
The morphology of the scapula and femur  
 

of sciuromorph rodents in light of 
 

scaling, lifestyle, homoplasy, and macroevolutionary modelling 
 
 
 

Dissertation 
 

zur Erlangung des akademischen Grades 
 

Doctor rerum naturalium 
 

(Dr. rer. nat.) 
 
 

eingereicht an der 
 

Lebenswissenschaftlichen Fakultät der Humboldt-Universität zu Berlin 
 
 

von 
 
 

M.Sc. Jan Wölfer 
 
 
 

Präsidentin der Humboldt-Universität zu Berlin: 
 

Prof. Dr.-Ing. Dr. Sabine Kunst 
 
 

Dekan der Lebenswissenschaftlichen Fakultät der Humboldt-Universität zu Berlin: 
 

Prof. Dr. Bernhard Grimm 
 

 

Gutachter 

1. Prof. Dr. John A. Nyakatura 

2. Prof. Dr. Johannes Müller 

3. PD Dr. Irina Ruf 

 

Tag der mündlichen Prüfung: 6. März 2020 

 



 



 
 

Eigenständigkeitserklärung 

Hiermit erkläre ich, dass ich die vorliegende Arbeit ohne die unzulässige Hilfe Dritter und ohne 

die Verwendung anderer als die angegeben Hilfsmittel angefertigt habe. Die aus anderen 

Quellen direkt oder indirekt übernommenen Daten und Konzepte sind unter Angabe der Quelle 

gekennzeichnet. Diese Arbeit wurde keiner anderen Prüfungsbehörde vorgelegt.  

 

Berlin, den 

 

 

 

Jan Wölfer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



 
 

Acknowledgements 

First and foremost, I want to sincerely thank Prof. Dr John A. Nyakatura for providing me with 

the opportunity to entertain this exciting study over the last five years. His patience, his 

permanent availability and his openness for discussion cannot be taken for granted and put me 

back into focus in times of indecisiveness. I am grateful for his supportive attitude towards the 

attendance of numerous conferences and workshops, which helped me connect with the 

scientific community. All of this profoundly shaped my scientific thinking and thus, the 

outcome of this thesis. 

I am grateful to Prof. Dr Gerhard Scholtz for taking over the chair of the committee. PD Dr 

Irina Ruf and Prof. Dr Johannes Müller are warmly thanked for agreeing on reviewing my 

dissertation. Prof. Dr Jörg Fröbisch agreed on completing the committee, which I very much 

appreciate. 

I want to thank all the curators and collection managers who gave me convenient access to 

their collections in the USA, France, and Germany: Anneke H. van Heteren, Violin Nicolas, 

Darrin P. Lunde, Nicole R. Edmison, Esther M. Langan, Neil Duncan, Eileen Westwig, Cody 

Thompson, Laura Abraczinskas, Lawrence Heaney, Frieder Mayer, Christiane Funk, Steffen 

Bock, Thomas M. Kaiser, Stefan Merker, Irina Ruf (again), Katrin Krohmann, Martin S. Fischer 

and Mathias Krüger. 

Cody Thompson took care of CT scan specimens in Ann Arbor during my absence. K. 

Jepsen and Ingrid Hilger provided CT scanners, Lauren M. Smith and I. Hilger supported the 

acquisition of CT scans. Detlef Willborn helped prepare collection specimens. Mark O’Brien 

gave me access to his Nikon camera. I deeply thank all of them for their kindness and support. 

Without them, my dataset would have been much less comprehensive. 

Various researches helped me by providing support regarding methods and R packages. I 

kindly thank Miriam L. Zelditch, Donald Swiderski, Stefan Schlager, Liam Revell, Michael 

Collyer, Thomas F. Hansen, and Julien Clavel. Miriam L. Zelditch is thanked additionally for 

providing the sciurid phylogeny; without it, this study would not have been the same. 

I am indebted to the cluster of excellence Bild Wissen Gestaltung. Ein Interdisziplinäres 

Labor (funded by the DFG). Without its financial support, I would not have been able to collect 

my data, including two exciting months in the USA. 

I am furthermore very grateful to my colleagues, who were open for critical discussions 

during each step of my Ph.D. thesis: Eli Amson, Léo Botton-Divet, Brandon Kilbourne, Adrian 

Scheidt, Maja Mielke, and Falk Mielke. Especially Eli Amson and Léo Botton-Divet have 

shared many hours with me discussing scientific issues over and over again. I thank the rest of 



vi 
 

the AG Morphologie und Formengeschichte and the AG Vergleichende Zoologie for the 

relaxed working atmosphere. Despite some stressful times (of course self-inflicted), work at the 

lab was always a joy. 

Finally, I want to thank my family for offering support for my endeavours throughout the 

years, assuring that I can always ask for help in case of need. 

 



 
 

 

Contents 

1 Summary .................................................................................................................... 1 

2 Zusammenfassung ..................................................................................................... 3 

3 Theoretical background ............................................................................................ 5 

3.1 Functional morphology in the context of evolution ........................................... 5 

3.2 Comparative approaches to the study of adaptation in functional morphology . 5 

3.2.1 Adaptation, constraints, and homoplasy – a brief survey of concepts until the 

1980s ................................................................................................................... 5 

3.2.2 The role of phylogenetic comparative methods for the study of adaptation since 

the 1980s ............................................................................................................. 7 

3.3 The vertebrate musculoskeletal apparatus ........................................................ 12 

3.3.1 Lever-arm systems ............................................................................................ 12 

3.3.2 Bone robustness ................................................................................................ 14 

3.4 How to characterize the environment? ............................................................. 15 

3.4.1 Extra-organismal environment: the role of ecology ......................................... 16 

3.4.2 Intra-organismal environment: the role of body mass ..................................... 16 

3.4.3 Interaction effects ............................................................................................. 17 

4 Study system: Sciuromorpha .................................................................................. 19 

4.1 Lifestyle and body mass diversity of extant sciuromorph species ................... 19 

4.2 The sciuromorph locomotor apparatus ............................................................. 21 

4.2.1 Previous work ................................................................................................... 21 

4.2.2 Proximal limb bones: scapula and femur ......................................................... 22 

4.2.3 Justification of analysed traits .......................................................................... 24 

4.3 Definition of environmental differences ........................................................... 27 

4.4 Aims and structure of the dissertation .............................................................. 28 

5 Effect of lifestyle and body mass on the morphology of the scapula .................. 31 

5.1 Scapular morphology ........................................................................................ 31 

5.2 Sampling bias on the estimation of the interaction effect................................. 68 

5.2.1 Introduction ...................................................................................................... 68 

5.2.2 Material and Methods ....................................................................................... 68 

5.2.3 Results and discussion ...................................................................................... 70 



viii 
 

6 Effect of lifestyle and body mass on the morphology of the femur ..................... 73 

6.1 Femoral morphology ........................................................................................ 73 

6.2 Influence of the image acquisition technique ................................................... 91 

6.2.1 Introduction ...................................................................................................... 91 

6.2.2 Material and Methods ....................................................................................... 91 

6.2.3 Results and discussion ...................................................................................... 91 

6.3 Sampling bias on the estimation of the interaction effect................................. 94 

6.3.1 Introduction ...................................................................................................... 94 

6.3.2 Material and Methods ....................................................................................... 94 

6.3.3 Results and discussion ...................................................................................... 94 

6.4 Trabecular architecture of the femoral head ..................................................... 97 

6.5 Femoral cross-sectional properties ................................................................. 109 

7 Trait evolution of sciuromorph limb bones ......................................................... 125 

8 Discussion ............................................................................................................... 141 

8.1 Methodological limitations ............................................................................. 141 

8.2 Evolution of the sciuromorph locomotor apparatus ....................................... 143 

8.2.1 Adaptations to an arboreal lifestyle ............................................................... 144 

8.2.2 Adaptations to a fossorial lifestyle ................................................................. 150 

8.2.3 Adaptations to an aerial lifestyle .................................................................... 155 

8.3 Conclusions and outlook................................................................................. 158 

9 Appendix ................................................................................................................. 161 

9.1 Supporting information for chapter 5.1 .......................................................... 161 

9.2 Supporting information for chapter 6.1 .......................................................... 187 

9.3 Supporting information for chapter 6.4 .......................................................... 207 

9.4 Supporting information for chapter 6.5 .......................................................... 219 

9.5 Supporting information for chapter 7 ............................................................. 227 

10 Literature ............................................................................................................... 259 

 



Summary   1   
 

 

1 Summary 

A major interest of evolutionary biology is to understand the factors that determined the 

phenotypic diversity of life in the past and present. The vertebrate locomotor apparatus is a 

well-suited system for this endeavour because one can formulate expectations on the 

relationship between environment and morphology with the help of biomechanical reasoning. 

Sciuromorpha is a monophyletic group of ca. 300 rodent species which display a broad 

diversity of lifestyles and body sizes. The species can be categorised into arboreal, fossorial, or 

aerial (i.e., gliding) lifestyles, which overlap in their ranges of body sizes, spanning three orders 

of magnitude. The fossorial lifestyle evolved most probably three times independently from an 

arboreal ancestor, whereas the aerial lifestyle is present in one extant clade. These 

characteristics render them a useful group for the study of the evolution of postcranial 

adaptations in relation to changing environments. 

The scapular and femoral morphology of more than half of the extant sciuromorph rodents 

was investigated in relation to lifestyle and body mass. Scapulae were photographed from 

different perspectives, whereas computed tomography (CT) and surface laser scans were 

acquired for the femora. Various functionally relevant traits were investigated, such as the 

effective length of the skeletal element, the properties of attaching muscles as inferred from the 

geometry of the bones, and the robustness of different features. The volumetric information of 

CT scans was used to analyse the transverse cross-sectional properties of the femur and the 

trabecular architecture of the femoral head. The shape of the bones was additionally 

investigated using 2D and 3D geometric morphometrics for the scapula and femur, respectively. 

Phylogenetic comparative methods were applied to account for the confounding factor of 

phylogenetic inertia in the assessment of trait adaptation. Model likelihood comparison based 

on Ornstein-Uhlenbeck and Brownian motion models of macroevolution was utilized to assess 

whether the independent acquisition of a fossorial lifestyle in the lineages Marmotini and Xerini 

is reflected in the evolution of homoplastic trait optima from an ancestral arboreal optimum. 

Phylogenetic inertia played a neglectable role in the trait evolution of both skeletal elements. 

Significant differences among lifestyles as well as allometric scaling adjustments depended on 

the trait under consideration. For some traits, scaling differed significantly among lifestyles, 

although this did not appear to be the rule. Trait optimum homoplasy was an unlikely scenario 

in Marmotini and Xerini. Instead, the scapular trait optima of arboreal species were more likely 

to be shared by Marmotini and Xerini, whereas only the femoral trait optima of Marmotini 

tended to depart from those of the arboreal species.  
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The results suggest a complex, but adaptive evolutionary history of these skeletal elements 

in sciuromorph rodents. The discoveries of this thesis were integrated into a review of the 

functional morphology of the sciuromorph locomotor apparatus to develop a 

macroevolutionary scenario. 
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2 Zusammenfassung 

Ein Hauptinteresse der Evolutionsbiologie ist es, die Faktoren zu verstehen, die zu der 

phänotypische Vielfalt des Lebens in der Vergangenheit und in der Gegenwart geführt haben. 

Der Bewegungsapparat der Wirbeltiere ist ein gut geeignetes System für solche 

Untersuchungen, da Erwartungen an das Verhältnis zwischen Umgebung und Morphologie auf 

Grundlage biomechanischer Überlegungen formuliert werden können. 

Sciuromorpha ist eine monophyletische Gruppe bestehend aus ca. 300 Nagetierarten und 

durch eine breite Vielfalt an Lebensweisen und Körpergrößen charakterisiert. Die Arten können 

der arborealen, fossoriellen oder aerialen (d. h. gleitende) Lebensweise zugeordnet werden. 

Diese überlappen sich in ihrem Körpergrößenspektrum, welches drei Größenordnungen 

umfasst. Die fossorielle Lebensweise hat sich höchstwahrscheinlich dreimal unabhängig von 

einem arborealen Vorfahren entwickelt, wohingegen die aeriale Lebensweise in einer rezenten 

Gruppe präsent ist. All dies zeigt, dass die sciuromorphen Nagetiere eine nützliche Gruppe für 

die Untersuchung der Evolution postkranieller Anpassungen in Bezug auf sich ändernde 

Umweltbedingungen darstellen. 

Hier wurde die Morphologie der Scapula und des Femurs von mehr als der Hälfte aller 

rezenten sciuromorphen Nagetiere hinsichtlich des Einflusses von Lebensweise und 

Körpermasse untersucht. Die Schulterblätter wurden aus verschiedenen Perspektiven 

fotografiert, während Computertomographie (CT) und Oberflächenlaserscans für die Femora 

aufgenommen wurden. Es wurden verschiedene funktionsrelevante Merkmale analysiert, wie 

die effektive Länge des jeweiligen Skelettelements, die Eigenschaften der Muskelansatzstellen 

soweit aus der Geometrie der Knochens ableitbar, als auch die Robustheit verschiedener 

Teilstrukturen. Die volumetrische Information von CT-Scans wurde verwendet, um die 

transversalen Querschnittseigenschaften des Femurs und die Trabekelarchitektur des 

Femurkopfes zu analysieren. Die Form der Scapula wurde zusätzlich mittels 2D-, die des 

Femurs mittels 3D-geometrischer Morphometrie untersucht. Phylogenetic comparative 

methods wurden verwendet, um den Störfaktor des phylogenetischen Erbes bei der Beurteilung 

der Merkmalsanpassung zu beurteilen. Mithilfe eines Wahrscheinlichkeitsvergleichs 

verschiedener Makroevolutionmodelle (wie Ornstein-Uhlenbeck- und Brownian motion 

Modellen) wurde untersucht, ob sich die unabhängige Aneignung einer fossoriellen 

Lebensweise in den Linien der Marmotini und Xerini auch in der Evolution homoplastischer 

Merkmalsoptima ausgehend von einem ursprünglich arborealen Optimum widerspiegelt. 
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Das phylogenetische Erbe spielte bei der Merkmalsevolution beider Skelettelemente eine 

vernachlässigbare Rolle. Das Auftreten signifikanter Merkmalsunterschiede zwischen den 

Lebensstilen sowie allometrischer Anpassungen aufgrund Veränderungen in der Körpergröße 

hing von dem jeweiligen Merkmal ab. Bei einigen Merkmalen unterschied sich die Rate der 

Änderung mit der Körpermasse signifikant zwischen den einzelnen Lebensweisen, was aber 

nicht die Regel zu sein scheint. Die Evolution homoplastischer Merkmalsoptima war bei 

Marmotini und Xerini sehr unwahrscheinlich. Stattdessen war es bei der Scapula am 

Häufigsten, dass sich Marmotini und Xerini ein Optimum mit den arborealen Arten teilen, 

während beim Femur nur die Merkmalsoptima der Marmotini tendenziell von denen der 

arborealen Arten abwichen.  

Diese Ergebnisse deuten auf eine komplexe, aber adaptive Evolutionsgeschichte dieser 

Skelettelemente bei den sciuromorphen Nagetieren hin. Die Erkenntnisse dieser Arbeit wurden 

in eine Literaturübersicht bezüglich der funktionellen Morphologie des sciuromorphen 

Bewegungsapparates integriert und gemeinsam diskutiert, um so ein makroevolutionäres 

Szenario zu entwickeln. 
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3 Theoretical background 

3.1 Functional morphology in the context of evolution 

A major interest of evolutionary biology is to understand the factors that determined the 

phenotypic diversity of life in the past and present. Since Darwin’s and Wallace’s seminal 

publications (Darwin and Wallace 1858; Darwin 1859), the concept of adaptation through 

natural selection has played a major role in this endeavour. Functional morphology (related 

terms are functional anatomy, evolutionary morphology, or ecological morphology) can be 

regarded as a subdiscipline of evolutionary biology that can be traced back to Cuvier (e.g., 

Cuvier 1805), but began to flourish during the second half of the 20th century (Wake 1982; 

Liem 1989). It seeks to understand how the morphology of species was either changed in the 

history of evolution to meet the demands of novel environments, resulting in organisms 

becoming adapted or how it was maintained in stable environments for species to remain 

adapted. These demands are determined by the laws of physics, which constrain the potential 

realizations of organismal form and structure (Wake 1982; Alexander 1985). At the heart of 

functional morphology lies the comparative method (Harvey and Pagel 1991), which compares 

the characters among species that supposedly differ in their environments, most commonly in 

a macroevolutionary context. 

 

3.2 Comparative approaches to the study of adaptation in functional morphology  

Although adaptation has been a core concept of functional morphology since its beginning, the 

definition of adaptation is still under debate (Reeve and Sherman 1993; Leroi et al. 1994). 

Depending on the definition, various comparative approaches have been developed to foster its 

recognition (Reeve and Sherman 1993). In the following, a brief survey of concepts concerning 

the study of adaptation will be provided first. Then, building on these, the more recently 

established toolkit of phylogenetic comparative methods, which played a significant role in this 

thesis, will be presented. 

 

3.2.1 Adaptation, constraints, and homoplasy – a brief survey of concepts until the 1980s 

The modern (evolutionary) synthesis, which was established in the 1930s and 1940s, brought 

about certain principles that still determine our understanding of biotic evolution today 

(Futuyma 2009): events like mutation and recombination generate phenotypic variants in a 

population of a species which are fixed either by genetic drift (random selection of variants) or  
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Fig. 3.1: Seilacher’s triangle. Modified after Seilacher (1970). 

 

natural selection (deterministic selection of the fittest, i.e., most adapted, variants). Different 

populations of a species might split under certain conditions, leading to speciation events 

(cladogenesis), with all descending lineages continuing to evolve through time (anagenesis); 

the combination of both processes results in biotic diversification (Rensch 1947; Simpson 

1949). Over a macroevolutionary timescale, as novel variants build upon ancient, inherited 

structures that are developmentally highly integrated, directions of evolutionary change and the  

potential to adapt are constrained (Futuyma 2010). 

This is supposed to have resulted in a conspicuous intermingling of the apparent 

hierarchically structured similarity among organisms on the one hand and the ecological 

diversity among closely related species on the other hand. This phenomenon was a decisive 

aspect of the evolutionary debate among 19th century morphologists, who were divided by 

Amundson (1996) into structuralists emphasising the structural similarity and functionalists 

highlighting the adaptive potential. The complication to identify the adaptive and non-adaptive 

aspects of organismal structures determines the field of functional morphology until today. For 

example, Seilacher (1970) understood a morphological feature as a weighted compromise 

between the poles of phylogenetic, adaptational, and architectural aspects (Fig. 3.1). This 

influential idea was later seized and popularised by Gould and Lewontin (1979), who especially 

emphasised the architectural constraints in their criticism toward what they called the 

adaptationist programme. The major criticism against this programme was described as its urge 

to explain all phenotypic diversity by some sort of adaptedness (Gould and Lewontin 1979). 

This would be accomplished by relating functional adaptations to all conceivable traits that an 

organism can be atomised into. In case this could not be obviously demonstrated, the absence 
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of trait optimisation by natural selection was explained with the help of a trade-off, i.e., that 

competing functional demands act on a trait so that it cannot be optimised for all of them. 

However, as acknowledged by Gould and Lewontin (1979) and underlined by Seger and 

Stubblefiled (1996), the proponents of optimality theory for the study of adaptation have been 

well aware of the aspect of the phylogenetic inertia during adaptive trait evolution. At the very 

core of optimality theory lies the idea of stabilising selection, which would lead to a steady trait 

optimum that is the fittest compromise for competing demands under constant environmental 

conditions (Hansen 1997). Theoretically, the observed trait value might be a local and not a 

global fitness optimum, perhaps, because the local one was closer to the previous trait value on 

the “adaptive landscape” (Simpson 1944) and natural selection as an inherently opportunistic 

agent will result in a climb of the nearest fitness hill (Seger and Stubblefiled 1996). A related 

concept is the non-directional approach to the identification of adaptation (Harvey and Pagel 

1991). It also regards the currently retained character states as potential adaptations when 

comparing phenotypes across species or higher taxa.  

On the contrary to optimality theory and the non-directional approach, which emphasise the 

stabilising aspect of trait adaptation lies the directional cladistic approach focusing on the aspect 

of change (Harvey and Pagel 1991; Reeve and Sherman 1993). It compares character states of 

descendants to those of ancestors to infer an adaptive significance from linked shifts between 

character and environment. For this, it relies on phylogenetic trees along which the ancestral 

conditions of both are reconstructed. 

Associated with this directional method is the concept of homoplasy. This term was 

originally introduced by Lankester (1870) and later specified, for example, by Wake (1991) as 

a collective term for all processes that independently result in phenotypic similarity. These 

processes are the reversal to an ancestral character state as well as the independent evolution of 

a novel phenotype either through similar (parallelism) or different (convergent) developmental 

pathways (Wake 1991). An association between homoplasy of phenotype and homoplasy of 

function hints at an adaptive significance of the phenotype (Simpson 1953; Mayr 1963; Harvey 

and Pagel 1991; Schluter 2000). 

 

3.2.2 The role of phylogenetic comparative methods for the study of adaptation since the 

1980s 

The directional approach was the first to use cladistic information for the inference of adaptive 

phenotypes and thus, can already be considered a phylogenetic comparative method (PCM) 

(Harvey and Pagel 1991). However, the phylogenetically informed methods that were  
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developed on the basis of the non-directional approach are more commonly known under PCMs 

today. The seminal paper by Felsenstein (1985) that started this development criticised the 

inferential statistics which are used to draw adaptive conclusions from the traditional non-

directional approach. According to him, the commonly applied ordinary least squares (OLS) 

regressions using original trait values do not take into account phylogenetic inertia. With an 

OLS regression, the researcher assumes species (and their traits values) to be independently 

drawn from a random distribution, as if all species evolved in a single radiation event, resulting 

in a star phylogeny (Felsenstein 1985; Fig. 3.2a). This is considered problematic, because 

“species are part of a hierarchically structured phylogeny, and thus cannot be regarded for 

statistical purposes as if drawn independently from the same distribution” (Felsenstein 1985, p. 

1; Fig. 3.2b). Felsenstein (1985) developed a method called phylogenetic independent contrasts 

(PIC) that avoids the historical trace of trait values by using the differences in trait values 

between sister taxa during regression. He argued that these differences are independent since 

lineages should evolve independently from each other once they split from their common node. 

Whereas the differences can be readily computed for tip sister taxa, ancestors at the internal 

nodes can also be included by reconstructing them by computing the mean of the two daughter 

taxa. This procedure assumes a Brownian motion (BM) model of phenotypic trait evolution. 

The BM model resembles a random walk, meaning that a trait value changes with a constant 

rate (Fig. 3.3b). The direction of change is independent of previous (historical) changes, but the 

trait will evolve around its ancestor’s value, just like walking with a constant step length, where 

the present position in space depends on the previous position. As a consequence of this model, 

the trait variance at a certain point in time is proportional to the evolutionary time passed and 

 

 

 

Fig. 3.2: Two phylogenies differing in the expected correlation structure among the species. a) 

Species A-H originated from a radiation event, resulting in non-correlated evolution. b) The two 

clades containing species A-D and species E-H, respectively, underwent a more recent separated 

radiation event. Thus, species are expected to resemble themselves much more within each of the two 

clades than between them. Modified after Felsenstein (1985). 
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to the rate of evolutionary change. Theoretically, if given enough time, it can become infinitely 

large. The Brownian motion model is usually regarded as representing non-adaptive evolution 

by random phenotypic drift (Felsenstein 1988). 

Another approach that tackles the problem of OLS regressions was introduced by Grafen 

(1989). It does not transform the trait values so that they are void of their historical trace but 

transforms the regression slope by weighing it with the phylogenetic covariance matrix. This 

matrix includes the covariance among all investigated species (and traits in multivariate 

analyses). The covariance of two species is thereby proportional to the branch length shared by 

their common ancestors along the phylogeny. The reasoning behind this so-called 

phylogenetically generalized least squares (PGLS) method is to remove the phylogenetic effect 

on the estimation of the regression slope (Hansen 1997). It was later found to yield the same 

regression estimates as the PIC method in case it also assumes a BM like trait evolution 

(Blomberg et al. 2012). 

The BM model and its implementation into the PGLS regression were later extended by 

Hansen (1997), who included the concept of optimality. For this purpose, he introduced the 

Ornstein-Uhlenbeck (OU) model into macroevolutionary research. It describes trait evolution 

as a stabilising process, in which the trait value evolves with a specific adaptive rate of change 

toward an optimum which is linked to a selective regime (Fig. 3.3.c). The trait is also influenced 

by non-adaptive factors such a drift, trade-offs because of competing, but less dominant 

selective factors, and historical constraints including maladaptation to previous environments. 

All of these generate a maximally randomised background noise called the non-adaptive rate of 

change which prevents the trait from reaching its optimum. The smaller the adaptive rate, the 

more the OU model approaches the BM model. Thus, although grounded in the statistics of 

non-directional methods, the OU model includes aspects of directional and optimality 

approaches to model evolutionary change as an adaptive process that is constraint by the species 

history and functional trade-offs. The directional aspect becomes evident when there are at least 

two different selective regimes present in a clade and changes between them need to be 

reconstructed along the phylogeny to apply the model. However, there is also an important 

difference to cladistic directional approaches, because the OU model describes associated shifts 

between selective regimes and hypothetical trait optima and not between selective regimes and 

actual trait values.  

Evolutionary models like the OU and BM models (and like any statistical model) are applied 

in different ways to make macroevolutionary inferences. On the one hand, a single model  
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can be used to estimate evolutionary model parameters from comparative data like in usual null-

hypothesis testing. As outlined above, this is done, for example, during the PGLS regression by 

 

 

Fig. 3.3: Hypothetical outcomes of trait evolution along a phylogeny according to Brownian 

motion and Ornstein-Uhlenbeck processes. a) Hypothetical symmetrical phylogeny of eight 

species with two clades. b) Trait evolution, according to the Brownian motion model. The trait value 

always evolves in a random step-like manner, but around the expected value μ, which initially was 

the starting value of the parent species. The trait variance resembles a Gaussian distribution with a 

higher expected covariance among species, the closer they are related to each other. c) Trait evolution, 

according to the Ornstein-Uhlenbeck model. The trait value evolves toward a hypothetical optimum. 

The parent species and the species of clade one are influenced by the same selective regime and thus, 

evolve toward the shared optimum θ1. Species of clade two have been influenced by a different regime 

with a new optimum θ2 since their ancestor split from clade 1. Note that the adaptive rate is 

represented as being fairly high, as the trait values of clade 1 and 2 are well separated, and the variance 

around their optima is almost non-overlapping. Modified after Butler and King (2004). See text for 

more information. 
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Grafen (1989) to estimate the slope while correcting for a BM like correlation pattern or during 

the PGLS by Hansen (1997) to estimate the adaptive rate and optima of the OU model. On the 

other hand, one can fix the values of the evolutionary model parameters a priori and compare 

the likelihood of all evolutionary models under consideration conditioned on the data at hand 

(Butler and King 2004). This approach allows evaluating the model which describes the data 

best, or – from an evolutionary viewpoint – the most likely process that could have resulted in 

the phenotype distribution within the clade of interest. Two models are different if they vary in 

their types of parameters, or, if not, in case the parameter values vary. For example, two OU 

models are different as soon as either the adaptive rates, non-adaptive rates, or optima differ. 

However, most commonly, OU models are compared which only differ in their optima (e.g., 

Butler and King 2004; Scales et al. 2009; Collar et al. 2010; Collar et al. 2014; Moen et al. 

2015; Maestri et al. 2017). The rate values are then fixed for each model via a priori model 

comparison, during which the combination of values with the maximum likelihood is 

determined (Clavel et al. 2015).  

The BM and OU models were continuously extended in the past 30 years to allow for more 

complex inferences of evolutionary processes in general and adaptation in particular. For 

example, the BM model can incorporate rate shifts in particular clades of a phylogeny (O'Meara 

et al. 2006). The OU model might be extended by additional changes in the adaptive rate 

indicating changes in the selective pressure (Beaulieu et al. 2012). Both kinds of models can 

also be incorporated into a multivariate context to include trait covariation and coevolution 

(Revell and Harmon 2008; Bartoszek et al. 2012). These extensions were not utilised in this 

thesis, because they lead to an ever-increasing complexity of models which is accompanied by 

drawbacks (Adams and Collyer 2017) that will be discussed in the associated chapters below. 

Furthermore, other macroevolutionary models like the early burst model which describes an 

adaptive radiation (Harmon et al. 2010) exist, but will not be elaborated on, as they did not play 

a role in the studies presented herein.  

In summary, phylogenetic comparative methods allow for plenty of ways to take into 

account various evolutionary factors when analysing the adaptive significance of phenotypes. 

Most importantly, these are the quantification of these factors in the form of model parameters, 

the correction for phylogenetic inertia, and the comparison of plausible evolutionary processes 

that could have shaped the phenotypic variability.  
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3.3 The vertebrate musculoskeletal apparatus 

The musculoskeletal apparatus in vertebrates that enables the organism to move actively is a 

well-studied model system in functional morphology because Newtonian mechanics can be 

used to analyse how it operates (Hildebrand 1988). Hence, predictions can be formulated on 

the basis of relatively intuitive and straightforward physical equations about how the apparatus 

should be organised so that an organism can effectively interact with its environment to achieve 

or retain its fitness. In the following, examples that were relevant to this thesis will be outlined. 

 

3.3.1 Lever-arm systems 

The musculoskeletal interaction of an organism with its environment is determined by the 

forces generated by the muscles and how they are transmitted onto the environment via the 

skeletal elements in order to do work. The principal mechanics and the biomechanical 

requirements to do so can be understood by modelling the musculoskeletal apparatus as a 

compound chain of lever-arm systems (von Meyer 1873; Smith and Savage 1956). A lever-arm 

system consists of a rigid beam and a fulcrum around which the beam rotates by means of 

attacking forces (Fig. 3.4). An incoming force generates a momentum that depends on the force 

and the distance between the point of attack and the fulcrum, called the lever-arm. The rotating 

beam diverts each incoming force into an out-going force according to Fo = Fi x li/lo, with Fo 

being the out-going force perpendicular to the beam, lo being the out-lever (i.e., the distance of 

the out-going force to the fulcrum), Fi being the incoming force perpendicular to the beam, and 

li being the in-lever (i.e., the distance of the incoming force to the fulcrum). Consequently, the 

larger Fi and li and the smaller lo, the larger Fo will be. However, Fo and lo can only be defined 

when the beam experiences resistance from its environment, resulting in a reaction force which 

induces a counter-moment. If there are equally large moments generated in both directions of 

rotation, the beam will not rotate at all, and no work is done. Changes in the two lever-arms 

that increase the out-going force are referred to as increasing the mechanical advantage of the 

incoming force. 

In the context of the musculoskeletal apparatus, a skeletal element represents the rigid beam, 

and the joint it forms with an adjacent skeletal element or with an environmental (outer-

organismal) object represents the fulcrum. A muscle attaching to the skeletal element will 

generate a moment that rotates the object, determined by the muscle force Fi and the distance 

of its attachment site to the fulcrum li. The skeletal element will resist the rotation depending 

on the moment opposing the one generated by the muscle. As explained above, the opposing 

moment stems from a reaction force generated by extra-organismal factors (food item versus 
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Fig. 3.4: Lever-arm system. The incoming force Fi is transduced into the out-going force F0 via the 

beam. Note that Fi < Fo, because the out-lever lo < the in-lever li and Fi * li = Fo * lo. Fo is exerted onto 

an environmental object, which produces a reaction force Fi (react). In the presented case, the system 

is motionless, indicated by the mirrored lever-arm systems of forces (black) and reaction forces 

(grey). CoR = centre of rotation. 

 

jaws or substrate versus limb) or by intra-organismal factors (antagonistic muscles, or the 

weight of the organism or parts of it). The moment generated by the muscle either has to 

overcome the opposing moment in order to do work, thus changing the outer-organismal object 

(e.g., destruction of the food item, destroying the surrounding substrate, moving the body or 

parts of it). Or the muscle has to overcome the opposing moment generated by the organism’s 

body weight or parts of it in order to do work (the locomotion of the whole body or movement 

of its parts).  

Based on this biomechanical model, expectations can be formulated about differences 

among species living in different environments concerning the length of the in-levers and out-

levers as well as the force-generating properties of the muscles. As explained above, the larger 

the out-force needs to be, the larger the in-force and the in-lever are expected to be. However, 

these expectations are in contrast to another aspect of a lever-arm system, its orbital velocity 

(Hildebrand and Goslow 1995). In this case, vo = vi x lo/li, with vo being the out-velocity (i.e., 

the orbital velocity of the point where Fo is exerted onto the environment) and vi being the in-
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velocity (i.e., the contraction velocity of the muscle exerting the force onto the bone). According 

to this equation, the required out-velocity of a skeletal element will be the larger, the larger the 

in-velocity and the longer the out-lever of the attaching muscle. This architectural constraint 

suggests a crucial trade-off between the optimisation for force and velocity output in 

musculoskeletal lever-arm systems (Hildebrand and Goslow 1995). 

 

3.3.2 Bone robustness  

The role of the skeletal elements in transducing the forces among muscles as well as muscles 

and environment is only one functional aspect. They also have to resist the stresses applied by 

the attaching muscle and support the body against gravity and other forces that act during 

locomotion (Koch 1917). A bone’s architecture informs about its ability to withstand these 

stresses (Ward 1838; Wyman 1857; Humphry 1858; von Meyer 1867; Wolff 1869; Rauber 

1876; Messerer 1880; Wolff 1892; Hayes 1981). The structural components of bone relevant 

for this thesis are found on the macroscopic level, i.e., compact bone and trabecular bone (Fig. 

4.5). As apparent in the literature cited above, the long bones of the extremities have been of 

particular interest in the study of bone robustness as they have to support the body weight. 

These bones consist of an outer wall of compact matter which surrounds the bone marrow. In 

the epiphyseal regions, the marrow is interspersed with a network of bony struts that is called 

the trabecular, or spongy, bone (Fig. 3.5a).  

The orientation of the trabeculae was assumed by von Meyer (1867) and Wolff (1892) to 

follow the stress trajectories during static loading, facilitating a lightweight compromise 

between mass reduction and stabilisation of the joints. This was later supported by Hayes (1981) 

with the help of computer modelling via finite element analysis. Nowadays, it is well accepted 

that trabecular bone also adapts to dynamic loads during the ontogeny (Currey 2002) while 

numerous studies reviewed by Kivell (2016) indicate that the adaptive potential is determined 

by a complex interplay between genetic and non-genetic factors. Nevertheless, this adaptive 

potential suggest trabecular bone orientation and robustness to reflect functional requirements 

strongly. 

Another approach to the study of bone mechanical adaptations is to model the long bone as 

a loaded beam (Koch 1917). As beams are especially prone to damage by bending moments 

perpendicular to the long axis, the transverse cross-sectional properties are of special interest. 

Mathematically informed expectations can be formulated to analyse cross-sectional properties 

of long bones and how these properties relate to different environments (e.g., Currey and 

Alexander 1985; Schaffler et al. 1985). Two central properties studied here are the cross- 
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sectional area and the second moment of area. The former informs about the potential to resist 

compressive and tensile stresses, whereas the latter provides an idea of the potential to resist 

bending stresses about a specific axis. Consequently, the most important geometric 

characteristic for the second moment of area is the shape of the cross-sections (see Fig. 3.5b) 

(Cubo and Casinos 1998). A rounded shape would result in a similar second moment of area 

along all arbitrary axis, whereas, for example, an elliptical shape leads to a larger second 

moment of area along the main axis of variation. 

 

3.4 How to characterize the environment?  

Defining environments is a challenging but crucial step in the comparative method (Harvey and 

Pagel 1991). Characterizing the environment of the musculoskeletal morphology is complicated 

by the fact that each feature as a part of an organism is subjected i) to the environment of the 

organism as determined by the organism’s lifestyle as well as ii) to the other morphological 

structures which constitute the organism that the feature has to support or interact with. 

Consequently, the adaptive change of each feature is expected to be determined by the 

evolutionary changes in both of these aspects. This is particularly so for the locomotor 

apparatus, as it has to facilitate the behavioural characteristics of an animal as well as to carry 

its body weight. These two aspects and how they have been coped within research will be 

 

 

Fig. 3.5: Cross-sections through a human femur. a) Sagittal cross-section of the proximal femur. 

b) Transverse cross-section of the upper femoral midshaft. 
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explained in the following.  

 

3.4.1 Extra-organismal environment: the role of ecology 

The extra-organismal environment concerns the ecological interactions of a species. When 

characterizing it, the question arises which functional aspects of a species’ behavioural 

repertoire exert the most substantial biomechanical requirements on a musculoskeletal feature 

(Szalay and Dagosto 1980; Zelditch et al. 2017). Different behaviours of a species might impose 

contradicting constraints on the mechanical properties of a structure (Losos et al. 1993), or some 

behaviours might simply be more demanding than others. Such considerations are essential in 

order to reliably distinguish between different environments among the investigated species on 

the basis of biomechanical reasoning. This becomes even more complicated, when the 

biomechanical demands differ among the traits of the musculoskeletal apparatus so that the 

whole apparatus is subjected to a trade-off. It becomes apparent, that, theoretically, the 

behavioural repertoire of each investigated species has to be known as well as the 

biomechanical impact of each behaviour on each trait of interest. Unfortunately, exhaustive 

data on these characteristics are often not available even for a single species. Rarely, the 

morphology among species is compared to quantified data on behavioural, performance, or 

biomechanical characteristics, although usually only for several species at maximum (e.g., 

Losos 1990; Ravosa et al. 2010; Fabre et al. 2018; Lad et al. 2019). More often, a heuristic 

approach is applied, in which all investigated species are assigned into categories according to 

their overall similarities in ecology and behaviour, often referred to as lifestyle (e.g., Dublin 

1903; Osburn 1903; Shimer 1903; Lull 1904; Fabre et al. 2015; Botton-Divet et al. 2016; 

Stayton et al. 2018). In studies concerning the cranium and mandible, diet type is an alternative 

(e.g., Figueirido et al. 2010; Zelditch et al. 2017), whereas in postcranial studies, it’s either the 

habitat (e.g., Collar et al. 2010; Moen et al. 2015) or the supposedly most dominant or most 

typical locomotor behaviour (e.g., Ludwig 1939; Taylor 1974; Morgan 2009; Scales et al. 

2009). 

 

3.4.2 Intra-organismal environment: the role of body mass 

Especially the traits of the locomotor apparatus are not only influenced by the extra-organismal 

environment of a species as mediated through its ecology, but also by the traits’ intra-

organismal environment. This means that the traits have to adapt to changes in certain body 

dimensions in order to enable a coordinated functioning of the whole organism (Schmidt-

Nielsen 1984). An important factor for the traits of the musculoskeletal apparatus of the  
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postcranium is body mass. Theoretically, when all linear body dimensions increase by a specific 

factor (and thus, not changing the shape of the body), areas increase by the square of this factor, 

whereas body volume and thus, mass, increases by the cube of this factor (Fig. 4.6; Schmidt-

Nielsen 1984). This means that the cross-sectional areas of muscles and bones which facilitate 

movement and support the body weight increase disproportionally slower than body mass, 

resulting in higher stresses (Thompson 1917). This problem of scaling was already recognized 

by Galilei (1637), but it was not systematically investigated until the 20th
 century (e.g., 

Thompson 1917; Huxley 1932; McMahon 1973; Alexander 1977; Schmidt-Nielsen 1984). The 

consequence of this problem is that the shape of the musculoskeletal elements (and thus, of the 

whole body) has to adapt by relatively increasing the muscle and bone cross-sectional areas in 

order to accommodate the increasing stresses with body size (McMahon 1975; Alexander 

1977). This phenomenon is called allometry as opposed to isometry, which describes scaling 

without shape change (Schmidt-Nielsen 1984). 

 

3.4.3 Interaction effects 

Both factors, ecology and body mass have played a significant role in studies of functional 

morphology. Most commonly, they are treated as independently acting factors in regression 

analyses (i.e., their effects on a trait are additive), which are separated by statistically 

 

 

Fig. 3.6: Geometry dependent law of scaling exemplified by a cube doubling its edge lengths. L 

= length, A = area, V = volume. When any linear dimension increases by a certain factor, the area 

will increase with the square of this factor and the volume with the cube of this factor. Modified after 

Schmidt-Nielsen (1984). 
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subtracting one effect and retaining the other (). However, it has been frequently observed, that 

a trait scales differently with body size depending on the ecology. For example, in a broader 

scaling study including representatives of the taxa Primates, Fissipedia, and Bovidae, the length 

of the femur scaled overall with slight allometry when regressed against body mass (the slope 

of the log-transformed variables was 0.36 in comparison to an isometric slope of 1/3) 

(Alexander et al. 1979). However, at a closer look, only the arboreal primates adhered to this 

slope, whereas the aquatic fissipeds displayed more pronounced allometry (0.39) and the 

terrestrial bovids scaled with negative allometry (0.27) (Alexander et al. 1979). In statistical 

terms, this is called an interaction effect, as the interaction of the factors ecology and body mass 

determine the value of the trait. Interaction effects between body size and ecology appear to be 

a recurrent phenomenon in macroevolutionary studies of the vertebrate musculoskeletal system 

(e.g., Alexander et al. 1979, 1981; Steudel 1982; Biknevicius 1993; Runestad and Ruff 1995; 

Christiansen 1999; Doube et al. 2012), but seem to be rarely accounted for statistically (e.g., 

Randau et al. 2017; Zelditch et al. 2017). If an interaction effect is present between two factors, 

their influence on a trait cannot be separated but must be analysed in unison (Engqvist 2005). 
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4 Study system: Sciuromorpha 

4.1 Lifestyle and body mass diversity of extant sciuromorph species 

Sciuromorpha is a monophyletic group of rodents that comprises squirrels and relatives 

(Sciuridae, Gliridae, Aplodontiidae; Fig. 4.1) and is the sister-group of all other rodents (Fabre 

et al. 2012). According to Hedges et al. (2015), its most recent common ancestor lived around 

59 Ma ago during the Late Palaeocene. Paleogeographic as well as phylogenetic studies indicate 

that this group must have originated in the Holarctic region (Emry and Thorington Jr. 1982; 

Montgelard et al. 2003; Hopkins 2007; Storch and Seiffert 2007; Hopkins 2008), from which 

some descendants spread into Africa and the Malaysian archipelago (including Wallacea) 

during the Miocene (Cifelli et al. 1986; Mercer and Roth 2003; Montgelard et al. 2003; Ge et 

al. 2014), and South-America during the Pliocene (although unclear for Sciurillus; Mercer and 

Roth 2003).  

During the diversification of this clade, different lifestyles with peculiar locomotor habits 

evolved (Nowak 1999; Thorington Jr. et al. 2012): Various sciuromorphs species comprising 

the taxa Gliridae, Sciurillus, Ratufa, Callosciurinae, Sciurini and Protoxerini live inside trees 

and bushes and are very agile climbers. Some of them are found most frequently in the canopy 

like the giant tree squirrels of the genus Ratufa searching for fruits (Payne 1980). The 

miniaturized pygmy-squirrels, on the other hand, dwell on tree trunks to feed on matter 

associated with the bark, like fungi, mosses, lichens, and ants/termites (Emmons 1980; Heaney 

1985; Youlatos 2011). One lineage of tree squirrels called Pteromyini evolved a patagium 

(Mercer and Roth 2003), enabling the descendants to glide long distances among trees (e.g., 

Ando 1982; Stafford et al. 2002) The chipmunks (Tamias) and the genus Sciurotamias are 

smaller-sized species that can climb very briskly, but nest in underground burrows. Other 

species dig extensive burrow systems in open areas and search for food on the ground. 

Phylogenetic reconstructions suggest that this kind of behaviour has perhaps evolved three 

times independently, in the species Aplodontia rufa (the only extant member of the family 

Aplodontiidae), and in the tribes Marmotini and Xerini (Steppan et al. 2004; Fabre et al. 2012). 

A comparative investigation of potentially homoplastic features associated with this lifestyle 

among these three groups can thus be informative for the understanding of fossorial adaptations 

and will thus be an essential aspect of this thesis. Besides this diversity in lifestyle, sciuromorph 

rodents also display a range of body mass that spans three orders of magnitude (see Csorba 

2003; Hayssen 2008; Schulze 2014): The smallest/lightest members of this group  
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belong to arboreal groups like the pygmy squirrels (the genera Myosciurus, Nannosciurus, 

Exilisciurus, and Sciurillus) as well as the glirids (e.g., the genus Muscardinus) with a body 

mass as small as 16g. On the contrary, the largest/heaviest species belong to the fossorial genus 

Marmota with the Siberian Marmot weighing up to 8kg. Nevertheless, large arboreal species 

exist (Ratufa: up to 1.8kg) as well as small fossorial species (Ammospermophilus: down to 90g). 

Furthermore, gliding squirrels also exhibit an astounding body mass range of 40g to 2kg.  

 

 

 

Fig. 4.1: Phylogeny of 206 out of approx. 300 extant species of Sciuromorpha. The phylogeny 

was assembled as the raw phylogeny, which was then pruned to fit the morphological datasets in all 

analyses of this thesis. It was constructed using the phylogenies published by Zelditch et al. 2015 and 

Hedges et al. (2015) with names of Tamiini updated according to Patterson and Norris (2016). The 

most relevant monophyletic taxa are labelled. See Appendix A2 for more details. 
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4.2 The sciuromorph locomotor apparatus 

4.2.1 Previous work 

The evolutionary diversification regarding lifestyle and body mass in Sciuromorpha justifies 

the utility of this group to study the functional morphology of the musculoskeletal system, 

specifically the locomotor apparatus. There is a rich historical and recent literature on various 

aspects of the locomotor morphology. For the purpose of providing an overview, it is divided 

into studies concerned with 

i) qualitative descriptions of the skeleton or the muscles and their attachment sites, often 

in an ecological context (Pander and d'Alton 1821; Hoffmann and Weyenbergh 1870; 

Coues 1877; Parsons 1894; Alezais 1900; Brizzie 1941; Bryant 1945; Lewis 1949; Fry 

1961; Shrivastava 1961; Gupta 1966; Dynowski 1974; Johnson-Murray 1977; 

Thorington Jr. 1984; Chickering and Sokoloff 1996; Thorington Jr. et al. 1997; 

Thorington Jr. et al. 1998; Thorington Jr. and Darrow 2000; Thorington Jr. and Stafford 

2001; Bezuidenhout and Evans 2005; Shehab et al. 2009; Kawashima et al. 2017),  

ii) combined qualitative and quantitative comparisons or strictly quantitative analyses in 

an ecological context (Peterka 1936; Ludwig 1939; Thorington Jr and Thorington 1989; 

Scheibe et al. 1990; Runestad and Ruff 1995; Essner Jr. and Scheibe 1997; Scheibe and 

Essner Jr. 1997; Haffner 1998; Lagaria and Youlatos 2006; Thorington Jr. and Santana 

2007; Rupert et al. 2015; Tague 2019),  

iii) investigations of the locomotor biomechanics and behaviour (Ingles 1960; Ando 1982; 

Scholey 1986; Trombulak 1989; Swihart and Picone 1991; Ando and Shiraishi 1993; 

Youlatos 1999; Essner Jr 2002; Dial 2003; Bishop 2006; Scheibe et al. 2006; Paskins et 

al. 2007; Bishop and Brim-DeForest 2008; Lammers and Gauntner 2008; Youlatos et 

al. 2008; Flaherty et al. 2010; Koli et al. 2011; Lammers and Zurcher 2011; Schmidt 

2011; Youlatos 2011; Youlatos and Samaras 2011; Lammers and Sufka 2013; Youlatos 

and Panyutina 2014; Youlatos et al. 2015; Krishna et al. 2016; Karantanis et al. 2017; 

Mielke et al. 2018; Dunham et al. 2019),  

iv) the integration of quantitative morphological data with evidence form behavioural 

and/or biomechanical observations (Sokolov 1964; Polyakova and Sokolov 1965; 

Kotinas et al. 1971; Gambaryan 1974; Gambaryan and Rukhkyan 1975; Biewener 1983; 

Stalheim-Smith 1984; Ando and Shiraishi 1991; Essner 2007; Scheibe et al. 2007; 

Akoma Mintsa et al. 2009),  

v) allometric aspects of ontogeny (Thorington 1972; Ando 1984) or phylogeny 

(Thorington Jr. and Heaney 1981; Runestad and Ruff 1995; Hayssen 2008),  
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vi) analyses of morphological integration (Swiderski 1993), 

vii) bone remodelling in hibernating ground squirrels (Utz et al. 2009; McGee-Lawrence et 

al. 2011; Doherty et al. 2012). 

 

Some of these studies were already dedicated to a larger cross-species morphofunctional 

comparison of the postcranium (Swiderski 1993; Essner Jr. and Scheibe 1997; Scheibe and 

Essner Jr. 1997; Thorington Jr. et al. 1997; Thorington Jr. and Santana 2007). Swiderski (1993) 

investigated the scapular morphology but in light of differences in its integration between tree 

and ground squirrels. Some larger scaled comparative studies on the locomotor apparatus were 

simultaneously used for the inference of adaptive characters and the reconstruction of 

phylogenetic relationships (Bryant 1945; Thorington Jr. et al. 1997). This is questionable due 

to the problem of circularity in inference and thus, a lack of discrimination between an adaptive 

and a phylogenetic signal (Harvey and Pagel 1991). The extensive scaling study on sciurids by 

Hayssen (2008) that focused on axial adaptations is the only one, to my knowledge, that 

investigates how the postcranium reflects differences in lifestyle and body mass within the 

framework of phylogenetic comparative methods (PCMs). More recently, only studies 

concerned with the skull and mandible shape (Swiderski and Zelditch 2010; Casanovas-Vilar 

and van Dam 2013; Lu et al. 2014; Zelditch et al. 2015; Zelditch et al. 2017) and the shape of 

the semi-circular canals of the inner ear (Pfaff et al. 2015) applied a PCM framework. Thus, the 

purpose of this thesis was to contribute to our understanding of the adaptive evolution of the 

sciuromorph locomotor apparatus with the help of the state-of-the-art phylogenetically 

informed statistics.  

 

4.2.2 Proximal limb bones: scapula and femur  

One aspect of this thesis was to allow for a comparison between fore- and hindlimbs while 

focusing on one element from each. In therian mammals, oftentimes, the humerus and the femur 

are compared morphologically (e.g., Schaffler et al. 1985; Biknevicius 1993), because they are 

serial homologs from a developmental perspective (Kuratani 2009). In sprawling tetrapods, 

they also constitute functional homologs; however, in therian mammals, it is the scapula that is 
 

Fig. 4.2: Focal skeletal elements of this thesis. a) Drawing of the European red squirrel Sciurus 

vulgaris modeified after Pander and d'Alton (1821). Bones from specimens of Sciurus vulgaris used 

in this thesis. Scapula depicted from the medial (b), lateral (c), caudal (d), and ventral (e) view. Femur 

presented from dorsocaudal (f), lateral (g), ventrocranial (h), and caudal view. Relevant anatomical 

features are labelled. 



Study system: Sciuromorpha   23   
 

 
 



24   Study system: Sciuromorpha 
 

functionally analogous to the femur (Fischer and Blickhan 2006; Schmidt and Fischer 2009). 

This conclusion was drawn from various studies reporting that the scapula moves in the plane 

of the forelimb, which is rotated at the scapula’s highest possible pivot – similar to the function 

of the femur in the hindlimb (Gray 1968; Jenkins and Weijs 1979; Kuznetsov 1985; Fischer 

1994; Gasc 2001; Fischer et al. 2002).  

Thus, the scapula and the femur were selected as the focal postcranial elements for this thesis. 

Additionally, the peculiar protrusions and tuberosities of these elements allow for the 

derivation of certain muscle properties just from their shape (Fig. 4.2; e.g., Reinhardt 1929; 

Oxnard 1968; Sargis 2002b). This is practical, as skeletal elements are much more abundant in 

anatomical collections than soft tissue samples. Hence, it was possible in this circumstantial 

fashion to conduct large cross-species analyses on certain muscle properties (see below).  

The gross morphology of the scapula can be described as a relatively flat and more or less 

triangular-shaped blade with a dorsal margin and a ventral tip. This tip forms the shoulder 

articulation with the humeral head in the form of a shallow socket, called the glenoid cavity. 

The blade is divided on its lateral side into two regions by a spine that starts at the dorsal margin 

and rises the higher from the blade the further it extends ventrally. Its leads into a process 

consisting of metacromion and acromion, the latter articulating with the distal end of the 

clavicula. The coracoid process is a hook-shaped extension rising from the medial base of the 

glenoid cavity and forming a second articulation of the scapula with the clavicula. These 

articulations constitute the only jointly connections of the scapula (and thus, the forearm) with 

the trunk skeleton.  

The femur is a tubular skeletal element (Fig. 4.2) with a thick cortical bone wall that is filled 

with bone marrow (Fig. 3.5). The sphere-like femoral head at the proximal end articulates with 

the acetabulum of the pelvis to form the hip joint. The two distal condyles resemble cylinders 

that form the knee joint with the complementary grooves of the tibia. They primarily allow for 

joint rotations in the parasagittal plane. The condyles point caudally, whereas the cranial surface 

of the articulation is marked by the patellar groove. This groove guides the movements of the 

patella, i.e., the ossified sesamoid within quadriceps muscle tendon. The proximal area of the 

femur is characterized by distinct tuberosities, called major, lesser and third trochanter. They 

protrude into the dorsal, medial, and lateral directions, respectively. The interior of the 

epiphyses and thus the articulation sites and trochanters is filled with cancellous bone.  

 

4.2.3 Justification of analysed traits 

The choice and acquisition of traits that describe the length and robustness of the bone as well 
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as the properties of the attaching muscles are described in detail in the dedicated chapters. Here, 

the aspects and limitations to the study of lever-arm systems introduced in 3.3.1 are briefly 

discussed as well as how the robustness was quantified in different studies of this thesis. 

Additionally, a short instruction to geometric morphometrics is presented, a statistical tool that 

was utilised to analyse bone shape as a multivariate trait to complement the univariate 

measurements. 

From the variables of lever-arm systems, it is the in-lever of the attaching muscles that can 

be computed most conveniently from the separated skeletal element. Besides the length of the 

in-lever, also its angle in relation to a predefined axis was of interest in this study. This was 

done, because the angle of the in-lever might influence the angle of the attaching muscle, thus 

affecting the in-force as explained in 3.3.1. The out-lever can only be unambiguously derived 

from the morphology of the skeletal element if it is the one that is in contact with the substrate, 

which is not the case for the scapula and the femur. Two approaches to the approximation of 

out-levers are typically found in the literature. The first uses the distance from the fulcrum to 

the point of interaction with the substrate (e.g., Smith and Savage 1956; Hildebrand and Goslow 

1995). This is the actual out-lever; however, it heavily depends on the flexion of the 

intermediary joints and hence, on the posture of the animal, which might differ among 

locomotor behaviours. Thus, it is difficult to obtain the out-lever based on morphological data 

alone, for example, by summing the length of all skeletal elements from the fulcrum to the point 

of contact with the substrate. The second approach uses the distance between the fulcrum in 

relation to a certain muscle and the fulcrum of the next joint, or – even simpler – the length of 

the skeletal element. The relation between in-lever and out-lever is then used to determine the 

muscles mechanical advantage (e.g., Sargis 2002b; Salton and Sargis 2008). Obviously, this 

approach discards the influence of the variability of the more distal skeletal elements on the 

out-lever. Thus, out-levers or indices of mechanical advantage were not included in this thesis. 

However, the lengths of the scapulae and femora were used to make more general inferences 

about the contribution of their length to limb length for certain locomotor behaviours.  

Besides a muscle’s attachments angle (i.e., the angle between its force vector and its in-

lever), the physiological cross-sectional area also determines the incoming force (Biewener 

2003). Since this study was only concerned with skeletal elements, this muscle characteristic 

was approximated using the extend or size of the attachment sites as commonly undertaken in 

previous studies (Sargis 2002a; Samuels and Van Valkenburgh 2008; Fabre et al. 2015; Botton-

Divet et al. 2016; Kilbourne 2017). This was only done for muscles with large fleshy attachment 
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sites because the correspondence between the size of a muscle and the size of its attachment 

site was assumed to be less exact in case of a small dot-like tendinous attachment site.  

For the measurement of the robustness, four approaches were chosen. The first two were 

based on the information of the outer shape. They might be less informative (i.e., their measures 

can be expected not directly to correspond to the actual robustness of the skeletal element), but 

are more easily obtained for a large dataset. For an extended dataset of femora, bone diameters 

were measured as generally done in previous studies (Demes and Jungers 1989; Biknevicius 

1993; Sargis 2002a; Sargis 2002b; Elissamburu and Vizcaíno 2004; Salton and Sargis 2008; 

Salton and Sargis 2009). Secondly, for this as well as for a large scapular dataset, the robustness 

of the articulation sites was quantified using landmarks (explained below). The two remaining 

approaches concern the trabecular structure and the cross-sectional properties described in 

3.3.1. These features are more informative but rely on volume-data, which is usually less 

accessible for large datasets. Thus, they were only applied to a pruned femoral dataset. 

Besides the univariate traits, the multivariate shape of the scapula and femur was 

additionally investigated via geometric morphometrics. Geometric morphometrics is a 

relatively recently developed methodology to analyse the outer appearance of structures as a 

whole. Its mathematical foundations were established in the 1990s (Rohlf and Marcus 1993; 

Bookstein 1996, 1997b, 1998; Kendall et al. 1999), but have been extended since then (e.g., 

Goloboff and Catalano 2011; Joshi et al. 2011; Gunz and Mitteroecker 2013; Stephan et al. 

2014; Boyer et al. 2015). This method uses landmarks, which are placed on the surface of a 

morphological feature. The more landmarks are used, the more shape information is captured. 

The landmarks’ coordinates are used as variables in a multivariate analysis, with one landmark 

being represented by either two or three coordinates depending on the dimensionality of the 

object.  

In order to compare different specimens, landmarks have to be placed on corresponding or 

points or elements of the morphological feature. Different types of landmarks were defined by 

Bookstein (1997b) and Bookstein (1997a) that correspond to different definitions of homology. 

Type 1 landmarks indicate unambiguously identifiable points, such as triple points of 

intersecting tissues or bone sutures. Type 2 landmarks are points of maximum curvature, 

typically found on the tip of protruding muscle attachment site. Type 3 landmarks are points 

that were geometrically defined on the basis of other landmarks. Finally, semi-landmarks are 

used to capture all outlines and surfaces that lack clear marker points (Bardua et al. 2019). They 

are placed roughly on the desired positions and are later slid to fixed position to fulfilment a 

certain mathematically criterion. Thus, similarly to type 3 landmarks, the position of semi-
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landmarks mathematically depends on other fixed landmarks, but a sophisticated numerical 

algorithm (Bookstein 1997a; Gunz and Mitteroecker 2013) is used instead of simple geometric 

considerations. In this thesis, all types of landmarks were utilised in order to extract as much 

information as possible from the scapulae and femora.  

In geometric morphometrics, shape is considered the mathematical information of structures 

that remains, when differences in size, as well as position and orientation, are removed 

(Bookstein 1997b). Different methods exist to extract shape information (reviewed by Zelditch 

et al. 2004). However, the so-called Procrustes superimposition is the most common one. It 

defines size as the centroid size, which describes the spread of the landmark coordinates around 

the mean value, the centroid (Bookstein 1997b). Thus, shape differences among the units of 

comparison are always relative differences in respect to the object itself. This can complicate 

functional interpretations (Bookstein 2015), as correcting for centroid size might not be the 

appropriate adjustment for all function-related studies (Cooke and Terhune 2015). In the case 

of the locomotor apparatus, it might be more informative to study differences in relation to body 

mass than to the centroid size of the skeletal element. The necessity to remove centroid size in 

shape comparisons inevitably removes the information about the absolute traits values of the 

skeletal element under study and thus, their biomechanical characteristics. For this reason, 

overall shape was only investigated as an additional source to capture variability in regard of 

the orientation of certain features (e.g., the condyles and the lesser trochanter of the femur) or 

the robustness of structures that were difficult to characterize via univariate measurements (e.g., 

the neck of the femur or the acromion of the scapula). 

 

4.3 Definition of environmental differences 

The definition of environmental difference in the form of lifestyle or locomotor behaviour was 

based on the choice of investigated traits, because, as explained in 3.4.1, different traits might 

have to adapt differently to changing environments. The exact definitions are presented in the 

chapters of the results section, which include the published papers. Note, that the lifestyle 

classification of chapter 6.4, which was published earlier, was subsequently revised and thus, 

varies a bit from the classification of the other papers. Chapter 6.4 uses the general lifestyle as 

a criterion, whereas all other papers follow the classification applied in the secondly published 

paper (chapter 6.1). From this publication onward, classification was based on the 

environmental aspect with the supposedly greatest demands on the particular trait and will be 

referred to during the main discussion. Although this argumentation was considered more 

grounded from a biomechanical perspective, the classification does not differ tremendously, 
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and effects on the outcomes were minor. 

 

4.4 Aims and structure of the dissertation 

The aim of this thesis is to understand the evolutionary factors that shaped the morphological 

limb bone diversity of sciuromorph rodents while focusing on the scapula and femur of extant 

species. PCMs were used to account for the phylogenetic inertia when assessing the adaptive 

significance of various limb bone traits in regard to lifestyle, body mass, and the interaction of 

these two factors. Furthermore, the emphasis was put on whether the independent acquisition 

of fossorial lifestyles in Marmotini and Xerini resulted in homoplastic limb bone morphologies. 

The results section of this thesis is divided into three main chapters (5, 6, and 7) including 

five published studies. Chapter 5 was concerned with the effects of body mass, lifestyle, and 

their interaction on the morphology of the scapula. This study used a combination of traditional 

null-hypothesis testing and evolutionary model comparison to make adaptive inferences while 

justifying the former with the latter. First, the actual analysis is presented, followed by an 

evaluation of the effect of sampling error on the results.  

The 6th chapter was dedicated to the effects of body mass, lifestyle, and their interaction on 

the femur. The first two sections were concerned with the actual analysis of the outer 

morphology and the effect of sampling error on the results as in chapter 6. Similarly, this 

analysis included a combination of null-hypothesis testing and evolutionary model comparison 

to make adaptive inferences. However, the effect of the image acquisition technique on the 

results was analysed in a separate section as opposed to the analysis of the scapula. It was 

already included in the publication of the scapula because this was requested by one of the 

reviewers. This, in retrospect, motivated the demonstrations of the methodological soundness 

of the femoral analysis. Then, studies concerned with the effect of body mass and lifestyle on 

the trabecular architecture of the femoral head and the femoral cross-sectional properties are 

presented. These two studies utilised the PGLS regression under the assumption of a BM like 

correlation structure sensu Grafen (1989). 

The 7th chapter dealt with the aspect of homoplasy of scapular and femoral traits in regard 

to independent acquisitions of a fossorial lifestyle. It is an extension of the previous chapters 

and utilises a more in-depth model comparison with the focus being laid on the homoplastic 

aspect of adaptation. The reader should keep in mind that the order of the results sections does 

not reflect the sequence of publication timings. For example, the scapular paper in chapter 5 

will make references to papers presented in chapter 6. Nevertheless, this structure was chosen 

because it was considered to be most meaningful.  
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The 8th and final chapter comprises the overall discussion, thereby laying focus on aspects 

that were not included in the discussions of the published papers. First, methodological 

limitations are discussed. Then, a review of the functional morphology and evolution of the 

sciuromorph locomotor apparatus is presented. Its purpose is to integrate the findings of this 

thesis into a broader evolutionary context. The discussion concludes with a summary of our 

current understanding of the sciuromorph locomotor apparatus, and suggestions for future 

directions in this research. The literature contains the citations of all chapters that were not 

published. 
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5 Effect of lifestyle and body mass on the morphology of the 

scapula  

 

5.1 Scapular morphology 

This is a pre-copyedited, author-produced version of an article accepted for publication in 

Biological Journal of the Linnean Society following peer review. The version of record [Wölfer 

J, Arnold P, Nyakatura JA, Effects of scaling and locomotor ecology suggest a complex 

evolution of scapular morphology in sciuromorph rodents, Biological Journal of the Linnean 

Society 2019; 127 (2): 175–196] is available online at: 

https://academic.oup.com/biolinnean/article-abstract/127/2/175/5477299; 

doi:10.1093/biolinnean/blz042 
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Accepted Manuscript: Effects of scaling and locomotor ecology suggest a complex 

evolution of scapular morphology in sciuromorph rodents 

 

Abstract 

Sciuromorph rodents are a monophyletic group comprising ~300 species that display a variety 

of locomotor behaviours and a body mass range spanning three orders of magnitude. We asked 

how the interaction of body mass and locomotor ecology affects the morphology of the scapula. 

Univariate traits and the shape of the scapula from the lateral view of 186 species were analysed. 

Fitting Ornstein–Uhlenbeck models to all univariate traits revealed phylogenetic inertia to be 

low. Hence, ordinary least squares regressions including an interaction term were used for all 

traits to test whether the scaling relationships differ in the fossorial and aerial groups when 

compared with the group characterized by arboreal locomotion, the most probable ancestral 

sciuromorph condition. We also asked whether the scaling of univariate traits departs from 

isometry in each of the three locomotor groups. The aerial group was expected to show the 

highest trait values for a given body mass and the highest slope values, followed by the arboreal 

and fossorial groups along this sequence. Only a few traits showed a difference in scaling 

among locomotor groups and/or a distinct allometric pattern. Discrepancies between our 

expectations and results are discussed in a morphofunctional context. 

 

Introduction 

The forelimb of mammals is a recurring study subject in functional morphology (e.g., Amson, 

Arnold, van Heteren, Canoville & Nyakatura, 2017; Astúa, 2009; Botton-Divet, Cornette, 

Houssaye, Fabre & Herrel, 2017; Candela & Picasso, 2008; Carrizo, Tulli, Dos Santos & 

Abdala, 2014; Coutinho & de Oliveira, 2017; Coutinho, de Oliveira & Pessôa, 2013; Dublin, 

1903; Fabre, Cornette, Goswami & Peigne, 2015; Hildebrand, 1988; Hildebrand & Goslow, 

1995; Holliger, 1916; Kilbourne, 2017; Lehmann, 1963; Ludwig, 1939; Lull, 1904; Osburn, 

1903; Polly, 2007; Reinhardt, 1929; Samuels, Meachen & Sakai, 2013; Samuels & Van 

Valkenburgh, 2008; Sargis, 2002; Shimer, 1903; Smith & Savage, 1956; Taylor, 1974; Van 

Valkenburgh, 1987). This can be ascribed to its diverse functions as the forelimb is considered 

the primary weight support for most quadrupedal terrestrial taxa (Kimura, 1979), plays an 

important role for grasping and maintaining balance in arboreal taxa (Larson & Stern, 2006; 

Reynolds, 1985), mediates the flight mechanics and landing in gliding taxa (Polyakova & 

Sokolov, 1965; Pridmore & Hoffmann, 2014; Socha, Jafari, Munk & Byrnes, 2015), acts as an 

important tool to loosen and shovel away soil in fossorial taxa (Gasc, Renous, Casinos, Laville 
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& Bou, 1985; Hildebrand & Goslow, 1995; Lehmann, 1963), and provides propulsion in some 

aquatic taxa (Fish, 1994; Webb & Blake, 1985). 

Besides an animal’s ecology, its body mass is another aspect which affects its locomotor 

performance, necessitating adjustments in the locomotor organs (Alexander, Jayes, Maloiy & 

Wathuta, 1979; Galilei, 1637; Schmidt-Nielsen, 1984; Thompson, 1917), including those of the 

forelimb. Adjustments in the locomotor apparatus might not only occur specifically to changes 

in ecology or body mass, respectively, but to the interaction of these factors (Bou, Casinos & 

Ocaña, 1987; Christiansen, 1999a; Steudel, 1982). For example, the degree of adjustment of a 

morphological variable for a given change in body mass might differ among locomotor 

behaviors as the loading they impose on the morphology might change with a different rate 

with increasing body mass (Jungers, 1979). This implies that the difference in the focal 

morphological variable is not constant among locomotor ecologies, but changes when 

compared across a range of body masses. In statistical terms, this would be manifested by 

groups with different locomotor ecologies displaying different slopes when the morphological 

variable is regressed against body mass. This has been shown to be the case for various 

morphological parameters relevant for locomotion (i.e., Alexander, Jayes, Maloiy & Wathuta, 

1981; Christiansen, 1999b; Hayssen, 2008; Jungers, 1979; Steudel, 1982).  

Sciuromorpha represents an informative mammal group to study how the interplay of locomotor 

ecology and body mass affects the morphology of the forelimb. This monophyletic group of 

rodents (Fabre, Hautier, Dimitrov & Douzery, 2012, termed squirrel-related clade therein) 

comprises about 300 extant species and colonized various kinds of terrestrial habitats (xeric 

shrubland, mountainous regions, temperate and tropical rainforests, etc.) on all continents 

except for Antarctica and Australia (Nowak, 1999; Thorington Jr., Koprowski, Steele & 

Whatton, 2012). They display arboreal, terrestrial, fossorial, and aerial (though only in the form 

of passive gliding) locomotion (Nowak, 1999; Thorington Jr. et al., 2012). Overall, their body 

masses span three orders of magnitude with a large amount of overlap among various locomotor 

ecologies (Fig. 1; Hayssen, 2008). According to Wölfer et al. (2019), scaling patterns differ 

among sciuromorph locomotor groups when considering various aspects of the most proximal 

skeletal element of the hind limb, the femur (effective femoral length, robustness of the 

condyles, lengths of the in-levers of muscles attaching to the major and third trochanters, and 

shape). 

In order to explore the interactive effect of locomotor ecology and body mass on the 

sciuromorph forelimb, we decided to conduct a phylogenetically informed comparative study 

also on the most proximal skeletal element, the scapula. The scapula is an understudied skeletal  



34   Effect of lifestyle and body mass on the morphology of the scapula 
 

 

 

Fig. 1: Phylogenetic tree of Sciuromorpha including ancestral locomotor types. The tree was 

adopted from Zelditch et al. (2015) and added by information from the TimeTree database (Hedges 

et al., 2015). Timescale in million years ago (Ma). Pie charts at the internal nodes present the 

probability of each locomotor type. Larger pie charts indicate transitions among locomotor types at 

the internal nodes. See text for more information.  
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element in allometric studies (but see Lilje, Tardieu & Fischer, 2003; Schmidt, 2008; Schmidt 

& Fischer, 2009). This is surprising as it serves as the attachment site for muscles that are known 

to be relevant for (i.e., are activated during) various locomotor activities in mammals (Cohen 

& Gans, 1975; English, 1978a; English, 1978b; Larson & Stern, 1986). The scapula’s relevance 

for locomotion in therian mammals in further underlined by its integration into the forelimb, 

thus being the most proximal skeletal element that also contributes the most to the limb 

excursion during stance phase (Fischer, 1994; Fischer, Schilling, Schmidt, Haarhaus & Witte, 

2002; Jenkins, 1971). We analyzed the following quantitative skeletal variables (see Fig. 2): 

the effective length of the scapula, the size of the glenoid cavity, the size of the coracoid process 

and the length of the mediolateral in-lever of the muscles attaching to its tip (short biceps, and 

coracobrachialis), the size of the teres major fossa, and the size of the attachment sites, the 

lengths of the in-levers, and the orientation of the in-levers of the rotator cuff muscles 

(supraspinatus, infraspinatus, subscapularis). We additionally investigated the following 

scapular shape features visible from the lateral view (Fig. 2a) that could not be quantified as 

linear variables: the length of the in-lever of the teres major fossa (interpreted from the position 

and shape of the fossa relative to the blade) and the robustness of the metacromion and 

acromion.  

Each included species was assigned to one of the following locomotor groups: ‘aerial’ (glide, 

but also climb trees), ‘arboreal’ (climb trees, but are also terrestrial/scansorial and partly dig 

burrows), and ‘fossorial’ (dig burrows and are otherwise terrestrial) (Fig. 1). Wölfer et al. 

(2019) assumed these categories to reflect the most demanding activities of the locomotor 

repertoire of a species acting on the femur. We hypothesized this categorization to also be 

reflected in the realizations of all scapular traits, though we did not make specific assumptions 

about the orientation of the in-levers of the rotator cuff muscles and the shape features. 

Specifically, we expected that the highest univariate trait values for a given body mass would 

be found in the aerial group, followed by the arboreal and the fossorial groups along this order. 

Furthermore, the differences in univariate trait values among the locomotor groups were 

expected to increase with body mass, thus yielding the highest slope values for the aerial group 

and the lowest values for the fossorial one. 

Regarding the effective length of the scapula (Fig. 2b), this decision was based on the following 

morphofunctional considerations based on limb bone geometry: Aerial sciuromorphs need 

longer limbs to increase the area of the patagium, and thus, increase lift during gliding 

(Runestad & Ruff, 1995; Thorington Jr. & Heaney, 1981). Furthermore, scapular length should  
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Fig. 2: Anatomical features of the scapula and landmarks/metrics used for their quantification. 

Anatomical features in black, topographical terms in red. Large red circles: fixed landmarks 

(definitions given in Table S2). Small dark grey circles: curve landmarks. a) Lateral view – lm4: 

landmark 4. b) Medial view – Small light grey circles: landmarks that were added for the calculation 

of the centroids (large light gray circles) of the supraspinatus (c1), infraspinatus (c2), and subscapularis 

(c3) fossae. Large dark grey circles: positions of the three centroids when not taking into account the 

small light gray circle landmarks. lm1 and lm5: landmarks representing the dorsal and ventral centers 

of rotation, respectively. EL: effective length of the scapula. lm7: landmark indicating the ventral end 

of the connection between spine and blade. I-L1 and I-L2: in-levers of the supra- and infraspinatus 

muscles, respectively. α1 and α2: angles between the in-levers and EL. In-levers and angles are not 

shown for the centroid of the subscapularis muscle for clarity. c) Caudal view – Large light grey 

circle: center between landmarks 5 and 6 (lm5 and lm6, respectively). I-L: in-lever of the muscles 

attaching to the tip of the coracoid process in the caudal plane. b: baseline vector to compute the angle 

(α) between I-L and mediolateral axis. Dashed line: mediolateral component of I-L. d) Ventral view 

– Large light gray circle: center between landmarks 1 and 3 (lm1 and lm3, respectively). I-L: in-lever 

of the muscles attaching to the tip of the coracoid process in the ventral plane. Dashed line: 

mediolateral component of I-L.  
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scale with positive allometry as this has to be the case for the surface area of the patagium in 

order to yield similar lift properties (Runestad & Ruff, 1995) and it was already shown to be 

the case for the femoral length by Wölfer et al. (2019). A shorter scapula for a given body mass 

was expected for arboreal species as it would bring the center of mass closer to the substrate, 

which is important for maintaining balance during climbing (Nakano, 2002; Schmidt & Fischer, 

2011). We did not make specific assumptions about the scaling of the effective scapular length 

in the arboreal group. Isometry seemed reasonable, as positive allometry would force the 

animals to climb in a relatively more crouched and energetically less efficient posture 

(Biewener, 1991) in order to bring the center of mass closer to the substrate. An isometric 

scaling relationship has already been observed for the sciuromorph femur (Wölfer et al., 2019). 

A fossorial sciuromorph of similar mass might possess the shortest scapula, because jumping 

is less important and shorter limb elements might facilitate locomotion in underground tunnels 

(Stein, 2000). Wölfer et al. (in press) found a negative allometric pattern in the effective femoral 

length of the fossorial group, which we adopted as a hypothesis for the scapula. This pattern 

would allow to minimize the tunnel size with increasing body mass (Wölfer et al., 2019). 

Regarding the glenoid cavity and the muscle attachment sites (Fig. 2), the locomotor 

categorization was based on the assumption that the glenoid cavity is adapted to the resistance 

of peak loadings and the scapular muscles to the generation of peak forces occurring during the 

interactions of the animal with its environment. These loadings and forces are most probably 

highest for aerial sciuromorphs due to gliding locomotion and landing impacts after long glides. 

This assumption is based on the experimental data of Paskins et al. (2007) which demonstrated 

that landing reaction forces of a small flying squirrel (ca. 0.25 kg) can rise up to almost nine 

times the animal’s body weight after a flight distance of only two meters. Peak loadings and 

forces occurring during digging behavior and terrestrial locomotion were assumed to be lowest 

and those generated by arboreal locomotion (climbing vertically and jumping from tree to tree) 

to fall in between. The assumed differences between the arboreal and fossorial species was 

based on a study by Stalheim-Smith (Stalheim-Smith, 1984), who observed that selected 

forelimb muscles produced higher torques in an arboreal sciuromorph species (Sciurus niger) 

when compared to a heavier fossorial species (Cynomys gunnisoni). Expectations were difficult 

to formulate for the orientations of the in-levers of the rotator cuff muscles (supraspinatus, 

infraspinatus and subscapularis), but we included them, as we observed especially the shape of 

the supraspinatus fossa to vary tremendously among arboreal species. 
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Material and Methods 

 

Image acquisition 

We included scapulae from 186 species for which body mass data was available, each with one 

specimen (Table S1). We prioritized including as many species as possible to enhance the 

comparison of locomotor groups instead of increasing intraspecific samples of a smaller sample 

of species. Hence, we were able to acquire a dataset representing around 60 % of all extant 

sciuromorph species. The scapula was analyzed in 2D from four geometrically predefined 

orthogonal views – lateral, medial, caudal, and ventral (Fig. 2, Fig. S1a). We photographed the 

bigger scapulae including a scale bar using a Canon EOS 1200D (Canon Inc., Tokyo, Japan) 

camera with a resolution of 18 MP. A single small scapula (Tamias minimus, Table S1) was 

photographed using a Nikon D90 camera with a resolution of 12.3 MP and a Micro Nikkor 

objective with 60mm focal length (Nikon Corporation, Tokyo, Japan). The scapula was always 

positioned in the same manner in order to minimize the effect of orientation. Very small 

scapulae were difficult to reliably position according to the criteria of our geometrically 

predefined orthogonal views. Thus, the scapulae of the smallest species (and a few larger 

species) were CT scanned (see Table S1) with a resolution of 37-40 µm using a Tomoscope 

Synergy Twin (Elysia-raytest GmbH, Straubenhardt, Germany). These smallest sciuromorph 

species predominantly belong to the arboreal and aerial locomotor types (Fig. 1 and Table S1). 

Surface models were extracted from the CT scans using Amira 6.0.0. (FEI Visualization 

Sciences Group, Berlin, Germany). Screen shots of these models were then created including a 

scale bar placed visibly upon flat surface structures (Fig. S1b) using Geomagic Studio 2013.0.2 

(3D Systems, Rock Hill, South Carolina, USA). The view option “perspective projection” in 

Geomagic Studio was applied to simulate the recording condition of a camera. The screenshots 

from the four orthogonal views were acquired by creating a coordinate system in a reference 

view that could be precisely rotated via 90° steps (see Fig. S1b for a detailed description). As 

all bones were selected depending on availability, all images of left bones were mirrored to 

yield a sample of right scapulae. 

The effect of the imaging technique on the outcome of the OLS regression outlined below was 

quantified using the specimen of Tamias striatus (see Table S1). Its scapula was repositioned 

and photographed 20 times as well as CT-scanned once to repeat the repositioning and 

acquisition of snapshots in Geomagic Studio also 20 times. 
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Landmark placement and extraction of univariate traits 

Landmarks were used in all four camera views to extract linear metrics as well as to analyze 

the shape of the lateral view (Fig. 2, Fig. S1a, definitions are given in Table S2). All images of 

the scapula were landmarked using the software tpsDIG2 Version 2.26 (Rohlf, 2010). We 

placed fixed landmarks (Bookstein, 1997b) onto structures that could be homologized and 

connected them via a series of equidistant intermediate landmarks placed on the outlines of the 

scapular features (Fig. 2). These equidistant landmarks were used as curve sliding semi-

landmarks (Bookstein, 1997a; Gunz, Mitteroecker & Bookstein, 2005) for the shape analysis 

of the lateral view. The landmark coordinates of all specimens were then important into the 

software R version 3.5.2 (R Development Core Team, 2018), which was used for subsequent 

downstream analyses, if not mentioned otherwise below. We used functions from various R 

packages to process and visualize the data (Adams, Collyer & Kaliontzopoulou, 2018: 

geomorph; Harmon, Weir, Brock, Glor & Challenger, 2008: GEIGER; Plate & Heiberger, 

2016: abind; Revell, 2012: phytools; Schlager, 2017: Morpho; Wickham, 2017: tidyverse). 

The effective scapular length was measured as the distance between the dorsal and ventral 

centers of rotation, which were approximated using the landmarks 1 and 5 of the medial view, 

respectively (Fig. 2b). Landmark 1 denotes the intersection of the scapular spine and the dorsal 

margin. Landmark 5 was defined as the point that divides the concave glenoid cavity into a 

cranial region (joint surface facing caudoventrally) and a caudal region (joint surface facing 

ventrally). 

The robustness of the glenoid cavity was measured using the centroid size of the landmarks 

surrounding the cavity. The cavity was only visible from the caudal and ventral views for all 

specimens (Fig. 2c-d). The cranial region was mostly covered from the caudal view (Fig. 2c) 

and the caudal region mostly from the ventral view (Fig. 2d). We analyzed the centroid sizes of 

both views separately. 

The coracoid process was analyzed in respect to its centroid size and the mediolateral 

component of the in-lever of the muscles (short biceps and coracobrachialis) attaching to the 

process’ tip. The coracoid process was always visible from the medial, caudal, and ventral 

views (Fig. 2b-d). In each view, the landmarks surrounding the process were used to compute 

the respective centroid size. The three values were then summed to yield a measure for its 

overall centroid size. The mediolateral component of the in-lever was measured in the caudal 

and ventral views, respectively (Fig. 2c-d). An average value was computed as both values were 

correlated, but differed especially for higher values (Fig. S2). Regarding the caudal view, first, 

the in-lever in the caudal plane (Fig. 2c) was determined as the distance between the landmark 
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at the tip of the coracoid process and the center between the two landmarks representing the 

mediolateral width of the glenoid cavity. Then, a vector from this center to landmark 5 was 

computed, which represented the mediolateral axis of the scapula. Afterwards, the angle 

enclosed by the in-lever and the mediolateral axis was calculated using the formula of the dot 

product. It was finally used to obtain the mediolateral component of the in-lever, which equals 

the length of the in-lever multiplied by the cosine of the angle. Regarding the ventral view, the 

scapula was photographed so that the craniocaudal axis (judged from the appearance of the 

blade, Fig. 2d) aligned with the y-axis of the image. Hence, the mediolateral axis was aligned 

with the x-axis. This allowed us to calculate the mediolateral component of the in-lever (Fig. 

2d) as the distance between the x-coordinates of the landmark at the tip of the coracoid and the 

center between the landmarks 1 and 3. These landmarks represented the mediolateral width of 

the glenoid cavity (corresponding to landmarks 5 and 6 in Fig. 2c). 

The teres major attachment site was analyzed from the lateral view (Fig. 2a), because it was 

more difficult to identify its common border with the subscapularis fossa on the medial view. 

In most species, the teres major fossa was separated by a ridge on the lateral view, making it 

easy to identify its medial border (compare Fig. 2a and 2c). However, this was not always the 

case, so that we used the following procedure to estimate the medial outline of the teres major 

attachment area. If the ridge was present, it represented a continuation of the scapular blade’s 

caudal margin straight to the dorsal top (Fig. 2a). In cases it was not present, we placed the 

ventral fixed landmark of the teres major fossa (landmark 4), where the outline of the caudal 

margin started to turn laterally around its dorsal area. This landmark was used as a starting point 

to place the curve landmarks all along to the dorsal margin so that this line of landmarks 

extended the caudal margin dorsally (as the ridge did otherwise). We computed the centroid 

size using the fossa’s surrounding landmarks. The in-lever was not quantified, because the 

glenoid cavity was not visible on the lateral view. However, some conclusions were drawn from 

the comparative shape analysis (see below). It is important to note that the here identified 

attachment site does not necessarily fully correspond to the actual attachment site. For example, 

Thorington et al. (1997) reported that the teres major’s origin generally extends along one- to 

two-thirds of the length of the caudal margin, while not referring to a specific locomotor group 

or species, etc. We never observed the fossa to extend that far ventrally, indicating that the 

muscle might attach to the scapula’s caudal margin further ventrally. Muscle dissections would 

be necessary to assess the correct attachment area, but are not manageable on a large-scale 

comparative analysis including >150 sciuromorph species, as such specimens are less available 

than skeletal elements in museum collections. However, the teres major fossa has been used to 
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infer the functional relevance of the attaching muscles (e.g., Hildebrand & Goslow, 1995) and 

we assume that it also represents a good indicator in the Sciuromorpha. 

The attachment sites of the three rotator cuff muscles covering the area of the blade 

(supraspinatus, infraspinatus, and subscapularis muscles) were investigated from the medial 

view (Fig. 2b). As the scapular blade approximates a flat structure, we simply defined the 

supraspinatus and infraspinatus fossae as the two areas that are obtained when splitting the 

subscapularis fossa by the line connecting landmarks 1 and 7. In order to yield accurate in-

levers, it was necessary to achieve a uniform surrounding of the fossae with landmarks. Hence, 

we added additional landmarks. As the density of curve landmarks differed between the 

supraspinatus fossa and the infraspinatus fossa, the density of added landmarks was adjusted 

according to the fossa under consideration (lower density for the supraspinatus fossa and higher 

density for infraspinatus fossa). Regarding the supraspinatus fossa, we calculated the distance 

between two neighboring curve landmark points. Then, we computed the distances between 

landmarks 1 and 7 and landmarks 7 and 6 (Fig. 2b). These two distances were divided by the 

distance between the two neighboring curve landmark points. The resulting number of points 

was used to interpolate the landmark coordinates between landmark 1 and 7 and landmarks 7 

and 6, respectively. All landmarks surrounding the supraspinatus fossa including these added 

ones were used to compute its centroid’s position and size. The same procedure was applied to 

the infraspinatus fossa, the only difference being the fixed landmarks used (landmarks 1, 2, 3, 

and 7). Note that in Fig. 2b, the two lines of added landmarks stretching from landmark 1 to 

landmark 7 are shifted a bit to the left (supraspinatus fossa) and right (infraspinatus fossa) to 

enhance visibility.  

The centroids of the supraspinatus and infraspinatus fossae were averaged to yield the position 

of the subscapularis fossa’s centroid (Fig. 2b) and the sum of their sizes was used as a 

representation of the size of the subscapularis fossa. Note, that the three centroids were closer 

to landmark 5 and that the centroid of the supraspinatus fossa was located more caudally than 

when the added landmarks would not have been considered for the quantification of the 

centroids (compare the position of the large light grey and the large dark grey circles in Fig. 

2b). The lengths of the in-levers were determined as the distance between landmark 5 (the 

approximate center of rotation) and the respective fossa’s centroid. The orientation of each in-

lever was defined as the angle enclosed by it and the axis represented by the effective scapular 

length. 

 

 



42   Effect of lifestyle and body mass on the morphology of the scapula 
 

Shape analysis 

We used the ‘gpagen’ function of the geomorph package (Adams & Otarola-Castillo, 2013) to 

conduct a generalized Procrustes superimposition (Rohlf & Slice, 1990) on the shape of the 

lateral view. The curve landmarks were included as sliding semi-landmarks, which were slid to 

fixed positions using the minimum bending energy criterion during Procrustes superimposition 

(Bookstein, 1997a). 

 

Statistics and visualization 

It is important to account for the statistical non-independence of species when utilizing 

regressions models in macroevolutionary comparative studies for the assessment of adaptation 

in the trait values (Felsenstein, 1985). According to Hansen and Orzack (2005), only a model 

that includes an interdependency between phylogenetic constraint and adaptation to 

environmental factors can provide parameters that are appropriate for the assessment of 

adaptation. The Ornstein-Uhlenbeck (OU) model developed by Hansen (1997) provides this 

option and is also able to include covariates as demonstrated by Hansen, Pienaar and Orzack 

(2008). Unfortunately, it does not allow for the inclusion of an interaction effect between two 

environmental factors (locomotor ecology and body mass in our case).  

We applied the approach used by Wölfer et al. (2019), who inferred adaptation combining OU 

modeling and traditional ordinary least squares (OLS) regression. Wölfer et al. (2019) used the 

former to evaluate the phylogenetic inertia, and hence the adaptive response in the univariate 

traits in order to justify the use of OLS regressions that are able to include interaction effects. 

They argued that OLS parameter estimates are reliable for inferring adaptive effects if i) the 

OU model estimates indicate that the observed trait values resemble instantaneous adaptation 

and ii) the effect of the interaction is small so that residual correlation would be very similar to 

the case of no significant interaction (Wölfer et al., 2019).  

The relevant OU parameter is the mean phylogenetic correction factor (MPCF). It depends on 

the rate of adaption of a species’ trait value toward its optimal state and the time the species has 

been evolving toward that optimum (Hansen et al., 2008). The faster the rate and the longer the 

time, the closer is the observed regression slope to the hypothetical optimal regression slope, 

indicating a strong adaptive response in the trait (Hansen et al., 2008). The MPCF can range 

from zero to one, with values close to one resembling low phylogenetic inertia and thus, almost 

instantaneous adaptation (Hansen et al., 2008).  

First, an OLS regression with an interaction term was used to analyze the combined effect of 

locomotor ecology and body mass on all scapular variables. We decided to use the ancestral 
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locomotor type of all sciuromorph rodents as a baseline for intergroup comparisons. That is, 

the intercepts and slopes of all other locomotor groups were compared to that group, but not 

among each other. For this purpose as well as for OU modeling, it was necessary to include a 

cladogram on which the ancestral locomotor type could be reconstructed. We used the fully 

dichotomous molecular phylogenetic tree displayed in Fig. S2 of Wölfer et al. (2019), which 

represents a compound tree based on information from Zelditch, Li, Tran and Swiderski (2015) 

and Hedges, Marin, Suleski, Paymer and Kumar (2015). The phylogeny and dataset were 

pruned for conformity of species, resulting in 142 species included in the reconstruction of 

locomotor types as well as in the OU analysis (Table S1), the latter being outlined below.  

Stochastic character mapping was used to reconstruct ancestral locomotor types (Bollback, 

2006; Huelsenbeck, Nielsen, Bollback & Schultz, 2003). We utilized its implementation in the 

make.simmap function of the R package ‘phytools’ (Revell, 2012). The transition rate matrix 

was defined as all rates (transition probabilities among locomotor types) being different. We 

created 1000 character maps to assess the most probable ancestral locomotor types at the 

internal nodes including the condition of the sciuromorph ancestor (Fig. 1).  

A linear scaling relationship for all OLS and OU regressions was achieved by computing the 

natural logarithms of the univariate traits as well as body mass. Following Wölfer et al. (2019), 

we subtracted the lowest log value of the body masses from all the other mass values, which 

allowed us to interpret intercepts as the difference among locomotor groups for the body mass 

of the smallest sampled sciuromorph rodent. We expected this to represent the smallest 

difference, because relative differences among groups were predicted to increase with 

increasing body mass (i.e., different slopes without intersection).  

We used the regression model implemented in the lm.rrpp function of the R package ‘RRPP’ 

(Collyer & Adams, 2018) with the option SS.type = ‘III’ and 10,000 rounds of permutations for 

significance testing. We always used a univariate regression, except for shape, for which a 

multivariate regression was fit to all Procrustes coordinates. The alpha level was always defined 

as 0.05. Afterwards, we applied the anova function with the effect type being means squares to 

the fitted models to evaluate the significance of the interaction. The more different the slopes 

are among groups, the more probable the interaction. In case the interaction for a trait was not 

significant, the regression was redone excluding the interaction effect, but other options 

remaining identical. The regression coefficients and their associated p-values were extracted 

using the coef function. 

Regarding the shape of the lateral view, we tested post hoc whether the angles between the 

shape trajectories of the three locomotor groups differ significantly, using the function pairwise 
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of the ‘RRPP’ package. This was necessary, because the lm.rrpp function only tests whether 

the slopes have significantly different lengths, but not if the angle between each pair of slopes 

is significantly different from zero. We created 2D landmark models using the expected shape 

variables for the lightest and the heaviest specimens of each locomotor group with the function 

plotRefToTarget of the R package ‘geomorph’ (Adams et al., 2018). This allowed us to compare 

among the three locomotor groups how shape changes with body mass.  

Second, an OU model including locomotor type as a fixed factor (OU3, see Table 1) and body 

mass as a covariate was fitted to each univariate trait using the slouch.fit function of the ‘slouch’ 

package (Kopperud, Pienaar, voje, Orzack & Hansen, 2018) sensu Hansen et al. (2008). In the 

context of this study, the model assumes that a species’ trait tends to evolve to a hypothetical 

optimum imposed onto the species by its locomotor type. The optimal value itself depends on 

the covariate. As including locomotor type as a fixed factor might bias the MPCF value toward 

one, we also accounted for the scenario of all species sharing the same optimum (no effect of 

locomotor type on the univariate trait). Consequently, an OU model was fitted that assigns all 

species to the same group (OU1, see Table 1), thus maximizing the amount of unexplained 

variance (see Wölfer et al., 2019).  

The OU3 and OU1 models assume that the covariate (the natural logarithm of body mass) 

evolves randomly according to a Brownian motion (BM) model with the root state being the 

expected value (Hansen et al., 2008). We evaluated the justification of this assumption by 

comparing the likelihood among three models: a BM model, an OU model in which the 

covariate itself is affected by locomotor type (similar to the OU3 model), and an OU model that 

includes a single optimum shared by all species (similar to the OU1 model). The function mvBM 

of the R package ‘mvMORPH’ (Clavel, Escarguel, Merceron & Poisot, 2015) was used to fit 

the BM model and the function slouch.fit was utilized for the other two models. The likelihood 

of all three models was then compared via the Schwarz information criterion (SIC) that 

penalizes the model likelihood with the number of parameters estimated and the number of 

species included (Burnham & Anderson, 2002). Lower SIC values were interpreted as higher 

model likelihood sensu Burnham and Anderson (2002). We found the BM model to be more 

likely (SIC = 321) than the OU model including locomotor type as a fixed effect (SIC = 331) 

and the OU model with a single optimum (SIC = 324). Thus, the assumption of random 

evolution of body mass was supported. 

Finally, the likelihood of the OU3 and OU1 models was compared for each univariate trait via 

the Schwarz information criterion (SIC). We defined the minimum difference between the SIC 

values as 2 in order to reliably discriminate between the likelihood of the two models (Burnham



Effect of lifestyle and body mass on the morphology of the scapula   45   
 

 

 

 OLS analysis OU analysis 

Variable P (mass) P (groups) P (mass x groups) SIC (OU3) SIC (OU1) MPCF 

Scapula EL 0.0001 0.3393 0.4514 -211 -214 0.994 

Glenoid cavity CSca  0.0001 0.0511 0.5319 -237 -226 0.995 

Glenoid cavity CSve 0.0001 0.0036 0.0086 -208 -213 0.991 

Coracoid process CS 0.0001 0.0001 0.0802 -64 -30 0.997 

Coracoid process I-Lml 0.0001 0.0001 0.6180 -132 -104 0.999 

Teres major fossa CS 0.0001 0.0729 0.0623 195 236 0.994 

Supraspinatus fossa CS 0.0001 0.7721 0.5726 -180 -180 0.995/0.994 

Supraspinatus fossa I-L 0.0001 0.0928 0.1401 -220 -226 0.994 

Supraspinatus fossa I-Lori 0.0001 0.0006 0.0001 -210 -219 0.822 

Infraspinatus fossa CS 0.0001 0.4631 0.7348 -198 -198 0.995/0.993 

Infraspinatus fossa I-L 0.0001 0.4049 0.5464 -216 -223 0.993 

Infraspinatus fossa I-Lori 0.0729 0.0004 0.0013 -63 -66 0.896 

Subscapularis fossa CS 0.0001 0.5913 0.6665 -192 -192 0.995/0.994 

Subscapularis fossa I-L 0.0001 0.2270 0.3393 -219 -226 0.994 

Subscapularis fossa I-Lori 0.0001 0.1470 0.0253 361 355 0.978 

Shapela 0.0001 0.0001 0.0001 - - - 

Table 1: Significance of the effects of the OLS analysis and relevant estimates of the OU analysis. EL = effective length, CS = centroid, ca = from caudal 

view, ve = from ventral view, I-L = in-lever, ml = mediolateral, I-Lori = orientation of the in-lever in respect the axis of scapula EL, la = shape from the lateral view. 

P-values (P) for the mean squares values of the regression effects (mass, groups) and their interaction from an ordinary least squares (OLS) fit. Significant p-values 

(≤ 0.05) in bold. See Table S3 for the ANOVA tables including all statistical properties for each variable. Values of the Schwarz information criterion (SIC) for an 

Ornstein-Uhlenbeck model assigning species to the three locomotor groups (OU3) and for a model pooling them into a single group (OU1). The values of the more 

likely model is displayed in bold and its estimate for the mean phylogenetic correction factor (MPCF) is presented. 
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& Anderson, 2002). In case the difference between the two models’ SIC values was below two, 

both MPCF values were reported (Table 1). The likelihood estimates of OU models fitted to 

high-dimensional data such as shape are not reliable (Adams & Collyer, 2017). Furthermore, 

the slouch model can only be fitted to univariate traits. However, as all univariate traits yielded 

a very high MPCF (see results and Table 1), we decided that not only the univariate aspects of 

scapular shape, but also overall shape displays a fast adaptive response to locomotor type and 

body mass, justifying the use of OLS regressions for univariate traits as well as shape (see 

Wölfer et al., 2019). 

In order to assess the effect of the image acquisition technique, the OLS analysis with univariate 

traits as well as shape was redone, this time including the mean value for Tamias striatus 

derived from the data of the 20 photographs and the mean value computed with the data of the 

20 snapshots taken from the 3D surface model. We replicated the graphs presented in Figs. 3-4 

and highlighted these two data points to visually assess the occurrence of a systematic error for 

the univariate traits (Figs. S3-S4). To visualize the error concerning the shape analysis, we first 

used the procD.allometry function of the R package ‘geomorph’ (Adams et al., 2018) to repeat 

the multivariate regression. Then, a regression plot (Fig. S5) was generated using the 

plot.procD.allometry function of the same package with the method ‘RegScore’ to project 

multivariate shape onto the y-axis sensu Drake and Klingenberg (2008).  

 

Results 

 

Ancestral locomotor types 

Stochastic character mapping revealed that the arboreal locomotor type is the most probable 

ancestral condition for Sciuromorpha (Fig. 1). The aerial locomotor type was acquired once and 

the fossorial one three times independently. This is in accordance with the finding of Wölfer et 

al. (2019). 

 

Phylogenetic inertia 

The MPCFs of all univariate traits are presented in Table 1. For most of these traits, the MPCF 

values scored above 0.99. This indicates a very low phylogenetic inertia and thus, almost 

instantaneous adaptation on a phylogenetic timescale. Only the orientations of the in-levers of 

the rotator cuff muscles displayed a lower score. The orientation of the in-lever of the  
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Fig. 3: Scaling plots 1. The scaling pattern for various natural log transformed univariate metrics on 

natural log transformed body mass are presented. The grey bar always indicates the slope under 

isometry. Three slopes for the different locomotor groups are shown in case of a significant interaction 

effect, one slope (black) for all species in case of no interaction effect. See Table 2 for explanations 

of parameter abbreviations and text for more details. 

 

supraspinatus muscle had the lowest score (~ 0.82), with increasing values for the infraspinatus- 

and subscapularis muscles (~ 0.89 and ~ 0.98, respectively). This might be due to the larger 

scatter of the data points when comparing the orientation of the in-levers to the other traits (Fig. 

3 and 4). Nevertheless, we considered the MPCF value high enough to rely on OLS regressions 

for the estimation of model parameters. 

 

Effective scapular length 

The regression of the effective length showed no significant interaction effect (Fig. 3, Table 1) 

with a slope (~ 0.33) resembling isometry. The mean value of the fossorial group showed no 

significant difference when compared to the arboreal group, whereas the mean of the aerial 

group was significantly smaller than that of the arboreal one. 



48   Effect of lifestyle and body mass on the morphology of the scapula 
 

 Arboreal group  Fossorial group  Aerial group 

Variable IC UCL P  SL UCL P  IC UCL P SL UCL P  IC UCL P SL UCL P 

Scapula EL -4.631 4.664 0.5643 0.325 0.049 0.0001  -4.659 0.037 0.1295 - - -  -4.687 0.052 0.0326 - - - 

Glenoid 

cavity CSca  

-5.770 5.792 0.2901 0.333 0.050 0.0001  -5.784 0.041 0.5157 - - -  -5.639 0.056 0.0001 - - - 

Glenoid  

cavity CSve 

-4.873 4.943 0.8838 0.329 0.051 0.0001  -5.038 0.103 0.0015 0.374 0.033 0.0080  -4.854 0.126 0.7683 0.318 0.042 0.5824 

Coracoid  

process CS 

-4.151 4.184 0.1766 0.333 0.054 0.0001  -4.543 0.096 0.0001 - - -  -3.850 0.135 0.0001 - - - 

Coracoid  

process I-Lml 

-6.390 6.420 0.2298 0.316 0.049 0.0001  -6.660 0.066 0.0001 - - -  -6.269 0.093 0.0102 - - - 

Teres major  

fossa CS 

-5.529 5.623 0.2782 0.476 0.089 0.0001  -6.234 0.184 0.0001 - - -  -5.314 0.259 0.1021 - - - 

Supraspinatus  

fossa CS 

-3.561 3.598 0.5825 0.339 0.052 0.0001  -3.608 0.041 0.0252 - - -  -3.644 0.058 0.0050 - - - 

Supraspinatus  

fossa I-L 

-5.207 5.237 0.5289 0.320 0.048 0.0001  -5.228 0.036 0.2479 - - -  -5.237 0.050 0.2321 - - - 

 

 

Table 2: Coefficients of the OLS analysis. Intercepts (IC) and slopes (SL) of the ordinary least squares (OLS) fits with their upper confidence limit (UCL) and 

corresponding p-values (P). Variables without a significant interaction effect (see Table 2) are represented by a single common slope reported under the arboreal 

group. P-values for the slopes of the fossorial and aerial groups refer to the significance of being different from the slope of the arboreal group. Actual slope values 

and not the differences of the fossorial and aerial groups relative to the arboreal group are presented in order to facilitate comparison with isometry. For consistency, 

the same applies to the intercepts. Significant p-values (≤ 0.05) are displayed in bold. See Table 1 for abbreviated variable names. 
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 Arboreal group  Fossorial group  Aerial group  

Variable  IC UCL P  SL UCL P  IC UCL P SL UCL P  IC UCL P SL UCL P  

Supraspinatus  

fossa I-Lori 

2.259 2.384 0.9995 0.103 0.024 0.0001  2.406 0.099 0.0040 0.024 0.032 0.0001  2.459 0.123 0.0015 0.036 0.043 0.0016 

Infraspinatus  

fossa CS 

-3.184 3.217 0.5259 0.330 0.050 0.0001  -3.245 0.039 0.0027 - - -  -3.238 0.054 0.0529 - - - 

Infraspinatus  

fossa I-L 

-5.150 5.181 0.5108 0.325 0.049 0.0001  -5.179 0.037 0.1240 - - -  -5.176 0.051 0.3161 - - - 

Infraspinatus  

fossa I-Lori 

2.143 2.141 0.0456 -0.029 0.032 0.0729  1.809 0.168 0.0003 0.067 0.053 0.0004  2.134 0.205 0.9300 -0.040 0.069 0.7493 

Subscapularis  

fossa CS 

-2.662 2.697 0.5530 0.334 0.051 0.0001  -2.717 0.039 0.0071 - - -  -2.728 0.055 0.0211 - - - 

Subscapularis  

fossa I-L 

-5.191 5.221 0.5199 0.322 0.049 0.0001  -5.215 0.037 0.2083 - - -  -5.219 0.050 0.2744 - - - 

Subscapularis  

fossa I-Lori 

-0.210 0.342 0.2459 0.306 0.137 0.0001  0.356 0.659 0.0884 0.012 0.210 0.0076  0.323 0.819 0.1806 0.134 0.280 0.2133 

Shapela 0.071 1.002 0.0022 0.000 0.010 0.0001  0.071 0.049 0.0001 -0.002 0.016 0.0001  0.070 0.061 0.0061 -0.001 0.021 0.0100 

 

 

 

 

 

Table 2 (continued). 
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Fig. 4: Scaling plots 2. The scaling pattern for various natural log transformed univariate metrics on 

natural log transformed body mass are presented. See Table 2 for explanations of parameter 

abbreviations, and Fig. 3 and text for more details. 

 

Robustness of glenoid cavity 

The centroid size from the caudal view displayed no significant interaction effect (Fig. 3, Table 

1). The overall slope (~ 0.33) resembled isometry (Table 2). The mean size of the fossorial 

group did not significantly differ from the arboreal one, but the aerial group displayed a 

significantly higher value.  

The centroid size from the ventral view showed a significant interaction effect, although 

differences were very subtle (Fig. 3, Table 1). The values of the arboreal group (~ 0.33) scaled 

close to isometry. Only the fossorial group displayed a slope that was significantly different 

from the arboreal one and a slightly positive allometric trajectory (~ 0.37). The slope of the 

aerial group was not significantly different from the arboreal one, displaying subtle negative 

allometry (~ 0.32). All slopes intersected at midrange of body mass, contradicting our 

assumption that differences among locomotor groups would increase with larger body masses. 
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Coracoid process 

Both, the centroid size of the coracoid process and the length of the mediolateral in-lever of the 

muscles attaching to its tip showed no significant interaction effect (Fig. 3, Table 1). The slope 

of the former (~ 0.33) mirrored isometry whereas the slope of the latter was only slightly lower 

(~ 0.32) (Table 2). For both parameters, the mean of the fossorial group was significantly lower 

and the mean of the aerial one significantly higher than that of the arboreal group. 

 

Teres major fossa 

The interaction effect was not significant for the centroid size of the teres major fossa (Fig. 3, 

Table 1), with an overall slope displaying distinct positive allometry (~ 0.48) (Table 2). The 

mean centroid size of the fossorial group was significantly lower compared to the arboreal 

mean, whereas the one of the aerial group was not significantly different from it. 

 

Fossae of rotator cuff muscles 

The centroid sizes of the attachments sites as well as the lengths of the in-levers of the attaching 

muscles (supraspinatus, infraspinatus, and subscapularis) exhibited no significant interaction 

effect. However, for all three muscles, the orientations of the in-levers did (Fig. 4, Table 1). 

All three centroid sizes changed at a rate close to isometry (supraspinatus: ~ 0.34, infraspinatus: 

~ 0.33, subscapularis: ~ 0.33). The mean centroid size of the fossorial group was always 

significantly smaller than that of the arboreal group (Table 2). This was also true for the mean 

centroid size of the aerial group except for the infraspinatus fossa, which displayed no 

significant difference in centroid size. 

All of the lengths of the three in-levers scaled with slight negative allometry or isometry 

(supraspinatus: ~ 0.32, infraspinatus: ~ 0.33, subscapularis: ~ 0.32). None of them showed 

significant differences in the mean values of the fossorial and aerial groups when compared to 

the arboreal one.  

The in-levers’ orientation of the supraspinatus and subscapularis muscles displayed a similar 

pattern: all slopes indicated positive allometry and the one of the arboreal group intersected the 

other two in the midrange of body mass, whereas the fossorial and aerial slopes did not intersect. 

Regarding the in-lever of the infraspinatus muscle, only the slope of the fossorial group 

exhibited positive allometry, whereas the other two groups displayed negative allometry. When 

considering the supraspinatus muscles, for example, the expected in-lever angle for the lightest 

arboreal species was ~ 9.6° and the one for the heaviest arboreal species was ~ 15.4° (Table 3). 

This is most probably reflecting the supraspinatus fossa protruding further cranially in the  
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Fig. 5: Predicted shapes of the lightest and heaviest species of each locomotor group. 2D 

landmark models for the lightest and the heaviest specimens of each locomotor group are displayed 

using the fitted shape variables of the interaction model. The coloured landmarks indicate the smallest 

species of a group, the grey landmarks the heaviest species. See text for more information. 

 

heaviest species (Fig. 5). This difference in orientation to the axis was smaller in the other two 

groups. A similar pattern was visible for the subscapularis muscle, though the difference 

between the angles for the lightest and heaviest species in the arboreal group were more subtle 

(~ 2.5°). A minor difference was also visible regarding the infraspinatus muscle of the arboreal 

and aerial groups (~ 1° and ~ 1.2°, respectively). The difference was a bit more distinct in the 

fossorial group (~ 2.4°).  

 

 Angle (°) 

 Arboreal group  Fossorial group  Aerial group 

Variable Lightest Heaviest  Lightest Heaviest  Lightest Heaviest 

Supraspinatus fossa I-Lori 9.582 15.390  11.546 12.848  12.010 13.807 
Infraspinatus fossa I-Lori 8.523 7.458  6.844 9.230  8.195 6.996 

Subscapularis fossa I-Lori 0.810 3.300  1.455 1.532  1.527 2.584 

Table 3: Angle between the in-lever of the rotator cuff muscles and the axis defined by the effective 

scapular length. See Table 1 for abbreviated variable names. Angles for the predicted values of the 

lightest and heaviest species of each group. 
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Shape 

The scaling of the shape analyzed from the lateral view differed significantly between the 

arboreal and fossorial groups as well as the fossorial and aerial groups, but not between the 

arboreal and aerial groups (Table 4). The latter might be attributed to similarities in certain 

relative changes with regard to centroid size occurring from the expected shapes of the lightest 

aerial/arboreal species to the expected shapes of the heaviest aerial/arboreal species (Fig. 5): a 

ventral lengthening of the teres major fossa, a shallower outline of the dorsal part of the 

supraspinatus fossa, an extension of the dorsal infraspinatus margin, and a reduction of the 

craniocaudal width of the infraspinatus fossa. According to the slope angles, the changes in the 

fossorial group were more similar to those of the arboreal group (angle ~ 72.7°) than to the 

changes found in the aerial group (angle ~ 82.2°). This might be ascribed to the arboreal and 

fossorial groups sharing a craniocaudal broadening of the acromial-metacromial area with 

increasing body mass. A change specific to the arboreal group is a ventral shift of the 

supraspinatus fossa with increasing body mass. The fossorial group is specific in a relative 

craniocaudal broadening of the infraspinatus and supraspinatus fossae and, hence, also the 

subscapularis fossa when body mass increases. General apparent differences between the three 

locomotor groups are an increasingly pronounced metacromion from the aerial to the arboreal 

and finally fossorial group, and a decrease in robustness of the acromion as well as width of the 

clavicular articulation along this order. 

 

Image acquisition error 

According to Figs. S3 and S4, 4 of the 15 univariate traits appear to exhibit a considerable 

difference between the two mean trait values of Tamias striatus acquired from photographs and 

3D model surface snapshots, at least when compared to the interspecific variability. All of the 

4 traits (the glenoid cavity’s centroid size obtained from the ventral view, the centroid size of 

the coracoid process, the mediolateral in-lever of the coracoid process, and the orientation of 

the in-lever of the subscapularis fossa) showed a larger mean value for the data acquired from 

Table 4: Shape trajectory statistics. The angle between the slopes is compared pairwise between two 

locomotor groups. UCL = upper confidence limit. Significant p-values (P ≤ 0.05) are shown in bold. 

Groups compared Angle (°) UCL P 

Arboreal vs. fossorial 72.651 36.803 0.0003 

Arboreal vs. aerial 47.441 49.007 0.0594 

Fossorial vs. aerial 82.162 52.187 0.0014 
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snapshots. The scapular shape from the lateral view did not appear to be affected by the imaging 

technique (Fig. S5).  

 

Discussion 

The purpose of this study was to analyze how the interplay of locomotor ecology and body 

mass affects the morphology of the sciuromorph scapula and to evaluate whether the scaling 

relationships conform or depart from the theory of isometry. We intended to assess the adaptive 

significance of these relationships by estimating the influence of phylogenetic inertia on 

scapular trait evolution. Overall, the results suggest that most of the studied traits display very 

low phylogenetic inertia and scale with or very close to isometry. The low phylogenetic inertia 

indicates that this isometric scaling trend has an adaptive significance that needed to be 

sustained during sciuromorph evolution. This is in accordance with the results of Wölfer et al. 

(2019), who found that most of the femoral traits displayed a low phylogenetic inertia and 

scaled close to isometry. Only the centroid size of the teres major and the orientation of the 

rotator cuff muscles’ in-levers in respect to the axis defined by the effective scapular length 

displayed a distinct allometric pattern. The in-levers’ orientations of the infra- and 

supraspinatus fossae showed a lower phylogenetic inertia (~ 0.82 and ~ 0.89, respectively). 

Nevertheless, these values are still far closer to one than to zero, suggesting that the allometric 

scaling patterns rather reflect adaptation to locomotor ecology and body mass than phylogenetic 

inertia. The centroid size of the glenoid cavity’s caudal area, the scapular shape (analyzed from 

the lateral view), and the in-levers of the rotator cuff muscles exhibited a significant interaction 

effect, i.e., a discrepancy of scaling properties among locomotor groups. However, contrary to 

our expectations for the univariate traits, differences among locomotor groups never increased, 

but changed depending on the body mass as indicated by the crossing of the groups’ slopes at 

midrange of body mass (Figs. 3 and 4). Consequently, the tests concerning the differences in 

the intercepts are not informative for these cases. Despite this, we found significant differences 

among locomotor groups that partly did and partly did not match our assumptions, as discussed 

in the following. 

Several studies are concerned with the shape of the scapula (e.g., Astua, 2009; Gálvez-López 

& Casinos, 2008; Martín-Serra, Figueirido & Palmqvist, 2014; Morgan, 2009), but the 

application of geometric morphometrics does not allow for comparing the dimensions of 

substructures on an absolute scale. Regarding absolute scapular length, Lilje et al. (2003) 

reported positive allometry in bovids and cervids. We did not find an allometric relationship. 

In fact, the slightly negative slope found for all species indicates that the scapular length is not 
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prone to functional adjustments in heavier sciuromorphs. Perhaps, if necessary, adjustments in 

stride length are rather accomplished by changes in the rotational and translational movement 

of this forelimb element. We could not confirm a generally smaller length for the scapula as 

demonstrated for the femur by Wölfer et al. (2019) when comparing the fossorial to the arboreal 

group. It is also surprising that the effective length of the aerial group is significantly smaller 

than that of the arboreal one. This was already observed by Polyakova and Sokolov (1965) 

when comparing the gliding species Pteromys volans with the arboreal species Sciurus vulgaris 

(although it has to be kept in mind that they standardized scapular length by body length and 

not body mass). An increase in the area of the patagium to increase lift seems to be mostly 

achieved by increasing the length of the stylo- and zeugopodia of the forelimb (see Thorington 

Jr. & Heaney, 1981).  

The pattern in the robustness of the glenoid fossa did only partly meet our expectations. 

Although an interaction effect was found for the caudal region, differences in scaling effects 

are minor. Furthermore, the crossing of slopes at midrange of body mass hampers the 

interpretation of differences among intercepts, because these differences disappear during 

midrange and are inverted for higher body masses. The trait values of the lightest arboreal and 

aerial species might be generally biased a bit towards higher values as these were acquired from 

3D surface model snapshots. This might lower the slope of these groups and might be 

responsible for this interaction effect. This has to be kept in mind for the other three univariate 

traits discussed below that appear to be affected by the imaging technique.  The allometric 

scaling pattern in the cavity’s caudal region of the fossorial group might hint at an increased 

importance for stability and regulation of load transfer in the shoulder joint during digging. An 

importance for the robustness of various forelimb articulation sites in diggers has already been 

formulated by others for various mammalian taxa (Fabre et al., 2015; Hildebrand & Goslow, 

1995; Morgan & Álvarez, 2013; Polly, 2007; Samuels & Van Valkenburgh, 2008). However, 

the cranial area of the glenoid suggest that this region is especially important for gliders as we 

found it to be most robust in this group. It might stabilize the shoulder during gliding and/or 

landing by reducing the displacement of the humerus when forces act onto it. Dedicated 

biomechanical analyses of the shoulder joint during locomotion are necessary to test this 

hypothesis. The different pattern in the cranial and caudal regions of the glenoid cavity point at 

the possibility that the cavity dos not evolve as a whole, but might consist of two separate 

functional units that are not correlated developmentally, at least in Sciuromorpha. 

The coracoid process appears to be an important structure for aerial sciuromorphs as it is most 

robust and the mediolateral component of the in-lever of the muscles attaching to its tip is 
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largest in this group. The robustness might be an indicator for the need to stabilize the position 

of the scapula during gliding as the clavicula and the dorsal area of the coracoid process are 

tightly connected via ligaments. The relatively high in-lever component increases the adductor 

forces created by the coracobrachialis and short biceps muscles (the latter though being 

primarily a flexor of the elbow joint). This adjustment might assist the counterbalancing of 

torques tending to fold the limbs upwards during gliding as well as absorbing impact forces 

during landing (Essner Jr. & Scheibe, 2002). As expected, both features are smallest in the 

fossorial group and the arboreal group falls in between the other two. This confirms our 

assumption that neither digging nor terrestrial locomotion requires particularly large adductor 

forces, but that these forces play an important role for maintaining balance on slender and 

inclined substrates and assist vertical climbing on tree trunks (Argot, 2001; Grand, 1983; Sargis, 

2002; Taylor, 1974). The isometric or almost isometric scaling of both parameters suggests, 

that allometric adjustments did not occur during the evolution of sciuromorphs. Perhaps, scaling 

adjustments regarding the adductor function are found in muscles with an overall larger in-lever 

(e.g., pectoralis muscles). 

The fossa of the teres major – a muscle that retracts the arm – is generally considered to play 

an important role during digging (Hildebrand & Goslow, 1995). According to the differences 

in the centroid sizes of our three locomotor groups, it is least important for diggers and equally 

important for arboreal and aerial species. Stalheim-Smith (1984) compared the amount of 

torque generated by the teres major muscle at different shoulder joint angles between the 

arboreal sciuromorph species Sciurus niger and the fossorial sciuromorph species Cynomys 

gunnisoni. The author showed that the only significant difference could be found for 145° with 

S. niger displaying the higher value (Stalheim-Smith, 1984). A comparison with recorded data 

of S. niger climbing vertically indicated that this angle occurs during the early retraction phase 

when the animals pulls itself upwards (Stalheim-Smith, 1984). The teres major functions as a 

retractor during climbing is supported by an electromyography study on chimpanzees (Larson 

& Stern, 1986). Hence, a strongly developed teres major fossa does not only have to represent 

an adaptation in the context of fossorial locomotion. We used the shape regressions to compare 

the position of the teres major among the three locomotor groups. The ventral lengthening of 

the fossa in the arboreal group would move the centroid of the fossa further ventrally and reduce 

the length of the in-lever when compared to the fossorial group (Fig. 5). However, as discussed 

above, the effective scapular length is larger in the arboreal group, counterbalancing the ventral 

shift. This makes it difficult to interpret differences among the lengths of the in-levers of the 

teres major among the three groups. Quantitative data are needed to reliably interpret 
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differences among the in-levers. The fact that aerial species are similar to the arboreal one not 

only concerning the fossa’s size, but also its shape, indicates that the demands are very similar. 

This is reasonable as gliding sciuromorphs still have to effectively climb trees besides being 

optimized for gliding capabilities and most probably evolved from arboreal ancestors (Herron, 

Castoe & Parkinson, 2004; Mercer & Roth, 2003; Steppan, Storz & Hoffmann, 2004). The 

positive allometric scaling of the teres major fossa when compared to the other attachment sites 

considered in this study hints at the functional importance of the attaching muscle to 

counterbalance the disproportionate increase of weight in all of the three groups. 

Regarding the rotator cuff fossae, it is important to keep in mind that changes of the supra- and 

infraspinatus fossae will inevitably lead to changes in the subscapularis fossa and vice versa. 

The same interdependence is true for all three fossae and the scapular length (Larson, 2015), 

indicating that trade-offs might play a role in the evolution of the scapula. Interestingly, the size 

of all three muscles was largest in the arboreal group except for the infraspinatus fossa, which 

was of similar size in the aerial group. This is in accordance with the findings of other authors, 

who compared arboreal and terrestrial taxa and assigned the role of these muscles to the 

stabilization of the shoulder joint during powerful, extensive retractions of the arm while 

climbing (Argot, 2001; Roberts, 1974). We expected that the rotator cuff muscles have to 

generate the largest forces when stabilizing the shoulder joint during gliding or loading impacts 

while landing when compared to other locomotor behaviors in sciuromorphs. Especially the 

supraspinatus muscle is an important elevator and protractor of the arm (Larson & Stern, 1986). 

Perhaps its most commanding function is a fast protraction of the arm during vertical climbing. 

A larger supraspinatus in arboreal species might indicate that aerial species are less agile 

climbers. The biggest change in the orientation of the supraspinatus’ in-lever with body mass 

was found in the arboreal group (~ 6°, Table 3). This is a very subtle difference when compared 

to the actual shape changes of the supraspinatus fossa (Fig. 5). A cranial rotation of the in-lever 

in the heaviest species compared to the smallest species indicates that the supraspinatus muscle 

of the former develops comparable torques to that of the latter when the shoulder joint is flexed 

by additional ~ 6°. In other words, the heavier species might display a larger range of motion 

in the shoulder joint and the supraspinatus muscle might be optimized to act on a further 

retracted arm. However, no data are available to our knowledge to support this assumption. 

A similar sized infraspinatus muscle within the arboreal and aerial groups indicates that this 

muscle could act as a powerful arm retractor during vertical climbing. Interestingly, Larson and 

Stern (1986) found it to be activated during arm lifting/protraction, but not retraction in the 

chimpanzee, which contradicts our assumption. It needs to be evaluated, whether muscle 
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activation patterns are comparable between arboreal sciuromorphs and highly derived primates 

such as chimpanzees. Furthermore, chimpanzees display a much larger infraspinatus fossa 

when compared to the supraspinatus fossa (Schück, 1910), which is not the case for 

sciuromorphs. Surprisingly, fossorial sciuromorphs displayed the largest change in the 

orientation of the infraspinatus’ in-lever with body mass, which is difficult to interpret. Contrary 

to the orientation of the supraspinatus’ in-lever, a caudal rotation of the infraspinatus’ in-lever 

would indicate that, in the heaviest species, this muscle develops comparable torques to the 

lightest species, when the shoulder joint is extended by additional ~ 2.5°. To our knowledge, it 

has not been tested, yet whether small and large fossorial species differ in the range of motion 

of their shoulder joint during digging. The smaller rotator cuff fossae in the fossorial group 

compared to the arboreal group contradict the idea that fossorial locomotion applies higher 

loads onto the shoulder joint than arboreal locomotion (Fabre et al., 2015; Hildebrand & 

Goslow, 1995; Morgan & Álvarez, 2013; Polly, 2007; Samuels & Van Valkenburgh, 2008). As 

for the teres major fossa, it would be helpful to evaluate how well the sizes of the rotator cuff 

fossae correlate with the sizes of the attaching muscles to answer this question.  

The fact that the differences in the subscapularis fossa resemble those of the supraspinatus fossa 

might indicate that the muscles attaching to both of them share a similar function. However, 

Larson and Stern (1986) observed the subscapularis muscle to be activated during the support 

phase of climbing, whereas the supraspinatus was mostly activated during the swing phase. An 

analysis of the activation pattern of these muscles in sciuromorphs is necessary for a better 

understanding of the function of the rotator cuff muscles during different behaviors and how 

their anatomical integration affects their function. 

The acromion is the attachment site for the acromiodeltoid muscle, which protracts and lifts the 

arm (Salton & Sargis, 2008). The most robust realization in the aerial group might reflect an 

increased attachment site for it. The acromial part of the deltoid can be expected to play an 

important role for lifting the arm and stabilizing the shoulder joint during aerial locomotion. 

The particularly broad clavicular articulation in the aerial group might restrict extensive 

craniocaudal excursions of the scapula along the ribcage and further stabilize the shoulder joint 

during gliding. It appears from sizes of the acromion and the clavicular articulation site in the 

arboreal and fossorial groups (Fig. 5) that these stabilizing roles are less relevant for climbing 

behavior and least for digging and terrestrial locomotion.  

The metacromion is an attachment site for the trapezius, the atlantoscapularis ventralis, and the 

spinodeltoid muscles (Thorington Jr. et al., 1997). Salton and Sargis (2008) suggested the 

muscles attaching to the metacromion to be involved in scapular stabilization and humeral 
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rotation and that a prominent metacromion is a good indicator for heavy loading at the shoulder. 

These are characteristics that we would have linked to aerial locomotion, less to arboreal and 

least to fossorial locomotion. However, we found the metacromion to be the most developed in 

the fossorial group, though only slightly. 

 

Conclusion 

The herein presented results reveal a complex evolution of the sciuromorph scapula, during 

which allometric adjustments appear to have played a minor role. Nevertheless, some traits that 

were considered in this study displayed an interaction effect between locomotor ecology and 

body mass, highlighting the importance of statistically accounting for potential interaction 

effects in eco-morphological studies (Wölfer et al., 2019). Discrepancies between our 

expectations and the found adjustments of scapular traits to different locomotor ecologies 

suggest that it is import to take a closer look at the biomechanics of locomotion in order to 

understand their morphological demands (Bock, 1980). They could also hint at the presence of 

morphofunctional trade-offs, as the low phylogenetic inertia indicates that trait values are close 

to their primary optimum, thus representing locomotor adaptations. The fossorial group serves 

as a prime example, with some adjustments indicating adaptation to the stabilization of the 

shoulder joint (caudal region of the glenoid cavity, metacromion), and other aspects 

contradicting this interpretation (sizes of rotator cuff muscle attachment sites). Notable is also 

their reduced fossa of the teres major, a muscle that has been usually related to the powerful 

arm retraction during digging behavior (Hildebrand & Goslow, 1995; Lehmann, 1963). Thus, 

our analysis exemplifies the lack of a one-to-one correspondence between morphology and 

function (see Wainwright, Alfaro, Bolnick & Hulsey, 2005). Quantitative scaling analyses of 

the various scapular features in other mammalian taxa as well as studies focusing on their 

anatomical integration are needed to understand the adaptive significance and limitations of 

scapular adjustments with changes in body mass and locomotor ecology. 
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5.2 Sampling bias on the estimation of the interaction effect 

5.2.1 Introduction 

In the previous chapter (5.1), only one specimen per species was investigated, because the study 

focused on maximizing the interspecific instead of the intraspecific variability. Although a large 

number of species was sampled, the selection of each species individual might still bias the 

outcome. This was tested by using a simulated sampling study. It returned the frequency of 

obtaining the same results as in the empirical dataset after selecting a single specimen from 

each species many times. The test was first developed for the study of trait evolution of chapter 

7 because one of the reviewers questioned the selection of a single species per specimen. It was 

already presented in detail in the supplementary material of that chapter (appendix 9.5). As the 

study on trait evolution was a follow-up on the analyses conducted in chapter 5.1 and 6.1, the 

simulation here was very similar but uses different model parameter estimates. However, for 

convenience, it is described in detail below. 

 

5.2.2 Material and Methods 

All analyses were done in R (R Development Core Team 2018). Only univariate traits were 

studied, because the simulation would be computationally too complex for highly dimension 

data, like shape. Three species were sampled. These were Tamias striatus (19 individuals), 

Sciurus carolinensis (20), and Marmota monax (20) with increasing body size (see Appendix 

9.1: Table S7 for a list of specimens). This number of individuals includes the specimen of the 

original dataset. The choice of different sizes was necessary for the simulation (see below). 

Both sexes were sampled equally well, and as many subspecies as available were included. All 

three species are known for their broad geographic distribution that is above average compared 

among all sciuromorph species (Nowak, 1999; Thorington Jr., Koprowski, Steele, & Whatton, 

2012). This intended to maximize the coverage of a large intraspecific variation.  

The following analysis was conducted on each trait. First, it was assessed which error source 

during our data sampling resulted in the largest variation. The considered levels of error from 

highest to lowest hierarchical rank were the selection of the specimen, the placement and 

orientation of the scapula for photographing, and the placement of landmarks onto the image. 

The variation among individuals was expected to be the largest among the three. One of the 

scapular specimens of each species was selected and positioned as many times as individuals 

were included for this species. Then, one image was selected and landmarked as many times as 

individuals included. This ensured that all three hierarchical levels comprised the same number 

of specimens. The standard deviation was computed for all three levels of all three species and  
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Fig. 5.2.1: Standard deviations (SD) for three hierarchical levels of error source. EL = effective 

length, CS = centroid size, ca = from caudal view, ve = from ventral view, I-L = length of in-lever, 

ml = mediolateral, I-Lori = orientation of the in-lever in respect to the axis of scapular EL. 
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compared graphically (Fig. 5.2.1). As the standard deviation among individuals was indeed 

always the largest, the landmarked images of this hierarchical level were used in the simulation 

study.  

The standard deviation appeared to depend on the size of the species (Table 5.2.1). The only 

exception was the orientation of the rotator cuff muscle in-levers, perhaps, because they are 

dimensionless and describe the shape of the scapula. Nevertheless, in order to account for size 

effects, we used the lm function to regress the natural log of the standard deviations of the three 

species on their natural log-transformed body mass. The regression equations were used to 

compute the expected standard deviations for all species using the formula: intercept + slope * 

body mass. Then, the expected standard deviations were retransformed from natural log-

transformed values using the exp function.  

We assumed the specimens’ trait values of the empirical dataset used in chapter 5.1 to be 

representative of the mean species’ values, as the actual values could not be estimated. Given 

this mean value and the estimated standard deviations for all species, a normal distribution of 

1000 trait values was generated for each species of the empirical unpruned dataset, representing 

a hypothetical population (in statistical terms). The next step was repeated 1000 times. A sample 

was drawn with one specimen per species, and the whole allometric regression analysis in 

chapter 5.1 was redone, starting with the natural log transformation of the trait values and 

followed by the ordinary least squares regression on body mass. Based on all 1000 sampling 

results, we computed the frequency of the interaction effect of the regression being significant 

(p ≤ 0.05). This was not done for the other model parameters (intercepts and slopes), because 

their estimation depends on the significance of the interaction effect. It is unclear, so far, how 

to proceed with the intercepts and slopes in those cases where the simulated result concerning 

the significant interaction effect does not match with the empirical value. Nevertheless, the 

reliability of the estimation of the interaction effect should provide an idea on the effect of 

sampling bias on the regression results. 

 

5.2.3 Results and discussion 

For all traits that displayed a significant interaction effect in 5.1, the majority of simulated 

datasets were also characterized by a significant interaction effect (Table 5.2.2). The only 

exception was the orientation of the in-lever of subscapularis muscle for which 431 out of 1000 

datasets displayed a significant interaction effect. Regarding the orientation of the in-lever of 

the supraspinatus fossa, all 1000 simulated datasets revealed a significant interaction effect. It 

were 919 datasets for the in-lever of the infraspinatus fossa and 711 datasets for the centroid 
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size of the ventral view on the glenoid cavity.  

For all traits that were not significantly affected by an interaction effect in the empirical 

dataset, the frequency of significant interactions effects among all simulated datasets was below 

220. Thus, with the exception of the in-lever orientation of the subscapularis muscle, sampling 

bias appears to have not affected the estimation of the significance of the interaction effect. 

Nevertheless, the conclusions drawn on the orientation of this in-lever in chapter 5.1 would not 

have been majorly affected, as the range of angles among lifestyles was too small to allow for 

any functional interpretation. 

 

Trait Standard deviation [mm] / [°] 

 Marmota monax Sciurus carolinensis Tamias striatus 

Scapula EL 3.852 2.078 0.985 

Glenoid cavity CSca  1.832 0.666 0.406 

Glenoid cavity CSve  3.612 1.427 0.604 

Coracoid process CS 6.777 3.305 1.650 

Coracoid process I-Lml 0.723 0.304 0.176 

Teres major fossa CS 6.857 3.154 2.787 

Supraspinatus fossa CS 13.242 6.966 2.951 

Supraspinatus fossa I-L 2.088 1.113 0.527 

Supraspinatus fossa I-Lori 0.986 0.751 0.650 

Infraspinatus fossa CS 18.434 9.662 4.367 

Infraspinatus fossa I-L 2.215 1.233 0.604 

Infraspinatus fossa I-Lori 1.161 0.702 0.730 

Subscapularis fossa CS 31.212 16.542 7.262 

Subscapularis fossa I-L 2.102 1.153 0.559 

Subscapularis fossa I-Lori 0.781 0.459 0.617 

 

 

 

 

 

 

 

Table 5.2.1: Interindividual standard deviation. See Fig. 5.2.1 for trait abbreviations.
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Trait Interaction effect significant 

according to chapter 5.1 

Frequency of interaction 

effect being significant after 

1000 simulations 

Scapula EL No 9 

Glenoid cavity CSca  No 9 

Glenoid cavity CSve  Yes 711 

Coracoid process CS No 219 

Coracoid process I-Lml No 3 

Teres major fossa CS No 93 

Supraspinatus fossa CS No 8 

Supraspinatus fossa I-L No 90 

Supraspinatus fossa I-Lori Yes 1000 

Infraspinatus fossa CS No 6 

Infraspinatus fossa I-L No 3 

Infraspinatus fossa I-Lori Yes 919 

Subscapularis fossa CS No 2 

Subscapularis fossa I-L No 25 

Subscapularis fossa I-Lori Yes 431 

Table 5.2.2: Correspondence between the estimations of the interaction effect from the empirical 

dataset and the simulated datasets. See Fig. 5.2.1 for trait abbreviations. 
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6 Effect of lifestyle and body mass on the morphology of the femur  

 

6.1 Femoral morphology 

Publication: Wölfer, J., Amson, E., Arnold, P., Botton-Divet, L., Fabre, A. C., van Heteren, A. 

H., & Nyakatura, J. A. (2019). Femoral morphology of sciuromorph rodents in light of scaling 

and locomotor ecology. Journal of Anatomy. doi: 10.1111/joa.12980 
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6.2 Influence of the image acquisition technique 

6.2.1 Introduction 

As already done for the scapula in chapter 5.1, the assessment of the effect of the image 

acquisition technique on the outcome was analysed. In this case, the two different techniques 

were surface laser scanning and computed tomography (CT) scanning.  

 

6.2.2 Material and Methods 

All analyses were done in R (R Development Core Team 2018). The steps correspond to the 

treatment explained for the scapular analysis. The ordinary least squares analysis with 

univariate traits and shape was repeated, this time with the inclusion of two mean values for 

Tamiasciurus hudsonicus instead of the single specimen by which it was originally represented. 

One mean value was computed from 18 landmarked surface scan iterations. The other was 

computed using a single CT scan of the same specimen from which a 3D surface model was 

generated and landmarked 18 times. The graphs depicted in Fig. 3 of chapter 6.1 were renewed 

while highlighting these two mean values. This allowed the visual assessment of the occurrence 

of a systematic error for the univariate traits (Fig. 6.2.1). For the visualization of the error 

concerning the shape analysis, the procD.allometry function of the R package ‘geomorph’ 

(Adams et al. 2018) was used to repeat the multivariate regression. Afterwards, a regression 

plot (Fig. 6.2.2) was generated with the plot.procD.allometry function of the same package, 

including the method ‘RegScore’, which projects multivariate shape onto the y-axis (Drake and 

Klingenberg 2008).  

 

6.2.3 Results and discussion 

According to Fig. 6.2.1, only the width of the patellar groove appears to display a considerable 

difference between the two mean trait values of Tamiasciurus hudsonicus, at least when 

compared to the interspecific variability. The mean value obtained from the CT scan was larger 

than the mean value computed from the surface laser scan. Smaller specimens tended to be 

scanned via CT, whereas larger specimens were preferably scanned with a surface laser. This 

means that the allometric slope value is likely to be underestimated, thus underrating the 

hypothesized importance for a relativly more robust patella and, perhaps, relatively stronger 

quadriceps femoris muscle for counterbalancing increases in body mass.  

The scapular shape from the lateral view also appeared to be affected by the imaging 

technique (Fig. 6.2.2). However, it appeared to be situated within the variance of all arboreal  
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Fig. 6.2.1: Modification of Fig. 6 including the mean trait values of Tamiasciurus hudsonicus 

for two image acquisition techniques. EL = effective length, CS = centroid size, apD = 

anteroposterior diameter, mlD = mediolateral diameter, W = width, I-L = length of in-lever. The 

scaling pattern for various natural log transformed univariate metrics on natural log transformed 

body mass are presented. Grey bar = slope under isometry. Three slopes for the different locomotor 

groups are shown in case of a significant interaction effect, one slope (black) for all species in case 

of no interaction effect. 
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Fig. S5: Regression plot of femoral shape on log body mass including the mean trait values 

of Tamiasciurus hudsonicus for two image acquisition techniques. The scaling pattern of shape 

on natural log transformed body mass is presented. The regression score is a univariate 

representative of multivariate shape (Drake and Klingenberg 2008). SL = surface laser. 

 
 

species and outside the variance of the fossorial and aerial species. Thus, the effect of the image 

acquisition technique on the results of the shape analysis is considered neglectable. 
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6.3 Sampling bias on the estimation of the interaction effect 

6.3.1 Introduction 

As for the scapula, a single specimen per species was collected for the femur. The only 

exception was Aplodontia rufa with three specimens from which an average trait value was 

computed. The analysis mirrors the one conducted on the scapular traits. Please refer to chapter 

5.2 for a detailed explanation of the procedure. Here, only deviations from this procedure were 

emphasised. 

 

6.3.2 Material and Methods 

All analyses were done in R (R Development Core Team 2018). As for the scapula, three 

species of different weight were selected. Only the lightest species was different; Tamiasciurus 

hudsonicus was used instead of Tamias striatus. The number of collected specimens was 18 for 

Tamiasciurus hudsonicus (including the specimen of the original dataset), 22 for Sciurus 

carolinensis, and 23 for Marmota monax (see Appendix 9.5: Table S7 for a list of specimens). 

Similar to the other species, Tamiasciurus hudsonicus exhibits a broad geographic distribution 

(Thorington Jr. et al. 2012). 

First, the standard deviations on three hierarchical levels of error source were compared, the 

sources being the choice of the specimen, the laser scanning of the surface of the femur, and 

the placement of landmarks onto the 3D surface model. As for the scapula, the standard 

deviation among individuals was always the largest (Fig. 6.3.1). Thus, the landmarked surface 

scans of this level were used during the simulation study. Similar to the scapular dataset, the 

standard deviation appeared to be related to the size of the species (Table 6.3.1). Consequently, 

the same procedure was applied, as described in 5.2. 

 

6.3.3 Results and discussion 

All traits with a significant interaction effect in chapter 6.1 also displayed a significant 

interaction effect in the majority of simulated datasets (Table 6.3.2). For the effective femoral 

length as well the lengths of the in-levers of the muscles attaching to the greater and third 

trochanters, the frequency of significant interaction effects were very high (1000, 810, and 862 

out of 1000, respectively). The simulation for the centroid size of the condyles revealed a lower 

frequency of 622. Nevertheless, the results matched for more than half of the simulations, which 

was considered reliable. All traits without an interaction effect in the empirical dataset showed 

a low frequency (below 170) of significant interaction effects after simulation. Hence, the 

estimation of the interaction effect in the empirical datasets was considered overall reliable. 
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Fig. 6.3.1: Standard deviations (SD) for three hierarchical levels of error source.  EL = effective length, 

CS = centroid size, apD = anteroposterior diameter, mlD = mediolateral diameter, W = width, I-L = 

length of in-lever. 
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Trait Standard deviation [mm] 

 Marmota monax Sciurus carolinensis Tamiasciurus hudsonicus 

Femur EL 4.427 2.358 2.130 

Head CS 1.650 0.922 0.525 

Midshaft apD 0.527 0.303 0.215 

Midshaft mlD 0.777 0.360 0.210 

Condyles CS 3.714 2.267 1.343 

Medial condyle W 0.578 0.267 0.154 

Lateral condyle W 0.541 0.375 0.244 

Patellar groove W 0.399 0.257 0.185 

Greater Trochanter I-L 0.944 0.459 0.269 

Third Trochanter I-L 1.255 1.076 0.541 

Lesser Trochanter I-L 0.897 0.470 0.401 

 

 

Trait Interaction effect significant 

according to chapter 6.1 

Frequency of interaction 

effect being significant after 

1000 simulations 

Femur EL Yes 1000 

Head CS No 166 

Midshaft apD No 9 

Midshaft mlD No 1 

Condyles CS Yes 622 

Medial condyle W No 19 

Lateral condyle W No 155 

Patellar groove W No 3 

Greater Trochanter I-L Yes 810 

Third Trochanter I-L Yes 862 

Lesser Trochanter I-L No 6 

 

 

Table 6.3.1: Interindividual standard deviation. See Fig. 6.3.1 for trait abbreviations. 

Table 6.3.2: Correspondence between the estimations of the interaction effect from the empirical 

dataset and the simulated datasets. See Fig. 6.3.1 for trait abbreviations. 
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6.4 Trabecular architecture of the femoral head 

Publication: Mielke, M., Wölfer, J., Arnold, P., van Heteren, A. H., Amson, E., & Nyakatura, 

J. A. (2018). Trabecular architecture in the sciuromorph femoral head: allometry and functional 

adaptation. Zoological Lett, 4(1), 10. doi:10.1186/s40851-018-0093-z 
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6.5 Femoral cross-sectional properties 

Publication: Scheidt, A., Wölfer, J., & Nyakatura, J. A. (2019). The evolution of femoral cross-

sectional properties in sciuromorph rodents: Influence of body mass and locomotor ecology. 

Journal of Morphology, 280(8), 1156-1169. doi:10.1002/jmor.21007 
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8 Discussion 

The specific traits that were investigated in the published chapters were already compared in 

detail with the available literature in the respective discussion of each chapter. Here, first, the 

current methodological limitations experienced during this thesis will be outlined and 

suggestions presented for future directions. Then, the findings of all chapters will be put into a 

macroevolutionary context. Instead of comparing each morphological feature among all 

lifestyle categories at a time, I start with the ancestral arboreal lifestyle and its morphological 

characteristics and then proceed to the derived fossorial and aerial lifestyles and the associated 

changes in morphology. This discussion serves as a review on the available morphological 

literature into which the results of this thesis are integrated to develop a macroevolutionary 

scenario for the sciuromorph locomotor apparatus. I will refer to “we” when talking about the 

results of the published chapters and to “I” when referring to the results of unpublished data or 

my own opinion.  

 

8.1 Methodological limitations 

The development of PCMs has been very fruitful for the study of phenotypic diversity. 

However, for now, certain issues remain regarding the complexity of the models and their 

computational algorithms (Cressler et al. 2015; Adams and Collyer 2017), as well as differences 

among models and approaches in terms of their specific statistical reasoning (e.g., how to infer 

adaptation; Hansen and Orzack 2005; Hansen 2014). Other statistical aspects, such as 

interaction effects, contribute to this confounding complexity and the problem of integrating 

them properly into a phylogenetic comparative framework was already tackled in the respective 

chapter. In the following, I will focus on an issue that occurred, because i) adaptive inferences 

in chapters 5.1 and 6.1 were limited by model complexity and ii) chapter 7 relied upon the 

results of the other two chapters to use a more sophisticated approach that iii) lead in turn to a 

critical re-evaluation of the results of chapters 5.1 and 6.1. Thus, this elaboration only concerns 

traits that did not display an interaction effect and could be used in chapter 7. For now, these 

problems were unavoidable and need to be solved in future studies. 

The estimated differences in intercepts in chapter 5.1 and 6.1 were used to infer the adaptive 

significance of mean trait differences among lifestyles. For example, significant differences 

between fossorial and arboreal species were found for various traits (see Table 2 in chapter 5.1 

and Table 3 in chapter 6.1). Interestingly, for two scapular traits (the centroid size of the 

coracoid process and the mediolateral in-lever of the muscles attaching to it), significant 
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differences between arboreal and fossorial species were found in chapter 5.1, but these were 

not reflected in the results of the pairwise model comparison in chapter 7 (see Table 3). In both 

cases, the OU2foss and the OU1 model were equally plausible. The former model includes one 

optimum for the arboreal and one for the fossorial species and thus, reflects significant 

differences between their mean trait values. Contrary to this, the OU1 model includes a shared 

optimum by arboreal and fossorial species and thus, corresponds to no significant differences. 

Hence, it appears that the method of pairwise model comparison developed by Boettiger et al. 

(2012) results in a more conservative outcome than the traditional tests for significance used in 

chapters 5.1 and 6.1. Pairwise model comparison was only applied to three traits to test the 

likelihood of homoplasy, which was already rejected as a possible scenario for the other traits 

on the basis of preceding analyses. Thus, perhaps, significant differences for other traits might 

have been “rejected” by pairwise model comparison as well. This would have meant, for 

example, that fossorial and arboreal species are more similar in their morphology than 

estimated.  

The discrepancy between these methods indicates that, ideally, the aspects of scaling, 

lifestyle, homoplasy, and macroevolutionary modelling would have been combined in a single 

statistical analysis for each trait. However, the assessment of the phylogenetic inertia for the 

analyses in chapters 5.1 and 6.1 was limited to the OU model that allows for the inclusion of a 

covariate, thus accounting for scaling and lifestyle. This is currently only implemented in the 

method of the R package published by Hansen et al. (2008). This method uses a manual grid 

search to find the most appropriate estimates of the model parameters, which include the mean 

phylogenetic correction factor as a predictor of phylogenetic inertia. This is time-intensive, but 

manageable for a reasonable number of model fits. 

On the contrary, the pairwise model comparisons in chapter 7 include thousands of model 

fits, which can be computationally very intensive. The only R implementations that can handle 

this in a reasonable period of time use a fast automated maximum likelihood estimation of 

model parameters instead of a manual grid search (e.g., Clavel et al. 2015). However, OU model 

fitting algorithms based on this algorithm do not allow for the inclusion of covariates. Thus, the 

data had to be size-corrected first in chapter 7. In order to enable completely coherent studies 

of this type in the future, it would be helpful to develop modelling methods that i) allow for the 

estimation of phylogenetic inertia while accounting for covariates sensu Hansen et al. (2008), 

ii) are accompanied by fast automated model fitting algorithms that enable more sophisticated 

statistical inferences such as the post hoc test provided by Boettiger et al. (2012), and, perhaps, 
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iii) even include the evaluation of interaction effects between evolutionary factors such as body 

size and ecology. 

 

8.2 Evolution of the sciuromorph locomotor apparatus 

The purpose of this thesis was to contribute to the understanding of the evolution of the 

sciuromorph locomotor apparatus. First and foremost, it could be shown that the arboreal 

lifestyle is the ancestral condition of sciuromorph rodents, whereas the fossorial lifestyle 

evolved most probably three times independently. The reconstruction also supported the fact 

that the evolution of the aerial lifestyle was a singular event and occurred in a species descended 

from an arboreal ancestor (Mercer and Roth 2003; Rocha et al. 2016). Previous lifestyle 

reconstructions had focused on the subclade Sciuridae (Steppan et al. 2004; Rocha et al. 2016) 

but used different classification schemes which were considered inappropriate for the 

biomechanically informed morphofunctional analyses of this thesis. In general, Sciuridae was 

traditionally investigated for itself without major reference to Aplodontiidae or Gliridae. The 

most probable reason is that their close relationship was not established on a reliable basis 

before the extensive use of molecular data for phylogenetic reconstructions (e.g., Adkins et al. 

2003; Fabre et al. 2012). Gliridae is sparsely represented in the morphological literature. I will 

frequently refer to squirrels instead of sciuromorphs when a cited study focused on this 

subclade. 

All extant members of Gliridae are arboreal, but an almost complete skeleton of the fossil 

genus Hypnomys from the Holocene of the Balearic Islands reflected a potentially more 

terrestrial or semi-fossorial lifestyle (Bover et al. 2010), although this was questioned by 

Quintana Cardona and Moncunill-Solé (2014). A fossil species of the genus Glirulus with an 

imprint of a patagium indicates that the aerial lifestyle also evolved independently in Gliridae 

(Mein and Romaggi 1991). The only extant aplodontiid species Aplodontia rufa with its 

fossorial lifestyle is typically compared with the rich record of its extinct relatives, among 

which fossorial as well as potentially arboreal species are found (Hopkins 2008). The results of 

this thesis can contribute to the inference of lifestyles of extinct sciuromorph species from the 

morphology of proximal limb bones in future studies. However, the major focus of the 

following discussion regarding the evolution of the sciuromorph locomotor apparatus will lie 

on evidence drawn from extant taxa. The discussion of each lifestyle will follow this sequence: 

introduction, body size, axial skeleton, limb length, forelimb musculature and its functional 

units, hand morphology, the robustness of forelimb bones, hindlimb musculature and its 
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functional units, foot morphology, and the robustness of hindlimb bones. However, I will 

sometimes depart from the sequence or fuse parts when considered appropriate. 

 

8.2.1 Adaptations to an arboreal lifestyle 

One of the oldest fossil glirids from the Eocene (Storch and Seiffert 2007) as well as one of the 

oldest fossil sciurids from the Oligocene (Emry and Thorington Jr. 1982) show astonishing 

congruence in their postcranial morphology with their extant relatives. In fact, the squirrel 

genus Sciurus is considered a living fossil (Emry and Thorington Jr. 1984). The presented 

findings on the scapula and femur support this conclusion, because the phylogenetic inertia, 

when measured, indicated that stabilising selection has been keeping trait values close to the 

arboreal optimum.  

Body size. Arboreal sciurids and glirids need to be good jumpers and climbers (Peterka 

1936; Gambaryan 1974). Members of the medium-sized species Sciurus vulgaris are able to 

jump in between branches and trees up to a distance of two or three meters (Gambaryan 1974; 

Gambaryan and Rukhkyan 1975). Body size is a crucial limiting factor for these behaviours 

(Fleagle and Mittermeier 1980; Cant 1992), and especially hand morphology might play a 

significant role in this regard (see below). Thus, it might not be surprising that the arboreal 

species were significantly lighter on average than the fossorial species (chapter 7). 

Axial skeleton. A relatively long lumbar spine is considered adaptive for climbing and 

jumping (Ludwig 1939). This feature effectively increases hindlimb length via parasagittal 

flexions and extension of this region of the spine (Schilling and Hackert 2006). Associated with 

this are long vertebral processes to which the well-developed abdominal and back musculature 

attaches (Peterka 1936). The most prominent characteristic is the long and bushy tail (Peterka 

1936) that possibly contributes to manoeuvrability and assists in stabilising against yaw, pitch, 

and roll moments (Hayssen, 2008). This is at least partly accomplished by the very short 

anterior caudal vertebrae which permit an immense range of motion, especially in respect to 

dorsiflexion of the tail (Hoffmann and Weyenbergh 1870; Emry and Thorington Jr. 1984). 

According to Abel (1912), an arboreal squirrel such as Sciurus vulgaris only jumps half the 

original distance when the tail is missing.  

Limb length. The ratio between limb length and body length of arboreal squirrels is 

relatively high, allowing them to reach across larger gaps in the canopy, to undergo long 

acceleration times to increase jumping take-off speed (Peterka 1936; Ludwig 1939) and 

perhaps, to increase deceleration times during landing. We found the effective length of the 

scapula and femur to be among the largest in arboreal sciuromorphs after accounting for body 
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size (chapters 5.1 and 6.1). This suggests an important contribution of the proximal elements to 

limb length. According to Peterka (1936), long digits are also a characteristic for arboreal 

locomotion, potentially reflecting functional demands related to gripping of larger branches. 

Forelimb musculature. The forelimbs and the elements of the pectoral girdle were expected 

to display peculiar muscle characteristics that should enhance jumping and climbing 

performance. Interestingly, according to Ludwig (1939), the forelimb musculature is developed 

relatively weaker compared to more fossorial or terrestrial rodents. However, the findings of 

Kotinas et al. (1971) and Peterka (1936) contradict this statement. All three studies conducted 

volumetric comparisons of many postcranial muscles but did not account for potential 

allometric effects. Regarding sciuromorph species, the study from Peterka (1936) and Kotinas 

et al. (1971) included species that are more similar in body size than those investigated by 

Ludwig (1939). Hence, I consider the former two more informative and will frequently refer to 

them for the purpose of the discussion of muscles. In general, much of the ecomorphological 

work conducted on sciuromorphs that was cited in chapter 4.2.1 does not account for body size 

differences despite comparing differently sized species. For the sake of clarity, they will not be 

included in the remainder of the discussion on potential adaptations.  

Muscles stabilising the shoulder. Muscular stabilisation of the shoulder is a particularly 

important aspect of climbing (Roberts 1974; Argot 2001). In the area of the proximal forelimb, 

the trapezius group of muscles which controls scapular motions is more pronounced in arboreal 

than in fossorial or gliding squirrels (Peterka 1936). The trapezius group attaches to the scapular 

spine, which was not analysed in this thesis because it could not be quantified properly. Personal 

observations during data collection, however, suggest the arboreal species tend to display a 

more pronounced spine than fossorial species, which would support the findings of Peterka 

(1936).  

Shoulder stabilisation is especially important because the articulation sites of the scapula 

and humerus match comparatively poorly compared to other limb joints. This is supported by 

the fact that the rotator cuff muscle attachment sites of arboreal sciuromorphs were almost 

always the largest among all species (chapter 5.1). However, this conclusion is challenged by 

Kotinas et al. (1971), who demonstrated that these muscles are smaller in arboreal as compared 

to fossorial squirrels. The lengths of the muscles’ in-levers were not particularly large in our 

study (chapter 5.1). Similarly, the orientation of the in-levers did neither change with size nor 

ecology in a way that can be considered functionally relevant. Thorington Jr. et al. (1997) 

focused on differences in muscle attachment sites across all ecological profiles within squirrels. 

They showed that the subclavius muscle of Ratufa is unique in also attaching to the 
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supraspinatus muscles, thus potentially aiding in stabilising the shoulder joint (Thorington Jr. 

et al. 1997). However, as this condition was not present in other arboreal squirrels, it is 

questionable whether this feature bears a functional significance. Perhaps, it reflects a size 

effect, as the members of Ratufa are the largest arboreal sciuromorphs with a body mass up to 

1.8 kg (Hayssen 2008). 

Extensor muscles. According to the observations on the vertical climbing behaviour of the 

fox squirrel Sciurus niger made by Stalheim-Smith (1984), the forelimb undergoes a contact 

phase during which the shoulder constantly flexes, whereas the elbow flexes first and then 

extends and the wrist continuously hyperextends. When reaching to a new purchase during the 

swing phase, the shoulder continuously extends, the elbow repeats its sequence of flexion and 

extension, whereas the wrist flexes shortly before lift-off and instantly starts extension again 

(Stalheim-Smith 1984). Hence, both, joint extensors and flexors of the forelimb, are expected 

to be well-developed in arboreal species.  

The role of shoulder joint extensions and thus, arm elevation is reflected by the relatively 

robust acromion, which serves as an attachment site for the acromiodeltoid muscle (chapter 

5.1). The supraspinatus muscle also assists in elevating the arm (Larson and Stern 1986). This 

might be the reason why its attachment site was largest in arboreal sciuromorphs (chapter 5.1). 

However, there is evidence that the triceps muscles which extend the elbow do not differ 

between fossorial and arboreal species (Peterka 1936). This is surprising; especially when 

considering large jumps and climbing down tree trunks headfirst, extensor muscles are expected 

to play an important part in absorbing landing impacts and resisting gravitational acceleration.  

Flexors muscles. Thorington Jr. et al. (1997) remarked that the fossa of the teres major 

muscle which flexes the shoulder and thereby retracts the arm is most pronounced in arboreal 

squirrels. We could demonstrate in chapter 5.1 that this attachment site is significantly larger 

on average in arboreal sciuromorphs compared the fossorial relatives after accounting for body 

mass. This is in congruence with arboreal species having a relatively larger teres major muscle 

(Kotinas et al. 1971) and with the physiological experiments conducted by Stalheim-Smith 

(1984) which demonstrated that the arboreal species Sciurus niger develops larger forces in the 

teres major muscle than the larger fossorial species Cynomys gunnisoni. The latissimus dorsi 

that assists arm retraction was found to display a broader origin and a larger size in arboreal as 

compared to fossorial squirrels (Peterka 1936; Kotinas et al. 1971). This supports the argument 

that an arboreal lifestyle is more demanding concerning powerful arm retractions/shoulder 

flexions, at least in sciuromorphs. Interestingly, the arboreal pygmy squirrels Nannosciurus and 

Myosciurus independently evolved a more pronounced spinodeltoid muscle, which potentially 
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plays a role for shoulder flexion (Thorington Jr. et al. 1997). However, this might rather be 

considered an adaptation for these bark-dwellers, who need to maintain a grasp on vertical 

substrates for long periods of time.  

The biceps is a crucial elbow flexor that was revealed to be larger in arboreal than in 

fossorial squirrels (Kotinas et al. 1971). We only measured the mediolateral length of its in-

lever in chapter 5.1, which is important for the creation of adduction forces (see below). The 

in-lever component relevant for elbow flexion is difficult to estimate without knowledge of the 

exact joint kinematics during climbing activities. Nevertheless, we found the coracoid process, 

where the short head of the biceps originates, to display intermediate robustness in arboreal 

species (chapter 5.1). This might hint at some necessity to resist relatively large muscle forces, 

although the dot-like attachment site of the short head of the biceps does not allow to draw 

conclusions about the size of this muscle.  

There is no evidence that the sizes of the wrist flexor muscles of the forearm differ among 

the lifestyles of sciuromorph rodents (Peterka 1936; Kotinas et al. 1971). The relevance for 

vertical climbing, potentially the most demanding arboreal activity for the hand, might be minor 

because the flexion occurs only shortly before lift-off as noted above (Stalheim-Smith 1984). 

Likewise, the hand musculature does not reflect lifestyle differences according to Thorington 

Jr. and Darrow (2000). 

Adductor muscles. As indicated above, adductor muscles are important for stabilising the 

body in an arboreal environment by preventing toppling moments. The pectoralis muscle was 

not studied here, but previous morphological comparison did not identify a particular relevance 

of this muscle for arboreal locomotion (Peterka 1936; Ludwig 1939; Thorington Jr. et al. 1997). 

We demonstrated that the mediolateral in-lever of the coracobrachialis muscle and the short 

head of the brachial biceps are longer than in fossorial sciuromorphs, but shorter than in aerial 

squirrels for a given body mass (chapter 5.1). This provides at least some evidence for 

intermediate requirements concerning muscles that generate adductor forces. 

Hand morphology. Sciuromorph rodents lack an opposable pollex (Peterka 1936; Ludwig 

1939; Shehab et al. 2009). This might often constrain the arboreal species in how they obtain a 

grip on arboreal substrates, i.e., by having to create adduction forces and friction with 

contralateral limbs simultaneously. This might limit the maximum body size while 

simultaneously maintaining the ability for swift movements in the canopy as compared to, for 

example, larger brachiating primates that possess an opposable pollex and can climb swiftly 

with alternating grasps of both hands (Usherwood and Bertram 2003). Nevertheless, the lack 

of an opposable pollex does not hinder arboreal sciuromorphs from entering the fine branch 
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niche, even with relatively larger body sizes (e.g., Samaras and Youlatos 2010; Orkin and 

Pontzer 2011). Arboreal sciuromorphs compensate for the reduced pollex by having developed 

long claws and large food-pads to generate friction (Ludwig 1939; Cartmill 1974; Haffner 

1998).  

Robustness of forelimb bones. The forelimbs and the pectoral girdle are characterised by 

certain robustness features that resist the stresses exerted by the muscles and body weight. 

Associated with the importance to generate adduction forces are relatively strong clavicles 

(Peterka 1936) that stabilise the position of the shoulder joint along the mediolateral axis (Cope 

1889). This is important for precise arm movements to reach for substrates in the complex three-

dimensional arboreal environments (Jenkins 1974). Accordingly, we showed, that the arboreal 

sciuromorphs display a relatively broad clavicular articulation at the acromion (chapter 5.1). 

The clavicula also tightly articulates with the dorsal area of the coracoid process via ligaments. 

The coracoid process is of intermediate robustness compared to other sciuromorphs and thus, 

appears to bear at least some importance for the stabilisation of the position of the scapula and 

the shoulder joint. The glenoid cavity of arboreal sciuromorphs, on the contrary, was not more 

robust that of other species (chapter 5.1). Investigations on the robustness of the long bones of 

the forelimbs are missing. However, it is known, that the morphology of the wrist bones of tree 

squirrels does not differ particularly from fossorial squirrels (Thorington Jr. and Darrow 2000). 

Hindlimb musculature. The hindlimbs are an important source of propulsion for terrestrial 

horizontal locomotion (Goslow et al. 1981; Deban et al. 2012) and thus, most probably, also 

for climbing and jumping, where gravitational constraints become even more severe. Thus, it 

might not be surprising that Peterka (1936) found the best-developed hindlimb musculature in 

the arboreal squirrel.  

Extensor muscles. The joint extensors should be the most important muscles for the 

propulsion phase during locomotion. The gluteus muscle group is an important hip extensor 

and hence, hindlimb retractors (Goslow et al. 1981; Deban et al. 2012). The gluteus medius 

attaches to the major trochanter, and the gluteus superficialis attaches to the third trochanters. 

The lengths of their in-levers displayed a significant interaction. It can be stated, especially 

when considering larger body sizes, that arboreal species have the longest in-levers for these 

muscles with the exception of the aerial group displaying similarities for the muscles attaching 

to the greater trochanter (chapter 6.1). This hints at the importance for powerful hindlimb 

retraction (Smith and Savage 1956) in an arboreal lifestyle. The relatively large allometric 

slopes of both traits further indicate the need for relatively larger force out-put in heavier 

species.  However, Gambaryan (1974) did not find any evidence for different gluteus muscles 
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sizes between arboreal and fossorial squirrels. Though, his comparisons revealed the arboreal 

species to share a larger anterior portion of the biceps femoris (also a hip extensor and hindlimb 

retractor), a larger quadriceps femoris muscle group (knee extensor), and a larger gastrocnemius 

muscle (ankle extensor) than in the similarly sized fossorial species. All of this proves the 

significance of powerful joint extensions for climbing and jumping (Gambaryan 1974). The 

attachment sites of the anterior portion of the biceps femoris and the gastrocnemius are 

associated with the distal condyles of the femur. We did not find any evidence for them being 

more pronounced in arboreal species (chapter 6.1) which might indicate that differences in 

muscle forces do not determine their robustness. 

Flexor muscles. After the joint extension, the hindlimbs have to be protracted in a flexed 

state to be prepared for the next contact with the substrate. When joints are extended by 

powerful muscles, it is likely, that the flexing antagonistic muscles have to be powerful as well 

in order to decelerate the limb and transfer its movements into the opposite direction. Some of 

the hindlimb extensors simultaneously act as flexors as a consequence of their biarticular nature. 

For example, the rectus femoris of the quadriceps femoris group also flexes the hip, and the 

gastrocnemius muscle also flexes the knee. Their larger sizes in squirrels might thus also 

contribute to an effective protraction of the limb when their opposite functions are inhibited by 

the respective antagonistic muscles. Additionally, the tibialis anterior, dorsiflexing the foot, 

also appears to be more powerful in climbing than in digging squirrels (Gambaryan 1974). This 

muscle is also activated during foot reversal, a typical characteristic of arboreal squirrels and 

other arboreal mammals when descending trees headfirst to maintain a grip on the substrate 

(Jenkins and McClearn 1984). Furthermore, relatively wider hind feet appear to be linked to a 

higher degree of arboreality as demonstrated for sympatric and closely related arboreal squirrels 

of the arboreal sciurid tribe Protoxerini (Akoma Mintsa et al. 2009).  

Adductor muscles. Adductor muscles of the hindlimb also appear to play a certain role for 

stabilising the body during climbing activities, as we found the in-lever of the iliopsoas muscle 

to be among the longest in arboreal squirrels (chapter 6.1). This muscle was also relatively 

larger in arboreal as compared to fossorial sciuromorphs of a given weight (Gambaryan 1974), 

supporting our interpretation. 

Foot morphology. The hind feet are also equipped with footpads and long claws, but are 

also more elongated than the forefeet and include an opposable hallux (Ludwig 1939; Shehab 

et al. 2009). Because of these characteristics, arboreal squirrels are studied as a model system 

for early primate evolution, specifically, to understand how stem primates hypothetically 

moved in the canopy before evolving an opposable pollex (e.g., Dunham et al. 2019). 
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Robustness of hindlimb bones. The stresses that act on the hindlimb skeleton during 

climbing and jumping were expected to be relatively large compared to, for example, fossorial 

species. The various robustness features of the femur investigated in this thesis provide an 

insight into the complex relationship between differences in the expected stresses and the 

degree of robustness or the potential to resist compressive and bending stresses. The centroid 

size of the femoral head as an indicator of its robustness was relatively large in arboreal 

sciuromorphs compared to the fossorial relatives (chapter 6.1). However, the trabecular 

parameters did not reveal particular adaptations for an arboreal lifestyle (chapter 6.4). 

Interestingly, the arboreal species displayed a significantly larger trabecular spacing than the 

semifossorial species, a group that was integrated into the arboreal group in all other studies. 

The mean trabecular spacing in semifossorial species was more similar to the mean found in 

fossorial species. Although this was the case for only one out of six trabecular parameters, it 

indicates that the influence of digging behaviour in an otherwise swiftly climbing animal might 

result in a morphofunctional trade-off.  

Regarding the cross-sectional properties, the arboreal groups appeared to display the least 

variability along the proximodistal axis of the femur (chapter 6.5). In general, arboreal 

sciuromorphs are not exceptionally more robust than the other species (see discussion on 

fossorial and aerial adaptations below). However, according to the robustness properties of the 

femur investigated in chapter 6.1, arboreal species are at least always among the most robust. 

This is somehow indicative of the necessity to maintain robust femora in the context of fast 

arboreal locomotion as opposed to the two derived lifestyles. A finite element analysis 

conducted on the femur of Sciurus vulgaris also provides evidence that the region of the femoral 

head is adapted to stresses experienced from differently sloped substrates as found in an 

arboreal environment (Mielke and Nyakatura 2019). Unfortunately, quantitative comparative 

analyses on the robustness of more distal skeletal hindlimb elements were not available in the 

literature. 

 

8.2.2 Adaptations to a fossorial lifestyle 

The diversity of the three fossorial sciuromorph taxa is very different. Aplodontia rufa, as 

mentioned above, is the only extant species of the oldest fossorial sciuromorph lineage and is 

found in the northwest of the Nearctic region (Carraway and Verts 1993). The tribe Xerini 

diverged later from an arboreal ancestor. Fossil evidence suggests that it originated in Eurasia, 

but only one species survived until present in central Asia (Kryštufek et al. 2016). The 

remaining five extant species are found in sub-Saharan Africa (Thorington Jr. et al. 2012). The 
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tribe Marmotini acquired the fossorial behaviour most recently but displays the largest diversity 

with more than 60 species spread across the Holarctic region (Thorington Jr. et al. 2012).  

Besides the taxonomic diversity, these groups also differ in the postcranial morphology, as 

revealed, for example, by the analysis of chapter 7 in which the traits without an interaction 

effect were reinvestigated in terms of homoplasy. Its results indicated that morphological 

changes associated with the acquisition of a fossorial lifestyle depended on the lineage under 

consideration. Marmotini and Xerini differed in their optima regarding three out of six scapular 

traits and five out of six femoral traits. In all of these cases, Xerini shared an optimum with the 

arboreal species, which means that homoplasy was rare and that there was not a single adaptive 

response for the morphology to the acquisition of a fossorial lifestyle. Thus, perhaps, this also 

concerns Aplodontia rufa, whose morphology was, from a statistical perspective, heavily 

underrepresented in the fossorial group defined in chapters 5.1 and 6.1. 

When looking at the available literature, it becomes apparent that morphological 

comparisons in relation to ecology mostly include marmotin species. Studies including Xerini 

are sparse, making it more difficult to discuss adaptive changes of xerin ground squirrels. 

Thorington Jr. et al. (1997) could not demonstrate any peculiarities in this clade. Kotinas et al. 

(1971) and Gambaryan (1974) compared the Eurasian xerin species with arboreal squirrels of 

half its weight, which complicates discussions by introducing potential confounding allometric 

effects. Similarly, the locomotor morphology of Aplodontia rufa is only represented by two 

detailed qualitative descriptions (Lewis 1949; Fry 1961). According to Lewis (1949, p. 548), 

adaptions of the forelimb of Aplodontia rufa for a fossorial lifestyle are “short heavy bones, 

with prominent attachment surfaces, short thick extensor muscles, with wide areas of origin and 

insertion, extraordinary heaviness of the triceps, long keeled olecranon with the considerable 

mechanical advantage thus afforded to the forearm extensors, relative diminution in importance 

of the flexor muscle groups […]”. Fry (1961) criticised the assumption of fossorial adaptions a 

priori without knowledge of the exact digging behaviour and noted that the pelvic limb 

investigated by him appears rather generalised. However, he found strongly fused sacral 

vertebrae, which is in agreement with Tague (2019). A quantitative re-evaluation of these 

features in a broader comparative context is necessary to make more reliable inferences about 

fossorial adaptions in Aplodontia rufa. Thus, references to the literature will be mostly based 

on observations made in Marmotini. 

Body size. Body size appears to be a less limiting factor for underground locomotion in 

sciuromorphs, as it was found to be significantly larger in Xerini and Marmotini when 
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compared to the arboreal species (chapter 7). Nevertheless, a fossorial lifestyle forces animals 

to adapt to locomotion in narrow tunnels, as discussed in the following.  

Axial skeleton. The axial skeleton is characterised by a reduced tail in all fossorial species 

except for the African member of Xerini (Peterka 1936; Ludwig 1939; Carraway and Verts 

1993; Hayssen 2008). A long and bushy tail is not practical in tunnels and prone to dirtying 

(Shimer 1903). However, in African ground squirrels, it is used as a parasol (Bennett et al. 

1984), indicating a functional trade-off. Tague (2019) demonstrated that a marmotin species 

displays a larger number of sacral vertebrae and a more rigid pelvis than his arboreal relative, 

all indicating a sturdier pelvic and sacral region that effectively transfers forces between 

hindlimb and vertebral column. This was suggested to be important for anchoring the body to 

the ground when digging with the forelimbs (Biknevicius 1993; Hildebrand and Goslow 1995; 

Stein 2000). However, the vertebral processes are less prominent than in arboreal species, 

suggesting a reduced importance for abdominal strength (Peterka 1936). 

Limb length. The reduction of the lengths of the limbs certainly plays a role in decreasing 

body height (Shimer 1903; Hildebrand and Goslow 1995) and enables the animals to move in 

a less crouched posture. This results in a larger mechanical advantage of the joint extensors 

(Biewener 1991) and is consequently more efficient from an energetic point of view (Horner 

and Biknevicius 2010; Horner et al. 2016). However, we only found the femur to be reduced in 

fossorial sciuromorphs, especially when looking at larger body masses. Perhaps, the reduction 

of scapular length is limited by developmental constraints, as the scapula is formed upon a 

mosaic of  developmental pathways (Huang et al. 2000) that constrain the functional integration 

into the forelimb (Schmidt and Fischer 2009). Reduction of forelimb length appears to be 

accomplished instead by shortening the humerus and ulna, at least in Marmotini (Peterka 1936).  

A reduction in the lengths of the limb elements also reduces muscle out-levers and thus, 

increases force-output during digging. Peterka (1936), as well as Lagaria and Youlatos (2006) 

observed a shorter ulna as compared to arboreal sciuromorphs, thus reducing the out-lever of 

triceps. Also, the metacarpal (Peterka 1936; Lagaria and Youlatos 2006) and digit (Peterka 

1936) lengths were found to be reduced. As a consequence, the out-lever for arm retractors, 

elbow extensors, and wrist flexors are reduced (Hildebrand and Goslow 1995). In case of 

hindlimb retractors, it might benefit in stabilising the body or kicking loose dirt backwards 

(Biknevicius 1993; Stein 2000) (although such a necessity for the latter activity was questioned; 

see Gambaryan 1974).  

Forelimb musculature. It was emphasised that powerful arm retractors, elbow extensors, 

and wrist flexors are important adaptations for efficient digging behaviour and that muscle that 
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stabilise the shoulder are important to resist the large forces generated during this activity 

(Biknevicius 1993; Hildebrand and Goslow 1995; Fabre et al. 2015; Kilbourne 2017; Kilbourne 

and Hutchinson 2019).  

Muscles stabilising the shoulder. In this thesis, the fossorial species always displayed a 

smaller trait value compared to the arboreal species in case of significant differences for the 

scapular traits investigated in chapters 5.1. According to chapter 7.1, both, Marmotini and 

Xerini, shared more scapular trait optima than femoral trait optima with the arboreal group. 

This suggests that the forelimb is more constrained in its adaptability than the femur. However, 

the analysis of chapter 7.1 also revealed that Xerini shared optima with the arboreal species in 

respect to the centroid sizes of the rotator cuff attachments sites (see above and see chapter 7.1 

for the methodological limitation leading to the discrepancy). Perhaps, this indicates that the 

relevance for shoulder stabilisation is higher in Xerini than in Marmotini and comparable to the 

condition in arboreal sciuromorphs. One potential hypothesis could ascribe this discrepancy to 

different climates, possibly affecting the soil characteristics. Xerini, mostly living in sub-

Saharan Africa, might be confronted with dryer and harder soils than Marmotini which are 

found in the Holarctic region. These are speculations that require a qualitative assessment of 

environmental variables and their mechanistic impact on stresses occurring during different 

activities. However, this does not agree with the optima for the lengths of the in-levers of the 

rotator cuff muscles, which were shared by all three groups. Interestingly, the rotator cuff 

muscles were always enlarged in marmotin ground squirrels (Kotinas et al. 1971). According 

to our shape analysis in chapter 5.1 and to the findings of Peterka (1936), the metacromion is 

most pronounced in fossorial species. It is an attachment site for the trapezius, the 

atlantoscapularis ventralis, and the spinodeltoid muscles (Thorington Jr. et al. 1997). It was 

suggested that these muscles assist in scapular stabilisation and humeral rotation and that a well-

developed metacromion indicates heavy shoulder loading (Salton and Sargis 2008). This further 

complicates the comparison of adaptations in the shoulder region between arboreal and fossorial 

sciuromorphs and suggest a complex relationship between the traits of the rotator cuff muscles 

and their role for shoulder stabilisation. 

Extensor muscles. Kotinas et al. (1971) found evidence for an enlarged triceps in fossorial 

marmotin squirrels which could hint at an increased relevance for arm retraction compared to 

arboreal species. However, physiological experiments do not support a difference between the 

force-producing capacity of the triceps of a fossorial and that of an arboreal species (Stalheim-

Smith 1984). 
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Flexor muscles. Marmotini display an enlarged deltoideus muscle (Kotinas et al. 1971), 

which coincides with an elongated deltoid ridge on the humerus (Peterka 1936; Lagaria and 

Youlatos 2006). The spinodeltoid that attaches to it was described as an important shoulder 

flexor for arboreal pygmy squirrels (see above might). Perhaps, it is also an important retractor 

of the arm during digging activities (Hildebrand and Goslow 1995; Kilbourne 2017). Some 

marmotin squirrels share a derived muscle, the clavobrachialis, which supposedly aids in 

flexing the forearm, but its relevance for digging is difficult to interpret (Thorington Jr. et al. 

1997). More distal features of the forearm can be interpreted more straightforward in an 

adaptive context: larger hand flexors (Ludwig 1939) originating from enlarged epicondyles on 

the humerus (Lagaria and Youlatos 2006) indicate effective hand flexion during digging 

activities.  

Besides these aspects, the majority of muscle traits are reduced so that fossorial 

sciuromorphs should have the lowest potential to generate forces (chapters 5.1, 6.1 and 7). 

Reductions and loss of muscles have been reported by other authors (Peterka 1936; Kotinas et 

al. 1971; Thorington Jr. et al. 1997). They are too numerous to elaborate upon but appear to 

account for the majority of evolutionary transformations in the musculature. Perhaps, all 

reductions can be considered adaptive in terms of saving energy to generate those structures, 

because they are not needed.  

Hand morphology. Elongated claws in fossorial species support the loosening of soil 

(Peterka 1936), but larger comparative studies are missing. 

Robustness of forelimb bones. According to our finding in chapter 7.1, the glenoid cavity 

of both, Marmotini and Xerini, is similarly robust as compared to that of arboreal species. This 

suggests a similar relevance for shoulder stabilization. 

Hindlimb musculature and foot morphology. Regarding the femur, only the optimum of the 

width of the medial condyle was shared between arboreal species, Marmotini and Xerini 

(chapter 7.1). The fact that the hindlimb of Marmotini displayed much more reductions (i.e., 

lower trait optima) as compared to Xerini might point at differences between the environments 

of these two clades that might particularly affect the hindlimb. We assumed that running applies 

larger stresses to the limb than digging. Gambaryan (1974) remarked that a tree squirrel makes 

larger jumps than a similarly sized marmotin squirrel and that this is reflected in the force output 

(1.49 times the body weight in the former and 0.98 in the latter). Furthermore, digging is 

expected to induce lower loads on the hindlimb when compared to running and jumps 

(Gambaryan 1974). It remains to be demonstrated whether shared trait optima can be related to 

similar force generating capacities in the hindlimbs of xerin squirrels and their arboreal 
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relatives. Otherwise, reductions of hind limb muscles of any function have been reported to be 

the rule (Peterka 1936; Gambaryan 1974). The available literature and the results of this thesis 

agree in the fact that reductions are even more present in the hindlimb than in the forelimb. This 

suggests a stronger significance for the forelimb to adapt to changes from an arboreal to a 

fossorial lifestyle. Investigations on the foot morphology are not available, to my knowledge. 

Robustness of hindlimb bones. The trabecular architecture was in none of its parameters 

significantly different between arboreal and fossorial species (chapter 6.4). Here, only the cross-

sectional geometry of the epiphyseal regions of the femur indicated adaptations to larger 

stresses (chapter 6.5). Furthermore, the reduction of femoral length might significantly reduce 

peak bending moments, which is supported by the findings of Lagaria and Youlatos (2006) for 

the forelimb. However, no biomechanical prove is available to my knowledge that demonstrates 

the necessity of more robustness bones in fossorial than in arboreal species, as pointed out by 

(Fry 1961). 

 

8.2.3 Adaptations to an aerial lifestyle 

We considered the aerial lifestyle a more extreme version of the arboreal lifestyle, because 

gliding behaviour differs from an arboreal lifestyle mostly by crossing larger caps in the canopy 

up to 100m and more (Scholey 1986; Ando and Shiraishi 1993; Krishna et al. 2016). This was 

expected to result in the action of larger forces especially during landing, but also during take-

off and gliding control. Thus, we assumed the bones of gliding species to display the largest 

potential to resist stresses and their muscles to produce the largest forces. The large information 

input experienced during these glides was suggested to be decreased by a morphological 

adjustment of the inner ear that reduces sensitivity (Pfaff et al. 2015).  

Skin musculature. Aerial squirrels possess a wing membrane (patagium) that is thought to 

have evolved from loose skin of an arboreal ancestor which is supported by the similarities 

between their skin muscles and those of Sciurus (Johnson-Murray 1977). Johnson-Murray 

(1977) found various shifts in the muscle attachment sites of diverse skin muscles that are 

interpreted as prerequisites for the establishment of a large wing membrane. The more complex 

configuration in larger gliders was interpreted as derived as opposed to the simpler one in small 

gliding species (Johnson-Murray 1977).  

Body size. An important mechanical determinant of gliding distance is wing loading, i.e., 

the mass per body surface that is exposed to lift forces (Socha et al. 2015). Aerial squirrels 

evolved a relatively lower body mass and a relatively longer tail than arboreal squirrels when 

compared to body length, thus improving wing loading and aerodynamic performance (Peterka 
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1936; Hayssen 2008). Among other potential adjustments, this is most probably achieved via 

elongated lumbar and caudal vertebral regions (Thorington Jr. and Santana 2007). According 

to Hayssen (2008), female flying squirrels have a longer tail than their male counterparts in 

order to compensate for the extra weight during pregnancy. Further potential adaptations are a 

flattened body with a flattened thoracic basket as well as flattened and thickly haired tail 

(Peterka 1936).  

Limb length. Body surface area is further increased by having evolved elongated limbs 

(Peterka 1936; Polyakova and Sokolov 1965; Runestad and Ruff 1995). Interestingly, we found 

the scapula to be significantly reduced compared to the arboreal relatives (chapter 5.1), which 

complicates a functional interpretation. However, a longer clavicula was reported (Peterka 

1936) as well as longer stylopodia and zeugopodia of both limbs (Peterka 1936; Polyakova and 

Sokolov 1965). The hindlimb is shorter than the forelimb but still longer than in arboreal species 

(Thorington Jr. and Heaney 1981). We did not find a significant difference in the slopes and 

intercepts between the effective femoral lengths of arboreal and aerial species (chapter 6.1). 

However, a trend toward longer femora in the latter group, especially for larger species, was 

observable. They also scaled with positive allometry, suggesting that limbs get relatively longer 

with increasing body size. However, the slope value of ~0.39 was far too small to provide equal 

support against gravity in larger animals, because linear dimension would have to scale three 

times faster than body mass according to the law of scaling (Schmidt-Nielsen 1984). Likewise, 

Thorington Jr. and Heaney (1981) demonstrated that relative limb length decreases with 

increasing body size in gliding squirrels, resulting in an isometric scaling of wing area. The 

cartilaginous styliform process of the wrist also scales isometrically (Thorington Jr. and Heaney 

1981), however, its purpose might be rather ascribed to the reduction of induced drag similar 

to the winglets of airplanes (Thorington Jr. et al. 1998) than to a contribution to wing area 

(Thorington Jr. and Heaney 1981). Thus, larger gliders experience higher wing loading 

(Thorington Jr. and Heaney 1981). Probably, larger aerial species compensate for the relatively 

higher wing loading by developing higher take-off velocities (Thorington Jr. and Heaney 1981), 

which is supported by the fact that horizontal glide speed was ~5 m/s for a small gliding species 

(Scheibe et al. 2007) and 8-10 m/s for two of the largest squirrel gliders (Koli et al. 2011; 

Krishna et al. 2016). 

Limb musculature. Important biomechanical demands on the limb muscles were expected 

during gliding to regulate wing positioning and gliding trajectory. Limbs need to stay extended 

and abducted, but at the same time, flexors and adductors need to counter lift forces of the air 

that might fold the limbs upwards (Essner Jr. and Scheibe 1997). Limb extensors and adductors 
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are also crucial in absorbing substrate reaction forces when landing (Essner Jr. and Scheibe 

1997; Thorington Jr. et al. 1997), as landing reaction forces after a flight distance of only two 

meters of a small flying squirrel can already reach almost nine times the bodyweight of the 

animal (Paskins et al. 2007). Shoulder stabilisation should thus also be reflected enlarged 

musculature. This is why we expected all muscles characteristics to be indicative of a larger 

force-generating potential than in arboreal species.  

Muscles stabilising the shoulder. The roles of the rotator cuff muscles for shoulder 

stabilisation might have played a negligible role in the evolution of gliding according to our 

results. If significant differences were found between arboreal and aerial lifestyle, it was species 

of the former that displayed the larger attachment site (chapter 5.1).  

Flexor and adductor muscles. According to Peterka (1936), gliding squirrels display well-

developed forearm flexors and adductors of the upper arm and a broader manubrium than 

arboreal species, which might indicate a powerful pectoralis muscle that assists arm adduction. 

We provide support for an increased role of limb flexors and adductors in a significantly 

elongated mediolateral in-lever of the coracobrachialis and biceps brachialis (chapter 5.1). 

However, no length change in the length of the in-lever of the iliopsoas muscle was observed 

(chapter 6.1). Perhaps, other the femoral adductors compensate for this (Polyakova and Sokolov 

1965).  

Extensor and abductor muscles. Regarding extensor and abductor muscles, we demonstrated 

increased robustness in the acromion, which indicates a larger relevance of the acromiodeltoid 

for arm lifting and extension in an aerial lifestyle. However, we found no support for increased 

force output when looking at the in-levers of the gluteus muscles. As stated above, the glutes 

medius did not differ from the arboreal condition, but the superficial gluteus was even 

significantly shorter. Nevertheless, the gluteus muscles themselves are enlarged in gliders 

(Polyakova and Sokolov 1965). Perhaps, a reduced third-trochanter is more important than 

increasing the in-lever of the attaching muscle, because its protrusion could reduce the range of 

motion necessary for limb extension during gliding.  

Extensor muscles also seem to be prone to scaling adjustments, as the triceps of larger 

gliding squirrels was observed to have a larger attachment site (Thorington Jr. et al. 1997). This 

was not the case for the extensor muscle properties studied in this thesis. However, larger 

species share a relatively longer ilium which might be linked to a relatively larger gluteus 

medius for more powerful hindlimb retractions during take-off (Scheibe and Essner Jr. 1997), 

which coincides with the higher gliding velocities (see above).  
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Hand and foot morphology. Shortened hands and feet are supposed to reduce the interaction 

with the airflow and thus, might optimise gliding ability (Peterka 1936; Polyakova and Sokolov 

1965; Scheibe et al. 1990). 

Robustness of limb bones. Contrary to the finding of the muscle properties (see above), 

various findings in chapter 5.1 pointed at a larger relevance for shoulder stabilisation by means 

of increasing skeletal robustness compared to the arboreal relatives (chapter 5.1). These were a 

significantly larger cranial region of the glenoid fossa, a significantly larger coracoid process 

(also observed by Essner Jr. and Scheibe 1997), and a relatively broader clavicular articulation 

site along the acromion. Regarding the wrist morphology, it was noted that the most evident 

differences among squirrels are found between non-gliding and gliding individuals with the 

latter showing adaptations toward better wrist stabilisation in its configuration of carpal bones 

(Peterka 1936; Thorington Jr. and Darrow 2000). 

Contrary to the forelimb, Significant differences in the robustness traits of the hindlimbs 

almost always suggested a reduced potential to withstand stresses in gliding squirrels (chapters 

6 and 7). Regarding the trabecular architecture, gliding species never significantly diverged 

from arboreal species (only from the fossorial species, which could mean that arboreal and 

aerial species are more similar in their loading regimes as opposed to the fossorial ones; chapter 

6.4). The evolution of gliding might encounter a trade-off between an increase of robustness to 

resist larger forces and a decrease of body mass to reduce wing loading. Perhaps, larger 

robustness in the forelimb is more likely to be relevant than in the hindlimb, as the forelimbs 

tend to be the first to create contact with the substrate during landing (Polyakova and Sokolov 

1965). Furthermore, muscles might be better suited to absorb impact forces than bones. By 

elongating the limbs, also the extensor and adductor muscles will be elongated, which might 

have more time to decelerate the body. Before landing, also the patagium plays an important 

role in reducing impact forces by upending the body (Paskins et al. 2007; Scheibe et al. 2007).  

 

8.3 Conclusions and outlook 

The purpose of this study was to understand how changes in the lifestyle and body mass in 

sciuromorph rodents shaped the evolution of their scapular and femoral morphology by 

applying a phylogenetically informed framework. The findings of this thesis contribute to the 

rich but fragmentary knowledge about the functional morphology of the sciuromorph locomotor 

apparatus. They further provide an understanding of the potential and the limitations of the 

current toolkit of phylogenetic comparative methods for the study of adaptation, which is also 

relevant for the investigation of other taxa. This thesis demonstrated that the scapula and femur 
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underwent a highly adaptive mosaic-like evolution with strong stabilising selection. Body mass 

is an important determinant of the scapular and femoral morphology, but the exact scaling 

relationship depended on the trait. For some traits, scaling also depended on the lifestyle, but 

such an interaction effect appeared to play a lesser role for the majority of traits that were tested 

in this regard. In general, differences between expectations and outcome varied among traits 

and necessitate a critical evaluation of the actual stresses experienced by species with different 

lifestyles and body sizes. 

The review revealed that the available literature is biased toward the sciurid family. I suggest 

that Gliridae and Aplodontia rufa should be combined with Sciuridae in future comparative 

studies to obtain a better understanding of their functional morphology in an evolutionary 

context as increasingly done in analyses concerned with the head morphology (e.g., Druzinsky 

2010a; Druzinsky 2010b; Pfaff et al. 2015; Bertrand et al. 2019). In summary, arboreal species 

appear to display many postcranial characteristics that can be considered adaptive in terms of 

the production of forces and resistance of environmental stresses. Fossorial species appear to 

be particularly adapted in the distal forelimb for powerful digging motions. Many reductions 

are evident but might contribute to a better digging performance, as present in the out-levers of 

the forelimb. However, it is not understood, yet, whether an arboreal or a fossorial lifestyle is 

more demanding on the forelimb morphology. We used a probabilistic approach, i.e., the 

identification of homoplastic scapular morphologies to answer these questions for the case of 

Marmotini and Xerini. It revealed a complicated relationship between lifestyle and morphology, 

as Xerini shared more similarities with the arboreal species than with Marmotini. Other 

approached (see below) might shed light onto the causes of this phenomenon. Aerial species 

appeared to be a rather extreme version of their arboreal relatives and display adaptations in 

many aspects of their postcranial morphology, but also similarities. Inconsistencies between 

expectation and data are most likely the consequence of trade-offs between mass reduction and 

force production/stress resistance. The identification of adaptions through homoplasy is 

problematic within gliding sciuromorphs as only one fossil glirid species is known besides the 

extant gliding squirrels. However, biomechanical predictions are more conveniently formulated 

as, for example, in fossorial species.  

Still, various aspects restrict the reliability of the conclusions drawn from the literature. 

Quantitative studies concerned with the postcranial elements are rare, and many adaptive 

inferences have to remain vague, especially, because body size was rarely accounted for in the 

literature. Early quantitative work on the myology already included several arboreal and 

fossorial species and provided invaluable information for the discussion herein (Kotinas et al. 
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1971; Gambaryan 1974). The next step is to extend these datasets by including more species 

(also gliding ones), to extract more detailed information from the muscle architecture such as 

cross-sectional properties (e.g., Rosin and Nyakatura 2017) and to reinvestigate the adaptive 

significance of the musculature in a phylogenetic comparative framework.  

Methodological limitations also concerned the studies presented herein. Although 

contributing to the identification of adaptive characters in sciuromorphs, such statistical 

approaches need to be combined with biomechanical and behavioural investigations to reliably 

evaluate the interaction between morphology and environment (Bock 1980; Wainwright and 

Reilly 1994). Experimental studies on the mechanical aspects are available but usually not 

comparative in nature (see chapter 4.2.1). Simulations studies, such as finite element analyses, 

can contribute by providing a holistic approach to the study of bone robustness and were 

recently introduced to sciuromorph rodents (Mielke and Nyakatura 2019), but are yet difficult 

to implement in larger cross-species studies from a computational perspective. Behavioural data 

with a detailed record of the exploitation of the habitat and the substrate use in the form of 

ethograms have been collected for various species (e.g., Stalheim-Smith 1984; Scholey 1986; 

Ando and Shiraishi 1993; Youlatos 1999; Stafford et al. 2002; Youlatos et al. 2008; Samaras 

and Youlatos 2010; Suzuki et al. 2011; Youlatos and Samaras 2011; Youlatos and Panyutina 

2014). Such developments will disclose environmental nuances among species which otherwise 

are condensed into rough categories for the purpose of heuristic ecomorphological 

investigations. Extending these studies to more species can provide a fruitful ground for the 

establishment of refined hypotheses on adaptations and, perhaps, also solve some of the 

discrepancies between expectation and empirical data encountered in this thesis.  
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9 Appendix 

 

9.1 Supporting information for chapter 5.1 

Publication: Wölfer, J., Arnold, P., & Nyakatura, J. A. (2019). Effects of scaling and locomotor 

ecology suggest a complex evolution of the scapular morphology in sciuromorph rodents. 

Biological Journal of the Linnean Society. doi:10.1093/biolinnean/blz042
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Figure S1. Acquisition of 2D scapular perspectives and landmarks placement. A) Scapula 

perspectives and landmark numbers: a) lateral, b) medial, c) caudal, and d) ventral perspectives. White 

crosses indicate the centre of the camera view. White arrows indicate the point of view in the pictograms. 

The pictograms illustrate the camera setup including the criteria for the orientation of the scapula for the 

respective perspective (C = camera; P = Plasticine for adjusting the orientation of the scapula). The 

ventral perspective was defined by an additional criterion: rectangular appearance of the blade and the 

spina scapularis from the camera’s point of view. White point = traditional landmarks; red lines = sliding 

semi-landmarks. Landmark and curve definitions are found in Table S2. B) Criteria for the orientation 

of the scapular perspectives in Geomagic studio (3D Systems, Rock Hill, South Carolina, USA): a) 

reference, b) lateral, c) medial, d) caudal, and e) ventral perspectives. Note that the reference perspective 

fulfils the criteria in the pictogram of the lateral perspective in a) and was rotated stepwise by 90° to 

yield the four orthogonal perspectives. The scale bar was placed upon flat structures of the objects 

(stretching from point 1 to point 2). 
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Fig. S2: Correlation of mediolateral in-lever of short biceps and coracobrachialis muscles as 

measured from the caudal and ventral perspectives. Cor = Pearson’s correlation coefficient.  
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Fig. S3:  Modification of Fig. 3 including the mean trait values of Tamias striatus for two image 

acquisition techniques. The scaling pattern for various natural log transformed univariate metrics on 

natural log transformed body mass are presented. Grey bar = slope under isometry. Three slopes for the 

different locomotor groups are shown in case of a significant interaction effect, one slope (black) for all 

species in case of no interaction effect. EL = effective length, CS = centroid size, ca = from caudal view, 

ve = from ventral view, I-L = length of in-lever, ml = mediolateral, I-Lori = orientation of the in-lever in 

respect to the axis of scapular EL. See main text for more details. 
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Fig. S4: Modification of Fig. 4 

including the mean trait values 

of Tamias striatus for two 

image acquisition techniques. 

The scaling pattern for various 

natural log transformed uni-

variate metrics on natural log 

transformed body mass are 

presented. See Fig. S3 for expla-

nations of parameter abbrevi-

ations, and Fig. S3 and main text 

for more details. 
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Fig. S5: Regression plot of scapular shape (lateral view) on log body mass including the mean trait 

values of Tamias striatus for two image acquisition techniques. The scaling pattern of shape on 

natural log transformed body mass is presented. The regression score is a univariate representative of 

multivariate shape (see Drake and Klingenberg 2008). 
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Species Collection Catalog No. Phylogeny Sex Body mass [g] Sex of body mass specimens Body mass reference Method 

Aeromys tephromelas SNMNH 196743 yes f 1254 
  

photo 

Aeromys thomasi FM 90437 no f 1117 
  

photo 

Ammospermophilus harrisii SNMNH 532504 yes f 98 
  

photo 

Ammospermophilus interpres MSU MR.17752 yes f 93 
  

photo 

Ammospermophilus leucurus SNMNH 578030 yes m 95 
  

photo 

Aplodontia rufa SNMNH 192618 yes m 806 mean of males and females (Carraway and Verts 1993) photo 

Atlantoxerus getulus SNMNH 476806 yes f 217 
  

photo 

Callosciurus adamsi SNMNH 396656 no f 150 
  

photo 

Callosciurus baluensis SNMNH 292609 no f 371 unknown 
 

photo 

Callosciurus caniceps FM 66164 yes m 316 
  

photo 

Callosciurus erythraeus SNMNH 320819 yes m 359 
  

photo 

Callosciurus finlaysonii SNMNH 584418 yes m 278 unknown 
 

photo 

Callosciurus nigrovittatus SNMNH 294035 yes f 239 
  

photo 

Callosciurus notatus SNMNH 548412 no f 228 
  

photo 

Callosciurus prevostii ZMB Mam_88873 yes f 362 
  

photo 

Table S1: List of sampled specimens. Collection names are abbreviated as follows: Museum national d’Histoire naturelle (Paris), MNHN; Museum für Naturkunde 

(Berlin), ZMB; Centrum für Naturkunde (Hamburg), CeNaK; Staatliches Museum für Naturkunde (Stuttgart), SMNS; Phyletisches Museum (Jena), PMJ; 

Zoologische Staatssammlung (München), ZSM; Senckenberg Museum (Frankfurt), SMF; Smithsonian National Museum of Natural History (Washington, District 

of Columbia), SNMNH; American Museum of National History (New York City, New York), AMNH; University of Michigan Museum of Zoology (Ann Arbor, 

Michigan), UMMZ; Michigan State University Museum (East Lansing, Michigan), MSU; The Field Museum of Natural History (Chicago, Illinois), FM. It is 

indicated in the column ‘Phylogeny‘, whether a species is represented in our phylogeny used for phylogenetic generalized least squares. NA indicates missing 

information for the sex or body mass of a specimen. The column ‘Sex of body mass specimens’ indicates from which sex/sexes the body mass information was 

taken if not available for the specific sex of the sampled specimen. If the sex of the sampled specimen was unknown (NA), the mean body mass value of all 

information provided in the reference was computed. Body mass information was primarily taken from Hayssen (2008), otherwise as indicated by the column 

‘Body mass reference’. The column ‘Method’ refers to the image acquisition technique. 
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Callosciurus pygerythrus FM 104201 no m 252 unknown 
 

photo 

Callospermophilus lateralis UMMZ 56214 yes f 160 
  

photo 

Callospermophilus madrensis MSU 33277 yes f 152 
  

photo 

Callospermophilus saturatus UMMZ 95781 yes m 237 
  

photo 

Cynomys gunnisoni SNMNH 349306 yes m 814 
  

photo 

Cynomys leucurus SNMNH A 11624 yes f 924 
  

photo 

Cynomys ludovicianus SNMNH 511208 yes m 849 
  

photo 

Cynomys parvidens SNMNH 397147 yes f 516 
  

photo 

Dremomys pernyi SNMNH 574326 yes f 151 
  

photo 

Dremomys rufigenis SNMNH 584419 yes f 198 
  

photo 

Dryomys nitedula SMF 46395 yes m 33 mean of males (Angermann 1963) CT scan 

Eliomys melanurus SMF 95257 yes f 45 only one female  (Shehab et al. 2009) CT scan 

Eliomys quercinus PMJ Mam92 yes NA 78 mean of males and females (Bertolino et al. 2003) CT scan 

Eoglaucomys fimbriatus SNMNH 353243 yes f 560 
  

photo 

Epixerus ebii FM 62225 yes m 652 
  

photo 

Funambulus palmarum SNMNH 277234 yes NA 108 mean of male and female 
 

photo 

Funambulus pennantii SNMNH 328003 yes f 103 
  

photo 

Funisciurus anerythreus FM 149420 no f 218 unknown 
 

photo 

Funisciurus congicus CeNaK S-1863 no f 111 unknown 
 

CT scan 

Funisciurus isabella SNMNH 539408 no f 107 unknown 
 

photo 

Funisciurus lemniscatus UMMZ 75275 no f 141 unknown 
 

photo 

Funisciurus leucogenys FM 42658 no m 271 
  

photo 

Funisciurus pyrropus SNMNH 539425 yes m 225 
  

photo 

Glaucomys sabrinus UMMZ 54711 yes f 141 
  

photo 

Glaucomys volans UMMZ 178202 yes f 58 
  

photo 

Glis glis SNMNH 341581 yes m 118 mean of adult males (Fietz et al. 2005) photo 

Graphiurus crassicaudatus MNHN 1980-79 no m 24 mean of unknown (Holden and Levine 2009) CT scan 

Graphiurus kelleni MNHN 1981-614 yes NA 24 mean of males and females (Kastenmayer et al. 2010) CT scan 

Graphiurus lorraineus SMF 88419 yes m 17 mean of unknown (Holden and Levine 2009) CT scan 

Graphiurus microtis SMF 88256 yes m NA 
 

no literature found CT scan 
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Graphiurus murinus SMF 86331 yes f 25 mean of unknown (Webb and Skinner 1996) CT scan 

Graphiurus nagtglasii MNHN 1967-1511 no f 63 mean of females http://projects.biodiversity.b

e/africanrodentia/taxonomy/

show?family_id=10&genus

_id=22&species_id=39#exp

orts (10.03.2017) CT scan 

Graphiurus surdus SMF 87429 no m 25 mean of unknown (Holden and Levine 2009) CT scan 

Heliosciurus gambianus MNHN 1961-1036 no f 329 
  

CT scan 

Heliosciurus mutabilis FM 214879 no m 333 
  

photo 

Heliosciurus punctatus MNHN 1970-1519 no m 166 
  

CT scan 

Heliosciurus rufobrachium SNMNH 543109 yes f 361 
  

photo 

Heliosciurus undulatus FM 151215 no m 315 unknown 
 

photo 

Hylopetes alboniger SMNS 40249 yes f 255 mean of male and unknown 
 

CT scan 

Hylopetes lepidus SMNS 40252 yes f 43 
  

CT scan 

Hylopetes nigripes FM 63025 yes f 534 unknown 
 

photo 

Hylopetes phayrei SMNS 40340 yes m 142 mean of female and unknown 
 

CT scan 

Hylopetes spadiceus MNHN 1960-3678 yes NA 75 mean of all 
 

CT scan 

Hyosciurus ileile AMNH M-225462 yes f 391 
  

photo 

Ictidomys mexicanus UMMZ 79344 yes m 223 
  

photo 

Ictidomys parvidens SNMNH 588485 no f 121 mean of females (Thorington Jr. et al. 2012) photo 

Ictidomys tridecemlineatus FM 167033 yes f 143 
  

photo 

Iomys horsfieldi SNMNH 292654 yes f 210 
  

photo 

Lariscus hosei SNMNH 449981 no m 215 female 
 

photo 

Lariscus insignis FM 213418 yes m 175 
  

photo 

Marmota broweri SNMNH 583154 yes m 3630 
  

photo 

Marmota caligata SNMNH A 49815 yes f 3515 
  

photo 

Marmota caudata SNMNH 173381 yes f 5000 
  

photo 

Marmota flaviventris SNMNH 575170 yes m 3909 
  

photo 

Marmota himalayana SNMNH 198637 yes m 6000 unknown 
 

photo 

Marmota marmota ZMB Mam_44862 yes m 4303 
  

photo 
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Marmota monax ummz 166225 yes NA 3036 mean of all 
 

photo 

Marmota sibirica ZMB 37902 yes f 8000 unknown 
 

photo 

Menetes berdmorei SNMNH 583800 yes m 176 
  

photo 

Microsciurus alfari SNMNH 305632 yes m 83 
  

photo 

Microsciurus flaviventer FM 71119 yes m 98 
  

photo 

Microsciurus mimulus SNMNH 338174 no m 120 mean of female and unknown 
 

photo 

Muscardinus avellanarius ZMB 105826 yes NA 17 mean of unknown (Csorba 2003) CT scan 

Notocitellus annulatus UMMZ 94630 yes f 386 
  

photo 

Otospermophilus atricapillus SNMNH 528797 yes m 505 
  

photo 

Otospermophilus variegatus UMMZ 79328 yes f 673 
  

photo 

Paraxerus cepapi SNMNH 295201 yes f 180 
  

photo 

Paraxerus lucifer FM 196631 no m 680 
  

photo 

Paraxerus ochraceus SNMNH 590017 yes f 138 
  

photo 

Paraxerus poensis UMMZ 75279 no f 125 
  

photo 

Paraxerus vexillarius FM 197806 yes m 243 
  

photo 

Paraxerus vincenti FM 183736 no f 375 
 

(Kingdon 2015) photo 

Petaurista alborufus SNMNH 588833 yes f 1454 
  

photo 

Petaurista elegans FM 114372 yes f 760 
  

photo 

Petaurista leucogenys SNMNH A 20941 yes NA 1179 unknown 
 

photo 

Petaurista magnificus FM 114366 no f 1800 
  

photo 

Petaurista petaurista SNMNH 588884 yes m 1264 
  

photo 

Petinomys setosus SMNS 40303 yes m 41 
  

CT scan 

Petinomys vordermanni MNHN 1979-346 no f 36 mean of male and female 
 

CT scan 

Poliocitellus franklinii SNMNH 54153 yes f 425 
  

photo 

Prosciurillus abstrusus AMNH M-225504 no f 79 unknown 
 

photo 

Prosciurillus murinus AMNH M-225909 yes m 73 unknown 
 

photo 

Protoxerus stangeri UMMZ 75274 yes f 761 
  

photo 

Pteromys momonga ZMB 78564 yes m 152 unknown 
 

photo 

Pteromys volans ZMB 60468 yes NA 134 mean of male and unknown 
 

photo 

Ratufa affinis SNMNH 317202 yes m 1064 
  

photo 
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Ratufa bicolor SNMNH 573966 yes m 1678 
  

photo 

Ratufa indica SNMNH 322077 no NA 1441 mean of all 
 

photo 

Ratufa macroura ZSM 1905-1082 no m 1610 
  

CT scan 

Rheithrosciurus macrotis SNMNH 197261 yes f 1308 
  

photo 

Rhinosciurus laticaudatus FM 98526 yes m 242 
  

photo 

Rubrisciurus rubriventer AMNH M-225490 yes f 673 
 

  photo 

Sciurotamias davidianus SNMNH 258511 yes f 260 unknown 
 

photo 

Sciurus aberti SNMNH 448233 yes m 594 
  

photo 

Sciurus aestuans SNMNH 548445 yes f 200 
  

photo 

Sciurus alleni UMMZ 61447 no m 447 
  

photo 

Sciurus anomalus UMMZ 101188 yes m 345 
  

photo 

Sciurus arizonensis UMMZ 66355 no m 736 
  

photo 

Sciurus aureogaster AMNH M-190229 no f 505 
  

photo 

Sciurus carolinensis SNMNH 548056 yes f 513 
  

photo 

Sciurus colliaei UMMZ 99913 no m 335 
  

photo 

Sciurus deppei SNMNH 244937 no f 287 
  

photo 

Sciurus gilvigularis SNMNH 549526 no m 158 mean of unknown (Thorington Jr. et al. 2012) photo 

Sciurus granatensis UMMZ 112048 yes m 300 
  

photo 

Sciurus griseus SNMNH A 21513 yes NA 770 mean of female and unknown 
 

photo 

Sciurus ignitus AMNH M-239991 yes f 222 unknown 
 

photo 

Sciurus igniventris FM 47600 no f 700 unknown 
 

photo 

Sciurus ingrami FM 94370 no m NA 
 

no literature found photo 

Sciurus lis SNMNH 582434 yes m 176 
  

photo 

Sciurus nayaritensis UMMZ 99958 no f 756 
  

photo 

Sciurus niger SNMNH 583325 yes f 764 
  

photo 

Sciurus oculatus UMMZ 114038 no f 582 
  

photo 

Sciurus pucheranii FM 70041 no f 100 unknown 
 

photo 

Sciurus pyrrhinus AMNH M-60507 no m NA 
 

no literature found photo 

Sciurus spadiceus FM 122956 no f 513 
  

photo 

Sciurus variegatoides SNMNH 398850 yes m 537 
  

photo 
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Sciurus vulgaris UMMZ 97337 yes NA 379 mean of all 
 

photo 

Sciurus yucatanensis UMMZ 64050 no f 302 
  

photo 

Spermophilopsis leptodactylus SNMNH 545230 yes f 548   
 

photo 

Spermophilus alashanicus ZMB Mam_62232 yes f 208 
 

(Smith et al. 2010) photo 

Spermophilus citellus UMMZ 123540 yes f 202 
  

photo 

Spermophilus dauricus UMMZ 123543 yes f 224 unknown 
 

photo 

Spermophilus major UMMZ 92750 yes m 535 mean of unknown (Thorington Jr. et al. 2012) photo 

Spermophilus musicus UMMZ 123549 yes NA 310 mean of males and females (Kryštufek and Vohralík 

2012) photo 

Spermophilus pygmaeus UMMZ 123552 yes f 235 unknown 
 

photo 

Spermophilus relictus UMMZ 123554 yes m 260 mean of males (Kryštufek and Vohralík 

2012) photo 

Spermophilus suslicus UMMZ 123555 yes NA 218 mean of male and female 
 

photo 

Spermophilus xanthoprymnus UMMZ 123559 yes m 311 unknown 
 

photo 

Sundasciurus brookei ZMB Mam_88864 yes m 124 
  

photo 

Sundasciurus hippurus SNMNH 449982 yes m 430 
  

photo 

Sundasciurus hoogstraali SNMNH 477858 yes m NA 
 

no literature found photo 

Sundasciurus juvencus FM 63058 yes f 245 
  

photo 

Sundasciurus lowii SNMNH 396659 yes f 76 
 

  photo 

Sundasciurus samarensis SNMNH 458743 yes m 243 
  

photo 

Sundasciurus steerii FM 63109 yes m 257 
  

photo 

Tamias amoenus UMMZ 59680 yes f 51 
  

photo 

Tamias canipes UMMZ 79067 yes m 70 unknown 
 

photo 

Tamias cinereicollis UMMZ 56245 yes f 72 
  

photo 

Tamias dorsalis UMMZ 64007 yes m 65 
  

photo 

Tamias merriami UMMZ 173663 yes f 70 mean of male and unknown 
 

photo 

Tamias minimus UMMZ 167071 yes m 44 
  

photo 

Tamias palmeri FM 140578 yes f 55 
  

photo 

Tamias quadrimaculatus SNMNH 398282 yes m 78 
  

photo 

Tamias quadrivittatus AMNH M-137897 yes f 63 
  

photo 
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Tamias ruficaudus UMMZ 162564 yes f 63 
  

photo 

Tamias rufus SNMNH 564127 yes f 58 
  

photo 

Tamias senex UMMZ 54332 yes f 94 
  

photo 

Tamias sibiricus CeNak S-7138 yes f 96 
  

CT scan 

Tamias speciosus UMMZ 177079 yes f 63 
  

photo 

Tamias striatus ZMB 88869 yes NA 97 mean of male and female 
 

photo 

Tamias townsendii UMMZ 54331 yes m 70 
  

photo 

Tamias umbrinus UMMZ 61979 yes m 56 
  

photo 

Tamiasciurus douglasii SNMNH 549145 yes m 207 
  

photo 

Tamiasciurus hudsonicus UMMZ 67345 yes f 213 
  

photo 

Tamiops maritimus SMF 86733 yes m 55 
  

CT scan 

Tamiops mcclellandii SMF 53438 yes m 50 
  

CT scan 

Tamiops rodolphii MNHN 1990-535 yes m 56 unknown 
 

CT scan 

Tamiops swinhoei SNMNH 574325 yes f 88 
  

photo 

Urocitellus armatus SNMNH 484947 yes m 395 
  

photo 

Urocitellus beldingi FM 219749 yes f 265 
  

photo 

Urocitellus canus UMMZ 54669 no f 154 unknown 
 

photo 

Urocitellus columbianus SNMNH 398301 yes m 490 
  

photo 

Urocitellus elegans SNMNH 552418 yes m 330 
  

photo 

Urocitellus mollis SNMNH 484968 no f 115 
  

photo 

Urocitellus parryii SNMNH A 34844 yes f 524 
  

photo 

Urocitellus richardsonii SNMNH 398240 yes f 273 
  

photo 

Urocitellus townsendii SNMNH 89977 no m 250 
  

photo 

Urocitellus undulatus ZMB 62186 yes f 718 
  

photo 

Urocitellus washingtoni UMMZ 54641 yes f 187 
  

photo 

Xerospermophilus spilosoma FM 125175 yes m 128 
  

photo 

Xerospermophilus terticaudus UMMZ 63860 no m 124 
  

photo 

Xerus erythropus AMNH M-51351 yes f 742 
  

photo 

Xerus inauris SNMNH 295222 yes f 580 
  

photo 

Xerus princeps CeNaK 1441 yes f 665 unknown 
 

photo 
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Xerus rutilus AMNH M-187452 yes m 307 
 

 
photo 
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a) Lateral perspective 

  

Traditional landmarks 

LM No. Definition 

1 
point of maximum curvature along caudal scapular neck 

margin 

2 dorsal end of spina scapulae 

3 dorsal end of teres major attachment site 

4 ventral visible end of teres major attachment site 

5 dorsal end of acromial articulation to clavicula 

Curve sliding semi-landmarks 
  

Bordering 

LM1 

Bordering LM2 No. of  

curve landmarks 

 

Definition 

1 2 50 surrounds margin of supraspinatus fossa 

2 3 20 surrounds dorsal margin of infraspinatus fossa 

3 4 20 surrounds teres major fossa 

4 3 10 surrounds partly caudal margin of infraspinatus fossa, teres major fossa 

2 5 130 trajectory of spina scapularis, surrounds metacromion/acromion with 

clavicular articulation 

 

Table S2: Landmark definitions for the scapular perspectives. Position of landmark numbers (LM No.) can be observed in Fig. S1. 
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b) Medial perspective 

 

Traditional landmarks 

LM No. Definition 

1 dorsal end of spina scapulae 

2 dorsal end of teres major attachment site 

3 point of maximum curvature along caudal scapular neck margin 

4 caudal most tip glenoid fossa 

5 point of maximum curvature of glenoid fossa 

6 point of maximum curvature along cranial scapular neck margin 

7 point in the center between LM3 and LM6 

8 ventrocaudal tip of coracoid process 

9 dorsocranial tip of coracoid process 

Curve sliding semi-landmarks  

Bordering LM1 Bordering LM2 No. of curve landmarks Definition 

6 1 50 surrounds margin of supraspinatus fossa 

1 2 20 surrounds dorsal margin of infraspinatus fossa 

9 8 30 surrounds coracoid process 

8 9 30 " 
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c) Caudal perspective 

  

Traditional landmarks 

LM No. Definition 

1 anterior tip of glenoid fossa 

2 point, where coracoid process leads into glenoid fossa 

3 ventral tip of coracoid process 

4 point, where coracoid process hides behind lateral margin or glenoid fossa 

5 medial most tip of glenoid fossa 

6 lateral most tip of glenoid fossa 

Curve sliding semi-landmarks   

Bordering LM1 Bordering LM2 No. of curve landmarks Definition 

6 1 20 surrounds glenoid fossa 

1 5 15 " 

4 3 20 surrounds coracoid process 

3 2 15 " 
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d) Ventral perspective 

  

Traditional landmarks 

LM No. Definition 

1 lateral most tip of glenoid fossa 

2 caudal most tip glenoid fossa 

3 medial most tip of glenoid fossa 

4 ventral tip of coracoid process 

5 dorsal tip of coracoid process 

6 lateral border between glenoid fossa and coracoid process 

7 medial border between glenoid fossa and coracoid process 

Curve sliding semi-landmarks  

Bordering LM1 Bordering LM2 No. of curve landmarks Definition 

1 2 20 surrounds glenoid fossa 

2 3 20 " 

3 7 20 " 

7 4 30 surrounds coracoid process 

4 5 50 " 

5 7 20 " 

6 1 30 surrounds glenoid fossa 
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 Df SS MS Rsq F Z Pr(>MS) 

Scapula EL 

Mass 1 12.0905 12.0905 0.4302 1029.9622 2.8439 0.0001 

Groups 2 0.0243 0.0122 0.0009 1.0353 0.5115 0.3393 

Mass:groups 2 0.0179 0.0089 0.0006 0.7616 0.2692 0.4514 

Residuals 180 2.1130 0.0117 0.0752 
   

Total 185 28.1067 
     

 

Glenoid cavity CSca  

Mass 1 12.4052 12.4052 0.4075 1041.8079 2.8426 0.0001 

Groups 2 0.0703 0.0351 0.0023 2.9503 1.3163 0.0511 

Mass:groups 2 0.0142 0.0071 0.0005 0.5979 0.0864 0.5319 

Residuals 180 2.1433 0.0119 0.0704 
   

Total 185 30.4388 
     

 

 

 

Table S3: ANOVA tables. DF = Degrees of freedom, SS = Sum of squares, MS = Mean squares, Rsq = Coefficient of determination, F = F ratio, Z = Z score, 

Pr(>MS) = Probability of MS being larger than under the assumption of a simpler model not containing that specific effect (mass, groups and mass:groups, 

respectively, the latter indicating the interaction effect between mass and groups). EL = effective length, CS = centroid size, ca = from caudal view, ve = from 

ventral view, I-L = length of in-lever, ml = mediolateral, I-Lori = orientation of the in-lever in respect to the axis of scapular EL, la = shape from the lateral view. 
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Glenoid cavity CSve 

Mass 1 12.6606 12.6606 0.4071 1057.0889 2.8626 0.0001 

Groups 2 0.1318 0.0659 0.0042 5.5024 1.7707 0.0036 

Mass:groups 2 0.1121 0.0560 0.0036 4.6794 1.6246 0.0086 

Residuals 180 2.1558 0.0120 0.0693 
   

Total 185 31.0996 
     

 

Coracoid process CS 

Mass 1 11.6029 11.6029 0.3300 347.3108 2.7537 0.0001 

Groups 2 2.0672 1.0336 0.0588 30.9384 2.9346 0.0001 

Mass:groups 2 0.1643 0.0822 0.0047 2.4595 1.1567 0.0802 

Residuals 180 6.0134 0.0334 0.1710 
   

Total 185 35.1610 
     

 

Coracoid process I-Lml 

Mass 1 11.1826 11.1826 0.4132 552.5021 2.7774 0.0001 

Groups 2 0.6080 0.3040 0.0225 15.0187 2.4909 0.0001 

Mass:groups 2 0.0189 0.0095 0.0007 0.4681 -0.1243 0.6180 

Residuals 180 3.6432 0.0202 0.1346 
   

Total 185 27.0610 
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Teres major fossa CS 

Mass 1 33.4953 33.4953 0.3680 186.0860 2.6221 0.0001 

Groups 2 0.9523 0.4761 0.0105 2.6452 1.1903 0.0729 

Mass:groups 2 1.0328 0.5164 0.0113 2.8690 1.2339 0.0623 

Residuals 180 32.3998 0.1800 0.3560 
   

Total 185 91.0076 
     

 

Supraspitus fossa CS 

Mass 1 13.7955 13.7955 0.4519 976.6945 2.8155 0.0001 

Groups 2 0.0071 0.0036 0.0002 0.2517 -0.5831 0.7721 

Mass:groups 2 0.0152 0.0076 0.0005 0.5366 -0.0063 0.5726 

Residuals 180 2.5424 0.0141 0.0833 
   

Total 185 30.5301 
     

 

Supraspitus fossa I-L 

Mass 1 11.3109 11.3109 0.4125 1027.7621 2.8587 0.0001 

Groups 2 0.0515 0.0258 0.0019 2.3414 1.1151 0.0928 

Mass:groups 2 0.0421 0.0210 0.0015 1.9124 0.9825 0.1401 

Residuals 180 1.9810 0.0110 0.0722 
   

Total 185 27.4205 
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Supraspitus fossa I-Lori 

Mass 1 1.3118 1.3118 0.3652 112.2827 2.4521 0.0001 

Groups 2 0.1849 0.0925 0.0515 7.9133 2.0168 0.0006 

Mass:groups 2 0.3324 0.1662 0.0925 14.2250 2.4333 0.0001 

Residuals 180 2.1029 0.0117 0.5854 
   

Total 185 3.5921 
     

 

Infraspitus fossa CS 

Mass 1 12.9048 12.9048 0.4512 1009.6081 2.8326 0.0001 

Groups 2 0.0186 0.0093 0.0007 0.7286 0.2341 0.4631 

Mass:groups 2 0.0076 0.0038 0.0003 0.2965 -0.4720 0.7348 

Residuals 180 2.3008 0.0128 0.0804 
   

Total 185 28.5987 
     

 

Infraspitus fossa I-L 

Mass 1 12.2395 12.2395 0.4339 1066.1289 2.8945 0.0001 

Groups 2 0.0200 0.0100 0.0007 0.8689 0.3730 0.4049 

Mass:groups 2 0.0134 0.0067 0.0005 0.5834 0.0620 0.5464 

Residuals 180 2.0665 0.0115 0.0733 
   

Total 185 28.2073 
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Infraspitus fossa I-Lori 

Mass 1 0.0987 0.0987 0.0160 3.1736 1.0998 0.0729 

Groups 2 0.5125 0.2563 0.0830 8.2431 2.0180 0.0004 

Mass:groups 2 0.4733 0.2367 0.0767 7.6126 2.0077 0.0013 

Residuals 180 5.5956 0.0311 0.9062 
   

Total 185 6.1747 
     

 

Subscapularis fossa CS 

Mass 1 13.2631 13.2631 0.4519 1008.6434 2.8462 0.0001 

Groups 2 0.0132 0.0066 0.0005 0.5025 -0.0532 0.5913 

Mass:groups 2 0.0102 0.0051 0.0003 0.3881 -0.2588 0.6665 

Residuals 180 2.3669 0.0131 0.0807 
   

Total 185 29.3470 
     

 

Subscapularis fossa I-L 

Mass 1 11.6867 11.6867 0.4224 1042.4484 2.8572 0.0001 

Groups 2 0.0314 0.0157 0.0011 1.3999 0.7395 0.2270 

Mass:groups 2 0.0231 0.0116 0.0008 1.0321 0.5044 0.3393 

Residuals 180 2.0180 0.0112 0.0729 
   

Total 185 27.6642 
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Subscapularis fossa I-Lori 

Mass 1 10.9252 10.9252 0.1045 21.4602 1.8848 0.0001 

Groups 2 1.9071 0.9535 0.0182 1.8730 0.9580 0.1470 

Mass:groups 2 3.9220 1.9610 0.0375 3.8519 1.4816 0.0253 

Residuals 180 91.6363 0.5091 0.8762    

Total 185 104.5862      

 

Shapela 

Mass 1 0.1188 0.1188 0.0844 23.6637 5.5968 0.0001 

Groups 2 0.0523 0.0261 0.0371 5.2056 4.2885 0.0001 

Mass:groups 2 0.0575 0.0288 0.0408 5.7270 4.4376 0.0001 

Residuals 180 0.9039 0.0050 0.6418    

Total 185 1.4082      
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9.2 Supporting information for chapter 6.1 

Publication: Wölfer, J., Amson, E., Arnold, P., Botton-Divet, L., Fabre, A. C., van Heteren, A. 

H., & Nyakatura, J. A. (2019). Femoral morphology of sciuromorph rodents in light of scaling 

and locomotor ecology. Journal of Anatomy. doi: 10.1111/joa.12980
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Material and Methods 

 

Data acquisition 

The specimens were selected depending on availability. Bones of all sizes were CT-scanned 

with a resolution ranging from 8-40 µm (phoenix nanotom model s or m [GE Measurement, 

Billerica, Massachusetts, USA]; Tomoscope Synergy Twin [Elysia-raytest GmbH, 

Straubenhardt, Germany]; diondo d3 [diondo GmbH, Hattlingen, Germany]). Surface models 

were extracted from CT-scans using Amira Version 6.0.0. (FEI Visualization Sciences Group, 

Berlin, Germany) and prepared for landmarking in Geomagic Studio 2013.0.2 (3D Systems, 

Rock Hill, South Carolina, USA). We used a Skiron Surface Laser Scanner (Kreon 

Technologies, Limoges, France) with a resolution of 50 µm mounted on a MicroScribe M 

model (Revware, Raleigh, North Carolina, USA) in combination with the software Scantools 

(Kreon Technologies, Limoges, France; HADCAM Ltd., München, Germany) to scan 

additional femora that exceeded a long axis length of 5 cm. The bones were mirrored in 

Geomagic Studio 2013.0.2. 

 

Landmark placement and extraction of univariate data 

The IDAV Landmark software package version 3.0 (Wiley et al. 2005) was used to digitize 

traditional landmarks and curve sliding semi-landmarks on all sample specimens and a non-

sample specimen (see Fig. S1 for landmark placing procedure and Table S2 for landmark 

definitions). The smooth bone surface structures of the non-sample specimen (Table S1: 

‘Paraxerus cepapi (template)’) were additionally covered with traditional landmarks, which 

were defined to be surface sliding semi-landmarks. This specimen served as a template from 

which the surface sliding semi-landmarks were projected onto the sample specimens using the 

function placePatch in the R package ‘Morpho’ (Schlager 2017) of R Version 3.4.3 (R 

Development Core Team 2018). Prior to this, curve sliding semi-landmarks of all specimens 

were equidistantly resampled to ensure an even distribution of landmarks across the surface 

(Fig. 2 in main text) using an R function published in the supplementary material in (Botton-

Divet et al. 2016). The sliding semi-landmarks of all sample specimens were then slid to a fixed 

position with reference to the Procrustes consensus using the function slider3d of the package 

‘Morpho’. 

 

Shape extraction 

First, Procrustes superimposition was applied to the three specimens of Aplodontia rufa to 
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create a consensus shape. Then, we multiplied their consensus shape with their mean centroid 

size and integrated these data in the generalized Procrustes superimpositions of all species. 

 

Statistics and visualization 

We used the sciurid phylogeny from Zelditch et al. (2015) and added the following taxa from 

the TimeTree database, which integrates information of 2274 molecular phylogenies (Hedges 

et al. 2015), using the software Mesquite version 3.04 (Maddison and Maddison 2017): 

Gliridae, Aplodontia rufa, Tamiops rodolphii, Tamiops maritimus, and Tamiops swinhoei (Fig. 

S2). First, the glirid taxa, as well as Aplodontia rufa, and the branch leading to Sciuridae were 

deleted from the phylogeny of Zelditch et al. (2015). Then, all available glirid species, 

Aplodontia rufa, and the branch leading to Sciuridae from the TimeTree database were added 

to this phylogeny. In doing so, the length of the branch of Aplodontia rufa as well as of those 

branches leading to Sciuridae and to Gliridae were retained from the TimeTree database, 

whereas the branches within Gliridae were rescaled to keep the tree ultrametric. The two species 

Tamiops swinhoei and Tamiops macclellandii were present in the phylogeny from Zelditch et 

al. (2015). We substituted the tip Tamiops swinhoei with the clade from the TimeTree database 

comprising Tamiops rodolphii, Tamiops maritimus, and Tamiops swinhoei and rescaled the 

branch leading to this clade to keep the tree ultrametric. We furthermore changed the tip label 

of Epixerus wilsoni to E. ebii as these are sister taxa within the genus (Thorington Jr. et al. 

2012) and the tip label Heliosciurus undulatus to H. rufobrachium as they are sister species 

according to Hedges et al. (2015).  



190   Appendix 
 

 

 

 

 

Fig. S1: Step-by-step landmarking procedure. The landmarking procedure is exemplified using the 

template specimen (Table S1: ‘Paraxerus cepapi (template)’): Traditional Landmarks (T1-T19) –

Landmark of interest is indicated by a yellow arrow pointing away from the shape model surface; 

vertical black lines define the perspective criteria for the placement of landmarks T15-18. Curve sliding 

semi-landmarks (C1-C17) – Only parts of the curves are shown and accompanied by flat yellow arrows 

to indicate the curve’s trajectory. Surface sliding semi-landmarks (S1-S125). Landmark definitions are 

given in Table S2. 
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Fig. S2: Compound unpruned phylogenetic tree used for phylogenetic regression. Black branches: 

branch length as given by the sciurid phylogeny from Zelditch et al. (2015), who followed Mercer and 

Roth (2003) in using three calibration points based on fossil occurrences and tectonic events. Names 

were updated to reflect the taxonomic changes proposed by Patterson and Norris (2016). Timescale in 

million years ago (Ma). Red branches: branch length information obtained from the time tree of life 

(Hedges et al. 2015). Timescale in Million years ago (Ma). Note that species not represented in the shape 

dataset were later removed from the unpruned phylogeny. See main text and supplementary text for 

more information. 
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Species Collection Catalog No. Phylogeny Sex Body mass [g] Sex of body mass specimen Body mass reference Group 

Aeromys tephromelas SNMNH 196743 yes f 1254 
  

aer 

Aeromys thomasi FM 90437 no f 1117 
  

aer 

Ammospermophilus harrisii UMMZ 61736 yes m 116 
  

foss 

Ammospermophilus interpres AMNH M-131944 yes f 93 
  

foss 

Ammospermophilus leucurus UMMZ 80988 yes m 95 
  

foss 

Aplodontia rufa SNMNH 192618 yes m 806 mean of males and females (Carraway and Verts 1993) foss 

Aplodontia rufa ZMB Mam_20983 yes NA 806 mean of males and females (Carraway and Verts 1993) foss 

Aplodontia rufa ZMB Mam_20987 yes m 806 mean of males and females (Carraway and Verts 1993) foss 

Atlantoxerus getulus SMF 48688 yes f 217   foss 

Callosciurus adamsi SNMNH 396656 no f 150 
  

arb 

Callosciurus baluensis SNMNH 292609 no f 371 unknown 
 

arb 

Callosciurus caniceps FM 66164 yes m 316 
  

arb 

Callosciurus erythraeus SNMNH 255936 yes m 359 
  

arb 

Callosciurus finlaysonii SNMNH 584417 yes f 278 unknown 
 

arb 

Table S1: List of sampled specimens. The specimen tagged with ‘(template)’ was used as a template for surface sliding semi-landmark projection (see above). 

Collection names are abbreviated as follows: Museum national d’Histoire naturelle (Paris), MNHN; Museum für Naturkunde (Berlin), ZMB; Centrum für 

Naturkunde (Hamburg), CeNaK; Staatliches Museum für Naturkunde (Stuttgart), SMNS; Phyletisches Museum (Jena), PMJ; Zoologische Staatssammlung 

(München), ZSM; Senckenberg Museum (Frankfurt), SMF; Smithsonian National Museum of Natural History (Washington, District of Columbia), SNMNH; 

American Museum of National History (New York City, New York), AMNH; University of Michigan Museum of Zoology (Ann Arbor, Michigan), UMMZ; 

Michigan State University Museum (East Lansing, Michigan), MSU; The Field Museum of Natural History (Chicago, Illinois), FM. It is indicated in the column 

‘Phylogeny‘, whether a species is represented in our phylogeny used for phylogenetic generalized least squares. NA indicates missing information for the sex or 

body mass of a specimen. The column ‘Sex of body mass specimen’ indicates the sex of specimens body mass information was taken from if not available for the 

same sex as sampled specimen. Body mass information was primarily taken from (Hayssen 2008), otherwise as indicated by last column. Groups represent the 

locomotor ecologies: aer = aerial, arb = arboreal, foss = fossorial.  
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Callosciurus nigrovittatus MNHN ZM-MO-1977-570 yes f 239 
  

arb 

Callosciurus notatus SNMNH 548412 no f 228 
  

arb 

Callosciurus prevostii ZMB Mam_88873 yes f 362 
  

arb 

Callosciurus pygerythrus FM 104198 no f 252 unknown 
 

arb 

Callospermophilus lateralis UMMZ 56217 yes f 160 
  

foss 

Callospermophilus madrensis MSU MR.33277 yes f 152 
  

foss 

Callospermophilus saturatus UMMZ 54615 yes m 237 
  

foss 

Cynomys gunnisoni SNMNH 533015 yes m 814 
  

foss 

Cynomys leucurus SNMNH A 11624 yes f 924 
  

foss 

Cynomys ludovicianus SNMNH 511208 yes m 849 
  

foss 

Cynomys parvidens FM 106739 yes m 636 
  

foss 

Dremomys pernyi SNMNH 574326 yes f 151 
  

arb 

Dremomys rufigenis SNMNH 584419 yes f 198 
  

arb 

Dryomys nitedula SMF 44514 yes f 31 mean of females (Angermann 1963) arb 

Eliomys melanurus SMF 95257 yes f 45 only one female (Shehab et al. 2009) arb 

Eliomys quercinus UMMZ 99272 yes f 75 mean of females (Bertolino et al. 2003) arb 

Eoglaucomys fimbriatus SNMNH 353243 yes f 560 
  

aer 

Epixerus ebii SNMNH 539397 yes f 388 
  

arb 

Exilisciurus exilis FM 76874 yes m 17 
  

arb 

Funambulus palmarum CeNaK S-4888 yes m 118 mean of female and male 
 

arb 

Funambulus pennantii CeNaK S-4882 yes m 95 mean of female and male 
 

arb 

Funisciurus anerythreus ZMB Mam_18337 no f 218 unknown 
 

arb 

Funisciurus carruthersi FM 137640 yes f 268 unknown 
 

arb 

Funisciurus congicus CeNaK S-1863 no f 111 unknown 
 

arb 

Funisciurus isabella SNMNH 539407 no f 107 unknown 
 

arb 

Funisciurus lemniscatus SNMNH 539410 no m 141 unknown 
 

arb 

Funisciurus leucogenys MNHN ZM-MO-1961-306 no f 252 
  

arb 

Funisciurus pyrropus SNMNH 539425 yes m 225 
  

arb 
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Glaucomys sabrinus UMMZ 54711 yes f 141 
  

aer 

Glaucomys volans UMMZ 178202 yes f 58 
  

aer 

Glis glis SNMNH 341581 yes m 118 mean of adult males (Fietz et al. 2005) arb 

Graphiurus lorraineus MNHN ZM-MO-1980-87 yes m 17 mean of unknow sex (Holden and Levine 2009) arb 

Graphiurus murinus SNMNH 548527 yes m 25 mean of unknown sex (Webb and Skinner 1996) arb 

Graphiurus nagtglasii MNHN ZM-MO-1967-1418 no f 63 mean of females http://projects.biodiversity.be/africanrodenti

a/taxonomy/show?family_id=10&genus_id

=22&species_id=39#exports 

(March/10th/2017) 

arb 

Heliosciurus gambianus MNHN ZM-MO-1961-1036 no f 329 
  

arb 

Heliosciurus mutabilis FM 212091 no f 383 
  

arb 

Heliosciurus punctatus MNHN ZM-MO-1970-519 no m 166 
  

arb 

Heliosciurus rufobrachium SNMNH 543109 yes f 361 
  

arb 

Heliosciurus ruwenzorii FM 149004 yes m 305 
  

arb 

Hylopetes alboniger SMNS 40249 yes f 255 mean of male and unknown 
 

aer 

Hylopetes lepidus SMNS 40252 yes f 43 
  

aer 

Hylopetes nigripes FM 63025 yes f 534 unknown 
 

aer 

Hylopetes phayrei SMNS 40340 yes m 142 mean of female and 

unknown 

 
aer 

Hylopetes spadiceus MNHN ZM-MO-1979-372 yes f 78 
  

aer 

Hyosciurus ileile AMNH M-225463 yes m 398 
  

arb 

Ictidomys mexicanus AMNH M-203961 yes f 167 
  

foss 

Ictidomys tridecemlineatus UMMZ 162762 yes f 143 
  

foss 

Lariscus hosei SNMNH 449981 no m 215 female 
 

arb 

Lariscus insignis ANMNH M-106417 yes m 175 
  

arb 

Marmota bobak AMNH M-45701 yes f 3875 
  

foss 

Marmota broweri SNMNH 583154 yes m 3630 
  

foss 

Marmota caligata SNMNH A 49815 yes f 3515 
  

foss 

Marmota caudata SNMNH 173381 yes f 5000 
  

foss 
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Marmota flaviventris SNMNH 575170 yes m 3909 
  

foss 

Marmota himalayana SNMNH 198637 yes m 6000 unknown 
 

foss 

Marmota marmota ZMB Mam_44862 yes m 4303 
  

foss 

Marmota monax ZMB Mam_12055 yes NA 3036 mean of all 
 

foss 

Marmota sibirica ZMB Mam_37956 yes NA 8000 unknown 
 

foss 

Menetes berdmorei SMF 53433 yes f 172 
  

arb 

Microsciurus alfari SNMNH 305632 yes m 83 
  

arb 

Microsciurus mimulus SNMNH 338174 no m 120 mean of female and 

unknown 

 
arb 

Muscardinus avellanarius ZMB 105826 yes NA 17 mean of unknown (Csorba 2003) arb 

Myosciurus pumilio SNMNH 539436 yes m 16 unknown 
 

arb 

Notocitellus annulatus SNMNH 88138 yes f 386 
  

foss 

Otospermophilus atricapillus SNMNH 528797 yes m 505 
  

foss 

Otospermophilus beecheyi ZMB Mam_16619 yes f 509 
  

foss 

Otospermophilus variegatus FM 47176 yes f 673 
  

foss 

Paraxerus cepapi SNMNH 295201 yes m 186 
  

arb 

Paraxerus cepapi (template) AMNH 187447 
     

arb 

Paraxerus lucifer FM 196631 no m 680 
  

arb 

Paraxerus ochraceus SNMNH 590017 yes m 125 
  

arb 

Paraxerus poensis SNMNH 539389 no m 115 
  

arb 

Paraxerus vexillarius FM 197806 yes m 243 
  

arb 

Paraxerus vincenti FM 183736 no f 375 
 

(Kingdon 2015) aer 

Petaurista alborufus SNMNH 588833 yes f 1454 
  

aer 

Petaurista elegans FM 114372 yes f 760 
  

aer 

Petaurista leucogenys SNMNH A 20941 yes NA 1179 unknown 
 

aer 

Petaurista magnificus FM 114364 no m 1800 female 
 

aer 

Petaurista petaurista SNMNH 588884 yes m 1264 
  

aer 

Petaurista philippensis SNMNH 314973 yes m 2268 unknown 
 

aer 
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Petinomys hageni PMJ Mam3362 no f 346 
  

aer 

Petinomys setosus SMNS 40303 yes m 41 
  

aer 

Petinomys vordermanni MNHN ZM-MO-1979-346 no f 36 mean of female and male 
 

foss 

Poliocitellus franklinii FM 56859 yes f 425 
  

arb 

Prosciurillus abstrusus AMNH M-225504 no f 79 unknown 
 

arb 

Prosciurillus murinus AMNH M-225492 yes f 73 unknown 
 

arb 

Protoxerus aubinii AMNH M-239341 no m 415 
  

arb 

Protoxerus stangeri SNMNH 237333 yes m 538 
  

aer 

Pteromys momonga ZMB Mam_78564 yes m 152 unknown 
 

aer 

Pteromys volans ZMB Mam_60468 yes NA 134 mean of male and unknown 
 

arb 

Ratufa affinis SNMNH 317202 yes m 1064 
  

arb 

Ratufa bicolor SNMNH 573966 yes m 1678 
  

arb 

Ratufa indica SNMNH 322077 no NA 1441 mean of all 
 

arb 

Ratufa macroura ZSM 1905-1082 no m 1610 
  

arb 

Rheithrosciurus macrotis SNMNH 197261 yes f 1308 
  

arb 

Rhinosciurus laticaudatus FM 98525 yes f 233 
 

  arb 

Rubrisciurus rubriventer AMNH M-226053 yes m 703 
  

arb 

Sciurotamias davidianus SNMNH 258511 yes f 260 unknown 
 

arb 

Sciurus aberti FM 122727 yes NA 605 mean of all 
 

arb 

Sciurus aestuans AMNH M-267565 yes f 200 
  

arb 

Sciurus alleni UMMZ 61447 no m 447 
  

arb 

Sciurus arizonensis UMMZ 66355 no m 736 
  

arb 

Sciurus aureogaster UMMZ 109354 no m 497 
  

arb 

Sciurus carolinensis SNMNH 548056 yes f 513 
  

arb 

Sciurus colliaei UMMZ 99913 no m 335 
  

arb 

Sciurus deppei SNMNH 244937 no f 287 
  

arb 

Sciurus granatensis SNMNH 578378 yes f 312 
  

arb 

Sciurus griseus SNMNH A 21513 yes NA 770 mean of female and 
 

arb 
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unknown 

Sciurus igniventris FM 47600 no f 700 unknown 
 

arb 

Sciurus ingrami FM 94370 no m NA 
 

no literature found arb 

Sciurus nayaritensis UMMZ 99958 no f 756 
  

arb 

Sciurus niger SNMNH 583325 yes f 764 
  

arb 

Sciurus oculatus UMMZ 114038 no f 582 
  

arb 

Sciurus pyrrhinus AMNH M-60507 no m NA 
 

no literature found arb 

Sciurus spadiceus AMNH M-211692 no f 513 
  

arb 

Sciurus variegatoides SNMNH 398850 yes m 537 
  

arb 

Sciurus vulgaris SMNS 46104 yes f 371 
  

arb 

Sciurus yucatanensis SNMNH 244943 no f 302 
  

foss 

Spermophilopsis leptodactylus SNMNH 545230 yes f 548 
  

foss 

Spermophilus alashanicus ZMB Mam_62174 yes f 208 
 

(Smith et al. 2010) foss 

Spermophilus citellus UMMZ 123540 yes f 202 
  

foss 

Spermophilus dauricus UMMZ 123543 yes f 224 unknown 
 

foss 

Spermophilus fulvus UMMZ 123544 yes m 290 
  

foss 

Spermophilus major UMMZ 92750 yes m 535 mean of unknown (Thorington Jr. et al. 2012) foss 

Spermophilus musicus UMMZ 123549 yes NA 310 mean of males and females (Kryštufek and Vohralík 2012) foss 

Spermophilus pygmaeus UMMZ 123552 yes f 235 unknown 
 

foss 

Spermophilus relictus UMMZ 123554 yes m 260 
 

(Kryštufek and Vohralík 2012) foss 

Spermophilus suslicus UMMZ 123555 yes NA 218 mean of female and male 
 

foss 

Spermophilus xanthoprymnus UMMZ 123559 yes m 311 unknown 
 

arb 

Sundasciurus brookei ZMB Mam_88864 yes m 124 
  

arb 

Sundasciurus hippurus SNMNH 449982 yes m 430 
  

arb 

Sundasciurus hoogstraali SNMNH 477858 yes m NA 
 

no literature found arb 

Sundasciurus juvencus FM 63036 yes f 245 
  

arb 

Sundasciurus lowii SNMNH 396659 yes f 76 
  

arb 

Sundasciurus samarensis SNMNH 458740 yes m 243 
  

arb 
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Sundasciurus steerii SNMNH 477968 yes m 257 
  

arb 

Tamias amoenus UMMZ 59680 yes f 51 
  

arb 

Tamias canipes UMMZ 79067 yes m 70 unknown 
 

arb 

Tamias cinereicollis UMMZ 56245 yes f 72 
  

arb 

Tamias dorsalis UMMZ 64007 yes m 65 
  

arb 

Tamias merriami UMMZ 173663 yes f 70 mean of male and unknown 
 

arb 

Tamias minimus UMMZ 167071 yes m 44 
  

arb 

Tamias quadrimaculatus SNMNH 398282 yes m 78 
  

arb 

Tamias quadrivittatus AMNH M-137897 yes f 63 
  

arb 

Tamias ruficaudus UMMZ 162564 yes f 63 
  

arb 

Tamias rufus SNMNH 564127 yes f 58 
  

arb 

Tamias senex UMMZ 54332 yes f 94 
  

arb 

Tamias sibiricus SMF 56497 yes f 96 
  

arb 

Tamias speciosus SNMNH 398283 yes f 63 
  

arb 

Tamias striatus UMMZ 67521 yes m 101 
  

arb 

Tamias townsendii AMNH M-121126 yes f 76 
  

arb 

Tamias umbrinus UMMZ 61979 yes m 56 
  

arb 

Tamiasciurus douglasii UMMZ 176155 yes m 207 
  

arb 

Tamiasciurus hudsonicus UMMZ 112423 yes m 194 
  

arb 

Tamiops maritimus SMF 86733 yes m 55 
  

arb 

Tamiops mcclellandii SMF 53442 yes m 50 
  

arb 

Tamiops rodolphii MNHN ZM-MO-1982-24 yes m 56 unknown 
 

arb 

Tamiops swinhoei SNMNH 256111 yes f 88 
  

foss 

Urocitellus armatus SNMNH 484947 yes m 395 
  

foss 

Urocitellus beldingi SNMNH 271149 yes m 229 
  

foss 

Urocitellus columbianus SNMNH 398301 yes m 490 
  

foss 

Urocitellus elegans SNMNH 552418 yes m 330 
  

foss 

Urocitellus parryii SNMNH A 34844 yes f 524 
  

foss 
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Urocitellus richardsonii SNMNH 398240 yes f 273 
  

foss 

Xerospermophilus terticaudus UMMZ 63860 no m 124 
  

foss 

Xerus erythropus AMNH M-51351 yes f 742 
  

foss 

Xerus inauris SNMNH 295222 yes f 580 
  

foss 

Xerus princeps CeNaK S-1441 yes f 665 unknown 
 

foss 

Xerus rutilus AMNH M-187452 yes m 307 
  

foss 
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Traditional landmarks 

LM No. Definition 

1 distal end of third trochanter defined by the medial most point of the lateral diaphysis  

or where the diaphysis turns into an evenly broad diameter 

2 lateral most point of anterior ridge of the third trochanter 

3 centre of proximal most point where greater trochanter leads into the neck 

4 point, where the posterior ridge of the greater trochanter leads into the body of femur 

5 maximum concave curvature of the neck between greater trochanter and femoral head 

6 maximum concave curvature between femoral head and lesser trochanter 

7 centre of the tip of the lesser trochanter  

8 point, where lesser trochanter leads into the body of femur 

9 proximal most tip of the medial ridge of the medial condyle 

10 proximal most tip of the lateral ridge of the medial condyle 

11 central point between LM 10 and LM 12 

12 proximal most tip of the medial ridge of the lateral condyle 

13 proximal most tip of the lateral ridge of the lateral condyle 

14 central point, where the ridges of the lateral and the medial condyle meet 

15 distal most tip of the medial condyle, when femur is positioned along vertical line  

16 distal most tip of the lateral condyle, when femur is positioned along vertical line 

17 posterior most tip of the medial condyle, when femur is positioned along vertical line 

18 posterior most tip of the lateral condyle, when femur is positioned along vertical line 

19 lateral most point of the femoral head, when in line with LM 3 and LM 5 

 

 

 

 

 

Table S2: Landmark definitions. Position of numbered traditional landmarks (LM No.) and lines for 

defining position of LM 15-18 can be observed in Fig. S1. No. of curve landmarks in the table for curve 

sliding semi-landmarks represent the number after equidistant resampling (see supplementary material: 

b) Landmark placement and shape extraction). 
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Curve sliding semi-landmarks 
  

Bordering 

LM1 

Bordering 

LM2 

No. of  

curve 

landmarks 

Definition 

1 2 10 surrounding third and greater trochanter 

2 3 20 " 

3 4 10 " 

4 5 5 " 

6 7 10 surrounding lesser trochanter 

7 8 10 " 

9 10 3 surrounding distal condyles 

10 11 5 " 

11 12 5 " 

12 13 3 " 

10 14 10 " 

14 12 10 " 

9 15 10 " 

13 16 10 " 

15 17 10 surrounding patella surface 

16 18 10 " 

19 19 30 surrounding femoral head 

 

Surface sliding semi-landmarks 

No. of  

surface landmarks 

Definition 

1-125 covering smooth surface structures, such as diaphysis and articulation sites 
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Df SS MS Rsq F Z Pr(>MS) 

Femur EL 

Mass 1 14.5509 14.5509 0.4655 1428.1884 2.8732 0.0001 

Groups 2 0.0344 0.0172 0.0011 1.6896 0.8739 0.1820 

Mass:groups 2 0.2810 0.1405 0.0090 13.7904 2.3936 0.0001 

Residuals 171 1.7422 0.0102 0.0557 
   

Total 176 31.2612 
     

 

Head CS 

  

Mass 1 13.7617 13.7617 0.4694 1561.8836 2.8205 0.0001 

Groups 2 0.0131 0.0065 0.0004 0.7409 0.2424 0.4691 

Mass:groups 2 0.0439 0.0220 0.0015 2.4936 1.1603 0.0813 

Residuals 171 1.5067 0.0088 0.0514 
   

Total 176 29.3152 
     

 

Midshaft apD 

  

Mass 1 11.9967 11.9967 0.4589 881.0088 2.7704 0.0001 

Groups 2 0.0212 0.0106 0.0008 0.7771 0.2796 0.4497 

Mass:groups 2 0.0194 0.0097 0.0007 0.7121 0.2124 0.4821 

Residuals 171 2.3285 0.0136 0.0891 
   

Total 176 26.1429 
     

 

 

 

 

 

 

  

Table S3: ANOVA tables. DF = Degrees of freedom, SS = Sum of squares, MS = Mean squares, Rsq 

= Coefficient of determination, F = F ratio, Z = Z score, Pr(>MS) = Probability of MS being larger than 

under the assumption of a simpler model not containing that specific effect (mass, groups and 

mass:groups, respectively, the latter indicating the interaction effect between mass and groups). EL = 

effective length, CS = centroid size, apD = anteroposterior diameter, mlD = mediolateral diameter, W = 

width, I-L = length of in-lever. 
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Midshaft mlD 

Mass 1 12.3008 12.3008 0.4324 787.4057 2.7722 0.0001 

Groups 2 0.0134 0.0067 0.0005 0.4284 -0.1949 0.6436 

Mass:groups 2 0.0056 0.0028 0.0002 0.1802 -0.8922 0.8382 

Residuals 171 2.6714 0.0156 0.0939 
   

Total 176 28.4481 
     

 

Condyles CS 

  

Mass 1 14.5677 14.5677 0.4874 1524.2641 2.8516 0.0001 

Groups 2 0.0201 0.0101 0.0007 1.0516 0.5168 0.3359 

Mass:groups 2 0.0899 0.0450 0.0030 4.7041 1.6131 0.0110 

Residuals 171 1.6343 0.0096 0.0547 
   

Total 176 29.8900 
     

 

Medial condyle W 

 

Mass 1 12.6730 12.6730 0.4113 825.6443 2.7855 0.0001 

Groups 2 0.0226 0.0113 0.0007 0.7351 0.2433 0.4656 

Mass:groups 2 0.0175 0.0088 0.0006 0.5711 0.0555 0.5454 

Residuals 171 2.6247 0.0153 0.0852 
   

Total 176 30.8129 
     

 

Lateral condyle W 

  

Mass 1 13.9025 13.9025 0.4778 1071.5389 2.8782 0.0001 

Groups 2 0.0345 0.0172 0.0012 1.3290 0.6860 0.2583 

Mass:groups 2 0.0625 0.0312 0.0021 2.4082 1.1417 0.0866 

Residuals 171 2.2186 0.0130 0.0762 
   

Total 176 29.0995 
     

 

Patellar groove W 

  

Mass 1 16.7970 16.7970 0.4722 1135.0298 2.8436 0.0001 

Groups 2 0.0333 0.0167 0.0009 1.1255 0.5584 0.3147 

Mass:groups 2 0.0282 0.0141 0.0008 0.9536 0.4314 0.3728 

Residuals 171 2.5306 0.0148 0.0711 
   

Total 176 35.5690 
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Greater Trochanter I-L 
 

Mass 1 17.4694 17.4694 0.5137 1438.6842 2.8844 0.0001 

Groups 2 0.0078 0.0039 0.0002 0.3192 -0.4342 0.7283 

Mass:groups 2 0.1561 0.0780 0.0046 6.4274 1.8958 0.0015 

Residuals 171 2.0764 0.0121 0.0611 
   

Total 176 34.0089 
     

 

Third Trochanter I-L 

  

Mass 1 15.0036 15.0036 0.4953 1056.5283 2.8629 0.0001 

Groups 2 0.2306 0.1153 0.0076 8.1194 2.0149 0.0004 

Mass:groups 2 0.1653 0.0827 0.0055 5.8204 1.7664 0.0036 

Residuals 171 2.4284 0.0142 0.0802 
   

Total 176 30.2923 
     

 

Lesser Trochanter I-L 

Mass 1 15.1414 15.1414 0.4451 1046.4335 2.8293 0.0001 

Groups 2 0.0319 0.0159 0.0009 1.1015 0.5465 0.3223 

Mass:groups 2 0.0168 0.0084 0.0005 0.5817 0.0453 0.5527 

Residuals 171 2.4743 0.0145 0.0727 
   

Total 176 34.0155 
     

 

Shape 

  

Mass 1 0.0062 0.0062 0.0128 4.6948 2.8665 0.0032 

Groups 2 0.0166 0.0083 0.0340 6.2284 4.0132 0.0002 

Mass:groups 2 0.0168 0.0084 0.0344 6.3001 3.9927 0.0001 

Residuals 171 0.2274 0.0013 0.4663 
   

Total 176 0.4877 
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9.3 Supporting information for chapter 6.4 

Publication: Mielke, M., Wölfer, J., Arnold, P., van Heteren, A. H., Amson, E., & Nyakatura, 

J. A. (2018). Trabecular architecture in the sciuromorph femoral head: allometry and functional 

adaptation. Zoological Lett, 4(1), 10. doi:10.1186/s40851-018-0093-z 
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Genus Species Museum ID Relative resolution  

(mean TbTh/voxel size) 

CT scanner Sex Lifestyle Side VL (mm) 

Ammospermophilus harrisii UMMZ 61736 5.958 phoenix nanotom s  m fossorial l 1.46402806 

Ammospermophilus interpres AMNH 131944 6.083 phoenix nanotom s  f fossorial r 1.5600299 

Ammospermophilus leucurus UMMZ 80988 7.208 phoenix nanotom s  m fossorial l 1.41602714 

Aplodontia rufa ZMB 20983 7.081 Tomoscope Synergy Twin  u fossorial l 3.21901566 

Aplodontia rufa ZMB 20987 6.595 Tomoscope Synergy Twin  u fossorial r 3.1450153 

Atlantoxerus getulus MNHN MNHN-ZM-MO-1974-259 17.512 diondo d3 f fossorial l 2.00086722 

Atlantoxerus getulus MNHN MNHN-ZM-MO-1980-403 10.507 diondo d3 m fossorial l 1.8729579 

Callosciurus finlaysonii SNMNH 584417 7.792 phoenix nanotom s  f arboreal r 2.2800437 

Callosciurus nigrovittatus MNHN MNHN-ZM-MO-1977-570 13.244 diondo d3 f arboreal r 1.74504858 

Callosciurus prevostii ZMB 88873 6.108 Tomoscope Synergy Twin  f arboreal l 2.0350099 

Callospermophilus lateralis UMMZ 56217 5.417 phoenix nanotom s  f fossorial r 1.8000345 

Dryomys nitedula MNHN MNHN-ZM-MO-1964-375 13.29 diondo d3 m arboreal r 0.94017084 

Eliomys quercinus UMMZ 99272 6.167 phoenix nanotom s  u arboreal r 1.36802622 

Eliomys quercinus MNHN MNHN-ZM-MO-1967-1422 11.414 diondo d3 m arboreal r 1.54136852 

Eoglaucomys fimbriatus CeNaK S-5060 7.541 Tomoscope Synergy Twin  u aerial l 2.62701278 

Funambulus pennantii CeNaK S-4882 6 Tomoscope Synergy Twin  u arboreal l 1.51700738 

Additional file 1: List of sampled specimens and associated parameters. Collection names are abbreviated as follows: Museum national d’Histoire naturelle 

(Paris), MNHN; Museum für Naturkunde (Berlin), ZMB; Centrum für Naturkunde (Hamburg), CeNaK; Staatliches Museum für Naturkunde (Stuttgart), SMNS; 

Zoologische Staatssammlung (München), ZSM; Senckenberg Museum (Frankfurt), SMF; Smithsonian National Museum of Natural History (Washington, District 

of Columbia), SNMNH; American Museum of National History (New York City, New York), AMNH; University of Michigan Museum of Zoology (Ann Arbor, 

Michigan), UMMZ. VL = edge length of volume of interest; MDT = main direction of trabeculae; DA = degree of anisotropy; Conn.D = connectivity density; 

Tb.Th = trabecular thickness; Tb.Sp = trabecular spacing; BV/TV = bone volume per total volume; BS/BV = bone surface area per bone volume. 
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Funisciurus pyrropus SNMNH 539425 6.625 phoenix nanotom s  m arboreal l 1.51202898 

Glaucomys sabrinus UMMZ 54711 6.958 phoenix nanotom s  f aerial l 1.65603174 

Glaucomys sabrinus ZSM 1968/683 7.047 phoenix nanotom m u aerial r 1.6538067 

Glaucomys volans UMMZ 178202 5.792 phoenix nanotom s  f aerial l 1.17602254 

Glis glis SNMNH 341581 6.708 phoenix nanotom s  u arboreal r 1.60803082 

Glis glis ZSM 1952/12 5.79 phoenix nanotom m u arboreal r 1.3912977 

Graphiurus lorraineus MNHN MNHN-ZM-MO-1980-87 10.788 diondo d3 f arboreal l 0.82504788 

Graphiurus murinus SNMNH 548527 8.084 phoenix nanotom s  u arboreal l 0.80393032 

Heliosciurus rufobrachium ZMB 18333 6.513 Tomoscope Synergy Twin  u arboreal l 2.33101134 

Hylopetes phayrei SMNS 40340 5.216 Tomoscope Synergy Twin  u aerial r 1.36900666 

Hylopetes spadiceus MNHN MNHN-ZM-MO-1979-372 5.405 diondo d3 f aerial r 1.14700558 

Hylopetes spadiceus MNHN MNHN-ZM-MO-1979-372 12.821 diondo d3 f aerial l 1.14483388 

Ictidomys mexicanus AMNH 203961 6.833 phoenix nanotom s  f fossorial l 1.70403266 

Ictidomys tridecemlineatus UMMZ 162762 6.625 phoenix nanotom s  f fossorial l 1.41602714 

Marmota marmota ZMB 44862 7.459 Tomoscope Synergy Twin  u fossorial l 3.95901926 

Marmota monax ZMB 12055 5.973 Tomoscope Synergy Twin  u fossorial l 4.03301962 

Microsciurus alfari SNMNH 305632 6.542 phoenix nanotom s  m arboreal r 1.36802622 

Muscardinus avellanarius ZSM ON 8.96 phoenix nanotom m u arboreal l 0.84995512 

Myosciurus pumilio MNHN MNHN-ZM-MO-1982-586 12.039 diondo d3 f arboreal l 0.70992492 

Paraxerus ochraceus SNMNH 590017 6.458 phoenix nanotom s  f arboreal r 1.75203358 

Petaurista leucogenys ZSM 1901-61 11.365 phoenix nanotom m f aerial l 2.93245032 

Petaurista petaurista CeNaK S-4965 10.137 Tomoscope Synergy Twin  u aerial l 4.014978 

Petaurista petaurista CeNaK S-4965 9.568 Tomoscope Synergy Twin  u aerial r 3.81101854 

Petaurista petaurista MNHN MNHN-ZM-MO-1982-843 9.193 diondo d3 f aerial r 3.3078293 

Petaurista philippensis MNHN MNHN-ZM-MO-1960-3676 9.743 diondo d3 m aerial r 2.68572234 

Prosciurillus murinus AMNH 225492 7.417 phoenix nanotom s  f arboreal r 0.92391992 
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Rubrisciurus rubriventer SMF 87604 6.541 Tomoscope Synergy Twin  u arboreal r 2.55301242 

Sciurillus pusillus MNHN MNHN-ZM-MO-1981-404 12.508 diondo d3 u arboreal l 1.00412804 

Sciurus aestuans AMNH 267565 8.458 phoenix nanotom s  f arboreal l 1.5600299 

Sciurus aestuans SNMNH 548445 7.458 phoenix nanotom s  f arboreal l 1.65603174 

Sciurus vulgaris SMNS 46104 6.351 Tomoscope Synergy Twin  u arboreal r 2.18301062 

Sciurus vulgaris ZSM 1912/1101 6.933 phoenix nanotom m u arboreal r 2.0213193 

Spermophilopsis leptodactylus SMF 79506 5.865 Tomoscope Synergy Twin  u fossorial l 2.4050117 

Spermophilus citellus UMMZ 123540 6.292 phoenix nanotom s  f fossorial l 1.70403266 

Spermophilus dauricus UMMZ 123543 6.333 phoenix nanotom s  f fossorial r 1.65603174 

Spermophilus major UMMZ 92750 6.583 phoenix nanotom s  m fossorial r 1.5600299 

Spermophilus musicus UMMZ 123549 6.708 phoenix nanotom s  u fossorial r 1.60803082 

Spermophilus pygmaeus UMMZ 123552 6.042 phoenix nanotom s  f fossorial r 1.70403266 

Spermophilus suslicus UMMZ 123555 5.208 phoenix nanotom s  u fossorial l 1.65603174 

Sundasciurus brookei ZMB 88864 6.27 Tomoscope Synergy Twin  u arboreal l 1.59100774 

Sundasciurus lowii SNMNH 396659 6.833 phoenix nanotom s  f arboreal r 1.27202438 

Tamias amoenus UMMZ 59680 8.334 phoenix nanotom s  f semifossorial r 1.18789704 

Tamias canipes UMMZ 79067 5.958 phoenix nanotom s  m semifossorial l 1.17602254 

Tamias cinereicollis UMMZ 56245 5.708 phoenix nanotom s  f semifossorial l 1.3200253 

Tamias dorsalis UMMZ 64007 6.375 phoenix nanotom s  m semifossorial r 1.22402346 

Tamias merriami UMMZ 173663 6.125 phoenix nanotom s  f semifossorial r 1.22402346 

Tamias minimus UMMZ 167071 7.584 phoenix nanotom s  m semifossorial r 1.23589288 

Tamias quadrimaculatus SNMNH 398282 6.208 phoenix nanotom s  m semifossorial l 1.3200253 

Tamias quadrivittatus AMNH 137897 6.834 phoenix nanotom s  f semifossorial l 1.04390952 

Tamias ruficaudus UMMZ 162564 7.417 phoenix nanotom s  f semifossorial l 1.2598908 

Tamias rufus SNMNH 564127 7.834 phoenix nanotom s  f semifossorial l 1.1399012 

Tamias senex UMMZ 54332 6.042 phoenix nanotom s  f semifossorial r 1.27202438 



 

Appendix   211 
  

Tamias speciosus SNMNH 398283 6.042 phoenix nanotom s  f semifossorial l 1.27202438 

Tamias striatus UMMZ 67521 6.125 phoenix nanotom s  m semifossorial r 1.3200253 

Tamias townsendii AMNH 121126 6.375 phoenix nanotom s  f semifossorial l 1.3200253 

Tamias umbrinus UMMZ 61979 5.792 phoenix nanotom s  m semifossorial r 1.27202438 

Tamiasciurus douglasii UMMZ 176155 8.292 phoenix nanotom s  m arboreal r 1.5600299 

Tamiasciurus hudsonicus UMMZ 112423 6.542 phoenix nanotom s  m arboreal l 1.8000345 

Tamiasciurus hudsonicus SMNS 7258 6.135 Tomoscope Synergy Twin  u arboreal l 1.81300882 

Tamiops mcclellandii MNHN MNHN-ZM-MO-1990-533 14.541 diondo d3 f arboreal r 1.02971092 

Tamiops rodolphii MNHN MNHN-ZM-MO-1982-24 15.323 diondo d3 m arboreal l 1.15762532 

Tamiops swinhoei SNMNH 256111 6.458 phoenix nanotom s  u arboreal l 1.22402346 

Xerus princeps CeNaK S-1441 6.243 Tomoscope Synergy Twin  u fossorial l 2.33101134 

Xerus rutilus SMF 1402 6.622 Tomoscope Synergy Twin  u fossorial l 2.10901026 

Xerus rutilus MNHN MNHN-ZM-MO-1978-252 12.696 diondo d3 m fossorial l 1.70850306 

 
 

Genus Species Museum ID MDT_x MDT_y MDT_z DA Conn.D (mm^-3) 

Ammospermophilus harrisii UMMZ 61736 -0.435 -0.631 0.642 0.695 61.54601042 

Ammospermophilus interpres AMNH 131944 0.48 -0.535 0.695 0.578 51.23073078 

Ammospermophilus leucurus UMMZ 80988 0.078 0.93 -0.359 0.69 39.75508099 

Aplodontia rufa ZMB 20983 -0.152 -0.883 -0.445 0.516 11.18961866 

Aplodontia rufa ZMB 20987 -0.026 0.226 0.974 0.488 9.382387153 

Atlantoxerus getulus MNHN MNHN-ZM-MO-1974-259 -0.201 -0.609 0.767 0.7 44.97114262 

Atlantoxerus getulus MNHN MNHN-ZM-MO-1980-403 0.48 0.292 -0.827 0.673 45.48731298 

Callosciurus finlaysonii SNMNH 584417 -0.228 0.214 -0.95 0.778 16.73659237 

Callosciurus nigrovittatus MNHN MNHN-ZM-MO-1977-570 -0.339 0.402 -0.851 0.828 53.72399348 

Callosciurus prevostii ZMB 88873 0.433 0.074 -0.898 0.641 19.51870777 

Additional file 1 (continued). 
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Callospermophilus lateralis UMMZ 56217 0.269 -0.823 0.5 0.595 79.77255566 

Dryomys nitedula MNHN MNHN-ZM-MO-1964-375 -0.461 0.426 -0.778 0.803 117.4695909 

Eliomys quercinus UMMZ 99272 0.394 -0.516 0.761 0.767 42.33071059 

Eliomys quercinus MNHN MNHN-ZM-MO-1967-1422 -0.332 0.599 -0.729 0.686 145.9529896 

Eoglaucomys fimbriatus CeNaK S-5060 0.217 -0.528 -0.821 0.723 6.24649494 

Funambulus pennantii CeNaK S-4882 -0.287 -0.13 0.949 0.677 19.33416551 

Funisciurus pyrropus SNMNH 539425 -0.609 -0.029 0.793 0.814 19.67153179 

Glaucomys sabrinus UMMZ 54711 -0.549 -0.25 0.798 0.724 28.10214027 

Glaucomys sabrinus ZSM 1968/683 0.472 0.046 0.88 0.739 22.80027746 

Glaucomys volans UMMZ 178202 0.53 0.232 -0.816 0.755 82.23495607 

Glis glis SNMNH 341581 -0.105 0.993 0.051 0.589 61.96044972 

Glis glis ZSM 1952/12 0.363 -0.356 0.861 0.732 61.03879845 

Graphiurus lorraineus MNHN MNHN-ZM-MO-1980-87 0.455 0.249 -0.855 0.739 411.9682189 

Graphiurus murinus SNMNH 548527 0.46 0.262 -0.849 0.64 178.9367076 

Heliosciurus rufobrachium ZMB 18333 -0.248 -0.494 0.834 0.662 13.41161411 

Hylopetes phayrei SMNS 40340 -0.525 0.45 -0.723 0.649 20.31487361 

Hylopetes spadiceus MNHN MNHN-ZM-MO-1979-372 -0.11 -0.992 -0.058 0.684 43.98379324 

Hylopetes spadiceus MNHN MNHN-ZM-MO-1979-372 0.394 0.03 -0.919 0.694 320.4715784 

Ictidomys mexicanus AMNH 203961 0.512 0.086 -0.855 0.625 56.05872078 

Ictidomys tridecemlineatus UMMZ 162762 0.503 0.481 -0.718 0.737 37.20160712 

Marmota marmota ZMB 44862 0.492 0.509 -0.706 0.655 10.64173696 

Marmota monax ZMB 12055 -0.502 -0.37 0.782 0.608 19.70072837 

Microsciurus alfari SNMNH 305632 -0.376 0.069 -0.924 0.874 27.9763487 

Muscardinus avellanarius ZSM ON -0.315 0.082 0.946 0.552 215.5493105 

Myosciurus pumilio MNHN MNHN-ZM-MO-1982-586 -0.371 -0.29 0.882 0.883 176.7697739 

Paraxerus ochraceus SNMNH 590017 0.355 0.371 0.858 0.625 22.73166788 
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Petaurista leucogenys ZSM 1901-61 0.677 0.427 -0.599 0.527 7.811533794 

Petaurista petaurista CeNaK S-4965 0.213 -0.811 -0.545 0.451 0.80341246 

Petaurista petaurista CeNaK S-4965 -0.412 0.569 -0.712 0.578 3.355756028 

Petaurista petaurista MNHN MNHN-ZM-MO-1982-843 -0.676 0.308 -0.669 0.537 25.3835771 

Petaurista philippensis MNHN MNHN-ZM-MO-1960-3676 -0.444 0.165 -0.881 0.594 10.98818764 

Prosciurillus murinus AMNH 225492 0.47 -0.431 0.77 0.751 290.2250142 

Rubrisciurus rubriventer SMF 87604 0.391 -0.056 0.919 0.592 12.60456684 

Sciurillus pusillus MNHN MNHN-ZM-MO-1981-404 0.387 0.237 -0.891 0.732 225.1916602 

Sciurus aestuans AMNH 267565 0.295 0.186 -0.937 0.811 13.76249386 

Sciurus aestuans SNMNH 548445 0.327 -0.009 -0.945 0.838 18.55126595 

Sciurus vulgaris SMNS 46104 0.406 -0.107 0.908 0.694 18.50324622 

Sciurus vulgaris ZSM 1912/1101 -0.467 0.28 -0.839 0.769 26.27757893 

Spermophilopsis leptodactylus SMF 79506 -0.373 -0.288 0.882 0.526 22.21220321 

Spermophilus citellus UMMZ 123540 -0.482 -0.727 0.489 0.673 36.32828264 

Spermophilus dauricus UMMZ 123543 0.307 -0.401 0.863 0.637 38.09340955 

Spermophilus major UMMZ 92750 0.401 -0.063 0.914 0.614 45.04089952 

Spermophilus musicus UMMZ 123549 0.546 -0.342 0.765 0.648 41.12658191 

Spermophilus pygmaeus UMMZ 123552 -0.437 0.097 -0.894 0.625 56.2102991 

Spermophilus suslicus UMMZ 123555 -0.505 -0.142 0.851 0.657 73.51697753 

Sundasciurus brookei ZMB 88864 -0.404 -0.239 0.883 0.733 13.90451639 

Sundasciurus lowii SNMNH 396659 -0.038 0.999 0.028 0.781 35.9546508 

Tamias amoenus UMMZ 59680 -0.499 -0.023 -0.866 0.686 182.7210752 

Tamias canipes UMMZ 79067 0.468 0.154 -0.87 0.774 65.24997919 

Tamias cinereicollis UMMZ 56245 -0.427 -0.331 0.841 0.662 90.4871889 

Tamias dorsalis UMMZ 64007 0.385 -0.213 0.898 0.713 56.50736165 

Tamias merriami UMMZ 173663 0.374 0.204 0.905 0.691 77.16081849 
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Tamias minimus UMMZ 167071 0.391 -0.468 0.792 0.727 83.80558194 

Tamias quadrimaculatus SNMNH 398282 -0.491 -0.317 0.811 0.627 57.93353957 

Tamias quadrivittatus AMNH 137897 0.35 0.77 -0.533 0.734 176.3064471 

Tamias ruficaudus UMMZ 162564 0.46 0.462 -0.758 0.725 157.8808246 

Tamias rufus SNMNH 564127 0.319 0.244 -0.916 0.749 133.9275881 

Tamias senex UMMZ 54332 -0.443 0.236 -0.865 0.739 60.005404 

Tamias speciosus SNMNH 398283 0.332 0.517 -0.789 0.689 75.43187696 

Tamias striatus UMMZ 67521 -0.566 0.777 -0.274 0.669 66.95508513 

Tamias townsendii AMNH 121126 0.53 -0.032 -0.847 0.612 69.72678097 

Tamias umbrinus UMMZ 61979 0.426 -0.358 0.831 0.574 133.4330383 

Tamiasciurus douglasii UMMZ 176155 0.414 -0.318 0.853 0.818 22.12534903 

Tamiasciurus hudsonicus UMMZ 112423 -0.417 -0.471 0.777 0.669 34.4423689 

Tamiasciurus hudsonicus SMNS 7258 0.459 0.522 -0.719 0.498 15.18565634 

Tamiops mcclellandii MNHN MNHN-ZM-MO-1990-533 0.394 -0.371 0.841 0.819 135.2068502 

Tamiops rodolphii MNHN MNHN-ZM-MO-1982-24 -0.358 -0.221 0.907 0.864 38.19170467 

Tamiops swinhoei SNMNH 256111 0.236 0.736 -0.635 0.672 50.44082362 

Xerus princeps CeNaK S-1441 -0.319 -0.539 0.779 0.679 13.0662083 

Xerus rutilus SMF 1402 0.442 0.68 -0.585 0.578 10.24672346 

Xerus rutilus MNHN MNHN-ZM-MO-1978-252 0.58 0.594 -0.558 0.634 46.46834449 

 

 

Genus Species Museum ID Tb.Th (mm) Tb.Sp (mm) BV/TV BS/BV (mm^-1) 

Ammospermophilus harrisii UMMZ 61736 0.143 0.191 0.531 22.81762913 

Ammospermophilus interpres AMNH 131944 0.146 0.222 0.482 23.2833799 

Ammospermophilus leucurus UMMZ 80988 0.173 0.214 0.544 19.63282441 

Additional file 1 (continued). 
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Aplodontia rufa ZMB 20983 0.262 0.301 0.566 14.29133858 

Aplodontia rufa ZMB 20987 0.244 0.341 0.512 13.32450973 

Atlantoxerus getulus MNHN MNHN-ZM-MO-1974-259 0.16 0.233 0.507 19.83579138 

Atlantoxerus getulus MNHN MNHN-ZM-MO-1980-403 0.096 0.277 0.327 33.30852698 

Callosciurus finlaysonii SNMNH 584417 0.187 0.273 0.539 16.57687526 

Callosciurus nigrovittatus MNHN MNHN-ZM-MO-1977-570 0.121 0.25 0.421 25.95829367 

Callosciurus prevostii ZMB 88873 0.226 0.275 0.545 15.16393903 

Callospermophilus lateralis UMMZ 56217 0.13 0.196 0.481 25.28142826 

Dryomys nitedula MNHN MNHN-ZM-MO-1964-375 0.085 0.187 0.396 39.1742077 

Eliomys quercinus UMMZ 99272 0.148 0.205 0.511 22.68032088 

Eliomys quercinus MNHN MNHN-ZM-MO-1967-1422 0.073 0.189 0.345 43.90335544 

Eoglaucomys fimbriatus CeNaK S-5060 0.279 0.459 0.486 11.86154502 

Funambulus pennantii CeNaK S-4882 0.222 0.258 0.564 16.06272988 

Funisciurus pyrropus SNMNH 539425 0.159 0.342 0.372 22.04764496 

Glaucomys sabrinus UMMZ 54711 0.167 0.233 0.531 19.25710373 

Glaucomys sabrinus ZSM 1968/683 0.185 0.24 0.561 17.54867851 

Glaucomys volans UMMZ 178202 0.139 0.186 0.493 25.73207761 

Glis glis SNMNH 341581 0.161 0.199 0.523 21.37741832 

Glis glis ZSM 1952/12 0.152 0.241 0.486 23.1907971 

Graphiurus lorraineus MNHN MNHN-ZM-MO-1980-87 0.069 0.143 0.363 50.59608513 

Graphiurus murinus SNMNH 548527 0.097 0.16 0.45 35.8662245 

Heliosciurus rufobrachium ZMB 18333 0.241 0.343 0.503 14.08245225 

Hylopetes phayrei SMNS 40340 0.193 0.294 0.437 19.58423814 

Hylopetes spadiceus MNHN MNHN-ZM-MO-1979-372 0.2 0.28 0.454 19.76504073 

Hylopetes spadiceus MNHN MNHN-ZM-MO-1979-372 0.082 0.154 0.411 42.89591359 

Ictidomys mexicanus AMNH 203961 0.164 0.209 0.523 20.44551271 
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Ictidomys tridecemlineatus UMMZ 162762 0.159 0.199 0.555 20.8675329 

Marmota marmota ZMB 44862 0.276 0.303 0.573 12.4015748 

Marmota monax ZMB 12055 0.221 0.271 0.532 15.49212598 

Microsciurus alfari SNMNH 305632 0.157 0.257 0.48 21.50510563 

Muscardinus avellanarius ZSM ON 0.064 0.266 0.198 58.25542994 

Myosciurus pumilio MNHN MNHN-ZM-MO-1982-586 0.077 0.163 0.407 44.27086331 

Paraxerus ochraceus SNMNH 590017 0.155 0.303 0.428 21.5918523 

Petaurista leucogenys ZSM 1901-61 0.483 0.395 0.589 9.030631206 

Petaurista petaurista CeNaK S-4965 0.74 0.675 0.598 6.299212598 

Petaurista petaurista CeNaK S-4965 0.354 0.457 0.566 8.287401575 

Petaurista petaurista MNHN MNHN-ZM-MO-1982-843 0.168 0.321 0.409 19.98392559 

Petaurista philippensis MNHN MNHN-ZM-MO-1960-3676 0.178 0.47 0.395 17.70768159 

Prosciurillus murinus AMNH 225492 0.089 0.131 0.464 38.01972306 

Rubrisciurus rubriventer SMF 87604 0.242 0.34 0.484 14.56965094 

Sciurillus pusillus MNHN MNHN-ZM-MO-1981-404 0.08 0.155 0.392 42.26350319 

Sciurus aestuans AMNH 267565 0.203 0.235 0.605 15.73679093 

Sciurus aestuans SNMNH 548445 0.179 0.259 0.522 17.67303258 

Sciurus vulgaris SMNS 46104 0.235 0.295 0.513 15.09588909 

Sciurus vulgaris ZSM 1912/1101 0.182 0.255 0.506 18.21831095 

Spermophilopsis leptodactylus SMF 79506 0.217 0.272 0.531 16.1711025 

Spermophilus citellus UMMZ 123540 0.151 0.271 0.42 23.2500465 

Spermophilus dauricus UMMZ 123543 0.152 0.221 0.506 21.63808753 

Spermophilus major UMMZ 92750 0.158 0.231 0.482 22.22504445 

Spermophilus musicus UMMZ 123549 0.161 0.198 0.545 20.49635336 

Spermophilus pygmaeus UMMZ 123552 0.145 0.201 0.5 22.9289671 

Spermophilus suslicus UMMZ 123555 0.125 0.208 0.45 27.48954134 
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Sundasciurus brookei ZMB 88864 0.232 0.329 0.49 15.69571245 

Sundasciurus lowii SNMNH 396659 0.164 0.253 0.458 22.5714489 

Tamias amoenus UMMZ 59680 0.1 0.138 0.506 31.96488125 

Tamias canipes UMMZ 79067 0.143 0.169 0.554 24.3334426 

Tamias cinereicollis UMMZ 56245 0.137 0.188 0.503 25.66643455 

Tamias dorsalis UMMZ 64007 0.153 0.191 0.538 23.55530721 

Tamias merriami UMMZ 173663 0.147 0.165 0.57 22.85725582 

Tamias minimus UMMZ 167071 0.091 0.231 0.333 36.90944882 

Tamias quadrimaculatus SNMNH 398282 0.149 0.246 0.443 24.06406614 

Tamias quadrivittatus AMNH 137897 0.082 0.145 0.444 39.57433336 

Tamias ruficaudus UMMZ 162564 0.089 0.159 0.436 36.97415359 

Tamias rufus SNMNH 564127 0.094 0.156 0.478 34.62307318 

Tamias senex UMMZ 54332 0.145 0.206 0.496 24.02928031 

Tamias speciosus SNMNH 398283 0.145 0.188 0.503 25.55284515 

Tamias striatus UMMZ 67521 0.147 0.194 0.534 23.1063554 

Tamias townsendii AMNH 121126 0.153 0.179 0.539 22.88051069 

Tamias umbrinus UMMZ 61979 0.139 0.165 0.49 27.52257171 

Tamiasciurus douglasii UMMZ 176155 0.199 0.264 0.529 17.01969146 

Tamiasciurus hudsonicus UMMZ 112423 0.157 0.253 0.458 21.24197995 

Tamiasciurus hudsonicus SMNS 7258 0.227 0.275 0.56 15.06803799 

Tamiops mcclellandii MNHN MNHN-ZM-MO-1990-533 0.093 0.164 0.444 35.97266078 

Tamiops rodolphii MNHN MNHN-ZM-MO-1982-24 0.098 0.254 0.363 33.18989196 

Tamiops swinhoei SNMNH 256111 0.155 0.202 0.521 22.95237787 

Xerus princeps CeNaK S-1441 0.231 0.368 0.481 15.34999037 

Xerus rutilus SMF 1402 0.245 0.266 0.612 13.26197343 

Xerus rutilus MNHN MNHN-ZM-MO-1978-252 0.116 0.237 0.428 26.56876479 
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9.4 Supporting information for chapter 6.5 

Publication: Scheidt, A., Wölfer, J., & Nyakatura, J. A. (2019). The evolution of femoral cross-

sectional properties in sciuromorph rodents: Influence of body mass and locomotor ecology. 

Journal of Morphology, 280(8), 1156-1169. doi:10.1002/jmor.21007
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A   CSA 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

K 0.220 0.213 0.228 0.236 0.259 0.269 0.253 0.269 0.290 0.277 0.278 0.262 0.246 0.224 0.228 0.180 0.179 0.241 0.155 

p 0.016 0.008 0.009 0.008 0.003 0.002 0.003 <0.001 0.001 0.002 0.003 0.002 0.004 0.007 0.007 0.056 0.059 0.004 0.152 

B   SMAcc 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

K 0.224 0.210 0.311 0.231 0.244 0.294 0.296 0.266 0.231 0.223 0.208 0.187 0.160 0.153 0.159 0.190 0.266 0.262 0.174 

p 0.008 0.009 <0.001 0.002 0.002 <0.001 0.001 0.001 0.004 0.006 0.009 0.026 0.091 0.126 0.117 0.042 0.003 0.003 0.049 

 
C   SMAml 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

K 0.216 0.314 0.200 0.240 0.224 0.245 0.249 0.231 0.236 0.255 0.256 0.240 0.213 0.193 0.197 0.257 0.375 0.428 0.235 

p 0.009 <0.001 0.028 0.005 0.011 0.003 0.002 0.004 0.004 0.002 0.001 0.003 0.011 0.027 0.027 0.004 <0.001 <0.001 0.007 

 

 

 

 

 

 

 

Table S1. Phylogenetic signal in the residuals of the scaling analysis according to Blomberg’s K. CSA = cross-sectional area; SMAcc = craniocaudal second 

moment of area; SMAml = mediolateral second moment of area. Columns show the position of the slice in the femur, 5% being the most proximal slice (see Fig. 

3 of main document). K = estimated value of Blomberg’s K; p = associated p-value. 
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A   CSA 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

aobs 2.214 2.373 2.178 2.342 2.322 2.372 2.388 2.389 2.367 2.374 2.370 2.382 2.377 2.380 2.386 2.368 2.315 2.336 2.282 

pobs <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

cor 0.958 0.952 0.950 0.962 0.959 0.960 0.964 0.966 0.965 0.965 0.962 0.964 0.965 0.968 0.969 0.964 0.957 0.937 0.933 

aiso 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

piso 0.012 <0.001 0.045 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 0.003 0.011 

 

 

B   SMAcc 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

aobs 4.427 4.716 3.881 4.217 4.179 4.318 4.403 4.427 4.453 4.508 4.542 4.569 4.598 4.608 4.621 4.624 4.639 4.561 4.421 

pobs <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

cor 0.975 0.943 0.943 0.947 0.941 0.948 0.957 0.964 0.967 0.970 0.970 0.970 0.971 0.972 0.973 0.972 0.965 0.957 0.963 

aiso 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

piso 0.001 0.001 0.484 0.223 0.334 0.076 0.014 0.004 0.002 0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 0.007 

 

 

Table S2. Statistics of the scaling analysis. CSA = cross-sectional area; SMAcc = craniocaudal second moment of area; SMAml = mediolateral second moment 

of area. Columns show the position of the slice in the femur, 5% being the most proximal slice (see Fig. 3 of main document). aobs = observed slope of scaling 

regression; pobs = p-value of slope being significantly different from zero; cor = Pear’s correlation coefficient; aiso = theoretical slope under isometry; piso = p-

value of aobs being significantly different from aiso. 



Appendix   222 
 

 

C   SMAml 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

aobs 4.359 4.485 4.178 4.407 4.318 4.339 4.364 4.374 4.394 4.432 4.461 4.496 4.525 4.543 4.515 4.501 4.596 4.652 4.452 

pobs <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

cor 0.977 0.943 0.969 0.973 0.962 0.961 0.961 0.966 0.969 0.970 0.969 0.969 0.970 0.971 0.971 0.968 0.956 0.943 0.960 

aiso 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

piso 0.004 0.015 0.175 0.003 0.036 0.027 0.018 0.009 0.006 0.002 0.001 0.001 0.001 <0.001 0.001 0.001 0.001 0.002 0.007 
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A   CSA 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

Aer vs Arb 
K 0.254 0.197 0.240 0.245 0.304 0.286 0.254 0.282 0.327 0.351 0.337 0.283 0.259 0.231 0.258 0.267 0.323 0.343 0.157 

p 0.033 0.081 0.048 0.045 0.007 0.009 0.020 0.008 0.003 0.001 0.002 0.012 0.026 0.041 0.020 0.021 0.002 0.003 0.359 

Aer vs Foss 
K 0.179 0.223 0.298 0.291 0.275 0.374 0.414 0.393 0.374 0.320 0.331 0.371 0.369 0.346 0.306 0.165 0.147 0.114 0.222 

p 0.344 0.200 0.066 0.072 0.096 0.017 0.009 0.011 0.018 0.041 0.030 0.017 0.017 0.026 0.052 0.396 0.486 0.642 0.188 

Arb vs Foss 
K 0.203 0.182 0.220 0.215 0.233 0.254 0.241 0.261 0.282 0.266 0.273 0.254 0.238 0.217 0.219 0.161 0.156 0.169 0.139 

p 0.028 0.022 0.012 0.016 0.009 0.003 0.005 0.001 0.001 0.002 0.003 0.003 0.005 0.008 0.008 0.084 0.094 0.082 0.211 

 

 

B   SMAcc 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

Aer vs Arb 
K 0.266 0.166 0.334 0.172 0.184 0.222 0.215 0.221 0.227 0.238 0.223 0.193 0.171 0.159 0.164 0.168 0.208 0.232 0.171 

p 0.011 0.204 0.001 0.137 0.122 0.029 0.033 0.027 0.021 0.016 0.027 0.087 0.177 0.224 0.213 0.206 0.074 0.037 0.204 

Aer vs Foss 
K 0.184 0.203 0.210 0.294 0.304 0.458 0.534 0.450 0.330 0.291 0.277 0.270 0.224 0.217 0.214 0.256 0.384 0.240 0.236 

p 0.339 0.275 0.246 0.072 0.067 0.010 0.007 0.009 0.046 0.081 0.099 0.109 0.215 0.235 0.258 0.157 0.029 0.193 0.160 

Arb vs Foss 
K 0.204 0.163 0.276 0.172 0.165 0.242 0.266 0.249 0.215 0.207 0.194 0.171 0.144 0.137 0.139 0.154 0.209 0.183 0.156 

p 0.016 0.048 0.001 0.029 0.047 0.003 0.001 0.001 0.005 0.008 0.014 0.036 0.112 0.155 0.145 0.090 0.012 0.039 0.083 

 

 

Table S3. Phylogenetic signal in the ordinary least squares regression residuals of pairwise group comparisons according to Blomberg’s K. CSA = cross-

sectional area; SMAcc = craniocaudal second moment of area; SMAml = mediolateral second moment of area. Columns show the position of the slice in the 

femur, 5% being the most proximal slice (see Fig. 3 of main document). Aer = aerial; Arb = arboreal; Foss = fossorial; K = estimated value of Blomberg’s K; 

p = associated p-value. Bold values indicate cases that required the use of phylogenetic least squares regression as K ≥ 0.5 and p ≤ 0.05.  
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C   SMAml 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

Aer vs Arb 
K 0.208 0.296 0.205 0.235 0.216 0.234 0.232 0.221 0.229 0.256 0.255 0.232 0.205 0.180 0.171 0.200 0.295 0.400 0.212 

p 0.061 0.004 0.100 0.031 0.063 0.030 0.026 0.032 0.027 0.012 0.012 0.027 0.063 0.132 0.178 0.078 0.004 0.001 0.103 

Aer vs Foss 
K 0.293 0.266 0.290 0.315 0.348 0.393 0.404 0.358 0.345 0.345 0.353 0.370 0.368 0.370 0.411 0.459 0.513 0.223 0.346 

p 0.073 0.097 0.087 0.071 0.033 0.021 0.020 0.028 0.032 0.033 0.025 0.020 0.027 0.024 0.018 0.011 0.011 0.247 0.033 

Arb vs Foss 
K 0.205 0.273 0.190 0.219 0.194 0.216 0.221 0.201 0.205 0.227 0.235 0.219 0.195 0.178 0.177 0.216 0.328 0.310 0.217 

p 0.008 <0.001 0.032 0.011 0.027 0.011 0.009 0.013 0.012 0.004 0.003 0.005 0.018 0.032 0.038 0.008 <0.001 0.001 0.010 
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A   CSA 

 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

Aer vs Arb 0.968 0.062 0.574 0.042 0.025 0.320 0.666 0.919 0.907 0.927 0.872 0.896 0.898 0.976 0.687 0.114 0.032 <0.001 0.440 

Aer vs Foss 0.968 0.031 0.574 0.054 0.077 0.436 0.862 0.919 0.655 0.717 0.666 0.910 0.976 0.976 0.687 0.131 0.048 <0.001 0.311 

Arb vs Foss 0.994 0.174 0.574 0.531 0.306 0.436 0.666 0.919 0.655 0.562 0.666 0.896 0.898 0.976 0.687 0.935 0.511 0.007 0.389 

 

B   SMAcc 

 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

Aer vs Arb 0.895 0.004 0.167 <0.001 <0.001 0.006 0.190 0.708 0.783 0.736 0.730 0.543 0.579 0.457 0.151 0.013 0.002 <0.001 0.532 

Aer vs Foss 0.539 0.001 0.718 <0.001 <0.001 0.064 0.536 0.739 0.960 0.976 0.967 0.740 0.579 0.457 0.151 0.006 0.001 <0.001 0.111 

Arb vs Foss 0.539 0.108 0.023 0.197 0.174 0.404 0.536 0.708 0.783 0.736 0.730 0.543 0.579 0.840 0.767 0.240 0.133 0.015 0.111 

 

C   SMAml 

  5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 

Aer vs arb 0.692 0.063 0.936 0.060 0.105 0.327 0.639 0.942 0.759 0.922 0.968 0.786 0.813 0.739 0.275 0.009 0.005 <0.001 0.568 

Aer vs Foss 0.692 0.035 0.936 0.085 0.391 0.958 0.639 0.350 0.229 0.310 0.421 0.745 0.813 0.739 0.275 0.009 0.242 <0.001 0.568 

Arb vs Foss 0.800 0.361 0.936 0.784 0.105 0.204 0.179 0.155 0.127 0.152 0.275 0.420 0.813 0.739 0.859 0.394 0.242 0.001 0.568 

Table S4. Statistics of the pairwise group comparisons of the lifestyle analysis. CSA = cross-sectional area; SMAcc = craniocaudal second moment of area; 

SMAml = mediolateral second moment of area. Columns show the position of the slice in the femur, 5% being the most proximal slice see Fig. 3 of main 

document). Aer = aerial; Arb = arboreal; Foss = fossorial. p = p-value of groups being significantly different. Bold values were computed using phylogenetic 

least squares regression, all other values using ordinary least squares regression.  
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9.5 Supporting information for chapter 7 

Publication: Wölfer, J., & Nyakatura, J. A. (2019). Weighing homoplasy against alternative 

scenarios with the help of macroevolutionary modeling: A case study on limb bones of fossorial 

sciuromorph rodents. Ecology and Evolution.
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Materials and Methods 

 

S1: Mass comparison among Marmotini, Xerini, and arboreal species 

We pruned the datasets and the raw phylogeny so that they matched in species composition, 

because these pruned datasets were later used during evolutionary model comparison. Body 

mass information was taken from the literature (Tables S1 & S2). The natural log transformed 

mass values and not the actual mass values were tested as the former were used in all regression 

analyses to obtain residuals (see below) and thus, determine the differences among the three 

groups (arboreal species, Marmotini, and Xerini). The aov function was applied, followed by 

the TukeyHSD function including a 95% confidence level to correct the p-values of the pairwise 

comparisons of groups post hoc. The results (Tables S3 & S4) were very similar for the species 

included in the scapular and the femoral datasets, most likely because the sampled species were 

also similar. The difference between the two fossorial taxa was not significant (p = 0.999 for 

the scapular dataset and p = 0.977 for the femoral dataset). However, the mass range between 

each fossorial group and the arboreal group differed significantly (p = 5e-07 and p = 1e-07 for 

Marmotini and p = 0.041 and p = 0.042 for Xerini [scapula and femur, respectively]). 

 

S2: Simulation study to assess sampling bias 

For the simulation study, we decided to select three species along the sciuromorph mass range 

that are well represented in museum collections in order to assess the intraspecific variability 

for the scapular and femoral datasets, respectively. With increasing body mass, these were 

Tamias striatus (19 individuals including the specimen of the original dataset), Sciurus 

carolinensis (20), and Marmota monax (20) for the scapular dataset, and Tamiasciurus 

hudsonicus (18), Sciurus carolinensis (22), and Marmota monax (23) concerning the femoral 

dataset (Table S7). We collected both sexes equally well and as many subspecies as available. 

Each of the four species displays a broad geographic distribution that is above average 

compared among all sciuromorph species (Nowak 1999; Thorington Jr. et al. 2012), ensuring 

the coverage of a large intraspecific variation. The univariate traits were acquired as outlined 

in Wölfer et al. (2019b) and Wölfer et al. (2019a). For each trait of each skeletal element, the 

following procedure was applied. The intraspecific standard deviation of the trait (not natural 

log transformed, yet) was computed for all three species. As the standard deviation appeared to 

depend on the size of the species (see Table S8), we used the lm function to regress the natural 

log of the standard deviations of the three species on their natural log transformed body mass. 

The regression equations were used to compute the expected standard deviations for all species 
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included in the unpruned datasets (186 for the scapula and 177 for the femur; see Tables S1 & 

S2): intercept + slope * body mass. Then, the expected standard deviations were retransformed 

from natural log-transformed values using the exp function. We assumed the specimens’ trait 

values of the original dataset (the mean for the femoral traits of the three specimens of 

Aplodontia rufa being the only exception) to represent the mean species’ values, as the true 

values were not known. Given this and the estimated standard deviations for all species, a 

normal distribution of 1000 trait values was generated for each species of the original unpruned 

dataset, representing a hypothetical population (in statistical terms). The next step was repeated 

1000 times. A sample was drawn with one specimen per species and the whole analysis was 

redone, starting with the natural log transformation of the trait values and the regression on 

mass, followed by the extraction of residuals and the pruning of the dataset according to the 

phylogeny, and completed with the likelihood estimation of the six evolutionary models via 

SIC. Based on all 1000 sampling results, we computed the frequency of the each model being 

the most likely one. All those traits for which the most frequent model did not match the most 

likely model estimated with the original dataset were dismissed from further analysis (Tables 1 

& 2). 
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Fig. S1. Phylogenies included in this study. A) Scapula, B) Femur. Arboreal lineages in green, 

fossorial lineages in brown. Species in black included in both phylogenies, species in red exclusive to 

the respective phylogeny. The trees are part of a larger phylogeny assembled by Wölfer et al. (2019a)

from phylogenetic information presented by Zelditch et al. (2015) and the TimeTree database (Hedges 

et al. 2015). Names of Tamiini were updated with the suggested taxonomic revisions proposed by

Patterson and Norris (2016). 
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Species collection Catalog No. PCM Sex Body mass [g] Sex of body mass specimens Body mass reference 

Aeromys tephromelas SNMNH 196743 no f 1254 
  

Aeromys thomasi FM 90437 no f 1117 
  

Ammospermophilus harrisii SNMNH 532504 yes f 98 
  

Ammospermophilus interpres MSU MR.17752 yes f 93 
  

Ammospermophilus leucurus SNMNH 578030 yes m 95 
  

Aplodontia rufa SNMNH 192618 no m 806 mean of males and females (Carraway and Verts 1993) 

Atlantoxerus getulus SNMNH 476806 yes f 217 
  

Callosciurus adamsi SNMNH 396656 no f 150 
  

Callosciurus baluensis SNMNH 292609 no f 371 unknown 
 

Callosciurus caniceps FM 66164 yes m 316 
  

Callosciurus erythraeus SNMNH 320819 yes m 359 
  

Callosciurus finlaysonii SNMNH 584418 yes m 278 unknown 
 

Callosciurus nigrovittatus SNMNH 294035 yes f 239 
  

Callosciurus notatus SNMNH 548412 no f 228 
  

Table S1. List of specimens for the scapula. Collection names are abbreviated as follows: Museum national d’Histoire naturelle (Paris, France), MNHN; Museum 

für Naturkunde (Berlin, Germany), ZMB; Centrum für Naturkunde (Hamburg, Germany), CeNaK; Staatliches Museum für Naturkunde (Stuttgart, Germany), 

SMNS; Phyletisches Museum (Jena, Germany), PMJ; Zoologische Staatssammlung (München, Germany), ZSM; Senckenberg Museum (Frankfurt, Germany), 

SMF; Smithsonian National Museum of Natural History (Washington, District of Columbia, USA), SNMNH; American Museum of National History (New York 

City, New York, USA), AMNH; University of Michigan Museum of Zoology (Ann Arbor, Michigan, USA), UMMZ; Michigan State University Museum (East 

Lansing, Michigan, USA), MSU; The Field Museum of Natural History (Chicago, Illinois, USA), FM. It is indicated in the column ‘PCM‘, whether a species was 

used in the phylogenetic comparative methods applied in this study. NA indicates missing information for the sex or body mass of a specimen. The column ‘Sex 

of body mass specimens’ indicates from which sex/sexes the body mass information was taken if not available for the specific sex of the sampled specimen. If the 

sex of the sampled specimen was unknown (NA), the mean body mass value of all information provided in the reference was computed. Body mass information 

was primarily taken from Hayssen (2008), otherwise as indicated by the column ‘Body mass reference’. 
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Callosciurus prevostii ZMB Mam_88873 yes f 362 
  

Callosciurus pygerythrus FM 104201 no m 252 unknown 
 

Callospermophilus lateralis UMMZ 56214 yes f 160 
  

Callospermophilus madrensis MSU 33277 yes f 152 
  

Callospermophilus saturatus UMMZ 95781 yes m 237 
  

Cynomys gunnisoni SNMNH 349306 yes m 814 
  

Cynomys leucurus SNMNH A 11624 yes f 924 
  

Cynomys ludovicianus SNMNH 511208 yes m 849 
  

Cynomys parvidens SNMNH 397147 yes f 516 
  

Dremomys pernyi SNMNH 574326 yes f 151 
  

Dremomys rufigenis SNMNH 584419 yes f 198 
  

Dryomys nitedula SMF 46395 yes m 33 mean of males (Angermann 1963) 

Eliomys melanurus SMF 95257 yes f 45 only one female  (Shehab et al. 2009) 

Eliomys quercinus PMJ Mam92 yes NA 78 mean of males and females (Bertolino et al. 2003) 

Eoglaucomys fimbriatus SNMNH 353243 no f 560 
  

Epixerus ebii FM 62225 yes m 652 
  

Funambulus palmarum SNMNH 277234 yes NA 108 mean of male and female 
 

Funambulus pennantii SNMNH 328003 yes f 103 
  

Funisciurus anerythreus FM 149420 no f 218 unknown 
 

Funisciurus congicus CeNaK S-1863 no f 111 unknown 
 

Funisciurus isabella SNMNH 539408 no f 107 unknown 
 

Funisciurus lemniscatus UMMZ 75275 no f 141 unknown 
 

Funisciurus leucogenys FM 42658 no m 271 
  

Funisciurus pyrropus SNMNH 539425 yes m 225 
  

Glaucomys sabrinus UMMZ 54711 no f 141 
  

Glaucomys volans UMMZ 178202 no f 58 
  

Glis glis SNMNH 341581 yes m 118 mean of adult males (Fietz et al. 2005) 

Graphiurus crassicaudatus MNHN 1980-79 no m 24 mean of unknown (Holden and Levine 2009) 

Graphiurus kelleni MNHN 1981-614 yes NA 24 mean of males and females (Kastenmayer et al. 2010) 

Graphiurus lorraineus SMF 88419 yes m 17 mean of unknown (Holden and Levine 2009) 
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Graphiurus microtis SMF 88256 no m NA 
 

no literature found 

Graphiurus murinus SMF 86331 yes f 25 mean of unknown (Webb and Skinner 1996) 

Graphiurus nagtglasii MNHN 1967-1511 no f 63 mean of females http://projects.biodiversity.b

e/africanrodentia/taxonomy/

show?family_id=10&genus

_id=22&species_id=39#exp

orts (March/10th/2017) 

Graphiurus surdus SMF 87429 no m 25 mean of unknown (Holden and Levine 2009) 

Heliosciurus gambianus MNHN 1961-1036 no f 329 
  

Heliosciurus mutabilis FM 214879 no m 333 
  

Heliosciurus punctatus MNHN 1970-1519 no m 166 
  

Heliosciurus rufobrachium SNMNH 543109 yes f 361 
  

Heliosciurus undulatus FM 151215 no m 315 unknown 
 

Hylopetes alboniger SMNS 40249 no f 255 mean of male and unknown 
 

Hylopetes lepidus SMNS 40252 no f 43 
  

Hylopetes nigripes FM 63025 no f 534 unknown 
 

Hylopetes phayrei SMNS 40340 no m 142 mean of female and unknown 
 

Hylopetes spadiceus MNHN 1960-3678 no NA 75 mean of all 
 

Hyosciurus ileile AMNH M-225462 yes f 391 
  

Ictidomys mexicanus UMMZ 79344 yes m 223 
  

Ictidomys parvidens SNMNH 588485 no f 121 mean of females (Thorington Jr. et al. 2012) 

Ictidomys tridecemlineatus FM 167033 yes f 143 
  

Iomys horsfieldi SNMNH 292654 no f 210 
  

Lariscus hosei SNMNH 449981 no m 215 female 
 

Lariscus insignis FM 213418 yes m 175 
  

Marmota broweri SNMNH 583154 yes m 3630 
  

Marmota caligata SNMNH A 49815 yes f 3515 
  

Marmota caudata SNMNH 173381 yes f 5000 
  

Marmota flaviventris SNMNH 575170 yes m 3909 
  

Marmota himalayana SNMNH 198637 yes m 6000 unknown 
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Marmota marmota ZMB Mam_44862 yes m 4303 
  

Marmota monax ummz 166225 yes NA 3036 mean of all 
 

Marmota sibirica ZMB 37902 yes f 8000 unknown 
 

Menetes berdmorei SNMNH 583800 yes m 176 
  

Microsciurus alfari SNMNH 305632 yes m 83 
  

Microsciurus flaviventer FM 71119 yes m 98 
  

Microsciurus mimulus SNMNH 338174 no m 120 mean of female and unknown 
 

Muscardinus avellanarius ZMB 105826 yes NA 17 mean of unknown (Csorba 2003) 

Notocitellus annulatus UMMZ 94630 yes f 386 
  

Otospermophilus atricapillus SNMNH 528797 yes m 505 
  

Otospermophilus variegatus UMMZ 79328 yes f 673 
  

Paraxerus cepapi SNMNH 295201 yes f 180 
  

Paraxerus lucifer FM 196631 no m 680 
  

Paraxerus ochraceus SNMNH 590017 yes f 138 
  

Paraxerus poensis UMMZ 75279 no f 125 
  

Paraxerus vexillarius FM 197806 yes m 243 
  

Paraxerus vincenti FM 183736 no f 375 
 

(Kingdon 2015) 

Petaurista alborufus SNMNH 588833 no f 1454 
  

Petaurista elegans FM 114372 no f 760 
  

Petaurista leucogenys SNMNH A 20941 no NA 1179 unknown 
 

Petaurista magnificus FM 114366 no f 1800 
  

Petaurista petaurista SNMNH 588884 no m 1264 
  

Petinomys setosus SMNS 40303 no m 41 
  

Petinomys vordermanni MNHN 1979-346 no f 36 mean of male and female 
 

Poliocitellus franklinii SNMNH 54153 yes f 425 
  

Prosciurillus abstrusus AMNH M-225504 no f 79 unknown 
 

Prosciurillus murinus AMNH M-225909 yes m 73 unknown 
 

Protoxerus stangeri UMMZ 75274 yes f 761 
  

Pteromys momonga ZMB 78564 no m 152 unknown 
 

Pteromys volans ZMB 60468 no NA 134 mean of male and unknown 
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Ratufa affinis SNMNH 317202 yes m 1064 
  

Ratufa bicolor SNMNH 573966 yes m 1678 
  

Ratufa indica SNMNH 322077 no NA 1441 mean of all 
 

Ratufa macroura ZSM 1905-1082 no m 1610 
  

Rheithrosciurus macrotis SNMNH 197261 yes f 1308 
  

Rhinosciurus laticaudatus FM 98526 yes m 242 
  

Rubrisciurus rubriventer AMNH M-225490 yes f 673 
 

  

Sciurotamias davidianus SNMNH 258511 yes f 260 unknown 
 

Sciurus aberti SNMNH 448233 yes m 594 
  

Sciurus aestuans SNMNH 548445 yes f 200 
  

Sciurus alleni UMMZ 61447 no m 447 
  

Sciurus anomalus UMMZ 101188 yes m 345 
  

Sciurus arizonensis UMMZ 66355 no m 736 
  

Sciurus aureogaster AMNH M-190229 no f 505 
  

Sciurus carolinensis SNMNH 548056 yes f 513 
  

Sciurus colliaei UMMZ 99913 no m 335 
  

Sciurus deppei SNMNH 244937 no f 287 
  

Sciurus gilvigularis SNMNH 549526 no m 158 mean of unknown (Thorington Jr. et al. 2012) 

Sciurus granatensis UMMZ 112048 yes m 300 
  

Sciurus griseus SNMNH A 21513 yes NA 770 mean of female and unknown 
 

Sciurus ignitus AMNH M-239991 yes f 222 unknown 
 

Sciurus igniventris FM 47600 no f 700 unknown 
 

Sciurus ingrami FM 94370 no m NA 
 

no literature found 

Sciurus lis SNMNH 582434 yes m 176 
  

Sciurus nayaritensis UMMZ 99958 no f 756 
  

Sciurus niger SNMNH 583325 yes f 764 
  

Sciurus oculatus UMMZ 114038 no f 582 
  

Sciurus pucheranii FM 70041 no f 100 unknown 
 

Sciurus pyrrhinus AMNH M-60507 no m NA 
 

no literature found 

Sciurus spadiceus FM 122956 no f 513 
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Sciurus variegatoides SNMNH 398850 yes m 537 
  

Sciurus vulgaris UMMZ 97337 yes NA 379 mean of all 
 

Sciurus yucatanensis UMMZ 64050 no f 302 
  

Spermophilopsis leptodactylus SNMNH 545230 yes f 548   
 

Spermophilus alashanicus ZMB Mam_62232 yes f 208 
 

(Smith et al. 2010) 

Spermophilus citellus UMMZ 123540 yes f 202 
  

Spermophilus dauricus UMMZ 123543 yes f 224 unknown 
 

Spermophilus major UMMZ 92750 yes m 535 mean of unknown (Thorington Jr. et al. 2012) 

Spermophilus musicus UMMZ 123549 yes NA 310 mean of males and females (Kryštufek and Vohralík 

2012) 

Spermophilus pygmaeus UMMZ 123552 yes f 235 unknown 
 

Spermophilus relictus UMMZ 123554 yes m 260 mean of males (Kryštufek and Vohralík 

2012) 

Spermophilus suslicus UMMZ 123555 yes NA 218 mean of male and female 
 

Spermophilus xanthoprymnus UMMZ 123559 yes m 311 unknown 
 

Sundasciurus brookei ZMB Mam_88864 yes m 124 
  

Sundasciurus hippurus SNMNH 449982 yes m 430 
  

Sundasciurus hoogstraali SNMNH 477858 no m NA 
 

no literature found 

Sundasciurus juvencus FM 63058 yes f 245 
  

Sundasciurus lowii SNMNH 396659 yes f 76 
 

  

Sundasciurus samarensis SNMNH 458743 yes m 243 
  

Sundasciurus steerii FM 63109 yes m 257 
  

Tamias amoenus UMMZ 59680 yes f 51 
  

Tamias canipes UMMZ 79067 yes m 70 unknown 
 

Tamias cinereicollis UMMZ 56245 yes f 72 
  

Tamias dorsalis UMMZ 64007 yes m 65 
  

Tamias merriami UMMZ 173663 yes f 70 mean of male and unknown 
 

Tamias minimus UMMZ 167071 yes m 44 
  

Tamias palmeri FM 140578 yes f 55 
  

Tamias quadrimaculatus SNMNH 398282 yes m 78 
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Tamias quadrivittatus AMNH M-137897 yes f 63 
  

Tamias ruficaudus UMMZ 162564 yes f 63 
  

Tamias rufus SNMNH 564127 yes f 58 
  

Tamias senex UMMZ 54332 yes f 94 
  

Tamias sibiricus CeNak S-7138 yes f 96 
  

Tamias speciosus UMMZ 177079 yes f 63 
  

Tamias striatus ZMB 88869 yes NA 97 mean of male and female 
 

Tamias townsendii UMMZ 54331 yes m 70 
  

Tamias umbrinus UMMZ 61979 yes m 56 
  

Tamiasciurus douglasii SNMNH 549145 yes m 207 
  

Tamiasciurus hudsonicus UMMZ 67345 yes f 213 
  

Tamiops maritimus SMF 86733 yes m 55 
  

Tamiops mcclellandii SMF 53438 yes m 50 
  

Tamiops rodolphii MNHN 1990-535 yes m 56 unknown 
 

Tamiops swinhoei SNMNH 574325 yes f 88 
  

Urocitellus armatus SNMNH 484947 yes m 395 
  

Urocitellus beldingi FM 219749 yes f 265 
  

Urocitellus canus UMMZ 54669 no f 154 unknown 
 

Urocitellus columbianus SNMNH 398301 yes m 490 
  

Urocitellus elegans SNMNH 552418 yes m 330 
  

Urocitellus mollis SNMNH 484968 no f 115 
  

Urocitellus parryii SNMNH A 34844 yes f 524 
  

Urocitellus richardsonii SNMNH 398240 yes f 273 
  

Urocitellus townsendii SNMNH 89977 no m 250 
  

Urocitellus undulatus ZMB 62186 yes f 718 
  

Urocitellus washingtoni UMMZ 54641 yes f 187 
  

Xerospermophilus spilosoma FM 125175 yes m 128 
  

Xerospermophilus terticaudus UMMZ 63860 yes m 124 
  

Xerus erythropus AMNH M-51351 yes f 742 
  

Xerus inauris SNMNH 295222 yes f 580 
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Xerus princeps CeNaK 1441 yes f 665 unknown 
 

Xerus rutilus AMNH M-187452 yes m 307 
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Species Collection Catalog No. PCM Sex Body mass [g] Sex of body mass specimens Body mass reference 

Aeromys tephromelas SNMNH 196743 no f 1254 
  

Aeromys thomasi FM 90437 no f 1117 
  

Ammospermophilus harrisii UMMZ 61736 yes m 116 
  

Ammospermophilus interpres AMNH M-131944 yes f 93 
  

Ammospermophilus leucurus UMMZ 80988 yes m 95 
  

Aplodontia rufa SNMNH 192618 no m 806 mean of males and females (Carraway and Verts 1993) 

Aplodontia rufa ZMB Mam_20983 no NA 806 mean of males and females (Carraway and Verts 1993) 

Aplodontia rufa ZMB Mam_20987 no m 806 mean of males and females (Carraway and Verts 1993) 

Atlantoxerus getulus SMF 48688 yes f 217   

Callosciurus adamsi SNMNH 396656 no f 150 
  

Callosciurus baluensis SNMNH 292609 no f 371 unknown 
 

Callosciurus caniceps FM 66164 yes m 316 
  

Callosciurus erythraeus SNMNH 255936 yes m 359 
  

Callosciurus finlaysonii SNMNH 584417 yes f 278 unknown 
 

Callosciurus nigrovittatus MNHN ZM-MO-1977-570 yes f 239 
  

Callosciurus notatus SNMNH 548412 no f 228 
  

Callosciurus prevostii ZMB Mam_88873 yes f 362 
  

Callosciurus pygerythrus FM 104198 no f 252 unknown 
 

Callospermophilus lateralis UMMZ 56217 yes f 160 
  

Table S2: List of specimens for the femur. See Table S1 for abbreviations of collection names. It is indicated in the column ‘PCM‘, whether a species was used 

in the phylogenetic comparative methods applied in this study. NA indicates missing information for the sex or body mass of a specimen. The column ‘Sex of body 

mass specimens’ indicates from which sex/sexes the body mass information was taken if not available for the specific sex of the sampled specimen. If the sex of 

the sampled specimen was unknown (NA), the mean body mass value of all information provided in the reference was computed. Body mass information was 

primarily taken from Hayssen (2008), otherwise as indicated by the column ‘Body mass reference’. 
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Callospermophilus madrensis MSU MR.33277 yes f 152 
 

  

Callospermophilus saturatus UMMZ 54615 yes m 237 
  

Cynomys gunnisoni SNMNH 533015 yes m 814 
  

Cynomys leucurus SNMNH A 11624 yes f 924 
  

Cynomys ludovicianus SNMNH 511208 yes m 849 
  

Cynomys parvidens FM 106739 yes m 636 
  

Dremomys pernyi SNMNH 574326 yes f 151 
  

Dremomys rufigenis SNMNH 584419 yes f 198 
  

Dryomys nitedula SMF 44514 yes f 31 mean of females  (Angermann 1963) 

Eliomys melanurus SMF 95257 yes f 45 only one female  (Shehab et al. 2009) 

Eliomys quercinus UMMZ 99272 yes f 75 mean of females (Bertolino et al. 2003) 

Eoglaucomys fimbriatus SNMNH 353243 no f 560 
  

Epixerus ebii SNMNH 539397 yes f 388 
  

Exilisciurus exilis FM 76874 yes m 17 
  

Funambulus palmarum CeNaK S-4888 yes m 118 mean of female and male 
 

Funambulus pennantii CeNaK S-4882 yes m 95 mean of female and male 
 

Funisciurus anerythreus ZMB Mam_18337 no f 218 unknown 
 

Funisciurus carruthersi FM 137640 yes f 268 unknown 
 

Funisciurus congicus CeNaK S-1863 no f 111 unknown 
 

Funisciurus isabella SNMNH 539407 no f 107 unknown 
 

Funisciurus lemniscatus SNMNH 539410 no m 141 unknown 
 

Funisciurus leucogenys MNHN ZM-MO-1961-306 no f 252 
  

Funisciurus pyrropus SNMNH 539425 yes m 225 
  

Glaucomys sabrinus UMMZ 54711 no f 141 
  

Glaucomys volans UMMZ 178202 no f 58 
  

Glis glis SNMNH 341581 yes m 118 mean of adult males (Fietz et al. 2005) 

Graphiurus lorraineus MNHN ZM-MO-1980-87 yes m 17 mean of unknow sex (Holden and Levine 2009) 

Graphiurus murinus SNMNH 548527 yes m 25 mean of unknown sex (Webb and Skinner 1996) 
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Graphiurus nagtglasii MNHN ZM-MO-1967-1418 no f 63 mean of females http://projects.biodiversity.be/africanrodenti

a/taxonomy/show?family_id=10&genus_id

=22&species_id=39#exports 

(March/10th/2017) 

Heliosciurus gambianus MNHN ZM-MO-1961-1036 no f 329 
  

Heliosciurus mutabilis FM 212091 no f 383 
  

Heliosciurus punctatus MNHN ZM-MO-1970-519 no m 166 
  

Heliosciurus rufobrachium SNMNH 543109 yes f 361 
  

Heliosciurus ruwenzorii FM 149004 yes m 305 
  

Hylopetes alboniger SMNS 40249 no f 255 mean of male and unknown 
 

Hylopetes lepidus SMNS 40252 no f 43 
  

Hylopetes nigripes FM 63025 no f 534 unknown 
 

Hylopetes phayrei SMNS 40340 no m 142 mean of female and unknown 
 

Hylopetes spadiceus MNHN ZM-MO-1979-372 no f 78 
  

Hyosciurus ileile AMNH M-225463 yes m 398 
  

Ictidomys mexicanus AMNH M-203961 yes f 167 
  

Ictidomys tridecemlineatus UMMZ 162762 yes f 143 
  

Lariscus hosei SNMNH 449981 no m 215 female 
 

Lariscus insignis ANMNH M-106417 yes m 175 
  

Marmota bobak AMNH M-45701 yes f 3875 
  

Marmota broweri SNMNH 583154 yes m 3630 
  

Marmota caligata SNMNH A 49815 yes f 3515 
  

Marmota caudata SNMNH 173381 yes f 5000 
  

Marmota flaviventris SNMNH 575170 yes m 3909 
  

Marmota himalayana SNMNH 198637 yes m 6000 unknown 
 

Marmota marmota ZMB Mam_44862 yes m 4303 
  

Marmota monax ZMB Mam_12055 yes NA 3036 mean of all 
 

Marmota sibirica ZMB Mam_37956 yes NA 8000 unknown 
 

Menetes berdmorei SMF 53433 yes f 172 
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Microsciurus alfari SNMNH 305632 yes m 83 
  

Microsciurus mimulus SNMNH 338174 no m 120 mean of female and unknown 
 

Muscardinus avellanarius ZMB 105826 yes NA 17 mean of unknown (Csorba 2003) 

Myosciurus pumilio SNMNH 539436 yes m 16 unknown 
 

Notocitellus annulatus SNMNH 88138 yes f 386 
  

Otospermophilus atricapillus SNMNH 528797 yes m 505 
  

Otospermophilus beecheyi ZMB Mam_16619 yes f 509 
  

Otospermophilus variegatus FM 47176 yes f 673 
  

Paraxerus cepapi SNMNH 295201 yes m 186 
  

Paraxerus lucifer FM 196631 no m 680 
  

Paraxerus ochraceus SNMNH 590017 yes m 125 
  

Paraxerus poensis SNMNH 539389 no m 115 
  

Paraxerus vexillarius FM 197806 yes m 243 
  

Paraxerus vincenti FM 183736 no f 375 
 

(Kingdon 2015) 

Petaurista alborufus SNMNH 588833 no f 1454 
  

Petaurista elegans FM 114372 no f 760 
  

Petaurista leucogenys SNMNH A 20941 no NA 1179 unknown 
 

Petaurista magnificus FM 114364 no m 1800 female 
 

Petaurista petaurista SNMNH 588884 no m 1264 
  

Petaurista philippensis SNMNH 314973 no m 2268 unknown 
 

Petinomys hageni PMJ Mam3362 no f 346 
  

Petinomys setosus SMNS 40303 no m 41 
  

Petinomys vordermanni MNHN ZM-MO-1979-346 no f 36 mean of female and male 
 

Poliocitellus franklinii FM 56859 yes f 425 
  

Prosciurillus abstrusus AMNH M-225504 no f 79 unknown 
 

Prosciurillus murinus AMNH M-225492 yes f 73 unknown 
 

Protoxerus aubinii AMNH M-239341 no m 415 
  

Protoxerus stangeri SNMNH 237333 yes m 538 
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Pteromys momonga ZMB Mam_78564 no m 152 unknown 
 

Pteromys volans ZMB Mam_60468 no NA 134 mean of male and unknown 
 

Ratufa affinis SNMNH 317202 yes m 1064 
  

Ratufa bicolor SNMNH 573966 yes m 1678 
  

Ratufa indica SNMNH 322077 no NA 1441 mean of all 
 

Ratufa macroura ZSM 1905-1082 no m 1610 
  

Rheithrosciurus macrotis SNMNH 197261 yes f 1308 
  

Rhinosciurus laticaudatus FM 98525 yes f 233 
 

  

Rubrisciurus rubriventer AMNH M-226053 yes m 703 
  

Sciurotamias davidianus SNMNH 258511 yes f 260 unknown 
 

Sciurus aberti FM 122727 yes NA 605 mean of all 
 

Sciurus aestuans AMNH M-267565 yes f 200 
  

Sciurus alleni UMMZ 61447 no m 447 
  

Sciurus arizonensis UMMZ 66355 no m 736 
  

Sciurus aureogaster UMMZ 109354 no m 497 
  

Sciurus carolinensis SNMNH 548056 yes f 513 
  

Sciurus colliaei UMMZ 99913 no m 335 
  

Sciurus deppei SNMNH 244937 no f 287 
  

Sciurus granatensis SNMNH 578378 yes f 312 
  

Sciurus griseus SNMNH A 21513 yes NA 770 mean of female and unknown 
 

Sciurus igniventris FM 47600 no f 700 unknown 
 

Sciurus ingrami FM 94370 no m NA 
 

no literature found 

Sciurus nayaritensis UMMZ 99958 no f 756 
  

Sciurus niger SNMNH 583325 yes f 764 
  

Sciurus oculatus UMMZ 114038 no f 582 
  

Sciurus pyrrhinus AMNH M-60507 no m NA 
 

no literature found 

Sciurus spadiceus AMNH M-211692 no f 513 
  

Sciurus variegatoides SNMNH 398850 yes m 537 
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Sciurus vulgaris SMNS 46104 yes f 371 
  

Sciurus yucatanensis SNMNH 244943 no f 302 
  

Spermophilopsis leptodactylus SNMNH 545230 yes f 548 
  

Spermophilus alashanicus ZMB Mam_62174 yes f 208 
 

(Smith et al. 2010) 

Spermophilus citellus UMMZ 123540 yes f 202 
  

Spermophilus dauricus UMMZ 123543 yes f 224 unknown 
 

Spermophilus fulvus UMMZ 123544 yes m 290 
  

Spermophilus major UMMZ 92750 yes m 535 mean of unknown (Thorington Jr. et al. 2012) 

Spermophilus musicus UMMZ 123549 yes NA 310 mean of males and females (Kryštufek and Vohralík 2012) 

Spermophilus pygmaeus UMMZ 123552 yes f 235 unknown 
 

Spermophilus relictus UMMZ 123554 yes m 260 
 

(Kryštufek and Vohralík 2012) 

Spermophilus suslicus UMMZ 123555 yes NA 218 mean of female and male 
 

Spermophilus xanthoprymnus UMMZ 123559 yes m 311 unknown 
 

Sundasciurus brookei ZMB Mam_88864 yes m 124 
  

Sundasciurus hippurus SNMNH 449982 yes m 430 
  

Sundasciurus hoogstraali SNMNH 477858 no m NA 
 

no literature found 

Sundasciurus juvencus FM 63036 yes f 245 
  

Sundasciurus lowii SNMNH 396659 yes f 76 
  

Sundasciurus samarensis SNMNH 458740 yes m 243 
  

Sundasciurus steerii SNMNH 477968 yes m 257 
  

Tamias amoenus UMMZ 59680 yes f 51 
  

Tamias canipes UMMZ 79067 yes m 70 unknown 
 

Tamias cinereicollis UMMZ 56245 yes f 72 
  

Tamias dorsalis UMMZ 64007 yes m 65 
  

Tamias merriami UMMZ 173663 yes f 70 mean of male and unknown 
 

Tamias minimus UMMZ 167071 yes m 44 
  

Tamias quadrimaculatus SNMNH 398282 yes m 78 
  

Tamias quadrivittatus AMNH M-137897 yes f 63 
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Tamias ruficaudus UMMZ 162564 yes f 63 
 

  

Tamias rufus SNMNH 564127 yes f 58 
  

Tamias senex UMMZ 54332 yes f 94 
  

Tamias sibiricus SMF 56497 yes f 96 
  

Tamias speciosus SNMNH 398283 yes f 63 
  

Tamias striatus UMMZ 67521 yes m 101 
  

Tamias townsendii AMNH M-121126 yes f 76 
  

Tamias umbrinus UMMZ 61979 yes m 56 
  

Tamiasciurus douglasii UMMZ 176155 yes m 207 
  

Tamiasciurus hudsonicus UMMZ 112423 yes m 194 
  

Tamiops maritimus SMF 86733 yes m 55 
  

Tamiops mcclellandii SMF 53442 yes m 50 
  

Tamiops rodolphii MNHN ZM-MO-1982-24 yes m 56 unknown 
 

Tamiops swinhoei SNMNH 256111 yes f 88 
  

Urocitellus armatus SNMNH 484947 yes m 395 
  

Urocitellus beldingi SNMNH 271149 yes m 229 
  

Urocitellus columbianus SNMNH 398301 yes m 490 
  

Urocitellus elegans SNMNH 552418 yes m 330 
  

Urocitellus parryii SNMNH A 34844 yes f 524 
  

Urocitellus richardsonii SNMNH 398240 yes f 273 
 

 

Xerospermophilus terticaudus UMMZ 63860 yes m 124 
  

Xerus erythropus AMNH M-51351 yes f 742 
  

Xerus inauris SNMNH 295222 yes f 580 
  

Xerus princeps CeNaK S-1441 yes f 665 unknown 
 

Xerus rutilus AMNH M-187452 yes m 307 
  

 

 



246   Appendix 
 

 

Groups compared diff lwr upr Padj 

Ma vs arb 1.149 0.657 1.641 5e-07 

Xe vs arb 1.129 0.035 2.223 0.041 

Xe vs ma -0.020 -1.144 1.104 0.999 

 

 

Groups compared diff lwr upr Padj 

Ma vs arb 1.259 0.752 1.767 1e-07 

Xe vs arb 1.159 0.035 2.282 0.042 

Xe vs ma -0.101 -1.254 1.053 0.977 

 

 

 

 

 

 

 

 

 

Table S3. Tukey test for multiple comparison of mean body mass concerning the scapular dataset.

Arb = arboreal, Ma = Marmotini, Xe = Xerini. Diff = difference between groups, lwr = lower confidence 

limit, upr = upper confidence limit, Padj = adjusted p value (significant values in bold). 

 

Table S4. Tukey test for multiple comparison of mean body mass concerning the femoral dataset.

Arb = arboreal, Ma = Marmotini, Xe = Xerini. Diff = difference between groups, lwr = lower confidence 

limit, upr = upper confidence limit, Padj = adjusted p value (significant values in bold). 
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Model Parameter Scapula EL Glenoid cavity CSca Coracoid process CS Coracoid process I-Lml 

BM1 θ -0.017 (-3.529, 3.497) -0.014 (-3.219, 3.325) 0.045 (-4.425, 4.666) 0.041 (-3.724, 3.803) 
 

σ* 0.223 (9.917, 16.484) 0.189 (8.475, 14.009) 0.345 (15.519, 25.49) 0.237 (10.621, 17.705) 

OU1 θ (all) 0.009 (-0.008, 0.027) -0.005 (-0.022, 0.012) -0.015 (-0.058, 0.029) 0.001 (-0.032, 0.033) 
 

t1/2 0.249 (0.025, 1.827) 0.254 (0.026, 1.755) 9.698 (0.022, 1.86) 7.238 (0.024, 1.811) 
 

σ 3.335 (0.445, 32.906) 2.928 (0.41, 30.017) 0.529 (2.755, 247.139) 0.39 (1.557, 118.65) 

OU2foss θ (arb) 0.021 (-0.005, 0.046) 0.008 (-0.015, 0.032) 0.087 (0.035, 0.139) 0.083 (0.045, 0.121) 
 

θ (foss) -0.001 (-0.025, 0.024) -0.017 (-0.04, 0.006) -0.242 (-0.293, -0.19) -0.148 (-0.183, -0.113) 
 

t1/2 0.239 (0.026, 1.767) 0.239 (0.025, 1.806) 4.97 (0.024, 1.74) 0.43 (0.025, 1.717) 
 

σ 3.442 (0.457, 32.241) 3.06 (0.395, 28.894) 0.72 (1.967, 156.775) 4.04 (0.984, 70.529) 

OU2arb&Ma θ (arb&Ma) 0.009 (-0.009, 0.027) -0.003 (-0.021, 0.014) 0.018 (-0.023, 0.061) 0.018 (-0.015, 0.05) 
 

θ (Xe) 0.021 (-0.06, 0.099) -0.039 (-0.113, 0.038) -0.382 (-0.567, -0.194) -0.178 (-0.324, -0.033) 
 

t1/2 0.249 (0.026, 1.797) 0.256 (0.026, 1.742) 8.406 (0.022, 1.768) 6.763 (0.025, 1.801) 
 

σ 3.341 (0.447, 33.007) 2.884 (0.401, 29.008) 0.539 (2.436, 214.599) 0.395 (1.442, 110.551) 

OU2arb&Xe θ (arb&Xe) 0.021 (-0.003, 0.044) 0.004 (-0.019, 0.027) 0.018 (-0.039, 0.078) 0.046 (0.007, 0.087) 
 

θ (Ma) -0.003 (-0.028, 0.023) -0.015 (-0.039, 0.01) -0.184 (-0.244, -0.124) -0.137 (-0.18, -0.095) 
 

t1/2 0.237 (0.025, 1.786) 0.241 (0.026, 1.802) 8.039 (0.022, 1.823) 4.281 (0.024, 1.794) 
 

σ 3.464 (0.45, 33.042) 3.051 (0.401, 29.54) 0.576 (2.495, 215.309) 0.539 (1.228, 94.385) 

 

Table S5. Estimated model parameters and their confidence intervals concerning the scapular dataset. EL = effective length, CS = centroid size, ca = from 

caudal view, ve = from ventral view, I-L = length of in-lever, ml = mediolateral, I-Lori = orientation of the in-lever in respect to the axis of scapula EL, la = from 

lateral view. Asterisks indicates empirical parameter that always fell outside of its confidence interval. 
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OU3 θ (arb) 0.021 (-0.005, 0.046) 0.008 (-0.016, 0.033) 0.087 (0.035, 0.139) 0.083 (0.046, 0.121) 
 

θ (Ma) -0.003 (-0.029, 0.023) -0.015 (-0.039, 0.009) -0.205 (-0.259, -0.154) -0.143 (-0.181, -0.106) 
 

θ (Xe) 0.021 (-0.058, 0.1) -0.039 (-0.113, 0.036) -0.372 (-0.539, -0.21) -0.195 (-0.313, -0.076) 
 

t1/2 0.237 (0.026, 1.71) 0.241 (0.026, 1.703) 4.743 (0.023, 1.699) 0.412 (0.026, 1.726) 
 

σ 3.462 (0.47, 32.218) 3.019 (0.404, 28.389) 0.732 (1.972, 151.106) 4.189 (0.958, 67.361) 

 

 

Model Parameter Teres major fossa CS Supraspinatus fossa CS Supraspinatus fossa I-L Infraspinatus fossa CS 

BM1 θ 0.003 (-13.791, 13.91) -0.028 (-3.762, 3.85) -0.01 (-3.548, 3.474) -0.017 (-3.72, 3.608) 
 

σ* 3.256 (147.357, 240.944) 0.242 (10.937, 17.82) 0.212 (9.536, 15.717) 0.235 (10.567, 17.414) 

OU1 θ (all) -0.103 (-0.201, -0.005) 0.009 (-0.01, 0.03) 0.008 (-0.009, 0.025) 0.005 (-0.014, 0.024) 
 

t1/2 0.34 (0.026, 1.712) 0.245 (0.026, 1.786) 0.253 (0.026, 1.842) 0.257 (0.026, 1.75) 
 

σ 73.11 (13.952, 1010.113) 4.316 (0.584, 42.364) 3.039 (0.406, 30.179) 3.733 (0.52, 38.991) 

OU2foss θ (arb) 0.242 (0.13, 0.356) 0.031 (0.002, 0.059) 0.017 (-0.007, 0.042) 0.032 (0.004, 0.058) 
 

θ (foss) -0.418 (-0.527, -0.313) -0.01 (-0.038, 0.017) -0.001 (-0.023, 0.023) -0.02 (-0.046, 0.006) 
 

t1/2 0.184 (0.025, 1.756) 0.223 (0.025, 1.78) 0.244 (0.025, 1.759) 0.23 (0.026, 1.789) 
 

σ 86.765 (8.709, 645.907) 4.605 (0.552, 40.683) 3.124 (0.412, 30.682) 3.926 (0.491, 35.825) 

OU2arb&Ma θ (arb&Ma) -0.1 (-0.199, -0.003) 0.007 (-0.013, 0.028) 0.008 (-0.01, 0.026) 0.004 (-0.017, 0.024) 
 

θ (Xe) -0.156 (-0.597, 0.287) 0.05 (-0.039, 0.138) 0.004 (-0.073, 0.08) 0.013 (-0.071, 0.101) 
 

t1/2 0.343 (0.026, 1.825) 0.243 (0.026, 1.788) 0.253 (0.026, 1.746) 0.256 (0.025, 1.759) 
 

σ 72.518 (13.381, 994.831) 4.335 (0.562, 41.777) 3.036 (0.417, 30.26) 3.739 (0.528, 38.601) 

 

 

 

Table S5 (continued). 
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OU2arb&Xe θ (arb&Xe) 0.205 (0.098, 0.316) 0.032 (0.007, 0.06) 0.016 (-0.008, 0.04) 0.03 (0.005, 0.056) 
 

θ (Ma) -0.445 (-0.561, -0.331) -0.016 (-0.045, 0.012) -0.001 (-0.026, 0.024) -0.024 (-0.051, 0.003) 
 

t1/2 0.179 (0.025, 1.647) 0.216 (0.025, 1.791) 0.243 (0.025, 1.747) 0.227 (0.026, 1.757) 
 

σ 90.93 (9.392, 650.001) 4.676 (0.552, 40.463) 3.132 (0.416, 30.241) 3.964 (0.497, 35.559) 

OU3 θ (arb) 0.242 (0.131, 0.353) 0.031 (0.002, 0.06) 0.017 (-0.007, 0.042) 0.032 (0.005, 0.06) 
 

θ (Ma) -0.445 (-0.56, -0.333) -0.016 (-0.046, 0.013) -0.001 (-0.026, 0.024) -0.024 (-0.052, 0.004) 
 

θ (Xe) -0.156 (-0.506, 0.195) 0.05 (-0.04, 0.138) 0.004 (-0.072, 0.081) 0.013 (-0.07, 0.098) 
 

t1/2 0.178 (0.025, 1.663) 0.216 (0.025, 1.72) 0.243 (0.026, 1.699) 0.227 (0.025, 1.762) 
 

σ 88.035 (9.118, 624.386) 4.67 (0.543, 39.753) 3.13 (0.433, 29.733) 3.959 (0.502, 35.682) 

 

 

Model Parameter Infraspinatus fossa I-L Subscapularis fossa CS Subscapularis fossa I-L 

BM1 θ -0.017 (-3.584, 3.477) -0.021 (-3.723, 3.792) -0.014 (-3.471, 3.54) 
 

σ* 0.207 (9.238, 15.344) 0.237 (10.62, 17.551) 0.212 (9.468, 15.577) 

OU1 θ (all) 0.005 (-0.012, 0.023) 0.006 (-0.013, 0.025) 0.007 (-0.011, 0.024) 
 

t1/2 0.274 (0.025, 1.806) 0.252 (0.026, 1.832) 0.259 (0.026, 1.804) 
 

σ 2.924 (0.429, 32.113) 3.912 (0.524, 40.406) 3.014 (0.412, 31.399) 

OU2foss θ (arb) 0.017 (-0.007, 0.043) 0.031 (0.003, 0.059) 0.016 (-0.009, 0.041) 
 

θ (foss) -0.005 (-0.029, 0.018) -0.016 (-0.042, 0.009) -0.002 (-0.026, 0.022) 
 

t1/2 0.263 (0.025, 1.784) 0.227 (0.025, 1.7) 0.25 (0.025, 1.773) 
 

σ 3.011 (0.445, 31.608) 4.144 (0.528, 37.388) 3.094 (0.431, 30.862) 

 

 

 

 

Table S5 (continued). 
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OU2arb&Ma θ (arb&Ma) 0.005 (-0.013, 0.022) 0.005 (-0.014, 0.025) 0.007 (-0.011, 0.024) 
 

θ (Xe) 0.017 (-0.064, 0.095) 0.028 (-0.059, 0.118) 0.01 (-0.067, 0.086) 
 

t1/2 0.274 (0.026, 1.786) 0.251 (0.026, 1.834) 0.259 (0.026, 1.798) 
 

σ 2.929 (0.43, 32.063) 3.925 (0.522, 39.428) 3.016 (0.427, 30.558) 

OU2arb&Xe θ (arb&Xe) 0.017 (-0.007, 0.04) 0.031 (0.005, 0.057) 0.016 (-0.008, 0.039) 
 

θ (Ma) -0.007 (-0.033, 0.017) -0.021 (-0.047, 0.007) -0.003 (-0.027, 0.023) 
 

t1/2 0.261 (0.026, 1.745) 0.222 (0.025, 1.743) 0.249 (0.026, 1.763) 
 

σ 3.029 (0.444, 30.624) 4.189 (0.521, 36.808) 3.106 (0.431, 30.555) 

OU3 θ (arb) 0.017 (-0.009, 0.042) 0.031 (0.004, 0.059) 0.016 (-0.009, 0.04) 
 

θ (Ma) -0.007 (-0.032, 0.018) -0.021 (-0.049, 0.007) -0.003 (-0.028, 0.023) 
 

θ (Xe) 0.017 (-0.061, 0.097) 0.028 (-0.057, 0.114) 0.01 (-0.065, 0.088) 
 

t1/2 0.261 (0.026, 1.756) 0.222 (0.026, 1.693) 0.249 (0.025, 1.729) 
 

σ 3.03 (0.435, 30.818) 4.189 (0.522, 36.851) 3.106 (0.43, 30.09) 
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Model Parameter Head CS Midshaft apD Midshaft mlD Medial condyle W 

BM1 θ 0.036 (-3.037, 3.194) 0.014 (-3.577, 3.577) 0.043 (-3.311, 3.359) 0 (-3.941, 3.738) 

 σ* 0.167 (7.45, 12.396) 0.21 (9.448, 15.554) 0.187 (8.385, 13.789) 0.253 (11.243, 18.649) 

OU1 θ (all) -0.006 (-0.023, 0.011) -0.014 (-0.036, 0.008) 0.001 (-0.022, 0.023) 0.022 (0.003, 0.041) 

 t1/2 0.317 (0.026, 1.941) 0.782 (0.025, 1.902) 0.735 (0.025, 1.932) 0.212 (0.025, 1.909) 

 σ 2.237 (0.362, 28.014) 1.662 (0.669, 51.566) 1.807 (0.687, 53.481) 4.764 (0.509, 40.604) 

OU2foss θ (arb) 0.02 (0, 0.039) 0.02 (-0.008, 0.047) 0.024 (-0.003, 0.052) 0.017 (-0.008, 0.041) 

 θ (foss) -0.046 (-0.07, -0.02) -0.067 (-0.102, -0.033) -0.035 (-0.071, 0) 0.031 (0, 0.062) 

 t1/2 0.241 (0.025, 1.799) 0.594 (0.026, 1.781) 0.683 (0.026, 1.853) 0.228 (0.026, 1.859) 

 σ 2.607 (0.331, 25.46) 1.943 (0.626, 45.947) 1.845 (0.662, 50.387) 4.412 (0.524, 39.964) 

OU2arb&Ma θ (arb&Ma) -0.006 (-0.022, 0.012) -0.016 (-0.039, 0.007) -0.002 (-0.025, 0.022) 0.018 (-0.001, 0.038) 

 θ (Xe) -0.013 (-0.088, 0.061) 0.04 (-0.061, 0.141) 0.048 (-0.05, 0.151) 0.096 (0.008, 0.184) 

 t1/2 0.318 (0.026, 1.876) 0.77 (0.026, 1.839) 0.718 (0.026, 1.939) 0.205 (0.025, 1.839) 

 σ 2.232 (0.361, 28.094) 1.67 (0.673, 50.493) 1.836 (0.658, 52.145) 4.815 (0.52, 40.001) 

OU2arb&Xe θ (arb&Xe) 0.017 (-0.002, 0.036) 0.022 (-0.004, 0.046) 0.026 (-0.001, 0.052) 0.023 (-0.001, 0.047) 

 θ (Ma) -0.05 (-0.076, -0.025) -0.083 (-0.119, -0.047) -0.047 (-0.085, -0.01) 0.022 (-0.012, 0.054) 

 t1/2 0.233 (0.026, 1.872) 0.559 (0.025, 1.785) 0.666 (0.026, 1.837) 0.212 (0.025, 1.845) 

 σ 2.688 (0.328, 24.575) 1.973 (0.593, 43.951) 1.849 (0.641, 48.654) 4.779 (0.543, 39.71) 

 

 

 

     

Table S6. Estimated model parameters and their confidence intervals concerning the femoral dataset. EL = effective length, CS = centroid size, apD = 

anteroposterior diameter, mlD = mediolateral diameter, W = width, I-L = length of in-lever. Asterisks indicates empirical parameter that always fell outside of its 

confidence interval. 
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OU3 θ (arb) 0.02 (0, 0.04) 0.02 (-0.007, 0.047) 0.024 (-0.005, 0.052) 0.017 (-0.008, 0.043) 

 θ (Ma) -0.05 (-0.077, -0.025) -0.083 (-0.116, -0.048) -0.047 (-0.084, -0.01) 0.022 (-0.01, 0.055) 

 θ (Xe) -0.013 (-0.084, 0.054) 0.04 (-0.054, 0.136) 0.048 (-0.053, 0.146) 0.096 (0.012, 0.185) 

 t1/2 0.233 (0.026, 1.759) 0.558 (0.026, 1.822) 0.658 (0.026, 1.708) 0.211 (0.026, 1.812) 

 σ 2.673 (0.336, 24.579) 1.971 (0.584, 43.104) 1.866 (0.672, 48.18) 4.674 (0.518, 39.033) 

 

Model Parameter Lateral condyle W Patellar groove W Lesser trochanter I-L 

BM1 θ 0.022 (-2.773, 2.895) 0.053 (-3.849, 4.093) -0.025 (-4.259, 4.233) 

 σ* 0.139 (6.193, 10.199) 0.272 (12.232, 20.245) 0.299 (13.343, 22.017) 

OU1 θ (all) 0.02 (-0.002, 0.042) -0.016 (-0.04, 0.009) -0.012 (-0.034, 0.01) 

 t1/2 4.045 (0.025, 1.944) 0.561 (0.025, 1.899) 0.316 (0.025, 1.907) 

 σ 0.314 (0.642, 51.078) 2.744 (0.783, 62.898) 3.96 (0.633, 50.435) 

OU2foss θ (arb) 0.048 (0.024, 0.073) 0.032 (0.004, 0.061) 0.012 (-0.014, 0.039) 

 θ (foss) -0.059 (-0.089, -0.028) -0.091 (-0.125, -0.056) -0.049 (-0.082, -0.013) 

 t1/2 1.272 (0.026, 1.825) 0.435 (0.025, 1.87) 0.265 (0.026, 1.858) 

 σ 0.764 (0.519, 38.402) 2.87 (0.653, 49.623) 4.446 (0.627, 47.746) 

OU2arb&Ma θ (arb&Ma) 0.023 (0.001, 0.046) -0.019 (-0.044, 0.006) -0.012 (-0.034, 0.01) 

 θ (Xe) -0.012 (-0.109, 0.086) 0.041 (-0.068, 0.153) -0.007 (-0.106, 0.092) 

 t1/2 4.071 (0.026, 1.913) 0.549 (0.025, 1.92) 0.316 (0.026, 1.848) 

 σ 0.312 (0.636, 50.465) 2.776 (0.767, 60.567) 3.963 (0.658, 49.347) 

 

 

 

 

    

Table S6 (continued). 
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OU2arb&Xe θ (arb&Xe) 0.043 (0.019, 0.067) 0.033 (0.006, 0.059) 0.011 (-0.016, 0.038) 

 θ (Ma) -0.066 (-0.099, -0.033) -0.11 (-0.146, -0.074) -0.055 (-0.092, -0.018) 

 t1/2 1.234 (0.025, 1.762) 0.407 (0.025, 1.866) 0.258 (0.026, 1.766) 

 σ 0.791 (0.534, 39.245) 2.87 (0.604, 45.997) 4.546 (0.645, 46.294) 

OU3 θ (arb) 0.048 (0.023, 0.072) 0.032 (0.004, 0.059) 0.012 (-0.015, 0.04) 

 θ (Ma) -0.066 (-0.099, -0.034) -0.11 (-0.145, -0.074) -0.055 (-0.09, -0.018) 

 θ (Xe) -0.013 (-0.101, 0.072) 0.041 (-0.056, 0.131) -0.007 (-0.101, 0.092) 

 t1/2 1.253 (0.025, 1.758) 0.406 (0.026, 1.774) 0.258 (0.026, 1.741) 

 σ 0.768 (0.521, 38.422) 2.874 (0.616, 45.761) 4.542 (0.632, 46.345) 
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Skeletal element Species Collection Catalog No. 

Scapula Tamias striatus FM 108316 

156745 

159797 

163171 

167171 

167177 

199957 

199958 

UMMZ 67521 

67523 

81052 

81158 

101049 

124620 

161416 

161419 

176201 

176217 

ZMB Mam_88869* 

Sciurus carolinensis FM 140290 

154677 

154680 

156872 

156880 

187476 

187479 

SNMNH 548056 

UMMZ 65254 

65813 

Table S7. Specimens used to assess the intraspecific variation for the simulation study. See Table 

S1 for abbreviations of collection names. Asterisk indicates the specimen used in the interspecific 

dataset (see Tables S1 & S2) 
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75060 

81726 

101807 

115794 

115795 

118464 

123677 

165019 

165023 

81824* 

Marmota monax FM 156742 

178041 

178043 

SNMNH 20765 

191374 

258735 

259345 

349710 

397379 

506225 

514748 

567646 

A35137 

A807 

UMMZ 53654 

59889 

168358 

170476 

170478 

173712 

166225* 

Femur Tamiasciurus hudsonicus FM 20353 

20354 

43950 
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122027 

163324 

163326 

173670 

SNMNH 7258 

UMMZ 59376 

61951 

67531 

75059 

81735 

83623 

95919 

95920 

11423* 

ZMB 95202 

Sciurus carolinensis SNMNH 347937 

347939 

347948 

396337 

397048 

397178 

397179 

397210 

398408 

398504 

500984 

500987 

527934 

527938 

528049 

548048 

548051 

570626 

570628 
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599264 

599267 

599273 

599277 

548056* 

Marmota monax FM 156742 

178041 

SNMNH 20765 

191374 

258735 

259345 

349710 

396282 

397378 

397379 

506225 

514748 

567646 

A35137 

UMMZ 53654 

59889 

168358 

170476 

170478 

170527 

173712 

178655 

ZMB 12055* 
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Skeletal element Trait Standard deviation [mm] 

Scapula  Marmota monax Sciurus carolinensis Tamias striatus 

 Scapula EL 3.852 2.078 0.985 

 Glenoid cavity CSca  1.832 0.666 0.406 

 Coracoid process CS 6.777 3.305 1.650 

 Coracoid process I-Lml 0.723 0.304 0.176 

 Teres major fossa CS 6.857 3.154 2.787 

 Supraspinatus fossa CS 13.242 6.966 2.951 

 Supraspinatus fossa I-L 2.088 1.113 0.527 

 Infraspinatus fossa CS 18.434 9.662 4.367 

 Infraspinatus fossa I-L 2.215 1.233 0.604 

 Subscapularis fossa CS 31.212 16.542 7.262 

 Subscapularis fossa I-L 2.102 1.153 0.559 

Femur  Marmota monax Sciurus carolinensis Tamiasciurus hudsonicus 

 Head CS 1.650 0.922 0.525 

 Midshaft apD 0.527 0.303 0.215 

 Midshaft mlD 0.777 0.360 0.210 

 Medial condyle W 0.578 0.267 0.154 

 Lateral condyle W 0.541 0.375 0.244 

 Patellar groove W 0.399 0.257 0.185 

 Lesser Trochanter I-L 0.897 0.470 0.401 

 

 

 

Table S8. Standard deviation for the traits of the specimens used to assess the intraspecific 

variation for the simulation study. See Tables S5 & S6 for trait abbreviations. 
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