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Are Cursorial Birds Good Kinematic
Models of Non-Avian Theropods?

¢Son los Péajaros Corredores Buenos Modelos Cinematicos de Terépodos No Aviares?
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SUMMARY: Determining kinematics of hindlimbs of theropod dinosaurs has been a challenge. Since cursorial birds are
phylogenetically closest to theropod dinosaurs they are commonly used as a kinematic model of theropod dinosaur locorgation. Usi
comparative biomechanical approach, we found that cursorial birds have a different morphology of legs than non avian #retopodos
that appears to be that felines and ungulates share more morphological properties in the hindlimbs with theropod dinosaarssthan
birds. We calculated the ratio between the lower leg and the femur, and the relative length of the tibia and the metataspes it
the length of the femur in cursorial birds, as well as felines, ungulates and non-avian theropods. We found that asthleddegtr
increases, the length of the lower leg increases similarly in felines, ungulates and non-avian theropods. On the otfsmigazual ex
extinct cursorial birds did not follow this pattern. This observation suggests that the hindlimb of cursorial birds alesnieaved
serve as kinematic models for hindlimb of extinct theropod dinosaur locomotion.

KEY WORDS: Cursorial birds; Non-Avian Theropods; Kinematic Models.

INTRODUCTION

Determining maximum running speed, posture, costowever, because animal kinematics can be predicted by
of transport, maneuverability and kinematics of extincgtudying the body as a machine in which its function obeys
animals has remained a challenge. An example of this is ff@ design of its parts, and therefore animals with similar
controversy about the cursorial capacities of some therop®guctures will have similar functions (Paul; Hutchingon
dinosaurs such as Velociraptor and Tyrannosaurus rak, 2006), we can infer certain functions of the limbs and
(Farlow, 1981; Farlowet al, 1995; Paul, 1998; Christiansen,their biomechanical capacities of different organisms in
1998; Hutchinson & Garcia, 2002; Hutchinson & Gatesyelation to their morphology and relative proportions of their
2006; Hutchinsoret al, 2007; Sellers & Manning, 2007; members (Garland Jr. & Janis, 1993; Gatesy & Middleton,

Gatesyet al, 2009; Kokshenev & Christiansen, 2011; Grossk997; Carrano & Sidor, 1999; Blaneg al., 2003;
& Canals, 2015; Persons IV & Currie, 2016). Hutchinsoret al, 2007). Thus, to select an animal model of

extinct animal locomotion (e.g. non-avian theropod

The current conclusions about the different potentiainosaurs) in order to predict the kinematics of the limbs, it
of locomotion of some extinct animals have been made usitsgimportant to select an animal that closely resembles its
different approaches, such as the study of cursorial birdsagrphological properties.
functional analogues (Gatesy, 1991; Paul; Carrano, 1999;
Hutchinsonet al, 2006; Hutchinson & Gatesy; Grossi & Research in animal biomechanics commonly uses the
Canals), the fossilized tracks of primitive theropods duringptio of the length of the metatarsus to the length of the femur
their marches that have been preserved in the grouMT/F) as an indicator of cursoriality in mammals, thereby
(Alexander, 1976, 1989a,b; Hutchinson & Gatesy), and ti@stablishing that a greater value of MT/F means that the
use of computational biomechanical models (Sellers & Pa@hnimal can move faster because this ratio reflects the degree

2005; Hutchinson & Gatesy; Hutchinsetral, 2007; Sellers ©f elongation of the distal elements of the member relative
& Manning). to its proximal elements, which is interpreted as an efficient
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limb due to a reduction of moments of inertia (Garland < F

& Janis). With the same argument, the relationship betwe F

the sum of the tibiotarsus and the tarsometatarsus w

respect to the femur is also used to determine how wel

cursorial bird is adapted to perform long distanc T
movements (Garland Jr. & Janis; Carrano, 1999; Persc
IV & Currie); this relation could even indicate adaptatiot

to locomotion at high speeds (Farlow; Garland Jr. & Jani [/Z
Steudel & Beattie, 1993; Christiansen, 1998, Carran-~ M7
1999; Persons IV & Currie). ’

ST packs o/ wm

Birds Theropods  Felines Ungulates
have ;iZ?jﬁ‘:rTbcs)f tsri]:rSnT;urdt)(,)IS{rtlzelfitr?gllilrsnhbiC(I)Jfrs[?rrilr?':iggg ig. 1. MeaSL_Jres of different bones pf the hindlimb of birds,

. theropods, felines and ungulates used in this study. F = Femur, T =
theropod dinosaurs compared to other groups of CUrSOH&}i  TT = Tibiotarsus, MT = Metatarsus and TM =
animals, in order to identify kinematic analogs of the limb$grsometatarsus.
of these extinct animals.

between the length of the lower leg with respect to the length
of the femur, and the length of the proximal (tibia or
MATERIAL AND METHOD tibiotarsus) to distal bones (metatarsus or tarsometatarsus)
of the lower leg standardized by the length of the femur
were established in order to determine similarities and
The lengths of the femur, tibia and metatarsus of thdifferences in structural proportions between the hindlimbs
hindlimb of different animals described in the literature weri these groups. Linear regression analyses were performed
analyzed. In the case of cursorial birds tibiotarsus arngtween the logarithm of the lower leg length and the
tarsometatarsus was measured instead of tibia and metatalsyarithm of femur length for the 4 different groups of
(Fig. 1) (Amadon, 1947, McMahon, 1975; Gatesy &animals using the software STATISTICA 7.0, and testing
Biewener, 1991; Day & Jayne, 2007; Persons IV & Currieslope homogeneity analyses were performed to determine
9 Ungulates (Artiodactyla) of 9 genemdefpyceros, Bison, differences between birds, felines and ungulates with respect
Syncerus, Connochaetes, Tragelaphus, Capra, Eudorcasnon-avian theropod dinosaurs. Comparison with isometry
Neotragusand Alceg; 9 felines of 6 generaFelis, (H, slope = 1 vs Hslopetl) were performed using t-test
Leptailurus, Leopardus, Lynux, Pantera and Acingn¥®  using a significance level of = 0.05. In order to determine
cursorial birds of 10 generBiomaius, Aepyornis, Dinornis, similarities and differences in structural proportions between
Rhea, Anomalopteryx, Excalfactoria, Colinus, Numidahe hindlimbs in these groups, we call “lower leg” to the
StruthioandMeleagrig and 85 non-avian theropods of 51sum of the length of the tibiotarsus and tarsometatarsus in
genera Achillobator, Chilantaisaurus, birds and the sum of the length of tibia and metatarsus in all
Chuandongocoelurus, Coelophysis, Compsognathusthers groups. Then we estimate the length of the proximal
Concavenator, Daspletosaurus, Acrocanthosaurusone with respect to the distal bones of the lower leg
Adasaurus, Albertosaurus, Alectrosaurus, Allosaurustandardized by the length of the femur were compared using
Appalachiosaurus, Aucasaurus, Ceratosaurus, Deinonychuliscriminant analysis and also with regression and ancova
Gasosaurus, Gorgosaurus, Guaibasaurus, Guaibasaurussalysis with a posteriori comparisons with Bonferroni test.
Herrerasaurus, Huaxiagnathus, Indosuchus, Deltadromeus,
Dilong, Dilophosaurus, Dryptosaurus, Eustreptospondylus,
Sinosauropteryx, Sinosaurus, Sinovenator, Juravenat®ESULTS
Liliensternus, Mahakala, Microraptor, Nedcolbertia,
Saurornitholestes, Segisaurus, Sinocalliopteryx,
Sinornithoides, Sinraptor, Tarbosaurus, Tyrannosaurus, Hindlimbs of birds with a femur greater than about
Velociraptor, Yangchuanosaurus, Neovenatorl0-15 cm in length could not be a kinematic analog of a
Piatnitzkysaurus, Procompsognathus, Saurornithoidehindlimbs of theropod dinosaurs since they have a different
YutyrannusandTroodor). ratio lower leg/femur (Fig. 2). Since the most of theropod
dinosaurs have a femur length greater than 10-15 cm, the
For all analyses, assumptions of normality an#linematics of the hindlimbs of medium-big size theropod
homoscedasticity were checked with the Kolmogorowlinosaurs cannot be represented by the hindlimbs of cursorial
Smirnov and Levene’s tests, respectively. The relationshipgds. Thus, only kinematics of locomotion of small
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Table I. Regression analysis for the log of lower leg length relative to the log of the femur length,
differences respect to isometry (slope value equal 1) and slope homogeneity test with respect to

theropods.
Group F b R? p Homogeneity test
Theropods (1.83)=3102.7 0.862(-) 0.973 <<0.05 --
Ungulates (1.7)=74.645 0.841(-) 0.902 <<0.05 ns
Felines (1.7)=148.46 1.006(0) 0.949 <<0.05 ns
Birds (1.11)=563.39 1.166(+) 0.979 <<0.05 Hx

(-)negative allometry, (+) positive allometry, (0) isometry and ** significant differences respect to theropods.
2000

There were morphological differences in the relative

1800 & o. lengths of leg segments among the different groups (I-Wilks

18001 g8 ( 4 0.33, p <<0.001), occupying the theropods a different
E oo ¢ S oo morphological space (Fig. 3). When the slopes of the
£ 12007 o '.c ‘ o relationships between Metatarsus/Femur (Tarsometatarsus/
g 1000 e o P Femur in birds) and Tibia/Femur (Tibiotarsus/Femur in birds)
8 800 » ‘5..‘ were compared, they were different (F3,76=4.3, p= 0.007
§ 600 Q (9@ in ANCOVA) and this differences were sustained only by
S 400 differences between avian and Theropod group (p = 0.0036

366 4 in Bonferroni test)

0
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Femur length (mm)
Fig. 2. Relationship between the length of lower leg and femur length
for felines (green triangles); ungulates (yellow triangles); non-avian

theropods (blue circles) and birds (red circles) [planned for page Widtt[}liese These results of the proportions of the hindlimbs of

different groups show that as the length of the femur

S increases, the length of the lower leg increases similarly in
theropods could be study through small cursorial birds. @fjines, ungulates and non-avian theropods, and significantly

all groups analyzed, only cursorial birds had a differenfifrerent than in existing and extinct cursorial birds (Table
allometric exponent between lower leg and femur lengtfy, For jarge cursorial birds such as the ostrich, during low-
Non avian theropods and ungulates showed a negatigsed gaits (walk) the femur stays practically in the same
allometry, feline’s isometry and birds a positive a”omet%osition during the locomotor cycle, due to the position of

in the lower leg (Table ). the center of mass of the body (Hutchinsdral, 2005),
= " which can also be inferred for extinct birds of larger size.
s ® However, the allometric exponents of the length of the lower

leg relative to the length of the femur for ungulates, felines
21 e o and non-avian theropods are not significantly different. These
1] o A '. results support the notion that the use of large birds as
kinematic models of large-sized theropod dinosaurs would
not be appropriate, due to differences in the structural
proportions of their limbs.

Root 2

(]

%0

®

! >
lD

[} ’ [}
2 ° Lt Using the comparative method corrected by
5] ® phylogeny (Felsenstein, 1985) would be the optimal
® alternative when comparing different morphologies for
= A A M A ; : \ avoiding biases due to phylogenetic inertias. However, the
Root 1 relationship of common ancestors, the identification of

convergent evolution and the lengths of the phylogenetic

Fig. 3. Morphological space based in the first two roots of thgo 1y anches in the group of theropod dinosaurs lacks
discriminant analysis based on proportion of the tarsometatarsus

(birds) or metatarsus/Femur (TM-MT/F ratio) and tibiotarsus (birdé}ccuracy’ so in this study it is assumed that the prOpo_rtlonS
or tibia/Femur (T-TT/F ratio). Felines (green triangles); ungulatd2€tween the segments of the hind limb for a given
(vellow triangles); non-avian theropods (blue circles) and birds (réylogenetic group is related exclusively to its kinematic
circles). [planned for page width]. and not of proximities of common ancestors.
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Felines show a trend towards isometric growth whichiimb movement powered by femur retraction (Gressal,
has been previously reported (Day & Jane); they show2014). These differences are due large part to the presence
that although the size of different species of felines increasefsa tail in the extinct group, which make difficult to assess
by 50 times, the proportions of the hindlimbs, posture arible validity of inferences obtained from such studies. It has
kinematics during locomotion were not different. Previouslyeven been proposed that, due to functional convergence,
Alexandetret al (1977) observed that ungulates between 2@rammals might be a better system to study bipedal dinosaur
1000 kg have similar maximum velocities (10-14 m/s)pcomotion (Carrano, 1998; Carrano & Biewener, 1999).
demonstrating that the similarity in limb proportions is
related to shape in the functional biomechanics of the com- From the available data related to this study (Amadon;
plete limb, where the increase of inertial forces due to sikdcMahon; Gatesy & Biewener; Day & Jayne; Persons IV
are not compensated by different structural design, keepi&g Currie), we excluded those species that show
the same kinematics and reaching the same absolmerphological restrictions to locomotor performance at high
velocities. Altogether, these results support the proposal thvalocities as graviportal mammals due to their columnar
animals with similar structures function in similar ways. Thémbs and immobile ankles (e.g. elephants), those species
independents lower leg lengths segments standardizeddfipeds with different locomotor strategies when walking
the femur (Fig. 2) also corroborate that the hindlimbs of birdgend running (e.g. kangaroos), and those species of
are in a morphological space different from those of felineplantigrade mammals that are facultative bipeds and differ
ungulates and non-avian theropods. The increase in relativem primitive theropods in their morphofunctional
length of the proximal/distal bones of the lower leg, wasonformation (e.g. bears and primates).
only different between birds and theropods (Fig. 3) which
affirms the need to rethink the use of the hindlimbs of birds The data presented in Figure 1 show that although
as alocomotor model of primitive theropod dinosaurs, whighere were theropods with body mass differences of more
differ in the structural proportions of their hindlimbs in ahan 4 orders of magnitude, they maintained a very consistent
guantitative and qualitative way from the primitive theropodesign configuration with very low dispersion, which is not
dinosaurs. common since the pressures of selection in favor of size

generate members with smaller lower leg length relative to

Since animal movement can be predicted by studyirige femur than members generated by selective pressures in
the body as a machine in which its function obeys the desitavor of cursoriality, which generate members with longer
of its parts (Paul; Hutchinsaat al, 2006), we can infer that lower leg length relative to the femur. One possibility is that
the way in which the hindlimb operates in felines, ungulateke slight negative allometry of the growth of the lower leg
and primitive theropods should be similar as they increasimgth respect to the femur would indicate that the theropods
in size and different than the way it does in cursorial birdsompensated for the pressures in favor of size by increasing
Thus we can assume that the locomotor kinematics of timegreater proportion the length of the femur with respect to
hindlimb of a non-avian theropod depended largely on thréige rest of the leg, but not enough to lose the locomotive
functional segments (femur, tibia, metatarsus), as does #iaematics exhibited by small theropods. The other
hindlimb of felines and ungulates, and differently fronalternative is that the greater length of the lower leg with
hindlimb of a cursorial bird that depends mainly on onlyespect to the femur in small theropods is not due to pressures
two segments (tibiotarsus and tarsometatarsus). Althougphfavor of greater cursorial capacities associated with the
birds are direct descendants of theropod dinosaurs, and tisemaller body size, but rather simply because the selection
morphological and physiological similarities have given wapressures against size disappeared, and therefore the
to the use of cursorial birds as a model to study the loconsiructural restrictions of the lower leg / femur relationship
tor system of their extinct ancestors (Gatesy; Fadbal, were also released (Carrano, 1999). Since femur length is a
2000; Grossi & Canals; Boteltat al, 2016), these results good indicator of the body mass of terrestrial organisms,
with respect to the proportions of the hindlimb of differenPerson & Currie (2016) attempted to test whether a larger
cursorial species would indicate that at least large birds wouldddy size (enlargement of the femur) was related to a higher
not be the best locomotor model of non-avian theropategree of cursoriality in theropod dinosaurs. Their results
dinosaurs. Due to the phylogenetic relatedness, extant birddicated that there is no relationship between body size and
have been used to inform functional aspects of non-aviamrphological characteristics associated with cursoriality,
dinosaur locomotion (Gatesy; Farl@wal, 2000; Grossi & that is, the degree of cursoriality would be independent of
Canals; Botelhet al). Living birds, however, maintain an body size. With this we can conclude that independent of
unusually crouched hindlimb posture and locomotiothe selection pressures to which the theropods of different
powered by knee flexion, in contrast to the inferred primitiveizes were subjected, they maintained design characteristics
condition of non-avian theropods: more upright posture artdat probably allowed them to have dynamic similarities.
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Organisms have two strategies that avoid the inherdationgitud relativa de |a tibia y el metatarso con respecto a la lon-
problems in isometric growth; maintain elastic similarity-gitud del fémur en aves corredoras, asi como en los terépodos no
increasing the diameter of the bone segments of the lim@4ares y ungulados. Encontramos que a medida que aumenta la

as body size increases (McMahon), and increase the effectRgitud del femur, la longitud de la parte inferior de la pierna
mechanical advantage (EMA)--adopting an upright postu éjrpenta de manera similar en los terépodos, los ungulados y los

fthe limbs t d the torsi ¥ Bi 198 répodos no aviares. Por otro lado, las aves corredoras existentes
of the limbs to reduce the torsional forces (Biewener, extintas no siguieron este patrén. Esta observacion sugiere que

Although both strategies reduce the maximum 10comOt@f miembro pelviano de las aves corredoras no es adecuada para
capacities of an organism (maneuverability and maximuggrvir como modelos cinematicos de locomocion del miembro
velocities), EMA is the one that is most strongly related tpelviano del dinosaurio terépodo extinto.

this loss of biomechanical capability (Biewener). From what

is shown by the morphological data of non-avian theropods ~ PALABRAS CLAVE: Aves corredoras; Ter6podos no
described by the literature (Gatesy & Biewener; Paugviares; Modelos cinematicos.

Carrano, 1999; Gatesy & Middleton; Gateslyal) the

hindlimbs of primitive theropods of different size do not

differ in the same way as mammals of different sizes (froREFERENCES
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