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Introduction

In biology, convergence is a phenomenon characterized by the evolution of similar features without direct
common ancestry. Similar selective pressures may result in identical phenotypes evolving independently
in two or more lineages. Once seen as exceptional, convergent evolution is today considered as pervasive
(McGhee, 2011). In part, cases of convergence can be explained by how organisms develop under the
laws of physics, how they originate from a single cell, and how their organization is coded and transmitted
to the next generation (developmental constraints). On the other hand, some phenotypes are functional in
nature, while others constitute lethal conditions that cannot survive (functional constraints; McGhee, 2001,
2006). Life is therefore limited to the intersection of developmentally and functionally viable forms
(McGhee, 1999), limiting phenotypic variation and leading to similar responses under convergent

selective pressures providing evolutionary replicates (Losos, 2017).

Among countless examples of evolutionary convergence, one of the most striking is that of ant-
and termite-eating placental mammals (Redford, 1987). The ecological convergence towards dietary
specialization was accompanied by numerous adaptations at the morphological, physiological, behavioral,
and genetic levels (Redford, 1981; Redford & Dorea, 1984; McNab, 1985; Rose & Emry, 1993; Delsuc
et al., 2014; Emerling et al., 2018). Extant strict myrmecophagous placentals eating more than 90% of
termites and/or ants include five lineages: anteaters, the giant armadillo, pangolins, the aardwolf, and the
aardvark (Fig. 1; Redford, 1987). Most of these species, historically classified as Edentata (except the
aardwolf; see ‘Phylogenetic background’), show numerous convergently evolved morphological
characters, such as tooth reduction/loss, elongated snouts, vermiform sticky tongues, and strong claws and
forelimbs for digging into social insect nests (Rose & Emry, 1993; Davit-Béal et al., 2009; Casali et al.,
2017; Gozdziewska-Hartajczuk et al., 2018; Ferreira-Cardoso et al., 2019).

Cranial traits constitute the most defining characteristics of myrmecophagous placentals (Gaudin
et al., 1996; Gaudin & Branham, 1998; Reiss, 2001). This is mostly due to the plasticity of the mammalian
feeding apparatus and to its role in the several adaptive radiations of the group (Hiiemae, 2000; Schwenk,
2000). This adaptive evolution of the placental skull, combined with conserved developmental processes,
resulted in a compartmentalization of the skull in small adaptive units, or modules (Olson & Miller, 1958;
Cheverud, 1982a; Goswami, 2006; Porto et al., 2009). These developmental modules often translate into
sets of highly correlated traits (phenotypic modules), with a main functional role, an underlying genetic

and developmental basis, and a fair degree of independence within an organism (Raff, 1996; Wagner,



1996; Klingenberg, 2005). Under a certain adaptive landscape (e.g., dietary specialization), variational

properties such as trait correlation and modularity were suggested to increase the amount of change in the

direction of selection (evolvability; Riedl, 1978; Hansen & Houle, 2008; Marroig et al., 2009). The unique

cranial phenotype associated to myrmecophagy is, therefore, an example of the trade-off between

facilitation and constraint of morphological variation in the context of a functionally and physiologically

demanding dietary regime.
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Figure 1 — Molecular-based phylogenetic relationships of extant mammals with emphasis in myrmecophagous placentals. Tree
topology and branch lengths obtained from Timetree.org (Kumar et al., 2017). Divergence times (branch lengths) were adjusted for pangolins
(Gaubert et al., 2018), xenarthrans (Gibb et al., 2016), and afrotherians (Meredith ef al, 2011). Branches colored in red indicate
myrmecophagous species; the branch colored in yellow indicates a non-obligate myrmecophagous species; tip labels in blue indicate clades

previously historically ascribed to the Edentata.



Ant- and termite-eating placentals have sparked the interest of several studies for more than a
century, mainly related to their tooth development (Gervais, 1867; Rose, 1892; Rdse, 1892; Martin, 1916;
Anthony, 1934a; Davit-Béal et al., 2009), and their loss of chewing abilities and evolution of modified
masticatory and hyoid apparatus (Owen, 1856; Reiss, 1997; Endo et al., 1998,2007,2017; Naples, 1999a).
Despite all the drawn attention, the use of modern geometric morphometric methods is yet to be
undertaken on the skull of myrmecophagous placentals, while it could enable to assess the phenotypic
variation patterns (e.g., Cheverud, 1982, 1995; Hallgrimsson et al., 2004; Drake & Klingenberg, 2010).
Such methods can also provide new insights into ontogenetic patterns (Cheverud, 1982b; Klingenberg,
2016) and systematics (Palci & Lee, 2018). Additionally, the advent of X-ray p-computed tomography
(LCT) and enhanced-contrast scanning protocols now allows performing non-destructive analyses to
explore osteological and soft-tissue traits at an unprecedented scale and precision.

The feeding apparatus of myrmecophagous placentals provides a particularly interesting
framework to study morphological convergence associated with ecological adaptations. The
developmental processes involved in skull formation are well-documented and modular parcellation and
its relationship to functional constraints is established for several model and non-model placental species.
Moreover, part of these developmental processes, such as face/rostrum elongation, tooth development, or
bone-muscle interaction, underlies most of the convergent phenotypic traits associated to myrmecophagy.

The myrmecophagous skull thus offers a case study of morphological convergence.

Methodological framework
A set of different methods was used in order to perform the four studies presented in the different chapters
of this thesis. A detailed ‘Materials and methods’ section is provided for each chapter and, therefore, I

here provide only the broad outline of my methodological approach.

Data acquisition

First, and foremost, I visited five of the largest natural history collections in the World, including the
Natural History Museum (London), the Musée Royal de I’ Afrique Centrale / Koninklijk Museum voor
Midden-Afrika (Africa Museum; Tervuren), the Museum fiir Naturkunde (Berlin), the American Museum
of Natural History (New York), and the National Museum of Natural History (Washington, DC).

Additionally, I borrowed osteological and wet specimens from the Muséum National d’Histoire Naturelle



(Paris), and the Museum of Vertebrate Zoology (Berkeley). Each visit consisted in between one and two
days of comparative anatomy work, followed by the placement of three-dimensional (3D) homologous
anatomical landmarks (types I and II; Fig. 2). This last step was performed with a Revware MicroScribe
M digitizer (accuracy: 0.0508 mm). The number of landmarks placed varied between 85 and 119,
according to the clade considered. In total, I landmarked 703 specimens belonging to myrmecophagous
species, and some non-myrmecophagous outgroups, including sloths, armadillos, hyenas, bears, and

foxes.

Figure 2 — Volume rendering of a p-computed tomography scanned skull of Orycteropus afer, in lateral view. Points and numbers are
examples of the types of landmarks used. Colors indicate left and right side bilateral landmarks.

I used p-CT to obtain high-resolution image stacks of the skeletal parts of 130 specimens of
myrmecophagous species. The pu-CT scanning was performed in two different facilities: 1) the
Microtomographie-RX, part of the Montpellier Ressources Imagerie (MRI) at the Institut des Sciences de
I’Evolution (Montpellier) — equipped with an EasyTom 150 x-ray pu-CT scanner; and ii) the p-CT
laboratory of the Museum of Natural History (London) — equipped with a Nikon Metrology HMX ST 225.
All resulting data was subsequently processed using Avizo (FEI), Fiji (Schindelin et al., 2012), and
MorphoDig (Lebrun, 2018). These softwares were used to compress the data and generate three-
dimensional surfaces (e.g., Ferreira-Cardoso et al., 2017; Martinez et al., 2018).

Lastly, I dissected the heads of six specimens of anteaters stored at the Institut de Sciences de
I’Evolution (Montpellier) and at the Institut Pasteur de Guyane (Cayenne). These specimens were
dissected at Montpellier and Cayenne, and were subsequently stained with iodine in order to increase the
contrast of head muscles and allow to u-CT scan and digitally reconstruct their morphologies. Some of

these specimens were subjected to serial slicing in order to produce histological sections of muscles and



mandibles. Histological procedures were performed at the Institut de Recherche en Cancérologie de

Montpellier (IRCM).

Data analysis

All morphometric data were processed and analyzed using free statistical analyses software R (Team,
2013). Geometric morphometrics analytical procedures were implemented with the geomorph v.3.5.0 R
package (Adams et al., 2017) and the R code provided in Claude (2008). Most analyses implied the
Procrustes superimposition (Rohlf & Slice, 1999) of the landmark data sets in order to scale them to
centroid size and optimally translate and rotate the specimens using least-squares criterion. Specific R

packages and functions are listed in each chapter.

Phylogenetic framework
Historical review

In 1742, the French doctor and naturalist Félix Vicq-d’Azyr published the second volume of his “Systéme
anatomique: quadrupédes” (Vicq-d’Azyr, 1742), as part of a book series named “Encyclopédie
Méthodologique™. In this book, Vicq-d’Azyr named a new clade of mammals that he designated as
“édentés/Edentati”. The diagnostic trait for this group was the lack of incisor teeth. It comprised four
genera, including sloths (Pigri), armadillos (Loricati), anteaters and the aardvark (Myrmecophagi), and
pangolins (Squammei) (Vicq-d’Azyr, 1742). The name Edentata was posteriorly adopted by naturalists,
and its structure re-organized into five different groups: armadillos, anteaters, sloths, aardvarks, and
pangolins (e.g., Cuvier, 1798). Edentata has been used to designate these taxa (Rose, 1892; Tims, 1908),
on the basis of common morphological traits that were considered as synapomorphies of the group.
Huxley's (1872) diagnosis of the Edentata (or Bruta, which translates to brute, coarse, or beast)
reflected some of the convergently evolved morphological traits related to myrmecophagy. These include
tooth loss or reduction, tooth structure simplification, hypselodonty, monophyodonty (except in some
armadillos) and forelimbs adapted for digging (Huxley, 1872). Huxley (1872) divided the Edentata into
two groups based on their feeding on plants (sloths; Phytophaga) or insects (Entomophaga), the latter
group including anteaters, pangolins, armadillos, and aardvarks. Each of these taxa were placed separately
in their own taxa, but no tentative affinities were proposed. By the time Huxley published his work, a little

more than a hundred years after the formalization of the Edentata, an increasingly amount of knowledge



on the anatomy and physiology of these mammals allowed researchers to question the pertinence of such
a grouping. Huxley (1872) himself precedes his diagnose and description of the Edentata by stating the

group was “ill-defined” and heterogeneous.

However, it would take until the early 1900’s for the first formal division of the Edentata in three
clearly different orders. Weber (1904, p. 412) argued that although it became usual to group these taxa in
the same order, the morphological differences were too many for the classification to be coherent. In the
same sequence, Weber referred to the reduced dentition and tooth structure simplification as a “multiple
reduction and transformation” (translated from German) that could not be used as a grouping factor (see
below). Weber (1904) considered the Edentata as an “inferior” group within the therian mammals, the
Paratheria, leaving its relationships with the remaining mammals ill-described. Weber (1904) divided the
edentates in two groups: i) the Nomarthra including two orders of species with normal vertebral
articulation (pangolins and aardvarks); i1) the order Xenarthra showing abnormal accessory articulations
in the last thoracic and lumbar vertebrae (anteaters, sloths, and armadillos). Additionally, Weber (1904)
coined the term Pholidota, the order in which pangolins are still classified, thus replacing the previous
Squamata designation that was in synonymy with the reptile clade. Within Xenarthra, he maintained the
previously used divisions between anteaters (Myrmecophagidae), sloths (Bradypodidae), and armadillos
(Dasypodidae).

Since the early 20" century, the name Edentata has been used to refer to Xenarthra, and the
similarities between the latter with Pholidota and Tubulidentata have been attributed to convergent
evolution toward myrmecophagy (e.g., Rose & Emry, 1993; McGhee, 2011). This classification became
broadly accepted, even before the beginning of the molecular phylogenetic era, with Xenarthra being
considered on its own separate clade within Eutheria, split into two orders Cingulata (armadillos) and
Pilosa (sloths and anteaters) (McKenna, 1975). McKenna (1975) considered the Pholidota on their own
incertae sedis clade, while the Tubulidentata were grouped with the ungulates with a similar rank to the
artiodactyl, proboscidean, or sirenian orders. These proposals, however, were not corroborated by the

more recent molecular phylogenetic analyses (see below).

Present state of the phylogeny of placental mammals
Since the 1980’s-1990’s onwards, molecular phylogenies provided increasing evidence confirming the
polyphyly of the Edentata (De Jong et al., 1985; Springer et al., 1997; de Jong, 1998; Murphy et al.,

2001b). Pangolins are a sister group to carnivores and are nested within the Laurasiatheria (Sarich, 1993;



Murphy et al., 2001b,a; Meredith et al., 2011). Aardvarks form a sub-clade with tenrecs and elephant
shrews, within the Afrotheria (Waddell, Okada, & Hasegawa, 1999; Asher, Bennett, & Lehmann, 2009;
Meredith et al., 2011). Xenarthrans are the group with the most undefined position in the placental tree
(Nishihara, Maruyama, & Okada, 2009; Teeling & Hedges, 2013; Foley, Springer, & Teeling, 2016), with
its relationships changing in each of the three proposed hypothesis: i) Atlantogenata-Boreoeutheria (Fig.
1); i1) Afrotheria-Exafroplacentalia; iii) Xenarthra-Epitheria.. To date, the root of the placental tree is still
unresolved, with all three hypotheses being currently considered equally likely (Nishihara et al., 2009;
Teeling & Hedges, 2013). Nevertheless, all provide unequivocal evidence for the polyphyly of Cuvier’s
Edentata, asserting the high degree of morphological convergence resulting from directional selection

towards a myrmecophagous dietary regime.

Dissertation’s main goals

In this thesis, I combined comparative anatomy and geometric morphometrics of the myrmecophagous
skull and mandible, using modern uCT techniques and large museum collection sampling in order to
provide new insights into the convergent evolution of the head, skull, and muscles of ant- and termite
eating placental mammals. The studies here presented focus on the skull of 15 myrmecophagous placental
species, including anteaters, the giant armadillo, pangolins, the aardvarks, and the aardwolf, as well as
their closely related species.

In the first chapter, I used a landmark-based approach to describe and quantify inter- and
intraspecific skull shape variation, as well as allometric patterns of the World most heavily poached
mammals, pangolins (Pholidota).

In the second chapter, I analyzed the internal anatomy of the mandible of all myrmecophagous
placental clades and compare it to non-myrmecophagous taxa in order to re-interpret phenotypic
convergence and discuss functional aspects of tooth regression. I additionally used collection specimens
and contrast-enhanced nCT scanning to perform a comparative anatomical description of the masticatory,
hyoid, lingual, and facial musculatures of the three anteater genera (Vermilingua).

Finally, I assessed and compared intra- and interspecific phenotypic covariation patterns between
myrmecophagous placentals, using a geometric morphometric approach. I used exploratory and
confirmatory methods to understand the impact of myrmecophagy-driven morphological adaptation in

skull modularity and integration.



The main goal of this dissertation was to generate knowledge on the cranial morphological
convergence based on comparative anatomy and geometric morphometrics approaches, and to contribute
to an integrative project (ConvergeAnt) including other aspects of myrmecophagy-driven adaptation at

the genomic and microbiome levels.



Chapter 1: Morphological evolution, classifications and phylogeny

1.1-Historical background

From early in the history of humankind, the description of biological diversity led naturalists to create
divisions as a mean to classify life in a logical way. The formal classification of living beings have their
roots in the works of Aristotle, Theophrastus, or Pliny the Elder (Lecointre & Le Guyader, 2006). Since
Greco-Roman times, several classification methods were proposed in order to create a widespread and
“correct” way to group biological entities. In 1758, Carl Linnaeus published the tenth edition of his most
remarkable work, Systema Naturae, in which a hierarchical system based on morphological similarities
was proposed. It is in this edition that Linnaeus generalized the use of a binomial nomenclature for species.
This classification was based on the idea of a natural order dictated by in the act of the creation of life by
God (Linnaeus, 1758). As the philosophers of Ancient Greece, 18" century naturalists thought that the
identity and function of biological entities determined their classification (essentialism; Cartwright, 1968;
Lecointre & Le Guyader, 2006). The notion of time and the concept of phylogenetic relationships, as we
know them today, were not present in Linnaeus’ work. Nevertheless, this classification is the foundation
of the taxonomic system has been used to the present day.

The Linnean classification scheme proved useful in the classification of living beings, but the
French Revolution, at the end of the 18" century, led to a change in how naturalists conceived nature.
Despite many philosophers had expressed proto-transformist ideas since Ancient Greece, it was the
accumulation of knowledge during the Enlightenment and the separation of the religious and intellectual
realms during the transition of the 18" and 19" centuries that propelled the ideas that species were not
immutable entities (Stott, 2012). De Maillet, Erasmus Darwin, or Lamarck are just some examples of the
people who paved the way to Charles Darwin and Alfred R. Wallace (Stott, 2012). If the dogma of a
natural hierarchy determined by God lost consensus within the scientific community, it took until 1859
for the formalization of a hypothesis that could explain the diversity of groups (or taxa) described. Charles
Darwin’s On the Origin of Species (1859) is the keystone of evolutionary biology, associating facts from
different research fields such as paleontology, geology, and economics to propose a hypothesis that could
explain the origin of biodiversity. But the most revolutionary aspect of this work was the interpretation of
species as stages, in time and space, of a variation spectrum. The main reason for this, was the fact that

Darwin shifted the scale of morphological description and comparison. While previous thinkers followed



a typical essentialist approach to classify living beings, Darwin defined species based on simple
mathematical concepts such as average and variance (Lecointre and Le Guyader, 2001). Based on his
observations and published works on agricultural plant varieties and livestock breeding, Darwin became
aware of the potential for variation within a single species (Darwin, 1859). As such, the boundaries of
previously created “boxes” in which taxa were organized became less clear. Darwin’s main question went
beyond the simple attribution of living entities to a species, aiming at understanding why species were
relatively discrete entities (average) while exhibiting an enormous potential to vary (variance; Lecointre
and Le Guyader, 2001). Since then, the classification of living beings evolved into a two-layered universe,
in which the first layer consists of an observed pattern, and the deeper layer of the processes underlying
such pattern. With Darwin, variation became a central focus in biology and naturalist work shifted from
recognizing morphological patterns to understanding why a certain species is constrained to present a
specific set of average traits. Furthermore, given that life can be interpreted as a variation continuum, new

research fields focused on the causes of variation and the constraints limiting it.

In sum, Darwin’s main conclusion was that all living and fossil species are related, to some degree,
and that the sets of traits that characterize species (phenotypes) are, in part, the result of selective pressures
acting during a number of generations. The potential variation range presented by a species is thus reduced
and the observed patterns are the result of both genealogical (phylogenetic) and environmental constraints.
Darwin (1859) was the first to introduce the principle of genealogy - hierarchical relationship between
individuals of the same kin — to the interpretation of life. From 1859 onwards, the concept of phylogenetic
tree would be used as a means to associate phenotypic resemblance with the idea of ancestry (time
dimension). The view of descent with modification is behind the foundation of evolutionary biology as a
research field, and the source for systematics, the study of the relationships between living and extinct
taxa (Lecointre and Le Guyader, 2001). Although Darwin’s book became the paramount work in
evolutionary biology, Alfred Wallace also proposed evolutionary hypotheses. As a result, both signed the
first document to ever propose natural selection as the mechanism behind speciation (Darwin and Wallace,
1958). Despite the importance of Darwin and Wallace’s works, most keystone concepts in evolutionary
biology were defined either before, or after their publication. The best example is probably the word
phylogeny, which was not coined until 1866, when Ernst Haeckel tried to synthesize Lamarck’s and
Darwin-Wallace’s hypothesis in his “Ontogeny recapitulates phylogeny” (or biogenetic fundamental law;
Haeckel, 1866). While the idea that the embryonic stages of “higher” species represented the adult stages

of “primitive” organisms has been refuted several times (e.g., Sdnchez-Villagra, 2012), Haeckel produced

10



the first figure with a non-schematic phylogenetic tree, in which the main groups of animals, plants, and
the paraphyletic unicellular eukaryotes (Protista) are represented. Although Haeckel’s biogenetic
fundamental law and tree topology were not confirmed by posterior scientific and technological
developments, his tree is a landmark that preconized the future of biology. The interpretation of the trait
variation in a phylogenetic context is today one of the richest fields in the life sciences.

From the late 1800°s to the 1960’s, the description and quantification of phenotypic variation
constituted the main source of information used to deduce phylogenetic relationships (Mooi & Gill, 2010;
Lee & Palci, 2015). Recently, molecular data became increasingly used to perform phylogenetic inference,
as continual methodological developments and computational capacity allow to treat an increasing amount
of data (genome scale) and generate well-supported, fully-resolved trees (Lee & Palci, 2015). Molecular
phylogenetics has allowed new insights into the tree of life and an increasingly better understanding of
the evolutionary history of living beings (Zuckerkandl & Pauling, 1965; Woese, Kandler, & Wheelis,
1990). The development of these techniques has even allowed scientists to perform phylogenetic inference
based on DNA and proteins collected from fossil specimens (Yang, Golenberg, & Shoshani, 1996; Poinar
et al., 1998; Delsuc et al., 2019; Presslee et al., 2019). In some cases, the coupling of fossil-based
molecular and morphological data has completely restructured the morphology-based phylogenetic
relationships, as recently exemplified by the case of sloths (Delsuc et al., 2019), or resolved the phylogeny
and biogeography of emblematic species like the New Zealand moas (Cooper et al., 2001; Haddrath &
Baker, 2001). Molecular phylogenies are, therefore, invaluable tools to propose alternative scenarios for
the evolutionary history of phenotypic traits, facilitating the interpretation of ontogenetic, functional, and
ecological signals by establishing a solid basis for ancestral state estimation (Lee & Palci, 2015). On the
other hand, the study of evolution in a deep time context will always remain dependent on morphological
data (fossils). Fossils are the only way by which the accurate estimation resulting from modeling of
macroevolutionary dynamics (e.g., extinction rates) can be obtained (Rabosky, 2010). As such, the very
basis of the study of evolution, as well as the reliability of its interpretation, still relies on concepts arising
from comparative anatomy studies. The most relevant of all these concepts is almost certainly that of
homology/homoplasy, which has become the conundrum of morphology-based phylogenetic analyses and

is, at the same time, the engine boosting the field of comparative anatomy.
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1.2-Speciation and species delimitation

Until this point, I focused this section on the aspects that gravitate around the taxonomic unit, more
specifically the species. In its most classical concept, a species can be discerned by phenotypic
distinctiveness (Benton & Pearson, 2001). This morphological species concept was adopted by Darwin
(1859) in order to articulate his hypothesis of the speciation process. In focusing on morphological
variation and polymorphism, Darwin and Wallace (Darwin & Wallace, 1858) provided the first glimpse
of the mechanisms behind it. Phenotypic variation arises by the mutation of the genome, and genetic
assimilation of such variation (Waddington, 1942, 1953) plays a key role in speciation (Benton & Pearson,
2001). However, how can a species be defined if it displays extreme phenotypic variation (i.e.,
polymorphism; Mallet, 1995) or almost no variation at all (i.e., cryptic species; Bickford et al., 2007)?
The biological concept of species proposed the possibility of interbreeding as a solid criterion to identify
a species (Dobzhansky, 1937; Mayr, 1942). This concept has limitations exemplified by the natural
occurrence of fertile hybrids of different species of palm trees (Papadopulos et al, 2019) or the
hybridization of putatively distinct duck species in captivity (Mallet, 1995). Speciation is a complex
process, involving multiple mechanisms such as natural selection (including sexual selection), genetic
drift, or mutation. Given this complexity, other concepts of species were since then proposed and discussed
(Mayden, 1997; De Queiroz, 1998, 2007). Speciation is today considered as isolation in one or several
ways, may it be due to extrinsic (e.g., behavior, ecology; Stresemann, 1943; Thorpe, 1945) or intrinsic
(e.g., egg-sperm incompatibility, low hybrid fitness) factors (Ptacek & Hankison, 2009). As a result,
species delimitation is increasingly based on an integrative approach, including the assessment of
morphological distinctiveness and gene flow interruption/reduction (Puillandre ef al., 2009).

The relationship between genetic and morphological differentiation is today frequently tested
(Barlow, Jones, & Barratt, 1997; Amato & Montresor, 2008; Miranda et al., 2018). The study of
morphological distinctiveness typically occurs at the static level, but the ontogenetic realm has become
especially relevant, as ontogenetic allometries can be useful in a phylogenetic context (Bardin, Rouget, &
Cecca, 2016). Allometry, size-related shape changes (Klingenberg, 2016), is a main player in generating
biological diversity (Esquerré, Sherratt, & Keogh, 2017). Heterochrony, developmental changes in timing
of certain events, can contribute to phenotypic and evolutionary changes and lead to speciation
(Mitteroecker, Gunz, & Bookstein, 2005; Gerber & Hopkins, 2011; Esquerré et al., 2017). On the other
hand, ontogenetic allometry convergence/divergence can reveal directional selection of shape during

development. In sum, a multidimensional (shape, size, time, etc.) analysis of phenotypic data holds
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potential to interpret speciation events and can provide evidence of ongoing or recent speciation (Hautier
et al., 2017; Miranda et al., 2018). In the following article, I present and discuss results that deal with
phenotypic differentiation, ontogenetic allometry, and identification of cryptic lineages. I try to stress the
importance of such studies for interpreting morphological evolution in the context of phylogenetics and

the potential implications of morphological data for species conservation.
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Pangolins are among the most endangered groups of mammals, comprising eight extant species delineated into three
genera. Despite several studies dedicated to their skeletal anatomy, the potential taxonomic insight from cranial
morphological variation in extant Pholidota is yet to be assessed with modern geometric morphometric methods. We
present the first comprehensive study on the cranial morphology of extant pangolins and discuss its implications
for the taxonomy and evolution of the group. We performed landmark-based morphometric analyses on 241 museum
specimens to describe the variation in skull shape in seven of the eight extant species. Our analyses revealed genus-
and species-level morphological discrimination, with Asian species (Manis spp.) being grouped together, whereas
African pangolins present distinct skull shapes between small (Phataginus spp.) and large (Smutsia spp.) species.
Analyses of allometry also identified a set of traits whose allometric trajectories distinguish Asian from African
specimens. Finally, we uncovered intraspecific variation in skull shape in white-bellied pangolins (Phataginus
tricuspis) that partly corroborates recent DNA-based differentiation among biogeographically distinct populations.
Overall, our results shed light on the morphological diversity of the skull of these enigmatic myrmecophagous
mammals and confirm the genus-level classification and cryptic diversity within the white-bellied pangolin revealed
by molecular phylogenetics.

ADDITIONAL KEYWORDS: allometry — conservation — cryptic lineages — ontogeny — systematic.

INTRODUCTION and more effective conservation management units

Extant pangolins [Pholidota (Weber, 1904) Manidae (von Helversen et al.,2001; Hebert et al., 2004; Bickford
(Gray, 1821)] are currently the most heavily poached Zi Z; ’ 22 (()) f 27.; Il_\I/laOJZEi_Za;;O8287;2_['8"726(20Z;a?dalea;t:lls
mammals in the world (Challender et al., 2014; Zhou " ’ o . & 1."
et al., 2014). The increasing demand for pangolin 2015.’ Gaubert ef ql., 2d016)' The. elig’ht ZXt.ant pango Hi
scales in Chinese traditional medicine is driving this :Ie)eic;relz 2?es£is-tsr;§1t:ra;0 ;fl.droii);cingns03;6;;:312:;
entire group to the brink of extinction. In that context, g

. . . . . (Gaubert, 2011; Gaudin et al., 2019). They are
detailed morphological and genetic studies constitute . . . . . i
.. . . . classified in a single family (Manidae) within the order
a prerequisite to trace the geographical origin of seized

. d fruitful to delimitat Pholidota, which is most closely related to carnivores
spectmens and may prove Iruitiul to defimitate hew within placental mammals (Murphy et al., 2001a, b).

Pangolins have evolved a set of highly distinctive
*Corresponding author. E-mail: sergio.ferreira-cardoso@ morphological traits, such as toothless jaws and an
umontpellier.fr
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elongated rostrum, linked to their highly specialized
diet of ants and termites (Ferreira-Cardoso et al., 2019;
Gaudin et al., 2019). Despite this unique evolutionary
history and their current protection status, pangolins
are among the least studied placental mammals, with
some aspects of their phenotypic variation (i.e. cranial
shape) still being completely unexplored (Gaubert
et al., 2018).

The taxonomy of extant pangolins has been
relatively unstable, varying from a single genus
(Manis Linnaeus, 1758; Jentink, 1882; Emry,
1970) to six genera (Pocock, 1924). Based on both
morphological and molecular phylogenetic studies, the
four African species have been split into two genera
(Phataginus Rafinesque, 1821 and Smutsia Gray,
1865), whereas the four Asian species remained in
a single genus (Manis) (Gaudin et al., 2009; Gaubert
et al., 2018). A recent molecular phylogeographical
study also identified six cryptic lineages within the
widely distributed white-belied pangolin (Phataginus
tricuspis Rafinesque, 1821), showing an unexpected
intraspecific molecular divergence (Gaubert et al.,
2016). Likewise, several genetic clusters have
been identified in the range of the Sunda pangolin
(Manis javanica Desmarest, 1822), although their
geographical delineation remains unclear (Zhang
et al., 2015; Nash et al., 2018). Many aspects of inter-
and intraspecific diversity of pangolins are still
unexplored, and this newly described cryptic diversity
has great potential to influence regional conservation
policies and to identify the geographical origin of
illegally trafficked specimens.

Geometric morphometrics has proved to be an
efficient way to define the patterns of shape variation
associated with species delimitation (interspecific
taxonomy; e.g. Cardini & O’Higgins, 2004; Villemant
et al., 2007) and to unveil hidden morphological
variation (intraspecific taxonomy; e.g. Hautier et al.,
2014, 2017; Miranda et al., 2018). Such methods
also enable us to understand the role of interactions
between size and shape, with the variation in shape
correlated with size (allometry) being one of the main
factors contributing to the integrated evolution of
cranial shape (Cardini & Polly, 2013; Klingenberg,
2013; Cardini, 2019). In mammals, ontogenetic and
evolutionary allometry is mainly associated with
elongation of the rostrum (Cardini & Polly, 2013;
Cardini et al., 2015). However, the variation in
shape and size of the pangolin skull has never been
described in detail or quantified formally, although the
elongated, toothless snout constitutes one of the main
characteristics of their skull. A precise characterization
of the changes in shape associated with growth in
pangolins should enable us to understand the extent
to which allometry has contributed to the evolution of
the skull.

Here, we applied geometric morphometric methods
to study the variation in shape of the skull within and
among the eight extant pangolin species, with the aim
of assessing their current taxonomy and the recently
identified molecular lineages. First, we examined the
patterns of ontogenetic allometry in extant Pholidota
using regression and trajectory analyses. Second, we
explored the variation in cranial morphological among
and within the three extant genera by performing
regression, ordination and discriminant analyses.
Finally, we investigated the variation in the shape of
the skull in two wide-ranging species (P. tricuspis and
M. javanica) in order to assess whether molecular-
based cryptic lineages (Gaubert et al., 2018; Nash
et al., 2018) differ in skull shape.

MATERIAL AND METHODS
BIOLOGICAL SAMPLING AND DATA COLLECTION

The material used in this study belongs to the collections
of the Natural History Museum (BMNH) in London
(UK), the Museum fiir Naturkunde (MfN) in Berlin
(Germany), the Muséum National d’Histoire Naturelle
(MNHN) in Paris (France), the Royal Museum for
Central Africa (KMMA/RMAC) in Tervuren (Belgium),
the American Museum of Natural History (AMNH)
in New York (NY, USA) and the National Museum of
Natural History (USNM) in Washington (DC, USA).
Our dataset is the result of the landmarking
of 243 specimens from the eight extant species of
pangolins (Fig. 1): P. tricuspis (Fig. 2; white-bellied
pangolin, N = 97), Phataginus tetradactyla (Linnaeus,
1766) (black-bellied pangolin, N = 23), Smutsia gigantea
(Ilinger, 1815) (giant ground pangolin, N = 16), Smutsia
temminckii (Smuts, 1832) (Cape pangolin, N = 21),
Manis crassicaudata Geoffroy, 1803 (Indian pangolin,
N = 10), M. javanica (Sunda pangolin, N = 38), Manis
pentadactyla Linnaeus, 1758 (Chinese pangolin, N = 36)
and Manis culionensis (de Elera, 1915) (Palawan
pangolin, N = 2; Supporting Information, Appendix
S1). The skull shape of the Palawan pangolin could
not be assessed quantitatively owing to the low
number of specimens available and the relatively large
number of missing landmarks [a principal components
analysis (PCA) including this species is provided in the
Supporting Information, Fig. S1]. Taxa were identified
based on a list of morphological criteria identified in
the present study and in previously published works
(Supporting Information, Appendix S2; Hatt et al.,
1934; Gaudin et al., 2009, 2019). Different sizes of skulls
were included to account for the change in shape during
ontogeny. Given the absence of teeth in pangolins, the
determination of age is not straightforward. For each
species, juveniles were defined arbitrarily as those for
which size (estimated by the centroid size; see below) fell
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CRANTAL SHAPE VARIATION IN PANGOLINS

Figure 1. Geographical distribution of the sampled specimens (N = 243) belonging to eight species of pangolins. Mean
shapes are illustrated for each species, except for Manis culionensis. The phylogenetic relationships used the branch lengths
from Gaubert et al. (2018). 1, Phatagininae; 2, Smutsiinae; 3, Maninae.

below the first quartile value (25% smallest specimens)
for each species.

We placed 75 three-dimensional landmarks on
pangolin skulls using a Revware MicroScribe M 3D
digitizer (Fig. 3; Supporting Information, Table S1).
Our selection of landmarks was based on previous
works focused on mammalian taxa (e.g. Goswami,
2006; Hautier et al., 2017). In a significant number
of specimens, the premaxillae were absent, loosely
attached or broken and could not be landmarked. In
pangolins, the jugal bone is often absent. However,
some M. pentadactyla specimens presented a complete
zygomatic arch (see also Emry, 2004). In such cases, the
landmarks 58/72 (zygomatic process of the maxillae)
were hard to define accurately. They were therefore
considered as missing and estimated a posteriori.

Thin plate spline interpolations (Gunz et al., 2009)
were computed to estimate missing landmarks for each
group (e.g. species, cryptic lineages). This approach
was implemented in the software package ‘geomorph’
v.3.5.0 (Adams et al., 2017) in R (R Development
Core Team, 2013). A generalized Procrustes analysis
(Rohlf & Slice, 1999) was performed on all sets of
landmarks. All specimens were scaled to centroid size,
optimally translated and rotated using a least-squares
criterion. The coordinates retrieved by the generalized
Procrustes analysis represented the shape of the
skull of each specimen. An ANOVA was performed

on a subset of our data for which sex determination
was available (N = 120), in order to assess sexual
dimorphism in skull shape.

ALLOMETRY IN EXTANT PANGOLINS

The study of allometry can focus on three different levels
(Cheverud, 1982; Klingenberg, 2016). Morphological
changes can be associated with phylogenetic differences
in size (evolutionary allometry), variation in size
within a single ontogenetic stage (static allometry)
or variation in size attributable to individual growth
within a single species (ontogenetic allometry; e.g.
Foth et al., 2016; Esquerré et al., 2017; Gray et al.,
2019). Here, we quantified evolutionary allometry
and considered three traits of ontogenetic allometric
trajectories: direction (slope), magnitude (length) and
intercept. These aspects were controlled/investigated
with three different analyses.

First, a phylogenetic multivariate regression
of the mean shape of adult specimens (N = 173)
against log-centroid size was performed to assess
evolutionary allometry. This analysis was performed
with procD.pgls from ‘geomorph’ using a consensus
phylogeny from Gaubert et al., (2018). Then, we
focused on ontogenetic allometry using interspecific
(N = 241) and intraspecific datasets. The cryptic
lineages dataset including P. tricuspis included only
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Figure 2. Map of Africa, with the locations of the sampled Phataginus tricuspis (N = 96) coloured according to the cryptic
lineage (Gaubert et al., 2016) to which they were attributed (right). The tree topology of the intraspecific affinities is based

on Gaubert et al. (2018).

96 specimens (Fig. 2; KMMA 30808 was discarded
owing to imprecise information on location). Details
about the analysis of the M. javanica dataset can be
found in the Supporting Information (Appendix S3).
First, a multivariate regression was performed to
assess covariation patterns between the logarithm of
the centroid size and Procrustes-aligned coordinates
(raw shapes) using procD.Im from ‘geomorph’. The
hypothesis of parallel group slopes was assessed with
a homogeneity of slopes (HOS) test. This test consists
of an analysis of covariance (ANCOVA) to assess the
influence of size, groups and the interaction of size and
groups on skull shape. The HOS test includes pairwise
comparisons between groups (species/cryptic lineages)
to assess significant differences of both the direction
(angles) and magnitude (amount of change in shape
with size) of allometric trajectories. Significance was
assessed with a residual randomization permutation
procedure with 10 000 iterations. The HOS tests were
performed with advanced.procD.lm from the package
‘geomorph’. The HOS tests were complemented by

graphical representations of allometric trajectories
and skull shape deformations (Adams & Nistri,
2010; Esquerré et al., 2017). We plotted the first
principal component (PC1) of the predicted values of
multivariate regression of shape on log-centroid size
vs. log-centroid size regressions for each species. We
then assessed the significance of differences between
the intercepts using a Tukey means comparison,
to test for changes in shape explained by species
differences in the resulting morphospace. Thin plate
splines were generated using the function tps3D
from the R package ‘Morpho’ v.2.5.1 (Schlager, 2017)
in order to characterize differences in shape between
the smallest and the largest specimens for each
species (ontogenetic allometry). We then visualized
landmark displacement during ontogeny using the
function deformGrid3d from the same package.
A phenotypic trajectory analysis (PTA) was also
performed as a complementary analysis to the HOS
test (see Supporting Information, Appendix S3; Adams
& Collyer, 2009; Collyer & Adams, 2013).
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C 73

Figure 3. Landmarks digitized on the skull of Phataginus tricuspis (BMNH 34.6.2.92) in lateral (A), ventral (B) and dorsal
(C) views. Red and blue numbers represent landmarks placed ventrally and dorsally, respectively.

Second, when the HOS test revealed parallel
trajectories, we performed an additional analysis
(overlap test) on multivariate shape data to test
for overlap in ontogenetic allometric trajectories
by comparing their differences with a set of 10 000
permutations (Piras et al., 2011; Esquerré et al., 2017).
Intercepts were tested at x = 5.125, because we lacked
fetuses and neonates of small size (close to x = 0), which
could result in an incorrect estimate of minimum size

(x = 0). The overlap test was performed only on the
interspecific dataset.

Finally, if slopes were overlapping between
species, a third analysis was performed to identify
peramorphosis/paedomorphosis. This ‘heterochrony
test’ enables the characterization of differences in
skull shape at maximum size (Piras et al., 2011,
Esquerré et al., 2017). Significance was assessed
by comparing these differences with a set of 10 000
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permutations. This test was performed only on the
interspecific dataset.

VISUALIZATION OF SHAPE VARIATION AND
STATISTICAL ANALYSIS

The variation of skull shapes was visualized using a
PCA (Dryden & Mardia, 1993). Data were analysed
without allometric correction in order to allow for
a comparison of the results with morphological
discrete characters used in phylogenetic analyses.
Analyses with the allometry-corrected shapes for the
interspecific and P. tricuspis datasets can be found in
the Supporting Information (Appendix S3). Allometry-
corrected shapes were obtained as the residuals of
pooled within-group regressions. This method is used
to obtain a common estimate for the allometry when
comparing several groups (Sidlauskas et al., 2011,
Benitez et al., 2013; Klingenberg, 2016). Pooled within-
group regressions were performed in Morphod v1.06d
(Klingenberg, 2011). For simplicity, when PCAs were
performed on allometry-corrected shapes, axes were
designated as PCres.

Interspecific variation in extant pangolins

A PCA was performed excluding specimens considered
as juveniles (N = 173). A second PCA was performed
on a dataset including juveniles and two specimens of
M. culionensis (N = 243). We used a .ply surface of a
micro-computed tomography-scanned P. tricuspis skull
(BMNH 34.6.2.92), the species most closely resembling
the mean shape. The surface was then deformed to the
mean skull shape of Pholidota and used to visualize the
variation in skull shape along the first three principal
components (PCs). Triangular mesh warping via thin
plate spline was performed with the package ‘Morpho’.
A multivariate ANOVA was performed to assess
whether skull shape differed between taxonomic
groups. Pairwise comparisons between least-
squares means were performed using advanced.
procD.Im. If taxonomy had a significant effect on
skull shape, a leave-one-out cross-validated linear
discriminant analysis (LDA) was performed on a set
of PCs explaining 90% of variance. The leave-one-
out procedure allows evaluation of the accuracy with
which unknown specimens can be identified (e.g. Evin
et al., 2013). Linear discriminant analyses and post
hoc classification methods were performed with the
‘MASS’ package (Venables & Ripley, 2002) in R.

Intraspecific variation in P. tricuspis and
M. javanica

A second subset including only adult P. tricuspis
specimens was analysed separately in order to

describe the intraspecific variation in skull shape
(N = 71). We used the cryptic genetic lineages defined
by Gaubert et al. (2016) to test the variation in skull
shape linked to geographical distribution within
P. tricuspis. Specimens were sorted according to six
regions (Fig. 2): Western Africa (WAF), Ghana (GHA),
Dahomey Gap (DHG), Western Central Africa (WCA),
Central Africa (CAF) and Gabon (GAB). Skull shape
difference tests and cross-validated LDA described in
the previous paragraph were repeated on this dataset.
If a posteriori attribution errors were consistently
detected between two regions, these were merged,
and the protocol was repeated with the new specimen
sorting in order to test for its potential in assigning
specimens with unknown geographical origin.

An equivalent protocol was applied to assess
intraspecific variation in the skull of M. javanica. The
geographical delimitation of cryptic lineages within
this species is still uncertain (Zhang et al., 2015; Nash
et al., 2018). These preliminary analyses can be found
in the Supporting Information (Appendix S3).

The original landmark coordinates used in this
study are provided in the Supporting Information
(Appendix S1).

RESULTS
ALLOMETRY IN EXTANT PANGOLINS

A multivariate regression (Table 1) performed on raw
shape variables revealed significant effects of log-
transformed centroid size (F,,, = 103.59, P < 0.001,
R? = 0.16), species grouping (Fg 55, = 49.63, P < 0.001)
and of an interaction between centroid size and species
grouping (Fg,,, = 1.35, P < 0.001) on shape. When
we accounted for phylogeny, the effect of size was
marginally non-significant (P =0.09), with evolutionary
allometry explaining roughly one-third of skull shape
variance (R? = 0.27; Supporting Information, Table S2).
The non-significant P-value was probably attributable

to the low number of species (N = 7). The HOS test

Table 1. ANOVA of shape (Procrustes coordinates) ~
log(centroid size)*species

d.f. R? F P-value

Log(centroid size) 1 0.16 103.59 <0.001%
Species 6 047 49.63 < 0.001*
Log(centroid size):species 6 0.01 1.35 <0.001*
Residuals 227 0.37 - -
Total 240 - - -

The randomized residual permutation procedure used 10 000
permutations.
*Significant P-value.
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pairwise comparisons of ontogenetic allometric
trajectories revealed small, significant differences
(low z-values) between the slopes of S. gigantea
compared with both M. javanica and M. pentadactyla
(Supporting Information, Table S3). The remaining
species did not present significantly different slope
angles, which implied that allometric trajectories were
parallel within each genus. The results for the PTA are
presented in the Supporting Information (Appendix
S3; Fig. S2; Tables S4 and S5).

The ontogenetic allometric trajectories overlapped
in most species presenting parallel slopes except for
P. tricuspis (Supporting Information, Table S6). The
trajectory for P. tetradactyla overlapped with all the
others except those of M. javanica and P. tricuspis.
When comparison of the intercepts was performed
considering shape predictions for x = 0, the ontogenetic
allometric trajectories overlapped in all species
(Supporting Information, Table S7). The heterochrony
test showed that all species with overlapping
trajectories presented heterochronic shifts with
respect to each other (Supporting Information, Table
S8).

The intercepts of the regressions of predicted
values of shape against size (Fig. 4) were relatively
distinct within Phataginus and Manis, whereas both
Smutsia species presented overlapping trajectories,

Information, Table S9). Considering the predicted
shapes for minimum and maximum size resulting
from the multivariate regression, the main size-related
intraspecific morphological change was the increase in
length of the rostrum (Figs 4, 5). Landmarks in the
anterior part of the nasal and maxilla tended to be more
anterodorsally positioned, and the nasal projected
more posteriorly (e.g. Fig. 4, 5). The braincase was
relatively lower in the adult, across all species, with
the dorsal landmarks on the midline of the skull being
more ventral when compared with their position in the
juveniles (Fig. 5). Additionally, the landmarks placed
on the zygomatic process of the maxilla and associated
structures (Fig. 3; landmarks 10, 57 and 58) showed
a tendency to project more posteriorly in larger
specimens (Fig. 5A-D). In contrast, S. temminckii
showed no allometric growth of the posterior projection
of the zygomatic processes (Fig. 5E). In contrast, this
species presented the most significant change in the
anterior projection of the zygomatic process of the
squamosal, with this structure being noticeably less
projected in smaller specimens (Fig. 5E).

INTERSPECIFIC VARIATION OF THE SKULL SHAPE IN
EXTANT PANGOLINS

A Procrustes ANOVA revealed that both sex

as revealed by the Tukey comparisons (Supporting  (F; ;45 = 1.80, P = 0.085; F . = 2.03, P = 0.057) and
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Figure 4. Allometric trajectories among seven pangolin species (N = 241). A, the x-axis values are the log-transformed
centroid sizes for each specimen; the y-axis values are the principal component 1 of the predicted values of a multivariate
regression of shape on size. B-H, deformed meshes for the maximum (top) and minimum (bottom) shapes predicted from a
multivariate Procrustes regression for each species are presented.
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CRANIAL SHAPE VARIATION IN PANGOLINS

the interaction between sex and species grouping
(F, ., =0.89,P=0.656;F, =107 P=0.332)did
not significantly influence shape, with and without
considering size as a covariate in the model, respectively
(N = 120; Supporting Information, Table S10). The
Procrustes ANOVA performed with the adult dataset
revealed a significant effect of species on skull shape
(Fe,we =45.02,P <0.001; Table 2). Pairwise comparisons
showed that all species presented significantly
different skull shapes (Supporting Information, Table
S11). The variation in skull shape was visualized using
a PCA performed on the raw shape variables of the
seven pangolin species (Fig. 6). The results of a PCA
including juveniles and M. culionensis (Supporting
Information, Fig. S1) and a full analysis of allometry-
corrected skull shape are presented in the Supporting
Information (Appendix S3; Fig. S3; Tables S12,
S13). Despite the non-parallel slopes, the variance
explained by the interaction between size and species
was relatively low (Table 1), allowing us to use the
residuals of a multivariate regression of shape on size
as allometry-corrected shapes.

Linear regressions performed on the first 30 PCs
(90%) showed that size was significantly correlated
with PCs 1-4 and PC7 (Supporting Information,
Table S14). Size-related morphological changes
captured by PC1 appeared to be associated mainly
with evolutionary allometry, whereas change in shape
along PC2 recovered differences related to ontogenetic
allometry. The first two PCs explained 49.59% of the
total variance (33.95 and 15.64%, respectively).

Principal component 1 was positively correlated
with a high and wide rostrum, a nasofrontal inflation
associated with an orbital constriction, posteriorly
projected zygomatic processes of the maxillary and
a high and wide braincase, with dorsal squamosal-
parietal-frontal junctions. African specimens tended to
display mostly negative PC1 scores, whereas the Asian
clade exhibited positive PC1 scores (Fig. 6A, B). The sole
exception was the African S. gigantea, which presented
positive PC1 values and grouped with Asian specimens
(Fig. 6). Principal component 1 also separated the
two African genera (Phataginus presented the most

negative scores). Juvenile specimens of Asian species
were characterized by less positive PC1 values, plotting
closer to African pangolins (see ‘Results: allometry
within extant pangolins’; Supporting Information, Fig.
S1).

Principal component 2 was positively correlated
with a long rostrum, a long posterior projection of the
premaxilla on the midline, an anterolaterally projecting
zygomatic process of the squamosal and a braincase
with a pseudorectangular shape in dorsal view (Fig. 6).
Principal component 2 separated the three species of
Manis and the two Smutsia. Smutsia temminckii and
M. pentadactyla scored the lowest PC2 average values,
whereas M. javanica scored the highest. Phataginus
spp., S. gigantea and M. crassicaudata presented PC2
scores ranging in between the two groups.

Principal component 3 scores were positively
correlated with the anterior projection of the anterior
flanges of the frontal, a wide and long palatine, a long
infraorbital canal, an anteroposteriorly elongated
dorsal edge of the zygomatic processes of the squamosal
and posteriorly projected pterygoid hamuli (Fig. 6B).
This axis separated species within Phataginus and
Smutsia. Phataginus tetradactyla scored extremely
positive PC3 values, whereas S. gigantea scored the
most negative PC3. The three Manis species and
S. temminckii presented values slightly above zero,
on average, and P. tricuspis showed mostly negative
values, but not as negative as S. gigantea (Fig. 6B).

An LDA was performed to take 90% of the variance
into account (first 30 PCs). Linear discriminant analysis
group aposteriori probabilities retrieved 100% accuracy
for species attribution (Supplemental Information,
Appendix S4). Specimens were grouped by species and
were well discriminated on linear discriminants 1 and
2 (LD1, 54.0%; LD2, 15.6%; Fig. 6C, D). Asian pangolin
skulls presented negative LD1 values, whereas
African pangolins scored both negative (Smutsia) and
extremely positive values (Phataginus; Fig. 6C, D).
The three species of Maninae Gray, 1821 resembled
each other the most, being discriminated only by LD2.
Within the African clade, LD2 discriminated the two
Phataginus species (P. tetradactyla showed the highest

Table 2. ANOVA of shape ~ taxa/geographical groups of adult specimens of the interspecific and Phataginus tricuspis

datasets

Datasets N taxa/geo N d.f. R? F P-value
Interspecific 7 173 166 0.62 45.02 <0.001*
P, tricuspis (Gaubert et al., 2016) 6 70 65 0.16 3.12 < 0.001%
P, tricuspis (geographical groups) 3 70 67 0.11 4.23 <0.001*

The randomized residual permutation procedure used 10 000 permutations. Significant P-values indicate differences between skull shapes of taxa/
geographical groups.

Abbreviation: N taxa/geo, number of taxa or geographical groups used as factors.

*Significant P-value.
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Figure 6. Principal components (A, PC1 vs. PC2; B, PC1 vs. PC3) and linear discriminant analyses (C, LD1 vs. LD2; D, LD1
vs. LD3) with associated variation in shape for crania of seven pangolin species (N = 173).

LD2 values). Smutsia temminckit and S. gigantea were
well discriminated by LD1. Smutsia spp. showed the
highest LD3 values.

The analyses on the allometry-corrected shapes
revealed some differences that are discussed in detail
in the Supporting information (Fig. S3; Tables S12
and S13).

INTRASPECIFIC VARIATION OF THE SKULL SHAPE IN
EXTANT PANGOLINS
Intraspecific variation in P. tricuspis

A multivariate regression revealed that log-
transformed centroid size (F| ;, = 11.56, P < 0.001) and
geographical distribution (cryptic lineages; F, ., = 3.71,

P <0.001) had a highly significant effect on the cranial
shape (Table 3). It also retrieved a significant effect
of the interaction between size and geographical
distribution (F4,34 =1.11, P = 0.001). However, the
pairwise matrix effect sizes were relatively small, and
corresponding P-values were not significant. Therefore,
all cryptic lineages presented parallel allometric
trajectories (Supporting Information, Fig. S4; Table
S15). A Procrustes ANOVA revealed that cryptic
lineages presented different skull shapes (F, ¢, = 3,12,
P < 0.001; Table 2). Pairwise comparisons showed
that all tested cryptic lineages presented significantly
different skull shapes except for Ghana and Western
Africa (Supporting Information, Table S16) Gabon was
not tested owing to lack of replicates.
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Table 3. ANOVA of shape (Procrustes coordinates) ~
log(centroid size)*Phataginus tricuspis cryptic lineages
(N =96)

df R? F P-value
Log(centroid size) 1 0.10 1156 <0.001*
Cryptic lineages 5 0.15 3.71 <0.001*
Log(centroid size):cryptic 4 0.04 1.11 0.001*
lineages
Residuals 85 0.71 - -
Total 95 - - -

The randomized residual permutation procedure used 10 000
permutations.
*Significant P-value.

Principal component 1 explained 12.8% of the
variance of cranial shape within P. tricuspis and was
positively correlated with a larger skull height and
width, an anteroposteriorly short orbit, large tympanic
bullae and a relatively round occipital region.
Specimens from Central Africa mostly scored negative
PC1 values (Fig. 7A, B). On average, specimens from
WAF and GHA presented the most positive PC1 scores.
The Western Central African cluster also presented
mostly positive PC1 scores, whereas specimens from
the Dahomey Gap presented a wide range of PC1
scores, varying from negative to positive values. The
only specimen from Gabon scored negative PC1 values,
plotting near the CAF morphospace.

Principal component 2 explained 9.7% of the
variance and was positively correlated with a shorter
palate with short maxillary projections, anteriorly
projecting squamosal roots and shorter tympanic
bullae well separated from the postglenoid foramina.
Although specimens from CAF had a wide distribution
along PC2, WCA, WAF and GHA presented a much
narrower range of PC2 scores in the middle of the
distribution. On average, DHG presented the most
negative PC2 values.

Principal component 3 explained 6.4% of the
variance (Fig. 7B) and did not segregate specimens
according to geographical origin.

The LDA performed on the first 34 PCs (90%
variance) discriminated WAF-GHA, DHG and
CAF-WCA cryptic lineages, along LD1 (59.1%) (Fig.
7C). Western Africa—Ghana presented the most
positive LD1 values, whereas CAF-WCA specimens
presented mostly negative LD1 values (Fig. 7C,
D). Specimens from DHG presented intermediate
positive LD1 values. LD2 (23.7%) discriminated DHG
skulls (negative values) from all other cryptic lineage
specimens (Fig. 7C). LD3 (13.0%) discriminated the
WCA specimens (most positive values) from the
remaining lineages (Fig. 7D). Group a posteriori
probabilities retrieved a 75.4% attribution accuracy

(see Supporting Information, Appendix S4). The vast
majority of incorrect attributions were found in the
major divisions WAF-GHA and CAF-WCA. Based
on this result, we performed an additional LDA with
a priori attributions of WAF-GHA specimens to a
western group (WES) and CAF-WCA specimens
to an eastern group (CEN), while keeping DHG
as a separate group (Fig. 8). Group a posteriori
probabilities of the LDA of the three groups shows
an attribution accuracy of 95.7% (see Supporting
Information, Appendix S4).

The additional LDA discriminated CEN from WES
and DHG groups along LD1 (73.3%). LD2 (26.7%)
discriminated CEN and WES from DHG groups. We
tested the statistical significance of the intraspecific
variation in the three groups identified above.
A Procrustes ANOVA revealed a significant effect of
the division of P. tricuspis into three morphological
groups, WES, DHG and CEN (F2,67 =4.23, P < 0.001;
Table 2). Pairwise comparisons showed that all
groups presented significantly different skull shapes
(Supporting Information, Table S17). We calculated
the mean shapes for each group (Supporting
Information, Fig. S5). The WES skulls presented the
shortest and widest rostrum, a relatively elongated
infraorbital canal and the longest zygomatic process
of the maxillary. The DHG skulls presented the widest
nasals posteriorly, the most posterior projections of
the maxilla into the palatine and the most posterior
ventral margin of the foramen magnum. Skulls from
the CEN region were characterized by the narrowest
rostra, the smallest tympanic bullae and the most
anterior petrosal-squamosal—exoccipital intersection.

The analyses on the allometry-corrected shapes
revealed similar results (Supporting Information,
Appendix S3; Fig. S6; Tables S12, S18, and S19).

Intraspecific variation in M. javanica

The analyses on the M. javanica dataset showed
that differences in shape were solely explained by
differences in size (Supporting Information, Figs S7,
S8; Tables S12 and S20).

DISCUSSION
SIZE INFLUENCES SKULL SHAPE IN EXTANT PANGOLINS

Size explained a significant part of the total
variation in skull shape among species within the
Pholidota (evolutionary allometry; Table 1; Fig. 4;
Supporting Information, Fig. S2; Table S2). The
HOS and PTA tests showed that the directions
of ontogenetic trajectories were conserved among
pangolins, with only M. javanica and M. pentadactyla
differing significantly from S. gigantea (HOS) and
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Figure 7. Principal components (A, PC1 vs. PC2; B, PC1 vs. PC3) and linear discriminant analyses (C, LD1 vs. LD2; D,
LD1 vs. LD3) with associated variation in shape for crania of six cryptic lineages of Phataginus tricuspis (N = 71; Gaubert

et al., 2016).

P tricuspis (PTA; Supporting Information, Tables S4
and S5). Ontogenetic trajectory angles did not differ
within clades, which is consistent with observations
that intraspecific (ontogenetic and/or static) allometric
trajectories tend to differ as species divergence time
increases (Voje et al., 2014; Esquerré et al., 2017).
Significant differences between the intercepts of
multivariate regressions (overlap test) were found
only between P. tricuspis and all other species and
between P. tetradactyla and M. javanica. With the
exception of the difference in intercept between the
two Phataginus species, significant P-values were
relatively close to 0.05 (i.e. same order of magnitude).
This indicates that allometric trajectories are
still relatively preserved across the Pholidota and

suggests that cranial morphology is similar in early
developmental stages. The heterochrony test showed
that more than half of the pairwise comparisons
performed (12 out of 19) revealed heterochronic
changes. In fact, when the overlap test was performed
taking size = 0 as reference, heterochrony was detected
for all 19 comparisons (Supporting Information,
Tables S6 and S7). This could suggest a major
pattern of heterochrony driving the differentiation
between the Asian and African clades, the first being
putatively peramorphic by presenting longer rostra
and longer zygomatic processes of the maxilla (traits
associated with the PC1 of the predicted values; Figs
4, 5). However, given the absence of fetuses in our
analyses, predictions of shape at minimum size (x = 0)
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Figure 8. Linear discriminant analysis of the Phataginus tricuspis sample (N = 70) divided into three management units.
Consensus shapes (mean shapes) of the proposed management units in lateral view. A, Central African region (CEN). B,
Dahomey Gap region (DHG). C, western African region. Black dots are landmark positions.

should be considered with caution. Additionally, the
heterogeneity of sampling between species might have
influenced the significance of the overlap test, given
that the largest differences between intercepts were
not necessarily significant (Supporting Information,
Table S6). The generally low P-values from the overlap
test (P < 0.23) might reflect substantial differences

in the intercepts, despite the non-significance yielded
(Amrhein et al., 2019).

Moreover, African and Asian clades clearly presented
non-overlapping ontogenetic allometric trajectories for
traits correlated with PC1 of the predicted values of
multivariate regression of shape on size (Fig. 4), with
African species sharing a higher intercept relative
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to Asian ones. We interpret this size—shape space as
a good representation of the evolutionary allometry.
Considering that parameters of modelled growth
trajectories can be used efficiently as continuous
characters in phylogenies (Bardin et al., 2017),
these different intercept values could theoretically
constitute a valuable character to distinguish
members of the Asian and African clades. In fact, they
corroborate previous morphology- and DNA-based
results (Gaubert et al., 2018) that described a split of
the extant Manidae into two continental clades. The
differences in the ontogenetic allometric patterns
between the two size—shape spaces (multivariate vs.
PC1 of the predicted values) might also suggest strong
cranial modularity (i.e. rostrum module; Goswami,
2006). Cranial modules evolve semi-independently,
and allometric patterns detected for highly integrated
modules might differ from the overall pattern (Gerber
& Hopkins, 2011). Further analyses are needed to
confirm this hypothesis but would be beyond the scope
of the present study.

Heterochronic changes are better illustrated by the
ontogenetic allometric trajectories of the two Smutsia
species (Fig. 4; Supporting Information, Tables S6—
S8), as they overlap in both size—shape and shape
spaces (Supporting Information, Fig. S1; Mitteroecker
et al., 2005; Esquerré et al., 2017). Both PC1 of the
predicted values and multivariate regressions suggest
that S. temminckii is paedomorphic, because it tends
to resemble juvenile S. gigantea (peramorphic).
Nevertheless, heterochrony is not always associated
with close phylogenetic affinities. Differing ontogenetic
allometric trajectories between closely related species
were reported previously in hominids (Mitteroecker
et al., 2004). Despite being sister taxa, humans
and chimpanzees differ in skull shape from early
ontogenetic stages. The allometric trajectories of the
two Phataginus species exhibit a similar pattern (Fig.
4; Supporting Information, Table S6). Both species
show rather distinct intercepts (distinct shapes from
early stages).

Overall, our results suggest that complex allometric
changes played an important role in the morphological
evolution of the pangolin skull. All pangolins follow
a similar ontogenetic trend characterized by the
elongation of the rostrum and a posterior projection
of the zygomatic process of the maxilla (Figs 4, 5). As
a consequence, the braincase is relatively smaller in
larger species. These ontogenetic patterns are in line
with described patterns of evolutionary allometry
in which large-sized mammals evolve longer rostra
(Cardini & Polly, 2013; Cardini et al., 2015; Cardini,
2019). Our allometric and phenotypic trajectories
(Fig. 4; Supporting Information, Fig. S2), associated
with the thin plate spline deformations, enable us
to suggest that the ontogenetic drift of S. gigantea

towards the Maninae (Asian pangolins) morphospace
is attributable, in part, to the elongation of the skull
associated with size (Fig. 5). Larger species with
more elongated rostra (Smutsia gigantea and Manis)
additionally present deep nasal notches (Supporting
Information, Fig. S9).

Evolutionary patterns of ontogenetic allometry
should therefore be taken into account in morphology-
based studies. For instance, when looking at cranial
character states in the morphology-based phylogeny
from Gaudin et al. (2009), the depth of the nasal
notch (character 306; Gaudin et al., 2009) appears to
be associated with size. The small-sized Phataginus
species are the only ones presenting shallow nasal
notches (Supporting Information, Fig. S9). The
relative length of the parietal-squamosal suture
(character 385; Gaudin et al., 2009) also appears to
be influenced by allometry (Figs 4, 5). The parietal—
squamosal suture is relatively longer in skulls with
shorter snouts, which is the case in Phataginus species
(the smallest pangolins) that show a relatively long
parietal-squamosal suture. This is to be expected,
because skull length is influenced mostly by elongation
of the rostrum in larger species (Figs 4, 5). According
to Gaudin et al. (2009), S. temminckii is the only
species presenting a multistate for this character
[< 25% greatest skull length (0) or > 25% (1)], which
is congruent with its short snout and intermediate
average size between that of Phataginus spp. and that
of Manis spp. and S. gigantea (Fig. 4). These results
therefore call for a revision of some characters included
in morphological matrices used to reconstruct extant
and extinct pangolin phylogenetic relationships.

PATTERNS OF SKULL SHAPE VARIATION SUPPORT THE
CLASSIFICATION OF EXTANT PANGOLINS IN THREE
DISTINCT GENERA

Based on morphological features, pangolins have
been classified from a single genus (Manis) to a
maximum of six different genera. In 1882, Jentink
published a monograph on the comparative anatomy
of extant pangolins, except for M. culionensis,
in which he briefly referred to the remarkable
differences between the skulls of the seven
recognized species (Jentink, 1882). Nevertheless,
he ascribed all pangolin species to the same genus,
postponing a thorough investigation of skull
morphology. A division of pangolins into six different
genera was later proposed by Pocock (1924), with
the African Smutsia (S. temminckii and S. gigantea),
P. tricuspis, Uromanis longicaudata (Linnaeus, 1766)
(P. tetradactyla) and the Asian M. pentadactyla,
Paramanis javanica and Phatages crassicaudata.
This classification was based on external/soft tissue
characters only, but neglected cranial osteology.
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Although the African—Asian split has been widely
accepted, and the Asian genera have generally been
merged into the single genus Manis, genus-level
classifications have varied within the African clade.
The four species have been ascribed either to a single
genus, Phataginus (Patterson, 1978; Corbet & Hill,
1991), or kept separate in three distinct genera, as
proposed by Pocock (1924; McKenna & Bell, 1997).
Recent phylogenies based on morphological traits
(Gaudin et al., 2009) and molecular data (Gaubert
et al., 2018) have supported the view of an Asian—
African split, with the Asian genus, Manis (Maninae),
as the sister clade to the African pangolins composed
of the two genera Phataginus (Phatagininae Gaubert,
2018) and Smutsia (Smutsiinae Gray, 1873).

Our results support the distinction of three
extant pangolin genera, as recognized in previous
works (Gaudin & Wible, 1999; Koenigswald, 1999;
Gaudin et al., 2009; Gaubert et al., 2018). The PCAs
and LDAs (Fig. 6A, B) largely reflect the division of
extant Pholidota in Maninae (Asian; mostly positive
PC1 values) and Smutsiinae + Phatagininae. The
African clade was weakly supported in the most
recent phylogeny based on anatomical characters
(Gaudin et al., 2009). In all analyses excluding fossil
taxa, Smutsia spp. are recovered as a sister group
to Maninae (Gaudin et al., 2009). This might be
explained, in part, by the detected allometric effect
(see ‘Discussion: Size influences skull shape in extant
pangolins’; Fig. 4; Supporting Information, Fig. S2).
Nevertheless, both the PCA (Fig. 6B) and LDA (Fig.
6C, D) reveal the grouping of all Manis species to the
exclusion of Smutsia and Phataginus. These analyses
also show a clear separation between Smutsia and
Phataginus, with the small pangolins showing lower
values of PC1 and higher values of LD1.

We also show some degree of variation in skull
shape at the intrageneric level that confirms species-
level delineation of extant pholidotans (Fig. 6). Despite
the split between S. gigantea and S. temminckii being
slightly more recent than in other genera (5.6-13.2
Mya for Smutsia, 10.3—-15.6 Mya for Manis and 9.3—
16.5 Mya for Phataginus; Gaubert et al., 2018), their
skulls appear comparatively more distinct. Some of
the differences between S. temminckii and S. gigantea
are related to size (see above; Fig. 4). The most
extensive morphological phylogenetic work performed
to date found that Smutsia was the least-supported
modern genus, with only three unique unambiguous
synapomorphies, none of which involve the cranium
(Gaudin et al., 2009). Our results on variation in skull
shape are congruent with the low support for the
Smutsia node. As discussed above, elongation of the
rostrum largely influences this intrageneric difference
in shape. This allometric pattern is present at both
ontogenetic and evolutionary levels and explains some

of the differences in skull shape between S. gigantea
and S. temminckii. Although the shape of the skull of
S. gigantea is more similar to that of Asian pangolins,
S. temminckii is closer to Phataginus (Fig. 6). In
addition to these substantial differences in skull shape
within Smutsia, previous molecular analyses reported
a relatively large mitogenomic distance within the
genus (11.9%; Gaubert et al., 2018), although lower
than those reported within Phataginus (see below).

The two Phataginus species present the largest
intrageneric mitogenomic distance (14.3%; Gaubert
et al., 2017). This distance is patent in PC3 and LD2
scores, which clearly separate P. tetradactyla from
P. tricuspis (Fig. 6B, C). However, the cranial shape
is more similar between the two Phataginus species
than between the two Smutsia species (Supporting
Information, Table S11). Phataginus tetradactyla was
previously ascribed to the genus Uromanis (Pocock,
1924),butrecent cladisticanalyses based on osteological
characters yielded a strong support for placement in
the genus Phataginus, the best supported among all
genera (Gaudin et al., 2009). Of the seven unambiguous
synapomorphies corresponding to cranial traits, the
orientation and size of the zygomatic process of the
squamosal (character 355; Gaudin et al., 2009) is coded
as ventrally directed and short dorsoventrally for both
species of tree pangolin. We confirmed this character
state (Fig. 6A; PC1), but additionally found that
the shape of this process in the horizontal direction
constitutes one of the main differences between the
two species, with P, tetradactyla presenting the longest
among all pholidotans (Fig. 6B; PC3).

Although three genera have been proposed in
Maninae, recent studies have suggested that the
three species should be grouped into the single genus,
Manis (Gaudin et al., 2009; Gaubert et al., 2018).
On average, Manis is the genus with the lowest
(but still high) mitogenomic distance among species
(mean = 9.3%), with M. javanica—M. culionensis
showing the lowest value (3.1%) and
M. pentadactyla—M. javanica/M. culionensis/
M. crassicaudata showing the highest (12.2%; Gaubert
et al.,2017). The three species of Maninae show some
overlap in morphospace, but are well segregated by
PC2 (Fig. 6A). In contrast, M. culionensis overlaps
with M. javanica in morphospace (Supporting
Information, Fig. S1), which is congruent with the low
mitogenomic distance and the recent divergence time
estimated between these two species (0.4-2.5 Mya).
However, our data are clearly insufficient to assess the
morphological discrimination between M. javanica
and M. culionensis (Supporting Information, Fig. S1).

Despite the strength of the Maninae node,
infrageneric relationships have been greatly debated.
Molecular-based analyses show a well-supported
node (Bayesian posterior probability = 1), including
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M. javanica/M. culionensis and M. crassicaudata, with
M. pentadactyla as the sister taxon (Gaubert et al.,2018).
The M. crassicaudata—M. javanica/M. culionensis clade
remains moderately supported in the Bayesian inference
excluding mitogenomes (nuclear DNA only). In contrast,
a moderately supported sister-group relationship
between M. pentadactyla and M. crassicaudata is
retrieved by morphology-based phylogenetic analyses
(bootstrap value = 76; Gaudin et al., 2009). The list
of synapomorphies from Gaudin et al. (2009) for the
node gathering M. crassicaudata and M. pentadactyla
featured only three cranial traits. Among these, only
the position of the foramen ovale at the level of the
anterior edge of the ectotympanic is an unambiguous
synapomorphy [character 379(1)]. Landmarks 18/43
and 20/45 describe this synapomorphy and contribute
to segregate M. crassicaudata and M. pentadactyla
from M. javanica along with other traits correlated
with PC2 (Fig. 6A). Further anatomical investigation
(i.e. internal characters) remains necessary to explore
the morphological support for both hypotheses more
thoroughly.

SKULL SHAPE VARIATION CORROBORATES CRYPTIC
PHYLOGEOGRAPHICAL LINEAGES IN P. TRICUSPIS

Cranial osteological data are extremely useful to
unveil patterns of cryptic speciation (Sukumaran
& Knowles, 2017). Our results confirm, at least in
part, the existence of several geographical groupings
within P. tricuspis (Gaubert et al., 2016, 2018; Figs 2,
7; Supporting Information, Fig. S5). The PCA showed
some degree of overlap between the different lineages
in morphospace (Fig. 7A, B), although we were able to
find significant differences among the skulls of four
lineages or lineage groups (Western Africa + Ghana,
Dahomey Gap, Western Central Africa and Central
Africa). Homogeneity in skull shape might be explained
by recent divergence times between these lineages
(0.8-4.6 Mya for the most recent common ancestor of
Western and Central African lineages; Gaubert et al.,
2016, 2018). Nevertheless, we showed that two lineages
(WAF and GHA) from a molecularly identified western
lineage (DHG-GHA-WAF; Gaubert et al., 2016)
present a distinct cranial morphology (Figs 7C, D, 8).
Furthermore, the Dahomey Gap lineage presents a
distinct skull shape. Although the identification of group
membership was not particularly high among cryptic
lineages (75.4%), we showed that WAF—-GHA, DHG and
CAF-WCA form three morphologically distinct groups
separated along a longitudinal gradient, with a high
rate of a posteriori attributions (95.7%; Fig. 8).

Our results recover only partial evidence of the
three nuclear groups found by Gaubert et al. (2016)
that delineated Western Africa (WAF, GHA and
DHG), Western Central Africa (WCA) and Central

Africa (CA). Although the grouping of WAF-GHA is
congruent with the molecular phylogeny, the Dahomey
Gap group is morphologically divergent in this clade.
In addition, the similarity between Central Africa and
Western Central Africa groups could suggest that they
both retained a plesiomorphic cranial shape. However,
testing the congruence between molecular and
morphological data would require further scrutiny.

In contrast, we posit that different environmental
conditions might also explain some parts of the cranial
variation among pangolin lineages. The Dahomey Gap
corresponds to a savannah-like corridor that divides
western and central lowland rain forests (Dupont &
Weinelt, 1996), with a longitudinal gradient ranging from
dry (Dahomey Gap) to more humid rainforest conditions
(western and central rainforest). The adaptation to a
drier climate resulting from tropical forest fragmentation
(Salzmann & Hoelzmann, 2005) could explain the
differentiation of a Dahomey Gap lineage. Concurrently,
genetic drift resulting from an isolation-induced
reduction of gene flow (Renaud & Millien, 2001) might
also have played a role in the Dahomey Gap skull shape
differentiation, following a vanishing refuge model of
diversification (Vanzolini & Williams, 1981; Damasceno
et al., 2014; Gaubert et al., 2016). At least three other
endemic mammal species/subspecies have recently been
described or confirmed on a genetic basis in the Dahomey
Gap (Colyn et al., 2010; Nicolas et al., 2010; Houngbédji
et al., 2012). Further analyses are needed to assess the
potential interaction between variation in skull shape
and environmental conditions in pangolins.

INTRASPECIFIC VARIATION IN M. JAVANICA

In contrast to P. tricuspis, we did not find solid evidence
of skull shape discrimination between molecularly
identified lineages within M. javanica, because
differences in shape appear to be associated solely
with size (Supporting Information, Appendix S3; Figs
S7, S8). The lack of differences in skull shape might
be explained by introgressions between lineages or by
more recent divergence times (Nash et al., 2018) than
among P. tricuspis lineages. Additionally, the cryptic
lineages within M. javanica might currently lack a
well-defined geographical delimitation, attributable,
in part, to the lack of precise geographical information
for the wild specimens sampled (Nash et al., 2018).
Human-induced specimen translocation by the
introduction of pangolin seizures of unknown origin
might also have resulted in the mixing of different
lineages (Pantel & Chin, 2009).

CONCLUSION

Our results are congruent with the currently accepted
genus- and species-level classification of extant
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pangolins. We found that heterochronicchanges explain,
in part, the morphological differentiation of the skull at
an intrageneric level. However, some species appear to
present different allometric trajectories resulting from
changes in skull shape during early developmental
stages. Asian and African clades can be discriminated
on the basis of the allometric trajectories of traits
related to PC1. Namely, we identified elongation of the
rostrum to be related to ontogenetic allometry, and we
hypothesized that this might be also present at the
evolutionary level. This might explain the detected
differences in rostral proportions between species
of different sizes and the apparent morphological
convergence between S. gigantea and Manis species.
Our results underline the importance of accounting
for allometry when performing phylogenetic analyses
based on morphological characters.

Ourresults also show that skull shape differs between
cryptic lineages within P. tricuspis, and that these
can be circumscribed into three geographical groups
from western Africa (WAF-GHA), the Dahomey Gap
(DHG) and Central Africa (CAF-WCA). We show that
skull shape is potentially useful to determine pangolin
species identity and, at a finer scale, the geographical
origin of specimens of white-bellied pangolins seized in
illegal trade hubs or markets. Such information could
help to determine differential poaching pressures,
delimitate management units, and thus refine threat
status at a regional level.
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Appendix S2. Discrete traits.

Appendix S3. Additional analyses.

Appendix S4. LDA a posteriori attribution tables.

Table S1. Definitions of the 75 cranial landmarks used.

Table S2. Phylogenetic ANOVA of shape (Procrustes coordinates) ~ log(centroid size). *Significant P-value. The
randomized residual permutation procedure used 10 000 permutations.

Table S3. Pairwise comparisons of the allometric trajectory angles for skull shape. P-values (10.000 iterations)
are in the upper triangle and angles between slopes (in degrees) in the lower triangle. Significant results are
written in bold.

Table S4. Pairwise comparisons of the phenotypic trajectory angles. P-values (10 000 iterations) are in the upper
triangle and angles between path distances in the lower triangle. Significant results are written in bold.

Table S5. Pairwise comparisons of the phenotypic trajectory lengths. P-values (10 000 iterations) are in the upper
triangle and absolute differences between path distances in the lower triangle. Significant results are written
in bold.

Table S6. Pairwise comparison of the intercept (x = 5.125) of the multivariate Procrustes allometric regressions
(overlap test). P-values (Hochberg corrected) of the difference between the intercepts computed with 10 000
iterations are in the upper triangle and observed differences in the lower triangle. Taxa with significantly non-
parallel trajectories were not included in the test. Significant results are written in bold.

Table S7. Pairwise comparison of the intercept (x = 0) of the multivariate Procrustes allometric regressions
(overlap test). P-values of the difference between the intercepts computed with 10 000 iterations are in the upper
triangle and observed differences in the lower triangle. Taxa with significantly non-parallel trajectories were not
included in the test. Significant results are written in bold.

Table S8. Pairwise comparisons of the predicted head shape (predicted Procrustes residuals) differences at
maximum centroid size (heterochrony test). P-values (Hochberg corrected; in black for x = 5.125 and in blue for
x = 0) of the difference between them computed with 10 000 iterations are in the upper triangle and observed
differences in the lower triangle. Taxa with significantly non-parallel trajectories were not included in the test.
Significant results are written in bold.

Table S9. Pairwise comparison of the principal component 1 (PC1) allometric trajectory intercepts for skull
shape. P-values of a multiple comparison of means (Tukey’s test) are in the upper triangle and the ¢-statistics
values in the lower triangle. The same intercept in all species is the null hypothesis. The P-values are indicated
for species that show the same intercept; *all other pairwise comparisons retrieved a P-value < 0.001. Only species
with parallel slopes are included. Significant results are written in bold.

Table S10. ANOVA of shape (Procrustes coordinates) ~ sex*species and shape (Procrustes coordinates) ~
size + sex*species. *Significant P-value. The randomized residual permutation procedure used 10 000 permutations.
Table S11. Pairwise comparison of the Procrustes distances between least-squares (LS) means for species.
P-values of the difference between the LS means computed with 10 000 iterations are in the upper triangle and
observed distances in the lower triangle. Significant results are written in bold.

Table S12. ANOVA of shape ~ taxa/geographical groups of adult specimens of the interspecific, Phataginus
tricuspis and Manis javanica datasets. Significant P-values indicate differences between skull shapes of taxa/
geographical groups; n groups is the number of taxa or geographical groups used as factors. *Significant P-value.
The randomized residual permutation procedure used 10 000 permutations.

Table S13. Pairwise comparison of the allometry-corrected Procrustes distances between least-squares (LS)
means for species. P-values of the difference between the LS means computed with 10 000 iterations are in the
upper triangle and observed distances in the lower triangle. Significant results are written in bold.

Table S14. Significant ¢-tests of principal components vs. log-transformed centroid size.

Table S15. Pairwise comparisons of the allometric trajectory angles for skull shape in Phataginus tricuspis
cryptic lineages [homogeneity of slopes (HOS)]. P-values (10 000 iterations) are in the upper triangle and angles
between slopes (in degrees) in the lower triangle. Significant results are written in bold.

Table S16. Pairwise comparison of the Procrustes distances between least-squares (LSS) means for cryptic lineages
(Gaubert et al., 2016). P-values of the difference between the LS means computed with 10 000 iterations are in the
upper triangle and observed distances in the lower triangle. Significant results are written in bold.

Table S17. Pairwise comparison of the Procrustes distances between least-squares (LLS) means for three
geographical groups. P-values of the difference between the LS means computed with 10 000 iterations are in the
upper triangle and observed distances in the lower triangle. Significant results are written in bold.

Table S18. Pairwise comparison of the allometry-corrected Procrustes distances between least-squares (LLS)
means for cryptic lineages (Gaubert et al., 2016). P-values of the difference between the LS means computed with
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CRANIAL SHAPE VARIATION IN PANGOLINS

10 000 iterations are in the upper triangle and observed distances in the lower triangle. Significant results are
written in bold.

Table S19. Pairwise comparison of the allometry-corrected Procrustes distances between least-squares (LS)
means for three geographical groups. P-values of the difference between the LS means computed with 10 000
iterations are in the upper triangle and observed distances in the lower triangle. Significant results are written
in bold.

Table S20. ANOVA of shape (Procrustes coordinates) ~ log(centroid size)*cryptic lineages (INV = 35) in M. javanica.
*Significant P-value.

Figure S1. Principal components analysis on the dataset including juveniles and two specimens of Manis
culionensis (N = 243).

Figure S2. Phenotypic trajectory analysis among seven pangolin species. The morphospace delimited by principal
component (PC)1 and PC2 explaining the variance between adults and juveniles within each species (INV = 125) is
shown. For each species, a trajectory representing the change in shape between the shape estimates for juveniles
(light grey circles) and adults (dark grey circles) is represented. Deformed meshes represent the maximum and
minimum shapes of PC1 and PC2.

Figure S3. Principal component (A, PC1 vs. PC2; B, PC1 vs. PC3) and linear discriminant analyses (C, LD1 vs.
LD2; D, LD1 vs. LD3), with associated allometry-corrected variation in shape, for crania of seven pangolin species
(N = 173). Shapes are the residuals of a pooled within-group multivariate regression of shape on log-transformed
centroid size.

Figure S4. Allometric trajectories of the cryptic lineages (Gaubert et al., 2016) of Phataginus tricuspis (N = 95).
The x-axis values are the log-transformed centroid sizes for each specimen; the y-axis values are the principal
component 1 of the predicted values of multivariate regression of shape ratios on size. The size of the dots indicates
the size of the specimens. Abbreviation: CAF, Central Africa; DHG, Dahomey Gap; GHA, Ghana; WAF, Western
Africa; WCA, Western Central Africa. GAB (Gabon) was excluded because our dataset included only one skull.
Figure S5. Mean shapes of proposed management units for the Phataginus tricuspis sample (N = 70) in lateral
(left), ventral (middle) and dorsal (right) views. A, Central African region. B, Dahomey Gap region. C, Western
African region. Black dots are landmark positions.

Figure S6. Principal components (A, PCres1 vs. PCres2; B, PCresC1 vs. PCres3) and linear discriminant analyses
(C, LD1 vs. LD2; D, LD1 vs. LD3) with associated allometry-corrected variation in shape for crania of six cryptic
lineages of Phataginus tricuspis (N = 71; Gaubert et al., 2016). Shapes are the residuals of a pooled within-group
multivariate regression of shape on log-transformed centroid size.

Figure S7. Allometric trajectories of the lineages (Nash et al., 2018) of Manis javanica (N = 35). The x-axis values
are the log-transformed centroid sizes for each specimen; y-axis values are the principal component 1 of the
predicted values of multivariate regression of shape ratios on size. The size of the dots indicates the size of the
specimens. Abbreviations: BOR, Borneo; JAV, Java; SUM/SIN, Sumatra/Singapore.

Figure S8. Principal components (A, PC1 vs. PC2; B, PC1 vs. PC3) with associated variation in shape for crania
of Manis javanica lineages (N = 25; Nash et al., 2018).

Figure S9. Minimum (left) and maximum (right) shape prediction from a multivariate regression on log-
transformed centroid size for two species of small (A, B) and two species of large (C, D) pangolins in dorsal view.
A, Phataginus tricuspis. B, Phataginus tetradactyla. C, Smutsia gigantea. D, Manis javanica. Grey and red dots
mark landmark positions at minimum and maximum sizes, respectively. Black dots are landmark positions for
maximum size predictions.
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Chapter 2: Morphological evolution and convergence

In the previous chapter, I summarized several important concepts to understand the evolutionary history
of morphology. An observed morphological pattern gives clues about function and, if thoroughly
investigated, about the phylogenetic affinities of a group. However, it is the process by which phenotypes
are generated that can ultimately serve to disentangle the evolutionary history of morphological traits. By
process, I mean both evolutionary and developmental components of the phenotype that are ultimately
interconnected by the information coded in DNA. Nevertheless, the evolutionary/hereditary,
developmental, and functional components of the phenotype have not always been well separated during

the long documented story of the study of biodiversity, dating back to Ancient Greece.

2.1-Homology and convergence

Under a Darwinian logic, homology has been defined as similarity due to common descent (Rieppel,
1994). Nevertheless, the definition of this term has been the subject of discussion for many generations
(see Hall, 1994). The first formalized definition of homology can be attributed to Richard Owen (Idealistic
homology; Wagner, 1989). Owen’s definition of homology did not consider the phylogenetic history
between taxa and was based on a “law of nature” (archetype) that established the anatomy of animals and
plants (Wagner, 1989). Nevertheless, the use of this concept of homology can be traced back to Aristotle,
the first relevant work on this matter consisting on the comparison of the skeleton of a bird and a human,
by Belon in the 16" century (Rieppel, 1994). Belon illustrated both skeletons identifying each
corresponding bone with the same letter, ignoring their shape and functional context within the skeleton.
The identification of each structure was based on topology. Yet, a clear description of homology in the
context of natural history only came in the early 19" century. Etienne Geoffroy Saint-Hilaire was probably
one of the first anatomists of the Enlightenment to get a global view of the diversity of vertebrates, much
aided by the access to specimens brought to Paris during the Napoleonic Wars (Ceriaco & Bour, 2012).
As Belon, Saint-Hilaire defined homology based on topology. According to the latter, homologous
structures could be identified in morphologically distinct taxa based on their connections to adjacent
structures (Geoffroy Saint-Hilaire, 1822). Saint-Hilaire’s “essential similarity” (homology) principle is
based on accepting the existence of a shared structural plan (Bauplan), that can be exemplified by the
presence of paired-appendages in animals as different as fish, amphibians, birds, or mammals (Rieppel,

1994). Belon and Saint-Hilaire’s homology can thus be defined as a topological homology that is based
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on connectivity and results from an atomist approach, which requires the decomposition of biological
systems in separate organic structures, so that comparisons can be made in terms of connectivity within
that system (Rieppel, 1986, 1994). This did not prevent Saint-Hilaire from accepting the importance of
functional constraints in anatomy, but allowed him to propose a connection between taxa and reject

Cuvier’s idea that beings were created to fit perfectly their environment and ecology (Rieppel, 1994).

Accepting the idea of a Bauplan, it is pertinent to think that topology only can be safely used to
identify homologous traits. However, topology will fail to detect homologies between the supernumerary
cervical vertebrae of three-toed sloths (8-9; Bradypus spp.) and those of two-toed sloths (5-7; Choloepus
spp.), or those of the other mammals that present a seven-vertebrae conservative structure of the neck
somites (Hautier et al., 2010). Topology on its own cannot test for the hypothesis of homology (Rieppel,
1994). An alternative to the atomist definition of homology is the concept of epigenetics, in which no
single element of a biological system is preformed, with different parts being formed by growth and tissue
differentiation (Rieppel, 1994). During development, complex biological structures can suffer from a re-
arrangement resulting in a change of the identity of their elements (ontogenetic repatterning; Wake &
Roth, 1989). Several cartilage precursors may fuse into a single cartilage, with the resulting bone being
generated from a single ossification center (Rieppel, 1993). The original cartilaginous precursors lose their
individuality as a result of ontogenetic repatterning. Consider different cartilages ossifying independently
as the ancestral state in a given phylogenetic framework. If the pattern observed in the living taxon x is
one single bone, an atomist approach would consider that elements were fused, thus allowing to
homologize the fused and unfused elements on the basis of topology. From this it would derive a
Haeckelian interpretation by which the adult of a “descendent species” would have presented, during
embryonic development, structures present in its ancestor adult form that would ultimately become fused
(historical homology). Given that cartilaginous precursors lose their identity through ontogenetic
repatterning, one cannot homologize the single ossification of the descendent adult with the multiple
ossification of the ancestral adult. Rieppel (1994) used the example of the evolution of the reptilian tarsus
and the contrasting ossification pattern when compared to the tetrapod plesiomorphic state presenting
multiple elements corresponding to independent ossifications of unfused cartilages. Potential homology
can be detected based on topology, but the hypothesis of true homology can only be confirmed through
epigenetic reasoning. In the light of evolutionary biology, homology is not a transformation from an
ancestral to a derived state. Following von Baer’s (1928) view that development is the deviation and

differentiation from an ontogenetic Bauplan, homology can be defined as shared developmentally
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individualized parts of the phenotype (biological homology; Wagner, 1989). With this, Wagner means
that homologous structures between two individuals or within the same individual “share a set of

developmental constraints, caused by locally acting self-regulatory mechanisms of organ differentiation”.

When defining homology, Owen (1843) also re-adapted the term analogue, which was previously
used as a synonymous to homologue by Saint-Hilaire (Rieppel, 1994). The definition of an analogue
derived from Owen’s simplistic definition of its antonym, referring to different structures or organs that
fulfill the same functions in two different animals (Owen, 1843). Following Wagner’s concept of
biological homology, one can re-define analogy as functionally similar parts of the phenotype subjected
to a different set of developmental constraints. In a phylogenetic context, homologous traits that define a
monophyletic taxon are called synapomorphies (McGhee, 2011). On the other hand, similarly shaped or
functionally equivalent structures that were not inherited from a direct common ancestor are denominated
homoplasies. The development of homoplastic traits can happen in three different ways (McGhee, 2011;
Fig. 3). When a homoplastic trait arises from developmentally distinct mechanisms involving different
ancestral states, it means that a process of convergent evolution generated an analogous structure
(McGhee, 2011). DDT is a well-known pesticide to which many arthropods have become resistant (Davies
et al.,2007). This has often occurred through amino acid substitutions in the voltage gate Sodium channel
(paralysis locus on the Drosophila melanogaster X chromosome), hindering the binding of the insecticide
(Davies et al., 2007). However, DDT resistance is also achieved by the increased expression of the
detoxifying enzyme cythochrome P450 (CYP6GI1 gene; Daborn et al., 2002). This is a case of true
convergence in the origin of DDT resistance. The second case of homoplasy is parallel evolution. Fresh
water three-spine sticklebacks populations are characterized by the independent evolution of a low number
of body plates, in contrast with the completely plated marine morph (Colosimo et al., 2005). In most of
the low-plated populations, this phenotype resulted from mutations on the Eda gene that led to amino acid
changes in Ectodyplasin (Colosimo et al., 2005). This example of parallel evolution shows how the same
condition is evolved independently from the same ancestral state (Lecointre & Le Guyader, 2006;
McGhee, 2011). The last type of process originating homoplastic traits is reverse evolution (Omland &
Lanyon, 2000). In this case, trait similarity is not a result of a directly inherited condition but of a reversion
of a derived state to the ancestral state. For instance, the evolution of plumage color in orioles (/cterus

spp.) shows several cases of reversal (Omland & Lanyon, 2000).
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Figure 3 — Schemes of the three ways homoplasy arises (modified from McGhee, 2011). Left — convergent evolution of trait Z in
species 3 and 6; middle — parallel evolution of trait Z in species 3 and 6; right — reverse evolution of trait R in species 6 within clade T.

2.2-Myrmecophagy, a definition

Perhaps one of the most curious cases is that of myrmecophagous mammals. Myrmecophagy or ant- and
termite-eating, is a very specialized form of insectivory. Although several mammals include ants and/or
termites in their diet, only a few present a stomach content consisting mostly of eusocial insects (>90%;
Redford, 1987). Among mammals, myrmecophagy is known to have evolved at least seven times
independently (McGhee, 2011). While one may think that ants and termites represent an omnipresent
resource and therefore a preferential source of proteins to be exploited by mammals, feeding on eusocial
insects requires both compromise and very specialized adaptations (Redford & Dorea, 1984; Redford,
1987). Indeed, the ubiquity of ants and termites must have been a critical factor for the evolution of
specialized myrmecophagous mammals, mainly in tropical habitats in which ants appear to occupy the
top position in biomass composition in the forest canopy (Erwin, 1983; Adis, Lubin, & Montgomery,
1984). Such an availability of food items was not only exploited by mammals, but also by reptiles such as
the thorny devil (Moloch horridus) and the desert horned (Phrynosoma platyrhinos) lizards, and possibly
by Cretaceous theropod dinosaurs like Shuvuuia deserti (Chiappe et al., 1998; Longrich & Currie, 2009).
On the other hand, preying on ants and termites has several drawbacks. First, ants and termites, with the
exception of alate forms and larvae, are not a highly nutritious food source (Redford & Dorea, 1984).
Second, their small size obliges myrmecophagous species to ingest huge amounts of individuals to fulfill
their nutritive requirements. While eusociality may be an advantage, as ant nests and termitaria provide a
concentrated food source, these insects evolved highly complex defensive mechanisms, such as alarm
pheromones, chemical defenses, especially built nests, and a cast system with soldier elements that are
responsible for attacking organisms threatening the colony (Redford & Dorea, 1984). Therefore,
myrmecophagous species need to be quick both in opening nests and in the ingestion process.

Observations show that attacks to ant or termite colonies are often quick strikes, with predators looking
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for areas where the soldier concentration is lower (Redford, 1987). Another downside related to the small
size of prey item in ant- and termite-eating specialists is the imprecision of the foraging process, with large
amounts of inorganic material (i.e., dirt) being ingested (Redford & Dorea, 1984). In addition to low
nutrition, small size, and developed defensive strategies, ants and termites, as other insects, present
exoskeletons made of chitin, requiring the secretion of large amounts of chitinase enzymes in order to

digest these animals (Redford & Dorea, 1984; Emerling ef al., 2018).

Diet is a continuous trait and its quantification can be difficult as it can vary due to seasonality or
even intraspecific preferences (e.g., Redford, 1987). Many mammal species are found to have ants or
termites in their stomachs, even if this might be a result of the ingestion of vegetation or prey items on
environments with a large presence of these insects, rather than intentional predation (Redford, 1987). On
the other hand, most insects provide an important source of proteins (Verkerk et al., 2007; Bogart &
Pruetz, 2011). Redford (1987) provides an extensive list of mammals that feed on ants, as well as proxies
for the relative importance of these insects in their diets. Rodents provide some least known examples of
myrmecophagy like the Dollman’s tree mouse (Prionomys batesi), African striped squirrels (Funisciurus
spp.), and the shrew-faced squirrel (Rhinosciurus laticaudatus) (Davis, 1962; Petter, 1966; Emmons,
1980; Denys, Colyn, & Nicolas, 2006). Carnivores such as the bat-eared fox (Otocyon megalotis) and the
sloth bear (Melursus ursinus) feed on ants and termites, although their diets comprise a wider range of
items such as other insects, carrion, honey or fruit (Kuntzsch & Nel, 1992; Nowak, 1999; Sreekumar &
Balakrishnan, 2002; Stuart, Stuart, & Pereboom, 2003; Ramesh, Sankar, & Qureshi, 2009). We here define
a myrmecophagous species based on the following criteria: i) ant and/or termites account for 90% or more
of the diet based on the volume of stomach content (see Redford (1987), Table I); ii) support for
myrmecophagy is based on several references/observations. Additionally, myrmecophagous species
present one or more of the following derived features: 1) extensible sticky tongues; i1) large salivary glands;
iii) elongated snouts and jaws; iv) tooth loss or reduction in number or structural complexity; v) modified
pyloric stomachs (gizzard-like), sometimes with keratinized “pyloric teeth” (Krause & Leeson, 1974) vi)
strong claws and forelimbs adapted to dig. Strict/specialized myrmecophagy has independently evolved
seven times during the evolution of mammals, one in Monotremata, one in Marsupialia, and five times in
Placentalia.

Within Monotremata, the short-beaked echidna (Tachyglossus aculeatus) is an example of strict
myrmecophagy (Nowak, 1999; Phillips, Bennett, & Lee, 2009). They present a toothless elongated
rostrum, a long and sticky tongue, and powerful digging abilities. The second example of myrmecophagy
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is a marsupial dasyuromorph, the numbat or banded anteater (Myrmecobius fasciatus; Nowak, 1999). This
monospecific taxon has a diet composed of termites (and occasionally ants) and presents some traits
associated to myrmecophagy such as a long tongue and a posteriorly projecting palate (Nowak, 1999).
Although numbats present a high number of teeth (up to 52) they are small and simplified, varying in size,
and being implanted separate from one another (Nowak, 1999).

The most remarkable case of convergent evolution of morphological traits towards myrmecophagy
is found within the placental mammals. Adaptation to a myrmecophagous diet evolved in the hyaenid
Carnivora (aardwolf; Proteles cristatus), the Pholidota (pangolins), the Tubulidentata (aardvark;
Orycteropus afer), the Cingulata (giant armadillo; Priodontes maximus), and the Vermilingua (anteaters)
(Redford, 1987; Nowak, 1999). All these species present tooth reduction, either in number of complexity
(see below), or complete tooth loss (e.g., Davit-Béal et al., 2009). Additionally, to the exclusion of the
aardwolf, these taxa share a series of other convergently evolved traits such as elongated rostra and lower
jaws, the presence of elongated protractile sticky tongues, powerful forelimbs with strong claws and
modified pyloric stomachs that act like a gizzard during food digestion (Vizcaino & Loughry, 2008; Davit-
Béal et al., 2009). These and other convergent traits have led to some confusion in the very first
descriptions of pangolins, aardvarks, armadillos and anteaters (see above) and continue to be an issue for

modern morphology-based phylogenetic analyses (O’Leary ef al., 2013; Springer et al., 2013).

2.3-Morphological convergence in myrmecophagous placentals

Before proceeding further into the next article, it is important to make a brief note about the use of terms
such as “evolutionary replicate” and “convergence”. First, I use the term “replicate” in its sensu lato.
Losos (2017) provided an extensive revision of examples of experimental designs that allow to dissect
convergent evolution. Along with the many examples presented, the author provided an elegant discussion
on the definition of an “evolutionary replicate”, a natural or experimental occurrence of repeated evolution
at the genetic, morphological, or ecological levels. Losos (2017) discussion accentuates the relevance of
scale for the identification of convergent evolution. Secondly, I want to emphasize that the term
“convergence” is used here with a broad sense, referring only to the observed phenotypic pattern while
ignoring the underlying process.

McGhee (2011) used the myrmecophagous placentals as an example of the role of ecological niche

in producing morphologically convergent phenotypes. The selective pressures involved in the adaptation

42



towards myrmecophagy have been so strong that doubts on how to classify ant- and termite-eating
placentals remained present for more than 200 years (see “Phylogenetic framework™). Springer et al.
(2013) argued that morphological traits often provide less well-supported phylogenetic reconstructions of
higher-level relationships, when compared to molecular data. They justify this with the fact that the several
habitats occupied by mammals all over the planet present similar conditions. In other words,
geographically distant locations may present very similar conditions and their colonization may thus
provide “evolutionary replicates”. In the morphological tree recovered by O’Leary et al. (2013; Fig. S2),
pangolins, aardvarks, and anteaters form a well-supported clade. This is despite the massive number of
morphological traits (4541) coded in the supermatrix. These results are a good representation of the degree

of morphological convergence in myrmecophagous placentals (Fig. 4).
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2.4-Tooth loss

As stressed in the previous sections, the reduction of the dentition is a major feature of myrmecophagous
placentals. When Georges Cuvier famously said “Montrez-moi vos dents et je vous dirai qui vous étes”
(“Show me your teeth and I will tell you who you are”) he was definitely not thinking of anteaters and
pangolins. In such cases, the study of teeth becomes a developmental, rather than a morphological subject.
From the developmental question “How did you lose your teeth?” directly derives an evolutionary
perspective: “When, during your evolutionary history, and why?”. In this section I provide a brief review
of the evolution of teeth in mammals, how they develop, and of our current knowledge about development

and morphology in myrmecophagous placentals.

Part of the successful resource exploitation and niche occupation that occurred during the radiation
of mammals is due to the mammal chewing system (Hemae, 1967; Weijs, 1994; Ungar, 2010). Teeth are
typically divided in a dorsal crown and ventral roots (one or more). Both parts are composed of dentine,
with the crown covered by an enamel layer and the root(s) sheathed with cementum. A hollow chamber
in the crown (pulp cavity) is filled with nerves and blood vessels that pass through root canals (Ungar,
2010). These soft tissues make up the pulp branch from the mandibular canal (Ferreira-Cardoso et al.,
2019b). Mammals are thecodont, a condition in which teeth are firmly implanted in alveoli. Despite this
common structure, variation in shape, size, and number of teeth allowed mammals to improve digestive
efficiency and range from dietary specialists to capable generalists. Yet, some mammals lost the ability to
form functional teeth, often losing molar occlusion and the ability to crush and grind food items (chewing).
Inefficient or inexistent food processing reduces the assimilation of energy stored in food items (e.g.,
Morris et al., 1977; Ungar, 2010). Absence of food processing is therefore a major energetic constraint,
and the main reason why myrmecophagous placentals either evolved from lineages with low basal
metabolic rates or were subjected to selective pressures in this direction (McNab, 1985; Richardson,
1987).

The tooth development process (odontogenesis) is probably conserved across vertebrates and
likely represents the plesiomorphic condition of the group (Holland ef al., 1994; Hu & Marcucio, 2009;
Riicklin et al., 2012). Depending on the type of tooth (incisor, canine, premolar, molar), this process may
show some variations, such as the presence of secondary enamel organs (e.g., multicusped teeth; Jernvall
& Thesleff, 2012; Renvois¢ & Michon, 2014). However, the evolutionary history of mammals shows
several exceptional cases of tooth shape simplification (homodonty), enamel loss, reduction of tooth

number or complete loss of teeth (Davit-Béal et al., 2009; Meredith et al., 2009). In the case of
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myrmecophagous placentals, the process of tooth development was either: i) truncated in early stages
(e.g., as in anteaters and pangolins), ii) stopped posterior to eruption (e.g., absence of replacement teeth
for the anterior dentition of aardvarks), or iii) missed some part of the described traditional steps (e.g.,
armadillos and sloths). Additionally, the derived hypselodont dentition present in some animals (e.g.,
xenarthrans and aardvarks) results from a modification in odontogenesis, as at least one cervical loop
remains active, with its stem cells differentiating into odontoblasts during the entire lifespan of the animal
(Renvoisé & Michon, 2014).

Anteaters and pangolins appear to present early stages of tooth development (Gervais, 1867; Rose,
1892; Rose, 1892; Tims, 1908), despite the lack of unequivocal evidence for vestigial teeth. Aardvarks
present deciduous teeth that are never replaced (Anthony, 1934b). All xenarthrans and the aardvark present
enamel-less teeth (Davit-Béal et al., 2009; Vizcaino et al., 2009; Meredith et al., 2009). In the following
article, osteological correlates of tooth innervation are investigated in order to understand how tooth

sensorial function evolved following tooth loss.
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Article 2

Evolutionary tinkering of the mandibular canal linked to convergent regression of teeth in placental
mammals.

Published in: Current Biology

Supplemental information for this article is available in Appendix 2.
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SUMMARY

Loss orreduction of teeth has occurred independently
in all major clades of mammals [1]. This process is
associated with specialized diets, such as myrme-
cophagy and filter feeding [2, 3], and led to an exten-
sive rearrangement of the mandibular anatomy.
The mandibular canal enables lower jaw innervation
through the passage of the inferior alveolar nerve
(IAN) [4, 5]. In order to innervate teeth, the IAN projects
ascending branches directly through tooth roots [5, 6],
bone trabeculae [6], or bone canaliculi (i.e., dorsal ca-
naliculi) [7]. Here, we used micro-computed tomogra-
phy (u-CT) scans of mandibles, from eight myrme-
cophagous species with reduced dentition and 21
non-myrmecophages, to investigate the evolutionary
fate of dental innervation structures following conver-
gent tooth regression in mammals. Our observations
provide strong evidence for a link between the pres-
ence of tooth loci and the development of dorsal canal-
iculi. Interestingly, toothless anteaters present dorsal
canaliculi and preserve intact tooth innervation, while
equally toothless pangolins do not. We show that the
internal mandibular morphology of anteaters has a
closer resemblance to that of baleen whales [7] than
to pangolins. This is despite masticatory apparatus re-
semblances that have made anteaters and pangolins a
textbook example of convergent evolution. Our results
suggest that early tooth loci innervation [8] is required
for maintaining the dorsal innervation of the mandible
and underlines the dorsal canaliculi sensorial role
in the context of mediolateral mandibular movements.
This study presents a unique example of convergent
redeployment of the tooth developmental pathway
to a strictly sensorial function following tooth regres-
sion in anteaters and baleen whales.

RESULTS
Evolution of Dorsal Canaliculi after Tooth Regression

Three-dimensional (3D) models of the mandibles, teeth, and
mandibular canals of 26 species were investigated (Figures 1,
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S1, and S2). Detailed anatomical descriptions of the mandibular
canal in each myrmecophagous species and sister taxa are
provided as Supplemental Information (Figures S1, Data S1).
A summary description of additional species used to recon-
struct the ancestral condition of placental mammals is also
provided as Supplemental Information (Figure S2, Data S1).
For cetacean comparisons, we used a dataset that was
recently published by Peredo et al. [7]. All toothed mammals
get teeth innervated and vascularized, but this innervation
and vascularization only occasionally happens through dorsal
canaliculi. These canaliculi correspond to narrow tubular chan-
nels that connect the mandibular canal to tooth alveoli (Figures
2E and 2F). The teeth of the giant otter shrew (Potamogale ve-
lox), the aardwolf (Proteles cristatus), and the dog (Canis lupus)
are rooted in close contact with the mandibular canal, with
alveoli often surrounded by trabecular bone (Figures 1, ST,
S1J, and S1N). The investigated additional species revealed
similar patterns with either deeply rooted teeth or trabeculae
surrounding the alveoli (or both; Data S1; Figure S2). These
species all lack dorsal canaliculi even for dorsally implanted
teeth (e.g., aardwolf molars) (Figure S1l). Dorsal canaliculi
were present in three (Pilosa, Cingulata, and Tubulidentata) of
the 18 mammals orders sampled (including one marsupial).
Ancestral reconstruction unambiguously showed that the
absence of dorsal canaliculi likely represents the ancestral con-
dition in placental mammals (Data S1) where alveolar branches
(IAN and inferior alveolar artery, IAA) pass through the trabec-
ular structures of the bone or directly through tooth roots. In
contrast, armadillos (Dasypus novemcinctus, D. pilosus, and
Priodontes maximus), sloths (Bradypus tridactylus and Choloe-
pus hoffmanni), and the aardvark (Orycteropus afer) present
dorsal canaliculi (Figures 1, 2E, 2F, 3C, 3D, S1, and S4), the
so-called “dorsal branches” as previously described in baleen
whales [7], whose dorsoventral length increases as the tooth is
implanted further from the mandibular canal (Figures 2E and
2F). Most of these dorsal canaliculi are located in the anterior
part of the mandible, where teeth are reduced or simply
missing. In the nine-banded armadillo, we observed one ante-
rior dorsal canaliculus that divides to open in four dorsal
foramina (Figures 1 and S1F), while in the hairy long-nosed
armadillo, we observed a dorsal canaliculus that divides in a
plexus of three branches (Figures 1 and S1G). In the aardvark,
three free dorsal canaliculi split and open in six dorsal foramina
(Figures 1 and S1M). Intraspecific variation was detected and
described (Figure S4; Data S1), but the presence and pattern
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Figure 1. Evolution of Dorsal Canaliculi Linked to Tooth Regression in 28 Placentals and 1 Marsupial

Circular timetree (according to Kumar et al. [9]) with corresponding 3D reconstructions of the internal mandibular morphology with dorsal canaliculi (orange),
mandibular canal (cyan), mental branches (purple), and teeth (dark blue). Tree branches are colored in orange (presence of dorsal canaliculi) and black (absence
of dorsal canaliculi). Animal silhouettes are colored in black (sampled species) and gray (species from [7]).

See also Figures S1, S2, S4, and Data S1.

of dorsal canaliculi is always consistent among specimens.
Ontogenetic variation was studied in two species of sloths in
which fetuses display dorsal canaliculi associated with vestigial
tooth loci (Figures 3A and 3B). These dorsal canaliculi are still
present in adults of both species despite the resorption of
vestigial teeth (Figures 3C and 3D).

Surprisingly, toothless species (anteaters and pangolins)
display contrasted mandibular canal morphologies (Figures 1
and 2). All three investigated anteater species present dorsal
canaliculi that open in small foramina (Figures 2A-2C and
S1A-S1C). These foramina are placed along the anterior flat-
tened dorsal margin of the mandible, which defines the dental
pad, with only limited intraspecific and bilateral variations among
specimens of the three species (Figure S4). Ontogenetic varia-
tion is equally limited, with similar patterns of dorsal canaliculi
being observed in both adults and juvenile giant anteaters
(M. tridactyla, Figure S4L-S4N) and nine-banded armadillos
(D. novemcinctus, Figures S4A-S4F). Conversely, pangolins
lack dorsal canaliculi (Figure 2D), with only several minute canal-
iculi that are parallel to the mandibular canal, both dorsally and
ventrally, but rarely connected to it (Figures S1D and S1E).
Foramina associated to these parallel canaliculi are scarce,
invisible to the naked eye, and only occasionally open dorsally
to the mandibular canal.

Histological Evidence for the Passage of Nerves and
Blood Vessels in Dorsal Canaliculi

3D analyses were complemented by histological series, which
enabled to identify internal soft structures associated to the
dorsal canaliculi. The LFB (see Method Details) stained histo-
logical slices of the collared anteater (T. tetradactyla) mandible
enabled us to describe the soft tissues encapsulated in the
mandibular canal (Figure 4). We observed dorsal canaliculi
that allow for the passage of an ascending branch of the inferior
alveolar nerve (IANab; Figures 4C and 4C’), of the inferior alve-
olar artery (IAAab; Figure 4C), and of the inferior alveolar vein
(IAVab; Figure 4B’). In T. tetradactyla, a keratinous dental pad
(pa) covers the dorsal part of the mandible (Figure 4C).
Ventrally, the epidermis (ep) consists of a small layer (Figure 4C),
which lies dorsally to a thick dermis layer (de; Figure 4C). In
addition to connective tissue, this dermis layer presents small
blood vessels and nerve branches. Histological slices of bow-
head whale [10] (Figure S3A) show a similar structuration of
soft tissues, with accessory branches of the large IAN and
IAA that most likely connect the mandibular canal to the vesti-
gial tooth alveoli through dorsal canaliculi. The histological
section [10] suggests a pronounced anterior projection of the
dorsal canaliculi, similar to the pattern for the IAN ascending
branches in odontocetes [4].
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Figure 2. Evolution of Dorsal Canaliculi after Tooth Regression
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(A-F) (A) Cyclopes didactylus; (B) Tamandua tetradactyla; (C) Myrmecophaga tridactyla; (D) Manis javanica; (E) Orycteropus afer; (F) Priodontes maximus. Bone is
transparent. Dorsal canaliculi, orange; mental branches, purple; mandibular canal, cyan; teeth, dark blue. Scale in mm.

See also Figure S4 and Data S1.

DISCUSSION

Shadows of Regressed Tooth Buds in Dorsal Canaliculi

Enamelless sloths, armadillos, and aardvarks all present dorsal
canaliculi that are associated with either tooth alveoli or vestigial
tooth loci in the anterior part of the mandible. The corresponding
nervous and vascular ascending branches should then be
considered homologous to alveolar branches. If the number
and shape of alveolar branches can vary [6, 11], especially in
terminal bifurcations, each main alveolar branch usually corre-
sponds to a single tooth root [6]. Establishing the direct homol-
ogy between ascending and alveolar branches in anteaters is
hindered by the absence of teeth. However, their closest rela-
tives, sloths and armadillos, as well as the aardvark, also display
some anterior dorsal canaliculi with no apparent connection to
tooth alveoli (Figures 1, 2, and S1). Long-nosed armadillos pre-
sent dorsal canaliculi in the anterior part of the mandible and
the anterior most alveoli, while sloths present minute dorsal ca-
naliculi in cheek teeth. This suggests that dorsal canaliculi likely
evolved concomitantly with tooth simplification in cingulatans
and pilosans. All these species have been shown to display
vestigial tooth buds in the anterior part of the mandible during
pre-natal development [12-14]. The observed pattern of anterior
dorsal canaliculi in long-nosed armadillos (Dasypus) and
the aardvark roughly matches the distribution of previously
described vestigial teeth [13, 15-17]. In nine-banded armadillos,
we found dorsal canaliculi that consistently split into three to six
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distinct dorsal foramina in the anterior part of the mandibles
(Figure 1, S1F, and S4A-S4F), while Martin [13] identified five
to six vestigial incisors. This difference is not surprising given
the frequent dental formula variation observed in nine-banded
armadillos [18]. The observed variation in dorsal canaliculi count
of anteaters and nine-banded armadillos (Figure S4) was to be
expected as the number and shape of alveolar branches vary
in humans [6, 11], both at the intraspecific and bilateral levels.
This variation also matches the variation observed in tooth count
of placentals showing a reduced dentition such as the aardvark
[14], long-nosed armadillos [18] and the giant armadillo [19].
Such bilateral variation in tooth number might result from the
lack of stabilizing selection due to an absence of strict occlusion,
as hypothesized for mysticetes [10]. In the aardvark [16], the
lower milk dentition is normally composed of eight to ten teeth,
with the second generation of teeth varying from five to eight in
number depending on the presence of vestigial anterior premo-
lars and canines [16, 17]. We found dorsal canaliculi that could
correspond to two-four anterior premolars, one canine, and
three incisors (Figure S1M). This number coincides with the de-
ciduous dental formula of the aardvark [14]. Our observations
therefore provide convincing evidence for a link between the
presence of teeth, vestigial or not, and the development of dorsal
canaliculi.

This developmental link was corroborated by the study of
ontogenetic series of both extant sloth genera. Comparisons
between sloth pre- and post-natal stages allowed us to directly
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Figure 3. Ontogenetic Evidence of the Association of Dorsal Canaliculi to Vestigial Tooth Alveoli

(A-D) 3D models of the mandibles of sloth fetuses (A) Bradypus tridactylus and (B) Choloepus didactylus) and adults (C) B. tridactylus and (D) Choloepus hoffmanni in
medial (A, C and D) and lateral (B) views. Bone is transparent. B is a mirrored lateral view for a better perspective of the dorsal canaliculus. Dorsal canaliculi — orange;
mental branches - purple; mandibular canal - cyan; teeth —dark blue. Zoomed details of the dorsal canaliculi associated with the vestigial teeth are shown. Scale in mm.

See also Data S1.

associate one long anterior dorsal canaliculus to a vestigial
tooth locus (Figure 3), which is resorbed during development
and is absent in adults. Based on histological sections (Fig-
ure 4), we showed that ascending branches of the IAN and
IAA pass through dorsal canaliculi in the collared anteater
(T. tetradactyla). Teeth innervation was likely retained after
tooth resorption in all pilosans, and this could extend to all
xenarthrans if we consider the anterior dorsal canaliculi of
armadillos as representatives of vestigial tooth loci. Wadu
et al. [6] showed that human tooth nerve bundles can also be
retained—although slightly reduced —after tooth loss induced
by senescence. Our observations of histological sections of
toothless whale fetuses (see [10] and Data S1, Figure S3)
suggest that vestigial tooth loci are associated to IAN and
IAA ascending branches during development, a situation that
mirrors the condition observed in toothed cetaceans [4, 5].
Ridgway et al. [4] described an elongation of the ascending
branches of the inferior alveolar nerve in dolphins, while an
anterodorsal inclination was also reported for the dorsal canal-
iculi of mysticetes [7]. However, the homology between alveolar
branches and ascending branches carried by dorsal canaliculi
was recently challenged for whales [7]. Instead, Peredo et al.
[7] proposed that dorsal canaliculi and associated foramina
constitute a derived character of crown Mysticeti since no in-

ternal evidence of such a structure was visible in other edentu-
lous taxa [7]. Our results clearly contradict this assertion, as we
showed that anteaters display both foramina and dorsal canal-
iculi. In our view, the ascending branches of IAN and IAA
should be considered as homologous to alveolar branches
since they include identical structures and are linked to the
development of teeth. This implies that dorsal canaliculi
evolved convergently in xenarthrans, aardvarks, and baleen
whales following tooth reduction.

Unlike the other toothless species investigated, pangolins do
not present dorsal canaliculi in their mandibles. The small parallel
canaliculi (Figures S1D and S1E) present a distinct shape and
topology hindering a hypothetical homology with the dorsal ca-
naliculi. Tims [20] reported the presence of 13-14 tooth rudi-
ments in the mandible of M. javanica, which he also compared
to hair follicles. However, the observed number of up to four
tooth vestiges per coronal slice [20] seems inconsistent with
the position of the teeth along an anteroposterior axis. Unless
M. javanica presents four tooth generations, no more than two
tooth buds should be expected for each coronal slice [10, 21].
In this context, the 13-14 teeth reported by Tims [20] should
be considered with caution and might correspond to distinct
structures. The lack of tooth buds [22] might therefore explain
the absence of dorsal canaliculi. Although an early dental lamina
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Figure 4. Histological Evidence for the Passage of Blood Vessels and Nerves in Dorsal Canaliculi
(A) 3D-model of a mandible with a purple dashed rectangle indicating where the sagittal cut was performed; black dashed rectangles indicate the limits of the

coronal cut.

(B) Coronal cut showing the mandibular canal and a dorsal canaliculus; soft tissues are present dorsally to the mandibular canal, the dorsal canaliculus and the
external dorsal, and dorso-lateral surfaces of the mandible; the red square represents the area of interest to be zoomed in (B’); the purple dashed line represents

the sagittal section performed on the cut portion of the mandible (A).

(C) Sagittal section showing the mandibular canal, two dorsal canaliculi and associated soft tissues; soft tissues on the dorsal surface of the mandible are
identified; the red square delimits the area zoomed in (C’). (C’) An ascending branch of the IAN is present in the dorsal canaliculus. Abbreviations: bo bone;
de dermis; ep epidermis; IAA inferior alveolar artery; IAAab inferior alveolar artery ascending branch; IAN inferior alveolar nerve; IANa inferior alveolar nerve
accessory branch; IANab inferior alveolar nerve ascending branch; IAV inferior alveolar vein; IAVab inferior alveolar vein ascending branch; pa keratinous dentary

pad. See also Figure S3 and Data S1.

may be present in pangolin embryos [15, 20], its development
appears to be drastically reduced when compared to anteaters
[22]. On the other hand, the lack of these structures in pangolins
could be explained by phylogenetic constraints. Since dorsal ca-
naliculi are also absent in carnivorans (Figures 1, S1l, and S1J),
their absence might represent the ancestral state for Ferae
(Pholidota + Carnivora). Additionally, complete tooth loss prob-
ably happened much earlier in pangolins than in anteaters, since
the almost certainly toothed most recent common ancestor

Current Biology 29, 468-475, February 4,2019

(MRCA) of Pilosa (~58 Mya [23]) is much more recent than the
MRCA of Ferae (~80 Mya [24]). With the oldest fossil pangolin
(~45 Mya [25]) being already toothless, the absence of dorsal
canaliculi in pangolins might simply reflect a more ancient
tooth loss. Importantly, our study shows that the external resem-
blances of the mandibles in anteaters and pangolins, which
made them a textbook example of convergent evolution,
have overshadowed the complex evolution of their internal
morphology.
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Functional Role of Dorsal Canaliculi in Toothless
Species
Previous studies proposed that mammalian teeth might play a
sensorial role in detecting a wide array of external stimuliincluding
pressure, proprioception, and percussion [26] in addition to their
role for food intake. Our results suggest that the development of
dorsal canaliculi might be linked to the presence of tooth loci/
vestigial teeth in both anteaters and baleen whales. One puzzling
fact however is that the development of vestigial teeth remained
preserved for so long during the evolutionary history of these
taxa. In sloths, Hautier et al. [12] showed that the mineralization
and resorption of the vestigial teeth is an integral part of prenatal
dental development. Given the conservatism of sloth dental for-
mula in the fossil record [27], they proposed that these vestiges
were kept for at least 30 million years [23, 27], which implies
that there is still a strong selective pressure for developing these
structures. Such a complex and energetically costly develop-
mental pathway might be the consequence of a strong develop-
mental constraint in preserving the associated innervation
and vascularization of the mandible. A similar developmental
constraint was proposed for the initial development of a normal
eye in blind cavefish [28]. These fish present normal eye develop-
ment before showing sign of later degeneration. Given that there
is no separation between cells giving rise to the retina and to the
forebrain at the early stage of the nervous system (neural plate
stage), the development of a viable embryo with a well-formed
forebrain implies the early development of the eyes [28]. Tooth
innervation develops synchronously with tooth development, be-
ing controlled by local molecular signals [8]. We therefore argue
that tooth development, even in initiation stages, might be
required for maintaining the dorsal innervation of the mandible.
As a matter of fact, embryos of pygmy anteaters present early
tooth development (dental lamina-tooth buds) [22, 29].
Histological slices allowed revealing the presence of dorsal
projections of the IAN and IAA passing through the dorsal canal-
iculi in a mandible of the collared anteater. We propose that
these structures respectively innervate and vascularize the
mandibular keratinous pad that covers most of the dorsal margin
of the horizontal ramus (Figure 4C). The oral sensory receptors
that project via the IAN (a branch of the trigeminal nerve) may
confer a somatosensory role to the mandibular keratinous pad.
In fact, the pattern of innervation of this keratinous pad resem-
bles that of bird beak [30]. Both structures display a superficial
keratinous layer followed dorsally by epidermis and a large
dermis with blood vessels and free nerve endings [30] (Figure 4).
Early tooth development (bud stage) was previously reported in
anteaters [22]. In birds, the keratinous ramphoteca was pro-
posed to be responsible for the early interruption of odontogen-
esis at the lamina stage [31]. An early keratinization might be the
triggering event for subsequent odontogenesis disruption during
the development of both anteater keratinous pad and bird beak.
Interestingly, toothless whales also present keratinous struc-
tures (baleens) that develop after odontogenesis interruption
[10]. Thewissen et al. [10] argued that tooth development is a
sine qua non condition to the development of baleens. This is
in line with both fossil and molecular evidence suggesting a
stepwise transition between teeth and baleen in mysticetes [2].
Ekdale et al. [32] also recently suggested that foramina for baleen
vascularization in the upper jaw of toothless whales are likely

homologous to tooth alveoli. Similarly, odontogenesis and asso-
ciated dorsal canaliculi might be a prerequisite for mandibular
keratinization in anteaters. Accordingly, the lack of keratinous
pad and vestigial teeth might explain the absence of dorsal ca-
naliculi in pangolins.

In rorqual whales, the peculiar distribution of dorsal canaliculi
along the mandible was proposed to be related to movement
coordination of lower jaws and alignment with the baleen plates
during filter feeding [7]. Pyenson et al. [33] argued that nerves
passing through the most anterior canaliculus connected the
brain to a symphyseal organ/vibrissae system responsible for
mandibular motor coordination and prey detection, respec-
tively. Given the absence of external vibrissae in anteaters
and the fact that they mainly use olfaction to detect their prey
[34], dorsal canaliculi and respective extensions of the IAN are
unlikely related to prey detection. However, several studies
[34 and references therein] described the synchronization be-
tween tongue protrusion and mandible closing during feeding
in anteaters (i.e., Myrmecophaga and Tamandua) as well as in
ant-eating echidnas. In these groups, the mandibles rotate me-
dio-laterally, with the oral cavity widening when the tongue is
retracted and narrowing when it is protruded, forming a tube-
like mouth to serve as physical support [35, 36]. This type of in-
tegrated movement would require a tactile feedback originating
from the dorsal margin of the mandible, which is in contact with
the protruding tongue and the upper jaw. A similar hypothesis
has been proposed in whales [7] for the coordination between
mandibles and baleens during gulping. Tooth pulp stimulation
was shown to trigger a response of the digastric muscle in
cats [37]. Dong et al. [38] also showed that cat teeth stimulation
results in discharge signatures for different textures (e.g., rough
or smooth). Furthermore, teeth are known to respond to non-
painful stimuli in humans [39]. We propose that the ascending
branches of the IAN might be part of the somatosensory system
involved in mechanoreception, which could explain the conver-
gent evolution of dorsal canaliculi in the toothless mandibles of
baleen whales and anteaters. In contrast, no medio-lateral rota-
tion of the mandibles was reported in pangolins [36], while the
presence of a fused symphysis likely helps maintaining the
tube-like shape of the oral cavity while feeding [40]. Compared
to anteaters and baleen whales, such a relatively reduced
mandibular mobility could potentially explain the absence of
dorsal canaliculi in pangolins.

Our results support the hypothesis of convergent exaptation
of the dorsal canaliculi in anteaters and baleen whales following
tooth regression. We unequivocally showed that the IAN as well
as blood vessels branch through the dorsal canaliculi and
argue that keratinous structures and vestigial teeth have a
crucial role in mandibular innervation, maintaining the sensorial
function associated to the presence of teeth while strong selec-
tive pressures induced their loss. Despite the superficial resem-
blance of the masticatory apparatus between anteaters and
pangolins, convergent tooth loss resulted in divergent struc-
tures in the internal morphology of their mandible. We propose
that these differences likely reflect divergent phylogenetic his-
tories and/or divergent functional constraints. Rewiring of the
mandibular canal in anteaters and baleen whales provides a
striking example of evolutionary tinkering linked to the regres-
sion of teeth.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

The anatomical descriptions (Data S1) correspond to Cyclopes didactylus (MNHN 1986-1115), Tamandua tetradactyla (BMNH
34.9.2.196), Myrmecophaga tridactyla (ISEM - 065 V), Manis crassicaudata (BMNH 67.4.12.298), Manis javanica (BMNH
9.1.5.858), Dasypus novemcinctus (USNM 033867), Dasypus pilosus (ZMB 19240), Priodontes maximus (ZMB 47528), Proteles
cristatus (BMNH 34.11.1.5), Canis lupus (LAMC 23010), Bradypus tridactylus (MNHN 1999-1065), and Choloepus hoffmanni (Hautier
pers. Coll.), Orycteropus afer BMNH 27.2.11.113), and Potamogale velox (ZMB 71587). Additional comparative observations include
Dasyurus hallucatus (TMM M-6921), Lemur catta (DPC-092), Cynocephalus volans (FMNH 56521), Procavia capensis (UMZC
H4980K), Tapirus indicus (KUPRI 506), Tenrec ecaudatus (Martinez pers. coll.), Lepus europaeus (DMET-RN1), Talpa europaea
(Martinez pers. coll.), Tupaia montana (FMNH 108831), Rhynchocyon petersi (BMNH 55149), Rattus norvegicus (HACB-RN1),
Molossus molossus (AMNH 234923), Dasypus novemcinctus (USNM 033867, BMNH 11.10.27.3, LSUMZ 8538, LSUMZ 29160,
ZMB 84-357, USNM 020920), Cyclopes didactylus (MNHN 1986-1115, BMNH 24.12.4.68), Tamandua tetradactyla (BMNH
34.9.2.196, MVZ 153482, ISEM 778N), and Myrmecophaga tridactyla (ISEM 065V, MVZ 185238, ISEM 071N).

Institutional abbreviations

MNHN, Muséum national d’Histoire naturelle; BMNH British Museum of Natural History; ISEM, Institut des Sciences de I’Evolution;
USNM, Smithsonian National Museum of Natural History; ZMB, Museum flr Naturkunde; LAMC, Natural History Museum of
Los Angeles County; TMM, Texas Memorial Museum; DPC, Duke Lemur Center Division of Fossil Primates; FMNH, The Field
Museum of Natural History; UMZC, University Museum of Zoology (Cambridge); KUPRI, Kyoto University Primate Reasearch Center;
DMET, University of Hull; HACB, University of Liverpool; AMNH, American Museum of Natural History; LSUMZ, Louisianna State
University Museum of Natural Science.

METHOD DETAILS

Comparative anatomy

We present an anatomical description of the mandibles and mandibular canals of 26 species (Figure 1) representing the following
taxa: Vermilingua (anteaters) — Cyclopes didactylus, Tamandua tetradactyla, Myrmecophaga tridactyla (juvenile + adult); Cingulata
(armadillos) — Dasypus novemcinctus, Dasypus pilosus, Priodontes maximus; Folivora (sloths) — Bradypus tridactylus (fetus + adult);
Choloepus spp. (fetus + adult); Tubulidentata (aardvarks) — Orycteropus afer; Afrosoricida (tenrecs) — Potamogale velox, Tenrec
ecaudatus; Macroscelidea (elephant shrews) — Rhynchocyon petersi; Hyracoidea (hyraxes) — Procavia capensis; Pholidota
(pangolins) — Manis crassicaudata, Manis javanica; Carnivora (carnivores) — Proteles cristatus, Canis lupus; Perissodactyla (odd-
toed ungulates) — Tapirus indicus; Chiroptera (bats) — Molossus molossus; Eulipotyphla (moles and shrews) — Talpa europaea; Lago-
morpha (hares and rabbits) — Lepus europaeus; Rodentia (rodents) — Rattus norvegicus; Primates (primates) — Lemur catta;
Dermoptera (colugos) — Cynocephalus volans; Scandentia (tree shrews) — Tupaia montana; Dasyuromorphia (carnivorous
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marsupials) — Dasyurus hallucatus. Using this dataset, we were able to compare the morphology of the mandibular canal and dorsal
canaliculi of closely related toothed and toothless taxa, as well as a wide range of species belonging to 18 mammalian orders. We
additionally compared our results to the previously published research on cetaceans and even-toed ungulates (Cetartiodactyla) by
Peredo et al. [7]. We segmented a total of five D. novemcinctus, three M. tridactyla (two adults + one juvenile), three T. tetradactyla,
and two Cy. didactylus in order to account for intraspecific variation (Data S1, Figure S4). We also segmented left and right hemi-man-
dibles of the anteater specimens to assess the level of bilateral variation in dorsal canaliculi count (Data S1). Both fetus and adult
specimens of B. tridactylus and Choloepus spp. were studied (Figure 3) in order to seek the presence of a dorsal canaliculus linked
to the development of vestigial teeth [12] and to confirm that there was no major variation in the number of dorsal canaliculi through
ontogeny. Mandibles were chosen to study dental innervation patterns because they are composed by a single bone (dentary) en-
closing the IAN and the IAA. The mandibular canal soft tissues enter in a continuous canal posterior to the tooth row and project ante-
riorly to its anterior end. Compared to the cranium, all branching patterns of the mandibular canal are therefore more easily traceable.
The mandible is, therefore, a simpler model to study innervation patterns with the techniques used for this manuscript.

Acquisition of data

The studied specimens belong to the following collections: Natural History Museum, London (BMNH); Muséum National d’Histoire
Naturelle, Paris (MNHN); Museum fur Naturkunde, Berlin (ZMB); University Museum of Zoology, Cambridge (UMZ); Institut des Sci-
ences de I'Evolution, Montpellier (ISEM); Museum of Vertebrate Zoology, Berkeley (MVZ); Louisianna State University Museum of
Zoology (LSUMZ); United States National Museum (USNM); L.H. personal collection. High-resolution microtomography (uCT) was
performed at Montpellier Rio Imaging (MRI; Microtomograph RX EasyTom 150, X-ray source 40-150 kV) platform, Imaging Analysis
Center (BMNH; Nikon Metrology HMX ST 225, X-ray source 225 kV), and the Helmholtz Zentrum Berlin (HZB, Hamamatsu L8121-3,
X-ray source 40-150 kV). The scan resolution differed according to the size of specimens (Table S1). Eight specimens were obtained
from MorphoSource (https://www.morphosource.org), one from Digimorph (www.digimorph.org), and one from the Digital
Morphology Museum (http://dmm4.pri.kyoto-u.ac.jp/dmm/WebGallery/index.html). The left hemi-mandibles (the right one was
used if the left one was missing or broken) were reconstructed, with respective mandibular canals and teeth. Avizo 9.4.0 (Visualization
Sciences Group) was used to perform the 3D reconstructions. When teeth were absent, the mental branches were distinguished from
the dorsal canaliculi by their larger diameter and their lateral projection to the mental foramina on the lateral aspect of the mandible
[5, 7]. Dorsal canaliculi were defined as dorsal projections of the mandibular canal opening on the dorsal surface of the mandible.

Histology

We also dissected the head of an adult specimen of T. tetradactyla ISEM 778N) fixed in formalin. The right mandible was extracted
and its associated musculature removed. The mandible was then subjected to decalcification during forty five days, following stan-
dard protocols. A portion of the mandible was then cut (as shown in Figure 4A) with the use of a scalpel, and fixed in paraffin. Serial
slicing was performed to produce 3um thick coronal and sagittal sections of the mandible. Luxol Fast Blue (LFB) was used to stain the
slices in order to allow for the blue staining of the myeline sheaths insulating nerve cell axons. The LFB staining protocol was
composed of several phases (1-11) in which acetic acid (10%), Luxol Fast Blue (0.1%), lithium carbonate (0.05%), and cresyl violet
(0.1%) were used. (1) Histological sections were placed in a sealed container with the Luxol Fast Blue solution and were left overnight
inside an oven at 58°C; (2) Sections were rinsed with ethanol (96%); (3) Sections were rinsed with distilled water; (4) Sections were
differentiated in a lithium carbonate solution during 30 s; (5) Sections were placed in a rack with ethanol (70%) and were then stirred
manually twice during periods of 15 s; (6) Sections were placed in a rack with distilled water and were then stirred manually during
1 min; (7) A counterstain was performed by placing the sections in a cresyl violet solution during 10 min; (8) Samples were quickly
rinsed twice with ethanol (96%); (9) Sections were placed on ethanol (100%) for two periods of 2 min each; (10) Sections were placed
on xylene (dimethylbenzene) for the same duration as in step (9); (11) Sections were mounted with a resinous medium (Pertex).
A histological slice of a coronal section of the mandible of Balaena mysticetus (provided by J.G.M. Thewissen [10]) was used for
anatomical comparisons (Figure S3A).
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2.5-Morphological adaptation of the head musculature

Ecological convergence is often coupled with both behavioral and morphological convergence (e.g.,
Stuart-Fox & Moussali, 2007; McGhee, 2011). In an evolutionary context, a replicate is therefore expected
to show a correlation between behavior, ecology, and morphology (Johnson, Revell, & Losos, 2009;
Losos, 2017). Function overlaps with behavioral, ecological, and morphological realms of evolution. The
exploitation of an ecological niche is associated to the evolution of specific morphologies that correlate to
function, which is often associated to behavior. For instance, the morphological evolution of the skull of
durophagous bats of the genus Chiroderma is associated with the exploitation of a specific ecological
niche (grain eating) within the phylogeny of fruit bats (Nogueira et al., 2005). On the other hand,
morphology can be a correlate of function. Nogueira et al. (2009) showed that bite force was relatively
weak in long-snouted nectarivorous bats when compared to their insectivorous sister taxa. The authors
showed that low bite forces were associated with morphological traits such as elongated rostra and narrow
zygomatic arches. Hautier et al. (2012) showed differences in the skull and mandibles of hystricognathous
rodents associated to dietary strategies, which they associated to the origin and insertion of masticatory
muscles (function). The authors also show a morphological convergence associated to habitat (niche
exploitation). These are just a few examples of shape-function interactions during processes of adaptive
evolution toward an ecological niche. The literature presents numerous studies addressing convergent
evolution of shape and function (e.g. Herrel et al., 2004; Stayton, 2006; Wroe & Milne, 2007; Tseng,
2013; Tseng et al., 2016).

In the majority of these studies, the concept of “constraint” is omnipresent. Often, function or
functional proxies (e.g., muscle volume) are less correlated with shape than hypothetically assumed
(Figueirido et al., 2011; Fabre et al., 2018). Adaptation can be overlain by phylogenetic constraints
(Stayton, 2005; Hautier et al., 2012). In other cases, morphology and function appear to be decoupled
from behavior (Smith & Redford, 1990). Given the complexity of morphological traits, one is confronted
with the need to study convergent adaptive evolution as a continuous trait (e.g., magnitude of convergence;
Stayton, 2006; Martinez et al., 2018; Arbour & Zanno, 2019) and to consider convergence as a plastic
concept that is susceptible to scale and level of analysis (Losos, 2017). In such scenario, are there true
evolutionary replicates? The answer to this question is dependent on another one: “is adaptation perfect?”
Travis and Reznick (2009) answered this question by splitting traits between adaptive and non-adaptive
ones. The latter are normally referred to as “constraints”. Phenotypic traits may tend to an optimum, as

groups of adaptive traits are acted on by natural selection, but organismal integration (inter-trait
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covariation/correlation) caused by the common pathways between adaptive and non-adaptive traits will
restrict that optimum (Travis & Reznick, 2009). Therefore, evolutionary replicates may present variable
degrees of convergence. As a result, the dissection of cases of evolutionary convergence may result in one
conclusion: each level (ecological, morphological, and functional) depends on the extent of phenotypic
evolvability allowed by the adaptive/non-adaptive trait correlation specific to each clade, as well as to the
ability to detect and quantify variation. Aspects related to phenotypic integration are developed in chapter
3.

Muscles are responsible for motion of skeletal elements and soft tissues in animals (Rizzo, 2015).
Therefore, functional adaptation is often assessed or described on the basis of muscular anatomy (Naples,
1985, 1986, 1999b; Endo et al., 1998, 2002; Marshall, 2009), biomechanical models (Weijs, 1980;
Gueldre & Vree, 1990; Fabre et al., 2017), and muscle performance (Herrel et al., 1999; Santana, Dumont,
& Davis, 2010; Ginot et al., 2018). The mammalian skull is a highly modular system in which
developmental and functional constraints interact to limit or promote the evolution of certain axes of
variation (e.g., Hallgrimsson et al., 2004; Goswami, 2006; Porto et al., 2009; see ‘Morphological
evolution, integration and modularity’ section). One of the main epigenetic factors generating covariance
during the ontogeny of complex skeletal structures is muscle-bone interactions (Cheverud, 1982a;
Hallgrimsson et al., 2007; Zelditch et al., 2008). Muscular activity during the embryonic development of
the skull applies mechanical forces on both bones and cartilages (Hall & Herring, 1990; Herring, 1993).
Those forces, or mechanical loading, act on the embryonic solid surfaces influencing the direction, and
amount of growth or compression (Herring, 1993). The absence of muscular contraction during embryonic
development results in skeletal anomalies including the loss and reduction of certain bones and cartilages
(Hall & Herring, 1990; Rot-Nikcevic et al., 2006; Anthwal, Peters, & Tucker, 2015). Muscular activity
has been detected in development as early as during the differentiation of myoblasts in muscle precursors
(Natsuyama, 1991). This shows that the generation of covariance on the skull through muscle-bone
interactions happens much earlier than functional movements like sucking or chewing.

Evidence of the role of muscular contraction in bone morphology is exemplified by the case-
studies presented by Anthwal et al. (2015) and Herring (1993). Anthwal et al. (2015) used a knockout
experiment to show that the initiation of coronoid growth in the mouse mandible is dependent on the
expression of the transcription factor Pax9. However, the subsequent growth of the coronoid process is
also dependent on the activation of Sox9 expression by the application of mechanical loading. The

expression of some growth-related genes is activated by mechanical loading (Hatton et al., 2003). In
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mutants with a reduced temporalis (the muscle attaching on the coronoid process), the coronoid was
vestigial and eventually lost in later ontogenetic stages (Aggarwal et al., 2010). In the second example,
Herring (1980) showed that the masseter of pigs, one of the muscles originating on the jugal, presents a
posterodorsal extension on the zygomatic arch, when compared to their sister clade, the peccaries. This
muscular projection is matched by posterior process of the jugal. Herring (1993) suggests that the posterior
extension of the masseter induced the development of this jugal process. Such a process is similar to that
studied by Anthwal and colleagues (2015). These two examples are illustrative of the importance of
muscle development in skull evolution.

Despite its role in early development, mechanical loading is often considered an important motor
of covariance generation during the postnatal life of mammals (Herring & Teng, 2000; Zelditch et al.,
2006; Hallgrimsson et al., 2007). Shifts in covariance just posterior to weaning were partly associated to
muscular activity in the cotton rat skull, although other factors may also play an important role (Zelditch
& Carmichael, 1989). On the other hand, a transition from weaning to a hard food diet is probably
responsible for a shift in direction of the ontogenetic trajectory of phenotypic covariance in mice
(Mitteroecker & Bookstein, 2009). The magnitude and direction of mechanical loading is not constant
during an animal’s lifespan (Sun, Lee, & Herring, 2004). This likely contributes to the repatterning of
covariation at different stages of postnatal development (Mitteroecker & Bookstein, 2009). When
considering shifts of muscular strain (either magnitude or direction) in postnatal life, muscle-bone
interactions in the skull can be interpreted as an environmental factor (at least partially; Herring, 1993).
This is because functional movements are dependent on the type of diet (hard or soft). Mechanical loading
is therefore a critical factor of skull shape from the first appearance of muscle anlagen in the embryo, and
may change patterns of covariance during adult life.

Given the intimate association between musculature and skull shape, it is highly relevant to analyze
these two systems in the context of adaptive evolution. In the case of convergent evolution towards
myrmecophagy, qualitative and quantitative analyses of the muscles of the masticatory apparatus can shed
light on the functional adaptation of ant- and termite-eating placentals (Endo et al., 1998, 2007, 2017,
Naples, 1999b; Reiss, 2001). Additionally, comparative anatomy of auxiliary mastication, tongue, and
hyoid muscles can provide a better view over the similarities and differences in functional morphology
across myrmecophagous placentals. Ultimately, this type of information constitutes an essential asset to

test functional convergence in the skull of ant- and termite-eaters.
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In the following article 1 describe the masticatory apparatus, the transverse mandibular
musculature, and the muscles of the hyoid, thyroid, the sternum, and the face in anteaters. I additionally
compare their muscular anatomy to descriptions of other myrmecophagous placentals available in the

literature.
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Article 3

Comparative anatomy of the facial, masticatory, intermandibular, and hyoid musculatures in anteaters
(Vermilingua, Xenarthra) and its implications for the interpretation of morphological convergence in
myrmecophagous placentals.

In preparation: to be submitted to Peer.J

Supplemental information for this article is available in Appendix 3.
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Introduction

The Cretaceous terrestrial revolution and the Cretaceous-Paleogene (K-Pg) mass extinction event are often
viewed as milestones in placental mammal evolution (Meredith et al., 2011). These events promoted the
opening of terrestrial ecological niches available to placentals, contributing to their morphological
diversification (Romer, 1974; Alroy, 1999). The adaptation of the placental masticatory apparatus likely
contributed to this radiation, as mechanical processing of food items is essential to ensure a better energetic

intake (Hiiemae, 2000).

Dietary specialization is often a main driver of cranial morphological specialization (Varrela, 1990;
Barlow, Jones, & Barratt, 1997; Nogueira, Peracchi, & Monteiro, 2009; Hautier, Lebrun, & Cox, 2012;
Klaczko, Sherratt, & Setz, 2016; Maestri et al., 2016). The masticatory apparatus of placental mammals
is composed by the temporal and pterygoid fossae, and the zygomatic arch of the skull, by the jaws, and
by a series of mostly adductor muscles responsible for mandibular movements involved in the chewing
process (Hiiemae, 2000; Hylander, 2006). This apparatus is composed by the temporal, the masseter, and
pterygoid muscles (Turnbull, 1970). These powerful muscles are derived from the plesiomorphic
“adductor mandibulae” plate of sarcopterygians (Edgeworth, 1935; Diogo, 2018). Although several other
muscles contribute to mastication, the mandibular movement is mainly operated by the elevator forces of
the temporal and masseter, the mandibular protrusion mainly involve the pterygoids and the masseter, and
condylar stability is provided by the pterygoids and the zygomaticomandibularis (Turnbull, 1970; Naples,
1999; Hylander, 2006). The homogeneity in the composition of the masticatory apparatus contrasts with
the broad morphofunctional disparity of the placental skull. This functional diversity is mostly reflected
by differences in muscle morphologies and proportions. These are often associated with phylogenetic
constraints and ecological specialization (Parsons & G., 1896; Druzinsky, Doherty, & De Vree, 2011;
Hautier et al., 2012; Fabre et al., 2017; Ginot, Claude, & Hautier, 2018).

The evolution of myrmecophagy (ant- and termite-eating) in mammals is a textbook example of
morphological convergence driven by diet (McGhee, 2011) leading to modified skulls with tooth
reduction, extreme snout elongation, and long extensible tongues (Rose & Emry, 1993; Davit-Béal et al.,
20009; Ferreira-Cardoso et al., 2019; Gaudin et al., 2019). Morphological changes driven by the adaptation
to myrmecophagy even led some myrmecophagous placentals, as anteaters, pangolins, or giant armadillos,
to lose the ability to chew (Naples, 1999; Davit-Béal et al., 2009; Vizcaino et al., 2009). Aardvarks, on

the other side, are still able to chew (Patterson, 1975). Anteaters (Vermilingua, Xenarthra) consist of up
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to ten extant species included in two molecularly divergent families that diverge more than 37 million
years ago (Mya; Gibb et al., 2016), the Cyclopedidae (seven Cyclopes spp.) and the Myrmecophagidae
(two Tamandua spp. and M. tridactyla) (Gaudin & Branham, 1998; Gibb et al., 2016; Miranda et al.,
2018). All species display a unique combination of morphological traits such as a complete tooth loss, an
unfused mandibular symphysis, an extremely reduced mandibular coronoid process, and an elongated
tongue. These features and concomitant loss of mastication have been the target of several studies
dedicated to the anatomy and function of their cephalic musculature (Owen, 1856; Macalister, 1875;

Redford, 1987; Reiss, 1997, 2001; Naples, 1999; Endo et al., 2007, 2017).

The degree of variation in shape, size, and architecture of masticatory, hyoid, and thyroid musculature
across the three anteater genera has not been fully addressed, despite the morphological divergence of
skull and mandible shape between Cyclopes and myrmecophagids. The extreme elongation of the
myrmecophagid rostrum and the loss of the jugal bone in Cyclopes are illustrative examples of the
contrasts between taxa with similar diets and food ingestion strategies (Montgomery, 1983, 1985). A
comprehensive comparative description of the masticatory apparatus of the Vermilingua is a prerequisite
to shed light on the diversity of functional morphology among myrmecophagous placentals. Here, we
describe the masticatory muscles in the three anteater genera Cyclopes, Tamandua, and Myrmecophaga
(Gaudin & Branham, 1998). We used a combination of traditional and virtual dissections to accurately
measure muscular mass and volumes, while reconstructing 3D surfaces based on iodine-enhanced pCT-
scanning (e.g., Gignac & Kley, 2014; Ginot ef al., 2018). Our study aims to provide the first thorough
description of the anteater masticatory apparatus and to compare it to those of other myrmecophagous
placentals (pangolins and aardvarks). We further hope to contribute to an accurate baseline for future

biomechanical studies.

Materials and methods

Biological sampling

We dissected specimens from the three extant anteater genera: Cyclopes didactylus (n = 2); Tamandua
tetradactyla (n = 3); Myrmecophaga tridactyla (n = 1). C. didactylus and T. tetradactyla specimens were
roadkill while M. tridactyla was a zoo specimen. All wild specimens were collected in French Guiana and

were stored in the collections of the Institut Pasteur de la Guyane (IPG; JAGUARS collection, Cayenne,



France) and the Institut des Sciences de 1’Evolution (ISEM; Montpellier, France). C. didactylus and one
specimen of 7. tetradactyla (UM-778-N) were collected and immediately fixed in a 10% formaldehyde
solution. M. tridactyla and another specimen of 7. tetradactyla (M-3074) were collected and frozen. M-
3075 (T. tetradactyla) was collected and immediately dissected. All heads were extracted, as well as the
complete sternum and the tongue musculature that were also detached when possible (M-1525, M-3075).
Frozen and fresh heads were then fixed in a 10% formaldehyde solution. All specimens were stored in
70% ethanol.

Dissections

For each specimen, only one side was dissected. The areas of insertion and origin were described and each
muscle was then stored separately in a 70% ethanol solution. All muscles were weighted with a Sartorius
A 120 S precision weighing scale (precision = 0.01mg). Measurements for all specimens are given on

Table S1.

lodine-enhanced CT-scanning

The most complete and well-preserved specimen from each species was selected to be stained. The three
specimens were nCT-scanned prior to staining, so that the bone tissue could be easily reconstructed. A
second scan was performed after specimens were stained (see below). High-resolution microtomography
(LCT) was performed at Montpellier Rio Imaging (MRI; Microtomograph RX EasyTom 150, X-ray

source 40-150 kV) platform. Scan resolutions are provided in Table 2.

The contrast enhancement protocol was adapted from (Cox & Jeffery, 2011). All specimens were
placed in a solution of iodine (5% LKI) for a period of two to eight weeks, depending on size. This
concentration represents a trade-off between observed staining efficiency and the soft-tissue shrinkage
associated with iodone staining, even if incubation period seems to have a limited effect in soft-tissue
shrinkage, after the first two days (Vickerton, Jarvis, & Jeffery, 2013). In T. tetradactyla and M. tridactyla,
small volumes of I,KI solution were injected directly in the muscles, as the large size of the specimens

hinders an efficient passive diffusion of the contrast agent.
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The contrast-enhanced scans were imported to Fiji (Schindelin et al., 2012) and 2-fold binning
was performed in order to allow for a better handling of the three-dimensional (3D) volumes. The
reconstruction of the 3D volumes was performed using Avizo 9.7.0. The volumes were extracted for each
muscle. Contrast-enhanced uCT-scans results in an increase of density of the soft tissues and thus the
contrast between muscles and bone is lost (Cox & Jeffery, 2011). Therefore, the skull volume was
reconstructed from a CTscan prior to staining. We generated surfaces for the skull and muscles separately
and then used the function “register” in Avizo 9.7.0 to align these reconstructions. Most tendons and
aponeuroses were not stained by the iodine solution, and were therefore not reconstructed. Some muscles

may thus appear detached from the skull (e.g., masseter superficialis in myrmecophagids).

We tried to reconstruct the maximum muscles related to the masticatory, facial, hyoid/thyroid and
sternum musculature in each species. This was highly dependent on specimen condition at the time of
skinning and on the staining results. In M. tridactyla, only the suprahyoid musculature was reconstructed

and described.

Nomenclature

We follow the muscular nomenclature for the masticatory apparatus of xenarthrans defined by Naples
(1985) based on the dissection of the two extant sloth species (Choloepus hoffmanni and Bradypus
variegatus). This terminology adapted previously existing nomenclature for other mammals (Rinker,
1954; Turnbull, 1970). The most recent thorough description of the cranial and tongue musculature of the
giant anteater (Naples, 1999) followed the same terminology used in Naples (1985). More recent
descriptions of the masticatory apparatus of M. tridactyla and T. tetradactyla adopted the English version
of the same terminology (Endo et al., 2007, 2017). We also follow Naples (1999) nomenclature for the
muscles associated to the tongue, the hyoid apparatus (suprahyoid and infrahyoid muscles), and the facial-
masticatory muscles. We here modified the designation of the facial nasolabialis into maxillolabialis. All

muscle names are fully written in Latin.
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Abbreviations

Masticatory muscles: MP — masseter profundus; MS — masseter superficialis; pa-MS — masseter
superficialis pars anterior; pp-MS — masseter superficialis pars posterior; TS — temporalis superficialis;
ps-PE — pterygoideus externus pars superior; pi-PE — pterygoideus externus pars inferior; PM —
pterygoideus medius; pa-PM — pterygoideus medius pars anterior; pp-PM — pterygoideus medius pars
posterior; pz-TS — temporalis superficialis pars zygomatica, pm-TP — temporalis profundus pars

medialis; pl-TP — temporalis profundus pars lateralis.

Facial-masticatory muscles: pe-B — buccinatorius pars externa; pi-B — buccinatorius pars interna; MA —

mandibuloauricularis.

Facial musculature: DN — dilator nasi; pi-MLs — maxillolabialis superficialis pars inferior; ps-MLs —
maxillolabialis superficialis pars superior; pa-MLp — maxillolabialis profundus pars anterior; pi-MLp —
maxillolabislis profundus pars inferior; pm-MLp — maxillolabialis profundus pars media; ps-MLp —

maxillolabialis profundus pars superior.

Intermandibular musculature: IA — intermandibularis; pa-Mh — mylohyoideus pars anterior; pp-Mh —

mylohyoideus pars posterior.

Hyoid, thyroid, and cricoid musculature: CaL — cricoarytenoideus lateralis; CaP — cricoarytenoideus
posterior; CeH — ceratohyoideus; po-CTh — cricothyroideus pars obliqua; pr-CTh — cricothyroideus pars
recta; Gh — geniohyoideus; Ish — interstylohyoideus; Mst— mastostyloideus; pl-ThA — thyroarytenoideus
pars lateralis; pm-ThA — thyroarytenoideus pars medialis; ThH — thyrohyoideus.

Pharynx musculature: CP — constrictores pharyngeus; Sph — stylopharyngeus; 1-VP — levator veli palatini;

m-VP — medialis veli palatini; t-VP — tensor veli palatini.

Sternum musculature: Sg — sternoglossus; Sm — sternomandibularis; SM — sternomastoideus; Sth —

sternothyroideus.
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Table 1 — Masticatory muscle volumes (up; mm?®) and percentages (down) obtained from the 3D models of the contrast-enhanced specimens segmentation. TS —
temporalis superficialis; pz-TS — temporalis superficialis pars zygomatica; pm-TP — temporalis profundus pars medialis; pl-TP — temporalis profundus pars lateralis; MP
— masseter profundus; MS — masseter superficialis; ps-PE — pterygoideus externus pars superior; pi-PE — pterygoideus externus pars inferior; pa-PM — pterygoideus medius

pars anterior; pp-PM — pterygoideus medius pars posterior.

C. didactylus 332.3 139.8 8.0 19.5 33.6 - 60.4 9.4 14.0 46.50
T. tetradactyla 2757.8 575.2 153.9 120.2 128.0 307.1 806.1 135.3 59.0 227.9 245.1
M. tridactyla 12762.2 1718.1 1198.0 510.2 594.1 1592.6 3951.6 1013.6 489.5 851.8 842.8
C. didactylus 42,2 2,4 5,9 10,1 - 18.2 2,8 4,2 14.0
T. tetradactyla 20,9 5,6 4,4 4,6 11,1 29,2 4,9 2,1 8,3 8,9
M. tridactyla 13,5 9,4 4,0 4,7 12,5 31,0 7,9 3,8 6,7 6,6

Table 2 — Facial-masticatory muscle volumes (left; mm®) and percentages (right) obtained from the 3D models of the segmentation of the contrast-enhanced
specimens. pe-B — buccinatorius pars externa; pi-B — buccinatorius pars interna; MA — mandibuloauricularis.

C. didactylus 69.7 17.9 49.9 1.94 25.6 71.6 2.8
T. tetradactyla 1356.7 371.9 911.1 73.7 27.4 67.2 5.4
M. tridactyla 6579.8 990.4 5589.4 NA 15.1 85.0 NA
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Results

Measurements of the muscles involved in mastication are summarized in Tables 1 and 2. Volume
measurements were performed on the segmented muscles of the contrast-enhanced specimens. Mass
measurements of all dissected specimens are provided in Tables S1 and S2. Below, we provide an
anatomical description of the musculature of each of the three species in our study. The description is
followed by a comparative anatomy section in which muscle shape, size (Tables 1 and 2), and architecture
are compared among anteaters. Anatomical structures of the skull, mandible, hyoid-thyroid, and sternum

that are relevant to the description are depicted on figures 1, 2, and 3.
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Figure 1 — The skull (A) and mandible (B) of Tamandua tetradactyla. The skull is shown in lateral (up) and ventral (down) views. The
area in green delimitates the temporal fossa. The mandible is shown in dorsal (up), medial (middle), and lateral (down) views. Anterior is to
the left. Scale bar 10 mm.
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bar 10 mm.
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Anatomical description

Cyclopes didactylus

Masticatory apparatus
Masseter superficialis

The masseter superficialis (MS; Fig. 4) is the only muscle of the masseter muscle complex present in C.

didactylus. The MS is anteroposteriorly elongated and originates from the lateral surface of the zygomatic
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process of the maxilla. Its origin consists of a long and strong posteroventrally projecting tendon that
covers the most anterior half of the muscular part. The muscular part of the MS can be divided in two
parts (Fig. 4; Fig. S1A). The pars anterior of the MS (pa-MS), which is covered by the tendon laterally,
inserts laterally from the posterior part of the dentary pad (Fig. 1B) to the anterior margin of the condyle.
The pa-MS presents a pars reflexa inserting on the ventral margin of the ascending ramus of the mandible
extending anteroposteriorly from the anterior margin of the coronoid process to the level of the mandibular
canal. The pars posterior of the MS (pp-MS) covers the pa-MS posteriorly to the coronoid process and
inserts on the angular process of the mandible (Fig. 4). Its pars reflexa is continuous with the pars reflexa
of the pa-MS and almost reaches the most posterior point of the angular process. The fibers of the MS

have an anteroposterior orientation, being more gradually oblique anteriorly close to the tendon.

Temporalis superficialis

The temporalis superficialis (TS; Fig. 4) is the largest of the four muscles of the temporal complex. It is
a fan-shaped muscle that originates from a scar along the dorsal edge of the temporal fossa. The temporal
crest runs from the posterior end of the orbital ridge to the anterior surface of the root of the zygomatic
process of the squamosal. A thick tendinous layer streches from the origin of the TS and covers the
posterodorsal part of the muscle. The TS is thinner at its origin and thicker at its insertion. The insertion
is muscular on the dorsal tip and the dorsal part of the posterior margin of the coronoid process. An
aponeurosis runs dorsoventrally along the anterior surface of the TS and completely covers the lateral and
anterior surfaces of the coronoid process. The fibers of the TS are organized in a bipennate structure (Fig.
S1B). Deep fibers are dorsomedially oriented while superficial ones are dorsolaterally oriented. In cross
section, the insertion angle of medial fibers with the axis of pennation is about 26°, while lateral fibers

present and angle of around 12°.
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Figure 4 — The masticatory and facial-masticatory musculature of Cyclopes didactylus in lateral (A, B), ventral (C), and dorsolateral
(D) views. Scale bar 10 mm. The more superficial muscles were removed in B.
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Temporalis profundus pars lateralis

The temporal complex includes a deep component divided in two parts, the temporalis profundus pars
lateralis (pl-TP; Fig. 5A) being the largest. The pl-TP takes its origin on a pseudoelliptical area that
extends from the posteroventral part of the orbital contribution of the frontal to the anteroventral part of
the temporal fossa. The insertion of the pl-TP covers most of the posterolateral surface of the coronoid
process, and narrows posteriorly stretching along the dorsal depression located between the coronoid
process and the condyle. Contrary to the TS, the pl-TP does not present a pennate structure, with fibers

roughly vertically oriented.

Temporalis profundus pars medialis

The temporalis profundus pars medialis (pm-TP; Fig. 5A) consists on the inner part of the TP that takes
its origin from the orbit, between the ventral edge of the temporal fossa and the orbital/rotundum foramina.
The anterior portion of the pm-TP is anastomosed with the pl-TP. However, the separation between both
parts is clear posteriorly on the insertion, with the posterior tip of the pm-TP occupying a more
ventromedial position at the level of the mandibular foramen. Fiber orientation and shape of the pi-TP is

similar to that of pe-TP, but the former’s volume is about two thirds that of the latter.

Temporalis superficialis pars zygomatica

The temporalis superficialis pars zygomatica (pz-TS; Fig. 4A, C) is a relatively small muscle, which is
well separated from the TS. It originates from the ventromedial part of the zygomatic process of the
squamosal and broadens ventrally to end on an anteroposteriorly elongated muscular insertion. The
insertion occupies the lateral part of the mandibular notch. The pz-TS is wider dorsally and thinner

ventrally, with fibers presenting an oblique orientation.
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Figure 5 — The pterygoideus and temporalis profunfus muscle complexes of C. didactylus (A), T. tetradactyla (B), and M. tridactyla in
lateral (up) and dorsal (down). C is zoomed on the ascending ramus. Scale bar 10 mm.
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Pterygoid externus pars superior

The pterygoid externus pars superior (ps-PE; Fig. 4B and 5A) is a small anteroposteriorly elongated
muscle. The ps-PE arises from a fossa that extends from the ventral part of the parietal, at the lower limit
of the temporal fossa, into the glenoid fossa. It is the only part of the pterygoid muscle complex that takes
its origin outside the pterygoid fossa. The muscle is mediolaterally compressed and obliquely oriented. Its
posterior part presents a small torsion anterior to its ventrolateral projection towards the mandible. The

insertion of the ps-PE consists of a small concavity just medioventrally to the head of the articular condyle.

Pterygoideus externus pars inferior

The pars inferior of the PE (pi-PE; Figs. 4B and 5A) is similar in shape with the ps-PE. The pi-PE
originates from a small area in the sphenoid, laterally to the foramen rotundum, and dorsally adjacent to
the origin of the pterygoideus medius. The muscle is mediolaterally wide and presents a more horizontal
orientation than the ps-PE. The muscle projects posterolaterally to insert on the anterior margin of the
articular condyle, at mid-height. The medial part of the pi-PE projects posteriorly, inserting below the
insertion area of the ps-PE, reaching the mid-length of the head of the condyle.

Pterygoideus medius

The pterygoid medius (PM; Figs. 4 and 5) arises from the pterygoid fossa and consists of a fleshy block
that originates from the posterolateral part of the palatine to the level of the anterior margin of the
ectotympanic. Its fibers run anteroposteriorly with an oblique orientation and insert medially on the
angular process of the mandible, from the level of the anterior margin of the head of the articular condyle
to its posterior margin. In the most posterior part of their insertion, the fibers assume a more posteroventral
direction and form a small pars reflexa that wraps the posteriormost tip of the angular process. A dense
connective tissue lies dorsally to the insertion of the pterygoideus medius, posterior to the opening of the

mandibular canal.
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Facial-masticatory musculature
Buccinatorius pars externa

The buccinatorius pars externa (pe-B; Fig. 4A, C, D) is distinguishable from the internal part of this
muscle. It is a sheet-like muscle that envelopes the external surface of the buccinatorius pars interna. Its
origin stretches along the ventral edge of the maxilla and the palatine, from anteriorly to the inferior orbital
foramen until the anterior part of the insertion of the pterygoideus medius. The ventral part of the pe-B
wraps the ventral portion of the buccinatorius pars interna and attaches on a broad insertion area on the

lateral surface of the mandible. The fibers have a dorsoventral direction.

Buccinatorius pars interna

The pars interna of the buccinatorius muscle (pi-B; Fig. 4B) is more voluminous when compared to the
pars interna. The pi-B originates from a thin fiber bundle posterior to the buccal commissure and is
covered by the pe-B just posteriorly. It is a long muscle that reaches as far posteriorly as the level of the
coronoid process. The pi-B is characterized by a triangular-shaped buccal projection that sits between the
upper and the lowers jaws. The lateral part of the pi-B contacts the pe-B and does not attach to any bone
surface. Posteriorly, the pi-B inserts on the dorsomedial surface of the mandible, along the fossa located
between the posterior part of the dentary pad and the coronoid process. Its insertion ends posteriorly to
the coronoid process where it contacts the temporalis profundus pars medialis and the anterior part of the

pterygoid medius. The fibers of the pi-B are anteroposteriorly oriented.

Facial musculature
Dilator nasi

The dilator nasi (DN, Fig. 6E, F) is sheet-like, becoming thinner and narrower anteriorly. It takes its origin
on the posterodorsal part of the maxilla, anterior to the lacrimal bone. The insertion of the muscle is
tendinous and was not preserved in the specimens. The fibers are anterodorsally directed and horizontally

oriented.
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Maxillolabialis superficialis pars superior

The maxillolabialis pars superior (ps-MLs; Fig. 6E) originates more posterodorsally than the DN, with
some fibers arising from the lacrimal and the frontal bone. However, most of the area of origin is on the
maxilla. The muscle becomes narrower anteriorly and its anterior portion is linked to a tendon that inserts
anteriorly in the lip region. The tendon, unfortunately, is invisible in the iodine-stained specimen. This
muscle covers the origin of the dilator nasi, and the maxillolabialis profundus pars superior. It overlies

most of the anterodorsal part of the maxilolabialis profundus pars inferior.

Maxillolabialis profundus pars inferior

The maxillolabialis profundus pars inferior (pi-MLp; Fig. 6E, F) is the longest labial muscles. It takes its
origin on the posterodorsal margin of the cranium, stretching from the ventralmost point of the maxilla-
lacrimal suture to about two third of the height of the lacrimal. The muscle is flat posteriorly and becomes
narrower and triangular in cross-section, anteriorly. The pi-MLp narrows anteriorly with slightly oblique
fibers attached to a tendon, close to the buccal commissure. This muscle is overlain by the pars superior

of the MLp and a small ventral part of the posterior part of the maxillolabialis pars pars profunda.

Maxillolabialis profundus pars superior

The maxillolabialis pars profunda is the smallest part of the labial muscle complex (ps-MLp; Fig. 6F). It
is a tape like muscle with the origin just dorsal to the origin of the maxillolabialis pars inferior, being
slightly overlain by the latter. The tendon for the insertion of the ps-MLp is not preserved in this specimen.
Nevertheless, given the position of the muscle, the anteroposteriorly directed fibers were probably

horizontally oriented.
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Figure 6 — The facial musculature of M. tridactyla (A, B), T. tetradactyla (C, D), and C. didactylus (E, F) in lateral view. A, C, and E
show more superficial muscles; B, D, and F show deeper muscles. Scale bar 10 mm.

Intermandibular musculature
Intermandibularis anterior

The transversus mandibularis (1A; Fig. 7) is a thin, dorsolaterally wide, and elongated muscle. Naples
(1999a) described this muscle as the anterior part of the mylohyoideus pars anterior. The IA takes its

origin on the cartilage of the unfused mandibular symphysis. The muscle has two insertions on the
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ventrolateral margin of both hemimandibles, wrapping around their ventral edges. In ventral view (Fig.
7B), it covers the anterior part of the base of the tongue and the anterior part of the geniohyoideus (see
‘Hyoid, thyroid, and cricoid musculature’). The TA extends posteriorly for about half the length of the
mandible, its posterior end being clearly separated from the anterior margin of the mylohyoideus pars
anterior (see ‘Intermandibular musculature’). Its fibers are transversely oriented and are continuous

between mandibles, with this muscle consisting of one single element.

Mpylohyoideus pars anterior

The mylohyoideus pars anterior (pa-Mh; Fig. 7) consists of a fibrous sheet that originates ventrally to the
dentary pad, on the medial surface of the mandible. This muscle is homologous to the pars medius of the
mylohyoideus described by Naples (1999a). The origin area stretches from the widest point of the dentary
pad to its posteriormost point. Posteriorly, its origin shifts from the mandible to the ventromedial surface
of the pterygoideus medius (PM). At the posterior end of the PM the origin changes again, creating a
dorsolateral gap separating the anterior and the posterior fibers. We consider this to be the posterior limit
of the pa-Mh, with the posterior part being considered the mylohyoideus pars posterior. The fibers are
transversely oriented ventrally and insert along a fibrous midline raphe that connects the left and right pa-

Mhs (Fig. S1C).

Mpylohyoideus pars posterior

The mylohyoideus pars posterior (pp-Mh; Fig. 7) is continuous with the pa-Mh. The division between the
two parts is set by the difference of the origin. The pp-Mh mylohyoideus takes its origin on the
ventromedial surface of the tympanic bulla, parallel to the auditory tube. The fibers display the same
orientation as in the pars anterior and insert on a fibrous midline raphe. However, near the posterior end
of the hard palate, the left and right muscles appear to anastomose in the midline, with the intertonguing
contact becoming less spaced. As the interstylohyoideus and the posterior part of the mylohyoideus pars
posterior were not preserved in our specimens of C. didactylus, the attachment of the pp-Mh to the hyoid

system is not visible.
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Figure 7 — The intermandibular musculature, geniohyoideus, and pterygoideus medius of C. didactylus in lateral (A), ventral (B), and
posteromedial (C) view. A small vestige of the interstylohyoideus is also depicted. Scale bar 10 mm.
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Hyoid, thyroid, and cricoid musculature
Geniohyoideus

The geniohyoideus (GH; Figs. 7 and 8) has a tendinous origin and arises from the mandibular symphysis
cartilage. The GH is a very long and dorsoventrally compressed muscle that rests ventral to the base of
the tongue and dorsal to the transversus mandibularis (anteriorly) and the mylohyoideus (posteriorly). The
tendon is about half the length of the mandible, with the horizontally oriented muscular fibers originating
at the level of the caudal palatine foramen. In ventral view, the anterior part of the GH is pointy, widening
posteriorly until it anastomoses with its symmetric counterpart. The right and left bellies are anatomosed
from the posterior part of the palatine to the basisphenoid-presphenoid suture. Posteriorly, the two muscles
present a fibrous connection, but the bilateral elements are clearly separated (Fig. 7). The GH passes just
ventrally to the ventral part of the epihyal and the ceratohyal and inserts along the posterolateral surface
of the basihyal. The most lateral part of the muscle has a small insertion on the most ventral part of the

thyrohyal. The fibers of the GH are horizontally oriented throughout its entire length.

Ceratohyoideus

The ceratohyoideus (CeH; Fig 8A, B, D, E) is a small hyoid muscle with a subtriangular shape in lateral
view. It takes its origin on the depression of the lateral surface of the thyrohyal bone, ventral to its
anterodorsal process. Its obliquely oriented fibers are anteroposteriorly short and project anteroventrally
to insert on a fossa on the posterior surface of the epihyal. This muscle has no clear homologous in other
mammals (Greene, 1935; Naples, 1999). It might be homologous to the stylohyoideus of cetaceans
(Reidenberg & Laitman, 1994).

Thyrohyoideus

The thyrohyoideus (ThH; Fig. 8A, B, D, E) covers most part of the lateral surface of the thyroid cartilage.
It originates on a dorsoventral scar along the posterior part of the thyroid and its obliquely oriented fibers

insert on the concave ventral edge of the thyrohyal.
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Figure 8 — The hyoid, thyroid, and pharyngial musculatures of C. didactylus in lateral (A, D), ventral (B, E), and posteromedial (C,
F) view. Rectangle in E shows a zoomed posterior view of the thyroid-cricoid system. Scale bar 10 mm.
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Cricothyroideus pars recta

The pars recta of the cricothyroideus (pr-CTh; Fig. 8B, D, E) is a sheet like muscle with its origin at the
posterior margin of the cricoid cartilage, stretching from its most ventral point to its mid-height. The pr-
CTh is composed of horizontally oriented fiber bundles that insert on the posterolateral surface of the
thyroid cartilage, posterior to the origin of the ThH. The insertion area is most posterior ventrally and

extends anterodorsally, being slightly overlain by the dorsal part of the ThH.

Cricothyroideus pars obliqua

The cricothyroideus pars obliqua (po-CTh; Fig. 8A, D) corresponds to the medial part of the pr-CTh. The
two parts anastomose at their origin. The po-CTh consists of an extremely thin inner sheet that extends
anterodorsally. Its insertion is located dorsally on the thyroid cartilage and accompanies the shape of its
dorsal border. Only the dorsal part of the po-CTh is exposed laterally, giving it a fan-like aspect anteriorly.
The remaining dorsal portion of the muscle is overlain by pr-CTh. As for the pars recta, the name of the

po-CTh derives from the orientation of its fibers.

Cricoarytenoideus posterior

The arytenoid cartilage is the insertion area of a few small muscles that originate posteriorly on the cricoid
cartilage (Fig. 2). The cricoarytenoideus posterior is the most dorsal muscle (CaP; Fig. 8C, F, D). This
muscle is small and pseudorectangular in dorsal view. This thick sheet of muscular fibers originates on
the posterodorsal surface of the cricoid cartilage and its fibers run posteroanteriorly to reach the arytenoid
cartilage, anteroventrally. The anterior part of the CaP becomes thinner and hard to distinguish from the

remaining muscles that attach to the arytenoid cartilage.

Cricoarytenoideus lateralis

The muscle attaches the arytenoid cartilage from the lateral surface of the cricoid cartilage (CaL; Fig. 8D,
F) and takes its origin dorsally to that of the cricothyroideus complex. In lateral view, the CaL is covered

by both the latter and the posterior process of the thyroid cartilage. The fibers of this small fleshy muscle



are obliquely oriented and insert ventrally to the CaP. The anterior part is not clear on the iodine stained
pnCT scan, which suggests that the tendinous insertion occurs roughly at the level of the anterior part of

the CaP.

Thyroarytenoideus pars lateralis

The thyroarytenoideus pars lateralis (pl-Tha; Fig. 8C, F) is the largest muscle attaching to the arytenoid
cartilage in C. didactylus. It occupies approximately one third of the volume inside the thyroid cartilage
and covers most of its concave medial wall. In lateral view, the muscle is semicircular in shape. The pl-
Tha fibers are dorsoventrally oriented, the anterior ones bending anteriorly at the midlength. The origin
of the pl-Tha consists of a shallow and short anteroposteriorly elongated scar at the base of the thyroid

cartilage. Ventrally, the pl-Tha inserts laterally on the arytenoid cartilage.

Thyroarytenoideus pars medialis

The thyroarytenoideus pars medialis (pm-Tha; Fig. 8F) corresponds to a small and extremely thin part
with a fiber arrangement similar to that of the pl-Tha. It originates posteriorly and is parallel to the
posterior fiber of the pars anterior. The pm-Tha shares a similar origin with that of the pl-Tha, between
the latter and the trachea. However, both parts are separated by a sheet of conjunctive tissue from the
origin to the insertion. Anterodorsally, the fibers appear to insert on a ventral projection of the arytenoid

cartilage.

Pharynx musculature
Tensor veli palatini

The tensor veli palatine (t-VP; Fig. 8B, D, E, F) is a very thin ribbon-like muscle posteriorly adjacent to
the levator veli palatini. Its fibers run obliquely from the lateral to the medial edges of the pterygoid bone
shelf, dorsal to the auditory tube. Anteroposteriorly, the t-VP stretches from the level of the anterior

margin of the external auditory meatus to the opening of the auditory tube. Anteriorly, the t-VP is adjacent
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to the posterior part of the origin of the pterygoideus medius (PM) while posteriorly it is connected to the

origin of the levator veli palatini.

Levator veli palatini

The levator veli palatini (1-VP; Fig. 8) originates on the ventral surface of the posterior part of the
pterygoid process. At the origin, the 1-VP is flat and resembles the shape of the t-VP. Anteriorly the 1-VP
is thin and strap-like, while posteriorly it forms a fleshier bundle. The fibers run medially from a small
origin area to insert on the soft palate just a few millimeters posteroventrally. The I-VP meets the anterior
part of the medialis veli palatini. Its fibers slightly bend posteriorly and become parallel to the medialis
veli palatini (Fig. 8F).

Medialis veli palatini

In C. didactylus, the medialis veli palatini (m-VP; 8B, E, F) is a strap of longitudinally running fibers.
The muscle is flat at its origin on the soft palate and becomes fleshier and narrower posteriorly. The m-
VP is about the same length as the 1-VP (= Smm) and makes up the central axis of the oropharynx. Most

of the muscles and tissues surrounding the m-VP were too damaged to be described.

Stylopharyngeus

The stylopharyngeus was badly damaged during the dissection. The muscle is illustrated (Sph; Figs. 8C

and 9A) but a formal description cannot be given.

Constrictores pharyngeus

The constrictores pharyngeus were badly damaged during the dissection. The muscle is illustrated (CP;

Figs. 8C and 9A) but a formal description cannot be given.

89



Sternum musculature
Sternomandibularis

The origin of the sternomandibularis (Sm; Fig. 9) is located anterodorsally on anterodorsal surface of the
manubrium. The fibers of this elongated muscle are anteroventrally directed and form a tape-like element.
The Sm is mediolaterally wide and has a tendinous insertion on the ventral margin of the mandibular
ramus, with a small portion wrapping around to attach on the lateral surface. The posterior part and origin

of the Sm were not preserved in the stained specimen.

Sternoglossus

The sternoglossus (Sg; Fig. 9) is the longest of all the muscles in C. didactylus. It originates on the
cartilaginous xiphisternum (not visible on the stained specimen). The posterior half of the Sg is strap-like
and follows a parallel direction to the trachea. It flanks the hyoid apparatus, to which it is attached, at the
level of the thyrohyoid, by some muscular fibers that connect the enveloping conjunctive tissue. Anterior
to the hyoid apparatus, the Sg cross-section becomes elliptical and enters the base of the tongue anterior
to the epihyal. As it enters the mouth, the sternoglossus cross-section becomes cylindrical in shape. Its
diameter reduces as it projects anteriorly, with the anteroposteriorly oriented fibers progressively
unwrapping from the muscular bundle to cover the epidermal wall of the tongue. At the level of the orbital

foramen, the Sg loses its shape original, which gives a whip-like aspect to its buccal portion.

Sternothyroideus

The sternothyroideus (Sth; Figs. 8 and 9) arises from the sternum at the level of the second and third ribs.
It fuses to its bilateral counterpart just anteriorly to the second rib. The Sth is anteroposteriorly elongated
as the Sm and the Sg. In contrast, the Sth is less strap-like, with its cross-section being pseudo-rectangular.
The obliquely oriented fibers end anteriorly on a tendinous insertion of the posteroventral part of the base

of the thyroid cartilage.
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B

Figure 9 — The sternum and pharyngeal musculatures, and the geniohyoideus of C. didactylus in lateral (A) and ventral (B) views.
Scale bar 10 mm.
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Tamandua tetradactyla

Masticatory apparatus
Masseter superficialis

The masseter superficialis (MS; Fig. 10) is a fleshy anteroposteriorly long muscle; it is pseudorectangular
in shape in lateral view. The fibers of the MS are slightly oblique and take their origin on the lateral surface
of the zygomatic process of the maxilla through a strong tendon. The MS inserts on the shallow masseteric
fossa of the mandible. It covers most of the lateral surface of the ascending ramus, including most of the
more anterior masseter profundus (see below). The MS is thicker posteriorly, and thins down anteriorly
as it overlies the masseter profundus. The tendon of the MS was not visible in the contrast-enhanced
specimen. The MS presents a pars reflexa that runs from the level of the posterior part of the jugal to the
posterior tip of the angular process of the mandible. The pars reflexa attaches to the ventral surface of the
masseter profundus anteriorly. Anteriorly, the MS presents a small projection towards the zygomatic

process of the mandible.

Masseter profundus

The masseter profundus (MP; Figs. 5B and 10) is smaller than its superficial counterpart (MS). It takes its
origin on the anterior part of the ventromedial surface of the jugal bone. Anteriorly, its origin area includes
the most posteroventral surface of the zygomatic process of the maxilla. The fibers of the MP run obliquely
to insert posteroventrally on the lateral surface of the mandible. The fibers are more vertical than those of
the MS. The muscle presents a lateral and a slight anterior component to their orientation. The insertion
area on the mandible stretches from the coronoid process to the level of the sphenopalatine foramen.

Contrary to the MS, the MP is thicker at its origin than at its insertion.
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Figure 10 — The masticatory and facial-masticatory musculature of 7. tetradactyla in lateral (A, B), ventral (C), and dorsolateral (D)
views. Scale bar 10 mm. The more superficial muscles were removed in B.
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Temporalis superficialis

The temporalis superficialis (TS; Fig. 10) is one of the three muscles that forms the temporal complex. It
is also the largest, arising from a relatively large surface between the dorsal edge of the temporal fossa
and the origin of the pterygoideus externus pars superior (Fig. 10). It is wide and broad in lateral view,
and transversely compressed. It presents a fan-like shape, the fibers converging ventrally towards a small
and flat coronoid process. The TS is medial to a large lacrimal gland, which fills most of the temporal
fossa. The lateral surface of the TS is covered by a thin tendinous layer. Ventrally, the TS inserts on the
dorsomedial surface of the coronoid process via a large aponeurosis. The TS muscle fibers are oriented

vertically in the anterior part of the muscle, and are more oblique posteriorly.

Temporalis superficialis pars zygomatica

The pars zygomatica of the TS (pz-TS; Fig. 10) is a small fleshy strip on the ventral margin of the TS.
Unlike the TS, the pz-TS originates on a small area limited to the ventral surface of the zygomatic process
of the squamosal (Fig. 10). Its obliquely oriented fibers insert on the dorsolateral surface of the mandibular
notch. While the insertion area and orientation of the fibers are distinct from the anterior part of the TS,

both muscles become harder to separate posteriorly, almost anastomosing at mid-lenght.

Temporalis profundus pars lateralis

The temporalis profundus (TP; Fig. 5B and 10) is divided into two distinct parts. The pars lateralis (pl-
TP) is a small fleshy block deep to the larger TS. The pl-TP takes its origin from the crest/orbital process
formed between the anteroventral border of the temporal fossa and the groove for the ophthalmic vein and
the oculomotor nerve (IIT). The pl-TP transversely widens from its origin to its insertion. Fiber orientation
is similar to that of the anterior part of the TS, although they are slightly more oblique in coronal view.
The insertion of the pl-TP is short and extends from the mid-lenght of the mandibular notch to the anterior
limit of the coronoid process. It covers most of the dorsal surface of the mandible in width. While the

insertion is mostly muscular, the pl-TP shares the aponeurosis with the TS, anteriorly.
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Temporalis profundus pars medialis

The temporalis profundus pars medialis (pm-TP; Fig. 5B and 10) is the smallest part of the temporal
muscle complex. It has no insertion, as it anastomoses with the pl-TP posterolaterally, but both parts could
be easily separated during dissection. The fibers of the pm-TP are vertically oriented. Their insertion is
medial to that of the pl-TP and extends from the level of the anterior tip of the pterygoideus externus pars
inferior to the anterior margin of the optic foramen. The medialmost part of the pi-TP wraps the mandible
medially, inserts on its dorsomadial surface and contacts the dorsal part of the mylohyoideus pars anterior

(see ‘Intermandibular musculature”).

Pterygoid externus pars superior

The pars superior of the pterygoideus externus (ps-PE; Fig. 5b and 10B) is a strap-like muscle that arises
from an elongated fossa along the ventral limit of the temporal fossa. Its obliquely oriented fibers run
posteriorly to wrap around the head of the articular condyle of the mandible, medially (Fig. 5B). The
insertion extends from the anterior limit to the posterior tip of the blunt articular condyle. The ps-PE

overlies the insertion of the pterygoideus externus pars inferior (see below).

Pterygoid externus pars inferior

Similarly to the ps-PE, the pterygoideus externus pars inferior (pi-PE; Fig. 5B) has a strap-like shape. In
contrast with its upper counterpart, the pi-PE takes its origin on the pterygoid fossa. Specifically, the origin
of the pi-PE is a small flattened area on the lateral surface of the palatal inflation. Its fibers are obliquely

oriented and insert dorsally on the neck of the condylar process of the mandible.

Pterygoideus medius pars anterior

The pterygoideus medius (PM) is divided into two distinct parts that were easily separated during the
classical dissection. The pars anterior (pa-PM; Fig. 5B and 10C) takes its origin on the lateral and
ventrolateral surfaces of the palatine inflation. The origin is muscular and spans from the caudal palatine

foramen to an area just posterior to the origin of the pi-PE, near the posterior limit of the palatine inflation.
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The fibers are more oblique anteriorly than posteriorly, and insert on the dorsal part of the pterygoid fossa
of the mandibular ascending ramus. The posterior part of the pa-PM is thinner than its anterior part. The
thick portion of the pa-PM serves as an attachment area for a small anterior projection of the pars posterior

of the mylohyoideus (see ‘Intermandibular musculature”’).

Pterygoideus medius pars posterior

The pars posterior of the pterygoideus medius (pp-PM; Fig. 5B and 10B, C) consists of a fleshy block
that takes its origin on an area located between the posterior part of the palatine inflation and the small
fossa anterior to the pterygoid sinus. A coronal section shows that the fibers are obliquely oriented (Fig.
S1D). The pp-PM presents a very small pars reflexa that extends from the anterior- to the posteriormost
part of the pterygoid fossa of the ascending ramus, wrapping around the margin of the small angular

process (Fig. 5B).

Facial-masticatory musculature
Buccinatorius pars externa

The pars externa of the buccinatorius muscle (pe-B; Fig. 10) is a thin sheet of obliquely oriented muscle
fibers that envelops the pars interna of the buccinatorius. The muscle takes its narrow and
anteroposteriorly elongated origin on the maxilla. Its posterior limit attaches just posteroventral to the
zygomatic process of the maxilla. Its anterior part consists of a thin strap on the lateral surface of the
maxilla, close to the lateral limit of the nasal cavity. The muscle wraps around the buccinatorius pars
interna and reflects medially to insert along the dorsal part of the lateral surface of the mandible. Its
insertion is shorter than its origin, extending from the level of the infraorbital foramen for the posterior

two thirds of the length of the horizontal ramus.

Buccinatorius pars interna

The buccinatorius pars interna (pi-B; Fig. 10B) is an elongated and fleshy muscle that takes its origin just

anteriorly to the coronoid process of the mandible. Posteriorly, the origin is laterally adjacent to that of
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the temporalis profundus pars medialis, at level of the optic foramen. It extends anteriorly to reach the
level of the maxillary foramen. The orbital part of the pi-B is flattened due to the presence of the large
lacrimal gland, dorsally. Laterally, it is limited by the presence of the temporalis superficialis pars
anterior. The muscle slightly broadens anteriorly with a thin projection of its dorsal part wrapping around
the lateral border of the dentary pad, to project into the space between the upper and lowers jaws. The pi-
B is enveloped by the pe-B, laterally. The muscle fibers are horizontally oriented and extend until the level
of the caudal nasal foramina. Anteriorly, the pi-B inserts on the ventral part of the lateral surface of the

maxilla.

Mandibuloauricularis

The mandibuloauricularis (MA; Fig. 10) is a small fleshy muscle with a pseudocylindrical shape. It takes
its origin on the anteroventral part of the auricular cartilage. The MA narrows ventrally towards its
insertion on a small area of the posterodorsal margin of the angular process of the mandible, between the
insertions of the masseter superficialis and the pterygoideus medius. The MA presents dorsoventrally

directed fibers with a slight medial component.

Facial musculature
Dilator nasi

The dilator nasi (DN; Fig. 6C, D) is one of the five strap-like facial muscles in 7. tetradactyla. The DN
is thin and subtriangular in shape. It originates on the lateral surface of the maxilla with its ventralmost
part reaching the level of the dorsal margin of the infraorbital foramen. The posterior margin of the DN is
anteriorly inclined. The muscle narrows down anteriorly. The muscular part of the DN ends at about half
the length of the rostrum and its fibers are horizontally oriented. The anterior end of the DN bifurcates. A
long tendon inserts on the dorsal part of the nasal cartilage, anterior margin of the nasal bones. These

tendons, as the remaining tendons of the facial muscles, were not visible in the contrast-enhanced scan.
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Maxilolabialis superficialis pars superior

Similar to the DN, the maxilolabialis superficialis pars superior (ps-MLs; Fig. 6C) is a thin strap-like
muscle. It is thinnest at the origin, which is slightly posterior to the origin of the DN. It is dorsoventrally
short, stretching between the dorsal and the ventral lacrimal foramina. Therefore, the ps-MLs is narrower
than most of the other facial muscles, with the exception of the maxilolabialis profundus pars superior
(see below). Yet, it covers much of the ventral part of the DN. The muscular part of the ps-MLs narrows
anteriorly from around a third of the rostrum length and reaches the tendinous part just posterior to the
level of the foramina for the caudal nasal nerves (Evans & De Lahunta, 2013). The long tendon attaches
slightly obliquely oriented fibers of the ps-MLs to their insertion point on the upper lip, just dorsally to

the labial commissure.

Maxilolabialis profundus pars inferior

The pars inferior of the maxilolabialis profundus (pi-MLp; Fig. 6D) is narrower than, but about the same
length, as its superior counterpart. It takes its origin along the anteroventral part of the suture between the
maxilla and the lacrimal (Fig. 6D). Posteriorly, it reaches the level of the lacrimal foramen, just anterior
to the attachment of the jugal bone. Its fibers run horizontally, the muscular body stretching anteriorly
from the origin. The tendinous part of the pi-MLp arises slightly anterior to the mid-lenght of the rostrum

and inserts on the lower lip, ventrally to the labial commissure.

Maxilolabialis profundus pars superior

The maxilolabialis profundus pars superior (ps-MLp; Fig. 6D) is almost completely covered by the ps-
MLs and the pi-MLp. The latter overlies its posteroventral part, while the former covers it anterodorsally.
The ps-MLp is the narrowest of the anterior facial muscles. Its small origin area is located ventrally to that
of the DN, and posteriorly reaches the ventral margin of the infraorbital foramen (Fig. 6D). The tape-like
muscle thickens from its origin area to the posterior half of its length. It becomes thinner and narrower
anteriorly, with its horizontally oriented fibers inserting on a tendon connecting the nasal cartilage (Fig.

6D). The tendon is almost as long as its muscular counterpart.
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Maxilolabialis superficialis pars inferior

The maxilolabialis superficialis pars inferior (pi-MLs; Fig. 6C) is the longest of the facial muscles. It has
a triangular shape and overlies almost completely the pi-ML. The upper margin of the pi-MLs is adjacent
to the ps-MLs, and is therefore equally slanted ventrally. Ventrally, the pi-MLs fibers cover the origin of
the buccinatorius internus (see ‘Facial-masticatory muscles’). Anteriorly, the muscular body of the pi-
MLs bifurcates, with the dorsal and ventral branches attaching to tendons with slightly different
orientations. These tendons were not completely preserved on the specimen, but appear to insert ventrally

on the lower lip.

Intermandibular musculature
Intermandibularis anterior

The intermandibularis anterior (1A; Fig. 11; mylohyoideus pars anterior sensu Naples (1999b)) is a sheet-
like muscle that arises from the symphysial cartilage. As the name indicates, the fibers are transversely
oriented. They insert on both hemimandibles, covering the base of the tongue and the tendon of the
geniohyoideus (see ‘Intermandibular musculature’) in ventral view. The IA is, therefore, a non-bilaterally
symmetric muscle (Fig. S1E). It wraps around the ventral margin of the mandible to insert just dorsally to
it, on the lateral surface. The IA extends posteriorly for slightly more than half the length of the horizontal
ramus of the mandible. Posteriorly, it is adjacent with the anterior margin of the mylohyoideus pars

anterior.
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Figure 11 — The intermandibular musculature, geniohyoideus, and interstylohyoideus, and sternomandibularis of T. tetradactyla in
lateral (A), ventral (B), and posteromedial (C) view. Scale bar 10 mm.
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Mpylohyoideus pars anterior

The pars anterior of the mylohyoideus (pa-Mh; Fig. 11) is a sheet-like muscle with transversely oriented,
and covers the base of the tongue and the long tendon of the geniohyoideus (see below). Its morphological
similarities with the intermandibularis anterior took previous studies to describe the latter as a distinct
part of the mylohyoideus complex (Naples, 1999). In contrast to the intermandibularis anterior, the pa-
Mh insertion takes its origin on ventral part of the medial surface of the mandible, between the widest
point of the dentary pad and the pterygoid fossa posteriorly (Fig. 11). In addition to a different insertion,
the pa-Mh is a bilaterally symmetric element, with both counterparts united medially by a small layer of
conjunctive tissue. The pa-Mh is slightly thicker than the intermandibularis anterior. Posteriorly, the pa-
Mh anastomoses with the mylohyoideus pars posterior, the two parts being continuous. In coronal view,
the division between the two muscles is characterized by the passage of the sublingual artery (Evans &

De Lahunta, 2013), ventral to the pterygoideus medius pars anterior (Fig. S1F).

Mpylohyoideus pars posterior

The pars posterior of the mylohyoideus (pp-Mh; Fig. 11) is broader than pa-Mh. At the level of the orbital
fissure, sublingual artery (Evans & De Lahunta, 2013) splits the insertions of the pa-Mh and the pp-Mh.
While the pa-Mh inserts on the mandibular ramus, the insertion of the pp-Mh extends along the medial
surface of the palatine inflation, then along the ventromedial surface of the pterygoid sinus to continue
posteriorly until the rostral tympanic process of the petrosal (Fig. 11). Additionally, a thin muscular
projection inserts on the medial surface of the pterygoideus medius pars anterior. Posterior to the hard
palate, the pp-Mh inserts on the soft palate, keeping its shape until it reaches the anterior part of the
stylopharingeus, where it bifurcates. A fleshy fiber extension projects posteriorly to attach on a small area
of the anterior surface of the stylohyal, just dorsal to its suture with the epihyal. On the other hand, a
ventral sheet-like projection attaches to the tendon of the interstylohyoideus. As in other cases, the tendon
could not be segmented. Nevertheless, the presence of muscular fibers of the interstylohyoideus confirm

the position of the insertion of the pp-Mh described in previous studies (Reiss, 1997).
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Hyoid, thyroid, and cricoid musculature
Geniohyoideus

The geniohyoideus (Gh, Figs. 11 and 12) consists of a very long bilaterally symmetric element. Anteriorly,
the Gh takes its origin on the ligament of the mandibular symphysis (Naples, 1999). Although the tendon
is not visible in the contrast-enhanced scan, its origin can be traced by the empty gap, between the base of
the tongue (dorsally) and the transversus mandibularis, pa-Mh, and pp-Mh (ventrally). This midline
tendinous part of the Gh ends at the level of the zygomatic process of the squamosal, where the muscular
fibers appear (Fig. 11). The fibers are horizontally oriented and grouped in two bilateral structures.
Nevertheless, both bellies appear to anastomose in the anterior half of the muscle. The Gh is overlain by
the pp-Mh until near the interstyloideus ligament. The Gh inserts on the ventral surface of the fused

ceratohyal and basihyal.

Interstylohyoideus

This muscle (ISh; Fig. 11) consists of a very thin sheet of transversely oriented fibers that take their origin
along the anteroventral margin of the stylohyal. Its origin is located on the middle section of the stylohyal,
and extends for roughly a third of its length. Ventrally, the muscular part of the ISh converges to a narrow
tendon that wraps around the Gh and connects both bilateral elements. This tendon is the most

posteroventral origin of the pp-Mh.

Mastostyloideus

The mastostyloideus (Mst; Fig. 12A-C) is a strap-like element that arises from the ventral part of a tiny
vertically oriented gutter, which originates posteriorly to the stylomastoid foramen. The horizontally
oriented fibers form a relatively thick bundle that inserts on the anterior tip of the stylohyal. This muscle

is overlain by the sternomastoideus and borders the splenius capitis medially.
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Figure 12 — The hyoid, thyroid, and pharyngial musculatures of 7. fetradactyla in lateral (A, D), ventral (B, E), and posteromedial
(C, F) view. Scale bar 10 mm.
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Ceratohyoideus

The ceratohyoideus (CeH; Fig. 12D-F) is triangular in shape and its obliquely oriented fibers are organized
in a sheet-like element that takes its origin on the lateral surface of the epihyal bone. The origin stretches
along the middle section of the bone. The CeH attaches on the thyrohyal from the ventrolateral margin of
the anterior process, and extends towards the posterior process without reaching it. Ventrally, the CeH
inserts along the slightly concave anterolateral surface of the thyrohyal, ending just dorsally to the fused

suture with the ceratohyal.

Thyrohyoideus

The thyrohyoideus (ThH; Fig. 12D, E) is sheet-like, as other muscles lateral to the thyroid cartilage. It is
subquadrangular in shape and its origin is dorsoventrally elongated, extending from just ventrally to the
anterior process of the thyroid cartilage to the most ventral part of its lateral surface. Its ventral part wraps
around the lateral aspect of the thyroid, presenting a small pars reflexa (Fig. 12E). Posteroventrally, its
origin is adjacent with the insertion of the sternohyoideus (see ‘Sternum musculature’). The ThH insertion
area is thin and as elongated as its origin one. It extends from just ventrally to the insertion of the CeH all

the way ventrally to the posterior margin of the ceratohyal.

Cricothyroideus pars recta

The cricothyroideus pars recta (pr-CTh; Fig. 12D, E) is the most lateral parts of this muscle. It consists
of a relatively thick muscle strap, which takes its origin from the most anterior part of the ventral and
ventrolateral surfaces of the thyroid cartilage. Ventrally, the pr-CTh presents a pars reflexa that connects
the anterior margin of the cricoid cartilage to the posterolateral surface of the thyroid. The posterior part
of the pars reflexa wraps around the small protuberance on the lateral aspect of the cricoid; its muscles
fibers insert anteriorly on the posterodorsal part of the lateral surface of the thyroid. If the contrast does
not allow to characterize the orientation of the muscle fibers of the pr-CTh, they were obliquely oriented,

despite its name.
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Cricothyroideus pars obliqua

The pars obliqua of the cricothyroideus (po-CTh; Fig. 12D, E) is placed medially to the pars recta. It
presents a similar size to its lateral counterpart, which covers a small part of its anteroventral surface. The
po-CTh takes its origin on the posterolateral surface of the cricoid cartilage. Contrary to the pr-Cth, the
medial component of the muscle presents a small pars reflexa posterior to the lateral protuberance of the
cricoid. The obliquely oriented fibers attach the cricoid posterolateral surface to the posterior process of
the thyroid. The insertion of the po-CTh is located just ventrally to the rounded dorsal edge of the thyroid,
and extends from the ventral surface of the tubercle of the posterior process to the level of the arytenoid

cartilage.

Cricoarytenoideus posterior

The cricoarytenoideus posterior (CaP; Fig. 12D, F) covers the dorsal part of the cricoid cartilage. This
muscle is sheet-like, pseudorectangular in dorsal view, and elongated anteroposteriorly. Its horizontally
oriented fibers (Diogo, 2018) take their origin on the posterior edge of the cricoid cartilage and insert on
the ventrolateral surface ofthe arytenoid cartilage. The muscle thickens mediolaterally, presenting a round
lateral edge for most of'its length. This round edge is not present near the origin or insertion. At the anterior
limit of the lateral edge, the CaP is briefly connected to the dorsal part of the cricoarytenoideus lateralis

by connective tissue.

Cricoarytenoideus lateralis

The cricoarytenoideus lateralis (CaL; Fig. 12F) is the smallest muscle of the hyoid complex. It is a fleshy
elongated muscle that originates on the cricoid cartilage. The muscle is wider dorsally and thins down
ventrally, where it attaches to the medial surface of the pr-CTh by connective tissue. The insertion on the
arytenoid cartilage is located slightly anterior to its cricoid origin. Its insertion is tendinous and is not
visible on the 3D reconstruction. Laterally to its insertion on the arytenoid cartilage, the CaL is attached

to the thyroarytenoideus pars medialis.
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Thyroarytenoideus pars lateralis

The thyroarytenoideus pars lateralis (pl-ThA; Fig. 12F) is the largest part of the biggest muscle of the
hyoid-related cartilaginous complex. In lateral view, this muscle is oval-shaped and takes its origin on a
very shallow anteroposterior groove on the medial surface of the ventral part of the thyroid cartilage. Its
origin is limited to the deepest part of the thyroid concavity, posteriorly. The fibers are vertically oriented.
The muscle is thick anteriorly, and thinner posteriorly. Its cross-section is medially concave, following
the shape the thyroid cartilage that constitutes its lateral border. Medially, the pl-ThA is tightly bound to
the pars medialis. Dorsally, the fibers converge towards its insertion area on the most lateral part of the

arytenoid cartilage. The small tendinous part of the insertion is not visible on the 3D reconstruction.

Thyroarytenoideus pars medialis

The pars medialis of the thyroarytenoideus (pm-ThA; Fig. 12F) is much less voluminous than the pl-ThA.
Both parts anastomose ventrally and share a common origin. The pm-ThA and pl-ThA are similar in

morphology. The CaL bounds to the posterodorsal margin of pm-ThA.

Pharynx musculature
Levator veli palatini

The levator veli palatini (1-VP; Fig. 12) is a small strap arising from the ventrolateral surface of the
secondary hard palate formed by the medial pterygoid processes. The origin is narrow and extends from
a medioventral point of the foramen of the auditory tube to the posteriormost margin of the pterygoid
process. In cross-section, the most posterior part of the 1-VP forms a separate flatter unit compared to the
posterior fleshy block (Fig. S2A). The fibers of the posteromedial part of the 1-VP were not well-stained,
hindering the complete delineation of the two unit. They appear to eventually anastomose posteriorly. The
fibers run posteroventrally, with a small medial angle, to insert on the soft palate. The posterior part of the
1-VPs thins down and assumes a pointy shape. Bilaterally symmetric 1-VPs flank the anterior tip of the

medialis veli palatini (Fig. 12); they attach to the latter and to each other via a layer of connective tissue.
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Medialis veli palatini

The medial element of the veli palatini (m-VP; Fig. 12) consists of the long fleshy and dorsoventrally
compressed medial axis of the soft palate. Its anteroposteriorly oriented fibers arise from the soft palate,
medial to the two [-VPs. The putative ligament connecting the muscle to the pterygoid shelves (Reiss,
1997) were not visible in the contrast-enhanced scan. The m-VP widens posteriorly to the origin and then
gradually narrows down in the direction of the hyoid-thyroid complex (Fig. 12E, F). At its posterior end,
the m-VP bifurcates into two thin straps that run medially to the stylopharyngeus and contrictores
pharyngeus (see below), and then migrate dorsally to finally insert on the dorsal part of the pharynx (Fig.
13).

Stylopharyngeus

The stylopharyngeus (Sph; Fig 12A-C and 13) is a large muscle arising from the medioventral surface of
the stylohyal. Its fibers are transversally oriented and arranged in a compact fashion laterally, conferring
the Sph a sheet-like shape. Anteriorly, the Sph is in tight connection with the fibers of the mylohyoideus
pars posterior (pp-Mh). Medially the muscle becomes thick as it inserts on the m-VP and the ventrolateral
external surface of the nasopharynx. This description corresponds to the pars pharyngea of the Sph (sensu
Reiss, 1997). Posteriorly, the fibers have a longitudinal orientation, and form a fleshy projection that is
pseudo-sigmoidal in cross-section (Fig. S2B). According to Reiss (1997), this is the pars thyroidea of the
Sph. As individual fibers were hard to delineate, the recognition of two parts in this muscle was not
possible based on the contrast-enhanced scan. The posterior part of the Sph is flanked by the constrictures
pharyngeus. Posteriorly, the Sph becomes mediolaterally thinner. It runs dorsolaterally along the wall of
the oro-laryngopharyx. Part of the Sph posteriormost fibers present a small insertion on the posterior part
of the dorsal surface. The remaining fibers attach to the medial wall of the inferior part of the constrictures

pharyngeus (Fig. S2B).
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Constrictores pharyngeus

The constrictores pharyngeus (CP; Fig. 12A-C and 13) is a complex of muscles composed by three
different parts (e.g., Diogo & Abdala, 2010): constrictor pharyngis superior (anterior; CPa), constrictor
pharyngis medius (median; CPm), and constrictor pharyngis inferior (posterior; CPp). Because the
contrast-enhanced scan did not allow to recognize individual fibers (mainly in the median and posterior
parts), these three parts could not be discretize. For simplicity sake, we refer to each part based on the
external shape of the muscle, its origins/insertions, and its topology. The CPa is the longest part of the CP,
it is easily identifiable by its tape-like shape (Fig. 13A-C and 13). It,takes its origin on the tuberosity
medial to the auditory tube. Although the anteriormost part of the CPa was not visible in the contrast-
enhanced scan, its attachment to the ventrolateral surface of the splenius capitis muscle suggests a similar
relative position of both muscles’ origins. The muscle runs posteriorly, being enclosed between the ventral
surface of the splenius capitis and the dorsal margin of the milohyoideus pars posterior (pp-Mh). At the
length of the epihyal-stylohyal suture, the CPa lies as a thin layer between the splenius capitis and the
Sph. At this level, the muscle fibers shift from a longitudinal to a transverse orientation. The transversely
oriented fibers of the CPm arise from the most apical part of the posterior margin of the epihyal and from
the dorsal surface of the thyrohyal (Fig. 12A). The CPm merges medially with its bilateral counterpart. It
overlies the posterior part of the Sph laterally and dorsally (Fig. 12A and S1B). The posterior part of the
CP complex arises from the dorsal surface of the thyroid cartilage. In dorsal view, the CPp covers the
anterior part of the cricoarytenoideus posterior (Fig. 12C). At the posterior end, a well distinguishable
muscle arises from the dorsomedial edge of the cricoid cartilage (Fig. 12C). This represents the pars

cricopharingea of the CPp (Saban, 1968; Diogo, 2018).
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Figure 13 — The sternum and pharyngeal musculatures, mastostyloideus, and sternomastoideus of T. tetradactyla in lateral (A), dorsal
(B), and ventral (C) views. Scale bar 10 mm.
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Sternum musculature
Sternomandibularis

The sternomandibularis (Sm; Fig. 13A, C) is an anteroposterioly elongated muscle that takes its origin on
the anterior surface of the lateral protuberance of the manubrium, just anterior to the articulation of the
first rib. This muscle is tape-like in shape and passes ventrolaterally to the hyoid apparatus and pharynx.
Its anterior half is thinner than the posterior one. Anterior to the atlas, the Sm becomes narrower. Its
insertion on the ventral edge of the horizontal ramus is relatively long, extending from the level of the

sphenopalatine foramen to the dorsal margin of the infraorbital foramen.

Sternoglossus

The sternoglossus (Sg; Fig. 13) is extremely long. This muscle takes its origin on the cartilaginous
extension in the posteriormost part of the sternum (xiphisternum). Near the origin, the muscle has a tape-
like shape. It is bound to the sternal body segments until it reaches the manubrium, passing just dorsally
to it. Anterior to the manubrium, the Sg thickens slightly. It binds to the hyoid complex, medially, and to
the Sm laterally, by thick layers of the connective tissue. Between the manubrium and the cricoid cartilage,
a large artery is imbedded in the Sg and follows its trajectory anteriorly. From this point, the Sg presents
a circular cross-section. Anterior to the hyoid complex, it shifts to a midline position, meets its bilateral
counterpart and becomes attached to the base of the tongue (genioglossus). Both Gh and pp-Mh wrap
around the tongue, ventrally (both) and laterally (pp-Mh). Anteriorly, both right and left Sg are enveloped
by a dermal tissue. At the level of the occipital condyles, the two Sgs become detached from the base of
the tongue. The base of the tongue (genioglosssus) extends anteriorly, almost until the mandibular
symphysis, attaching to the medioventral surface of the anterior third of both mandibles. The Sgs narrow

anteriorly until the most anterior tip of the tongue.

Sternothyroideus

The sternothyroideus (Sth; Fig 13) takes its origin on the sternum, at the level of the second and third ribs.
This strap-like muscle remains attached to the sternum by connective tissue, projecting to the thyroid

cartilage from the posterior margin of the manubrium. The Sth follows a parallel and adjacent trajectory
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to that of the Sg, until it inserts posterolaterally on the ventral margin of the thyroid cartilage, just ventral

to the insertion of the pr-CTh.

Sternomastoideus

The sternomastoideus (SM; Fig. 13) is an elongated muscle that takes its origin from the anterior part of
the manubrium. The origin is tendinous, small, and is located on the angle of the anterior flap-like
projection of the manubrium, lateral to the jugular notch and just medial to the clavicular notch (Fig. 13C).
The muscular fibers are extremely long anteroposteriorly, and depart from the manubrium with an
inclination of approximately 36°. The SM runs anterodorsally on the lateral side of the neck. With the
exception of a few muscular fibers, the muscular part of the SM arises from its tendon anteriorly to the
posterior cornu of the thyroid cartilage (Fig. 13A), around 20mm from the origin. The muscle broadens
dorsoventrally giving the SM a strap-like shape. It also thickens mediolaterally, to a lesser extent. The SM
becomes fleshy and runs in attachment with the lateral margin of the stylohyal bone. Anteriorly, it is
tightly connected to the stylomastoideus muscle. The muscle fibers of the SM end near the tendinous

insertion on a small groove just posterodorsally to the stylomastoid foramen.

Myrmecophaga tridactyla

Masticatory apparatus
Masseter superficialis

In M. tridactyla, the masseter superficialis (MS; Fig. 14) is a fleshy and anteroposteriorly elongated
muscle. The MS originates from the ventrolateral margin of the zygomatic process of the maxilla. A strong
tendon connects the origin to the almost horizontally oriented muscular fibers. The MS is thin at the origin,
as it overlies the posterior part of the masseter profundus. It thickens posteriorly, as it extends anteriorly
to the lacrimal foramen to the posterior limit of the masseteric fossa. The MS presents a pars reflexa
throughout its full length. The pars reflexa wraps around the ventral edge of the mandible and becomes

larger posteriorly, covering but the very posteroventral tip of the small angular process (Fig. 14A,C).
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Masseter profundus

The masseter profundus (MP; Fig. 14B) takes its origin on the anterior part of the ventrolateral surface of
the zygomatic arch. Its area of origin includes the small jugal bone and the posteroventral surface of the
zygomatic process of the maxilla. The MP is in contact with the posterior part of the buccinatorius
internus, medially (Fig. 14D). The MP is obliquely oriented; its inserts ventrally on the mandible and
presents a small pars reflexa. The muscle is thick at its origin but thins down posteriorly, where it is
overlain by the MS. The MP is half the length of the MS, with its insertion area stretching from the most

posterior point of the lacrimal-maxilla suture to near the level of the coronoid process.

Temporalis superficialis

The temporalis superficialis (TS; Fig. 14) is a flat muscle covered almost entirely by the large lacrimal
gland. It is a fan-like muscle arising from the temporal fossa extending from the level of the optic foramen
to the root of the zygomatic process of the squamosal. The lateral surface of the TS is covered by a
tendinous layer that thickens ventrally near the insertion of the muscle on the small coronoid process.
While the ventrally converging fiber of the TS reach the coronoid process posteriorly, the anterior part of
the muscle inserts on the mandible uniquely via its tendinous layer (Fig. 14). The TS is well-separated

from the pars zygomatica, posteriorly, due to the very distinct orientation of the muscular fibers.

Temporalis superficialis pars zygomatica

The pars zygomatica of the TS (pz-TS; Fig. 14) is the thickest part of the TS complex. It arises from the
medial and posteroventral surfaces of the zygomatic process of the squamosal and extends anteroventrally
with an oblique orientation. The pz-TS displays a medial portion that extends along the anterior margin
of the neck of the mandibular articular process and inserts on the posterior surface of the blunt coronoid
process. The lateral part of the pz-TS is larger and extends along the surface lateral to the mandibular
notch. The ventralmost part of the pz-TS is slightly overlain by the dorsal margin of the MS. The pz-TS

is easily distinguishable from its larger counterpart due to the different orientation angle of its fibers.
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Figure 14 — The masticatory and facial-masticatory musculature of M tridactyla in lateral (A, B), ventral (C), and dorsolateral (D)
views. Scale bar 10 mm. The more superficial muscles were removed in B.
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Temporalis profundus pars lateralis

The temporalis profundus (TP; Figs. 5C and 14B, D) is divided into medial and lateral parts. The pars
lateralis (pl-TP) is a blocky-shaped muscle arising from the ventral limit of the temporal fossa between
the anterior tip of the orbital process and the insertion of the pars superior of the pterygoideus externus.
The posterior part of the pl-TP presents a quadrangular shape in lateral view, with the anterior part tapering
in near the buccinatorius internus. The muscular fibers are dorsoventrally oriented with an oblique
transversal component. The pl-TP inserts on the dorsal surface of the ascending ramus deep to the insertion
of the TS. While the TP is well separated from the TS during the classical dissection, the incomplete
staining of the former makes it sometimes hard to delimit. Anteriorly, the insertion of the pl-TP extends

until the level of the anterior margin of the optic foramen (Fig. 5C).

Temporalis profundus pars medialis

The temporalis profundus pars medialis (pm-TP; Figs. 5C and 14B, C) in M. tridactyla is a medioventrally
extending projection of the pl-TP. Both parts are anastomosed posteriorly, sharing the medial part of the
TP origin. The pm-TP arises from the ventral surface of the orbital process lateral to the orbital fissure
and the foramen rotundum. Slightly anterior to its origin, the pm-TP extends ventrally on the lateral surface
of the ascending ramus (Fig. 5C). Anterior to this point, the two parts of the TP are distinguished by
different insertion areas, with pm-TP reflecting medially. The insertion of the pm-TP is broad and extends
ventrally almost until the level of the mandibular canal. It is limited posteriorly by the mandibular canal.
The pm-TP tapers anteriorly to its contact with the posterior part of the buccinatorius internus at the orbit

midlength. Fiber orientation in the pm-TP is similar to that of the pl-TP.

Pterygoideus externus pars superior

The pars superior of the pterygoideus externus (ps-PE; Figs. 5C and 14B) is a broad and wide fleshy sheet
muscle arising from the large fossa extending from the anteroventral part of the squamosal to the ventral
part of the temporal fossa. Its fibers are obliquely oriented and extend posteroventrally to insert on the

mandible just anteriorly to the jaw joint. The posteroventral part of the ps-PE is characterized by a large
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pars reflexa that wraps around the medial edge of the articular process. The pars reflexa of the ps-PE

overlays the posterior part of the pars inferior of the PE.

Pterygoideus externus pars inferior

The pars inferior of the pterygoideus externus (pi-PE; Fig. 5C) is a strap-shaped muscle that originates
from the anterior part of the pterygoid fossa, at the level of the optic foramen. In contrast with the ps-PE,
the pi-PE is narrow and elongated. Its origin is thin, and lies medially to the pars interna of the temporalis
profundus (pi-TP). The anterior part of the pi-PE is in tight contact with the pars anterior of the
pterygoideus medius. The pi-PE slightly thickens up posteriorly, assuming a circular cross-section. The
muscular fibers are horizontally oriented, with transversal oblique component as they insert
posterolaterally on the anterior part of the neck of the articular process (Fig. 5C). The insertion of the pi-
PE reaches about half the length of the neck and is overlain laterally by the pars reflexa of the ps-PE. The
pi-PE merges with the pars reflexa of the ps-PE by a thick band of conjunctive tissue.

Pterygoideus medius pars anterior

The pars anterior (pa-PM; Figs. 5C and 14C) is the larger of the two parts of the pterygoideus medius. It
takes its origin from the small crest formed by the lateral edge of the palatine. In lateral view, the pa-PM
presents a pseudorectangular shape. Anteriorly the muscle narrows down (Fig. 5C). The most anterior
fibers originate just anteriorly to the level of the ethmoid foramen. The fibers extend ventrally to insert on
a lateral prominence of the mandibular ascending ramus, ventrally to the passage of the inferior alveolar
nerve and artery. Posteriorly, the fibers are dorsoventrally oriented, with an oblique transverse component.

Both origin and insertion of the pa-PM end roughly at the level of the palatine-pterygoid suture.

Pterygoideus medius pars posterior

The smallest component of the pterygoideus medius is a fleshy pseudorectangular band in lateral view
(Fig. 5C). The origin of the pars posterior of the pterygoideus medius (pp-PM; Figs. 5C and 14C) is very
thin and extends from near the palatine-pterygoid suture to the pterygoid sinus at the level of the posterior

limit of the jaw joint. The pp-PM is the continuation of the pa-PM until the tip of the angular process,
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where it reaches the insertion area of the auriculomandibularis. In lateral view, the fibers are vertically
oriented, with a transversal component of about 21° relative to the sagittal axis of the skull. Posteriorly,

the pa-PM becomes thicker but it tapers off abruptly at the level of the pterygoid sinus.

Facial-masticatory musculature
Buccinatorius pars externa

The pars externa of the buccinatorius (pe-B; Fig. 14) is an extremely sheet enveloping the much thicker
pars interna (see below). The fibers of the pe-B have an oblique orientation, arising from the long and
extremely narrow origin on the maxilla. The origin extends from the level of the most posterior mental
foramen to the anterior edge of the zygomatic process of the maxilla. The pe-B extends ventrally,
envelopes the pars interna and reflects medially. The muscle wraps around the ventromedial margin of
the pars interna of the buccinatorius and projects dorsally to insert on the dorsolateral surface of the
mandibular horizontal ramus. Its insertion and origin areas are similar in length, but the bad preservation

of the soft tissues in the snout did not permit to clearly observe of the anterior tip of its origin.

Buccinatorius pars interna

The pars interna of the buccinatorius (pi-B; Fig. 14B) is extremely long anteroposteriorly, reflecting the
elongation of the rostrum. The muscle takes its origin on the maxilla, adjacent to the labial commissure of
the mouth. Its fibers go on to insert on the dorsal surface of the horizontal ramus of the mandible, ventrally
to the eye and the lacrimal gland. The fibers have an almost horizontal orientation, leaning slightly
ventrally. In cross section, the anterior part of the pi-B is dorsoventrally elongated, showing a small
ventromedial projection. The most anterior part of the pi-B presents a medial flap-like projection that rests
between both jaws (Figs. 14B and S2). At the length of the anterior most tip of the nasal, the pi-B drifts
ventrally and narrows dorsoventrally (Fig. 14C). Posteriorly to the zygomatic process of the maxilla, the
pi-B leans medially to a position between the jaws, deep to the masseter superficialis (MS). This marks
the beginning of the insertion of the pi-B, which extends until the anterior part of the insertion of the

temporalis profundus (TP), just anterior to the level of the optic foramen.
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Mandibuloauricularis

The mandibuloauricularis (MA) consists of a small fiber bundle that takes its origin from the anterior part
of the auricular cartilage. It inserts on the posterior tip of the angular process, between the pars posterior
of both masseter superficialis (pp-MS) and pterygoideus medius (pp-PM). This muscle was damaged on
the digitally dissected side of the skull and was described based on its right counterpart.

Facial musculature
Dilator nasi

The dilator nasi (DN; Fig. 6A,B) is an extremely thin sheet of horizontally oriented fibers. It is the most
dorsal of the anterior facial muscles. It takes its origin on the dorsal part of the lateral surface of the
maxilla, with the muscular fibers stretching anteriorly from the level of the most posterior point of the
nasal to about mid-length of the rostrum The DN broadens slightly anteriorly to its origin and narrows
down abruptly at its most anterior part, which attaches via a tendon. The length of the tendon more than
doubles the length of the muscular portion of the DN. It runs for more than half of the rostrum length to

insert on the nasal cartilage at the level of the nostrils.

Maxillolabialis superficialus pars superior

The maxillolabialis superficialis pars superficialis (ps-MLs; Fig. 6A) is the more anterior of the dorsal
facial muscles. This thin and elongated muscle is broader at its posterior and median parts, thinning
anteriorly. The ps-MLs is slightly thicker ventrally than dorsally. Its posterior and middle parts overlie the
maxillolabialis profundus pars media and pars superior anteriorly. The ps-MLs and the DN are similar in

length. A tendon, as long as its muscular counterpart, connects the ps-MLs to the upper lip.

Maxillolabialis superficialis pars inferior

The pars inferior of the maxillolabialis superficialis (pi-MLs; Fig. 6A) is the most posterior of the facial
muscles described in this section. It arises from an area dorsal to the maxilla-frontal-lacrimal contact. Its

anterior half covers the posterior parts of the pars media and pars superior of the maxillolabialis
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profundus. The muscle fibers reach just posterior to the most anterior point of the fronto-nasal sutures.
From this point, an extremely long tendon runs anteriorly to insert just posteroventrally to the buccal
commissure. In M. tridactyla, the pi-MLs is dorsally placed when compared to the condition in 7.

tetradactyla.

Maxillolabialis profundus pars inferior

The maxillolabialis profundus pars inferior (pi-MLp; Fig. 6B) takes its origin on the anterodorsal surface
of the zygomatic arch of the maxilla. Its origin overlies the anterior part of the tendon of the masseter
superficialis. The height of the posterior part of the pi-MLp contrasts with its extremely thin anterior part.
The anterior half of the muscle consists of an extremely thin bundle of a few horizontally oriented fibers.
The muscular part of the pi-MLp runs for slightly more than a third of the rostrum length. This muscle
appears to insert on the pars anterior of the MLp, as an individual tendon was hard to identify during the

classical dissection.

Maxillolabialis profundus pars anterior

The pars anterior of the maxillolabialis profundus (pa-MLp; Fig. 6A) is extremely thin compared to its
posterior counterpart (pi-MLp). The pa-MLp overlies the anterior half of the pi-MLp. This muscle might
correspond to an anterior extension of the pi-MLp. The anterior part of the pa-MLp flanks the ventral
margin of the ps-MLs. The insertion of the pa-MLp just posteriorly to the buccal commissure is done

through a tendon almost equivalent in length to its fibers.

Maxillolabialis profundus pars media

This part of the maxillolabialis profundus (pm-MLp; Fig. 6B) is a thin fiber bundle between the pars
inferior and the pars superior of the MLp. The pm-MLp is the most dorsoventrally compressed of the
dorsal facial muscles, with a length similar to that of the DN. Its origin is anterodorsal to that of the pars
inferior of the MLp. As previously described, the anterior part of this muscle is covered by the ps-MLs.
The pm-MLp tendon appears to be fused with that of the pm-MLp and the pi-MLp, which is in line with

previous observations (Naples, 1985a).
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Maxillolabialis profundus pars superior

The maxillolabialis profundus pars superior (ps-MLp; Fig. 6B) is a more dorsal and broader replicate of
the pm-MLp. The origin is just slightly anterior to that of the pm-MLp, and both muscles are similar in
length. From classical dissection, this muscle appears to share a tendon with the ps-MLs, with both

muscles sharing an insertion posterodorsally to the buccal commissure.

Intermandibular musculature
Intermandibularis anterior

The transversus mandibularis (1A; Fig. 15; mylohyoideus pars anterior sensu Naples, 1999a) is extremely
elongated, extending for almost half the mandibular length (127.4 mm). This muscle is very thin and forms
a sheet covering the tendon of the genioglossus as well as the tongue (not figured). Each fiber is attached
to thin areas on the ventrolateral surfaces of both mandibles. The muscle wraps around the ventral margin
of the mandible and the transversely oriented stretch to insert on the symmetric element. The fibers are

continuous between mandibles.

Mylohyoideus pars anterior

The postcranial muscles in our specimen were not successfully stained by the iodine solution and,
therefore, could not be illustrated and described (Fig. 15). The pars anterior of the mylohyoideus (pa-Mh,;
Fig. 15; mylohyoideus pars media sensu Naples, 1999a) is only partially stained and thus not completely
represented in our 3D reconstructions. This muscle forms a thick sheet ventral to the tongue musculature
and the hyoid apparatus. Its fibers are transversely oriented, connecting a midline of conjunctive tissue to
the medial surface of the mandible (Fig. 15). Both symmetric counterparts of the pa-Mh unite in the
midline, but could be easily distinguished both during the classical and digital dissections. The pa-Mh is
clearly separated from the pars posterior by a shift in the insertion from the mandible to the skull. The
posterior end and transition between the pars anterior and posterior of the mylohyoideus could not be

segmented during the digital dissection.
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Figure 15 — The intermandibular musculature of M. tridactyla in lateral (A), ventral (B), and posteromedial (C) view. Scale bar 10
mm.

Comparison

Masticatory apparatus, auxiliary facial muscles, and intermandibular musculature

The anatomy of the masticatory apparatus is similar in the three studied species of anteater (Figs. 4, 10,
14). However, the pterygoideus and masseter complexes present different number of elements between
the Cyclopedidae and the Myrmecophagidae. While in M. tridactyla and T. tetradactyla the pterygoideus
medius (PM) is divided into anterior (pa-PM) and posterior (pp-PM) parts, C. didactylus shows one single
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unit (Fig. 5) that could not be separated neither with digital or classical dissection. The PM of C. didactylus
also differs from that of Myrmecophagidae in the more reduced anterior extension of its origin. In M.
tridactyla and T. tetradactyla, the pa-PM origin on the palate extends anteriorly to the level of the optic
foramen (Figs. 10C and 14C, while in C. didactylus it is slightly more posterior (Figs. 5 and 7A). C.
didactylus also presents a very dense layer of connective tissue, which is located laterodorsally to the

insertion of the PM on the mandible.

The mandibular musculature of C. didactylus can also be distinguished from that of the other
anteaters by the presence of a dorsolaterally oriented mandibuloauricularis (MA). This is due to a more
anterior position of the auricular cartilage in C. didactylus compared to myrmecophagids. The fossa for
the external auditory meatus is anterodorsally elongated, with its anterior margin reaching the base of the
zygomatic process of the squamosal (Fig. 4B). Another trait that distinguishes C. didactylus musculature
is the absence of a masseter profundus. C. didactylus also lacks a jugal bone, which is the origin of the
masseter profundus in myrmecophagids. The masseter superficialis muscle fibers are further
posteroventrally from the upper jaw in C. didactylus compared to the myrmecophagids. Therefore, the
masseter superficialis is attached to the upper jaw by a long tendon in C. didactylus (Fig. 4). Additionally
to the lack of a masseter profundus, C. didactylus displays a bipartite masseter superficialis (Fig. 4), while
it is composed by a single layer in myrmecophagids (Figs. 10 and 14). Volume wise, the masseter
superficialis (MS) is much larger in 7. tetradactyla and M. tridactyla (Table 1). These differences are
reflected in the muscle shape, with the MS being thicker in the latter two than in C. didactylus.

The remaining differences between the masticatory apparatus of C. didactylus and
myrmecophagids relates to muscle shape and proportions. The temporalis muscle complex is
proportionally much larger in C. didactylus than in myrmecophagids (Table 1). The temporalis
superficialis (TS) accounts for 42.2% of the total volume of the masticatory apparatus, while in 7.
tetradactyla this proportion is reduced by half (20.9%) and to 13.5% in M. tridactyla (Table 1). In
myrmecophagids, the TS is flatter and compressed by the large lacrimal gland (Figs. 10, 14). Contrary to
M. tridactyla and C. didactylus, the TS fibers are bipennated (Fig. S1B), their insertion on the coronoid
process is muscular rather than aponeurotic. The temporalis profundus (TP) is relatively larger compared
to its counterparts in M. tridactyla and T. tetradactyla. The pars lateralis (pl-TP) is twice as large in C.
didactylus (Table 1) and shows a higher origin in the temporal fossa (Figs. 4B, 10B, and 14B). The pars
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zygomatica of the temporalis superficialis (pz-TS) presents an inverse trend in volume percentage, being

smaller in C. didactylus than in myrmecophagids (Table 1).

The volumes of the pterygoideus complex show a trend for an increase of the pars superior of the
pterygoideus externus (ps-PE) with specimen size. Both pterygoideus externus pars inferior (pi-PE) and
pterygoideus medius showed some differences in volume that do not appear to present any correlation

with specimen size (Table 1).

Volume percentages in the facial-masticatory and transverse mandibular muscles show similar
values in all three species. Anatomically, the muscles are very similar in all species, with the buccinatorius
muscles (B) changing proportionately with rostrum elongation. This layer exhibits keratinous spicules

with the apex oriented posteromedially.

The intermandibularis anterior is similar in all three species.

Hyvoid, thyroid, and pharynx musculature

We report four main differences between T. tetradactyla and C. didactylus. First, we describe the presence
of a tensor veli palatini (t-VP) in C. didactylus while this muscle is absent in 7. tetradactyla. Secondly,
the levator veli palatine (I-VP) presents a slightly individualized posterodorsal layer (Fig. S1) in T.
tetradactyla while it forms a simple strap in C. didactylus. The medialis veli palatini (m-VP) is extremely
elongated in 7. tetradactyla compared to that of C. didactylus (Figs. 8 and 12). In the former, the posterior
tip of the m-VP projects more posteriorly relative to the dorsal margin of the thyrohyal. Lastly, the
ceratohyoideus (CeH) is relatively much larger in C. didactylus than in T. tetradactyla (Figs. 8 and 12).

The only noteworthy difference is the attachment of the posterior part of the mylohyoideus pars
anterior (pa-Mh) to the posterior part of the PM in C. didactylus. In T. tetradactyla and M. tridactyla, this

muscle detaches from the mandible to attach directly to the pterygoid bone, posteriorly.
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Facial musculature

Differences in the facial musculature are related with the number of individual elements (Fig. 6). C.
didactylus present the lowest number of muscles (n = 4) and M. tridactyla the largest number (n = 7),
while T. tetradactyla is more intermediate (n = 5). The dilator nasi (DN) and the maxillolabialis profundus
pars inferior (pi-MLp) are present in all species (Fig. 6). In C. didactylus, the pi-MLp originates dorsally
on the maxilla, just dorsal to the tendinous insertion of the masseter superficialis (MS). In
myrmecophagids, the origin of the pi-MLp is located more ventrally (Fig. 6). The maxillolabialis
profundus pars superior (ps-MLp) is also present in all species, with a second similar but smaller element
present between the former and the pi-MLp. We name it maxillolabialis profundus pars media (pm-MLp;
see ‘Results’). M. tridactyla presents a unique maxillolabialis profundus pars anterior (pa-MLp) that

resembles an anterior extension of the pi-MLp (Fig. 6).

The superficial layer of the maxillolabialis complex is made up of one element in C. didactylus
and two in 7. tetradactyla and M. tridactyla (Fig. 6). The maxillolabialis superficialis pars superior (ps-
MLs; Fig. 6) is topologically similar in 7. tetradactyla and C. didactylus. It overlies, to some extent, the
DN and the pi-MLp in both species, but also the pi-MLp in C. didactylus. Its origin is located over the
maxilla-frontal-lacrimal intersection in C. didactylus, with the muscle fibers becoming more anterior in
the largest species (Fig. 6). In M. tridactyla, the posterior fibers arise at the level of the anterior process
of the frontal. The maxillolabialis superficialis pars inferior (pi-MLs) is only present in the
myrmecophagids (Fig. 6). It forms a sheet that resembles the pi-MLp in T. fetradactyla, while its origin is
more dorsal and only marginally overlies the pi-MLp in M. tridactyla (Fig. 6).

Discussion

Comparative myology in anteaters

The upper and lower jaws of anteaters represent a unique example of extreme skull elongation within
mammals. Anteaters are completely toothless and have lost the ability to perform chewing movements
(Naples, 1999). Despite this, as in most other mammals, their jaw mechanics is defined by a conserved

number of homologous muscular elements (Greaves, 2012).
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Our results mostly agree with previous descriptions of the muscular anatomy of anteaters (Owen,
1856; Windle & Parsons, 1899; Naples, 1985a, 1999; Reiss, 1997; Endo et al., 2007, 2017), except for
the recognition of the intermandibularis anterior muscle (IA). Naples (1999) considered this muscle as
being a part of the mylohyoideus (ML). We showed that this muscle is attached to the ventrolateral margin
of the anterior part of the lower jaws, which contrasts with the insertion area of the mylohyoideus.
Furthermore, we confirmed that the IA is made of transversally continuous fibers. The mylohyoideus pars
posterior (pp-Mh) and pars anterior (pa-Mh) comprise two bilaterally symmetric muscles that join along
a midline axis (Fig. S1C). A similar condition is found in anteaters’ sister taxon, sloths (Naples, 1986), as
well as in other mammals like moonrats (Turnbull, 1970), nectarivorous bats (Wille, 1954), and humans
(Gray, 1995). Turnbull (1970) uses two criteria to assign a digastricus pars anterior to the mylohyoideus:
1) the presence of intertonguing connection at the midline, and ii) the contiguity of the attachment on the
mandible. None of these conditions was found in the “pars anterior of the mylohyoideus” (sensu Naples,
1999). Therefore, we propose to consider this muscle as the intermandibularis anterior (Diogo et al.,
2008). The mylohyoideus pars anterior (sensu Naples, 1999), the transversus mandibularis of rats
(Greene, 1935) and the pars anterior of the mylohyoideus of tree-shrews (Le Gros Clark, 1924) are
developmentally distinct from the true mylohyoideus, the former being homologous with the
sarcopterygian intermandibularis anterior while the latter is homologous to the intermandibularis
posterior (Diogo et al., 2008). This muscle acts as a stabilizer of the mandibular symphysis (Hautier &
Saksiri, 2009). It is found mostly in mammals in which this structure is especially mobile (Hiiemae &

Houston, 1971).

In agreement with previous works (Naples, 1999; Endo et al., 2007, 2017), we showed that the
complexity of the masseter is reduced compared to the condition observed in other mammals (Naples,
1985b). We follow Naples (1999) in considering that C. didactylus presents a single masseter superficialis,
divided in two parts. C. didactylus presents one single large tendon that connects the masseter musculature
to the zygomatic process of the maxilla, with both parts presenting a pars reflexa. This suggests that the
masseter muscle of C. didactylus is reduced to a superficial element. On the other hand, Endo (2007,
2017) divided the masseter musculature of 7. tetradactyla and M. tridactyla in deep and superficial
separate muscles. This would imply that the masseter profundus was lost in the cyclopedid lineage. In
other mammals, the masseter profundus arises from the zygomatic arch (Turnbull, 1970; Cox & Jeftery,
2011; Fabre et al., 2017; Ginot et al., 2018), which is absent in C. didactylus. Such a loss could be linked

to the absence of a masseter profundus, given that cartilage-bone development is partly dependent on
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embryonic muscular contractions (Hall & Herring, 1990; Atchley & Hall, 1991; Rot-Nikcevic et al., 2006;
Zelditch et al., 2008). In contrast, jugal bones are present in 7. tetradactyla and M. tridactyla, and
associated with a separate masseter profundus, as observed in their sister taxon (i.e. sloths; Naples, 1985b).
The presence of two masseter muscles therefore represents the plesiomorphic condition for anteaters. The
complete loss of a functional zygomatic arch and masseter profundus in C. didactylus offers a striking
example of developmental integration linked to muscle bone interaction, as well as an empirical evidence

of modularity within the masticatory apparatus.

Despite the presence of a jugal bone in Tamandua and Myrmecophaga, all anteaters putatively
lack a zygomaticomandibularis muscle (Edgeworth, 1923; Naples, 1999). However, we found a well-
separated pars zygomatica of the temporalis superficialis in the three species of anteaters, especially in C.
didactylus. Naples (1985b) proposed that the temporalis superficialis of Choloepus spp. (two-toed sloths)
presented a pars zygomatica. Naples (1999) homologized the posterolateral part of the temporalis
superficialis of M. tridactyla with the pars zygomatica of Choloepus. Contrary to the temporalis
superficialis pars zygomatica in the two-toed sloths (Naples, 1999), we showed that the pars zygomatica
does not insert on the anterior edge of the coronoid process, in anteaters. Instead, it inserts on along the
medial part of the mandibular notch (Figs. 1B, 4, 10, 14). Edgeworth (1914) argues that the
zygomaticomandibularis (sensu Turnbull, 1970) separates from the temporal during the development of
Dasyurus spp. (quolls), which might be equally the case in other mammals (Druzinsky et al., 2011).
According to Druzinsky et al. (2011), the zygomaticomandibularis is not separable from either the
masseter or the temporalis complexes in some carnivores, ungulates, bats, and marsupials. We argue that
the temporalis superficialis pars zygomatica of anteaters is not homologous to that of Choloepus spp.
(Naples, 1985b) and other xenarthrans (Edgeworth, 1923), but instead might be related to the
“zygomaticomandibularis posterior” (Druzinsky et al., 2011; Fabre et al., 2017). This homology is
retained here as a working hypothesis. We propose that the name of the temporalis superficialis pars

zygomatica should not be changed until further evidence is collected from embryological data.

Functionally, we found evidence for a shift between C. didactylus and the myrmecophagid
anteaters. The temporal musculature appears to play a much more relevant role in mandibular movements
in C. didactylus (42.2%) than in larger anteaters (13.5-20.9%). On the other hand, both myrmecophagids
present a masseter musculature accounting for about a third of the total volume, while it is three times

smaller in C. didactylus. While this may relate directly with the loss of a true deep masseter, it also implies
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a change in the position and orientation of the main vector of force contributing for mandibular elevation
(Hylander, 2006; Greaves, 2012). The masseter superficialis generates anterodorsally directed forces
(Barbenel, 1972; Baron & Debussy, 1979; Fabre ef al., 2017). On the other hand, the femporalis complex
generates forces with vertical to posterodorsal directions (e.g., Barbenel, 1972; Baron & Debussy, 1979).
This is due to its subdivisions (two to four) that contribute with differently oriented force vectors (e.g.,
Turnbull, 1970; Otten, 1988). Naples (1999) suggested that the masseter and temporalis musculature plays
a role in depressing the medial and ventral edges of the mandible in M. tridactyla. The temporalis
generates a medial rotation of the dorsal edge of the ascending ramus of the mandible, while the masseter
contributes to the rotation of its ventral margin (Naples, 1999). As a result, the anteroventral part of the
mandibular body depresses while the unfused mandibular symphysis cartilage stretches during tongue

protrusion.

We showed that the masticatory apparatus of 7. tetradactyla is very similar to that of M. tridactyla
and therefore support Endo’s (2017) view that mandibular movement is probably similar in both species.
The musculature of the masticatory apparatus of C. didactylus differs not only in terms of proportions and
number of masseter elements, but also at the level of the fiber architecture, with its temporalis superficialis
exhibiting a bipennate arrangement of oblique fibers (Fig. S1B). Bipennate and multipennate muscles
generate larger forces (increased physiological cross-section areas) than unipennate muscles or muscles
with parallel fiber arrangement (Turnbull, 1970; Gans & de Vree, 1987; Hylander, 2006). This appears to
correlate with the relatively more developed ascending ramus of the mandible, particularly the coronoid
process. Although the initiation of the coronoid development is an intrinsic process to the mandibular
ossification, its growth is dependent on muscle-bone interaction (Anthwal, Peters, & Tucker, 2015). As
discussed previously, the absence of jugal bone is probably related the extremely reduced masseter
musculature. A similar condition is found in the tailless tenrec (Tenrec ecaudatus; Oron & Crompton,
1985). Asin C. didactylus, tailless tenrecs have lost the jugal bones and the masseter profundus, displaying
arelatively small masseter superficialis with a tendinous insertion on the zygomatic process of the maxilla
(Oron & Crompton, 1985). Their temporalis musculature, on the other side, makes up for most of the

adductor muscles’ volume (Oron & Crompton, 1985).

Despite the differences between C. didactylus and myrmecophagids, all anteaters present many
similarities regarding their adaptations to ant- and termite-eating: an unfused mandibular symphysis, the

presence of an intermandibularis anterior, a well-developed mylohyoideus muscle, an extremely long
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sternoglossus, and the absence of a digastricus muscle. This suggests that mouth opening during tongue
protrusion in C. didactylus might be similar to that of 7. tetradactyla and M. tridactyla. The orientation of
the ascending ramus and the coronoid process supports this view. Contrary to other mammals (e.g.,
Turnbull, 1970), C. didactylus presents laterally oriented coronoid processes (Figs. 4B, 5A). Then, the
contraction of the temporalis superficialis pulls the coronoid process medially, causing the ventral margin
of the mandibular body to rotate laterally. The larger forces generated by the temporalis complex and the
shorter horizontal body of the mandible in C. didactylus compared to myrmecophagids, might result in
very similar mandibular movements and global momentum to those in myrmecophagids, despite the
reduction of the temporalis muscle in the latter. As in anteaters, the mandibular symphysis of the tailless
tenrecs is highly mobile, allowing a high degree of movement around the longitudinal axis of the mandible
(Mills, 1966; Oron & Crompton, 1985). Oron and Crompton (1985) suggested that the loss of the masseter
profundus and the reduced complexity of molars facilitate the mediolateral rotation of the mandible during
occlusion. The morphological similarities between C. didactylus and T. ecaudatus suggest that similar

mediolateral rotation of the jaws is possible despite a shift in force distribution during the chewing cycle.

In addition to anteaters and tenrecs, mandibular mediolateral rotation plays a key role in mysticetes
(Marshall, 2009; Pyenson et al., 2012). The innervation patterns of the toothless dorsal margin of the
mandible in anteaters and baleen whales, and its sensorial role in the coordination between mandibular
movements and tongue protrusion/gulping (anteaters and baleen whales respectively) was previously
discussed (Peredo et al., 2017; Ferreira-Cardoso et al., 2019). Assuming this link, the presence of similar
patterns of dorsal canaliculi in C. didactylus and myrmecophagids is an additional evidence of similar
mandibular movements. However, this will have to be demonstrated by applying biomechanical models

to the masticatory apparatus of all three anteater genera.

Similar function in morphologically distinct masticatory apparatus makes extant anteaters an
example of many-to-one-mapping of form to function (Wainwright et al., 2005; Strobbe et al., 2009).
Extant anteaters lineages diverged during the late Eocene (=37.8 Mya, Gibb et al., 2016) with the earliest
fossil dating back from the Late Oligocene to the Early Miocene (=23.0 Mya; Carlini et al., 1992).
Currently, it is not known if their most recent common ancestor was toothless and myrmecophagous.
Nevertheless, Meredith et al. (2009) showed that the enamelin gene (ENAM) was already non-functional
(pseudogene) in the common ancestor of Pilosa (anteater and sloths). Furthermore, their ancestral state

reconstruction indicated that the common ancestor to the Vermilingua was probably toothless. In this
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scenario, strict myrmecophagy is plesiomorphic to this clade, with associated functional adaptation and
changes to the masticatory apparatus occurring differently under in the two extant lineages (Cyclopedidae

and Myrmecophagidae).

Endo (2017) described a vestigial “digastricus posterior” in T. tetradactyla, but probably referred
to the mandibuloauricularis, as no connections were found with the hyoid apparatus. We did not find a
digastricus pars posterior neither during the classical nor the virtual dissections, confirming observations
by Naples (1999). Contrary to previous publications (Naples, 1985a; Reiss, 1997) we identified a pars
externa of the buccinatorius in C. didactylus. Our observations of the buccinatorius (pars interna and
externa) confirmed the importance of this muscle in the feeding apparatus of all extant anteaters. Naples
(1999) highlighted the role of this muscle in contributing to the removal of attached ants during tongue

protrusion.

Comparison with the myology of pangolins

Pangolins are often referred to as scaly-anteaters and are a well-known example of ecological and
morphological convergence with anteaters (McGhee, 2001; Rose et al., 2005). However, pangolins
present several muscular differences with anteaters in their skull. First, the masseter muscle appears to be
more complex than in anteaters, with three parts described in Manis javanica (Sunda pangolin; Endo et
al., 1998). In contrast, Windle and Parsons (1899) reported that the masseter is thin and “unilaminar” in
Manis spp., taking its origin on a “fibrous zygoma”. Three muscle bundles are visible in Endo ez al. (1998;
Fig. 7), the anterior two putatively originating on the zygomatic process of the maxilla, while the posterior
one originates from the zygomatic arch. The areas of origin of the masseter are not illustrated and
differences in fiber orientation are not provided (Endo et al., 1998), although the most anterior bundle
appears to be the most vertically oriented (Fig. 7; Endo ef al., 1998). This might suggest the existence of
a masseter superficialis with two parts, as in C. didactylus, with a small masseter profundus anteriorly.
However, the origins reported by Endo and colleagues (1998) do not correspond to such divisions (e.g.,
Turnbull, 1970). Edgeworth (1923) describes the masseter as arising from the “lower margin of the
zygomatic portion of the superior maxilla”, while a more oblique muscle arises from the medial surface
of the zygomatic arch (“zygomaticomandibularis™). The figures associated to Edgeworth’s (1923; Figs.
59 and 60) suggest that the author’s zygomaticomandibularis could also be a masseter profundus. It is not

possible, with the available information, to establish clear homologies with the massefer of anteaters.
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However, previous reports suggested that the masseter of pangolins is multi-layered (contra Windle and
Parsons, 1899), possibly composed of two separate parts as in 7. fetradactyla and M. tridactyla.
Furthermore, if pangolins have a “true” zygomaticomandibularis, this muscle is not homologous to the

putative zygomaticomandibularis of anteaters as discussed above.

Second, the pterygoideus complex of pangolins is composed of a pterygoideus externus, and a
pterygotympanicus (Edgeworth, 1923; Endo et al., 1998). Edgeworth (1923) described a pterygoideus
medius that is atrophied during development, with a medial pterygo-hyoideus connecting to the epihyal-
stylohyal bones. Yeh (1984) and Endo et al. (1998) reported the absence of pterygoideus medius. An
accurate description of the pterygo-hyoideus in the adult pangolin was not provided. As for the
pterygoideus externus, Endo et al. (1998) suggested the presence of two muscles bundles, but did not
consider this muscle to be divided in two parts, as in anteaters. It appears that the pterygoideus externus
of pangolins corresponds to the pars inferior of the muscle in anteaters, as it arises from the pterygoid
bone (Edgeworth, 1923). In anteaters the pars superior of the pterygoideus externus arises from the
parietal bone, just ventrally to the temporal fossa. Lastly, pangolins present a muscle not found in
anteaters: the pterygotympanicus (Edgeworth, 1923) that takes its origin on the ventral part of the
alisphenoid bone and inserts on the tympanic bulla. A posteromedial projection of this muscle gives rise

to the tensor veli palatini, a muscle that we found exclusively in C. didactylus.

Unlike anteaters, pangolins appear to present a digastricus (Endo et al., 1998). It is, nevertheless,
less developed than in other mammals (e.g., Turnbull, 1970). Endo ef al. (1998) described two parts of
the digastric, with the lateral part corresponding to what is commonly known as the “posterior belly”.
Windle and Parsons (1899) also described a digastricus in pangolins, although not dividing it into two
distinct parts. Edgeworth (1923) homologized the digastricus of Windle and Parsons (1899) to the

mandibuloauricularis.

In pangolins, the tongue musculature is composed of a sternoglossus (fusion of the hyoglossus
with the sternohyoideus) reaching an extremely long xiphoid cartilage at the posterior end of the sternum
(Macalister, 1875; Jentink, 1882; Edgeworth, 1923). This condition is similar to that found in anteaters,
although the xiphoid cartilage is relatively much longer in pangolins (Doran & Allbrook, 1973). Unlike
in anteaters, the sternohyoideus does not contribute to the posterior part of the sternomandibularis, and

this muscle appears to be completely absent (Windle & Parsons, 1899; Edgeworth, 1923; Endo et al.,
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1998). The geniohyoideus fuses with its bilateral counterpart into a medial band, then presenting two

lateral bands posteriorly, as in anteaters.

Also, in pangolins, both intermandibularis anterior and posterior have been described
(Edgeworth, 1923). However, both present a medial raphe, which suggests that these elements are
homologous to the mylohyoideus pars anterior and posterior of anteaters. The attachment of the latter to
the pterygoid bone is similar to the condition in 7. tetradactyla (Fig. 11). Endo (1998) described a single
mylohyoideus in Manis javanica (Sunda pangolin), but gave no details about the origin of the muscle’s
attachment to the skull. Previous description appeared to suggest the absence of a true intermandibularis
anterior (sensu Diogo et al., 2008) in pangolins. This is congruent with the presence of a fused symphysis.

However, further dissections are needed to verify the presence of this muscle.

Edgeworth (1923) reported the early differentiation of the thyrohyoideus and the sternothyroideus
from the rectus cervicis, describing the origin and insertions of these muscles, which are similar to those
in anteaters. The author also described the presence of the larynx dilator cricoarytenoideus posterior
(“crico-arytenoideus posticus”), the arytenoideus, and the thyroarytenoideus. As in anteaters, the
thyroarytenoideus arises from the basal part of the thyroid cartilage and inserts on the arytenoid cartilage,
and is divided in two parts that are designated as superior (thyroarytenoideus pars lateralis) and the
smaller inferior (thyroarytenoideus pars medialis;, Figs. 8 and 12). In Manis spp., the origin of the
thyrohyoideus pars medialis is located on a median posterior process (Edgeworth, 1923), which is absent
in the thyroid of anteaters. The arytenoideus lateralis is illustrated, as well as the cricothyroideus.
Edgeworth (1923) did not report the division of the former in two parts, as is the case in anteaters. Both

stylopharyngeus and the constrictores pharingis were also described, with no differences to report.

Despite several studies dedicated to the head musculature of pangolins (e.g., Macalister, 1875;
Windle & Parsons, 1899; Edgeworth, 1923; Imai, 1978; Endo et al., 1998), these articles present virtually
no information concerning volume or mass ratios and references to the functional aspect are anecdotic.
The different nomenclatures used by each author and the different level of detail, associated with poor
illustration, call for a unifying description of the musculature of pangolins. Future research on the pangolin
head musculature would greatly contribute to assess the putative morphological convergence of their
masticatory apparatus with that of anteaters. Key questions, like the existence of an intermandibularis
anterior (sensu Diogo, 2008), and the biomechanics of the pangolin masticatory apparatus would much

benefit from a thorough review. In particular, the putative absence of an intermandibularis anterior in
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pangolins suggests a decreased degree of symphysial mobility when compared to anteaters. Furthermore,
pangolins lack dorsal canaliculi, structures hypothesized to be associated to the coordination of the
mediolateral rotation of the mandibles in anteaters (Ferreira-Cardoso ef al., 2019). A quantitative

assessment using modern techniques is key to associate these morphological traits to function.

Comparison with aardvark myology

The head muscles of the aardvark (Orycteropus afer), a myrmecophagous tubulidentate, ,have been the
subject of several studies (Humphry, 1868; Galton, 1869; Windle & Parsons, 1899; Bender, 1909;
Edgeworth, 1924; Sonntag, 1925). Although information on volume, mass, or rations is currently
unavailable for head muscles, the masticatory, intermandibular, and hyoid musculature is relatively well-
described and illustrated (Edgeworth, 1924; Sonntag, 1925). Similarly to other myrmecophagous species,
the aardvark also possesses an elongated and specialized tongue (Gozdziewska-Harlajczuk, Kle¢kowska-
Nawrot, & Barszcz, 2018), an elongated snout, and a regressed dentition lacking enamel. However, the
aardvark presents a developed ascending ramus of the mandible, with prominent coronoid and condylar
processes, and a broad masseteric fossa (e.g., Edgeworth, 1924; Ferreira-Cardoso et al., 2019). The

aardvark is also able to chew (Patterson, 1975).

The masseter of O. afer has been characterized as thin and flat (Sonntag, 1925), but it is fan-like
(vertical to longitudinal fibers) and presents a pars reflexa posterodorsally (Edgeworth, 1924; Sonntag,
1925). In the absence of more details, it appears that the architecture of the masseter of O. afer is more
complex than that of anteaters and pangolins. Unlike anteaters, O. afer presents a zygomaticomandibularis
that inserts on the lateral surface of the mandible dorsally to the masseter. This muscle has vertically
oriented fibers and originates along the jugal and the anterior part of the zygomatic process of the
squamosal (Edgeworth, 1924; Sonntag, 1925). It is probably not related to the masseter pars zygomatica
of anteaters, as its insertion on the mandible is much more anteroventral and its origin further apart from
the temporal fossa (Edgeworth, 1924). The temporalis of O. afer also differs from that of anteaters as it
extends dorsally and posteriorly into the cranial vault and covers both lateral and medial surfaces of the

coronoid process, as well as its anterior and posterior margins (Edgeworth, 1924; Sonntag, 1925).

The pterygoideus complex in O. afer presents some differences when compared to that of anteaters

(Edgeworth, 1924; Sonntag, 1925). Its pterygoideus medius presents three parts, while only two were
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identified in M. tridactyla and T. tetradactyla, and a single in C. didactylus. The pterygoideus externus is
composed of a single part arising from the alisphenoid bone which makes it probably homologous to the
pars inferior of the same muscle in anteaters (Fig. 5). As in pangolins, the aardvark presents a
pterygotympanicus that originates on the ectotympanic and displays a tendinous connection to the tensor
veli palatini, on the palate (Edgeworth, 1924; Sonntag, 1925). The association of the pterygotympanicus
with the fensor veli palatini suggests that both muscles might aid in the elevation of the soft palate by the
levator veli palatini (Auer et al., 1999; Kishimoto et al., 2016). T. tetradactyla and M. tridactyla lack both
the pterygotympanicus and a separate tensor veli palatini. C. didactylus lacks the former, but presents a

tensor veli palatine in close association with the posterior fibers of the pterygoideus medius on the palate.

O. afer presents a longitudinal “intermandibularis” that takes its origin on the hyoid and sends two
tendons that insert anteriorly on the ventrolateral surface of the mandibles (Edgeworth, 1924). Sonntag
(1925) suggested that this muscle might correspond to the mylohyoideus, but the attachment to the
mandible and the longitudinal orientation resemble more those of a digastricus pars anterior (Turnbull,
1970; Gray, 1995). Inversely, both Sonntag (1925) and Edgeworth (1924) suggested that the transversely
oriented muscle attaching medially to the posterior half of the mandibles is a “digastricus anterior”. This
muscle presents a variable median raphe, such as the mylohyoideus musculature in anteaters and other
mammals (Edgeworth, 1914; Saban, 1968; Turnbull, 1970), and it does not connect to the digastricus pars
posterior (Edgeworth, 1924; Sonntag, 1925). Therefore, we propose that the “digastricus anterior” (sensu
Sonntag, 1925; and Edgeworth, 1924) of the aardvark is a mylohyoideus pars anterior. We also propose
that the “intermandibularis” of Edgeworth (1924) and Sonntag (1925) is homologous to the geniohyoideus
of anteaters, as both are longitudinally oriented, present an anterior bifurcation of the muscular fibers, and
take their origin on the ceratohyal and basihyal. While we cannot confirm the correct identity of these
muscles in O. afer, it is clear that, as in pangolins, both pars anterior and posterior of the digastricus are

present. Both of these muscles are absent in anteaters.

Despite being elongated, the tongue of the aardvark does not attach to the sternum like in anteaters
(Windle & Parsons, 1899; Sonntag, 1925). Both the genioglossus (which forms the base of the tongue)
and the hyoglossus attach to the hyoid system (Sonntag, 1925). Additionally, a separated sternohyoideus
is present in the aardvark (Sonntag, 1925). In anteaters, hyoglossus and sternohyoideus merge to form the

extremely long sternoglossus (Edgeworth, 1935; Naples, 1999). The tongue musculature of the aardvark
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therefore presents a structure similar to other mammals, such as sloths or rats (Greene, 1935; Naples,
1986).

The hyoid-thyroid and thyroid-cricoid musculatures were described by Sonntag (1925). This
author omitted any references to the ceratohyoideus, but this muscle was illustrated by Edgeworth (1924),
under the “branchio-hyoideus” designation. This muscle serves both as a stabilizer of the hyoid apparatus,
as well as a probable depressor of the pharynx (Reidenberg & Laitman, 1994). Sonntag (1925) also
described the crocothyroideus, although no reference was made to the subdivision of this muscle. Apart
from the absence of the arytenoideus in O. afer, the description of the remaining muscles is similar to
those found in anteaters. Further comparison, mainly regarding the shape and size of these muscles, is not

possible with the details available from the literature.

The aardvark facial muscles are also different from anteaters, as suggested by Sonntag, (1925) and
include a buccinatorius internus, which consists of a thin sheet in the aardvark. The aardvark presents a
fleshy “levator nasi” that arises from the zygomatic process of the maxilla and extends to the anterior part
of the snout, where it contributes with muscular fibers to the “levator labii superioris alaeque nasi”
(Sonntag, 1925). The “levator nasi” appears to be homologous to the maxillolabialis of anteaters. In O.
afer, the maxillolabialis lacks long tendons anteriorly and assumes a dorsal position in the snout (Sonntag,
1925). Whereas in anteaters we identified six separate muscles associated to the upper lip and buccal
commissure, the single muscle “levator labii superioris alaeque nasi” appears to be responsible for
elevating and retracting the snout. This muscle is also associated to the large sheet-like “levator naso-
labialis” that arises from the frontal bone and inserts on the anterior tip of the snout and upper lip (Sonntag,
1925). Again, this condition contrasts with the much smaller dilator nasi in anteaters (Fig. 6), both in size,

origin, and length of muscular fibers.

Although myrmecophagous, the masticatory apparatus of aardvarks is functionally different from
that of anteaters. The biomechanics of their masticatory apparatus has not yet been quantitatively assessed,
but the muscular and bone anatomy already indicate that movements and forces involved will be highly
divergent from those of anteaters. The large temporalis and masseter muscles, the presence of an ossified
zygomatic arch, and the fused mandibular symphysis suggest significant functional differences. The
presence of a vertically oriented zygomaticomandibularis also suggests a more important vertical
component of force when compared to anteaters. The aardvark actively chews in order to eat cucumber-

like plants from which they take their water (Patterson, 1975). The articular condyle is well dorsal to their

133



tooth row, which typically allows for an increase in the momentum of force applied to food item (Greaves,
2012). These are both functional and phylogenetic constraints that likely affect the tongue movement and

speed of ant and termite intake.

Conclusion

Here we described and illustrated the masticatory apparatus, hyoid, thyroid, and sternum musculatures of
the three genera of extant anteaters. While 7. tetradactyla and M. tridactyla showed very similar
morphologies, the masticatory apparatus of C. didactylus was shown to be more different than previously
thought. However, we suggested that different morphologies, mainly those of the temporalis and masseter
complexes, allow very similar functions. We further compared data from the literature and showed that
the biomechanics of anteaters may well differ from that of pangolins, despite of the ecological
convergence (McGhee, 2011). We also compared the head musculature of anteaters with that of the
aardvark and show that they differ in some key aspects, mainly related to the tongue and masticatory
musculature. Further studies will be needed to assess biomechanical differences, notably the magnitude
of forces applied to the mediolateral rotation of the lower jaws (e.g., Oron & Crompton, 1985), and to

characterize jaws movement in anteaters and pangolins.
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Chapter 3: Morphological evolution, integration and modularity

3.1-Variation and covariation

Regardless of the process by which homoplasy is produced, evolutionary convergence is extremely
common in nature. The reason why convergence is that ubiquitous is that life on Earth occupies just a
small fraction of the theoretical morphospace (McGhee, 1999). Shapes are limited by functional
constraints, since mutations often produce life forms that are lethal. Additionally, morphology is limited
by developmental constraints, which derives from the fact that organismal differentiation is conditioned
to the original cell, the genetic coding, the interaction between cell tissues, and to all the geometric,
physical, and chemical laws to which that mother cell is subjected to (McGhee, 2011). Constraints either
prevent or shift the direction of evolutionary change, thus channeling evolution while restricting the
evolvability of a biological system (Klingenberg, 2005). Evolvability is the degree to which an organism
can respond to selection or evolve due to drift. The more evolvable a system, the more directions it can
vary within the theoretical morphospace (Klingenberg, 2005). A constraint is considered to be “positive”
when evolvability is channeled (canalization; see below) towards specific directions in the morphospace,
and “negative” when evolvability is reduced in every directions (Klingenberg, 2005). Additionally,
constraints can be separated in absolute and relative constraints. The first are rare, if not inexistent, in
nature, as they assume that all variation is contained in a subspace, with null variation along the remaining
morphospace axes (Klingenberg, 2005). Relative constraints result in differential variation between axes
of the morphospace, causing some axes to have a greater propensity to suffer selection or drift, therefore
increasing the evolvability of certain traits to the detriment of others (Klingenberg, 2005).

Evolution is thus a result of a trade-off between natural selection, functional constraints, and the
developmental processes. As previously referred, with his “/oi de correlation des formes”, Georges Cuvier
proposed that each species was perfectly adapted to its environment and that its body parts were correlated,
so that one could predict the shape of one part in the presence of another. The correlated evolution of
morphological traits would be formalized by Olson and Miller (1958) as morphological integration.
However, as opposed to Cuvier’s ideas, the correlation of morphological traits is not strictly due to
adaptation to a functional optimum. Integration arises at both the intra-individual and the population levels
(Cheverud, 1996). Intra-individual integration comprises both functional and developmental aspects,

corresponding to the two sets of constraints that limit existing shape in the theoretical morphospace
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(McGhee, 2011). Mandibular occlusion is a typical example of a process originating functional
integration, as it depends on a coordinated variation of size and shape between the upper and lower jaws.
Developmental integration occurs during the formation process of morphological structures. For instance,
integration can be introduced due to high levels of growth hormone that promote structural growth (e.g.,
limb long bones) and thus increase covariation between associated morphological traits (Cheverud, 1996).
Integration occurring at the population level can be divided in genetic and evolutionary components
(Cheverud, 1996). Logically, both intra-individual and population levels are inter-related. Genetic
integration occurs when integrated sets of morphological traits are inherited. The morphological
expression of genetic integration is developmental integration. Cheverud (1996) sets the difference
between both types of integration arguing that developmental integration is related to the physiological
effects of genes occurring in each individual, while genetic integration involves the transfer of integration
from one generation to another within a population. Genetic integration can be exemplified by the
inheritance of proportionally large hind- and forelimbs (Leamy, 1977). Limb lengths covary due to genetic
integration of two distinct developmental processes. Finally, evolutionary integration is a coordinated
evolutionary trend of morphological elements, caused by both inherited integration and the effect of

natural selection on a set of traits (Felsenstein, 1988).

If Cuvier described what can be called, in modern terms, functional integration, Etienne Geoffroy
Saint-Hilaire and von Baer works orbit around the concept of developmental integration. If the first saw a
common topology to all vertebrates, highlighting a common plan from which they derived to adapt to the
most contrasting environments, the second observed structural differentiation and interaction, and somatic
growth during ontogeny. However, none of them had the knowledge and tools to fully understand the
implications of developmental integration and the full extent of its complexity. How important is the
intrinsic tendency of biological systems to generate variation? If we consider the Bauplan or the
‘archetype’ of a given species as a cluster of individualized developmental processes, to which degree
does it influence the evolution of its lineage?

Developmental constraints are the main factors introducing covariation between morphological
traits (Hallgrimsson et al., 2009), and given that certain sets of conditions are more likely to evolve than
others, strong correlation between traits might constitute an evolutionary constraint (Klingenberg, 2005).
As such, the levels to which integration occurs in organisms are inter-related and inter-dependent.
Nevertheless, developmental integration appears to have a predominant role in maintaining the unity of

an organism. When looking at the skeleton, the topology and connectivity of elements are extremely
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similar in elephants and mice despite the obvious difference of functional constraints and selective
pressures acting on animals with such different sizes and ecologies. Covariation of morphological traits
arises from two different types of mechanisms (Klingenberg, 2005). The first type consists of direct
interactions between developmental pathways (Fig. 5); a factor affects pathway “A”, with a posterior
interaction between pathways “A” and “B” causing trait covariation (Fig. 5). Variation by direct
interaction can also be introduced when one factor affects one precursor pathway “Z” that posteriorly
splits into pathways “C” and “D”; traits resulting from “C” and “D” covary due to a factor acting on “Z”
(Fig. 5). The second interaction is designated parallel variation and occurs when variation is generated by
the action of a factor over multiple pathways simultaneously (Fig. 5). This mechanism can be typically
exemplified as a result of the action of environmental factors over a series of developmental processes
(e.g., temperature differences; Klingenberg, 2005). In such cases, covariation between traits results from
an external factor with no interaction between pathways. Both direct interaction and parallel variation can
happen simultaneously, with covariation between traits being strengthened by both pathway interactions

and the action of an external factor.
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Figure 5 — Mechanisms responsible for generating trait covariation (adapted from Klingenberg, 2005).

Covariation of phenotypic traits arising due to interactions between several developmental

pathways has an underlying genetic basis, as allelic differences are a source of variation in the genes
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associated to such pathways (Klingenberg, 2005). Briefly, allelic variation at a given locus results in
pleiotropy. Pleiotropy can be separated into two categories that correspond to the two types of
developmental interactions described above (Klingenberg, 2005). Hadorn (1945) defined “primary”
pleiotropy as the direct consequence of the constitution of cells that form traits (shared upstream genetic
variation), which corresponds to the parallel variation of developmental pathways. On the other hand,
“secondary” pleiotropy results from the transmission of variation generated in one cell population to
another (genetic variation transmitted downstream), which corresponds to the direct interaction between
developmental pathways. The categorization of pleiotropy, signaling interaction, and its consequences to
developmental covariation is a complex subject on which thorough reviews and discussions have been
provided elsewhere (Workman et al., 2002; Klingenberg, 2004, 2005). Here we aimed to give a simple
description of pleiotropic effects as a source of covariation, and thus the bases of integration produced by

developmental processes.

3.2-Modularity

Regardless of the type of integration concerned, its magnitude is not constant within an organism.
Groups of traits presenting strong and numerous interactions can be highly integrated internally (modules;
Fig. 6). Each of these modules presents fewer and weaker interactions with other modules (Cheverud,
1996; Wagner, 1996). A phenotypic module can be defined as a unit with a strict functional role and strong
pleiotropic effects of genetic variation (Raff, 1996; Wagner, 1996). Modularity can be considered either
as an inherent property of organismal development, or as a byproduct of natural selection (Wagner, 1996).
From the first perspective Wagner (1996) sees modularity as a result of the living being as a self-
maintaining system (i.e., as a result of the chemistry that defines the structural organization of cells,
tissues, organs, etc.). In this sense, modularity exists independently of function and could be compared as
a modern concept for Saint-Hilaire’s hypothesis of an intrinsic common organization to all beings. The
second perspective on modularity is based on the formulation of morphological integration given by Olson
and Miller (1951, 1958), which was then adopted and developed in several studies of modularity and
integration (e.g., Cheverud, 1982; Goswami, 2006). It assumes that integration of functionally associated
traits is selected, thus promoting modularity (Wagner, 1996). Modularity is conceptually hierarchical, with
small and highly integrated modules being grouped in larger and less integrated ones (Klingenberg, 2005;
Goswami, 2006). The mammalian skull is a classic example of modularity, with the skull being typically

split between facial and neurocranial modules (Drake & Klingenberg, 2010). Within each module, the
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skull is further divided into anatomical sub-regions representing smaller modules (Cheverud 1982;
Goswami, 2006). Within the smaller cranial modules, it is theoretically possible to envision even smaller
modules (e.g., individual bones) until reaching the molecule level. The hierarchical organization of
modules is directly related to their dynamism through time (Raff, 1996). Developmental modules undergo
temporal transformations, not necessarily associated to their relative timing of occurrence (heterochrony)
but rather to their structural integrity from early to late stages of ontogeny (Raff, 1996). The totipotent
cells from the ventral ectoderm of Drosophila are at the origin of its central nervous system (Raft, 1996).
The expression of the Notch gene causes most of these cells to form neuroblasts that then contribute to the
production of neurons (Doe & Goodman, 1985). The remaining cells incorporate the hypodermal layer of
the skin, resulting in a different functional module. This example not only demonstrates the temporal
transformations of the modular structure but highlights the hierarchical nature of modular systems as well
as the process of duplication and differentiation underlying the formation of new modules (Muller &

Wagner, 1991; Wagner & Altenberg, 1996; Winther, 2001).
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Figure 6 — Two representations of modular systems: network with interactions (arrows) between traits (circles) and dashed lines
representing the hierarchical structure (A; modified from Klingenberg, 2005); hierarchical clustering of traits (tree tips) according

to the degree of covariance (B).

Modularity, as a result of natural selection, arises through integration and parcellation (Wagner,
1996). If the ancestral state is the presence of poorly correlated morphological traits, modularity originates
from integration that will evolve to prevent non-adaptive independent variation (Riedl, 1978); in other
words, integration promotes variation of functionally coupled traits, increasing evolvability and reducing
adaptively redundant variation (Wagner & Laubichler, 2004). If the ancestral state consists of a highly

integrated system, modularity arises by reducing pleiotropic effects among traits belonging to different
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functional complexes (parcellation). If we take as an example, once again, the process of occlusion
between the upper and lower jaws, we would expect to observe an increase in covariation between these
two blocks of traits due to a selective pressure favoring pleiotropy among them (Klingenberg, 2005). By
a process of parcellation, pleiotropy is maximized among the traits involved in mastication, and reduced
among these and other traits with different functional demands. From here is derived the concept of genetic
module, a group of loci strongly integrated due to pleiotropic effects, affecting the developmental
pathways of morphological traits sharing the same function (functional modules; Wagner and Altenberg,
1996). Modularity can be represented by a “phenotype-genotype map”, a direct correspondence between

gene variation and differences in phenotype (Wagner and Altenberg, 1996).

From the previous two paragraphs, one can deduce that the concept of modularity is able to include
both Cuvier’s functionalism and Saint-Hilaire’s “essential similarity” (Bauplan). Although not explicitly,
the two anatomists focused on two different aspects of phenotype evolution, which are important to define
at this point. The first one is variation, which was already used here, and consists of measurable
differences among or between individuals of a sample (Wagner and Altenberg, 1996). The second one is
“variability”, which is the propensity of a phenotypic trait to vary, and correspond to a trait response to
environmental and genetic factors (Wagner & Altenberg, 1996). Phenotypic variation can be simply
quantified by a measure of dispersion (e.g., phenotypic variance), while the quantification of variability is
less straightforward, requiring more complex designs (Wagner & Altenberg, 1996). Nevertheless,
phenotypic variation can be used as a rough proxy for variability, since if variation of a module within an
organism is high, then one can assume that the variability is high too. Similarly, if a given module presents
a weak variation, one can suspect the existence of constraints on variability (Alberch, 1983). Epistatic
effects, the influence of one gene locus over the effects of other loci, control genetic variability and have
an impact on the evolvability of phenotypic traits. Waddington (1942) first introduced the concept of
canalization. According to Waddington (1942), canalization is the tendency of a developmental process
to produce similar phenotypes independently of minor variations in environmental conditions.
Developmental processes are usually canalized in organisms subjected to natural selection. Waddington
(1942) used the genotype of Drosophila to demonstrate this, arguing that there is much less genetic
variability in the wild type than in mutants. Canalization buffers the phenotype not only against
environmental variations, but also allelic variation (Waddington, 1942). A strong stimulus (e.g.,
environmental; mutation) might cause this buffering mechanism to fail (de-canalization) and thus may

allow for cryptic genetic variation to be expressed in the phenotype (Dworkin, 2005). The phenomenon
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of canalization can be defined and quantified on the basis of the phenotypic variance observed between
two populations exposed to two distinct environments (Dworkin, 2005; Fig. 8-2). The “canalized”
population presents a non-significantly different variance around a mean measure (e.g., least-square
means) between two environmental conditions, while the “de-canalized” population shows an increase in
variance as a result of cryptic genetic variation released for selection (Dworkin, 2005). Hallgrimsson et
al. (2009) used the scaled variances of eigenvalues to show that inbred mutant populations of mice showed
not only a shift in means, but also an increased phenotypic variation when compared to the wild types of
several species of muroid rodents (Jamniczky & Hallgrimsson, 2009). This is an empirical example of de-
canalization due to a stimulus in developmental processes (i.e., induced mutations). Hallgrimsson et al.
(2009) also showed that overall integration tended to increase in mutant populations, when compared to
the wild types. Such discoveries show the complexity of the processes producing covariation, while
highlighting that natural selection and canalization processes synergistically play a role in the integration

of biological structures.

In addition to the increase of integration, Hallgrimsson et al. (2009) also showed that changes in
variation among mutant lineages are not evenly distributed across all traits (Fig. 8d in Hallgrimsson et al.,
2009). External stimuli affect some morphological modules, while having little or no effect in the
remaining traits. This supports the previously presented consideration that modules allow for the evolution
of complex phenotypes. Organisms are modular, showing discrete parts evolving differently while
maintaining a common evolutionary trajectory that enables to preserve a common functionality. Raff
(1996) arguably proposed that modularity is the most important facilitator of evolution. The author
considers that this evolutionary relevance arises from three different processes occurring within a module:
dissociation, duplication and divergence, and co-option (Raff, 1996). Dissociation can be temporal,
spatial, or could occur in the interaction between modules. Temporal dissociation, or heterochrony, occurs
when the relative timing of developmental processes changes during evolution. Spatial dissociations
(heterotypy) refer to shifts in spatial relationships like changes of the cell type in which a gene is
expressed, the production of repeated structures, or the modification of relative proportions of structures
(Raff, 1996). Finally, dissociation of developmental modules occurs when related processes can occur
independently. For instance, the development of the lens in amphibian eye can still occur if the retina is
removed (Jacobson, 1966). This means that the two structures became two separate developmental
modules. Another example can be found in gene duplication, in which function-changing mutations may

occur in the copied gene. If these mutations are not deleterious, then natural selection starts to act on the
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divergent trait condition, possibly creating a new functional module (through integration, parcellation, or
both). For example, the bone morphogenetic proteins (BMP), responsible for bone growth, constitute a
family of related proteins that have been experimentally shown to have distinct expression sites (Raff,
1996). In the first place duplication might have occurred, with each protein evolving distinct functions
and thus originating a modular pattern. The third category of processes contributing for modular evolution
is co-option. This consists of the adaptation of a structure to a different functional role than that ancestrally
observed (exaptation following Gould & Vrba, 1982). The Paleozoic radiation of jawed vertebrates
(Gnathostomata) resulted from an evolutionary advantage that is an illustrative example of a combination
of spatial dissociation, duplication and divergence, and co-option (Raff, 1996). The lower jaw evolved
from the most anterior of the seriously homologous gill arches, which was co-opted to grasp prey. A new
function acted upon by a different selection pressure resulted in the evolution of an extremely specialized
and ultimately diversified structure, without lethally disrupting the gill arches modules. If on one side
spatial dissociation, duplication, and co-option promote evolvability of complex organisms, they are also
the reason why modules are repeated and conserved within and across taxa, or across different hierarchical
levels of organismal organization (e.g., molecular, cellular, tissue-level, Brandon, 2005). The
development of completely unrelated new modules is theoretically rare, if not impossible, as the basic
units of organismal construction are common across the Metazoa (“standard parts”; Raff, 1996; Winther,
2005). Modules are formed from the clustering of standard parts, with the highest levels being ubiquitous
across tetrapods, vertebrates, or even the entire biological spectrum (Riedl, 1978). All in all,
morphological innovation by the generation of a “new module” tends to occur by the differentiation of
repeated elements (Simon, 1962; Akam, Dawson, & Tear, 1988; Muller & Wagner, 1991).

It becomes clear that modularity is an evolved property of biological organisms (Wagner &
Altenberg, 1996). Consequently, modules can be seen as main drivers of organismal evolution, or
evolutionary units. In sum, modules allow for the differential evolution of complex organisms as their
semi-independence grants more degrees of liberty to certain developmental processes that become free
from the constraints of a fully integrated structure (Riedl, 1978). If the coordinated variation of discrete
parts of an organism in different directions of the morphospace appears to boost organismal evolvability,
to what extend does that covariation limit or facilitate the evolvability within a module? The role of
integration as either a constraint or a facilitator of evolution has been discussed in several works (Goswami
& Polly, 2010; Parr et al., 2016; Felice & Goswami, 2018; Felice et al., 2019). Martin et al. (2005) used
the DNA of a plant virus (Maize streak virus) to show that genes with highly complex interactions (highly
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integrated networks) are less likely to maintain their function posterior to horizontal transfer. As a result,
the contribution of gene recombination to evolvability is inversely proportional to integration of
interaction networks. This supports the hypothesis that considers integration as an evolutionary constraint
within a module. However, other studies found some evidence that integration may increase the
evolutionary rate of a module. Goswami and Polly (2010) used a measure of morphological disparity to
show that, in the skull of carnivores and primates, highly integrated modules tend to present lower
disparity values, which was interpreted as a constraint to modular evolvability. However, they also showed
that some highly integrated modules present high disparity, supporting the facilitation hypothesis. Parr et
al. (2016) equally found evidence for the validity of both hypotheses within a sample. Goswami and Polly

(2010) showed that integration and disparity are often simply uncorrelated.

3.3-The skull of placental mammals

In the previous section, I introduced the study of modularity of the placental skull. As in all vertebrates,
the skull of placental mammals is a complex structure both developmentally and phylogenetically
(Klaauw, 1952; Cheverud, 1982a; Gans, 1989; Hanken & Thorogood, 1993). The skull can be generally
divided into three parts: neurocranium; viscerocranium; dermatocranium (Hanken & Thorogood, 1993).
The neurocranium develops as a cartilage at the base of the brain and surrounds the sensory organs (inner
ear, eye, olfactory organ; Friede, 1981; Hanken & Thorogood, 1993; Jin et al., 2016). This cartilage is
replaced by the skull in later stages. Ventral do the neurocranium, the walls of the primitive pharynx give
origin to the cartilaginous (later ossified) viscerocranium or branchial arches, from which structures like
the mandible, the middle ear ossicles, and the hyoid apparatus derived during the evolution of tetrapods
(Hanken & Thorogood, 1993; Donoghue, Sansom, & Downs, 2006). This part of the skull normally counts
seven arches in total (De Beer, 1937). Lastly, the dermatocranium consists of ossified plates that protect
the brain dorsally and laterally and also includes mineralized tissues (e.g., dentine, enamel; Schilling &

Thorogood, 2000).

The dermatocranium and viscerocranium differentiate from neural crest-derived mesenchyme,
with cells from the dermatocranium migrating anteriorly to form the face (Noden, 1983; Osumi-Yamashita
& Eto, 1990; Osumi-Yamashita et al., 1994). On the other hand, the neurocranium, as the axial
appendicular skeleton, is mostly derived from paraxial-mesoderm (Wilkinson, Bhatt, & Herrmann, 1990;

Couly, Coltey, & Le Douarin, 1993). The three parts of the cranium can also be grouped according to their
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ossification type (Schilling & Thorogood, 2000). The dermatocranium is a membrane bone, ossifying
within the dermis, while the viscerocranium and neurocranium form as a cartilage which is secondarily

ossified (e.g., Jollie, 1968).

Neural crest vs Mesoderm

Figure 7 — Illustration of the skull of Myrmecophaga tridactyla (modified from Naples, 1999). Bones are colored according to the

corresponding embryonic origin, neural crest (blue) and mesoderm (pink).

The embryonic origin of the skull is relatively conserved across vertebrates (Fig. 7; Piekarski et
al., 2014). In the mouse, neural crest-derived bones include the nasals, premaxillae, vomers,
septomaxillae, maxillae, lacrimals, frontals, jugals, sphenoid complex, palatines, pterygoids, squamosals,
and medial elements of the interparietals (Chai et al., 2000; Jiang et al., 2002; Koyabu, Maier, & Sanchez-
Villagra, 2012). Dentaries and teeth are also derived from the neural crest. Mesoderm-derived
ossifications includes parietals, lateral elements of the interparietals (tabulars; Koyabu et al., 2012),
supraoccipitals, exoccipitals, and basioccipital. In mammals, the skull has been traditionally divided into
two developmentally separated parts (or modules) roughly based on their embryonic tissue origin: the face
and the “neurocranium” (Drake & Klingenberg, 2010). The face consists of all neural crest-derived bones,
with the exception of the squamosal, the alisphenoid, and the medial parts of the interparietal
(postparietals; Koyabu et al., 2012). The former two were integrated into the neurocranium, becoming an
integral part of the lateral wall of the braincase to accommodate the growth of the cerebral hemispheres
during the evolution of mammals (Goodrich, 1930; Morriss-Kay, 2001). The interparietal is included in
the cranial vault, surrounded by mesoderm-derived elements. The tissue origin, type of ossification, unit
topology have been used as the basis for studies of modularity and development in mammalian skull
(Hallgrimsson et al., 2004; Goswami, 2006; Porto et al., 2009; Drake & Klingenberg, 2010; Evin et al.,
2017).
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This brief introduction to the developmental origins of the mammalian skull is intended to present
the complex character of this structure, but also its evolutionary conservatism across clades. In 1951,
Everett Olson and Robert Miller introduced the principle of intercorrelation between linear measurements
of the skull, which they would later call morphological integration (Olson & Miller, 1951). They
hypothesized that the biological meaning of correlations between cranial distances could be related to
either function (e.g., mastication), or development (Olson & Miller, 1951). Cheverud (1982) showed that
the face of the rhesus macaque could be split in functional parts related to vision (orbital), olfaction (nasal),
food taking/biting/sensing (oral), and food grinding (masticatory). The oral and masticatory functional
components of the skull integrate the feeding apparatus, a part of the skull linked to food resources
exploitation and intimately connected to radiations occurring during mammalian evolution (Schwenk,
2000). These radiations were possible due to the plasticity of the feeding apparatus (bone and interacting
muscle tissue) despite a common Bauplan. Such adaptability has been evidenced from the intra-individual
to the evolutionary level. The simple diet hardness reduction has been shown to decrease bone volume in
rats (Moore, 1965). This hypothetically resulted from the reduction of the contraction force applied by the
masticatory muscles.

The feeding apparatus holds a significant number of adaptive traits, which makes it particularly
susceptible to produce homoplasy in a comparative phylogenetic context. Many examples have been
reported, whether we consider tooth shape (Lazzari et al., 2008), jaw shape (McCurry et al., 2017; Page
& Cooper, 2017), or tooth loss (Charles et al., 2013). The morphological expression of genetic,
developmental, and functional modules has been shown in a wide range of taxa and morphological
structures (Cheverud, 1982a; Klingenberg ef al., 2001; Goswami, Weisbecker, & Sanchez-Villagra, 2009;
Suzuki, 2013; Parr ef al., 2016; Goswami & Finarelli, 2016; Randau & Goswami, 2017; Felice &
Goswami, 2018; Heck et al., 2018; Churchill ef al., 2019; Randau, Sanfelice, & Goswami, 2019; Bardua
et al., 2019). However, the vertebrate skull has been the focus of most researches on morphological
modularity, mostly due to the highly diversified shapes that resulted from the radiation of Gnathostomes
in the Paleozoic (Raff, 1996). Cheverud (1982, 1995) produced the first studies that aimed at measuring
the correlation between functional, genetic, and phenotypic modules in the mammalian skull. The
functional multiplicity of the skull offers the possibility to test hypotheses of modularity within a well-
known genetic and developmental framework (Cheverud, 1982a). Using inter-landmark distances and
hierarchical clustering analyses, Cheverud (1982) found that the skull of the rhesus macaque was divided

in eight phenotypic clusters, consisting of seven modules: frontal, parietal, occipital, orbital, small nasal,
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oral (including two clusters), and masticatory (molar). Using an approach based on Cheverud (1982),
Goswami (2006) showed that, as a general rule, the mammalian skull was divided in six morphological
modules. These modules consisted of an oral-nasal region, a molar-palate region, the orbit, a zygomatic-
pterygoid complex, the cranial vault, and the basicranium. More recent research on the integration and
modularity in mammals retrieved similar results, with the mammalian skull being typically found to
present either two (Drake & Klingenberg, 2010; Santana & Lofgren, 2013; Randau et al., 2019), six
(Goswami & Finarelli, 2016; Heck ef al., 2018; Churchill et al., 2019; Randau et al., 2019). Traits often
present different magnitude of correlation (integration) within each of the cranial modules (Goswami,
2006). With the implementation of new methods to test the hypothesis of modularity (Claude, 2008;
Klingenberg, 2009; Suzuki, 2013; Adams, 2016; Goswami & Finarelli, 2016) and the increasing
accessibility of pCT (micro-computed tomography) scan data and geometric morphometrics hardware and
software, research on patterns of integration and modularity have recently blossomed, especially
concerning the vertebrate skull (Porto et al., 2009; Goswami & Finarelli, 2016; Simon & Marroig, 2017;
Felice & Goswami, 2018; Heck et al., 2018; Hendrick et al., 2019; Churchill et al., 2019; Felice et al.,
2019; Randau et al., 2019; Bardua et al., 2019).

Despite the amount of studies focusing on cranial modularity showing some congruence regarding
functional and developmental modules, there are still inconsistent results and alternative hypotheses
regarding the patterns of morphological modularity across vertebrates. In the context of mammalian
cranial modularity, an alternative hypothesis to the six functional/developmental modules (Cheverud,
1982a; Marroig & Cheverud, 2001; Goswami, 2006) is the “Palimpsest model” (Hallgrimsson et al.,
2009). Hallgrimsson et al. (2009) put together a set of conceptual and empirical arguments to argue that
there is no basis for the partition of the mammalian skull in subsets directly referable to developmental
modules. An important difference lies on the definition of integration itself. Hallgrimsson et al. (2009)
define integration as “the tendency of a developmental system to produce covariation”. They argue that
the use of observed correlations as a measure of integration (Goswami, 2006; Porto et al., 2009;
Klingenberg, 2009; Goswami & Polly, 2010; Goswami & Finarelli, 2016) is not appropriate. Instead of
following the conceptualization of Olson and Miller (1958), they propose a different definition that makes
integration independent of the presence of variation, being a property of developmental systems. In
Hallgrimsson et al.’s (2009) conception, integration is a process instead of a pattern (of covariation),
consisting of the developmental interactions between sets of traits that confer the potential to induce

covariation. As such, covariation structure can be altered without any modification of the developmental

154



interactions (integration; Hallgrimsson et al., 2007). Hallgrimsson et al. (2009) used geometric
morphometric methods to test five hypothesis of modularity based on developmental processes such as
the two-module tissue origin hypothesis or a three-module muscle-bone interaction hypothesis. While not
finding support for any of the hypothesis tested, Hallgrimsson et al. (2009) proposes that the
developmental processes involved in the skull development are too complex to be represented by
morphological covariation patterns. In sum, the skull covariation patterns should be considered as a
mosaic of variation-generating processes whose imprints overlap in space (sometimes in time) and whose
resulting structure is not easily predictable.

In the following article, I explore the patterns of intraspecific and interspecific modularity and
integration of the skull of myrmecophagous placentals. I show that the modular architecture in these
species is similar to that of other placental mammals, despite the some extreme cases of tooth loss and
rostrum elongation. We discuss the implications of our results on the convergent evolution the

myrmecophagous cranial phenotype.
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Introduction

Modularity is probably the most ubiquitous characteristic of biological systems (Winther, 2001;
Klingenberg, 2005). Developmental modules are organizational units of traits with underlying high
density of pleiotropic interactions (Wagner, 1996; Klingenberg, 2005). Phenotypic modules are sets of
traits that share putative functional roles and common developmental processes (Olson & Miller, 1958;
Cheverud, 1982). Such constraints limit the axes along which the phenotype can vary within each module,
and are potential generators of coordinated phenotypic variation (Hallgrimsson et al., 2007, 2009).
Therefore, traits tend to be integrated within each module, varying semi-independently in relation to the
whole system. Trait integration and modular organismal parcellation (the process of division in modules)
are suggested to play a crucial role in the evolution of complex structures by reducing adaptive redundancy
(Riedl, 1977, 1978; Wagner & Laubichler, 2004). In other words, modularity allows functionally
integrated traits to covary within a module, while limiting the effects of mutations or the action of
directional selection on uncorrelated characters occurring in other modules. This trade-off between
intrinsic organismal variation properties and specific adaptive landscapes might promote the evolvability
of certain functional units (Riedl, 1978; Wagner, 1996; Wagner & Laubichler, 2004; Wagner, Pavlicev,
& Cheverud, 2007). As a result, testing of the modularity hypothesis and defining modular organisation
has been the target of several studies in a wide range of organisms and body parts such as insect wings
(Klingenberg et al., 2001; Klingenberg, 2009b; Suzuki, 2013), mammalian mandibles (Klingenberg,
Leamy, & Cheverud, 2004; Zelditch et al., 2008), limbs (Goswami, Weisbecker, & Sanchez-Villagra,
2009), and vertebrae (Randau & Goswami, 2017).

The correlations among traits of the cranium have been intensively studied in the vertebrate skull
and explained in terms of functional and ontogenetic constraints. Investigations on the skull modularity
and integration patterns have been conducted in birds (Klingenberg & Marugan-Lobdn, 2013; Felice &
Goswami, 2018), amphibians (Simon & Marroig, 2017; Bardua et al., 2019), reptiles (Piras et al., 2014)
and mammals (Hallgrimsson et al., 2004; Porto et al., 2009). The mammalian skull presents a modular
pattern with a major separation between the face and neurocranium (Drake & Klingenberg, 2010), as well
as between the rostrum, vault, and basicranium (del Castillo et al., 2017). Further regionalization of its
modular architectures has been proposed (Cheverud, 1982; Marroig & Cheverud, 2001; Goswami, 2006)
with the recognition of six modules corresponding to the oro-nasal, molar-palate, orbit, zygomatic arch-

pterygoid, vault, and basicranium regions. These phenotypic modules have been suggested to correspond
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to both developmental and functional constraints, some specifically related to food detection and capture
(oro-nasal), food processing (molar-palate), and origin for adductor muscles (zygomatic-pterygoid).

Shifts in diet are known to influence skull shape and produce distinct phenotypes across a wide
range of vertebrates such as turtles (Claude et al., 2004), frogs (Emerson, 1985), bats (Nogueira, Peracchi,
& Monteiro, 2009), and carnivorous placentals and marsupials (Wroe & Milne, 2007). The morphological
diversification of the feeding apparatus has played a major role in tetrapod radiations, varying from strong
jaws with bone-crushing teeth to the edentulous and elongated jaws of ant- and termite-eating (i.e.
myrmecophagous) mammals (Schwenk, 2000). The loss or reduction of teeth has occurred in all major
mammalian clades (Meredith et al., 2009; Ferreira-Cardoso, Delsuc, & Hautier, 2019b) and is often
associated to a specialized myrmecophagous diet (Davit-Béal, Tucker, & Sire, 2009; Meredith, Gatesy, &
Springer, 2013). Myrmecophagy evolved independently in divergent placental lineages such as anteaters,
giant armadillos, pangolins, aardwolves, and aardvarks. The evolution of these taxa towards this
specialized diet led to an extensive rearrangement of the skull morphology (Patterson, 1975; Redford,
1986; Rose & Emry, 1993; Vizcaino, 1994; Vizcaino et al., 2009). These morphological changes occurred
in the context of developmental conservatism of the mammalian skull.

Compared to toothed placentals, we predict that myrmecophagous mammals might present three
main differences in covariance-generating processes. First, tooth reduction or absence should decrease
variance generated by tooth development and eruption (e.g., Cheverud, 1996; Zelditch et al., 2008).
Second, the loss of masticatory function, mastication associated structures (e.g., zygomatic arch), and
reduction of mastication muscles volume (Edgeworth, 1923; Yeh, 1984; Naples, 1999) should alter the
covariance patterns at their origin in the skull. In chicken and mice, bone formation appears to be
dependent on functional muscles that perform embryonic muscle contraction (Hall & Herring, 1990; Rot-
Nikcevic et al., 2006). Third, the extreme snout elongation of myrmecophagous placentals, particularly
anteaters, should add increasing amounts of variance in this part of the skull (Olson & Miller, 1958;
Cardini & Polly, 2013; Cardini, 2019a), somatic growth of bone tissues being one of the main processes
contributing to structural covariation on the mammalian skull (Hallgrimsson et al., 2007, 2009, 2019;
Gonzalez et al., 2013).

Here, we used exploratory and confirmatory methods to describe the previously unexplored
modular architecture of 15 myrmecophagous placentals. We compared modularity and integration patterns
between species in order to understand if the evolution towards myrmecophagy is reflected in a convergent

change in cranial covariation/correlation patterns. We additionally performed a comparative analysis by
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adding 21 non-myrmecophagous sister taxa to compare cranial morphologies and to test if morphological
adaptation towards myrmecophagy translated into similar rates of evolution among ant- and termite-eating

placentals.

Materials and methods
Biological sampling
Skull digitization included specimens from the collections of the Natural History Museum (BMNH) in
London (United Kingdom), the Museum fiir Naturkunde (MfN) in Berlin (Germany), the Muséum
National d’Histoire Naturelle (MNHN) in Paris (France), the Institut des Sciences de I’Evolution in
Montpellier (France), the Royal Museum for Central Africa (KMMA/RMAC) in Tervuren (Belgium), the
American Museum of Natural History (AMNH) in New York (United States of America), the National
Museum of Natural History (USNM) in Washington DC (United States of America), and the Museum of
Vertebrate Zoology (MVZ) in Berkeley (United States of America). Our dataset is composed of cranial
landmarks of 480 specimens from 15 extant species of myrmecophagous placentals and 21 specimens
from non-myrmecophagous sister taxa. The myrmecophagous species include four anteater species (n =
215), seven pangolin species (n = 178), the aardvark (Orycteropus afer; n = 40), the aardwolf (Proteles
cristatus, n = 25), the giant armadillo (Priodontes maximus; n = 14), and the bat-eared fox (Otocyon
megalotis; n = 8).

We placed 54 three-dimensional landmarks on skulls using a Revware MicroScribe M 3D digitizer
(Fig. 1; Table S1). We selected homologous anatomical landmarks for our morphologically diversified
sample based on previous works (Goswami, 2006; Hautier et al., 2014, 2017; Ferreira-Cardoso et al.,
2019a). Given that modularity analyses are based on the covariation/correlation structure of the data, we
opted out the placement of semilandmarks to avoid autocorrelation issues (Cardini, 2019b). In a significant
number of pangolin and anteater specimens (82% of our myrmecophagous sample) premaxillae were
either absent, loosely attached, or broken, and were therefore not landmarked. Missing landmarks were
estimated via thin plate spline interpolations (Claude, 2008), for each species, using the ‘estimate.missing’
function in geomorph v.3.5.0 (Adams et al., 2017) in R (Team, 2013). Landmark sets were symmetrized
(left side) and then subjected to species-specific Generalized Procrustes Analysis (GPA; Gower, 1975;
Rohlf & Slice, 1999) prior to modularity analyses. A single GPA was performed on the dataset for
interspecific comparisons. The GPA scales to centroid size, optimally translates and rotates the specimens

using least-squares criterion.
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A B

Figure 1 — The two most frequently recovered modular structures with EMMLi. Landmarks are placed on skulls of Tamandua mexicana
(A) and Phataginus tricuspis (B). Each color corresponds to a module of the seven-module EDMA-derived hypothesis (A) and the MCN-
derived pattern for P. tricuspis (B).

Modularity

Intraspecific modularity

We used four different methods to assess patterns of modularity within each of the studied species (15).
First, we used two exploratory methods without a priori hypotheses (Euclidean Distance Matrix Analysis
on non-superimposed landmark configurations —- EDMA; Morphological Correlation Network — MCN) to
visualize the structure of the data and their raw patterns of covariation and correlation. Secondly, we used
two widely used methods to test for a priori hypotheses of modularity (maximum likelihood approach —
EMMLIi; Covariance Ration — CR).

We used pairwise interlandmark distances to perform EDMA (Lele & Richtsmeier, 1991), in order
to detect modular structures while avoiding the potentially undesirable effects of Procrustes
superimposition (Cardini, 2019b). EDMA consisted of four steps: (1) reconstruction of the mean shape

coordinates obtained from the average form matrix using the ‘mEDMAZ2’ function from Claude (2008);
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(2) extraction of a covariance matrix based on all configurations; (3) extraction of the eigenvectors with
corresponding positive eigenvalues resulting from the covariance matrix; (4) scaling the eigenvectors by
using the eigenvalues; (5) calculation of the inter-trait Euclidean distances matrix from the scaled
eigenvectors; (6) identification of trait clusters using Ward’s clustering method. For the last step, we used
the Gap statistic (Tibshirani, Walther, & Hastie, 2001) as implemented in the function ‘clusGap’ of cluster
v.2.0.8 R package. For each species, we tested the splitting of the tree in 2 to 10 clusters. The preferred
number of clusters was selected and, we then determined cluster composition with bootstrap resampling
using the ‘clusterboot’ function in fpc R package (Hennig, 2007, 2008). Whenever clusters were
biologically meaningless (e.g., formed by two bilaterally symmetric landmarks) their number was reduced
until they became integrated in larger ones, in order to avoid overfitting the data.

The second exploratory analysis performed (MCN) consisted of the association of three methods:
the RV coefficient (Escoufier, 1973); the Reichardt and Bornholdt community detection method based on
the spin-glass model (Reichardt & Bornholdt, 2006); the consensus clustering in complex networks
(Lancichinetti & Fortunato, 2012). Landmark configurations were subjected to a Generalized Procrustes
Analysis (Gower, 1975; Rohlf & Slice, 1999) implemented in geomorph R package v.3.0.7 (Adams et al.,
2017). All specimens were scaled to centroid size, optimally translated and rotated using least-squares
criterion. We then used a similar approach to the one proposed by Suzuki (2013), in which a pairwise RV
coefficient matrix (RV;; Procrustes aligned coordinates) is converted into a weighted adjacency matrix, for
each studied species. The Reichardt and Bornholdt community detection method was then used to recover
a modular architecture corresponding the minimum energy state (Suzuki, 2013). Because the spin glass
model includes several energy states near the minimum level, a total of 300 trials were run to find the
modular architecture of each network. Increasing the number of trials did not improve the results and
made the analyses extremely long. Given the multitude of slightly different solutions (module number and
module composition), a consensus matrix C; was built, with each case containing the probability of i and
J to be clustered in the same module (Lancichinetti & Fortunato, 2012). The consensus matrix was then
used to generate a new weighted adjacency matrix that was submitted to another set of 300 trials to recover
modular architectures. In total, the spin glass — consensus matrix sequence was repeated three times for
each species. The MCN was implemented with a custom code integrating the ‘cluster spinglass’ function
from the igraph v1.2.2 package (Csardi & Nepusz, 2006) in R (Team, 2013).

In order to test a priori hypotheses of modular partitioning of the skull, a matrix of trait correlations

(congruent coefficient) was constructed for each species using the ‘doctorr’ function of the paleomorph
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v0.1.4 R package (Lucas & Goswami, 2017). Multiple modular architectures were tested using the
‘EMML1’ function in the EMMLi v0.0.3 R package (Goswami & Finarelli, 2016). This approach selects
the best model based on maximum likelihood, comparing models with different number of modules with
different variations within the same model related to inter- and intra-modular correlation pattern
heterogeneity (Goswami & Finarelli, 2016). EMMLi was performed twice for each species, with option
abs set to FALSE in the second analysis in order to allow negative inter-modular correlations to be
retrieved (Simon & Marroig, 2017). We tested 10 different modular architectures varying from a fully
integrated skull (one single module) to the therian mammal six-module architecture (Goswami, 2006).
Our a priori architectures additionally included a variant of Goswami (2006)’s therian six-module
architecture with the zygomatic process landmarks added to the zygomatic-pterygoid module, analogues
of those previously tested by Hallgrimsson ez al. (2004; three and six modules), and a variant of the therian
six-module architecture with the oro-nasal module coded as unintegrated (Churchill et al., 2019). To this
set of hypotheses, we added a classical division of the skull in two modules (face-neurocranium), as well
as two architectures derived from the network analysis with the P. tricuspis and T. tetradactyla datasets,
and two seven-module architectures (Hallgrimsson, 2004; Goswami, 2006) modified according to EDMA.
The models tested are hereafter referred to in roman numerals (Models I-X) as presented in Table 1.

In addition to the correlation matrices calculated from the Procrustes aligned coordinates, modular
architecture was tested on static allometry-corrected residuals extracted from a Procrustes ANOVA (shape
~ logarithm transformed centroid size) performed with the ‘procD.Im’ function in geomorph R package.
Modularity was not tested in species with non-significant allometric effect.

We additionally used the covariance ratio (CR; Adams, 2016) to test for a priori hypotheses of
modular architecture using the ‘modularity.test’ function in geomorph R package. For each species, we
submitted the most likely modular architecture to the CR test.

In order to remove correlation among modules that would result from pure architectural constraints
and from the Procrustes analysis considering the skull as a whole, between- and within-modules
correlations were tested using the MCN-derived architectures to divide the skull in individually Procrustes
aligned modules. Pairwise partial least-squares analyses (PLS) were performed between all separately-
aligned modules, to assess the significance and degree of covariation of the two blocks. PLS were
performed with the ‘pls2B’ function of the Morpho v2.6 R package (Schlager, 2017). This procedure was
not repeated for the allometry-corrected shapes. Additionally, we used correlation matrices in order to

calculate the average correlation within modules in order to compare the magnitude of integration between
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datasets with common and separated Procrustes superimpositions. Given that these tests aimed at
providing an empirical example of the covariation introduced by Procrustes superimposition, they were

performed for the two best sampled species only (P. tricuspis and T. tetradactyla).

Table 1 — Modular architectures evaluated with a maximum likelihood method (EMMLi). Architectures are ordered by number of
modules.

Architecture Number of modules Other designations

I 2 Face-neurocranium 2
11 3 Hallgrimsson 3

111 4 Network tetradactyla 4
v 5 Rostrum unintegrated
\Y 6 Therian 6

VI 6 Therian 6 zyg-zygpte
VII 6 Network P. tricuspis
VIII 6 Hallgrimsson 7(6)

IX 7 Therian 6 EDMA

X 7 Hallgrimsson EDMA

Evolutionary modularity

In order to understand the interaction between snout elongation and modularity, we calculated
mean shapes for each of our focal species and built a dataset (n = 36) integrating non-myrmecophagous
sister taxa. Firstly, we visualized the skull shape variation on a principal component analysis (Dryden &
Mardia, 1993). We then performed a Procrustes ANOVA with the ‘procD.Im’ function in geomorph to
assess the effect of log-transformed centroid size on shape, and extracted the residuals from this analysis
(allometry-corrected shapes). We visualized the allometry-corrected data on a principal component space
in order to describe changes associated to the first two principal components (PCs) explaining most
variance. Secondly, we divided the skull shapes in rostrum and neurocranium (Model I) and used the
‘compare.evol.rates’ function in geomorph to obtain species evolutionary rates for the two modules (Drake
& Klingenberg, 2010), using 10.000 iterations. We divided the skull in these two modules in order to
understand if myrmecophagous species presented a higher evolutionary rate associated to changes in the
rostrum. The phylogeny was generated from timetree.org (Kumar et al., 2017) and imported into Mesquite
v.3.6 (Maddison & Maddison, 2018) to add additional species and adjust node ages based on molecular
phylogenies from Gibb ef al. (2016) and Gaubert et al. (2017). We then applied the maximum-likelihood
modular architecture selection described in the previous section on the interspecific dataset. We used the
most likely architecture and calculated species evolutionary rates for each module. The evolutionary rates
were plotted on a phylogeny using the ‘plotBranchbyTrait’” function of the phytools R package (Revell,
2012). Finally, we divided the dataset using dietary (myrmecophagous vs non-myrmecophagous) and
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taxonomic (myrmecophagous vs non-myrmecophagous within Atlantogenata and Laurasiatheria), in order
to assess differences in evolutionary rates. We also compared these rates with a Marsupial outgroup and

a Primate (outgroup to pangolins+carnivores). Significance levels were assessed via permutation tests

(Adams & Collyer, 2018).

Comparison of covariance matrices

In addition to the modularity analyses, we used principal coordinate analysis (PCoA) in order to compare
the covariance matrices of each species in the morphospace. First, we performed a common Procrustes
superimposition of the entire dataset (n = 480). We performed a PCA on the aligned coordinates and
extracted the first seven axes explaining 90% of the variance. We then computed 15 species-specific
covariance matrices based on those seven principal components. Euclidean distances were calculated for
all pairs of covariance matrices and compiled on a distance matrix. Finally, we performed a PCoA of the
distance matrix.

We conducted a second set of analyses to assess the change in skull covariance patterns during
ontogeny. We selected the two best-sampled species (7. tetradactyla and P. tricuspis), for which we had
a wide range of sizes. In these two species, the absence of teeth hinders age determination based on tooth
eruption. We thus used size as a proxy for age (Ferreira-Cardoso et al., 2019a). For each species, four
categories were created corresponding to the first to fourth quantiles of the centroid size (stages 1-4).
Specimens in stage 1 presented skull traits associated to juveniles, such as unfused or loose basicranial
and occipital sutures, or the presence of spongious bones. The remaining stages presented mainly
differences in size and shape. We considered stage 1 as juveniles, stage 4 as mature adults, while stages 2
and 3 represent intermediate ages. For each species, we computed covariance matrices for each stage and
then followed a similar procedure to the one described in the previous paragraph. The final PCoAs can be
considered as an approximation of correspond to species ontogenetic trajectories of covariance
(Mitteroecker & Bookstein, 2009).

Computation of covariance and squared distance matrices were respectively performed with the
‘cov.group’ and ‘mat.sq.dist” functions of the vevComp v1.0.1 R package (Le Maitre & Mitteroecker,
2019).
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Results

Exploratory analyses of modularity - MCN

The network analysis (MCN) retrieved a modular organization of the skull that varied between
three to ten modules (Table S2). The most frequent architectures for each species varied from three to six
modules, with a three-module architectures being the most frequent in five species, four modules in three
species, five modules in two species, and a six-module architecture in four species (Table S2). When the
number of modules was the same, they varied in composition between species. However, in most cases,
the resulting modules either grouped functionally unrelated landmarks or showed gross modular partition
(e.g., see Fig. S1). We frequently found clusters of landmarks belonging to the basicranium (e.g.,
landmarks from the foramen magnum and occipital condyles) and structures from the anterior tip of the
rostrum (e.g., P. tricuspis). Nevertheless, the modular architecture retrieved for the best sampled species
could be associated to functional/developmental modules defined in previous studies (Goswami, 2006).
For brevity, we here describe in detail the architecture for the two best sampled species only. We recovered
a six-module architecture for P. tricuspis, with landmarks corresponding to the basicranium, the vault, the
orbit (limited to the alisphenoid), the molar-palate region, the zygomatic arch, and the oro-nasal/rostrum
region (Figs. 2A). Similar to other species, P. tricuspis presented landmarks from the occipital condyles
grouped with the rostrum cluster. In Tamandua tetradactyla, the six-module architecture was the most
frequently found in the network analysis (Fig. 2), but only four of these clusters corresponded to morpho-
functional regions, i.e. the basicranium, orbit, vault, and oro-nasal/rostrum. Contrary to P. tricuspis, the
landmarks from palatine/molar cranial and anterior zygomatic regions were grouped with the oro-
nasal/rostrum module. The most anterodorsal projection of the zygomatic process of the squamosal was
grouped with landmarks from the orbital region. The landmarks placed on the infraorbital foramina
(#3/23) formed a two-landmark cluster. The sphenopalatine and caudal palatine foramina (#6/25 and
#7/26) formed a separated cluster from the rostrum (Fig. 2), but still strongly connected to it, so these two
groups were subsequently treated as a single module.

We ran the MCN procedure on a randomly selected subset of P. tricuspis specimens (n = 36) to
test the sensitivity of this method to reduced sample sizes. We obtained a different configuration consisting
of four models (Fig. 2a) with landmarks from different modules grouping together instead of presenting a
similar structure to the full dataset analysis. These clusters consisted of groupings including merged

landmarks from the anterior zygomatic, molar-palate, and oro-nasal modules (face/rostrum) and three
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other groups that roughly represented skull regions like the cranial vault, the basicranium, and a grouping

of landmarks from the occipital and rostrum regions.

Palate-molar Orbit

Basicranium - Zygomatic arch

Vault Oral-nasal/rostrum

(occipital condyles)

A

Figure 2 — Networks of skull landmarks of Phataginus tricuspis (A; n = 72) and Tamandua tetradactyla (B; n = 74). (a) Modular
architecture of P. tricuspis showing the effects of sample reduction by half (n = 36). Dashed circles represent separated landmarks that are
strongly integrated with the module of the corresponding color. Grey links show strong correlations between landmarks in distinct modules.
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Exploratory analyses of modularity - EDMA

Manis crassicaudata (n = 7) and Otocyon megalotis (n =8) were the least sampled species in this study.
The modular structures resulting from EDMA were not well-defined in these two species, with clusters
including landmarks distributed heterogeneously in the skull. The Gap test revealed that the skull was
optimally divided between 3 and 9 clusters, with the exception of Smutsia gigantea and Orycteropus afer,
which were considered to optimally consist of one single cluster. In these cases, we arbitrarily divided the
skull in five modules. A high number of clusters was often associated to grouping of two bilaterally
symmetric landmarks, and in some cases bilaterally symmetric clusters (e.g., the molar/zygomatic regions
of Proteles cristatus). For each species, we reduced the number of clusters to the point to which no cluster
was formed by single or bilaterally symmetric landmarks only. Concerning the division of the skull, the
oro-nasal and the basicranium regions were well-preserved across all taxa. The oro-nasal was composed
by the landmarks at the anterior parts of the maxilla and nasal in all species. The basicranium included the
landmarks of the occipital region (basioccipital, exoccipital, and the supraoccipital). In Tamandua spp.
and Cyclopes didactylus (Fig. S2), the most posterior cluster was restricted to the occipital region.
However, the basicranium was in the same module as the landmarks of the midline of the cranial vault
and the anterior margin of the tympanic ring in pangolins (Fig. S2). In P. tricuspus, the intersection
between interfrontal and interparietal sutures is excluded from the basicranium/tympanic ring cluster. In
S. gigantea, P. tetradactyla, and M. pentadactyla this cluster also included the zygomatic processes of the
squamosal (Fig. S3). O. afer showed a cluster including the occipital region associated to the posteriormost
point of the interparietal suture. Priodontes maximus showed a similar cluster to that of O. afer, with the
anterior margin of the tympanic bulla (Fig. S3).

The other parts of the skull were, however, much less conserved across the species (Fig. S2-3).
The middle part of the skull presented two main clusters, one including the pterygoid region (#12/30,
#13/31, #14/32) and landmarks from the vault (#43 and sometimes #44), and another consisting of the
molar-palate regions. The landmarks of the orbit region were often split between the pterygoid and the
molar-palate modules, with a few exceptions in which it formed an independent cluster (e.g., 7. mexicana
and S. gigantea).

The naso-frontal/maxilla-palatine interaction region presented different partitions among
myrmecophagous placentals. These differences were related to the landmarks at the posterior part of the
nasals (#39/50, #42) and the infraorbital foramen (#3/23). In most species these landmarks clustered

together with points located more posteriorly, as the maxillary foramen (#4/24), the palatine foramina
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(#6/25, #7/26), the point between the interpalatine-intermaxilla sutures (#5), and the zygomatic processes
of the maxilla (#41/52). However, in T. tetradactyla, T. mexicana, and O. afer, the landmarks at the nasal-
frontal interaction and those at the level of the maxilla-palatine suture clustered separately from the others
(Fig. S2-3). In P. maximus and M. tridactyla, the intermaxilla-interpalatine point or the infraorbital
foramen were excluded from this naso-palatine cluster, respectively. Additionally, in P. tetradactyla, the

landmarks on the posterior part of the nasal formed a small cluster.

A priori modular architecture hypothesis testing

The results of the modular architecture selection by maximum-likelihood (EMMLI) including all
a priori hypotheses and those modified based on EDMA and obtained from MCN analyses (Tables 1-3).
In the MCN-architectures obtained for P. tricuspis (VII), the occipital condyles landmarks were re-
allocated to the basicranium. Before correcting data for static allometry, EMMLi retrieved a seven-module
architecture (eight of which, architecture IX) for nine species. Five species (P. tricuspis, S. gigantea, S.
temminckii, M. pentadactyla, and P. cristatus) showed a six-module architecture, and one species (M.
crassicaudata) was found to present a three-module architecture. In the case of M. crassicaudata and P.
maximus, the most likely architecture presented a posterior probability below 50%. In O. megalotis, the
most likely architecture presented a posterior probability of 80%, but three other architectures showed at
least 5% (Table S3). Static allometry was detected for all species, except P. maximus, M. crassicaudata,
P. cristatus, and O. megalotis. Apart from these species, results reported herein relate to the allometry-
corrected data (Table 3). Static allometry did not affect the number of retrieved modules except in M
javanica, which presented a four-module architecture (III) after allometry correction (Table 3).
Allometric-correction also changed the modular architecture of O. afer, P. tetradactyla, and S. temminckii,
but without changing the number of modules. Landmark changes occurred in the zygomatic-pterygoid
and nasal-frontal regions (S. femminckii; Table 3). Of the eleven species for which static allometry was a
significant component of skull shape, allometry-corrected skulls presented a seven-module architecture in
six species. Four species presented a six-module architecture and only one presented a four-module
architecture.

All anteaters, P. tetradactyla, P. maximus, and O. megalotis presented architecture IX (Table 3).
This consists of the six functional modules (Goswami, 2006) with an additional naso-palatine module
derived from the EDMA analyses. In P. tetradactyla, the posterior probability for architecture IX was just
42%, with III, V, VI, and VII showing probabilities between 10-20% (Table S4). O. afer, presented the
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other seven-module architecture tested (X). In comparison with architecture IX, the landmarks from the
maxillary foramen (#4/24) are included in the oro-nasal module. Additionally, the posterior limit of the
interpalatine suture (#9) is included in the molar-palate module, while the zygomatic process of the maxilla
(#41/52) is integrated with the zygomatic-pterygoid region along with the zygomatic process of the
squamosal (#12/30) and the foramen ovale (#13/31). EMMLi retrieved architecture VII, recovered from
the MCN analyses of P. tricuspis, for M. pentadactyla, S. gigantea, S. temminckii, P. tricuspis, and P.
cristatus (Table 3). These species present a rostral module with landmarks from the oro-nasal region
associated to the more posterior landmarks along the naso-frontal sutures (Fig. 1B). They also show a
module corresponding to the anterior and posterior parts of the zygomatic arch, and a module that groups
the optic foramen (#10/28) and the foramen rotundum (#11/29) with the foramen ovale (#13/31). S.
temminckii showed a low posterior probability for this architecture (27%), with architectures I1I and IV
being almost as likely (21% and 25%). M. javanica, the only species for which the number of modules
changed after allometric correction, presented the four-module architecture derived from the MCN of T.
tetradactyla (111; Table 3). In architecture III, the oro-nasal and molar-palate modules are integrated in a
single module. In addition, this architecture differs from the six-module functional hypothesis (V;
Goswami, 2006) in having landmarks located along the naso-frontal sutures (#39/50 and #42) grouped
with the vault module and in the three most anterior landmarks from the molar-palate region (#3/23 and
#5) unintegrated. Architecture III lacks an orbit module, with the landmarks from the optic foramina
(#10/28) being clustered with the zygomatic-pterygoid (Fig. S4B). M. crassicaudata presented the least
modular skull structure, with only three modules (II; Hallgrimsson, 2004). In M. crassicaudata, the
landmarks from the oro-nasal, molar-palate, and anterior part of the orbit grouped in a rostrum module.
The foramen rotundum (#11/29) and the most anterodorsal point of the zygomatic process of the
squamosal (#12/30) correlate with those associated to the vault region. The third module is the
basicranium, including the foramen ovale and the most posterior point of the interpalatal suture (#9).
EMMLi retrieved a low posterior probability for the skull partition of M. crassicaudata in three modules
(21%). Other possibilities found were a different distribution of integration on the same three-module
architecture (17%), the two-module face-neurocranium hypothesis (I) with two different distributions of
integration between modules (18% and 16%), and the six-module functional hypothesis (16%).
Regarding the integration level (Fig. 3), EMMLi retrieved models for which both M. crassicaudata
and P. maximus presented a constant integration level across all modules (p = 0.32 and p = 0.26,

respectively; Table 3). For all other species, the module with the strongest average integration was that
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corresponding to the oro-nasal region (Tables 2 and 3; Fig. 3A). Anteaters presented the highest
integration values for this module (0.44 < p < 0.65). P. tetradactyla (p = 0.49) showed the highest value
among pangolins. S. gigantea, which presented a rostrum module including the oro-nasal and naso-frontal
regions, also exhibited a relatively high integration (p = 0.37). O. megalotis also showed an oro-nasal
module as integrated as that of M. tridactyla (p = 0.61). S. temminckii showed the least integrated oro-
nasal region (p = 0.21).

Table 2 — Modular architectures of 15 myrmecophagous species. Number of specimens (), most likely modular architectures recovered
with EMMLIi (MLi), covariance ratio (CR), within-module absolute correlations (p), and correlation between oro-nasal and molar-palate
modules assuming a therian six-module (V) architecture (p abs). (1) Oro-nasal/rostrum, (2) molar-palate, (3) orbit, (4) zygomatic-pterygoid,
(5) vault, (6) basicranium, (7) naso-palatine. All CR values were significant.

N MLi CR pl p7 p2 p3 p4d pS5 p6 pabsl-2 Meanp

T tetradactyla 74 IX(7) 054 059 0.6 048 035 032 012 045 -043 0.35
T mexicana 43 IX(7) 0.64 045 0.19 043 023 030 020 028 -0.32 0.30
M. tridactyla 38 IX(7) 0.86 066 033 059 053 025 040 0.58 -0.54 0.48
C. didaclylus 60 IX(7) 0.67 065 0.15 041 0.20 0.37 0.17 0.17 -0.25 0.30
P. maximus 14 IX(7) 0.78 026 026 026 026 026 026 026 -0.19 0.26
0. afer 40 IX(7MH* 071 036 0.15 023 034 0.19 021 033 -0.15 0.26
M. crassicaudata 7 11(3)* 090 032 - - - - 032 032 -0.07 0.32
Mjavanica 28 IX(7) 0.68 043 026 035 032 024 021 024 -0.29 0.29
Mpentadaczyla 27 VII(6) 0.68 031 - 024 042 025 021 0.19 -0.13 0.27
S temminckii 15 V(6) 0.88 048 - 0.22 0.29 025 028 0.18 -0.14 0.28
S gigantea 12 VII(6) 0.80 049 - 0.54 048 040 030 026 -0.36 0.41
P. tl"iCMSpiS 72 VII(6) 0.60 024 - 0.22 040 028 0.17 0.16 -0.16 0.26
P. te[radaclyla 17 X (7) 0.81 049 024 033 022 026 022 020 -0.31 0.28
P. cristatus 25 VII(6) 0.70 0.26 - 0.22 039 023 0.14 023 -0.13 0.25
0. megalotis 8 IX(7)* 080 061 050 037 032 022 023 049 -0.11 0.39

S. gigantea presented the highest integration for the molar-palate module (p =0.53; Table 3), above
the average for the remaining species (Table 3; Fig. 3B). Species that showed a seven-module architecture
presented a relatively high correlation for this module, as it is composed of only three bilaterally
symmetric landmarks. P. cristatus presented the lowest integration level for the molar-palate module (p =
0.21).

The orbit module was generally less integrated than the modules from the rostrum. S. gigantea, S.
temminckii, P. tricuspis, M. pentadactyla, and P. cristatus were the exceptions in consistently presenting

a relatively well integrated orbit (Tables 2 and 3; Fig. 3C). These species all showed the modular pattern
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VII, in which landmarks for the orbit module are restricted to the orbitosphenoid/alisphenoid complex. C.

didactylus showed the least integrated orbit (p = 0.21; Table 3).

Table 3 — Static allometry-corrected modular architectures of 15 myrmecophagous mammals. Number of specimens (), most likely
modular architectures recovered with EMMLI (ML), covariance ratio (CR), within-module absolute correlations (p), and correlation between
oro-nasal and molar-palate modules assuming a therian six-module (V) architecture (p abs). (1) Oro-nasal/rostrum, (2) molar-palate, (3) orbit,
(4) zygomatic-pterygoid, (5) vault, (6) basicranium, (7) naso-palatine. All CR values were significant.

N MLi CR pl p7 p2 p3 p4 p5 p6 pabsl-2 Meanp

T. tetradactyla 74 IX(7) 054 058 016 048 034 034 0.12 046 -0.43 0.35
T mexicana 43 IX (7) 0.64 044 0.19 045 024 031 020 0.27 -0.33 0.30
M. tridactyla 38 IX(7) 0.61 0.61 032 041 030 021 025 046 -0.31 0.37
C. didaclylus 60 IX(7) 0.68 0.65 0.15 042 021 038 0.18 0.18 -0.25 0.31
P. maximus 14 - - - - - - - - . )

O. afer 40 X(7) 0.64 029 0.14 040 028 021 0.17 031 -0.17 0.26
M. crassicaudata 7 - - - = - - - . - i

M. javanica 28 1I(4) 0.69 031 - - - 028 0.15 023 -0.27 0.24
P. pentadactyla 27 VIL(6) 0.69 031 - 024 042 025 020 0.19 -0.15 027
S temminckii 15 VII*(@6) 0.85 021 - 0.25 044 027 023 0.17 -0.17 0.26
S gigantea 12 VII(6) 0.82 037 - 053 041 046 0.32 023 -0.29 0.39
P. tricuspis 72 VII(6) 0.61 023 - 0.23 040 0.27 0.17 0.16 -0.15 0.24
P. tetradac[yla 17 IX*(7) 081 045 027 033 021 032 021 020 -0.28 0.28
P. cristatus 25 - - - - - - - _ . )

O. megalotis 8 = - - - - - - - _ _

The zygomatic-pterygoid module is poorly integrated, with C. didactylus, and S. gigantea
revealing higher than average levels of integration for this module (Table 3; Fig. 3D). O. afer and M.
tridactyla were the species with the lowest integration magnitude (p = 0.20) for this module.

The vault was the least integrated module, overall (Tables 2 and 3; Fig. 3E). S. gigantea showed
an averagely integrated vault (p = 0.32). The species with the least integrated cranial vault was T.
tetradactyla (p = 0.12).

The basicranium was strongly integrated in 7. tetradactyla, M. tridactyla, and O. megalotis (Tables
2 and 3; Fig. 3F). Pangolins revealed relatively low integration values of the basicranium, with P. tricuspis
presenting the lowest values (p = 0.16). C. didactylus also showed a very weakly integrated basicranium
(p =0.18). O. afer presented a moderately integrated basicranium.

In species presenting a naso-palatine module, this region was weakly integrated in four of them
(Tamandua spp., C. didactylus, and O. afer), moderately integrated in M. tridactyla and P. tetradactyla,
and well-integrated in O. megalotis. In all species with different between-module correlations, the naso-

palatine module was more strongly correlated with the oro-nasal than with the molar-palate module (Table
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4; correlation level was similar in O. megalotis and P. maximus). This was more pronounced in Tamandua

spp. and M. tridactyla. In Tamandua spp., C. didactylus, and O. afer, the naso-palatine module was more

strongly integrated with the oro-nasal than within itself (Table 4).
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1982; Goswami, 2006) for all 15 species. Blue bars represent raw correlations and pink bars represent allometry-corrected correlations

(Tables 2 and 3). Null values indicate either the absence of a module in the respective species or the inexistence of allometry in the sample.
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When the absolute correlations between the oro-nasal and molar/palatine regions were considered,
they were more negative in specimens with a longer rostrum (Tables 2 and 3). P. cristatus, O. megalotis,
and M. crassicaudata presented the less negative correlations (p < -0.13), while S. gigantea, Tamandua
spp., and M. tridactyla showed more negative values (-0.31 > p > 0.45). Non-corrected values showed a
similar pattern, but this analysis showed that these negative correlations were partially a result of static

allometry in M. tridactyla and S. gigantea (Table 3).

Table 4 — Static allometry-corrected (when detected) integration magnitudes of the oro-nasal (1), naso-palatine (7), and molar-palate
(2) modules in myrmecophagous mammals with a 7 module architecture. Values for the interspecific data set are also shown. Number
of specimens (&), most likely modular architectures (EMMLi), within-module absolute correlations (p), and correlation between oro-nasal,
and molar-palate modules with the naso-palatine (p 1-7, p 2-7).

N EMMM pl p7 p2 pl-7 p2-7

T. tetradactyla 74 IX(7) 0.58 0.16 048 0.26 0.11
T. mexicana 43 IX(7) 0.44 0.19 045 0.23 0.13
M. tridactyla 38 IX(7) 0.61 0.32 0.41 0.28 0.16
C. didactylus 60  IX (7) 0.65 0.15 0.42 0.17 0.14
P. maximus 14 IX(7) 0.26 026  0.26 - -

O. afer 40 X (7) 0.29 0.14  0.40 0.16 0.13
P. tetradactyla 17  IX*(7) 0.45 0.27  0.33 0.19 0.14
0. megalotis 8 IX*(7) 0.61 0.50 0.37 - -

Interspecific 36 X 0.68 0.28 0.76 0.33 0.41

The PLS analyses between independently aligned modules of the two most sampled species
revealed that covariation was not significant between all modules (Tables S5 and S6). In P. tricuspis, less
than half of the inter-module correlations were significant after adjusting the p-values for multiple
comparisons. The oro-nasal/dorsal rostrum region showed a marginally non-significant correlation with
the molar-palate module (p = 0.06). The molar-palate module was significantly correlated with the small
orbit, the zygomatic-pterygoid, and the basicranium. The orbit significantly correlated with the zygomatic-
pterygoid and the vault, while the latter presented a significant correlation with the vault. In 7. tetradactyla
none of the four modules recovered with the MCN analysis significantly correlated with each other, after
adjusting for multiple comparisons. Before the adjustment of the p—values, the correlation between the
rostrum and the zygomatic pterygoid was marginally significant. In both species, PLS performed between
modules from a common Procrustes superimposition showed an increase in the number of significant
correlations (Tables S5 and S6). In P. tricuspis, all but one correlation were highly significant (oro-

nasal+molar-palate was marginally significant; p = 0.4), while T. tetradactyla presented a non-significant
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zygomatic-pterygoid+vault (p = 0.10) and a marginally significant oro-nasal+vault (p = 0.04) correlations.
Both P. tricuspis and T. tetradactyla modular integration changed substantially when separate Procrustes
superimpositions were performed per module (Table S5 and S6). In P. tricuspis, the integrations of the
oro-nasal, orbit/alisphenoid slightly decreased, those of the molar-palate, zygomatic-pterygoid, and vault
increased, while that of the basicranium remained unchanged (Table S5). In T. tetradactyla, only the vault
became more integrated when aligned separately. The remaining modules presented decreased
integrations, when compared to those measured from a single Procrustes superimposition (Table S6). The

integration of the rostrum and the basicranium decreased by more than 50%.

Evolutionary modularity

The Procrustes ANOVA reveals a weak (R? = 0.07) but marginally significant effect of size on skull shape
(F134=2.37; p=0.04). The principal component analyses on the residuals of this regression showed that,
despite the phylogenetic affinities, the different skull morphologies clearly separated anteaters from their
sister taxa armadillos and sloths, as well as pangolins from carnivores. Most of the skull shape variation
(90%) is explained by the first seven principal components (PCs). PC1 explains 39.64% of the variance
and mainly explained the degree of anterior projection of the nasal bones relative to both frontal bone and
the anterior most part of the maxillae, the distance between the maxillary and squamosal zygomatic
processes, and the width of the rostrum (Fig. 4). Ferae species (Carnivora + Pholidota) present mostly
negative or low positive PC1 values, while anteaters (to the exception of Cyclopes didactylus), armadillos,
and the aardvark score positive values. The sloths present low PC1 values, due to their short snout. PC2
explains 22.53% of the variance and explained the projection of the anterior margin of the maxilla, the
posterior projection of the palatine, the position of the zygomatic processes of the maxilla and squamosal
in respect to each other, and the length of the interparietal suture associated with a differential contribution
of the supraoccipital to the skull roof (Fig. 4). Toothless anteaters and pangolins show positive PC2 values
while toothed species mostly present negative PC2 scores. Orycteropus afer and Tenrec ecaudatus also
presented positive PC2 values closer to anteaters and pangolins. The toothless species with the lowest PC2
scores is Cyclopes didactylus (Fig 4).

EMMLI recovered the seven-module naso-palatine (X; derived from Hallgrimsson et al., 2004)
architecture to be the most likely architecture for our interspecific dataset, both when using correlations
matrices derived from raw shape coordinates and allometry-corrected shapes (Table 5). The oro-

nasal/rostrum module was strongly integrated (p = 0.66/0.68) and showed the highest inter-modular
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correlation with the palate/molar module (p = 0.53/0.54). The oro-nasal/rostrum was also well correlated

with the orbit (p = 0.47/0.48). The molar-palate was the most integrated of all modules (p = 0.78/0.78),
with the orbit (p = 0.41), the zygomatic (p = 0.21/0.22), and the vault (p = 0.27/0.28) showing the lowest

values (Table 5). The basicranium was also strongly integrated (p = 0.48/0.52), although less than the two

modules of the rostrum. The CR test found the modular architecture X to be significant for both raw shape

coordinates (CR = 0.85; p = 0.001) and allometry-corrected shapes (CR = 0.84; p = 0.001) datasets.
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Figure 4 — Principal component morphospace of the interspecific dataset (n = 36). Morphospace formed by PC1 and 2 with points
representing the average shape per species. (A) Points are colored by clade and scaled to centroid size; maximum and minimum shapes are
presented for each axis with landmarks colored according to the seven-module architecture X identified for the interspecific dataset. (B)
Phylogenetic relationships plotted on the morphospace; colors indicate diet and shapes indicate clades. Shape coordinates are allometry-

corrected.
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Table 5 — Within- and between-modules correlations from the most likely (Hallgrimsson 7) modular architecture for 15
myrmecophagous and 21 non-myrmecophagous species. (1) Oro-nasal/rostrum, (2) molar-palate, (3) orbit, (4) pterygoid, (5) vault, (6)
basicranium, (7) naso-palatine. Respective within-module correlations (p) for raw shape coordinates and allometry-corrected shapes are in
bold. Between-module correlations output from EMMLI in the upper (allometry-corrected coordinates) and lower (raw shape coordinates)
triangles.

1 2 3 4 5 6 7
1 0.66/0.68 0.54 0.48 0.27 0.39 0.33 0.33
2 0.53 0.78/0.78 0.36 0.18 0.37 0.35 0.41
3 0.47 0.37 0.41/0.41 0.24 0.30 0.34 0.20
4 0.26 0.19 0.24 0.21/0.22 0.19 0.21 0.24
5 0.36 0.35 0.29 0.18 0.27/0.28 0.36 0.24
6 0.31 0.33 0.32 0.21 0.35 0.48/0.52 0.24
7 0.32 0.41 0.20 0.15 0.23 0.25 0.29/0.28

Table 6 — Evolutionary rates and significance of pairwise comparisons of the face (upper triangle) and neurocranium (lower triangle)
modules for allometry-corrected shape data. R face — evolutionary rate for the face; R neuro; evolutionary rate for the neurocranium; Myr
— myrmecophagous; non-Myr — non-myrmecophagous; Ver — Vermilingua; Pho — Pholidota; Car — Carnivora; Atl — Atlantogenata. Values
for the first two columns correspond to morphological evolutionary rates; remaining values correspond to p-values of pairwise comparisons.
Significant p-values are in bold. *significant at 0=0.10

R face Rneuro Myr non-Myr Ver Pho Car Atl Mar Eua
Myr 5.41x10° 2.27x10° - 0.24 - - - - -
non-Myr  291x10° 1.20x10° 0.73 - - - - - -
Ver 1.28x10°3 3.71x10° - - - <0.01 0.01  0.07* <0.01 0.06*
Pho 2.10x10° 1.62x107 - - 0.06% - 068 047 011 094
Car 2.76x10° 1.89x107 - - 011 071 - 077  0.06*  0.67
Atl 3.48x10° 2.25x10° - - 023 039 064 - 0.04 043
Mar 5.10x107 4.40x107 - - 0.01  0.09* 0.07* 0.04 - 0.12
Eua 2.00x10° 1.92x10° - - 029 076 097 075 010 -

Evolutionary rates were assessed for allometry-corrected skull shapes only. The measurement of
skull shape evolutionary rates for the face-neurocranium two-module architecture revealed that the
rostrum/face tend to faster than the neurocranium (Table 6). Anteaters were the clade that showed the
highest evolutionary rates for the rostrum/face, while pangolins showed one of the lowest (the lowest if
we exclude single-membered groups as Marsupials and Euarchantoglires; Fig. 5A, Table 6). Within
anteaters, M. tridactyla and C. didactylus showed the faster rates, while these decrease in the genus
Tamandua, when compared to the sister taxon within the Myrmecophagidae. In pangolins, the branches
leading to Phataginus spp., M. pentadactyla, and M. crassicaudata exhibit the slowest morphological
evolutionary rates, alongside U. arctos. Rostrum/face shape increases in the branches leading to Smutsia

spp., particularly the large bodied S. gigantea. Within the genus Manis the branch leading to M. javanica
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shows a slightly faster evolutionary rate. Xenarthrans showed relatively fast evolving rostra/faces when
compared to those of other clades (Fig. 5SA). Within Xenarthra, Tamandua showed slowly changing
neurocrania/basicrania (Fig. 5B). The comparison of the evolutionary rates between myrmecophagous and
non-myrmecophagous mammals did not yield a significant difference, both when comparing the

rostrum/face, or the neurocranium/basicranium (Tables 6).
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Figure 5 — Morphological evolutionary rates (¢) of the face (A) and neurocranium (B) modules plotted on a phylogeny. Black color
indicates slow evolutionary rates and red indicates fast evolutionary rates. o values are logio-transformed.
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When toothless species and respective sister taxa were split into separate groups (Pholidota vs
Carnivora; Vermilingua vs Atlantogenata), the pairwise comparisons showed that the rostrum/face of
anteaters showed a significantly faster evolutionary rate than that of pangolins and carnivores (Table 5).
The same test revealed a close to significance (p = 0.07) difference between the evolutionary rate of the
anteater rostrum compared to that of the remaining Atlantogenata. Concerning the
neurocranium/basicranium, the shape in anteaters evolved marginally faster than that of pangolins (Table
6). Comparisons with Carnivora and the sister-taxa within Atlantogenata did not yield significant rate
differences. Evolutionary rates for the individual rostrum modules presented similar patterns to those
obtained for the full rostrum module. Therefore, in order to avoid a redundant comparison, we present the
results in a graphical way only (Fig. S5). The module naso-palatine module was not represented, as its

validation as an independent module is uncertain (see ‘Discussion’).
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tetradactyla (C, D). Each point represents the covariance matrix of one of the four ontogenetic stages (juvenile to adult). The black arrows
represent the ontogenetic trajectory of the covariance matrix for each species.

Comparison of covariance matrices

The PCA performed on the Procrustes aligned coordinates of the full dataset revealed that 90% of the

variance was explained by the first seven PCs. These axes were retained for all posterior analyses. The

PCoA performed on the 15-species Euclidean distance matrix showed that 90% of the variance was

explained by the first five coordinates (Cos) of the multidimensional space. Col (42.1%; Fig. 6A) shows

182



a trend from toothed (negative values) to toothless and long-snouted (positive values) species. P. cristatus
presents the lowest Col value, while M. tridactyla presents the highest. Co2 (26.1%; Fig. 6A) mostly
segregates S. temminckii (outlier with high positive values), 7. tetradactyla, S. gigantea, and M. tridactyla
from all the remaining species. M. tridactyla presents the most negative Co2 value, followed by T.
tetradactyla and S. gigantea with values relatively closer to the cluster including most of the species on
the middle-left side of the morphospace (Fig. 6). Cos 3 (9.0%; Fig. 6B) and 4 (7.0%) do not appear to
show an identifiable biological signal associated to the covariation patterns.

The PCA performed on the Procrustes aligned coordinates of P. tricuspis (including juveniles)
revealed that 90% of the variance in skull shape was distributed in the first 25 axes of the morphospace.
The PCoA performed on the resultant distance matrix including four age/size groups revealed that the
relationship between phenotypic covariance and size is not linear during the ontogeny in P. tricuspis (Fig.
7A, B). The analysis performed on the distance matrix for the 7. fetradactyla dataset (24 PCs) revealed a
similar result, although the trajectory was different (Fig. 7C, D). In both cases, stage 1 is separated from

the remaining ones by Col, with later stages being separated by Co2.

Discussion

Exploratory analysis of modularity

Exploratory methods are a good complement to a priori hypothesis testing, as they may reveal
patterns that are not predicted in a priori developmental, functional, or even physiological hypotheses
(Zelditch et al., 2008). We applied, for the first time, the morphological correlation networks methodology
(MCN, Suzuki, 2013) to assess the modular patterns of the mammalian skull. Our results show that, for
most species, the clusters recovered from the network analyses did not deliver a fine grouping of functional
modules (Goswami, 2006).

Some of the illogical and gross clusters found might result from methodological biases. Typically,
landmarks from the oro-nasal region were often found to cluster with basicranial structures (Fig. 2A). This
particular case might be related to covariance introduced by the Procrustes superimposition (see
‘Procrustes superimposition in integration and modularity’).

Nevertheless, the networks resulting from our most sampled species P. tricuspis (n=72) and T.
tetradactyla (n = 74) retrieved modular patterns resembling those found in previous studies (Cheverud,
1982; Goswami, 2006). While this could be related to a strong modular structure of the skull for these two

species, MCN might also be sensitive to the number of sampled individuals (Fig. 2a). Anatomically, the
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modular pattern retrieved from the MCN performed on P. tricuspis and T. tetradactyla showed a clear
differentiation between these two species, mainly at the level of the division of the rostrum and palate and
the structures of the orbit and zygomatic-pterygoid.

Goswami (2006), Cheverud (1982), and Parr ef al. (2016) found an individualized orbit module
that includes the anterodorsal part of the orbit and the border region between the nasal and frontal bones.
In the MCN-derived P. tricuspis architecture, the orbit module is much smaller and consists of the ali- and
orbitosphenoid. As for the dog (Parr ef al., 2016), the zygomatic and pterygoid regions are not included
in the same module in P. tricuspis. In both cases, a zygomatic arch module was recovered. The MCN-
derived modular architecture for P. tricuspis also revealed a change in the covariation patterns within the
rostrum (Fig. 1B). While the posteroventral part of the rostrum follows a similar pattern to that of other
mammals, landmarks from the oro-nasal and the fronto-nasal regions are included in a single module,
which contrasts with the condition seen in dogs (Parr et al., 2016), rthesus macaques (Cheverud, 1982),
and the therian six-module pattern (Goswami, 2006).

Contrary to P. tricuspis, T. tetradactyla showed a four-module architecture. The absence of an
orbit module sensu Goswami (2006) in 7. tetradactyla is similar to the condition in P. tricuspis. However,
T. tetradactyla exhibited integrated oro-nasal and molar regions, while these were grouped independently
in P. tricuspis. Contrary to P. tricuspis, the naso-frontal region of 7. tetradactyla is integrated with the
landmarks of the vault module. This might be explained by a more pronounced projection of the anterior
flanges of the frontal bone, associated with the facial process outgrowth (Hallgrimsson et al., 2007, 2009).
The zygomatic-pterygoid module of 7. tetradactyla corresponds to the one defined by Goswami (2006)
plus the ali- and orbitosphenoid orbit foramina. It is restricted to the posterior part of the skull, as neither
the zygomatic process of the maxilla nor the highest point of the maxilla-palatine suture are included in
this module (opposite to P. tricuspis). Landmarks corresponding to the midline of the palatines-maxillae
suture and the infraorbital foramen were separated from all other clusters. This might represent a shift
associated to either rostrum elongation or tooth loss, resulting in a dissociation from the molar-palate.

Contrary to MCN, the EDMA procedure does not require landmarks to be aligned with Procrustes
superimposition. This avoids the issues related to estimations of variability of the landmarks that are
placed further from the centroid of shape (Lele & Richtsmeier, 2001). Although the number of clusters is
not straightforward to determine (Jung et al., 2003; Salvador & Chan, 2004; Kassambara, 2017),
hierarchical clustering is useful in detecting potential modules when the general organization of a structure

is unknown (Cheverud, 1982; Lele & Richtsmeier, 1991; Goswami, 2006). The visual comparison of
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modular patterns recovered from our species allowed us to notice that the landmarks from the naso-
palatine region tended to cluster apart from our a priori defined molar-palate module. This was particularly
evident in 7. fetradactyla, in which these landmarks clustered separately from the rest of the skull (Fig.
S2A). In T. mexicana, M. tridactyla and O. afer the naso-frontal and maxilla-palatine landmarks were also
separated from the orbit and molar-palate regions, respectively. These landmarks appear to represent a
decoupling of naso-palatine landmarks that could be related to skull elongation or to the release from
constraints associated to tooth eruption in anteaters (Mitteroecker & Bookstein, 2009; Klingenberg &
Navarro, 2012). However, this decoupling was not as evident in other myrmecophagous species, such as
pangolins or the aardwolf. This result could indicate structural constraints associated to phylogenetic
relatedness, given that both groups are sister taxa (Murphy et al., 2001a). It could also suggest the

relaxation of phylogenetic constraints in anteaters and aardvarks.

Procrustes superimposition in integration and modularity

Recently, Cardini (2019b) alerted for the risk of spurious results in analyses of integration and modularity
using a single Procrustes analysis to superimpose landmark coordinate datasets. The author demonstrated
that undesirable covariation is introduced during the process of alignment, rotation, and scaling. The
covariation introduced by the Procrustes superimposition may create modular structures in non-modular
datasets (Cardini, 2019b). In the same time, performing separate Procrustes superimpositions per module
may also remove a biologically relevant part of the covariance, especially the one relative to size and
orientation of the modules (Klingenberg, 2009b; Cardini, 2019b). Given that somatic growth and resulting
allometric signal are the dominant promoters of integration (Hallgrimsson et al., 2007; Porto et al., 2009),
this can be problematic in the case of myrmecophagous mammals, in which rostrum growth is an
important variance generator.

Our results are in line with those of Cardini (2019b), showing that some correlations between
modules are created by Procrustes superimposition (Tables S5 and S6). For instance, our partial least-
squares (PLS) analyses between separately superimposed modules in P. tricuspis showed that the oro-
nasal and basicranium regions (associated in the MCN) do not significantly covary (Table S5 and S6).
Procrustes superimposition also appears to have an important effect in the magnitude of integration, as
shown by our comparisons between single and separated Procrustes superimposition. In general,
intramodule correlations present more similar values when Procrustes superimpositions are performed by

module than when a single Procrustes is performed for the whole skull.
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The modular partition of the skull obtained from EDMA also showed that landmarks from the
anterior and posterior parts of the skull never cluster together. On the other hand, the modules obtained
from this method roughly correspond to those recovered with methods relying on Procrustes
superimposition (e.g., oro-nasal, basicranium, zygomatic-pterygoid; Fig. S2-3). Our results indicate that,
despite the introduction of correlations with no biological meaning, the modular partition of the skull
obtained after superimposing landmarks configurations provides comparable results to those of methods
avoiding it. Nevertheless, further studies are needed in order to accurately assess the amount of noise

introduced by Procrustes superimposition.

Analysis of a priori modular architectures in myrmecophagous mammals

Some of the first works that addressed the modular patterns of the skull of mammals used exploratory
methods (Cheverud, 1982; Goswami, 2006). However, hypothesis testing methods have become
increasingly used, assessing if sets of traits exhibit modular structures when compared to a random
organization (Klingenberg, Mebus, & Auffray, 2003; Claude, 2008; Klingenberg, 2009a; Adams, 2016).

Using a recently proposed maximum-likelihood approach (EMMLi; Goswami & Finarelli, 2016),
we showed that the modular organization of the skull in ant- and termite-eating placental mammals varies
between three to seven modules. The species presenting the lowest number of modules (Model II) was
also the least sampled (Manis crassicaudata; n = 7). Its modularity pattern probably represents a gross
pattern of modularity, as suggested by the inconsistent modular patterning obtained from the hierarchical
clustering based on EDMA analyses. The three-module architecture in M. crassicaudata shows a very low
posterior probability (0.21), with four other architectures showing values above the 0.05 threshold taken
as reference by Goswami and Finarelli (2016). A similar result was obtained for Ofocyon megalotis (n =
8), which precludes any further interpretation of the results for these two species.

Most of the species presented a six- (VII) and seven-module (IX and one species with X)
architectures. MCN results showed that the basicranium and posterior part of the vault have similar
landmark composition of in both P. tricuspis and T. tetradactyla. The structure of these parts of the skull
is quite conserved and correspond to those in previously proposed architectures (Cheverud, 1982;
Hallgrimsson et al., 2004; Goswami, 2006). These regions originate from the mesoderm in the very early
stages of skull development (e.g., Piekarski et al., 2014; Hallgrimsson et al., 2019). In addition to their

common tissue origin, covariance-generating processes such as muscle-bone interaction, tooth eruption,
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or occlusion (Hallgrimsson et al., 2007, 2009, 2019; Bookstein & Mitteroecker, 2014) mostly occur
anterior to the temporal fossa.

In contrast, we showed that the anterior half of the skull shows more parcellation, as previously
suggested in mammals (Cheverud, 1982; Goswami, 2006; Porto et al., 2009; Makedonska, Wright, &
Strait, 2012; Parr et al., 2016). Nevertheless, we found relatively conserved modular patterns among
myrmecophagous species. Most presented the same seven-module architecture derived from Goswami
(2006) functional hypothesis with the addition of a naso-palatine module as suggested by the EDMA
hierarchical clusters. However, this result largely contrasts with the MCN result for Tamandua
tetradactyla. One possible explanation could be that EMMLI favours architectures with larger numbers of
modules compared to models with fewer partitions (e.g., Felice & Goswami, 2018; Bardua et al., 2019).
When the seven-module architectures were removed from the EMMLi tests, both Tamandua spp.
presented the model corresponding to that obtained from the MCN of T. tetradactyla (111, Table S7). A
look at the correlations between modules shows that the naso-palatine module is more strongly correlated
with the oro-nasal module than within itself (Table 4). Theoretically, a phenotypic module should share
stronger interactions within it than with the surrounding elements of the system (Klingenberg, 2005).
Therefore, oro-nasal and naso-palatine could potentially represent a single module in Tamandua spp
(Table 4). MCN and EMMLI results do not, however, invalidate each other. As revealed by EMMLI, the
oro-nasal and the molar-palate are well-integrated in 7. tetradactyla (p = 0.43), which is in line with the
single rostrum module retrieved by the MCN. On the other hand, the landmarks of the nasal-frontal suture
might simply be more correlated with the anterior part of the cranial vault (frontal bone) than with the oro-
nasal, which would justify its coupling with the cranial vault in the MCN.

Overall, modular architectures in Tamandua spp./M. tridactyla (both MCN- and EDMA-derived),
and most pangolins (MCN-derived) appear to suggest a trend for rostrum integration, which might
translate the preservation of covariance generated early in ontogeny (orofacial region; Zelditch &
Carmichael, 1989), with a reduction of parcellation associated to tooth eruption and functional muscle-
bone interaction normally linked to later developmental stages (Herring, 1993; Hallgrimsson et al., 2007,

Mitteroecker & Bookstein, 2009).

Modularity and the evolution of myrmecophagy

Despite some differences detected among myrmecophagous placentals, the modularity patterns

were comparable to those found in previous studies including mammals (Cheverud, 1982; Goswami,
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2006; Parr et al., 2016; Heck et al., 2018; Churchill et al., 2019; Randau, Sanfelice, & Goswami, 2019).
Given that the skull and the masticatory apparatus perform virtually the same functions across tetrapods
(Schwenk, 2000), especially in mammals (Hiiemae, 2000), the maintenance of a functional partition of
the skull across all mammals is beneficial in promoting the evolvability of functionally related structures
(Riedl, 1978; Wagner & Altenberg, 1996).

Anteaters are a good example of modular conservatism, with the giant (M. tridactyla) and the
pigmy (C. didactylus) anteaters showing completely different skull shapes (Fig. 4), but a similar seven-
module cranial architecture (IX). In fact, considerable shape change can occur while phenotypic
modularity patterns are maintained, as a result of extreme directional selection acting on conserved
partitions (Parsons et al., 2018). Our projection of the covariance matrices of our 15 myrmecophagous
species showed that most species present quite conserved patterns of phenotypic covariation (Fig. 6). With
the exception of 7. tetradactyla, M. javanica, S. temminckii, S. gigantea, and M. tridactyla, most species
cluster in a relatively small phenotypic covariation morphospace. These results are in line with EMMLi
output in which the majority of the architectures fall within the expected variation reported among
mammals (e.g., Goswami, 2006; Porto ef al., 2009). Curiously, the two closely related (Gibb et al., 2016)
and morphologically similar (Wetzel, 1975) T. tetradactyla and T. mexicana were apart in the phenotypic
covariation morphospace. This might reflect the more pronounced intramodular integration in the oro-
nasal, orbit, and basicranium region displayed by 7. tetradactyla (Tables 2 and 3).

Nevertheless, our results suggest that extreme rostrum elongation and tooth loss might have
affected covariance patterns in Tamandua and Myrmecophaga. The naso-palatine landmarks are more
correlated to the oro-nasal than to the molar or orbit landmarks, in both genera. On the contrary, the naso-
palatine module is more correlated with the molar-palate module, in the interspecific dataset. In O. afer,
P. maximus, or C. didactylus the correlations between nasal-palatine and the other rostrum modules are
not substantially different (Table 4).

Concerning the modular organization of the zygomatic-pterygoid region, we found a conserved
zygomatic arch module in P. cristatus, O. afer, as well as in the maximum-likelihood model selection
performed with the interspecific dataset. This is congruent with the role of this structure as the origin for
part of the mandibular adductor musculature. Despite being myrmecophagous, P. cristatus and O. afer
retain active mastication and biting functions (Patterson, 1975; Anderson, Richardson, & Woodall, 1992).
However, the connection between modularity and function is not straightforward, exemplified by the

presence of a zygomatic arch module in four pangolins (P. tricuspis, Smutsia spp. and M. pentadactyla).
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All pangolins are toothless and unable to chew (Endo ef al., 1998). The presence of a zygomatic module
is better explained by the strong ontogenetic allometric trend towards the growth of the zygomatic process
of the maxilla reported in pangolins (Ferreira-Cardoso et al., 2019a). Porto et al. (2013) found the
zygomatic module to be absent in several mammalian groups with chewing and biting ability, which

suggests a decoupling between masticatory function and the presence of a zygomatic arch module.

In the two species for which we had juvenile specimens (P. tricuspis and T. tetradactyla) we
showed that, although missing the early stages of post-natal development, the covariance structure of the
skull is changing throughout ontogeny (Fig 7). On the light of the ‘Palimpsest model’, modules derive
from developmental processes with the potential to generate coordinated variation during skull ontogeny
(Hallgrimsson et al., 2007, 2009). These processes, such as neural crest migration (embryonic variation)
or brain growth, all introduce variation at a certain stage, with the static phenotypic covariance patterns
being a result of the overlap of several determinants of covariation (Hallgrimsson et al., 2007, 2009).
Specific determinants of covariation (e.g., masticatory function) might therefore be hard to infer from
static modularity patterns (Fischer-Rousseau, Cloutier, & Zelditch, 2009).

Overall, the modular architectures recovered for the myrmecophagous species appeared to reflect
a slight change in covariation patterns in the anterior half of the skull. In some species, tooth loss and
snout elongation may have contributed for a less modular rostrum. Additionally, the masseter musculature
and the structure of the zygomatic arch appear to be reflected in a quite inconstant composition of the
zygomatic-pterygoid module. Namely, there appears to be a tendency for species without a functional
zygomatic arch to maintain only the posterior part of this module preserved, but this is hardly related to
function. The variability of modular structures in anteating mammals is particularly evident when
comparing the phenotypic covariance matrices (PCoA), with toothed species occupying a much less
dispersed in the morphospace. We also showed that significant differences on shape (e.g., C. didactylus
vs M. tridactyla) do not necessarily translate into different modularity patterns, as an increase in variance

on a few axes might reflect in very distinct morphologies due to pleiotropic effects.

Morphological integration and allometry

Previous studies showed that both within-modules and total integration vary across taxa
(Goswami, 2006; Porto et al., 2009; Goswami & Polly, 2010; Randau et al., 2019). As in other mammal
clades (e.g., Goswami, 2006; Porto et al., 2009), the oro-nasal module of myrmecophagous species is

more integrated than the remaining ones, with some taxa showing a moderately integrated basicranium.
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The stronger integration of the oro-nasal module is explained by ontogenetic allometry and represents a
pattern common to all mammals (Cardini & Polly, 2013; Cardini, 2019a). In the context of
myrmecophagy, extreme rostrum elongation was reflected by the negative correlation between the oro-
nasal and the molar-palate modules (sensu Goswami, 2006). These correlations were more negative in M.
tridactyla and the two Tamandua compared to all the remaining species. On the opposite pole, P. cristatus
and O. megalotis presented the less negative correlations. A negative correlation suggests a strong
ontogenetic allometric effect on the rostrum region, reflecting the opposite directions of variation in its
anterior and posterior parts (e.g., Ferreira-Cardoso et al., 2019a). The best examples of this trend are M.
tridactyla, Tamandua spp., and S. gigantea. Additionally, in the largest anteater and pangolin species (M.
tridactyla and S. gigantea) a significant part of these negative correlations is associated with static
allometry (Tables 2 and 3).

Our results also show that overall integration increases with size. M. tridactyla and S. gigantea are
the largest species within anteaters and pangolins, respectively. Overall, all their modules are much more
integrated than in their sister species (Tables 2 and 3). This can be explained by the covariation generated
by the overall size increase of the skull and thus influencing all traits in the sample (Nijhout, 2011).
Nevertheless, in M. tridactyla and S. gigantea, static allometry appears to be responsible for a good part
of the integration, given that in general its values dropped after allometric correction (particularly those
of the oro-nasal ragion). On the other hand, in Tamandua spp. show similar integration values after
accounting for static allometry, which could indicate that most of the covariance was generated before
adulthood (Table 3). For example, judging from the elongated shape of the rostra of anteaters fetuses
(Fig. 1C; Hautier et al., 2011), it is likely that a significant part of the somatic growth behind the increase
in the integration of the rostrum regions (mainly oro-nasal) occurs during pre-natal development (Zelditch
& Carmichael, 1989). Nevertheless, our phenotypic covariance trajectories (Fig. 7) show that changes
may still occur in covariance/correlation matrices during post-natal development (Fig. 7).

We confirm that size variation is an important factor influencing integration magnitude in the
mammal skull. While this was previously shown to be an evolutionary trend among placentals (Cardini &
Polly, 2013; Porto et al., 2013; Cardini, 2019a), our intraspecific analysis shows how canalized cranial
variation is in placentals. In this case, selective pressures associated to myrmecophagy triggered a
phenotypic response along axes of variation that are very conserved at the evolutionary level. This
response might have been facilitated by complete tooth loss. Although early stages of tooth development

occur in anteaters (Gervais, 1867; Rose, 1892), osteogenesis associated to that process (e.g., trabecular
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bone) is much reduced (Ferreira-Cardoso et al., 2019b). Therefore, the reduction of covariance introduced
by tooth development might have released the naso-palatine module to co-vary more with the oro-nasal
region (e.g., anteaters). This might explain why covariance matrices are more conserved within toothed
myrmecophagous placentals when compared to the toothless ones (Fig. 6). Although the long-snouted S.
gigantea appears to have a conserved molar-palate module, the inclusion of the naso-frontal landmarks in

the oro-nasal module might also have a similar explanation.

Rates of morphological evolution

We showed that myrmecophagous mammals present a morphological convergence in the morphospace
(Fig. 4). Our results also show that this convergence did not result from the convergence of the rates of
morphological evolution. Instead, we found that the evolution of the morphology of the anteater rostrum
is a result of high morphological evolutionary rates compared not only to its sister taxa but also to the
remaining species included in the analyses (Fig. 5; Table 6). Surprisingly, the equally toothless pangolins
showed a completely opposed scenario, showing very low rates of morphological evolution. While the
high rates of morphological evolution could explain the average high integration of the rostrum and oro-
nasal regions compared to the other modules within anteaters, it does not explain the shift of pangolins in
the morphospace, when compared to their carnivoran sister taxa (Murphy et al., 2001b,a). The relatively
low evolutionary rates might be explained by the absence of recently diverged sister taxa to pangolins,
and probably reflects a sampling/methodology bias. The addition of a toothed sister taxon to pangolins,
like the palacanodonts (Emry, 1970; Gaudin, Emry, & Wible, 2009) could help in the better estimating
the shape of the pangolin ancestor, therefore enabling a better estimation of the evolutionary history of
skull morphology in this group. On the other hand, the morphospace occupied by anteaters extends much
more than that occupied by pangolins, as well as the distance from their sister group, the sloths (Fig. 4).
Although a larger sampling at the placental scale would be needed and different models of evolution (e.g.,
Ornstein-Uhlenbeck, Early Burst; Harmon ef al., 2008; Alfaro et al., 2009), our results suggest that the
ecological convergence towards myrmecophagy did not involve the same degree of evolutionary rates of

the rostra modules in anteaters, pangolins, and the remaining ant-eating placentals.

Conclusion
We showed that morphological changes in ant- and termite-eating lineages did not radically change the

modular patterns in myrmecophagous placentals. Considering phenotypic correlations and covariances as
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proxies for modularity and integration, we propose the following set of complementary possibilities to
explain our results: 1) The genetic and developmental basis of the placental skull are extremely conserved,
hindering drastic changes in modularity patterns even under strong selective pressures or eventual minor
mutations (canalization); 2) Under a canalization scenario, limited axes of variation are available for the
phenotype; these axes, under specific selective pressures, may generate extreme trait
covariation/correlation (i.e., integration) of functionally related traits, while preserving phenotypic
organizational modules (Cardini & Polly, 2013; Parsons et al., 2018; Felice et al., 2019); 3) Anteaters
represent an exception, showing a putative a new module with differing variance direction (e.g., naso-
palatine module in myrmecophagid anteaters). We interpret the anteater example as decanalization
(Waddington, 1953; Stern, 1958) resulting from strong selective pressures and extreme ecological
specialization.

Under the complementary paths 1) and 2), we would assume that myrmecophagy could have
driven to changes of correlation in the functional modules of the rostrum. In this case, our data fails to
detect a convergent shift among myrmecophagous placentals. However, changes in the morphospace and
adaptation to functionally demanding ecologies (e.g., fossoriality) do not mandatorily impact structural
integration (Sansalone et al., 2019).

Under scenario 3), we can consider that the interaction between the nasal-frontal and maxillary-
palatine condensations might represent a sub-module that has shifted from being correlated to the molar-
palate module in placentals, to a sub-module of the oro-nasal. In the case of most pangolins and P.
cristatus, only the naso-frontal region shows this shift. Our results might indicate that long-snouted
myrmecophagous placentals tend to preserve modularity patterns associated to developmental processes
occurring early in ontogeny (orofacial growth; Zelditch, 1988; Zelditch & Carmichael, 1989) both due to
reduced covariance generated by occlusion and to the pronounced variation generated by the allometric

growth of the rostrum.
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4-Conclusion and perspectives

The background for this thesis was carved in the early 19" century by Etienne Geoffroy Saint-Hilaire and
Georges Cuvier. The concepts of structural and topological constraint, associated to the correlation of
forms with the environment have since been given many definitions, and several manners to quantify it
have been developed. Today, in the light of Darwin and Wallace’s theory (Darwin & Wallace, 1858;
Darwin, 1859) and a rather stable phylogenetic context, the goal of this work was to explore convergent
evolution, in the context of strong dietary selective pressures applied to a complex system, the placental
skull. Along the way, I tried to understand the multiple factors behind skull shape variation both at a broad
phylogenetic scale (myrmecophagous mammals) and in a more evolutionary constrained context
(pangolins).

In the first chapter of this thesis, I went on to answer to explore skull shape variation among
pangolins species, the most heavily poached mammal on Earth. Using geometric morphometrics, I was
able to show that seven of the eight extant species of pangolins display very distinct skull shapes. If
classifications based on morphology (Gaudin, Emry, & Wible, 2009) and genetics (Gaubert et al., 2018)
are mostly congruent, the major generator of skull shape variance among mammals (allometry) can
introduce noise and flawed conclusions based on phenetics. In particular, I showed how heterochrony
within a single genus has the ability to play a strong role in cranial shape differentiation, and how such
differentiation is mostly ruled by different allometric patterns between well-defined face/rostrum and the
neurocranium modules (Drake & Klingenberg, 2010). The second aspect of the first chapter consisted in
exploiting the concept of cryptic species (Bickford et al., 2007) by assessing the potential of skull shape
to delimitate molecularly divergent lineages (Gaubert ef al., 2016). This chapter evokes several aspects of
morphological variation and exemplifies the role played by ontogenetic allometry in skeletal shape. It also
took a glimpse on the morphological differentiation during speciation, and presents an example of a
decoupling between genetic and morphological divergence in a recent cladogenesis event (Bickford et al.,
2007).

In the second chapter of this thesis, convergent evolution was dissected, literally (Article 3) and
conceptually, on the basis of comparative anatomy. The convergent evolution of myrmecophagy allowed
for testing the strict evolutionary repeatability in the case of phylogenetically distant organisms. Ant- and
termite-eating can be considered a “natural experiment” in which genetically and morphologically

different populations were exposed, during millions of years, to similar conditions. In the first part of the
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chapter, the comparison of the internal anatomy of the mandible at the scale of placentals showed that
external convergence (i.e., tooth loss) was not corresponded by convergent internal features (i.e.,
maintenance of tooth innervation/irrigation) in anteaters and pangolins. This suggests that the anteater-
pangolin example is indeed a case of true convergence (McGhee, 2011), as toothlessness evolved through
different processes in the two clades. In other words, differences in mandibular innervation/irrigation
patterns might have resulted from distinct timings/mechanisms of odontogenesis interruption. This
example is in line with the existence of multiple pathways of evolution in response to one specific selective
pressure (Bock, 1959). In reverse, my study suggests that odontogenesis is rather conserved across
mammals, assuming a correlation between similar the phenotypes in anteaters and toothless whales and
their development. Conway Morris’ view that evolution would happen the same way, were it to be
repeated again and again, is based on the idea that there is a restricted number of solutions available to
life. The anteater-mysticete example is congruent with this view, and conforms to the idea that life is
limited to a theoretical morphospace (McGhee, 1999). The explanation behind these apparently
contradicting examples might be explained by slightly different functions performed by the mandibles of
pangolins, anteaters, and mysticetes, which could demand a more developed sensorial system in the latter

two groups.

In the second parts of the chapter 2, the comparison between head musculatures of the three living
anteater genera showed how hypothetically similar functional systems may present distinct morphologies.
This is the very concept of many-to-one-mapping as defined by Wainwright et al. (2005). Adaptive
evolution may respond differently to identical selective pressures, ultimately resulting in a multitude of
equally optimal responses (Bock, 1959). While this research is limited by its qualitative nature, it paves
the way to future studies on the biomechanics on the feeding apparatus of ant- and termite-eating
placentals, as it stresses the need for performance testing. In line with the first article of the chapter 2, the
comparison of the head musculature in anteaters with previous descriptions of those of pangolins and
aardvarks allowed to trace the limits of convergence, as some key differences are observed between these
three distantly related clades.

Lastly, the third chapter of this thesis focused on the patterns of phenotypic covariance in the skull
of myrmecophagous species. The results showed that despite the morphological differences characterizing
these species, the modular patterns were conserved. I failed to associate loss of function (i.e., mastication)
with the covariance patterns of the skull. The genetic and developmental basis of the placental skull are

extremely conserved, hindering drastic changes in modularity patterns even under strong selective
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pressures (canalization). Under this scenario, limited axes of variation are available for the phenotype,
with morphological changes happening through changes in integration within conserved phenotypic
organizational modules (Cardini & Polly, 2013; Parsons et al., 2018; Felice et al., 2019). This study points
instead to an apparent conservation patterns associated to early ontogeny (i.e., facial growth) that could
be associated to both the absence of tooth eruption and to the pronounced allometric growth of the rostrum
(e.g., myrmecophagid anteaters).

This thesis tried to provide an integrative approach to cranial morphological variation, including a
set of different geometric morphometrics and comparative anatomy techniques, while taking advantage
of the increasing availability of u-CT scanning and its combination with contrast-enhanced methods for
reconstruction of soft-tissues. I tried to use these methods to give new insights on the systematics,
allometric patterns, tooth loss, muscular anatomy, and phenotypic covariance patterns among the
convergently evolved myrmecophagous placentals. There are, however, several subjects that remain to be

studied.

As 1in the first chapter, similar approaches should be used to explore the phenotypic variation and
allometric patterns among anteaters, especially the genus Tamandua. Variation between populations of
Tamandua tetradactyla and differences between this species and its sister taxon, 7. mexicana, would
benefit from a re-evaluation with modern geometric morphometric methods in comparison to molecular
datasets. This would allow to revive the interest on geographical phenotypic variation in these species and
add up to previous works covering systematics (Reeve, 1941; Wetzel, 1975) and allometric patterns
(Reeve, 1940) of the Vermilingua. Most importantly, it could provide essential knowledge with direct
application in conservation, such as the identification of potential management units (Palsbell, Bérubé, &
Allendorf, 2007; Hautier et al., 2014; Ferreira-Cardoso et al., 2019a).

The investigation of patterns of mandibular innervation in myrmecophagous placentals opened
several questions related the mechanism behind the ondontogenesis interruption in toothless mammals.
The methodology used in the Article 2 could be applied to a particular case of myrmecophagous
placentals, the aardvark. Tooth eruption and tooth number variation are well-reported for this species
(Lonnberg, 1906; Le Gros Clark & Sonntag, 1926; Anthony, 1934b). An intraspecific study of the internal
anatomy of adult aardvarks coupled with a developmental series could shed light on the homology of tooth
loci in this toothless mammal. Additionally, this could help to understand the history of tooth loss in
aardvarks, particularly to establish homologies between vestigial tooth loci and teeth present in fossil

species (e.g., the “canine”; de Bonis & Koufos, 1994; Lehmann, 2006, 2007). A second topic of interest
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comes from the discovery of a dentary pad, covered by orthokeratin, stretching along the putative tooth
row locus in anteaters. This raises the question of the relationship between teeth and the evolution of
keratinous structures on the mammalian jaws. An ongoing and very lively debate over the origin of
keratinous structures (baleen) in mysticetes has drawn the attention of several recent studies (Ekdale,
Demér¢, & Berta, 2015; Peredo & Pyenson, 2017; Peredo et al., 2017, 2018; Thewissen et al., 2017;
Lanzetti, 2019). Sirenians are an interesting group in this regard, because all extant and recently extinct
sirenians present a keratinized oral pad in the anterior part of the jaws, innervated by alveolar nerves (Reep
et al., 1998; Marshall et al., 2003; Csorba, Buzas, & Farkas, 2004). This clade presents a relatively well-
known fossil record (e.g., Domning et al., 2017) with species showing a complete dentition while others
are completely toothless (i.e., Steller's sea cow). An ongoing project aims at u-CT scanning most of the
extant and fossil diversity of sirenian skull and mandibles, in order to understand the connection between
teeth and the oral pad, through the use of dorsal canaliculi as an osteological proxy to vestigial tooth loci.
Additionally, this project aims to understand how tooth innervation evolved along with the horizontal

tooth replacement pattern presented by manatees (Domning & Hayek, 1984; Rodrigues et al., 2011).

Lastly, our study on the phenotypic covariance patterns in myrmecophagous mammals left one
main axis of research open: the study of ontogenetic phenotypic trajectories. Tooth eruption is a main
factor influencing covariation in the mammals skull (Mitteroecker & Bookstein, 2009). The use of
developmental series of skulls is necessary to better understand the influence of tooth development in the
functional repatterning of the mammalian skull. This could be achieved by collecting u-CT scans of fetus
from the most abundant myrmecophagous species (P. tricuspis and T. tetradactyla) in natural history
collections. Comparing the ontogenetic phenotypic covariance trajectories of pangolins, anteaters, and
two toothed sister taxa would reveal how precisely covariance patterns differ between toothless and
toothed species, and between evolutionary replicates.

As a general conclusion, the approaches used in this thesis show that the combination of geometric
morphometrics, pu-CT scanning, histology, and soft tissue staining provide the ability to dissect
convergence through morphology. These techniques allowed to dive deeper into the complexity that
underlies macroscopic adaptive evolution. Developmental constraints are ubiquitous across mammals, and
any form of life (McGhee, 2001), and so is convergence (McGhee, 2011). By acting on developmentally
integrated systems, selection drives change on morphological subunits in directions that are more likely
to produce more adapted phenotypes (Riedl, 1978). This thesis allowed to understand that this theoretical

assumption does not always translate into exactly identical morphologies in convergently evolved
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organisms. The phylogenetic context also constraints the intraspecific theoretical morphospace. The
exposure to a certain environmental stimulus will therefore translate into the best compromise available

(Bock, 1959). “Life finds a way”, as a popular fictional chaotician once said, and I showed that multiple

ways were found during the evolution of myrmecophagy.
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