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100 simulations were COlOUred IN GreYu.......uuuuuuuuuiieeesceeereriiisee e e e e e e e e e e e s anaera e 263

Figure 5.7 A. Scatter plot of the first two discriminant axes returned from the gFiyl
computed Carnivora using all the selected traditional PCs. Circles represent observed data
pluses represent predictions for fossil species. B. Bar plots showing the posterior
probabilities returned for fossil species using vegetation type categories. C. Percentage of
the tree cover predicted for fOSSil SPECIES. ......cooviii i 264

Figure 5.8 Phylogenetic DFAs comparison performedumgulatesising selected PCs.

A,B, and C: summary plots showing hit rate variations when the numpeedittors was
reduced; D, E, and F: summary plots showing TAU variations when the number of
predictors was reduced; G, H, and I: summary plots showing lambda variations when the
number of predictors was reduced; L, M, and N: summary plots showing tlen{aeye of
similarity between the simulated and the observed vegetation type category. The 95
percentile (dotted lines) and average (solid line) of the confidence interval of the 100
simulations were COIOUrEd IN greY.. ... i 266

Figure 5.9 A. Scatter plot of the first two discriminant axes returned from the gyl
computedungulatesising all the selected traditional PCs. Circles represent observed data;
pluses represent predictions for fossil species. B. Bar plots showing the posterior
probabilities returned for fossil species using vegetation type categories. C. Percentage of
the tiee cover predicted for fOSSIl SPECIES.......ccovvvviiiiiiiieeee e, 267

Figure 5.10Humerus deformation, described by selected PCs common to both methods
used to predict palaeovegetation, spanning from closed to open vegetation. A) Whole
sample, reference specimeama guanicoeB) Carnivora, reference specim€anis lupus
HNHM.V.58.1735; C) ungulates, reference specii@eyx leucory™MNHN ZM MO-
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Abstract

Biotic factors such as species interaction, competition, and predation, as well as
abiotic factors such as geological, climatic, and ocean current changes, are among the
primary drivers of evolution. Both predatprey interactions and habitat changes have
been proposed to have an impact on the evolution and morphological diversification of the
limb bones in Carnivora, Artiodactyla, and Perissodactyla.

In this thesis, | then revised the relationships between zeugopodium and
stylopodium morphometry with the main proxies of locomotor performance: maximum
running speed and daily movement distances. | found brachial and crural indices were
significantly relded to maximum running speed and model accuracy improved when
accounting for species trophic levels. This provided support for the use of functional ratios
in the study of coordinated evolutionary patterns between predators and prey.

The functional ratios were then combined to assess morphological disparity through
time in a sample of living and fossil mammals. The greatest diversification events were
found to be associated with the main climatic shift that occurred during the Cerfozoic
most accurate investigation revealed that Carnivora and Artiodactyla increased in
morphological diversity during the coolest Cenozoic events (Ee©égecene transition
and the Miocene), which were also characterised by low primary productivity.

Ultimately, | presented a geometric morphometric assessment of the humerus
ecomorphology in a combined sample of Carnivora and ungulates. Humerus shape were
found to be a good paleovegetation predictor. Both clades evolved common humerus
morphologies in rgponse to the same vegetation type.

Although no direct evidence of @volution could be identified in large
mammalian clades, this thesis demonstrated that a complex interplay occurs between
variation in the postcranial skeleton and ecological adaptations. Restricting focus on highly
interacting species belonging to the same functional guild might be a way forward to better

understanding coordinated patterns in phenotypic evolution.
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1. Chapter 1. General Introduction

The study of phenotypic variation provides important insights into evolutionary
processes. What we see of extant species diversity is just a glimpse into many evolutionary
steps that occurred over a long temporal scale. Abiotic processes such as cimgée ch
tectonic movements, sea level fluctuations, and nutrient availability are among the main
drivers of evolutio(Thompson 1989; Thompsean al.2021) Organi smso i nt
such as competition and mutualism have equally played an important role in balancing
interspecific diversification through space and ti{garraclough 2015; Thompspet al.

2021) Darwin's finches are one of the most interesting examples of how both biotic and
abiotic factors influenced the evolution of organismal morphologies. Numerous studies of
this clade showed that the great variety of beak morphologies was due to changes in
ecological conditions, including food availability, and interspecific compet{&ahluter

et al.1985; Grant and Grant 1995, 200®yithin this context, the fossil record offers a

unique opportunity to clarify how species have adapted to different abiotic and biotic
conditions through time. For example, analyses of rodent and ungulate fossils revealed tha
changes in climate and vagion impacted the evolution of new dental morphologies
(Renauckt al.2005; Janis 2008Recent analyses of the mammalian fossil record have
shown that while carnivorous mammals shifted from diurnal to nocturnal activity during
their evolutionary history, herbivores followed the opposite trend, possibly as a strategy of
predation avoidanc@Vu et al.2018)

Major patterns of vertebrate evolution equally demonstrate the role of abiotic and
biotic factors in species morphological diversification. A typical example is represented by
the appearance of the limbs during the Devonian-@G8®mya) and the subsequese of
tetrapods, during which changes in oxygen levels appear to have played a primary role
(Clack 1997; Webbt al.2004; Paynet al.2009; Servaigt al.2010; Kluget al.2010;

George and Blieck 2011 etrapod ancestors respondedhese changes by evolving new
adaptive traits that enabled life on landaatelerated evolutionary ratésimdes and

Pierce 2021)George and Blieck (2011nvestigating the interactions of the early tetrapods
with both abiotic and biotic factors as the environmeatsiropods, and coral reefs were
able to identify the shift from water to land approximatelyi3d®6 mya during the early
Devonian

Initially, limbs evolved at an exceptionally high evolutionary rate, but they
subsequently showed considerable stasis. Limb structure consists of the stylopodium (i.e.,

the humerus in the forelimb and the femur in the hindlimb), the zeugopodium (i.e., the
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radius and ulna in the forelimb, and tibia and fibula in the hindlimb), and the autopodium
(fingers, hands toes and feBplly 2007) Maintaining the basic structure in the

stylopodium and zeugopodium organisms' adaptation to various environments (terrestrial,
arboreal, and aquatic) involves only minor changes of each bone, such as variations in
length or in the condyle and epiphyseas#(Martin-Serraet al.2014a; Eltoret al. 2016;
Serioet al.2020; Veraet al.2020) The autopodium, the most diverse limb segment, is

also highly conserved throughout terrestrial tetrapods, with a basic design of five rays
(Rothieret al.2023)

Even if most studies of functional morphology have focused on the vertebrate skull,
which plays a vital role in feeding, and protecting the brain and other sensorial organs, the
investigation of postcranial elements (particularly limbs) has followedalg@ar
development. Limbs provide direct interaction between organisms and external
environments and are essential for locomotion, food manipulation, and even fighting
(Brown and Yalden 1973; Carrier 2002; Polly 2007; Morris and Brandt 2014etaly
2012) Studies of limb morphology may shed light on ancient processes of ecological
adaptation. The potential of the limb bone morphology to provide insights into fossil
ecologies has been exploited previously. For example, analyses of limbs showed that early
tetrapods were more adapted to amphibian rather than terrestrial loco(Gmtaias and
Clack 1990; Lenniet al.2021) Limb morphologies have also been used to retrieve
several aspects of dinosaur locomotion such as posture and locomotory performance
(Hutchinson and Allen 2009)

There are also several examples of how these kinds of studies are effective in
mammalgThewisseret al.2006; Polly 2007; Pancirodit al.2022; Suret al.2022;

Rothier, et al.2023) By looking at postcranial anatomy and morphometRes\cirolj et
al. (2022)found a broad range of ecomorphological specialisations spanning from semi
fossorial to scansorial behaviour in basal mammaliaforRethier, et al.(2023)showed
that individual elements of mammalian limbs followed different macroevolutionary trends,
with the autopodium displaying the greatest diversity. One quite extreme example of limb
diversity is found within the cetacean lineage. Here, the fossildetmws a gradual shift
from a terrestrial to an aquatic lifestyle involving the loss of the hindlimbs and the
modification of the forelimbs to fin@olly 2007; Thewisseret al.2006; Sunet al.2022)

In this context, several questions about how long bones evolved in major
mammalian clades remain unanswered. The majority of the mammalian clade exhibits
strong interdependence, with several orders occupying unique trophic niches, whose

evolution may havéeen impacted by biotic as well as environmental variables. Carnivora
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and ungulates, which include Cetartiodactyla and Perissodactyla, are two of the most
highly interacting clades belonging to the same superorder (Laurasiatheria).

In this thesis, species interactions, as well as environmental changes, were
hypothesised to be the key factors generating coevolutionary patterns observed between
the large Carnivora predators and their ungulate prey. When these two groups appeared
duringthe Eocene, they were represented by small species with short legs living in the
tropical green forest which covered most of the northern hemisfffisenberg 1989;

Gingerich 2006; Goswami and Friscia 2010; Coagiexl. 2014; Roseet al.2014; Gould

2017; Martinetteet al.2020) During the Eocen®ligocene transition, approximately 34

million years ago, tectonic and orogenetic processes initiated a cooling phase that produce:
changes in both flora and fauna throughout the gldbehoset al.2001; Jani®t al.2002;
DupontNivet et al.2007; Livermoreet al.2007; Janis 2008; Figueirids al.2012;

Martinettg et al.2020) Lower global temperatures generated a new habitat type: the
grassland¢Martinettq et al.2020) With the appearance of the new open habitat, both
ungulates and carnivorans evolved longer limb elements probably to increase running
speed in the new open habif@arland 1983; Janis and Wilhelm 1993; Garland and Janis
1993) These morphological changes, which happened first in the prey group and then,
around 20 million years later, in the predators clade, may have improved running
performance, suggesting the "arms rg@zskker 1983; Janis 1993)lowever, this matter

is still hotly debated in the literature because of the lack of coevolution. Conflicting
hypotheses suggest long bone evolved to minimise the cost of transport for food resources
in the new open habitélanis and Wilhelm 1993; Garland and Janis 1993)

I f the Aarms raced hypothesis holds t
coevolutionary patterns in the long bone morphology of living species but also between
l iving and fossil species. One piWilseetof
al. (2018)measuring the locomotor performance of living wild African predators and prey.
They showed that the predators have the greatest muscle power and the ability to accelera
and decelerate during fast running, while both the predators and prey have coenparabl
ability to turn. The authors find that the prey has more chance to escape from a predator
running at lower speeds, which increases their manoeuvrability, and the predator must be
more athletic, in terms of acceleration, deceleration and turns, to maimgpredation
success rate. The study of the skeletal remains of North American predators and prey also
supports the Hggneesal@2G28)feund thatArgilocapra. americana,
the preferred prey of the extinct cheekdinacinonyx,evolved highspeed capacity as a

defence strategy against its primary predator.
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By contrastStrang and Steudel (199Qjsing a database of various mammalian
orders, find support for the hypothesis that long bones evolved to reduce energy
expenditure, whereakanis and Wilhelm (1993)vho collected data only for Carnivora,
Artiodactyla, and Perissodactyla, validated this results only for ungulate. They used home
range size as a proxy for the distance travelled per day discovering that ungulate living in
open habitat shared a greatente range than ungulate living in closed habitat, whereas
carnivorans did not correlate with home range size.

SinceGarland and Janis (199®)und no significant difference between the two
clades regarding locomotor performance it is conceivable that both carnivorans and
ungulate, despite their morphological differences in postcranial morphology, coevolved in
relation to similar ecological pssure, hence common features should be identified (i.e. the
morphological generality hypothesis proposedehgn, et al.2016) However, all these
studies lack of fossil species which could help to clarify how predators clade influenced the
evolution of the prey clades antte versa.

According to the arms race hypothesis, species interaction and then abiotic factors,
drove the evolution of long bones to improve both predators and prey locomotor
performance. By contrast, climatic change and the appearance of grassland triggered the
samemorphological change in large mammals. In the more seasonal habitat, where plant
growth changes from place to place, large ungulates need to travel long distances in searct
of food and the same was true for the carnivores following the great herdsttiering
migration. In this instance, abiotic factors and climatic change in particular were
hypothesised to be the responsible for the increase in bone length.

Even if, these two hypotheses are largely cited in the literature, we still lack of an
omni comprehensive knowledge of the relationships between long bones with both
maximum running speed and daily movement distance. In terrestrial mammals, the
evolution d long limb bones has often been associated with an improvement in locomotor
performance. HoweveGarland and Janis (1998)und no significant relationship
between the metatarsal femur ratio, also known as the cursorial index and cursorial
mammals. WhileChristiansen (200Xpund radius to humerus ratio the best predictor of
maximum running speed. At the same time, the relationship between long bones and
distance travelled by species per day was only indirectly investigatéahizyand Wilhelm
(1993)who used home range as a proxy for daily distance. Thus there is a gap of
knowledge regarding the relationships between each single bone length and both maximun

running speed and daily movement distance.
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In this thesis, | first revise the existing data on limb morphometry of extant large
mammals with a focus on the stylopodium and zeugopodium elements in order to validate
the hypothesis that general bone proportions and allometric changes are stromigyeasso
with locomotory performance but can also be influenced by ecological/habitat adaptations.
| aim to search for evidence that both predators and prey evolved similar morphologies to
respond to the same ecological/adaptative factors in order to stipparims race theory.

When the KPg extinction occurred, different mammalian orders followed different
evolutionary pathways in terms of adaption to different habitats. Habitat type was probably
one of the main factor influencing the evolution of different limb morphologiesaas
investigated by different studiéBarr 2014; Barr and Scott 2014; Bishop 1999; DeGusta
and Vrba 2003, 2005; Elton 2001, Etiereteal. 2021; Fabrest al.2015; Figueiridcet al.

2015; Jani®t al.2004; Janis and MartiSerra 2020; Kappelman 1988; Kovarovic and
Andrews 2007; Meloret al.2013; Plummeet al.2008) All these studies pointed out a
strong relationship between long bone morphologies and habitat type in both Carnivora
and ungulates. Once identified the best predictor of locomotor performance, | investigated
the occupation of different locomotor niclegring the Cenozoic using both

morphological disparity and partial disparity through time. | searched for concomitant
diversification events in both large predators and prey supporting the idea of coevolution.

Since the relationships between long bone linear measurements and habitat are wel
established in the literature, | finally investigated the ability of the humerus shape to
classify living species in their preferred vegetation type in a combined sanijgéof
Carnivora and ungulate. Ecomorphological studies have been proven effective, particularly
in bovids(Barr 2014, 2015; Barr and Scott 2014; Kovarati@al.2021)showing more
specialized skeletons to optimize terrestrial locomotion. However, even if characterized by
different locomotor specializations, also carnivorans have been employed in
ecomorphological studigg&hrens 2017; Friscia and Van Valkenburgh 20X&re, | also
looked for common morphologies that both clades possibly coevolved in response to the

same environmental pressures.

Large mammalian orders: Carnivora

Carnivora includes the large predators group which feeds primarily on large
ungulates, making these orders two of the most highly interacting clades within mammals.
The order Carnivora currently includes 260 living species representing the main predator
species but also includes highly specialised herbivores, insectivores and omnivores. Based

on the morphologies of the cranium and the inner ears, the Carnivorzandae split into
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two major lineages: Feliformia including cats, linsangs, civets, mongooses, fossas,
falanoucs, and hyaenas and the Caniformia including dogs, bears, the red panda, raccoons
skunks, weasels, badgers, otters, and wolve(fBeswami and Friscia 2010)he latter

clade also includes seals, sea lions, and walruses that modified their limb bones for aquatic
locomotion and for this reason are not considered for this thesis.

The carnassial teeth, formed by the fourth upper premolar and the first lower molar,
are the main morphological traits that characterise terrestrial carnivorans, previously
named fissiped. The molar teeth are highly variable among the Carnivora fandliasean
used to infer the ecology of fossil spedi€susafontPaird and TruyokSantonja 1956;

Van Valkenburgh 1988However, the appendicular skeleton can also be indicative of the
ecology of carnivorans, which includes adaptations to running, climbing, digging, and even
swimming(Van Valkenburgh 1987)

Both diet and locomotor adaptations were well differentiated at the beginning of the
evolutionary history of Carnivor@/an Valkenburgh 1985; Wesldyunt 2005; Meloro
2011) Palaeontologists were able to validate this and other evolutionary patterns thanks to
the welldocumented fossil record spanning throughout the Cen{Zigien et al. 2005)

Carnivora lineages probably evolved from the PalaeocenBq6oya)
insectivorousCimolestawhich shared with the order the most characterizing feature: the
carnassial teetfGoswami and Friscia 2010puring the early Eocene (&3 mya) the
main Caniformia families evolved, while the Feliformia did not appear until the Oligocene
(33-23 mya;Goswami and Friscia 2010Yorth America was the centre of Caniformia
diversification(McKenna and Bell 1997; Wargg al. 1999) The earliest member of
Canidae, the subfamily Hesperocyoninae, appeared in the Eocene of North America with
morphologies spanning from small to medium body 8i¥ang 1994)Borophagines
represented a second radiation during the Oligocene of North Ameri@8 (8ga:Wang
et al.1999) The members of this clade are known to be byaekers, with the latest
forms resembling modern hyaenas in skull morphol®gsing et al.1999) A third canid
radiation is that of the subfamily Caninae during the Miocené&(28%/a) to which also
living foxes, jackals, and wolves belong. Borophaginae became extinct during this period
due to competition with members of the extant canid linéslgmthe 1998) The fossil
record of Caniformia also includes the Amphicyonidae family characterized by a great
morphological diversity with 34 extinct genera living from the Eocene to the Miocene of
North America, Eurasia, and Afri¢@oswami and Friscia 201L.0Amphicyonids are
known as-dbbeofibeamnuse their morphol ogies

These particular features led to considerable confusion concerning their taxonomic position
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within the Carnivora lineag@unt 1998) The fossil record of the Feliformia is less
diversified compared to that of the Caniformia, but it includes many clades, characterized
by elongated upper canines such as Nimravidae, Barbourofelidae and the felid subfamily
Machairodontinae that survivedtil the PleistocenéGoswami and Friscia 2010)

McKenna and Bell (1997@stimated that there are ca. 355 genera of extinct
carnivora. This rich fossil record allowed scientists to identify several macroevolutionary
patterns. It was shown, for example, that Carnivora clades shared multiple examples of
convergence and iterative evolution. Even if the main ecomorphs of Carnivora were
quickly established at the beginning of their evolutionary history, when a particular
morphotype became extinct it was replaced by a comparabl@/ané/alkenburgh 2007)

An example of iterative evolution is represented by thefmoneac k er s6 t eet h
used to access bone marrow fat content from long bones of prey carcasses. This
morphotype evolved independently in Hyaenidae Bowbphagines and it represents a
classic example of convergent evolutidan Valkenburgh 2007)As a consequence of
their similar dental morphologies, these phylogenetically distant groups evolved
convergent skull and mandible adaptatidhiso, the sabertooth morphotypes evolved
separately in different Carnivora lineages such as machairodonts, nimravids, and
barbourofelidgVVan Valkenburgh 2007; Pirat al.2018) These clades have been thought
to be closely related, however, it was recently shown that barbourofelids are not true
Felidae, while the phylogenetic position of nimravids is still deb@#tdtin-Serra et al.
2014a; MartirSerraet al.2014b; Pancirolet al.2017)

Another key pattern in Carnivora evolution is represented by Cope's rule (i.e. the
tendency for a clade to increase in body size over time) in hypercarnivorous species. The
increase in body size was most possible owing to a need to catch larger preyeHow
increased body size likely involves greater energy requirements and decreased agility
(Biewener 1990; Van Valkenburgdt al.2004; Van Valkenburgh and Wayne 20.10)
Andersson and Werdelin (2008entified also two main evolutionary trends showing that
Carnivora weighing more than 20 kg exhibi
elbow joint to run fast or maintain the elbow joint mobility to climb or manipulate prey.
This pattern was olsved in both fossil and recent Carnivora and it is possibly related to
body size in order to reduce the skeletal stfBssvener 199Q)

Large mammalian orders: ungulates
Within ungulates, there are parallel examples of several species occupying multiple

dietary niches including herbivores, frugivores, and omnivores. Ungulates are
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characterised by the presence of hooves whose number can be even (Artiodactyla) or odd
(Perissodactyla). The paraphyletic ungulate clade includes the monophyletic orders of
Cetartiodactyla, including both Artiodactyla (such as gazelle, deers, suids,dsameli
giraffids, hippopotamus) and Cetacea (such as toothed whales and baleen whales;
Thewisseret al.2007) and Perissodactyla. In this thesis, among Cetartiodactyla | will

focus on Artiodactyla only, because cetaceans evolved an aquatic lifestyle and showed
modification of their forelimbs and hindlimbs.

Artiodactyla and Perissodactyla appeared at the beginning of the Eocene
(approximately 55 mya) in North America and Eurasia. The first clade to evolve was the
Perissodactyla, with early horses dominating most of the Oligocene, together with rhinos
that expanded later in the MioceriPanellet al.2006) The Artiodactyla became the
dominant herbivorous clade during the Pleistocene-(@.8117 myaDanell et al.2006)

This change in ungulate diversity was due to changes in climate/vegetation type which
favoured the rise and diversification of the grazing taxa (defined as consuming >90% of
grass), while browsers (feeding mainly on leaves, soft shoots) reduced thesitgilay

about 80%Janis et al.2002; Danell et al.2006)

Among the extinct Perissodactyla taxa, there are the Brontotheriidae. This family
appeared during the Eocene with srsated and hornless species and progressively
evolved to rhinocerasizelike species with large horns on the nasal bdaaiset al.

1998; Janis 2008Puring the Eocene, the chalicotherids also made their appearance with
browser species of degjzed body mass. This group survived until the Pleistocene
evolving larger forms with claws instead of hooves, longer forelimbs relative to the
hindlimbs, and th ability to feed with a bipedal stan@anis et al.1998; Janis 2008)

The Artiodactyla fossil record includes the extinct families of the Hypertragulidae
and Merycoidodontidae both living in North America during the Eod@ligocene. At the
beginning of their evolutionary history, these families were represented by sneadisspe
with a browser diet. The Hypertragulidae went extinct during the Oligocene, maintaining
smalltmedium size and without evolving the hypsodont teeth, whose relatively high crown
represents an adaption to feed exclusively on grass. The Merycoidodowtidtdewas
closely related to living Camelidg®lihlbachler and Solounias 2006; Prothero and Foss
2007; Semprebon and Rivals 20l@jtially had a digitigrade stance and derived
selenodont teeth (=low crowns, and cres&raped cusps) and evolved tagpized species
with elongated limbs and amguligrade stanc@anis et al.1998; Janis 2008Y he
Entelodontidae appeared during the Eocene of @&sias 2007)Their morphologies,

spanning from small to large size resembled that of modern suids with bunodont teeth
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suggesting omnivorous digt¥oeckel 1990; Foss 2007Mhe Palaeomericidae also
appeared in North America during the Miocene. Members of this family were browsers
and displayed a pair of frontal horns and an additional occipital(dams et al.1998;

Janis 2008)

Scientists have discovered different evolutionary trends within living and extinct
ungulates. One example is the evolution of long limb bones anethogined teeth,
shared by both Artiodactyla and Perissodactyla. This is well documented in the equid fossi
record that spans 55 million years of evolution. Early equids made their first appearance in
North America during the Palaeocerieocene transition with delike-sized species. The
first fossil horse, belonging to the gertdigracotherium displayed lowcrowned teeth
suggesting a browser diet. Their forelimbs were characterized by four digits, while the
hindlimbs had three. The fossil record shows the evolution of equids toward elongated
limbs while reducing the number of digits (modern equids have odytae in both
forelimbs and hindlimbs) and the evolution of higlowned molars marked the shift from
the browsing to the grazing digtlacFadden 1986; MacFadden 1994; Orlando 2015)

The evolution of long limb legs and higinowned molars was shared with other
ungulates. Longegged ungulates evolved during the Miocé@arland and Janis 1993;

Janis and Wilhelm 1993T his shift in limb morphologies was coupled by a shift in the
predominant diet of the ungulates, which evolved hypsodont teeth to feed on the new
resource, grass, which appeared globally during the Miadamés et al.2002; Janis
2008)

Ungulates represent one of the most social clades among mammals. Because the
preferred prey of African pursuit predators live in large herds or family groups, it was
hypothesised that sociality is a defence mechanism against prettegvsardet al.
2006a; Haywarekt al.2006b; Hayward 2006; Nowak and Walker 19%®¢cently, it was
shown that the ungulate social system, which spans from solitary to gregarious lifestyles,
evolved according to different factors such as resource distribution, mating system, feeding
style, and habitat typddarman 1974; Szeméa al. 2021) This theory suggests that
species living in open habitats and more exposed to predators form the largest social
groups.

Bony horns, typical of bovids, are permanent organs thought to be a defence
mechanism. The fossil record revealed that horns evolved many times independently in
Ruminantia species weighing more than 18 kg in response to the transition from closed to
open aaption(Janis 1982)Although the evolution of horns is primarily linked to sexual

dimorphism, it was shown that horns in living ruminants are also related to territory
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defence, habitat type, feeding, and social behaviours and for this reason provide useful
information when trying to reconstruct the paleoecology of extinct sp@eers 1982)By
contrast, the antlers of deer, which are deciduous cranial appendages, appeared for the firs
time in the deer lineage during the Miocene, about 17 million years ago and showed
increased complexity over tinfeleckeberg 2020)Several hypotheses have been proposed
for the evolution of antler&lutton-Brock 1982; Landet€astillejoset al.2019) but it

was shown that they are the product of sexual selection driven by the female mating
system and male competitigllalo et al.2005) Interestingly, cranial horns are absent in
Perissodactyla, likely due to their different ecological adaptations as suggestausy
(1982) They require great food intake available over a large area which is difficult to
defend, even with these kinds of mechanisms.

Long bone morphology

The morphologies of limb bones change quite broadly within mammals. For
example, the stocky humerus of moles evolved to dig in search of worms and grubs,
modified limbs in cetaceans allow them to swim, and elongated fore and hindlimbs, with a
web of skin letween them, allow bats to f(iPolly 2007) Thus the morphology of single
bone has provided insights into how species adapt and interact with the external
environment. The humerus is particularly useful for predicting locomotor habitat types in
felids (Meloro, et al.2013) Other limb bone elements, including the femur, but also the
calcaneus, astragalus, metapodials, and phalanges have been found effective in predicting
habitat adaptations in bovigScott 1985; Kappelman 1988; DeGusta and Vrba 2003,
2005; Kovarovic and Andrews 2007; Kle#hal. 2010; Kovarovic and Scott 2014; Scott
and Barr 2014; Gruwier and Kovarovic 2022, 20E)enne, et al. (2021)sing geometric
morphometrics to investigate long bone size and shape in bovids showed that all elements
of stylopodium and autopodium, except the tibia, are good predictors of habitat adaptation
in bovids.Mallet et al. (2019%tudied long bones in rhinoceroses and suggested that in this
clade morphological variation is due mainly to changes in size. A good understanding of
the relationship between long bone size and shape and habitat type is currently lacking for
the Carnivoraalthough linear measurements have been used to identify locomotor and
climatic adaptation§Samuels et al. 2013; Meachen et al. 20F8yueirido, et al. (2015)
demonstrated that Cenozoic climatic change, which mainly produced changes in vegetatior
types, impacted also the evolution of elbow joint morphologies, affecting the hunting

behaviour of North American Canidae.
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The general long bones anatomy and functions described in the next sections are
based on Lihembshiapt ea mimgHolly 2007)iretheddokiing indon 0O

limbs: evolution, development and transformatjed. Brian K. Hall)

Humerus

The humerus is where the muscles that move the arms and hands are attached. In
general, the mammalian humerus exhibits a cylindrical form. The humeral head, which
articulates with the scapula, and both the greater and lesser tubercles are present at the
proximal epiphysis (Figure 1.1A, D). The supraspinatus, infraspinatus, and subscapularis
muscles, which stabilise the humesabpular articulation and move the upper part of the
forelimb, are linked to the tubercles at these sites. The condyle, whiclarateepinto the
capitulum and trochlea, is located in the distal epiphysis of the humerus (Figure().1B
It articulates with both the radius and ulna distally forming the elbow joint. The muscles
responsible for the movements of the forearms, carpdsdigits attach to the medial and
lateral epicondyles, which are located laterally to the condyle.

According to Martin-Serra et al.(2014a) in the Carnivora, the greater tuberosity
and humerus shaft curvature allow morphological inferences of the locomotor type and
posture, respectively. In bovids, the robustness of the humerus predicts body mass, while
the shape of the humerus head, tukigess trochlea, and epicondyles might change in

relation to environmental adaptatiaiitienne et al.2021)
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Figure 1.1 Carnivora and ungulate humerus. Comparative views of the humerus of:
AT B. Acinonyx jubatus(museum: NMS, catalogue number: 1989.023.001); andiC
D. Aepyceros melampugnuseum: NMS, catalogue number:Z.202.212.5.M).

Radius and Ulna

The radius and ulna both articulate with the humerus proximally and carpus bones
distally. The fovea, the point of contact between the radius and the capitulum of the
humerus, is located at the proximal end of the radius. The radial head typically vas an o
shape, articulates with the ulna, and projects the radial tuberosity, which is where the
biceps brachii muscles inséRigure 1.2A) The distal radiugiina ends provide the
articulation with the scaphoid and lunate.

The ulna is characterised proximally by an enlarged head, the olecranon, which
exhibits a semilunamotch articulating with the humeral trochlea and serves as the triceps
brachii attachment point (Figure 1.2E).

The ulna which stabilises the elbow joint, is reduced in cursorial species and is
fused with the radius in the extremely cursorial ones. The ability of mammals to move their
manus depends on the degree of fusion between the radius and ulna; highly cursorial
unguhtes are restricted in their pronatismpination movement, whereas fossorial
carnivoransare not.

The biggest variation in radius shape aca@sivoranss caused by the radial
tuberosity, which controls the forces generated by the biceps brachii muscle engaging in
forearm motiongMartin-Serra et al.2014a) Bovids radial robustness and curvature, as
well as the length and width of the olecranon, vary with body mass, while the olecranon

orientation predicts the type of environm@atienne et al.2021)
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Figure 1.2 Carnivora and ungulate radius-ulna. Comparative views of the radius
ulna of AT B. Acinonyx jubatus(museum: NMS, catalogue number: 1989.023.001);
and C. Aepyceros melampugnuseum: NMS, catalogue number:Z.202.212.5.M).

Femur

The femur is distinguished proximally by a rounded head on a short neck that
attaches to the pelvis, and distally by attachments to the patella and tibia. The greater
trochanter, lesser trochanter, and third trochanter, additional processes on the modimal
of the femur, are the sites where the muscles that move the forelimbs attach (Figure 1.3A
B). The femur head, third trochanters, and greater trochanters are indicators of locomotor
performancdJenkins and Camazine 197D)stally, the patellar groove divides two
condyles, and their architecture also indicates locomotor mode (FiguwB)3A

It was shown that cursoriahrnivoransexhibit more slender femora than ron
cursorial specie@Martin-Serra et al.2014b) The shaft and trochanter morphologies in
bovids vary depending on body mass, while the greater trochanter and femur head vary
according to the type of habitat adaptatfBtienne et al.2021) In Rhinocerotidae, the
femur head varies according to body m@sgallet, et al.2019)
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Figure 1.3 Carnivora and ungulate femur. Comparative views of the femur of A.
Acinonyx jubatus(museum: NMS, catalogue number: 1989.023.001); and Bquus

caballus(museum: NMB, catalogue number: Ch295).

Tibia

The tibia and fibula form the posterior zeugopodium. The fibula is frequently
shortened, and its primary purpose is to provide lateral support for the ankle joint. The tibia
articulates distally with the astragalus to produce the ankle joint and proximitilithe
femur and patella to form the knee joint. The tibia has two condyles (lateral and medial;
Figure 1.4B- C) at its proximal end, which are divided by the intercondylar eminence, and
a tibia tuberosity Figure 1.4AD), which serves as the insertipoint for the quadriceps
and sartorius muscles. The shape of the ankle joint and the degree of fusion between the
tibia and fibula reveal the type of locomotion in mammals.

Bovids, Rhinocerotidae, and larger Carnivora have more robust tibiae than the
smaller oneg¢Martin-Serra et al.2014b; Mallet et al.2019; Etiennget al.2021)
Moreover, in Carnivora, there is a distinction between cursorial andursorial species

based on the condyles orientation and shaft curvéilmetin-Serra et al.2014b)
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Figure 1.4 Carnivora and ungulate tibia. Comparative views of the tibia of A.
Acinonyx jubatus(museum: NMS, catalogue number: 1989.023.001); and B.
Aepyceros melampugnuseum:NMS, catalogue number:Z.202.212.5.M).

Thesis aims and outline

By examining the influence of biotic and abiotic factors on the postcranial
morphology oflong-legged mammals, this thesis seeks to identify the potential patterns of
coevolution in carnivorans and ungulates throughout the Cenozoic.

Chapter 2:1 summarise the morphological data, the ecological categories and the
phylogenetic tree collected to account for the ecology and phylogeny in all the analyses of
living and fossil species. | also presented the general phylogenetic framework applied in
thedata chapters. Details of different and more specific phylogenetic analyses are present
in the methodological section of each data chapter.

Chapter 3:my goal of this chapter is to determine the best metric for describing
locomotor performance and to test for potential patterns of coevolution in Carnivora and
ungulates throughout the Cenozoic. This is done by examining the relationships between
each sigle long bone length and functional ratios with both Maximum Running Speed
(MRS) and Daily Movement Distances (DMD), used as a proxy for locomotor

performance.
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Chapter 4:once | identified the traits which best describe the relationships between
long bones and locomotor performance in living large mammals, | investigate the
morphological disparity through time at different taxonomic levels and among different
ecological cagories, searching for patterns of coevolution and accounting also for the role
of climate on the evolution of the long bones throughout the Cenozoic. | perform the
analyses twice: for living and living plus fossil species.

Chapter 5:I investigate the role of the vegetation cover in shaping the morphology
of the humerus at different taxonomic levels searching for common morphology shared by
both Carnivora and ungulates living in the same environment. | identify also the best
model to pedict vegetation cover preferences in fossil species.

Chapter 6 in this final chapter | provide a general discussion and conclusion based
on the results produced from the previous chapters, as well as a way forward to advance

the general field of cevolution investigation.
Statement on research contribution

| carried out the study design and collection of morphological data, | also performed and

interpreted the analyses and wrote this thesis.
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2. Chapter 2: General Material and Method

In order to accomplish the goals of my thesis presentEthapter 11 collected
morphological (i.e. long bone lengths, long bones ratio, greatest skull length, body mass,
humerus shape and size, and foot posture) and ecological data (i.e. vegetation type, trophit
levels, diet, and locomotor behaviour) for a selection atgmtal mammals belonging to
Carnivora, Artiodactyla, and Perissodactyla. | have also included data for some extinct
orders which had the functional role of large predators and prey such as Cimolesta,
Creodonta, CondylarthraélotoungulataAcreodi, Procredi, and Dinocerata. These taxa
were included in the analyses of morphological disparity of mammals through the
Cenozoic Chapter4). In addition, to account for the phylogenetic effect in the statistical
analyses, | assembled a large phylogenetic tree inclusive of the 431 both living and fossil
species for which phenotypic data were collected.

Here, | simply provided a general explanation of the acquired data and statistical

procedures, which were detailed in each data analysis Chapter.

General materials

In Chapter 3] investigated the links between long bone morphometry and
locomotor performance. The length of humerus, radius, femur, and tibia, and the functional
radius to humerus and tibia to femur ratios were representative of long bone morphometry
(Appendix A), whie Maximum running speed (MRS; Appendix B) and Daily Movement
Distance (DMD; Appendix C) were collected as proxies of locomotor performance. The
data, collected from the literature, represented 131 living species belonging to Carnivora,
Artiodactyla, and Perissodactyla and were restricted to the measures available in literature
for both MRS and DMD. Because it is known that allometry impacted locomotor
performancdlriarte-Diaz 2002; Lovegrove 2004; Pontzer 2007; Pontzer and Kamilar
2009) | collected also body mass for each of the 131 species (Appendix A). Also, |
accounted for the effect of foot posture (i.e. digitigrade, plantigrade, and unguligrade
stances; Appendix D), vegetation type (i.e. open, mixed, and closed vegetation cover;
Appendix E), and trophic level (i.e. large predators, small predators, large prey, small prey,
ursids, and megaherbivores; Appendix F) in the relationships between long bone and
locomotor performance. Morphological data and ecological category was detailed
described irChapter 3.
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In Chapter 4 | looked for simultaneous diversification events in predptey
clades across the Cenozoic. For the purpose of this chapter, | collected brachial and crural
indices (Appendix G) as well as body mass (Appendix H) for a wide spectrum of mammals
living during the Cenozoic. The greatest skull length (Appendix H) was also included in
this Chapter'sinalyses to validate the strong relationships between body mass and skull
measurement and to justify the use of skull length to account for allorbgyinal
database assembled from the literature included average values repre&@sh(itioy
fossils and 238 living) mammals. Hetalso investigated the effect of trophic level,
vegetation type, diet, and locomotor behaviour categories on both functional ratios and
morphological disparity over time (s€apter 4for more details). The trophic level
category has already been describedioapter 3(Appendix F) The vegetation type
category included open, mixed, closed, and amphibious categoriearhected
differently from the same category describedGbiapter 3(Appendix 1) The diet category
followed the classification of Fossilworkaww.fossilworkg and included insectivore,
carnivorous, omnivore, piscivore, frugivore, folivore, browser, grazer, and mixed feeder
categories, while the locomotor behaviour category, which matches with the life habit
category of Fossilworkévww.fossilworkg, included amphibious, arboreal, terrestrial,
scansorial, and serwssorial categories (Appendix J). Tinephic level, vegetation cover,
diet, and substrate preference categories, described in d&thihpter 4 were used to
investigate the effects of ecological groups on both functional ratios and morphological
disparity over time (se€hapter 4for more details). In addition, to study whether and how
Cenozoic climatic changes affected morphological disparity, | collectedZemimoset al.
(2008)t he st able i sotopes Ul1l8oxygen, a pr ox)

proxy for primary productivity.

Finally, in Chapter 5l tested whether the humerus shape is diagnostic of vegetation
cover in living species using two separate ecological categories: vegetation type and
percentage of low tree cover. The vegetation type was the sam€laapiter3 (Appendix
E), while the percentage of low tree cover was determined using-baS#sl approach as
described irChapter 5(Appendix K).For this study,l collected208 threedimensional
models of humerii representing 136 (97 living and 39 fossil) species befptogi
Carnivora, Artiodactyla, and Perissodactyla using the photogrammetry method
(Falkingham 2011)Photogrammetry allows capturing thhdienensional size and shape
data from skulls and long bones with a level of accuracy that is quite comparable with that
from micro-CT scans and 3D whidgght laser scannei@$-auet al.2016) Humerus
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specimens were collected mainly from the Manchester Museum (MM), National Museums
of Scotland (NMS, Edinburgh), Liverpool World Museum (LWM), Museo Nacional de
Ciencias Naturales (MNCN, Madrid), Hungarian Natural History Museum (HNHM,
Budapest), and Natudiorisches Museum Basel (NMB). The database of the museum
specimens was improved with models collected from online databases such as
www.morphosource.org, www.phenome10k.org, and www.sketchfab.com. In all cases,
models were selected only if they refertedpecimens from museum collections to make
sure they were accurate replicas of real bones. The museum specimens list is available in
Appendix L. A summary of both morphological and ecological data collected for each data

Chapter is provided in Table 2.1.

Table 2.1. Summary table of morphological and ecological data and number of
species used ilChapters 3, 4and 5.

Number of
Chapter Morphological data Ecological data species
fllengths othumerus, fvegetation type 131 living specie
radius, femur, tibia
fbrachial and crural fitrophic level
index
Chapter flbody mass
3 TMaximum Running
Speed
1 Daily Movement
Distance
fifoot posture
{brachial and crural flvegetation type 392(154 fossils
index and 238 living)
Che:lpter fbody mass fitrophic level
fgreatest skull length fdiet
fllocomotor behaviour
fil8oxygen
fil3d3 carbo
Chapter fHumerus 3D models fvegetation type 136 (39 fossils
5 and 97 living)
{percentage of tree
cover




Species taxonomy and phylogeny

| focussed th€hapter 3analyses on a sample of 131 living mammals (Table 2.2).
In detail, the MRS database included 76 species representing 22 Carnivora, 11
Perissodactyla, and 43 Artiodactyla, while the DMD database included 111 species
representing 54 Carnivora, 8 Perissodiactand 49 Artiodactyla. The functional indices
used inChapter 4to study the disparity through time focussed on a sample of 392 species
from the order Acreodi (1), Artiodactyla (173), Carnivora (152), Cimolesta (4),
Condylartha (2), Creodonta (5), Dinocerata (1), Notoungulata (3), Perissodactyla (45) and
Procreodi (1). Finally, the humerus models collecte@hapter Srepresented 41
Carnivora, 77 Artiodactyla, and 18 Perissodactyla species.

Table 2.2. Summary table showing the total number of species included in the

phylogenetic tree and the number of species per order used in each data analysis

chapter.

Speci used in usedhialpp used i n

numbei 3 4 5

MRS DMD

Acreod 1 - - 1 -
Arti od. 196 4 3 49 173 77
Carni v 166 22 54 152 41
Ci mol e 4 - - 4 -
Condyl 2 - - 2 -
Creodo 5 - - 5 -
Di noce 1 - - 1 -
Not oun: 3 - 3 -
Peri ss. 52 11 8 45 18
Procre: 1 - - 1 -

The independence of data points is assumed by all statical mdtbaas/er, when
data were acquired from organisms, this assumption is violated because organisms share
their evolutionary history. To account for the Aradependence of acquired data in
statistical studies, | assembled an informal supertree including~gir¢ 2.1) both living
and fossil species using four different backbone topologies for Artiodactyla, equids,

rhinoceros, and Carnivora (Appendik.

47



> @
3 g Q
T o B3 &
R RN
2L 23S TS
A 3 £ 3 & § 9
fe) - = R S o
% = S 3
(e} < Q O (/]
% 2 2 rg & &L
Py 2. > P L& & e
S, o o Q & . @
& ) * 8) O N X\
@zb 4. @ < 2 © G\ 'b(} . @@ 60(\
% O oS 83 S ™ o
Q... © > 0 == EN Q' e \
Y o o= s o [ O < e 3@
% 2o, \ 25 %329 K/ of GO
% \ B \s & W o
'Olﬁor ~ %»E\» 9’(‘0
a ,0@ %@ 6 \"‘dae
e, 6{9 N‘\m‘fa ida
O% 9 V-Nerﬂ
fas, ot Ay ’2/}6 aeﬂidae
Rhino cerotin; ©in A Q Hy d
Herpest ae
Aceratheriinae \ £ F; »
. upleridae
Paraceratheriidae hyidae ' A‘ﬂfc‘f Uinz‘athen}'dae g
Hyrachy ' B50% Miglag
odon 2 ’U’c/;,d
Amyn “\e(\ Qe
5 &
- @ i )
U\da P 6\;0(\ C 44@,} .
g PNy Loty log,
0 NS P O
A T 3 % et
Q
o o © EARANCI VI
W\ > =z o, % Sy
o T & D 0%
° D 2 C, T, %
Ry 3 = % 0,
¢ 9 @ 2 e B %
fb @ 5}" Q l"% % @ @‘
N y 2 La N =g s,
e ¥ I ST I ZF ®
S I ooe3ce 3B YD
g 83238 ° %=
F§&seE38 3%
Ry dag 8 g 8 2 °
& 8 =
© ©
®

Figure 2.1. Phylogenetic tree showing theelationships among the major clades of
Carnivora, Artiodactyla, and Perissodactyla.

The Artiodactyla backbone tree followgdranoet al. (2019)and was a time
calibrated molecular phylogeny including 318 living species (90% of living Cetartiodactyla

species) . Perissodatyl ads @eaeik{@13996mds wer e

Cantalapiedrat al.(2017)including both living and fossils of rhinoceros and horses,
respectively. For carnivorans, | used the extant species supertree publidheakatura
and BinindaEmonds (2012)inclusive of the clade time of divergence. There was only one

exception regarding the Caninae phylogeny. It was built following the tree topology
proposed byrzavyet al.(2018)which included fossil species and was assembled by

merging morphology, behaviour, genes, and fossil information providing a more accurate
topology for this clade.

The backbone trees were pruned and merged based on the general mammal
topology ofMurphy et al.(2001) Uphamet al.(2019) andAlvarezCarretercet al.
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(2021) According to these works, Artiodactyla and Perissodactyla formed a polyphyletic
group sister to the Carnivora order.

Fossil taxa, not belonging to the Canidae clade, were then added to the tree of
living species manually based on specific references. Following the morphological tree of
Tabuceet al.(2011) generated using 66 dent al char
were sister taxa. For this reason, even if the phylogeny propodgertogindet al.(2022)
includes only the fAArctocyoni daeo, I c ho
AArctocyonidaeo and AAcreodi 0 as sister |
the polyphyletic group including Artiodactyla, Perissodactyla, and Notoataf@ertrand
et al.2022)

Into the Artiodactyla order, the extindgriochoerusantiquus representing in my
database the unique species belonging to the extinct Agriochoeridae family, was added as
sister to the Merycoidodontidae followifRpiaet al.(2013) The phylogeny of the latter
clade followed the topology #frothero and Foss (2007he clade including both
Agriochoeridae and Merycoidodontidae was sister to the living family of Camelidae
(Mihlbachler and Solounias 2006; Prothero and Foss 2007; Semprebon and Rivals 2010)
The Archaeomerycidae family was merged with both Pecora and Gelocidae(dtadss
and Theodor 2014¥hile the Palaeomerycidae family was included as a sister to the clade
including Giraffidae, Cervidae, Moschidae, and Bovits@chezt al.2010) Due to
their morphologies, the members of the Entelodontidae were thought to be closely related
to suids(Joeckel 1990; Foss 200However, | choose to follow more recent studies based
which is based on both molecular and morphological evidence that placed this family sister
to the Hippopothamidagpauldinget al.2009)

Among Perissodactyla, the Helaletidae family was merged as the sister group of the
living tapirids followingBai et al. (2020) while Hyracotheriumgrangeri, the unique
member of Palaeotheriidae, was merged as the sister to the modern Equidae family
following Janis and Bernor (2019 araceratheriunwas sister to Rhinocerotidae forming
a unique clade sister to the Hyrachyid@Bai, et al.2020)

With regards to the Carnivoramorpha, followirdglliday and Goswami (2013)e
order Cimolesta, here represented by the two families Coryphodontidae and Pantolestidae,
was sister to both Creodonta and Carni vol
Oxyaenidae whose internal topology followed the same proposatrens (2017)

In the Carnivora order, Caninae and Borophaginae were clustered together as the
sister taxon to the Hesperocyoninae tribe within the Canidae fahséng and Wang
2011)while the Amphicyonidae family was considered a sister to all the living Caniformia
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families (Panciroliet al.2017) Following Salesa et al. (2006) the hemicyo@&phalogale
was the sister taxon of both Ursinae and Tremarctine forming the unique clade of ursids
(Van Valkenburgh 2007; MartiBerra, et al. 2014).

Felidae formed a monophyletic group, that included the Felinae and the
Machairodontinae and was interpreted as the sister taxon to the Barbourdid e
Serraetal.2014) Even though the nimravidso phyl
chose to place this group outside the clade including felids and barbour(¥édids+
Serraet al.2016; Panciroliet al.2017) AppendixN includes references for each single
species in the supertree.

To calibrate the supertree, species last occurrences (LDA) were compiled from
paleodb.org (Appendikl) and data for internal node ages were collected from the
literature (AppendidO). Tip and node ages were used to assign branch lengths to the entire
phylogeny. To merge the backbone trees, add missing species (or a whole clade), and
calibrate the final supertree, | used the functree.mergewf the R package RRPhylo
(Castiglioneet al.2022) This tool allowed the addition of new lineages to the backbone

phylogeny and the calibration of internal nodes and terminal branches.

Geometric morphometric

Since the last century, the Geometric Morphometrics Method (GMM) provided
new insight into functional morphology, which for most of the Z¢htury utilised simple
linear measurements such as length, depth, and width of Gdmes® measurements were
compared between them to study organismal morphdddgmset al.2004) The use of
simple linear measurements in morphological studies, however, provided some
inaccuracies related to the shape of the anatomical object under study, the measurement
errors, and also by the fact that linear measurements are not completelydetepe
among then{Adams et al.2004; Zelditchet al.2012) The implementation of the
Geometric Morphometric methods gives some advantages in morphological studies
because it allows to recording of the shape of the anatomical objects eliminating all the
other components that may overestimate morphological difeseor similarities
(Bookstein 1997; Zelditchet al.2012)

Contrary to the traditional linear measurements, geometric morphometrics is based
on the positioning of homologous points, called landmarks, to capture the geometry of
biological objects (from the whole organisms [e.g. fishes] to single bones and gells) b
separating size from shape informat{@wookstein 1989; Bookstein 1997; Adanes al.

2004; Slice 2007; Webster and Sheets 2010; Zeld#tcal.2012) In addition, geometric
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morphometrics provides a great advantage allowing easy visualization of shape changes
within the analysed samp(Bookstein 1989)The main issue with geometric

morphometric data was characterised by the fact that it generates a highly multivariate
dataset. In three dimensions, each landmark is characterised by 3 coordinates (along an
idealisedx, y andz axes;Webster and Sheets 2010; Zeldjtehal.2012; Bai and Yang

2014) Basic geometric principles allow extracting size information using the centroid size
(which represents the square root of the sum of the squared distances between each
landmark and the centroid [barycentre of the landmark configuraBookstein 1989)
Although centroid size represents only one phenotypic descriptor of the size of the object
analysed using landmarks, the shape is instead extracted using several registration
procedures. The commonest one is the Generalised Procrustes Analysis ahesitirap
translation, rotation and scaling of each landmark configuration so that a new set of
coordinates can be generated: the Procrustes coordiRate$ and Slice 1990Rotation,
translation, and scaling allow to remove of all the-sbape information related to the size
and the position of the anatomical object in the spRoélf and Slice 1990)

In 3D data, increasing the number of landmarks generates an almost exponential
increase in the number of variables [e.g. 3 landmarks corresponds to 3 (number of
landmarks) x 3 (dimension per landmarks) = 9 Procrustes coord{iéebster and Sheets
2010]. For this reason, the application of dimension reduction techniques such as Principal
Component Analysis (PCAookstein 1997)s customary to interpret and visualise shape
variation between specimens using geometric morphometrics. Visualisation of specimen
shape changes along the PC axis can be accomplished with several strategies the
commonest being the thin plate spl{iBookstein 1989although recent advances in 3D
graphics allow warping 3D scan of real specimens and this is the method employed for the
last chapter of my thes{Klingenberg 2013)More details on GMM methodology are in
Chapter5Mat eri al s and Methods section named

Long bones ecomorphology has been validated several times in ecomorphological
studies focused on mammals using linear measurerfianrgo and Vizcaino 2008;

Meloroet al.2013; Eltonet al.2016; Pancirolet al.2022) while the relationships

between long bones and vegetation cover type have been validating only in few instances
(Etienneet al.2021; Kovarovieet al.2021) For this reason, | chose to use the geometric
morphometric aiming to provide new insights into the humerus ecomorphology of large

mammals.
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General Phylogenetic Comparative Method
Comparative methods to test the hypothesis at an interspecific scale

When statistical analyses are applied to explore interspecific variation, the
assumption of the independence between data points is missing due to the shared
evolutionary historyFelsenstein (1985%yas the first to propose a method named
phylogenetic independent contrast (PIC) that accounts for the phylogenetic bias in
i nterspecific datasets where generally e:
value.Martins and Hansen (199p@)ovided an alternative method to the PIC named
Phylogenetic Generalized Least Squares (PGLS). This new method is an extension of the
l i near model accounting for phylogeny. TI
equation, y is the dependerarable, X is the independent variable, b is the regression
coefficient, and U is the error term. I n
to have a normal distribution, however, when data points belong to different species that
share commoancestry the observation cannot be independent. In the PGLS the error term
IS represented by the covariance matrix obtained from phylogenetic relati@Rship
2001)

Rohlf (2001)compared both the PIC and PGLS methods to be geometrically
equivalent and able to produce the same exponents in linear nRidefeduce the sample
size to R1 (where n is the species number) while PGLS allows to retention of the full
sample size and appears to be more flexible especially when applied to multivariate
datasets. Indeed, PGLS has been largely employed in largetdateclusive of both living
and fossil taxgMeloro et al.2008; Piraset al.2010; Raiget al.2010; Shultz and Dunbar
2007; Shultz and Dunbar 2006)

Revell (2010)ntroduced a more rigorous approach to PGLS that includes the
estimation ofP a g €199®)$ambda parameters so that the input data followed the
Brownian Motion model using the maximum likelihood. Once estimated, the lambda
parameter is used to rescale thglpgenetic tree branch lengths giving information about
the phylogenetic signal affecting the data so that: lambda = 1 is equivalent to leaving the
tree unchanged and the traits evolving according to the Brownian Motion and lambda =0
means that the trdecomes a star phylogeny and the traits evolve independRethell
2010) Lambda is less sensitive to type 1 errors and so was preferrg@Rbeeti 2010)

In this thesis, all tests looking at the association between morphology and
locomotory performance, computedG@mapter 3were implemented in PGLS with lambda
estimated using the maximum likelihood.Ghapter 4 | employed the PGLS methods to
investigate the relationships between long bones functional ratios with both body mass,
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greatest skull length, and ecological data. Finall;hapter 5] used PGLS to investigate
the relationships between humerus morphologies and the percentage of low tree cover.
In Chapters 3and4, the fitted models were compared using the Akaike Information
Criterion (AIC) computed following the formula AIC=2RIn(L) where K is the number of
independent variables and L is the likelihood which describes how well the model
reproduces the data. Thedhe | s wi th the | owest AI C and
selected as the best models.
Phylogenetic comparative methods were also us&hapter 4to correct
morphological disparity with the inclusion of ancestral state estimated at the branch of the
phylogenetic tre¢Brusatteet al.2011) A procedure that was already shown effective in
other clades and allows also to account for the sampling incompleteness of the fossil recort
(Brusatte et al.2011; Brocklehurst 2017; Lamsdell and Selden 2017; Wilberg 2017)
Finally, inChapter 5] implemented a new function, based on the work of
Kovarovicet al.(2011) which compares a set of linear discriminant analyses or
phylogenetic flexible analyses. | used the new function cathethpare.lao assess the
accuracy of both phylogenetic and Aoimylogenetic discriminant functions to predict
vegetation type in fossil mammals. The newly implemented function has been applied to
the whole sample including both Carnivora and ungulates togethen hothttaxa

separately.
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3. Chapter 3: Locomotor efficiency in terrestrial mammals:

what determines long bone limb lengths?

Abstract

The locomotor efficiency in terrestrial mammals is of interest for the
palaeobiological reconstruction of species assemblages and understanding of functional
shifts during evolution. Even if several studies investigated the relationships between long
bonelength and functional ratios with locomotor performance there are still some
unexplored factors. It is unclear what the best morphometric descriptor of locomotor
performance in mammals is, and how foot posture, vegetation type, and trophic levels
might impact the functional relationship between limb morphometry and locomotor
performance. By using Phylogenetic Generalised Least Squares regression, | tested the
association between humerus, radius, femur, and tibia lengths, and brachial and crural
indices witheither maximum running speed or daily movement distance accounting also
for the influence of body mass and ecological categories. For each couple of variables, |
compared |l inear and polynomi al model s usi
follow a polynomial trend in association with both proxies of locomotor performance and
body mass. Results showed zeugopodia lengths were mainly linked to maximum running
speed, while stylopodia were weakly associated with daily movement distances. However,
the grongest predictor of maximum running speed was the radius to humerus ratio. When
accounting for the allometry, radius and tibia lengths were found to be possibly involved in
the elongation of long bones to improve running speed, while no instance Gtaiyre
concerned daily movement distance. Accounting for the trophic levels and vegetation type,
both the radius to the humerus and the tibia to femur ratios were found to provide the best
fit for running speed, representing good tools for the investigati locomotor
performance through time. Overall, these results showed that the long bones were
constrained in their evolution between physical and phylogenetic constraints. Yet, all these
relationships were weak suggesting that long bones did not ewatvaximise locomotor

performance.

Introduction
The link between postcranial morphology and locomotor performance is well
established in vertebratésappelman 1988; Losos 1990; Carridoal. 2014; Janis and
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Martin-Serra 202Q)Mammals in particular evolved different kinds of limb morphologies
in relation to multiple functions including food manipulation, fighting, and locomotion
(Brown and Yalden 1973; Carrier 2002; Polly 2007; Morris and Brandt 2014etlaly
2012)

Morphological changes occurring during the evolution of limb bones in terrestrial
mammals have been related to increasing performance in locomotor fu(@&idend and
Janis 1993; Janis and Wilhelm 1993; Levemn@l.2017; Dick and Clemente 2017)

The relationship between limb bone anatomy and measures of locomotor efficiency
has been investigated with a large variety of morphological and physiological variables in
various datasets of different taxonomic compositi@weland 1983; Bertram and
Biewener 1990; Garland and Janis 1993; Christiansen 1999b, a:Dia#€002;

Lovegrove 2004; Blanco and Gambini 2007; Mafirraet al.2014) In these studies of
terrestrial mammals, the maximum running speed and daily movement distances are the
most common variables used to measure locomotor efficiency.

Maximum running speed (MRS) is crucial for predators to capture prey and for the
latter to escape predators. Therefore MRS affects the survival of both predators and prey
(Martin-Serra et al.2014) Mammals well adapted to fast locomotion are defined as
Acursorial 6. Cursori al ma mmal s <«wsorialved s
species, such as long limb bones, elongated distal elements (metapodials), especially in th
hindlimb, reduction®f limb movements, and the evolution of digitigrade or plantigrade
stance that was involved in the elongation of the lig@arland and Janis 1993; Polly
2007) Because during fast running, speed increases as a function of the stride, and longer
limbs mean longer stridé€hristiansen 2002}he relationship between fast running and
long bone elongation was the object of several sti@adand and Janis 1993; Janis and
Wilhelm 1993; Christiansen 2003)sing a database of 49 cursorial Carnivora,

Artiodactyla, and Perissodactyl@arland and Janis (199f)und that the functional

met atarsal to femur ratio (i.e. the Acur
significantly correlated with MRS even when major orders were analysed separately.

Later, the same conclusions were supporte@luystiansen (2002¥ho investigated not

only the relationships between the cursorial index and speed but also considered other
traits such as the brachial index (i.e., the radius to humerus ratio) and the crural index (i.e.
tibia to femur ratio) in a dataset including 7@sies belonging to the same orders already
investigated by Garland and Janis (1993). With such a large d&hsstjansen (2002)
concluded that the radius to humerus ratio is the best proxy for predicting speed in
mammals. According to the biomechanical theory, only the metatarsal to femur ratio,
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which reflects the degree of elongation of the distal elements (i.e. the metatarsal) relative tc
the proximal elements (i.e. the femur), may indicate the degree of cursoriality in mammals
(Garland and Janis 1993). However, the finding€lwfistiansen (2002jnply that distinct

limb segments can be linked to speed more efficiently than biomechanical theory would
predict.

By contrast, daily movement distance (DMD) is a key aspect of locomotor
efficiency representing the distance per day travelled by species in search of food. Those
species, travelling for long distances, need to acquire sufficient food reducing the cost of
transportJanis and Wilhelm 1993; MartiBerra et al.2014) The advanced hypothesis on
DMD is that limb proportions evolved to optimise the cost of transport for food search
(Garland and Janis 1993; Janis and Wilhelm 1993; Lovegrove 2004; Lewerald?017)

The relationships between long bones and DMD in ungulates were validated for a large
sample of mammaldontzer and Kamilar 2009 owever Janis and Wilhelm (1993)
identified a link between body size and home range size (used as a proxy for daily
transport cost) in large ungulates, but not in Carnivora. Akwis and Steudel (199d)d

not find a significant correlation between hind limb length and DMD in a sample of 64
living Carnivora.

Ecological factors, such as vegetation, substrate preference, and locomotion mode,
were also shown to impact the evolution of limb bones in disparate orders of living
mammals such as Xenarthra, Rodentia, Carnivora, ungulates and P(Bhate2001,

2002, 2006; Meloro 2011; Meloet al.2013; Carrizoet al.2014; Schellhorn and
Pfretzschner 2015; Sered al.2020; Toledcet al.2021; Etiennest al.2021) Levering et

al. (2017)found that the functional radius to humerus ratio increases gradually from closed
to open habitat in modern African ungulates. The habitat type has also been shown to
influence humerus, radiugna, and femur morphologies in bovid@&ppelman 1988;
Kovarovic and Andrews 2007; DeGusta and Vrba 2003, 2005; Barr 2014, 2015; E#enne
al. 2021) As regards the Carnivora, the link between habitat type and humerus
morphologies was found in feligMeloro, et al.2013)while, the analysis of a larger

sample, including also canids, did not find correlations between hindlimb size and shape
with the substate preferences (i.e. cursorial, scansorial, arboreal, semifossorial,
semiaquatic, and terrestridfiartin-Serra et al.2014) The factor most influencing the

length and proportion of the hind limb in Carnivora, which includes the main ungulate
predators, seems to be related to their hunting ritddeis and Steudel 1997)

Lovegrove (2004analysed patterns of unguligrade and digitigrade evolution in
relation to MRS, suggesting more distally elongated limbs increase locomotor
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performance. He suggested that the shift through unguligrade morphologies entailed a loss
in the number and functionality of digits, and most importantly the elongation of the
metacarpus and metatarsus. All these changes allowed ungulates to increase their
locomotor performanc@.ovegrove 2004; Lovegrove and Mowoe 2013pwever, it is

known that locomotor performance, in terms of MRS, decreases with increasing body size
(Garland 1983; Iriartd®iaz 2002; Lovegrove 2004; Lovegrove and Mowoe 20t 3)as

shown multiple times the relation between body mass and speed follows the polynomial
relationship(Garland 1983; Iriartd®iaz 2002; Lovegrove 2004karland (1983yvas the

first to describe this relationship, identifying mammals weighing about 119 kg as the
fastest runners, however, due to structural limitations, the largest mammals are not the
fastest (Figure 3.1).
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FiG. 1. Maximal running speeds (MRS) of 107 species of mammals (data from Table I). Dashed line represents
allometric equation for all mammals (except sloth, represented by “S”), with a slope of 0-17 (see Table II). Solid
curve represents a polynomial regression equation that fits the data significantly better (see text eq. (1)). An optimal
body mass for running ability is suggested; approximately 119 kg.

Figure 3.1. Figure showing the relationship between body mass and maximum

running speed in mammals. This figure came fronfGarland 1983)

Lovegrove (2004)dentified the same constraint for unguligrade species, indicating
that medium size herbivores are faster than large ones. For this reason, the author suggest
that unguligrade increased body size to maximise cellulose fermentation rather than fast
running. On the other hand, digitigrades are constrained to medium bodi.@vagrove
and Mowoe 2013pecause, depending on their hunting mode, some carnivorans use claws
to catch prey, and more importantly they can hunt on a wider range of prey size.

Despite all these investigations, literature still lacks a comprehensive framework to

understand the evolution of limb segments and proportions in ungulates and their most
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direct competitors: the Carnivora. Because of this mosaic of knowledge about long bone
morphometries and their relationships with locomotor performance and ecology, |
investigated the relationships between each single bone length and functional ratios with
MRS and DMD in this Chapter using the Phylogenetic Generalised Least Squares
regression. My goal was to find the best predictors of mammalian speed and distance
travelled per day that might be used to reconstruct locomotor performance in fossil species
To accomplish this, | compiled a database of mammals long bone linear measures and
ratios, as well as their maximal running speed and daily movement distance. | hypothesisec
that if long bones developed to improve locomotor performance;léguged mammals

would run fastest and/or travel the greatest distance per day. Previous research, however,
revealed that the capacity of the long bone to sustain the body decreases as body size
increases. Selection promoted changes in skeletal components to avoichsteases

affecting locomotor ability{Biewener 199Q)For this reason, in this Chapter, | also account
for the effect of body size on the relationship between long bones and both MRS and
DMD. Garland (1983described a polynomial relationship between body mass and MRS
suggesting larger mammals were not the fastest. Therefore, in this study, | also compared
both linear and polynomial regression for each model fitted in order to clearly understand
the shape athe relationship. Finally, | accounted for the effects of foot posture, vegetation

cover, and trophic level in the PGLS models.

Materials and Methods
Data collection

To validate the relationships between limb bone morphologies with locomotor
performance in living species using the regression method, | collected long bone lengths
and both maximum running speed (MRS) and daily movement distances (DMD) as
measures of locnotor performance as species specific values. Morphological data
representing overall 131 living species (Appendix A), chosen based on the data available
for both MRS and DMD, were collected from the literature. 114 maximum running speed
values, covering@ extant species (Appendix B), were mainly sourced f@arland and
Janis (1993andChristiansen (2002PDaily movement distance, by contrast, was collected
for 111 living species (Appendix D). The car speedometer was used to obtain the majority
of the MRS measurements out in the field. The speed of the large mammals was possibly
measured incorrectly usingis technique an@hristiansen (2002 stimated that the

average speed of these mammals exceeds approximately 10 km/h the real values. The 16:
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DMD values were obtained from 32 different sources, however, most of the values came
from Pontzer and Kamilar (200@ndMartin-Serra et al.(2014)

For each sampled species, | collected also humerus, radius, femur, and tibia lengths.
Long bone measurements were used to compute the brachial index, which is the radius to
humerus ratio (R/H), and the crural index, which is the tibia to femur ratio @llfhe
long bone measurements came principally f(@hristiansen 1999b)n order to study the
links between long bones and locomotor function while taking the allometric effect into
account, | also collected body mass. The allometry was accounted for using residuals taker
from regressions of body mass with long bones, MR8 ,2MD. Body mass values were
collected in literature from different sources. Long bone linear measurements and body
massspecies specific valuese available in Appendix A.

To control for the influence of several potential factors affecting limb bone
morphometry, tategorized species based on three critgrfapt postureii) vegetation
type andii) trophic level.

Because it was hypothesised that cursorial adaptation, shared by both digitigrade
and unguligrade, improves locomotor efficiency in large mamf@sdsland and Janis
1993; Janis and Wilhelm 1993)choose to investigate the influence of foot posture in the
relationship between long bones and locomotor performance. The foot posture category
(Table 3.1; Appendix D) represents the degree to which the mammalian pes contacts with
the ground during laamotion. The classification scheme followed the same proposed by
Carrano (1997andKubo et al. (2019)showing a gradient between the blke
plantigrade stance, where the entire foot makes contact with the ground, and the
Artiodactyla and Perissodactylite unguligrade stance, where only the distal phalanx
makes contact with the grouf@arrano 1997; Kuheet al.2019) The intermediate group,
resembling both canids and felids, was represented by the digitigrade posture, which
occurs when all the phalanges make contact with the gi@ardano 1997; Kuhcet al.
2019)

Table 3.1. Summary table for the foot posture category

Category Contact with ground MRS DMD
Plantigrade entire foot 8 22
Digitigrade all the phalanges 14 31
Unguligrade only distal phalanx 54 58
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Also, the vegetation type has been shown to shape the long bone morphology in
both carnivoransand ungulates, separatéKovarovic and Andrews 2007; Melaqret al.
2013; Eltonet al.2016; Etienneet al.2021; Kovarovic and Scott 2014; Kovaroetal.
2021) | collected the vegetation cover category (Table 3.2; Appendix E) in order to
increase our knowledge of the relationships between long bone morphometry and
locomotor performance in relation to the different vegetation cover. To this aim, | collected
vegdation preferences for living species from theN Red List of Threatened Species
website To estimate the vegetation category, | created en matrix, wheren were the
species andhthe vegetation types.collectedthe suitable habitafsom the IUCNRed
List of Threatened Speciesly if the habitats were indicated lagving major importance
for the specied-or each specietscored the presence in the open habitats (Savanna,
Grassland, and Desert) ds in closed habitats (Forest and Shrubland) as 1, and the
absence as 0. After summing the rows of the matrix, positive values classified species as
closed habitat adapted anégative values classified species as open habitat adapted;
species with scores equal to zero were classified as mixed (sé&éehts0, et al.2013)

For example, the red dedZdrvus elephysvas found to inhabit forest (1), shrubland (1),
and grassland 1), the sum of these values (21)Lis 1 indicating that the red deer lives
preferentially in closed vegetation. BdtlhsusmaritimusandHippopotamusamphibius,
which spend long time close to bodies of water were in the wetland category.

Since on the IUCN database data for domesticated species are not available,
Bubalus bubalis, Bos grunnier®gstaurus,Ovisaries,andCaprahircuswere included in
the domesticated category. Although, | used this category only in analysing the link
between long bones and DMD.

Table 3.2. Summary table for the vegetation category

Category MRS DMD
Open 34 35
Mixed 22 33
Closed 18 36
Wetland 2 2
Domesticated - 5

Finally, I hypothesised that if the long bones evolved to maximise running speed in
the predatoprey system, the trophic level may have impacted the long bones evolution.

Species body mass ranges were taken into account when defining the trophic level
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category (Table 3.3 he large predators category was base@aronect al. (1999)and
included carnivorans weighing more than 21.5 kg and capable of killing ungulates larger
than themselves, even though | am aware that large and small prey feeders may occur
across the whole body mass range of carnivof2asCuyperet al.2019) Large

carnivorans are thought to have the greatest impact on prey biomass and ecosystem
functioning(Hoekset al.2020) The small predators category included carnivorans < 21.5
kg specialized in small vertebrates (i.e. small birds or lizards) and invertef@atbsne

et al.1999; Carbonet al.2007) The large prey category included all ungulates between

10 and 900 kgkstes (19743uggested that ungulates weighing up to 450 kg were key prey
in savannah ecosystems and this appears to be also likely for ancient ecogyisienas

et al.2007; Meloro and Clauss 201Analyses of food webs suggested that predators
generally had an impact on all ungulates up to 900 kg as these can be easily predated
(Sunqui st and Sunqui st 198lewing@wreSmithS mi t h
(1988) the megéaherbivore category included all taxa over 900 kg. Due to their large body
mass, these species were assumed to be virtually immune to predation, although their
function within the ecosystem was critical for nutrient cycling. Ursids were mertged in
specific category because these members of the Carnivora did not show specific predatory
morphologies. They hunt only occasiondMartin-Serraet al.2016; Ferrettet al. 2020)

and one species)(sus maritimuy preys preferentially on seglsersenet al.2013; Florko

et al.2021) a group not considered for this study. Finally, the red pahitla\is fulgen¥

was included in this category even though it is not an ursid as it isadeglited to a mostly
folivorous diet(Rokaet al.2021) This classification scheme is available in Appendix F

with the average and range of body mass computed for each species. The trophic level
category also included the small prey group defined by ungulate weighting less than 10kg.
However,Madoqua kirkij was the only species in this category and for this reason was

excluded from the analyses accounting for the trophic level.

Table 3.3. Ranges of body mass used to define the trophic level category.

Category Definitions MRS DMD
Large Predators 021.5 k 8 13
Large Prey 010 kg 49 50
Small Prey <10 kg 1 1
Megaherbivores O 900 k 4 6
Small Predators <21.5 kg 11 33
Ursidae - 3 8
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Finally, to account for the phylogenetic effect in studying the relationships between
collected variables, | employed the supertree describ€tiapter 2once removed all the

additional species (AppendM).

Phylogenetic Generalized Least Squares

I employed the Phylogenetic Generalized Least Squares (PGLS) me#tadytdhe
relationships between limb bone lengths and functional ratios with body mass, MRS, and
DMD using the functiompglsin the R package cap@@rmeet al.2018) Analyses were
performed both accounting for (|l ambda = .
phylogenetic effect [i.e., equivalent to apply and Ordinary Least Squares (O&fp]ied
also both the linear (in lepg space) and polynomial models and compared them using the
Akaike Information Criterion (AIC) in order to better understand the shape of the
relationship between depend and independent variables. The best modeleste] only
when @AI C was | arger than 2, otherwise, |
supported. Because the AIC approach was used to choose the model that best represents
the variance of the independent variable using the minimum numpararheters, when
both linear and polynomial models were found to be equally supported, | chose to use the
linear model to compute residuals from the relationships with body mass because it is a
simpler model.

When polynomial models were the bespported, | calculated the curve break
point to investigate where the function changes from increasing to decreasing or vice versa
using the functiosegmented n t he A s e g meMuggea2008)egmeatedk a g e
function, starting from a simple linear model, estimates a new model having a breakpoint
where the linear regression changes along the independent variable. However, this methoc
did not take the phylogeny into account in the breakpoint estimation.

Before the analyses, all data were logtEhsformed, with the exceptions of the
residuals. All the analyses were computed in the R software version 4.1.2 (R Core Team
2023).

In summary, | fitted the following PGLS models:

1) body mass (independent variableysudong bone measurements, MRS, and
DMD (independent variable variables).

2) long bone measurements (independent variaelesusMRS (dependent
variable).

3) long bone measurements (independent variaelesusDMD (dependent

variable).
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After, | extracted residuals from the best regression model computed at point 1 and used
them to repeat points 2 and 3. Finally, fiteed all the linear models employing the
ecological categories as additional independent variables. Because MRS anshBid®

only 30 species, the analyses involving body size were performed separately for the MRS

and DMD datasets (Tables 3.8.5). All the described models were also fitted using the
OLS method.
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Table 3.4. MRS dataset. Logo transformed humerus, radius, femur, and tibia lengths in mm, radius to humerus (R/H) and tibia to
femur (T/F) ratios, body mass (BM) in kg, and Maximum Running Speed (MRS) in km/h mean values representing 76 species. Foot
posture (D: digitigrade, P: Planigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated),
and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred: Small Predators, SPrey: small prey;
U: Ursidae).

foot vegetation trophic

Species Humerus Radius Femur Tibia R/H T/F BM MRS posture cover lever
Carnivora

Hyaena hyaena 2.30 2.34 2.33 2.28 1.02 0.98 1.50 1.70 D @) Lpred
Crocuta crocuta 2.32 2.34 2.37 2.27 1.01 0.96 1.72 1.80 D O Lpred
Felis margarita 2.01 1.98 2.05 205 0.98 1.00 0.71 1.54 D O SPred
Acinonyx jubatus 2.35 2.36 2.40 241 1.00 1.00 1.74 2.03 D O Lpred
Panthera tigris 2.49 2.42 2.49 249 0.97 1.00 2.17 1.75 D M Lpred
Panthera pardus 2.32 2.42 2.47 242 1.04 0.98 1.67 1.78 D O Lpred
Panthera leo 2.48 2.43 2.47 247 0.98 1.00 2.22 1.76 D M Lpred
Canis lupus 2.34 2.35 2.38 2.30 1.00 0.97 1.59 1.81 D M Lpred
Canis latrans 2.21 2.21 2.23 225 1.00 1.01 1.07 1.78 D M SPred
Canis aureus 2.11 2.12 2.17 217 1.01 1.00 0.95 1.75 D M SPred
Canis mesomelas 2.07 2.10 2.14 215 1.01 1.00 0.89 1.78 D @) SPred
Lycaon pictus 2.25 2.27 2.30 230 1.011.001.41 1.83 D M Lpred
Vulpes vulpes 2.08 2.06 2.10 2.14 0.99 1.02 0.76 1.78 D M SPred
Urocyon cinereoargenteus  2.00 1.97 2.05 2.06 0.98 1.00 0.60 1.72 D C SPred
Meles meles 2.01 1.94 2.05 2.00 0.97 0.98 1.06 1.48 P M SPred
Gulo gulo 2.13 2.04 2.16 2.12 0.96 0.98 1.15 1.65 P C SPred
Procyon lotor 2.00 1.98 2.07 2.07 0.99 1.00 0.78 1.24 P C SPred
Nasua nasua 1.94 1.91 2.02 2.00 0.98 0.99 1.05 1.43 P C SPred
Nasua narica 1.92 1.84 1.99 1.95 0.96 0.98 0.46 1.43 P C SPred
Ursus americanus 2.45 2.39 2.47 2.39 0.98 0.97 2.07 1.68 P C U
Ursus maritimus 2.52 2.47 2.62 250 0.98 0.95 2.74 1.65 P wW U
Ursus arctos 2.54 2.47 2.57 2.44 0.97 0.95 2.28 1.68 P C U
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Perissodactyla
Tapirus terrestris
Tapirus bairdii
Ceratotherium simum
Diceros bicornis
Equus caballus

Equus hemionus
Equus asinus
Artiodactyla
Phacochoerus aethiopicus
Tayassu pecari

Pecari tajacu
Syncerus caffer

Bison bison

Bison bonasus
Taurotragus oryx
Taurotragus derbianus
Boselaphus tragocamelus
Aepyceros melampus
Ourebia ourebi

Saiga tatarica
Antidorcas marsupialis
Gazella granti

Gazella thomsonii
Gazella dorcas
Gazella subgutturosa
Antilope cervicapra
Madoqua kirkii
Oreamnos americanus
Ammotragus lervia
Rupicaprarupicapra

2.37
2.40
2.65
2.64
2.50
2.39
2.38

2.35
2.13
2.16
2.52
2.58
2.52
2.48
2.54
2.42
2.27
2.08
2.18
2.15
2.25
2.10
2.05
2.14
2.16
1.88
2.37
2.28
2.28
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2.29
2.33
2.59
2.59
2.57
2.47
2.45

2.22
1.97
1.98
2.49
2.53
2.50
2.49
2.54
2.47
2.35
2.15
2.23
2.24
2.33
2.19
2.13
2.22
2.24
1.94
2.33
2.30
2.28

2.50
2.51
2.71
2.68
2.63
2.52
2.50

2.34
2.15
2.18
2.60
2.64
2.61
2.58
2.62
2.52
2.38
2.22
2.25
2.27
2.37
2.23
2.17
2.24
2.27
2.00
2.43
2.34
2.33

2.39
2.39
2.57
2.57
2.58
2.48
2.48

2.32
2.13
2.15
2.60
2.61
2.60
2.61
2.62
2.54
2.33
2.29
2.32
2.36
2.46
2.34
2.28
2.34
2.36
2.13
2.46
2.39
2.43

0.97 0.95 2.17
0.97 0.95 2.36
0.97 0.95 3.33
0.98 0.96 3.16
1.03 0.98 2.30
1.03 0.99 2.46
1.03 0.99 2.18

0.95 0.99 1.83
0.92 0.99 1.49
0.92 0.98 1.40
0.99 1.00 2.66
0.98 0.99 2.76
0.99 1.00 2.64
1.00 1.01 2.59
1.00 1.00 2.84
1.02 1.01 2.33
1.03 0.98 1.66
1.03 1.03 1.24
1.02 1.03 1.65
1.04 1.04 1.53
1.04 1.04 1.61
1.04 1.05 1.25
1.04 1.05 1.28
1.04 1.04 1.44
1.04 1.04 1.57
1.03 1.07 0.69
0.98 1.01 1.95
1.01 1.02 1.95
1.00 1.05 1.57

1.60
1.60
1.51
1.65
1.83
1.83
1.74

1.74
1.54
1.54
1.76
1.73
1.75
1.85
1.84
1.68
1.79
1.70
1.87
1.94
1.91
1.91
1.90
1.99
2.00
1.62
1.52
1.91
1.70
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Rupicapra pyrenaica
Ovis canadensis

Ovis ammon

Capra caucasica
Ovibos moschatus
Hippotragus equinus
Hippotragus niger
Connochaetes taurinus
Connochaetes gnou
Alcelaphus buselaphus
Damaliscus lunatus
Damaliscus hunteri
Odocoileus virginianus
Rangifer tarandus
Capreolus capreolus
Alces alces

Dama dama

Cervus elaphus

Giraffa camelopardalis
Antilocapra americana
Hippopotamus amphibius
Camelus dromedarius
Camelus bactrianus
Lama guanicoe
Vicugna vicugna

2.21
2.29
2.37
2.27
241
2.45
2.42
2.39
2.34
2.39
2.37
2.31
2.31
2.39
2.19
2.59
2.27
2.45
2.65
2.28
2.60
2.59
2.56
241
2.27
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2.24
2.36
241
2.23
2.39
2.52
2.49
2.51
2.43
2.51
2.49
2.44
2.34
2.43
2.22
2.62
2.28
2.48
2.83
2.29
241
2.70
2.67
2.46
2.35

2.31
2.42
2.45
2.31
2.45
2.54
2.52
2.49
2.42
2.49
2.45
2.40
2.36
2.45
2.28
2.66
2.37
2.53
2.68
2.36
2.65
2.69
2.69
2.52
2.40

2.39
2.50
2.52
2.37
2.43
2.58
2.55
2.55
2.49
2.55
2.53
2.47
241
2.50
2.37
2.70
241
2.58
2.74
2.43
2.50
2.65
2.62
2.51
2.38

1.01
1.03
1.02
0.98

1.04 1.43
1.03 1.85
1.03 2.09
1.03 1.98

0.99 0.99 2.48

1.03
1.03
1.05
1.04
1.05
1.05
1.06
1.01
1.02
1.01
1.01
1.00
1.01
1.07
1.01

1.02 2.38
1.01 2.28
1.03 2.10
1.03 2.20
1.02 2.31
1.03 2.08
1.03 2.01
1.02 1.99
1.02 2.00
1.04 1.45
1.02 2.72
1.02 1.85
1.02 2.32
1.02 2.90
1.03 1.73

0.92 0.94 3.39
1.04 0.98 2.41
1.04 0.98 2.34

1.02

1.00 1.99

1.04 0.99 1.59

1.70
1.68
1.78
1.65
1.60
1.75
1.76
1.90
1.90
1.88
1.85
1.84
1.81
1.88
1.78
1.75
1.81
1.86
1.76
1.97
1.40
1.62
1.78
1.75
1.67
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Table 3.5. DMD dataset. Logo transformed humerus, radius, femur, and tibia lengths in mm, radius to humerus (R/H) and tibia to
femur (T/F) ratios, body mass (BM) in kg, and Daily Movement Distance (DMD) in km/day mean values representing 111 species.
Foot posture (D: digitigrade, P:Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:
domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred: Small Predators,
SPrey: small prey; U: Ursidae).

foot vegetation trophic
Humerus Radius Femur Tibia R/H T/F BM MRS posture cover lever

Species

Carnivora

Cynictis penicillata 1.72 168 1.76 1.79 0.98 1.02 -0.09 0.51 D 0] SPred
Ichneumia albicauda 1.94 192 200 2.05 0.99 1.03 054 -0.60 D M SPred
Mungos mungo 1.68 160 1.79 1.79 095 1.00 0.10 0.33 P M SPred
Hyaena hyaena 2.30 234 233 228 1.02 098 150 1.28 D @) LPred
Hyaena brunnea 2.32 235 235 227 101 096 1.74 1.46 D @] LPred
Crocuta crocuta 2.32 234 237 227 101 09 172 131 D @) LPred
Genetta genetta 1.85 1.77 189 191 096 1.01 0.28 0.47 D C SPred
Felis margarita 2.01 198 2.05 2.05 098 1.00 0.71 0.78 D O SPred
Acinonyx jubatus 2.35 236 240 241 1.00 1.00 1.74 0.60 D 0] LPred
Puma concolor 2.31 225 239 237 097 099 1.70 0.46 D @) LPred
Lynx rufus 2.16 213 223 221 099 099 0.92 0.49 D O SPred
Lynx lynx 2.24 223 232 231 100 1.00 1.37 0.90 D C LPred
Leopardus pardalis 2.10 207 215 213 099 0.99 1.09 0.49 D C SPred
Leopardus wiedii 1.98 193 2.06 2.050.97 0.99 0.61 0.81 D C SPred
Caracal caracal 2.10 206 220 2.16 0.98 0.98 1.06 0.69 D O SPred
Neofelis nebulosa 2.15 204 221 216 095 0.98 1.26 0.29 D C SPred
Panthera tigris 2.49 242 249 249 097 1.00 2.17 1.00 D M LPred
Panthera onca 2.38 226 246 2.33 095 095 191 0.85 D M LPred
Panthera pardus 2.32 242 247 242 1.04 098 1.67 0.94 D O LPred
Panthera leo 2.48 243 247 2.47 098 1.00 2.22 0.62 D M LPred
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Canis lupus

Canis latrans

Canis aureus

Canis mesomelas
Lycaon pictus
Chrysocyon brachyurus
Speothos venaticus
Cerdocyon thous
Vulpes vulpes
Nyctereutes procyonoides
Otocyon megalotis
Urocyon cinereoargenteus
Taxidea taxus

Meles meles

Martes pennanti

Eira barbara

Gulo gulo

Mustela erminea
Mustela putorius
Mustela nigripes
Mustela nivalis

Mustela frenata

Potos flavus

Procyon lotor
Bassariscus astutus
Nasua nasua

Ailurus fulgens
Ailuropoda melanoleuca
Ursus americanus
Helarctos malayanus

2.34
2.21
2.11
2.07
2.25
241
1.95
2.01
2.08
1.95
1.99
2.00
1.99
2.01
1.97
2.00
2.13
1.40
1.66
1.68
1.48
1.49
191
2.00
1.78
1.94
2.04
2.44
2.45

2.35
73

2.35
2.21
2.12
2.10
2.27
2.44
1.87
1.99
2.06
1.89
2.00
1.97
1.88
1.94
1.85
1.87
2.04
1.22
1.56
1.54
1.25
1.30
1.81
1.98
1.67
191
1.93
2.32
2.39
2.28

2.38
2.23
2.17
2.14
2.30
2.44
2.00
2.07
2.10
1.96
2.06
2.05
1.99
2.05
2.01
2.05
2.16
1.43
1.71
1.71
151
1.52
1.96
2.07
1.82
2.02
2.05
2.44
2.47
2.39

2.30
2.25
2.17
2.15
2.30
2.48
1.95
2.07
2.14
1.95
2.08
2.06
1.89
2.00
2.01
2.01
2.12
1.45
1.72
1.69
1.48
1.53
1.94
2.07
1.81
2.00
2.03
2.32
2.39
2.24

1.00
1.00
1.01
1.01
1.01
1.01
0.96
0.99
0.99
0.97
1.01
0.98
0.95
0.97
0.94
0.94
0.96
0.87
0.94
0.91
0.85
0.87
0.95
0.99
0.94
0.98
0.95
0.95
0.98
0.97

0.97
1.01
1.00
1.00
1.00
1.02
0.98
1.00
1.02
0.99
1.01
1.00
0.95
0.98
1.00
0.98
0.98
1.02
1.01
0.99
0.98
1.00
0.99
1.00
0.99
0.99
0.99
0.95
0.97
0.94

1.59
1.07
0.95
0.89
1.41
1.36
0.93
0.72
0.76
0.85
0.58
0.60
0.78
1.06
0.57
0.67
1.15
-0.68
-0.01
-0.07
-0.17
-0.54
0.42
0.78
0.13
1.05
0.74
2.13
2.07
1.66

1.25
0.98
0.96
1.07
1.00
0.91
0.47
1.01
0.58
0.89
1.08
-0.27
-0.52
0.69
0.70
0.84
1.32
-0.70
0.62
0.15
0.18
-0.82
0.31
0.25
-0.13
0.23
0.33
0.36
0.74
0.16
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Melursus ursinus
Ursus maritimus

Ursus arctos
Tremarctos ornatus
Perissodactyla

Tapirus terrestris
Tapirus bairdii

Tapirus indicus
Ceratotherium simum
Diceros bicornis
Rhinoceros sondaicus
Rhinoceros unicornis
Equus asinus
Artiodactyla

Sus scrofa
Phacochoerus aethiopicus
Pecari tajacu

Syncerus caffer
Bubalus bubalis
Bubalus depressicornis
Bison bison

Bos grunniens

Bison bonasus

Bos taurus
Taurotragus oryx
Tragelaphus scriptus
Boselaphus tragocamelus
Aepyceros melampus
Antidorcas marsupialis

2.36
2.52
2.54
2.42

2.37
2.40
2.40
2.65
2.64
2.61
2.65
2.38

2.33
2.35
2.16
2.52
2.49
2.29
2.58
2.51
2.52
2.42
2.48
2.27
2.42
2.27
2.15
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2.31
2.47
2.47
2.36

2.29
2.33
2.36
2.59
2.59
2.53
2.58
2.45

2.21
2.22
1.98
2.49
2.47
2.25
2.53
2.43
2.50
241
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Results
Allometry

In both the MRS and DMD datasets, body mass was found to be a strong predictor
of all long bone lengths, with regression coefficients always greater than 0.70
(Supplementary Tables 3i13.4). When comparing the linear and polynomial models, the

latter always captured these interactions more accurately (Table-B)6 A

Table36. @®@AI C from models predicting | ong b
mass (BM) in PGLS and accounting also for several ecological categories: foot
posture, vegetation, and trophic | evel .
model with the lowest AIC (i.e., a value of 0.0 indicates the bestpported model

amongst those using the same dataset).

A. MRS database

LB ~ BM LB ~ LB ~BM LB~BI_\/I LB~_BM
BM+BM2 . posture :vegetation :trophic level
Humerus -7.36 -4.28 -6.08 0.00 -11.43
Radius -6.00 -2.35 -2.39 0.00 -11.65
Femur -4.13 0.00 -4.91 -5.22 -4.79
Tibia -3.24 -0.82 0.00 -4.67 -10.16
R/H -2.88 -0.23 -5.14 0.00 -16.48
T/IF 0.00 -1.93 -1.93 -1.12 -6.18
B. DMD database
LB ~ BM LB ~ LB ~BM LB~BM LB-TBM
BM+BM2 . posture :vegetation :trophic level
Humerus -30.50 0.00 -33.11 -8.36 -20.67
Radius -29.48 0.00 -32.05 -15.28 -24.88
Femur -44.30 0.00 -46.02 -32.26 -37.43
Tibia -28.46 0.00 -31.07 -16.55 -25.41
R/H -21.10 0.00 -20.25 -25.45 -23.30
T/IF -0.79 -2.72 0.00 -4.72 -11.40
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In the MRS dataset, the breakpoint for the radius and humerus was 712.099 kg
(Figure 3.2). The computed lambda suggested that the data had a phylogenetic structure
(Table 3.7).

Table 3.7. Summary statistics for the polynomial models predicting long bone lengths
and R/H using Body Mass (BM) in PGLS. P: Parameters; R2: correlation coefficient;

< lambda estimated using PGLS; Significant parameters are in bold.

(MRS dataset) (DMD dataset)
Model P R2 @& P R2 @&
H~BM+BM2 |a 2.32 0.89 0.91|la 2.24 0.92 0.25

bl 1.61 bl 2.79

b2 -0.14 b2 -0.42
R~BM+BM2 |a 2.30 0.73 0.91]a 2.19 0.83 0.52

bl 1.47 bl 291

b2 -0.22 b2 -0.66

F~BM+BM2 |a 2.39 0.87 0.56|a 2.30 0.94 0.13
bl 1.54 bl 2.76
b2 -0.16 b2 -0.50

T~BM+BM2 |a 2.35 0.74 0.80ja 2.27 0.83 0.34
bl 1.23 bl 2.38
b2 -0.16 b2 -0.54

R/H~BM+BM2 |a 0.99 0.06 0.96/a 0.98 0.23 0.83
bl -0.05 bl 0.12
b2 -0.05 b2 -0.15
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Figure 3.2. Long bone lengths and ratios versus body mass scatter plots computed for
the MRS dataset. Yellow lines represent the best fit for the models. When the
polynomial is the best model, the estimated breakpoints are shown. The dotted line
indicates the point of slope change.
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| found that accounting for the ecological categories increased the power of the
models in predicting both the humerus and radius length from body mass (Table 3.6A).
Except for wetland species, the slopes of all groups were similar and positively adsociate

with long bone lengths (Table 3.8).

Table 3.8. Summary statistics for the best models predicting humerus and radius

lengths using body mass in PGLS and accounting for vegetation cover (C: Closed, M:

Mi xed, O: Open, W: Wetland). P: Paramet e
estimated using PGIS. Significant parameters are in bold.

Model P R2 @&

H ~ BM: vegetation a 1.77 0.89 0.65
(MRS dataset) b:C 0.30

b:M 0.30

b:O 0.30

b:.W 0.25

R ~ BM: vegetation a 1.77 0.75 0.91
(MRS dataset) b:C 0.28

b:M 0.28

b:O 0.29

b:W 0.22

The projectedreakpoints for the hindlimbs were 260 kg for the femur and 509.471
kg for the tibia (Figure 3.2). Only the tibia had evolved following Brownian Motion,
according to the estimated lambda (Table 3.7). The polynomial model improved the
prediction of femur legth (Table 3.6A), whereas the model that took into consideration
foot posture was the most powerful for pi
comparing the polynomial (AIC 2202.47) and the model accounting for foot stance (AIC
=-203.29, on thether hand, was less than 2, indicating that both models were equally
supported (Table 3.6A).

The breakpoints calculated for the DMD datdbeimerus = 23kg, radius =
31.311kg, femur = 23kg, tibia = 34.571kg; Figure 3.3) were an order of magnitude lower
than the breakpoints identified for the MRS datéBejure 3.2). In this case, all the
polynomial models were the best supported (Table 3.6B). When considering the DMD
dataset estimated lambdas for all the long bone lengths were more close to 0 than 1, while
according to MRS dataset result&Rvere high (Table 3.7, Supplementary Tablei 3.1

3.4).
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Figure 3.3 Long bone lengths and ratios versus body mass scatter plots computed for
the DMD dataset. Yellow lines represent the best fit for the models. When the
polynomial is the best model, the estimated breakpoints are shown. The dotted line

indicates the point d slope change.

| found that body mass significantly predicted R/H only when the polynomial
regression was taken into account in the MRS dataset (Table 3.6A, Supplementary Table
3.5; Figure 3.2). In contrast, both linear and polynomial models were equally supported
when &xamining the association between T/F and body mass (Table 3.6A; Figure 3.2). All
the models predicting functional ratios returned loaRd lambda values near 1 (Table
3.7; Supplementary Table 3.8). As compared to the polynomial (ABZ4.43), the power
of the model predicting R/H from body mass slightly increased when considering the
vegetationtype (AIC=36 9. 53) . However, @AI C was | owe
group slopes for the model accounting for vegetation cover were not significant

(Supplenentary Table 3.5).
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The DMD dataset provided support for the polynomial models characterising the
correlations between R/H and body mass (Table 3.6B). In the relationship between T/F anc
body mass, the best fitting was obtained when the model accounted for the foot posture
(AIC =-594.46), however, the linear model was equally supported (AE®3.64; Table
3.6B, Figure 3.3).

In PGLS, only the polynomial model statistically explained the association between
body mass and MRS (p < 0.0012:R.17, Table 3.9; Figure 3.4). According to Figure 3.4,
the breakpoint was approximately 53 kg, and the lambda was 0.85 (Cl: 0.59, 0.98; Table
3.9; Figure 3.4). Body mass was found also to predict DMD. The polynomial model
provided the best match betweée variables with a breakpoint estimated at about 1 kg (p
< 0.001; R: 0.16, Table 3.9; Figure 3.4). In this instance, lambda indicateththdata
included no phylogenetic signal [0.18 (NA, 0.61)].
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Figure 3.4. Carnivorans and ungulates maximum running speed (MRS; on the left)
and daily movement distance (DMD; on the right) versus body mass scatter plot. The
estimated breakpoint for MRS is at ~ 53 kg, and the estimated breakpoint for MRS is
at ~ 1 kg. The dotte lines indicate the point of slope change. The yellow line

represents the slope for species weighting more or less than breakpoints.
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Table 3.9. Summary statistics for models predicting maximum running speed (MRS)

and daily movement distance (DMD) using Body Mass (BM)'he regression results

show: (P); ParametersP; parameter 95% interval (95%CI); Ak ai ke ds i nf or i
criterion (AIC; a | ower AI Cc indicates a
difference in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the

bestsupported model amongst those using the same dataset). Sigraht parameters

are in bold.
Linear Polynomial
Model P P(O5%Cl) AIC oAl P P(95%Cl) AIC Al
MRS~BM |a 1.58 (1.38,1.79) -107.95 11.62|a 1.69 (1.57,1.80) -119.57 0.00
b 0.04 (-0.01,0.10) bl 0.11 (-0.18,0.41)

b2 -0.52 (-0.78;0.27)

DMD~BM |a 0.19 (-0.12,0.50) 141.42 5.12|a 0.03 (-0.27,0.33) 136.30 0.00
b 0.26 (0.13,0.39) bl 0.63 (0.33,0.93)
b2 -0.13 (-0.22;0.03)

Bone lengths versus maximum running speed

When | used the PGLS approach to investigate the relationships between long bone
lengths and MRS, | found significant results using both the linear, except for the femur,
and polynomial models (Supplementary Tablesi 3710). In PGLS, the best model
supprting these relationships was the polynomial (Table 3.10).

Table3.100 @Al C summary table for models pred
(MRS) using long bone (LB) lengths in PGLS and accounting also for different

ecol ogical categories: foot posture, veg:
difference in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the

bestsupported model amongst those using the same dataset).

MRS~ MRS~LB MRS~LB MRS~LB

MRS~LB  B+1B2 :posture  :vegetation :trophic level
Humerus -9.51 0.00 -10.47 -7.96 -9.10
Radius -4.30 0.00 -5.39 -3.87 -5.94
Femur -8.75 0.00 -9.60 -7.52 -8.95
Tibia -5.05 0.00 -5.90 -3.24 -6.17
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All the polynomial models identified species with shorter bones than breakpoints to
be positively related to MRS, whereas species with bones longer than breakpoints to be
negatively related to speed (Table 3.11; Figure 3.5).

The breakpoint identified for the humerus length was 146.15 mm (Figure 3.5). The
estimated lambda was 0.88, while the regression coefficient showed the humerus length
explained only 15% of the MRS variance (Table 3.11). By controlling for the ecological
categories, | found no instance of significance (Supplementary Table 3.7).

Investigating the relationship between MRS and radius length in PGLS, | found
changes in the regression lines slope at 135.30 mm (Figure 3.5). The estimated lambda
showed a strong phylogenetic signal in the data structure, but the radius length explained
only 13% of the MRS variance (Table 3.11; Supplementary Table 3.8). When the
ecological categories were taken into account, | found that the power of the model
decreased (Table 3.10). These results showed the length of the unguligrade radius
significantly predicted MRS, as well as the radius length of species living in both mixed
and open vegetation (Supplementary Table 3.8). The radius length of these groups
explained less than 10% of the MRS variation, while the estimated lambdas were close to 1
(Supplematary Table 3.8).

The breakpoints identified for the long bone length of the hindlimbs were higher as
compared to the ones identified for the forelimbs. The breakpoint identified for the femur
length was 177.981 mm (Figure 3.5). The coefficients of determination of thenbésl,
describing the strength of the relationships between femur length and MRS, was 0.15,
while the estimated lambda was 0.87 (Table 3.11). Accounting for the ecological category,
results resembled those for the humerus (Supplementary Table 3.9).

The length of the tibia showed a breakpoint at 179.846 millimetres (Figure 3.5). The
PGLS returned Rnear 0.10 anthmbda close to 1 for the best model indicating that a
weak association between tibia length and MRS occurred and that the traits evolved in
accordance with the Brownian motion (Table 3.11). By controlling the linear model for the
ecological categories,discovered the tibia length of species inhabiting all the vegetation
types, as well as the tibia length of unguligrade predicted MRS (Supplementary Table
3.10).
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Table 3.11. Summary statistics for the polynomial models predicting Maximum
Running Speed (MRS) using long bone lengths in PGLS. P: Parameters; R2:
correlation coefficient; <: lambda estimated using PGLS; Significant parameters are
in bold.

Model P R2 &

MRS ~H+H2|a 1.68 0.15 0.88
bl 0.20
b2 -0.44

MRS ~R+R2|a 1.68 0.13 0.89
bl 0.43
b2 -0.34

MRS ~F+F2 |a 1.68 0.15 0.87
bl 0.25
b2 -0.43

MRS ~T+T2 |a 1.68 0.13 0.88
bl 0.50
b2 -0.34
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Figure 3.5. Long bone lengths and ratios versus MRS scatter plots. Yellow lines
represent the best fit for the models. When the polynomial is the best model, the

estimated breakpoints are shown. The dotted line indicates the point of slope change.

Bone ratios versus maximum running speed

R/H strongly predicted MRS when both linear and polynomial models were used,
although T/F did not (Supplementary Tables 3.BL. 1 2 ; Figure 3.5). I
lower than 2, | was unable tietermine the model (between linear and polynomial) that

best represented the associations between MRS and both functional ratios (Table 3.12).

Table3.12 @Al C summary table for models pred
(MRS) using long bone (LB) ratios in PGLS and accounting also for different

ecol ogical categories: foot posture, veg:
difference in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the

bestsupported model amongst those using the same dataset).

MRS ~LB MRS ~LB+LB2 MRS~LB MRS~LB  MRS~LB
‘posture  :vegetation :trophic level

R/H -5.62 -6.20 -3.99 -4.56 0.00
T/F -12.87 -14.10 -11.47 -7.97 0.00
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The best fit was found accounting for the trophic level category showing the
brachial index of all the groups significantly predicted MRS (Table 3.13). The estimated
lambdas was 0.64 with positive and statistically significant group slopes for all of them
(Table 3.13). For T/F, the best model to infer the MRS using the crural index also
considered trophic levels (Table 3.12; Supplementary Table 3.12). The model returned
lambda = 0.70 and R2 = 0.23. All group slopes were positively correlated with MRS
(Table3.13).

Table 3.13. Summary statistics for models predicting Maximum Running Speed
(MRS) using long bone ratios in PGLS and accounting for trophic level (LPred:
Large Predators, LPrey. Large Prey, MH: Mega Herbivores, SPred: Small
Predators, U: Ursidae). P: Parameters; R2: correlation coefficients: lambda

estimated using PGLS. Significant parameters are in bold.

Model P R2 @&
MRS ~ R/H: trophic level a -0.47 0.27 0.64
b:LPred 2.24
b:LPrey 2.21
b:MH 2.06
b:SPred 2.10
b:U 2.20

MRS ~ T/F: trophic level|a -1.07 0.23 0.70
b:LPred 2.89
b:LPrey 2.81
b:MH 2.72
b:SPred 2.68
b:U 2.87
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Bone lengths versus daily movemdistance
| found all limb lengths significantly predicted DMD using both the linear and
polynomial models in PGLS (Supplementary Tables 8.23.6). As for MRS, the best

supported model was the polynomial with

Table3.14 @Al C summary table for models pred
(DMD) using long bone (LB) lengths in PGLS and accounting also for different

ecol ogical categories: foot posture, veg:
difference in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the

bestsupported model amongst those using the same dataset).

DMD~ DMD~LB DMD~LB DMD~LB

DMD ~ LB LB+LB2 :posture :vegetation :trophic level
Humerus -5.95 0.00 -4.65 -6.40 -5.12
Radius -6.08 0.00 -4.61 -5.48 -5.77
Femur -5.24 0.00 -4.38 -6.27 -4.01
Tibia -7.61 0.00 -6.37 -7.84 -7.73

All the species with long bones shorter than the breakpoints were positively related
to DMD, by contrast, species with bones longer tharbthakpoints show a negative
relation with DMD (Table 3.15; Figure 3.6). The breakpoint for the relationship between
humerus length and DMD was estimated at 127.865 mm (Figure 3.6). In this case, the
estimated lambda was close to zero meaning that thereon@sylogenetic structure in the
data, while the regression coefficient was 0.17 (Table 3.15). When accounting for the
ecological categories, results returned significant and positive slopes for all the ecological
groups (Supplementary Table 3.13). Thmeaesults were found for the radius, femur,
and tibia (Supplementary Tables 3713.16). The estimated lambdas were zero or very
close to it while the Rdid not exceed 0.19 (Supplementary Table 3.13).

A change in slope for the relationship between radius length and DMD was identified
at 260.809 mm (Figure 3.6). The relationship was weak, with the radius explaining only
19% of the DMD variance, while the estimated lambda indicated no phylogeneticisignal
the data (Table 3.15).

The breakpoint for the relationship between femur length and DMD was 144.998
mm (Figure 3.6). Lambda and the determination coefficient were 0.07 and 0.18,
respectively (Table 3.15). Comparable results were found for the relationship between tibia
length and DMD (Table 3.15) with the breakpoint estimated at 187.704 mm (Figure 3.6).
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Table 3.15. Summary statistics for the polynomial models predicting Daily Movement
Distance (DMD) using long bone lengths in PGLS. P: Parameters; R2: correlation

coefficient; < lambda estimated using PGLS; Significant parameters are in bold.

Model P R2 &
DMD ~H+H2|a 0.62 0.17 0.05
bl 2.00
b2 -1.27

DMD ~R+R2ja 0.62 0.19 0.06
bl 2.16
b2 -1.28

DMD ~F+F2 ja 0.62 0.18 0.07
bl 2.14
b2 -1.23

DMD ~T+T2 |a 0.62 0.19 0.06
bl 2.05
b2 -1.46

89



Forelimb Hindlimb

o 2 ©
]27.865mm’

144.998 mm

05 00 05 1.0 15
05 00 05 1.0 15

1 + 09
, &
- 1
@ ¢ O
T T T T T T
14 16 18 20 22 24 26 14 16 18 20 22 24 26
log,, humerus log,, femur
" 1
J @ 4 187.704 mm ' ®

05 00 05 1.0 15

log,,DMD (km/d)
05 00 05 10 15

] _ > @
® o : @
> | ® 9)) 260%09.mm 1o @ o . °
! . [
J T T = T ’_. T I T 1 L T T
15 20 . 25 14 1.6 18 20 . 2.? 24 286
log,, radius log,, tibia
2 . LI © ®
- @“9 @0
(=]
8 - °1 990 @D O
3‘ T 2 7 ‘
o
§ - =10 ®
= o | . .
& N ) Yo
< T T T T T T
0.94 0.96 0.98 1.00 1.02 1.04
T/F

Figure 3.6. Long bone lengths and ratios versus DMD scatter plots. Yellow lines
represent the best fit for the models. When the polynomial is the best model, the
estimated breakpoints are shown. The dotted line indicates the point of slope change.
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Bone ratios versus daily movement distance

Both linear and polynomial models significantly described the relationship between
R/ H and DMD (Supplementary Table 3.17) .
models was lower than 2, | was unable to determine which model was the best (Table
3.16).

Table3.16. @Al C summary table for models pred
(DMD) using long bone (LB) ratios in PGLS and accounting also for different

ecol ogical categories: foot posture, veg:
difference in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the

bestsupported model amongst those using the same dataset).

DMD~ DMD~LB DMD~LB DMD ~LB

DMD ~ 18 LB+LB2 :posture :vegetation :trophic level
R/H -5.43 -4.49 -4.21 0.00 -4.80
T/IF -7.72 -9.63 0.00 -6.17 -2.85
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When predicting DMD using R/H, the model accounting for the vegetation cover
provided the best fit. All the vegetation type groups slopes were statistically significant and
positively related to DMD (Table 3.17, Supplementary Table 3.17). However, al thes
relationships were found not very strong, with the regression coefficient explaining less
than 16% of the DMD variance, while the estimated lambdas were 0.29 (Table 3.17).

| found no instance of significance in studying the relation between T/F and DMD
using both linear and polynomial models (Supplementary Table 3.18), the exception was
the linear model accounting for the foot posture (Table 3.17). In this case, thei@ 6 rat
plantigrade, digitigrade, and unguligrade was found to negatively predicted DMD.
According to the other models, both lambdas afd/&e low (Supplementary Table
3.18).

Table 3.17. Summary statistics for models predicting Daily Movement Distance

(DMD) using long bone ratios in PGLS. R/H best model accounts for vegetation cover
(C: closed; d: domesticated; M: mixed; O: open; W: wetland). T/F best model
accounts for foot posture (D:digitigrade, P: Plantigrade, U: Unguligrade). P:
Parameters; R2: correlation coefficient;<: lambda estimated using PGLS. Significant

parameters are in bold.

Model P R2 &
DMD~RMH: 1. 505 0.16 0.29
vegetation
b:C 5.72
b:d 6.03
b:M 5.82
b:O 5.73
b:W 6.85
DMD ~ T/F : posture| a 5.04 0.10 0.00
b:D -4.35
b:P -4.79
b:U -4.37
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Bone measurements versus maximum running speed residuals

Because | found a significant allometric effect, | computed residuals from the best
supported models describing the relationships between body mass and both MRS and long
bone measures. Then, | reinvestigated the relationships between theesizariabls.

The residuals of stylopodium elements of both the forelimbs and the hindlimbs (i.e.,
humerus and femur) were not correlated to MRS residuals according to the PGLS results
(Supplementary Tables 3.19, 3.21). The same result was found accounting for the
ecobgical categories (Supplementary Tables 3.19, 3.21), the exception was the femur
residuals of small predators which were found to significantly predicted MRS residuals
(Supplementary Table 3.21).

Otherwise, MRS was significantly predicted by both zeugopodium elements (i.e.,
radius and tibia), R/H, and T/F (Supplementary Tables 3.20;f 3224; Figure 3.7). Both
linear and polynomial models were equally supported (Table 3.18). The estimateddambd
ranged from 0.650 to 0.750, and the coefficients of determination (i.e.2tlédRot
exceed 0.145 (Table 3.17).

All the models accounting for the ecology were found not to provide the best fit of
the data. Both the radius and tibia residuals of species inhabiting mixed vegetation and
small predators significantly correlated to MRS (Supplementary Tables 3.20,Th28¢.
relationships returned high lambdas (approximately 0.700 in all cases) and (mw&
than 0.100).

The R/H residuals of unguligrade, large prey and species living in open and mixed
vegetations were positively correlated with MRS (Supplementary Table 3.23). Analyses
considering the relationships between T/F and MRS residuals resembled those for the R/H
(Supplementary Table 3.24). In both cases, there was no phylogenetic signal in the data

structure and the relationships were not very strong (Supplementary Tablés322R
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Table 3.18. Summary statistics for models predicting Maximum Running Speed

(MRS) residuals using radius, tibia, and both functional ratios residuals in PGLS. P:

Parameters:; R2:

correlation

coe

Akai keds i nfioomata olnowern tA&RIFrCc i

fficient;

ndi cat es

indicates the difference in AlICc to the model with the lowest AIC (i.e., a value of 0.0

indicates the bestsupported model amongst those using the same dataset). Significant

parameters are in bold.

Model P R2 & AIC @Al

MRS ~ R a -0.03 0.08 0.73 -126.90 -1.09
b 042

MRS ~ R+R2 a -0.02 0.11 0.67 -127.99 0.00
bl 0.38
b2 -0.22

MRS ~T a -0.02 0.09 0.71 -127.71 -0.61
b 053

MRS ~ T+T2 a -0.02 0.12 0.64 -128.31 0.00
bl 0.40
b2 -0.17

MRS ~ R/H a -0.02 0.14 0.68 -131.48 0.00
b 1.87

MRS ~R/H + R/H2ja -0.01 0.14 0.70 -130.82 -0.67
bl 0.53
b2 -0.16

MRS ~ T/F a 0.00 0.11 0.72 -129.42 0.00
b 235

MRS ~T/F+T/F2 |]a 0.00 0.10 0.72 -127.43 -2.00
bl 0.52
b2 0.01
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Figure 3.7. Long bone lengths and ratios residuals versus Maximum running speed

(MRS) residuals scatter plots. Yellowines represent the best fit for the models.

Bone measurements versus daily movement distance residuals

The relationships between long bone measures and DMD residuals returned no
significant results in most cases (Supplementary Tables 328). | found significant
correlations predicting DMD using humerus and radius residuals of digitigrade, both
predato groups and mixed and open adapted species (Supplementary Table8.2&5
Results revealed also that femur residuals from mixed species and tibia residuals from
small predators may be used to predict DMD (Supplementary Tablet 3.28).

The relationship between R/H and DMD residuals was statistically significant,
although the appropriate model <could not
(Supplementary Table 3.29). The power of the linear model did, however, marginally rise
when the vegetation type was taken into account revealing that species from mixed and
open vegetations had a strong correlation between their R/H residuals and DMD residuals
(Supplementary Tables 3.273.28). As regards the T/F, | found no instances of
significance (Supplementary Table 3.30).
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Discussion

This study aimed to determine the main factors affecting the evolution of limb bone
proportions irterrestrial mammals. Here, | present arealtompassing study that re
evaluates the relationships between long bone lengths and ratios with body mass,
maximum running speed, and daily movement distance also by controlling for different
ecological categoes.

For the correlations between long bone length and body mass, the polynomial
model was shown to have the best fit. Because of allometric restrictions, the nature of thes
associations revealed that the smallest and largest species shared short long bones
compared to medium sized species (Figurei 3323). This outcome is supported by
several studies focused on the morphologies of Carnivora and ungulates limb bones which
found that larger animals have evolved robust and relatively shorter long bones in
propation to their body mas@Martin-Serra et al.2014; Malletet al.2019; Etiennget al.

2021) In this study, | identified different breakpoints for the body mass versus long bone
relationships when using the MRS and DMD datasets, with the value for the latter always
smaller. This result was probably related to the differences in body mass batbwyeen

the datasets. Body mass ranged from 2.8N&aganarica) to 2,433 kg Hippopotamus
amphibiug in the MRS database while the smallest species in the DMD database weighed
0.210 kg Mustela erminen

The polynomial model was also found the best to describe the shape of the
relationships between long bone lengths and both MRS and DMD. | found both the
smallest and the largest species were not the fastest and did not cover the greatest distanc
per day.The smallest species were represented in this study principally by procyonids and
mustelids which possibly may have reduced their locomotor efficiency to improve their
scansorial and fossorial ability. At the same time, this small Carnivora, which age mor
generalist in the diet as compared to the large ones, take advantage of their opportunistic
behaviour to spend less time in search of food. As regards the largest species, due to
physical constraints cannot be the fastest M@&land 1983; Christiansen 1999b; Iriarte
Diaz 2002; Lovegrove 2004) heir stocky long bones with expanded epiphyses evolved to
support their large mass reducing the bone stress.

| identified the break point for the relationship between body mass and MRS at
approximately 53 kg which is consistent with the average body mass collected for the
cheetah Acinonyxubatus Table 3.4), the fastest terrestrial mamfdwell 1944;

Schaller 1968; Van Gelder 1969; Garland 1983; Haywaal. 2006) The smallest
breakpoint identified for the DMD was found because musteloids, which are the most
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numerous smallest species in the DMD dataset, show a broad range of locomotor modes ir
addition to the terrestrial compared to the other mammalian groups. For example, most of
them are fossorial and spend a long time digging to search fo(Katotieneret al.2017)

Based on the coefficient of determination, | found that both humerus and femur
lengths were the best predictors of MRS while both the radius and tibia were the best
predictors of DMD. However, the length of these bones explained less than 15% of the
MRS ard DMD variance, suggestingher factors such as basal metabolic rate, muscle
powers, and food requirement may play together to explain the both MRS and DMD
variancesEqually important, R/H was the strongest predictor of MRS among the long
bones ratios. 50, in this case, these relationships werepasticularly strong, with the
bone ratio only explaining only 0.17 of the locomotor efficieddye same weak
relationships have been observed between body mass and both MRS andxvD.
finding supports Garland's (198&sultsthat speed is mass independent, as expected under
the geometrically similar animals hypotheSitiomson 1917; Hill 1950)n terms of the
DMD, it was discovered that it changes greatly in mammals according on nutritional
energy requirements and reproductive physiolipntzer and Kamilar 2009)

Once removed the effect of the body mass, | found that MRS increases
proportionally to the increase in both radius and tibia length (Figure 3.7). This result is in
line with the changes in limb morphologies observed in cursorial species which involved
moreelongated distal elements, the metapodials in parti¢ildanis and Wilhelm 1993;
Garland and Janis 1993; Polly 200ahd suggests that both radius and tibia are less
constrained from body mass and contribute to the limb elongation to optimize speed. At
the same time, | found that after the allometric effect was removed, none of the long bone
free size variables (i.eesiduals) correlated with DMD. This is a very interesting result
because in the literature there are two conflicting hypotheses explaining the evolution of
|l ong bones in carnivorans and ungul ates.
hypothesis Wich holds that long bones evolved, following the appearance of the grassland,
to maximise fast running in predators and piggkker 1983; Janis 1993)lowever, later
works suggested long bones evolved to minimise the cost of transport in search of food
(Janis and Wilhelm 1993; Garland and Janis 199®8)imising the cost of transport is
important for migratory ungulates living in seasonal habitat where plant growth and
rainfalls change from place to place and for the predators following the great herds during
the migrations. When allometry was takatoiaccount, | discovered that the lengths of the
radius and tibia were significantly related to MRS, but no significant results were found for
DMD, implying that MRS, rather than daily movement distances, was involved in the
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evolution of long bones, theoretically supporting the "arms race" theory. To validate this
idea, | found no differences in slope when controlling the relationships between speed and
long bones using the trophic level categories. This finding suggeststhdarge
predators and prey coevolved in the relationships between long bone lengths and MRS.
However, this result is based only on living species and the inclusion of fossils might
elucidate distinct patterns of fiarms r ac.
In terms of functional ratios, the results of this work supported the previous finding
that R/H is the best predictor of MRS, even if the relationship is {&akstiansen 2002)
Using the linear model, | showed that R/H was not affected by allometry and this could be
an advantage in the prediction of speed in fossil species. The AIC of R/H vs MRS with
trophic level was the lowestl23.126) compared to the others (Supplemenfabte 3.11)
suggesting that the predators and prey follow different paths in relation to MRS.
Interestingly, R/H has also been used to predict habitat adaptations, particularly in
carnivoran fossil species and living bovi@lewis 1997; Melor®011; Leveringet al.
2017) Even if, the model accounting for the vegetation is not the best, support this work
by suggesting the brachial index change in mammals according to the vegetation type.
As already specified i@hapter 2when lambda estimated from PGLS is close
to 1 means that the data evolved according to the Brownian Motion, by contrast, lambda
close to zero means that the data do not have a phylogenetic structure. In all the PGLS
models considering the MRS as a depehgariable estimated lambdas were usually close
to 1, which is noteworthy because it suggests that speed evolved according to the
Brownian Motion model. In contrast, the same value estimated when DMD was the
dependent vaable was consistently close to zero, indicating that DMD has no
phylogenetic structure. These findings suggest that MRS is similar within mammals of the
same families as expected under Brownian Motion. The running speed is a function of the
stride, whichincreases as a function of the bone length therefore it is linked to the
postcranial morphologies. By contrast, DMD, which is independent of the long bone
morphology, is most likely to be a trait possibly influenced by external factors (e.g.
climate, foodavailability, environment).

In this study, | discovered that factoring for the ecological category may increase
the models predictive capacity of locomotor performance. However, because these results
lost significance after accounting for allometry, | propose that differences innhasky
may have led to them. When body size was considered in the analyses, | discovered that
the specific limb elements could be helpful to recover both MRS or DMD in species that
are digitigrade, unguligrade, small predators or large prey, and inhakei imi open
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vegetations. However, none of these associations explained more than 15% of the variatior
in both MRS and DMD, suggesting that these groups did not evolve to maximise
locomotor performance.

Despite the interesting results, this study presents some limitations starting from the
data collection. Most of the MRS data were collected using a car speedometer including a
certain range of errors in the measure. All the authors using MRS in thes erdr&ise
the methods used to collect the data. However, the values | used in this work are the only
ones available in the literature. The collection of MRS data can potentially be improved
with more accurate methods using novel technigson et al. (2013)designed a new
radio collar merging a combination of Global Positioning System (GPS) and inertial
measurements able to collect the locomotor dynamics of animals,hivbkd et al.
(2018) employed GPS/IMU collars to investigate the movement patterns of cheetahs. Both
these technologies were found useful for inferring friggolution data and should be
employed to collect more accurate speed values. Improving the accuracy of collected data
may provide more accurate results. However, also these innovative methods present some
limitations because can be more difficult to apply to rare, elusive, or endangered species.
Other norinvasive methods such as radar speed guns, stopwatches, orantiras may
provide more easily comparable results.

In addition, both brachial and crural index were found to be effective in
palaeoecological studielleloro (2011) for example, showed the R/H ratio was a
significant predictor of habitat adaptation in large carnivorans, \Wkikering et al.
(2017)proved the brachial index to predict habitat type in living African bovids. In
addition, the crural index was found effective in ecological studies as a strong predictor of
substrate preferences in Carnivfgamuelst al.2013) The results presented here,
expand the functional interpretation of brachial and crural indeces especially to large
mammals belonging to the same trophic or habitat guild. The models that account for
trophic level appear to improve considerably the pesge of variance explained in
maximum running speed for brachial (16 to 26%) but especially the crural index (from 2 to
22%). These parameters are equally comparable to that found by Garland and Janis (1993
for the metatarsal to femur ratio (i.e., thesarial index) and hind limb length (with
variance explained of MRS spanning from 5% to 33%) and support both R/H and T/F as
good alternative predictors of locomotor performance in fossils. The length of a single
bone is equally a valid substitute, buttpattern is generally driven by allometric
polynomial changes. Indeed, when long bone measurement residuals were analysed, no

significant association could be found with any of the locomotor performance parameters,
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except for radius and tibia. This provides general support for the use of functional ratios in
palaeoecological studies to test for coordinated patterns.

Conclusions

In this study, | investigated the relationships between long bones, body mass, and
two proxies for locomotor performance identified in the maximum running speed and daily
movement distances. | found that locomotor performance does not increase when long
bone lengths increase. By contrast, the polynomial model was always the best to describe
the fit between long bone length and both proxies for locomotor performance. This
occurred when | did not account for the allometric effect, suggesting the polynandl tr
was carried out by the body mass effect. This result was already foBediiam and
Biewener (199Q)They found that extremely large mammals need to reduce the stress on
their long bones and to do this evolve different bone sheapidifferent postures
(Biewener 1990)Biewener (1990jound in particularthat in animals weighing more than
300 kg, an increase in body mass is associated with a proportional increase in long bone
diameter, which reduces bone stress, rather than length.

The polynomial relation linked body mass and MRS identifying the fastest
mammals at 53 kg. Here, | also provided evidence that long bones do not evolve to
minimise the cost of transport in search of food, it is more likely that they evolved as a
consequere of the arms race.

The best predictors of speed were both R/H and T/F ratios when accounting for the
trophic levels. This finding suggests that investigations seeking to identify patterns of co
evolution between predators and prey over space and time can eventually takedottt

these specific limb segments as a proxy for speed performance.
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Supplementary Results
Allometry
Also in OLS, the polynomial model was found to be the reffsttive to describe

the correlations between the radius, femur, and tibia lengths and both the functional ratios
with body mass in the MRS database (Supplementary TableS3&) Without
accounting for phylogeny, | was unable to determine which mmetldescribed the link
between the humerus and body mass (Supplementary TableTh86hodel predicting
humerus length was found to improve in power accountinthétrophic levels, while the
models predicting the tibia length and both the functicstabs improved by accounting
for the foot posturéSupplementary Tables 3.31, 3.33.36).

OLS results matched to the PGLS ones when predicting long bone morphometry
using body mass in the DMD database (Supplementary Tables®33). In this
instance, | was able to determine that the polynomial model was the best to capture the
correlationdbetween R/H and DMD (Supplementary Table 3.35).

When investigating the link between both locomotor performance measures (i.e.,
MRS and DMD) and body size, the OLS validated the PGLS findings (Supplementary
Table 3.37).

Bones measurement versus locomotor performance

The results supporting the polynomial model to better describe the relationships
between MRS and long bone length wignend also using the OLS method
(Supplementary Tables 3.838.41). Accounting for the ecological categories, | found no
significant relationships regarding the stylopodium elements, while accounting for the
vegetation type both radius and tibia lengtmsigantly predicted MRS (Supplementary
Tables 3.39, 3.41). In the relationships between long bone ratios and MRS, long bone
morphometry DMD, and residuals OLS always mirrored the PGLS results (Supplementary
Tables 3.42 3.61)
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Supplementary Tables
Supplementary Table 3.1. Summary statistics for models predicting humerus length (H) using Body Mass (BM) in PGLS and
accounting also for different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade), vegetati¢C: closed,

M: mixed, O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega

Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter$® ( 95 %C1I ) : parameter 95% interval
lambda esti mated using PGLS; & (9519l )Ak diakmb@sa icrofnd ri datnicen |1 artietr
a better model fit); @Al Cc: indicates the differ encetheibaest Al Cc

supported model amongst those using the same dataset). Sigraht parameters are in bold.

(MRS database) (DMD database)
P > P o
Model P (95%Cl) R2 = (95%CI) AlC nAIC P (95%Cl) R2 o (95%CI) AlC nAIC
N (1.723, (0.342, i (1.679, (0.230, i
H~BM a 1.785 1.847) 0.881 0.629 0.834) 229.068 -7.364 | a 1.737 1.795) 0.871 0.468 0.695) 276.922 -30.497
(0.261, (0.280,
b 0.285 0.308) b 0.302 0.324)
_ (2.286, (0.274, ) (2.209, (0.091,
H ~ BM+BM2 a 2.323 2.350) 0.892 0.912 0.791) 232.154 -4.277 |a 2.236 2.263) 0.919 0.245 0.479) 307.419 0.000
(1.487, (2.629,
bl 1.614 1.742) bl 2.785 2.941)
) (-0.251, i (-0.553,
b2 0.136 10.021) b2 0.423 20.294)
_ (1.727, (0.401, ) (1.686, (0.206, )
. posture a 1.789 1.851) 0.884 0.661 0.858) 230.351 -6.081 | a 1.743 1.800) 0.873 0.440 0.673) 274.310 -33.110
_ (0.248, _ (0.271,
b:D 0.275 0.303) b:D 0.296 0.322)
. (0.212, . (0.283,
b:P 0.255 0.299) b:P 0.320 0.356)
. (0.272, . (0.268,
b:U 0.298 0.324) b:U 0.298 0.328)
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vegetaion  |a 1.767 ggzc)%, 0.895 0.650 (Oo_g’fg' -236.431 0.000 | a 1.715 (11_'76573)' 0.897 0.477 (00_'62:41)' -299.054 -8.365
b:C 0.302 (c?.é22785)’ b:C 0.322 (00_'32253'
b:M 0300 027 45)’ bd 0.269 (00_'22;62)'
b:0 0.296 (8322711) b:M 0.323 (00_5’261)'
bW 0.253 ((?.'228214)’ b:0 0.313 éc_’éé%)
b:wW 0.268 (()9'229396)'
trophic level | a 1.803 (11;7323) 0.881 0.522 (Oo_élgg' -225.001 -11.430| a 1.727 (11_'7659% 0.940 0.000 o(.’:lt%) -286.745 -20.674
b:LPred 0.300 gff%’ biLPred  0.361 (00_5833)’
b:LPrey 0.277 %)32(;187) b:LPrey  0.294 (82:707
b:MH  0.263 ((?.'22516)’ bMH  0.282 (00_'32503)'
b:SPred 0.256 Q;}B‘ b:SPred  0.362 (Oo_f(fg'
b:U 0.283 Q'SZSQE‘)’ b:U 0.336 (8'3‘?61:%
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Supplementary Table 3.2. Summary statistics for models predicting radius length (R) using Body Mass (BM) in PGLS and
accounting alsofor different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade), vegetation (C: closed,
M: mixed, O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega

Herbivores, Pred: Small Predators, U: Ursidae). P: ParametersP ( 95 %C1l ) : parameter 95% interval
| ambda estimated using PGLS; & ARPG6G%CARai katmbdianfcommatdieamrc ecit int
abettermodel fit); @AI Cc: indicates the difference in Al Cc -to the

supported model amongst those using the same dataset). Significant parameters are in bold.

(MRS database) (DMD database)
Model p (95,;0) R2 o (9502@) AIC  pAIC p (95020) R2 o (9502(:') AIC  pAIC
R ~ BM a 1.799 ff;% 0.711 0.925 (c?.é?gg)’ 1171223 -5.996 |a 1.665 (117575; 0.744 0.736 (00_'857231)’ 1195585 -29.484
b 0.263 Qﬁgg’ b 0.315 (00_'558(%
R~BM+BM2 |a 2.300 (2?581&’ 0.731 0.912 (5).597853)’ [174.874 -2.345 |a 2192 (22215’()5) 0.828 0.517 (00_'715961)’ -225.069 0.000
bl 1.467 %gf% b1 2.908 gfgsz)
b2 0215 (T b2 oas7 ouse)
- posture a 1.826 %gfg)’ 0.732 0.921 Qg&% -174.828 -2.390 | a 1673 (11_'7586(% 0.745 0.715 (Oo_g‘gf)’ -193.018 -32.051
b:D 0.253 ((())..218998), b:D 0.300 (09'324527)'
b:P 0.197 ggf% b:P 0.335 (00.'3297(?)’
b:U 0.288 %’.'322“9%’ b:U 0.321 (()9'3?(37{33)’

109



vegetaton  |a 1.772 ffg% 0.746 0.912 (c?.ggf?)' -177.219 0.000 |a 1.637 (11_'75345‘)' 0.790 0.666 (()9};12475)’ -209.791 -15.278
b:C 0.283 %ﬁi“%’ b:C 0.338 (00_'3?7051)'
bM 0277 gﬁf% b:d 0.284 (00_'322453)'
b:0 0.288 %).'3225% b:M 0.341 (00_5705)'
bW 0.225 (c?.'zlggl)’ b:0 0.339 (093?704%'
b:w 0.258 (00_'3?01%
‘trophic level | a 1.853 (:L:L.JSZE% 0.679 0.947 (?\'I%L -165.565 -11.654| a 1.721 (f_lef)’ 0.761 0.674 (005141‘1?), -200.188 -24.882
b:iLPred 0.232 Qggg' b:iLPred  0.385 (Oo_ffé’)'
b:iLPrey 0.247 (8'21596)' b:iLPrey  0.265 (00_'32111)'
biMH  0.243 ((?.'21589)’ bMH  0.262 (00_'3201;’
b:SPred 0.155 %)207391) b:SPred 0.376 ((;)434(,)6?)
b:U 0.210 g?g;% b:U 0.314 (00_'3?;52)'

110




Supplementary Table 3.3. Summary statistics for models predicting femur length (F) using Body Mass (BM) in PGLS and accougti
also for different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade), vegetation (C: clds®: mixed,

O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores,

SPred: Small Predators, U: Ursidae). P: Parameter®? ( 95 %CIl ) : parameter 95% intervad,; R2:
estimated using PGLS; & (959%C0I1C0):: Akamlkdead sc a mffiodemacta oinn tcerri vt aelr;i
model fit); @AI Cc: indicates the difference in Al Cc -dupporteche mo

model amongst those using the same dataset). Sigeaiht parameters are in bold.

(MRS database) (DMD database)
Model P (95020) R2 o (9502‘0) AIC  pAIC P (95;;(:') R2 o (95(200 AIC  pAIC
F~BM a 1.881 (11_'984183)' 0.853 0.656 (Oo_ggg)' 219521 -4.135 |a 1.813 (11;75; 0.859 0.510 (()9'72;533* 273.949 -44.297
b 0.271 (00_'22;1;' b 0.295 (00_-3217%
F~BM+BM2 |a 2393 (2243§f) 0.871 0.555 (Oo_ézgg)' -223.656 0.000 |a 2.301 (2252811) 0.936 0.129 (00_'3?7123)’ 1318.247 0.000
bl 1543 (11_'5170% b1 2.760 (22_365;'
b2 -0.161 (_'()9'()255)2)' b2 -0.502 (-_oo.é?grg)'
- posture a 1.884 (11_9851(% 0.856 0.643 (Oo_gsf’f)' -218.750 -4.905 | a 1.821 %ggzl), 0.861 0.491 (09'721396)’ 272.226 -46.021
b:D 0.261 (00_'225’02)' b:D 0.288 (00_'321652)’
P 0253 $IC0 b:P oa19 O
b:U 0.282 gff’(;‘)' b:U 0.288 (00..32597),
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vegetation | a 1.866 (11_98521)' 0.860 0.617 (00_53177)' -218.439 -5.217 |a 1.794 (11_975;' 0.882 0.458 %95:5(;' -285.990 -32.257
bc o281 G b:C 0309 O
b:M 0.279 (00_'32561)' b:d 0.264 (00_-2253?)1
b:0 0.283 ((?ssz) b:M 0.313 (00_'323?%
bW 0.250 %9'22812’3' b:0 0.307 (095381‘3-
b:W 0.270 (00_'320337)-
trophic level |a 1.913 (11_335% 0.858 0.584 (00.535;), -218.864 -4.792 |a 1.819 (f_gg’)' 0.890 0.304 ()(_'\6"8*7) -280.818 -37.429
b:iLPred 0.261 (5’321111) b:LPred 0.345 (8337173)
b:LPrey 0.266 (82255) b:LPrey  0.283 (géi?
bMH  0.242 ((;)227123) bMH  0.265 (gég?
b:SPred 0194 (0% bsPred 0345 §20S
b:U 0.266 (00_'3?115'3' b:U 0.325 (0932519)’
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Supplementary Table 3.4. Summary statistics for models predicting tibia length (T) using Body Mass (BM) in PGLS and accoungfi

also for different ecologicalcategories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed,

O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores,

SPred: Small Predators, U:Ursidae). P: Parameters;P

esti ma

mo d e |

t ed
fit);

usi

ng

PGLS; o

(95%CI ) :

(959%alI0)::
egphe diffecence in Al@citocthee model with the lowest AIC (i.e., a value of 0.0 indicates the begpported

paramet er

95% i

nterval ;

R2:

Alkaambkoead sc a mffiod enmact @ oinn tceri vt aelr ;i

model amongst those using the same dataset). Significant parameters are in bold.
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(MRS database) (DMD database)
Model p (95;)0) R2 o (95;:0) AIC  pAIC p (95020) R2 o (9502(:') AIC  pAIC
T~BM a 1.937 (21_332“;' 0.719 0.863 (00_567472)' 200046 -3.242 |a 1.842 (11;2631) 0.743 0.613 (00_'73;76)’ -230.919 -28.464
b 0.218 (0()..221.4?97), b 0.257 (00_'2282;'
T-BM+BM2 |a 2.352 (2242;’31) 0.742 0.800 (00_55524% 202471 -0817 |a 2272 (225523; 0.835 0.344 (00.610187)’ 1250.383 0.000
bl 1.234 (11_"?(;51‘3' bl 2.382 (22.'5187:)'
b2 -0.164 (._00,'60’115)' b2 -0.537 (-_8.';(7)2?)’
- posture a 1.945 (21_'5326;' 0.750 0.786 (00_';5977)' 203288 0.000 |a 1.845 (11537;55) 0.746 0.584 gfg& 228317 -31.067
b:D 0.201 (00_'21368' b:D 0.246 (09'228102)'
b:P 0.180 %);3273) b:P 0.267 (09'3211;’
b:U 0.240 (00_'227038)' b:U 0.267 (()9'3?()267)’

(



vegetation | a 1.922 (zl_gfg)' 0.733 0.812 %%556;)' -198.619 -4.669 |a 1.820 (11_g;‘27)' 0.784 0.555 (0(’_'7?’435 -242.833 -16.551
b:C 0.234 (00_'213(% b:C 0.275 (Oo_fgé'
b:M 0.230 (00.'21527)' bd 0.222 (00_'215877)'
b:0 0.228 (00.'21515)' b:M 0.280 (00_'321501)'
b:w 0.198 %9'2135;' b:0 0.267 (()9'229377)'
b:wW 0.225 (Oo_'zlgé'
trophic level |a 1.963 (21_&?15)' 0.704 0.805 (00..9561163, -193.126 -10.162 |a 1.878 (11_';:97)’ 0.752 0.590 (g_%‘% -233.977 -25.407
biLPred  0.213 (00_'21758 biLPred  0.309 (00_'3?5617)'
biLPrey  0.216 (()9'215776)' b:iLPrey  0.228 (00_'21:88)'
b:MH 0.194 (00_'21355)' bMH  0.213 (00_'215705)’
b:SPred  0.157 (Oo_'zogg)' b:SPred  0.294 (00.'3?534?)’
b:U 0.205 (00_'2173% b:U 0.260 (Oo_ff%
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Supplementary Table 3.5. Summary statistics for models predicting radius to humerus ratio (R/H) using Body Mass (BM) in PGLS
and accounting alsdor different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade), vegetation (C:
closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mg

Herbivores, Pred: Small Predators, U: Ursidae). P: ParametersP ( 95 %C1l ) : parameter 95% interval
| ambda estimated using PGLS; & ARPG6G%CARai katmbdianfcommatdieamrc ecit int
abettermodel fit); @AI Cc: indicates the difference in Al Cc -to the

supported model amongst those using the same dataset). Significant parameters are in bold.

(MRS database) (DMD database)
Model p (950/"(0) R2 o (gemcy  AC PAIC p (95;;(:0 R2 o (gemcy A PAIC
R/H ~ BM a 1.001 (10.'3558)’ 0.012 0.951 (00_55% 371780 -2.885 |a 0.955 (5’58273)' 0.055 0.891 (0%75’71)’ 505.967 -21.099
b -0.007 (6%%133’ b 0.012 gggs,
R/H ~ BM+BM2 | a 0.990 ?gf;‘)’ 0.058 0.955 (oo.gg:)' 374435 -0.230 |a 0.978 ffgf)' 0.233 0.828 (00_'533:)' 527.065  0.000
b1 0.048 (6%10%‘;’ b1 0.115 gfg‘;
b2 -0.051 (_'g_gg;' b2 -0.147 (-00.62513)’
- posture a 1.005 (10.5378)’ 0.008 0.956 (?\'Ii?“' 369526 -5.139 |a 0.960 %fg’;% 0.079 0.892 (Oo_gg% -506.811 -20.254
b:D -0.012 ((')%%21?’ b:D 0.005 ((_)(.)(')(107?'
b:P -0.002 ((')%0220‘;’ b:P 0.025 ((;)..&)19),
b:U -0.006 (E)%%g’ b:U 0.012 (E)%g%’
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‘vegetation a 1.000 (10.83?3(,5)' 0.086 0.962 (c,’\'li?g' -374.665 0.000 |a 0.954 %fg’:; 0.051 0.882 (00"97615)' -501.611 -25.454
b:C -0.007 (E)%%f)” biC 0.014 Qggg,
b:M 10.009 g%gf)’ bed 0.013 ((;),'(?2042)'
b:0 10.003 ((-)(.)6%%3’ bM 0.013 (g.gzog
b:wW -0.008 g%gj)’ b:O 0.017 ((?,&077)'
bW 0.006 %%01%;'
trophic level | a 1.004 ?gff)’ -0.040 0.950 (00.9895;), -358.189 -16.476 | a 0.968 (5’.555’ 0.107 0.856 (00.97261)' -503.765 -23.300
biLPred -0.006 (%0 pipred 0027 (001
b:LPrey -0.010 %%%%S' b:LPrey  0.000 (69601%?
bMH 0,007 (TR0 omH 0002 (0011
b:SPred -0.009 %%%‘S’ b:SPred 0.035 (8335137),
b:U -0.005 ((')%%3)" b:U 0.008 (6%02%;,
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Supplementary Table 3.6. Summary statistics for models predicting tibia to femur ratio (T/F) using Body Mass (BM) in PGLS dn
accounting also for different ecologicatategories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade), vegetation (C: closed,

M: mixed, O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega

Herbivores, SPred: Small Predators, UUrsidae). P: ParametersP ( 95 %C1l ) : parameter 95% interval
| ambda estimated using PGLS; > ABGXYWCAKai katnbdianftommadieamr eci int
a better mo dieadicatds the differengeAnl ACCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best
supported model amongst those using the same dataset). Significant parameters are in bold.

(MRS database) (DMD database)
Model p (95020) R2 o (QS‘Z;CI) AIC  pAIC p (95;’(:') R2 o (9502(:') AIC  pAIC
T/F ~ Body Masd A 1.021 (ll_'é)f% 0.292 0.885 ggff)’ 428717 0.000 | a 1.012 (10855)' 0.198 0.690 %9;57;’ -593.642 -0.785
o oo Q%7 o oos (0o
T/F ~ BM+BM2 | A 0.984 (lo_ggos)' 0.284 0.884 ggflz)’ -426.785 -1.932 |a 0.987 fggf)' 0.192 0.687 (g_g‘f;’ 1591.703 -2.725
b1 0.113 (80175;) b1 -0.141 (_'00_61;;'
b2 -0.004 %%gg? b2 -0.005 (_'Oo_blgg)'
- posture A 1.024 (11_'(;)2:')' 0.307 0.844 Qggg’ -426.791 -1.926 | a 1.011 (10.'(?296% 0.257 0.560 (00_'72;% -594.427 0.000
bD  -0.023 (_}()),gfg,')’ b:D 0017 (_'()9-(‘))121‘1)1
bP  -0.025 (_'(?,é’f’f)’ b:P -0.022 (_'Oo_gfgl)’
U -0.018 Eggf(f)’ b:U -0.010 (_'00_80127)’
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:vegetation a 1.021 (fg’f;)' 0.303 0.904 %’gf; -427.600 -1.117 | A 1.010 ffg% 0.194 0.703 (Oo_g‘gg’ -589.703 -4.725
b:C -0.017 (_gg()zgf’)’ b:C -0.013 _%%%27’)
bM  -0.019 (-(;)..(?1226)’ b:d -0.017 (_'Oo_glzg)'
b0 -0.022 (_g'(?lz% b:M -0.013 -(6(.)6%273
b:w -0.019 Eggfg; b:0 -0.017 (_'Oo_g)lzg’)'
b:w -0.016 (_'00_'802;')'
trophic level | a 1.007 (Eé’fzz)' 0.269 0.977 (?\'IBA?Z’ -422.532 -6.184 | A 1.016 fggg' 0.197 0.688 (OO_Q‘E?E%’ -583.023 -11.404
b:LPred -0.003 (6%%?' b:LPred  -0.013 (_'00_'80242)'
b:LPrey -0.018 (._(?(())0287) b:LPrey -0.018 (381207)
b:MH  -0.016 (-(?.'gozg)’ bMH 0017 (_'00_'5’02;)’
b:SPred 0.016 (000%% b:SPred -0.018 (g(?ge(;))
b:U -0.012 %%%i?’ b:U -0.020 (_-00..8383),

118



Supplementary Table 3.7. Summary statistics for models predicting maximum
running speed (MRS) using humerus length (H) in PGLS and accounting also for
different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:
Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:
domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred Small Predators, U: Ursidae). P: ParametersP (95%Cl):

parameter 95% interval; R2: correlation ¢
PGLS; & (95%CIl ) : | ambAdaC:c oAnkfaiidkeendcse iinnftoerrm
(a |l ower AI Cc indicates a better model fi

to the model with the lowest AIC (i.e., a value of 0.0 indicates the besipported

model amongst those using the same dataset). Sigeaint parameters are in bold.

Model P P (95%Cl) R2 & & (959 AIC  pAIC

MRS~H |a 1.334 (0.858, 1.809)0.016 0.973 (0.716, NA) -108.036 -9.506
b 0.144 (-0.046, 0.334

MRS ~ H+H2| a 1.679 (1.556, 1.802) 0.146 0.884 (0.608, NA) -117.542 0.000
bl 0.202 (-0.081, 0.484)
b2 -0.440 (-0.682,-0.198)

-posture  |a 1.431 (0.968, 1.893) 0.031 0.891 (0.524, NA) -107.077 -10.466

b:D  0.099 (-0.095,0.294)
b:P 0.025 (-0.191, 0.241)
b:U 0.134 (-0.051, 0.32)

'vegetation |a 1.313 (0.838, 1.787) 0.078 1.000 (0.620, NA) -109.583 -7.960
b:.C  0.133 (-0.059, 0.325)
b:M  0.154 (-0.032,0.34)
b:0  0.171 (-0.017, 0.36)
bW  0.115 (-0.08, 0.309)

trophic level | a 1.711 (1.141, 2.281) 0.053 0.881 (0.604, NA) -108.439 -9.104
b:LPred 0.026 (-0.233, 0.284)
b:LPrey -0.007 (-0.242, 0.229)
b:MH -0.060 (-0.281, 0.162)
b:SPred -0.040 (-0.328, 0.248)
b:U  -0.003 (-0.259,0.252)
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Supplementary Table 3.8. Summary statistics for models predicting maximum
running speed (MRS) using radius length (R) in PGLS and accounting also for
different ecological categories: foot posture (D: digitigrade, PPlantigrade, U:
Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:
domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):

parameter 95% interval; R2: correlation ¢
PGLS; & (95%CIl ) : | ambAdaC:c oAnkfaiidkeendcse iinnftoerrm
(a |l ower AI Cc indicates a better model fi

to the modelwith the lowest AIC (i.e., a value of 0.0 indicates the besupported
model amongst those using the same dataset). Significant parameters are in bold.

Model P P (95%Cl) R2Z & =& (959 AIC pAlC

MRS~R |a 1.145 (0.696, 1.594) 0.062 0.957 (0.694, NA) -111.740 -4.295
b 0.227 (0.045, 0.409)

MRS ~ R+RJ a 1.682 (1.557, 1.808) 0.128 0.890 (0.610, NA) -116.035 0.000
bl 0.433 (0.129, 0.737)
b2 -0.342 (-0.601,-0.083)

“posture  |a 1.238 (0.797, 1.679) 0.076 0.889 (0.522, NA) -110.649 -5.386

b:D  0.186 (-0.002, 0.374)
b:P 0109 (-0.104,0.323)
b:U 0214 (0.038,0.391)

'vegetation |a 1.192 (0.734,1.65) 0.109 1.000 (0.540, NA) -112.166 -3.869
b:.C  0.188 (0, 0.376)

b:M  0.209 (0.026,0.391)

b:0  0.223 (0.041, 0.406)

b:.W  0.169 (-0.022, 0.36)

trophic level | a 1.334 (0.795, 1.872) 0.075 0.874 (0.577, NA) -110.098 -5.937
b:LPred 0.189 (-0.058, 0.436)
b:LPrey 0.155 (-0.07, 0.38)
b:MH  0.087 (-0.123, 0.298)
b:SPred 0.143 (-0.134, 0.421)
b:U 0.148 (-0.101, 0.397)
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Supplementary Table 3.9. Summary statistics for models predicting maximum
running speed (MRS) using femur length (F) in PGLS an@ccounting also for
different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:
Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:
domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):

parameter 95% interval; R2: correlation ¢
PGLS; & (95%CIl ) : | ambAdaC:c oAnkfaiidkeendcse iinnftoerrm
(alower AlCcindicat es a better model fit); @Al Cc:

to the model with the lowest AIC (i.e., a value of 0.0 indicates the besipported
model amongst those using the same dataset). Significant parameters are in bold.

Model P P (95%Cl) RZ & @& (959 AIC pAC

MRS~F |a 1.247 (0.736, 1.757) 0.025 0.972 (0.722, NA) -108.791 -8.748
b 0.176 (-0.025, 0.376

MRS ~ F+F2 a 1.684 (1.564, 1.803) 0.147 0.870 (0.567, NA) -117.539 0.000
bl 0.251 (-0.047, 0.549
b2 -0.435 (-0.68,-0.19)

-posture  |a 1.346 (0.853, 1.839) 0.042 0.895 (0.529, NA) -107.938 -9.601

b:D 0.132 (-0.069, 0.334
b:P 0.058 (-0.164, 0.279
b:U 0.165 (-0.028, 0.359

‘vegetation |a 1.249 (0.734,1.765) 0.083 1.000 (0.600, NA) -110.017 -7.522
b:C 0.156 (-0.05, 0.362)
b:M 0.177 (-0.024, 0.377
b:O 0.192 (-0.009, 0.393
b:wW 0.135 (-0.068, 0.337

trophic level a 1.646 (1.021,2.271) 0.055 0.883 (0.605, NA) -108.586 -8.953
b:LPred 0.053 (-0.224, 0.331
b:LPrey 0.020 (-0.23,0.27)
b:MH  -0.035 (-0.273, 0.203
b:SPred -0.008 (-0.316, 0.3)
b:U  0.021 (-0.248, 0.291

121



Supplementary Table 3.10. Summargtatistics for models predicting maximum
running speed (MRS) using tibia length (T) in PGLS and accounting also for different
ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, O: Open, Wwetland, D: domesticated), and trophic
level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:
Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient: o | ambda e:
confidence interval; Al C: Akai keds information criter
better model fit); @AI Cc: indicates the

lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst those
using the same dataset). Signdant parameters are in bold.

Model P P (95%Cl) R2Z & @& (959 AIC pAC

MRS~T |a 1.046 (0.505, 1.587) 0.057 0.935 (0.680, NA) -111.286 -5.054
b 0.264 (0.044, 0.485)

MRS ~ T+T2 a 1.684 (1.562,1.806) 0.133 0.877 (0.584, NA) -116.340 0.000
bl 0.499 (0.171, 0.827)
b2 -0.343 (-0.589,-0.097)

:posture  |a 1.154 (0.616, 1.692) 0.075 0.873 (0.515, NA) -110.443 -5.897

bD  0.218 (-0.009, 0.445)
b:P 0.142 (-0.106, 0.39)
b:U  0.246 (0.031,0.461)

'vegetation |a 1.022 (0.467, 1.578) 0.120 1.000 (0.513, NA) -113.102 -3.238
b:C  0.256 (0.029, 0.482)
bM  0.276 (0.053, 0.498)
b0  0.292 (0.069, 0.516)
bW  0.231 (0.007, 0.454)

trophic level| a 1.287 (0.643, 1.932) 0.075 0.876 (0.584, NA) -110.168 -6.173
b:LPred 0.210 (-0.079, 0.498)
b:LPrey 0.169 (-0.094, 0.433)
b:MH  0.105 (-0.149, 0.359)
b:SPred 0.162 (-0.154, 0.477)
b:U 0.167 (-0.12, 0.454)
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Supplementary Table 3.11. Summary statistics for models predicting maximum
running speed (MRS) usingradius to humerus ratio (R/H) in PGLS and accounting
also for different ecological categories: foot posture (D: digitigrade, P: Plantigrade,
U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:
domesticated), and trophic level (LPrediarge Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):

parameter 95% interval; R2: correlation ¢
PGLS; & (95%CIl ) : | ambAdaC:c oAnkfaiidkeendcse iinnftoerrm
(a |l ower AI Cc indicates a better model fi

to the model with the lowest AIC (i.e., a value of 0.0 indicates the besipported
model amongst those using the same dataset). Sigeaint parameters are in bold.

Model P PO%C) R2 & & (95% AIC  pAlC
MRS ~RH |a 10.544 (-1.628, 0.54) 0.169 0.687 (0.274, 0.955) -117.483 -5.623
b 2.246 (1.154,3.337,
MRS ~ a 1.722 (1.629, 1.815)0.174 0.682 (0.287, 0.944) -116.908 -6.198
A . 629, 1.815)0.174 0., 287, 0. 908 -6.
b1 0.665 (0.356, 0.974,
_ (-0.456,
b2 L R
_ (-1.329,
‘posture  |a 0287 ([0 02440536 (0.032, 0.895) -119.119 -3.987
bD  1.979 (0.922,3.037,
b:P  1.829 (0.742,2.917
bU  2.048 (1.015,3.082
_ | (-1.542,
vegetation |a 0445 (1% 0237 0.575 (0.143, 0.895) -118.546 -4.560
b:C  2.092 (0.981,3.202
bM 2181 (L.07,3.292)
b:0 2164 (1.071,3.256,
bW 2.055 (0.903,3.207,
. (-1.472,
trophic level | a 0471 (400 0.269 0.644 (0.216, 0.908) -123.106 0.000
b:LPred 2.236 (1.227,3.245,
b:LPrey 2.206 (1.198, 3.214
b:MH  2.063 (1.047,3.079)
b:SPred 2.100 (1.078, 3.122
bU  2.200 (1.156,3.243
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Supplementary Table 3.12. Summary statistics for models predicting maximum
running speed (MRS) using tibia to femur ratio (T/F) in PGLS and accounting also
for different ecological categories: foot posture (Ddigitigrade, P: Plantigrade, U:
Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:
domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):

parameter 95% interval; R2: correlation ¢
PGLS; & (95%CIl ) : | ambAdaC:c oAkfaiidkeendcse iinnftoerrm
(a |l ower AI Cc indicates a better model fi

to the model with the lowest AIC (i.e., a value of 0.0 indicates the besipported

model amongst those using the same dataset). Significant parameters are in bold.

Model P P (95%Cl) R2 o > (95% AIC nAIC
MRS ~ 0.427
TIF a ’ (-1.103, 1.956) 0.021 0.830 (0.452, NA) -107.516 -12.873
b 1.270 (-0.282, 2.822)
MRS ~
TIF+T/IF2 |a 1.707 (1.586, 1.829) 0.021 0.810 (0.451, NA) -106.285 -14.105
bl 0.352 (-0.032, 0.736)
b2 -0.121 (-0.393, 0.151)
. posture |a 0.673 (-0.845, 2.191) 0.087 0.710 (0.219, 0.996 -108.916 -11.473
b:D 1.009 (-0.544, 2.562)
b:P 0.831 (-0.754, 2.416)
b:U 1.102 (-0.415, 2.619)
:vegetation a -0.158 (-1.621, 1.304) 0.141 0.700 (0.277, 0.982 -112.419 -7.970
b:C 1.794 (0.319, 3.269)
b:M 1.886 (0.403, 3.369)
b:0 1.911 (0.424, 3.399)
b:W 1.757 (0.229, 3.285)
:trophic :
Ievepl a -1.067 (-2.532, 0.398) 0.227 0.700 (0.271, 0.933, -120.389 0.000
b:LPred 2.887 (1.388, 4.386)
b:LPrey 2.814 (1.332,4.296)
b:MH  2.724 (1.205, 4.243)
b:SPred 2.682 (1.206, 4.159)
b:U 2.874 (1.327,4.421)
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Supplementary Table 3.13. Summary statistics for models predicting daily movement
distance (DMD) using humerus length (H) in PGLS and accounting also for different
ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic
levd (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:
Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient: o | ambda e:
confidence interval; Al C : Akai kebds information criter.]i
better model fit); @AI Cc: indicates the

lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst those
using the same dataset). Signifamt parameters are in bold.

Model P P (95%Cl) R2 > o (95" AIC oAl
DMD ~ H a -1.024 (-1.84,-0.208) 0.120 0.067 (NA, 0.549) 142.015 -5.948
b 0.733 (0.374, 1.093)
DMD ~ H+H2|a 0.619 (0.502, 0.735) 0.174 0.048 (NA, 0.487) 136.067 0.000
bl 2.002 (1.063,2.942)
b2 -1.272 (-2.152,-0.393)
. posture a -0.835 (-1.608,-0.063) 0.147 0.000 (NA, 0.192) 140.714 -4.646
b:D 0.708 (0.36, 1.055)
b:P 0.605 (0.221, 0.988)
b:U 0.614 (0.279, 0.949)
‘vegetation |a -0.804 (-1.593,-0.015) 0.148 0.039 (NA, 0.549) 142.465 -6.397
b:C 0.579 (0.221, 0.938)
b:d 0.717 (0.336, 1.097)

b:M 0.663 (0.308, 1.017)
b:0 0.634 (0.282, 0.986)
b:wW 0.862 (0.472, 1.252)

trophic level |a -1.414 (-2.598,-0.23) 0.144 0.000 (NA, 0.163) 141.184 -5.117
b:.LPred 1.013 (0.498, 1.528)
b:LPrey 0.869 (0.361, 1.376)
b:MH  0.794 (0.324,1.264)
b:SPred 0.964 (0.35, 1.578)
b:U 0.861 (0.351, 1.371)

125



Supplementary Table 3.14. Summary statistics for models predicting daily movement
distance (DMD) using radius length (R) in PGLS and accounting also for different
ecological categories: foot posture (Ddigitigrade, P: Plantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic

level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:

Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient; &: | ambda e
confidence interval;, Al C: Akai keds information criter
better model fit); oAl Cc: tothemnibdetwathtees t he
lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst those

using the same dataset). Significant parameters are in bold.

Model P P@O5%Cl) R2 & o (95¢ AIC @Al
DMD~R |a -0.968 (-1.714,-0.222) 0.135 0.099 (NA, 0.557) 139.824 -6.083
b 0.719 (0.389, 1.05)
DMD ~ R+R2|a 0.620 (0.500, 0.741) 0.191 0.059 (NA, 0.509) 133.741 0.000
bl 2.162 (1.201, 3.123)
b2 -1.275 (-2.143,-0.407)
- posture a -0.823 (-1.517,-0.128) 0.165 0.000 (NA, 0.183) 138.353 -4.613
b:D 0.714 (0.396, 1.033)
b:P 0.628 (0.267, 0.99)
b:U 0.603 (0.304, 0.902)
'vegetation |a -0.820 (-1.538,-0.102) 0.171 0.073 (NA, 0.569) 139.223 -5.482
b:C 0.600 (0.270, 0.93)
b:d 0.741 (0.383, 1.099)
b:M 0.678 (0.353, 1.003)
b:0 0.644 (0.323, 0.964)
b:W 0.921 (0.536, 1.306)
trophic level |a -1.193 (-2.159,-0.227) 0.157 0.000 (NA, 0.183) 139.509 -5.768
b:LPred 0.922 (0.497, 1.346)
b:LPrey 0.770 (0.358, 1.183)
b:MH  0.717 (0.32,1.113)
b:SPred 0.880 (0.363, 1.398)
b:U 0.794 (0.358, 1.229)
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Supplementary Table 3.15. Summary statistics for models predicting dailpovement
distance (DMD) using femur length (F) in PGLS and accounting also for different
ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated), and troph
level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:
Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient: o | ambda e:
confidence inteval; Al C: Akai keds information criter
better model fit); @AI Cc: indicates the

lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst those
using the same dataset). Signdant parameters are in bold.

Model P P@O5%Cl) R2 & o (95¢ AIC Al
DMD~F |a -1.182 (-2.055,-0.309) 0.127 0.112 (NA, 0.576) 140.778 -5.244
b 0.781 (0.41, 1.153)
DMD ~ F+F2|a 0.622 (0.494, 0.749) 0.177 0.070 (NA, 0.521) 135.534 0.000
bl 2.136 (1.156, 3.116)
b2 -1.227 (-2.112,-0.341)
“posture  |a -0.914 (-1.701,-0.127) 0.153 0.000 (NA, 0.236) 139.909 -4.375
b:D 0.724 (0.379, 1.069)
b:P 0.630 (0.248, 1.013)
b:U 0.626 (0.297, 0.956)
'vegetation |a -0.917 (-1.751,-0.082) 0.152 0.065 (NA, 0.587) 141.800 -6.266
b:C 0.616 (0.249, 0.984)
b:d 0.745 (0.359, 1.13)
b:M 0.693 (0.33, 1.055)
b:0 0.663 (0.303, 1.022)
b:W 0.883 (0.492, 1.274)
trophic level | a -1.589 (-2.784,-0.394) 0.156 0.000 (NA, 0.174) 139.547 -4.013
b:LPred 1.064 (0.556,1.572)
b:LPrey 0.911 (0.416, 1.405)
b:MH  0.845 (0.38, 1.31)
b:SPred 1.028 (0.424, 1.632)
b:U 0.919 (0.414, 1.424)
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Supplementary Table 3.16. Summary statistics for models predicting daily movement
distance (DMD) using tibia length (T) in PGLS and accounting also for different

ecological categories: foot posture (Ddigitigrade, P: Plantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic

level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:

Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient; &: | ambda e
confidence interval;, Al C: Akai keds information criter
better model fit),; @Al Cc: thenmbdetvathitees t he
lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst those

using the same dataset). Significant parameters are in bold.

Model P P@O5%Cl) R2 & o (95¢ AIC @Al
DMD~T |a -1.342 (-2.325,-0.359) 0.120 0.167 (NA, 0.605) 141.291 -7.608
b 0.861 (0.439, 1.282)
DMD ~ T+T2|a 0.620 (0.499, 0.741) 0.191 0.060 (NA, 0.528) 133.683 0.000
bl 2.052 (1.044, 3.06)
b2 -1.456 (-2.336,-0.576)
‘posture | a -1.090 (-1.973,-0.206) 0.152 0.000 (NA, 0.236) 140.057 -6.373
b:D 0.814 (0.42, 1.207)
b:P 0.734 (0.293, 1.175)
b:U 0.690 (0.325, 1.054)
'vegetation |a -1.120 (-2.068,-0.171) 0.150 0.132 (NA, 0.640) 141.522 -7.839
b:C 0.716 (0.298, 1.134)
b:d 0.854 (0.415, 1.294)
b:M 0.780 (0.37, 1.191)
b:0 0.758 (0.346, 1.169)
b:W 1.020 (0.571, 1.469)
trophic level | a -1.520 (-2.768,-0.272) 0.142 0.000 (NA, 0.231) 141.414 -7.731
b:LPred 1.049 (0.511,1.587)
b:LPrey 0.874 (0.363, 1.385)
b:MH  0.845 (0.345, 1.346)
b:SPred 0.997 (0.364, 1.631)
b:U 0.934 (0.382, 1.485)
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Supplementary Table 3.17. Summary statistics for models predicting dailpovement

distance (DMD) using radius to humerus ratio (R/H) in PGLS and accounting also

for different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:

Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticaed), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
95% interval; R2
& (95 %Crfidence intervalpAddlaC:c oAk ai keds i nform

par ameter

PGLS,;

(a | o

wer

Al Cc indicates a

: correlation

better mo d el

to the model with the lowest AIC (i.e., a value of 0.0 indicates the besipported

model amongst those using theame dataset). Significant parameters are in bold.

Model P P (95%Cl) R2 a o (95¢ AlIC oAl
E}YI_ID - a -4.438 (-7.42,-1.456) 0.085 0.346 (NA, 0.763) 144.928 -5.425
5.185 (2.152, 8.218)
DMD ~
R/H+R/H2 |2 0.622 (0.51,0.733) 0.114 0.034 (NA, 0.731) 143.994 -4.491
bl 1.698 (0.724, 2.671)
b2 -0.930 (-1.836,-0.024)
. posture |a -3.619 (-6.478,-0.761) 0.124 0.000 (NA, 0.368) 143.712 -4.209
b:D 4.438 (1.533, 7.343)
b:P 4.208 (1.185,7.232)
b:U 4.183 (1.347,7.018)
vegetation a -5.052 (-7.972,-2.132) 0.159 0.288 (NA, 0.783) 139.503 0.000
b:C 5.721 (2.726, 8.715)
b:d 6.032 (3.027, 9.037)
b:M 5.823 (2.848, 8.798)
b:O 5.734 (2.796,8.672)
b:wW 6.847 (3.724,9.97)
:trophic
level a -2.904 (-5.547,-0.26) 0.119 0.000 (NA, 0.478) 144.299 -4.795
b:LPred 3.876 (1.219, 6.533)
b:LPrey 3.507 (0.878, 6.136)
b:MH 3.627 (0.917, 6.337)
b:SPred 3.473 (0.723, 6.222)
b:U 3.657 (0.908, 6.405)
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Supplementary Table 3.18. Summary statistics for models predicting daily movement
distance (DMD) using tibia to femur ratio (T/F) in PGLS and accounting also for

different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:
Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:

Mega Herbivores, SPred: Small Pedators, U: Ursidae). P: ParametersP (95%Cl):
parameter 95% interval; R2: correlation ¢
PGLS; & (95%CIl ) : | ambAdaC:c oAnkfaiidkeendcse iinnftoerrm
(a | ower Al Cc 1 ndi c atCe: sndicatestihe tiffeence imalGce | f |
to the model with the lowest AIC (i.e., a value of 0.0 indicates the besipported

model amongst those using the same dataset). Significant parameters are in bold.

Model P P@%C) R2 o o (95% AC @Al
oHo - 3.392 (-0.929, 7.713) 0.005 0.288 (NA, 0.757) 154.365 -7.723
2.790 (-7.162, 1.583)
bMD~_ |a 0.610 (0.376,0.844) -0.003 0.282 (NA, 0.754) 156.272 -9.631
oy 610 (0.376,0.844) -0.003 0.282 (NA, 0.754) 156.272 -9,
bl -0.783 (-2.009, 0.443)
b2 0158 (0.872, 1.188)
. posture |a 5.039 (1.073,9.005) 0.100 0.000 (NA, 0.146) 146.642 0.000
bD  -4.351 (-8.373,0.328)
bP  -4.790 (-8.847,-0.733)
bU  -4.375 (-8.286,-0.463)
vegetatior| a 2.358 (-1.06,5.775) 0.065 0.000 (NA, 0.811) 152.816 -6.174
bC  -1.919 (-5.355, 1.518)
bd  -1524 (-4.971,1.923)
bM  -1.708 (-5.14,1.724)
b0 -1.713 (-5.123, 1.698)
bW -1.007 (-4.679, 2.665)
:trophic
rophic 1 3.013 (-1.165, 7.192) 0.076 0.000 (NA, 0.334) 149.493 -2.851
b:LPred -2.080 (-6.329, 2.168)
b:LPrey -2.361 (-6.496, 1.773)
bMH  -2.421 (-6.76,1.918)
b:SPred -2.594 (-6.79, 1.602)
bU  -2.486 (-6.868, 1.896)
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Supplementary Table 3.19.Summary statistics for models predicting maximum

running speed (MRS) residuals using humerus length (H) residual in PGLS and

accounting also for different ecological categories: foot posture (D: digitigrade, P:

Plantigrade, U: Unguligrade), vegetation (Cclosed, M: mixed, O: Open, W: wetland,

D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,

MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?
(95%CI ) :

using

criter.i

PGLS; & (95%CI) :

on

par amet er

(a | ower

95% i nterval; R2:

Al Cc indicates a b

in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Sigraht parameters are

in bold.

Model

P P (95%CI)

R2 & & (959 AC Al

MRS ~ H

MRS ~ H+H2

: posture

:vegetation

:trophic level

a
bl
b2

a

b:D
b:P
b:U

a
b:C
b:M
b:O
b:wW

a

-0.045 (-0.154, 0.065
0.105 (-0.356, 0.565

-0.044 (-0.156, 0.068
0.037 (-0.213, 0.287
-0.048 (-0.238, 0.142

-0.048 (-0.148, 0.052
0.884 (-0.406, 2.174
0.437 (-0.44, 1.313)
-0.176 (-0.776, 0.424

-0.011 0.830 (0.558, 0.962 -120.845 0.000

-0.021 0.837 (0.565, 0.966 -119.098 -1.747

0.002 0.771 (0.369, 0.958 -119.526 -1.319

-0.040 (-0.153, 0.074 -0.010 0.842 (0.548, 0.980 -118.076 -2.769

0.529 (-0.164, 1.221
-0.127 (-0.971, 0.718
-0.302 (-1.001, 0.396
0.267 (-3.37, 3.903)

-0.044 (-0.15, 0.062)

b:LPred 0.309 (-1.069, 1.686
b:LPrey -0.219 (-0.841, 0.403

b:MH

1.064 (-1.452, 3.58)

b:SPred 0.871 (-0.009, 1.752

b:U

-0.458 (-1.984, 1.068

0.005 0.803 (0.392, 0.978 -115.385 -5.460
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Supplementary Table 3.20. Summary statistics for modefsredicting maximum

running speed (MRS) residuals using radius length (R) residual in PGLS and

accounting also for different ecological categories: foot posture (D: digitigrade, P:

Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, Wwetland,

D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,

MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95%CI1 ) :
using PGLS &

criterion

parameter 95% I

nterval ; R2: cCor |

(95%CI1 ): | ambdAal ConAkaieke@&s iinmtf

(a

| ower Al Cc

ndi cates a bett

in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Sigraht parameters are

in bold.
Model P PO5%Cl) R2 & & (95% AIC (Al
MRS ~R |a -0.033 (-0.125, 0.058) 0.077 0.732 (0.357, 0.930) -126.896 -1.090
b 0.420 (0.115, 0.725)
MRS ~
mino |2 -0.022 (-0.106, 0.062) 0.113 0.674 (0.255, 0.910) -127.986 0.000
bl 0.384 (0.141, 0.626)
b2 -0.221 (-0.465, 0.022)
- posture |a -0.030 (-0.118, 0.058) 0.069 0.697 (0.266, 0.922) -123.787 -4.199
b:D 0.673 (-0.022, 1.369)
b:P 0.577 (-0.276, 1.43)
b:U 0.336 (-0.03, 0.703)
vegetation a -0.028 (-0.12, 0.063) 0.062 0.714 (0.288, 0.931) -122.554 -5.432
b:C 0.499 (0.007, 0.991)
b:M 0.644 (0.087, 1.201)
b:0 0.273 (-0.187, 0.733)
b:W 0.260 (-0.93, 1.451)
:trophic 0.033 (-0.124, 0.057) 0.056 0.704 (0.242, 0.935) -118.118 -9.868
oo a -0.033 (-0.124, 0.057) 0.056 0.704 (0.242, 0.935) -118.118 -9.
b:LPred 0.258 (-0.857, 1.374)
b:LPrey 0.398 (-0.012, 0.809)
bMH  0.308 (-0.396, 1.012)
b:SPred 0.824 (0.096, 1.553)
b:U -0.324 (-2.796, 2.147)
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Supplementary Table 3.21. Summary statistics for models predicting maximum
running speed (MRS) residuals using femur length (F) residual in PGLS and
accounting also for differentecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,
D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,
MH: Mega Herbivores, SPred: Small Pedators, U: Ursidae). P: ParametersP

(95 %CI ) : parameter 95% interval; R2: cor |
using PGLS; & (95%Cl): Aba@bdAkeoktbddenaoe:
criterion (a | ower Al Cc iCao thdicatestthe differencd e t t

in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best
supported model amongst those using the same dataset). Significant parameters are
in bold.

Model P PO5%Cl) R2 & & (95% AIC @Al
MRS ~F |a -0.044 (-0.151, 0.063) 0.001 0.820 (0.531, 0.959) -121.711 0.000
b 0.230 (-0.205, 0.666)
MRS ~ \
g a -0.042 (-0.147, 0.063) -0.005 0.803 (0.476, 0.956) -120.244 -1.466
bl 0.105 (-0.125, 0.335)
b2 -0.081 (-0.298,0.136)
- posture |a -0.043 (-0.153, 0.067) -0.003 0.832 (0.523, 0.975) -119.486 -2.224
b:D 0.384 (-0.687, 1.455)
b:P 0.711 (-0.226, 1.647)
b:U 0.029 (-0.499, 0.557)
-vegetation a -0.036 (-0.147,0.074) -0.002 0.830 (0.517, 0.974) -118.657 -3.054
b:C 0.671 (-0.076, 1.418)
b:M 0.235 (-0.688, 1.159)
b:0 -0.068 (-0.632, 0.496)
b:W 1.329 (-2.372, 5.03)
:trophic 0.038 (-0.149, 0.073) 0.001 0.828 (0.481, 0.985) -115.221 -6.489
oo a -0.038 (-0.149, 0.073) O. 828 (0.481, 0.985) -115.221 -6.
b:iLPred 0.273 (-0.939, 1.484)
b:LPrey -0.039 (-0.587, 0.509)
b.MH  0.990 (-2.38, 4.359)
b:SPred 0.978 (0.082, 1.874)
b:U -0.662 (-3.981, 2.658)
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Supplementary Table 3.22. Summargtatistics for models predicting maximum
running speed (MRS) residuals using tibia length (T) residual in PGLS and
accounting also for different ecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, Mmixed, O: Open, W: wetland,
D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,
MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95 %CI ) : parameter 95% interval ;estimdted cor |
using PGLS; & (95%Cl): Aba@bdAkeoktbddenaoe:
criterion (a | ower Al Cc indicates a bett

in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best
supported model amongst those using the same dataset). Sigraht parameters are
in bold.

Model P P@O%C) R2 & @& (959% AIC @Al

MRS~T |a -0.022 (-0.112, 0.067 0.091 0.712 (0.278, 0.926 -127.707 -0.607
b 0.535 (0.175, 0.894)

MRS ~ T+T2 a -0.016 (-0.097, 0.065 0.124 0.643 (0.078, 0.909 -128.315 0.000
bl 0.403 (0.167, 0.64)
b2 -0.170 (-0.372, 0.032

:posture  |a -0.010 (-0.101, 0.08) 0.091 0.709 (0.261, 0.931 -125.732 -2.582

b:D 0.977 (0.084, 1.871)
b:P 0.768 (-0.03, 1.566)
b:U 0.352 (-0.097, 0.801

'vegetation |a -0.019 (-0.108, 0.071 0.077 0.700 (0.256, 0.926 -123.504 -4.811
b:C 0.494 (-0.044, 1.032
b:M 0.885 (0.241, 1.529)
b:0 0.402 (-0.156, 0.96)
bW  0.410 (-1.238, 2.058

trophic level| a -0.021 (-0.112, 0.07) 0.059 0.702 (0.186, 0.935 -118.383 -9.932
b:LPred 0.490 (-1.073, 2.054
b:LPrey 0.434 (-0.035, 0.902
b:MH  0.487 (-0.777, 1.75)
b:SPred 0.886 (0.135, 1.637)
b:U 0.952 (-1.712, 3.617
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Supplementary Table 3.23. Summary statistics for models predicting maximum
running speed (MRS) residuals using radius to humerus ratio (R/H) residual ifFGLS
and accounting also for different ecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,
D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prg,

MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95 %CI ) : parameter 95% interval; R2: cor |
using PGLS; & (95%Cl): Aba@bdAkeoktbddenaoe:
criterion (alowerAl Cc i ndicates a better model fit

in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best
supported model amongst those using the same dataset). Significant parameters are
in bold.

Model P PO5%Cl) R2 & & (95% AIC Al
';{"/Fﬁ'& -0.017 (-0.101, 0.067) 0.141 0.682 (0.282, 0.911) -131.484 0.000
b 1.867 (0.862, 2.872)
a -0.011 (-0.096, 0.075) 0.142 0.695 (0.309, 0.913) -130.816 -0.668
bl 0.534 (0.258, 0.81)
b2 -0.155 (-0.422, 0.112)
. posture |a -0.019 (-0.107, 0.069) 0.116 0.698 (0.259, 0.927) -127.722 -3.762
b:D 1.410 (-0.67, 3.491)
b:P 1.858 (-2.206, 5.922)
b:U 1.997 (0.796, 3.198)
vegetation a -0.014 (-0.103, 0.076) 0.116 0.712 (0.344, 0.915) -127.039 -4.444
b:C 1.113 (-0.593, 2.819)
b:M 2.486 (0.931, 4.042)
b:0 1.957 (0.527, 3.387)
b:W 1.562 (-3.293, 6.417)
:trophic 0.011 (-0.096, 0.074) 0.133 0.679 (0.228, 0.914) -124.126 -7.358
o a -0.011 (-0.096, 0.074) 0. 679 (0.228, 0.914) -124.126 -7.35
b:LPred 0.241 (-2.547,3.028)
b:LPrey 2.461 (1.165, 3.757)
bMH 1215 (-1.29, 3.721)
b:SPred 2.527 (-1.603, 6.657)
b:U 2.475 (-2.971,7.92)
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Supplementary Table 3.24.Summary statistics for models predicting maximum
running speed (MRS) residuals using tibia to femur (T/F) ratio residual in PGLS and
accounting also for different ecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetabn (C: closed, M: mixed, O: Open, W: wetland,
D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,
MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95%Cl): parameter 95% interval; R2: correlation coeffi ci en't ; . | ambd
using PGLS; & (95%Cl): Aba@bdAkeoktbddenaoe:
criterion (a | ower Al Cc indicates a bett

in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best
supported model amongst those using the same dataset). Sigraht parameters are
in bold.

Model P P@O5%C) R2 & @& (959% AIC @Al
MRS ~ T/F |a -0.003 (-0.094, 0.088 0.110 0.719 (0.343, 0.923 -129.423 0.000
b 2.354 (0.912, 3.797)
a -0.003 (-0.095, 0.089 0.098 0.720 (0.343, 0.923 -127.427 -1.996
bl 0.520 (0.199, 0.841)
b2 0.007 (-0.199, 0.212
:posture  |a -0.001 (-0.094, 0.092 0.091 0.703 (0.290, 0.920 -125.618 -3.805
b:D 2.183 (-0.223, 4.589
b:P 3.186 (-0.873,7.245
b:U 2.350 (0.484, 4.216)
'vegetation |a 0.003 (-0.089, 0.095 0.133 0.729 (0.404, 0.917 -128.683 -0.739
b:C 1.135 (-0.679, 2.95)

b:M 3.905 (1.666, 6.144)
b:0 2.920 (0.981, 4.86)
b:W 0.863 (-4.556, 6.281

trophic level a 0.008 (-0.075, 0.091 0.140 0.632 (0.163, 0.892 -123.774 -5.649
b:LPred 1.159 (-1.661, 3.979
b:LPrey 3.545 (1.623,5.466)
b:MH  2.479 (-2.258, 7.216
b:SPred 4.874 (-0.118, 9.866
b:U 2.514 (-1.868, 6.895
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Supplementary Table 3.25. Summary statistics for models predicting daily movement
distance (DMD) residuals using humerus length (Hjesidual in PGLS and accounting
also for different ecological categories: foot posture (D: digitigrade, P: Plantigrade,

U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:
domesticated), and trophic level (LPred: Large Predators, LPrg: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):

parameter 95% interval; R2: correlation ¢
PGLS; & (95%CIl ) : | ambAdaC:c oAnkfaiidkeendcse ionnftoerrm
(a |l ower AI Cc indicates a better model fi

to the model with the lowest AIC (i.e., a value of 0.0 indicates the besipported
model amongst those using the same dataset). Significant parameters are in bold.

Model P P@O%C) R2 & & (95¢AC @Al
DMD~H |a 0.008 (-0.117,0.132 -0.001 0.056 (NA, 0.666) 142.257 -8.182
b 0.546 (-0.604, 1.696
DMD ~ H+H2|a 0.000 (-0.084,0.084 0.022 0.000 (NA, 0.587) 142.330 -8.255
bl 0.675 (-0.214, 1.563
b2 0.673 (-0.216, 1.561
- posture a -0.018 (-0.13, 0.094) 0.053 0.037 (NA, 0.463) 138.274 -4.199
b:D 2.066 (0.222, 3.911)
b:P 1.116 (-0.826, 3.058
b:U -1.804 (-3.853, 0.245
'vegetation |a -0.022 (-0.108, 0.063 0.068 0.000 (NA, 0.308) 139.759 -5.684
b:C -0.480 (-2.259, 1.299
b:d -1.310 (-4.235, 1.615
b:M 2.195 (0.299, 4.091)
b:0 3.566 (0.835, 6.297)
b:W  -2.238 (-8.529, 4.054
trophic level |a -0.016 (-0.14, 0.109) 0.095 0.050 (NA, 0.463) 134.075 0.000
b:LPred 2.791 (0.35,5.233)
b:LPrey -2.020 (-4.043, 0.004
b:MH  -0.413 (-5.197, 4.371
b:SPred 2.127 (0.333, 3.922)
b:U -2.870 (-6.956, 1.216
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Supplementary Table 3.26. Summary statistics for models predicting daily movement
distance (DMD) residuals using radius length (R) residual in PGLS and accounting
also for different ecological categories: foot posture (D: digitigrade, APlantigrade,

U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:
domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):

parameter 95% interval; R2: correlation ¢
PGLS; & (95%CIl ) : | ambAdaC:c oAnkfaiidkeendcse iinnftoerrm
(a |l ower AI Cc indicates a better model fi

to the modelwith the lowest AIC (i.e., a value of 0.0 indicates the bestpported

model amongst those using the same dataset). Significant parameters are in bold.

Model P PO5%Cl) R2 & & (95' AIC @Al
DMD~R |a 0.014 (-0.113,0.141) 0.014 0.063 (NA, 0.570) 140.444 -8.300
b 0.616 (-0.131, 1.363)
DMD ~ R+R2|a 0.012 (-0.106, 0.13) 0.012 0.046 (NA, 0.538) 141.870 -9.726
bl 0.770 (-0.138, 1.678)
b2 0.347 (-0.541, 1.235)
- posture a 0.022 (-0.081, 0.125) 0.054 0.021 (NA, 0.363) 138.523 -6.378
b:D 1.253 (0.137, 2.368)
b:P 1.286 (-0.177, 2.749)
b:U -0.720 (-2.024, 0.584)
'vegetation |a -0.025 (-0.141, 0.091) 0.088 0.047 (NA, 0.404) 135.868 -3.724
b:C -0.346 (-1.603, 0.911)
b:d -1.334 (-3.859, 1.19)
b:M 1.567 (0.257, 2.877)
b:0 2.302 (0.765, 3.84)
b:W  -1.041 (-3.375, 1.293)
trophic level |a -0.015 (-0.102, 0.072) 0.120 0.002 (NA, 0.267) 132.144 0.000
b:LPred 2.547 (0.798, 4.295)
b:LPrey -0.599 (-1.888, 0.689)
b:MH  -0.343 (-2.002, 1.317)
b:SPred 1.523 (0.354, 2.692)
b:U -5.778 (-11.676, 0.119
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Supplementary Table 3.27. Summary statistics for modelsredicting daily movement
distance (DMD) residuals using femur length (F) residual in PGLS and accounting
also for different ecological categories: foot posture (D: digitigrade, P: Plantigrade,
U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, Wwetland, D:
domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):

parameter 95% interval; R2: correlation ¢
PGLS, & (95%Cl): | ambdAal ConAkaieke@&siinhkeowrm
(a |l ower AI Cc indicates a better model fi

to the model with the lowest AIC (i.e., a value of 0.0 indicates theestsupported
model amongst those using the same dataset). Significant parameters are in bold.

Model P PO5%C) R2 & & (95' AIC @Al
DMD~F |a 0.009 (-0.113,0.131) 0.007 0.053 (NA, 0.602) 141.409 -5.454
b 0.773 (-0.373, 1.918)
DMD ~ F+F2| a 0.004 (-0.092, 0.100) 0.017 0.013 (NA, 0.539) 142.120 -6.165
bl 0.714 (-0.181, 1.609)
b2 0.553 (-0.339, 1.446)
‘posture | a 0.009 (-0.108, 0.127) 0.053 0.048 (NA, 0.503) 138.154 -2.199
b:D 1.663 (-0.152,3.478)
b:P 1.904 (-0.143, 3.952)
b:U -1.582 (-3.641, 0.476)
'vegetation |a -0.019 (-0.127, 0.089) 0.046 0.030 (NA, 0.422) 141.115 -5.160
b:C -0.333 (-2.203, 1.538)
b:d -1.608 (-4.729, 1.513)

b:M 2.576 (0.485, 4.667)
b:0 2.363 (-0.104, 4.829)
bW  -0.860 (-6.245, 4.526)

trophic level |a 0.012 (-0.109, 0.134) 0.080 0.044 (NA, 0.512) 135.955 0.000
b:LPred 2.602 (-0.071,5.276)
b:LPrey -1.712 (-3.736, 0.312)
b:MH  0.754 (-3.069, 4.577)
b:SPred 2.191 (0.453, 3.93)
b:U -3.942 (-10.092, 2.208
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Supplementary Table 3.28. Summary statistics for models predicting daily movement
distance (DMD) residuals using tibia length (T) residual irPGLS and accounting also

for different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:

Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prg, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):

par ameter

PGLS,;

(alowerAl Cc i

95% interval ; R2: correl ati
> (95%CI1 ) : | ambAdi aC:c oAnkfaiidkeendcse
ndi cates a better mo d e |l

to the model with the lowest AIC (i.e., a value of 0.0 indicates the besipported

model amongst those using the same dataset). Significant parameters are in bold.

Model P P@O%Cl) R2 & o (95' AIC Al
DMD~T |a 0.018 (-0.142, 0.178 -0.002 0.128 (NA, 0.641) 141.926 -3.737
b 0.421 (-0.499, 1.342
DMD ~ T+T2|a 0.018 (-0.143, 0.178 -0.011 0.127 (NA, 0.640) 143.906 -5.718
bl 0.448 (-0.532, 1.428
b2 -0.063 (-0.956, 0.831
‘posture | a 0.074 (-0.057, 0.205 0.051 0.061 (NA, 0.461) 138.188 0.000
b:D 0.524 (-0.851, 1.9)
b:P 2.490 (0.626, 4.353)
b:U -1.075 (-2.613, 0.463
'vegetation |a -0.001 (-0.167, 0.164 0.016 0.143 (NA, 0.642) 143.806 -5.617
b:C 0.047 (-1.527, 1.621
b:d -2.118 (-5.899, 1.664
b:M 1.550 (-0.023, 3.122
b:0 1.020 (-0.764, 2.804
b:.W  -1.661 (-4.704, 1.382
trophic level | a 0.039 (-0.076, 0.154 0.021 0.026 (NA, 0.464) 143.012 -4.824
b:LPred 0.770 (-1.861, 3.401
b:LPrey -0.936 (-2.412, 0.54)
b:MH  0.321 (-1.742, 2.385

b:SPred 1.826 (0.295, 3.357)

b:U

0.232 (-5.051, 5.515
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Supplementary Table 3.29. Summary statistics for models predicting daily movement
distance (DMD) residuals using radius to humerus ratio (R/H) residual in PGLS and
accounting also for different ecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,
D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,

MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95%CIl): parameter 95% i nt er val ; R2: <correlation coe
using PGLS; & (95%Cl): Aba@bdAkeoktbddenaoe:
criterion (a | ower Al Cc indicates a bett

in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best
supported model amongst those using the same dataset). Sigraht parameters are
in bold.

Model p PO5%C) R2 & o (959 AIC @Al
oM a 0.035 (-0.134,0.204) 0.040 0.158 (NA,0.665) 137.148 0.000
3.356 (0.575, 6.137)
DMD ~ |, 0.035 (-0.135,0.205) 0.032 0.159 (NA,0.663) 139.107 -1.958
RN . 135, 0, 032 0. 0. . .
b1 1189  (0.199, 2.178)
b2 0.091 (-0.792, 0.973)
posture |a 0.055 (-0.095,0.205) 0.042 0.104 (NA,0.602) 138.938 -1.790
oD 3666 (-1.18, 8.513)
b:P 6.517 (0.899, 12.134)
b:U 1132  (-3.057, 5.32)
vegetation a 0.014 (-0.174,0.202) 0.055 0.209 (0.005, 0.726) 139.317 -2.169
b:C 1234  (-3.774, 6.242)
b:d 1.778 (-10.715, 14.272
M 5401 (0.165,10.637)
0:0  6.002 (1.505,10.498)
bW -4591 (-13.6, 4.418)
:trophic
o a 0.008 (-0.123,0.14) 0.052 0.064 (NA,0.592) 139.067 -1.918
b:LPred 8.416 (-0.33,17.162)
b:iLPrey 1.647 (-2.475,5.768)
b:MH  -1.015  (-7.423, 5.393)
b:SPred 6.263 (1.485, 11.041)
b:U 0.716 (-12.143, 13.575
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Supplementary Table 3.30. Summary statistics for models predicting daily movement
distance (DMD) residuals using tibia to femur ratio (T/F) residual in PGLS and
accounting also for different ecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,
D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,

MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95 %CI ) : parameter 95% interval; R2: cor |
using PGLS,; @abdalcOnbdesCdintervallAb @: Akai keds i nf
criterion (a | ower Al Cc indicates a bett

in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best
supported model amongst those using the same dataset). Sigraht parameters are
in bold.

Model P P@O%C) R2 & o (95¢ AIC @Al I
2P a 0.000 (-3.895, 3.894) -0.009 0.172 (NA, 0.682) 142.700 -2.240
0.010 (-3.925, 3.945)
DMD ~
e |a 0.010 (-0.175,0.194) -0.018 0.182 (NA, 0.682) 144.671 -4.212
b1 0.009 (-1.103, 1.121)
b2 0.084 (-0.874,1.042)
posture |a 0.146 (-3.711, 4.002) 0.046 0.000 (NA, 0.326) 140.460 0.000
b:D 0019 (-3.893,3.932)
P -0.274 (-4.22, 3.671)
U -0.217 (-4.021, 3.587)
vegetation a 1140 (-5.11,2.831) 0.012 0.155 (NA, 0.762) 144.198 -3.739
b:C 1.051 (-2.956,5.057)
b:d 1.331 (-2.754, 5.417)
oM 1.189 (-2.816, 5.194)
0:0 1174 (-2.834,5.183)
bW 1.803 (-2.415, 6.022)
:trophic
o a 0.707 (-3.317, 4.731) 0.046 0.000 (NA, 0.256) 141.240 -0.780
b:LPred -0.368 (-4.46, 3.724)
b:LPrey -0.758 (-4.741, 3.224)
b:MH  -0.959 (-5.138,3.221)
b:SPred -0.696 (-4.737, 3.346)
U -0.767 (-4.988, 3.454)
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Supplementary Table 3.31. Summary statistics for models predicting humerus length (H) using body mass (BM) in OLS and
accounting also fordifferent ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade), vegetation (C: closed,
M: mixed, O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega
Herbivores, SPred Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval; R2: correlation coefficient;

Al C: Akai keds information criterion (a | ower Al Cc i ndhemmdele s
with the lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst those using the same dataset). Significant
parameters are in bold.

Linear Linear
Model P P (95%CI) R2 AIC nAIC P P (95%CI) R2 AlIC nAIC
H ~BM a 1.806 (1.763,1.848) 0.890 -204.515 -11.738|a 1.768 (1.738,1.799) 0.912 -249570 -37.175
b 0.271 (0.25, 0.293) b 0.286 (0.269, 0.303)
H ~ BM+BM2 a 2.314 (2.3,2.327) 0.893 -205.734 -10.519|a 2.232 (2.22, 2.244) 0.937 -285.520 -1.225
bl 1.533 (1.412, 1.653) bl 2.626 (2.497, 2.756)
b2 -0.109 (-0.229, 0.011) b2 -0.438 (-0.567,-0.308)
: posture a 1.805 (1.762,1.848) 0.889 -202.065 -14.188|a 1.765 (1.735, 1.794)  0.918 -255.600 -31.145
b:D 0.278  (0.254, 0.303) b:D 0.296 (0.276, 0.315)
b:P 0.275 (0.24, 0.311) b:P 0.316 (0.288, 0.344)
b:U 0.268 (0.246, 0.29) b:U 0.278 (0.261, 0.295)
:vegetation a 1.795 (1.751,1.838) 0.893 -203.876 -12.377|a 1.755 (1.727,1.783) 0.927 -267.114 -19.631
b:C 0.281  (0.254, 0.308) b:C 0.305 (0.285, 0.325)
b:M 0.283  (0.259, 0.308) b:d 0.241 (0.214, 0.268)
b:0 0.274  (0.251, 0.297) b:M 0.307 (0.286, 0.327)
b:wW 0.249 (0.218, 0.28) b:0 0.289 (0.27, 0.307)
b:wW 0.262 (0.229, 0.295)
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: trophic level

a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

1.778
0.329
0.280
0.267
0.302
0.303

(1.716, 1.84)
(0.288, 0.37)
(0.25, 0.311)
(0.241, 0.292)
(0.225, 0.379)
(0.266, 0.34)

0.908 -216.253 0.000

a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

1.727
0.361
0.294
0.282
0.362
0.336

(1.696, 1.757) 0.940
(0.334, 0.388)
(0.277, 0.31)
(0.263, 0.3)
(0.320, 0.404)
(0.310, 0.363)

-286.745

0.000
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Supplementary Table 3.32. Summary statistics for models predicting radius length (R) using body mass (BM) in OLS and accaumt

also for different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade), vegetation (C: clds®: mixed,

O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores,

SPred: Small Predators, U: Ursidae). P: Parameters? (95%CI): parameter 95% interval; R2: correlation coefficient; AIC: Aka i ke 6 s
i nformation criterion (a | ower AI Cc indicates a bett ethelowest e |
AIC (i.e., a value of 0.0 indicates the bestupported model amongst those using the same dataset). Significaatgmeters are in bold.

(MRS database) (DMD database)
Model P P (95%CI) R2 AlIC nAIC P P (95%CI) R2 AlC NAIC
R~ BM a 1.820 (1.75, 1.89) 0.751 ~-129.772 -9.805 |a 1.701 (1.655,1.747) 0.846 -159.188 -56.629
b 0.271 (0.236, 0.306) b 0.313 (0.288, 0.338)
R~BM+BM2 |a 2.328 (2.306,2.349) 0.784 -139.577 0.000 |a 2.209 (2.193,2.226) 0.908 -215.817  0.000
bl 1.531 (1.345, 1.717) bl 2.878 (2.701, 3.055)
b2 -0.332  (-0.518,-0.146) b2 -0.783 (-0.96,-0.606)
. posture a 1.826 (1.758,1.894) 0.765 -132.268 -7.309 |a 1.702 (1.656,1.748) 0.844 -156.104 -59.713
b:D 0.253 (0.214, 0.292) b:D 0.305 (0.274, 0.336)
b:P 0.232 (0.176, 0.288) b:P 0.315 (0.271, 0.36)
b:U 0.278 (0.242, 0.313) b:U 0.317 (0.29, 0.344)
:vegetation a 1.791 (1.724,1.858) 0.784 -137.919 -1.658 |a 1.682 (1.638,1.725) 0.868 -172.177 -43.640
b:C 0.286 (0.245, 0.327) b:C 0.332 (0.302, 0.362)
b:M 0.281 (0.243, 0.319) b:d 0.265 (0.224, 0.306)
b:0 0.297 (0.261, 0.333) b:M 0.337 (0.305, 0.368)
b:wW 0.207 (0.159, 0.255) b:0 0.331 (0.303, 0.359)
b:wW 0.242 (0.192, 0.293)
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: trophic level

a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

1.824
0.305
0.273
0.241
0.221
0.258

(1.713, 1.935)
(0.232, 0.378)
(0.219, 0.328)
(0.195, 0.287)
(0.082, 0.359)
(0.193, 0.324)

0.757

-129.004

-10.573

a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

1.643
0.404
0.338
0.292
0.411
0.342

(1.593, 1.694) 0.872 -174.573
(0.36, 0.449)
(0.31, 0.365)
(0.261, 0.323)
(0.341, 0.481)
(0.298, 0.386)

-41.243
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Supplementary Table 3.33. Summary statistics for models predicting femur length (F) using body mass (BM) in OLS and accongti

also for different ecological categories: foot posture (Odigitigrade, P: Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed,

O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores,

SPred: Small Predators, U: Ursidae). P: Parameters? (95%CIl): parameter 95% interval; R2: correlation coefficient; A1 C:

i nfor mat

on

cCri

teri

on

(a

| ower

Al Cc

i ndi

cates

a

bett ethelawest e |

Ak ai

AIC (i.e., a value of 0.0 indicates the bestupported model amongst those using the same dataset). Significant parameters are in bold.
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(MRS database) (DMD database)
Model P P (95%Cl) R2 AIC NAIC P P (95%ClI) R2 AIC nAIC
F~BM a 1.875 (1.832,1.918) 0.891 -203.239 -5.881 a 1.819 (1.789, 1.849) 0.920 -254.221 -58.260
b 0.274  (0.252, 0.296) b 0.295 (0.279, 0.311)
F~BM+BM2 |a 2.389 (2.376,2.403) 0.900 -209.119 0.000 a 2.298 (2.287,2.309) 0.953 -312.481 0.000
bl 1.550 (1.433,1.668) bl 2.709 (2.594, 2.823)
b2 -0.169 (-0.287,-0.052) b2 -0.516 (-0.63,-0.401)
. posture a 1.876  (1.832,1.92) 0.888 -199.509 -9.610 a 1.818 (1.788, 1.847) 0.920 -253.240 -59.241
b:D 0.273  (0.248, 0.298) b:D 0.299 (0.279, 0.319)
b:P 0.267 (0.232, 0.303) b:P 0.313 (0.284, 0.341)
b:U 0.275 (0.252, 0.297) b:U 0.291 (0.274, 0.308)
:vegetation a 1.865 (1.821,1.909) 0.892 -201.676 -7.444 a 1.808 (1.779, 1.836) 0.930 -265.844 -46.637
b:C 0.279 (0.252, 0.306) b:C 0.308 (0.288, 0.327)
b:M 0.281  (0.256, 0.306) b:d 0.255 (0.228, 0.282)
b:O 0.283 (0.259, 0.306) b:M 0.313 (0.292, 0.334)
b:wW 0.251 (0.219, 0.282) b:0 0.302 (0.284, 0.32)
b:w 0.269 (0.236, 0.302)

Kk



: trophic level

a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

1.871
0.301
0.278
0.253
0.254
0.288

(1.804, 1.937) 0.898
(0.257, 0.345)
(0.246, 0.311)
(0.225, 0.28)
(0.171, 0.338)
(0.249, 0.328)

-205.548

-3.572

a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

1.778
0.360
0.309
0.281
0.364
0.334

(1.746, 1.81) 0.939 -277.846 -34.635
(0.332, 0.388)
(0.292, 0.326)
(0.262, 0.3)
(0.32, 0.409)
(0.306, 0.361)
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Supplementary Table 3.34. Summary statistics for models predicting tibia length (T) using body mass (BM) in OLS and accougti

also for different ecological categories: foot posture (D: digitigrade, FPlantigrade, U: Unguligrade), vegetation (C: closed, M: mixed,

O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores,

SPred: Small Predators, U: Ursidae). P: Parameters? (95%CIl): parameter 95% interval; R2: correlation coefficient; A1 C:
Al

i nfor mat

on

cCri

teri

on

(a

| ower

Cc

ndi

cates

a

bett ethelawest e |

Ak ai

AIC (i.e., a value of 0.0 indicates the bestupported modelamongst those using the same dataset). Significant parameters are in bold.
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(MRS database) (DMD database)
Model P P (95%ClI) R2 AIC NAIC P P (95%ClI) R2 AlC nAIC
T~BM a 1.948 (1.889, 2.008) 0.764 -154.237 -28.009 |a 1.838 (1.798,1.878) 0.852 -190.916 -52.015
b 0.239 (0.209, 0.269) b 0.278 (0.257, 0.300)
T~BM+BM2 | a 2.396 (2.378,2.413) 0.813 -171.050 -11.196 |a 2.290 (2.275,2.304) 0.908 -242.931 0.000
bl 1.350 (1.199, 1.501) bl 2.558 (2.401, 2.714)
b2 -0.349 (-0.5,-0.198) b2 -0.658 (-0.814,-0.501)
. posture a 1.957 (1.907,2.006) 0.841 -182.246 0.000 |a 1.843 (1.806,1.881) 0.869 -202.002 -40.928
b:D 0.205 (0.176, 0.233) b:D 0.255 (0.23, 0.281)
b:P 0.180 (0.139, 0.22) b:P 0.247 (0.211, 0.283)
b:U 0.252 (0.226, 0.277) b:U 0.292 (0.271, 0.314)
:vegetation a 1.923 (1.865,1.982) 0.789 -159.958 -22.288 |a 1.822 (1.784,1.861) 0.868 -199.537 -43.393
b:C 0.255 (0.219, 0.291) b:C 0.291 (0.264, 0.317)
b:M 0.253 (0.22, 0.286) b:d 0.246 (0.21, 0.283)
b:O 0.256 (0.225, 0.287) b:M 0.301 (0.273, 0.329)
b:w 0.186 (0.145, 0.228) b:O 0.291 (0.266, 0.316)
b:wW 0.219 (0.174, 0.264)

Kk



: trophic level

a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

1.985
0.220
0.235
0.188
0.121
0.193

(1.901, 2.069) 0.822
(0.165, 0.275)
(0.194, 0.276)
(0.154, 0.223)
(0.016, 0.225)
(0.143, 0.243)

-171.104

-11.143

a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

1.803
0.324
0.306
0.244
0.321
0.266

(1.759, 1.847)
(0.286, 0.363)
(0.283, 0.33)
(0.217,0.27)
(0.26, 0.382)
(0.228, 0.304)

0.877

-205.839

-37.092
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Supplementary Table 3.35. Summary statistics for models predicting radius to humerus ratio (R/H) using body mass (BM) in OLS

and accounting also for different ecological categories: foot posture ([Migitigrade, P: Plantigrade, U: Unguligrade), vegetation (C:

closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mg

Herbivores, SPred: Small Predators, U: Ursidae). P: Parameterd® (95%CI): parameter 95% interval; R2: correlation coefficient;

Al C:

Ak ai

kebds

nf or mat i

on

Cri

teri

on

(a |

ower

Al

Cc

i n d heoredele s

with the lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst those using the same dataset). Significant

parameters are in bold.

(MRS database) (DMD database)
Model P P (95%ClI) R2 AIC NAIC P P (95%ClI) R2 AIC NAIC
R/H ~ BM a 1.005 (0.983,1.027) -0.013 -304.427 -15.446 |a 0.958 (0.945,0.971) 0.1764 -434.334 -40.313
b 0.000  (-0.011, 0.012) b 0.018 (0.011, 0.026)
R/H ~ BM+BM2 | a 1.006 (0.999,1.013) 0.091 -311.753 -8.120 |a 0.988 (0.983,0.993) 0.432 -474.647 0.000
bl 0.003  (-0.057, 0.063) bl 0.168 (0.113, 0.223)
b2 -0.094 (-0.154,-0.034) b2 -0.199 (-0.254,-0.144)
. posture a 1.008 (0.988,1.028) 0.194 -319.873 0.000 |a 0.960 (0.947,0.972) 0.258 -443.996 -30.651
b:D -0.010 (-0.021, 0.002) b:D 0.011 (0.002, 0.019)
b:P -0.018 (-0.034,-0.002) b:P 0.008 (-0.004, 0.02)
b:U 0.004  (-0.006, 0.014) b:U 0.023 (0.015, 0.03)
:vegetation a 0.998 (0.977,1.019) 0.148 -314.771 -5.102 |a 0.955 (0.942,0.968) 0.234 -438.553 -36.094
b:C 0.002  (-0.011, 0.015) b:C 0.018 (0.009, 0.027)
b:M -0.001  (-0.013,0.011) b:d 0.016 (0.003, 0.028)
b:O 0.010  (-0.001, 0.022) b:M 0.020 (0.01, 0.029)
b:wW -0.016  (-0.031,-0.001) b:O 0.025 (0.016, 0.033)
b:w -0.002 (-0.017, 0.013)
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- trophic level | a 1.020  (0.985,1.054) 0.093 -304.678 -15.195|a 0.945  (0.93,0.96) 0.286 -441.250 -33.397
b:.LPred -0.010  (-0.033, 0.013) b:LPred  0.030  (0.016, 0.043)
b:.LPrey -0.003  (-0.02, 0.014) b:LPrey  0.028  (0.02, 0.036)
b:MH -0.011  (-0.025, 0.004) b:MH 0.011  (0.002, 0.02)
b:SPred -0.037  (-0.08, 0.006) b:SPred  0.041  (0.02, 0.062)
b:U -0.018  (-0.039, 0.002) b:U 0.012  (-0.001, 0.025)
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Supplementary Table 3.36. Summary statistics for models predicting tibia to femur ratio (T/F) using body mass (BM) in OLS @&n
accounting also for different ecological categories: foot posture ([@ligitigrade, P: Plantigrade, U: Unguligrade), vegetation (C: closed,
M: mixed, O: Open, W: wetland, D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega
Herbivores, SPred: Small Predators, U: Ursidae). P: Parameterd® (95%CI): parameter 95% interval; R2: correlation coefficient;

Al C: Akai keds information criterion (a | ower Al Cc i ndhemmdele s
with the lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst those using the same dataset). Significant
parameters are in bold.

(MRS database) (DMD database)
Model P P (95%CI) R2 AIC nAIC P P (95%CI) R2 AIC nAIC
T/F ~ Body Mass a 1.030 (1.012,1.049) 0.098 -332.051 -50.475 |a 1.007 (0.997,1.018) 0.035 -491.482 -83.774
b -0.014  (-0.024,-0.005) b -0.006 (-0.012,-0.001)
T/IF ~BM+BM2 |a 1.003 (0.998, 1.009) 0.165 -336.975 -45.551 |a 0.997 (0.992, 1.002) 0.059 -493.314 -81.942
bl -0.081  (-0.132,-0.03) bl -0.058 (-0.109,-0.008)
b2 -0.068 (-0.119,-0.018) b2 -0.050 (-0.101, 0.000)
: posture a 1.033 (1.02,1.047) 0547 -382.526 0.000 |a 1.010 (1.003,1.017) 0.554 -575.256 0.000
b:D -0.028 (-0.035,-0.02) b:D -0.017 (-0.022,-0.012)
b:P -0.036 (-0.047,-0.025) b:P -0.027 (-0.034,-0.021)
b:U -0.009 (-0.016,-0.003) b:U 0.001 (-0.003, 0.005)
:vegetation a 1.025 (1.006, 1.044) 0.121 -331.221 -51.306 |a 1.006  (0.996, 1.016) 0.053 -489.794 -85.461
b:C -0.010  (-0.022, 0.002) b:C -0.007  (-0.014, 0)
b:M -0.012 (-0.022,-0.001) b:d -0.003 (-0.013, 0.007)
b:O -0.011 (-0.021,-0.001) b:M -0.005 (-0.013, 0.002)
b:w -0.025 (-0.039,-0.012) b:0 -0.004 (-0.011, 0.003)
b:wW -0.019 (-0.031,-0.007)
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- trophic level | a 1.049  (1.025,1.074) 0.380 -356.362 -26.164 |a 1.011  (1.001, 1.021) 0.389 -533.150 -42.106
b:.LPred  -0.035  (-0.051,-0.019) b:LPred  -0.016 (-0.024,-0.007)
b:.LPrey  -0.019  (-0.031,-0.007) b:LPrey  -0.002 (-0.007, 0.004)
b:MH -0.026  (-0.036,-0.016) b:MH -0.015 (-0.021,-0.009)
b:SPred  -0.059  (-0.089,-0.028) b:SPred  -0.021 (-0.034,-0.007)
b:U -0.039  (-0.054,-0.025) b:U -0.028  (-0.036,-0.019)
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Supplementary Table 3.37. Summary statistics for models predicting maximum running speed (MRS) and daily movement distance
(DMD) using body mass (BM) in OLS. P: ParametersP (95%CI): parameter 95% interval; R2: correlation coefficient; AIC:
Akai keds information criterion (a | ower AI Cc indicatedgelwthbet:t

the lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst those using the same dataset). Sigraht parameters

are in bold.
Linear Polynomial
Model P P (95%CI) R2 AIC PA Il ( P P (95%CI) R2 AIC Al
MRS ~BM |a 1.705 (1.604, 1.806) -0.007 -73.283 -21.143|a 1.738 (1.710, 1.767) 0.247 -94.426 0.000
b 0.018 (-0.033, 0.069) b 0.101 (-0.149, 0.351)

b2 -0.650 (-0.900, -0.400)

DMD ~BM |a 0.311 (0.13,0.491) 0.099 144.781 -5.162 |a 0.605 (0.522,0.689) 0.148 139.619 0.000
b 0.182 (0.083, 0.28) bl 1.669 (0.792, 2.547)
b2 -1.202 (-2.079,-0.324)
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Supplementary Table 3.38. Summary statistics for models predicting maximum

running speed (MRS) using humerus length (H) in OLS and accounting also for

different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:

Unguligrade), vegetaton (C: closed, M: mixed, O: Open, W: wetland, D:

domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:

Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
parameter 95% interval; R2: correlation coefficient; Al C: Akai kebds i nfo
criterion (a | ower Al Cc indicates a bett
in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Sigraht parameters are

in bold.

Model P P (95%CI) R2 AIC  pAIC

MRS~H |a 1.511 (1.1, 1.923) 0.002 -74.001 -19.456
b 0.098 (-0.079, 0.275)

MRS ~ H+H2| a 1.738 (1.71, 1.767) 0.237 -93.456 0.000
bl 0.159 (-0.092, 0.411)
b2 -0.626 (-0.878,-0.375)

‘posture  |a 1.694 (1.323,2.065) 0.223 -91.051 -2.406

b:D  0.006 (-0.155,0.168)
b:P  -0.067 (-0.24,0.105)
b:U 0.038 (-0.121, 0.197)

'vegetation |a 1.472 (1.078, 1.866) 0.141 -82.471 -10.985
b:C  0.084 (-0.091,0.259)
b:M  0.122 (-0.048, 0.291)
b:0  0.134 (-0.037,0.304)
b:.W  0.020 (-0.15,0.191)

: trophic level| a 1.815 (1.24,2.389) 0.207 -86.045 -7.411
b:LPred -0.004 (-0.251, 0.242)
b:LPrey -0.016 (-0.262, 0.229)
b:MH -0.088 (-0.312, 0.135)
b:SPred -0.103 (-0.387, 0.18)
b:.Uu  -0.057 (-0.294,0.18)
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Supplementary Table 3.39. Summary statistics for models predicting maximum

running speed (MRS) using radius length (R) in OLS and accounting also for

different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:

Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticated), and trophic ével (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):

parameter 95% interval; R2: correlation coefficient; A1 C: Akai keos

criterion (a lower AICc indicatesabetterro d el f i t ) ; @Al Cc:

in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Significant parameters are

in bold.

Model P P (95%CIl) R2 AIC NnAIC
MRS ~ R a 1.183 (0.821, 1.546) 0.097 -81.584 -13.868
b 0.238 (0.083, 0.394)
MRS ~ R+R2 a 1.738 (1.71,1.767) 0.257 -95.452 0.000
bl 0.420 (0.172, 0.669)
b2 -0.521 (-0.77,-0.273)
. posture a 1.448 (1.096, 1.801) 0.253 -94.090 -1.362
b:D 0.114 (-0.041, 0.268
b:P 0.044 (-0.124,0.213
b:U 0.141 (-0.007, 0.289
‘vegetation |a 1.232 (0.886, 1.578) 0.211 -88.981 -6.471
b:C 0.189 (0.035, 0.343)
b:M 0.226 (0.076, 0.375)
b:O 0.233 (0.086, 0.379)
b:w 0.121 (-0.039, 0.281
: trophic level a 1.216 (0.724, 1.709) 0.250 -90.194 -5.257
b:LPred 0.249 (0.038, 0.46)
b:LPrey 0.236 (0.029, 0.444)
b:MH 0.143 (-0.052, 0.337
b:SPred 0.193 (-0.054, 0.44)
b:U 0.187 (-0.024, 0.397
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Supplementary Table 3.40. Summary statistics for models predicting maximum
running speed (MRS) using femur length (F) in OLS and accounting also for different
ecological categories: foot posture (Ddigitigrade, P: Plantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic
level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:
Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient; Al C: Akai keds i nformation
indicates a better model fit),; @Al Cc:
with the lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst

those using the same dataset). Significant parameters are in bold.

Model P P(95%Cl) R2 AIC pAIC

MRS~F |a 1.421 (1.004, 1.838) 0.016 -75.068 -23.985
b 0.133 (-0.041, 0.307

MRS ~ F+F2|a 1.738 (1.564,1.803) 0.292 -99.053 0.000
bl 0.218 (-0.047, 0.549
b2 -0.675 (-0.68,-0.19)

.posture  |a 1.659 (1.277, 2.042) 0.228 -91.570 -7.483

b:D  0.021 (-0.142,0.183
b:P  -0.051 (-0.224, 0.122
b:U  0.051 (-0.107, 0.209

'vegetation |a 1.400 (0.999, 1.8) 0.154 -83.662 -15.390
b:C  0.112 (-0.061, 0.285
b:M  0.149 (-0.019, 0.317
b:0  0.159 (-0.008, 0.325
b:.W  0.047 (-0.12, 0.215)

- trophic level a 1.749 (1.153, 2.345) 0.210 -86.337 -12.716
b:LPred 0.024 (-0.227, 0.275
b:LPrey 0.012 (-0.233, 0.257
b:MH  -0.062 (-0.29, 0.165)
b:SPred -0.070 (-0.356, 0.217
b:U  -0.030 (-0.27,0.21)
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Supplementary Table 3.41. Summary statistics for models predicting maximum

running speed (MRS) using tibia length (T) in OLS and accounting also for different
ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic

level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:

Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient; Al C: Akai keds i nformation cri
indicatesa bettermal el f i t); @Al Cc: indicates the ¢
with the lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst

those using the same dataset). Significant parameters are in bold.

Model P P(9%Cl) R2 AIC pAlC

MRS ~T |a 1.002 (0.583, 1.421) 0.1271 -84.152 -12.651
b 0.307 (0.133, 0.482)

MRS ~ T+T2| a 1.738 (1.71,1.767) 0.270 -96.803 0.000
bl 0.474 (0.228,0.72)
b2 -0.495 (-0.741,-0.249)

.posture  |a 1.416 (0.967,1.864) 0.253 -94.075 -2.728
b:D 0.126 (-0.067, 0.319)
b:P 0.057 (-0.15, 0.265)
b:U 0.150 (-0.033, 0.332)

'vegetation |a 1.038 (0.644,1.432) 0.252 -93.006 -3.797
b:C 0.265 (0.096, 0.434)

b:M 0.299 (0.134, 0.464)
b:0 0.308 (0.145, 0.471)
b:W 0.195 (0.022, 0.368)

- trophic level a 1.030 (0.4,1.661) 0.261 -91.318 -5.486
b:LPred 0.327 (0.059, 0.596)
b:LPrey 0.304 (0.048,0.561)
b:MH  0.214 (-0.034, 0.461)
b:SPred 0.275 (-0.029, 0.578)
b:U 0.263 (-0.002, 0.527)
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Supplementary Table 3.42. Summary statistics for models predicting maximum

running speed (MRS) using radius to humerus ratio (R/H) in OLS and accounting

also for different ecological categories: foot posture (Ddigitigrade, P: Plantigrade,

U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:

Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
parameter 95% interval; R2: correlation coefficient; Al C: Akai keds i nfa
criterion (a | ower Al Cc indicates a bett
in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Significant parameters are

in bold.

Model P P (95%Cl) R2 AIC  pAlC

MRS ~ R/H a -1.056 (-1.894,-0.219) 0.3579 -107.488 -8.029
b 2.778 (1.946, 3.611)

MRS ~ R/H+R/HZ a 1.738 (1.712,1.765) 0.355 -106.193 -9.324
bl 0.770 (0.539, 1.002)
b2 -0.097 (-0.329, 0.134)

. posture a -0.424 (-1.32,0.473) 0.433 -115.049 -0.468
b:D 2.150 (1.247, 3.053)
b:P 2.008 (1.084, 2.933)
b:U 2.172 (1.29, 3.053)

‘vegetation a -0.921 (-1.831,-0.011) 0.412 -111.356 -4.162
b:C 2.581 (1.668, 3.494)

b:M 2.689 (1.774,3.604)
b:0 2.652 (1.76, 3.543)
b:W 2.574 (1.604, 3.544)

: trophic level a -0.676 (-1.514, 0.162) 0.465 -115.517 0.000
b:LPred 2.470 (1.633, 3.308)
b:LPrey 2.421 (1.594, 3.247)
b:MH 2.284 (1.432,3.135)
b:SPred 2.310 (1.457,3.162)
b:U 2.406 (1.538,3.274)
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Supplementary Table 3.43. Summary statistics for modefsredicting maximum

running speed (MRS) using tibia to femur ratio (T/F) in OLS and accounting also for
different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:
Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:

Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
parameter 95% interval; R2: correlation coefficient; A1 C: Akai kebds i nfo
criterion (alower Al Cc i ndicates a better model f
in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Significant parameters are

in bold.

Model P P (95%Cl) R2 AIC nAIC

MRS ~ T/F a -0.850 (-1.881, 0.181) 0.236 -94.319 -18.370
b 2.579 (1.552, 3.607)

MRS ~ T/F+T/F2 a 1.738 (1.709, 1.767) 0.229 -92.620 -20.069
bl 0.632 (0.379, 0.885)
b2 -0.069 (-0.322, 0.184)

. posture a -0.087 (-1.315, 1.142) 0.336 -103.058 -9.631
b:D 1.830 (0.581, 3.08)
b:P 1.657 (0.395, 2.92)
b:U 1.840 (0.632, 3.048)

:vegetation a -0.776 (-1.784, 0.232) 0.359 -104.706 -7.983
b:C 2412 (1.41, 3.413)

b:M 2.530 (1.521, 3.538)
b:0 2.545 (1.543, 3.546)
b:W 2.430 (1.352, 3.508)

: trophic level | a -1.291 (-2.415,-0.167) 0.444 -112.689 0.000
b:iLPred 3.142 (1.999, 4.284)
b:LPrey 3.031 (1.921,4.141)
b:MH  2.970 (1.804,4.136)
b:SPred 2.901 (1.771, 4.03)
b:U 3.099 (1.916, 4.282)
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Supplementary Table 3.44. Summary statistics for models predicting daily movement

distance (DMD) using humerus length (H) in OLS and accounting also for different

ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade),

vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic

level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:

Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient; Al C:

i ndi cates a better

Akai kedbs informati on

model fit),; @Al Cc:

with the lowest AIC (i.e., a value of 0.0 indicates the besupported model amongst

those using the same dataset). Significant parameters are in bold.

Model P P (95%CI) R2 AIC Al
DMD ~ H a -0.851 (-1.582,-0.121) 0.116 142.683 -5.974
b 0.653 (0.327,0.978)
DMD ~ H+H2|a 0.605 (0.523,0.687) 0.170 136.709 0.000
bl 1.794 (0.928, 2.66)
b2 -1.254 (-2.12,-0.387)
. posture a -0.835 (-1.608,-0.063) 0.147 140.714 -4.006
b:D 0.708 (0.36, 1.055)
b:P 0.605 (0.221, 0.988)
b:U 0.614 (0.279, 0.949)
‘vegetation |a -0.684 (-1.42,0.052) 0.145 142.850-6.141
b:C 0.522 (0.183, 0.86)
b:d 0.644 (0.29, 0.998)
b:M 0.613 (0.277,0.949)
b:O 0.575 (0.248, 0.902)
b:wW 0.811 (0.435, 1.187)
: trophic level | a -1.414 (-2.598,-0.23) 0.144 141.184 -4.476
b:LPred 1.013 (0.498, 1.528)
b:LPrey 0.869 (0.361, 1.376)
b:MH 0.794 (0.324, 1.264)
b:SPred 0.964 (0.35, 1.578)
b:U 0.861 (0.351, 1.371)
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Supplementary Table 3.45.Summary statistics for models predicting daily movement
distance (DMD) using radius length (R) in OLS and accounting also for different
ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, ©Open, W: wetland, D: domesticated), and trophic
level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:
Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient; A1 C: Ak a i nkakod ariteriom (& lower AICc
indicates a better model fit),; @Al Cc: i
with the lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst

those using the same dataset). Significant parameterseain bold.

Model P P (95%CI) R2 AIC Al
DMD ~ R a -0.708 (-1.342,-0.074) 0.126 141.521 -7.026
b 0.595 (0.310, 0.879)
DMD ~ R+R2|a 0.605 (0.524, 0.687) 0.186 134.495 0.000
bl 1.859 (1.001, 2.717)
b2 -1.324 (-2.181,-0.466)
. posture a -0.823 (-1.517,-0.128) 0.165 138.354 -3.859
b:D 0.714 (0.396, 1.033)
b:P 0.628 (0.267, 0.99)
b:U 0.603 (0.304, 0.902)
'vegetation |a -0.607 (-1.241, 0.027) 0.163 140.489 -5.994
b:C 0.495 (0.197, 0.793)
b:d 0.613 (0.297, 0.929)
b:M 0.588 (0.294, 0.882)
b:O 0.538 (0.257,0.82)
b:wW 0.826 (0.464, 1.189)
: trophic level|a -1.193 (-2.159,-0.227) 0.157 139.509 -5.014
b:LPred 0.922 (0.497, 1.346)
b:LPrey 0.770 (0.358,1.183)
b:MH 0.717 (0.32,1.113)
b:SPred 0.880 (0.363, 1.398)
b:U 0.794 (0.358, 1.229)
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Supplementary Table 3.46. Summary statistics for models predicting daily movement
distance (DMD) using femur length (F) in OLS andaccounting also for different

ecological categories: foot posture (D: digitigrade, P: Plantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic

level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:

Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient; Al C: Akai keds i nformation cri
indicates a better model fit),; beAdodelc: i n.
with the lowest AIC (i.e., a value of 0.0 indicates the bestipported model amongst

those using the same dataset). Significant parameters are in bold.

Model P  P@O5%Cl) R2 AIC @Al |
DMD ~ Femur a -0.872 (-1.604,-0.141) 0.119 142.300 -5.7593
b 0.643 (0.327, 0.959)
DMD ~ F+F2 | a 0.605 (0.523,0.687) 0.171 136.541 0
bl 1.816 (0.95, 2.681)
b2 -1.235 (-2.101,-0.369)
 posture a -0.914 (-1.701,-0.127) 0.153 139.909 -3.3682
b:D 0.724 (0.379,1.069)
b:P 0.630 (0.248, 1.013)
b:U 0.626 (0.297, 0.956)
'vegetation | a -0.703 (-1.446, 0.039) 0.147 142.660 -6.119
b:C 0.518 (0.184, 0.851)
b:d 0.628 (0.285, 0.97)

b:M 0.606 (0.276, 0.936)
b:0 0.563 (0.245,0.882)
b:wW 0.797 (0.43, 1.163)

: trophic level |a -1.589 (-2.784,-0.394) 0.156 139.547 -3.006
b:LPred 1.064 (0.556, 1.572)

b:LPrey 0.911 (0.416, 1.405)

b:MH 0.845 (0.38, 1.31)

b:SPred 1.028 (0.424, 1.632)

b:U 0.919 (0.414, 1.424)
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Supplementary Table 3.47. Summary statistics for models predicting daily movement
distance (DMD) using tibia length (T) in OLS and accounting also for different

ecological categories: foot posture (D: digitigrade, FPlantigrade, U: Unguligrade),
vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticated), and trophic

level (LPred: Large Predators, LPrey: Large Prey, MH: Mega Herbivores, SPred:

Small Predators, U: Ursidae). P: ParametersP (95%CI): parameter 95% interval,

R2: correlation coefficient; Al C: Akai keds i nformation cri
indicates a better model fit); @AI Cc: i ni
with the lowest AIC (i.e., a value of 0.0 indicates the bestipported modelamongst

those using the same dataset). Significant parameters are in bold.

Model P P (95%CI) R2 AIC pA Il (
DMD ~T a -0.782 (-1.533,-0.032) 0.101 144.640 -10.5258
b 0.606 (0.280, 0.932)
DMD ~ T+T2|a 0.605 (0.524,0.687) 0.189 134.114 O
bl 1.678 (0.822, 2.534)
b2 -1.569 (-2.425,-0.713)
. posture a -1.090 (-1.973,-0.206) 0.152 140.057 -5.9426
b:D 0.814 (0.42,1.207)
b:P 0.734 (0.293, 1.175)
b:U 0.690 (0.325, 1.054)
vegetation |a -0.640 (-1.396, 0.116) 0.136 144.014 -9.900
b:C 0.492 (0.151, 0.833)
b:d 0.604 (0.255, 0.953)
b:M 0.580 (0.243,0.917)
b:O 0.536 (0.211, 0.86)
b:wW 0.816 (0.424, 1.209)
: trophic level| a -1.520 (-2.768,-0.272) 0.142 141.414 -7.301
b:LPred 1.049 (0.511, 1.587)
b:LPrey 0.874 (0.363, 1.385)
b:MH 0.845 (0.345, 1.346)
b:SPred 0.997 (0.364, 1.631)
b:U 0.934 (0.382, 1.485)
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Supplementary Table 3.48. Summargtatistics for models predicting daily movement
distance (DMD) using radius to humerus ratio (R/H) in OLS and accounting also for
different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:
Unguligrade), vegetation (C: closed, M: mixd, O: Open, W: wetland, D:

domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:

Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
parameter 95% interval; R2: correlation coefficient; Al C: Akai keds i nfa
criterion (a | ower Al Cc indicates a bett
in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Sigraht parameters are

in bold.

Model P  P@O5%Cl) R2 AIC @Al |
DMD ~ R/H a -3.230 (-5.53,-0.931) 0.081 147.025 -5.0452
b 3.883 (1.557, 6.21)
DMD ~ R/H+R/H2| a 0.605 (0.520, 0.690) 0.113 144.089 -2.1093
bl 1.521 (0.626, 2.417)
b2 -1.013 (-1.908,-0.117)
: posture a -3.619 (-6.478,-0.761) 0.124 143.712 -1.7327
b:D 4.438 (1.533,7.343)
b:P 4.208 (1.185,7.232)
b:U 4.183 (1.347,7.018)
'vegetation a -3.614 (-6.014,-1.213) 0.152 141.979 0.000
b:C 4.167 (1.702, 6.632)
b:d 4.443 (2.012, 6.874)

b:M 4350 (1.904, 6.796)
b:0 4.223 (1.837, 6.609)
b:W 5.279 (2.674, 7.883)

- trophic level a -2.904 (-5.547,-0.26) 0.119 144.299 -2.319
b:LPred 3.876 (1.219, 6.533)
b:LPrey 3.507 (0.878,6.136)
b:MH  3.627 (0.917, 6.337)
b:SPred 3.473 (0.723, 6.222)
b:U 3.657 (0.908, 6.405)
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Supplementary Table 3.49. Summary statistics for models predicting daily movement
distance (DMD)using tibia to femur ratio (T/F) in OLS and accounting also for

different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:
Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticated), and trophic level (LPredLarge Predators, LPrey: Large Prey, MH:

Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
parameter 95% interval; R2: correlation coefficient; Al C: Akai keds i nfa
criterion (a lower AICc indicates a better model fit); (pAl Cc: i ndicates t
in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Significant parameters are

in bold.

Model P P (95%Cl) R2 AIC oAl ¢

DMD ~ T/F a 2.999 (-0.377,6.374) 0.008 155.469 -8.827
b -2.400 (-5.785, 0.984)

DMD ~ T/F+T/F2| a 0.605 (0.515, 0.695) 0.001 157.293 -10.652
bl -0.672 (-1.622, 0.279)
b2 0.201 (-0.75, 1.151)

: posture a 5.039 (1.073,9.005) 0.100 146.642 0.000

b:D  -4.351 (-8.373,-0.328)
b:P  -4.790 (-8.847,-0.733)
b:U  -4.375 (-8.286,-0.463)

vegetation a 2.358 (-1.06, 5.775) 0.065 152.816 -6.174
b:C -1.919 (-5.355, 1.518)
b:d -1.524 (-4.971, 1.923)

b:M  -1.708 (-5.14, 1.724)
b:0  -1.713 (-5.123, 1.698)
bW  -1.007 (-4.679, 2.665)

: trophic level a 3.013 (-1.165, 7.192) 0.076 149.493 -2.851
b:LPred -2.080 (-6.329, 2.168)
b:LPrey -2.361 (-6.496, 1.773)
b:MH -2.421 (-6.76,1.918)
b:SPred -2.594 (-6.79, 1.602)
b:U -2.486 (-6.868, 1.896)
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Supplementary Table 3.50. Summary statistics for models predicting maximum
running speed (MRS) residuals using humerus length (H) residual in OLS and
accounting also for different ecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,
D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,
MH: Me ga Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®,
(95%Cl): parameter 95% interval; R2: correlation coefficient; Al C: Akai keds

i nformation criterion (a | ower AI Cc indi
the difference in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates

the bestsupported model amongst those using the same dataset). Sigraht

parameters are in bold.

Model P P (95%ClI) R2 AIC oAl
MRS ~H a 0.000 (-0.028, 0.028 -0.010 -96.676 -5.899
b 0.119 (-0.354, 0.592
MRS ~ H+H2| a 0.000 (-0.028, 0.028 -0.013 -95.521 -7.053
bl 0.062 (-0.186, 0.31)
b2 -0.114 (-0.363, 0.134
. posture a -0.016 (-0.046, 0.013 0.088 -102.504 -0.070
b:D 1.057 (0.185, 1.928)
b:P 0.764 (-0.359, 1.887,
b:U -0.584 (-1.212, 0.043

'vegetation |a -0.004 (-0.032, 0.024 0.061 -99.371 -3.204
b:C 0.715 (-0.178, 1.608
b:M 0.660 (-0.214, 1.535
b:0 -0.652 (-1.346, 0.042
b:wW 1.358 (-1.613, 4.328

: trophic level| a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

-0.011 (-0.04, 0.019)

0.370 (-0.849, 1.588
-0.521 (-1.157, 0.114

1.348 (-0.83, 3.526)
1.667 (0.704, 2.63)

-0.961 (-2.787, 0.865,
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Supplementary Table 3.51. Summary statistics for models predicting maximum

running speed (MRS) residuals using radius lengtR) residual in OLS and

accounting also for different ecological categories: foot posture (D: digitigrade, P:

Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,

D: domesticated), and trophic level (LPred: Large Predators, Prey: Large Prey,

MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95%Cl): parameter 95% interval; R2: correlation coefficient; Al C:

i nf ormati on

the difference in AlICc to the model with the lowest AIC (i.e., a value of 0.0 indicates

criterion (a | ower Al

Ak ai

Cc

the bestsupported model amongst those using the same dataset). Significant

parameters are in bold.

Model P P (95%Cl) R2 AIC pA Il (
MRS ~R a 0.000 (-0.026, 0.026) 0.166 -111.212 -6.1016
b 0.566 (0.288, 0.844)
MRS ~ R+RZ2 a 0.000 (-0.025, 0.025)0.240 -117.313 O
bl 0.458 (0.243,0.673)
b2 -0.314 (-0.529,-0.099)
. posture a 0.004 (-0.022, 0.03) 0.198 -112.334 -4.9797
b:D 0.780 (0.218, 1.342)
b:P 1.346 (0.471, 2.221)
b:U 0.367 (0.031, 0.703)
vegetation |a 0.006 (-0.02,0.032) 0.197 -111.236 -6.0775
b:C 0.793 (0.264, 1.322)
b:M 0.907 (0.4,1.413)
b:O 0.133 (-0.32, 0.586)
b:w 0.593 (-0.466, 1.653)
: trophic level a 0.000 (-0.027,0.027)0.187 -106.951 -10.3618

b:LPred 0.224 (-1.037, 1.484)
b:LPrey 0.434 (0.08,0.788)

b:MH

0.420 (-0.242, 1.081)

b:SPred 1.359 (0.651, 2.068)

b:U

0.880 (-2.082,3.842)
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Supplementary Table 3.52. Summary statistics for models predicting maximum
running speed (MRS) residuals using femur length (F) residual in OLS and

accounting also for different ecological categories: foot posture (D: digitigrade, P:

Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,

D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,
MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95%Cl): parameter 95% interval; R2: correlation coefficient; Al C: Akai keds

i nformation criterion (a | ower Al Cc i
the difference in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates
the bestsupported modelamongst those using the same dataset). Significant
parameters are in bold.

Model P P (95%ClI) R2 AIC oAl
MRS ~ F a 0.000 (-0.028, 0.028) 0.014 -98.482 -5.160
b 0.347 (-0.131, 0.825)
MRS ~ F+F2| a 0.000 (-0.027,0.027) 0.090 -103.642 0.000
bl 0.178 (-0.057, 0.413)
b2 -0.322 (-0.558,-0.087)
: posture a -0.003 (-0.032, 0.026) 0.038 -98.471 -5.171
b:D 0.859 (-0.284, 2.002)
b:P 1.229 (-0.033, 2.492)
b:U 0.024 (-0.554, 0.602)
vegetation |a 0.003 (-0.025,0.03) 0.066 -99.795 -3.847
b:C 1.082 (0.009, 2.155)
b:M 1.009 (0.049, 1.969)
b:0 -0.226 (-0.852, 0.401)
b:wW 1.258 (-1.691, 4.207)
: trophic level a 0.001 (-0.028, 0.029) 0.100 -99.366 -4.276
b:LPred 0.390 (-1.264, 2.043)
b:LPrey -0.023 (-0.578, 0.531)
b:MH 1.340 (-1.334, 4.013)
b:SPred 1.827 (0.741,2.912)
b:U -2.061 (-5.891, 1.769)
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Supplementary Table 3.53. Summary statistics for models predicting maximum

running speed (MRS) residuals using tibia length (T) residual in OLS and accounting

also for different ecological categories: foot posture (D: digitigrade, P: Plantigrade,

U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticaed), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
parameter 95% interval; R2: correlation coefficient; Al C: Akai keds i nfa

criterion (alower AIiCcindi cates a better model

fit):;

in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Significant parameters are

in bold.

Model P P (95%Cl) R2 AIC @Al (
MRS ~T a 0.000 (-0.024, 0.024) 0.253 -119.604 -4,5592
b 0.849 (0.525,1.173)
MRS ~ T+T2| a 0.000 (-0.024, 0.024) 0.305 -124.163 O
bl 0.559 (0.353,0.764)
b2 -0.269 (-0.475,-0.063)
. posture a 0.009 (-0.018,0.035) 0.261 -118.481 -5.6823
b:D 1.141 (0.386, 1.896)
b:P 1.253 (0.545, 1.96)
b:U 0.604 (0.17,1.037)
:vegetation |a 0.002 (-0.023, 0.027) 0.249 -116.382 -7.7816
b:C 0.857 (0.308, 1.406)
b:M 1.215 (0.603, 1.827)
b:O0 0.517 (-0.056, 1.091)
b:w 0.868 (-0.691, 2.427)
: trophic level a 0.003 (-0.023, 0.029) 0.246 -112.650 -11.5138
b:LPred 0.358 (-1.142, 1.859)
b:LPrey 0.716 (0.286, 1.146)
b:MH  0.631 (-0.475,1.738)
b:SPred 1.398 (0.682,2.114)
b:U 1.171 (-0.456, 2.798)
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Supplementary Table 3.54. Summary statistics for models predicting maximum

running speed (MRS) residuals using radius to humerus ratio (R/H) residual in OLS

and accounting also for different ecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,

D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,

MH: Me ga Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®,

(95%Cl): parameter 95% interval; R2: correlation coefficient; Al C: Akai keds
i nformation criterion (a | ower AI Cc indi
the difference in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates

the bestsupported model amongst those using the same dataset). Sigraht

parameters are in bold.

Model P P (95%Cl) R2 AIC PA I |
MRS ~R/H |a 0.000 (-0.024,0.024 0.277 -122.096 0
b 2.237 (1.433, 3.041)
a 0.000 (-0.024,0.024 0.274 -120.796 -1.3002
bl 0.583 (0.373, 0.793)
b2 -0.088 (-0.298, 0.122
. posture a 0.005 (-0.021,0.031 0.272 -119.632 -2.464
b:D 2.131 (0.0083, 4.259)
b:P 3.796 (1.149, 6.443)
b:U 2.046 (1.098, 2.993)
vegetation |a 0.002 (-0.024, 0.029 0.249 -116.307 -5.7886
b:C 2.302 (0.618, 3.986)
b:M 2.451 (0.989, 3.913)
b:0 1.994 (0.615, 3.374)
b:w 2.488 (-1.943,6.92)
: trophic level a 0.003 (-0.022, 0.028 0.291 -117.228 -4.8677
b:LPred -0.112 (-3.579, 3.355'
b:LPrey 2.325 (1.353,3.296)
b:MH 1.530 (-0.813, 3.873
b:SPred 5.070 (1.757, 8.382)
b:U 2.841 (-0.851, 6.533

172



Supplementary Table 3.55. Summary statistics for models predicting maximum

running speed (MRS) residuals tibia to femur ratio (T/F)residual in OLS and

accounting also for different ecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,

D: domesticated), and trophic level (LPred: Large Predators, LPreyLarge Prey,

MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95%Cl): parameter 95% interval; R2: correlation coefficient; Al C: Akai keds
i nformation criterion (a | ower AI Cc indi
the difference in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates

the bestsupported model amongst those using the same dataset). Significant

parameters are in bold.

Model P P (95%Cl) R2 AIC oAl
MRS ~T/F |a 0.000 (-0.025, 0.025' 0.233 -117.606 0.000
b 2.432 (1.455,3.41)
a 0.000 (-0.025, 0.025 0.223 -115.611 -1.995
bl 0.537 (0.32, 0.755)
b2 0.008 (-0.21, 0.225)
: posture a -0.002 (-0.034, 0.03) 0.232 -115.604 -2.002
b:D 1.443 (-0.637, 3.522
b:P 3.531 (1.034, 6.027)
b:U 2.563 (1.071, 4.055)
‘vegetation |a 0.002 (-0.024, 0.027 0.220 -113.494 -4.113
b:C 1.762 (0.148, 3.376)

b:M 3.614 (1.435,5.793)
b:0 2.444 (0.87, 4.018)
b:W 2.484 (-3.722, 8.69)

: trophic level a -0.004 (-0.032, 0.024' 0.281 -116.244 -1.362
b:LPred -0.184 (-2.74,2.371)
b:LPrey 3.104 (1.753, 4.455)
b:MH 2.264 (-2.208, 6.737.
b:SPred 5.406 (1.695,9.117)
b:U 2.028 (-0.91,4.966)
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Supplementary Table 3.56. Summary statistics for models predicting daily movement
distance (DMD) residuals using humerus length (H) residual in OLS and accounting

also for different ecological categories: foot posture (Ddigitigrade, P: Plantigrade,

U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:

Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
parameter 95% interval; R2: correlation coefficient; Al C: Akai keds i nfa
criterion (a | ower Al Cc indicates a bett
in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Significant parameters are

in bold.

Model P  P(O5%CI) R2 AIC @Al
DMD ~H a 0.000 (-0.085, 0.085 0.011 142.572 -7.618
b 0.829 (-0.269, 1.928
DMD ~ H+H2 | a 0.000 (-0.084,0.084) 0.022 142.330 -7.377
bl 0.675 (-0.214, 1.563
b2 0.673 (-0.216, 1.561
. posture a -0.036 (-0.123, 0.051’ 0.062 138.639 -3.686
b:D 2.394 (0.631, 4.157)
b:P 1.060 (-0.854, 2.973
b:U -1.507 (-3.522, 0.507
:vegetation a -0.022 (-0.108, 0.063 0.068 139.759 -4.806
b:C -0.480 (-2.259, 1.299'
b:d -1.310 (-4.235, 1.615
b:M 2.195 (0.299, 4.091)
b:O 3.566 (0.835, 6.297)
b:W -2.238 (-8.529, 4.054
: trophic level | a -0.033 (-0.126, 0.059 0.099 134.953 0.000
b:LPred 3.304 (0.927,5.681)
b:LPrey -1.699 (-3.705, 0.307
b:MH  -0.418 (-5.105, 4.27)
b:SPred 2.086 (0.314, 3.859)
b:U -2.041 (-5.935, 1.852)
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Supplementary Table 3.57. Summarngtatistics for models predicting daily movement
distance (DMD) residuals using radius length (R) residual in OLS and accounting

also for different ecological categories: foot posture (D: digitigrade, P: Plantigrade,

U: Unguligrade), vegetation (C: closedM: mixed, O: Open, W: wetland, D:

domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:

Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
parameter 95% interval; R2: correlation coefficient; Al C: Akai keds i nfa
criterion (a | ower Al Cc indicates a bett
in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Sigraht parameters are

in bold.

Model P P (95%Cl) R2 AIC Al
DMD ~R a 0.000 (-0.084, 0.084) 0.021 141.465 -9.3163
b 0.675 (-0.053, 1.402)
DMD ~ R+R2|a 0.000 (-0.084, 0.084) 0.020 142.542 -10.3933
bl 0.825 (-0.065, 1.714)
b2 0.431 (-0.458,1.32)
. posture a 0.011 (-0.076, 0.097) 0.061 138.749 -6.6004
b:D 1.359 (0.27, 2.448)
b:P 1.182 (-0.245, 2.609)
b:U -0.759 (-2.064, 0.546)
vegetation |a -0.043 (-0.129, 0.042) 0.093 136.793 -4.645
b:C -0.437 (-1.682, 0.808)
b:d -1.027 (-3.55, 1.496)
b:M 1.622 (0.319, 2.926)
b:O 2.335 (0.818, 3.852)
b:w -1.024 (-3.362, 1.313)
: trophic level | a -0.015 (-0.1,0.069) 0.121 132.148 0.000
b:LPred 2.570 (0.825,4.315)
b:LPrey -0.604 (-1.893, 0.684)
b:MH -0.343 (-2.001, 1.315)
b:SPred 1.517 (0.35, 2.684)
b:U -5.765 (-11.667, 0.138

175



Supplementary Table 3.58. Summary statistics for models predicting daily movement
distance (DMD) residuals using femur length (F) residual in OLS and accounting also
for different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:
Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:
domesticated), and trophic leel (LPred: Large Predators, LPrey: Large Prey, MH:
Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameter®, (95%Cl):
Ak ai
Al Cc:

in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

parameter 95% interval; R2: correlation coefficient; Al C:

criterion (a lower AlICc indicates a better moce |

supported model amongst those using the same dataset). Significant parameters are

in bold.

fit):

Model P P((95%Cl) R2 AIC Al |
DMD ~ F a 0.000 (-0.085, 0.085' 0.016 141.974 -5.3012
b 0.953 (-0.165, 2.072
DMD ~ F+F2| a 0.000 (-0.084,0.084 0.023 142.176 -5.5033
bl 0.760 (-0.128, 1.647
b2 0.602 (-0.286, 1.49)
. posture a -0.009 (-0.095, 0.076 0.060 138.814 -2.1413
b:D 2.000 (0.26, 3.741)
b:P 1.720 (-0.263, 3.703
b:U -1.444 (-3.518, 0.631

vegetation |a
b:C
b:d

b:M
b:O
b:w

: trophic level a
b:LPred
b:LPrey
b:MH
b:SPred
b:U

-0.028 (-0.114, 0.058 0.054 141.508
-0.331 (-2.196, 1.533
-1.344 (-4.46, 1.772)
2.675 (0.58, 4.769)
2.578 (0.149, 5.007)
-0.804 (-6.189, 4.582,

-0.005 (-0.096, 0.085, 0.084 136.672
3.050 (0.432, 5.669)
-1.612 (-3.654, 0.43)
0.724 (-2.997,4.444)
2.079 (0.378,3.78)
-2.963 (-8.864, 2.939)
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Supplementary Table 3.59. Summary statistics for models predicting daily movement
distance (DMD) residuals using tibia length (T) residual in OLS and accounting also

for different ecological categories: foot posture (D: digitigrade, P: Plantigrade, U:
Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland, D:

domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey, MH:

Mega Herbivores, SPred Small Predators, U: Ursidae). P: ParametersP (95%Cl):
parameter 95% interval; R2: correlation coefficient; Al C: Akai keds i nfa
criterion (a | ower Al Cc indicates a bett
in AICc to the model with the lowest AIC (i.e., a value of 0.0 indicates the best

supported model amongst those using the same dataset). Significant parameters are

in bold.

Model P P(O5%Cl) R2 AIC @Al |
DMD ~T a 0.000 (-0.085, 0.085 -0.004 144.174 -4.9353
b 0.335 (-0.514,1.184)
DMD ~ T+T2| a 0.000 (-0.086, 0.086 -0.012 146.104 -6.8655
bl 0.355 (-0.549, 1.259
b2 -0.120 (-1.024,0.784
: posture a 0.067 (-0.027,0.161; 0.057 139.238 O
b:D 0.736 (-0.589, 2.06)
b:P 2.103 (0.391,3.815)
b:U -1.469 (-2.959, 0.021
vegetation |a -0.021 (-0.11, 0.068) 0.004 147.200 -7.962
b:C -0.291 (-1.791, 1.208
b:d -1.310 (-5.14, 2.519)
b:M 1.496 (-0.081, 3.072
b:O 0.683 (-0.997, 2.364,
b:W -1.477 (-4.517, 1.563
: trophic level| a 0.036 (-0.059, 0.132] 0.028 143.237 -3.998
b:LPred 0.980 (-1.644, 3.605
b:LPrey -1.115 (-2.558, 0.329'
b:MH 0.354 (-1.674,2.382
b:SPred 1.763 (0.265, 3.26)
b:U -0.037 (-5.139,5.065)
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Supplementary Table 3.60. Summary statistics for models predicting daily movement
distance (DMD) residuals using radius to humerus ratio (R/H) residual in OLS and
accounting also for different ecological categories: foot posture (ligitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,

D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,

MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95%Cl): parameter 95% interval; R2: correlation coefficient; Al C: Akai keds
i nformation criterion (a | ower AI Cc indi
the difference in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates

the bestsupported model amongst those using the same dataset). Significant

parameters are in bold.

Model P P (95%CI) R2 AIC @Al 1
DMD ~ R/H a 0.000 (-0.084, 0.084) 0.026 140.893 -0.6463
b 2.520 (0.014, 5.025)
DMD ~ R/H+R/H2| a 0.000 (-0.085,0.085) 0.017 142.884 -2.6374
bl 0.892 (0.001, 1.782)
b2 -0.042 (-0.933, 0.849)
: posture a 0.033 (-0.059, 0.126) 0.040 141.196 -0.949
b:D 4562 (-0.03, 9.154)
b:P 5.029 (-0.006, 10.064)
b:U -0.472 (-4.43,3.487)
:vegetation a -0.026 (-0.115, 0.063) 0.033 143.884 -3.637
b:C -0.064 (-4.814, 4.687)
b:d 0.644 (-12.463, 13.751
b:M 4.605 (-0.482, 9.693)
b:0 4831 (0.499, 9.164)
b:w -4.077 (-12.992, 4.839)
: trophic level a 0.001 (-0.09,0.091) 0.054 140.247 0.000
b:LPred 9.519 (0.67,18.369)
b:LPrey 0.575 (-3.357, 4.507)
b:MH  -0.924 (-7.184,5.337)
b:SPred 5.892 (1.341, 10.443)
b:U -0.591 (-12.522, 11.339
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Supplementary Table 3.61. Summary statistics for models predicting daily movement
distance (DMD) residuals using tibia to femur ratio (T/F) residual in OLS and

accounting also for different ecological categories: foot posture (D: digitigrade, P:
Plantigrade, U: Unguligrade), vegetation (C: closed, M: mixed, O: Open, W: wetland,

D: domesticated), and trophic level (LPred: Large Predators, LPrey: Large Prey,

MH: Mega Herbivores, SPred: Small Predators, U: Ursidae). P: Parameters?

(95%Cl): parameter 95% interval; R2: correlation coefficient; Al C: Akai keds
i nformation criterion (a | ower AI Cc indi
the difference in AlCc to the model with the lowest AIC (i.e., a value of 0.0 indicates

the bestsupported model amongst those using the same dataset). Sigraht

parameters are in bold.

Model P P (95%ClI) R2 AIC Al

DMD ~ T/F a 1.151 (-2.058, 4.361' -0.005 144.278 -3.819
b -1.155 (-4.373, 2.063

DMD ~ T/F+T/F2| a 0.000 (-0.086, 0.086 -0.012 146.098 -5.638
bl -0.323 (-1.227, 0.581
b2 -0.193 (-1.097, 0.71)

. posture a 0.146 (-3.711, 4.002' 0.046 140.460 0.000

b:D 0.019 (-3.893, 3.932)
b:P -0.274 (-4.22,3.671)
b:U  -0.217 (-4.021, 3.587

:vegetation a 0.631 (-2.687,3.95) 0.012 146.236 -5.777
b:C -0.752 (-4.089, 2.584
b:d -0.556 (-3.902, 2.791

b:M  -0.557 (-3.889, 2.775
b:0  -0.623 (-3.934, 2.688
b:W  -0.100 (-3.665, 3.465

: trophic level a 0.707 (-3.317,4.731 0.046 141.240 -0.780
b:LPred -0.368 (-4.46, 3.724)
b:LPrey -0.758 (-4.741, 3.224
b:MH  -0.959 (-5.138, 3.221
b:SPred -0.696 (-4.737, 3.346
b:U -0.767 (-4.988, 3.454
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4. Chapter 4: Temporal variations in the functional
morphometry of the carnivore and ungulates limb bones

during the Cenozoic

Statement on content presentation

The content of this chapter was presented as talks at the 19th Annual Conference of the
EuropearAssociation of Vertebrate Palaeontologists Benevento/Pietraroja, Italy, 27 June
2 July 2022.

Abstract

Mammals show a broad range of long bone morphologies linked to their ecological
diversity. Even though general postcranial morphologies were well established since the
beginning of the Cenozoic in mammals, modern taxa exhibit a broad range of adaptations
within and between clades. Artiodactyla and Perissodactyla have both evolved elongated
limbs in proportion to their large body mass, while predatory Carnivora exhibit generally
smaller body sizes and their limb proportions vary in relation to differeningunt
behaviours. Here, | assessed morphological variation in limb proportionsamsing
abundant sample of extant and fossil carnivorans and ungulates in order to test association
with ecological adaptations and diversification through time. Phylogenetic relationships
among species were incorporated into the analysis of limb bone propdhairshowed
changes in relation to species locomotor behavidbangesn temperature and primary
productivity appeared to have had a tempasabciation witlpatternsof morphological
diversification, expressed as morphological disparity, in several clades and ecological
groups. Terrestrial Carnivora and Artiodactyla exhibited increased morphological disparity
during the coldest ansighestproductivity Cenozoic periods. My analyses provided
evidence that patterns of disparity were often synchronous among Artiodactyla and
Carnivora, while other abiotic or biotic factors drove the evolution of limb proportion in

Perissodactyla.
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Introduction

Mammals appeared during the Mesozoic era when dinosaurs were the predominant
terrestrial vertebrates. Mesozoic mammals were thought to be small fossorial or arboreal
species that occupied ecological niches similar to small living(tdxgheset al.2021)
However, it has been recently discovered that stem mammals were ecologically diverse
with the largest species weighing up to 14MpralesGarciaet al.2021) The mass
extinction at the end of the Mesozoic (ca. 66 mya) impacted many species, including non
avian dinosaurs, and opened new ecological opportunities for mammals.

Simpson (1944jlescribed three different modes by which organisms diversify to
occupy new niches) the emergence of a key innovatiaf the niches emptying due to
competitor extinction, anii ) the emergence of a new habitat. Starting from the Mesozoic,
mammals diversified according to all these models from primitive and archaic
morphotypes into more diverse and specialized fqfitgieiridoet al.2019; Shelleyet al.
2021) Such diversification of mammalian body plans has been generally accompanied by
shifts in rates of body size evolution coupled by modification in body proportions,
particularly for the postcranial skeleton. Mesozoic taxa had more robust limb morphologies
than Cenozoic speci¢Shelley et al.2021)possibly because mammals were quite
constrained in their realized morphological diversity was already observed bardy
size(Slater 2013)Mammals with robust limbs survived until the Palaeodeoeene
Thermal Maximum (663.9 mya) when there were global reductions in tropical forests
and new and diverse habitats emer(fglielley et al.2021) Studies on body size found
significant increases in mammalian morphological variation at this(ttager 2013)

By the beginning of the Cenozoic, the general mammalian morphologies, with
quadruped body type and extremities used mostly for terrestrial locomotion, were firmly
established. However, the evolution of different mammalian groups has taken very varied
pathways, particularly in terms of extreme locomotory adaptations such as running,
climbing, swimming, and digging. One example was identifieddyys and Wilhelm
(1993)who examined the evolution of limb proportions in clades of mammalian predators,
i.e., the Carnivora and Creodonta, and their ungulate prey (including terrestrial
Cetartiodactyla = Artiodactyla, and Perissodactyla). Modern ungulates appeared in the
Eoceneprobably in Eurasia, and then migrated to North Amef@moperet al.2014;
Gingerich 2006; Roset al.2014; Gould 2017)Early ungulates were small bedized
species adapted to folivorous or frugivorous di8arineret al.2020) Species with
larger body sizes and longer legs appeared following the emergence of gréSaidacid
and Janis 1993; Janis and Wilhelm 193Rijt the evolution of specialized grazers occurred
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only after the spread of open habitnis 2008; Saarineat al.2020) In North American
Artiodactyla and PerissodactyloralesGarciaet al.(2020)observed an increase in
morphological diversity during the Middle Miocene Climatic Optimum followed by a
decline toward the recent. This diversification was apparently not followed by the
Carnivora and Creodonta which exhibited an adaptive radiatior ifedding apparatus
producing a stasis in ecomorphological diversification early in their evolutionary history
(Van Valkenburgh 1985; Wesldyunt 2005; Meloro 2011b)n limb proportions, long
legged predators evolved possibly 20 million years later than their ungulate prey
counterpartgJanis and Wilhelm 1993)

Climaterelated changes in mammalian limb bones have also been the focus of
several studied.ovegrove and Haines (2004)iggested that the emergence of grassland
triggered the evolution of cursorial mammals. As this more open habitat appeared,
carnivorans and ungulates shifted from the plesiomorphic plantigrade foot to digitigrade
and unguligrade stances. The new cursoni@lphotypes, including long vertically
oriented limbs with relatively short stylopodia (humerus and femur) as compared to
zeugopodia (radiyslna and tibidfibula) and autopodia (metacarpal and metatadsaiis
and Wilhelm 1993; Leveringt al.2017) allowed mammals to increase their locomotor
performancéLovegrove 2004)

The proportions between zeugopodia and stylopodia can be used to etstenate
maximum running speed in fossil spedi€sristiansen 20025 pecifically, both
Christiansen (2002nd my results i€hapter3 identified the radius to humerus ratio
(R/H) as the best proxy for running speed in large mammals. While less effective, the tibia
to femur ratio (T/F) has also been shown to significantly predict maximum running speed
(Christiansen 2002)n both cases, higher ratios, i.e. longer zeugopodium than
stylopodium, are associated with increased speed. These strong associations with limb
ratios provide the basis for inferring changes in locomotor performance in terrestrial
mammals.

Recent analysedf North Americarungulates have found a link between climate
change and limb bone proportiofhevering et al.2017) Similarly, Figueiridoet al.

(2015) found an association between climate and limb evolution in North American
Carnivora, reflecting changes in their hunting mode. The evolution of long lirgbsn

ungulates and then in carnivorg@arland 1983; Janis and Wilhelm 199Bas been
suggested as the most i mportant evoluti ol
evolution, possibly accompanied by a streamlining of the torso for optimal

manoeuvrability of the respective trophic grd@fausset al.2017) However, different
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work rejected the fiarms raceo0O proposing |
opposed to plesiomorphic browsing diets, or the optimization of the cost of transport for
food research has driven the evolution of long b@@esland and Janis 1993; Pontzer and
Kamilar 2009; Lovegrove and Mowoe 2013; Leveriagal.2017)

In this study, | hypothesised that ecological factors including locomotor behaviour
and diet played a significant impact in the evolution of limb proportions in mammals.
Furthermore, the occupation of different ecological niches in postcranial morphslogy i
believed to have occurred at different chronological phases in relation to abiotic factors
such as climate or the extent of biotic interaction amongst major mammalian Glades.
test these hypotheses, | implemented the database of brachial and cexalieddy
presented ilChapter 3with species covering the main groups of Cenozoic large mammals
and implemented comparative analyses within a phylogenetic framework. | computed
morphological disparity across time to investigate the impact of biotic or abiotic causes on
the temporal divesity of mammalian limb proportions. Disparity is a popular metric for
quantifying variance in morphological traits across clades and time intéfoaite 1997;
Guillerme et al. 2020)Previous work based on dispargteupsof vertebrates
demonstrated that morphological dispaghangesiramatically across groups and through
time (Brusatte et al. 2008; Prentice et al. 2011; Ruta et al. 2013; Schaeffer et al. 2020;
Stubbs et al. 2021; Reeves et al. 2021; Cross et al..2088) relative elongation of
mammalian limb bones was the consequence of adaptation towards open habitats, | predic
a rise in morphological disparity occurring in relation to main Cenozoic climatic events.
Due to the different timing of cursorial adapons recognised in the most highly
interactive clades of large mammals (i.e., carnivores and ungulates, Janis and Wilhelm
1993), | hypothesise that biotic interaction such as prediafmey relationships had a
stronger influence on the evolution of maaian limb proportions hence morphological

disparity of different clades are expected to be significantly correlated with each other.

Materials and M ethods
Data collection

In order to examine the aims of this Chaptiee, database of humerus, radius,
femur, and tibia lengths and body mass usedhapter 3 built according to data available
for both MRS and DMD, was improvedth new data743 humerii, 749 radii, 620 femora,
and 616 tibia lengths, representing both living and fossil species, were assembled from the

literature and published databases &GppeendixG). These data were combined into the
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two functional R/H and T/F ratios. Because the body mass of fossil species is often
estimated using limb bone length or skull measurements, | collected both body mass and
GSL. I first validated the assumption that GSL is a good predictor of species bssly ma
and then, | used the GSL to account for the allometric effect in size and phylogenetic
corrected PCA. To accomplish this, | collected 1829 values based on the greatest skull
length (GSL;AppendixH) and improved the body mass database with 1277 new values
collected from various published sources @&ppendixH).

Collected datasummarised in Table 4.6epresented 392 species (238 living and
154 fossil) from the order Acreodi (1), Artiodactyla (173), Carnivora (152), Cimolesta (4),
Condylarthra (2), Creodonta (5), Dinocerata (1), Notoungulata (3), Perissodactyla (45) and
Procreodi (1) spanning all coments throughout the Cenozoic. Here, | will use the term
oungul atesd to refer to the paraphyletic
Artiodactyla),Perissodactyla, NotoungulatapndylarthraandDinoceata and the term
Acarnivoranso to refer to the group incl
and Procreod..

On average, data for each species were assefmpledrging multiple individual
references and for this reastime collected data were checked for errors. The error
checking followed the protocol proposed®goper and Purvis (2009)he procedure
aims to identify two different kinds of errong:typographicalandii) measurement. The
standard deviation (SD) of trait values, collected for each species, was computed to search
for typographical errors including typing or data entry errors. If the SD was greater than 1,
the collected values were reviewed. Cooper andi®(2009) developed a new method to
assess for measurement errors, assuming measurements were taken multiple times from tl
same individual. However, in this work, te@andard method was used because data were
collected from different sources and came from different individuals (i.e. specimens
differing in sex or geography). Thus, to account for the traditional method, | computed the
coefficient of variation as [(standhdeviation/mean) x 100]. This method allows the
exploration of data structure and the identification of outliers. All outliers were reviewed;

if they were reported correctly they were not removed.
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Table 4.1. Logio transformed radius to humerus (R/H) and tibia to femur (T/F) ratios, body mass (BM) in kg, andgreatest skull

lengths (GSL) mean values representin@92 speciesTrophic level (LPred: Large Predators, LPrey: Large Prey, MH: Mega

Herbivores, SPred: Small Predators, Brey: small prey; U: Ursidae), locomotor behaviour terrestrial : T; scansoriat S; arboreal:

Arb; semifossorial SF; amphibious: A), diet (insectivorel; carnivorous: C; omnivore: O; piscivore: P, frugivore; Fru; folivore: F;

grazer: G; browser: B; mixed: M), and vegetation (C: closed, M: mixed, O: Open, W: wetland, D: domesticatedlrirst (FA) and last

(LA) appearanceof each species the dataset.

Carnivora

Galidia elegans

Fossa fossana
Eupleres goudotii
Cryptoprocta ferox
Cryptoprocta spelea
Cynictis penicillata
Ichneumia albicauda
Herpestes ichneumon
Herpestes sanguineus
Atilax paludinosus
Herpestes edwarsii
Herpestes javanicus
Mungos mungo
Suricata suricatta
Hyaena hyaena
Hyaena brunnea
Pachycrocuta brevirostris
Adcrocuta eximia
Crocuta crocuta

R/H T/F BM GSL Trophic level Locomotor behaviour Diet vegetation FA LA

-0.06 0.02
0.01 0.04
0.04 0.00
-0.12 -0.05
-0.11 -0.05
-0.03 0.04
-0.02 0.05
-0.11 -0.01
-0.11 0.03
-0.04 0.05
-0.07 0.01
-0.09 0.02
-0.08 0.01
0.05 0.02
0.03 -0.05
0.03 -0.09
-0.05 -0.13
-0.01 -0.09
0.02 -0.10

185

-0.10
0.24
0.41
0.98
1.10
-0.09
0.54
0.45
-0.26
0.46
0.10
-0.22
0.10
-0.26
1.50
1.74
2.14
1.84
1.72

1.82
1.92
191
2.08
2.18
1.80
2.00
1.97
1.79
2.04
1.84
1.84
1.83
1.81
2.38
2.38
2.49
2.46
2.38

SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
Lpred
Lpred
Lpred
Lpred
Lpred
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0.01 0.00
0.01 0.00
0.01 0.00
0.01 0.00
0.01 0.01
3.60 0.00
0.78 0.00
5.33 0.00
5.33 0.00
2.59 0.00
16.00 0.00
16.00 0.00
0.01 0.00
2.59 0.00
3.60 0.00
3.60 0.00
3.20 1.60
11.60 7.25
3.60 0.00



Chasmaporthetes borissiaki

Ictitherium orbignyi
Proteles cristatus
Protictitherium crassum

Paradoxurus hermaphroditus

Paguma larvata

Arctictis binturong
Arctogalidia trivirgata
Genetta tigrina

Genetta genetta
Civettictis civetta
Viverra zibetha

Viverra tangalunga
Viverricula indica
Hoplophoneus robustus
Hoplophoneus primaevus
Dinictis squalidens
Nimravides galiani
Barbourofelis loveorum
Felis catus

Felis silvestris

Felis silvestris lybica
Prionailurus bengalensis
Prionailurus viverrinus
Prionailurus planiceps
Acinonyx jubatus
Acinonyx pardinensis
Herpailurus yagouaroundi
Puma concolor
Miracinonyx trumani
Lynx issiodorensis

-0.01 -0.02
-0.05 0.04
0.01 -0.01
-0.05 0.01
-0.10 -0.03
-0.10 -0.06
-0.10 -0.04
-0.12 -0.01
-0.08 0.02
-0.07 0.02
-0.04 0.00
-0.08 -0.03
-0.03 0.01
-0.16 0.01
-0.11 -0.09
-0.11 -0.10
-0.07 0.01
-0.09 -0.06
-0.16 -0.13
-0.02 0.02
0.00 0.01
-0.04 0.00
-0.06 0.01
-0.05 -0.01
-0.05 0.01
0.01 0.01
0.00 -0.01
-0.09 -0.02
-0.06 -0.03
-0.01 0.00
0.00 -0.04

186

1.94
0.62
0.92
0.93
0.49
0.67
1.05
0.32
0.31
0.28
1.11
0.97
0.67
0.51
1.54
1.65
1.36
2.03
1.85
0.70
0.64
0.66
0.61
0.96
0.46
1.74
1.81
0.90
1.70
1.94
1.48

2.34
2.00
2.10
2.12
1.97
2.07
2.14
2.00
1.94
1.92
2.12
2.14
2.05
1.95
2.29
2.19
2.18
2.46
2.43
1.97
1.97
2.00
1.94
2.05
1.97
2.24
2.30
2.00
2.28
2.04
2.18

Lpred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
Lpred
Lpred
Lpred
Lpred
Lpred
SPred
SPred
SPred
SPred
SPred
SPred
Lpred
Lpred
SPred
Lpred
Lpred
Lpred
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5.33 0.78
11.60 5.33
2.59 0.00
17.20 5.30
0.78 0.00
0.13 0.00
1.90 0.00
0.01 0.00
2.59 0.00
0.01 0.00
5.33 0.00
0.13 0.00
0.01 0.00
2.59 0.00
33.90 26.30
37.20 26.30
33.90 20.43
13.60 10.30
13.60 4.90
2.59 0.00
3.60 0.00
3.60 0.00
0.78 0.00
0.78 0.00
0.13 0.00
3.20 0.00
259 0.13
0.13 0.00
2.59 0.00
0.13 0.01
5.33 0.13



Lynx rufus

Lynx canadensis
Lynx lynx

Leopardus pardalis
Leopardus wiedii
Leopardus geoffroyi
Leopardus tigrinus
Pardofelis marmorata
Caracal aurata
Caracal caracal
Neofelis nebulosa
Panthera tigris
Panthera uncia
Panthera onca
Panthera pardus
Panthera leo
Styriofelis

Dinobastis serus
Homotherium
Megantereon cultridens
Smilodon fatalis
Smilodonpopulator
Metailurus anceps
Borocyon robustum
Desmocyon thomsoni
Cormocyon haydeni
Phlaocyon leucosteus
Archaeocyon leptodus
Canis armbrusteri
Canis dirus

Canis lupus

-0.03 -0.02
-0.02 0.03
0.00 0.00
-0.02 -0.02
-0.06 -0.01
-0.05 0.00
-0.07 0.00
-0.08 0.01
-0.06 -0.02
-0.04 -0.05
-0.10 -0.05
-0.07 0.00
-0.05 0.01
-0.12 -0.12
0.10 -0.05
-0.04 0.00
0.05 -0.01
-0.06 -0.09
-0.07 -0.08
-0.08 -0.06
-0.11 -0.13
-0.11 -0.11
-0.06 -0.03
-0.02 -0.06
-0.09 -0.04
-0.07 0.03
-0.12 -0.03
-0.07 0.02
-0.01 0.00
-0.04 -0.02
0.01 -0.08
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0.92
1.05
1.37
1.09
0.61
0.63
0.32
0.62
1.02
1.06
1.26
2.17
1.70
191
1.67
2.22
1.04
2.25
2.32
2.01
2.53
2.56
1.90
2.10
0.84
0.63
0.55
0.55
1.68
1.78
1.59

2.08
2.10
2.15
2.12
1.97
1.97
1.93
1.93
2.07
2.05
2.22
2.50
2.26
2.38
2.32
2.52
2.04
2.56
2.43
2.36
2.48
2.56
2.45
2.50
2.14
1.99
1.96
1.94
2.38
2.48
2.40

SPred
SPred
Lpred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
Lpred
Lpred
Lpred
Lpred
Lpred
SPred
Lpred
Lpred
Lpred
Lpred
Lpred
Lpred
Lpred
SPred
SPred
SPred
SPred
Lpred
Lpred
Lpred
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1.81 0.00
1.80 0.00
3.20 0.00
0.13 0.00
0.13 0.00
3.60 0.00
0.13 0.00
0.01 0.00
3.60 0.00
3.60 0.00
0.13 0.00
2.59 0.00
2.59 0.00
2.59 0.00
3.60 0.00
1.81 0.00
19.50 8.90
0.30 0.01
7.25 0.01
5.33 0.13
0.78 0.01
1.20 0.01
9.70 5.33
20.43 15.97
20.43 15.97
24.80 20.43
20.43 15.97
30.80 26.30
1.80 0.01
1.80 0.01
1.90 0.00



Canis rufus

Canis latrans
Canisetruscus

Canis edwardii

Canis variabilis

Canis mosbachensis
Canis aureus

Canis adustus

Canis mesomelas
Lycaon pictus

Eucyon davisi
Chrysocyon brachyurus
Speothos venaticus
Cerdocyon thous
Lycalopex culpaeus
Lycalopex vetulus
Lycalopex gymnocercus
Vulpes chama

Vulpes zerda

Alopex lagopus

Vulpes vulpes
Nyctereutes procyonoides
Otocyon megalotis
Urocyon cinereoargenteus
Leptocyon leidyi
Mellivora capensis
Taxidea taxus
Pliotaxidea garberi
Meles meles

Martes pennanti

Eira barbara

0.02 0.01
0.00 0.02
-0.02 0.05
-0.06 0.03
-0.01 0.04
-0.01 0.03
0.01 0.00
0.00 0.00
0.03 0.01
0.02 0.00
-0.02 0.01
0.03 0.04
-0.08 -0.04
-0.02 0.00
-0.03 0.02
-0.01 0.04
-0.03 0.02
0.06 0.02
-0.02 0.08
-0.03 0.04
-0.02 0.04
-0.06 -0.01
0.01 0.02
-0.03 0.01
-0.07 -0.03
-0.13 -0.10
-0.11 -0.10
-0.09 -0.03
-0.07 -0.05
-0.11 0.00
-0.13 -0.04
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141
1.07
1.23
1.45
1.24
1.34
0.95
1.01
0.89
1.41
0.95
1.36
0.93
0.72
0.97
0.57
0.70
0.54
0.10
0.58
0.76
0.85
0.58
0.60
0.64
0.85
0.78
0.63
1.06
0.57
0.67

2.37
2.29
2.29
2.29
2.32
2.31
2.20
2.23
2.18
2.34
2.18
2.34
2.10
2.12
2.16
2.02
2.12
2.08
1.93
2.09
2.17
2.06
2.05
2.05
2.01
2.15
2.08
1.93
2.08
2.07
2.04

Lpred
SPred
SPred
Lpred
SPred
Lpred
SPred
SPred
SPred
Lpred
SPred
Lpred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
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2.59 0.00
2.59 0.00
3.55 0.01
491 0.39
1.81 0.01
3.20 0.13
3.60 0.00
3.60 0.00
5.33 0.00
0.13 0.00
10.30 3.60
2.59 0.00
0.01 0.00
0.13 0.00
0.13 0.00
0.13 0.00
0.78 0.00
2.50 0.00
15.97 0.00
0.78 0.00
3.20 0.00
0.13 0.00
0.13 0.00
2.59 0.00
20.43 13.60
3.60 0.00
2.59 0.00
10.30 4.90
2.59 0.00
0.13 0.00
0.13 0.00



Gulo gulo
Martes foina

Enhydritherium terraenovae

Pteronura brasiliensis
Lutra lutra

Lutrogale perspicillata
Sardolutra ichnusae
Lontra felina

Galictis vittata

Ictonyx striatus
Mustela erminea
Mustela putorius
Mustela nigripes
Mustela nivalis
Mustela frenata

Potos flavus

Procyon cancrivorus
Procyon lotor
Bassariscus astutus
Nasua nasua

Ailurus fulgens
Conepatus leuconotus
Conepatus semistriatus
Spilogale putorius
Mephitis mephitis
Mydaus javanensis
Ailuropoda melanoleuca
Ursus americanus
Ursus thibetanus
Helarctos malayanus
Melursus ursinus

-0.08 -0.04
-0.11 0.00
-0.10 0.01
-0.15 0.06
-0.13 0.00
-0.13 0.08
-0.15 0.12
-0.15 0.03
-0.17 -0.06
-0.11 0.01
-0.18 0.02
-0.10 0.01
-0.14 -0.01
-0.23 -0.03
-0.19 0.01
-0.10 -0.01
-0.01 0.01
-0.01 0.00
-0.10 -0.01
-0.03 -0.02
-0.11 -0.02
-0.09 -0.01
-0.11 -0.01
-0.12 -0.01
-0.10 0.00
-0.12 0.00
-0.12 -0.12
-0.06 -0.08
-0.09 -0.12
-0.07 -0.15
-0.05 -0.13
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1.15
0.19
1.34
1.43
0.95
0.99
0.91
0.65
0.64
-0.12
-0.68
-0.01
-0.07
-0.17
-0.54
0.42
0.70
0.78
0.13
1.05
0.74
0.40
0.23
-0.26
0.48
0.40
2.13
2.07
2.02
1.66
1.85

2.17
1.93
2.19
2.17
2.04
2.09
2.01
2.07
1.94
1.80
1.58
1.82
1.81
1.583
1.66
1.94
2.08
2.06
1.93
2.04
1.99
1.86
1.92
1.69
1.85
1.97
2.44
2.42
2.43
2.35
2.43

SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
SPred
Ursidae
SPred
SPred
SPred
SPred
SPred
Ursidae
Ursidae
Ursidae
Ursidae
Ursidae
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1.80 0.00
0.78 0.00
13.82 4.90
0.01 0.00
0.78 0.00
2.59 0.00
2.59 0.01
4.90 0.00
0.01 0.00
0.13 0.00
0.78 0.00
2.59 0.00
1.80 0.00
0.78 0.00
2.59 0.00
0.01 0.00
0.01 0.00
2.59 0.00
0.13 0.00
0.13 0.00
1.30 0.00
1.80 0.00
0.13 0.00
2.59 0.00
2.59 0.00
0.01 0.00
0.78 0.00
2.59 0.00
5.33 0.00
0.78 0.00
23.00 0.00



Ursus maritimus

Ursus arctos

Ursus deningeri

Ursus spelaeus

Ursus minimus
Arctodus simus
Tremarctos ornatus
Daphoenus vetus
Amphicyon ingens
Amphicyon major
Daphoenodon robustum
Ysengrinia americana
Cynelos

Creodonta

Miacis gracilis
Hyaenodon horridus
Limnocyon verus
Thinocyon velox
Palaeonictis occidentalis
Cimolesta

Oxyaena

Buxolestes piscator
Buxolestes minor
Palaeosinopa didelphoides
Notoungulata
Coryphodon molestus
Toxodon platensis
Eurygenium
Condylarthra
Hemihegetotherium
Phenacodus primaevus

-0.06 -0.12
-0.07 -0.13
-0.07 -0.16
-0.12 -0.15
-0.04 0.02
-0.12 -0.18
-0.07 -0.11
-0.10 -0.04
-0.08 -0.14
-0.08 -0.12
0.02 -0.06
-0.06 -0.09
-0.05 -0.07

-0.07 -0.02
-0.07 -0.05
-0.15 -0.02
-0.23 0.07
-0.20 -0.08

-0.21 -0.08
-0.19 0.01
-0.23 -0.02
-0.13 -0.01

-0.18 -0.19
-0.08 -0.25
-0.09 -0.03

0.02 0.05
-0.08 -0.07
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2.74
2.28
2.44
2.48
2.56
2.93
2.04
1.54
2.77
2.25
2.10
2.12
2.24

0.33
1.81
0.89
0.22
1.20

1.66
0.78
0.78
0.70

2.55
3.29
2.04

0.94
1.61

2.60
2.60
2.57
2.67
2.55
2.64
2.32
2.29
2.67
2.65
2.47
2.56
2.46

1.92
2.47
2.17
1.80
2.43

2.33
1.97
1.85
1.98

2.62
2.86
2.36

2.14
2.37

Ursidae
Ursidae
Ursidae
Ursidae
Ursidae
Ursidae
Ursidae
Lpred
Lpred
Lpred
Lpred
Lpred
Lpred

SPred
Lpred
SPred
SPred
SPred

Lpred
SPred
SPred
SPred

LPrey
MH
LPrey

SPrey
LPrey
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1.80 0.00
2.59 0.00
2.59 0.13
3.60 0.02
490 2.59
2.59 0.01
2.63 0.00
33.90 33.30
15.97 13.60
15.97 8.70
23.03 15.97
24.80 20.43
20.43 13.65

46.20 40.40
33.90 30.80
50.30 46.20
46.20 40.40
55.80 50.30

55.80 50.30
48.60 40.40
48.60 40.40
56.80 46.20

50.30 48.60
9.00 0.01
29.00 21.00

9.00 5.33
63.30 48.60



Perissodactyla
Phenacodus vortmani
Tapirus terrestris
Tapirus bairdii
Tapirusindicus

Helaletes

Heptodon

Diceratherium cooki
Menocerasarikarense
Ceratotherium simum
Ceratotherium neumayri
Diceros bicornis
Rhinoceros sondaicus
Rhinoceros unicornis
Dicerorhinus sumatrensis
Coelodonta antiquitatis
Stephanorhinus hemitoechus
Stephanorhinus etruscus
Alicornops simorrense
Peraceras hessei
Aphelops megalodus
Chilotherium wimani
Teleoceras fossiger
Teleoceras medicornutum
Teleoceras major
Subhyracodon
Paraceratherium
Hyrachyus modestus
Hyrachyus eximius
Metamynodon planifrons
Amynodon

-0.09 0.00
-0.08 -0.11
-0.06 -0.12
-0.04 -0.09
-0.02 0.02
-0.02 0.00
0.00 -0.06
0.01 -0.08
-0.07 -0.14
-0.02 -0.20
-0.04 -0.12
-0.08 -0.05
-0.07 -0.16
-0.08 -0.13
-0.02 -0.14
-0.01 -0.14
0.00 -0.11
-0.09 -0.09
-0.08 -0.12
-0.06 -0.13
-0.07 -0.15
-0.13 -0.29
-0.09 -0.18
-0.09 -0.21
-0.02 -0.09
0.09 -0.17
0.02 -0.06
-0.07 -0.02
-0.09 -0.27
-0.02 -0.03
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1.08
2.17
2.36
2.49
1.70
1.35
2.24
2.24
3.33
3.08
3.16
3.19
3.27
2.77
3.38
3.19
2.98
2.81
2.66
2.68
3.16
3.06
3.41
3.32
2.75
414
2.34
2.16
2.93
3.04

2.09
2.57
2.42
2.60
2.09
2.31
2.54
2.53
2.88
2.89
2.80
2.72
2.81
2.73
2.90
2.86
2.80
2.66
2.57
2.66
2.72
2.73
2.72
2.68
2.45
3.11
2.34
2.53
2.74
2.69

LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
MH
MH
MH
MH
MH
MH
MH
MH
MH
LPrey
LPrey
LPrey
MH
MH
MH
MH
LPrey
MH
LPrey
LPrey
LPrey
MH
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56.80 48.60
2.59 0.00
0.01 0.00
2.59 0.00
50.30 46.20
50.30 48.60
23.03 20.43
23.03 20.43
3.60 0.00
7.75 2.59
5.33 0.00
2.59 0.00
2.59 0.00
15.97 11.61
0.78 0.01
0.78 0.01
259 0.13
13.65 8.90
15.97 13.60
20.43 6.88
9.90 5.30
13.60 4.91
20.43 12.11
15.97 9.07
33.90 15.97
33.90 23.03
50.30 40.40
46.20 40.40
37.20 33.30
40.40 23.03



Neohipparion affine
Hipparion primigenium
Hipparion brachypus
Merychippus

Equus przewalskii
Equus mosbachensis
Equus ferus caballus
Equus hemionus

Equus quagga burchellii
Dinohippus leidyanus
Mesohippus bairdii
Miohippus intermedius
Hyracotherium grangeri
Chalicotherium
Moropus elatus
Palaeosyops
Parvicornus occidentalis
Artiodactyla

Diplacodon

Sus scrofa

Hylochoerus meinertzhageni
Phacochoerus aethiopicus

Potamochoerus porcus
Tayassu pecari

Pecari tajacu
Platygonus compressus
Platygonus vetus
Mylohyus nasutus
Syncerus caffer
Bubalus bubalis
Bubalus depressicornis

0.11 0.06
0.01 -0.03
0.03 0.02
0.06 0.05
0.07 -0.02
0.07 -0.06
0.07 -0.05
0.08 -0.03
0.06 -0.06
0.07 -0.01
0.03 0.00
0.05 -0.01
-0.06 -0.05
-0.09 -0.24
-0.06 -0.13
-0.09 -0.09
-0.06 -0.15

-0.11 -0.14
-0.12 -0.05
-0.17 -0.08
-0.13 -0.03
-0.16 -0.08
-0.16 -0.02
-0.18 -0.03
-0.08 0.01
-0.11 -0.04
0.00 0.03
-0.04 0.00
-0.02 -0.02
-0.05 0.00
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2.40
2.38
2.43
2.02
2.54
2.83
2.30
2.46
2.36
2.33
1.63
1.53
0.97
3.05
2.97
3.13
3.04
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1.89
2.21
1.83
1.90
2.46
2.24
1.88
1.82
1.88
2.66
2.84
2.35

2.58
2.63
2.67
2.51
2.72
2.71
2.74
2.70
2.71
2.67
2.27
2.35
2.06
2.62
2.67
2.61
2.73

2.81
2.57
2.59
2.54
2.54
2.43
2.36
2.46
2.59
2.51
2.72
2.70
2.47

LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
SPrey
MH
MH
MH
MH

LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
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13.60 10.30
9.70 2.59
9.70 2.59
15.97 5.33
0.65 0.00
1.90 0.01
1.90 0.00
1.90 0.00
5.33 0.00
10.30 4.90
37.20 32.10
33.30 26.30
55.80 50.30
15.97 7.75
23.03 20.43
46.20 40.40
40.40 37.20

41.30 40.40
1.81 0.00
0.13 0.00
5.33 0.00
3.60 0.00
0.78 0.00
0.13 0.00
3.60 0.01
2.59 0.01
1.80 0.01
2.59 0.00
0.78 0.00
3.60 0.00



Bison bison

Bison bison americanus
Bison antiquus occidentalis
Bison priscus

Bos grunniens

Bison bonasus
Bostaurus

Bos primigenius
Leptobos etruscus
Pelorovis oldowayensis
Taurotragus oryx
Taurotragus derbianus
Tragelaphus strepsiceros
Tragelaphus spekii
Tragelaphus euryceros
Tragelaphus scriptus
Tragelaphus angasii
Tragelaphus imberbis
Boselaphus tragocamelus
Tetracerus quadricornis
Aepyceros melampus
Ourebia ourebi

Saiga tatarica
Antidorcas marsupialis
Litocranius walleri
Ammodorcas clarkei
Gazella granti

Gazella dama

Gazella soemmerringi
Gazella thomsonii
Gazella gazella

-0.05 -0.04
-0.05 -0.02
-0.04 -0.07
-0.02 -0.02
-0.07 0.01
-0.03 -0.01
-0.01 -0.03
-0.08 -0.04
-0.03 -0.01
0.00 0.00
0.01 0.03
0.00 -0.01
0.03 0.04
-0.03 0.07
-0.06 -0.01
-0.01 0.05
0.02 0.05
0.06 0.06
0.05 0.02
0.02 0.07
0.08 -0.05
0.07 0.07
0.05 0.07
0.09 0.09
0.13 0.11
0.12 0.12
0.09 0.09
0.14 0.11
0.09 0.10
0.09 0.12
0.10 0.11
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2.76
2.75
2.88
3.03
2.92
2.64
2.95
3.04
2.55
3.13
2.59
2.84
2.29
1.90
2.35
1.65
1.94
1.94
2.33
1.29
1.66
1.24
1.65
1.53
1.64
1.46
1.05
1.71
1.53
1.25
1.38

2.73
2.71
2.41
2.77
2.72
2.70
2.71
2.83
2.69
2.84
2.65
2.73
2.41
2.49
2.71
2.45
2.45
2.51
2.61
2.25
2.42
2.21
2.36
2.37
2.36
2.23
2.39
2.39
2.35
2.29
2.26

LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
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0.13 0.00
0.01 0.00
1.80 0.01
1.80 0.01
3.60 0.00
13.60 0.00
2.59 0.00
0.78 0.01
3.20 0.01
1.81 0.78
3.60 0.00
2.59 0.00
3.60 0.00
2.59 0.00
2.59 0.00
2.59 0.00
2.59 0.78
2.59 0.00
1.90 0.00
1.90 0.00
3.60 0.00
0.01 0.00
0.78 0.00
5.33 0.00
2.58 0.00
0.78 0.00
3.85 0.00
0.13 0.00
0.01 0.00
0.78 0.00
0.78 0.00



Gazella dorcas

Gazella dorcas pelzelni
Gazella subgutturosa
Gazella cuvieri

Gazella leptoceros
Eudorcas rufifrons
Antilope cervicapra
Procapra gutturosa
Madoqua kirkii
Madoqua guentheri
Raphicerus campestris
Gazella cf. G. lydekkeri
Pelea capreolus

Kobus leche

Kobus kob
Kobusellipsiprymnus
Kobus ellipsiprymnus defassa
Redunca arundinum
Redunca redunca
Redunca fulvorufula
Sylvicapra grimmia
Cephalophus dorsalis
Cephalophus silvicultor
Cephalophus zebra
Cephalophus nigrifrons
Cephalophus natalensis
Cephalophus leucogaster
Philantomba maxwelli
Cephalophus monticola
Oreamnos americanus
Ammotragus lervia

0.08
0.09
0.08
0.03
0.08
0.10
0.08
0.03
0.06
0.04
0.05
0.08
0.05
0.02
0.00
0.00
-0.01
0.04
0.05
0.03
0.00
-0.02

0.11
0.13
0.10
0.08
0.12
0.11
0.09
0.07
0.13
0.13
0.10
0.09
0.10
0.06
0.06
0.02
0.03
0.06
0.08
0.09
0.06
0.01

-0.06 -0.01
-0.04 -0.01

-0.03
-0.04
-0.04
-0.04
-0.02
-0.04
0.01
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0.05
0.02
0.02
0.03
0.04
0.03
0.04

1.28
1.16
1.44
1.42
1.32
1.48
1.57
1.46
0.69
0.62
1.04
1.71
1.40
1.98
1.88
2.35
2.24
1.76
1.66
1.47
1.27
1.30
1.80
1.16
1.18
1.06
1.24
0.90
0.72
1.95
1.95

2.25
2.24
2.28
2.32
2.28
2.30
2.34
2.39
2.06
2.04
2.18
2.28
2.30
2.46
2.42
2.59
2.59
2.43
2.40
2.39
2.18
2.22
2.48
2.21
2.28
2.22
2.30
2.13
2.08
2.45
2.29

LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
SPrey
SPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
LPrey
SPrey
SPrey
LPrey
LPrey
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0.78
0.78
5.33
0.78
0.78
0.13
1.90
1.90

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

11.61 0.00
11.61 0.00

2.59
9.90
1.90
2.59
3.60
0.13
0.13
5.33
0.13
2.59
0.13
1.95
0.01
0.01
0.01
0.01
0.01
0.01
0.01
1.80
2.59

0.00
5.33
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00



Rupicapra rupicapra
Rupicapra pyrenaica
Ovis canadensis

Ovis dalli

Ovis aries

Ovis orientalis

Ovis ammon

Capra hircus
Capracaucasica
Capra ibex

Capra pyrenaica
Pseudois nayaur
Pantholops hodgsoni
Ovibos moschatus
Capricornis crispus
Naemorhedus goral
Oryx gazella

Addax nasomaculatus
Hippotragus equinus
Hippotragus niger
Connochaetes taurinus
Connochaetes gnou
Alcelaphus buselaphus
Damaliscus lunatus
Damaliscus pygargughillipsi
Damaliscus hunteri
Neotragus batesi
Moschus moschiferus
Odocoileus virginianus
Mazama americana
Mazama rufina

0.00
0.02
0.07
0.00
0.03
0.03
0.04
0.07
-0.04
-0.03
-0.03
-0.02
0.03
-0.02
-0.05
-0.06
0.09
0.07
0.08
0.07
0.12
0.09
0.11
0.12
0.11
0.13
-0.03
-0.07
0.03
-0.06
-0.05
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0.11
0.08
0.08
0.07
0.08
0.08
0.07
-0.06
0.06
0.05
0.07
0.07
0.06
-0.01
0.05
0.06
0.01
0.05
0.04
0.03
0.06
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0.08
0.06
0.07
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0.04
0.03
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1.57
1.43
1.85
1.85
1.85
1.73
2.09
1.70
1.98
1.96
1.76
1.75
1.51
2.48
1.57
1.47
2.24
1.98
2.38
2.28
2.10
2.20
2.31
2.08
1.79
2.01
0.41
1.10
1.99
1.50
1.10

2.30
2.31
2.49
2.38
2.39
2.36
2.50
2.26
2.47
2.42
2.38
2.37
2.41
2.66
2.37
2.24
2.61
2.49
2.62
2.61
2.63
2.64
2.61
2.58
2.48
2.60
1.99
2.19
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2.37
2.24
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1.90
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1.80
0.13
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1.80
0.01
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0.78
1.80
0.13
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0.01
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Mazama gouazoubira
Hippocamelus bisulcus
Blastoceros pampaeus
Rangifer tarandus
Capreolus capreolus
Hydropotes inermis
Alces alces

Alces machlis
Megaloceros giganteus
Candiacervus

Dama dama

Cervus elaphus
Cervus nippon

Cervus unicolor

Rusa timorensis
Eucladoceros ctenoides

-0.04
-0.03
-0.01
0.05
0.03
0.00
0.03
0.01
0.00
-0.03
0.01
0.02
0.01
-0.04
-0.01
0.01

Praemegaceros Nesoleipoceros caz 0.07

Elaphurus davidianus
AXxis axis

Muntiacus muntjak
Giraffa camelopardalis
Okapiajohnstoni
Decennatherium rex
Samotherium boissieri
Floridameryx floridanus
Archaeomeryx optatus
Stockoceros onusrosagris
Antilocapra americana
Merycodus

Tragulus javanicus
Dorcatherium pigotti

0.01
0.00
-0.06
0.19
0.05
0.16
0.06
0.09
-0.04
0.06
0.01
0.06
-0.06
-0.11
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0.04
0.05
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-0.05
0.05
0.05
-0.03
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0.05
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1.73
1.73
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0.60
1.06

2.25
2.44
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2.52
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2.33
2.42
2.52
2.43
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2.42
2.47
2.47
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2.81
2.68
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2.08
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1.79
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0.01 0.00
1.10 0.00
0.78 0.01
1.80 0.00
2.59 0.00
0.78 0.00
2.59 0.00
2.59 0.01
3.20 0.01
0.13 0.00
2.59 0.00
3.60 0.00
0.78 0.00
2.59 0.00
0.01 0.00
2.59 0.13
0.13 0.01
0.13 0.00
0.78 0.00
2.59 0.00
3.60 0.00
2.59 0.00
9.70 8.70
8.70 7.25
5.33 4.90
48.60 37.20
1.80 0.01
1.80 0.00
23.03 10.30
1.90 0.00
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Hypertragulus calcaratus
Hypisodus

Protoceras celer
Synthetoceras tricornatus
Archaeotherium mortoni
Archaeotherium latidens
Dinohyus hollandi
Hippopotamus amphibius
Hexaprotodon liberiensis
Camelusgdromedarius
Camelus bactrianus
Gigantocamelus spatulus
Procamelus grandis
Pliauchenia magnifontis
Lama guanicoe

Vicugna vicugna
Palaeolama

Camelops

Michenia

Protolabis

Stenomylus
Prosynthetoceras francisi
Sespia californica
Merycochoerus chelydra
Promerycochoerus
Merycochoerus magnus
Eporeodon occidentalis
Merycoides harrisonensis
Ticholeptus hypsodus
Merychyus arenarum
Miniochoerus gracilis

-0.09 0.06
0.03 0.17
0.02 -0.08
0.05 0.03
-0.04 -0.11
-0.04 -0.08
0.00 -0.02
-0.21 -0.15
-0.18 -0.13
0.11 -0.04
0.11 -0.07
0.04 -0.07
0.12 0.01
0.08 0.02
0.05 -0.01
0.08 -0.02
-0.03 -0.10
0.09 -0.06
0.10 0.03
0.11 0.04
0.10 0.10
0.05 0.09
-0.03 0.02
-0.11 -0.10
-0.07 -0.03
-0.15 -0.12
-0.06 -0.06
-0.08 -0.05
-0.08 -0.03
-0.03 0.00
-0.12 -0.02
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2.45
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1.93
2.46
2.55
2.55
2.37
2.15
2.35
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37.20 20.43
33.90 26.30
33.30 30.80
10.30 5.33
37.20 33.30
37.20 33.90
23.03 20.43
3.20 0.00
0.01 0.00
0.78 0.00
0.78 0.00
490 0.30
15.97 5.33
13.60 10.30
0.13 0.00
0.78 0.00
1.80 0.01
2.59 0.01
23.30 10.30
20.43 5.33
20.43 15.97
15.97 13.60
30.80 20.43
24.80 20.43
28.40 23.03
23.03 15.97
33.30 20.43
26.30 20.43
15.97 13.60
23.03 15.97
37.20 33.30



Miniochoerus affinis
Merycoidodorculbertsoni
Mesoreodon chelonyx
Acreodi

Agriochoerus antiquus
Procreodi
Pachyaenassifraga
Arctocyonia

Chriacus

Dinocerata
Uintatherium anceps

-0.11 -0.03
-0.08 -0.07
-0.04 -0.03
-0.06 -0.05
-0.07 -0.04
-0.08 -0.01

-0.16 -0.25
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Phylogenetic tree and ecological data

To account for the shared evolutionary history in statistical analyses, the
phylogenetic tree (AppendiM) described irChapter 2was pruned according to the data
collected in this work which includes 238 living and 154 fossil species.

To help determine the selective pressures of both biotic and abiotic factors
associated with the limb ratios, | employed in this Chapter the trophic level, diet, and
locomotor behaviour categories. The trophic level category (Table 4.2; Appendix F)
included large predators, large prey, small predators, small prey,-hexbevores, and

Ursidae and it was already describe@imapter 3for living species.

Table 4.2. Summary table of the trophic level category.

Category Definitions number of species

Large Predators O2 1. E 46
Large Prey 010 183
Megaherbivores O 9 0 C 28
Small Predators <21.5 kg 108
Small Prey <10 kg 14
Ursidae - 13

The largepredator category included large living Carnivora and the extinct
amphicyonids, nimravids, barbourofelids, machairodonts, and arctocyonids. The small
predators category included small carnivores speciailizeahall vertebrates and
invertebrates (Carbone et al. 2007; Carbone, et al. 1828nplesof fossil taxa included
in this category are the caniBbesmocyon, Cormocyon, PhlaocyandArchaeocyoras
well asEucyon, Limocyon, Thinocyon, Palaeonictis, Buxolestes, Paleosianga,

Chriacus Most of the pecies included in the large prey category belong to Perissodactyla
and Artiodactyla including the fossil groups of phenacodontids, merycoidodonts,
agriochoerids, and uintatherids, whitessil species included in the melgerbivore
categorybelonging to the genefieoxodon Palaeosyops, Parvicornus, Coelodonta,
Stephanorhinus, Chilotherium, Teleoceras, Paraceratherium, Amynodon, Chalicotherium,
andMoropus Ursidae category defidall the living bearshatconsume lesthan10% of
ungulates meat (Penteriaand Melletti 2020)Among fossilbears the database includes

the majority of Pleistocene omnivorous/herbivorous taxa representative of the cave bear
lineage with the only exception beiAgctodus simusThis latter species was unlikely to

be a specialized predator, but instead the largest omnivore that ever lived (Figueirido et al.

2010; Meloro 2011a; Figueirido et al. 2017). This approach assumed that neither living nor
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prehistoric bears had a significant impact on terrestrial large prey dynamics due to their
omnivorous nature.

The diet category, based on the Fossilworks database (www.fossilworks)
classification scheme, included insectivore, carnivorous, omnivore, piscivore, frugivore,

folivore, browser, grazer, and mixed feeders (Table 4.3; Appendix J).

Table 4.3. Summary table of the diet category.

Category Definitions number of species
grazer grass 38
browser leaves 74
mixed both leaves and gras: 99
carnivorous vertebrate food 124
piscivore marine food 8
frugivore fruits 5
omnivore generalist diet 27
folivore nonungulate herbivore 4
insectivore invertebrate food 13

Insectivores included species such as the extleatihegetotheriugrextant
members otheHerpestidae family, the hyaeRaoteles cristataand the cani@tocyon
megalotis while most of the Carnivora, the extinct CreodontaRachyaena ossifraga
that primarily feed on vertebrate food, were classified as camigoFhe omnivore
category included species with a generalist diet such as extinct entelodoGisracds
extant suids and bears. The piscivore category included the members of the Pantolestidae
family as well as otters. Species that feed mainly on fruits such as thailewcat,
Bassariscusstutus wereassigned to the frugivore category. The+umgulate herbivores
CoryphodommolestusAilurus fulgensAiluropoda melanoleucandTremarctos ornatus
were classified as folivores. The browser categaciuged ungulates feeding on leaves
such a€urygenium, Uintatherium ancepbge basal perissodactyracotherium most
rhinoceroses, and camelids. Living ungulates, such as horses, most cervids, and bovids the
feed on grass were classified as grazers while the mixed feeders category included specie:
that feed on both leaves and grass. Regarding the extinct Medouitinae, species that
lived before thesarly Miocene, were classified as browsers, while species that lived from
middle Miocene forward wereonsidered grazef$lihlbachler and Solounias 2006)

The locomotor behaviour category (TaBld) also followed the classification

scheme proposed in Fossilworks (www.fossilworks).
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Table 4.4. Summary table of the locomotor behaviour category.

Category Definitions number of species
amphibious species living close to bodies of watel 18
arboreal species living on trees 10
scansorial species capable of, or adapted for climk 56
semi-fossorial species burrowing underground 3
terrestrial species walking otheground 305

It was collected for both living and fossil species and included amphibious,
arboreal, terrestrial, scansorial, and sésssorial categories (Appendix J). The extinct
Miacis gracilis, the extant viverrids and some procyonids and felids were included in the
arboreal category while most of the carnivorans and the ungulates were in the terrestrial
category. Species that spend long periods close to bodies of water were classified as
amphbious, such as the extant polar bear, otters, the hippopotamus]apimes and the
extinctTeleoceras, Buxolestes, PalaeosinapdMetamynodonMost felids, Mephitidae,
Mustelidae, Procyonidae and the extiAgriochoerusantiquusandChriacus,capableof
climbing, were assigned to the scansorial category. There were some exceptions regarding
Meles meles, Mellivora capensaydTaxidea taxusvhich were all classified as semi
fossorial. Both diet and locomotor behaviour categories were collected in order to test how
the morphological specialisations (i.e., from primitive omnivorous fossorial or semi
fossorial morphotypes to derivate terrestc@inivores or grazers) were partitioned through
time.

Because the habitat specialisation in extinct taxa is generally predicted based on
limb proportiongMeloro 2011a; Leveringet al.2017)the vegetation type category was
collected only for living species to avoid circular reasoning in tests of association. The
vegetation preferences of living species (open, closed, mixed, and amphibious; Table 4.5)
used in this Chaptavere collected by merging the IUCN Red List of Threatened Species
(www.iucnredlist.org), which was used as the primary source, and Animal Diversity Web

(animaldiversity.org) information and are available ad Appendix I.
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Table 4.5. Summary table of the vegetation type category.

Category Definitions number of species
amphibious close to bodies of water 4
closed high tree cover 53
mixed bothhigh and low tree cove 91
open low tree cover 90

The ecological categories were employed in statistical models that aimed to test
associations between trophic level, diet, locomotor behaviour or vegetation and limb
proportions.

Relationships between variables

The final dataset of phenotypic aedological traits consisted of R/H, T/F, BM,
and GSL(Table 4.1) These continuous variables were examined using the PGLS method
(Harris and Steudel 199%) validate the strong relationships between BM and GLS and to
look at possible allometric effects on long bone proportions. The models BM~GSL,
R/H~GSL and T/F~GSL (where BM and long bones were the dependent and GSL the
independent variables) were testesihg the functiopglsin the R package cap@@rmeet
al. 2018) These models were tested first on living species, and then on the whole dataset,
to see how spurious the association might be when fossil estimates based on morphology

were included.

Phylogenetic corrected Principal Component Analysis

In order to obtain a functional morphospace including the smMiestela nivalis
and the greate&taraceratheriumand to account for both allometric and phylogenetic
effects in the statistical analyses, | employed the size and phylogenetic corrected PCA (Phy
I PCA; Revell 2009) The PhyPCA method takes into account the allometry and the non
independence between data and reduces the type 1Rex@l| 2009) To f ol | ow
procedure, first, the functigohyl.residwas employedphytoolsR packag€Revell 2012)
using GSL as the independent variable (i.e. size) and both R/H and T/F as dependent
variables. This functiooomputes residuals from a multiple Generalized Least Sgjuare
regression optimising lambda using maximum likelih@@dvell 2009) The function
phyl.pca(phytoolsR packag€Revell 2012)was then used on the residuals and the
correlation matrix (retrieved from the phylogenetic tree) to compute thé PR)A and

obtain evolutionary independent Principal Components (PCs).
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To identifywhich ofthe collected ecological categories affémb proportions was
used the approach described in Adams and Collyer (2018) and Collyer and Adams (2020).
First, | extracted the varian@®variance matrix from the phylogenetic tree using the
corPagelfunction in the ape R package (Paradis and Schliep 2019) and the parameters
determined from the PCs best evolutionary models (see next section). The variance
covariance matrix was then utilised as a covariate to actmupiylogenetic relatedness
(the function's parameter "iter" was set to 10,000 iterations) in the fumctiopp
(Adams and Collyer 2018). The functibm.rrpp (Adams and Collyer 2018yas used to
obtain Generalized Least Squaregression residuals. The function takes the variance
covariance matrix, as a covariate to account for theimigpendence of data points (the
parameter fAitero of the function was set
compute the randoixation of residuals in a permutation ANOYAdams and Collyer
2018)usinganova.rrppfunction (Adams and Collyer 2018)

Because permutation ANOVA does not take the phylogeny into account, PGLS was
employed as analogous to the phylogenetic ANOVA. To this aim, each PC was regressed
against each categorical variafBarr and Scott 2014pPhy- PCA was computed for
living species only and for the whole dataset in order to investigate which ecological

categories maympact the functionainorphospace occupation.

Ancestral character estimation

In order to account for sampling incompleteness within each time interval used to
study disparity through time (see next section), continuous ancestral characters within eact
node of the phylogeny were estimated using maximum likelihood. Otherwise, @liscret
ancestratharactersvere computed using tionte Carlo Markov Chain (MCMC)
method.

The best mode of evolution was assessed for each PC vector computed for the
whole dataset, using thigContinuousfunction. This method was employed to compute the
ancestral character estimates (ACEs) of PCs to account for the incompleteness of the fossi
record in morphological disparity through time (see next section) and compute the
variancé covariancematrix used to apply the permutation ANOVA. Tiit€ontinuous
function allowed testing of alternative Brownian Motion, Ornstéilenbeck, Early
Burst, b mb d a , kappa, and delta models. The BI
model assuming the trait evolves randomly with constant var{&steenstein 1973)
OrnsteinUhlenbeck model assumes the trait evolves toward a phenotypic op{Butler
and King 2004) The EarlyBurst modelHarmonet al.2010)incorporates exponential
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increases or decreases of evolutionary rates through time. Lambda, kappa, and delta are
Pagel 6s t r an s(Paget 19301 ambda was dasa@ilbed in tEhapter 2

Kappa is a speciational model (i.e., change in phenotype occurs at tree nodes). When kapy
=1, rates of character changes follow Brownian Motion, reflecting gradualism. By

contrast, character changes only occur at speciation when kappa = 0. Delteeis a t
dependent model indicating rate variatiorrait evolution. Delta <1 means the rate of
evolution decreases through tinamddelta >1 meantherate of evolution increases

through time. Delta equal to 1 medhsrate of evolution is constant as expected under
Brownian Motion.

All the models fitted were compared using the AIC. Tit@ontinuousfunction
returns, for each model tested, the Akdik®rmation Criterion corrected for the sample
size (Al Cc). The models with the | owest |,
as the best one.

According to the best model parameters, the phylogenetic tree was rescaled by
means of the functiorescale(geiger R packagéPennellet al.2014) The rescaled tree
was used to compute the variaromariance matrix in the functidm.rrpp (Adams and
Collyer 2018) as described above and also in the funfagiAnc(Revell 2012)n order to
estimate ACEs at tree nodes. To compute A@EstAncworks by considering each
internal node as a tree root and follows the independent contrasts algéiisenstein
1985)to reconstruct the node phenotype.

The best model of evolution for the whole sample categorical variables were fitted
usingthefitDiscretefunction in the geiger R packa@@ennel] et al.2014) This allows
exploration of how ecological groups contributed to the disparity through time using the
partial disparity method (see next sectidiiscretefunction compares the Brownian
Motion Model, assuming a constant rate of phenotypic evolution through time, with the
Early Burst and Pagel 6s models. The best
selected by comparing t hse,thelfuGcioreacale(geigeAl Cs
R package(Pennel] et al.2014)was employed to rescale the phylogenetic tree according
to the estimated bestodelparameters. The tree was used to compute the ACEs for
discrete variables at the internal nodes uiie@ncThresHunction (phytools R package,
(Revell 2012) This function estimates character states at nodes using a Bayesian MCMC
approach(Felsenstein 2012}t returns a matrix with a posterior probabilities computed for
each group category. For each node, | chose the category with the highest posterior
probability.

Disparity analysis
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Morphological disparityneasures morphological variationor betweerclades
(Guillerme 2018) Studying morphological disparity through time means partitioning
morphological variation in different temporal bif$e study of morphological disparity,
in this thesisis used to measure how lohgnemorphology of mammals varies
throughout the Cenozoic. This method is largely used in palaeontology to investigate
disparity fluctuations in a specific clade or across mass extingtiznlerme et al.2020)
Disparity throughout the Cenozoic stratigraphic time bins was computed twice. First using
only sampled values, corresponding to the tips of the phylogeny, and then including ACEs
in the analysedn this case, ACEs were considered as real taxa allowing to account for the
incompleteness of the fossil recqBrusatteet al.2011)

In the analysis of tips, species were binned into 22 imteevalsspanning from 66
million years ago to the present (TaBlé; Beneventceet al.2019; Reeveset al.2021;

Shelley et al.2021) Palaeocene stages were collapsed together because of a small numbel
of sampled species. Geological dates were collected from the International
Chronostratigraphic Chart 202https://stratigraphy.org/ICSchart/ChronostratChart2021
07.pdf(Cohenet al.2021) Fromfossilworks.org/https://paleobiodb.org/#and
https://nowdatabase.org/, | collected species first (FAD) and last (LAD) appeafabée (

4.1; AppendixP).

For the analysis that included the ACESs, species were binned in 25 time intervals
(Table4.6). Here, the first bin was representative of the Late Cretaceous. A conservative
approach, described Brusatte et al.(2011) was followed to bin the ACEs in the same
time interval as its first sampled descendant.

Because of the unimodal distribution of PCs, it was possible to study disparity
using the sum of variance met(Beneventpet al.2019) This metric captures the spread
of the clade under study in space measuring dissimilarity among species morphologies
relatively to the sample me#Guillerme et al.2020; Hopkins and Gerber 2021; Shelley
et al.2021) However, because this metric is more sensitive to the number of samples in
each bin(Foote 1993)a partial rarefaction was used to overcome potential bias. The
rarefaction was performed using theot.matrixfunction (dispRity packagéGuillerme
2018)with 500 bootstrap replicaté&uillerme 2018) Data were bootstrapped using the
Afull 0o methods wher e thneverereptadeabythedames | e me |
number of elements casually drawn from the data. During each replicate, the rarefaction

number changes, and intervals with fewer samples were not rarefied.
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Table 4.6. Summary table for the time bin intervals used to compute morphological

disparity through time for both tips and tips plus nodes cases.

Time bin intervals for tips Time bin intervals for tips plus '_I'ime bin
nodes intervals
number of number of .
stage . stage . max.age min.age
species species
- - Later_cret 6 83 66
Danian 4 66 61.6
Palaeocene 4 Selandian 3 61.6 59.2
Thanetian 10 59.2 56
Ypresian 17 Ypresian 28 56 47.8
Lutetian 13 Lutetian 24 47.8 41.2
Bartonian 13 Bartonian 24 41.2 37.71
Priabonian 12 Priabonian 24 37.71 33.9
Rupelian 25 Rupelian 45 33.9 27.82
Chattian 20 Chattian 26 27.82 23.03
Aquitanian 20 Aquitanian 26 23.03 20.44
Burdigalian 33 Burdigalian 49 20.44  15.97
Langhian 24 Langhian 31 15.97 13.82
Serravallian 32 Serravallian 49 13.82 11.63
Tortonian 43 Tortonian 83 11.63  7.246
Messinian 29 Messinian 54 7.246  5.333
Zanclean 47 Zanclean 74 5.333 3.6
Piacenzian 129 Piacenzian 139 3.6 2.58
Gelasian 149 Gelasian 161 2.58 1.8
Calabrian 206 Calabrian 212 1.8 0.774
Chibanian 206 Chibanian 207 0.774 0.129
Upper_pleist 258 Upper_pleist 272 0.129 0.0117
Greenlandian 239 Greenlandian 239 0.0117 0.0082
Northgrippian 239 Northgrippian 239 0.0082 0.0042
Meghalayan 239 Meghalayan 239 0.0042 0.0001

Disparity through time was computed in R using the funaispRity(dispRity
packagdGuillerme 2018)Total morphological parity was also computed using the
Asl i cing met IGailkrne gnd @opperd20XB)hib ryew procedure uses a
phylogenetic tree to computiee disparity of nodes, tips, and branches at any point in time.
This method represents an additional analysis helping to validate that disparity results are
independendf subsampling methodguillerme and Cooper 2018)

Finally, the Partial Disparity Analysis (PDAavarro 2003as computedising
the PDA function in the MATLAB package MD@avarro 2003)PDA is a measure of

morphological variation in temporal bins partitioned alsa&onomic or ecological
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groups existing at the same tinkDA allow usto explore howthesegroups contributed to
the change in total disparitycomputed PDA for both ecological groups and orders.
this casethe orders with less than 3 species (i.e. Dinocerata, Acreodi, Procreodi, and

Condyl arthra) were merged into the basal
scores matrices, the species presa=sence through time, and species presahsence

by groups to identify groups that were responsible for an increase¢ogase) in disparity
through time. The analyses were performed using 10,000 bootstrap replications and 95%

bootstrap confidence intervals were obtained as suggedia/arro (2003)

Effect of temperature and primary productivity

Reconstructing historical marine and terrestrial environments can be done using a
variety of scientific tools. The stabl e |
utilise the most frequently. Researchers can reconstruct changes in global aral region
temperature and primary productivity at various time resolutions by examining the
abundance of both isotopes in marine sedim@ashoset al.2001) To test the effect of
temperature (i .e. U180) and primary prod:
data for the latest 66 mya were collectext Zachos et al. (2008lFor each time bin, |
computed averages, met0 aand’0. Hercw sixavariabkes) c e |
were used in the Principal Component Analysis (P@#icompin R stats package: R
Core Team, 2021) to examine variation across times. The PC axes were used to explore
whether temperature and primary productivity fluctuations (independent variable) affected
mammalian disparities (dependent variable) using lineaessgpn(Conithet al.2018) |
removed from the analyses time bins in which partial disparity was zero (for exsmaple,
disparity of Creodonta after the Eocene was zero because the order gone extinct). Hence
the analyses were computed only for groups spanning 10 or more time bins because the
minimum number obbservation$or a precise estimate of the shape of the relationship is
> 8 (Jenkins and Quintarascencio 202Q)

Finally, | computed residuals from these regressions (i.e. mammals disparities ~
climate) and searched for coordinated disparity changes. | computed these analyses for
both tips and tipplusnodes cases. With the exception of PDA computed in MATLAB
version R2019b, all the other analyses were performed in R version 4.1.2. In g@h&ests

significance level was 0.05.
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Results

Relationships between variables

All PGLS regressions used to study relationships among continuous morphological
variables of living species were found to be significant (TAde PGLS regressions
returned positive and statistically significant results fitting the model to predict BM and
boneratios from GSL. Specifically, PGLS returned significant and positive results for R/H
(Table4.7). By contrast, the same model used to predict T/F from GSL was negative and
statistically significant (Tabld.7). The estimated lambdas radgeom 0.704 to 0.899
(Table4.7) suggesting these traits may have deviated slightly from a Brownian Motion
model. The same was found usthg OLS method (Supplementary Taldld). These
results were validated when fossil species were included in the analyses (Table 6;
Supplementary Tablé.1).
| found evidence of isometry regarding the relationships between GSL and body mass
showing slopes near 3 (b = 2.864; Tahl@, the expected value for the relationships

between mass (body volume 2)land the length of animals (L).
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Table 4.7. Relationships between variables PGLS regression results for both living

and living plusfossil species. On the left of the tildé~) arethe dependent variables

(y), and on the right are the independent variables (x). The variables are: lag

transformed body mass (logoBM); logio-transformed greatest skull length (logo

GSL); logio-transformed radius to humerus ratio (logioR/H); logio-transformed tibia

to femur ratio (log10 T/F). The regression results showparameter 95% interval; R2:
correlationcoef i ci ent; &: | ambda esti mated usi ng

confidence interval Significant parameters are in bold.

Taxa Model P PO5%CI) R2 & & (95
loglOBM~a+b logl0GSl a -5.04 (-5.06,-5.01) 0.85 0.72 (0.54,0.85)
b 2.86 (2.83,2.89)

log10R/H~a+b log10GS|a -0.19 (-0.20,-0.18) 0.03 0.94 (0.88, 0.98)

living species b 0.06 (0.05,0.07)
log10T/F~a+b logl0GSlla 0.14 (0.14,0.15) 0.09 0.82 (0.70, 0.90)

b -0.08 (-0.08,-0.07)
Taxa Model P PO5%ClI) R2 & & (95

log10BM~a+b log10GSla -4.75 (-4.79,-4.70) 0.80 0.76 (0.64, 0.85)
2.73 (2.68, 2.77)

O

living + fossil log10R/H~a+b log10GS|a -0.18 (-0.19,-0.17) 0.01 0.94 (0.90, 0.97,
species 0.03 (0.02,0.04)

o

log10T/F~a+b log10GSlla 0.21 (0.20, 0.22) 0.19 0.88 (0.80, 0.94)
-0.12 (-0.13,-0.10)

o

Phylogenetic corrected Principal Component Analysis

Phy- PCA, computed to obtain axes of maximum variations while taking into
account both allometric and phylogenetic effects, returned two new vectors explaining
68% and 31% of the total variance (Figdtg). PC1 was loaded by both indices in the
same direction (Tablé.8). In contrast, along PC2 the two indices contributed in opposite
directions (R/H being positively associated and T/F negatively; Za8le

Table 4.8. Loadings returned from the Phy-PCA for each Principal Component

trait PC1 PC2
R/H -0.83 0.48
T/F -0.76 -0.65
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Figure 4.1. Scatterplots ofthe first two Principal Component scores. Upper,
scatterplot of tips values. Lower scatterplot including both tip values (circles) and
ancestral character estimatesACEs, squares).Hippopotamusamphibius(middle-
right insert) shows positive PC1 values morphotype with humerus and femur longer
than the radius and tibia, Giraffa camelopardaligmiddle-left insert) shows negative
PC1 values morphotype with longer radius and tibia as compared to humerus and

femur. Capragen. (top left insert) shows positive PC2 values arRteronura
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brasiliensis(bottom left insert) shows negative PC2 values, both PC2 morphotypes
represent mammals with unbalanced lengths between stylopodia and zeugopodia.

Mammals with a longer radius and tibia as compar¢debumerus and femur
showed negative PC1 scores (Figdi®. In contrast, mammals with humerus and femur
longer than the radius and tibia showed positive PC1 scores. PC2 values expkined
difference between species with balanced (in the middle of the axis) or unbalanced (at both
extremes) lengths between stylopodia and zeugopodia, with higher R/H on positive and
higher T/F on negative PC2 values.

Permutation ANOVA performed to test which ecological factors influenced the
distribution of living species within the functional morphospace, showed vegetation type
appeared to be significantly associated with both PCs (AadleFound also that PC2
described also differences in bddkcomotor behaviour and diet categor{@able 4.9).

Table 4.9. Permutation ANOVA p-values reported for living and living plus fossil

species.
Taxa Trait  Trophic level Locom_otor Diet Vegetation
behaviour type
living species PC1 0.55 0.08 0.4 <0.01
PC2 0.61 <0.01 <0.01 <0.01
living + PC1 0.90 0.4 0.17 -
fossil species PC2 0.61 0.01 <0.01 -
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PGLSvalidatedthe permutation ANOVA results (Tabfel0. The estimated
lambdas indicated traits along the first PC evolved more closely to the Brownian Motion as
compared to the second PC (Tablg0. Yet, PC2 was strongly associated with locomotor
behaviourand diet (Tablel.97 4.10.

Table 4.10. PGLS results were reported for living and livingplus fossil species.
Results show: p value for the significance of the slope (p slope); lambda parameter
estimated for the branch length transformation (lambda); confidence interval for
lambda estimate (95 %ClI); the fraction of variance of the dependent varidke

explained by the independent variable (R2).

Taxa Model p slope lambda 95 %CI R?
Trophic level~a+b PC1 055 0.94 (0.88,0.97) 0.00
Trophic level~a+b PC2 0.56 0.66 (0.47,0.80)-0.01

Locomotor behavior~a+b PC 0.08 0.93 (0.87,0.97) 0.02
Locomotor behavior~a+tb PC 0.00 0.74 (0.58, 0.85) 0.05
Diet~a+b PC1 045 0.94 (0.88,0.97) 0.00
Diet~a+b PC2 <0.001 0.67 (0.49,0.80) 0.07
Vegetation type~a+b PC1 0.01 0.92 (0.85,0.96) 0.04
Vegetation type~a+b PC2 <0.001 0.70 (0.53,0.83) 0.10
Trophic level~a+b PC1 090 0.95 (0.91,0.98) -0.01
Trophic level~a+b PC2 0.12 0.73 (0.59,0.84) 0.01
Locomotor behavior~a+b PC 0.04  0.95 (0.90, 0.98) 0.02
Locomotor behavior~a+b PC 0.01  0.79 (0.67,0.87) 0.02
Diet~a+b PC1 0.16 0.96 (0.91,0.98) 0.01
Diet~a+b PC2 <0.001 0.73 (0.58,0.84) 0.05

living species

living + fossil specie:

When analysing livinglusfossil species, both permutation ANOVA and
categorical PGLS showed that both PCs explained differences amdogdimstor
behaviourcategories (Tablé.97 4.10. PGLS returned lambda close to 1 only when the
relationship between PC1 and locomotor behaviour was investigated 4TaDI&Also, in
this case, PC2 described differences in diet (Table 4.10).
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Ancestral character estimation

The best model of evolution was fitted for both R&Bacted from the whole
samplePhy- PCA. Thebestmodel, based on the lowest AICc (Ta#l&l), was lambda.
The estimated lambdasrameter$0.95 and 0.77 for PC1 and PC2, respectively) were
employed in the reconstruction of PEASEs(Figure4.1). Evolutionary models were also
examined for the locomotor behaviour category, which, based on the lowest AlCc (Table
4.11), resulted to evolve according to the speciational model with kappa L0@&smotor
behaviour ACEs, used to compute PDA in the filps nodes case, were shownHigure
4.2.

Table 4.11. Values of the Akaike information criterion corrected for samplei size
(AICc) for the different evolutionary models for the five different analyses on
continuous and discrete data. The models are: Brownian Motion (BrM); Ornstein
Uhlenbeck (OU); Early-Burst (EB); lambda, kappa, delta. The best models are in
bold.

Trait BrM ou EB lambda  kappa delta
PC1 -1203.80 -1207.69 -1201.77 -1221.92 -1217.20 -1203.15
PC2 -1457.55 -1513.84 -1455.52 -1529.53 -1488.56 -1467.00
Locomotor 455 44 ; 397.40 39462 38526 397.98
behaviour
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Figure 4.2. Phylogenetic tree of 32 mammalian species. Tips dots are coloured
according to the locomotor behaviour. Pie charts are coloured according to the

locomotor behaviour posterior probabilities of ACE estimated for each node.

Disparity analyses

Morphological disparity increased during the Palaeocené& B&mya)i Eocene
(5671 33.9 mya) transition and remained constant before declining at the end of Eocene
(33.9 mya; Figurd.3). Total disparity remained relatively low for the entire Oligocene
(33.923.03 mya). About 20 mya, the disparity curve rapidly rose reaching the maximum
diversity during thamiddle Miocene (15.941.63 mya). High disparity levels were
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maintained towards more recent times but fell rapidly after the Pliocene {52338 mya)
although not to prMiocene levels (Figurd.3A).

Partial disparity, computed to expldfre diversification of different locomotor
behaviour groups, showed that terrestrial species had the greatest impact on the total
disparity fluctuation, followed by the amphibious species. Other groups contributed
relatively little to the total morphologicalsparity, particularly before the MilYliocene
(Figure4.3B).

In the earliest period, the Palaeocene, terrestrial, scansorial, and amphibious specie
sharing comparable zeugopodia and stylopodia lengths (i.e. occupied positions close to the
morphospace origin; Append@). It was during the Eocene that terrestrial mammals with
longer stylopodia as compared to zeugopodia appeared. This was the plesiomorphic
condition as the primitive ungulates occupying extreme negative values of PC1 scores.
The extinction of these spesieeflected the Oligocene low disparity. lbisly during the
Miocene that cursorial grourdivellers emerged filling the extremely positive values of
PC1 (AppendixQ).

Analyses of partial disparity showed that the most diversified group during the
Palaeocen&ocene was the Perissodactyla, together with Cimolesta, Creodonta, and
DinocerataThe disparityamong odeoed ungulates slowly declined throughout the
Oligocene. By contrast, disparity increased and peaked ca.15 mya in the Artiodactyla
(Figure4.3). The Perissodactyla rapidly reached the highest disparity peak in their
evolutionary history during the milliocene. | found equids and n&guids contributed to
both pe&s (i.e. PalaeocerAeocene and Middle Miocene peaks; Supplementary Figure
4.1). Carnivores had a minor contribution to the overall disparity with a small
diversification event occurring in the Oligocekkocene transition (Figuré.3C, F). They
only contributed significantly to total disparity during the last ~15 Ma.

The inclusiorof the ACEs to calculate disparity over time did not change the
overall trend observed with tip species only (FighiB2A, E). The larger temporal window
showeda very low disparity during the late Cretaceous.

Disparity through time computed to compare differitsamplingmethods
supported these results showing the overall increase in diversification olest&
million years and the two highest picks in total disparity during the Middle Eocene and the

Middle Miocene (Supplementary Figu4e?).

215



Tips Tips + Nodes

0.015
L

0.018
L

& ¢ o
) E £ 5
— @ =
=8
® =5 &l
S by = 2
w = i
= 2 3
a E £
A v o -3
R &
= ° °
-
= 8.l 5 Oarbo.r‘eal ‘
gc ° g1 Osemifossorial
@'= . | Oterrestrial
=) = o S Oscansc_)rial
= < 21 (Oamphibious
= =
bl S
5] _ S
R g 2
3 g F
b=
2 8 :
g4 &1 @Artiodactyla
OPerissodactyla
@ Carnivora
OCimolesta

0.003
0.003

OCreodonta
©Basal Orders [

IA

Partial Disparity
(order)

s s ONotoungulata
g7 271 @Ancestors
*'- v
+ - /”
o o /
=) N /\J ) /\
- \\/\
-} - —_— o — —_—
-.\ —, |
M
o ° H
- | Pal | Eocene ‘ Oligm‘em‘ Miocene |PI|‘I’I@{ < L..Cnt| Palacoce. Eocene Oligocene Miocene PLiP
61 56 33 z's 520 74 56 33 23 520
Age (mya)

Figure 4.3. A. Morphological disparity through time computed for carnivorans and
ungulates throughout the Cenozoic in 22 time period bins based dime sum of

variance metric (from 2 PC axes and rarefied to the median sample size for all 22

bins, n = 31). B. Partial disparity computed according to the locomotor behaviour
categories. C. Partial di® pndi'3 tuyvesslowimut e
isotopesfluctuation throughout 22 Cenozoic bins. E. Disparity through time,

computed taking into account ACEs, tlmoughout the Cenozoic in 25 bins based aihe

sum of variance metric (from 2 PC axes and rarefied to the median sample size for all
21 bins, n = 49). F. Partial disparity computed for the locomotor behaviour categories
and taking into account the ACEs values. G. Partial disparity computed for orders
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Effect of temperature and primary productivity

PCA, performed to summarize oxygen and carbon fluctuations, returned six axes.
PC1 and PC2 explained 92% and 8% of the total variance, respedd@dlyequally
described changes in mean and median of both isofdpbke4.12). Oxygen fluctuation
were loaded positivelglongthe PC1, while carbon was loaded negatively on the same
axis (Table4.12). By contrast, PC2 was loaded positively by both oxygen and carbon mean
and median but not variance (TaBlé2). Lower PC1 values described stages with
extremelyhigh temperature and low primary productivity such as Palaeocene and Eocene.
The opposite values were associated with extremely cold stages with high primary
productivity (Figure 44).

Table 4.12. loadings returned from the PCA for each Principal Component

variable PC1 PC2 PC3 PC4 PC5 PC6
mean U10.49 0.18 0.48 0.71
medi an 049 0.18 0.47 -0.71
vari anc0.22 -0.29 0.92 -0.17
mean U1-049 0.14 0.25 0.42 0.71
medi an -0.48 0.14 0.23 0.45 -0.70
variance 1-0.90-0.20 0.38
(O Thanetian Q S "-l
L?te Langhlan erravalll I'I-I_ort';"‘.iar.I
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Figure 4.4. A. scatterplot of PC axis returned for climatic variables. The dots are
coloured according to the colour coding of the chronostratigraphic char(Cohen, et
al. 2021)
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When linear regression models were employed to explore the relationships between
PC1 climate (the independent variable) and morphological disparity of tips (dependent
variables), total disparity as well as scansorial partials disparity were found ts@crea
significantly with low temperature and high primary productivity (Table). The
relationship between scansorial and environmental proxies was the strongestwith R
0.72 (Table4.13). The scenario was almost the same when ACEs were included in the
analyses. However, in this casemperature and productivighanges predicted also

increase irthedisparity of terrestrial and arboresgdecies (Tabld.13, Figure4.5).
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Figure 4.5. Scatterplot of disparity through time and partial disparities computed
including ACEs into the analyses for each locomotor behaviour group versus PC1
extracted from isotopefluctuations. PC1 legend: PC1 negative values represent high
temperature stages, PCL1 positive values represent low temperature stage€1
negative values represenow productivity stagesand PC1 positive values represent

high productivity stages.

218



Table 4.13. Linear regression of locomotor behaviour partial disparities versus PC1
climate results for both tips and tipsplus nodes. On the left of the tilde (~are the
dependent variables (y)and on the right are the independent variables (x). The
regression results show: Parameters (Pparameter 95% interval (P (95%Cl)); R2:
correlation coefficient; Significant parameters are in bold.Note that positive
relationships with climate mean that when temperaturedecreases and primary
productivity increases disparity increases, and vice versa. PD: partial disparity.

Model P P (95%Cl) R2
Disparity through time~a+b clima a 9*1%3 (6*1°3,0.01) 0.16
b 1*10-3 (_2*10-3 3*10—3)

terrestriaPD~a+b climate a 7*103 (5*103,9%103) 0.4
b 3.8%04 (1,703 2 5103)
scansorialPD~a+b climate a 1*1%%  (4*10-4,1*103) 0.72
b 3.3*%4  (0.00, 6.74°%)
arborealPD~a+b climate a 9.1*105 (-3,5*105 2 1#04) (0,02
b 2.5*105 (_1.0*104 _1.5*104)
& amphibiousPD~a+b climate a 1*103  (4%104 2x103) g (F
b -16 (_1*103 1*103)
CarnivoraPD~a+b climate a 2*103 (2%108 3%103) 0.8
b 8.9*10—4 (4*104’ 1_4*10—3)
NotoungulataPD~a+b climate = a 2.4*104  (-1*104 g*104)  .0.06
b 4.1*104 (_3.4*104 4.2*104)
PerissodactylaPD~a+b climate a 2*103 (1*103,4%103)  0.16
b -56 (_2*103 1*103)
ArtiodactylaPD~a+b climate a 4x103 (3*103, 5+103)  0.49

b 7¢% (0.0, 219
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Model P P (95%ClI) R2
Disparity through time~a+b clima a 7*1%3 (5%103 9*103) Q.52
b 1*103 (_1*1(}3, 4* 1(}3)
terrestriaPD~a+b climate a b5*103 (3*108, 7%10%)  0.42
b 1*103 (_2* 1(}3, 3* 1(}3)
scansorialPD~a+b climate a 1x103 (0.00,1*193) 0.70
b 2.8*104 (_3*1(}5, 1*1(}3)
arborealPD~a+b climate a 5.7%05 (-5%105 1 6494  0.19
b 4.1*10-5 (_7*10—5, 1'5*10-4)
$ semifossorialPD~a+b climate a 204 (1*105, 3*104)  0.64
3 b 2.7%104 (-5*105 1 Gxlo4)
@ o
3 amphibiousPD~a+b climate a 9.1%%4  (0.00,1*1°%)  -0.05
g b -47 (0.00,1*103)
2
a 2 103 (1*103’ % 1(}3) 0.85
CarnivoraPD~a+b climate
b 8*1(}4 (3*104, 1*103)
NotoungulataPD~a+b climate  a 1.7*104 (-4*105 3.8%%4) (.10
b 7*105 (_1.4*104, 2.8*104)
PerissodactylaPD~a+b climate a 2*103 (0.00,3*103) 0.03
b 24 (_1*103, 1*10-3)
ArtiodactylaPD~a+b climate a 3108 (2%103 4%103)  0.64
b 8.4*1%4  (0.00,2*103)

The same analyses were computed to study whether climatic changes impacted
disparity within orders. Results for the tips case showed temperature and primary
productivity significantly predicted partial disparities in Carnivora, Artiodactyla, and
Perissodatyla (Table4.13 Figure4.6). High temperatures and low productivity were
associated with an increase in disparity in Perissodactyla even if thasRow (Table
4.13. Onthecontrary, low temperatures and high productiggmto facilitatea high
disparity level in Carnivora and Artiodactyla sharing parallel slopes, with the highest R
being returned for Carnivora (Talel3). Results for tipplusnodes supported these
outcomes (Tabld.13; Figure4.6) except concerning perissodactyls. When ACEs were
included in the analysike relationships betwedterissodactyland the environmental

proxies wereanot significant (Tablel.13 Figure4.6).
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Figure 4.6. Scatterplot of partial disparities computed including ACEs into the
analyses for partial disparity of orders versus PC1 extracted from isotopies
fluctuations. PC1 legend: PC1 negative values represent high temperature stagasd
PC1 positive values represent low temperature stageRC1 negative values represent

low productivity stagesand PC1 positive values represertigh productivity stages.

Because | found Artiodactyla and Carnivora disparities were correlatetheith
environmental proxieand shared parallel slopes (FigdtéA), | employed the linear
regression model to search for concomitant adaptive radiations using the residuals of their
partial disparities, from the regressions on climate. When removing the association with
both temperature and primary productivity, | fouhdt Artiodactyla disparity significantly
predicted Carnivora disparity (Tablel4). The fitted models showerhigh morphological
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