higher trochlear surface. The
CVA using locomotor categories classiﬁed most fossils as arboreal
quadrupeds, with only Madre de Dios being classiﬁed differently, as
leaper/clawed. The morphological changes are broadly similar to
the ones described above for the family CVA, especially for CV1, but
with the axes inverted.
The agglomerative-hierarchical cluster analysis of the PCs using
Ward's method showed the morphological afﬁnities between
extant species and the fossils (Fig. 6). Three main clusters are easily
noticeable, one comprising the most suspensory species (i.e., the
Atelidae and Pithecia), another consisting of most of the Callithrichinae (excepting Callimico and S. leucopus), and another one
containing all the fossil specimens and mostly arboreal quadrupedal and locomotor ‘generalist’ species (e.g., Saimiri, Callicebus,
Aotus and Cebus). This analysis revealed that most fossils are relatively similar, clustering in certain groups within this locomotor
‘generalist’ and arboreal quadrupedal cluster. For instance,

C. carmenensis, Soriacebus and Dolichocebus clustered together with
Cebus and Paralouatta. N. ﬁeldsi, A. dindensis, P. neuquenensis and Río
Cisnes clustered within a group comprising Callimico and most of
Aotus, whilst Cebupithecia clustered together with Madre de Dios in
a group consisting of S. leucopus, Cacajao, Chiropotes, Callicebus and
Saimiri.
3.2. Locomotor mode percentages
Locomotor mode percentages showed a signiﬁcant phylogenetic
signal (Kmult: 0.54; p-value: 1e-04; 10,000 permutations). In a
similar fashion to the shape PCA, the PCA of the LMPs showed a
clear distinction along PC1 between the suspensory species (i.e.,
atelids) and those exhibiting leaping and vertical clinging (i.e.,
callitrichines). Principal component 2 distinguished mainly the
most quadrupedal species (i.e., Callicebus and Saimiri) from species
with other locomotor behaviors (Fig. 7a). At the center of the plot
there is an overlap of ‘generalist’ quadrupedal species that also
exhibit other locomotor behaviors, although less frequently. Interestingly, Pithecia pithecia is located next to Callitrichinae due to its
frequent leaping behaviors (Walker, 2005), in contrast to the talar
shape PCA where it is located relatively near suspensory species on
PC1. The LMPs also showed a strong and signiﬁcant covariation
with talar shape (r-PLS: 0.84; p-value: 0.0022; 10,000 permutations), as well as when accounting for the phylogenetic structure of
the data (phylogenetic r-PLS: 0.87; p-value: 0.0014; 10,000

188

T.A. Püschel et al. / Journal of Human Evolution 111 (2017) 179e201

Figure 5. Canonical variate analyses (CVA) of talar shape using a) taxonomic family categories and b) locomotor classiﬁcations. The circles represent 90% conﬁdence intervals, while
the ﬁlled dots correspond to the group means. One of the models closest to the mean shape was warped to match the multivariate mean using the thin plate spline method, then the
obtained average model was warped to represent the variation along the two plotted CV axes in both analyses.
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Figure 6. Hierarchical clustering analysis of shape PCs using Ward's method. Fossils are in bold and red, while extant species are in black. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

permutations) (Fig. 7c and 7d, respectively), thus establishing that
there is a robust association between talar shape and locomotor
behavior. The PC loadings and PLS singular vectors for the locomotor mode percentages are provided in SOM S6. The PC1 of the
LMP values for each species, mapped on the phylogeny using a
maximum-likelihood ancestral character estimation method based
on a BM model of evolution, showed results consistent with the
previously mentioned analyses. The ancestral state was reconstructed as arboreal quadrupedalism, while both suspension and
leaping/clawed locomotion are derived locomotor behaviors
(Fig. 7b). The ancestral state reconstruction for the PC2 of the LMPs
showed a distinction between the most quadrupedal species and
the other locomotor behaviors (Fig. 7b).
3.3. Evolutionary modeling
Phylogenetic signal was found for shape (Kmult: 0.46; p-value:
1e-04; 10,000 permutations), centroid size (K: 3.03; p-value: 1e04; 10,000 permutations), and body mass (K: 3.09; p-value: 1e-04;
10,000 permutations). The obtained traitgrams showed that early
on during platyrrhine evolution there is a strong divergence in size,
particularly for the large-bodied Atelidae (i.e., talar centroid size
and body mass) (Fig. 8a and 8b). The ancestral platyrrhine at the
root of the phylogeny was reconstructed as a medium-sized monkey (body mass: 2966 g; 95% LCI: 1623 g; UCI: 4309 g), with a talar
centroid size similar to Pithecia monachus (centroid size: 35 mm;
95% LCI: 29 mm; UCI: 41 mm). The phylomorphospace (Fig. 9.)

shows an almost total absence of overlap between major phylogenetic branches, thus suggesting that there is no evident convergence in talar shape among the main platyrrhine clades.
Nonetheless, there is some overlap in the negative side of PC2 between mostly arboreal quadrupedal species. Interestingly, the best
model found by the SURFACE method exhibited six different
adaptive regimes, with one of them convergent between Callicebus
and Saimiri, thus suggesting a possible convergent scenario for talar
shape for these genera (SOM S7). These same genera showed the
most negative values in Figure 7b, thus also suggesting possible
convergence. In addition these two genera are closely located in the
phylomorphospace (Fig. 9), which could indicate a possible
convergence, although further analyses are required. It is also
important to consider that the SURFACE method used ﬁve PCs,
while the phylomorphospace displays only the ﬁrst two axes, so it
is possible that convergent features between Saimiri and Callicebus
are more evident when considering more aspects of variation. The
phylomorphospace also shows that the main platyrrhine lineages
occupy the three major locomotor regions already mentioned for
the PCA.
The broken stick model applied to assess the signiﬁcance of
variance of the PCA of the extant sample showed that only the ﬁrst
ﬁve PCs had eigenvalues larger than the values randomly generated
by the model. These ﬁve PCs accounted for 63.57% of the total
variance of the sample, thus providing a reasonable approximation
of the total amount of talar shape variation. The PGLSs showed that
there was a weak but signiﬁcant association between the ﬁrst ﬁve

Figure 7. a) Principal component analysis (PCA) of the LMPs (i.e., bridge/suspensory locomotion, arboreal quadrupedal walk, clamber/vertical climb, leap/drop/hop, and clawed locomotion); b) PC1 (left) and PC2 (right) values of the
LMPs for each species mapped on the phylogeny, the values at nodes and branches were reconstructed using a maximum-likelihood ancestral character estimation method based on a Brownian motion model of evolution; c) depicts
the standard partial least squares (PLS) and d) the phylogenetic PLS analysis of the LMPs and the shape variables. One of the models closest to the mean shape was warped to match the multivariate mean using the thin plate spline
method, then the obtained average model was warped to represent the covariation between the two blocks of data for PLS1.
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Figure 8. Traitgram of a) talar centroid size and b) body mass of the 40 extant platyrrhine species considered here. Both body mass (K: 3.09; p-value: 1e-04; 10,000 permutations)
and centroid size (K: 3.03; p-value: 1e-04; 10,000 permutations) showed signiﬁcant phylogenetic signals.

PCs and centroid size (R2: 0.058; F: 2.35; p-value: 0.002; 10,000
permutations) and body mass (R2: 0.064; F: 2.61; p-value: 0.001;
10,000 permutations). Nonetheless, the association is extremely
weak; therefore talar shape variation cannot be merely attributed
to evolutionary allometric effects.
Several evolutionary models were tested to understand the
evolutionary history of both talar shape and centroid size. The
overall ﬁt of these evolutionary models is shown in Table 4. For the
shape data, the OU-Clade model was the best supported, showing
an Akaike weight much higher than any of the other alternative
models. This model has three adaptive peaks for each of the three
platyrrhine families. For the centroid size data the best supported
model was the OU multidimensional-niche hypothesis
(Rosenberger, 1992). It is important to bear in mind that one limitation regarding the applied approach is the possible lack of power
to detect complex OU models in a multivariate fashion when using
many variables (e.g., ﬁve PCs) and a relatively small sample (e.g., 40
species). Different evolutionary processes determined the number
of species in a particular clade of interest (in the present case 40)
therefore there is an intrinsic natural limit to the complexity of the

models that can be ﬁt to these systems (i.e., ratio between parameters and sample size). Consequently caution is required when
interpreting this analysis because some of the most complex OU
models might have performed poorly due to the above limitation
and not because they are biologically irrelevant.
Figure 10 shows the DTT plots for a) shape and b) centroid size.
The morphological disparity index (MDI) was used to assess the
obtained results and it is deﬁned as the area between the observed
DTT curve and the median of the simulated DTT curves (Harmon
et al., 2003). The shape data seem to follow what is expected under a BM model of evolution (MDI: 0.005), thus suggesting that
variation is mainly partitioned according to Brownian expectation
(i.e., as expected given platyrrhine phylogeny). On the other hand,
centroid size (MDI: 0.181) indicates that the average sub-clade
disparity along platyrrhine evolution is lower than expected under a BM. Values drop almost to zero from the early divergence of
the platyrrhines, exhibiting minimal variation over time, thus
suggesting that most size variation appears among the main NWM
sub-clades. The observed pattern is suggestive of an early adaptive
radiation due to a niche-ﬁlling scenario.
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Figure 9. Phylomorphospace of the extant platyrrhine sample (only the ﬁrst two PCs are shown). One of the models closest to the mean shape was warped to match the
multivariate mean using the thin plate spline method, then the obtained average model was warped to represent the variation along the two plotted PC axes in both analyses.

1998, 2008; MacPhee and Meldrum, 2006; Cooke et al., 2011;
Youlatos and Meldrum, 2011; Marivaux et al., 2012).

3.4. Body mass prediction
All relevant statistics for each of the body mass regressions are
reported in Table 5. As previously explained, the fossil sample did
not consistently have all four facets represented for every individual so an average body mass estimate was computed (Table 6). All
fossils had at least two, and as many as four, facets from which to
derive an average mass estimate. Estimates for each individual facet
with 95% conﬁdence intervals are also provided in Table 6.
The ﬁnal average estimates are, on the whole, consistent with
previously published mass estimates for these fossils based on a
variety of different regression methods (Conroy, 1987; Kay et al.,

4. Discussion
Understanding the evolution of the platyrrhine talus is relevant
not only because its morphology has been associated with locomotor behaviors (as conﬁrmed here with the PLS analyses) but also
because it is one of the few anatomical structures available in many
of the oldest platyrrhine fossils (Youlatos and Meldrum, 2011). The
present study contributes to a better understanding of the evolution of this structure. Talar shape shows a signiﬁcant phylogenetic

Table 4
Results of macroevolutionary models ﬁt to shape (ﬁve PCs) and centroid size data.
Variable
Modela
BM
OU1
EB
OU Clade
OU Diet Composition
OU Locomotion A
OU Locomotion B
OU Locomotion C
OU Multidimensional Niche
OU SURFACE
OU Canopy A
OU Canopy B
a

Shape

Centroid Size

LogL

Number of
parameters

AICc

DAICc

Akaike weight

LogL

Number of
parameters

AICc

DAICc

Akaike
weight

446.4964
170.3437
446.2441
488.9381
486.1226
483.4993
480.5911
483.62
491.7533
499.674
494.7928
485.1215

20
35
21
45
45
45
45
50
55
60
45
50

848.3
322.6593
845.2973
860.9931
855.362
850.1156
844.2991
833.0119
830.7289
826.6861
855.3575
853.3599

12.693077
538.333781
15.695827
0
5.631088
10.877499
16.693992
27.98118
30.264228
34.306953
5.63561
7.633165

0.00
0.00
0.00
0.87
0.05
0.00
0.00
0.00
0.00
0.00
0.05
0.02

156.5986
153.0637
156.5986
151.0611
149.0932
151.8403
152.3345
151.8807
143.4035
148.6272
149.9652
152.0587

2
3
3
5
5
5
5
6
7
8
5
6

317.5215
312.7942
319.8638
313.8869
309.951
315.4453
316.4337
318.3068
304.307
317.8995
314.4759
315.8821

13.214472
8.487174
15.556814
9.579939
5.644053
11.138277
12.126677
13.999845
0
13.592512
10.168915
11.575105

0.00
0.01
0.00
0.01
0.05
0.00
0.00
0.00
0.91
0.00
0.01
0.00

BM ¼ Brownian motion; OU ¼ Ornstein-Uhlenbeck; EB ¼ Early Burst; models and other abbreviations described in text.
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Figure 10. Disparity-through-time (DTT) plots for a) talar shape (i.e., ﬁrst ﬁve PCs) and b) centroid size. Relative disparity at each point indicates the average extant disparity of the
sub-clades that had an ancestor at that time with respect to the whole clade disparity. The dashed line represents the expectation under a BM model of evolution (estimated
through simulations), while the colored shadow depicts its 95% conﬁdence interval.

Table 5
Relevant statistics for body mass regressions.a
Regression statistics (n ¼ 40)
Facet
Ectal
Trochlear
Navicular
Sustentacular
a

R2

% SEE

Slope (m)

0.958
0.961
0.964
0.950

26.32
25.11
24.28
29.13

1.223
1.243
1.274
1.299

Slope 95% CI
(1.139,
(1.161,
(1.193,
(1.201,

1.307)
1.325)
1.356)
1.397)

Intercept (b)
3.308
2.189
2.643
2.997

Int. 95% CI
(3.014,
(1.836,
(2.329,
(2.652,

3.601)
2.541)
2.956)
3.343)

QMLE
1.028
1.025
1.024
1.033

SEE ¼ standard error of estimate; CI ¼ conﬁdence interval; QMLE ¼ Quasi-Maximum Likelihood Estimator.

signal, which indicates that closely related species tend to show
similar trait values due to common ancestry. However, at the same
time it was found that talar shape signiﬁcantly covaries with locomotor behavior as measured in LMPs, and thus its morphology
can be used to infer some aspects of locomotor repertoire. The
modeling analyses found that the phylogenetic hypothesis was the
best model to explain talar shape evolution in platyrrhines, while
talar centroid size diversiﬁcation was characterized by an early
differentiation related to a multidimensional niche model, in a
similar fashion as found for body mass (Aristide et al., 2015). It
might seem intriguing that in spite of the high covariation between
talar shape and locomotion, the different locomotor models were
not the best explanation of talar shape evolution.
One possible reason for this disagreement could be the lack of
power to detect complex OU models in a multivariate fashion when
using many variables (e.g., ﬁve PCs) and a relatively small sample
(e.g., 40 species). At least applying current approaches, there is an
intrinsic natural limit to the complexity of the models that can be ﬁt
to this kind of systems, which is determined by the number of
species under analysis. In the present study the most complex
models for talar shape (e.g., OU-SURFACE) far exceed the sample
size under the study, thus having less power to detect a possibly
signiﬁcant pattern, as compared to simpler models, due to the high
number of parameters involved. In spite of this limitation, the
simpler analyzed locomotion models (i.e., OU-Locomotion A and B)
have the same number of parameters as the model with the highest
support (i.e., OU-Clade), therefore at least for the simpler OU
models, parameter number does not account for the observed
disagreement. It is important to keep in mind that in spite of the
inherent limitations of these different evolutionary models, they

allow to test different possible evolutionary processes that could
explain the observed trait variation. Even though they represent
simpliﬁed scenarios, by testing them it is possible to quantitatively
assess different proposed hypotheses that could explain the diversity of the traits under analysis. In addition, it is also important
to consider that the PLS analyses maximize the covariation between two blocks of data, without providing the underlying cause
for the observed covariance, while the model-ﬁtting approach
tested a series of evolutionary models for congruence with the
actual morphological data in order to provide a possible explanation about the underlying causes explaining the observed talar
shape and size diversity. Therefore, it is possible that the phylogenetic model might be combining locomotion and other factors
that could account for shape differentiation because it is wellknown that the distinct behavioral, morphological and ecological
adaptations seen in NWM are broadly correlated to speciﬁc
phylogenetic groups (Ford and Davis, 1992; Rosenberger, 1992;
Fleagle and Reed, 1996; Fleagle et al., 1999; Rosenberger, 2002;
Youlatos, 2004; Rosenberger et al., 2009). Interestingly, it was
found that even though there is a signiﬁcant association between
shape and size, it is quite weak when accounting for phylogeny.
Finally, the ancestral NWM was reconstructed as a medium-sized
(~3000 g) arboreal quadruped with generalized talar morphology,
consistent with the primitive talar morphology observed in most
fossils.
4.1. Morphological afﬁnities
Principal component 1 clearly distinguished between species
with adaptations for suspensory/climbing behavior from species
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Table 6
Estimates for each individual facet with 95% conﬁdence intervals (CI) and body mass
average estimates.
Genus
Neosaimiri

Species
ﬁeldsi

Specimen
ID

Facet

a

IGMKU 89030 Ectal
Trochlea
Sust.
Nav.
Average
Neosaimiri
ﬁeldsi
IGMKU 89031 Ectal
Trochlea
Sust.
Nav.
Average
Neosaimiri
ﬁeldsi
IGMKU 89199 Ectal
Trochlea
Sust.
Nav.
Average
Aotus
dindensis
IGM 8802
Ectal
Trochlea
Sust.
Nav.
Average
Carlocebus
carmenensis MACN304
Ectal
Trochlea
Sust.
Nav.
Average
Carlocebus
carmenensis MACN271
Ectal
Trochlea
Sust.
Nav.
Average
Carlocebus
carmenensis MACN368
Ectal
Trochlea
Sust.
Nav.
Average
Carlocebus
carmenensis MACN396
Ectal
Trochlea
Sust.
Nav.
Average
Soriacebus
ameghinorum MACN397
Ectal
Trochlea
Sust.
Nav.
Average
Dolichocebus gaimenensis MACN362
Ectal
Trochlea
Sust.
Nav.
Average
Madre de dios
e
MUSM 2204 Ectal
Trochlea
Sust.
Nav.
Average
Paralouatta
marianae
MNHNCu
Ectal
76.3059
Trochlea
Sust.
Nav.
Average
Proteropithecia neuquenensis MLP91lX1
Ectal
Trochlea
Sust.
Nav.
Average
Rio Cisnes
e
SGO.PV_974 Ectal
Trochlea
Sust.
Nav.
Average

Mass (g) Mass (g) 95% CI

e
e
823
694
759
717
838
816
755
781
e
e
667
1077
872
651
933
881
1029
874
2667
2903
2988
3096
2914
e
e
2655
2364
2509
1543
e
2211
e
1877
e
2579
3080
2752
2803
1429
1981
1687
1787
1721
1520
e
1681
e
1601
298
e
375
384
352
5029
5071
4026
e
4709
1647
2038
2291
2050
2006
1020
1573
2122
1325
1510

e
e
(448, 1510)
(413, 1165)
(410,
(492,
(444,
(450,

1250)
1427)
1498)
1266)

e
e
(362, 1226)
(643, 1801)
(373,
(548,
(480,
(614,

1137)
1586)
1616)
1721)

(1533,
(1707,
(1630,
(1849,

4635)
4934)
5476)
5183)

e
e
(1449, 4862)
(1413, 3952)
(888, 2680)
e
(1208, 4046)
e
e
(1517, 4381)
(1680, 5644)
(1644, 4603)
(822,
(1167,
(921,
(1069,

2482)
3363)
3085)
2986)

(874, 2639)
e
(919, 3076)
e
(168, 527)
e
(201, 695)
(226, 648)
(2877, 8788)
(2969, 8662)
(2191, 7397)
e
(948,
(1200,
(1251,
(1226,

2861)
3459)
4192)
3425)

(586,
(926,
(1159,
(792,

1773)
2670)
3882)
2215)

Table 6 (continued )
Genus
Cebupithecia

a

Species
sarmientoi

Specimen
ID

Faceta

UCMP_38762 Ectal
Trochlea
Sust.
Nav.
Average

Mass (g) Mass (g) 95% CI
1438
1533
2961
1368
1825

(827,
(903,
(1615,
(818,

2497)
2603)
5426)
2287)

Nav. ¼ navicular; Sust. ¼ sustentacular.

exhibiting frequent leaping/vertical clinging. The mixture of traits
observed for the most suspensory species (i.e., broader head,
greater trochlear wedging, a lower trochlea and a shorter anterior
and longer posterior calcaneal facet) has been associated with
greater mobility of the subtalar and transverse tarsal joints, along
with conjoint rotation of the upper ankle joint and a greater range
of ﬂexion-extension, which has been related to the ﬂexibility
necessary during climbing (Meldrum, 1990). The talar morphology
at the other extreme of PC1 can be described by an anteroposteriorly shorter trochlea with more parallel medial and lateral
rims and a longer anterior calcaneal facet. These features have been
associated with the frequent leaping behavior observed in callitrichines (Youlatos and Meldrum, 2011). In contrast PC2 mainly
distinguished between the combination of atelids and callitrichines
(i.e., most derived locomotor behaviors) and the more arboreal
quadrupedal forms, which can themselves be separated between
more ‘generalist’ shapes (i.e., more similar to the fossils such as
Cebus and the Pitheciinae) and morphologies showing increased
dorso-lateral surfaces such as those observed in Callicebus and
Saimiri. Most fossils occupied central positions in the morphospace,
exhibiting principally generalized morphologies. These generalized
talar shapes could be perhaps related to lower frequencies
engaging in more specialized locomotor behaviors, which were
probably not common among most Miocene specimens. Interestingly, the Madre de Dios specimen exhibited the most distinct
morphology, occupying a region of the morphospace, which is not
occupied by any extant species. This unique morphology could
perhaps represent a distinctive locomotor repertoire not observed
in any extant species, however further analyses are required to test
this hypothesis.
4.2. Morphological afﬁnities of the analyzed NWM fossils
The oldest platyrrhine fossil with well-described postcranial
elements is D. gaimanensis from the Sarmiento Formation, Chubut
Province, Argentina (Kay et al., 2008). There is still disagreement
regarding the phyletic position of this species, and different interpretations have been proposed (Kay et al., 2008; Kay and Fleagle,
2010; Rosenberger, 2010). Based on a series of apparent cranial and
postcranial synapomorphies, the LLH perspective states that these
fossils are an early member of the lineage leading to modern Saimiri
(Reeser, 1984; Gebo and Simons, 1987; Tejedor, 2008; Rosenberger
et al., 2009; Rosenberger, 2010). The SPH view characterizes this
fossil and others as stem platyrrhines, relying mostly on a large
cranio-dental parsimony analysis (Meldrum, 1993; Kay et al., 2008;
Hodgson et al., 2009; Kay and Fleagle, 2010). The only postcranial
element that has been ascribed to D. gaimanensis is the wellpreserved talus analyzed here, which has been traditionally
described as morphologically similar to Saimiri, Cebus, and Callicebus. However, it has also been described as lacking some of the
most conspicuous platyrrhine features (Reeser, 1984; Gebo and
Simons, 1987; Ford, 1988, 1990; Meldrum, 1990). The present analyses showed that the talar morphology of D. gaimanensis is quite
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generalized in the morphospace illustrated in Figure 4, which may
suggest a combination of characters that are primitive amongst
Platyrrhini; according to the CV scores it would be classiﬁed as a
member of Cebidae. As previously pointed out, some species of
Cebus, as well as some pitheciids, show a ‘generalist’ talar shape, so
this resemblance might be attributed to a conserved morphology.
The clustering analysis located this specimen next to Soriacebus,
Carlocebus, Cebus and Paralouatta suggesting again that the oldest
fossil individuals exhibit a similar primitive morphology. It is
interesting that Cebus clustered with the oldest analyzed fossils,
which could be due to the already mentioned ‘generalist’
morphology. Based on semicircular canal data, D. gaimanensis has
been described as being relatively agile with medium scores similar
to the one observed in cebids (Ryan et al., 2012). The present analyses are consistent with these data, indicating that D. gaimanensis
was most likely an arboreal quadruped based on the results obtained in the CVA. Its morphology indicates a generalized function
with a preponderance of frequent arboreal quadrupedal activities
(Meldrum, 1993). The body mass estimate is 1600 g, which is
similar to previous estimates based on dentition (i.e., 1500 g; Kay
et al., 2008) and to extant platyrrhines such as Pithecia pithecia.
Carlocebus is the other NWM from Pinturas, although it is
evidently larger than Soriacebus (Tejedor, 2005b). Its teeth exhibit a
more generalized morphology that is thought to be most similar to
the Callicebinae (Fleagle and Tejedor, 2002), although some have
interpreted this resemblance as homoplasic or primitive. Proponents of the SPH relate C. carmenensis to an earlier platyrrhine
radiation more closely related to D. gaimanensis (Kay et al., 2008).
Luckily, there are four well-preserved tali ascribed to Carlocebus,
thus allowing some degree of intra-speciﬁc variability (Meldrum,
1990). These tali have been described as similar to Saimiri or Callitrichinae, due to their moderately low and broad trochlea, a very
broad, slightly medially directed talar neck, and a broad shallow
posterior calcaneal facet (Meldrum, 1990). The present analyses
suggest that Carlocebus also shows a generalized talar morphology
(Fig. 4), similar to Dolichocebus and Soriacebus. The CVA analysis
indicates a morphological afﬁnity with Cebidae. In terms of locomotion, Carlocebus is believed to have used a combination of
quadrupedal activities with some moderate leaping and/or clambering (Ford, 1990; Meldrum, 1990). The present analyses generally
support this view, suggesting mostly arboreal quadrupedal activities. This positional behavioral proﬁle is congruent with its
reconstructed paleo-environment and proposed frugivorous diet
(Youlatos and Meldrum, 2011). The obtained body mass predictions
for the four Carlocebus tali range between 1877 and 2913 g, which is
consistent with previously published estimates (i.e., 2500 g; Fleagle
and Tejedor, 2002) and is similar to extant genera such as Cebus or
Chiropotes.
Soriacebus ameghinorum was found in the Pinturas formation
and was initially described as having resemblances to Callitrichinae
and Pitheciinae (Luchterhand et al., 1986), later being classiﬁed as
an early member of the latter group (Rosenberger et al., 1990;
Rosenberger, 1992; Tejedor, 2008). Nonetheless, as with the rest
of the older platyrrhine fossils, it has also been deﬁned as a stem
NWM (Kay, 1990; Kay et al., 2008; Kay and Fleagle, 2010). The single
available talus analyzed here has been portrayed as resembling
those of Alouatta and Pithecia (Meldrum, 1990). The present analysis indicates that S. ameghinorum exhibits an ancestral talar
morphology similar to Dolichocebus and Carlocebus, which are
among the oldest Miocene fossils. The analyses carried out to
reconstruct its locomotor behavior indicate that it was most likely
an arboreal quadruped. It is still debated if the relative talar
morphology afﬁnities between S. ameghinorum and the pitheciines
indicate phylogenetic afﬁnity or homoplasy (Youlatos and
Meldrum, 2011). Another possibility is that S. ameghinorum
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exhibits an ancestral morphology that was conserved in the pitheciine lineage. The average body mass estimate for this fossil was
1720 g, thus being similar to previous dental estimates (i.e., 1800 g;
Fleagle and Tejedor, 2002) and comparable to the body mass of
extant NWM such as P. pithecia.
The Madre de Dios talus found in Peruvian Amazonia represents
the ﬁrst early Miocene platyrrhine from northern South America
(Marivaux et al., 2012), although recent ﬁndings have provided
more specimens from the late Miocene of the Peruvian Amazonia
belonging to two distinct Cebidae (Marivaux et al., 2016b). In
addition to these discoveries, the Peruvian Amazonia has recently
provided interesting new ﬁndings that contribute to the understanding of early platyrrhine evolution (Bond et al., 2015; Marivaux
et al., 2016a,b). The discovery of P. ucayaliensis from the latest
Eocene or Early Oligocene (Bond et al., 2015) and C. amazonensis
(Marivaux et al., 2016a) from the Late Oligocene, clearly indicates
that platyrrhines were well-established in the Amazonian Basin
early, thus conﬁrming the expected distribution of NWM in the
Neotropics (Marivaux et al., 2016a,b). Given that the Madre de Dios
talus is a rare example of the NWM postcranial fossil record in
Peruvian Amazonia, analyzing it is highly relevant. The talus has not
been taxonomically assigned, but has been described as displaying a
mixture of talar characteristics mainly found among the Cebidae,
and more speciﬁcally in the Cebinae (Marivaux et al., 2012). Nonetheless, what is remarkable about this specimen is its reduced size
that is most similar to that of the marmosets and tamarins (Cebidae,
Callitrichinae). The Madre de Dios talus has been described as being
a tiny Saimiri-like cebine that was primarily an arboreal quadruped,
but also engaged in frequent horizontal leaping and vertical clinging
(Marivaux et al., 2012). The analyses performed in this paper
showed that the Madre de Dios talus exhibits a particularly distinct
morphology. The PCA showed Madre de Dios occupying a region of
the morphospace not occupied by any other specimen, which could
be related to its particular combination of traits. Interestingly,
Madre de Dios clusters with Cebupithecia and within a group also
comprising Cacajao, Chiropotes and S. leucopus. The CVA using
platyrrhine families as categories classiﬁed Madre de Dios within
the Cebidae, while the locomotion CVA categorized it as the only
fossil classiﬁed as leaper/clawed. Madre de Dios seems to combine
in its morphology some more primitive aspects common to all the
analyzed fossils, with some derived characters similar to some
members of the Callitrichinae. The evidence thus suggests that
Madre de Dios seems to be a small-sized cebid that engaged in
leaping and vertical clinging as part of its locomotor repertoire as
suggested by its morphological similarities with the callitrichines.
The obtained body mass estimate is 352 g, which is within previously proposed ranges (i.e., 250e500 g; Marivaux et al., 2012), and
similar to some of the extant callitrichines.
The Río Cisnes talus from the Chilean site of Alto Río Cisnes is
currently taxonomically unassigned and dates to the Friasian South
American Land Mammal Ages (SALMA) ~16 Ma (Tejedor, 2003).
This talus is about the size of that of Pithecia, and has been
described as being morphologically similar to that of Callicebus or a
smaller version of a Carlocebus talus (Tejedor, 2003, 2008). The
analyses performed here suggest that the Río Cisnes talus shows a
similar morphology to that observed in Aotus, Proteropithecia and
Neosaimiri. The CVA classiﬁed this talus as similar to the Cebidae. It
has been suggested that the moderately high talar body with the
parallel-sided rims and the relatively long neck could be associated
with increased leaping in what otherwise looks to be a generalized
arboreal quadruped (Gebo and Simons, 1987; Meldrum, 1990). The
locomotion CVA is in agreement with this proposal. Finally, the ﬁrst
body mass estimate of 1509 g for this fossil was provided, which is
similar to other fossils and to the largest Callicebus species and the
smallest P. pithecia.
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Proteropithecia neuquenensis, a medium-sized platyrrhine
known from a single talus and isolated teeth, was found in the
 n Cura
 formation in Neuque
n, Argentina and based on dental
Collo
traits has been classiﬁed as a pitheciin ancestor (Kay et al., 1998).
The P. neuquenensis talus has been described as exhibiting a general
similarity to Callicebus or Aotus (Ford, 1988; Meldrum, 1990). The
PCA showed that P. neuquenensis occupies a position between the
Patagonian and La Venta fossils, suggesting a potentially good
representative for primitive talar morphology in some crown fossil
taxa. The cluster analysis located it in a group with Aotus, Río
Cisnes, Proteropithecia and Callimico. The CVA classiﬁed
P. neuquenensis as belonging to Cebidae, however it also has a
posterior probability of 0.278 of being classiﬁed as Pitheciidae. The
talus has been described as having an oval head, moderate neck
length, a wedged trochlea and an extended anterior proximal
calcaneal facet, all of which have been interpreted as associated
with the required ankle stability to perform arboreal quadrupedal
activities and moderate leaping (Kay et al., 1998). That
P. neuquenensis was classiﬁed as an arboreal quadrupedalist in the
present study is consistent with these interpretations. The body
mass prediction for this fossil was 2006 g, which is similar to some
Pithecia species.
Cebupithecia sarmientoi is well represented in La Venta,
Colombia. Cebupithecia was a medium-sized monkey with associated cranial, mandibular, and dental remains along with a partial
skeleton; together the relatively complete Cebupithecia fossils
suggest a phylogenetic position within Pitheciinae (Hartwig and
Meldrum, 2002). However, Cebupithecia lacks many Pitheciinae
apomorphic postcranial characters (Fleagle and Meldrum, 1988;
Ford, 1990; Hartwig and Meldrum, 2002). The PCA showed that
C. sarmientoi is located on the morphospace near most owl monkeys, exhibiting a morphology similar to Aotus nancymaae. As was
the case for Proteropithecia, the CVA classiﬁed Cebupithecia within
Cebidae. The clustering analysis located it next to Madre de Dios,
which is intriguing. Cebupithecia has been traditionally reconstructed as exhibiting mainly quadrupedal behaviors with moderate amounts of leaping, in a similar fashion to the cebines and
Callicebus (Meldrum and Lemelin, 1991). Consistently, the CVA
analysis using locomotor categories classiﬁed C. sarmientoi as an
arboreal quadruped. The obtained body mass prediction is 1825 g,
which is similar to previous predictions (i.e., 1602 g; Cooke et al.,
2011) and to P. pithecia.
The analyzed specimen of A. dindensis was discovered within
the Monkey Unit in the site of La Venta, Colombia (Setoguchi and
Rosenberger, 1987; Gebo et al., 1990), and it was classiﬁed as a
member of Aotus, due to its particular morphological characteristics, although it differs from the extant members of this genus in
being smaller and having a slightly more square-shaped talar body
(Gebo et al., 1990). This specimen exhibits a robust talar body, with
parallel trochlear rims and only a slight proximal wedging (Gebo
et al., 1990). Its trochlear surface is relatively ﬂat, while the talar
head and neck are very wide (Gebo et al., 1990). This combination of
morphological features has been interpreted as being associated
with an extensive use of arboreal quadrupedalism (Gebo, 1988,
1989), with no indication of frequent climbing or leaping (Gebo
et al., 1990). It is debated whether A. dindensis is an actual species
or if it is conspeciﬁc with Monhanamico hershkovitzi (for further
details see Kay, 1990; Rosenberger et al., 1990). Nonetheless, in the
present study we subscribe to the classiﬁcation of Gebo et al.
(1990). Aotus dindensis is located near N. ﬁeldsi in the morphospace, occupying a position within the locomotor ‘generalist’ area.
The cluster analysis located this fossil within a group with most
Aotus, Río Cisnes, Proteropithecia and Neosaimiri. In the family CVA,
this specimen was classiﬁed as a member of the Pitheciidae, while
the locomotor analysis categorized it as an arboreal quadrupedal

species, as previously suggested by Gebo et al. (1990). The average
body mass prediction for A. dindensis is 873 g, thus being only
slightly smaller than previous predictions (i.e., 1000 g; Cooke et al.,
2011).
A number of postcranial specimens belonging to N. ﬁeldsi have
been discovered at La Venta, Colombia, and interpreted as ancestral
to the extant genus Saimiri (Stirton, 1951; Szalay and Delson, 1979;
Rosenberger et al., 1990; Takai, 1994). The talar morphology of
Neosaimiri has been described as exhibiting parallel trochlear lips, a
narrow trochlear surface, a relatively small and ﬂattened talar head
and moderately long talar neck (Nakatsukasa et al., 1997). Similarities in postcranial morphology between Neosaimiri and Saimiri
suggest arboreal quadrupedalism to be its predominant locomotor
behavior, although it probably engaged in leaping with relative
frequency (Gebo et al., 1990; Meldrum et al., 1990). The PCA showed
that Neosamiri is similar to some Cebus species, Cacajao and
A. dindensis based on the two ﬁrst PC axes. The family CVA classiﬁed
Neosaimiri as Cebidae, while its inferred main locomotor behavior
was arboreal quadrupedalism. The average body mass predictions
for multiple individuals range between 758 and 871 g, which is only
slightly larger than published dental predictions (i.e., 725 g; Cooke
et al., 2011).
Paralouatta marianae was designated on the basis of a single
talus from the Early Miocene locality of Domo de Zaza, Cuba
(MacPhee et al., 2003). This talus has been described as being only
subtly different from that of Paralouatta varonai even though 17e18
Ma allegedly separate them (MacPhee and Meldrum, 2006) and
P. marianae is signiﬁcantly smaller. There is no good morphological
comparison for the talus of Paralouatta among extant NWM
(MacPhee and Iturralde-Vinent, 1995). MacPhee and IturraldeVinent (1995) particularly noted that the Atelidae differ from
Paralouatta in having a ‘wedged’ trochlea with a low trochlear relief, which would be related to maximizing mobility at the talocrural joint, whilst Paralouatta exhibits a talus more suited for
stability rather than mobility. The talus of Paralouatta has a clearly
noticeable cotylar fossa facing an extended medial malleolus
articular surface, thus offering a stable seating for the medial
malleolus (MacPhee and Iturralde-Vinent, 1995). The cotylar fossa,
which is typically absent in large-bodied platyrrhines, is present in
Old World monkeys such as Theropithecus, hence the suggestion of
semiterrestriality in Paralouatta (MacPhee and Meldrum, 2006).
The PCA showed that Paralouatta occupied a position close to
Alouatta, as well as to some of the oldest Patagonian fossils (i.e.,
Soriacebus, Dolichocebus and Carlocebus). The hierarchical clustering analysis located this fossil close to Cebus and Dolichocebus,
Carlocebus and Soriacebus. The family CVA classiﬁed Paraloutta
within the Cebidae, while the locomotion CVA categorized it as an
arboreal quadruped. In terms of locomotion, the results suggest
arboreal quadrupedalism, however the analyses lacked terrestrial
or semiterrestrial categories so it is not possible to rule out these
potential specializations. Further analyses considering terrestrial
Old World monkeys would be required to test this possibility. The
body mass prediction carried out in this study for P. marianae
employed highly accurate postcranial surface area regressions to
compute the ﬁrst body mass data for this specimen, which predicts
4708 g for this taxon. This value is similar to previous body mass
predictions for Antillothrix bernensis based on craniodental measurements (i.e., 4.7 kg; Rosenberger et al., 2011), thus being slightly
smaller than the extant Alouattinae species.
4.3. Locomotor mode percentages
The PLS analyses provide strong evidence for the association
between talar shape and locomotion (measured as LMP); therefore
talar shape can be used to infer locomotion. The talus is primarily
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stiffened by trabecular networks (unlike the diaphysis in long bones)
and is the principal mechanical connection between the leg and the
foot (Parr et al., 2013); it not only transmits the forces derived from
the body mass, but also provides stability and/or mobility for the
hind limbs during diverse postural and locomotor behaviors (Boyer
et al., 2015). Many authors have proposed that mechanical loading
regulates trabecular remodeling (e.g., Carter et al., 1987; Turner,
1998; Zadpoor et al., 2012), therefore different locomotor repertoires would have exerted differential loading regimes on the talus,
thus gradually shaping it during NWM evolution.
In terms of locomotion reconstruction, all of the present analyses are consistent with the suggestion that the ancestral condition for the platyrrhines was predominantly arboreal quadrupedal.
The PCA of the LMPs (Fig. 7a) showed that there is a good separation of groups. The groups cluster according to locomotor categories, principally distinguishing between the more specialized or
derived forms along the respective axes. Large-bodied taxa using
climbing/suspension (i.e., atelids) were distinguished from smallbodied species using claw-climbing, clinging and vertical leaping
(i.e., callitrichines) along PC1, while PC2 separated between
medium-sized NWM characterized by different levels of quadrupedalism, with some taxa occupying a central more ‘generalist’
position. The mapping of the PC1 of the LMPs on the platyrrhine
phylogeny showed that the ancestral condition exhibited values
similar to those expected for predominantly quadrupedal taxa, and
that both the suspensory/clamber and leaper/vertical clinging locomotor repertoires evolved posteriorly in two different groups of
NWM (i.e., atelids and callitrichines, respectively). The same procedure was repeated for PC2, which showed a distinction between
the less quadrupedal genera (e.g., Ateles, Callithrix, Callimico), and
those that exhibited higher levels of quadrupedalism. Interestingly,
Saimiri and Callicebus showed the highest level of quadrupedalism
(i.e., lowest PC2 score), thus repeating the convergence scenario
found by the SURFACE method. For this variable, the ancestral state
reconstruction was also found to be a quadrupedal condition,
although not as specialized as in Saimiri or Callicebus, but more
‘generalist’ such as the Pitheciinae Chiropotes and Cacajao, the
Callitrichinae Saguinus and Leontopithecus or even Alouatta.
4.4. Evolutionary modeling
The present model selection results show that it is possible to
explain talar shape diversiﬁcation by invoking an OU model of
adaptive peak shifts to three optima, deﬁned by the different
platyrrhine families. The OU-Clade model d a fully phylogenetic
hypothesis where each platyrrhine family occupied a separate
adaptive peak d was the best supported among all the tested hypotheses. This is consistent with the structuring of the data in the
shape phylomorphospace (Fig. 9) where the platyrrhine families
occupy mainly three distinct areas. This result means that each
platyrrhine family has its own talar shape optimum, which could be
associated with the previously described locomotor categories
(climbing/suspension in Atelidae, arboreal quadrupedalism in
Pitheciidae, and leaping in Cebidae), but also to other ecological
differences such as canopy levels or diet. Nonetheless, some
members of the Cebidae are more quadrupedal; hence this result is
intriguing. One possibility is that Cebus, Saimiri and Aotus exhibit an
ancestral talar morphology on its way towards the optimum nearer
the callitrichines, or simply that the ﬁrst ﬁve PCs do not totally
represent the subtleties of shape variation in the platyrrhine family.
In any case, the obtained results in combination with the DTT plot
suggest that talar morphological diversiﬁcation gradually differentiated into three distinct areas of the morphospace that are
related mainly to phylogenetic clades (with some slight convergence between Callicebus and Saimiri as observed in the
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phylomorphospace and the SURFACE model). Some species seem to
retain the primitive morphology similar to the one observed across
the fossil sample (e.g., Cebus and Cacajao). In contrast, the least
supported model was the OU1 model, suggesting that there is not a
single unique adaptive optimum for talar shape in the NWM.
Talar centroid size followed the pattern observed in previous
research regarding platyrrhine body mass (Aristide et al., 2015) and
brain shape (Aristide et al., 2016), where there were several unique
and shared optima, mainly deﬁned by the multidimensional
ecological niche hypothesis (i.e., OU-Multidimensional niche),
which combined both diet and locomotion information
(Rosenberger, 1992). As found by these previous studies (Aristide
et al., 2015, 2016), it seems that talar centroid size e a generally
good proxy for body mass (Halenar, 2011) e evolved in the platyrrhine radiation initially by a rapid diversiﬁcation, as observed in the
DTT plot of centroid size. This is similar to the trend observed for
body mass by Aristide et al. (2015), likely because both are scale
measurements that are highly correlated. This relationship was
likely associated with a differentiation among NWM families within
an ecological adaptive landscape mostly deﬁned by locomotion and
diet (Rosenberger, 1992; Aristide et al., 2015). It has been previously
proposed that size diversiﬁcation in platyrrhines was mostly related
to diet variation (Marroig and Cheverud, 2001; Perez et al., 2011),
however the present results align with other ﬁndings that support a
more complex scenario where platyrrhine evolution among the
main lineages is linked to size changes related to a multidimensional
niche (Rosenberger, 1980, 1992, Aristide et al., 2015, 2016). Nonetheless, it is important to note that even though the diet ecological
dimension alone is not enough to explain platyrrhine centroid size
and body mass diversiﬁcation, the other best supported models for
centroid size is related to diet (i.e., OU-Diet Composition). The
locomotion model alone was poorly supported. Perhaps this indicates the relative contribution of these different factors to the OUMultiple Niche model, although further investigations are required.
The DTT plot shows how centroid size disparity is high during the
early branching of the phylogeny, possibly related to changes in
ecological opportunity (Harmon et al., 2003). The magnitude of the
centroid size disparity is strikingly high during the early branching
processes (Figs. 8a and 10b), similar to that found by Aristide et al.
(2015) for body mass, thus supporting again the distinctiveness of
the platyrrhine radiation (Delson and Rosenberger, 1984). Interestingly it seems that this early differentiation in size was not coupled
with immediate changes in talar shape, but that these structural
changes occurred gradually following the different NWM family
differentiations. The fossil evidence supports these results since the
different morphological analyses showed that most fossils exhibit a
generalist and possibly primitive morphology, while showing signiﬁcant size variation according to the obtained predictions ranging
from 352 g (Madre de Dios) to 4708 g (P. marianae). This is consistent
with previous results that have suggested that body size partitioning
in platyrrhines is already evident in ancient lineages (Aristide et al.,
2015).
One of the main predictions of an adaptive radiation hypothesis
is that phenotypes diversify early in the branching process of the
phylogeny in relation to certain ecological factors (Schluter, 2000;
Losos, 2011). Previous eco-functional studies have indicated that
there are natural size thresholds structuring platyrrhine locomotordietary niches (Rosenberger, 1992; Youlatos and Meldrum, 2011;
Fleagle, 2013). The ecological opportunity that existed during the
early evolutionary history of platyrrhines was most likely a significant factor inﬂuencing body size changes among the main clades
as observed in both the centroid size and body mass traitgrams and
DTT plots (Figs. 8 and 10) (Aristide et al., 2015). The present results
support that along with this initial diversiﬁcation in body size,
likely due to ecological opportunity, there was probably a
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subsequent gradual differentiation in talar shape (as observed in
Figs. 9 and 10a). These shape changes in talar morphology were
more marked in the two lineages that evolved notably different
locomotion repertories compared to the ancestral condition (i.e.,
atelids and callitrichines), while other groups still exhibit a talar
shape relatively similar to the one observed in most of the analyzed
fossils (e.g., Chiropotes, Cacajao, Cebus).
4.5. Implications for platyrrhine evolution
The placement of the fossil species on the PCA (Fig. 4) showed
that most extinct taxa occupy the central area deﬁned by quadrupedal ‘generalist’ species (an area occupied by some extant species
exhibiting different frequencies of additional climbing or leaping
behavior). This is consistent with the CVA and the ancestral trait
reconstruction for the LMPs that indicated that the ancestral platyrrhine condition was probably predominantly quadrupedal with
only minor contributions from other more specialized locomotor
behaviors. Nonetheless, until the recovery of postcranial elements
for the earliest platyrrhine fossils (e.g., Branisella and Perupithecus),
not much can be said with certainty about the ancestral locomotor
condition of the very ﬁrst platyrrhines, especially if these fossils are
considered to belong to an ancient radiation of stem platyrrhines
that did not lead to crown NWM (Rosenberger et al., 1991; Takai
et al., 2000; Kay et al., 2008). This would imply that studying the
locomotor diversity observed in the extant NWM would point to
the ancestral condition of the last common ancestor of modern
platyrrhine species, rather than the earliest ancestor of all platyrrhines (i.e., extinct and extant) (Ford, 1988; Youlatos and Meldrum,
2011).
Due to the absence of post-cranial material belonging to the
oldest found platyrrhines, it is perhaps relevant to discuss the obtained results in relation to other primate fossils that have known
tali. Platyrrhines are considered to be a monophyletic group that
emerged during the African Eocene (Ciochon and Chiarelli, 1980;
Houle, 1999; Oliveira et al., 2009), and most of the primate fossil
evidence for that time period comes from three groups from the
Fayum of Egypt (i.e., the propliopithecids, the oligopithecids and
the parapithecoids) (Fleagle and Simons, 1982, 1983; Seiffert et al.,
2000; Simons, 2004). Among these fossils, it has been proposed
that Apidium (Hoffstetter, 1980; Ford, 1990; Fleagle and Kay, 1994;
Takai et al., 2000) or Proteopithecus (Simons, 1989, 1997; Simons
and Seiffert, 1999; Gladman et al., 2013) might represent the
ancestral NWM morphotype better. Apidium is usually interpreted
as being a frequent leaper (Fleagle and Simons, 1983, 1995; Gebo
et al., 2000, 2012; although for a different opinion see Ryan et al.,
2012), while Proteopithecus has been described as relying on agile
quadrupedal locomotion, probably also involving some pronograde
leaping (Gebo et al., 1994; Simons and Seiffert, 1999; Seiffert et al.,
2000; Ryan et al., 2012), therefore it might be speculated that the
ancestral platyrrhine was a leaper. Nonetheless, the shape of the
oldest Miocene talus analyzed here (i.e., Dolichocebus) has been
described as distinctively different from the Fayum fossils (Gebo
and Simons, 1987) and the present results indicate that all the
oldest materials are more similar to the ‘generalized’ shape of Cebus
rather than to specialized leapers such as the Callitrichinae (Figs. 4
and 6). In addition, leaping behavior is notoriously associated with
size. Thus, the smaller the body size of the ancestral platyrrhine, the
more likely leaping may be a factor. From the traitgrams in Figure 8
it is notable that the ancestral centroid size and body mass reconstruction for the ancestral platyrrhine condition (i.e., root of the
phylogeny) corresponds to the body mass of Cebus (~3000 g), while
its talar size is similar to Pithecia monachus. However, this analysis
estimates the ancestral size condition using the data from only the
modern NWM, which represent only a subset of all Platyrrhini

through time. Furthermore, the ancestral state reconstructions
have the known limitation that the probability of computing the
correct ancestral condition decreases as the temporal depth increases (Martins and Cunningham, 1999). Therefore caution is
required when extrapolating this result. Furthermore, when
reconstructing locomotor behaviors, it is mostly the dominant locomotor modes that are reconstructed and not the entire repertoire
of positional behaviors (MacPhee and Meldrum, 2006). For
instance, saying that the ancestral locomotor condition of the
platyrrhines was most likely arboreal quadrupedalism does not
imply that this specimen was incapable of a wide variety of behaviors (such as leaping, climbing, running, suspension, and
clambering), but rather that arboreal quadrupedalism was its predominant locomotor mode (MacPhee and Meldrum, 2006). In
summary, the present results point to an ancestral morphological
pattern that can be described as a generalized, medium-sized,
arboreal quadruped as has been previously suggested (Ford, 1988;
Gebo et al., 1990; Tallman and Cooke, 2016).
Even though the present research did not attempt to resolve the
debate regarding the LLH and SPH, the results do provide some
interesting insights to trigger further research. The early Miocene
fossils analyzed here from Patagonia have been hypothesized to
represent either a distinct ancient radiation or the early ancestors of
the modern clades (Rosenberger et al., 2009). The results show that
all these fossils (i.e., Dolichocebus, Soriacebus and Carlocebus) clustered together along with Paralouatta and some generalized species
(i.e., Cebus) (Fig. 6). This can be interpreted according to the two
existing competing hypotheses in the following manner. Under the
SPH perspective, both the basal fossil platyrrhines and the ancestors
of the living NWM would have exhibited a primitive morphology
associated with a more ‘generalist’ arboreal quadrupedalist locomotor behavior. This implies that the fossil forms were adapted to
niches in the early Miocene southern forests analogous to those of
the ancestral forms of the extant NWM (i.e., a convergence scenario).
Another possible interpretation under the SPH perspective is that
rather than convergent evolution, the observed morphological
pattern could just be the retention of characteristics from an older
ancestor. Therefore, even if there was a stem radiation followed by
the modern crown radiation, the modern radiation had to come
from one of the stem taxa, thus the observed similarity in talar
morphology could be merely the retention of ancestral traits. On the
other hand, under the LLH, the fact that most fossils exhibit a
primitive morphology is explained by noting that these fossils might
represent the ancestral forms leading to the extant lineages or
members of the same long-lived lineages. It is important to bear in
mind that the present study focused on only one anatomical
structure, the talus, hence these results are limited and caution is
required when extrapolating these results to reconstruct the
evolutionary history of platyrrhines.
5. Conclusion
In spite of the numerous studies and decades of research, a
comprehensive understanding of the evolutionary history of platyrrhines is still lacking. This is highlighted by the continued debates
on the proto-platyrrhine immigration to South America (Houle,
1999; Oliveira et al., 2009; Cachel, 2015), on the issue regarding
the SPH and LLH hypotheses (Kay et al., 2008; Kay and Fleagle,
2010; Rosenberger, 2010; Perez and Rosenberger, 2014; Kay,
2015b) and on the phylogenetic position of the genus Aotus
(Menezes et al., 2010; Rosenberger and Tejedor, 2013; Aristide et al.,
2015). Whilst this study does not provide deﬁnitive answers to any
of these major questions, it does provide additional context. In
particular it shows that locomotor behavior has a strong inﬂuence
on talus morphology and it indicates that the earliest NWM had a

T.A. Püschel et al. / Journal of Human Evolution 111 (2017) 179e201

generalized quadrupedal lifestyle as has been previously proposed
(e.g., Ford, 1988; Tallman and Cooke, 2016) and that the ancestral
platyrrhine was probably medium-sized (reconstructed body mass:
2966 g; 95% LCI: 1623 g; UCI: 4309 g). Platyrrhines subsequently
seemed to evolve towards three different selective optima, represented by the three main locomotion habits observed in extant
NWM. In addition, new body mass predictions for all the analyzed
Miocene platyrrhines were provided, which show that during the
Miocene there was already a noticeable size variation. The present
work represents a contribution to the understanding of platyrrhine
evolution by applying a combination of GM and comparative
techniques in order to understand the evolution of one of the bestrepresented structures in the platyrrhine fossil record, the talus.
This allowed not only to reconstruct aspects of the locomotor
behavior of fossil individuals, but also provided information about
the evolution of the locomotor diversity observed in extant platyrrhines, its relationship with talar size and shape, and its relation
with the adaptive radiation that platyrrhines experienced.
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Aotus azarae

Aotus nancymaae

Aotus sp.

Aotus trivirgatus

Aotus trivirgatus

Cebus albifrons

Cebus albifrons

Cebus albifrons

Aotus_azarae_AMNH215052

Aotus_azarae_AMNH215053

Aotus_azarae_AMNH215054

Aotus_azarae_AMNH215056

Aotus_azarae_AMNH215057

Aotus_azarae_AMNH215059

Aotus_nancymaae_AMNH239852

Aotus_spNig_AMNH209916

Aotus_trivirgatus_AMNH187963

Aotus_trivirgatus_AMNH187967

Cebus_albifrons_AMNH188018

Cebus_albifrons_AMNH209923

Cebus_albifrons_AMNH209924

Cebus

Cebus

Cebus

Aotus

Aotus

Aotus

Aotus

Aotus

Aotus

Aotus

Aotus

Aotus

Aotus

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Male

Female

Female

Male

Female

Female

Female

Male

Male

Female

Male

Female

Male

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural
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Cebus albifrons

Cebus albifrons

Cebus albifrons

Cebus albifrons

Cebus apella

Cebus apella

Cebus apella

Cebus apella

Cebus apella

Cebus apella

Cebus apella

Cebus apella

Cebus apella

Cebus_albifrons_AMNH211547

Cebus_albifrons_AMNH211567

Cebus_albifrons_AMNH211582

Cebus_albifrons_AMNH211589

Cebus_apella_AMNH133607

Cebus_apella_AMNH133607

Cebus_apella_AMNH133608

Cebus_apella_AMNH133647

Cebus_apella_AMNH133656

Cebus_apella_AMNH133660

Cebus_apella_AMNH133671

Cebus_apella_AMNH133681

Cebus_apella_AMNH133764

Cebus

Cebus

Cebus

Cebus

Cebus

Cebus

Cebus

Cebus

Cebus

Cebus

Cebus

Cebus

Cebus

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Female

Female

Female

Female

Male

Female

Female

Male

Male

Female

Female

Male

Male

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural
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Cebus apella

Cebus apella

Cebus olivaceus

Cebus olivaceus

Cebus olivaceus

Saimiri boliviensis

Saimiri boliviensis

Saimiri boliviensis

Saimiri boliviensis

Saimiri boliviensis

Saimiri boliviensis

Saimiri boliviensis

Saimiri boliviensis

Cebus_apella_AMNH133815

Cebus_apella_AMNH133851

Cebus_olivaceus_AMNH30196

Cebus_olivaceus_AMNH30200

Cebus_olivaceus_AMNH42873

Saimiri_boliviensis_AMNH211596

Saimiri_boliviensis_AMNH211597

Saimiri_boliviensis_AMNH211598

Saimiri_boliviensis_AMNH211600

Saimiri_boliviensis_AMNH211609

Saimiri_boliviensis_AMNH211623

Saimiri_boliviensis_AMNH211633

Saimiri_boliviensis_AMNH255858

Saimiri

Saimiri

Saimiri

Saimiri

Saimiri

Saimiri

Saimiri

Saimiri

Cebus

Cebus

Cebus

Cebus

Cebus

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Male

Male

Male

Female

Male

Male

Male

Male

Female

?

Female

Male

Male

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural
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Saimiri boliviensis

Saimiri sciureus

Saimiri sciureus

Saimiri sciureus

Saimiri sciureus

Saimiri sciureus

Saimiri sp.

Saimiri sp.

Callimico goeldii

Callimico goeldii

Callimico goeldii

Saimiri_boliviensis_AMNH255858

Saimiri_sciureus_AMNH136214

Saimiri_sciureus_AMNH188080

Saimiri_sciureus_AMNH188086

Saimiri_sciureus_AMNH188089

Saimiri_sciureus_AMNH188091

Saimiri_sp_AMNH188097

Saimiri_sp_AMNH188109

Callimico_goeldii_USNM303323

Callimico_goeldii_USNM395455

Callimico_goeldii_USNM463933

Callimico

Callimico

Callimico

Saimiri

Saimiri

Saimiri

Saimiri

Saimiri

Saimiri

Saimiri

Saimiri

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Callithrichinae

Callithrichinae

Callithrichinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Female

Male

Male

Female

Male

Female

Female

Female

Female

Female

Male

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural
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Mico argentatus

Callithrix geoffroyi

Callithrix geoffroyi

Callithrix jacchus

Callithrix jacchus

Callithrix_argentata_USNM399069

Callithrix_geoffroyi_USNM518553

Callithrix_geoffroyi_USNM582900

Callithrix_jacchus_AMNH14011

Callithrix_jacchus_AMNH133688

Callithrix jacchus

Callimico goeldii

Callimico_goeldii_USNM575153

Callithrix_jacchus_USNM398848

Callimico goeldii

Callimico_goeldii_USNM464991

Callithrix

Callithrix

Callithrix

Callithrix

Callithrix

Callithrix

Callimico

Callimico

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Female

Female

Male

Male

Female

Male

Female

Female

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural
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Callithrix jacchus

Mico melanurus

Callithrix penicillata

Callithrix sp.

Callithrix sp.

Callithrix sp.

Callithrix_jacchus_USNM399037

Callithrix_melanura_USNM574137

Callithrix_penicillata_AMNH133692

Callithrix_sp_AMNH17574

Callithrix_sp_AMNH22994

Callithrix_sp_AMNH95127

Cebuella pygmaea

Callithrix jacchus

Callithrix_jacchus_USNM399036

Cebuella_pygmaea_USNM303037

Callithrix jacchus

Callithrix_jacchus_USNM399034

Cebuella

Callithrix

Callithrix

Callithrix

Callithrix

Callithrix

Callithrix

Callithrix

Callithrix

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Male

Male

?

Female

Female

Female

Male

Female

Male

History; Smithsonian Institution

National Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural
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Saguinus midas

Saguinus midas

Saguinus_midas_AMNH148453

Saguinus leucopus

Saguinus_leucopus_AMNH148322

Saguinus_midas_AMNH77693

Saguinus fuscicolis

rosalia

Leontopithecus

rosalia

Leontopithecus

rosalia

Leontopithecus

rosalia

Leontopithecus

rosalia

Leontopithecus

Cebuella pygmaea

Saguinus_fuscicollis_AMNH147433

Leontopithecus_rosalia_USNM597831

Leontopithecus_rosalia_USNM588334

Leontopithecus_rosalia_USNM588176

Leontopithecus_rosalia_USNM588152

Leontopithecus_rosalia_AMNH137279

Cebuella_pygmaea_USNM336325

Saguinus

Saguinus

Saguinus

Saguinus

Leontopithecus

Leontopithecus

Leontopithecus

Leontopithecus

Leontopithecus

Cebuella

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

?

?

Female

?

Female

Female

Female

Male

?

Male

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History

American Museum of Natural

History; Smithsonian Institution

National Museum of Natural
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Saguinus mystax

Saguinus mystax

Saguinus mystax

Saguinus_mystax_AMNH188171

Saguinus_mystax_AMNH188178

Saguinus_mystax_AMNH188179

Cacajao_calvus_USNM302626

Soriacebus_ameghinorum_MACN-397_M7309-8175

Carlocebus_carmenensis_MACN-396_M7308-8174

Carlocebus_carmenensis_MACN-368_M7307-8173

Carlocebus_carmenensis_MACN-304_M7306-8172

Cacajao calvus

ameghinorum

Soriacebus

carmenensis

Carlocebus

carmenensis

Carlocebus

carmenensis

Carlocebus

carmenensis

Carlocebus

Saguinus mystax

Saguinus_mystax_AMNH180091

Carlocebus_carmenensis_MACN-271_M7305-8171

Saguinus midas

Saguinus_midas_AMNH266480

Cacajao

Soriacebus

Carlocebus

Carlocebus

Carlocebus

Carlocebus

Saguinus

Saguinus

Saguinus

Saguinus

Saguinus

Extant

Extinct

Extinct

Extinct

Extinct

Extinct

Extant

Extant

Extant

Extant

Extant

Pitheciidae

?

?

?

?

?

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Pitheciinae

?

?

?

?

?

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Male

?

?

?

?

?

Male

Female

Male

?

Female

History; Smithsonian Institution

National Museum of Natural

Naturales, Buenos Aires

Museo Argentino de Ciencias

Naturales, Buenos Aires

Museo Argentino de Ciencias

Naturales, Buenos Aires

Museo Argentino de Ciencias

Naturales, Buenos Aires

Museo Argentino de Ciencias

Naturales, Buenos Aires

Museo Argentino de Ciencias

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural
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Cacajao calvus

Cacajao calvus

Cacajao calvus

Callicebus cupreus

Callicebus cupreus

Callicebus cupreus

Cacajao_calvus_USNM319516

Cacajao_calvus_USNM395027

Cacajao_calvus_USNM519570

Callicebus_cupreus_AMNH130361

Callicebus_cupreus_AMNH136208

p_Callicebus_cupreus_AMNH136217_M_astR_ctA

donacophilus

Callicebus

Cacajao calvus

Cacajao_calvus_USNM302627

p_Callicebus_donacophilus_AMNH211487_M_astR_ctA

Cacajao calvus

Cacajao_calvus_USNM302627

Callicebus

Callicebus

Callicebus

Callicebus

Cacajao

Cacajao

Cacajao

Cacajao

Cacajao

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Pitheciidae

Pitheciidae

Pitheciidae

Pitheciidae

Pitheciidae

Pitheciidae

Pitheciidae

Pitheciidae

Pitheciidae

Callicebinae

Callicebinae

Callicebinae

Callicebinae

Pitheciinae

Pitheciinae

Pitheciinae

Pitheciinae

Pitheciinae

Male

Male

Male

Female

Female

Female

Male

Female

Female

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural
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Callicebus

Chiropotes satanas

p_Chiropotes_satanas_USNM339661_F_astR_ctD

Callicebus moloch

Callicebus_moloch_AMNH-M-94977_M3712-3376

Chiropotes satanas

Cacajao calvus

Cacajao_calvus_AMNH-M-70192_M3692-3359

Chiropotes_satanas_irrorata_AMNH-M-95760_M3715-3379

Ateles belzebul

Ateles_belzebuth_AMNH-M-259_M3368-3050

neuquenensis

Proteropithecia

Callicebus torquatus

p_Callicebus_torquatus_USNM398212_F_astR_NI_ctD

Proteropithecia_neuquenensis_MLP_91-IX-1-119

Callicebus moloch

donacophilus

Callicebus

donacophilus

p_Callicebus_moloch_AMNH61806_astL_NI_ctA

p_Callicebus_donacophilus_AMNH211492_M_astR_ctA

p_Callicebus_donacophilus_AMNH211489_F_astR_ctA

Chiropotes

Callicebus

Cacajao

Ateles

Proteropithecia

Chiropotes

Callicebus

Callicebus

Callicebus

Callicebus

Extant

Extant

Extant

Extant

Extinct

Extant

Extant

Extant

Extant

Extant

Pitheciidae

Pitheciidae

Pitheciidae

Atelidae

?

Pitheciidae

Pitheciidae

Pitheciidae

Pitheciidae

Pitheciidae

Pitheciinae

Callicebinae

Pitheciinae

Atelinae

?

Pitheciinae

Callicebinae

Callicebinae

Callicebinae

Callicebinae

Male

Male

Male

Female

?

Female

Female

?

Male

Female

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

Argentina

Museo de la Plata, La Plata,

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural
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Lagothrix

Callithrix jacchus

Callimico goeldii

Ateles fusciceps

Lagothrix lagotricha

Lagothrix lagotricha

Callithrix_jacchus_penicillata_AMNH-M-133702_M3481-3159

AMNH-M-183289_M3460-3137_Callimico_goeldii_Astragalus

Ateles_fusciceps_AMNH-M-188140_M3374-3056

Lagothrix_lagotricha_poepiggi_AMNH-M-188142_M3445-3124

3128_Lagothrix_lagotricha_Astragalus

AMNH-M-188156_M3448-

Lagothrix

Callithrix jacchus

Callithrix_jacchus_penicillata_AMNH-M-133698_M3476-3153

Ateles

Callimico

Callithrix

Callithrix

Saguinus

Saguinus midas

Saguinus_midas_AMNH-M-97316_M3531-3207

Chiropotes

Chiropotes satanas

Chiropotes_satanas_satanas_AMNH-M-96123_M3718-3382

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Atelidae

Atelidae

Atelidae

Cebidae

Cebidae

Cebidae

Cebidae

Pitheciidae

Atelinae

Atelinae

Atelinae

Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Pitheciinae

Female

?

Male

?

Female

Female

Male

Male

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource
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Cacajao calvus

Aotus trivirgatus

Pithecia pithecia

Saguinus midas

Saimiri boliviensis

Callicebus moloch

Aotus azarae

Cacajao_calvus_AMNH-M-201122_M3688-3356

Aotus_trivirgatus_AMNH-M-201647_M3266-2980

Pithecia_pithecia_AMNH-M-202373_M3722-3384

Saguinus_midas_AMNH-M-207726_M3522-3199

Saimiri_boliviensis_AMNH-M-209934_M3605-3276

Callicebus_moloch_AMNH-M-210393_M3709-3373

Aotus_azarae_AMNH-M-211482_M3259-2976

donacophilus

Callicebus

Saguinus mystax

Saguinus_mystax_AMNH-M-188177_M3536-3213

Callicebus_donacophilus_AMNH-M-211490_M3695-3360

Saguinus mystax

Saguinus_mystax_AMNH-M-188174_M3547-3224

Callicebus

Aotus

Callicebus

Saimiri

Saguinus

Pithecia

Aotus

Cacajao

Saguinus

Saguinus

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Pitheciidae

Cebidae

Pitheciidae

Cebidae

Cebidae

Pitheciidae

Cebidae

Pitheciidae

Cebidae

Cebidae

Callicebinae

Cebinae

Callicebinae

Cebinae

Callithrichinae

Pitheciinae

Cebinae

Pitheciinae

Callithrichinae

Callithrichinae

Female

Male

?

Male

?

Female

?

?

Male

Male

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)
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Callicebus

Alouatta caraya

Saimiri boliviensis

Saimiri boliviensis

Aotus azarae

Aotus nancymaae

Cebuella pygmaea

Alouatta_caraya_AMNH-M-211585_M3286-2995

Saimiri_boliviensis_AMNH-M-211650_M4110-3753

Saimiri_boliviensis_AMNH-M-211651_M3617-3286

Aotus_azarae_AMNH-M-215056_M3272-2983

Aotus_nancymaae_AMNH-M-239851_M3275-2987

Callithrix_pygmaea_AMNH-M-244101_M3516-3193

Callicebus moloch

Alouatta caraya

Alouatta_caraya_AMNH-M-211525_M3281-2992

Callicebus_moloch_AMNH-M-244363_M3705-3367

Alouatta caraya

donacophilus

Alouatta_caraya_AMNH-M-211513_M3278-2990

Callicebus_donacophilus_AMNH-M-211491_M3699-3398

Callicebus

Cebuella

Aotus

Aotus

Saimiri

Saimiri

Alouatta

Alouatta

Alouatta

Callicebus

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Atelidae

Atelidae

Atelidae

Pitheciidae

Callicebinae

Callithrichinae

Cebinae

Cebinae

Cebinae

Cebinae

Alouattinae

Alouattinae

Alouattinae

Callicebinae

?

Female

Male

Female

Male

Female

Female

Male

Male

Male

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)
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Alouatta caraya

Alouatta caraya

Alouatta seniculus

Alouatta seniculus

Alouatta seniculus

Alouatta seniculus

Alouatta seniculus

Ateles marginatus

Aotus azarae

Alouatta_caraya_AMNH211526

Alouatta_caraya_AMNH215061

Alouatta_seniculus_AMNH211527

Alouatta_seniculus_AMNH211528

Alouatta_seniculus_AMNH211532

Alouatta_seniculus_AMNH211540

Alouatta_seniculus_AMNH211543

Ateles_marginatus_AMNH95038

Aotus_azarae_AMNH215048

Cebus albifrons

Aotus infulatus

Aotus_infulatus_AMNH-M-94992_M3263-2978

Cebus_albifrons_AMNH211587

Saguinus midas

Saguinus_midas_AMNH-M-266481_M3528-3204

Cebus

Aotus

Ateles

Alouatta

Alouatta

Alouatta

Alouatta

Alouatta

Alouatta

Alouatta

Aotus

Saguinus

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Atelidae

Atelidae

Atelidae

Atelidae

Atelidae

Atelidae

Atelidae

Atelidae

Cebidae

Cebidae

Cebinae

Cebinae

Atelinae

Alouattinae

Alouattinae

Alouattinae

Alouattinae

Alouattinae

Alouattinae

Alouattinae

Cebinae

Callithrichinae

Male

Female

Female

Female

Female

Male

Male

Female

Female

Male

Female

Female

Morphosource

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)
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Cebus apella

Cebus olivaceus

Cebus olivaceus

Saimiri boliviensis

Saimiri boliviensis

Saimiri boliviensis

Saimiri sp.

Saimiri sp.

Mico humeralifer

Cebus_apella_AMNH133674

Cebus_olivaceus_AMNH30197

Cebus_olivaceus_AMNH30198

Saimiri_boliviensis_AMNH211606

Saimiri_boliviensis_AMNH211614

Saimiri_boliviensis_AMNH211624

Saimiri_sp_AMNH188096

Saimiri_sp_AMNH188101

Callithrix_santaremensis_AMNH188164

Cebuella pygmaea

Cebus apella

Cebus_apella_AMNH133654

Cebuella_pygmaea_USNM337948

Cebus albifrons

Cebus_albifrons_AMNH211590

Cebuella

Callithrix

Saimiri

Saimiri

Saimiri

Saimiri

Saimiri

Cebus

Cebus

Cebus

Cebus

Cebus

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Callithrichinae

Callithrichinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Male

?

Female

Female

Male

Female

Male

Male

Female

Female

Male

Male

History; Smithsonian Institution

National Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

History

American Museum of Natural
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Ateles fusciceps

Ateles geoffroyi

Ateles_fusciceps_USNM338116

Ateles_geoffroyi_USNM244863

Ateles geoffroyi

Ateles fusciceps

Ateles_fusciceps_USNM338112

Ateles_geoffroyi_USNM276657

Chiropotes satanas

Chiropotes_satanas_USNM361016

personatus

Callicebus

Saguinus sp.

Saguinus_sp_AMNH239875

Callicebus_personatus_USNM240088

Saguinus oedipus

Saguinus_oedipus_AMNH200882

Ateles

Ateles

Ateles

Ateles

Chiropotes

Callicebus

Saguinus

Saguinus

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Atelidae

Atelidae

Atelidae

Atelidae

Pitheciidae

Pitheciidae

Cebidae

Cebidae

Atelinae

Atelinae

Atelinae

Atelinae

Pitheciinae

Callicebinae

Callithrichinae

Callithrichinae

Female

Female

Female

Male

Female

Female

Female

Female

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History

American Museum of Natural
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Cebuella pygmaea

Cebus apella

Pithecia pithecia

Pithecia monachus

Saimiri sciureus

Aotus azarae

Cebus albifrons

Cebus nigritus

Saimiri boliviensis

Cebuella_pygmaea_USNM464994

Cebus_apella_AMNH-M-133606_M3589-3260

Pithecia_pithecia_AMNH-M-149149_M3728-3391

Pithecia_monachus_AMNH-M-187978_M3725-3388

Saimiri_sciureus_Astragalus_AMNH-M-188090_M3610-3281

Aotus_azarae_AMNH211483

Cebus_albifrons_AMNH211562

Cebus_nigritus_USNM518478

Saimiri_boliviensis_AMNH211592

Saimiri

Cebus

Cebus

Aotus

Saimiri

Pithecia

Pithecia

Cebus

Cebuella

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Extant

Cebidae

Cebidae

Cebidae

Cebidae

Cebidae

Pitheciidae

Pitheciidae

Cebidae

Cebidae

Cebinae

Cebinae

Cebinae

Cebinae

Cebinae

Pitheciinae

Pitheciinae

Cebinae

Callithrichinae

Male

Male

Male

Male

Male

?

Male

Male

Male

History

American Museum of Natural

History; Smithsonian Institution

National Museum of Natural

History

American Museum of Natural

History

American Museum of Natural

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

(http://morphosource.org/)

Morphosource

History; Smithsonian Institution

National Museum of Natural

171

Neosaimiri fieldsi

Neosaimiri fieldsi

Aotus dindensis

Neosaimiri fieldsi_IGMKU_89031

Neosaimiri fieldsi_IGMKU_89199

Aotus_dindensis_IGMKU_8802

marianae

Paralouatta

Neosaimiri fieldsi

Neosaimiri fieldsi_IGMKU_89030

Paralouatta_marianae_MNHNCu_76.3059

Callimico goeldii

Callimico_goeldii_USNM583199

Paralouatta

Aotus

Neosaimiri

Neosaimiri

Neosaimiri

Callimico

Extinct

Extinct

Extinct

Extinct

Extinct

Extant

?

?

?

?

?

Cebidae

?

?

?

?

?

Callithrichinae

?

?

?

?

?

Male

History)

(American Museum of Natural

cast from Ross MacPhee

(CUNY)

cast from Alfred Rosenberger

(CUNY)

cast from Alfred Rosenberger

(CUNY)

cast from Alfred Rosenberger

(CUNY)

cast from Alfred Rosenberger

History; Smithsonian Institution

National Museum of Natural

4.8.2 Supporting Information 2. Table 4.8 Missing landmarks of the fossil
sample
Id

Species/Specimen

Missing landmarks

MACN 362

Dolichocebus gaimanensis

3,25,28,29,27,26

MUSM 2024

Madre de Dios

SGO.PV 974

Río Cisnes

UCMP 38762

Cebupithecia sarmientoi

MACN 271

Carlocebus carmenensis

MACN 304

Carlocebus carmenensis

MACN 368

Carlocebus carmenensis

4,7,,8,9,12,13,14,15,17,27

MACN 396

Carlocebus carmenensis

5,12,13,14,15, 17,20,21,22

MACN 397

Soriacebus ameghinorum

16,17,18,19,20,21,22,23,24

MLP 91-IX-1-119

Proteropithecia neuquenensis

IGMKU 89030

Neosaimiri fieldsi

IGMKU 89031

Neosaimiri fieldsi

IGMKU 89199

Neosaimiri fieldsi

IGMKU 8802

Aotus dindensis

MNHNCu 76.3059

Paralouatta marianae

12,13,14,15,16,17
6, 16,17

20,21,22
13,15,16,17
27
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4.8.3 Supporting information 3. Phylogeny used in the
comparative analyses in Newick format
((((Pithecia_pithecia:1,Pithecia_monachus:1):1,(Cacajao_calvus:1,Chiropotes_satana
s:1):1):3,(Callicebus_personatus:4,(Callicebus_torquatus:3,(Callicebus_donacophilus:
2,(Callicebus_cupreus:1,Callicebus_moloch:1):1):1):1):1):6,(((Alouatta_caraya:1,Alou
atta_seniculus:1):4,(((Ateles_belzebuth:2,(Ateles_geoffroyi:1,Ateles_fusciceps:1):1):1
,Ateles_marginatus:3):1,Lagothrix_lagotricha:4):1):5,(((Saimiri_sciureus:1,Saimiri_bol
iviensis:1):2,((Cebus_albifrons:1,Cebus_olivaceus:1):1,(Cebus_apella:1,Cebus_nigritu
s:1):1):1):6,((Aotus_nancymaae:3,(Aotus_trivirgatus:2,(Aotus_infulatus:1,Aotus_azar
ae:1):1):1):5,((((Saguinus_oedipus:1,Saguinus_midas:1):1,Saguinus_mystax:2):1,(Sagui
nus_fuscicollis:1,Saguinus_leucopus:1):2):4,(Leontopithecus_rosalia:6,(Callimico_go
eldii:5,(((Callithrix_jacchus:1,Callithrix_penicillata:1):1,Callithrix_geoffroyi:2):2,(Ceb
uella_pygmaea:3,(Mico_melanurus:2,(Mico_argentatus:1,Mico_humeralifer:1):1):1):1
):1):1):1):1):1):1):1);
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4.8.4 Supporting information 4.

OU-Clade

OU-Diet Composition
Mico humeralifer
Mico argentatus
Mico melanurus
Cebuella pygmaea
Callithrix geoffroyi
Callithrix penicillata
Callithrix jacchus
Callimico goeldii
Leontopithecus rosalia
Saguinus leucopus
Saguinus fuscicollis
Saguinus mystax
Saguinus midas
Saguinus oedipus
Aotus azarae
Aotus infulatus
Aotus trivirgatus
Aotus nancymaae
Cebus nigritus
Cebus apella
Cebus olivaceus
Cebus albifrons
Saimiri boliviensis
Saimiri sciureus
Lagothrix lagotricha
Ateles marginatus
Ateles fusciceps
Ateles geoffroyi
Ateles belzebuth
Alouatta seniculus
Alouatta caraya
Callicebus moloch
Callicebus cupreus
Callicebus donacophilus
Callicebus torquatus
Callicebus personatus
Chiropotes satanas
Cacajao calvus
Pithecia monachus
Pithecia pithecia

OU-Locomotion B

OU-Locomotion A

OU-Locomotion C
Mico humeralifer
Mico argentatus
Mico melanurus
Cebuella pygmaea
Callithrix geoffroyi
Callithrix penicillata
Callithrix jacchus
Callimico goeldii
Leontopithecus rosalia
Saguinus leucopus
Saguinus fuscicollis
Saguinus mystax
Saguinus midas
Saguinus oedipus
Aotus azarae
Aotus infulatus
Aotus trivirgatus
Aotus nancymaae
Cebus nigritus
Cebus apella
Cebus olivaceus
Cebus albifrons
Saimiri boliviensis
Saimiri sciureus
Lagothrix lagotricha
Ateles marginatus
Ateles fusciceps
Ateles geoffroyi
Ateles belzebuth
Alouatta seniculus
Alouatta caraya
Callicebus moloch
Callicebus cupreus
Callicebus donacophilus
Callicebus torquatus
Callicebus personatus
Chiropotes satanas
Cacajao calvus
Pithecia monachus
Pithecia pithecia

OU-SURFACE

OU-Multidimensional Niche
Mico humeralifer
Mico argentatus
Mico melanurus
Cebuella pygmaea
Callithrix geoffroyi
Callithrix penicillata
Callithrix jacchus
Callimico goeldii
Leontopithecus rosalia
Saguinus leucopus
Saguinus fuscicollis
Saguinus mystax
Saguinus midas
Saguinus oedipus
Aotus azarae
Aotus infulatus
Aotus trivirgatus
Aotus nancymaae
Cebus nigritus
Cebus apella
Cebus olivaceus
Cebus albifrons
Saimiri boliviensis
Saimiri sciureus
Lagothrix lagotricha
Ateles marginatus
Ateles fusciceps
Ateles geoffroyi
Ateles belzebuth
Alouatta seniculus
Alouatta caraya
Callicebus moloch
Callicebus cupreus
Callicebus donacophilus
Callicebus torquatus
Callicebus personatus
Chiropotes satanas
Cacajao calvus
Pithecia monachus
Pithecia pithecia

Mico humeralifer
Mico argentatus
Mico melanurus
Cebuella pygmaea
Callithrix geoffroyi
Callithrix penicillata
Callithrix jacchus
Callimico goeldii
Leontopithecus rosalia
Saguinus leucopus
Saguinus fuscicollis
Saguinus mystax
Saguinus midas
Saguinus oedipus
Aotus azarae
Aotus infulatus
Aotus trivirgatus
Aotus nancymaae
Cebus nigritus
Cebus apella
Cebus olivaceus
Cebus albifrons
Saimiri boliviensis
Saimiri sciureus
Lagothrix lagotricha
Ateles marginatus
Ateles fusciceps
Ateles geoffroyi
Ateles belzebuth
Alouatta seniculus
Alouatta caraya
Callicebus moloch
Callicebus cupreus
Callicebus donacophilus
Callicebus torquatus
Callicebus personatus
Chiropotes satanas
Cacajao calvus
Pithecia monachus
Pithecia pithecia

OU-Canopy A
Mico humeralifer
Mico argentatus
Mico melanurus
Cebuella pygmaea
Callithrix geoffroyi
Callithrix penicillata
Callithrix jacchus
Callimico goeldii
Leontopithecus rosalia
Saguinus leucopus
Saguinus fuscicollis
Saguinus mystax
Saguinus midas
Saguinus oedipus
Aotus azarae
Aotus infulatus
Aotus trivirgatus
Aotus nancymaae
Cebus nigritus
Cebus apella
Cebus olivaceus
Cebus albifrons
Saimiri boliviensis
Saimiri sciureus
Lagothrix lagotricha
Ateles marginatus
Ateles fusciceps
Ateles geoffroyi
Ateles belzebuth
Alouatta seniculus
Alouatta caraya
Callicebus moloch
Callicebus cupreus
Callicebus donacophilus
Callicebus torquatus
Callicebus personatus
Chiropotes satanas
Cacajao calvus
Pithecia monachus
Pithecia pithecia

Mico humeralifer
Mico argentatus
Mico melanurus
Cebuella pygmaea
Callithrix geoffroyi
Callithrix penicillata
Callithrix jacchus
Callimico goeldii
Leontopithecus rosalia
Saguinus leucopus
Saguinus fuscicollis
Saguinus mystax
Saguinus midas
Saguinus oedipus
Aotus azarae
Aotus infulatus
Aotus trivirgatus
Aotus nancymaae
Cebus nigritus
Cebus apella
Cebus olivaceus
Cebus albifrons
Saimiri boliviensis
Saimiri sciureus
Lagothrix lagotricha
Ateles marginatus
Ateles fusciceps
Ateles geoffroyi
Ateles belzebuth
Alouatta seniculus
Alouatta caraya
Callicebus moloch
Callicebus cupreus
Callicebus donacophilus
Callicebus torquatus
Callicebus personatus
Chiropotes satanas
Cacajao calvus
Pithecia monachus
Pithecia pithecia

Mico humeralifer
Mico argentatus
Mico melanurus
Cebuella pygmaea
Callithrix geoffroyi
Callithrix penicillata
Callithrix jacchus
Callimico goeldii
Leontopithecus rosalia
Saguinus leucopus
Saguinus fuscicollis
Saguinus mystax
Saguinus midas
Saguinus oedipus
Aotus azarae
Aotus infulatus
Aotus trivirgatus
Aotus nancymaae
Cebus nigritus
Cebus apella
Cebus olivaceus
Cebus albifrons
Saimiri boliviensis
Saimiri sciureus
Lagothrix lagotricha
Ateles marginatus
Ateles fusciceps
Ateles geoffroyi
Ateles belzebuth
Alouatta seniculus
Alouatta caraya
Callicebus moloch
Callicebus cupreus
Callicebus donacophilus
Callicebus torquatus
Callicebus personatus
Chiropotes satanas
Cacajao calvus
Pithecia monachus
Pithecia pithecia

OU-Canopy B
Mico humeralifer
Mico argentatus
Mico melanurus
Cebuella pygmaea
Callithrix geoffroyi
Callithrix penicillata
Callithrix jacchus
Callimico goeldii
Leontopithecus rosalia
Saguinus leucopus
Saguinus fuscicollis
Saguinus mystax
Saguinus midas
Saguinus oedipus
Aotus azarae
Aotus infulatus
Aotus trivirgatus
Aotus nancymaae
Cebus nigritus
Cebus apella
Cebus olivaceus
Cebus albifrons
Saimiri boliviensis
Saimiri sciureus
Lagothrix lagotricha
Ateles marginatus
Ateles fusciceps
Ateles geoffroyi
Ateles belzebuth
Alouatta seniculus
Alouatta caraya
Callicebus moloch
Callicebus cupreus
Callicebus donacophilus
Callicebus torquatus
Callicebus personatus
Chiropotes satanas
Cacajao calvus
Pithecia monachus
Pithecia pithecia

Mico humeralifer
Mico argentatus
Mico melanurus
Cebuella pygmaea
Callithrix geoffroyi
Callithrix penicillata
Callithrix jacchus
Callimico goeldii
Leontopithecus rosalia
Saguinus leucopus
Saguinus fuscicollis
Saguinus mystax
Saguinus midas
Saguinus oedipus
Aotus azarae
Aotus infulatus
Aotus trivirgatus
Aotus nancymaae
Cebus nigritus
Cebus apella
Cebus olivaceus
Cebus albifrons
Saimiri boliviensis
Saimiri sciureus
Lagothrix lagotricha
Ateles marginatus
Ateles fusciceps
Ateles geoffroyi
Ateles belzebuth
Alouatta seniculus
Alouatta caraya
Callicebus moloch
Callicebus cupreus
Callicebus donacophilus
Callicebus torquatus
Callicebus personatus
Chiropotes satanas
Cacajao calvus
Pithecia monachus
Pithecia pithecia

Figure 4.10 Alternative multivariate OU hypotheses for the evolution of platyrrhine talar shape and
size. The phylogenetic trees represent the different multi-regime OU hypotheses included in the
model selection analyses carried out in ‘mvMORPH’. Additionally to these multi-regime OU models,
a single-peak OU (OU1), Brownian motion (BM), and early-burst (EB) models were also fitted.
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4.8.5 Supporting Information 5. Table 4.9 Mass regression sample with surface area
measurements
Ectal
Genus

Species

Museum

Specimen

area
(mm2)

Alouatta

Ateles

Lagothrix

Aotus

Navicular

Sustentacular

Trochlear

area (mm2)

area (mm2)

area (mm2)

caraya

AMNH

211510

82.67

131.78

51.16

173.76

caraya

AMNH

211512

60.66

113.42

50.29

148.90

caraya

AMNH

211517

60.66

90.51

61.58

128.26

caraya

AMNH

211519

67.68

127.47

66.90

142.25

caraya

AMNH

211522

56.04

97.63

56.34

128.61

seniculus

AMNH

23549

70.20

98.98

61.72

155.41

seniculus

AMNH

42316

64.15

96.55

76.27

138.13

seniculus

AMNH

132790

86.09

115.57

95.71

187.97

seniculus

AMNH

188006

69.04

100.89

113.79

141.36

belzebuth

AMNH

259

91.07

130.35

96.64

243.53

belzebuth

AMNH

30192

124.54

196.09

176.89

324.31

belzebuth

AMNH

188126

97.64

97.30

132.88

206.79

belzebuth

AMNH

201294

78.36

109.92

69.53

174.28

fusciceps

AMNH

188140

121.77

107.75

160.85

255.07

fusciceps

AMNH

388112

105.74

130.02

96.13

270.13

fusciceps

AMNH

388116

103.80

110.37

98.67

226.51

geoffroyi

AMNH

28420

130.36

130.43

107.41

276.31

geoffroyi

USNM

244863

103.16

115.40

97.33

239.14

geoffroyi

USNM

276657

98.25

135.40

65.78

202.36

marginatus

AMNH

95038

111.85

129.41

119.99

228.32

marginatus

AMNH

95040

134.51

132.55

117.70

229.25

marginatus

AMNH

95041

108.29

138.77

99.73

248.90

marginatus

AMNH

95042

117.49

133.37

102.46

271.89

lagotricha

AMNH

188153

77.72

118.95

76.24

155.27

lagotricha

AMNH

188156

65.41

88.86

63.42

135.27

lagotricha

AMNH

188162

56.62

98.07

67.04

148.07

lagotricha

AMNH

238487

93.92

129.94

105.21

217.80

lagotricha

USNM

538105

68.75

105.45

45.57

185.15

azarae

AMNH

211458

25.49

38.51

27.51

55.97

azarae

AMNH

211459

24.93

38.27

26.38

57.12

azarae

AMNH

211478

28.39

42.61

28.57

63.44

azarae

AMNH

211479

25.57

38.23

27.73

58.43
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AMNH
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27.93

13.97
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18.71
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USNM
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USNM
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15.06

23.06
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USNM
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14.36

18.89

26.56
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USNM

575153

12.81

20.61

14.55

29.10

goeldii

USNM

583199

11.86

16.75

19.34

29.07
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USNM

399069

7.72

11.03

10.63

16.59

geoffroyi

USNM

518553

8.17

11.62

7.98

19.24
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USNM

582900

8.11

13.41

8.11

21.69

jacchus

AMNH

133701

6.27

9.01

8.82

16.02

jacchus

AMNH

133702

6.50

10.94

7.69

17.08

jacchus

USNM
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6.97

13.66
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USNM
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7.63
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19.72
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AMNH
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10.27
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17.93
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calvus
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395027

44.90
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AMNH
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25.16

46.16
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AMNH

136217
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50.53

donacophilus

AMNH

211487
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46.60
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AMNH
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22.60
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AMNH
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48.81
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USNM
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38.09

29.24

55.66

satanas

AMNH
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69.49
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127.51

satanas
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satanas

USNM
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46.42
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satanas

USNM
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46.05
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satanas
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27.87
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68.77
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USNM
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68.78

39.70

119.00

pithecia
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149149

28.58
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24.37

78.65

pithecia

USNM
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31.36
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27.71

89.08
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USNM
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30.18

39.99
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USNM
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25.97
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morphospace. Numbers at nodes in b) represent the different regimes found by the SURFACE method.

and PC2 and on the b) phylogeny. Large circles in a) represent the position of the estimated optima for each regime, while the small dots are the species values in the

Figure 4.11 Results of the SURFACE method: Adaptive regimes for the best-fitting model found by SURFACE are mapped on the a) morphospace defined by PC1

4.8.7 Supporting information 7.
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Abstract
The occupation of diverse niches by the New World Monkeys in the Americas has
been accompanied by distinct locomotor, behavioural, morphological and ecological
adaptations. The talus is the most commonly preserved post-cranial element in the
platyrrhine fossil record, with several Miocene platyrrhine taxa having at least one
conserved talus. Talus morphology can provide information about postural
adaptations because it is the anatomical structure responsible for transmitting body
mass forces from the leg to the foot, as well as providing stability and mobility
throughout most postural and locomotor behaviours. The aim of this study was to
see whether the locomotor behaviour of fossil plattyrhines could be inferred from
their talus morphology. To test this possibility we first classified our extant sample
into three different locomotor categories (clamber/suspensory, leaper/clawed and
arboreal quadrupedalism) and then compared the talar strength in the different
locomotion categories by simulating a static loading scenario using finite element
analysis (FEA). Then we collected talar morphometric data and performed
geometric morphometric analyses (GM) to distinguish between the main locomotor
modes. The same morphometric data was used to evaluate if there was an
association between talar shape and its strength by using partial least squares
analysis (PLS). Finally, several machine-learning (ML) algorithms were trained using
both the biomechanical and morphometric data from the extant sample in order to
infer the possible locomotor behaviour of the Miocene fossil sample. The obtained
results show that the different locomotor categories are distinguishable using either
biomechanical or morphometric data. Clamber/suspensory specimens exhibit the
weakest tali, while leaping species showed the strongest morphologies. The ML
classification algorithm applied to both biomechanical and morphometric data
categorised most of the fossil sample as arboreal quadrupeds. This study has shown
that a combined approach using FEA, GM and ML algorithms can contribute in the
understanding of platyrrhine talar morphology and its relationship with locomotion.
In future this approach is likely to be beneficial for determining the locomotor
habits in other primate taxa.
Keywords: Platyrrhini; Finite Element Analysis; Geometric Morphometrics;
Talus; Machine Learning; Locomotor categories
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5.1 Introduction
Extant platyrrhines or New World Monkeys (NWM) inhabit a diverse range of
habitats in the Americas (Fleagle, 2013). The occupation of these niches has been
coupled by distinct behavioural, locomotor, morphological and ecological
adaptations in each one of the main platyrrhine clades (Ford and Davis, 1992;
Rosenberger, 1992, 2002; Fleagle and Reed, 1996; Fleagle et al., 1999; Youlatos,
2004; Rosenberger et al., 2009), which can be summarised in broad ecophyletic
groups (Fig 5.1).

Figure 5.1 Broad platyrrhine ecophyletic groups. Differences in diet strategies define the main
separation between groups, while differences in locomotion further separate the different subgroups. Colours represent different main locomotion modes. Illustration by Stephan A. Püschel.

Although the modern day success of this group is evident, the evolutionary history
of platyrrhines is still commonly discussed (Youlatos and Meldrum, 2011). One of
the main difficulties in NWM palaeobiology is the scarceness of fossils from the
Eocene and Oligocene, with most NWM fossils dated to the Miocene or the
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Pleistocene of the Caribbean and South America (Rímoli, 1977; Macphee and
Woods, 1982; MacPhee et al., 2003; Kay and Cozzuol, 2006; Tejedor et al., 2006;
Fleagle et al., 2012; Perkins et al., 2012), although it is important to notice that there
have been outstanding but rare findings in Bolivia and Peru (Hoffstetter, 1969;
Wolff, 1984; Rosenberger et al., 1991; Takai et al., 2000; Kay et al., 2002; Bond et
al., 2015). Even though the fossil record of NWM has noticeably improved over the
last decade (Kay, 2015a), the origin of the major modern clades is still highly
disputed (Rosenberger and Tejedor, 2013; Kay, 2015b). It is particularly intriguing
that the majority of the NWM fossil record for the Early Miocene has been found
in Patagonia and central Chile, which are no longer areas occupied by any extant
platyrrhine (Bordas, 1942; Fleagle et al., 1987; Fleagle and Kay, 1989; Fleagle, 1990;
Meldrum, 1990; Flynn et al., 1995; Tejedor, 2002, 2003, 2005a, 2005b).
After teeth, the talus is probably the most commonly preserved anatomical element
in the platyrrhine fossil record (Tejedor, 2008). Several Miocene platyrrhine taxa
possess at least one conserved talus (i.e. Carlocebus carmenensis, Soriacebus ameghinorum,
Dolichocebus gaimanensis, Proteropithecia neuquenensis, Río Cisnes, Madre de Dios,
Neosaimiri fieldsi, Aotus dindensis, Cebupithecia sarmientoi and Paralouatta marianae)
(Bordas, 1942; Fleagle et al., 1987; Fleagle and Kay, 1989; Daniel L. Gebo, 1990;
Fleagle, 1990; Meldrum, 1990; Meldrum and Lemelin, 1991; Flynn et al., 1995;
Nakatsukasa et al., 1997; Tejedor, 2002, 2003, 2005a, 2005b; MacPhee et al., 2003;
Marivaux et al., 2012). Importantly, talar morphology can provide insight about
postural adaptations due to its interconnection with other foot bones (Lisowski et
al., 1974; Boyer et al., 2010, 2015; Yapuncich and Boyer, 2014; Yapuncich et al.,
2015). The talus is also the principal mechanical connection between the leg and the
foot and is responsible for transmitting the forces acting on the body mass, as well
as providing stability and mobility throughout most locomotor behaviours (Boyer et
al., 2015). The combination of its high occurrence and good preservation in the
fossil record, and its functional role in the ankle joint make it a valuable element
when hypothesizing the postural and locomotor behaviours of fossil primates
(Gebo, 1986, 1988, 2011; Boyer and Seiffert, 2013).
There is strong and significant association between talar shape and locomotor
behaviour (Püschel et al., 2017), and evidence shows that bone is functionally
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adapted to the mechanical demands that are imposed during life (Wolff, 1892;
Pearson and Lieberman, 2004). Therefore, it is logical to hypothesise that talar
mechanical strength associated with biomechanical performance could also be used
to distinguish and infer locomotor behaviours. Currently there is an absence of
comparative biomechanical analyses that could provide important information
about the usefulness of talar biomechanical performance as positional behaviour
proxy. Consequently, we analysed the biomechanical performance of the extant
platyrrhine talar morphological diversity by applying Finite Element Analysis (FEA).
FEA is a technique that reconstructs deformation, strain and stress in material
structures, and has become a standard technique of the virtual biomechanical toolkit
(Rayfield, 2007; Bright, 2014). Currently there is an almost total absence of studies
applying FEA to primate, let alone platyrrhine, talar biomechanics. To our
knowledge, most of the studies analysing primate talar biomechanics using FEA
have focused on human feet (Chen et al., 2001; Cheung and Zhang, 2005; Reggiani
et al., 2006; Parr et al., 2013; Guiotto et al., 2014). Thus, the present contribution
represents an important step in analysing an extensive non-human primate
comparative sample using FEA. Since we were also interested in the relationship
between talar biomechanical performance and its morphology, we used geometric
morphometrics (GM) to collect shape data. GM is the quantitative analysis of
coordinates representing form (i.e., shape and size) and how it covaries with other
factors, such as biomechanics (Adams et al., 2013). In addition, since our objective
was to classify the fossils into different locomotor categories, several machinelearning (ML) algorithms were trained using the extant biomechanical data to infer
the locomotor categories of the Miocene fossil sample. Traditionally, most
morphometric and also some of the FEA output analyses have been performed
with reference to simple linear models (Fortuny et al., 2011; Zelditch et al., 2012).
For instance, when dealing with classification problems most publications rely on
linear discriminant analyses (or its more general extension, canonical variate
analyses), in spite of the known limitations of these approaches (Feldesman, 2002;
Klingenberg and Monteiro, 2005; Mitteroecker and Bookstein, 2011) and without
even testing or comparing other possible techniques that might provide better
classification results or that could be better suited for some research problems.
Although the application of ML algorithms to tackle problems of specimen
identification or group characterization has a vast literature in other biological fields
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(Tarca et al., 2007), only recently have several ML methods been applied using
morphometric or biomechanical data (Dobigny et al., 2002; Feldesman, 2002;
Mendoza et al., 2002; Baylac et al., 2003; Bignon et al., 2005; MacLeod, 2007, 2017;
Van Bocxlaer and Schultheiß, 2010; Brink and Bokma, 2011; Santos et al., 2014;
Navega et al., 2015; Sonnenschein et al., 2015; Li et al., 2016; Hanot et al., 2017).
While some of these techniques (e.g. support vector machines, random forests) are
based on mathematical procedures, which are quite dissimilar to those regularly
applied in standard morphometric studies, other approaches (e.g., logistic
regression, Bayesian networks) are related to techniques that have been previously
applied in morphometrics or in other related biological fields (MacLeod, 2017).
Although there are available publications using ML methods to classify observations
using morphometric data (Dobigny et al., 2002; Feldesman, 2002; Mendoza et al.,
2002; Baylac et al., 2003; Bignon et al., 2005; MacLeod, 2007, 2017; Van Bocxlaer
and Schultheiß, 2010; Brink and Bokma, 2011; Santos et al., 2014; Navega et al.,
2015; Sonnenschein et al., 2015; Li et al., 2016; Hanot et al., 2017), most of them
have not compared different approaches applied to the same problem. Therefore,
some of these ML procedures were explored and their classification accuracy was
assessed when applied to problem of classifying our Miocene fossil sample using
morphometric and biomechanical data.
Consequently, the present study employed three basic approaches. 1) First, we
classified our extant sample into broad locomotor categories and investigated
whether there were significant differences in talar strength depending on
locomotion category by simulating a static loading case using FEA. 2) Then we
collected talar morphometric data to evaluate if there was an association between
talar shape and stress by using partial least squares analysis (PLS). 3) Finally, several
ML algorithms were trained and tested using the biomechanical and morphometric
data and then used to infer the possible locomotor behaviour of the Miocene fossil
sample.

186

5.2 Methods
5.2.1 Sample
The extant NWM sample included one talus from nearly every modern platyrrhine
genus to capture the full morphological diversity of the extant crown group (40
species; Table 5.1). A total of nine tali were downloaded from the Morphosource
(http://morphosource.org/) (Copes et al., 2016), as .ply surface models, while all
the rest of the sample was µCT scanned at the Shared Materials Instrumentation
Facility (SMIF) at Duke University or the Microscopy and Imaging Facility (MIF) at
the American Museum of Natural History. The fossil sample considered one talus
from most of the available Miocene platyrrhine tali (10 specimens; Table 5.2).
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Cebinae
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Locomotion

Subfamily

Species

Male

Male

Male

Male

Female

Male

Male

Male

Female

Female

?

Male

Male

Male

Male

Male

Male

Male

Female

Male

Female

Male

Male

Male

Sex

2825

3085

2735

116

325.5

320.5

359

483.5

1325

1325

988

950

1070

3165

10230

7535

9025

8070

786

787

1215

1205

5950

5375

Average body mass (g) *

Table 5.1 Extant sample

USNM518478

AMNH133607

AMNH209924

USNM303037

AMNH133692

USNM399034

USNM582900

USNM395455

USNM398212

USNM240088

AMNH210393

AMNH211487

AMNH136208

USNM319516

AMNH95040

AMNH28420

AMNH188140

AMNH95040

AMNH187963

AMNH239851

AMNH94992

AMNH211458

AMNH23549

AMNH211513

Accession number

National Museum of Natural History; Smithsonian Institution

American Museum of Natural History

American Museum of Natural History

National Museum of Natural History; Smithsonian Institution

American Museum of Natural History

National Museum of Natural History; Smithsonian Institution

National Museum of Natural History; Smithsonian Institution

National Museum of Natural History; Smithsonian Institution

National Museum of Natural History; Smithsonian Institution

National Museum of Natural History; Smithsonian Institution

Morphosource (http://morphosource.org/)

American Museum of Natural History

American Museum of Natural History

National Museum of Natural History; Smithsonian Institution

American Museum of Natural History

American Museum of Natural History

Morphosource (http://morphosource.org/)

American Museum of Natural History

American Museum of Natural History

Morphosource (http://morphosource.org/)

Morphosource (http://morphosource.org/)

American Museum of Natural History

American Museum of Natural History

Morphosource (http://morphosource.org/)

Museum/Database
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Callithrichinae

Callithrichinae

Callithrichinae

Callithrichinae

Cebinae

Cebinae

Saguinus midas

Saguinus mystax

Saguinus oedipus

Saimiri boliviensis

Saimiri sciureus

Pitheciinae

Pithecia monachus

Saguinus leucopus

Arboreal quadrupedalism

Callithrichinae

Mico melanurus

Pitheciinae

Callithrichinae

Mico humeralifer

Callithrichinae

Callithrichinae

Mico argentatus

Pithecia pithecia

Callithrichinae

Leontopithecus rosalia

Saguinus fuscicolis

Arboreal quadrupedalism

Atelinae

Lagothrix lagotricha

Arboreal quadrupedalism

Arboreal quadrupedalism

Vertical clinging/Leaper

Vertical clinging/Leaper

Vertical clinging/Leaper

Vertical clinging/Leaper

Vertical clinging/Leaper

Vertical clinging/Leaper

Vertical clinging/Leaper

Vertical clinging/Leaper

Vertical clinging/Leaper

Clamber/Suspensory

Arboreal quadrupedalism

Pitheciinae

Chiropotes satanas

Arboreal quadrupedalism

Cebinae

Cebus olivaceus

Male

Male

Female

Male

Male

Female

?

Male

Male

Female

?

Male

Male

Male

Male

Male

720.5

811

411

524.5

545

492

350.5

1760

2360

350

473.5

345

609

7150

2740

2905

AMNH188090

AMNH211596

AMNH200882

AMNH188171

AMNH97316

AMNH148322

AMNH147433

AMNH149149

USNM395692

USNM574137

AMNH188164

USNM399069

USNM588152

AMNH188153

AMNH95760

AMNH30197

* Aristide et al. 2015

Morphosource (http://morphosource.org/)

American Museum of Natural History

American Museum of Natural History

Morphosource (http://morphosource.org/)

Morphosource (http://morphosource.org/)

American Museum of Natural History

American Museum of Natural History

Morphosource (http://morphosource.org/)

National Museum of Natural History; Smithsonian Institution

National Museum of Natural History; Smithsonian Institution

American Museum of Natural History

National Museum of Natural History; Smithsonian Institution

National Museum of Natural History; Smithsonian Institution

American Museum of Natural History

Morphosource (http://morphosource.org/)

American Museum of Natural History
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Age

~ 20.0 Ma

17.5–16.5 Ma

17.5–16.5 Ma

~ 18.75-16.5 Ma

16.5 Ma

15.8 Ma

13.0-13.2 Ma

13.5–11.8 Ma

12.0–13.2 Ma

~ 17.5–18.5 Ma

Fossil

Dolichocebus gaimanensis

Carlocebus carmenensis

Soriacebus ameghinorum

Madre de Dios

Río Cisnes

Proteropithecia neuquenensis

Aotus dindensis *

Cebupithecia sarmientoi

Neosaimiri fieldsi *

Paralouatta marianae *
Cuba

Domo de Zaza, Lagunitas Formation ,

La Venta, Madgalena Valley, Colombia

La Venta, Madgalena Valley, Colombia

La Venta, Madgalena Valley, Colombia

Collón Curá, Neuquén, Argentina

Alto Río Cisnes, Chile

Basin, Peru

Atalaya, Cusco, Upper Madre de Dios

Pinturas, Santa Cruz, Argentina

Pinturas, Santa Cruz, Argentina

Sarmiento, Chubut, Argentina

Locality

4709

781

1825

874

2006

1510

352

1721

2914

1601

(g) **

Body mass estimates

Table 5.2 Fossil sample

* Scans obtained from casts

MNHNCu 76.3059

IGMKU 89031

UCMP 38762

IGMKU 8802

MLP 91-IX-1-119

SGO.PV 974

MUSM 2024

MACN 397

MACN304

MACN 362

Accession number

** Body mass estimates from Püschel et al. (2017)

Habana, Cuba.

Museo Nacional de Historia Natural de Cuba, La

Colombia.

Museo Geológico, INGEOMINAS, Bogotá,

Paleontology, Berkeley, California, USA

University of California, Berkeley Museum of

Colombia.

Museo Geológico, INGEOMINAS, Bogotá,

Museo de La Plata, La Plata, Argentina.

Chile.

Museo Nacional de Historia Natural, Santiago,

Nacional Mayor San Marcos, Lima, Peru.

Museo de Historia Natural de la Universidad

Argentina.

"Bernardino Rivadavia", Buenos Aires,

Museo Argentino de Ciencias Naturales

Argentina.

"Bernardino Rivadavia", Buenos Aires,

Museo Argentino de Ciencias Naturales

Argentina.

"Bernardino Rivadavia", Buenos Aires,

Museo Argentino de Ciencias Naturales

Museum

Phylogeny
An updated platyrrhine phylogeny (Aristide et al., 2015) was modified slightly in R v.3.4.0
(https://www.r-project.org/) to include some species that were initially not present (i.e.
Ateles marginatus, Aotus infulatus, Chiropotes satanas, Mico melanurus, and Saguinus leucopus)
(Sena et al., 2002; Bonvicino et al., 2003; Araripe et al., 2008; Menezes et al., 2010) and to
remove some species that were in the phylogeny but for which there was no talar data.
This phylogeny (Supporting information 1 in this chapter) was used when necessary to
carry out the described comparative analyses.

3D surface rendering
Surface models were imported into Geomagic Studio v. 12 (Geomagic, USA), where the
irregularities that appeared due to the generation of the models when they were scanned
were repaired using refinement and smoothing tools (Marcé-Nogué et al., 2015). The tali
were aligned according to the standard anatomical position. In order to avoid possible
problems when aligning different individuals according to the anatomical standard plane
(due to inter-specific morphological differences), we selected one individual as a
reference (i.e. Chiropotes satanas) to perform a best-fit alignment using Geomagic. This
procedure was carried out prior to FEA to align all the models so that loads could be
applied in the same axis and to allow an easier interpretation of the stress results. The
procedure involved fitting two talar models at each time by measuring from point to
point and adjusting the location of the target model to the stationary reference specimen
until the average deviation was as low as possible using an iterative procedure (sample
size: 9,999). The sums of squares of the distances between the sample pairs were
minimized over all the rigid motions that could realign the two models to attain the bestfit alignment between them. This process was repeated for each one of the analysed
specimens. After a CAD conversion, the models were imported into ANSYS 17.1
http://www.ansys.com/ software to perform the FEA modelling.

Fossil reconstruction
Some of the analysed fossils exhibit damage due to post-depositional processes. These
missing anatomical regions were virtually reconstructed in order to generate models
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suitable for FEA, because these specimens are key to understand the full range of
variation in the available NWM fossil record. Different reconstruction approaches were
applied depending on the specific preservation conditions of the fossils. The casespecific reconstruction methods that were applied are described in the Supporting
information 2 of this chapter.

Locomotor categories
The analysed extant platyrrhine species were classified according to their main
locomotion mode in three categories (i.e. Clamber/Suspensory, Leaper/Clawed and
Arboreal quadrupedalism) based on the work of Youlatos and Meldrum (2011) in order
to compare if there were differences due to different locomotion modes (Table 5.1).

5.2.2 Finite element analysis
Model properties
A structural static analysis to assess the biomechanical behaviour of the 40 extant tali
were performed using the Finite Element Package ANSYS 17.1. The aim of this study
was to carry out a structural comparative analysis using FEA, and so we were not
interested in estimating the actual in vivo value of load forces or resulting stresses (Püschel
and Sellers, 2016). Consequently, FEA was applied in a comparative manner rather than
being used to validate the models against experimental data (Piras et al., 2013; Bright,
2014).
Homogeneous, linear and elastic material properties were assumed for the talar models.
Unfortunately, there is almost a total absence of material property values for the
platyrrhine talus, and certainly no information about whether it varies between taxa;
hence the values applied for cortical bone in a human talar FEA simulation were used
instead (Young's modulus: 20.7 GPa; Poisson's ratio 0.3) (Parr et al., 2013). However, it
is important to notice that these values do not affect the comparative framework when
computing stress in all the models (Gil et al., 2015).
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In this study, we obtained the von Mises stress distribution in the talus under loading
conditions. It has been shown that von Mises stress is the most accurate value used to
predict fracture location when isotropic material properties are used to model cortical
bone (Doblaré et al., 2004). The tali were modelled as solid models composed only of
cortical bone in order to simplify the analyses and to limit the number of assumptions.
Recent evidence has shown that FEA applied to specimens with unknown internal
architecture can produce reliable results, even when the internal bone architecture cannot
be modelled in detail (Fitton et al., 2015). The models were meshed with an adaptive
mesh of hexahedral elements (Marcé-Nogué et al., 2015) meeting the conditions defined
in Marcé-Nogué et al. ( 2016) to create a Quasi-Ideal Mesh (QIM), which
allows statistical analysis of the values in the whole mesh. Further information about
the FEA models can be found in the Supporting information 3 of this chapter.

Loading scenario and boundary conditions
Extant body mass data was obtained from Smith and Jungers ( 1997), while the fossil
body mass prediction were obtained from Püschel et al. (2017) based on regressions of
surface area measurements of the talar articular facets, which have been proven to be
reliable and accurate predictors of body mass across primates (Yapuncich et al., 2015).
Among living platyrrhine species, male and female body mass are highly correlated
(Aristide et al., 2015), therefore average body mass were used in the subsequent analyses
(Tables 5.1 and 5.2 ). Based on this information, we computed the Body Weight Force,
which represents the applied load that was defined as the 30% of the average body mass
of each species multiplied by gravitational acceleration g = 9.81 ms-2. This load was
applied on the trochlear surface of each talus, thus simulating a basic quadrupedal
scenario (in most primates the hind limbs support more weight, hence the 30% [Raichlen
et al., 2009]), which represents a common posture observed across platyrrhines families
(Youlatos and Meldrum, 2011). This load was directed in the direction of the z-axis on
the oriented tali to simulate the action of gravity and was located at the centre of the
trochlear surface to simulate a compressive force. The talus was constrained on the areas
comprising the sub-talar joint (i.e. anterior, medial and posterior calcaneal articular
surfaces) as indicated in Figure 5.2a. Since the average mass of each species was used as
the force applied in the models (via the use of the Body Weight Force), it was necessary
to check that the observed differences in von Mises stress results between the different
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platyrrhine taxa were not merely attributed to size-dependent effects. Therefore a
multivariate phylogenetic regression (PGLS) of the stress percentile values on talar
volume was performed taking into account the expected absence of independence across
taxa due to the phylogenetic structure of the data. The obtained results indicate that
allometry is not factor affecting our results when phylogenetic non-independence is
considered (Supporting information 4 in this chapter).

a)

b)

Figure 5.2 a) Loading scenario tested in the FEA; b) the thirty landmarks used in the GM analyses.

Average Values and Quasi-Ideal Mesh
The von Mises stress distributions of the different tali were assessed using their average
values and displayed using box-plots following previous suggestions (Farke, 2008). The
application of box-plots for the stress and statistics derived from them (e.g. percentiles)
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involves the generation of a quasi-ideal mesh (QIM), which corresponds to a mesh where
all the elements have practically the same size, thus allowing the display of the obtained
stress values as boxplots (Marcé-Nogué et al., 2016). Since a QIM is a non-uniform mesh
(although its elements are almost identical), new statistics that consider this nonuniformity were calculated: 1) the mesh-weighted arithmetic mean (MWAM) and 2) the
mesh-weighted median (MWM). Some data points contribute more than others
depending on the size of the element in the MWAM, which is the sum of the value of the
von Mises stress for each element multiplied by its own volume and divided by the total
volume, whereas the MWM corresponds to the division of the median of the product of
stress and volume by the median of the volume (Marcé-Nogué et al., 2016). These
statistics (i.e. MWAM and MWM) are required to compute the percentage error of the
arithmetic mean (PEofAM) and percentage error of the median (PEofM), which are
values needed to ensure that the models were good-enough QIMs as described in
Marcé-Nogué et al. (2016). By ensuring a QIM, we are able to use the stress values in the
percentiles 25%, 50%, 75% and 95% of the von Mises stress distribution as talar strength
proxies as well. The highest value of the boxplot was not considered since unusually high
stresses appear where the boundary conditions are located. These stresses are artificially
elevated, tending to infinity, by the constraints exerted on the model due to a numerical
singularity (Marcé-Nogué et al., 2015). This numerical singularity results from the
mathematical approach applied, and not to any meaningful biological process.
Consequently the highest results from these areas were not considered, and instead we
used the 95% percentile as a peak stress (Walmsley et al., 2013).

Analysis of the stress results
All statistical analyses were performed in R v.3.4.0 (R Core Team, 2017). A Mardia's
multivariate normality test (i.e. Mardia’s multivariate skewness and kurtosis coefficients)
was applied to check the assumption of multivariate normality in the distribution of the
stress percentiles. It was found that the stress percentile data was not multivariate normal
(g1p: 5.48, skewness Chi-square: 36.53, p-value: 0.013; g2p: 28.61, kurtosis Z: 2.11, pvalue: 0.035), therefore non-parametric statistics were preferred to analyse the stress data.
First a PERMANOVA was calculated to test for differences between the groups
considering all the stress percentiles together (Anderson, 2001). Then, pairwise
PERMANOVA tests with a Holm correction for multiple comparisons were carried out
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to test for differences in stress values between the three locomotor categories (the code
for this test can be found in the Supplementary information 5 of this chapter). In both
cases Euclidean distances were used as similarity index. The null hypothesis that there
were no significant differences in talar strength between different locomotor categories
was tested.

5.2.3 Geometric Morphometrics
The 3D models of all the analysed platyrrhines were used to perform GM analyses. Most
of the specimens were right tali, but some of them were reflected when necessary to
provide a uniformly right-sided dataset. First, a series of 30 Cartesian coordinates were
collected on the surface of the models based on Turley and Frost ( 2013) (Fig. 5.2b).
These coordinates were collected using Landmark editor v. 3.6 (Wiley et al., 2005) and
then imported into R 3.4.0 to carry out the GM analyses using the ‘geomorph’ package
(Adams and Otárola-Castillo, 2013). A Procrustes superimposition was performed on
these coordinates to remove the differences due to scale, translation and rotation, leaving
only variables directly related to shape. Then these shape variables were used to carry out
a principal component analyses (PCA) in order to visualise morphological affinities. A
broken-stick model was used to assess significance of variance (Jackson, 1993), which
was applied to determine the number of PCs to be used in the subsequent analysis. This
procedure was carried out to reduce the number of variables, produced by 40 taxa
represented by 30 3D landmarks each. In order to visualize the structure of the data for
both shape and stress variables, a consensus phylogeny was projected onto the space
identified by the first two PCs obtained from the variance-covariance matrix of the
shapes of the analysed modern taxa and the mesh-weighted median stress value (i.e.,
MWM) on the z-axis.
Then a standard PLS and a phylogenetic PLS analysis were carried out to examine the
association between the shape variables and the percentile stress values (Rohlf and Corti,
2000). PLS computes the covariation level between the two blocks of data, while the
phylogenetic PLS also takes into account the phylogenetic structure of data assuming a
Brownian motion model of evolution (Adams and Felice, 2014). PLS does not assume
that one block of variables is dependent on the other, hence being a valuable method
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when assessing the relationship between blocks of data that could covary but for which
there is no a priori directional relationship (Rohlf and Corti, 2000).

5.3.4 Fossil locomotor classification
A previous study has shown that using only talar shape it was possible to distinguish
between these three main locomotion modes (Püschel et al., 2017), but it remains
unexplored whether including stress information explain the differences in talar
functional morphology between different locomotor modes or improve the locomotor
resolution. Therefore, two different datasets were analysed and used to classify the fossil
material: 1) biomechanical and 2) morphometric data.
In this case, the biomechanical data comprised a set of variables generated using the
Intervals’ method described in Marcé-Nogué et al. ( 2017a). This recently published
methodology divides the values of stress of all the elements of the model into different N
intervals, each one of them corresponding to the amount of volume of the original
model having a specific range of stress values. These percentages are computed in
relation with the total volume of the model of each specimen for standardisation. The
number of intervals to be analysed (i.e. the number of biomechanical variables) was
chosen following the convergence procedure proposed by Marcé-Nogué et al. (2017a),
in which several PCAs are performed using a different number of intervals (in this case:
5, 10, 25, 50, 75 and 100) in order to establish the threshold in which the data converged
(i.e. when adding more intervals yielded similar patterns in the PCAs and when the
correlation between the respective first PCs was higher than 0.99). The obtained results
from this procedure showed that convergence was easily obtained by using just 10
intervals (Supporting information 6 in this chapter). As a pre-processing procedure a
Box-Cox transformation was performed in order to normalise the interval data. In
addition, these 10 intervals were centred and scaled to improve the numerical stability of
some subsequent calculations and to standardize their scale. As a result of centring, the
variables have a zero mean, while scaling coerce the predictors to have a common
standard deviation of one. These transformed interval values were subsequently used in
the classification analyses.
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The morphometric data consisted of the number of PCs obtained from the broken-stick
model used to assess significance of variance (Jackson, 1993); this procedure was
performed as a way to reduce the dimensionality of the dataset. This broken-stick model
showed that only the first seven PCs had eigenvalues larger than the values randomly
generated by the model. These seven PCs accounted for 63.6% of the total variance of
the sample, thus providing a reasonable approximation of the total amount of talar shape
variation. There was no need to perform any pre-processing procedure prior to the
application of the ML classification methods given that the original raw coordinates were
subjected to a Procrustes superimposition, which centred each configuration of
landmarks at the origin, scaled them to unit centroid size and rotated them to optimal
alignment on the average shape. In addition, a PCA was carried out using these shape
coordinates to avoid any possible collinearity.
Six supervised algorithms were selected in order to represent a wide range of different
classification models: Linear discriminant analysis (LDA); 2) classification and regression
tree (CART); 3) k-nearest neighbours (kNN); 4) Naïve Bayes (NB); 5) support vector
machine (SVM); and 6) Random Forest (RF). All the models were prepared and
performed using the ‘caret’ package for R (Kuhn, 2008), which consist of a set of
functions that help to streamline the generation of predictive models. A technical outline
of these different algorithms is far beyond the scope of this study and several
introductory books cover the topic (e.g. Kuhn and Johnson, 2013a; Hastie et al., 2017;
James

et

al.,

2017),

along

with

the

‘caret’

package

webpage

https://topepo.github.io/caret/. This package also provides a grid search (automatic and
manual) where it is possible to specify tuning parameters for the models. We first started
with an automatic grid search by setting the ‘tuneLength’ option to indicate the number
of different values to try for each algorithm parameter (we initially set this parameter to
10 in all the tested models). This only supports integer algorithm parameters, thus
providing a quick first guess as to what values to try and which models are more
promising. Then the models that were the most accurate for each one of the datasets (i.e.
biomechanical and morphometric data) were further tuned by setting a manual grid
search. In the grid, each algorithm parameter was specified as a vector of possible values.
These vectors were combined to define all the possible combinations to further improve
the performance of the model. Then using the best final model the fossil sample was

198

classified into the different locomotor categories by computing the class probabilities of
belonging to each one the categories.
The performance of the classification models was quantified using the confusion matrix
from which the overall classification accuracy (i.e. error rate) was computed. In addition,
Cohen’s Kappa was also calculated as a performance measurement. This statistic can
range between −1 and 1, where a value of 0 means that there is no concordance between
the observed and predicted classes, whilst a value of 1 would indicate perfect agreement
of the model prediction and the observed classes (negative values are indicative that the
prediction is in the opposite direction of the truth, but large negative values are rare
when dealing with predictive models) (Kuhn and Johnson, 2013b). To assess the
performance of the models, the complete dataset was resampled using a “leave-groupout” cross-validation, which is also known in the literature as “Monte Carlo” crossvalidation or repeated training/test splits (Kuhn and Johnson, 2013c). This method
simply generates multiple splits of the data into modelling and prediction sets. In this
study this procedure was repeated 200 times and the data was divided into a modelling
set containing 75% of randomly allocated observations, whilst the testing set contained
the remaining 25%. The repetition number was selected to get stable estimates of
performance and to reduce the uncertainty in these performance estimates. This
procedure was preferred since is a much more efficient use of our reduced sample size
than splitting the dataset into only one training and one testing subset. Finally, the best
classification models obtained for the morphometric and biomechanical data were then
used to infer the main locomotor mode of the Miocene fossil sample by computing their
class probabilities to belong to each one of the locomotor categories.

5. 3 Results
5.3.1 Finite element analysis
Figure 5.3 shows the maps of stress distribution for all the analysed species, while Figure
5.4 displays the stress distribution of the QIM in boxplots. These two figures help
visualise the von Mises stress distribution on the models, as well as to quantitatively
display the obtained stress results. The visual representation of the stress distribution for
each talus is a useful indicator for comparative inference on their biomechanical
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behaviour because these stress patterns can be interpreted as a sign of relative strength,
with specimens with higher stresses being consequently weaker. The quantitative values
of MWM, MWAM, the quartiles of the boxplots of stress, the PEofAM and the PEofM
(i.e. percentages of error used to define the QIM) can be found in the Supporting
information 3 of this chapter.

Figure 5.3 von Mises stress distribution for all the analysed specimens

200

Figure 5.4 Box-plots of von Mises stress distributions for all the analysed specimens.

Analysis of the stress results
Figure 5.4 shows that when comparing locomotor behaviours in extant species, the
Clamber/Suspensory group exhibit the weakest tali, while the Arboreal quadrupedal taxa
show intermediate values and Leaper/Clawed species present the strongest tali. There
were significant differences between groups when comparing all the stress percentiles
together using the PERMANOVA (F: 21.437; R2:0.54; p-value: 1e-04; 9,999
permutations) (Table 5.3). Therefore, it is possible to distinguish these main locomotor
behaviours using a biomechanical approach.
Table 3. Pairwise PERMANOVA results
Pairs
Clamber/suspensory vs. arboreal
quadrupedalism
Clamber/suspensory vs. vertical
clinging/leaper
Arboreal quadrupedalism vs. vertical
clinging/leaper

adjusted p-value

F

R2

18.84

0.44

0.003

57.05

0.75

0.003

6.18

0.17

0.012

(Holm)
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5.3.2 Geometric Morphometrics
The phylomorphospace of the first two PCs and the mesh-weighted median stress (i.e.
MWM) as z-axis displays three main areas of occupied morphospace (Fig. 5.5), which
broadly resemble the main NWM locomotor groups. PC1 mostly separates between the
Atelidae on one extreme of the axis, which show clambering/climbing and suspensory
behaviours, and the Callitrichinae, displaying claw-assisted clinging postures and higher
frequency of leaping behaviour towards the opposite extreme of the axis. PC2 mostly
distinguished between increasingly quadrupedal species from the other two locomotor
categories. Finally, the MWM z-axis mostly separated between the clamber/climbing
Atelidae (which show higher stress values) from all the rest of species.
The percentile stress values (i.e. M25, M50, M75, M95) showed significant covariation
with talar shape (r-PLS: 0.8; p-value 2e-04; 9,999 permutations), as well as when
considering the phylogenetic information (phylogenetic r-PLS: 0.78; p-value: 0.0018;
9,999 permutations) (Fig. 5.6a and 5.6b, respectively). This means that there is a strong
association between talar shape and the biomechanical performance of the talus.
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Figure 5.5 Phylomorphospace of the first two PCs and stress values (Mesh-weighted median) as vertical zaxis. One of the models closest to the mean shape was warped to match the multivariate mean using the
thin plate spline method, and then the obtained average model was warped to represent the variation along
the PC axes. In addition, the von Mises stress maps of two extreme models are displayed for reference to
facilitate the understanding of the z-axis.
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Figure 5.6 a) Standard partial least squares (PLS) and d) the phylogenetic PLS analysis of the shape
variables and stress percentiles values. One of the models closest to the mean shape was warped to match
the multivariate mean using the thin plate spline method, and then the obtained average model was warped
to represent the covariation between the two blocks of data for PLS1.
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5.3.3 Fossil locomotor classification
Figure 5.7 shows the accuracy and Cohen’s Kappa results for all the tested models for
both the a) biomechanical and the b) morphometric data after performing the “leavegroup-out” cross-validation and using the automatic grid search. In general shape data
outperformed interval stress data when classifying according to locomotion in both
accuracy and Cohen’s Kappa values. The most accurate model for the biomechanical
data was the support vector machine using a linear kernel (SVM), while in the case for
the morphometric data the most accurate model was the Random Forest (RF). The only
tuning parameter in the biomechanical SVM model using a linear kernel is ‘cost’, so we
expanded the grid search to consider more values, however the best result was still
achieved when cost = 2 (Average accuracy: 0.708; Average Cohen’s Kappa: 0.515) (Fig
5.8a). A Cohen’s Kappa value of ~0.5 represents a reasonable agreement (Kuhn and
Johnson, 2013b); therefore we used the best obtained model to classify the fossil sample
(Table 5.4a.). Using these interval data all the specimens were classified as arboreal
quadrupeds.
The obtained RF model for the morphometric was further tuned using a manual grid
search. Two parameters were tuned, the number of tress to grow (i.e. 100, 200, 500, 1000
and 2000) and number of variables randomly sampled as candidates at each split (i.e.
2,3,4,5 and 6). In general, the RF model was quite robust when changing these tuning
parameters, showing similar classification accuracies. The final best RF model grew 200
trees and used five of variables randomly sampled as candidates at each split (Average
accuracy: 0.925; Average Cohen’s Kappa: 0.876) (Fig 5.8b). By applying the final RF
model the fossil sample was classified (Table 5.4b), and all the specimens were
categorised as arboreal quadrupeds excepting Paralouatta marianae, which was classified as
a clamber/suspensory individual.
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Figure 5.7 Dot-plot comparing the accuracy and Cohen’s Kappa values of the different classification
models applied to a) biomechanical (i.e., stress intervals) and b) morphometric data (i.e., seven PCs). The
magenta dots represent the average accuracy and Cohen’s Kappa values after performing the “leave-groupout” cross-validation (200 repeats), while the whiskers display their respective 0.95 confidence level.
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Figure 5.8 Decision boundary plots for a) biomechanical and b) morphometric data. In a) only the seventh
and tenth intervals are displayed because they contribute the most to class separation, while in b) only the
first two PCs are shown. The colours represent the different locomotor category decision boundary, whilst
transparency represents the probability for the predicted class in a particular graph area (i.e., darker colours
imply higher probabilities of belonging to that class). Symbols surrounded by a white rim represent
misclassified specimens.
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Table 5.4 Prediction results for the fossil sample

5.4 Discussion
Studying the functional morphology of the platyrrhine talus is important because it
represents one of the few post-cranial structures available in many of the oldest
platyrrhine fossils (Youlatos and Meldrum, 2011), but also since its morphology has been
shown to reflect locomotor behaviour (Püschel et al., 2017) and being associated with
biomechanical performance (as shown in the present study). This study has shown that a
combined approach using FEA, GM and ML algorithms can contribute in the
understanding of platyrrhine talar morphology and its relationship with locomotion.
The biomechanical data obtained from the FEA modelling show that the
clamber/suspensory species exhibit significantly higher stresses than the other two
analysed locomotor categories, while the vertical clingers/leapers show the lowest stress
values. This could be explained by the fact the leaping would be expected to exert higher
forces on the lower extremities since the accelerations in primate leaping are generally
high (for review see Crompton and Sellers, 2007), while suspensory behaviours would
exert comparatively reduced bending forces on the limb bones (Swartz et al., 1989) and
bending has been shown to be the loading pattern that most commonly leads to high
stresses in limb bones (Brassey et al., 2013). In addition, it has also been shown that
repetitive loading can cause bones to fail at much lower loads (Daffner, 1978; Buettmann
and Silva, 2016). In order to avoid the possible damage caused by the effect of fatigue, it
is plausible that talar morphologies that reduce stress would have been selected for in
these groups. A recent study has shown that platyrrhine talar morphology seemed to
evolve towards three different selective optima (Püschel et al., 2017), which are related to
the main ecophylectic groups observed in extant NWM, and the three main locomotor
groups analysed here.
The morphometric analysis clearly distinguished in PC1 between the species showing
frequent leaping/vertical clinging from those with adaptions for suspensory/climbing
behaviour, while PC2 distinguished the most quadrupedal species from the rest. The talar
morphology of the species exhibiting leaping can be described as showing an
anteroposteriorly shorter trochlea with more parallel medial and lateral rims and a longer
anterior calcaneal facet. This morphology was the strongest one in the biomechanical
analysis. On the other hand, the weakest talar morphology, which is associated with
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clamber/suspensory behaviours, included characters such as a broader head, greater
trochlear wedging, a lower trochlea and a shorter anterior and longer posterior calcaneal
facet.
The PLS analyses showed that there is an association between talar shape and stress
values. A previous study has shown that there is also a significant association between
locomotor data and talar morphology (Püschel et al., 2017), therefore the present results
contributes in the understanding about the relationship between talar morphology and
locomotor behaviour by providing the link between these two factors: the biomechanical
behaviour of talus during locomotion. The talus acts as the main mechanical link
between the leg and the foot (Parr et al., 2013), transmitting not only the forces derived
from an animal’s body mass, but also providing stability and mobility for the lower limbs
during diverse postural and locomotor behaviours (Boyer et al., 2015). It has been
proposed that mechanical loading regulates trabecular remodelling (Turner, 1998;
Zadpoor et al., 2012), and therefore different locomotor repertoires should exert
differential loading regimes on the talus, thus gradually shaping its morphology.
Although we only simulated a simplistic static biomechanical scenario, we were able to
distinguish between main locomotor modes.
When comparing the two techniques (i.e. FEA and GM) in the classification task using
several ML algorithms, the best performing approach was a RF model applied to GM
data. Even though we were concerned with functional groupings, we found that shape
outperforms FEA derived values when classifying according to locomotor groups. This
is likely because morphological variation is influenced by diverse factors, including
loading, diet, sex and evolutionary history, among others, all of which may be associated
with differences in locomotion. A complex phenomenon such as the differences in
locomotor behaviour reflected in talar morphology probably includes many factors that
are only partially accounted when biomechanical analyses are performed. These kinds of
analyses simply focus on more specific and constrained aspects of variation (e.g., loading
resistance), whereas GM incorporates more diverse sources, although with the
disadvantage of not always knowing what part of this variation is strictly related to
function. General questions that ask what is the most likely locomotor behaviour of a
fossil are probably best answered with statistical approaches that can include all the
available information. The main value of biomechanical approaches is that they enable us
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to test our ideas about the adaptive value of particular features of the fossils, in ways that
purely associative statistical analysis alone cannot. This is when mechanical analyses such
as FEA are required to test alternative functional hypotheses, making both approaches
complementary. However, it is important to bear in mind that the load cases chosen only
allow the FEA to consider specific aspects of function (e.g. stresses arising from specific
loadings), and so may omit important functional differences that would require different
measures of load resistance or different simulated load cases to characterise them.
Therefore, it is possible that the functional analysis performed here failed to identify
some functionally relevant differences between groups. It is still possible that a more
detailed biomechanical scenario might yield better discriminating results when comparing
locomotor groups, so future studies should test other loading scenarios that might
improve discriminatory performance, including the possibility of generating load cases
using multibody dynamic analysis as has been done with mastication (Moazen et al.,
2008).
It is important to keep in mind that when reconstructing locomotor behaviours in fossil
taxa, it is mostly the main locomotor modes that are reconstructed and not the entire
repertoire of possible habits (MacPhee and Meldrum, 2006). This means that when the
main locomotor mode is reconstructed in a certain species that does not imply that the
animal was not capable of performing other locomotor behaviours, but rather that there
was a predominant locomotor mode that is reflected in morphology. Both the
biomechanical and morphometric based classifications categorised most of the fossil
sample as arboreal quadrupeds, which is consistent with previous proposals based on
morphological analyses, morphometric classifications and ancestral state reconstructions
(Ford, 1988; Gebo et al., 1990; Tallman and Cooke, 2016; Püschel et al., 2017). It is
interesting that in spite of the class imbalance that could affect our results, Paralouatta is
still classified as a possible clamber/suspensory species using the morphometric data.
Previous analyses have shown that its talar morphology is similar in its main aspects of
variation to the Alouattinae (which are species that spend important amount of time
exhibiting clamber/suspensory behaviours) and some of the oldest Patagonian fossils
(i.e., Dolichocebus, Carlocebus, Soriacebus; which are specimens reconstructed as mostly
quadrupedal) (Püschel et al., 2017). Based on the presence of a strong cotylar fossa, along
with several other postcranial adaptations, it has been suggested that Paralouatta could
even have been a semi-terrestrial species (MacPhee and Iturralde-Vinent, 1995; MacPhee
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and Meldrum, 2006). The present analysis did not include this category so it not possible
to rule out this possible locomotor specialisation, but the fact that our analysis indicate
both clamber/suspensory and quadrupedal modes probably points to locomotor
behaviours similar to Alouatta (i.e. showing variable degrees of arboreal quadrupedalism,
climbing and clambering). It is also interesting that even though the Madre de Dios talus
was classified as quadrupedal, its posterior probabilities suggest a variable degree of
leaping behaviours as it has been previously proposed (Püschel et al., 2017). In addition
the biomechanical results also suggests that Proteropithecia could have engaged in
significant amount of leaping, which is also consistent with previous suggestions (Kay et
al., 1998).
Several ecomorphological studies of diverse groups of animals have provided numerous
morphological correlates of ecological, functional and/or locomotor categories (Püschel
et al., 2017). Consequently, some of these morphological traits allow discrimination
based on these kinds of categories, enabling us to make inferences about possible
adaptations in extinct taxa. Nonetheless, absolute discrimination among such categories
is rarely achieved by any single measurement or set of variables because these values
normally show considerable overlap. This overlap is direct consequence of the
covariation pattern observed in most morphological adaptations. This means that in
many cases the way in which any morphological feature adapts might also be influenced
by the changes occurring in other regions of an animal’s morphology and by other
environmental factors besides the one under analysis. The implication of this widespread
covariation is that many ecomorphological adaptations might be better characterized by
complex morphological patterns that can be better described in a multidimensional
morphospace rather than defined by single variables or indices. These multidimensional
spaces cannot be simply displayed in two dimensions, so traditionally multivariate
techniques such as PCAs or LDAs have been commonly applied to deal with this sort of
classification problems. However, more recently ML approaches have been used to
tackle these sort of problems due to their inherent capabilities when it comes to uncover
patterns, associations, and statistically significant structures in high dimensional data
(MacLeod, 2007, 2017). The present study showed how using different ML algorithms is
possible to successfully address problems of group analysis and classifications using
morphometric and biomechanical data. The present findings have shown that the
application of these algorithms to at least some types of morphometric and
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biomechanical problems is a contribution that can improve the traditional way
classification tasks have been undertaken in these fields. Some of the advantages are
evident, such as the flexibility that allows the use of several different algorithms which
can have dissimilar performance depending on the specific problem, rather than using
only one classification approach (e.g., LDA) without comparing its performance against
alternative approaches that might be more suitable for a particular task. The choice of
algorithm is an active area of research within the ML field and depends on the
characteristics of the dataspace being searched. Although further examples are needed to
test how to apply ML classification techniques to functional morphology data, the
potentialities are enormous. For example, the ability of some of these algorithms to deal
with image identification could provide a complementary approach to traditional
morphometrics that cannot typically deal with some visual information other than shape
(e.g. texture, colour, etc.) that could provide highly useful when carrying out classification
tasks. Incorporating the predictive modelling techniques derived from ML into the
standard virtual functional morphology toolkit can prove to be a useful addition that
could offer further flexibility and predictive power when analysing data and dealing with
classification problems.
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(S4) Results of the phylogenetic multiple regression of stress percentile values on
volume
(S5) Code for pairwise PERMANOVA test with Holm correction
(S6) Convergence results for the stress interval data.
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5.7.1 Supporting information 1. Phylogeny used in the
comparative analyses in Newick format
((((Pithecia_pithecia:1,Pithecia_monachus:1):1,(Cacajao_calvus:1,Chiropotes_satana
s:1):1):3,(Callicebus_personatus:4,(Callicebus_torquatus:3,(Callicebus_donacophilus:
2,(Callicebus_cupreus:1,Callicebus_moloch:1):1):1):1):1):6,(((Alouatta_caraya:1,Alou
atta_seniculus:1):4,(((Ateles_belzebuth:2,(Ateles_geoffroyi:1,Ateles_fusciceps:1):1):1
,Ateles_marginatus:3):1,Lagothrix_lagotricha:4):1):5,(((Saimiri_sciureus:1,Saimiri_bol
iviensis:1):2,((Cebus_albifrons:1,Cebus_olivaceus:1):1,(Cebus_apella:1,Cebus_nigritu
s:1):1):1):6,((Aotus_nancymaae:3,(Aotus_trivirgatus:2,(Aotus_infulatus:1,Aotus_azar
ae:1):1):1):5,((((Saguinus_oedipus:1,Saguinus_midas:1):1,Saguinus_mystax:2):1,(Sagui
nus_fuscicollis:1,Saguinus_leucopus:1):2):4,(Leontopithecus_rosalia:6,(Callimico_go
eldii:5,(((Callithrix_jacchus:1,Callithrix_penicillata:1):1,Callithrix_geoffroyi:2):2,(Ceb
uella_pygmaea:3,(Mico_melanurus:2,(Mico_argentatus:1,Mico_humeralifer:1):1):1):1
):1):1):1):1):1):1):1);

5.7.2 Supporting information 2. Fossil reconstruction
procedures
Madre de Dios: This specimen exhibited some minor cracks on its surface and a
relatively small hole on its trochlear surface. Hence, it was manually repaired using
the ‘sculpt knife’ in Geomagic v. 12 (Geomagic, USA) in order to correct these
minor defects (sculpt knife parameters: width: 0.1 mm; offset: 0.01 mm;
smoothness: 30; shape: 0).
Dolichocebus gainamensis: This fossil talus showed an eroded talar head, along a
noticeable missing portion of the trochlear surface. Manually reconstructing these
missing portions would have been particularly subjective, due to the size of the
damaged areas; hence it was decided to avoid that approach. Therefore a referencebased geometric reconstruction tactic was preferred instead (Zollikofer and Ponce
de León, 2005; Gunz et al., 2009; Weber and Bookstein, 2011). The consensus
shape of the comparative extant sample was estimated and then the 3D surface of a
Chiropotes satanas specimen was warped to match this multivariate mean
configuration using the thin plate spline interpolation function (Bookstein, 1991).
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This specimen was selected because a previous analysis of 203 platyrrhine tali
(Püschel et al., 2017) has shown that this species exhibits one of the closest
morphologies to the talar consensus configuration, and also due to its high
resolution that allowed us to carry out the different proposed reconstruction
approaches. This consensus surface model was then warped to match the
coordinates of Dolichocebus gainamensis. In this way, missing data was estimated by
mapping this consensus configuration to the fossil specimen with missing
landmarks (Gunz et al., 2009) by applying again the thin plate spline interpolation
function based on the subset of observable landmarks (the landmarks 3, 4 and 2529 were not used because they were absent in the fossil individual). These warping
procedures were carried out in Landmark v. 3.6 (Wiley et al., 2005). Subsequently,
the obtained model was imported into Geomagic v. 12 (Geomagic, USA) and scaled
to the same volume as Dolichocebus gainamensis. Then it was aligned with respect to it,
using a best-fit alignment (sample size: 10,000; tolerance: 0.17699).

Then the

damaged portions were removed from the fossil and the reconstructed areas were
trimmed from the warped model and used to patch the removed areas. Finally, the
patched areas were slightly smoothed by using the ‘sand paper’ tool in the same
software.
Soriacebus ameghinorum: This specimen was entirely missing the posterior calcaneal
articular surface. The same procedure outlined above for the Dolichocebus gainamensis
specimen was performed in order to reconstruct the missing anatomical portion
using the Chiropotes surface file already described. The subset of landmarks used to
perform the thin plate spline warpings considered all the original coordinates except
for landmarks 19-24. Additionally, using the warped model some areas of the talar
neck and medial tubercle were reconstructed.
Río Cisnes: This fossil talus did not exhibit any extremely broken areas, however its
whole surface was noticeably eroded. For that reason it was not possible to apply
any of the previously described reconstruction approaches. In this case, it was
decided that instead of manually and subjectively reconstructing the eroded
surfaces, it was better to simply use the already described consensus surface model
and warp it to match the available landmarks for this specimen.
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0.2480

M75

0.5373

0.6653

0.6289

0.6474

0.4031

0.4179

0.3838

0.4954

0.4491

0.3781

0.3781

0.4376

0.4708

0.3723

0.3523

0.5876

0.6821

1.0111

0.8671

0.9139

0.8496

1.0366

0.3459

0.7716

0.5408

1.2979

0.7300

M95
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1.79
1.03

609.00

Leontopithecus rosalia

8.06

1.60

350.50

492.00

545.00

524.50

411.00

811.00

720.50

Saguinus fuscicollis

Saguinus leucopus

Saguinus midas

Saguinus mystax

Saguinus oedipus

Saimiri boliviensis

Saimiri sciureus

2006.40

1509.87

1720.95

Proteropithecia neuquenensis

Río Cisnes

Soriacebus ameghinorum

2.30

781.47

4708.85

352.18

Madre de Dios

Neosaimiri fieldsi

1.04

1600.59

Paralouatta marianae

5.37

1825.11

Cebupithecia sarmientoi

Dolichocebus gaimanensis

5.06

4.44

5.90

13.86

4.71

8.57

873.50

2913.52

Aotus dindensis
2.57

2.12

2.39

1.21

1.54

1.03

5.18

Carlocebus carmenensis

Fossil specimen

1.45

1760.00

Pithecia pithecia

6.95

350.00

2360.00

Mico melanurus

Pithecia monachus

21.04

2740.00

7150.00

Chiropotes satanas

Lagothrix lagotricha

810.20

415.48

407.05

482.90

1242.39

131.94

57.24

377.15

366.87

684.40

131.94

162.75

168.67

99.06

56.63

82.20

70.17

40.59

233.14

509.08

54.69

113.30

2096.07

451582

451422

441230

524490

400195

145794

463393

409623

398090

740230

340928

419785

434947

256323

285421

213317

277957

204460

597809

202919

475595

293964

286851

0.2446

0.1961

0.2377

0.2353

0.2956

0.1582

0.1806

0.1758

0.2677

0.2471

0.2190

0.1566

0.2433

0.1217

0.2588

0.1135

0.2076

0.1776

0.2612

0.2104

0.1272

0.1764

0.3426

0.2420

0.1952

0.2358

0.2336

0.2938

0.1567

0.1793

0.1750

0.2667

0.2440

0.2180

0.1563

0.2397

0.1202

0.2571

0.1119

0.2055

0.1772

0.2609

0.2060

0.1267

0.1747

0.3373

1.0637

0.4738

0.8002

0.7291

0.6158

0.9630

0.7108

0.4278

0.3711

1.2946

0.4620

0.1739

1.5014

1.2060

0.6862

1.4226

1.0094

0.2091

0.1341

2.1329

0.4274

0.9497

1.5735

0.1169

0.1040

0.1470

0.1398

0.1632

0.0811

0.1045

0.0935

0.1500

0.1263

0.1112

0.0838

0.1458

0.0664

0.1558

0.0465

0.1163

0.0931

0.1281

0.0992

0.0544

0.0903

0.2022

0.1153

0.1032

0.1440

0.1371

0.1624

0.0803

0.1033

0.0932

0.1476

0.1267

0.1106

0.0832

0.1429

0.0657

0.1526

0.0454

0.1141

0.0929

0.1280

0.0982

0.0543

0.0888

0.1967

1.4213

0.8005

2.0530

1.9436

0.5279

1.0568

1.1956

0.2898

1.6750

0.3615

0.4783

0.6675

2.0381

1.0104

2.0722

2.4518

1.9756

0.2869

0.0480

1.0368

0.1993

1.6731

2.8054

0.0619

0.0590

0.0813

0.0812

0.0928

0.0438

0.0580

0.0558

0.0867

0.0788

0.0670

0.0499

0.0804

0.0381

0.0933

0.0160

0.0665

0.0564

0.0799

0.0609

0.0272

0.0537

0.1136

0.1169

0.1040

0.1470

0.1398

0.1632

0.0811

0.1045

0.0935

0.1500

0.1263

0.1112

0.0838

0.1458

0.0664

0.1558

0.0465

0.1163

0.0931

0.1281

0.0992

0.0544

0.0903

0.2022

0.2382

0.1931

0.2479

0.2236

0.2888

0.1651

0.1770

0.1669

0.2411

0.2314

0.2202

0.1469

0.2394

0.1147

0.2476

0.1091

0.1964

0.1768

0.2339

0.1728

0.1212

0.1503

0.3190

0.7121

0.5896

0.5874

0.6523

0.8327

0.4996

0.5128

0.5296

0.7498

0.7320

0.6508

0.4834

0.6788

0.3642

0.7298

0.4418

0.6233

0.5576

0.8896

0.7253

0.4448

0.5365

0.9634

5.7.4. Supporting information 4. Table 5.6 Results of the phylogenetic
multiple regression of stress percentile values on volume (9,999 iterations)*
Df

SS

MS

R2

F

Z

Pr(>F)

Volume

1

0.023

0.023

0.043

1.703

1.129

0.116

Residuals

38

0.518

0.014

Total

39

0.541

5.7.5 Supporting information 5. R function for pairwise
PERMANOVA with Holm correction
#pairwise PERMANOVA with Holm correction
# adapted from https://github.com/pmartinezarbizu/pairwiseAdonis
pairwise_permanova <- function(x,factors, sim.function = 'vegdist', sim.method =
'euclidean', p.adjust.m ='holm')
{
require(vegan)
co = combn(unique(as.character(factors)),2)
pairs = c()
F_Model =c()
R_squared = c()
p_value = c()
for(elem in 1:ncol(co)){
if(sim.function == 'vegdist'){
x1 = vegdist(x[factors %in% c(co[1,elem],co[2,elem]),],method=sim.method)}
ad = adonis(x1 ~ factors[factors %in% c(co[1,elem],co[2,elem])] );
pairs = c(pairs,paste(co[1,elem],'vs',co[2,elem]));
F_Model =c(F_Model,ad$aov.tab[1,4]);
R_squared = c(R_squared,ad$aov.tab[1,5]);
p_value = c(p_value,ad$aov.tab[1,6])

}
p_adjusted = p.adjust(p_value,method=p.adjust.m)
sig = c(rep('',length(p_adjusted)))
sig[p_adjusted <= 0.05] <-'.'
sig[p_adjusted <= 0.01] <-'*'
sig[p_adjusted <= 0.001] <-'**'
sig[p_adjusted <= 0.0001] <-'***'

pairw.res = data.frame(pairs,F_Model,R_squared,p_value,p_adjusted,sig)
print("Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1")
return(pairw.res)
}
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5.7.6 Supporting information 6. Table 5.7 Convergence results for the stress
interval data.
R2 for PC1

R2 for PC2

PCA 5 vs. PCA 10

0.9974458

0.6029997

PCA 10 vs. PCA 25

0.9983928

0.996538

PCA 25 vs. PCA 50

0.9997889

0.9995826

PCA 50 vs. PCA 75

0.9999801

0.9999799

PCA 75 vs. PCA 100

0.9999948

0.9999771
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CHAPTER 6
___________________________
Discussion
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DISCUSSION
The fundamental issue addressed in this dissertation can be summarised as being
the analysis of the relationship between form and function in different primate
skeletal

elements

taking

into

account

phylogenetic

relatedness.

Diverse

methodologies including 3D GM, FEA, PCMs, and ML classification algorithms
were employed to address bone form and function in different ecomorphological
contexts, using shape and biomechanical stress data obtained from both extant and
extinct anthropoids.
The main aims of each chapter can be summarised as follows:

•

Chapter 1: To review the central issues required to understand of the
different chapters of this dissertation, including a definition of
ecomorphology, a brief primate evolutionary history, and a review of the
applied methodologies and how to combine them.

•

Chapter 2: To perform an analysis of the relationship between scapular
form and function in hominoids using GM and FEA, and taking into
account the phylogenetic structuration of the data.

•

Chapter 3: To address the issue of whether there is a sclerocarpic
specialization gradient in the mandibular morphology of pitheciids (i.e. if
Callicebus–Pithecia–Chiropotes-Cacajao represent a morphocline or not), and to
test whether mandibular shape is associated with mandibular strength.

•

Chapter 4: To analyse the phenetic affinities of extant platyrrhine tali and
their Miocene counterparts by using GM. To assess if locomotor mode
percentages (i.e. LMPs) were associated with talar shape in order to allow
locomotor inferences. To test if there was convergence in talar morphology,
as well as to test different models that could explain the evolution of talar
shape and size in platyrrhines by using PCMs. To compute body mass
predictions for the fossil sample using the available articular surfaces and to
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reconstruct the ancestral platyrrhine condition considering body mass,
locomotion and talar shape.

•

Chapter 5: To test if talar shape is related to biomechanical performance.
To infer the locomotor behaviour of Miocene fossil plattyrhines using shape
and stress data obtained from GM and FEA, respectively. To introduce
several ML classification algorithms that can be applied in functional
morphology and to compare their performance when classifying the fossil
sample according to locomotor groups. To show that a combined approach
using FEA, GM and ML algorithms is likely to be beneficial for the
determination of locomotor habits in primates.

The results of each one of the analytical chapters (i.e. 2-5) are summarised as
follows:

•

Chapter 2: Although it has been suggested that primate scapular
morphology is mainly a product of function rather than phylogeny, the
obtained results showed that scapular shape exhibits a significant
phylogenetic signal. A significant relationship was found between scapular
shape and its biomechanical performance; hence, at least part of the scapular
shape variation can be explained due to non-phylogenetic factors, probably
related to functional demands. This chapter has shown that a combined
approach using GM and FEA is able to cast some light on the functional
and phylogenetic contributions in hominoid scapular morphology.

•

Chapter 3: There is indeed a relative specialization continuum in the
pitheciid mandible for some aspects of shape as expected for the
morphocline hypothesis, although from a biomechanical perspective Cacajao
and Chiropotes showed a similar performance, thus not exhibiting the
expected gradient. This is consistent with some previous studies, which
suggest that Chiropotes shows a more robust mandibular morphology.
Additionally, it was found that there is a significant association between
mandibular shape and stress values. This chapter expected to contribute to a
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better insight regarding the ecomorphological relationship between
mandibular morphology and mechanical performance among pitheciids.
•

Chapter 4: The results of this chapter show that most analysed Miocene
fossils exhibit a generalized morphology that is similar to some ‘generalist’
modern species. It was found that talar shape covaries with locomotor data
(i.e. LMPs), thus allowing the inference of locomotion from talar
morphology. The results further suggest that talar shape diversification can
be explained by invoking a model of shifts in adaptive peak to three peaks
representing a phylogenetic hypothesis in which each platyrrhine family
occupied a separate adaptive optimum. The analyses indicate that
platyrrhine talar centroid size diversification was characterized by an early
differentiation related to a multidimensional niche model. New body mass
predictions for all the analysed Miocene platyrrhines were provided, which
show that at that time there was already a noticeable size variation. In
addition, body mass predictions for Paralouatta marianae and the Río Cisnes
talus were provided for the first time. Finally, the ancestral platyrrhine
condition was reconstructed as a medium-sized, generalized, arboreal,
quadruped.

•

Chapter 5: The results obtained in this chapter show that the different
locomotor categories are distinguishable using either biomechanical or
morphometric data. Clamber/suspensory specimens exhibit the weakest tali,
while

leaping

species

ML classification

showed

algorithm

the

applied

strongest

morphologies.

The

to

biomechanical

and

both

morphometric data categorised most of the fossil sample as arboreal
quadrupeds, which is consistent with previous studies that used other
methodologies. This study has shown that a combined approach using
FEA, GM, and ML algorithms can contribute in the understanding of
platyrrhine talar morphology and its relationship with locomotion.

Each chapter presented here is a discrete body of work, either already peerreviewed, or written to be submitted for peer review in the near future. As such,
every chapter contains its own discussion on how that piece of work fits into the

236

broader context of primate ecomorphology. Nevertheless, there are two key topics,
which run through chapters and will be discussed in depth. The first one relates to
the question of how to combine FEA and GM, while the second addresses the issue
of the application of PCMs when combining these two methods. Additionally, some
future research possibilities are also discussed.

6.1 Combining Finite Element Analysis and Geometric
Morphometrics
Currently, both GM and FEA are an important part of the virtual morphofunctional toolkit which is being applied to study problems in functional, ecological,
and evolutionary morphology (Polly et al., 2016), and that can be successfully
applied to provide new insights about fossil taxa (e.g. Chapter 5 in this dissertation).
Although GM and FEA are undeniably productive in their own, questions have
been raised regarding whether they could be more comprehensively integrated
(Weber et al., 2011). In fact, the way in which the different specimens are compared
and how GM and FEA are combined, is still a developing area and therefore subject
of debate (Bookstein, 2013). In broad terms, it is possible to say that GM enables
the quantification of form as well as the comparison of morphological differences
across a sample, whilst FEA provides a way in which to simulate biomechanical
scenarios, obtaining stress and strain results of individual biological structures (Parr
et al., 2012).
However, when combined, a problem arises derived from the fact that most current
FEA applications were developed in engineering contexts that did not consider a
population perspective (Zienkiewicz et al., 2005). This means that while GM was
developed to compare several specimens, in most cases FEA was used to
exclusively analyse a single individual (even nowadays, most comparative FEA
studies analyse only a handful of individuals, and in most of them only one
specimen per species). Organismal biology emphasises comparing specimens, which
by contrast is not really common in engineering applications of FEA, which leads to
a need to develop methods that enable meaningful comparison between the FEA
results from models that differ in geometry (O’Higgins et al., 2011). In part, this can
be explained due to the limitations associated with the generations of FE models,
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which make it difficult to generate comparable models. For example, one limitation
concerns how to scale the models to carry out meaningful comparisons (Dumont et
al., 2009). Diverse proposals have been advanced (see section 1.3.1 for some
examples), but in most cases models are scaled to achieve the same volume or area
depending on whether they are tri or bi-dimensional and if strain or stress are being
compared (Dumont et al., 2009).
Another associated problem is how to compare strains/stress results between
different individuals (or even different meshes of the same structure) under, for
example, similar loadings. This problem has been tackled by applying different
methodologies that allow us to obtain quantitative data that can be subsequently
used to compare diverse specimens (Marcé-Nogué et al., 2017). All of these
approaches require either calculating a global performance measure (e.g. median or
mean) or the satisfactory collection of equivalent coordinates between models from
which to extract stress/strain values, which is known to be a non-trivial task when
comparing dissimilar geometries (Oxnard and O’Higgins, 2009). One possibility is
to simply compute the arithmetic mean of the von Mises stress values for each one
of the specimens under analysis and then carry out statistical comparisons (e.g.
McHenry et al., 2007; Farke, 2008; Figueirido et al., 2014; Lautenschlager, 2017).
Nevertheless, as several authors have pointed out (e.g. Bright and Rayfield, 2011;
Tseng and Flynn, 2015; Marcé-Nogué et al., 2016) this approach is problematic
because it assumes that all the elements of the model are identical, while in reality
and in most cases there will be size differences. To avoid this limitation some
corrections that take into account the existing size differences between the elements
of a FE mesh have been proposed (e.g. weighting stress by the size of the element
prior to estimating the global arithmetic mean) (Marcé-Nogué et al., 2016), as it was
done in Chapters 3 and 5. Another applied option is to compare stress values from
dissimilar models is to use box-plots or other similar approaches to display
distributions (e.g. histograms, density, violin, or bean plots, among others) to
visually compare whether one specimen shows more or less stress than another one
(e.g. Farke, 2008; Figueirido et al., 2014; Fortuny et al., 2017), as was also done in
Chapters 3 and 5. A further possibility is to simply collect von Misses stress/strain
values at particular coordinates and/or slices to compare the performance between
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different individuals (e.g. Piras et al., 2015; Serrano-Fochs et al., 2015; Püschel and
Sellers, 2016), as done in Chapter 2.
In spite of the convenience of all the above-mentioned proposals, these approaches
still represent rough measurements that do not make the most of the results
obtained from FEA. This is because the latter provides as output an immense
amount of quantitative data (i.e. many kinds of stress and strain at hundreds of
thousands or millions of elements, as well as nodal displacements at the nodes)
(Zienkiewicz et al., 2005), which in most cases is understudied. Consequently, there
is still a need for quantitative variables derived from FEA that could effectively
summarise the vast amount of data derived from FEA, as well as allowing the use of
multivariate statistical analyses. This is particularly true if we consider that most
multivariate analyses using stress values have been carried out by exclusively
comparing a limited number of points (e.g. 101 coordinates along a meaningful
anatomical slice in Chapter 2) (Marcé-Nogué et al., 2015; Fortuny et al., 2016;
Püschel and Sellers, 2016).
A recently published method which was applied in the ML section of Chapter 5 has
attempted to solve some of the mentioned limitations (Marcé-Nogué et al., 2017).
This new methodology has been named as ‘the intervals’ method’, and in brief
terms involves generating a new set of variables, each one of them defined by an
interval of stress values from the models under analysis (Marcé-Nogué et al., 2017).
Each variable is expressed as a percentage of the area of the model showing a
certain range of stress values, which can be then used in multivariate procedures,
such as PCAs (Marcé-Nogué et al., 2017). In Chapter 5, it is shown that this method
can be effectively applied to generate useful variables to be used in several
classification tasks. The ‘intervals’ method’ is an improved option when compared
to global performance measures (e.g. stress means), because it allows the application
of multivariate procedures. It is also a better option than collecting a limited
number of points that supposedly represent all the stress or strain variation of a
model (e.g. Marcé-Nogué et al., 2015; Fortuny et al., 2016; Püschel and Sellers,
2016). Although this method is evidently a contribution, there is still a large amount
of information in FEA outputs that can be used (e.g. stress/strains directions, nodal
displacements) and have not been tested using this methodology. In addition, the
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statistical properties of the variables generated by the ‘intervals’ method’ have to be
studied in more detail. Consequently, there are still a considerable number of areas,
which have to be researched in the future. In fact, there has been some controversy
regarding the discrepancy between FEA’s basis in deterministic computations (i.e.
given a particular input, the same output will be always produced) and GM’s focus
on variability and uncertainty (i.e. a statistical population perspective) (Weber et al.,
2011). However, by carrying out an appropriate scaling that enables meaningful
comparisons, it possible to conciliate these perspectives. The obtained differences in
stress or strain between different models would be strictly due to differences in
shape (Dumont et al., 2009). Therefore, the differences in the geometries of the
models under analysis (i.e. shape), would necessarily result in differences in stress
and strain, since FEA is a deterministic method (Zienkiewicz et al., 2005). In
addition, some advances have been made in the field of stochastic FEA, so that the
uncertainty of a system that occurs as result of variations in initial conditions
(e.g. different materials or geometries) are considered (Arregui-Mena et al., 2016).
However these novel methods have not been yet widely adopted in the organismal
biology community. Additionally, it is true that to the date there are no available
methods that preserve the spatial information of resulting stress or strain that allow
pattern comparisons between geometrically dissimilar models. Although useful as a
multivariate measure of the performance of a whole model, the ‘intervals’ method’
does not preserve the spatial information of the obtained patterns of stress or strain
(Marcé-Nogué et al., 2017).
A proposed solution combining GM and FEA that preserves the spatial
information of the obtained patterns is the approach described in the Introduction
(1.3.3) as ‘GM as a tool to analyse deformations after FEA analysis’. As explained
there, this approach consists in applying GM to analyse global deformation before
and after FEA (O’Higgins et al., 2017). Even though this method certainly preserves
information about form and its variation by analysing nodal displacements due to
applied loadings, there are serious concerns regarding its biomathematical
foundations (Bookstein, 2013). From a mathematical perspective, GM has almost
nothing to do with FEA at the level of their underlying formalisms and equations
(Weber et al., 2011). The essential deformations of GM, is incompatible with those
of FEA, since in GM the quantity being minimized in the thin plane spline method
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is the integral of the squared second derivatives (i.e. this integral is computed over
all the space, thus considering where the biological object is located but also where
it is not), while in elastic analyses the minimised quantity derives from sum of
squared deviations of the first derivatives from unity (i.e. the integral considers only
the region occupied by the actual object) (Bookstein, 2013). Furthermore, GM does
not consider differences in material properties, which are of vital importance in
FEA (Weber et al., 2011). Consequently, this approach combining the two methods
manifestly requires further developments. It is evident that more work, particularly
in the underlying statistics, mathematics, and informatics is required if a combined
biomathematical theory joining FEA and GM is desired. Yet this is not strictly
necessary if each method is kept in its own respective domain and the combination
of the two occurs via the analyses of the obtained results, as it was done in the
present dissertation and many previous studies (see Introduction 1.3.3).
GM and FEA are powerful on their own, both providing interesting insights about
the functional morphology of a given structure. For example when analysing
adaptation in ecomorphological contexts, it is possible to approach the questions
from different angles. FEA allows addressing this issue from a mechanics point of
view, while GM provides information about the influence of shape differences.
However, if combined in the context of evolutionary theory (e.g. by applying
PCMs), a new framework is generated that enables testing hypotheses regarding the
relative contribution of a specific function or morphology in the evolution of a
particular clade. For example, it is possible to estimate the ancestral states of
biomechanical performance or morphologies, or to test different evolutionary
scenarios that could explain the observed diversity in particular group (Püschel et
al., 2017). Although some of these results can be approached using either FEA or
GM separately, the evolutionary framework provided by PCMs allows linking the
two methods in a particularly powerful manner, thus allowing quantitative testing of
the ecological and evolutionary consequences of a particular morphology.
Furthermore, GM and FEA can quantify shape variation and biomechanical
performance in extinct taxa (e.g. Chapter 5) and compare those results against
related modern taxa (Stayton, 2009; Piras et al., 2015; Polly et al., 2016). The role of
dissimilar morphologies on functional performance in particular clades has been
previously studied (e.g. Tseng, 2013; Dumont et al., 2014). However, it is only when
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modern PCMs are included that it is possible to profit from the powerful tools
provided by these methods (Paradis, 2014). PCMs enable a formidable way of
testing the evolutionary implications of functional performance in morphological
evolution, as well as considering the role of evolutionary factors such as drift, or
selection (Pennell and Harmon, 2013). For these reasons the following subsection
deals with the implications of applying PCMs to complex multivariate datasets such
as those provide by FEA and GM.

6.2 Phylogenetic comparative methods when combining
finite element analysis and geometric morphometrics
A central issue in the analysis of the connection between form and function is how
to actually carry out that objective when dealing with several species (i.e. nonindependence due to the phylogenetic structuration of the data). Several approaches
have been applied such as the use of phylogenetic generalized least squares models
(PGLS) to fit regressions between matrices of functional/ecological variables and
shape variables. Other approaches are the use of phylogenetic independent
contrasts (PICs) estimated for each shape variable before associating them with
contrasts derived from functional/ecological variables by applying either partial least
squares (PLS) (Klingenberg and Ekau, 1996) or multivariate regressions (Figueirido
et

al.,

2010),

as

well

as

the

correlation

between

morphometric,

functional/ecological, and phylogenetic distance matrices (Harmon et al., 2005;
Young et al., 2007; Astúa, 2009; Monteiro and Nogueira, 2011).
Even though the second chapter of this thesis applied regressions to link shape and
biomechanical performance in the same way as previous studies (e.g. ordinary
regressions of shape on functional performance, PICs or PGLS; Pierce et al., 2008;
Pierce et al., 2009; Piras et al., 2013), the following chapters applied an improved
approach by using PLS (Adams and Felice, 2014). In the context of analyses
investigating the relationship between form and function, this technique has certain
clear advantages when compared to regressions. Although previous studies have
used PLS to research the covariation between shape and function in comparative
contexts, they simply performed PLS using blocks of data comprising PICs of the
original variables (Klingenberg and Marugán-Lobón, 2013). Although initially useful
242

(Felsenstein, 1985), PICs are now evidently outdated. It has been shown that PICs
and PGLS provide identical results when assuming a BM mode of evolution
(Blomberg et al., 2012), however PGLS approaches have certain advantages which
make them a better option (Garland and Ives, 2000; Rohlf, 2001). Firstly, PICs are
differences between sister nodes (Felsenstein, 1985), therefore when plotted they do
not represent the original species under analysis but these differences, while PGLS
do not suffer this limitation. Secondly, PIC assumes completely bifurcating
phylogenetic trees, whilst PGLS can be applied with phylogenies exhibiting
polytomies (Adams, 2014a). Thirdly, while PICs are restricted to assume BM, PGLS
approaches can be applied under several evolutionary models such as OU models
(Hansen, 1997; Butler and King, 2004). Since PGLS in its simple formulation is
equivalent to PICs and because PGLS is more broadly applicable in other contexts,
there is no obvious reason to keep using PICs other than familiarity.
Nowadays, PLS has been extended to take into account the phylogenetic
relationships between taxa based on a PGLS-based algorithm (Adams and Felice,
2014). In addition, PLS has the advantage over standard and PGLS regressions, as it
assesses patterns of covariation between blocks of data without assuming that one
block of data is dependent on the other (Rohlf and Corti, 2000; Bookstein et al.,
2003). The advantage of this is clear in functional morphology studies of skeletal
elements, because both form and function interact with each other (i.e. a certain
shape has a particular functional performance, but due the bone functional
adaptation that shape changes to accommodate function, and so on). Consequently,
this makes PLS a particularly useful tool when analysing the association between
blocks of data that are expected to covary but for which there is no a priori
directional relationship established between them (Rohlf and Corti, 2000).
Another way in which the present dissertation differs from previous approaches
that combine FEA and GM data is that it applies evolutionary modelling techniques
derived from the PCMs toolkit. Polly et al. (2016) proposed a similar approach,
however their proposal is inserted within the quantitative genetics tradition rather
than in the modern PCMs framework. In brief terms, Polly et al. (2016) suggest that
a good approach is to carry out multivariate regressions or polynomial surface
fitting to estimate a performance surface by fitting the performance indices of the
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taxa under analysis (derived from FEA) to their spacing in morphospace. Then,
these performance indices can be mapped onto phylogenies to estimate
evolutionary changes from empirical data in order to generate performance surfaces
representing functional scenarios that can be combined into adaptive landscapes
used to simulate the outcomes of selection (assuming that the morphologies under
analysis are being selected for functional performance) (Polly et al., 2016). Although
highly valuable and interesting, their proposal is based on Lande's quantitative
genetic models (Lande, 1976), which can pose problems when analysing multiple
species at macroevolutionary scales, most strikingly in deep-time (Pennell and
Harmon, 2013). The problem arises because there is still a serious disconnection
between Lande's quantitative genetics models and macroevolutionary analyses
(Pennell and Harmon, 2013). The rates of phenotypic evolution inferred from the
fossil record seem to be extremely slow at macroevolutionary scales (Eldredge
and Gould, 1972; Gingerich, 1983; Gould, 2007), which is known as the
‘paradox of stasis’ (Hansen and Houle, 2004). However, at a microevolutionary
scale it has been observed that both wild and experimental populations
commonly exhibit strong selection (Hendry and Kinnison, 1999; Kingsolver et
al., 2001; Hereford et al., 2004), and that there is usually plenty of additive
genetic variation for selection to act upon (Futuyma, 2010; Hansen et al., 2011).
Therefore, the ‘paradox of stasis’ implies that most likely over long timescales (i.e.
macroevolutionary scales, which is the time scale used in many comparative studies),
simple evolutionary models based on Lande’s quantitative genetics models are
almost undoubtedly incorrect (Pennell and Harmon, 2013). This means that due to
this disconnection between macro- and microevolutionary
associated

models,

the

simplified

processes

and

quantitative genetic interpretations of

macroevolutionary models will probably lead to erroneous conclusions (Uyeda et
al., 2011). Different proposals have been advanced to try to connect these two
evolutionary scales. For instance, it has been suggested that randomly varying
selection (in both strength and direction) from one generation to the next will
result in a BM model of evolution (Felsenstein, 1973). Other mechanisms
that might explain (at least partially) the observed macroevolutionary stasis are
ephemeral divergence (i.e. common phenotypic changes that do not last for long
time periods) (Futuyma, 2010), constraints due to multivariate selection (e.g.
integration between traits) (Hansen and Houle, 2004) and depletion of additive
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genetic variance (i.e. reduction of the genetic variation for selection to act upon)
(Turelli et al., 1988).
It is in part because of this decoupling between the methods analysing macro- and
microevolution that the present dissertation used PCMs instead of quantitative
genetic models as proposed by Polly et al. (2016). Most macroevolutionary models
used in PMCs do not consider quantitative genetics and are rather heuristic in their
functioning (Pennell, 2015). PCMs allow us to coherently model macroevolutionary
processes and to test the causes and consequences of large-scale patterns of
biodiversity (e.g. tempo and mode of evolution) (Smaers et al., 2016), without
presenting the above mentioned limitations regarding the application of quantitative
genetic models at a macroevolutionary scale (Pennell and Harmon, 2013). As a
result, the approach advanced in this dissertation, which analyses data derived from
GM and FEA in an evolutionary context using PCMs seems to be more coherent
with current techniques and their known limitations. As outlined above, Lynch
(1990) showed that Lande’s (1976) models using BM and OU to generate
quantitative genetic predictions for trait evolution over many generations are most
likely wrong (i.e. their are too fast, since variation among species is too small
compared to the potential of selection and drift to modify traits) (Uyeda et al.,
2011). This does not necessarily mean that Polly et al.’s (2016) approach is not
valuable, but rather that it has to be applied with caution at either a
microevolutionary level or when comparing species that have only recently evolved.
In fact, there is no doubt that developing further quantitative genetic models that
can be applied to comparative data would be an extremely useful addition when
analysing trait evolution (e.g. morphological or biomechanical data) at
macroevolutionary scales. The combination of both quantitative genetic models and
PCMs would make possible the generation of a consistent framework to model
long-term evolution considering drift, stasis on an adaptive peak, peak climbing, and
peak shift models, which in return might help solving the ‘paradox of stasis’ (Estes
and Arnold, 2007; Hadfield and Nakagawa, 2010). However, this is currently an
active area of research with no fully developed methods (Estes and Arnold, 2007;
Uyeda et al., 2011), so to the date if analysing comparative data from several species
at a macroevolutionary scale, it is still recommended to follow the approach
proposed in this dissertation. Perhaps future approaches trying to model
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comparative trait evolution with quantitative genetics parameters could profit from
the phylogenetic mixed model literature (Lynch, 1991; Housworth et al., 2004;
Hadfield and Nakagawa, 2010), since it represents the natural connection between
multivariate approaches in quantitative genetics and PCMs, by applying the
traditional ‘animal model’ (Henderson, 1976).
Nevertheless, by applying PCMs to multivariate data from GM or FEA there are
still some limitations that need to be addressed. For instance, most comparative
studies are either univariate or consider several traits, in which case they just analyse
one at a time (Pennell and Harmon, 2013). However, making the most of the GM
or FEA toolkit necessarily implies applying fully multivariate approaches. During
the last ten years there has been a rising interest in applying trait-evolution PCMs to
multivariate datasets (many of them highly multidimensional) (e.g. Rüber and
Adams, 2001; Revell and Collar, 2009; Bastir et al., 2010; Monteiro, 2013; Polly et
al., 2013; Sherratt et al., 2016). Several methods have been advanced to deal with
multivariate data in phylogenetic contexts, yet to the date there is no consensus
regarding how to carry out these procedures and there are areas which have to be
further developed (Adams and Collyer, 2017).
One approach assesses evolutionary models through log-likelihood estimation
across single trait dimensions treated separately (i.e. one at a time), and then sums
these to achieve a best-fitting evolutionary model for the data given a phylogeny
(e.g. the SURFACE method), thus not representing a fully multivariate approach
(dimensions are considered separately) (Ingram and Mahler, 2013; Moen et al.,
2015). Unfortunately, these sets of techniques are defective as it is impossible for
multivariate trait dimensions to be independent with respect to each other under
evolutionary models (i.e. the evolutionary covariance matrix cannot contains
nonzero off-diagonal elements, since evolutionary correlation is naturally expected)
(Adams and Collyer, 2017). This was the reason underlying the decision to translate
the obtained SURFACE scenario in Chapter 4 into a fully multivariate OU
hypothesis that was tested along other possible scenarios.
Another recently published approach (i.e. pairwise composite likelihood for highdimensional comparative models or PCL) uses a pseudo-likelihood estimated from
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all (or a portion) of the possible pairwise combinations of the variables under
analysis, as well as phylogenetic simulation to compare the fit of the multivariate
dataset to the phylogeny (Goolsby, 2016, 2017). This method was developed to deal
with some of the limitation of distance-based PCMs. Among the shortcomings of
distance-based methods that this approach attempts to solve is that they require the
eigen-decomposition and inversion of the phylogenetic covariance matrix, which are
enormously time-consuming and inefficient for large phylogenetic tress (Goolsby,
2016). In addition, distance-based methods still lack a proper likelihood function,
thus being forced to be computed using closed-form solutions, which in turn
implies that parameters for many possible models that lack these sort of solutions
cannot be calculated (e.g., non-BM processes, missing data, within species variation,
etc.) (Goolsby, 2016). In spite of the caveats exhibit by the distance-based
approaches, PCL itself shows other limitations that seriously diminish its
applicability, thus not really solving the multidimensional problem. For one, it has
been observed that levels of trait covariation, as well as the orientation of the
multivariate dataspace largely influence the obtained statistical estimates (Adams and
Collyer, 2017). This is a serious matter because PCL does not only show a strong
support for incorrect models as trait covariation increased, but also it is not
invariant with respect to the orientation of the dataspace. This means that if the data
is rotated as done when performing a PCA, then the statistical summaries of the
data will not be identical (Adams and Collyer, 2017).
Finally, another group of methods, which are distance-based, apply test statistics
obtained from the traces of the same covariance matrices used for log-likelihood
estimation to assess macroevolutionary scenarios using high-dimensional datasets
(Adams, 2014a, 2014b; Adams and Felice, 2014; Denton and Adams, 2015). These
methods started with a multivariate extensions of Blomberg’s K (Blomberg et al.,
2003; Adams, 2014b), but they have been extended to also include PGLS (Adams,
2014a), evolutionary rates comparisons (Denton and Adams, 2015), as well as
phylogenetic PLS (Adams and Felice 2014). These methods are based on a
phylogenetic transformation of the data, which is subsequently analysed using
distance-based methods (Q-mode), rather than more traditional covariance-based
tests (R-mode) (Legendre and Legendre, 2012). This allows these methods to
analyse high-dimensional datasets by avoiding the problem of dealing with non-
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invertible maximum likelihood trait covariance matrices, which arise when analysing
a large number of variables (i.e. dimensions) that equals or exceeds the number of
taxa under analysis (Adams, 2014a). Although highly useful, distance-based
approaches show the above mentioned problems of being comparatively inefficient
when dealing with large phylogenies and that they lack a proper likelihood function,
which limits the scenarios to which they can be applied (Goolsby, 2016).
Nonetheless, they are probably among the most robust methods when comparing
evolutionary models for multivariate data since they are rotation invariant and
resistant to levels of trait covariation (Adams and Collyer, 2017). It is for this reason
that they were applied in the present dissertation when estimating phylogenetic
signal (i.e. K-mult) (Adams, 2014b), and associating form and function (i.e. both
PGLS and phylogenetic PLS) (Adams, 2014a; Adams and Felice, 2014).
However, these distance-based methods are currently limited to exclusively assume
a BM mode of evolution (Goolsby, 2016). Therefore, in the present dissertation
other solutions were applied when testing different possible evolutionary scenarios
that could explain the observed phenotypic diversity as it was done in Chapter 4. In
order to deal with the problem of analysing multidimensional datasets, a
dimensionality reduction approach was used (i.e. a PCA) and the number of
dimensions to be analysed was selected using a broken-stick model (Püschel et al.,
2017). This data simplification solution using only a subset of summary axes has
been previously proposed and applied in other publications (e.g. Monteiro and
Nogueira, 2011; Monteiro, 2013; Aristide et al., 2016). Although it represents a
simple solution to multidimensional problem that currently exists in PCMs, it has
been shown that it has certain caveats that it is necessary to be aware of. At least for
datasets simulated under the BM process, it seems that the first few PCs incorrectly
support more complex scenarios such as early-burst models when the first few PCs
are treated as univariate traits (Uyeda et al., 2015), thus effectively examining a
biased sample of a multivariate pattern (Mitteroecker et al., 2004). However, it is has
to be noted that the approach applied in Chapter 4 differs from the above criticism
in that a fully multivariate approach that considered all PCs together was applied
(i.e. the PCs were not considered as univariate traits and were not analysed
separately) (Clavel et al., 2015). Furthermore, the best-supported model was
neither the most complex one, nor the early burst model, which means that the
applied approach did
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not exhibit the problems that arise when using PCs as univariate traits. Nonetheless,
the limitations of the proposed approach remain unknown and further
investigations are required to understand the limitations of using PCA to study
macroevolutionary patterns and processes.

6.3 Future work
Future research addressing evolutionary and ecomorphological hypotheses focused
on primate skeletal elements should address several methodological questions,
which are still unsolved and under development. When using GM, FEA and PCMs
to study the evolution of morphological traits, it is necessary to tackle the known
limitations of these techniques, as well as to defining explicitly the way in which they
are combined.
Currently GM represents perhaps the most popular and robust tools used to
quantify morphology (Adams et al., 2004, 2013). Nevertheless, it is evident that
there is an important compromise involved when representing complex
morphologies as just sets of landmark and/or semi-landmark configurations (i.e.
there is more morphological information available, including not only nonlandmarked areas, but also variables such as texture or colour). For instance, it has
been argued that arbitrary choice of which exact biological features to collect data
from (i.e. the anatomical loci represented by landmarks or semi-landmarks) can have
a significant effect on the results obtained, which can be in some cases as important
as the composition of the sample (Bookstein, 1997; Zelditch et al., 2004; MacLeod,
2008). In fact, there are several situations in which either linear or GM approaches
would fail to properly describe changes in shape/form. For example, a change in
outline but not in landmark position would probably lead to an underestimated
shape variation, or a pronounced outline variation between specimens would cast
doubts on semi-landmark homology (Oxnard and O’Higgins, 2009). In addition,
current GM procedures require that all specimens display all the same
landmarks/semi-landmarks, so if one or more coordinates are missing most analyses
become impossible unless a missing data imputation procedure is carried out
(O’Higgins, 2000; Klingenberg, 2008; Oxnard and O’Higgins, 2009).
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A possible solution to this problem is to develop landmark-free methods to
characterise morphological variation. Several techniques have been advanced, but
none of them is widely adopted (e.g. Bookstein, 1997; Joshi et al., 2011; Laga et al.,
2014; Pomidor et al., 2016; Carlson et al., 2017). This is probably due to some
specific limitations of these methods, but also because GM is well-rooted in
traditional multivariate statistics (Bookstein, 1997; Dryden and Mardia, 1998;
Zelditch et al., 2012), which are widely used in biology (Legendre and Legendre,
2012), while the statistical properties of some of these methods have not been yet
extensively studied. Another possibility of analysing complex morphologies without
a need to rely on landmark data would be the application of ML algorithms to
classify morphological structures such as those employed in Chapter 5. Even
though in this Chapter both landmark and stress data were used to train ML
techniques, it would also possible also apply these techniques (many of them
specifically developed for pattern recognition tasks) directly on image data
(MacLeod, 2017) or other sorts of variables such as vertex coordinates from 3D
surfaces (Pomidor et al., 2016) (previously homologized and superimposed using
some algorithmic procedure) to address in particular problems of group
characterization and/or specimen identification.
In fact, the same sort of ML methods could be used to also describe FEA
differences between specimens based on the traditional heat-maps used to represent
strain/stress levels. Recent approaches have been proposed to study FEA-derived
data to be applied in statistical analyses, such as the Intervals’ method which was
also used in Chapter 5 (Marcé-Nogué et al., 2017). This method was in part
developed due to the traditional limitations when describing differences between
models after FEA (Marcé-Nogué et al., 2017). Results obtained from FEA are
generally displayed as colour maps where warmer colours (i.e., orange, red)
correspond to high levels of stress, whereas colder colours (i.e., blue) represent
lower levels (although this colour palette is arbitrary and can be easily modified).
These colour maps obtained from FEA have been shown to be useful in
biomechanics, particularly when the key goal is to detect which regions of the
structure under analysis are most affected by the simulated loading scenario
(Rayfield, 2007). Despite the convenience of these colour maps (i.e. it is possible to
locate the strongest or weakest area of a structure by mere visual inspection), no
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quantitative performance comparison is possible. This leads to imprecise and
subjective interpretation, because these colour maps are visually interpreted (e.g.
more “bluish” specimens are stronger when compared to those more “reddish”)
(Marcé-Nogué et al., 2017), which is particularly accentuated when comparing
similar specimens (e.g. closely related species). However, as discussed above, it
would be possible to characterise the differences in colour map patterns by using
ML classification algorithms developed for pattern recognition and computer
vision, which have been proven to be powerful when dealing with this sort of tasks
(Chen et al., 1993; Bishop, 2007; Prince, 2012).
It has also been suggested that comparative organismal FEA can be improved by
increasing the complexity of the model under analysis (Toro-Ibacache et al., 2016).
In the present dissertation FEA was applied in a comparative rather than validative
way (i.e. since the objective was to simply compare the mechanical performance of
different species in the context of their phylogenetic relationships). It has been
shown that in comparative analyses material property values are not necessarily
crucial (see Gil et al., 2015 for discussion) and that specimens with unknown
internal architecture can still produce reliable results (Fitton et al., 2015).
Nonetheless, the question of whether models that are more complex would increase
our insight of function in comparative studies remains open. Structural FEA relies
on underlying models of how the different simulated materials behave, and these are
not physical laws, but simply convenient approximations (Zienkiewicz et al., 2005).
FEA models do not achieve more accurate results when more elements beyond a
certain threshold are considered because the underlying approximation for each
material has certain flaws (Smith et al., 2013). These flaws become more evident
when analyses further depart from simply linear elastic models, tending to fail when
simulating problems at meso and nano scales (Wriggers and Hain, 2007). Therefore,
modelling muti-scale models and/or using diverse non-linear materials (e.g. certain
soft-tissues) is still an area under development, which constraints the possible
complexity of an FE model. In spite of these limitations, many studies have
generated more complex FE models by incorporating detailed information or
parameters such as muscle activation data, anisotropic material properties,
numerous different tissues with dissimilar material attributes, among other factors
(e.g. Ross et al., 2005; Strait et al., 2005; Kupczik et al., 2007; Chalk et al., 2011;
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Gröning et al., 2011; Rayfield, 2011). These kinds of analyses have shown that when
this sort of information is considered the correlation between simulations and
experimental data is frequently increased (although validation is required when
dealing with these more complex models due to the uncertainty associated with
higher number of unknowns and variables, thus limiting its applicability).
Generating FE models by collecting data from real individuals (e.g. reaction forces
from in vivo experiments and muscle PCSA from dissections) represents a further
step towards more realistic and complex models, which could result in increased
robustness of functional analyses. All FEA carried out in this dissertation could be
re-elaborated in the future considering extra information, particularly from soft
tissues such as muscles, ligaments, tendons, etc. (Püschel and Sellers, 2016).
Furthermore, FEA loading scenarios could be derived from either experiments or
other computer simulations. For instance, multibody dynamics software (e.g.
GaitSym, Opensim) could be used to simulate different dynamic scenarios
representing particular movements or locomotor modes, and based on the results
obtained from these simulations, loading scenarios can be exported to be
subsequently analysed using FEA (Sellers et al., 2017). Therefore, future work
should perhaps generate more complex models when assessing ecomorphological
questions. The increasing availability in 3D models and accessibility of FEA
software would probably allow the generation of numerous models in a
comparatively inexpensive way in the following years, which would have the effect
of simplifying some of the current constraints (Cunningham et al., 2014; Davies et
al., 2017).
Another aspect that could be beneficial in FEA studies would be to perform
preliminary studies of intra-specific variation, which is something still lacking in
most publications. Comparing specimens of the same species could improve the
understanding of the biomechanical behaviour of the structure under analysis,
particularly from an evolutionary perspective. It would be relevant to compare the
existing differences between the intra and inter-specific levels, because if they are
similar, then the interpretation of FEA results would significantly change. One
study compared the FEA outputs from several chimpanzee crania showing that
intraspecific cranial variation is associated with quantitatively high levels of variation
in strain magnitudes, but qualitatively reduced variation in the distribution of strain
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concentrations (Smith et al., 2015). However, this study did not compare within
species variation levels against the intra-specific variation of other related taxa, so
that information is still absent. As pointed out above, it is clear that more studies
considering both intra and inter-specific levels of variation are required in
comparative FEA studies.
Another aspect worth discussing derived from the results obtained in Chapters 5, is
that it seems that shape (measured using GM) is better in predicting ecological
context (in this case locomotion) than biomechanical data (measured using FEA).
Although further studies are required to test if this methodological result is
consistent (i.e. if other studies have found that shape is better than biomechanical
data in predicting ecological factors/locomotion/diet), there are underlying
biological factors that might explain the observed result. Morphological variation is
influenced by varied factors, including loading, diet, sex and evolutionary history,
etc., all of which may relate to differences in locomotion. The differences in
locomotor behaviour that are reflected in morphology possibly comprise many
factors that are just partly considered when biomechanical analyses are carried out
(Pearson and Lieberman, 2004; Barak et al., 2011). A possible explanation could be
that biomechanical analyses seem to focus on more specific aspects of variation (e.g.
loading resistance), while GM incorporates other factors that could be involved in
bone morphology (although without explicitly separating them). Nevertheless, the
key importance of biomechanical analyses is that they allow testing specific and
well-defined adaptive hypotheses regarding particular traits, in ways that associative
statistical analysis cannot (e.g. GM). As discussed in Chapter 5, further research is
required to test the discriminatory capabilities of both GM and FEA to properly
understand their role in classification task, as well as when generating ecological and
behavioural interpretations from morphological data.
Another area that requires development is the application of PCMs to highly
multivariate data as explained before. Even though the present dissertation does not
provide definitive answers regarding this question, some basic requirements about
the properties these methods should posses can be advanced. Any novel method
developed for trait-evolution inference at a macroevolutionary scale has to satisfy
some fundamental requirements (Adams and Collyer, 2017). Firstly, the newly
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developed methods must be rotation invariant and resistant to trait covarition (i.e.
not like methods such as PCL) in order to respect the geometric principles of the
multidimensional space under study (Goolsby, 2016). Secondly, any approach
dealing with multivariate macroevolutionary inference has to display adequate
statistical properties (i.e. appropriate Type I error levels and statistical power)
(Pennell and Harmon, 2013). Thirdly, a proper multivariate approach should be
capable of dealing with highly multidimensional datasets (e.g. comparative genomic
data, complex phenotypic data, 3D morphometrics, tissue expression levels,
biomechanical stress data, etc.) either directly or via dimensionality reduction, since
these types of datasets are becoming ubiquitous in many areas of biology with the
advent of Big Data (Marx, 2013). In any case, the properties of these methods have
to be fully assessed through simulations and/or empirical dataset testing to avoid
limitations when applied to different case studies. In addition to all of these, much
can be gained if methods combining quantitative genetics and PCMs are fully
developed (Pennell and Harmon, 2013). They could provide a more comprehensive
perspective to future studies of form and function under an evolutionary approach
linking microevolutionary mechanisms with macroevolutionary patterns. Finally,
PCMs could also benefit from incorporating information from the fossil record,
because paleontological materials can provide direct information about temporal
ranges, whereas molecular phylogenies are less affected by the sampling bias of the
fossil record (Pennell and Harmon, 2013). Although not performed in the present
dissertation, it certainly represents a path worth following (Slater et al., 2012).

6.4 Conclusions
Understanding the structure and function of organisms is perhaps one of the oldest
areas within organismal biology, and yet it is still a highly active research area
(Wainwright and Reilly, 1994). It is now clear that ecomorphological investigations
combining organismal biology, functional morphology, and biomechanics (Thorpe,
2016) are required to understand the ecological and evolutionary consequences of
an organism’s form. In order to contribute with this objective the present
dissertation showed how to apply diverse modern analytical tools to generate an
integrative ecomorphological approach. Consequently, this thesis investigated how
to combine FEA, GM and PCMs in the context of primate skeletal ecomorphology,
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since understanding the diversity and associated ecologies of complex organisms
such as primates is a multifaceted problem that requires an interdisciplinary
perspective (Thorpe, 2016).
The results obtained in the frame of this dissertation have shown that it is possible
to associate form and function using multivariate data blocks (i.e. landmark and
stress data) while taking into account the phylogenetic relatedness of the analysed
species by using both PGLS and phylogenetic PLS. All chapters either associated
biomechanical data with shape (Chapters 2, 3 and 5), or with locomotor data
(Chapter 4). In addition, it was shown that it is possible estimate multivariate
phylogenetic signal from biomechanical and shape data (Chapters 2 and 4). By using
the proposed framework, explicit ecomorphological hypotheses were tested (e.g.
Chapter 3), and also competing macroevolutionary scenarios that could explain the
observed phenotypic diversity were analysed (Chapter 4). Furthermore, body mass
predictions for extinct taxa were also provided (Chapter 4). Finally, by applying ML
classification algorithms to morphometric and FEA-derived data it was possible to
infer locomotor behaviour in fossil primates, as well as showing that traditional
classifications techniques (e.g. linear discriminant analysis) are not always the best
available option (Chapter 5). To summarise, the different chapters of the present
dissertation provide examples that display how a combined approach using state-ofthe-art in silico techniques can shed some light upon the way in which primate
skeletal morphology, biomechanical performance, ecology and evolution interact.
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