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Chapter 1 INTRODUCTION



Chapter 1. Introduction



1.1. Preamble Palaeontologists face the challenge of revealing how extinct animals lived in the past using fossil and stratigraphic information. Vertebrate fossils not only comprise bone remains, but also footprints, burrows, coprolites, nests and eggs, amongst others. All of them provide insights. For example, bone remains are useful for the study of anatomy, animal evolution, growth, disease, death condition and skeletal function. Fossil footprints are a better source of information related to behaviour such as estimation of speed and possible inter-intraspecific interactions. In the present study I provide new contributions in two complementary areas: dinosaur ichnology in South America and evolution of pedal function in ornithopod dinosaurs. Both areas use information that can be obtained from dinosaur feet themselves and the sedimentary structures they generated. But before entering the details of this research project, it is useful to present the current state of knowledge about dinosaur footprints in South America and dinosaur pedal biomechanics.



1.2. Dinosaur footprints in South America The study of terrestrial animals through time in South America has been mainly focused on the Triassic and Cretaceous periods, due the particular interest in the origin and extinction of non-avian dinosaurs. However, fewer investigations have been carried out on the Jurassic. During the Jurassic, the megacontinent Pangaea began to fragment in two subcontinents known as Laurasia (North America, Asia and Europe) and Gondwana (Africa, Antarctica, Australia, India and South America), leading to the opening of the Tethys Ocean (Fig. 1-1).
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Figure 1-1. Position of the continents 140 mya, time period when Laurasia and Gondwana begin to rift apart (redrawn from Philippe et al., 2003)



As suggested by numerous findings in North America and Europe, the Laurasian fauna corresponds to the public conception of dinosaur life, with carnivorous theropods and long-necked sauropods as dominant herbivores. However, the skeletal record also indicates a major faunal switch in Laurasia during the Early Cretaceous, with ornithopod dinosaurs replacing sauropods as dominant herbivores (Bakker, 1971; Weishampel and Norman, 1989). In contrast to the Laurasian fauna, the Gondwanan fauna is not well understood due to the scarcity of data available. The separation of landmasses implies evolutionary divergences, thus faunal differences between Laurasia and Gondwana are expected. However, strong similitude between Jurassic African and North American dinosaurs suggest the presence of complex land bridges between both landmasses (Upchurch, 2002). In South America a limited number of Jurassic dinosaur bones and trackbeds are known, mainly from Argentina and Brazil (Bonaparte, 1979, 1986; Leonardi, 1989, 1994; Rich et al., 1999; Weishampel et al., 2004). However, several new Late Jurassic - Early
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Cretaceous trackbeds have been recently discovered in Chile and Peru. These new materials represent a valuable source of information for studying the possible relationships between faunas within Gondwana. The new data will also allow a direct comparison with Laurasian faunas, for example about titanosaurid, iguanodontian and abelisaurid migrations, and about palaeoenvironments. Results could help to identify land bridges and faunal contributions from or toward South America.



1.3. Dinosaur pedal biomechanics



1.3.1. Problematic The biomechanics of dinosaur locomotion has been focused mainly on musculoskeletal studies of the upper part of the hind limb (e.g.; Gatesy, 1990; Heinrich et al., 1993; Carrano, 1998; Carrano and Biewener, 1999). The functional morphology of the hip, femur, tibia-fibula, and tarsus in theropod dinosaurs are particularly well understood (e.g.; Gatesy, 1990; Farlow et al., 2000; Hutchinson and Gatesy, 2000; Hutchinson and Garcia, 2002; Hutchinson, 2004a, 2004b). However, our understanding of dinosaur locomotion as a whole is limited. Other dinosaur groups such as ornithopods, stegosaurids and anquilosaurids, have been less studied. Furthermore, the foot which is an important part of the hind limb, has been almost entirely ignored. Only a few descriptions of dinosaur pedal motion have been attempted (Gatesy et al., 1999; Gatesy, 2001), using computer models and footprints. Feet are the first and last structure to receive the powering forces during locomotion, and their design permits the redistribution of loads through several bones (tarsus, metatarsus and phalanges), ligaments, tendons and fat pads. In extant animals, including humans, techniques such as film-force plates, pressure sensors, strain gauge and Finite Element Analysis (FEA) have been proven useful in determining the distribution, mechanics and magnitude of locomotory forces (e.g.; Hinterhofer et al., 2000; Anderson et al., 2003; Cheung et al., 2004). Although, most of those techniques are obviously not
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applicable to fossils, it is possible to study the functional morphology of the foot in extinct animals in more detail by analysing the trabecular architecture of the tarsus, metatarsus and phalanges in fossil specimens. This is because the trabecular structure reflects the manner in which the bones are loaded in life, and therefore can be used to interpret models of stress distribution (Fig. 1.2).



Figure 1-2. Cross-section of the ischium of a horse. Its internal structure reveals a high similarity with a flat plate loaded at its free end (arrow), but is not a perfect engineering design because the bone tissue has to cope with other vital functions (taken from Currey, 2002).



1.3.2. Adaptive bone remodelling The general shape of a bone is determined genetically. Nevertheless, as a living tissue, a bone responds to changes in loading by modifying its size, density, and internal arrangement (Currey, 2002). Thus, the final morphology of a bone largely depends on its mechanical situation. This relationship between loading and bone structure was first recognized by Wolff (1870), and is popularly known as the “Wolff’s law of bone transformation”. Although this so-called “law” has been refuted (Bertram and Swartz, 1991; Cowin, 1997), several studies have shown that trabecular structure tends to correlate with the direction of the principal strains, while trabecular density and location of compact bone correlate with the magnitude of the shear stresses (e.g.; Hayes et al., 1982; Thomason, 1985; Lanyon, 1990; Biewener et al., 1996). Moreover, strains slightly higher than normal stimulate positive remodelling, and by contrast, lower routine strains lead to bone loss
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(Rubin and Lanyon, 1982). It is important to note that the internal structure of a bone does not present an optimal engineering design for loading (Fig. 1-2), since this tissue has to deal with its vital cellular functions as well, such as gas, nutrient and waste material exchange, and regulation of calcium availability. Therefore, bone structure represents only general loading patterns. However, the identification of these patterns is important because it is usually very difficult to determine what forces are acting on a bone or even less clear what stresses are acting inside it.



1.3.3. Finite element analysis Finite Element Analysis (FEA) is a numerical method based on elastic theory, which describes the response of any structure to loading. This theory is described by differential equations dealing with the relationship between applied force, material stiffness and deformation. These complex mathematical expressions can be solved using computational techniques. Basically, specific computer software transforms a given model (two- or threedimensional) into a mesh of small elements interconnected by nodes. The material properties, loading conditions and external constraints limiting rotation and translation (e.g., constraint from the ground) are then incorporated into the mesh data. This method has been extensively used in engineering to evaluate the mechanical performance of structures, and it has also been applied recently to skeletal function in modern and extinct animals (e.g.; Hinterhofer et al., 2000; Chen et al., 2001; Rayfield et al., 2001; Carrigan et al., 2003; Mazzetta et al., 2004; e.g.; Rayfield, 2004), as well as human orthopaedics and other direct biomedical applications.
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1.4. This research project



1.4.1. Pedal bones and footprints Both osteological and ichnological dinosaur records are abundant, but their connection is poor. This is not only because functional studies on the foot are scarce, as mentioned above, but also because of the historical development of palaeoichnology. A large number of publications related to footprints have documented new tracksites and footprint shapes, and attempted to assign such tracks to trackmakers, usually with little in the way of direct anatomical reference. Most efforts to identify trackmakers have been proven unsuccessful at the species level and indeed are usually problematic even at the family level (Farlow, 1992; Farlow and Lockley, 1993). Although foot morphology is not variable enough to be characteristic of only a particular species, it can reveal information about animal palaeoecology and behaviour. For example, the proportional length of distal versus proximal phalanges can serve to discriminate between terrestrial and arboreal avian and non-avian theropod dinosaurs (Hopson, 2001). Moreover, as the feet are in contact with the substrate, they can leave trackways showing not only soft tissue impressions (pads and scales), but also different walking phases in deeper tracks along with the impression of the full range of digit motion (Gatesy et al., 1999). Thus kinematic data can be obtained. This research project represents another step toward a better integration of skeletal and footprint morphology.



1.4.2. Objectives The objectives of this project are two-fold: (1) to provide information about the fauna from the Late Jurassic - Early Cretaceous in South America by investigating new and previously known tracksites, which correspond to the only available information for this period in South America; and (2) to quantify morphological differences of pedal evolution in ornithopod dinosaurs and to generate stress distribution models for each of these morphologies (digitigrade v/s subunguligrade), in order to study the functional
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implications. Both objectives look for a deeper understanding of dinosaur evolution, exploring new sources of information and analytical techniques.



1.4.3. Methods and techniques This research project required classical descriptive methods (Farlow and Chapman, 1997) for the study of dinosaur footprints, such as photography, measurements, mapping, comparison with other materials, etc. Further details about methods are given in the respective sections of Chapter 2. More elaborated techniques were necessary for the study of pedal morphology in ornithopods. For the quantification of external morphology in pedal phalanges, we used a MicroScribe G2XL (Immersion Corporation M.R.) in combination with the software Rhinoceros 3D v3.0 (Robert Mc Neel & Associates). For the assessment of the internal structure, we examined fragmented bones from various museum collections and we collected Computed Tomography (CT) images with a Somatom AR.SP scanner (Siemmens Corporation). Models to study functional morphology were created and analysed with the Finite Element software Algor v16-17 (Algor, Inc.). Briefly, these FE models were built for static analysis, considering real material properties (bone, cartilage and fat pad) and also loads and constraints using natural parameters that were obtained from the literature. Chapter 3 provides settings, more detailed descriptions and justifications for these techniques.
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1.4.4. Thesis organization The thesis has been written in the form of scientific publications. Chapter 2 is made of three publications, which provide a detailed description of newly and previously discovered ichnological materials from the Late Jurassic - Early Cretaceous of northern Chile and southern Peru. In Chapter 3, two publications give insights into the evolution of pedal function of ornithopod dinosaurs. Section 3.1 focuses on the functional morphology of an isolated phalanx, whereas in section 3.2 we investigate the force distribution in a complete pedal digit (digit III) taking account of the cartilage and fat pad. Finally, in Chapter 4, the conclusions of this research project are summarized and ideas for future work are given.
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