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1. Abstract 
 

Ecomorphological convergent evolution, or convergence, is defined as the independent 

acquisition of similar morphological traits in two or more biological taxa adapted to the same 

lifestyle. The process, traditionally considered marginal and occasional, has been instead 

recognized as central and ubiquitous in the evolutionary history due to the overwhelming 

accumulation of novel evidence in the last decades. The identification and description of 

additional instances of convergence are crucial to substantiate the importance of the process. 

Moreover, these examples allow to better understand the still not entirely clear underlying 

mechanisms of convergence and, ultimately, to cast light on living beings’ morphological 

diversification. This research addresses a previously understudied ecology, i.e. slow arboreality, 

that convergently evolved at least seven times in therian mammals. Namely, slow arboreality 

independently arose in the two lineages of ‘tree sloths’, the silky anteater, ‘Lorisidae’, two clades 

of extinct lemurs, i.e. palaeopropithecids and Megaladapis, and in the koala. Being adapted to the 

same distinctive lifestyle they are expected to show functional morphological convergences. To 

test this hypothesis, I studied the humerus and the femur of slow arboreal mammals and their 

closely related but ecologically distinct taxa, that include extinct sloths from the Patagonian Early 

Miocene, analyzing morphological diversity at several anatomical levels of bone organization. 

Inferring evolutionary patterns for external shape and internal structure (diaphyseal 

microstructure and anatomy + epiphyseal trabecular architecture) through phylogenetic 

comparative methods, this work is the also first in which the contributions of different anatomical 

levels to ecomorphological convergence are explicitly and quantitatively tested. ‘Tree sloths’, the 

silky anteater, Palaeopropithecus and Megaladapis are characterized by low humeral/femoral 

diaphyseal cortical compactness, strikingly contrasting the generalized mammalian condition. 

This feature would be associated with aspects of their slow arboreal lifestyle, i.e. exceptionally 
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low metabolic rate and/or locomotor biomechanical demands deriving from climbing. Slow 

arboreal xenarthrans, i.e. ‘tree sloths’ and the silky anteater, exhibit a pattern of incomplete 

convergence for a suite of humeral/femoral external and internal anatomical features, possibly 

explained by the relatively distinct ecology of the silky anteater. For the same traits, ‘tree sloths’ 

instead show a stronger pattern of complete convergence due to their extraordinarily similar 

lifestyle. On a wider mammalian scale, another set of humeral/femoral internal/external 

anatomical traits is shared by some slow arboreal mammals. A subset of these features seems to 

be convergent in some slow arboreal taxa but also to characterize anteaters, i.e. the ‘tree sloths’ 

sister taxon, hence possibly not representing convergent traits in ‘tree sloths’. Another subset of 

traits is apparently associated with a general arboreal condition, with some slow arboreal 

mammals standing out on this pattern by showing some degree of convergence. Metabolic or 

locomotor demands involved in the slow arboreal ecology would explain these characteristics. 

Within slow arboreal mammals, those showing a distinctive suspensory climbing, i.e. ‘tree 

sloths’, palaeopropithecids and ‘Lorisidae, more strongly contribute to ecomorphological 

convergence. This research also highlights the stronger contribution to ecomorphological 

convergence yielded by humeral/femoral internal structure, especially trabecular architecture, 

compared to external shape, corroborating what was previously proposed but never explicitly 

tested. With this thesis, I provide evidence of ecomorphological convergence in slow arboreal 

mammals and I propose a description of detailed patterns behind it. The previously 

underestimated complexity lying behind this process is here emphasized.   
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2. Zusammenfassung 
 

Öko-morphologische konvergente Evolution, oder kurz Konvergenz, ist definiert als 

unabhängige Aneignung ähnlicher morphologischer Eigenschaften in zwei oder mehr 

biologischen Taxa, die an die selbe Lebensweise angepasst sind. Dieser Prozess, der 

traditionell als marginal und als nur gelegentlich stattfindend erachtet wurde, wird 

aufgrund der Anhäufung neuer Evidenz in den letzten Jahrzehnten nun aber zunehmend 

als zentral und allgegenwärtig in der Stammesgeschichte erkannt. Die Identifikation und 

Beschreibung zusätzlicher Beispiele für Konvergenz sind entscheidend, nicht nur um die 

Bedeutung dieses Prozesses zu untermauern, sondern auch, um die immer noch nicht 

endgültig aufgeklärten zugrundeliegenden Mechanismen besser zu verstehen und 

schließlich, um Licht auf die morphologische Diversifizierung der Lebewesen zu werfen. 

Diese Studie adressiert eine bisher wenig untersuchte Lebensweise, nämlich die 

‘langsam-arboreale Lebensweise’, die mindestens sieben Mal unabhängig voneinander 

innerhalb der Theria entstanden ist. Dies betrifft die zwei evolutiven Linien der rezenten, 

arborealen Faultiere, den Zwergameisenbär, ‘Lorisidae’, zwei Kladen ausgestorbener 

Lemuren, dies sind die Palaeopropithecidae und Megaladapis, sowie den Koala Bären. 

In Anpassung an die selbe Lebensweise können morpho-funktionelle Konvergenzen in 

diesen Taxa erwartet werden. Um diese Hypothese zu testen, habe ich den Humerus und 

das Femur langsam-arborealer Säugetiere sowie nah-verwandter, jedoch auf eine andere 

Lebensweise spezialisierte Taxa, untersucht. Dies beinhaltete auch ausgestorbene 

Faultiere aus dem frühen Miozän Patagoniens und umfasste die Analyse mehrerer 

anatomischer Niveaus der Knochenorganisation. Die Ableitung evolutiver Muster sowohl 

für die externe Gestalt als auch für die interne Struktur (Mikrostruktur der Diaphysen 

sowie Trabekelarchitektur der Epiphysen) mittels phylogenetisch informierter 

statistischer Methoden stellt erstmals die Beiträge verschiedener anatomischer Niveaus 

in Hinblick auf die ökomorphologische Konvergenz in einen explizit quantitativen 

Kontext. Rezente Faultiere, der Zwergameisenbär, Palaeopropithecus und Megaladapis 

sind durch eine geringe humerale und femorale Kompaktheit der Corticalis 

gekennzeichnet, welche auffallend von der allgemeinen Ausprägung der Säugetiere 
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abweicht. Dieses Merkmal könnte mit der langsam-arborealen Lebensweise im 

Zusammenhang stehen, insbesondere mit dem ausgesprochen geringen Metabolismus 

und/oder mit biomechanischen Anforderungen im Zusammenhang mit dem Klettern.  

Langsam-arboreale Xenarthra, das heißt rezente Faultiere und der Zwergameisenbär, 

zeigen ein Muster ‘unvollständiger Konvergenz’ bei einer ganzen Reihe humeraler und 

femoraler externer und auch interner anatomischen Merkmale, die möglicherweise durch 

die charakteristische Lebensweise des Zwergameisenbären erklärt werden können. Bei 

den selben Merkmalen zeigen die rezenten Faultiere aufgrund der außergewöhnlich 

übereinstimmenden Lebensweise ein deutlicheres Muster ‘vollständiger Konvergenz’. In 

einem breiteren Vergleich verschiedener Säuger, teilen einige langsam-arboreale 

Säugetiere eine andere Zusammenstellung humeraler/femoraler und externer/interner 

anatomischer Merkmale. Ein Teil dieser Eigenschaften scheint aber nicht nur konvergent 

in langsam-arborealen Säugern, sondern auch in Ameisenbären (der Schwestergruppe der 

Faultiere) ausgebildet zu sein, und ist daher nicht als konvergent innerhalb der Faultiere 

einzustufen, sondern könnte eine Plesiomorphie der Faultiere darstellen. Ein weiterer Teil 

dieser Eigenschaften scheint eine generelle Eigenschaft arborealer Taxa zu sein, die 

langsam-arboreale Säuger nur unvollständig als spezifische Gruppe ausweisen. 

Wiederum könnten Eigenschaften des Metabolismus oder der 

Fortbewegungsbiomechanik ausschlaggebend für die größere Ähnlichkeit der langsam-

arborealen Säugetiere sein. Innerhalb der langsam-arborealen Säugetiere weisen 

diejenigen, mit einer deutlichen Anpassung an suspensorische Körperhaltung und 

Fortbewegung, also rezente Faultiere, Palaeopropithecidae und ‚Lorisdae‘ eine besonders 

deutliche öko-morphologische Konvergenz auf. Die hier vorgelegte Forschungsarbeit 

belegt zudem einen im Vergleich zur externen Gestalt deutlicheren Beitrag der internen 

humeralen und femoralen Struktur zur Identifikation der ökomorphologischen 

Konvergenz, insbesondere der Trabekelstruktur. Dies wurde zwar zuvor postuliert, aber 

bisher nicht explizit überprüft. In der hier vorgelegten Dissertation stelle ich Evidenz für 

eine konvergente Evolution langsam-arborealer Lebensweise innerhalb der Säugetiere 

zur Verfügung und schlage eine Beschreibung der zugrundeliegenden Muster vor. Die 

zuvor unterschätzte Komplexität, die diesem Prozess unterliegt, wird verdeutlicht. 
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3. Theoretical background 
 

3. 1. Studying phenotypic diversity to unravel evolutionary history 
 

Evolutionary biology is based on the tenet that species change in time becoming adapted to 

their environment through natural selection, as originally formulated by Charles Darwin and 

Alfred Russel Wallace, (Darwin and Wallace 1858; Darwin 1859). A fundamental evidence 

exploited to develop this concept, is the remarkable phenotypic variability shown by biological 

species. This diversity is the raw matter on which evolutionary processes act through generations, 

selecting forms that increase the probability of survival and reproduction of single individuals of 

a species. Hence, it is not surprising that, since Darwin and Wallace’s contributions, the 

systematic observation and description of the phenotypic variability of living beings have 

represented primary tasks of evolutionary biology. Clarifying how this diversity originated is the 

main aim of the discipline. 

Differently from deductive sciences (e.g. physics), which outcomes are derived from first 

principles, inductive sciences as evolutionary biology start from results of the studied processes 

to reconstruct general principles. Indeed, we as evolutionary biologists are generally not allowed 

to observe the phenomenon that we study, i.e. evolution, since it unrepeatably occurred over an 

impressively large amount of time, but we can only analyze what evolution resulted in, as 

phenotypic diversity. Properly quantifying and interpreting this unique source of information with 

increasingly advanced analytical, methodological and statistical tools is, thus, vital to better 

understand the history of life. The prevalently inductive nature of evolutionary biology also 

implies that the accumulation of case studies is the main way through which can be achieved an 

increasingly detailed understanding of evolutionary dynamics. Rather than outlining general 

deterministic laws, as deductive sciences do, evolutionary biology is more dealing with 

discriminating what occurs frequently from what only represents rare and occasional phenomena 
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(Losos, 2017). It is crucial especially for evolutionary processes which importance has been 

increasingly recognized in relatively recent times and for which underlying mechanisms are still 

to be fully clarified. As detailed below (see section 3.3), an eminent example of such processes is 

convergent evolution or convergence, that is the main focus of this thesis. Since convergent 

evolution potentially follows heterogeneous patterns dependent on the specific cases occurred in 

nature (Conway Morris, 2010), recognizing and thoroughly analyzing novel convergence events 

represents an important contribution to evolutionary biology and a fundamental task in order to 

shed a light on this evolutionary process.  

 

3. 2. Bone morphology 
 

3. 2. 1. Bone functional morphology 
 

Today we have the possibility to appreciate phenotypic variability focusing on biological 

levels that Darwin, Wallace and their contemporary scientists probably could not imagine (e.g. 

molecular level). Yet morphology, main evidence studied to develop the theory of evolution, still 

covers a primary role. Suffice it to say that morphology unavoidably and almost exclusively 

represents the way through which we can explore extinct diversity through fossils. This source of 

information has become increasingly central in evolutionary studies as more and more unearthed 

fossil specimens of disappeared species have accumulated. Adding information on extinct 

phenotypic variability to the one extracted from extant organisms, dramatically increases our 

knowledge on evolutionary outcomes and, hence, our possibility to understand evolutionary 

processes. Bone tissues are often the only remnant in the fossil record, while soft tissues (e.g. 

biomolecules) have dramatically shorter times of degradation and potentially only allow to inspect 

very recent events in the evolutionary history. If we want to gain insight into evolutionary events 

from the deep past, we are forced to extract information from bone morphology.  
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Functional morphology offers the toolkit to address this task. Although possibly introduced 

by the renowned scientist George Cuvier at the beginning of 19th century (e.g. Cuvier 1805) and 

even predating the establishment of modern biology principles with Darwin’s and Wallace’s 

works (see above), the discipline has been developed in the form that we know today during the 

20th century, starting from the 40s-50s (e.g. Evans and Vernon 1945; Barnett and Napier 1953). 

The main aim of this field is outlining functional relationships between morphological 

characteristics and particular environmental aspects in order to reconstruct the history of 

adaptation of organisms. When applied to bone anatomy, as often occurs following the 

aforementioned rationale, the information potentially extracted reasonably concerns the main 

adaptive factors of the skeleton.  

3. 2. 2. Levels of organization in tetrapod long bones 

The case study that I analyze in this thesis regards a peculiar ecological adaptation arisen 

within mammals, a group of tetrapods (i.e. four-limbed vertebrates) (see section 3.4). In 

Fig. 3. 1. Analysis of long bone external gross morphology, the anatomical scale of 
investigation involving the lowest degree of spatial detail. It is currently performed in a 
quantitative manner, e.g. through geometric morphometrics, exploiting anatomical landmarks, 
as those shown in red in figure on a 3D rendering of the humerus of Arctocebus calabarensis 
AMNH 212576.  
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vertebrates, a factor to which the skeleton is more responsive is ecology (Shefelbine et al. 2002; 

Chirchir et al. 2015; Basu et al. 2019), namely how the organisms interact with the biotic and 

abiotic environment. Specifically, the postcranium (i.e. the entire skeleton excluding the cranial 

region) has been widely recognized as strictly dependent on ecology (e.g. Ray and Chinsamy 

2003; Dunn 2018). Hence, investigating postcranial bone functional morphology offers a great 

opportunity to better understand how organisms responded to ecological factors.  

This research project focuses on two key elements of the postcranial skeleton, namely the 

two main long bones of tetrapod forelimb and hindlimb: the humerus and the femur. They are 

known for the high ecological signal present in their morphology (e.g. Laurin 2004; Patel et al. 

2013; Straehl et al. 2013; Botton-Divet et al. 2016; Amson et al. 2017; Mielke et al. 2018; Fabre 

et al. 2019; Parsi-Pour and Kilbourne 2020). Long bones, i.e. skeletal elements with one 

predominant spatial dimension, can be investigated at several anatomical scales (Francillon-

Vieillot et al. 1990).  

The lowest degree of anatomical detail for a skeletal element concerns the external gross 

morphology. This scale of investigation represented the first employed by anatomists to derive 

potential functional features. During the 19th and the beginning of the 20th century it was mainly 

performed through qualitative descriptions (e.g. Owen 1832; 1839; 1842; 1869; Murie 1874). 

However, these works unavoidably involved an element of subjectivity, being highly dependent 

on the skill and the personal observations of the scientist. To overcome this issue, quantitative, or 

morphometric, methods were introduced. The traditional morphometric approach, but still 

effectively used in recent works, (e.g. Wölfer and Nyakatura 2019), is based on distances and/or 

angles (e.g. White 1993; Rafferty and Ruff 1994; Godfrey et al. 1995; Marchi et al. 2016). 

However, the subsequently introduced technique named geometric morphometrics (GM) 

represented a real milestone in quantitative studies of morphology related to ecology (e.g. Harmon 

2007; Holliday et al. 2010; Arias-Martorell et al. 2012; Arias-Martorell et al. 2015; Botton-Divet 

et al. 2016; de Oliveira and Santos 2018; Bardua et al. 2019). It is based on 2D or 3D (in 2D GM 
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and 3D GM, respectively) coordinates of a set of reference points, named landmarks (Fig. 3.1). 

Once the set of coordinates is collected in an homologous way among specimens, it is possible to 

extract simple metrics representing the overall shape, i.e. the real geometric information of an 

object, without the signal of location, orientation and scale (Kendall 1977). Additional 

information on the morphology of bones can be extracted from their structure, i.e. the spatial 

distribution and the characteristics of bone tissue within a skeletal element. The central and 

B 

C 

Fig. 3. 2. Analysis of long bone diaphyseal structure. (A) Example of a femoral sagittal section of 
Priodontes maximus ZMB Mam 6163. The diaphysis represents the central circa cylindrical shaft of long 
bones and it is built by a peripheral fraction of compact bone, the cortex, surrounding a central and 
widely less dense region, named medullary cavity. Studying 2D cross-sections of a long bone (as the one 
shown in blue in A) it is possible to determine (B) the geometric distribution of bone around the medullary 
quantifying CSP (as Imax and Imin, see chapters 5 and 6 for details on these two and other CSP) or (C) 
microstructural properties (e.g. the degree of cortical porosity, quantified through cortical compactness, 
see chapter 4). A and B are taken from the femur of Priodontes maximus ZMB Mam 6163 while C from 
the femur of Cyclopes didactylus FMNH 69971. A-C are not to scale.  
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approximately cylindrical shaft of mammalian long bones, i.e. diaphysis, shows an external 

fraction of compact cortical bone, named cortex, surrounding an internal region, mainly full of 

organic soft tissues in life and hence largely empty after death, termed medullary cavity (Fig. 

3.2a). The geometric repartition of bone tissue around the medullary cavity, when inspected with 

2D cross-sections, is commonly quantified through Cross-Sectional Properties (CSP) (e.g. Fig. 

3.2b) and informs on relevant biomechanical properties, diagnostic of specific loads applied on 

the skeletal element and, in turn, of related locomotor behaviors (e.g. Burr et al. 1989; Demes et 

al. 1991; Ruff and Runestad 1992; Polk et al. 2000; Daegling 2002; Crowder and Stout 2011). It 

is explained by the fact that locomotion is one of the factors that affect more bone structure, 

known to adaptively respond to external loadings (Wolff’s law or bone functional adaptation, Ruff 

et al. 2006). The inner diaphysis of long bones can also be investigated focusing on the 

microstructure. The additional features appreciated at such a higher degree of spatial detail (e.g. 

compactness) besides locomotion proved related to other general ecological features (e.g. 

hydrodynamic properties for aquatic habits, Madar, 1998; Hugi and Sánchez-Villagra 2012) 

among other factors (e.g. physiological aspects, as metabolism) (Padian 2011; Ricqlès 2011; 

Mitchell 2016, Montañez‐Rivera et al. 2018) and have successfully discriminated mammals 

according to their lifestyle (e.g. Fish and Stein 1991; Fish 1993). Hence, diaphyseal CSP and 

microstructure represent important functional features possibly related to major ecological 

aspects, and are used to reconstruct at which extent the evolution of diaphyseal bone structure has 

been ecologically driven (e.g. Straehl et al. 2013; Montañez‐Rivera et al. 2018; Scheidt et al. 

2019; Kilbourne and Hutchinson 2019; Parsi-Pour and Kilbourne 2020).  

The internal microstructure of the extremities of mammalian long bones, i.e. epiphyses (Fig. 

3.2.a), is compounded by a complex network of bony struts, named trabeculae, and thus it is 

known as trabecular architecture. The main architectural properties of epiphyseal trabecular bone 

(e.g. mean thickness of the trabeculae, the extent to which trabeculae are preferentially oriented) 

can be quantified in a 3D subsample of inner bone (named Volume of Interest, VOI) (e.g. Fig. 
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3.3). These parameters have been related to aspects of the locomotor ecology (Kivell 2016 and 

references therein), since, as mentioned above, bone structure is expected to adapt to the 

biomechanical environment. Accordingly, trabecular architectural analyses have reconstructed 

the factors that possibly affected epiphyseal bone structure evolution (e.g. Amson et al. 2017; 

Plasse et al. 2019; Amson and Kilbourne 2019; Smith and Angielczyk 2020; Webb 2021).  

Features from the long bone different anatomical scales introduced above are expected to 

evolve in variable and/or complementary ways, since they respond to various factors. For 

instance, a lower tendency to evolve according to ecology is hypothesized for external 

morphology compared to internal structure (Kivell, 2016); diaphyseal variables are expected to 

respond more to bending/torsion locomotor loadings (Carter and Beaupré 2007) while epiphyseal 

variables to compressive loads (Barak et al. 2011), hence the two internal anatomical levels are 

not supposed to necessarily co-vary (Ryan and Shaw 2012; Saers et al. 2016). Moreover, data on 

long bone microstructure may complement the information extracted, since, as mentioned above, 

Fig. 3. 3. Analysis of long bone epiphyseal structure, here exemplified with the femoral proximal 
epiphysis of Euphractus sexcinctus ZSM 1926-373. In this example, a spherical VOI is extracted 
and used to sample the trabecular properties of the joint. The spherical VOI and the femoral 
proximal epiphysis are not to scale.  
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it proved potentially related to more general eco-physiological aspects. Recent analyses showed 

that depending on the studied feature and/or anatomical level, different models of evolution are 

inferred, even within the same skeletal element (e.g. Kilbourne 2017; Scheidt et al. 2019; Amson 

and Kilbourne 2019; Kilbourne and Hutchinson 2019; Parsi-Pour and Kilbourne 2020). It is true 

also for the evolutionary pattern that I address in this thesis, i.e. convergent evolution (see below) 

(Watanabe et al. 2020; Spear and Williams 2020). Accordingly, collectively investigating 

different anatomical levels of the same skeletal elements through an integrative approach 

potentially uncovers a heterogeneous and more informative adaptive framework. 

It is also important to remark that the methods to quantify the anatomical levels introduced 

above potentially allow to extract a suite of features from each bone and, hence, to build 

multivariate datasets (e.g., see chapters 5 and 6). It represents a valuable aspect, since the 

multivariate nature of evolutionary biology has been highlighted (Blows 2007; Collyer et al. 2015; 

Adams and Collyer 2019) and it is known that series of traits, instead of isolated ones, may be 

affected by selective processes (Lande 1979; Lande and Arnold 1983). Moreover, as detailed 

below, multivariate datasets are useful to investigate detailed patterns of convergence. 

 

3. 3. Convergent evolution 
 

3. 3. 1. The evolution of the idea of convergent evolution 
 

Although the idea of convergent evolution seems to be simple and self-explanatory – i.e. the 

independent evolution of similar traits in different evolutionary lineages – along decades it 

changed and evolved itself, being involved in many scientific, methodological, terminological 

and philosophical debates. The description of the phenomenon possibly tracks back at least to the 

foundational book of modern biology, i.e. On the Origin of Species. There, Charles Darwin 

recognizes that “(…) animals, belonging to two most distinct lines of descent, may readily become 

adapted to similar conditions, and thus assume a close external resemblance (…)” (Darwin 
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1859). To this pattern outlined by Darwin may be possibly ascribed the most famous type of 

convergence, i.e. the independent evolution of similar functional morphological characters in 

distant lineages that occupy similar ecological niches, termed ‘ecomorphological convergence’ 

(Wainwright and Reilly 1994; Schluter 2000; Muschick et al. 2012). Nevertheless, the importance 

of the process in the evolutionary history of living beings was probably not fully appreciated at 

that time, as it may be suggested by the last popular sentence of On the Origin of Species “(…) 

There is grandeur in this view of life (…) having been originally breathed into a few forms or into 

one; and that (…) from so simple a beginning endless forms most beautiful and most wonderful 

have been, and are being, evolved (…)” (Darwin 1859). Indeed, the expression ‘endless forms’ 

potentially implied the belief that evolutionary results are predominantly unpredictable, due to 

the key role played by chance, and, implicitly, that the independent evolution of similar 

phenotypes is, at best, a coincidental occasional phenomenon (McGhee 2011, Losos 2017). This 

idea spanned over more than one century and became dominant (see also another seminal book 

for evolutionary biologists, Wonderful Life: The Burgess Shale and the Nature of History, Gould 

1989). However, several works in the last four decades questioned the concept that independently 

evolved similarity is only a marginal/exceptional process: these novel views proposed that 

convergent evolution is a rampant, widely spread, and ubiquitous evolutionary process (Conway 

Morris 2003; 2009; Losos 2011; 2017) and even suggested that phenotypes may be predictable 

from ecology, prevailing on historical contingencies (e.g. Losos et al. 1998; Melville et al. 2006; 

Mahler et al. 2013; Collar et al. 2014; Friedman et al. 2016; Zelditch et al. 2017). Hence, 

convergence began to cover the major role that it deserves in discussions concerning evolutionary 

biology (McGhee 2011). It has been clear that, since ecomorphological convergence is more 

important than previously expected, casting light on mechanisms acting behind the process is of 

tremendous importance to understand living beings’ morphological diversification.   

As a consequence of the newly appreciated importance of convergence in the evolutionary 

dynamics, a huge corpus of researches addressed several aspects of the process: e.g. its genetic 
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and developmental base (e.g. Maynard Smith et al. 1985; Wake 1991; Jaekel and Wake 2007), 

relationships with chance (e.g. Stayton 2008), adaptation and pre-adaptation (Losos 2011 and 

references therein for a detailed treatment of these and other aspects). As often occurs in science, 

though, intensified studies aiming to solve some issues, inevitably pose new ones. Indeed, it has 

been clear that, probably due to the self-evident nature and traditionally underestimated role of 

convergence (see above), an effort had to be made to elucidate some key aspects. For instance, 

the definition of convergent evolution has been clarified, although a complete agreement on this 

aspect has still not been entirely reached (Stayton 2015). In this thesis, if not differently specified, 

the most inclusive definition of convergence will be employed: each instance of independently 

evolved similarity (Arendt and Reznick 2007; Losos 2011). Accepting such an idea of 

convergence also means to follow a ‘pattern-based’ approach (Stayton 2015). This approach to 

define convergence is also named ‘process-neutral’ since it only relies on the recognition of 

independently evolved similar phenotypes in different lineages and not on a specific underlying 

process. It is philosophically distinct from ‘process-based’ definitions that consider convergence 

only the independent evolution of similarity due to given evolutionary processes, often adaptation 

(Stayton 2015). These aspects are not merely semantic since they may have dramatic 

consequences on methods used to detect convergence (see below).  

As works on convergence (especially ecomorphological) has grown up, the complexity 

underlying this evolutionary process has been gradually revealed. It has been evident that not all 

results were of straightforward interpretation in the available theoretical framework. Some studies 

have not found full confirmation for expectedly convergent functional features in species 

occupying the same ecological niche (e.g. Meloro et al. 2015; Grossnickle et al. 2020). To justify 

such unexpected outcomes, several factors have been proposed: e.g. contingent historical 

constraints (Harvey and Pagel 1991; Losos and Miles 1994), stochastic evolution (Stayton 2008), 

‘many-to-one mapping of form onto function’ (i.e. different morphologies potentially function 

with equal efficiency; Hulsey and Wainwright 2002; Wainwright et al. 2005; Alfaro et al. 2005; 
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Collar et al. 2014; Zelditch et al. 2017). These multifactorial and complex scenarios led to an idea 

of convergence, especially concerning continuous characters, not only merely conceptualized as 

presence/absence (i.e. two or more taxa may converge or not) but, instead, thought in terms of 

nuanced degrees of convergence (i.e. clades more/less ecologically converging are hypothesized 

to morphologically convergence to a higher/lesser extent). Importantly, these intermediate 

convergence patterns are not explained by different natural phenomena but are only means 

through which evolutionary biologists model more complex and/or nuanced convergence (see 

below).  

3. 3. 2. Detecting convergent evolution 
 

At the base of many of the studies that contributed to reveal the previously underestimated 

role of convergence in the evolutionary theory (see above), are phylogenetic comparative 

methods. This fundamental toolkit, in continuous growth since the seminal work of Felsenstein 

(1985), has revolutionized functional morphology, allowing to quantitatively account for 

phylogenetic relationships among the taxa analyzed in comparative studies.  The fact that this 

approach was previously neglected represented a major drawback. Indeed, evolutionary 

comparative studies involve the non-independence of observations when these are represented by 

biological species and it, in turn, represents a violation of an assumption of many inferential 

statistical tests (e.g. ANOVA, regression analysis). Non-independence of observations derives 

from the fact that species would tend to be similar proportionally to the extent to which they share 

their evolutionary history, a concept known as phylogenetic inertia (Felsenstein 1985, 

Garamszegi 2014 and references therein). On this background signal only due to phylogenetic 

relationships, other processes may stand, as those causing ecomorphological convergence in 

species entering similar ecological niches. Accordingly, only through phylogenetic comparative 

methods a thorough identification of convergence is possible.  
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The phylogenetic comparative methods and assessment criteria used in this thesis to identify 

and describe convergence patterns are treated as follows. In a pattern-based framework (see 

above), convergence is detected identifying the events of independently evolved similarity from 

ancestral phenotypes. These assessments preliminarily require the reconstruction of past 

phenotypes for extinct nodes using the sampled phenotypic information and the available 

phylogeny, a procedure known as ancestral character reconstruction (ACR). The most recent ACR 

methods rely on statistical tools to fit a given model of evolution and estimate the phenotype of 

ancestral nodes (e.g. Stochastic Character Mapping for discrete characters, Bollback 2006; 

Fig. 3. 4. A simulated example of potentially detected convergent evolution of a single trait on a phylogenetic 
tree, with sampled and inferred trait values mapped on it. An intermediate value for the analyzed trait has 
been inferred as ancestral in the clade under study. A low trait value is present in taxa 13 and 14 but since 
a lower value for the phenotype is estimated for their most recent common ancestor too, this phenotype is 
not convergent in 13 and 14. Conversely, the evolution toward relatively lower value of the trait for taxon 
19 from ancestral higher values, potentially represents an event of convergence to (13 + 14).  
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maximum likelihood ancestral states for continuous characters, Revell 2012).  The inferred 

information for extinct nodes should then be used to track the reconstructed phenotypic evolution 

and to visualize potential convergence events. In univariate studies, common ways to perform this 

task are building phylogenetic trees with phenotypic information mapped on them (e.g. Fig. 3.4) 

or phenograms, i.e. plotting trait values against time, with the phylogenetic tree projected on the 

plot and inferred evolutionary trends toward the sampled phenotypes highlighted by branch 

trajectories (e.g. Fig. 3.5). On phenograms, the evolutionary trajectories of convergent clades are 

expected to point toward the same range of phenotypic values.  

In multivariate analyses, a direct visualization of convergence acting simultaneously on a 

series of parameters may be less straightforward. An often employed tool is represented by 

Fig. 3. 5. A simulated example of potentially detected convergent evolution of a single trait 
on a phenogram. Clades (13+14) and 19 independently evolved lower values of the studied 
trait from an ancestral intermediate value, as evidenced by the inferred evolutionary 
trajectories of these taxa, highlighted in red, pointing toward the same distinct range of trait 
values.  
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techniques of dimensionality reduction (e.g. Principal Component Analysis, PCA) that 

decompose the studied set of traits in a lower number of variables, each explaining a portion of 

the original overall variability. Couples of these newly generated variables (e.g. Principal 

Components, PCs) can be used to build scatterplots, named morphospaces, on which convergent 

clades are expected to cluster, departing from their phylogenetically closer taxa. While the 

position of taxa on the morphospace brings the phenotypic information, the phylogenetic 

Fig. 3. 6. A simulated example of potentially detected convergent evolution of a set of traits. Their 
variability was decomposed in PCs, of which the first two, cumulatively explaining the highest 
percentage of the original variability, are used to build the phylomorphospace. The root of the 
phylogenetic tree projected on the morphospace is shown. Two events of convergent evolution, 
indicated by letters A and B, are identified on the plot. Clades 9-10 and 26-28, highlighted in purple, 
tend to collectively depart toward the same region of the plot, away from their other closely related 
taxa (highlighted in green). Differently from a simple morphospace, a phylomorphospace 
additionally allows to follow evolutionary trajectories for multivariate datasets, in this example 
evidenced by purple arrows. Directions of these trajectories, together with an assessment of the 
degree of overlap, allow to discriminate patterns of complete and incomplete convergence (see Fig. 
3.7 and main text).  
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relationships may be made evident projecting the time-tree on the plot, with tips corresponding 

to the sampled taxa positions and ancestral nodes and root spatially distributed according to their 

reconstructed phenotypes through ACR (e.g. Fig. 3.6). If the phylogeny is added in this way, the 

plot is named phylomorphospace, since it explicitly contains the phylogenetic and morphological 

information, and allows to clearly visualize the potential stronger contribution of other factors as 

ecology, compared to phylogeny, in determining the studied phenotype.  

 One should note that a clustering of expectedly convergent taxa toward a region of the plot 

may be evidenced using a simple morphospace, i.e. without projecting any phylogenetic tree, but 

also that a phylomorphospace, having branches connecting the tree root, nodes and tips, allows 

to visualize directional trends on the plot (Fig. 3.6). It is not trivial, since the directions of 

evolutionary trajectories on phylomorphospaces are used to identify specific convergence patterns 

(Stayton 2006; Stayton 2015, see below). As mentioned above, recent studies on the evolutionary 

patterns of some traits (especially continuous), revealed that ecomorphological convergence 

should probably be better modeled in terms of nuanced degrees of independent acquisitions. The 

convergence pattern that causes particularly strong morphological similarity, results in wide 

overlap on phylomorphospaces (e.g. Melville et al. 2006; Cooper and Westneat 2009; Meachen-

Samuels 2012; Arbour and Zanno 2020), with convergent taxa that occupy a restricted small 

region of the plot and depart from closely related species. It is termed ‘complete convergence’ 

(Stayton 2006; Losos 2011). If the taxa expected to morphologically converge do occupy a 

smaller region of the phylomorphospace than their close relatives but not all of them extensively 

overlap, another model of convergence may be proposed. In this pattern, named ‘incomplete 

convergence’ (Herrel et al. 2004; Stayton 2006; Stayton 2015; Grossnickle et al. 2020), the 

convergent taxa independently evolved some similar features, but a distinct morphology is present 

in the non-overlapping ones (Fig. 3.7). A factor potentially causing this model is phylogenetic 

inertia, that limits the convergence pattern and, accordingly, the evolution of the ancestral 

morphology in the convergent morphotype.  



 

20 
 

The degree of overlap on morphospaces hence represents the discriminant factor to 

distinguish complete and incomplete convergence (Fig. 3.7). However, this assessment is made 

visually and is, hence, subjective. This issue is not only involved in the distinction of convergence 

patterns but, in general, represents a long-standing one in studies of convergence: how much two 

or more taxa should be similar to be considered convergent? (i.e. ‘how similar is similar enough’, 

Stayton, 2015). In order to identify convergence not only visually inspecting plots (e.g. Figs. 3.4-

Fig. 3. 7. Schematized major differences between the patterns of complete and incomplete 
convergence, as highlighted on phylomorphospaces. The purple convex hulls represent the areas of 
phylomorphospace occupied by each of the clades that are expected to morphologically converge; 
the green convex hull represents the portion of phylomorphospace occupied by other closely related 
taxa. The purple arrows schematize the evolutionary trajectories for the putatively convergent 
lineages, indicating the directions of the time-tree branches along which the expected convergence 
events occur (not shown in this figure but see A and B in Fig. 3.6). If putatively convergent clades 
do not show an extensive overlap but depart from closely related distinct taxa toward the same 
region of the morphospace, a pattern of incomplete is probably recognizable. In addition to 
quantitative support through convergence measurements, another diagnostic aspect of incomplete 
convergence detectable on a phylomorphospace, are the roughly parallel directions of evolutionary 
trajectories for the putatively convergent lineages, as shown by A and B. If clades expected to be 
similar, occupy a relatively small region of the morphospace, with an extensive degree of overlap 
and the inferred evolutionary trajectories converging in direction (see C and D), a stronger pattern 
of convergence, named complete convergence, is likely present.   
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3.6) but also through inferential statistical tests, a series of techniques have been recently 

introduced (e.g. Stayton 2008; Muschick et al. 2012; Arbuckle et al. 2014; Castiglione et al. 2018). 

These methods introduce objective criteria to detect the presence/absence of convergence but also 

help to limit the effects of subjectivity in the evaluation of nuanced degrees of convergence, as 

complete and incomplete patterns. An example is represented by the C1-C4 metrics (Stayton 

2015) used in this thesis (see chapters 5 and 6 for details). These proxies for the tendency of 

convergent taxa to resemble each other compared to ancestral distances, allows to quantify 

stronger/weaker similarity, corresponding to higher/lower degree of overlap on morphospaces. 

Hence, they provide quantitative evidence for proposed patterns of complete/incomplete 

convergence. Another line of evidence to less subjectively set apart a pattern of incomplete 

convergence is based on the directions of the evolutionary trajectories shown by 

phylomorphospaces. Putatively convergent taxa that depart from their close relatives with 

approximately parallel trajectories, pointing toward the same region of the plot but not fully 

overlapping, is a compelling evidence for incomplete convergence. Another possibility is 

represented by divergent trajectories for single taxa expected to converge that, accordingly, 

weaken the general degree of overlap (Grossnickle et al. 2020).  

Following a process-based definition of convergence and focusing on adaptation (see above), 

taxa characterized by similar ecology should converge in morphology as a consequence of 

adaptive processes (Stayton 2015). This condition should not merely be inferred from the 

association between similar ecology and morphotypes but should be implemented in the methods 

used to identify convergence. It can be done by fitting to data evolutionary models involving 

convergence through adaptation and aiming to identify them as the most supported ones. 

According to these models, the independent evolution of similar ecological features, should result 

in similar selective pressures that, in turn, drive the convergence of functional morphological 

traits. Hence, particular functional constrains would define a distinct adaptive optimum for taxa 

converged to the same ecological niche. Ornstein-Uhlenbeck (OU) macroevolutionary models 
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(Hansen 1997; Butler and King 2004, specifically multi-optima OU models) explicitly involve 

the concept of adaptive optima and, thus, if properly structured accounting for the ecological 

diversity in the studied phylogenetic context, potentially allow to model convergence with a 

process-based approach (Fig. 3.8).  These multi-optima OU models are expected to be more 

supported compared to competing models not involving adaptive processes or not involving a 

distinct selective regime for taxa adapted to the studied ecology (e.g. among others, Brownian 

Motion (BM) or single-optima OU models, as detailed in chapter 6).  

 

Fig. 3. 8. Simplified example of evolutionary model that may involve adaptive convergence through 
multi-optima OU models. Only two adaptive optima are present, one is related to the ancestral ecology 
of the clade (shown in black) while the other one (shown in red) represents a distinct ecology 
convergently evolved in 19 and in (13+14). Hence, involving a distinct adaptive optimum for 19, 13 and 
14, this model potentially implies that these taxa are characterized by similar selective pressures. Fitting 
morphological data to this model and finding statistical support for it, would suggest adaptive 
morphological convergence driven by similar ecological constraints (i.e. ‘process-based convergence’).  
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3. 4. Case study: slow arboreal mammals 

 

3. 4. 1. Arboreal ecology 
 

Arboreal environments, despite the ongoing alarming anthropogenic reduction, occupy a 

substantial part of Earth land areas (e.g. around one third is nowadays covered by forests, 

https://www.worldwildlife.org). Thus, it is not surprising that a large part of vertebrate diversity 

is represented by arboreal species (Fröbisch and Reisz 2009). During evolutionary history, 

numerous members from all the tetrapod clades convergently occupied the arboreal ecological 

niche (e.g. Pizzatto et al. 2007; Baken and Adams 2019; Bhagat et al. 2021). These events 

involved enormous adaptive advantages (e.g. exploitation of new resources, freedom from 

competitors and/or predators), potentially leading to ecological opportunities that, in turn, are 

likely at the base of the outstanding diversity of many clades (Simpson 1949; Simpson 1953; 

Schluter 2000; Stroud and Losos 2016). On the other hand, an arboreal lifestyle poses peculiar 

functional demands, often unparalleled by other ecologies (Cartmill 1974; Cartmill 1985; 

Lillywhite and Henderson 1993; Nations et al. 2019). Suffice it to say that living in trees involves 

the invasion of the third spatial dimension, an innovation causing dramatic consequences in terms 

of exploitation of space (Preuschoft 2002). Accordingly, several arboreal clades show 

ecomorphological convergence of functional traits (Cartmill 1985), especially concerning 

postcranial aspects (e.g. body proportions, as digit, foot and tail lengths, Nations et al. 2021 and 

references). The arboreal habitat is made almost unique compared to other land ones by the high 

variability and unpredictability of the challenges that taxa living in trees have to deal with (Fleagle 

2013). This wide range of potential functional demands is reflected by the diverse and distinct 

ecological specializations exhibited by arboreal vertebrates (e.g. jumping, climbing, gliding, 

vertical clinging and leaping, brachiation, Cartmill 1985; Günther et al. 1991; Hyams et al. 2012; 

Fleagle 2013; Youlatos et al. 2015; Grossnickle et al. 2020) that, as expected in an 

https://www.worldwildlife.org/
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ecomorphological framework, yielded to the convergence of postcranial functional morphological 

traits in taxa adapted to the same arboreal strategy (e.g. Patel et al. 2013; Granatosky et al. 2014; 

Amson et al. 2017; Fabre et al. 2019; Parsi-Pour and Kilbourne 2020). One should note that a 

consequence of this is that if two or more taxa convergent to the same distinct arboreal ecology 

share postcranial functional traits, this ecomorphological convergence may be mostly explained 

by the specific arboreal specialization or by the general arboreal condition. A way to disentangle 

these two effects may be studying taxa showing different arboreal specializations besides non-

arboreal vertebrates, to elucidate the extent to which a certain feature is shared by all arboreal 

lineages.  

3. 4. 2. Studied mammal sample 
 

Mammals represent a vertebrate clade that is remarkable for its wide diversity. Postcranial 

ecomorphological convergences have been often identified in arboreal mammals (e.g. gliding 

taxa, Grossnickle et al. 2020, leaping primates, Fleagle and Lieberman 2015). Slow arboreality, 

the subject of this thesis, is an iconic case of arboreal specialization arisen several times in 

mammals. Slow arboreal mammals are characterized by exceptionally cautious movements on 

trees, domination of rest and quiescence in their activity budget and extremely low metabolic 

rates (see below for references). In this research, six (but see below) lineages of mammals that 

converged to the slow arboreal ecological features are analyzed:  

- The two genera of ‘tree sloths’, Bradypus and Choloepus, belonging to the Xenarthra 

clade and probably representing the most popular example of slow arboreal mammals 

(Britton and Kline 1939; Brattstrom 1966; Vendl et al. 2016; Pauli et al. 2016). It is now 

widely accepted that ‘tree sloths’ are not a monophyletic group, since they are diphyletic 

(e.g. Gaudin 2004; Delsuc et al. 2019; Presslee et al. 2019) and that they convergently 

evolved their peculiar lifestyle (e.g. Nyakatura 2012; Amson and Nyakatura 2018a); 
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- Three primate clades within Strepsirrhini, namely ‘Lorisidae’ (Walker 1969; Rasmussen 

and Izard 1988; Jouffroy and Petter 1990) and two lineages of subfossil lemurs from the 

Malagasy Quaternary: palaeopropithecids (precisely the genera Palaeopropithecus, 

Mesopropithecus and Babakotia) and Megaladapis (Godfrey et al. 2004; Godfrey et al. 

2006; Godfrey et al. 2016);  

- The marsupial koala, Phascolarctos cinereus (Nagy and Martin 1985; Grand and 

Barboza 2001; Tyndale-Biscoe 2005), within Diprotodontia. 

As detailed below (section 3.5), in the set of analyses performed within the entire thesis 

project, convergence is searched following different criteria and, on a case-by-case basis, 

exploiting some of the techniques outlined above. Regardless the method used, the detection of 

convergence unavoidably requires that besides the putatively convergent clades, closely related 

but ecologically distinct taxa are studied too. Hence, in the samples analyzed in the studies 

compounding the research project are also included:  

- Non-slow arboreal xenarthrans: i.e. anteaters, generally semiarboreal (but see below for 

the case of the silky anteater) and with varying degrees of terrestriality (Orr 2005; Amson 

et al. 2017 and references therein), fully terrestrial armadillos (Vizcaíno and Milne 2002; 

Attias et al. 2016) and some representatives of a radiation of extinct sloths from the 

Patagonian Early Miocene (Hapalops, Eucholoeops, Nematherium, Analcitherium, 

Prepotherium; Santa Cruz Formation, White 1993; Perkins et al. 2012) inferred as 

semiarboreal/terrestrial (Toledo 2016);   

- Non slow-arboreal sister taxa of ‘Lorisidae’, palaeopropithecidae and Megaladapis: i.e. 

galagids (Walker 1979; Gebo 2011; Fleagle 2013), ‘Indriidae’ (Napier and Walker 1967; 

Gebo 2011; Fleagle 2013) and lemurids (Hill 1953; Fleagle 2013), respectively. This 

part of the non-slow arboreal sample is characterized by an arboreal lifestyle but 

employing different specializations than slow arboreality (i.e. active vertical clinging 

and leaping of galagids and ‘Indriidae’, arboreal quadrupedalism of lemurids, see 
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references above). Hence, it may be crucial to untwist the relative effects of arboreality 

or slow arboreality on humeral and femoral morphology (as detailed in chapter 6).  

- Members of the non-slow arboreal sister group of the koala, i.e. the fully terrestrial 

wombats (Tyndale-Biscoe 2005).    

A particular case is represented by the silky anteater, Cyclopes didactylus. This species has 

not traditionally considered as mirroring the other slow arboreal xenarthrans, i.e. ‘tree sloths’, and 

detailed observations on its ecology/locomotion are scarce, probably due to its elusive and 

nocturnal habits (Hayssen et al. 2012; Nagy and Montgomery 2012). Moreover, previous 

functional morphological analyses including Cy. didactylus mainly addressed its features 

relatively to other anteaters (e.g. Amson et al. 2017). It motivated the initial choice to include the 

silky anteater in the non-slow arboreal part of the sample in the first study of the thesis project 

(chapter 4). However, results of this analysis highlighted an unexpected degree of morphological 

convergence of Cy. didactylus with slow arboreal mammals, stimulating an ecological re-

assessment for the following works of the research project (exposed in chapters 5 and 6) and 

bringing to subsequently include the silky anteater in the slow arboreal part of the sample. It is 

justified by the fact that the silky anteater has been described as slow arboreal (van Tyne 1929; 

Hayssen et al. 2012; Nagy and Montgomery 2012; Granatosky et al. 2014) and is characterized 

by extremely low metabolic rate (Nagy and Montgomery 2012).  

 

3.5. Previous works and research aims 
 

3. 5. 1. General aims 
 

The main aim of this thesis project is identifying humeral and femoral functional 

morphological traits convergently evolved in the lineages of slow arboreal mammals presented 

above, due to their shared ecological features. Humeral and femoral morphological convergences 

in slow arboreal mammals are searched at four different anatomical levels: diaphyseal 
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microstructure (chapter 4), diaphyseal anatomy, epiphyseal trabecular architecture and external 

shape (chapters 5-6). The analysis of chapter 5 deals with slow arboreal taxa in a restricted 

taxonomic framework, i.e. xenarthrans. As detailed below, this analysis allows to test and 

potentially provide novel evidence for a pattern of complete/incomplete ecomorphological 

convergence. Moreover, in chapter 5 I introduce the analytical and methodological toolkit 

exploited for the ecomorphological convergence analysis in a wider sample that is detailed in 

chapter 6. 

Analyzing a previously unstudied case study of ecomorphological convergence, this research 

project represents a contribution to evolutionary biology and/or functional morphology (see 

section 3.1) and adds to the lines of evidence that have redefined the role of convergent evolution 

in the evolutionary framework (see section 3.3). Besides contributing to the knowledge on 

humeral and femoral morphological adaptations and convergences of slow arboreal mammals, 

this thesis provides evidence that can be used to answer broader questions on major evolutionary 

dynamics. First, collecting data for several traits from different scales of investigation it is 

possible to test the expected trait and level-dependent variable evolutionary patterns in tetrapod 

long bones (see section 3.2.2). Then, and partially related to this, it is also possible to shed a light 

on the factors that affect more the different anatomical levels. Moreover, the multivariate 

integrative approach employed in the analyses detailed in chapters 5 and 6 (see below) allows to 

potentially identify nuanced and finer convergence patterns within slow arboreal mammals. These 

new instances may contribute to the increasingly detailed understanding of convergence patterns 

that has occurred in the last decades, with recent and advanced tools (see section 3.3), that 

ultimately may help to better understand how convergence manifests and works.  

 3. 5. 2. Structure of the thesis 
 

The research is structured in three analyses, which background, experimental questions and 

expected outcomes are detailed as follows: 
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• Analysis of bone cortical compactness in slow arboreal mammals (chapter 4): 

the microstructural diaphyseal cortical compactness (CC, i.e. cortical fraction of 

bone relatively to whole cortical area) in the humerus of adult xenarthrans (both 

extinct and extant) revealed that ‘tree sloths’ feature significantly lower values. 

Conversely, other xenarthrans (including extinct sloths) are characterized by high 

CC, following the condition generally shown by adult mammals. Hence, low CC 

seems to be a functional morphological trait convergently evolved by ‘tree sloths’, 

possibly due to their slow arboreal lifestyle (Montañez‐Rivera et al. 2018) (see 

Nyakatura 2012 for a review of other features). Several functional explanations were 

proposed for low CC in Bradypus and Choloepus, as a relationship with their 

peculiar climbing behavior and systemic factors, i.e. the extremely low metabolic 

rate (Vendl et al. 2016; Pauli et al. 2016), the latter suggested by qualitative 

observations of low CC in other skeletal elements (Montañez‐Rivera et al. 2018). If 

these functional hypotheses stand, low CC is expected to converge in other slow 

arboreal mammals, that share biomechanical main regimes and hypometabolism 

with ‘tree sloths’, while the plesiomorphic mammalian condition of high CC should 

be retained by non-slow arboreal mammals. To test this expectation, in this first 

analysis humeral and femoral CC are measured in the mammalian sample presented 

above, significant differences are searched through phylogenetically informed 

statistical tests and the hypothesized pattern is assessed mapping CC values on a 

phylogeny of the sampled taxa.   

• Patterns of complete/incomplete convergence in slow arboreal xenarthrans 

(chapter 5): Slow arboreal xenarthrans (i.e. Bradypus, Choloepus and Cy. 

didactylus) share several humeral and femoral features (e.g. White 1993; Toledo et 

al. 2013; Straehl et al. 2013; Toledo et al. 2015; Amson and Nyakatura 2018; de 

Oliveira and Santos 2018; Marshall et al. 2021), that were identified at various 
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anatomical levels, e.g. external 3D shape (e.g. Milne and O’Higgins 2012; Milne et 

al. 2012; Mielke et al. 2018a), diaphyseal anatomy (e.g. Patel et al. 2013; Marchi et 

al. 2016; Montañez‐Rivera et al. 2018; Amson and Nyakatura 2018) and epiphyseal 

trabecular structure (e.g. Amson et al. 2017; Amson and Nyakatura 2018). Although 

slow arboreal xenarthrans offer a suitable framework for a detailed study of 

ecomorphological convergence, the analyses of them that directly addressed 

convergence almost always did it qualitatively. This study aims to fill this gap 

through a quantitative analysis of humeral/femoral convergence in slow arboreal 

xenarthrans, made possible by the inclusion of non-slow arboreal extinct and extant 

xenarthrans in the sample. Since slow arboreal xenarthrans are adapted to a highly 

specialized lifestyle, they are expected to share a set of functional traits. The main 

reason behind the choice to dedicate an entire chapter of the thesis to xenarthrans, 

excluding the other mammals, is that Bradypus, Choloepus and Cy. didactylus also 

represent a potential didactical case to highlight nuanced and variably intense 

degrees of ecomorphological convergence. Indeed, although slow arboreal 

xenarthrans collectively share general ecological/biomechanical features justifying 

to ascribe them to the same lifestyle, ‘tree sloths’ are extraordinary for their similar 

suspensory locomotor ecologies (Nyakatura 2012), a feature that is not mirrored by 

the silky anteater. It leads to expect that Bradypus and Choloepus show the strongest 

degree convergence, potentially a pattern of ‘complete convergence’, while Cy. 

didactylus is expected to be closer to ‘tree sloths’ than other anteaters but yet distinct. 

In other words, the silky anteater is hypothesized to cause a pattern of ‘incomplete 

convergence’ in slow arboreal xenarthrans. This second analysis of the thesis project 

also involves a methodological innovative aspect. Indeed, to substantiate the 

aforementioned hypothesized evolutionary scenario, it is leveraged the potential of 

an integrative convergence analysis of several morphological traits coming from 

three humeral/femoral anatomical levels (i.e. external shape, diaphyseal and 
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epiphyseal structure), an approach never employed before. Within the variables that 

compound these heterogeneous multivariate datasets, a subset of features suitable to 

be tested for convergence is extracted according to significantly higher similarity 

among slow arboreal xenarthrans. On these humeral/femoral subsets, the patterns of 

complete/incomplete convergence for only suspensory/all slow arboreal 

xenarthrans, respectively, are tested through quantitative measurements of 

convergence strength (‘convevol’ R package, Stayton 2015; R Core Team 2020) and 

assessments of degree of overlap/trajectories on phylomorphospaces.  

• Integrative analysis of ecomorphological convergence in slow arboreal 

mammals (chapter 6): This final study applies part of the integrative multivariate 

approach of the analysis in chapter 5 to the wide mammalian sample analyzed to 

quantify CC in chapter 4. The main aim is to identify the humeral/femoral traits in 

the external shape, diaphyseal CSP and epiphyseal trabecular parameters that 

converged in slow arboreal mammals because of their common ecological features. 

The slow arboreal mammal lineages studied in this thesis project (including Cy. 

didactylus, as detailed above) have not been previously collectively analyzed in 

functional morphological/convergence studies. It may be explained by the fact that 

these seven clades do not show a unique distinctive locomotor behavior, often 

considered the major factor to which postcranial skeleton adapts (Pearson and 

Lieberman 2004; Ruff et al. 2006; Kivell 2016). Indeed, it is possible to distinguish 

lineages in which suspensory postures predominate on vertical climbing, i.e. 

Bradypus, Choloepus, ‘Lorisidae’ and palaeopropithecids, here collectively termed 

‘suspensory slow arboreal mammals’ (e.g. Walker 1969; Glassman and Wells 1984; 

Mendel 1985; Gebo 1987; Nyakatura and Fischer 2010; Nyakatura 2012; Godfrey 

et al. 2016; Marchi et al. 2016) from clades in which this peculiar below-branch 

quadrupedalism is not reported/inferred and that mainly exhibit vertical climbing, in 

this work overall named ‘vertically climbing slow arboreal mammals’, i.e. Cy. 
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didactylus, P. cinereus and Megaladapis (Grand and Barboza 2001; Hayssen et al. 

2012; Godfrey et al. 2016; Gaschk et al. 2019). Accordingly, previous works on slow 

arboreal mammals mainly dealt with postcranial features shared by suspensory taxa 

(e.g. Straus and Wislocki 1932; Granatosky et al. 2014; Marchi et al. 2016; Amson 

and Nyakatura 2018b) or only addressed traits shared by Megaladapis and the koala 

(Walker 1974; Jungers 1977; Jungers 1978). However, results from the first two 

analyses of this thesis project, showing some traits shared by both some suspensory 

and vertically climbing species (chapters 4-5), encourage to further investigate 

humeral/femoral convergences in the slow arboreal mammals here sampled, 

regardless distinct locomotor ecologies. In addition to the null hypothesis, i.e. the 

evolution of the studied traits is not ecologically driven (hence they do not converge 

in slow arboreal mammals) some alternative hypotheses are also accounted for: i.e. 

the investigated features evolved in relationship to ecology but responding more to 

a general arboreal condition or responding more to the different locomotor habits 

within slow arboreal mammals.  To test these hypotheses, a wide corpus of evidence 

is built and several approaches are used. Multivariate humeral/femoral datasets are 

preliminarily pruned, only including variables suitable to be tested for convergence. 

Then, convergence is searched on single traits with a pattern-based visual assessment 

(i.e. through phenograms) and through a process-based rationale, i.e. exploiting 

multi-optima OU and competing models allowing to cover the aforementioned range 

of possible evolutionary scenarios. Furthermore, the hypotheses are tested on 

multivariate datasets, assessing morphospaces and quantifying convergence strength 

through ‘convevol’.  
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Erratum: in the Discussion (section ‘POTENTIAL DRIVERS OF LOW CC IN MAMMALS’), the sentence  
“(…) The slow arboreal taxa found with convergent low CC are suspensory (Bradypus, Choloepus, Cy. 
didactylus and palaeopropithecids, Nyakatura 2012; Granatosky et al. 2014; Marchi et al. 2016) and vertical 
climbers (Megaladapis, Godfrey et al. 2016) (…)”  
 
should be  
 
“(…) The slow arboreal taxa found with convergent low CC are suspensory (Bradypus, Choloepus and 
palaeopropithecids, Nyakatura 2012; Marchi et al. 2016) and vertical climbers (Megaladapis and Cy. 
didactylus; van Tyne 1929; Hayssen et al. 2012; Nagy and Montgomery 2012 Godfrey et al. 2016) (…)” 
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6. Integrative analysis of ecomorphological convergence in slow arboreal 

mammals 

This is a preliminary version of a manuscript that is currently under preparation to be submitted 

for publication on a peer-reviewed journal. Hence, the analyses previously detailed in chapters 4 

and 5, throughout chapter 6 are referred to as published papers, i.e. Alfieri et al. 2021a and Alfieri 

et al. 2021b, respectively.  
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6. Integrative analysis of ecomorphological convergence in extant and 

extinct slow arboreal mammals 

6. 1. Abstract 
 

Ecomorphological convergence occurred frequently in vertebrate evolutionary history. 

Accordingly, clarifying its underlying mechanisms is fundamental to understand vertebrate 

diversification. We addressed slow arboreality, a lifestyle that convergently arose at least seven 

times within mammals: in suspensory, i.e. two genera of ‘tree sloths’, ‘Lorisidae’ and 

palaeopropithecids; and vertically climbing taxa, i.e. silky anteater, koala and Megaladapis. 

Potential convergences among all these seven lineages have been traditionally understudied, but 

recent evidence highlighted functional traits shared by suspensory and vertically climbing species. 

To understand which traits convergently evolved in suspensory and/or vertically climbing slow 

arboreal mammals we extracted humeral/femoral morphological traits from different anatomical 

levels. We sampled slow arboreal mammals and ecologically distinct closely related taxa, 

including extinct sloths. Leveraging an integrative perspective through exploratory/inferential, 

univariate/multivariate, process-based/pattern-based methods, we found that traits mostly 

contributing to convergence in slow arboreal mammals concern bone internal structure, especially 

epiphyseal trabecular bone. We identified two evolutionary patterns: 1. convergence in non-

xenarthran slow arboreal mammals and anteaters+sloths; 2. convergence in slow arboreal 

mammals, although the traits to some extent characterize other arboreal mammals too. We found 

that suspensory species quantitatively converge, revealing a specialized ecological niche, while it 

does not occur for vertically climbing taxa. This study emphasizes that heterogeneous 

evolutionary patterns result in the postcranial traits of ecologically convergent taxa, a complexity 

often underestimated and/or hidden but that an integrative approach may crucially highlight.  
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6. 2. Introduction 
 

A large fraction of land vertebrates is represented by arboreal species (Fröbisch and Reisz 

2009). It partially reflects the numerous events of independent acquisition (i.e. convergent 

evolution, Stayton 2015) of the arboreal support preference (Cartmill 1985; e.g. Pizzatto et al. 

2007; Baken and Adams 2019; Bhagat et al. 2021). To cope with the peculiar functional demands 

imposed by an ecological specialization to an arboreal lifestyle (Cartmill 1974; Lillywhite and 

Henderson 1993; Nations et al. 2019), several clades convergently evolved similar functional 

morphologies (Cartmill 1985), a pattern termed ecomorphological convergence (McGhee 2011). 

These features mainly concern the postcranium and include general aspects as body proportions 

(e.g. digit, foot and tail lenghts, Nations et al. 2021). Insights into the ecomorphological 

convergence of an arboreal lifestyle and into the mechanisms underlying this phenomenon are 

crucial to the understanding of vertebrate evolution in general, yet many aspects remain 

understudied given the diversity of arboreal species. 

The arboreal habitat is particularly distinctive compared to other land environments due to 

the highly variable challenges that vertebrates exploiting trees have to face (Fleagle 2013). 

Accordingly, arboreal taxa further evolved a wide range of ecological specializations, (e.g. 

vertical clinging and leaping, jumping, climbing, gliding, brachiation; Cartmill 1985; Günther et 

al. 1991; Hyams et al. 2012; Youlatos et al. 2015; Grossnickle et al. 2020). Following the 

ecomorphological rationale, the convergences of arboreal sub-specializations entail 

other/additional shared functional adaptations, e.g. in the postcranial bone morphology (Patel et 

al. 2013; Granatosky et al. 2014; Amson et al. 2017; Fabre et al. 2019; Parsi-Pour and Kilbourne 

2020), making bone tissue particularly suitable for ecomorphological studies. As a corollary of 

this theoretical framework, a given functional skeletal trait shared by clades assigned to the same 

arboreal sub-category may be due mostly to the general arboreal condition or to the specialized 

strategy that they co-evolved to exploit the arboreal milieu. This issue is exacerbated when one 

analyzes traits that are strongly driven by ecology/ecological adaptation but for which direct 
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functional implications are not yet fully clarified (e.g. some descriptors of epiphyseal trabecular 

structure in long bones, Ryan and Shaw 2012; Kivell 2016). Studying bone functional features in 

taxa adapted to different arboreal ecologies and comparing them to those of non-arboreal species 

is thus crucial to understand the role of diversity of arboreal lifestyles in driving bone 

morphological evolution.  

An iconic example of arboreal ecology convergently evolved by several clades is represented 

by slow arboreality. Species adapted to this peculiar lifestyle feature remarkably cautious 

movements on trees, rest and quiescience that dominate the daily activity budget and extremely 

low metabolic rate (Alfieri et al. 2021a, b). At least seven times this ecology independently arose 

in therian mammal lineages (hereafter referred to as ‘slow arboreal mammals’): Bradypus spp. 

and Choloepus spp., the two lineages of ‘tree sloths’, are now unanimously considered diphyletic 

(e.g. Gaudin 2004; Delsuc et al. 2019; Presslee et al. 2019; see Fig. 6.1). Hence, ‘tree sloths’, that 

probably represent the most paradigmatic example of slow arboreal mammals (Britton and Kline 

1939; Brattstrom 1966; Vendl et al. 2016; Pauli et al. 2016), convergently evolved their peculiar 

mode of locomotion (Nyakatura 2012; Amson and Nyakatura 2018a). Another instance of slow 

arboreal taxon is found within anteaters, i.e. the silky anteater Cyclopes didactylus (van Tyne 

1929; Hayssen et al. 2012; Nagy and Montgomery 2012). Thus, it results from a third event of 

acquisition of slow arboreality within xenarthrans (Alfieri et al. 2021b), to which sloths (Folivora) 

and anteaters (Vermilingua) belong (together termed Pilosa), besides armadillos (Cingulata) (Fig. 

6.1). Together with these three instances in xenarthrans, the ecological characteristics defining 

slow arboreality indipendently appeared at least three more times within eutherians, precisely 

within strepsirrhine primates (Fig. 6.1): in ‘Lorisidae’ (Walker 1969; Rasmussen and Izard 1988; 

Jouffroy and Petter 1990) and two lineages of Malagasy subfossil lemurs, palaeopropithecids and 

Megaladapis (Godfrey et al. 2006; Godfrey et al. 2016) (Fig. 6.1). For subfossil lemurs, for which 

direct behavioral observations and metabolic measurements are not possible, the slow arboreal 

features were inferred from skeletal correlates (Godfrey et al. 2004; Godfrey et al. 2006; Godfrey 
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et al. 2016). Another species exhibiting the slow arboreal ecological traits and that independently 

evolved them is the marsupial koala, Phascolarctos cinereus (Nagy and Martin 1985; Grand and 

Barboza 2001; Tyndale-Biscoe 2005) (Fig. 6.1).  

Despite the recognized ecological similarity, rarely the seven clades presented above have 

been the subject of convergence studies of the postcranial morphology to gain insight into their 

shared slow arboreal condition (some of them in Lewton and Dingwall 2016; all of them only in 

Fig 6.  1. Phylogeny of therian mammals under study. Taxonomic groups are indicated, with 

non-Eutheria (i.e. marsupials in this study) and clades internal to Xenarthra and Strepsirrhini 

bounded in yellow and labelled. Taxa names with quotation marks are intended for non-

monophyletic groups.  
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Alfieri et al. 2021a, see below). An explanation for this paucity is possibly that slow arboreal 

mammals do not share a common locomotor style. Indeed, within slow arboreal mammals, it is 

possible to distinguish two main locomotor/postural behaviors: suspensory below-branch inverted 

quadrupedalism and vertical climbing. The former has been observed in ‘tree sloths’ (Mendel 

1979, 1981a, b, c, d, 1985; Nyakatura and Fischer 2010; Nyakatura 2012), ‘Lorisidae’ (Walker 

1969; Glassman and Wells 1984; Gebo 1987) and reconstructed in palaeopropithecids (in this 

regard remarkably named 'sloth lemurs', Jungers et al. 2002; Godfrey et al. 2006, 2016; Marchi et 

al. 2016). Cy. didactylus (van Tyne 1929; Hayssen et al. 2012; Nagy and Montgomery 2012), P. 

cinereus (Grand and Barboza 2001; Gaschk et al. 2019) and Megaladapis (Godfrey 2016; 

Godfrey et al. 2016) have been described/inferred as vertically climbing species. We will refer to 

Bradypus, Choloepus, ‘Lorisidae’ and palaeopropithecids as ‘suspensory slow arboreal 

mammals’, while Cy. didactylus, P. cinereus and Megaladapis are overall named ‘vertically 

climbing slow arboreal mammals’.  Noticeably, for all climbing mammals some vertical climbing 

is necessarily involved in the locomotor repertoire, hence this habit is not an exclusive behaviour 

of vertically climbers. Also, vertically climbers obviously do not avoid at all horizontal and 

oblique supports, although these habits are less predominant. Hence, vertically climbing species 

are here defined only based on the absence of the specialized suspensory locomotion. Previous 

analyses of slow arboreal mammals mainly focused only on postcranial traits convergently 

acquired by members of the two locomotor subsets. It occurred almost exclusively for the 

suspensory sub-group, often qualitatively identifying similarity/convergence (e.g. Straus and 

Wislocki 1932; Shapiro et al. 2005; Granatosky et al. 2014; Amson and Nyakatura 2018a, b) and 

only rarely quantifying convergence (only between ‘tree sloths’, Serio et al. 2020; Spear and 

Williams 2020). As for vertically climbing slow arboreal mammals, the only previous studies 

addressing potential postcranial convergences are anatomical analyses of Megaladapis, 

recognised as possibly mirroring P. cinereus in locomotion, hence termed ‘koala lemur’ (Walker 

1974; Jungers 1977; Jungers 1978). However, two recent studies raised the possibility that 

postcranial functional convergences among slow arboreal mammals, regardless 
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postural/locomotor differences, may have been underestimated (Alfieri et al. 2021a, b). Indeed, 

they highlighted convergent humeral and femoral functional traits shared by some suspensory and 

vertically climbing slow arboreal mammals: i.e. low bone cortical compactness (CC) in ‘tree 

sloths, Cy. didactylus, palaeopropithecids and Megaladapis (Alfieri et al., 2021a) and some inner 

structural and external anatomical traits in Bradypus, Choloepus and Cy. didactlylus (Alfieri et 

al. 2021b). It was hypothesized that, besides the ecological/physiological features defining slow 

arboreal mammals (see above), these convergences may be partially explained by common 

biomechanical loadings involved in both suspensory and vertical climbing locomotor styles, i.e. 

tension being the dominant loading regime acting on forelimbs and/or hindlimbs (Preuschoft 

2002; Nyakatura and Andrada 2013; Granatosky and Schmitt 2017; Hanna et al. 2017; 

Granatosky and Schmitt 2019; Mossor et al. 2022). One of these two studies also represents the 

only previous analysis addressing morphological convergence in all slow arboreal mammals 

(Alfieri et al. 2021a). Despite providing a first glimpse into this ecomorphological specialization, 

Alfieri et al. 2021a focused on a single trait (i.e. CC) and only qualitatively assessed convergence 

(Alfieri et al. 2021a).  

Analysing only one/few functional traits coming from a restricted scale of anatomical detail 

may limit the recognition of convergence. Indeed, in a given skeletal element subject to 

convergence, there are potential mosaic evolutionary patterns (i.e. not all the traits necessarily 

converge, Spear and Williams 2020) and different structures along the hierarchical organization 

of bone tissue (e.g. from bone gross anatomy to microstructure, Francillon‐Vieillot et al. 1990) 

could evolve differently (Watanabe et al. 2020). Employing an integrative approach (i.e. 

analysing numerous traits coming from different anatomical levels of bone organization) may 

overcome these drawbacks and substantially increases the power to detect potential convergent 

traits and, thus, uncover previously hidden evolutionary patterns (as demonstrated by Alfieri et 

al. 2021b).   
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In nature, perfect similarity (i.e. indistinguishable phenotypes) is extremely rare, thus, 

quantitative methods offer a solution to less ambiguously identify independently evolved 

similarity, repeatably and across different case studies. It should be noted that, despite quantitative 

methods undoubtably improved convergence analyses, an agreement on which aspects are more 

diagnostic of convergent evolution is far from reached. Numerous available methods mainly 

reflect theoretical divergences, as the still ongoing debate on a detailed definition of convergent 

evolution (Stayton 2015). As summarized by Stayton (2015), two major schools of thought 

animate this debate. They follow methodological approaches corresponding to different 

definitions of convergence. Pattern-based methods (e.g. Stayton 2015) rely on the identification 

of phenotypes that independently evolved similarity. On the other hand, process-based methods 

involve a given evolutionary process responsible for convergence (e.g. Ingram and Mahler 2013; 

Wölfer and Nyakatura 2019). Accordingly, these two approaches diverge on the role that 

adaptation should cover in the definition and identification of convergence. In a pattern-based 

framework, convergence is merely a pattern that can be used, in turn, to infer adaptation, while 

from a process-based perspective, convergence is defined as resulting from adaptation. Both the 

approaches represent powerful tools and legitimate ways to deal with the study of convergence 

and following one and/or the other involve pros and cons (Stayton 2015, also for a detailed 

treatment). For this reason, the decision to use pattern-based and/or process-based quantitative 

methods should account for the specific case-study and experimental question.  

We aim to quantify convergence in the postcranial skeletal morphology of slow arboreal 

mammals. Specifically, we study the humerus and the femur, widely recognized for their close 

relationship with ecology and locomotion and often investigated in evolutionary functional 

morphological analyses (e.g. Fabre et al. 2019; Parsi-Pour and Kilbourne 2020; Spear and 

Williams 2020). To highlight convergence, besides slow arboreal mammals we sample taxa 

closely related to them but characterized by a different locomotor ecology (Table 6.1), including 

extinct sloths from the Patagonian Early Miocene (Hapalops, Eucholoeops, Nematherium, 
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Analcitherium, Prepotherium; all from the Santa Cruz Formation, White 1993; Perkins et al. 

2012).  

 

Taxon Locomotor Ecology Reference(s) 
Lasiorhinus latifrons 
Vombatus ursinus 

Terrestrial Tyndale-Biscoe 2005 

Tamandua spp. Semiarboreal Amson et al. 2017 and ref.  

Myrmecophaga tridactyla Terrestrial Orr 2005; Amson et al. 2017 

and ref. 

Eucholoeops, Hapalops, 

Nematherium, Analcitherium 

Semiarboreal Toledo 2016; Alfieri et al. 

2021b and ref.  

Prepotherium Terrestrial Toledo 2016; Alfieri et al. 

2021b and ref 

Cingulata Terrestrial Vizcaíno and Milne 2002; 

Attias et al. 2016 

‘Indriidae’ Vertically clinger and 
leaper 

Napier and Walker 1967; 

Gebo 2011; Fleagle 2013 

Lemuridae (excluding Lemur 

catta) 

Arboreal quadrupedal Fleagle 2013 

Lemur catta Semiarboreal Hill 1953; Fleagle 2013 

Galagidae Vertically clinger and 
leaper 

Walker 1979; Gebo 2011; 

Fleagle 2013 

 

To study the humerus and femur, we first partitioned their morphology in a set of traits 

(nhum=32, nfem=37) facilitating an integrative analysis of different anatomical levels: external 

shape, diaphyseal and epiphyseal inner structure, respectively quantified through 3D geometric 

morphometrics (3D GM), cross-sectional properties (CSP) and trabecular architecture (Fig. 6.2A, 

B). These three anatomical levels of the humerus and femur have been previously shown to 

correlate with ecology and locomotion in mammals (e.g. Ryan and Ketcham 2002; Marchi et al. 

Table 6. 1. Close relatives of investigated slow arboreal mammals. 
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2016; Amson et al. 2017; de Oliveira and Santos 2018; Spear and Williams 2020; Alfieri et al. 

2021b). Moreover, studying data from these three levels allows to test how each level responds 

to ecological constraints. To be studied with analyses of convergence, we preliminarily selected 

Fig 6. 2. Methodological workflow. Morphology is quantified integratively, i.e., extracting data 

from several anatomical levels (A, B). Traits setting apart slow arboreal mammals through 

PGLSs and ANCOVAs are identified (C, D). The best fitting univariate evolutionary models are 

identified (phylogenetic Monte Carlo approach) (E, F), and trait variation is visualized on 

phenograms (G) and on morphospaces (H-I). Finally, convergence strength is measured 

multivariately (with ‘convevol’). 
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a subset of traits that are more likely to converge, based on higher similarity among slow arboreal 

mammals (Fig. 6.2C, D). To gain insights into potential evolutionary patterns of convergence on 

this subset of traits, we combine univariate and multivariate, pattern-based and process-based 

approaches to the analysis of convergence. We apply a univariate process-based approach by 

fitting adaptive (i.e. Ornstein–Uhlenbeck, OU, Hansen 1997; Butler and King 2004) and non-

adaptive evolutionary models to each trait (Figs 6.2E) and identifying the best-fitting ones (Fig. 

6.2F). By testing competing models, it is possible to explore hypotheses about evolutionary 

patterns in each trait, as summarized below. To assist the identification of more likely 

evolutionary models for single traits we visualize their variation univariately along the phylogeny 

(Fig. 6.2G) and multivariately on morphospaces (Fig. 6.2H) and plots of variable loading 

directions (Fig. 6.2I), to detect the potential clustering of slow arboreal mammals. Multivariate 

datasets are built pooling traits for each studied bone. The multivariate approach potentially 

reveals evolutionary patterns that may be obscured by analysing traits univariately, since 

evolutionary biology has an intrinsic multivariate nature (Blows 2007; Collyer et al. 2015; Adams 

and Collyer 2019) and more than one trait are usually affected simultaneously by selective 

processes (Lande 1979; Lande and Arnold 1983). Once the more likely evolutionary models for 

single traits are identified, and to substantiate those involving convergent evolution in slow 

arboreal mammals, we further quantify convergence through process-based multivariate analyses 

(Fig. 6.2) employing the ‘convevol’ R (R Core Team 2020) package (Stayton, 2015).  

In this work, we quantify humeral and femoral morphology in slow arboreal mammals and 

closely related but ecologically distinct taxa (Fig. 6.1, Table 6.1), extracting data from different 

anatomical levels of bone organization. Using phylogenetic comparative methods, we assess 

convergence through exploratory and inferential statistics, univariately and multivariately, with 

process-based and pattern-based approaches. With this toolkit, we first aim to clarify whether and, 

if so, which humeral and femoral traits convergently evolved in slow arboreal mammals. Other 

possibilities, concerning this first question and tested on each trait, are that humeral and femoral 
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traits did not evolve as convergent adaptations to ecology or that they evolved driven by ecology 

but not strictly reflecting a slow arboreal sub-category, rather arboreality in general. This latter 

possibility would have important consequences, since four of the seven clades of slow arboreal 

mammals are here assumed to have evolved from arboreal (yet not slow) ancestors (P. cinereus, 

‘Lorisidae’, palaeopropithecidae and Megaladapis; see Fig 6.3 and Additional Methods). Hence, 

support for this alternative hypothesis would provide evidence of a different evolutionary pattern, 

with only a marginal role played by ecomorphological convergence (i.e. potentially only in slow 

arboreal xenarthrans, that likely evolved from a terrestrial/semiarboreal ancestor, see Fig 6. 3 and 

Additional Methods). A second question, in case of traits convergently evolved in slow arboreal 

mammals, is focused on quantitatively elucidating whether the convergence pattern occurs 

primarily in response to general ecological/biomechanical functional demands of slow arboreal 

mammals and/or differently to distinct postural/locomotor behaviours, i.e. suspensory and vertical 

climbing slow arboreality. We believe that visual assessments of convergence patterns represent 

an additional essential component of our workflow, because this enables to identify other 

evolutionary patterns falling outside the range or representing combinations of the 

aforementioned hypotheses established and tested.   

6. 3. Materials and methods 
 

6. 3. 1. Raw data collection 
 

The sample analyzed in this work consists of 109 humeri (100 complete + 9 isolated epiphyses) 

and 108 femora (100 complete + 8 isolated epiphyses), representing xenarthrans, strepsirrhine 

primates (both extinct and extant), as well as extant marsupials, for a total of 47 taxa (Fig. 6.1). 

We extended the xenarthran sample from Alfieri et al. 2021b following their inclusion criteria 

and we performed a new taxonomical assignment for some specimens. The specimens come from 

ten mammal collections in Germany, Austria, France, and the USA. Humeri and femora were 

scanned through micro-focus computed tomography (μCT) with a resolution range of 0.008-0.083 
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mm depending on the size of the specimen and resulting in image stacks (16-bit tifs). Quality of 

scanning for each bone was evaluated both visually and quantifying relative resolution (using 

trabecular data). More details are provided in Tables S1-S2 and Additional Methods.  

6. 3. 2. Morphological data extraction  
 

For the extraction of CSP and trabecular parameters, bones were preliminarily oriented with 

the x-axis, y-axis and z-axis aligned along mediolateral, anteroposterior and proximodistal 

directions, respectively, while for external shape analysis a 3D mesh was created from each bone. 

Both tasks were performed in VG Studio Max 3.3 (Volume Graphics, Heidelberg, Germany) and 

3D meshes further processed in MeshLab (Cignoni et al. 2008) and Geomagic Wrap (3D Systems, 

Rock Hill, South Carolina, USA), following the procedure detailed in Alfieri et al. (2021b). 

To sample external shape, diaphyseal anatomy and epiphyseal trabecular architecture we 

followed the procedure of Alfieri et al. 2021b, adapting it to our sample when needed. In brief, 

we captured humeral/femoral external shape through 3D GM with anatomical landmarks + curve 

and surface sliding semilandmarks. After generalized Procrustes analysis and Principal 

Components Analysis (PCA) on landmarks and semilandmarks configurations, PC1-PC10 for 

both humeral and femoral data are taken to represent shape information. To collect diahyseal CSP, 

we measured non-directional variables on oriented stacks, i.e. global compactness, (ResC, %), 

second moments of area around the minor and the major axis (Imax and Imin, mm4), bone cross-

sectional area (CSA, mm2) cross-sectional shape (CSS, no unit). For each parameter we extracted 

a value measured at the mid-diaphyseal level (50% of the bone length, referred to as Parameter50) 

and a value averaged along the diaphysis (30-70% of the bone length, termed ParameterAver). 

Trabecular parameters were computed in five spherical Volumes of Interests (VOIs) respectively 

centered in the humeral head, capitulum, femoral head, lateral and medial condyle (a 

hemispherical VOI was used for the femoral head). The variables used in the analysis are: degree 

of anisotropy (DA, no unit), trabecular thickness (Tb.Th., mm), connectivity density (Conn.D., 
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i.e., mm−3), bone volume to total volume (BV/TV, no unit), bone surface to total volume (BS/TV, 

mm−1) and average branch length (Av.Br.Len., mm). The latter was discarded only for proximal 

femoral VOIs since it showed wide fluctuations and low repeatability. Parameters from proximal 

epiphyses are termed Parameterprox, while those from distal humeri Parameterdist. Variables from 

lateral and medial condyles are referred to as Parameterlat.con and Parametermed.con, respectively. 

Details on morphological data extraction are provided in Additional Methods.  

6. 3. 3. Time-calibrated phylogeny 
 

The time-tree built to phylogenetically inform the analyses (Fig. 6.1) is based on Upham et 

al. 2019. As detailed in Additional Methods, this phylogeny was adapted to our dataset mirroring 

part of the procedure of Alfieri et al. 2021a (see references therein) and additionally exploiting 

inference from Baab et al. (2014).  

6. 3. 4. Identifying traits to be tested for convergence among slow arboreal mammals 
 

We preliminarily isolated a subset of traits that we assume to be more likely affected by 

ecology and, thus, are expectedly suitable to be further studied for the identification of 

convergence patterns. We ran a series of univariate Phylogenetic Generalized Least Square 

(PGLS) regressions and phylogenetic ANCOVAs (Fig. 6.2C, D). Body mass is a factor potentially 

affecting the morphological traits that we quantified (Egi 2001; Jungers et al. 2005; Doube et al. 

2011). Thus, to separate size and ecological effects we included a body mass proxy in each PGLS 

as covariate (parameter ~ ecology + body mass proxy). As body mass proxy we took the log-

transformed centroid size (i.e. squared root sum of the squared distances from each landmark to 

the centroid, supported as an effective bone size proxy; O’Higgins and Jones 1998) from the 

configurations of anatomical landmarks + semi-landmarks (both curve and surface) resulting from 

generalized Procrustes analysis. For specimens discarded from 3D GM analysis (see Additional 

Methods and Tables S1-S2) the centroid size was estimated, exploiting the significant covariation 

with a series of epiphyseal metric measurements, as detailed in Alfieri et al. (2021b). Two 
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specimens not analyzed with 3D GM represent isolated epiphyses of the same bone of the same 

individual: i.e. proximal and distal femoral epiphyses of Megaladapis madagascariensis MNHN 

MAD-1564. Since centroid size is intended to represent a proxy for bone size (and, ultimately, 

body size) their estimated centroid sizes (very close but slightly different) were averaged and the 

same size proxy was used for both specimens, consistently with their belonging to the same bone. 

Before running univariate PGLSs, we preliminarily excluded any possible interaction between 

locomotor ecology and body mass with a humeral and a femoral ‘body mass proxy ~ ecology’ 

PGLS. They highlighted the absence of any significant correlation between the two factors (p-

valuehum= 0.44, p-valuefem= 0.26). It ensures that through univariate PGLSs we differentiated 

ecological and size effects for each trait. The preliminary assessment of ecological effects on 

single traits was merely intended to identify traits that significantly set apart slow arboreal 

mammals compared to ecologically distinct but closely related species. Hence, ecology was set 

as a binary categorical variable with possible states being ‘slow arboreal’ or ‘non-slow arboreal’. 

‘Slow arboreal’ was assigned to Bradypus and Choloepus species, Cy. didactylus, P. cinereus, 

palaeopropithecids, Megaladapis and ‘Lorisidae’ species, while ‘non-slow arboreal’ to all the 

other taxa (see references used for ecological assignments in Table 6.1). Each PGLSs was run 

twice, using variable raw values and log-transformed values. PC scores (also represented by 

negative values) were all made positive adding a constant value (i.e., minimum variable value * 

1.0001) to raw results, prior to log-transformation. This twofold PGLS enabled us to understand 

if log-transformation was necessary for each trait. It was done visually assessing the distribution 

of residuals from the two regressions (as suggested by Mundry 2014) and preferring the condition 

resulting in residuals distribution closer to normality. In order to minimize transformation of raw 

data, in cases of similarly normal distribution of residuals between the two PGLSs for each trait, 

not log-transformed values were preferred. Table 6.2 summarizes which traits were log-

transformed. Each PGLS was performed with parameters and body mass proxy averaged for each 

taxa and using the ‘gls’ function (nlme R package, Pinheiro et al. 2020; method='ML' by default; 

'REML' when the model did not reach convergence). PGLS were phylogentically informed 
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through Pagel’s lambda (λ) (‘corPagel’ function, ‘ape’ R package; Paradis et al. 2004). To 

visualize the distribution of mean taxa results for the traits significantly setting apart slow arboreal 

mammals we created boxplots. For internal structure variables showing a significant correlation 

with body mass too, we used size-corrected values (i.e. residuals obtained linearly regressing the 

values used for PGLSs against the respective body mass proxy) (Additional Results, Fig. S1-S2). 

We visualized the morphology represented by PC scores warping meshes to maximum and 

minimum values (‘warpRefMesh’ function, ‘geomorph’ R package; Adams et al. 2021) (Figs. S3-

S5). Moreover, regardless the correlation with ecology, a bivariate scatterplot of PC1 and PC2 

was created for both humeral and femoral external shape data, to visualize most of the variability 

(Fig. S4-S5). 

6. 3. 5. Relative effects of different anatomical levels 
 

After the univariate PGLSs, we also analyzed morphological traits collectively, in order to 

assess which humeral and femoral anatomical levels (external shape, diaphyseal anatomy and 

epiphyseal trabecular architecture) better discriminate slow arboreal mammals. We ran 

multivariate PGLSs and MANCOVAs, pooling the collected traits for anatomical level and as 

already done for univariate PGLSs (see above): i.e.  anatomical level parameters ~ ecology + 

body mass proxy. We used the R package mvMORPH (Clavel et al. 2015), specifically the 

‘mvgls’ function (setting a lambda model and REML to FALSE) and the ‘manova.gls’ function 

(performing a type II Pillai test). The same variables which were log-transformed for univariate 

PGLSs (see above and Table 6.2) were log-transformed in their respective multivariate dataframe. 

Except for humeral and femoral external shape (i.e. first ten PCs), all the other multivariate 

datasets were scaled and centered before running the multivariate PGLS, to cope with different 

units and ranges. The numerical convergence of each mvgls model was tested and confirmed and 

the normal distribution of residuals assessed visually.  
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6. 3. 6. Testing for convergence among slow arboreal mammals on single traits: process-
based approach 
 

Each of the humeral and femoral traits preliminarily found to significantly discriminate slow 

arboreal mammals (see above and Table 6.2) and considered potentially convergent in them, was 

further investigated to reconstruct the most likely evolutionary model responsible for its 

diversification. We focused on single traits since previous ecomorphological studies on long bone 

external and internal anatomy identified disparate trait-dependent evolutionary models of 

morphological diversification (e.g. Kilbourne 2017; Amson and Kilbourne 2019; Kilbourne and 

Hutchinson 2019; Scheidt et al. 2019; Parsi-Pour and Kilbourne 2020). Moreover, an evidence 

that motivated our choice to analyze bone morphology integratively is supported by the fact that 

different traits in the same skeletal element and/or from different anatomical levels potentially 

experienced distinct evolutionary histories (Watanabe et al. 2020; Spear and Williams 2020).  

For each trait we aimed to assess whether the independent evolution of slow arboreal 

mammals, and potentially suspensory and/or vertically climbing species, from ecologically 

distinct ancestors resulted in morphological convergence. From a process-based perspective it 

involves that convergence is adaptive and driven by similar selective pressures. It theoretically 

would mean that for slow arboreal mammals one or two distinct adaptive optima are potentially 

defined by functional contraints, with a negligible role of phylogenetic inertia/phylogenetic 

constraints (Zelditch et al. 2017). If humeral and femoral traits did not converge in slow arboreal 

mammals, it may be because these features are rather related to the arboreal condition regardless 

of slow climbing habits (it implies a marginal role of ecomorphological convergence, see Fig.6.3, 

Introduction and below) or because they are not driven by ecology. OU models (Hansen 1997; 

Butler and King 2004) offer a suitable tool to identify potential patterns of convergence with a 

process-based rationale and, specifically for our case, to quantify to what extent the 

aforementioned hypotheses are supported. By comparing the likelihood of competing 

evolutionary models (see below), we expected to find support for multi-optima OU models, 

suggesting an adaptive evolution for the investigated traits. More specifically, we tested if better 
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support was obtained for models implying a distinct selective regime (adaptive optimum) for slow 

arboreal mammals or a distinct unique regime for arboreal mammals or none of the previous. The 

potential convergence driven by postural behaviours within slow arboreal mammals, i.e. in 

suspensory and vertically climbing species, cannot be directly tested by the multi-optima OU 

models outlined below. Indeed, to model and test a possible convergence pattern between 

suspensory taxa or between vertically climbing taxa, it would have been necessary to further sub-

divide these two categories. Continuing this increasingly detailed splitting process (detailed 

below) would have resulted in within-group sample sizes that were considered too small to 

reliably estimate model parameters. Hence, potential and/or partial convergence patterns within 

the categories of suspensory and vertically climbing slow arboreal mammals are only assessed 

through a pattern-based approach (i.e. phenograms, see below).  

 

6. 3. 6. 1. Fitting evolutionary models 

We defined different OU models potentially explaining the evolution of single analyzed 

traits. We refrained from fitting OU models with only two selective (‘slow arboreal’ and ‘non-

slow arboreal’) because we did not consider it biologically meaningful to be expecting the same 

selective pressure in all the ‘non-slow arboreal’ species. As shown in Fig. 6.3, we explored a 

range of OU models from accounting for a potential absence of distinct selective regimes (i.e. 

locomotor ecologies did not affect morphological evolution of traits, OU1) to the model that we 

believe represents the finest degree of locomotor ecological categorization informative for our 

research aim (OU6SA2_3). The gradually increasing complexity of OU models is driven by how 

much the categorization of arboreal species is detailed. Indeed, since four of the seven clades of 

slow arboreal mammals are here considered to have evolved from arboreal ancestors (see Fig. 6.3 

and Additional Methods), we expected that suspensory and/or vertically climbing slow arboreal 

mammals occupy a distinct selective regime compared to species with different adaptations within 

the arboreal ecology. It is expected both compared to other derived and specialized arboreal 
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adaptations represented in our sample, i.e. vertically clinger and leapers, and in comparison with 

Fig 6. 3. Distinct selective optima/evolutionary rates for OU/BM models tested in this 

work. Except for OU1/BM1 (not relying on any selective optima/evolutionary rate 

reflecting lifestyle), all the models are multi-optima/multi-rates OU/BM models, with 

optima/rates corresponding to different combinations of locomotor ecologies. For each 

model, ancestral reconstructed locomotor ecologies (obtained with Stochastic 

Character Mapping and palaeontological information) are shown along the phylogeny. 

Details on how the time-tree was built, locomotor ecologies combinations in the models 

and ancestral state reconstruction, are provided in Methods and Additional Methods.  
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a generalized arboreal condition (that we named ‘arboreal quadrupedal’, as explained below). The 

former is the inferred ancestral state in strepsirrhine primates (Additional Methods) and the 

ecology of galagids, ‘Lorisidae’ closest taxon (Fig. 6.3). The arboreal quadrupedal category is 

here considered the ancestral state in vombatiformes (Additional Methods) and represents the 

most common locomotor ecology in lemurids, Megaladapis’ sister taxon (Fig. 6.3). For these 

reasons, we focused mainly on finer ecological categorizations within the arboreal environment, 

while not fully arboreal species are only divided in ‘semiarboreal’ and ‘terrestrial’. Further sub-

divisions within these two categories would be out of our research focus.  

 The least complex multi-optima model (OU3) implies three separate selective regimes 

(‘arboreal’, ‘semiarboreal’, ‘terrestrial’) and represents the hypothesis that only the degree of 

arboreality drove morphological diversification. To build the other more complex models, the 

‘arboreal’ category is progressively split up into finer ecological categories. To unambiguously 

name these models we called: ‘SA’ the splitting of ‘arboreal’ in ‘slow arboreal’ and ‘other 

arboreal’ (i.e. all arboreal species which are not slow arboreal); ‘SA_2’ the splitting of ‘arboreal’ 

in ‘slow arboreal’, ‘vertically clingers and leapers’ and ‘arboreal quadrupedal’ (i.e. all arboreal 

species which are neither vertically clinger and leaper nor slow arboreal); ‘SA_3’ the splitting of 

‘arboreal’ in ‘suspensory slow arboreal’, ‘vertically climbing slow arboreal’ and ‘other arboreal’; 

‘SA2_3’ the splitting of ‘arboreal’ in ‘suspensory slow arboreal’, ‘vertically climbing slow 

arboreal’, ‘vertically clinger and leaper’ and ‘arboreal quadrupedal’. Accordingly, specifying the 

‘arboreal’-splitting combination with a subscript, we obtain the six OU models fitted for each trait 

(see below). In addition to multi-optima OU models, we also fitted several Brownian Motion 

(BM) models which are characterized by varying rates of evolution for different regimes along 

the phylogeny, since this kind of model of evolution potentially reflects trait diversification 

through increased morphological disparity (O’Meara et al. 2006). The BM models that we fitted 

represent the counterparts of the aforementioned multi-optima OU models with different rates 

corresponding to adaptive optima. Hence, in this way we explored the possibility that 



 

109 
 

morphological traits diversified not following the evolution toward distinct adaptive optima, 

rather through diverging rates of a BM-like evolution in groups that acquired different 

ecologies/locomotor habits. The single-rate BM (BM1) model represents the traditional BM 

model (Felsenstein 1985) with a single phylogenetic mean and a single evolutionary rate, 

assuming stochastic phenotypic evolution. The multi-rate BM models that we fitted are 

characterized by a common ancestral mean for all regimes (‘non-censored’ approach, sensu 

O’Meara et al. 2006). We considered the possibility to use multi-rate BM models with multiple 

ancestral means, one per regime. However, in preliminary analyses using information criteria (as 

detailed below) we always found better support for multi-rate BM models with a common 

ancestral mean compared to the respective multi-rate BM models with multiple ancestral means. 

Hence, we only used the non-censored approach for the whole analysis. In addition to OU and 

BM models we also fitted an Early Burst (EB) model (Harmon et al. 2010), to represent a niche-

filling model with decreasing evolutionary rate over time without necessary adaptive 

interpretation. Summarizing, for each trait we fitted 13 models of evolution, i.e. OU1, OU3, 

OU4SA, OU5SA_2, OU5SA_3, OU6SA2_3, BM1, BM3, BM4SA, BM5SA_2, BM5SA_3, BM6SA2_3 (Fig. 

6.3) and EB. We fitted the models to log-transformed and/or size-corrected (following the PGLSs, 

see Table 6.2 and above) single variables using the mvMORPH functions ‘mvOU’, ‘mvBM’ and 

‘mvEB’. To reconstruct ancestral locomotor ecologies on the time-tree before running single 

model fits, we used the Stochastic Character Mapping (SCM) approach (Bollback 2006) with the 

‘make.simmap’ R function  (model=‘ER’, nsim=1000; ‘phytools’ package, Revell 2012). The 

sample analysed in this work includes only a restricted representation of therians and it is devoid 

of wide portions of mammal diversity. Accordingly, if only data on the ecology/locomotion of 

the species here studied were used for the inference of ancestral states, the result would be likely 

highly biased. Thus, before running ‘make.simmap’, we set the ancestral locomotor ecology for 

some internal nodes exploiting paleontological information (see Additional Methods), to guide 

the reconstruction of ancestral locomotor ecologies. It is well established that the inclusion of 

paleontological information improves the inference on phenotypical evolution (e.g. Finarelli and 
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Liow 2016; Puttick 2016; Silvestro et al. 2016; Didier et al. 2017). We set the state for the basal 

nodes of xenarthrans, strepsirrhines, eutherians, vombatiforms and therians (i.e. root of the tree) 

and this information, besides data on extant taxa, drove the state reconstruction of all other internal 

nodes. To set the state of internal nodes we followed the approach used by Castiglione et al. 

(2020). Namely, we preliminarily added five tips to the phylogeny (with null branch length; ‘false 

tips’ sensu Castiglione et al. 2020). The corresponding states, estimated through fossil data (see 

Additional Methods), were added to the vector of locomotor ecologies for sampled species. After 

running ‘make.simmap’, false tips were removed from each of the 1000 trees with mapped 

discrete characters (‘drop.tip.simmap’ R function, ‘phytools’). Then, ancestral states were 

extracted from the summary of the 1000 trees and, for each internal node node, the locomotor 

ecology with the highest estimated probability was picked. The histories of locomotor ecology 

shifts arisen from the series of SCM were mapped on the phylogeny painting sub-clades and tips 

(‘paintSubTree’ and ‘paintBranches’ functions, ‘phytools’ and ‘pmc’ R packages, Boettiger et al. 

2012; Revell 2012) and these mapped trees were used to perform the fits of the corresponding 

multi-optima OU and multi-rate BM models. 

As parameters extracted from each fit of OU model, instead of α and σ we reported the 

stationary variance Varstat=σ2/2α, as suggested by Bartoszek et al. (2017), and the phylogenetic 

half-life t1/2=ln(2)/α, as suggested by Münkemüller et al. (2015) and Cooper et al. (2016). t1/2 can 

be defined as the time necessary for half of the information deriving from phylogenetic 

relationships to be erased by adaptive processes (Münkemüller et al. 2015; but see Cooper et al. 

(2016) that cautioned against considering this value literally a time measurement). t1/2 is 

commonly used as a proxy to establish how historical constraints limit adaptive evolution (e.g. 

Kilbourne 2017; Wölfer and Nyakatura 2019). Low t1/2 compared to the lengths of the branches 

of the time-tree suggests a weak influence of past traits and a fast evolution toward optima, while 

high t1/2 compared to branch lengths rather provides clues of strong phylogenetic inertia that 

constrains phenotypic evolution to only weakly reach optima (Cooper et al. 2016). Relevant 
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parameters for best supported multi-optima OU and multi-rate BM models that were compared 

in a pairwise manner (as detailed below) are shown in Tables S6-S7.  

6. 3. 6. 2. Model comparison 

For each trait, using the log-likelihoods resulting from the fits performed through the 

mvMORPH functions (see above), we computed the Akaike Information Criterion (AIC) values 

to identify the best supported evolutionary models of the 13 fitted. To deal with the relatively 

small numer of taxa (i.e. n/k < 40, with n being the number of taxa and k being the number of 

parameters) we computed the corrected AIC values (AICc) (Table S8). The assessment through 

AICc was only intended as a preliminary step in order to identify a subset of best candidates 

models. Indeed, the simulation-based pairwise model comparisons through phylogenetic Monte 

Carlo approach of Boettiger et al. (2012) is known to outperform information criteria in choosing 

the correct model. Moreover, through this approach it is possible to understand if the structure of 

data and of the phylogeny allow to discriminate models with sufficient statistical power (Boettiger 

et al. 2012). For each trait, we chose the three most supported models according to AIC (i.e. 

models yielding the three lowest AICc values) to be compared in a pairwise manner through the 

Boettiger et al. 2012's approach. We applied Boettiger et al. 2012's approach following the 

procedure of Wölfer and Nyakatura (2019). For a given couple of models to be compared, we 

computed an empirical likelihood ratio (δemp; i.e. likelihood ratio using the two models’ 

likelihoods resulting from fits to empirical data through ‘mvOU’, ‘mvBM’ or ‘mvEB’) and two 

simulated data distributions on the phylogeny potentially deriving from evolution following each 

of the two models, respectively (‘mvSIM’ function, mvMORPH package, with the parameters 

extracted from the respective model fits to empirical data using ‘mvOU’, ‘mvBM’ or ‘mvEB’). 

We simulated distributions of 500 datasets, then, we fitted each of the two models to all the 

simulated datasets of both distributions, with the same functions and settings previously used for 

each of model when fitted to empirical data (see above). The result is four distributions of 

likelihoods. Within them, the two fitted to the same distributions of data were used to compute a 
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likelihood ratio distribution (corresponding to the model of evolution that was assumed when 

those distributions of data were simulated). Accordingly, from the four distributions of 

likelihoods, it is possible to obtain two distributions of likelihood ratio, one for each ot the two 

models to be compared. These two distributions of likelihood ratio can be visualized on the same 

plot, together with δemp (that represents a single value, thus a vertical line in the plot). In this way 

it is possible to assess which is the distribution that better reflects δemp, and, since each distribition 

corresponds to a model, which of the two models is more supported. The procedure is further 

detailed in Boettiger et al. (2012) and Wölfer and Nyakatura (2019). To establish if one of the 

two models is clearly more supported than the other, we aimed to visualize δemp mainly lying 

within one of the two distributions. In this case we could state that the model corresponding to 

this distribution is more supported. It is also possible that δemp lies within both the distributions at 

a similar extent. In this case, one can state that both models are equally supported. Finally, when 

δemp lies outside both the distributions, both the models are rejected (Fig. S6 shows all the plots 

for the pairwise comparisons). If the pairwise comparisons among the three models with lowest 

AICc failed to set apart a one or two models (i.e. the three models were equally supported), we 

kept going with pairwise comparisons. Specifically, we compared the model with the lowest AICc 

to the other models with higher AICc, always from the fourth to the thirteenth. This procedure 

stopped when we were able to find support for the first model. Accordingly, all the models 

previously tested and not distinguished from the model with the lowest AICc provide the same 

support as the latter (Table 6. 3).  

6. 3. 7. Seeking convergence among slow arboreal mammals on single traits: pattern-based 
approach 
 

For each trait, we aimed to visualize potential convergence among slow arboreal mammals 

only focusing on independently evolved phenotypes (i.e. with a pattern-based approach). To do 

so, we generated a series of phenograms (‘phenogram’ R function, ‘phytools’; Fig. 6.4 and Figs. 

S7-S25). Moreover, following the same pattern-based rationale, we aimed to facilitate the 
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disentangling of different patterns of variation for the investigated traits (i.e. understanding which 

traits better discriminate ecological/phylogenetic groups) through PCAs on multivariate datasets. 

This technique of dimensionality reduction allows to better identify major similarity trends and 

relative contributions of variables in multivariate dataframes. To build such datasets, we 

integratively pooled together all the traits for which we fitted evolutionary models (see above), 

separating data only for skeletal element and, hence, generating a humeral and a femoral dataset 

(hereafter, Pheno.sighum and Pheno.sigfem, respectively), made by morphological data from several 

anatomical levels. Beyond an easier identification of potential convergence patterns for single 

traits, we also intended coupling PCAs results with those from multivariate analyses of 

convergence strength on Pheno.sighum and Pheno.sigfem, performed with the pattern-based 

quantitative approach of the ‘convevol’ R package (Stayton, 2015; see below). In this way, it is 

possible to visualize multivariate patterns of convergence highlighted through ‘convevol’. For 

this reason, before running PCAs, Pheno.sighum and Pheno.sigfem were modified as detailed below, 

in order to satisfy some conditions that are required by ‘convevol’ and that, accordingly, had to 

be met by the same dataframes. Through bivariate scatterplots (i.e. morphospaces) of PC1 and 

PC2 deriving from the PCAs on Pheno.sighum and Pheno.sigfem, we visualized multivariately most 

of the phenotypic variation. We assessed convergence patterns of slow arboreal mammals and the 

relative major contributions of single variables following their loading directions (Fig. 6.5). To 

avoid confusion, the PCs from PCAs on data deriving from different anatomical levels are named 

PCphenos, to distinguish them from PC extracted from external shape analysis with 3D GM (see 

above). Tables S9-S10 summarize the variability explained by humeral and femoral PCphenos. 

6. 3. 8. Multivariate measurements of convergence strength among slow arboreal mammals 
 

After identifying the more likely evolutionary models for single traits (see above), we aimed 

to establish if convergence arising from these assessments is also quantitatively detectable on 

Pheno.sighum and Pheno.sigfem with the multivariate pattern-based approach of ‘convevol’ 

(Stayton 2015). It allows to quantify convergence strength for a set of traits in a group of 
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putatively convergent taxa (a priori defined) accounting for their phenotypic distances compared 

with past reconstructed distances. The ‘convevol’ approach is based on the computation of several 

C-indices (C1-C5), overall revealing the degree of convergence. For our study, we considered 

informative C1-C3 indices. C1 provides information on the phenotypic distance between the 

expectedly convergence taxa (Dtip) compared to the estimated maximum distance in their 

evolutionary history (Dmax). C1 is expressed as a ratio, i.e. C1=1-(Dtip/Dmax), and it varies from 0 

(divergence or absence of convergence) to 1 (complete convergence, with no differences in 

phenotype). In other words, C1 informs on how much of the past maximum phenotypic distance 

has been decreased by subsequent convergence. To take into account the absolute amount of 

convergence, C2 is calculated. This index allows to discriminate cases in which two taxa 

decreased their ancient distance with large phenotypical changes from cases in which taxa 

converged through small modification. Indeed, if these two widely different hypothetical 

scenarios derived from the same proportion of decreased maximum reconstructed distance, C1 

would yield exactly the same value, despite the amount of phenotypic change is drastically 

different. C2 solves this issue: it is not a ratio, it is computed as C2=Dmax-Dtip and it directly 

informs on the absolute evolutionary change. Being inversely proportional to phenotypic distance 

among putatively convergent taxa, it also provides a direct proxy for morphological disparity (i.e. 

the higher is C2, the lower is the disparity of convergent taxa). Accounting for the total additive 

absolute changes reconstructed along the lineages bringing to convergent taxa (Ltot.lineage), it is 

possible to extract C3. It is the proportion of Ltot.lineage potentially ascribed to convergent evolution 

(C3=C2/Ltot.lineage). We refrained to calculate C4 because it serves to draw conclusions relative to 

the total amount of change occurred in the clade to which all convergent taxa belong, i.e. therians 

in our case, but our sample is only a small portion of the actual therian diversity, preventing this 

kind of assessments. C5 can be computed only with more putatively convergent taxa than 

variables, a condition that is not generally met by our datasets (see below).  
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Before running multivariate convergence analyses we standardized and centered each 

variable (‘scale’ R function). We are focusing on the phenotypic distance between slow arboreal 

lineages and not within them. To exemplify, it means that we are interested in the convergence 

between Bradypus and Choloepus but not between two Bradypus species, B. tridactylus and B. 

variegatus. Hence, we used single values, averaging values of their species, for the slow arboreal 

genera represented by more than one species. These are Bradypus, Choloepus and Megaladapis 

(the latter averaged only in Pheno.sighum, since in Pheno.sigfem it was only represented by M. 

madagascariensis) while it was not necessary for Palaeopropithecus, only represented by P. 

ingens in Pheno.sighum and Pheno.sigfem. We could not extract a single value for the paraphyletic 

‘Lorisidae’ as it is impossible to collapse ‘Lorisidae’ species in a single tip without including the 

non-slow arboreal galagids (Fig. 6.1). However, we used single values for the monophyletic 

clades (Nycticebus + Loris) and (Arctocebus + Perodicticus), minimizing the unwanted effects of 

intra-taxa similarity. Loris tardigradus is not represented in Pheno.sigfem, since the species did 

not yield data from all anatomical levels (e.g. the proximal femur VOI of the only specimen of L. 

tardigradus contains less than 50 trabeculae, hence it was discarded, see Additional Methods). 

Thus, in Pheno.sigfem, ‘Lorisidae’ are represented by Nycticebus and (Arctocebus + Perodicticus). 

The phylogenetic tree was accordingly modified collapsing tips to accomodate all the 

aforementioned settings. 

 We employed the modified ‘convevol’ functions from Zelditch et al. (2017) for the 

computation of the C indices values and associated p-values based on 1000 simulations 

(‘calcConv’ and ‘convSig’, respectively). For both Pheno.sighum and Pheno.sigfem we performed 

seven convergence analyses: 1. testing convergence in all the slow arboreal clades, 2. testing 

convergence only in suspensory slow arboreal mammals, 3. testing convergence only in vertically 

climbing slow arboreal mammals, 4-7. we repeated the convergence analyses involving 

‘Lorisidae’ (i.e. 1 and 2) but including only one of the two monophyletic clades to which we 

reduced ‘Lorisidae’. In Pheno.sighum including only (Nycticebus+Loris) and in Pheno.sigfem 
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including only Nycticebus we ran analyses 4 and 5, while including only 

(Arctocebus+Perodicticus) for both datasets we ran analyses 6 and 7 (see Table 6. 4). 

Convergence analyses 4-7 were performed to exclude that potential significant convergence 

highlighted with analyses 1-2 was due to the similarity within ‘Lorisidae’, that represents 

somewhat a confounding factor for our study (es detailed above).  

6. 4. Results 
 

6. 4. 1. Morphological correlates for slow arboreality 
 

Ten humeral traits significantly set apart slow arboreal mammals through univariate PGLSs 

and ANCOVAs (Table 6.2). Most of the humeral shape variability of our sample (66.4%, 

cumulatively explaned by PC1 and PC2, Table S4) reveals only a partial overlapping of fully 

arboreal taxa (low PC1 scores, with the exception of Cyclopes) from partially/fully terrestrial taxa 

(high PC1 scores). The former are characterized by a slender humerus, sub-spherical articular 

surfaces that are also particulary smooth, as well as poorly developed processes along the bone 

(Fig. S4). The discrimination of armadillos (high PC2 scores) from terrestrial and semiarboreal 

pilosans (low PC2 scores), with fully arboreal species in between (Fig. S4), is also noticeable. 

The humeral shape of slow arboreal mammals does not show salient features that separate them 

from non-slow arboreal mammals (apart from distinctive traits of a single slow arboreal taxa, i.e. 

Cyclopes, see below). Indeed, within the first ten humeral 3D GM PCs, only PC4 significantly 

discriminates slow arboreal mammals. PC4 explains 4.84% of the whole humeral shape 

variability (Table S4). The mean taxa values in the boxplot of PC4 scores indicate that the humeri 

of slow arboreal mammals correspond to slightly lower values. However, there is wide 

overlapping with values of non-slow arboreal taxa. The significant correlation of PC4 with 

locomotor ecology likely derives from the extremely low PC4 score related to the morphology of 

the humerus of Cyclopes (Fig. S1). In support of this, if we exclude Cyclopes, the lower range of 

PC4 scores corresponds to the humeri of slow arboreal taxa as Bradypus sp., Palaeopropithecus 
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ingens and Loris tardigradus but also to the humeri of non-slow arboreal (and fully terrestrial) 

taxa as Chaetophractus vellerosus and Zaedyus pichiy (Table S1).  
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Thus, PC4 possibly sets apart Cyclopes from all the other taxa and represents only minor 

morphological differences. The small portion of variability making the silky anteater unique in 

the analyzed sample and explained by PC4 relates to distal epiphyseal traits: Cyclopes’ trochlea 

is poorly developed in the mediolateral direction but mainly extending anteroposteriorly and the 

capitulum is proximodistally elongate (Fig. S3). Since we did not identify any feature of the 

humeral shape shared solely by some or all slow arboreal mammals, we do not further analyze 

any 3D GM PC score. PC4, although showing a significant relationship with slow arboreal 

locomotor ecology, is likewise not further used for downstream analyses since explaining minor 

features and mainly discriminating a single species from the rest of the sample (see above).  

As for CSP and trabecular properties, compared to other mammals here studied the humerus 

of slow arboreal mammals is on average more compact along the diaphysis, with a lower second 

moment of area around the major axis (higher ResC and lower Imin, both Parameter50 and 

ParameterAver), and with less uniformly oriented and shorter trabeculae (lower DA and Av.Br.Len, 

both Parameterprox and Parameterdist) that are also more inter-connected only in the proximal 

epiphysis (higher Conn.Dprox) (Table 6.2). The patterns are visible after size-correction, performed 

for variables significantly related to body mass (Fig. S1). Hence, these diaphyseal and epiphyseal 

traits were investigated for convergence analysis.   

Table 6. 2. Univariate (up) and multivariate (bottom) PGLSs and relative phylogenetic 

ANCOVAs [variable ~ ecology + body mass proxy] and MANCOVAs [anatomical level 

variables ~ ecology + body mass proxy]. Significant p-values for ecology (abbreviated with 

Ecol p) are in bold. P- values for body mass are abbreviated with BMP p. As method (‘met’) to 

recover the most likely Pagel’s lamba (‘λ’) was used either the maximum likelihood (‘ML’) or 

the reduced maximum likelihood (‘REML’). Abbreviations for variables and subscripts: see 

Materials and Methods. ‘log-’ denotes variables that were log-transformed. 

 



 

119 
 

14 femoral traits significantly discriminated slow arboreal mammals through PGLSs and 

ANCOVAs (Table 6.2). Femoral PC1 and PC2 (cumulatively explaining the 61.19% of 

variability; Table S5) yield the main separation of armadillos and extinct sloths (higher PC1) from 

all the other taxa, with the latter characterized by slender femora with weakly developed 

processes, such as the trochanters. Accordingly, PC1 did not yield a significant discrimination of 

slow arboreal mammals. PC2 (explaining the 12.29% of variability, Table S5) significantly sets 

apart slow arboreal mammals (lower PC2 scores; Table 6.2). The main corresponding trait is a 

large and sub-spherical femoral head (Fig. S5). Besides PC2, the other PCs yielding a significant 

relationship with locomotor ecology are PC6 and PC7 (Table 6.2). However, these significant p-

values likely arose because of extreme values of single taxa (i.e. high PC6 of C. truncatus and 

high PC7 of Prepotherium), with all the other taxa widely overlapping (Fig. S2). As above, this 

distribution together with very low percentages of explained shape variability (2.25% for PC6, 

1.94% for PC7; Table S5) led us to not use femoral PC6 and PC7 for subsequent analyses.  

CSP showing a significant relationship with locomotor ecology reveal that the femur of slow 

arboreal mammals has a more compact diaphysis, with a smaller cross-sectional area (higher 

ResC and lower CSA, both Parameter50 and ParameterAver) and with lower second moment of area 

around the major axis only at mid-diaphysis (lower Imin50). Moreover, in the femur of slow 

arboreal mammals there are less uniformly oriented trabeculae for all VOIs (lower DAprox, 

DAlat.con and DAmed.con), less bone volume and lower bone surface in the femural head (lower 

BV.TVprox and BS.TVprox) and thicker trabeculae in the lateral condyle (higher Tb.Thlat.con) (Table 

6.2; Fig. S2). These CSP and trabecular variables are subsequently analysed to detect convergence 

in slow arboreal mammals.  

6. 4. 2. Relative effects of different anatomical levels 
 

Humeral traits pooled for anatomical levels and analyzed with multivariate PGLSs and 

MANCOVAs reveal that external shape is less informative than internal structure (i.e. CSP and 
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trabecular architecture) to discriminate slow arboreal mammals. This agrees with univariate 

analysis results (see above and Table 6.2). Multivariate PGLSs and MANCOVAs on suites of 

femoral traits corresponding to different anatomical levels yielded significant relationship with 

locomotor ecology for each level, except for CSPAver (Table 6.1).  

6. 4. 3. Single traits convergence patterns among slow arboreal mammals 
 

All the multi-optima OU models found as best supported in all the traits, yielded t1/2 values 

(from 0.01 to  7.53 My; average value= 1.54 My; Table S6), lower than the branch lengths of the 

phylogenetic tree that we used (from 0.20 to 135 My, with an average length of 13.89 My), 

suggesting an overall weak effect of phylogenetic inertia.  

We identified three main evolutionary patterns followed by distinct sets of features. The first 

trend concerns ten out of the investigated 21 traits (humeral ResC50, ResCAver, DAprox, Conn.Dprox, 

Av.Br.Lenprox; femoral PC2, ResC50, ResCAver, BS.TVprox, DAlat.con) and involves convergence in 

slow arboreal mammals. Indeed, some slow arboreal mammals cluster together for single traits 

on phenograms (Fig. S7-S25) and multivariately on the PC1pheno-PC2pheno scatterplots toward 

loading directions of the aforementioned variables (Fig. 6.5). Six of these ten traits yielded as 

most likely models only OU4SA and more complex ones (i.e. exclusively models involving 

one/two distinct selective regime/regimes for suspensory and/or vertically climbing slow arboreal 

mammals) (Table 6.3). Slow arboreal mammals show a high degree of overlap with other 

ecological categories. It is especially clear for the humerus while in the femur it is minor and 

occurs only due to vertically climbing species. The overlap is mainly explained by the PCpheno 

scores of semiarboreal Lemur catta and Tamandua mexicana and the terrestrial Myrmecophaga 

tridactyla, who occupies positions that are far from the main distrubution of their ecological 

categories (Fig. 6.5A, C).  

The stronger contribution to the convergence pattern in slow arboreal mammals for this set 

of ten traits is ascribed to suspensory species. It is suggested by the suspensory subset being the 
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one that more frequently converge and/or occupies more extreme values on phenograms (Fig. S7-

S25, also showing some recurrent patterns regarding single species within suspensory taxa, e.g. 

more extreme values yielded especially by Bradypus and Loris for four traits each, or Perodicticus 

potto and C. hoffmanni representing the least convergent ‘Lorisidae’ and ‘tree sloth’, respectively, 

for more than one trait). Moreover, on PC1pheno-PC2pheno morphospaces, two suspensory taxa are 

the farthest away from other slow arboreal taxa and other species in general (Fig. 6.5A, C; i.e. 

Bradypus and ‘Nycticebus+Loris’, consistenly with the strongest contributions of Bradypus and 

Loris highlighted on phenograms, see above and Fig. S7-S25). The main contribution of 

suspensory slow arboreal mammals potentially explains why OU5SA_3 and/or OU6SA_2_3 (i.e. 

involving a distinct selective regime for suspensory species) are among the best supported models 

for almost all ten traits.  

This set of features is in part common with pilosans too (extinct and/or extant, depending on the 

trait, see below). ‘Tree sloths’ (especially Bradypus) represent extremes within the variability of 

the group. Apart from the ten traits here identified, in general all xenarthrans exhibit wide 

variablity, as shown by the large area of the PC1pheno-PC2pheno morphospaces they occupy (Fig. 

6.5). Indeed, amadillos show a wide range of ResC and femoral DAmed.con. that partly overlap with 

the slow arboreal distribution (Figs. S7-S25). The presence of armadillos within the slow arboreal 

distribution may explain why we also found well supported models reflecting no effect of ecology 

for femoral ResCAver and DAmed.con (i.e. OU1, Table 6. 3). More frequent and not simply related 

to isolated trends seems to be the pattern of other pilosans (besides ‘tree sloths’) resembling slow 

arboreal mammals. Higher diaphyseal compactness (humeral and femoral ResC50 and ResCAver) 

seems to be a pattern that characterizes pilosans as a whole (hence including extinct sloths), if not 

all xenarthrans. Many of the other traits within this set of ten characterize mainly extant pilosans 

(i.e. ‘tree sloths’ and anteaters) in the humerus and all pilosans (including some extinct sloths) in 

the femur (Figs. S7-S25 and Fig. 6.5). In addition to this pattern, one humeral trait (i.e. humeral 

Conn.Dprox) also shows some slow arboreal mammals clustering together with their ecologically 
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distinct sister taxa (e.g. koala with Lasiorhinus latifrons). Furthermore, femoral PC2 reflects the 

convergence of suspensory slow arboreal mammals, with all other pilosans and marsupials being 

in the same range (Figs S7-S25). These peculiar patterns probably explain the absence of 

significantly supported models for these two traits (Table 6. 3). Anteaters in particular (e.g. for 

humeral Av.Br.Lendist, DAdist, femoral CSA50, CSAAver, DAprox) and occasionally extinct sloths 

(e.g. for femoral Imin50) approach ‘tree sloths’ also for some of the other traits for which a  

different pattern was identified (see below).    

 

The second pattern concerns seven traits (humeral Imin50, IminAver, DAdist, Av.Br.Lendist, 

femoral DAprox, BV.TVprox, DAmed.con) and apparently involves evolution following the degree of 

arboreality, regardless of the slow/non-slow habits. However, on this background pattern, for 

these seven traits we were able to recognize a certain similarity shared by suspensory and/or 

vertically climbing slow arboreal mammals. From PC1pheno-PC2pheno morphospaces and variable 

Variable Best-fitting models 
Humeral ResC50 OU4SA/OU5SA_2/OU5SA_3/OU6SA_2_3 

Humeral ResCAver OU4SA/OU5SA_2/OU5SA_3/OU6SA_2_3 
Humeral Imin50 OU5SA_3/OU6SA_2_3 

Humeral IminAver OU5SA_3/OU6SA_2_3 
Humeral DAprox OU3/OU4SA/OU5SA_2/OU5SA_3/OU6SA_2_3 

Humeral Conn.Dprox OU1 
Humeral Av.Br.Lenprox OU5SA_3 

Humeral DAdist OU3/OU4SA/OU5SA_2/OU5SA_3/OU6SA_2_3 
Humeral Av.Br.Lendist OU5SA_3 

Femoral PC2 / 
Femoral ResC50 OU4SA/OU5SA_2/OU5SA_3/OU6SA_2_3 
Femoral ResCAver OU1/OU3/OU4SA 

Femoral Imin50 / 
Femoral CSA50 BM3 

Femoral CSAAver BM4SA/BM5SA_2/BM5SA_3 
Femoral DAprox OU5SA_3 

Femoral BV.TVprox OU4SA/OU5SA_2/OU5SA_3 
Femoral BS.TVprox OU4SA/OU5SA_2/OU5SA_3/OU6SA_2_3 
Femoral DAlat.con OU4SA/OU5SA_2/OU5SA_3/OU6SA_2_3 

Femoral Tb.Thlat.con OU4SA/OU5SA_3 
Femoral DAmed.con OU1/OU3/OU4SA/OU5SA_2/OU5SA_3/OU6SA_2_3 

Table 6. 3. Most likely evolutionary models for each of the traits associated with the slow arboreal 

lifestyle. For Abbreviations see Materials and Methods.  
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loadings directions, it is evident that these features apparently distinguish arboreal species as a 

whole (low PC1 scores in the humeral biplot, contrasting terrestrial and semi-arboreal taxa, Fig. 

6.5A, B, and low PC2 scores on the femoral biplot, Fig. 6.5C, D).  

 

The main ambiguity in this preliminary visual inspection concerns DAmed.con, since its loading 

direction may be also interpreted as pointing to low PC2-high PC1 and corresponding to the first 

evolutionary pattern (see above). However, the phenogram of DAmed.con clearly reveals the 

presence of some arboreal (but non slow) species (e.g. Avahi laniger, Propithecus, I. indri; Fig. 

S25) falling among slow arboreal mammals. It probably explains the presence of OU3 among the 

best supported models for this parameter (Table 6. 3).  

It should be noted that PC1pheno-PC2pheno morphospaces cumulatively explain 70.3% 

(Pheno.sighum) and 67.1% (Pheno.sigfem) of the entire variability (Fig. 6.5). Despite loading 

directions in morphospaces, the more likely evolutionary models for all the seven traits may 

suggest that some slow arboreal mammals evolved convergently. Among these variables there 

are the only two in the whole study for which we were able to identify a single most likely model, 

i.e. humeral Av.Br.Lendist and femoral DAprox. In both cases the model is OU5SA_3, involving two 

distinct selective regimes for suspensory and/or vertically climbing slow arboreal mammals 

(Table 6. 3). For these two traits and for DAmed.con the most extreme values are occupied by 

suspensory slow arboreal mammal (but see Megaladapis’s femoral DAprox and Cy. didactylus’s 

DAmed.con), although some arboreal (but non-slow) species are toward lower values too (e.g. 

Euoticus elegantulus for humeral Av. Br. Lendist, Otolemur crassicaudatus for femoral DAprox, 

see above for DAmed.con). Vertically climbing slow arboreal mammals are associated with 

moderately low/intermediate values, terrestrial species are grouped toward higher values while 

semiarboreal and other arboreal species are distributed in the intermediate range (Figs. S14, S21 

and S25). It probably allowed the different selective regimes modelized by OU5SA_3 to be 

discriminated for humeral Av.Br.Lendist and femoral DAprox. The same trend is detected for 
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humeral Imin50 (Fig. S9) and IminAver (for which the extremely low values are mainly represented 

by Bradypus and ‘Lorisidae’, especially Loris, but see also P. ingens for humeral IminAver, Fig. 

6.4A). The more likely models for Imin50 and IminAver again suggest distinct selective regimes 

within slow arboreal mammals. It is only impossible to distinguish a model that groups arboreal 

quadrupedal and vertical clinger and leapers (OU5SA_3) from a model that splits them (OU6SA_2_3) 

(Table 6. 3). For humeral DAdist, the models that involve distinct selective regimes for slow 

arboreal mammals are all similarly supported but yet not significantly discriminated from OU3, 

that only accounts for degree of arboreality (Table 6. 3). This may mean that a stronger general 

signal associated with arboreality is present. Inspecting the phenogram of this trait, it is evident 

that arboreal species are more distributed (i.e. lower clustering of slow arboreal mammals) but 

they are almost exclusively occupying lower values (Fig. S13). However, the concentration of 

some suspensory taxa and of vertically climbing species toward the lowest values, possibly 

explains the support given not only to OU5SA_3 and more complex models, but also to OU4SA, i.e. 

a single selective regime, regardless of the climbing style. The latter pattern is emphasized also 

for femoral BV.TVprox where almost all the vertically climbing species occupy the more extreme 

values of the slow arboreal range together with some suspensory taxa (Fig. 6.4B) and, 

consistently, OU4SA is among the best supported models (Table 6. 3). Hence, although for the 

seven traits treated above there is detectable major effect of arboreality, five of them are further 

affected by secondary effects associated with suspensory ecology; i.e. humeral Imin50, IminAver, 

Av.Br.Lendist, femoral DAprox, DAmed.con), while for the other two, i.e. humeral DAdist and femoral 

BV.TVprox, suspensory and vertically climbing species apparently contribute at a comparable 

extent.   

The third pattern interests a minor set of exclusively femoral features (i.e., Imin50, CSA50, 

CSAAver, Tb.Thlat.con) for which we found that slow arboreal mammals cluster together toward 

intermediate values (with exceptions, see below). These traits mainly set apart extant primates 

(i.e. ‘Lorisidae’, galagids, ‘Indriidae’ and lemurids), which occupy lower values. Extant primates 
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and the other taxa are clearly separated along PC1pheno-PC2pheno. Indeed, negative values for the 

four traits point to the region of the plot occupied by extant primates while positive values directly 

affect terrestrial species. Accordingly, for these traits, slow arboreal mammals should be 

Fig. 6. 4. Phenograms of (A) humeral IminAver (log-transformed and size-corrected, as 

detailed in the text) and (B) femoral BV.TVprox. The colours of internal branches reflect 

the ancestral locomotor ecologies reconstruction used to inform the fits of the most 

complex OU model (OU6SA2_3). Blue: suspensory slow arboreal; purple: vertically 

climbing slow arboreal; green: semiarboreal; black: arboreal quadrupedal; red: 

vertically clinger and leapers; light blue: terrestrial. Suspensory and vertically climbing 

taxa are bounded with blue and purple rectangles, respectively. The distribution of slow 

arboreal mammal values is highlighted with blue and purple polygons, for suspensory 

and vertically climbing species, respectively.  
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intermediate. Accordingly, ‘Lorisidae’, being extant primates, should not converge with other 

slow arboreal mammals. A remarkable exception to this trend is Nycticebus, the only extant 

primate that is potentially closer to the slow arboreal region of the PC1pheno-PC2pheno morphospace 

(Fig. 6.5C, D). This is also visible on phenograms, in which Nycticebus values are among the 

highest within the primate range (Fig. S18- S20, S24). The univariate pattern of three of these 

four femoral traits (i.e. Imin50, CSA50, CSAAver) confirm that most slow arboreal mammals exhibit 

intermediate values.  

 

Another exception, more evident on phenograms, is Megaladapis that shows higher values 

for these traits (Figs. S18-S20). This heteregeneous distribution, with primates toward lower 

values and ecological categories spanning the entire range of each trait, possibly explains the most 

supported models found for these three features that are not multi-optima OU (it was even 

impossible to find any supported model for Imin50) (Table 6. 3). As for Tb.Thlat.con, several slow 

arboreal mammals but ‘Lorisidae’ converge toward higher values, with primates toward lower 

ones. The stronger clustering of slow arboreal mammals for Tb.Thlat.con is suggested by its best 

supported models, i.e., OU4SA and OU5SA_3. However, emphasis on the resemblance of slow 

arboreal xenarthrans and the koala in showing high Tb.Thlat.con has to be tempered, since their 

ecologically distinct but phylogenetically close taxa (i.e. anteaters, armadillos, wombats) are only 

slightly different and lie in the same range (Fig. S24). The presence of fully arboreal, fully 

terrestrial/fossorial (i.e. armadillos) and semiarboreal (e.g. Tamandua spp.) species in the same 

range of high Tb.Thlat.con suggests that the relationship with ecology is weak, despite the fact that 

more likely evolutionary models were recovered.  

6. 4. 4. Measurements of convergence strength among slow arboreal mammals 
 

When considering all slow arboreal mammals as convergent (analyses 1), p-values for C1-

C3 indices are significant (analyses 1, Table 6. 4). The relative amount of phenotypic distance  



 

127 
 

 

decreased through convergence (i.e. indicated by C1) is quite low (15.8% for the humerus, 12.1% 

for the femur). Moreover, the absolute amount of evolved similarity, indicated by C2, is also low 

in slow arboreal mammals (C2hum=0.638, C2fem=0.463) and convergence is estimated to account 

for only a minor percentage of the total humeral phenotypic changes on the lineages leading to 

Humerus 
 C1 p-C1 C2 p-C2 C3 p-C3 

1. Slow arboreal mammals 0.158 0.009 0.638 0.000 0.075 0.010 
2. Suspensory slow arboreal 

mammals 0.226 0.006 0.959 0.000 0.108 0.006 
3. Vertical climbing slow arboreal 

mammals 0.115 0.205 0.423 0.160 0.053 0.338 
4. Slow arboreal mammals excluding 

(Arctocebus + Perodicticus) 0.163 0.008 0.648 0.000 0.076 0.005 
5. Suspensory slow arboreal 

mammals excluding (Arctocebus + 
Perodicticus) 0.261 0.005 1.103 0.000 0.124 0.006 

6. Slow arboreal mammals excluding 
(Nycticebus + Loris) 0.152 0.019 0.606 0.002 0.074 0.006 

7. Suspensory slow arboreal 
mammals excluding (Nycticebus + 
Loris) 0.212 0.021 0.924 0.003 0.111 0.006 

Femur 
 C1 p-C1 C2 p-C2 C3 p-C3 

1. Slow arboreal mammals 0.121 0.013 0.463 0.006 0.051 0.062 
2. Suspensory slow arboreal 

mammals 0.142 0.037 0.555 0.011 0.055 0.091 
3. Vertical climbing slow arboreal 

mammals 0.086 0.259 0.267 0.330 0.031 0.454 
4. Slow arboreal mammals excluding 

(Arctocebus + Perodicticus) 0.158 0.003 0.604 0.000 0.066 0.026 
5. Suspensory slow arboreal 

mammals excluding (Arctocebus + 
Perodicticus) 0.234 0.003 0.915 0.001 0.091 0.014 

6. Slow arboreal mammals excluding 
Nycticebus 0.136 0.017 0.509 0.009 0.056 0.063 

7. Suspensory slow arboreal 
mammals excluding Nycticebus 0.179 0.011 0.673 0.003 0.066 0.075 

Table 6. 4. Quantitative pattern-based convergence analyses on humeral and femoral 

multivarite datasets corresponding to the traits associated with the slow arboreal 

lifestyle (Pheno.sighum and Pheno.sigfem). Each of the seven analyses correspond to an a 

priori defined scheme of convergence. C1-C3 and corresponding p-values: convergent 

indices.  
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slow arboreal mammals (C3 of 7.5% and 5.1% for humerus and femur, respectively). A low C2 

for slow arboreal mammals means that they show high morphological disparity, coherently with 

the relatively large areas occupied on PC1pheno-PC2pheno scatterplots (Fig. 6.5).  

Most of the convergence in slow arboreal mammals appears to come from suspensory 

species. Indeed, convergence is stronger if tested only among suspensory taxa (analyses 2). 

Moreover, convergence is not  significant if suspensory species are excluded from analysis 

(analyses 3). Convergence is significant also when alternative schemes of putatively convergent 

Figure 6. 5. Humeral and femoral phenotypic variability, considering the subset of 

variables investigated to seek convergence. A and C show PC1pheno-PC2pheno phenotypic 

morphospaces extracted from Pheno.sighum and Pheno.sigfem, respectively. Taxa are 

bounded with colored convex hulls according to their locomotor ecology. Slow arboreal 

mammals are additionally highlighted with silhouettes and delimited collectively through 

a white convex hull with a dotted black outline. B and D show loading directions for 

humeral and femoral variables, respectively.  
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taxa are used to exclude the unwanted effect of intra-taxon similarity of ‘Lorisidae’ (as detailed 

in Methods) (analyses 4-7).  

Hence, we can exclude the possibility that the detected signal derives from this factor. 

Moreover, C1-C3 also show that for both Pheno.sighum and Pheno.sigfem the strongest convergence 

signal is found in analyses 5, i.e. among suspensory slow arboreal mammals excluding 

(Arctocebus+Perodicticus) (Table 6. 4). In other words, the main contribution of ‘Lorisidae’ to 

the general convergence patterns with other slow arboreal mammals comes from Nycticebus 

and/or Loris. This is consistent with qualitatitve univariate and multivariate observations. Results 

from analyses 3 also suggest that vertically climbing slow arboreal mammals do not significantly 

converge with each other (i.e., they do not represent a significantly convergent group within our 

sample).  

 

6. 5. Discussion 
 

In this work, we aimed to understand wheter and which humeral and femoral traits of slow 

arboreal mammals converged as a result of common ecological constraints. This question was 

motivated by recent evidence that, by highlighting functional traits shared by some slow arboreal 

mammals, suggested the presence of other morphological convergences in this peculiar group of 

mammals (Alfieri et al. 2021a, b). These potential patterns were possibly underestimated by 

previous studies since, prior to the present work, only Alfieri et al. (2021a) addressed all the slow 

arboreal mammals to qualitatively assess the convergence of CC. We here expanded the 

methodological framework of Alfieri et al. (2021a) and tested our main expectation not only 

against a null hypothesis (i.e., humeral and femoral traits did not convergently evolve in slow 

arboreal mammals) but also accounting for a possible alternative explanation: i.e. the evolution 

of common traits in slow arboreal mammals is due to their arboreal condition more than to their 

slow habits. Additionally, we also wanted to assess if a signal of morphological convergence is 
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present within slow arboreal mammals, driven by different locomotor/postural behaviors, i.e. 

suspensory and vertical climbing. 

6. 5. 1. Information arising from different anatomical levels 
 

Within the nine humeral and 12 femoral traits investigated due to their correlation with the 

slow arboreal lifestyle (Table 6. 3), almost all variables pertain to bone diaphyseal and epiphyseal 

internal structure (see below). This agrees with the results of Alfieri et al. (2021b) for slow 

arboreal xenarthrans. The highly informative nature of bone internal structure is also supported 

by results of multivariate PGLSs and MANCOVAs on humeral/femoral trabecular traits and CSP, 

grouped by anatomical level. All levels yielded significant relationship with lifestyle, with the 

only exception of femoral CSPAver (Table 6.2) for which single variables not significantly setting 

apart slow arboreal mammals (i.e. Imax, Imin and CSS) were particularly uniform and not 

distinguishing species according to the slow arboreal ecology.   

The relatively weaker ecomorphological information arising from external shape 

substantiates the hypothesized lower functional adaptation and evolvability of gross anatomy, 

potentially explained by higher constraints, both phylogenetic (i.e. phylogenetic intertia) and 

anatomical (i.e. interdependence with other elements in articulation) (Ruff and Runestad 1992; 

Lieberman et al. 2001; Currey 2002; Kivell 2016). This pattern is evident especially for the 

humerus, which yielded significant relationship with slow arboreal ecology only through PC4. 

We did not further study this PC for convergence since it mostly correlated with the unique distal 

epiphyseal morphology of Cy. didactylus (already highlighted by Alfieri et al. 2021b). The 

anteroposteriorly extended trochlea and the proximodistally elongated capitulum of the silky 

anteater (Fig. S3) is likely indicative of a highly stable elbow associated with directional and 

stereotyped loadings, e.g. those deriving from digging (as discussed by Alfieri et al. 2021b). Apart 

from these peculiar features in the distal epiphysis, the humerus of Cy. didactylus is entirely 

distinct from that of slow arboreal mammals (Fig. S4), rather resembling the humerus of digging 
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species, i.e. armadillos and wombats. This morphotype is characterized by well developed 

processes, that provide strong lever arms and wide attachments area for muscles that retract the 

forelimb (Rietveld et al. 1988; Polly 2007), fundamental for strenuous activies as digging 

(Hildebrand 1985; Kley and Kearney 2007). This behavior is performed by Cy. didactylus (i.e. 

hook-and-pull arboreal digging; Montgomery 1983b; Hayssen et al. 2012) and, as already 

hypothesized by Alfieri et al. (2021b), it may have driven the humeral shape of the silky anteater. 

Most of the humeral shape variability for the other slow arboreal species was not found as 

distinct from that of arboreal species. Their humeri show general adaptations to arboreality: they 

are slender and lightly-built, with smooth and poorly developed processes (e.g. shape of the 

proximal epiphysis increases the range of rotation, fundamental in arboreal habits; Rose 1989; 

Hamrick 1996a; Carter and Beaupré 2007; Nyakatura and Fischer 2010). Although we did not fit 

evolutionary models using humeral 3D GM PC1 and PC2 nor performed the corresponding 

convergence analyses, we propose that most features of the humeral external shape evolved 

according to the degree of arboreality. Arboreal species (low PC1, intermediate PC2) are 

discriminated from semi-arboreal (high PC1, low PC2) and terrestrial (high PC1, high PC2) ones 

(Fig. S4; but see Myrmecophaga tridactyla and Lemur catta; their locomotor ecologies are 

discussed below).  

As for the femoral external shape, most of the variability (represented by PC1) merely 

separates armadillos and extinct sloths from all the other taxa (i.e. extant pilosans, strepsirrhines 

and marsupials), hence again not setting apart slow arboreal mammals from other arboreal species 

(Fig. S5). As for the humerus, it seems that the digging species distinctive femoral shape (i.e. 

higher PC1) weights more than any subtler differences present among the other species. It 

corresponds to robust, heavily-built and short femora with pronounced processes (strictly 

associated with digging, Milne et al. 2012; Milne and O’Higgins 2012) of armadillos and possibly 

some extinct sloths. As for the latter, while the position of Prepotherium seems consistent with a 

previous locomotor inference (i.e. highly terrestrial with fossorial habits), the position of 
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Hapalops is conversely striking, since this extinct sloth has been reconstructed as more arboreal 

(potentially mirroring Tamandua, see below and Toledo 2016). A detailed functional and 

ecological inference of extinct sloths is beyond the aim of this work but future works focusing on 

this aspect, may account for our results. Interestingly, wombats resemble more arboreal species, 

despite their digging habits, perhaps corroborating the arboreal ancestry of Vombatiformes. Slow 

arboreal mammals are significantly set apart for a large and sub-spherical femoral head (PC2, 

discussed below), PC6 and PC7 (no clear anatomical traits associated).  

Showing that no detectable differences are present among arboreal species (except for traits 

corresponding to femoral PC2), we do not intend to state that finer ecologically-driven differences 

in humeral/femoral external anatomy do not exist among the mammal arboreal sub-categories 

studied herein. Indeed, they have been widely recognized in previous works (see Marchi et al. 

2016 and references therein). To some extent, they were detected by our data too (e.g., extreme 

position toward low humeral PC1 scores of some suspensory species, i.e. Bradypus, 

Palaeopropithecus ingens, some ‘Lorisidae’ versus extreme high scores of vertically climbing 

slow arboreal mammals, within the arboreal distribution but excluding Cy. didactylus; Fig. S4). 

However, these differences resulted as subsidiary relative to the widely diverse humeral/femoral 

shapes here analyzed and virtually no external morphological traits shared by all slow arboreal 

mammals were identified. This evidence is confirmed by the multivariate PGLS and MANCOVA 

on the first ten humeral 3D GM PC scores, yielding no significant relationship. The multivariate 

PGLS and MANCOVA on femoral 3D GM PC1-PC10 showed significant relationship with 

lifestyle. It is probably due to three PCs significantly setting apart slow arboreal mammals (i.e. 

PC2, PC6 and PC7) (Table 6.2), although we considered relevant only the information arising 

from PC2. 

Future dedicated works in a restricted humeral/femoral morphological context may address 

finer shape functional differences between suspensory and vertically climbing slow arboreal 

mammals.   
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6. 5. 2. General evolutionary patterns 
 

We found that most of the traits here studied to seek convergence are affected by a stronger 

ecological signal than the phylogenetic one. It may seem obvious, since they were selected as 

significantly setting apart slow arboreal mammals with PGLSs and ANCOVAs. However, this 

condition potentially also arises from extreme values for single taxa (e.g. humeral PC4), which 

led us to exclude variables from convergence analyses, although significant for PGLSs and 

ANCOVAs. A more robust evidence of relatively low influence of phylogenetic inertia was 

provided by evolutionary models fitting: for a large portion of traits the best supported models 

are multi-optima OU (Table 6. 3). Moreover, it is evident that the ancestral traits condition only 

weakly influenced the relatively fast evolution toward optima (i.e. t1/2 for the multi-OU models 

found as best supported are all clearly lower than branch lenghts range and average values, Table 

S6) (Cooper et al. 2016). The general indication of strong ecological effect on the studied traits is 

associated with no single best supported model recovered for most of the traits (Table 6. 3), i.e. 

they potentially involve different and/or no patterns of convergence in slow arboreal mammals. 

It may suggest that the slow arboreal mammal bone anatomy is to some extent resulting from 

mosaic evolution (Spear and Williams 2020).  

We identified a suite of features that potentially converged in slow arboreal mammals, with 

remarkable strong convergence in suspensory species, especially in three-toed ‘tree sloths’ 

Bradypus and the two genera of Asian ‘Lorisidae’, i.e. the slow lorises Nycticebus and the slender 

lorises Loris. Consistently with the complex and multifactorial aspects driving morphological 

evolution, these trends are either fitting our a priori hypotheses (i.e. traits shared by arboreal 

mammals) or represent unexpected patterns (i.e. traits shared by slow arboreal mammals and 

extinct and/or extant pilosans). In dedicated sections below we discuss which are the possible 

functional implications for these traits.  

6. 5. 3. Traits shared by slow arboreal mammals: functional implications 
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6. 5. 3. 1. More compact diaphysis 

A highly compact diaphysis, both for the humerus and femur is found in slow arboreal 

mammals. Contrary to our expectations, we found that extant pilosans other than the slow arboreal 

ones follow the same trend. This pattern interests extinct sloths too. It potentially excludes ‘tree 

sloths’ from clades showing convergence, although one should note that the sample of extinct 

folivorans here studied only represents a minor portion of the extinct taxonomically and 

ecologically wide sloth diversity (e.g. McKenna and Bell 1997; Pujos et al. 2007, 2017; Gaudin 

and McDonald 2008). It seems that higher humeral and femoral global compactness has a strong 

phylogenetic signal mostly in pilosans (potentially in xenarthrans, since high global compactness 

partially concerns armadillos too) but also that ‘Lorisidae’, koala (but see below), 

palaeopropithecids and Megaladapis tend to converge to this condition. The higher compactness 

in the forelimbs and hindlimbs of extinct and extant pilosans has been already detected and it 

distinguishes them from the average mammalian condition (Straehl et al. 2013; Amson et al. 

2014). This trait has been associated with aquatic habits among tetrapods (Amson 2021; e.g. 

archaeocetes, Madar 1998, marine iguanas; Hugi and Sánchez-Villagra 2012), since it provides 

hydrostatic buoyancy and body trim control (Kolb et al. 2015). Moreover, high global 

compactness seems to be a trait of graviportal taxa (e.g. non-avian dinosaurs, elephants), 

improving resistance to gravity (Houssaye et al. 2016). High bone compactness in pilosans has 

been proposed as a pre-adaptation (i.e. exaptation) that would have triggered/favoured the 

acquisition of an aquatic ecology for extinct sloths (Thalassocnus, which subsequently acquired 

bone mass increase; Amson et al. 2014). However, the reasons for fairly high compactness in 

pilosans as a whole are unknown.  

One of the traits here defining slow arboreal mammals is a particularly low metabolic rate 

(Alfieri et al. 2021a, b). We can tentatively propose that this feature is involved to explain the 

more compact diaphysis of pilosans (if not all xenarthrans) collectively and other slow arboreal 

mammals. Indeed, xenarthrans as a whole are characterized by low metabolic rates compared to 
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other eutherians (McNab 1986; Mitchell 2016), apart from the extremely low values for which 

‘tree sloths’ stand out within the group (Vendl et al. 2016; Pauli et al. 2016). Mitchell (2016) 

suggested that low metabolism causes a slow bone resorption in the medullary region of 

xenarthrans, resulting in remnants of old degraded bone and, consequently, in higher global 

compactness. This pattern could also affect other slow arboreal mammals due to their 

hypometabolic condition. In this regard, it is remarkable that the common wombat (V. ursinus) 

also shows a quite high global compactness, i.e. toward intermediate values of the entire range of 

variablity in the humerus and even higher than the koala in the femur (Figs. S7, S8, S16, S17). 

This evidence would partially question the convergence pattern of the koala to other slow arboreal 

mammals for femural global compactness but also seems to provide support to the metabolic 

general hypothesis here proposed. Indeed, wombats are known for their extreme energy 

conservation related to burrowing and for their low metabolic rate (Barboza 1993). On the other 

hand, the southern hairy-nosed wombat L. latifrons shows a quite low global compactness (Figs. 

S7, S8, S16, S17) and it is striking especially considering that L. latifrons is even more 

hypometabolic than V. ursinus (Tyndale-Biscoe 2005). With only three species of marsupials in 

this study, it is not possible to ascribe an average condition for the clade. Marsupials reportedly 

have a lower average metabolic rate compared to eutherians (Tyndale-Biscoe 2005). If high global 

compactness is the most frequent condition in marsupials and/or diprotodonts, similarly to what 

is proposed for ‘tree sloths’, one may hypothesize that high global compactness characterize not 

only the koala but all marsupials, due to general hypometabolism, and that L. latifrons represents 

an exception. Future macroevolutionary studies dedicated to global compactness in marsupials 

may clarify this puzzling pattern.  

6. 5. 3. 2. Lower degree of epiphyseal trabecular anisotropy 

Low degree of anisotropy, DA, (i.e. more isotropic, low degree of preferential alignment 

among trabeculae) characterizes slow arboreal mammals for both epiphyses of both the humerus 

and femur. Together with global compactness (see above), it is the only trait in this work that 
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showed such intra/interbone consistency. Since trabeculae’s alignment tends to respond to the 

main stress directions (Lanyon 1974; Hayes and Snyder 1981), one expects highly variable 

mechanical environments to exert directionally heterogeneous forces, resulting in trabeculae with 

a weak preferential alignment, while loads mainly occurring along one/few directions that should 

stereotypically stimulate trabecular bone, are expectedly associated with a more anisotropic 

trabecular architecture (MacLatchy and Müller 2002; Ryan and Ketcham 2002a; Scherf 2007; 

Scherf et al. 2013; Amson et al. 2017; Georgiou et al. 2018). Climbing is one of the locomotor 

habits involving more directional variability of loadings acting on the humerus and femur, since 

limbs are frequently abducted while navigating the highly irregular arboreal substrate (Fleagle 

1976; Rafferty 1998). The extensive mobility of the shoulder, hip, elbow and knee in climbing 

species (McArdle 1981; Dagosto 1983; Tardieu 1983; Mendel 1985a; Mendel 1985b; Anemone 

1990; White 1993; Pujos et al. 2007; Nyakatura and Fischer 2010) is unparalleled in the sample 

studied in this work. Hence, our results corroborate low DA as a functional trait in slow arboreal 

mammals since they are primarily climbers. This feature is shared by slow arboreal mammals 

following different patterns, depending on the joint.  

Low DA in the humeral head and in the femoral lateral condyle are generally found in extant 

pilosans, and also in the extinct sloth Hapalops, in the lateral condyle (Figs. S10, S23). These 

outcomes likely explain why Alfieri et al. (2021b), analysing only xenarthrans, did not find 

significant discrimination of slow arboreal species in these two joints (Alfieri et al. 2021b). Low 

DA in humeral head and femoral lateral condyle of non-slow arboreal anteaters is possibly 

associated to their ability to climb, recognized even in the highly terrestrial M. tridactyla (Young 

et al. 2003; Amson et al. 2017). As for low DA values in the lateral condyle of the extinct sloth 

Hapalops, it clearly contrasts with Prepotherium (Fig. S23). Hapalops has been recently inferred 

as an ecological analogue of Tamandua by Toledo (2016; see references therein for a detailed 

treatment and previous reconstructions). This taxon was hence assigned to the ‘semiarboreal’ 

category in this study (Table 6.1). Apart from the preferred substrate, specialized climbing 
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adaptations were likely present in Hapalops, as indicated by metrics related to a powerful leg, 

robust femoral diaphysis and a frequently abducted knee, adapted to resist high loads and to stay 

in a flexed position (e.g. Bargo et al. 2012; Toledo et al. 2013, 2015; Toledo 2016 and references 

therein). Hence, in this framework climbing is not the main locomotor pattern in Tamandua spp., 

M. tridactyla and Hapalops in terms of amount of time spent on trees, but the three genera 

are/were capable climbers. The presence of this habit in their behavioral repertoire is potentially 

related to low DA in their proximal humerus and femoral lateral condyle. Acknowledging this 

interpretation, and in agreement with previous results (Alfieri et al. 2021b), low DA in the 

humeral head and in the lateral condyle are not convergent traits in slow arboreal xenarthrans and 

more parsimoniously represent plesiomorphic traits of pilosans.   

The aforementioned hypothesis of low DA related to even unfrequent climbing raises again 

a debated issue involved in the functional interpretation of results from trabecular studies related 

to locomotor/ecological features. Namely, it is still not entirely clear if trabecular bone adapts 

more to unfrequent but highly intense loadings or weaker but frequent stimuli (Bertram and 

Swartz 1991; Kivell 2016 and references therein). This source of uncertainity involves important 

consequences in terms of expected patterns and locomotor/ecological categorization in functional 

morphological studies of trabecular architecture. Indeed, results as those here discussed for 

pilosans suggest that habits that are unfrequent but resulting in high peak loads, as climbing, has 

a primary role in shaping trabecular bone. However, a general rule cannot still be drawn. Possibly, 

rare/occasional behaviors reported or inferred for the studied species should be accounted for 

when interpreting results of the analyses they are included in, in the light of their locomotion. 

Partially related to this problem is the long-standing one of the broad ecological categorizations 

in functional morphological analyses, that may bring to lose crucial information on behavioral 

diversity (e.g. Kimura et al. 1983; Payne et al. 2006; Kivell 2016; Sukhdeo et al. 2020; Webb 

2021 and below concerning convex-hulls overlap on morphospaces).  
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Extremely low DA in the distal humerus is shown by suspensory (e.g. palaeopropithecids, P. 

potto, Arctocebus calabarensis) and vertically climbing (e.g. Megaladapis, Cy. didactylus) slow 

arboreal species but toward the lower range of this trait we also found other arboreal species (i.e. 

arboreal quadrupedal taxa, Eulemur albifrons, H. griseus; vertical clingers and leapers, E. 

elegantulus) (Fig. S13). Possibly, the variable mechanical characteristics of the arboreal substrate 

is associated with low DA and this pattern is extreme in some slow arboreal mammals due to 

locomotor factors (i.e. their highly mobile joints, see above). Vertical clinging and leaping is 

dominated by the strenous stereotyped activity of the hindlimbs, hence high DA for species 

performing this behavior is expected and often found in the femur (e.g. MacLatchy and Müller 

2002; Ryan and Ketcham 2002a, 2005; Ryan and van Rietbergen 2005). As for the distal humerus, 

in the femoral head and medial condyle there seems to be a general pattern related to arboreality, 

and slow arboreal mammals tend to feature a more extreme specialization. While relatively low 

DA in the femoral head and medial condyle may be reasonably justified in arboreal quadrupedal 

species too (e.g. see Hapalemur griseus in Fig. S21) following what was discussed above, it is 

difficult to understand the low DA found in the femoral head and medial condyle of leapers. 

Indeed, the femur of leaping primates is loaded in a very peculiar and highly directional way, that 

should lead to high DA (MacLatchy and Müller 2002; Ryan and Ketcham 2002b; Ryan and 

Ketcham 2005). Importantly, the lowest femoral head’s DA of leapers here studied is shown by 

the brown greater galago O. crassicaudatus (Fig. S21), reportedly showing less leaping and using 

a more generalized quadrupedal locomotion than other galagos (Nash et al. 1989). Accordingly, 

the femoral head’s DA of O. crassicaudatus has already been found to be intermediate between 

those of leapers and non-leapers (e.g. Ryan and Ketcham 2005), consistently with our findings. 

After O. crassicaudatus, the lowest femoral head’s DA of leapers pertains to the indri (I. indri) 

(Fig. S21), which also features the lower DA values in the medial condyle together with the other 

‘Indriidae’, i.e. sifakas, Propithecus, and the eastern woolly lemur, A. laniger. Although not being 

the preponderant habits, climbing and suspensory behaviours have been reported for ‘Indriidae’ 

(e.g. Shapiro 1995; Hamrick 1996b; Oliver 2016 and references), leading us to hypothesize an 
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association between these uncommon but distinctive locomotor behaviors and the DA values of 

these species. In previous studies, A. laniger has been already found as resembling suspensory 

species, to a certain extent (Ryan and Ketcham 2002a). Finally, it should be noted that also for 

DA in the distal humerus and in the proximal femur, M. tridactyla and T. mexicana show pretty 

low values (Figs. S13, S21). Although it is less evident compared to DA patterns discussed above, 

once again it suggests a potential association between non-frequent climbing and low DA.   

6. 5. 3. 3. Lower humeral second moments of area 

A general pattern apparently separating arboreal mammals is recognizable for humeral 

second moments of area around the major axis (Fig. 6.5A). Extremely low values are yielded by 

some suspensory slow arboreal mammals (especially Bradypus and ‘Lorisidae), while vertically 

climbing species have intermediate values (Fig. 6.4A, Fig. S9) (Table 6. 3). Second moments of 

area are directly proportional to the bending strengths to which a long bone is subject (Crowder 

and Stout 2011), hence arboreal species follow this pattern likely because they are not involved 

in strenuous humeral habits, in comparison to non-fully arboreal species here sampled, who are 

all digging (i.e. armadillos and wombats, anteaters and extinct sloths; Montgomery 1983b; 

Hildebrand 1985; Vizcaíno and Milne 2002; Tyndale-Biscoe 2005; Kley and Kearney 2007; 

Hayssen et al. 2012; Toledo 2016; Amson et al. 2017). Digging requires a robust humerus (Smith 

and Savage 1955; Coombs 1983; Hildebrand 1985; Taylor 1985; Kley and Kearney 2007) and, 

thus, it is probably associated with higher loadings (including bending) and with the digging 

species’ higher second moments of area. The vertically climbing slow arboreal Cy. didactylus 

practices a distinctive arboreal digging (Montgomery 1983b; Hayssen et al. 2012) and 

consistently feature high values. While this functional explanation may justify the relatively high 

second moments of area in the humerus of non-fully arboreal species, it is challenging to find a 

potential explanation for relatively low values in arboreal species. Indeed, instead of considering 

the humeral second moments of area of arboreal species as specialized we hypothesize that, 

conversely, the non-fully arboreal species here studied deviate from a generalized condition in 
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showing high values and, thus, representing the specialized condition due the aforementioned 

functional demands. The tendency of some suspensory slow arboreal mammals to yield extreme 

low values might be tentatively explained by the prevalent loading regime. In both suspensory 

and vertically climbing species it is prevalently tensile in the forelimb (Preuschoft 2002; 

Nyakatura and Andrada 2013; Granatosky and Schmitt 2017, 2019; Hanna et al. 2017). This 

condition is particularly extreme in suspensory climbers (Granatosky and Schmitt 2017; Mossor 

et al. 2022). If a higher axial loading component (i.e. tensile) involves lower bending loads (to 

which second moments of area are directly proportional) hence low values in suspensory species 

may be associated to this factor. However, without biomechanical and experimental evidence it 

merely represents a hypothesis and further studies are needed to confirm it.  

6. 5. 3. 4. Low bone volume fraction in the femoral head 

Together with DA, the relative amount of bone in the epiphysis, bone volume fraction or 

BV.TV, determines most of the mechanical characteristics of trabecular bone (e.g. Rice et al. 

1988; Turner et al. 1990; Ulrich et al. 1999). The two variables together explain up to 97% of the 

trabecular network strength (Goulet et al. 1994; Maquer et al. 2015). BV.TV is a 3D bone 

compactness measurement and has been related to the intensity of loads exterted on joints. When 

these loads are larger, they stimulate bone deposition, entailing higher BV/TV values (Kivell 

2016; Chirchir 2019 and references therein). Low femoral head’s BV.TV was here found as a 

distinctive trait of the slow arboreal ecology, mirroring Alfieri et al. 2021b. However, this trend 

also concerns some other arboreal species, as suggested by the presence of slow and non-slow 

arboreal species toward the lower range of values. The femoral head’s BV.TV of vertical clingers 

and leapers is higher, with the exception of O. crassicaudatus (Fig. 6.4B). The partial separation 

of arboreal quadrupedal+slow arboreal mammals from other species may be due to relatively low 

femoral loadings involved in the activities of the former, as suggested by low propulsive forces 

in arboreal climbers (Scherf 2007). Stresses acting on the femur of slow arboreal and arboreal 

quadrupedal taxa are supposed to be particularly low compared to those of taxa performing more 
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mechanically demanding behaviors as digging (i.e. in armadillos, wombats, some extinct sloths, 

Tyndale-Biscoe 2005; Milne and O’Higgins 2012; Milne et al. 2012; Toledo 2016), leaping (i.e. 

in galagids and 'Indriids', MacLatchy and Müller 2002; Ryan and Ketcham 2002, 2005, Scherf 

2007) and terrestrial locomotion (i.e., in the knuckle-walking in M. tridactyla, Orr 2005, in some 

extinct sloths; Toledo et al. 2015; Toledo 2016). The quite low femoral head’s BV.TV of O. 

crassicaudatus could reflect its less frequent leaping habits compared to other galagos (Nash et 

al. 1989, as we already found for DA still in the proximal femur, see above). The partial trend for 

slow arboreal mammals to have even lower BV.TV in the femoral head than arboreal 

quadrupedals (Fig. 6.4B) is possibly related to the poorly active and highly cautious lifestyle of 

the former, making them extreme regarding the low magnitude of experienced loads. 

Suspensory/climbing species were already hypothesized to show lower femoral BV.TV compared 

to quadrupedal taxa (Rafferty and Ruff 1994; Ryan and Walker 2010).  

The outcome regarding BV.TV also highlights that increased compactness only concerns the 

diaphysis in the femur of slow arboreal mammals. Contrary to the pattrern described by the 

femoral diaphyseal global compactness, for low femoral head’s BV.TV Bradypus, Choloepus, 

and Cy. didactylus do depart from other pilosans (both extant and extinct). We hypothesize that 

the femoral configuration made by high diaphyseal global compactness and low epiphyseal 

compactness (i.e. low BV.TV) may represent a way to accomodate both physiological constrains 

(i.e. low metabolic rate, possibly shared by all pilosans; see above) and the locomotor-related low 

magnitude of epiphyseal loads (exclusive of slow arboreal taxa).   

 

 

6. 5. 3. 5. Other trabecular parameters  

Together with humeral and femoral DA and femoral head’s BV.TV, four other trabecular 

traits are shared by slow arboreal mammals, i.e. higher Conn.D and lower Av.Br.Len in the 
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humeral head, lower Av.Br.Len in the humeral capitulum and lower femoral head’s BS.TV. Non-

slow arboreal anteaters, to some extent, also feature these characteristics. Av.Br.Len in the 

capitulum mainly shows a general signal related to arboreality too and the trend of low BS.TV in 

the femoral head is mirrored by some extinct sloths too (i.e. Hapalops and Prepotherium) (Figs. 

S11, S12, S14, S22). Contrasting with DA and BV.TV (see above), potential functional 

implications for Conn.D, Av.Br.Len and BS.TV are less clear. For these traits there is evidence 

supporting their relationship with ecology (e.g. Scherf et al. 2013; Ryan and Shaw 2015; Amson 

et al. 2017; Amson and Kilbourne 2019; Alfieri et al. 2021b).  

Scherf et al. (2013) expected a highly connected humeral trabecular network (i.e. high 

Conn.D), coupled with other architectural properties (e.g. low DA), to characterize climbing and 

suspensory primates (e.g. Pongo, Symphalangus, and Ateles) and has been argued to reflect the 

directionally variable medium loads associated with climbing (Scherf et al. 2013). High humeral 

Conn.Dprox found in slow arboreal mammals (this study) could hence represent another adaptation 

to the highly mobile shoulder joint and, to some extent, to occasional climbing in non-slow 

arboreal anteaters. However, the prediction of Scherf et al. 2013 was not confirned since they 

found relatively less connected trabeculae, consistently with other results (Scherf et al. 2013; 

Ryan and Shaw 2012; Kivell et al. 2018). Hence, our result, despite following an expected pattern 

in climbing and suspensory primates according to Scherf et al. 2013, seemingly contrasts their 

and other outcomes (see above) and the subsequently proposed idea that high Conn.D is found in 

joints subject to high loadings (Amson and Kilbourne, 2019, referring to higher Conn.D in the 

femoral head of fossorial sciuromorphs found by Mielke et al. 2018). Indeed, if higher Conn.D is 

associated with high loadings, higher humeral head’s Conn.D goes against our expectation of a 

trabecular network that is overall less massive, due to relatively low expected loadings deriving 

from cautios movements typical of these taxa (Alfieri et al. 2021b, Kivell 2016, Kivell et al. 2018 

and references, see also above). Fossorial species (not only armadillos, as already found by 

Amson et al. 2017 and Alfieri et al. 2021b, but also wombats) yield low Conn.D values (Fig. S11). 



 

143 
 

Understanding the meaning of Av.Br.Len is likely more challenging than Conn.D, since the 

former has been very rarely discussed from a functional perspective. As already found by Amson 

et al. 2017 and Alfieri et al. 2021b, the patterns of Av.Br.Len in the proximal and distal humerus 

are related to Conn.D. It is intuitive since Conn.D is directly proportional to the number of 

trabeculae (approximated by Conn, see Additional Methods) and keeping constant trabecular 

thickness and spacing (the latter not quantified here but highly co-varying with the former) more 

numerous trabeculae should necessarily be shorter (Amson et al. 2017). Only in the proximal 

humerus the two patterns (i.e. high ConnD and low Av.Br.Len) are associated, since Conn.D in 

the distal humerus did not significantly set apart slow arboreal mammals. However, through a 

qualitative assessment of Conn.D log-transformed and size-corrected values in the capitulum, it 

is possible to see that several slow arboreal mammals have higher values, although their 

differences with other taxa are not significant (but approached the threshold, p-value=0.07, Table 

6.2). The absence of experimental/comparative studies on the possible functional implications of 

Conn.D and Av.Br.Len in epiphyseal trabecular bone and on loadings acting on the joints of slow 

arboreal mammals, limits our possibility to understand the driving factor for these two traits. 

However, we add new evidence substantiating, after the results of Amson et al. 2017 and Alfieri 

et al. 2021b on xenarthrans, that high Conn.D and low Av.Br.Len characterize the humeral 

epiphyses of slow arboreal/climbing mammals. Further studies may focus on this pattern.  

Amson et al. (2017) recovered higher Conn.D and lower Av.Br.Len in the proximal humerus 

and lower Av.Br.Len in the capitulum of extant pilosans. Alfieri et al. 2021b found these patterns 

to significantly set apart slow arboreal xenarthrans. ‘Tree sloths’ extreme Conn.D and Av.Br.Len 

values in the proximal humerus likely caused the patterns in Alfieri et al. 2021b, but directly 

followed by anteaters (Fig. S11, S12). As for Av.Br.Len in the capitulum, the extreme low values 

of Bradypus and the less distinctive ones of Cy. didactylus (yet more than Choloepus) (Fig. S14) 

likely caused significant discrimination of slow arboreal xenarthrans in Alfieri et al. 2021b. These 

lines of evidence led us to hypothesize that, although low humeral Conn.D and Av.Br.Len seem 
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to be plesiomorphic pilosan traits, slow arboreal xenarthrans evolved extreme phenotypes 

concerning these two parameters.  

The low BS.TV in the femoral head (Fig. S22) yielded by slow arboreal mammals is likewise 

challenging to be explained. Indeed, similarly to Conn.D. and Av.Br.Len, despite a relationship 

of BS.TV with ecology is expected (as evidenced by previous results, e.g. Scherf et al. 2013; Ryan 

and Shaw 2015) functional implications are still to be fully clarified. Noticeably, in the femoral 

head we find both low BS.TV and low BV.TV. If other architectural properties, as thickness, are 

fixed, these two traits should be inversely related. Their co-variation toward low values in the 

femoral head of slow arboreal mammals raised the possibility that a pattern related to trabecular 

thickness setting apart (although not significantly) slow arboreal mammals, may exist. However, 

from a qualitative observation we did not find any trend. An alternative explaination may be that 

the average trabecular shape in the femoral head of slow arboreal mammals is more rod-like than 

plate-like (i.e. minimizing surface). Since we did not quantify this trabecular property, we can 

just suppose that it explains this peculiar pattern of BS.TV and BV.TV. Plate-like structures are 

reportedly more capable to withstand overall higher loads (Scherf 2008). Thus, if future studies 

will confirm the rod-like preponderant trabecular structure in the femoral head of slow arboreal 

mammals, it may be considered an additional adaptation to low loading regime related to cautious 

ecology. Since low femoral head’s BS.TV seems to characterize pilosans in general and has not 

been found as a convergent trait in slow arboreal xenarthrans (Alfieri et al. 2021b), we 

hypothesize that it is a plesiomorphy in sloths and anteaters.   

6. 5. 3. 6. Large and sub-spherical femoral head 

Besides internal trabecular parameters as DA, BV.TV and BS.TV (see above), also some 

features of the external shape of the femoral head are shared by slow arboreal mammals. They 

are the only traits pertaining to gross anatomy to follow this pattern (see discussion above). 

Indeed, a large and sub-spherical femoral head corresponds to low femoral 3D GM PC2 scores 

(Fig. S5). This trait has been already identified as an important element of a mobile hip joint 
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(Godfrey 1988) and a feature typical of slow climbers (Marchi et al. 2016). Likely, the trait has a 

strong phylogenetic signal and represents a plesiomorphy in Vombatiformes, since wombats share 

the same characteristics, as the koala. It is also possible for pilosans, since anteaters and sloths 

(both extant and extinct) are all featuring a large sub-spherical femoral head (Fig. S5, S14).  

6. 5. 4. Quantitative analyses of convergence 
 

Significant convergence recovered by the ‘convevol’ analyses 1 (i.e. all slow arboreal 

mammals as putatively convergent) confirm the patterns so far discussed univarietely. The 

heterogeneous functional aspects discussed above (i.e. physiological, ecological, biomechanical) 

acting at different levels and on several traits also interplayed with multiple factors (e.g. 

phylogenetic, ontogenetic) that shaped humeral and femoral morphology of slow arboreal 

mammals. This complexity is likely associated with the relatively low convergence strength and 

high disparity suggested by low C1 and high C2, respectively. The latter is also shown by the 

relatively wide region occupied by slow arboreal mammals on morphospaces with substantial 

overlap.  

6. 5. 5. High degree of overlap on morphospaces 
 

M. tridactyla, T. mexicana and L. catta, occupy a broader region of the morphospace, causing 

high overlap among ecological categories (especially for the humeral data) (Fig. 6.5). L. catta is 

the most terrestrial of extant lemurs (Hill 1953; Gebo 1987), spending substantial amount of time 

on the ground. We hence considered it semiarboreal (Table 6.1). Within most of the variability 

for which slow arboreal mammals are set apart, L. catta mirrors other fully arboreal lemurids in 

the humerus, while in the femur a weak signal of terrestrial ecology could be recognized (high 

PC2pheno scores relative to other lemurids). M. tridactyla is considered to be the most terrestrial 

anteater (e.g. Orr 2005) and, similarly to L. catta, the relative amount of time spent on the ground 

led us to classify it as ‘terrestrial’. Results for M. tridactyla for both humeral and femoral data put 

it closer to but distinct from the slow arboreal range. Based on these observations, one could claim 
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that the substrate use for L. catta and M. tridactyla does not preponderantly correlate with the 

traits under study. If the humeral and femoral anatomy of these two species respond mainly to 

ecology, these results suggest that in future studies on postcranial functional morphology and 

evolution, their ecological characterization should not only be based on their preferred/most used 

substrate, as we did.  

Unexpected results for T. mexicana have been already detected by Alfieri et al. (2021a, b) 

and, importantly, these two previous analyses and the present one sampled T. mexicana through 

the same single specimen (FMNH 123994). The surpisingly closer position of T. mexicana to 

slow arboreal mammals for both humeral and femoral data is difficult to explain, since no relevant 

ecological differences have been reported between the two Tamandua species. Similarly to Alfieri 

et al. (2021a, b) we momentarily refrain from providing a detailed interpretation of this species, 

pending the inclusion of additional specimens.  

6. 5. 6. Different contributions of suspensory and vertically climbing slow arboreal 
mammals 
 

An important outcome, quantitatively confirmed by ‘convevol’ analyses, is that suspensory 

slow arboreal mammals are the main contributors to the overall convergence pattern (i.e. stronger 

convergence signal in analyses 2, when only suspensory species are putatively convergent). This 

is corroborated by the absence of significant convergence in analyses 3 (i.e. with only vertically 

climbing species as putatively convergent). Although we highlighted that vertically climbing 

species likely converge to suspensory species for several traits, it occurs only for some species, 

and only for some traits. One can recognize that for only one trait Megaladapis, Cy. didactylus 

and P. cinereus share the same pattern (i.e. femoral head’s BV.TV, that also shows a single 

species exception for M. madagascariensis, Fig. 6.4B). Megaladapis and P. cinereus are those 

that contribute more frequently to the main pattern in slow arboreal mammals for the other traits, 

while more rarely it occurs for Cy. didactylus. More than the contrasting values compared to other 

slow arboreal mammals (despite it happens, e.g. humeral Imin50, IminAver) the low degree of 
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convergence for the silky anteater is driven by the unexpected pattern of other anteaters, close to 

slow arboreal mammals for many traits, as detailed above. Being Cy. didactylus rarely 

converging, the convergence in vertically climbing slow arboreal mammals is mainly driven by 

the other two species and for number of traits that is lower than that for which suspensory slow 

arboreal mammals converge.  

The suspensory lifestyle involves distinctive constraints, such a drastic shift of the center of 

mass’s position relative to the point of contact with the substrate (Stern and Oxnard 1973) and an 

inverted gravitative loading regime, which entails a fairly unique biomechanical environment 

(Ishida et al. 1990; Jouffroy and Petter 1990; Nyakatura and Fischer 2010; Nyakatura 2012; 

Nyakatura and Andrada 2013; Granatosky et al. 2016; Granatosky and Schmitt 2017; Mossor et 

al. 2022). Possibly, features like these make the suspensory lifestyle particularly specialized and 

the correspondent ecological niches substantially restricted, with potentially a single adaptive 

optimum outlined by functional requirements. These circumstances often involve a marginal role 

of phylogeny and strong ecomorphological convergence (Zelditch et al. 2017, i.e. also termed 

'complete convergence', Stayton 2006; Losos 2011). On the other hand, vertically climbing slow 

arboreal mammals are more diverse and their ecology is less specialized than the suspensory one. 

Cy. didactylus is a slow arboreal species characterized by vertical climbing but it practices 

arboreal digging (Montgomery 1983a; Hayssen et al. 2012) that may have large effects on 

morphology. The locomotor ecology of Megaladapis has been reconstructed as slow arboreal and 

mainly practicing vertical climbing (e.g. Godfrey 1988; Godfrey et al. 1995, 2016) but the 

unavoidable uncertainties involved in locomotor inference prevent to depict a detailed range of 

locomotor habits for the subfossil lemur. Hence, it is possible that Megaladapis also showed 

locomotor adaptations making it distinctive compared to other vertically climbing species, or to 

other lemurs, or perhaps even to primates (e.g. peculiar grasping ability inferred by its pincer-like 

highly robust and divergent hallux; Wunderlich et al. 1996; Hamrick et al. 2000). The slow 

arboreal locomotor style of the koala is also quite distinctive since P. cinereus is a robust animal, 
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that uses claws, hands and feet in apposition of both sides of the support and the peculiar ‘trunk-

hugging’ behavior (Smith and Ganzhorn 1996; Nowak 1999; Toon and Toon 2004; Tyndale-

Biscoe 2005). Moreover, some travels on the ground, although non frequent, were reported. 

Possibly, the ecological niche of slow arboreal vertically climbing taxa here defined is quite broad 

and not sufficiently distinctive compared to other taxa here analyzed in order to detect 

convergence. Their contribution to the overall pattern in slow arboreal mammals is probably due 

to the occasional convergence of single/few traits of single species (as detailed above).  

6. 5. 7. Extreme adaptations in Bradypus, Nycticebus and Loris 
 

Another important result arising from our work is that, within suspensory slow arboreal 

mammals, the most extreme humeral and femoral morphological adaptations apparently pertain 

to Bradypus and the two genera belonging to the Asian lineage of ‘Lorisidae’, Loris and 

Nycticebus (Figs. S7-S25, Fig. 6.5). This conclusion was clearly indicated by results of ‘convevol’ 

analyses 4-7 (as detailed in Methods and Results, Table 6. 4). Several adaptations of Bradypus, 

making it more specialized compared to the other ‘tree sloth’ Choloepus, have been already 

pointed out. Bradypus exclusively feeds on leaves (Montgomery 1983b; Chiarello 2008) 

compared to Choloepus that conversely consumes more diverse food (Miller 1935; Meritt 1985). 

Likely as a consequence of its diet, Bradypus is the most hypometabolic known extant mammal, 

moves less and shows a basal metabolic rate 31% lower than that of Choloepus (Pauli et al. 2016). 

The limb musculature of ‘tree sloths’ exhibits compelling correlation among architectural 

properties, myosin fiber type expression, metabolism and muscle activation modes during 

locomotor activities (Olson et al. 2018; Spainhower et al. 2018; Gorvet et al. 2020; Spainhower 

et al. 2021). This series of physiological adaptations are arguably more extreme for Bradypus 

(Spainhower et al. 2021). Bradypus, compared to Choloepus, shows an extreme mobility of the 

pectoral girdle due to the absence of muscle attachments for the cervical region of the neck and 

the cranial region of the head (Miller 1935; Nyakatura and Fischer 2010). Humeral and femoral 

proportions of Bradypus are closer to those of suspensory species, while Choloepus aligns more 
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with arboreal quadrupedal, vertical clinger and leaper taxa (Marchi et al. 2016). Our novel results 

concerning humeral and femoral internal structure in a wide mammal taxonomic framework, can 

likely be added to the list of extreme adaptations of Bradypus.   

To our knowledge, less comparative data are available for Nycticebus and Loris relative to 

other ‘Lorisidae’ (i.e. Perodicticus and Arctocebus). Nycticebus and Loris are sister taxa, 

members of the lineage of Asian ‘Lorisidae’ and have been defined as ‘extreme primates’, due to 

their highly specialized arboreal lifestyle with consequent extreme morphological adaptations 

(Nekaris 2014, also for a review of traits) or described as ‘more highly specialized than any other 

living strepsirrhine for the mode of life whose adoption led to the differentiation of the order 

Primates from the other placentals’ (Cartmill 1972). We encourage future behavioral, 

physiological, ecological and morphological studies to specifically focus on extreme adaptations 

pertaining to Asian ‘Lorisidae’, Nycticebus and/or Loris compared to other ‘Lorisidae’.  

6. 6. Conclusions 
 

With a multi-pronged morphological approach, we highlighted a set of humeral and femoral 

traits that are shared by some suspensory and/or vertically climbing slow arboreal mammals. 

These traits are mainly from the bone internal structure, especially the epiphyseal trabecular 

architecture. On a macroevolutionary scale the external shape more clearly reflects a general 

signal related to arboreality. Seeking convergence in the features common to slow arboreal 

mammals through an integrative approach encompassing inferential and exploratory, univariate 

and multivariate, process-based and pattern-based methods, we identified two main patterns 

through which traits converged in slow arboreal mammals. Some traits are shared by some slow 

arboreal mammals but also by extant anteaters and, less frequently, by extinct sloths: 1. a more 

compact diaphyis for both the humerus and femur, 2. less preferentially aligned trabeculae in the 

proximal humerus and the femoral lateral condyle, 3. more interconnected and shorter trabeculae 

in the proximal humerus, 4. shorter trabeculae in the distal humerus, 5. a higher trabecular surface 
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ratio in the proximal femur, 6. a large and subspherical femoral head. Due to their presence in 

other pilosans (extant and/or extinct), we hypothesize that many of these traits are plesiomorphic 

for anteaters and sloths and that they were convergently acquired by other slow arboreal therian 

mammals. Other traits apparently evolved in accordance with a general pattern reflecting 

arboreality, on which a stronger convergence signal in suspensory and/or vertically climbing slow 

arboreal mammals potentially stands out. These traits are: 1. less preferentially aligned trabeculae 

in the distal humerus, proximal femur and femoral medial condyle, 2. lower humeral second 

moments of area around the major axis, 3. a lower bone volume fraction in the proximal femur. 

For the traits pertaining to both the inferred evolutionary patterns we provided possible functional 

implications that involve different aspects of the slow arboreal ecology, i.e. low metabolic rate, 

cautious and poorly active lifestyle, high mobile joints related to extreme climbing behaviors and 

low bending loading regimes. Our study also highlighted that suspensory species (i.e. ‘tree sloths’, 

‘Lorisidae’ and the subfossil palaeopropithecids) are the only members of the slow arboreal group 

that are quantitatively found as convergent as a result of their highly distinctive ecology. 

Vertically climbing slow arboreal mammals (i.e. silky anteater, koala and the extinct lemur 

Megaladapis) contribute to the general pattern with the occasional convergence of single taxa for 

a limited number of traits. Future works may expand the sample of slow arboreal mammals 

including other famous instances of species adapted to this ecology, e.g. the giant panda 

Ailuropoda melanoleuca or the prehensile-tailed porcupines of the genus Coendou. Moreover, 

the integrative morphological and analytical toolkit here employed may be used to disentagle 

complex trait/anatomical level-dependent evolutionary patterns in other ecological 

specializations.  

 

Raw CT data are downloadable from the web repository MorphoSource 

(https://www.morphosource.org/) 

https://www.morphosource.org/
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with the exception of specimens collected at ZFMK, Bonn, and ZSM, Munich (Germany), 

which are stored at the Museum fur Naturkunde (Berlin, Germany) and made available upon 

reasonable request. 
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7. General discussion 
 

This thesis project had the main aim to identify convergent functional morphological traits 

in the humerus and the femur of seven lineages of slow arboreal mammals, i.e. Bradypus, 

Choloepus, Cy. didactylus, ‘Lorisidae’, palaeopropithecids, Megaladapis and P. cinereus. To 

identify such features, I investigated four anatomical levels of organization in the two bones, i.e. 

internal diaphyseal microstructure, diaphyseal anatomy, epiphyseal trabecular architecture and 

external shape. This work allowed to potentially highlight and describe novel instances of 

ecomorphological convergence, to better understand mechanisms at the base of this evolutionary 

process. Also, the methodological framework employed in the research allowed to answer general 

theoretical questions concerning the characteristics and factors at the base of the evolutionary 

patterns followed by different traits and/or anatomical levels of the studied skeletal elements.   

7. 1. Differently evolving anatomical levels and driving factors 
 

A major outcome of this thesis is the stronger ecomorphological convergence shown by 

internal structure compared to external shape in slow arboreal mammals. At the diaphyseal 

microstructural level, five slow arboreal lineages, i.e. Bradypus, Choloepus, Cy. didactylus, 

palaeopropithecids and Megaladapis, apparently converge to low cortical compactness (chapter 

4). Some convergence patterns were evidenced in the diaphyseal internal anatomy through CSP, 

in that some slow arboreal mammals share humeral/femoral higher global compactness and lower 

humeral second moments of inertia around the major axis. To some extent the latter possibly 

represents a general adaptation to arboreality, more than a specific trait of slow arboreal 

mammals, although it is not clear whether it represents a derivative/specialized condition and 

which ecological factors may be associated with it (see chapter 6). Humeral/femoral lower second 

moments of inertia around the minor axis, lower cross-sectional area and a more circular diaphysis 

in cross-section, that resulted as convergent traits only within xenarthrans, are likely general 
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adaptation to arboreality (chapter 5). Indeed, the sample analyzed to investigate ecomorphological 

convergence in slow arboreal xenarthrans, as detailed in chapter 5, does not include fully arboreal 

species with other ecological adaptations than slow arboreal ones, hence preventing to distinguish 

morphological adaptations of arboreal species from those specific of slow arboreal taxa. The 

anatomical level showing the strongest degree of convergence in some slow arboreal mammals, 

i.e. significant convergence for more traits, is the epiphyseal trabecular architecture. Some slow 

arboreal mammals potentially converged to a trabecular architecture implying bony struts that are 

less preferentially oriented in both the proximal and the distal humeral/femoral epiphyses, more 

interconnected and shorter in the humeral head, shorter in the humeral capitulum and an overall 

lower volume fraction and trabecular surface in femoral head (chapter 6). Thinner trabeculae in 

the humeral head potentially represent a generalized condition of arboreal species, since they were 

found as convergent in slow arboreal clades only analyzing xenarthrans (chapter 5). The stronger 

ecological signal in internal structure is also supported by multivariate phylogenetic generalized 

least squares regressions and multivariate ANCOVAs (chapter 6).  

Differently from the internal structure, external shape does not show major convergent traits 

in slow arboreal mammals, with the only possible exception of a large and sub-spherical femoral 

head, that is also likely affected, yet, by strong phylogenetic inertia (as discussed for marsupials 

and pilosans in chapter 6). The general humeral and femoral shape of slow arboreal mammals 

mainly reflects the arboreal condition, i.e. slender bones with poorly pronounced processes (as 

tubercles in the humerus or trochanters in the femur; chapters 5-6). For four of the seven lineages 

of slow arboreal mammals studied in this research (i.e. koala, ‘Lorisidae’, palaeopropithecids and 

Megaladapis), this specialized ecology was reconstructed as evolved from that of an arboreal, yet 

not slow, ancestor (see chapter 6). Hence, their general humeral/femoral shape, in this research 

not found as significantly different from the one of other arboreal species, suggests again a strong 

effect of phylogenetic inertia. For the xenarthrans Bradypus, Choloepus and Cy. didactylus, the 

evolution of slow arboreality was, instead, inferred from a non-fully arboreal ancestor (chapter 
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6). ‘Tree sloths’ likely converged to the slender and lightly-built humeral/femoral external shape. 

Indeed, they differ from the analyzed extinct sloths, that show a more robust general shape for 

both bones, and this pattern is also supported by quantitative measurements of convergence 

strength for external shape data (chapter 5). Conversely, in the humeral shape the silky anteater 

apparently both retained plesiomorphic traits and evolved unique features (chapters 5-6), while 

its femoral shape seems to be prevalently phylogenetically constrained, since also the other non-

fully arboreal anteaters, i.e. Tamandua spp. and Myrmecophaga tridactyla, exhibit the main 

design of a slender bone with non-pronounced processes. Apart from the general gross 

morphology, the silky anteater seems to have evolved some isolated femoral traits convergent to 

‘tree sloths’, i.e. smaller neck angle, anteroposteriorly flat distal epiphysis that is widened 

mediolaterally, approximately isometric condyles and shallow patellar groove (chapter 5). 

Summarizing, only ‘tree sloths’ show convergent patterns for humeral/femoral external shape, 

with Cy. didactylus possibly converging to them only for isolated femoral traits. The other slow 

arboreal mammals do not show any major convergence pattern in external shape possibly due to 

phylogenetic inertia, that also influences the only feature potentially converging on a wide 

mammalian scale, i.e. a large and rounded femoral head. 

Recent analyses, exclusively focusing on traits from one of the levels studied in this thesis, 

highlighted a complex scenario in which the evolution of tetrapod long bone morphology at 

various levels follows different patterns and is affected by several factors, e.g. phylogeny, 

ontogeny, ecology, body mass, metabolism (e.g. Mitchell 2016; Botton-Divet et al. 2016; Botton-

Divet et al. 2016; Kilbourne 2017; Scheidt et al. 2019; Wölfer and Nyakatura 2019; Plasse et al. 

2019; Amson and Kilbourne 2019; Kilbourne and Hutchinson 2019; Parsi-Pour and Kilbourne 

2020). The stronger convergence signal yielded by internal structure in this research seems in 

agreement with the hypothesized lower evolvability according to ecology of external shape, since 

it would be more phylogenetically and anatomically constrained (Ruff and Runestad 1992; 

Lieberman et al. 2001; Currey 2002; Kivell 2016). Although these differential evolutionary 
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responses of anatomical levels have been proposed, no previous study tested them quantitatively 

as I do in this research, collectively analyzing morphological traits from internal structure and 

external shape in the same study system and phylogenetic framework. To my knowledge, 

comparisons were only performed qualitatively, exploiting results of other studies to assess the 

potential presence of ecological signal in several external and internal morphological traits. For 

instance, Wölfer 2020, referring to Mielke et al. 2018; Scheidt et al. 2019 and Wölfer et al. 2019, 

has suggested some adaptations to different ecologies in external morphology, cross-sectional 

properties and trabecular architecture in the hindlimb of sciuromorph rodents, but not explicitly 

addressing differential evolutionary patterns. Also, Kilbourne and Hutchinson 2019, analyzing 

long bone CSP of mustelids, have discussed how the apparently poorly adaptive evolution of such 

traits compares to the one of external dimensions in the same clade, previously studied by 

Kilbourne (2017). The outcome of this evaluation strikingly contrasts with my findings, since 

external morphology arguably shows a higher adaptive ecological signal. However, by authors’ 

own admission, different sample sizes between the two studies (i.e. smaller in the analysis of 

internal structure) may explain these contrasting patterns (Kilbourne and Hutchinson 2019). It 

emphasizes the potential importance of the present contribution, in which traits from different 

anatomical levels were analyzed in the same sample and different convergence patterns were 

explicitly and quantitatively tested.   

This work represents a first contribution that directly addresses this previously understudied 

issue, i.e. how and which different evolutionary patterns may be followed by distinct anatomical 

levels of the same skeletal element. Dealing with convergent evolution, the evolutionary process 

addressed by this research, Spear and Williams (2020) have proposed that not all the traits of a 

given skeletal element under selective pressure for convergence should necessarily follow the 

same pattern. This concept of mosaic evolution of morphological traits should probably be 

extended across the different levels compounding the hierarchical anatomical organization of the 

skeleton, that may follow different convergence patterns (Watanabe 2018). Here I propose that 
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long bone external shape in mammals is less prone to convergence, compared to internal structure. 

Future studies on different taxonomic and ecological groups are wanted to substantiate this 

hypothesis.  

Focusing exclusively on internal structure, some slow arboreal mammals show a higher 

convergence signal in trabecular architecture compared to diaphyseal structure (chapter 6). This 

pattern seems to be reversed in the restricted taxonomic framework of xenarthrans where CSP 

apparently yield stronger convergence in slow arboreal taxa (chapter 5). However, as detailed 

above, it should be noted that some of these CSP were considered as potential adaptations to slow 

arboreality in the study detailed in chapter 5 but then better identified as more generally related 

to arboreality interpreting the results of the study in chapter 6. The epiphyses and the diaphysis 

of a long bone are expected to respond to different biomechanical regimes, since axial loadings 

are hypothesized to prevail in the epiphyses while bending/torsional ones in the diaphysis 

(Biewener et al. 1996; Carter and Beaupré 2000; Pontzer et al. 2006; Barak et al. 2011). A 

biomechanical aspect potentially shared by suspensory and vertically climbing slow arboreal 

mammals concerns the main loading regime acting on their forelimbs/hindlimbs, in that it is 

mainly tensile (Preuschoft 2002; Nyakatura and Andrada 2013; Granatosky and Schmitt 2017; 

Hanna et al. 2017; Granatosky and Schmitt 2019). Since the tensile loadings concerns the axial 

regime, it seems reasonable to justify the stronger ecomorphological convergence shown in 

epiphyseal features (more axially stimulated) by some slow arboreal mammals in a biomechanical 

framework. Furthermore, this outcome would be in agreement with the expected higher 

responsiveness to biomechanical loadings of trabecular bone compared to diaphyseal cortical 

bone, making the former potentially more functionally adapted to locomotor ecology (Kivell, 

2016 and references therein).  

Noticeably, as already discussed in chapter 5, expectations on evolutionary dynamics at 

different anatomical levels only based on dominant biomechanical loading regimes possibly 

represent an excessive simplification. Indeed, a detailed understanding of the factors 
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(biomechanical or not) that mainly affect trabecular and cortical bone functional adaptation has 

still not been reached. For instance, it is still not clear if trabecular bone responds more to 

contractile or substrate reaction forces (Judex and Carlson 2009), to high-magnitude or high-

frequency loadings, among others (Bertram and Swartz 1991; Kivell 2016). Also, while a clear 

relationship with locomotor loadings has been established for CSP (Jones et al. 1977; van der 

Meulen et al. 1993; Ruff et al. 1994; van der Meulen and Carter 1995; van der Meulen et al. 1996; 

Ruff et al. 2006), less straightforward and more complex models arose from in vivo analyses 

(Lanyon and Rubin 1985; Judex et al. 1997; Demes et al. 1998; Wallace et al. 2014). If the 

multiple factors behind the evolution of long bone morphological traits are also taken into account 

(see above), a simple and merely biomechanics-based interpretation of the different magnitudes 

of ecomorphological convergence at distinct anatomical levels should probably be tempered. The 

set of functional interpretations that I provided for the humeral/femoral traits showing 

convergence among some slow arboreal mammals possibly reflects this complexity. The lower 

degree of trabecular anisotropy, i.e. less preferentially aligned trabeculae, in all the 

humeral/femoral epiphyses of some slow arboreal mammals probably relates to the extremely 

multidirectional loadings resulting from climbing, both vertically and in a suspensory manner 

(chapters 5 and 6). Several features concerning compactness are potentially driven by the 

remarkable low metabolism involved in the slow arboreal lifestyle. Low mid-diaphyseal cortical 

compactness would be affected by this factor, in turn related to intense cortical bone remodeling 

and abnormal thyroid activity (chapter 4). Also, higher global compactness may be explained by 

low metabolism, possibly causing slow resorption in the medullary region and the presence of 

remaining old degraded bone that increases the global compactness (chapter 6). However, a single 

factor to explain compactness patterns is likely oversimplicistic. Indeed, biomechanical factors 

are possibly and additionally affecting mid-diaphyseal low cortical compactness. Namely, the 

predominant tensile loadings acting on forelimbs/hindlimbs of slow arboreal mammals would 

cause larger resorption cavities and/or higher structural compliance, with the latter resulting in 

less energy necessary to start targeted cortical remodeling and, ultimately, more frequent micro-
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cracks and lower cortical compactness (chapter 4). Moreover, the epiphyseal trabecular bone 

compactness, for which bone volume fraction represents a proxy and that is lower in the proximal 

femur of some slow arboreal mammals, is possibly explained in a biomechanical and locomotor 

framework. Indeed, the poorly active and highly cautious lifestyle of slow arboreal mammals 

would cause low magnitude of biomechanical stresses on the proximal femur, resulting in low 

bone volume fraction (chapters 5-6).  

7. 2. Contribution to understanding of convergent evolution 
 

This thesis provides novel evidence of various convergence patterns and represents an 

addition to the recent current of thought that suggests the central role of convergent evolution in 

vertebrate morphological diversification (e.g. Conway Morris 2003; Conway Morris 2009; Losos 

2011; Losos 2017). Moreover, by outlining variable convergence patterns at various levels and 

for several traits, the inherent complexity of this evolutionary process has been here highlighted 

again. In the first analysis I identified a previously unrecognized convergent and potentially 

functional trait in slow arboreal mammals, i.e. low cortical compactness. However, at a closer 

inspection it is evident that an extreme pattern is only showed by Bradypus and Choloepus, while 

Cy. didactylus, Megaladapis and palaeopropithecids only approach it, with moderately low 

cortical compactness (chapter 4), hence yielding variable degrees of ecomorphological 

convergence. Moreover, the same study also yielded unexpected outcomes. Lorisidae’ and the 

koala do not mirror other slow arboreal clades in cortical compactness (chapter 4). This result is 

striking especially for ‘Lorisidae’, since at other inner bone structure levels they are strongly 

convergent to other slow arboreal mammals, as ‘tree sloths’ (chapter 6). In the integrative analysis 

detailed in chapter 6, other finer and nuanced patterns of ecomorphological convergence arose. 

Indeed, Megaladapis and Cy. didactylus, that converge to some other slow arboreal mammals in 

having low cortical compactness (chapter 4), together with the koala show only isolated other 

bone structural traits shared with slow arboreal clades (chapter 6). It led me to propose that 

vertically climbing slow arboreal mammals (i.e. koala, Cy. didactylus and Megaladapis) likely 
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do not represent a strict ecological niche, since some ecological differences exist between the 

three taxa. In support of this, the quantitative analysis of convergence strength for vertically 

climbing slow arboreal mammals does not yield significance. The ecological category of 

suspensory slow arboreal mammals (‘tree sloths’, ‘Lorisidae’ and palaeopropithecids) is 

conversely proposed as a possibly restricted ecological niche and potentially representing a well-

defined adaptive optimum. Yet, still within this group it is possible to appreciate the more extreme 

convergence patterns between by ‘tree sloths’ and ‘Lorisidae’ and, on an even finer scale, that of 

Bradypus and Asian ‘Lorisidae’ (chapter 6).  

All of this mirrors the recent tendency to be, as the analytical and statistical tools advance, 

more and more able to detect increasingly detailed patterns of ecomorphological convergence 

and, accordingly, finer differences between groups previously considered simply convergent. As 

detailed in chapters 3 and 5 (see also for references), this trend is making the description of 

ecomorphological convergence patterns more thorough and is revealing previously unexpected 

scenarios. What has been gradually highlighted by these works is that a neat convergence pattern 

(i.e. ‘complete convergence’), explained by strong ecological constrains combined with strong 

functional ones, occurs in nature less frequently than expected and it may be even considered 

unlikely (Zelditch et al. 2017). In this work, for the first time I explicitly tested and provided 

evidence for a model of intermediate/nuanced (i.e. ‘incomplete’) convergence in slow arboreal 

xenarthrans (chapter 5), thus contributing to these lines of evidence.   
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8. General conclusions and outlooks 
 

Through a multipronged analysis of ecomorphological convergence, in this thesis project I 

uncovered potentially functional traits shared by some mammals adapted to the peculiar slow 

arboreal lifestyle. First, I identified low humeral and femoral cortical compactness as a distinctive 

trait of the two lineages of ‘tree sloths’ and, to some extent, of the silky anteater and two clades 

of extinct lemurs, i.e. Palaeopropithecus and Megaladapis. Previous hypotheses on the functional 

implications of this trait in ‘tree sloths’ probably stand also for the other slow arboreal mammals: 

i.e. low cortical compactness would be associated with low metabolism and/or biomechanical 

demands of climbing behaviours. Remarkable exceptions to the expected pattern (i.e. in 

‘Lorisidae’ and the koala) and different magnitudes of convergence (i.e. ‘tree sloths’ are more 

extreme in showing low cortical compactness) emphasized the complexity hidden behind 

convergence and the necessity to employ an integrative and nuanced approach to identify 

evolutionary process. I addressed these issues in the subsequent analysis, where I exploited the 

ecological characteristics shown by slow arboreal xenarthrans, i.e. ‘tree sloths’ and the silky 

anteater, to test a recently proposed pattern of intermediate/nuanced convergence, i.e. incomplete 

convergence. Introducing an integrative conceptual and methodological perspective, I collected 

data from humeral/femoral external shape, internal diaphyseal and epiphyseal structure and I 

identified a suite of traits shared by slow arboreal xenarthrans, functionally interpreting them. For 

these traits, slow arboreal xenarthrans quantitatively converge and are clearly distinct from other 

xenarthrans in phylomorphospaces. ‘Tree sloths’ show a higher degree of morphological 

similarity, as hypothesized due to their higher ecological resemblance, with the silky anteaters, 

instead, falling between ‘tree sloths’ and other anteaters. In other words, while ‘tree sloths’ 

completely converge, slow arboreal xenarthrans show incomplete convergence due to the distinct 

ecomorphology of the silky anteater. The absence of extant arboreal xenarthrans that are not 

adapted to slow habits, prevented to understand if and which traits are strictly associated with 

slow arboreality instead of generally mirroring the arboreal ecology. The third and last analysis 
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of the research project contributed to answer this question. The multipronged integrative 

approach, applied to identify humeral/femoral ecomorphological convergences in other slow 

arboreal mammals too, allowed to outline a suite of features shared by some suspensory and/or 

vertically climbing slow arboreal taxa. Two main evolutionary patterns are followed by groups 

of these traits: 1. similar values in ‘tree sloths’ and anteaters, mirrored by some other slow arboreal 

mammals, 2. similar conditions shared by arboreal mammals with a potential stronger 

convergence signal in some suspensory and/or vertically climbing taxa. As for cortical 

compactness, metabolic or biomechanical functional aspects related to the slow arboreal lifestyle 

potentially explain the convergence of these features. Only suspensory species, i.e. ‘tree sloths’, 

‘Lorisidae’ and palaeopropithecids, arose as a quantitatively and distinctively convergent group 

of slow arboreal mammals. The thesis project generally highlighted the stronger 

ecomorphological convergence yielded by internal structure (especially trabecular architecture) 

compared to external shape, agreeing with some theoretical expectations, yet never explicitly and 

quantitatively tested before. Finally, the entire research added to the lines of evidence that have 

contributed to the increasingly recognized importance of convergence in vertebrate 

morphological diversification and emphasized that the inherent complexity of convergent 

evolution should be addressed from several anatomical perspectives and accounting for 

previously underestimated detailed patterns.  

Future works may expand the methodological and theoretical approach employed in this 

research to other slow arboreal mammals, e.g. the giant panda (Ailuropoda melanoleuca) or the 

prehensile-tailed porcupines (Coendou), other distinctive ecological adaptations and/or other 

postcranial skeletal elements, e.g. vertebrae, radius/ulna, tibia/fibula. Moreover, exploiting recent 

advances in the methods employed in this thesis project may reveal additional traits/patterns. It 

concerns recent and powerful techniques of bone morphology digitization, e.g. synchrotron x-ray 

computed microtomography, allowing to reach largely lower resolutions (i.e. higher detail) and, 

hence, potentially improving the analysis of finer anatomical details (as microstructure) in a 
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crucial way. Furthermore, the analysis of the anatomical levels here studied may be improved 

exploiting recent technical developments, i.e. automated landmarking protocols for external shape 

(Porto et al. 2021 or https://toothandclaw.github.io/), maps of anatomical variation along the 

diaphysis for cross-sectional geometry variables ('morphomap' R package, Profico et al. 2021), 

trabecular analysis studying whole epiphyses instead of subsamples of bone and computing novel 

descriptors of the trabecular architecture (‘indianaBones’ R package, to which development I 

collaborated, Veneziano et al. 2021). Applying these new techniques in future works may allow 

to accumulate increasingly large datasets and to consider the phenotype as a whole (i.e. 

‘phenome’), including as many traits/levels of integration as possible, to understand complex and 

multidimensional relationships between them and to leverage on new analytical frontiers, as 

machine learning (Lürig et al. 2021). Finally, together with ecological aspects, future studies may 

address additional factors that potentially affect morphological diversification, as ontogeny. This 

aspect has a primary role in shaping skeletal elements during evolutionary history, i.e. 

transformations of ontogenetic patterns are considered the main way through which new 

morphologies arose (Gould 1977). The inclusion of the ontogenetic dimension in future 

macroevolutionary studies of phenotypic variation would be crucial especially for bone internal 

structure, the level showing stronger convergence signal in this research. Indeed, this level is 

known to be affected by both genetic signal and locomotor loadings acting during life (Currey 

2002), but the relative contributions of these two sources of variability have not yet clearly 

separated. Accordingly, it is still not clear the extent to which bone structure is affected by taxon-

specific ontogenetic changes. Performing future studies with samples that include both adult and 

growing individuals of the same taxa may be pivotal to understand if fundamental structural 

aspects are already present during early life stages (ideally prior to any distinctive locomotor 

activity) or if they develop with adult established locomotor habits. First results in this direction 

suggest that the establishment of locomotor behaviours during ontogenetic stages is necessary to 

develop adult internal structure, but they are restricted to isolated taxonomic contexts (e.g. the 

https://toothandclaw.github.io/
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Japanese macaques, Macaca fuscata, Saers et al. 2022). This approach may be crucially extended 

to other vertebrates.  
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9. Appendix 
9. 1. Supplementary information for chapter 4 

 

AppendixS1: 

- Additional methods: potential cortical compactness (CC) biases deriving from CT spatial 
resolution and adjustements to the phylogenetic tree in order to fit the analysed sample 

- Additional results: detailed results for Stochastic Character Mapping (SCM) and Phylogenetic 
Generalized Least Square (PGLS) regressions 

 

Figures S1-S5: 

Figure S1: Regions of interest (ROIs) selection criteria (aiming to limit subjectivity) are 
demonstrated 

Figure S2: Whole sample of humeral mid-shaft cross-sections with ROIs 

Figure S3: Whole sample of femoral mid-shaft cross-sections with ROIs 

Figure S4: Example of post-binarisation manual correction in order to remove pixels deriving 
from CT scanning noise from cortical vacuities 

Figure S5: Example of post-binarisation manual correction in order to remove pixels deriving 
from CT scanning noise around the periosteal region 

 

TableS1_humeri: Raw humeral CC and cortical area (CA) results including taxon (Tax), 
collection (Coll), specimen number (Sp Num), CT scan resolution (Res(mm)), specimens on 
which post-binarisation corrections were performed (PostBinarCorr = ‘Yes’), specimens on 
which the cortex-spongiosa transition was manually delimited (SpongManualSel = ‘Yes'), 
specimens on which bony processes at the mid-shaft level were excluded (BoneProc= ‘Yes’) 
and lifestyle (LifSt) 

TableS2_femora: Raw femoral CC and cortical area (CA) results including taxon (Tax), 
collection (Coll), specimen number (Sp Num), CT scan resolution (Res(mm)), specimens on 
which post-binarisation corrections were performed (PostBinarCorr = ‘Yes’), specimens on 
which the cortex-spongiosa transition was manually delimited (SpongManualSel = ‘Yes'), 
specimens on which bony processes at the mid-shaft level were excluded (BoneProc= ‘Yes’) 
and lifestyle (LifSt) 

 

[analysis code (R code used to perform the statistical analysis), time_tree (time calibrated tree 
used to phylogenetically inform the statistically analysis in NEXUS format) and 
tips_lifestyle_states (slow arboreal (1) or non slow arboreal (0) states of the phylogenetic tree 
tips) can be found at https://doi.org/10.6084/m9.figshare.12896249.v8] 

 

 

https://doi.org/10.6084/m9.figshare.12896249.v8
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9. 2. Supplementary information for chapter 5 

 

Additional Methods (Online Resource 6) 

Additional Results (Online Resource 9) 

Information on specimens (Online Resource 4 and Online Resource 5): information for all 

analyzed humeri (Online Resources 4) and femora (Online Resources 5). Due to the large amount 

of data, Online Resources 4 and 5 presented as follows represent simplified versions of the 

extended tables in excel format that are downloadable from 

https://doi.org/10.6084/m9.figshare.14988060.v7 and that additionally include raw results (CSP, 

trabecular parameters and PCs scores) for each specimen. Moreover, for visualization purposes 

each table is split and presented in two tables, i.e. the simplified version of Online Resource 4 is 

split in Online Resource 4A and 4B both including humeral data; the simplified version of Online 

Resource 5 is split in Online Resource 5A and 5B both including femoral data, including the 

following information 

- Online Resources 4A and 5A: taxon (indicating if only the distal or proximal epiphysis was analyzed), 

collection and catalogue number, CT scanning resolution, metric measurements taken on the proximal 

[(HeadPDLen(mm), HeadMLLen(mm), HeadAPLen(mm)] and distal [CapPDLen(mm), CapMLLen(mm), 

CapAPLen(mm) for the humeri; LatConPDLen(mm), LatConMLLen(mm), LatConAPLen(mm) 

MedConPDLen(mm), MedConMLLen(mm), MedConAPLen(mm) for the femora] epiphyses. 

- Online Resources 4B and 5B: taxon (indicating if only the distal or proximal epiphysis was analyzed), 

collection and catalogue number, whether the specimen was discarded from 3D GM analysis, DiscGM=1, 

https://doi.org/10.6084/m9.figshare.14988060.v7
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whether the specimen requested the process of correction for biased slices during the computation of CSP, 

SliRemCSG=1, whether the specimen was too filled with sediment or too damaged and the 50% level was 

not preserved, DiscCSG=1, whether extreme diaphyseal slices were biased, needing manual restoration to 

allow the data interpolation (as explained in the text), ExtSliRest=1, whether the specimen was too filled with 

sediment or too damaged but the 50% level was preserved and analyzed, Only50=1, whether the 50% level 

needed manual restoration to be analyzed, Rest50=1, DiscProxTrab and DiscDistTrab for the humerus, are 

=1 if the extracted ROIs of trabecular bone were discarded for the proximal and/or distal epiphyses, 

respectively. DiscProxTrab, DiscLatConTrab and DiscMedConTrab, for the femur, are =1 if the extracted 

ROIs of trabecular bone were discarded for the proximal epiphysis, lateral condyle and/or medial condyle, 

respectively. RestProxTrab and RestDistTrab for the humerus, are =1 if the extracted ROIs of trabecular bone 

from the proximal and/or distal epiphyses, respectively, needed restoration in order to be analyzed. 

RestProxTrab, RestLatConTrab and RestMedConTrab, for the femur, are =1 if the extracted ROIs of 

trabecular bone from the proximal epiphysis, lateral condyle and/or medial condyle, respectively, needed 

restoration in order to be analyzed. Diameters of the extracted trabecular bone ROIs (ROIproxDiam (mm) 

and ROIdistDiam (mm) for the humerus; ROIproxDiam (mm), ROILatConDiam (mm), ROIMedConDiam 

(mm); for the femur). Relative resolution for each trabecular bone (computed and interpreted as detailed in 

the text); ROIproxRelRes and ROIdistRelRes for the humerus; ROIproxRelRes, ROILatConRelRes and 

ROIMedConRelRes for the femur. Body mass proxy (BMproxy), computed as detailed in the text and 

Additional Methods.  

 

Additional data are downloadable at https://doi.org/10.6084/m9.figshare.14988060.v7: 

- Online Resource 1.R: code allowing to replicate all the steps of the statistical analysis. 

All the functions are applied, as example, on humeral data (starting from Online 

Resource 4.xls). The same steps can be applied to femoral data. The file also include the 

univariate version of convevol functions;  

- Online Resource 2.ijm: modified version of the macro from Amson, 2019 (details in the 

text), allowing to automatically compute non-directional cross-sectional properties with 

a slice-by-slice approach on thresholded, purified and oriented CT stacks; 

- Online Resource 3.ijm: Fiji macro allowing to extract a spherical Region of Interest 

(ROI) of trabecular bone from an articular joint, as detailed in the text and in the macro 

- Online Resource 7_humerus_TEMP.ply and Online Resource 8_femur_TEMP.ply: 

humeral and femoral templates which were subjected to inflation and decimation. 

Details and operations in which these models are involved are explained in the text;  

- Online Resource 10-20.xls: data from three repeated data extractions on a subset of 7 

humeri to assess repeatability (detailed in the text) 

- Online Resource 21.nex: time-calibrated phylogenetic tree used in this study 

https://doi.org/10.6084/m9.figshare.14988060.v7
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- Online Resource 22 and Online Resource 23: R workspaces to be loaded in order to 

analyze the arrays 'sorted'. These include landmark coordinates needed for the 

repeatability test on humeral (Online Resource 22) and femoral (Online Resource 23) 

external shape data 
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9. 3. Supplementary information for chapter 6 
 

Additional Methods 

Additional Results 

Information on specimens (Table S1 and Table S2): humeral (Table S1A, B) and femoral (Table 

S2A, B) data. Information included is the same of Online Resources 4 and 5 for the specimens 

analyzed in the study exposed in chapter 5.  
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Chapter 6: Additional Methods 

Collections visited to build the sampe 

The specimens come from ten mammal collections in Germany (Museum für Naturkunde, 

Berlin; Staatliches Museum für Naturkunde, Stuttgart; Zoologisches Forschungsmuseum 

Alexander Koenig, Bonn; Zoologische Staatssammlung, Munich) , Austria (Naturhistorisches 

Museum, Wien), France (Muséum national d’Histoire naturelle, Paris) and the USA (American 

Museum of Natural History, New York, NY; Field Museum of Natural History, Chicago, IL; Yale 

Peabody Museum of Natural History, New Haven, CT; and Division of Fossil Primates, Duke 

Lemur Center, Durham, NC). 

Specimen inclusion criteria  

We pooled right and left skeletally mature humeri and femora (i.e. with fully fused 

epiphyses) from non-pathological and non-captive individuals. A few individuals (Dasypus 

novemcinctus FMNH 39307, Indri indri ZMB Mam-84278, Nycticebus coucang ZMB Mam-

2718, Propithecus sp AMNH 170463) showed not complete fusion in some epiphyses 

(consequently not studied in their trabecular structure) but were included in the study since having 

the other epiphyses fully fused. Only for marsupials, adult stage was determined assessing the 

bone size, since not fully fused epiphyses are common in adult marsupials (Werning 2013a) 

Taxonomic assignments 

Extant taxa 

One humerus and one femur belonging to an individual not classified at the species level 

(Bradypus sp ZMB Mam 33806) from the sample of Alfieri et al. 2021b were not included in this 

work (the femur was only used to drive 3D GM data extraction but not further analysed, see 

below). Specimens not catalogued at the species level often prevent to completely inform 

dataframes with phylogenies and cause the exclusion from phylogenetical comparative analyses 

(unless the phylogeny is accordingly adjusted; see below). While the exclusion of these specimens 

of Bradypus has minor effects on the representation of the genus, following the same procedure 

for all the taxa would have resulted in widely decreased sample size for Galago, Varecia and 

Propithecus. To avoid underrepresenting these genera, we pooled all their specimens in Galago 

sp., Varecia sp. and Propithecus sp., respectively. This was possible since, for these three genera, 

specimens do not show wide variation in body mass proxy (Table S1 and S2) and, in this work, 

species of the same genus always belong to the same ecological/locomotor class (Fig. 1). Bones 
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classified as Lemur sp. (from ZMB Mam 83963 and ZMB Mam 83964), were assigned to Lemur 

catta, it being the only extant species within the genus.   

Extinct taxa 

We considered fossil specimens of extinct sloths at the genus taxonomic level (Table S1-S2). 

It is justified by the absence of relevant inferred size and ecological variation within the same 

genus and it is motivated by the difficulty to phylogenetically inform morphological data taken 

from species level-catalogued fossil xenarthran bones. Indeed, phylogenetic reconstructions of 

fossil sloths, both concerning evolutionary relationships and divergence times, generally only 

consider the genus level (e.g. Bargo et al. 2012; Varela et al. 2019; Delsuc et al. 2019). As for 

specimens of subfossil lemurs, instead, we were forced to classify them at the species level due 

to the wide intrageneric variation in bone size for some genera (Table S1-S2). We based 

taxonomic assignments on data from Godfrey et al. (1995; 1997) and Jungers et al. (2002). Body 

mass data inferred by Godfrey et al. (1995, 1997) were used by Jungers et al. (2002) to compute 

mass-adjusted humeral and femoral lengths for subfossil lemur species (Jungers et al. 2002). 

Using data from Godfrey et al. (1995, 1997) and Jungers et al. (2002) and the Jungers et al. 

(2002)’s formula of mass-adjusted lenghts, we extracted a humeral and femoral mean absolute 

length for each species of subfossil lemur (Table S3). Measured humeral and femoral lengths of 

complete bones from our sample were then compared to reference mean values, assigning each 

specimen to the species with the closest mean absolute length. Incomplete specimens (i.e. isolated 

epiphyses) were assigned to the species to which belongs the complete subfossil lemur specimen 

with the closest epiphyseal metric measurements (see below). One humerus of Palaeopropithecus 

(DPC 11861) is evidently shorter than the other humeri of the genus and its length is widely 

smaller than the reconstructed mean absolute lengths of all the species of Palaeopropithecus. We 

assigned this humerus to P. kelyus. This species was discovered later than Jungers et al. (2002)’s 

work (Gommery et al. 2009), hence we did not have comparative data of bone lengths. However, 

the smaller size compared to other two species of Palaeopropithecus (P. maximus and P. ingens) 

is one of the main characteristics of this recently discovered species (‘kelyus’ comes from ‘kely’, 

i.e. ‘small’ in Malagasy) (Gommery et al. 2009; Goodman et al. 2014). Moreover, the humerus 

of Palaeopropithecus DPC 11861 comes from Anjohibe (Northern Madagascar) and the species 

P. kelyus was originally discovered and defined based on specimens found in several sites in the 

North-West of Madagascar, including a basin at Anjohibe (Gommery et al. 2009). The epiphyseal 

metric measurements of the incomplete humerus (i.e. proximal epiphysis) of Palaeopropithecus 

DPC 17342 fall between those of P. kelyus and those of P. ingens. Again, we exploited 

palaeontological information to assign this specimen to a species. Palaeopropithecus DPC 17342 
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comes from Ankilitelo Cave (South-West of Madagascar), an area in which P. keylus has not been 

yet retrieved (although recent findings extended south the geographic distribution of P. kelyus, 

Burney et al. 2020, but they are not reaching the area of Ankilitelo Cave, to the best of our 

knowledge). Thus, we assigned Palaeopropithecus DPC 17342 to P. ingens. Specimens 

catalogued as Babakotia sp. were assigned to Babakotia radofilai, only known species for the 

genus.  

μCT scanning devices 

Humeri and femora were scanned through micro-focus computed tomography (μCT) 

(Phoenix | X-ray Nanotom, GE Sensing and Inspection Technologies GmbH; XYLON FF35-CT-

System, YXLON GmbH; Microtomograph RX EasyTom 150; Nikon XTH 225 ST; GE v|tome|x) 

 

 

Morphological data extraction 

3D GM 

Humeral and femoral external shapes were captured through 3D GM, employing the 

landmark sets of Alfieri et al. (2021b) (21 anatomical landmarks + 195 curve semi-landmarks to 

represent humeral epiphyses and 22 anatomical landmarks + 254 curve semi-landmarks to 

represent femoral epiphyses) and following their landmarking protocol in MorphoDig 1.5.4 

(Lebrun 2018). Damaged, deformed or incomplete bones were discarded (17 humeri and 16 

femora, Tables S1-S2). We also used semi-landmarks sliding on surfaces (Gunz et al. 2005) 

because of the known scarcity of anatomical landmarks on long bones (Botton-Divet et al. 2016). 

The humerus of Eucholoeops sp. FMNH P13280 and the femur of Bradypus sp. ZMB Mam-

33806 (with the latter only used at this stage and not in the following analyses, as mentioned 

above) were selected as templates for semi-landmarks sliding on surfaces (Bardua et al. 2019). 

Using Blender (Community 2018), each of the models was manually inflated in the diaphyseal 

region and, additionally, only the humeral template locally smoothed to delete surface micro-

cracks resulting from  preservation of fossil specimens (‘Inflate’, ‘Elastic Deform’ and ‘Scrape’ 

tools). Then, the number of mesh triangles of the two templates were decimated in Geomagic 

allowing to visualize triangles’ vertices at approximately similar distances between the two 

templates. The processing steps peformed in Blender and those in Geomagic served to optimize 

the semi-automated process of sliding and to drive the placing of surface semi-landmarks on the 

two templates, respectively. Surface semi-landmarks were placed on the surfaces of two templates 
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in MorphoDig. Semi-landmarks were not positioned in the olecranon fossa and in the region distal 

to the humeral head in posterior view (approximately until the neck level) on the humeral template 

and in the intercondylar fossa on the femoral template. These regions were excluded from 

landmarking because they are pronouncedly concave, a morphology that proved to produce 

uneven sliding with unwanted clustering of surface semi-landmarks. Finally, n=329 and n=533 

surface semi-landmarks evenly covered the humeral and femoral template, respectively. The two 

templates are downloadable from Supplementary Material. In R (R Core Team 2020), we 

projected surface semi-landmarks from the templates on the other specimens (‘placePatch’ 

function, inflate=10 for the humerus, inflate=25 for the femur; Morpho package, Schlager et al. 

2020) and we visually assessed the correct positioning on all the sample (‘checkLM’ function, 

Morpho package). We iteratively slid curves and surface semi-landmarks (‘slider3d’ function, 

settings as in Alfieri et al. 2021b). Then, we performed generalized Procrustes analysis and 

principal components analysis (PCA) (‘gpagen’ and ‘gm.prcomp’ functions, geomorph package; 

Adams et al. 2021) to analyze external humeral and femoral shape. The first ten Principal 

Components for both humerus and femur (with cumulative explained variance of 89% and 85%, 

respectively; Tables S4-S5) were used in the following analyses.  

CSP 

To quantify CSP and trabecular parameters, we imported the oriented stacks in Fiji 

(Schneider et al. 2012). The diaphysis is here defined as the region comprised between the 30% 

and 70% of the entire bone length from the proximal end, since it is the longest diaphyseal portion 

for which epiphyses are completely excluded for all specimens. Non-directional CSP were 

measured exploiting the slice-by-slice approach of Amson (2019), employing the modified Fiji 

macro version and the workflow used in Alfieri et al. (2021b). We computed global compactness 

(ResC, %), the second moments of area around the minor and the major axis (Imax and Imin, both 

having mm4 as unit), the bone cross-sectional area (CSA, mm2), and the cross-sectional shape 

(CSS, Imax/ Imin, no unit). Diaphyseal single slices or intervals for which CSP were biased (due 

to bone integrity issues and/or fossil preservation), were excluded and replaced in R with values 

estimated from neighbouring non-biased slices (in 22 humeri and 25 femora). In bones subject to 

this correction, if the biased slice occupied an extremity of the diaphysis (preventing neighbours-

based values reconstruction), it was manually restored in Fiji (in three humeri and four femora). 

Each CSP was averaged and extracted along the diaphysis (referred to as ParameterAver) and on 

the mid-diaphysis (50% bone length referred to as Parameter50). Only Parameter50 was extracted 

if the specimen showed dominant preservation issues along the diaphysis (in eight humeri and 

eight femora, with minor cracks at the 50% level manually repaired in five humeri and six 
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femora). If these pervasive preservation issues involved the 50% level too, the specimen was 

discarded (two humeri and three femora). The correction procedure and specimens involved are 

detailed in Alfieri et al. (2021b) and Tables S1-S2, respectively.  

Trabecular architecture 

Trabecular parameters were computed on two (for the humerus) and three (for the femur) 

spherical volumes of interest (VOIs), centered within the humeral head, capitulum, femoral head, 

lateral and medial condyle. Each VOI represents the largest sphere that samples only trabecular 

bone. VOI extraction was performed through the Fiji macro and protocol used by Alfieri et al. 

(2021b). Femoral head VOIs were subsequently halved only taking the lateral hemispherical VOI, 

due to the deep fovea capitis of Myrmecophaga and Tamandua which would have caused empty 

regions in the medial side of the spherical ROI, biasing the trabecular computation. The diameter 

range for all the VOIs is 1-27 mm (Tables S1-S2). VOIs showing damaged and/or dramatically 

biased trabecular structure (from seven humeral heads, 13 capitula, 13 femoral heads, 11 lateral 

condyles and 16 medial condyles, mostly from fossil specimens) and VOIs from unfused 

epiphyses of adult marsupials (six humeral heads, one capitulum, three femoral heads, one lateral 

condyle and one medial condyle) were discarded. Some other VOIs were only moderately filled 

with visually distinguishable non-bone material. Those specimens (eight humeral heads, six 

capitula, six femoral heads, four lateral condyle and one medial condyle) were manually ‘cleaned’ 

in Fiji following the procedure of Alfieri et al. (2021b). Tables S1-S2 report the discarded and 

‘cleaned’ specimens. In Fiji, we automatically thresholded and purified all the other VOIs and we 

extracted seven trabecular parameters through the respective BoneJ routines: degree of anisotropy 

(DA, no unit), trabecular thickness (Tb.Th., mm), connectivity (Conn., no unit, computed only to 

estimate the number of trabeculae, see below), connectivity density (Conn.D., i.e., Conn/Total 

Volume (TV), mm−3), bone volume to total volume (BV/TV, no unit), bone surface to total 

volume (BS/TV, mm−1) and average branch length (Av.Br.Len., mm; measured only after the 

skeletonization of the stack performed through the ‘Skeletonise 3D’ routine). Results for 

parameters that rely on the VOI total volume (i.e. Conn.D., BV/TV and BS/TV) were 

subsequently corrected considering a spherical volume, since BoneJ considers by default a cubic 

VOI. We refer to parameters from proximal epiphyses as Parameterprox, to those from distal 

humeri as Parameterdist and to those from lateral and medial condyles as Parameterlat.con and 

Parametermed.con, respectively. The relative resolution (Tb.Th/scan resolution; Sode et al. 2008) of 

all VOIs ranges from 3.72 to 19 (average relative resolution of 7.84) (Tables S1-S2), thus they 

can be considered reliable for trabecular analysis according to recommended values of Sode et al. 

2008 and Kivell et al. 2011. The humeral head VOI of Palaeopropithecus ingens DPC UA5474 
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(3.96) and the femoral head VOI of Prepotherium sp. YPM PU-15345 (3.72) have values slightly 

lower than those recommended but resolution and contrast were visually assessed and both VOIs 

validated. VOIs including less than 50 trabeculae (with Conn approximately representing the 

number of trabeculae) were discarded, following Mielke et al. (2018). Femoral Av.Br.Lenprox was 

not further analysed since showing wide fluctuations and already discarded by Alfieri et al. 

(2021b) after an assessment of repeatability of the entire data extraction protocol. 

Time-calibrated phylogeny 

In order to perform phylogenetic comparative analyses, we built a time-tree of the sampled 

taxa (Fig. 1). It is based on the Maximum Clade Credibility (MCC) DNA-only node-dated 

phylogeny of 4098 mammal species from the posterior distribution generated by Upham et al. 

(2019). The phylogeny of Upham et al. (2019) allows to avoid polytomies. In Mesquite (Maddison 

and Maddison 2019), we adapted Upham et al. (2019)’ s MCC time-tree to our dataset. First, we 

pruned all clades not studied in this analysis. Then, we adjusted the phylogeny in order to 

accomodate our taxonomic assignments (see above): i.e. Galago, Varecia and Propithecus 

species were collapsed in three tips, one for each genera. Finally, we added taxa not represented 

in the phylogeny, i.e. Santacrucian sloths genera (Hapalops, Eucholoeops, Nematherium, 

Analcitherium, Prepotherium), Dasypus septemcinctus, Tamandua mexicana, Mesopropithecus 

dolichobrachion, Babakotia radofilai, Palaeopropithecus maximus, Palaeopropithecus kelyus, 

Megaladapis madagascariensis. Extinct sloths phylogenetic positions and times of divergence 

were taken from the phylogeny used by Alfieri et al. (2021a) (that, in turn, included extinct sloths 

combining information from Bargo et al. 2012, Delsuc et al. 2019 and Varela et al. 2019). Dasypus 

septemcinctus and Tamandua mexicana were added to the time-tree based on their most recent 

phylogenetic reconstructions (Feijó et al. 2019; Casali et al. 2020). M. dolichobrachion, B. 

radofilai and P. maximus were included following Herrera and Dávalos (2016). It was not 

possible to transform Upham et al. (2019) MCC’s tree only concerning the phylogenetic position 

and divergence time of Palaeopropithecidae. Indeed, it would have resulted in inconsistency with 

Upham et al. (2019) about the relationships with ‘Indriidae’. Hence, Herrera and Dávalos (2016)’s 

data were used to constrain topology and divergence times for the whole 

(‘Indriidae’+Palaeopropithecidae) clade, involving the paraphyly of ‘Indriidae’ (Herrera and 

Dávalos 2016). Since not represented in both Upham et al. (2019) and in Herrera and Dávalos 

(2016), Palaeopropithecus kelyus was included in the phylogeny following data from Baab et al. 

(2014), to our knowledge the only work that reconstructed phylogenetic position and divergence 

time for P. kelyus. Concerning the species of Palaeopropithecus, Baab et al. (2014)’s phylogeny 

only included P. kelyus and P. ingens (but not P. maximus), with their divergence time being 6.25 
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Mya. The fact that this age is older than the P. ingens-P. maximus divergence time inferred by 

Herrera and Dávalos (2016) constrains the topology of the Palaeopropithecus species here studied 

to P. kelyus being the sister taxon of the clade (P. maximus + P. ingens). M. magadascariensis 

was added as sister taxon of M. edwarsi with the divergence time taken from Baab et al. (2014). 

Importantly, the phylogenetic position of Megaladapis according to Upham et al. (2019), thus 

that we relied on, mirrors what was recently found analysing the nuclear genome ancient DNA of 

M. edwarsi (Marciniak et al. 2021). It is also noteworthy that Upham et al. (2019)’s tree implies 

that ‘Lorisidae’ is paraphyletic (see also Yoder et al. 2001; Poux and Douzery 2004).  

Paleontological data to set internal nodes states for ancestral ecology reconstruction 

Based on analyses of oldest remains of the group (Bergqvist et al. 2004; Ciancio et al. 2014; 

Defler 2019) and genomic studies (Emerling and Springer 2015), an armadillo-like subterranean 

lifestyle was inferred for the most recent common ancestor (MRCA) of xenarthrans. Thus, their 

basal node was assigned to the ‘terrestrial’ category. A certain agreement is present on the 

ancestral locomotion of strepsirrhines that can be ascribed to the ‘vertical clinger and leaper’ 

locomotor ecology defined in this study (Gebo 2011; Boyer et al. 2015; 2017). Noticeably, it 

would involve that vertical clinging and leaping is a plesiomorphy in ‘Indriidae’ but it is an 

apomorphy in galagids (i.e. reversion from suspensory slow arboreality). In this regard, it is 

remarkable that several finer differences have been highlighted between the vertical clinging and 

leaping style of galagids and the one of ‘Indriidae’ (Gebo 2011). It potentially suggests that the 

two styles of vertical clinging and leaping could have arisen from two different evolutionary 

events. The locomotor ecology of eutherians’ MRCA was inferred as scansorial (O’Leary et al. 

2013) and following Chen and Wilson 2015’s definition of scansorial we can reasonably assign 

this ancestral node to the ‘semiarboreal’ category. As for the locomotor ecology of the MRCA of 

therians, a long-standing debate has addressed the issue of the arboreal vs. the terrestrial origin of 

therian mammals (e.g. Huxley 1880; Gregory 1910; Böker 1926; Versluys 1927; Böker and Pfaff 

1931; Starck 1979). Arboreal habits seem pretty common in the oldest remains of the group, 

despite the recognized issues to unambiguously assign small early mammaliaformes to distinct 

locomotor categories (Weaver and Grossnickle 2020 and references therein). Arboreality has been 

the most common locomotor habit inferred in the widely diverse communities of early mammals 

reconstructed by Chen et al. (2019). Moreover, Hughes et al. (2021) recently reconstructed 

arboreality as the widely more likely ancestral substrate preference in therians, through one of the 

two phylogenies they used (not through the other phylogeny for which, though, the state seems 

to be less clearly resolved; Hughes et al. 2021). Pending further evidence, we chose arboreality 

as the ancestral ecology of therians, based on the recent aforementioned results. In absence of 
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evidence suggesting possible adaptations to specialized arboreal locomotor habits as vertical 

clinging and leaping or slow arboreality, we assigned the generalized ‘arboreal quadrupedal’ 

category to the MRCA of Theria. There seems to be a general consensus on the arboreal ancestry 

for all the marsupial clades of Diprotodontia, i.e., kangaroos, possums, wombats and koalas 

(Bensley 1903; Troughton 1959; Aplin and Archer 1987; Horovitz and Sánchez-Villagra 2003). 

Modelling wombats as the plesiomorphic vombatiform and koalas as secondarily arboreal, the 

ancestral lifestyle of Vombatiformes has been traditionally reconstructed as terrestrial (Bensley 

1901; Serventy and Serventy 1975; Lee and Martin 1988; Grand and Barboza 2001; further details 

in Weisbecker and Archer 2008). However, it was pointed out that no fossil evidence supports 

this hypothesis and that extant wombats and the koala are not closely related within the group; 

i.e. most of the vombatiform diversity is extinct. From a parsimonious perspective and 

considering the inferred ancestral arboreality in diprotodonts, it would suggest more an arboreal 

ancestry for vombatiformes (Weisbecker and Archer 2008). Arboreal habits in phascolarctids (the 

clade of the koala, commonly considered the first vombatiform family to diverge) and hand 

anatomy adapted to arboreality in early diverging extinct vombatiforms, likewise suggest an 

ancestral arboreal state for the clade (Weisbecker and Archer 2008; Meredith et al. 2009). These 

aspects are far from being clarified, since the phylogenetic position of extinct clades in the tree of 

vombatiforms is not fully understood (Meredith et al. 2009) and for the divergence time between 

koalas and wombats there are no informative fossils (Black et al. 2014). In this analysis, we accept 

the most parsimonious reconstruction of Weisbecker and Archer (2008), assigning an arboreal 

ancestral state to vombatiforms. The highly derived and specialized features of the koala make it 

unique within diprotodonts (Weisbecker and Archer 2008) and the species represents the only 

living member of a 25-30 My old lineage (Upham et al. 2019) along which no fossil specimens 

showed any evidence of a primitive koala-like locomotion (Archer 1984; Black 1999; Long et al. 

2002;Weisbecker and Archer 2008). It suggests that it is highly unlikely that slow arboreal 

locomotion was the ancestral state in vombatiforms. The other specialized arboreal category used 

in our study (‘vertical clinging and leaping’) is typical of strepsirrhine primates. It brought to 

assign the generalized ‘arboreal quadrupedal’ category to vombatiforms’ MRCA. Only when 

reconstructing ancestral ecologies for two dataframes, i.e. femoral CSPAver and medial condyle 

trabecular parameters, it was necessary to additionally fix the ancestral lifestyle of Folivora. With 

ancestral state reconstruction in all the other dataframes this node state was always inferred as 

‘semiarboreal’ (mirroring one of the states proposed for the common ancestor of ‘tree sloths’, 

White 1993). However, for femoral CSPAver and medial condyle trabecular parameters, the 

estimated state for this node mirrored the state of extant sloths. It is clearly explained by the lower 

representation of extinct sloths in these two dataframes (only one genus, Hapalops, due to 
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preservation issues, see above) that made more likely an ancestral sloth-like ecology in folivorans 

with a derived semiarboreality in Hapalops. This reconstruction contrasts the widely accepted 

convergence of Bradypus and Choloepus (Gaudin 2004; Nyakatura 2012; Amson and Nyakatura 

2018; Delsuc et al. 2019; Presslee et al. 2019). Following what arose from reconstructions in all 

the other dataframes, this node was set to ‘semiarboreal’.   
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