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Abstract

Many people may be interested in Paleontology since the subject allows for
large amounts of imagination and freedom in the creation of scenes. Dino-
saurs draw the biggest interest because of their diversity in peculiar forms and
often unusually large size of many species. There are people like artists who
help the field paleontologists to describe, interpret and reconstruct fossils,
and others that create drawings, restorations, sculptures and, most recently,
computer animations for science, art and joy. To this end, a successful pro-
fessional should have specific knowledge that will allow them to produce
high-quality work. The current paper aims at: 1) providing knowledge on
various topics of Paleontology, in order to understand the time scale of life on
earth, its evolution and diversity; 2) generating appreciation for the evolution
of climatic conditions, continental plates and movement and the Mesozoic
environment in which dinosaurs evolved; 3) offering an understanding of
scientific nomenclature used in Paleontology, and interpretation of drawings
and meanings; 4) helping one to realize how scientists extract information
from bones, tracks, eggs, embryos and other remains; 5) examining the phy-
siology of dinosaurs, their metabolism, behaviors, growth rates estimated life-
time and diet; and 6) leading to the understanding of the relations between
different dinosaur species and how Paleontologists complete missing parts
from uncomplete skeletons. Examining the evolution of life, we observe that
life began about 3.8 billion years ago in the deep sea. The first simple animals
such as worms and jellyfish appeared in the oceans around 600 mya. The
crust of the earth continuously moves to produce changes in the land masses
and changes in the climatic conditions that affect the evolution of life. The life
of the earth is divided into geological eras. At the end of each geological era, a
major event of extinction occurred, which every time obliterated important
groups of life. Dinosauria was one of the most successful clades of animals
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that lived on terrestrial ecosystems for over 160 million years, but was extinct
at one of the major extinction events 66 mya. The remains of animals allow
scientists and artists to recreate their forms usually in great detail and extract
a lot of information about their lives. The paper describes in detail how and
where to find information and explains how to interpret them in order to
understand the meanings. The paper presents all the above in a simplified
way giving the required knowledge without using difficult scientific terms
and provides the essential knowledge to the interested person to appreciate
the science of Paleontology.

Keywords

Extinct Animals, Geological Time Chart, Skeletal Reconstruction, Dinosaur
Modeling

1. Introduction

It is a fact that many people’s profession is to present to the public an aspect of
the prehistoric world such as, for example, animals of that era. Many of such
presentations are usually scientifically sound, especially if offered by artists
working under the direct supervision of paleontologists. However, some other
presentations happen to be inaccurate and usually exaggerate the characteristics
of animals or place them in inappropriate environments. Additionally, a lot of
interested scientists coming from unrelated disciplines have a vague or no idea
about the prehistoric world.

The current work is a first in a series of articles that aim to present all the ne-
cessary information concerning the science of Paleontology, without using dif-
ficult scientific terms, thus educating the interested reader on important topics
of this science. The desired outcome is to make one (artist or scientist) appre-
ciate Paleontology and enable them to continue their search on specific topics
related to dinosaur reconstruction.

Associated scientists and artists always offer a helping hand to paleontologists
in describing and interpreting fossils. With their work, be it drawings, restora-
tions, sculptures and, more recently, computer animations, they present an or-
ganism in a very lively manner. As the remains of an organism found on a site
are usually incomplete, various details must be completed by experts, leading to
a complete visualization or reconstruction of the organism. The experts also help
in the visual depiction of the animal, offering details about the possible anatomy,
external appearance, stature and movement.

To represent an animal as accurately as possible, one should know the funda-
mentals of Paleontology that will enable them to have an insight into the ani-
mal’s details and its environment. Additionally, for the realistic reconstruction
of an animal, it is necessary to obtain all the known relevant information about

the animal and fill in the missing information in a scientific manner. There will
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usually be a published paper in a scientific journal describing the animal’s re-
mains, from which one can make a start.

The word “dinosaur”, which comes from the Greek words “Adawm-Zabvpa”,
actually means “terrible, dreadful or fearful lizard or reptile”. This name was
given by Sir Richard Owen (1804-1892) who was an anatomist working in the
Natural History section of the British Museum. Based on his study of Megalo-
saurus, Iguanodon and the ankylosaur Hylaeosaurus [1], Owen first announced
the name of the new group of animals at a meeting of the British Association for
the Advancement of Science, in 1841. In this way, a new group of animals called
“Dinosauria” was created, which described the splendor and size of the animals.

From the very beginning, the first dinosaur findings caught the world’s atten-
tion. People were fascinated by the idea that there was a prehistoric world with
real living creatures, so enormous and powerful and so bizarre that it was
beyond anyone’s wildest imagination. Subsequent findings confirmed that dino-
saurs existed on all continents, with each group evolving individually according
to the specific conditions of its environment. Dinosaurs appeared in the late
Triassic period about 225 million years ago (mya). At the same time, the mam-
mal-like reptiles, which then ruled the earth, declined unexpectedly and were re-
placed first by archosaurs and then by real dinosaurs [2]. By the Triassic, all the
major land regions of the world were united into one single supercontinent
called Pangaea, while around the end of the Triassic and the beginning of the
next period (Jurassic); Pangaea began to fragment in pieces [3]. After another
major event at the end of the Cretaceous period (about 66 mya), the dinosaurs
became extinct forever. During their 160 million years of ruling, dinosaurs
showed remarkable evolutionary activity.

Dinosaurs can be studied through their preserved remains or traces, called
fossils. Fossils may consist of skeletal remains (bones, teeth), may contain traces
of skin, feathers or even (as recently reported) soft tissues. Usually, the original
material is not preserved but mineralized in various processes. In some rare cas-
es organisms, such as plant matter, insects, spiders, annelids, etc., can be found
trapped inside amber. In other cases, the remainders of the original organism
dissolve completely, leaving a cavity that is filled with other material in a later
state, forming a cast. Fossils can also consist of marks left by organisms while
they were alive, such as animal traces or faeces (coprolites). Finally, past life may
leave some markers that are biochemical in nature and can now be detected.

Dinosaur living style presentations and art has been with us for more than a
century and a half. The first dinosaur sculptures in the world were presented in
1854 [4]. These were created by Waterhouse Hawkins, an English sculptor and
natural history artist who constructed life-size models of dinosaurs and other
extinct animals in London’s Crystal Palace Park. This work (Figure 1) is still on
display at Sydenham Hill, next to the Crystal Palace National Sports Centre.
More recently, many famous paleontologists and artists, such as Robert T.
Bakker, Stephen A. Czerkas, John Sibbick, Gregory S. Paul and many others have

produced illustrations for books, sculptures, and so on. Moreover, new art is
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Figure 1. A renewed life-size model of iguanodon was created by Waterhouse Hawkins
who created the model according to the then knowledge (1854). Today’s reconstruction
would be quite different.

the creation of dinosaur robots, by special companies, in real size with realistic
appearance and movement, the so-called animatronic dinosaurs. These technol-
ogical machines are now on display in museums and parks. Finally, 3D comput-
er models of dinosaurs, created and viewed with sophisticated software that offer
many advantages, are also available for filmmaking and scientific studies.

The present paper introduces the reader to the world of Paleontology. The
study presented here addresses a wide range of topics of science. The current
Review can serve as a brief scientific/educational guide for scientists and artists,
giving them important knowledge that can enable them to gain a deeper insight
and appreciation of any particular paleontological topic. Reviews on paleonto-
logical issues indeed exist in the literature, but none deals comprehensively with
all the important topics of Paleontology. The paper is written in a way that, we
believe, is appealing to the widest possible readership, and, hence, can contribute
to the further penetration of Paleontology in wider fields. It will also motivate
people to interact with Paleontology, diluting any existing myths about dino-
saurs. Section 2 presents the methodology followed, while all relevant topics are

reviewed in Section 3.

2. Materials and Methods

The current work presents paleontological topics that are found in the literature
and can serve as a short and simple scientific guide.

Before trying to bring to life (or reconstruct) any extinct animal, one must
obtain all useful information about the animal’s remains as detailed in relevant
papers and books available in the literature. It is crucial that for successful re-
construction, the interested person should: 1) be familiar with the relevant no-
menclature to understand the written information, 2) be able to appreciate the

extinct environments in which the animal spent its life, 3) have knowledge of
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which forms are relevant to the specific animal in order to add any missing cha-
racteristics, 4) gain insight into the animal’s behavior (posture, movement,
growth, feeding, reproduction) and many others.

Because of the wide field of information needed for the purpose stated above,
a complete review of all existing knowledge on every individual subject would be
a monumental task, leading to voluminous writings. To keep the paper handy
and informative, we instead focus on the knowledge found in basic books of
general Paleontology, including knowledge found in journals to give new up-
dates. Where needed we have included tables, charts and maps that are freely
available in the Web to the reader, either generated by open software or updated
regularly to represent the present knowledge?

Also, in the paper it is mentioned whether certain information has been ques-
tioned or there is no general consensus on the subject, in order to alert the read-
er. Many questions in Paleontology remain open, but the gaps narrow as new
information comes to light with new findings and new tools and methods that
technology provides.

After a thorough selection of books and journal papers (found by searching
every topic that is included here individually in electronic libraries), we decided
to include those listed in the references because of their comprehensive and cur-
rent information capacity, pioneering grade, clarity and simplicity.

The paper offers important knowledge that can help one gain a deeper insight
and appreciation for any particular subject of Paleontology. Therefore, the paper
can contribute to the further penetration of Paleontology in wider fields.

The subjects covered are presented in the sequel (Section 3) and include: geo-
logical time-chart, life on earth, paleogeography and climate, animal classifica-
tion, body symmetries, skeletal nomenclature, fossil formation, posture of dino-
saurs, dinosaur tracks, dinosaur metabolism, dinosaur reproduction, dinosaur

age estimation, lifespan and growth rate of dinosaurs, dinosaur diet and feeding.

3. Results

This section presents the scientific background on specific subjects of Paleon-
tology.

3.1. The Geological Time-Chart

In order to reconstruct the geological history of the earth and to understand the
evolution of life, it is critical to date the rocks. The rocks are formed in layers,
with the oldest one at the bottom and the newest one on top. To date them, ge-
ologists use either the absolute or the relative dating method. Absolute dating
shows the time from the present-day that the layer was formed. For this type of
dating, radioisotopic methods are used for volcanic rocks implanted in the same
strata (sedimentary rock layers) as the fossils [5].

The most reliable techniques applied so far in dating strata of dinosaur-bearing
include K-Ar with uncertainties (2 standard deviations) of 2% - 4%, 40Ar/39Ar
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with uncertainties of less than 0.5%, Rb-S with uncertainties (2 standard devia-
tions) of typically 1% - 5% and U-Pb with uncertainties as low as 1% [6].

Relative dating, on the other hand, does not estimate the time from the
present-day, but places the events in the correct order by comparing the strata of
the earth that contain distinct fossils. In the early 1800s in Western Europe, the
civil engineer William Smith observed that a given stratum usually contained
distinct fossils. Distinct fossils have been found in large areas, even when the
composition of the enclosing rock is different. The science of using the fossil
content to identify and distinguish strata was therefore born and is called Bios-
tratigraphy. Based on the above, Smith constructed and published the first geo-
logical map of England [7].

The two procedures are kept distinct, as not all types of rocks and fossils can
be dated. Ancient life that cannot be directly dated is related to age-dated ma-
terial with the techniques of relative dating. The geological timescale (Figure 2,
[8]) is divided into eras, periods, epochs and ages, and associated subdivisions

(upper and lower).

3.2. Life on Earth

The sequence of rocks and the life entrapped into them has led science to the
conclusion that all life on earth originates from a common ancestor. Theoreti-
cally, biological evolution started from a simple organism and expanded to an
enormous variety of life. Evolution refers to the change of inherited characteris-
tics, thus causing small changes in a population from one generation to the next
and in large-scale evolution, where different species descend from a common
ancestor for many generations. The father of “evolution” is Charles Darwin who,
in 1859, established the Theory of Evolution by natural selection, as described in
his book “On the Origin of Species” [9]. By observing and studying past and
present life forms, evolutionary scientists construct “family trees”, where one can
explore evolutionary change and relationships. An example of such a tree is
shown in Figure 3.

The hypothesis that all life is related and the relations among organisms lead
to the conclusion that life can be divided into three major clades (domains)
which are: The Archaea, the Bacteria and the Eukaryota.

It is worth noting that the complete life tree shows that maximum diversity in
anatomical forms was reached very early in the multicellular life history. This
was followed by the extinction of most of these initial experiments, but the sur-
viving lines successfully developed many new species and not new anatomies.

There exist more species today than ever before, although fewer basic anato-
mies remain (Figure 4).

Examining the evolution of life in the past, we observe that life began about
3.8 billion years ago in the deep sea. Stromatolites, rocklike mounds, formed by
colonies of bacteria, represent the oldest evidence of life on earth and date back
3.5 billion years [11]. The first simple animals such as worms and jellyfish ap-

pear in the oceans around 600 mya. At 520 mya many new kinds of animals
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Figure 2. (a) ICS International Chronostratigraphic Chart: From present to 359 mya (modified from [8]); (b) ICS International
Chronostratigraphic Chart: From 359 to 4600 mya (modified from [8]).
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Figure 3. A family tree; in red, evolutional characteristic (see also [10]).

Figure 4. Anatomical diversity in relation to geologic time shows that in the beginning
more anatomical forms were created (primary branch structure-brown), with fewer basic
anatomies remaining in later times (secondary branch structure-orange) but with more
species (green) developing (see also [12]).

develop, including strange wormlike creatures and trilobites. At 470 mya ar-
mored fish, with back-bones of less than a foot long, occupy the oceans. Shell-
fish, nautiluses and corals appear at 420 mya. The next great step is at 400 mya
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when mosses and ferns inhabit the land, followed by centipedes, insects and the
first amphibians. At 330 mya giant ferns and club mosses form vast swampy fo-
rests, while insects such as dragonflies, with wings 60 cm across, fly in the air. At
290 mya the age of reptiles begins. At 230 mya reptiles evolve into dinosaurs.
Dinosaurs dominate the earth for the next 160 million years. At 215 mya a dif-
ferent group develops into the first mammals that remain small in size and are
active mainly at night for the next 150 million years. The first birds take to the
air at 150 mya. At 65 mya dinosaurs become extinct and then modern flowering
plants appear. At 40 mya mammals evolve into large plant eaters and predators.
At 5 mya the ancestors of early humans descend from the apes. These apelike
animals walk upright and 130,000 years ago modern humans appear.

A summary of some of the major events that occurred during the earth’s past,

such as the ones discussed above, is presented in Table 1 [13].

Table 1. A timetable showing major events that occurred in different geological periods
(see also [13]).

Million years ago Period Epoch Event

Cenozoic era

Rise of human civilization after the

Present - 0.01 Holocene recede of the Pleistocene glaciations
0.01 -2.58 Neogene Pleistocene  First modern humans appear
2.58-5.3 Pliocene  First cattle and sheep. Whales diversify
53-23 Miocene  First apes, mice and many new mammals
23-339 Oligocene  First monkeys, deer and rhinoceroses
33.9-56 Paleogene Eocene First horses, elephants, dogs and cats
56 - 66 Paleocene  First owls, shrews and hedgehogs

Mesozoic era

First modern mammals. Non-avian

66 - 145.5 Cretaceous . i
dinosaurs die-out
145.5 - 201.3 j . First birds appear,
.5-201. urassic
dinosaurs rule the land
L First dinosaurs, mammals,
201.3 - 252 Triassic
turtles and frogs
Paleozoic era
252-299 Permian Sail-back synapsids appear on land
299 - 358.9 Carboniferous First reptiles and flying insects on land
. First vertebrates with four limbs
358.9 - 419 Devonian L. .
and distinct digits
419 - 443.8 Silurian First plants and arachnids on land
443.8 - 485.4 Ordovician First nautiloids and jawed vertebrates
485.4 - 541 Cambrian All major animal groups appear
541 - 4600 Precambrian First single-celled and multi-cellular life
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3.3. Paleogeography and Climate

Continent plates and movement

The history of biological life follows the geological history of the earth and its
environment that shows great changes during the aeons. At the end of each geo-
logical era a major event of extinction occurred, which every time obliterated
important groups of life. A selection of past maps of the earth is shown in Figure
5 (see also [14]). Current evidence suggests that earth was covered with glaciers
twice during the period between about 720 and 630 mya [15]. According to the
current interpretation, during the early Devonian (see Figure 5) the continents

formed two main land masses, one in the northern hemisphere called Laurasia

Snowball earth, 635 mya Early Devonian, 400 mya

Pennsylvanian, 300 mya Late Permian, 260 mya

Early Jurassic, 200 mya Late Jurassic, 150 mya

Late Cretaceous, 90 mya Oligocene, 30 mya

Figure 5. Paleogeographical maps in rectangular format, for various earth ages (see also [17] [18]).
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and one in the southern hemisphere called Gondwana. During the late Carboni-
ferous Gondwana rotated touching Laurasia. During the late Permian Gondwa-
na joined Laurasia to form a super continent called Pangea. During the early Ju-
rassic Gondwana continued to move northward away from the southern pole.
During the late Jurassic an equatorial seaway appeared as the northern and
southern landmasses separated. During the late Cretaceous the continents con-
tinued to separate and began to assume the positions of the present day. During
the Oligocene and beyond the movement of landmasses continued to change
their position and shape.

According to the above, the continent plates always move slowly on the sur-
face of the earth. In some cases, a large part of the earth may be covered with
snow, while in others the ice melts when warm periods prevail. Also, in some
periods large parts of the continents may be under water, while in others the
same part may rise above the sea. The change of environment is a major factor
that affects the life that exists in a specific area.

Mesozoic climate

The mass extinction, at the end of the Permian, 251 mya, was the most dra-
matic event with a great impact on life. Life on the seas and on land was nearly
destroyed, ecosystems were ruined, and many long-lived lineages vanished. To-
day, it is widely accepted that this great devastation was caused by large-scale
volcanic activity in Siberia that led to major atmospheric changes worldwide and
the collapse of the ecosystems. After the extinction event, there were initial rises
in various parts of the world, but large drops followed and an amazingly low lev-
el of life was sustained through the Early and Middle Triassic [16]. As men-
tioned above, during the Triassic all continents were already combined to form
the single Pangaea supercontinent. The continent was centered, more or less, on
the equator and extended to the poles. It was surrounded by the Panthalassa
Ocean with Tethys, a deep oceanic gulf to the east of the supercontinent (Figure
6).

In summer, in the circum-Tethyan part of the continent the heating would be
maximized because of the concentration of exposed land at low and mid lati-
tudes and the presence of a warm seaway [20]. Furthermore, extreme continen-
tality with hot summers and relatively cold winters and a strong monsoonal cir-
culation would cause widespread seasonal rainfall, concentrated during the
summer in the northern hemisphere—a relatively dry equatorial region in the
eastern part of Pangaea facing the western Tethys—and a breakdown of the zon-
al climate pattern [21]. Due to the continuity of the land of Pangea, land animals
were able to migrate from the South Pole to the North Pole and life began to
re-diversify, recovering from the great extinction. Also, warm-water faunas oc-
cupied the Tethys Sea.

At the beginning of the Jurassic another major extinction event, regarded as
one of the “big five”, occurred. However, a closer examination of the fossil
record reveals that many groups—believed to have been significantly influenced
by the event—had receded throughout the Late Triassic [22]. By the beginning
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Upper Cretaceous

Cool temp.

“ ..

Warm temp. Tropical @ Paratropical it Arid

Figure 6. Mesozoic era paleomaps showing the location of continents and their climatic conditions. Tropical climates are asso-
ciated with coal, bauxite and laterite with warm and wet conditions. Cool temperature is associated with coal and tillites with cool
and wet conditions. Arid climate is associated with evaborite and calcrete with warm and dry conditions. Warm temperature is
associated with kaolinite with fauna of crocodilus, palms and mangroves. Paratropical climates are associated with high latitude
bauxites (see also [17] [18] [19]).

of the Jurassic, Pangaea began to divide into two landmasses, Laurasia in the
north and Gondwana in the south. Thus, more coastlines were formed, trans-
forming the continental climate from dry to wet. Throughout the Triassic, the
primary dinosaur “competitors”, the Crurotarsan archosaurs, were significantly
more under stress than dinosaurs and suffered a devastating extinction at the
Triassic-Jurassic boundary. In the late stages of the Triassic, dinosaur disparity
occurred, giving them the main leap. During the Early Jurassic, dinosaur diver-
sity continued to increase steadily, and measures of diversification and faunal
abundance indicate that the Early Jurassic was a major episode in dinosaur evo-
lution [23].

Most chalks were deposited during the Cretaceous period and, because of this,
its name was derived from creta that means “chalk” in Latin. Chalk is a type of
limestone, fine-grained and soft in composition. The chalk was composed dur-
ing the Late Cretaceous mainly from the armorlike plates of tiny floating algae.
The end of the Cretaceous finds most of the present-day continents separated
from each other and is the period where the North and South Atlantic Oceans
formed. India drifted into the Indian Ocean, while Australia was still connected
to Antarctica. During this period, the high seafloor rates that spread along with

the active volcanism probably caused a generally warmer and wetter climate
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than today. Also, the Polar Regions were covered by forests, as the higher tem-
perature did not allow the formation of continental ice sheets as today. Despite
the long winter nights, dinosaurs flourished in Antarctica [24].

In the early Cretaceous, flowering plants (angiosperms) appeared and domi-
nated most terrestrial floras until the end of the period. Slightly later than 100
mya many known groups had also appeared [25].

Another of the largest mass extinctions occurred at the end of the Cretaceous
(Cretaceous-Tertiary (K-T) extinction), resulting in the extermination of dino-
saurs, marine and flying reptiles, as well as many marine invertebrates; about
three-quarters of the animal and plant species on earth were exterminated. The
most publicized reason for the extinction of dinosaurs is the impact of an aste-
roid on earth [26]. There exist other theories about the extinction such as vol-
canic activity, and so on (see discussion in Bakker [27]). Recently a large group
of scientists, after examining all the relevant facts, concluded that the extinction
that occurred about 65.5 mya is one of the three largest mass extinctions in the
last 500 million years. At the time of this extinction event, there was high basalt
volcanism in India (Deccan basalt flood), which coincided with a large asteroid
impact at Chicxulub, Mexico. The Chicxulub impact was linked to a single glob-
al ejecta rich deposit marking the Cretaceous-Paleogene boundary. These
co-occurring events, together with other evidence, lead scientists to conclude
that the Chicxulub impact activated the mass extinction [28].

In closing this section, it is interesting to see the temperature diversification of
the planet at the time of the dinosaurs. Among the many temperature recon-
structions during the geological periods, presented in Figure 7 are: 1) A draft
version of a recent reconstruction resulting from the cumulative effort that
brings together different kinds of observations, models and procedures, with a
variety of assumptions [29]; 2) The reconstruction by Scotese [30], where the es-
timated temperatures were derived from mapped data that can determine the
earth’s past climate. These data include the distribution of ancient coals, desert

deposits, tropical soils, salt deposits, glacial material, as well as the distribution
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Figure 7. Global temperature variation during the geological periods. During the last 500
million years the earth’s climate has alternated between a frigid “Ice House” and a steam-
ing “Hot House”, like the world of dinosaurs. Line 1: source [29]; Line 2: source [30].

DOI: 10.4236/0jg.2021.1110028

538 Open Journal of Geology


https://doi.org/10.4236/ojg.2021.1110028

G. A. Florides, P. Christodoulides

Species:
Dicraeosaurusha
nsemanni

of climate-sensitive plants and animals, such as alligators, palm trees and man-
grove swamps. As shown in Figure 7, the Triassic (~250 - 200 mya) and Creta-
ceous (~145 - 66 mya) periods had temperatures well above the present average
of 17°C. The intermediate period, Jurassic (~200 - 145 mya), had colder temper-
atures that were most times much higher than today. During the Mesozoic, there

were no continental ice sheets covering the Polar Regions.

3.4. Animal Classification

Animals are classified into groups with the smallest unit of classification being
the species. Species that share several common characteristics are grouped into
genera, genera into families, and so on. The largest group, the animal kingdom,
embraces animals of all kinds, including reptiles, fishes, insects and other crea-
tures without backbones. Figure 8 shows the classification of Dicraeosaurus
hansemanni (a dinosaur).

Another way of representing relations among organisms is the use of a dia-
gram called cladogram (from the Greek “kAddog” = “branch” and “ppéppa” =

Genus:
Dicraeosaurus

Family:
Dicraeosauridae

Order:
Saurischia-
‘lizard-hipped’
dinosaurs

Clade:
Dinosauria-

a diverse group
of reptiles; they
first appeared
during the
Triassic period,
between 243 and
233.23 mya

Phylum:
Chordata-
animals
differentiated
into head,
trunk and tail

Kingdom:
Animalia
(all animals)

1311 138

7|

Dicraeosaurus
hansemanni
sauropod
dinosaur that
lived in
Tanzania
during the late
Jurassic

Dicraeosaurus sattleri

. dinosaur found . carnivorous limbatus with
sauropod dinosaur in the Upper dinosaur that theropod (a reptile-like wingspans of
that lived in Tanzania PP lived in North . P rep eSP
) Jurassic . dinosaur that animal of the up to 65 cm;
during the late . America . . . Lo
X Morrison . lived in the Early Permian extinct insect,
Jurassic R during the . . .
Formation, Late Jurassic late Jurassic period) Carboniferous
Montana, USA period)

Suuwassea . Meganeura
Brachiosaurus .

sauropod Allosaurus Dimetrodon (dragonfly
sauropod

Figure 8. Diagram showing the classification of Dicracosaurus hansemanni (a dinosaur).

DOI: 10.4236/0jg.2021.1110028

539 Open Journal of Geology


https://doi.org/10.4236/ojg.2021.1110028

G. A. Florides, P. Christodoulides

“writing”). A cladogram consists of lines that branch in different directions
ending at a clade; it may be drawn in different ways. Cladograms represent an-
cestor-descendant relations [31] between groups of different organisms and their
evolutionary development, studied in Phylogeny. A cladogram helps visualize
the groups of organisms being compared, their relationships and their hypothet-
ical ancestors. Figure 9 shows two examples of such cladograms for the Diplo-
docoid Sauropods. The rules governing the cladograms are: 1) the direction
from the roots to the top is a forward movement in time, with the roots indicat-
ing the ancestral lineage and the top the descendants; 2) speciation occurs when
a lineage splits to form a number of daughter lineages; 3) each lineage has an-
cestors with unique characteristics and ancestors with characteristics shared by
other lineages.

Since complete dinosaur skeletons are rarely found, for the restoration of an
extinct animal additional information is required to reproduce any missing
parts. This information may come from other part skeletons of the same dino-
saur species by scaling or, in the case that the bones are unique, by constructing
the cladogram. In this way one can draw information from the nearest known
species, by comparison and educated assumption, until sound information is
found in the field.

3.5. Body Symmetry and Anatomical Terminology

In scientific articles specific terms are used to determine the location of different
parts of the body or in relation to other parts. To understand the description,
one must become familiar with the different planes of section and specific no-
menclature.

Anatomically a body can be described in relation to various planes and direc-
tions of view. In general, bodies are radially or bilaterally symmetrical. A body

that is symmetrical about a central axis exhibits radial symmetry; such examples

w
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Figure 9. Examples of Diplodocoidea cladograms. (a) Strict consensus Diplodocoidea
cladogram based on the phylogenetic hypothesis of Whitlock [32]; (b) Cladogram show-
ing the phylogenetic relationships and higher taxonomy of selected sauropod and out-
group taxa for which endocranial casts are available in the literature, according to [33].
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are jellyfish, sea urchins and sea anemones (Figure 10(a)). When a central plane
divides the body into two mirrored parts, then a bilateral symmetry appears
(Figure 10(b)). Bilaterally symmetrical bodies are divided into mirror images
through the midsagittal plane.

Figure 10(c) shows the terms by which body areas are presented. Generally,
anterior means “located or directed toward the head end (cranial)”, posterior
“toward the tail (caudal)”, dorsal “toward the spine or back”, and ventral “to-
ward the belly or front”.

Medial means “located or directed toward the midline of the body” and lateral
“toward the sides”. Proximal refers to a body part “closest to the body” and distal
to “the farthest”. The pectoral region is the region of the chest that connects to
the forelimbs (front limbs) and the pelvic region is the region of the hips that
connect to the hindlimbs (back limbs).

A frontal plane (or coronal plane) splits a bilateral body into the dorsal (top
part) and ventral (lower part) sections; a sagittal plane splits it into a left and
right half parts and a transverse plane divides the body into anterior and post-

erior segments.

Central axis Anterior
: (cranial)

Dorsal Ventral

(b)

Anterior
(cranial)
Transverse
plane Posterior
(caudal)
Dorsal Posteroventral Anterolateral
> Frontal plane t Lateral Lateral
<=
Medial ¥ Medial
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-
Posterior
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P
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(cranial)
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Figure 10. (a) Radial symmetry and (b) bilateral symmetry are the two most common body symmetries, (c) views by which the

body regions are presented.
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In medical anatomy, for humans standing on two legs, the term anterior is
generally replaced with the term superior and posterior with inferior [34].

The position-related terms could refer to specific parts of the body, but they
could also be used as relative terms. More specifically:

1) Anterior: in anatomical terminology refers to structures situated at the
front or toward the head end; example: in a dog the eyes are anterior to the ears.

2) Posterior: refers to structures situated or directed toward the rear or tail
end of the body; example: in a dog the ears are posterior to the eyes.

3) Caudal: refers to structures of, situated on, or near the tail or the posterior
end of the body; the term is similar to posterior.

4) Cranial: refers to structures of or related to the cranium or skull.

5) Superior: refers to structures situated at a higher position compared to
something else; example: the neck in humans is superior to the chest.

6) Inferior: refers to structures situated at a lower position compared to
something else.

7) Medial: refers to structures close to the center of a body or the median
plane; example: the medial side of the left knee is the part close to the right foot;
as a relative term, it is the direction from outside toward the middle.

8) Lateral: the opposite term of medial; as a relative term, it is the direction
from the middle toward the outside, left or right of the sagittal plane; example:
the ischium curves gently laterally in an arc.

9) Proximal: refers to structures situated toward the point of origin or attach-
ment, meaning nearest to the main body.

10) Distal: refers to structures situated away from the main body; also, a given
structure can be either proximal or distal in relation to another point of refer-
ence; example: the upper arm in humans is proximal and the hand is distal to the
body.

11) Dorsal: refers to structures situated at the back (spine) or on the upper
side of an organism.

12) Ventral: meaning “belly”, refers to the front (for humans or animals
walking on two) or lower side of an animal; example: in a fish the pectoral fins
are ventral to the dorsal fin.

13) Rostral: when referring to cranium parts it specifies the area of the snout
(or muzzle).

14) Longitudinal: refers to structures situated or extending in the direction of
the length.

15) Transverse: refers to structures situated in the cross direction.

Some common examples for the above terminology, as found in the literature,
are indicated in Figure 11.

Combinations of the above terms are also used, to describe directions that di-
verse from the main axes. For example, anterolateral indicates a direction toward
the head and to the side.

The following terminology is used to identify specific areas of the mouth:
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Figure 11. Some common examples of named views and sections, as found in the litera-
ture; (*) modified from [35].

1) Labial: indicates the direction of the lips.

2) Lingual: indicates the direction of the tongue.

3) Buccal: indicates the direction toward the cheeks.

4) Mesial: refers to structures facing or pointing toward the middle of the jaw.

Also, for identifying specific parts of a tooth, it is necessary to utilize named

surfaces and directions chosen according to where the part is located. Therefore,

the following terminology is generally used:

1) Distal: refers to the surface away from the midline of the face.

2) Facial: refers to the surface that faces the cheeks or lips.

3) Labial: refers to the surface toward the lips.

4) Buccal: refers to the surface toward the cheeks.

5) Incisal: refers to the biting edge of an anterior tooth.

6) Lingual: refers to the surface that faces the tongue.

7) Mesial: refers to the surface that is closest to the midline of the face.
8) Occlusal: refers to the chewing surface of posterior teeth.

9) Proximal: refers to the tooth surfaces that are next to each other.

3.6. Skeletal Nomenclature

In order to understand fundamental concepts in the relevant literature, it is ne-
cessary to become familiar with the various parts of the skeleton. The science
that studies the skeletons, and the bones of which it is made is called Osteology.

The skeleton is divided into an axial and an appendicular part. The axial ske-

leton comprises the skull, the hyoid apparatus (bones in the neck anchoring the
tongue and the throat muscles), the vertebrae, ribs chevrons and sternal plates.
The appendicular bones include the limbs and girdles, ie, shoulders and hips. A

general description of the skeleton follows.

Axial skeleton, head and neck
The head divides into the cranium, which is the rigid upper portion that con-
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nects to the neck and includes the upper jaw and the mandible (the lower jaw).
The cranium and jaw are made up of many smaller bones, as indicated in Figure
12. Also, the skull has some natural openings called the fenestra in anatomy, also
shown in Figure 12. The posterior part of the skull is articulated to the neck,
which is part of the spine. The dinosaur spine (as for all other vertebrates) con-
sists of vertebrae and is divided into neck, trunk (or torso), sacrum and tail
(Figure 13). The vertebrae have specific names; those of the neck are called cer-
vical vertebrae, those of the trunk dorsal vertebrae, those of the sacrum sacral

vertebrae and those of the tail caudal vertebrae.

.. Lacrimal foramen, Lacrimal horn
Nasal rugosities
Frontal notch

Postorbital rugosity
Maxillary fenestra

External naris (nostril) Supraoccipital crest

POSTORBITAL

Infratemporal fenestra

PREMAXILLA SQUAMOSAL
f Otic notch
Subnarial = i
foramen 48 , QUADRATE
(nearly hidden)
QUADRATOJUGAL
Premaxillary
tooth ARTICULAR
Maxillary teeth
Dentary teeth
Surangular buttress

Surangular foramen

External mandibular fenestra

Figure 12. Bone nomenclature of the cranium and the jaw; the natural openings called fenestra are also indicated.
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Figure 13. Description of the head and the spine of Sauropods. A skeleton of Irritator
Challenger carrying a pterosaur in its mouth [37].
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The dinosaur cervical vertebrae have backward-pointing ribs underneath,
called cervical ribs. The numbering of the cervical vertebrae starts from the head
and moves to the back. Each cervical is identified by a number, for instance 1st
cervical or C1 (also named “Atlas” from the name of the titan who held the sky
on his shoulders in Greek Mythology) holding the head, 2nd cervical (also
named “Axis”) and so on. Atlas is very distinct, unlike a typical vertebra, shaped
like a ring and in sauropods it is very small, smaller than the succeeding verte-
brae. Axis (C2) appears like a normal vertebra and has a special articulation at
the front, where the Atlas fits. The “cervical” from C3 and backward have a sim-
ilar shape but increase in size toward the torso. Sauropods generally have be-
tween ten and nineteen cervical vertebrae [36]. Below the cervical vertebrae
there are cervical ribs.

Axial Skeleton, Body and Tail

Moving in the direction from head to tail, the cervical vertebrae are followed
by a series of dorsal vertebrae. The dorsal vertebrae have dorsal ribs in much the
same way as cervical vertebrae have cervical ribs, but the dorsal ribs are vertically
oriented and longer than the cervical ribs. The cervical ribs generally (but not
always) fuse into their vertebrae, but this is not the case for dorsal ribs that rarely
or never fuse. Therefore, this feature could be a way to distinguish a cervical
vertebra from a dorsal one. Note that, due to existing exceptions, one should be
very careful.

The next group is in the hip area, where a number of vertebrae fuse together.
This is called the sacrum and its vertebrae are the sacral vertebrae. The sacral
vertebrae also have sacral ribs that usually do not appear in a lateral view.

The tail follows the sacrum and consists of the caudal vertebrae. Below these
and between the intervertebral joints are the transversely flattened bones called
chevrons or haemopophyses. It is not clear whether the caudal vertebrae have
caudal ribs. The first few vertebrae have lateral processes, but in this case, it is
still debated whether they are ribs that are fused to the vertebrae, or parapo-
physes/diapophyses that are fused together. For more details, see the overview in
(38].

The rest of the axial bones are the sternal plates located in the front breast
area. The exact position and alignment of the sternal plates is not clear, as the
latter are rarely found in place and are not firmly attached to axial bones.

Appendicular skeleton, shoulder and forelimb

The shoulder bones are the scapula and the coracoid. The scapula, also called
shoulder-blade, is an elongated bone on the side of the torso, joined to the cora-
coid at its lower end (Figure 14). These bones together form the shoulder girdle,
which connects to the torso by ligaments and muscles.

On the underside, where the scapula and coracoid touch, a hollow is formed,
called the glenoid, to which the head of the humerus fits. This is followed by the
ulna and the radius, forming the lower limb segment. The lower limb continues
with the carpals, or wrist bones, and finally with the manus or hand. The supe-

rior bones of the manus are the metacarpals followed by the phalanges. The last
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Figure 14. Shoulder and forelimb bones (sketches from [39], Tyrannosaurus and [40],
Camarasaurus).

phalanx of a digit can form a claw, called ungual.

Appendicular skeleton, hip and hindlimb

Three bones on each side, the ilium, the pubis and the ischium form the pel-
vis, or hip girdle (Figure 15). A circular cavity called the acetabulum, or hip
socket, forms at the meeting point of the three bones. The pelvis is fused to the
torso through the ilium, which is bonded to the sacrum through the transverse
processes of the sacral vertebrae and their sacral ribs. The pubes and ischia do
not fuse.

The femur, or thigh bone, has a head that fits the acetabulum. In the knee, the
femur joins the tibia and fibula that form the lower-limb bones and lay side by
side. The tibia, which carries the main weight, is the thickest of the two and is
closest to the midline. Below these two bones are the tarsals, or ankle bones. The
tarsal bones are the astragalus (a large, disc-shaped bone below the tibia) and the
calcaneum (a smaller globular bone below the fibula)—when present. Finally,
the pes, or hind-foot, follows. The upper bones of the pes are the elongate meta-
tarsals followed by the short pedal phalanges and the pedal unguals (as opposed
to the manual phalanges and manual unguals of the forefeet).

Bones recovered with difficulty

In addition to the bones described above, there are some others that are easily
decomposed or lost and are usually not recovered. These are shown in Figure
16.

Gastralia, or belly ribs (Figure 13), are dermal ossifications situated in the
ventral abdominal wall. They were possibly present in all Sauropods, but they

are delicate and usually not preserved. The prosauropod and theropod gastralia
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Figure 15. Leg bones of a bipedal and a quadruped dinosaur (sketches from [39], Tyran-
nosaurus and [40], Ca-marasaurus).

()

Figure 16. (a) Reconstructions of the pectoral girdle of Plateosaurus:1-clavicle, 2-scapula,
3-coracoid, 4-sternal plate (see: [42]); (b) “Sue”, Field Museum of Natural History, Chi-
cago: 1-furcula; (c) Stegosaur in Denver Museum of Science and Nature, showing plates

and bony armor protecting the throat.
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are thin, rod-like bones, between the sternum and the pubis, found in metameric
rows on the ventral abdominal wall. Each species has a different number of ga-
stralia rows, ranging from about 8 in smaller species to about 21 in the larger
species [41].

Clavicles (collar bones) (Figure 16(a)), found in some dinosaurs, attach the
shoulder girdle to the sternum or “breastbone”. In theropods (carnivorous di-
nosaurs), there is a furcula (wishbone) instead of the clavicles (Figure 16(b)). In
some of the sauropodomorph dinosaurs, the clavicles do not actually fuse but
come into contact with each other with a furcula-like pattern [42].

Finally, some dinosaurs had osteoderms (Figure 16(c)), which may be scales,
plates or other structures formed by bony deposits embedded in the skin. Os-
teoderms are present in various groups of dinosaurs (most notably in ankylo-

saurs and stegosaurians) and even in Sauropods.

3.7. Fossil Formation

There is only a very small chance that a living organism will become a fossil. The
majorities of organisms decompose completely or are consumed by other ani-
mals. The formation of a fossil depends on the type of remains and the envi-
ronment that exists. In general, hard parts of animals (such as bones, teeth and
shells), as well as plants (such as seeds and woody parts) are covered by sediment
(such as sand or mud). The sooner the organism is covered in moist sediment
after death, the better the chance to become a fossil, as this way it is protected
from scavengers and bacteria. Over millions of years, the sediment is covered at
the top with more layers, burying the remains deep in the ground that eventually
turn to stone. The remains after burial undergo certain processes that usually in-
clude chemical alteration or replacement and compaction.

The calcareous skeletons of marine invertebrates, when dissolved, lead to a
fossil that is kept as a mold or cast. In other cases, minerals such as silica, pyrite
or others, may gradually replace the original skeleton.

On land, ground water can dissolve the original hard parts of an organism and
replace them with mineral substances, in a process called replacement. This
chemical action can be slow and can reproduce the microscopic structure of an
organism, especially which of bones, shells and wood. The most common re-
placement minerals are calcite, silica, pyrite and hematite.

In other cases, permineralization may occur. This occurs when groundwater
with dissolved minerals penetrates the microscopic pores and voids of material
made of bone, shell or wood. The deposited minerals produce stony fossils that
still contain parts of the original solid material. More details can be found in
[43].

Finally, the sedimentary rock containing the fossil is brought to the surface by
earth forces, where erosion by wind and water exposes the material. If the fossil
is not found in time, the action of the wind and water can destroy it, leaving no

record of the organism.
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3.8. Posture of Dinosaurs

Protodinosaurs, the earliest known dinosaurs, originate in Argentina and are
about 225 million years old [2]. These dinosaurs are bipedal, meaning walking
on two legs, and this could be the original posture of the entire group.

Subsequently, the group diversified into two branches, those of the ornithi-
schia and the saurischia, as named by Seeley [44], making them generally ac-
cepted names.

In fact, ornithischia is the order of beaked, herbivorous dinosaurs. The name
ornithischia means “bird hip joint” and derives from the Greek “0pn6o¢” = “of
bird” and “toxio v’ = “ischium”. The evolution of the pelvis is one of the features
that most distinguishes these dinosaurs, which eventually became a more
bird-like structure regardless of the fact that the birds did not descend from
these dinosaurs. The ornithischian pubis bone points posteroventrally to the tail
and runs parallel to the ischium. It also has a forward-pointing process to sup-
port the abdomen (Figure 17). In contrast, the saurischian pubis is directed an-
teroventrally, as in the ancestral types of lizards.

The ornithischian pelvis is wider and more stable than that of the sauri-
schians. Over the course of their evolution, ornithischians shifted from bipedal
to quadrupedal posture, at least three times, and have demonstrated their ability
to adopt both postures at the beginning of their evolutionary history [45].

Some well-known ornithischians are the armored dinosaurs, stegosaurs and
ankylosaurs, the “duck-billed” Iguanodon (hadrosaurids) and the horned dino-
saurs (ceratopsians).

Saurischia means “lizard hip joint” and derives from the Greek cabpa “lizard”
and oxiov “ischium”. All carnivorous dinosaurs (theropods) are saurischians, as
are the sauropodomorphs that are one of the two primary lineages of herbivor-
ous dinosaurs.

Some commonly known theropods are the giant carnivorous dinosaurs Ty-
rannosaurus and Giganotosaurus. The small size Compsognathus and Ornitho-
lestes are also theropods. The body size of theropods is generally assumed to
have shrunk over the last 50 million years, eventually evolving into modern-day
birds [45]. The well-known sauropodomorphs are the herbivorous Diplodocus,

Apatosaurus and Brachiosaurus, which belong to the group of Sauropods.

—_ ilium

Ornithischia Saurischia

Figure 17. Dinosaur pelvic structure [44].
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Figure 18 shows the phylogeny of Dinosauria indicating independent-
ly-derived quadrupedal, facultatively (contingently) quadrupedal and bipedal li-
neages. The dinosaurs held their feet directly below their body with their legs
operating in the nearly vertical plane. This posture results from the anatomy of
the hip socket. The femur shaft ends at a right angle with a cylindrical head that
fits into a cylindrical, intra-open hip socket. Figure 19 shows the open hip sock-
et of Dinosauria compared to the hip socket of mammals with a close fit. The
ankle was also a simple fore-and-aft hinge joint that also favored a vertical leg
posture. The movements permitted by the dinosaur’s leg bones are demonstrat-
ed in Figure 20.

The dinosaurs were “hind limb dominant” [47] as—whether they walked on
two legs or when they were quadrupedal—their weight was mainly borne on the

two legs, which were always built stronger than the arms.
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Figure 18. Quadrupedal dinosaurs (in full circles), facultatively quadrupedal (in broken
circles) and bipedal dinosaurs (see also [46]).
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Figure 19. The anatomy of the dinosaur hip socket compared to mammals. (a) Dinosaur;
(b) Mammal.
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Figure 20. Dinosaur leg bones permit motion forward and backward in only one plane
(Suchomimus, Niger, 125 - 112 mya).

3.9. Dinosaur Tracks

Another source of information on the dinosaur stance and gait comes from di-
nosaur tracks. Dinosaur tracks are found in many places, and additionally pro-
vide scientific information on foot anatomy, dinosaur behavior, geographical
distribution and much more. Tracks are believed to be formed and preserved in
two ways. The first is when the dinosaur walked on wet sediment, such as in a
mudflat, on a shoreline or even on the bottom of a shallow sea. When the water
dried, the tracks hardened, and before being destroyed, they were buried with
additional sediment and thus preserved. Another way of forming tracks is when
the animal was walking on very soft, muddy soil with its feet compressing the
firmer layers below. The surface material then covered the depressions, at the
same time covering the prints on the lower layers, forming underprints or un-
dertracks. Figure 21 shows the various types of tracks.

Depending on the specific type and condition of the substrate as well as the
foot pressure, there are variations in the appearance of the tracks and the infor-
mation they convey, as shown in Figure 22.

“Mold” is defined as the impression of a body-part of a dinosaur in the sur-
rounding sediments. The mold is “external” when the external structures are
preserved and is “internal” or “steinkern” when the internal features are pre-

served.
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natural cast

true track

undertrack

Figure 21. Diagram showing a true track, natural cast, undertrack, and track infilling, as
they may be preserved in rock strata (see also [48]).

Figure 22. Variations in the appearance of tracks of the same animal based on the type
and conditions of the substrate and on foot pressure. Shallow to deep prints from left to
right. Far right, mud-collapsed print (see also [49]).

Direct information about the locomotion of dinosaurs derives from their
tracks. The trackways show directly whether the animal was walking in a bipedal
(two-legged) or quadrupedal (four-legged) manner or altering its step mode in
between. They can also show whether a dinosaur was standing, walking or run-
ning, or engaged in fighting or hunting.

Gait

Gait is the pattern of movement of the limbs of animals during locomotion.
Various gaits are used by most animals, based on their speed and maneuverabil-
ity, the terrain and energetic efficiency. A predictive method should be used for
extinct animals, investigating their trackways and skeletal reconstructions. Ex-
tinct animal gaits are classified as walk, trot and run.

Alexander [50] suggests that gait changes are accompanied by changes in rela-
tive stride length (Figure 23). Relative stride length is defined as A/A, where A is
the length of the animal’s stride and 4 is the animal’s height at the hip. Animals
are believed to walk when the A/A ratio is less than 2.0, trot when the ratio is
greater than 2.0 and gallop or run for ratios above 2.9 [51]. The Length A is

measured directly from trackways, while 4 is estimated from the dimensions of
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Figure 23. Measurement of footprint, pace and stride length.

the trackmaker’s footprints once the species is identified. The parameters meas-
ured from footprints and trackways indicate the hip heights. Henderson [52]
discusses and compares predictions of hip heights calculated with various for-
mulas.

After determining gait, dinosaur speeds can be estimated from the relation-
ship established between A, A, and speed (v).

For walking gait trackways, with a A/A value of less than 2.0, the speed can be
calculated as

V= 0.25g0.5/11.67 h—1.17 (1)

where grepresents the gravitational acceleration [50].
For running gait trackways, with A/A values greater than 2.9, the following

equation can be used for speed [53]:
Y2
v={gn[2/(18n)]"*"} )

For a trotting gait, when the A/A ratio varies between 2.0 and 2.9, speed can be
estimated as the average of the two previously mentioned estimates [51].

Furthermore, the tracks can provide information on how a dinosaur held its
tail [54], whether it walked with a narrow or sprawling gait and even the posture
of the animal during rest [55]. Tracks may also indicate the social behavior of
the dinosaurs and the environment in which they lived. A large number of trails,
in the same direction, indicate social herding or migratory behavior [56]. Other
tracks have been interpreted as a recording an ancient hunting scene [57]. The
tracks also provide additional information on the geographical and chronologi-
cal distributions of dinosaur groups and can be used as a study tool to provide
information on the species population, by tabulation of the proportions of dif-
ferent species [58], the ratio of carnivores to herbivores in a region, and so on.

Reconstruction of foot anatomy from tracks

The species, the size and shape of a foot and the number of toes in individual
prints can be determined by close examination of the tracks. In some cases of
clear prints, details of the soft anatomy of the foot can also be revealed, such as
the pattern of the pads and the muscles on the feet and the flexibility of the di-
gits.

According to the rules of osteological reconstruction (Heilmann, 1926, Pea-
body, 1948 and Baird, 1957, in [59], the joints between the bones in the pes are
reconstructed in the center of the pads (Figure 24), as found in cursorial birds,
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Figure 24. Relationship of digital nodes with foot phalanges. Left: Theropod footprint
Eubrontes gigantea, about 37 cm long. Foot skeleton restored by assuming that the digital
nodes are mesarthral in foot-print position; joints between the phalanges coincide with
constrictions between the digital nodes of the footprint, adapted from [49]. Right: The-
ropod foot skeleton restored by assuming that the digital nodes are arthral in position;
joints between the phalanges lie in the center of the digital nodes of the footprint, adapted
from [60].

and crocodiles and large lizards. Relatively shallow tracks reveal the foot details
better, because the knuckles and joints make noticeable deeper and wider im-
pressions on the substrate than the bones in between. It is therefore relatively
easy to match the bones on the track. On the other hand, Thulborn [49] states
that by using the evidence from existing birds as a guide, the pattern of nodes
can vary depending on the species, but also within a species. In general, an in-
terphalangeal joint rarely coincides with the constriction between two digital
nodes, and this should be considered in any reconstruction.

Hunting and other traces

In some cases, the traces indicate that a sauropod is hunted by a meat-eater
dinosaur (theropod). Such a case is discussed in [61]. In this case the traces most
probably indicate that Paluxysaurus is chased by Acrocanthosaurus, who was
following it closely (Figure 25). Other types of traces can be found in [62] [63]
[64].

3.10. Dinosaur Metabolism

A vital question that has implications for the way dinosaurs are presented in re-
constructions is whether the dinosaurs were ectotherms resulting in a slow and
reptilian behavior, or endotherms resulting in energetic and active animals like
birds and mammals. Ectotherms are organisms that utilize external heat sources

to regulate their body temperatures. Endotherms, on the other hand, are organisms
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Figure 25. Part sketch of the prints of a theropod-sauropod chase sequence preserved in
The American Museum of Natural History and Texas Memorial Museum (modified from

[61]).

that regulate their body temperature with their own means. Moreover, some or-
ganisms may have a constant body temperature and are called homeotherms,
while others may have a fluctuating body temperature and are called poikilo-
therms.

Ectothermic and endothermic organisms have different biochemical and bio-
physical methods of generating and obtaining heat, because their metabolism
(the sum of the chemical reactions in their cells) is different.

According to Bakker [27], all dinosaurs were automatic endotherms, which
means that they had a very high and stable basal metabolism that provided
enough heat to maintain a high, constant body temperature, without shivering.
In other words, dinosaurs were equivalent to advanced birds and mammals.
Evidence that this is true comes from a variety of sources. One such indication
comes from the fact that all living endotherms possess four-chambered hearts.
Endothermy requires relatively high blood pressures in order to continuously
perfuse important organs, such as the brain with a constant supply of oxyge-
nated blood. However, high blood pressures would destroy the alveoli in the
lungs [4]. For this reason, mammals and birds have two distinct circulatory sys-
tems of the blood, one for the lungs, the pulmonary circuit, and one for the
body, the systemic circuit. The four-chambered heart operates in two separate
circuits. Fisher et al. [65] examined the chest concretion of an ornithischian di-
nosaur using computerized tomography (CT) scans. The structures in this area
suggested a four-chambered heart and a single systemic aorta, which apparently
led them to conclude that intermediate-to-high metabolic rates occurred among
dinosaurs. Instead, in a study published by Cleland et al [66], after re-examining
the purported soft tissues of the fossil with high-resolution CT scans and X-rays,
the authors found no good evidence that a heart was preserved. As indicated by
them, the organ was actually a concretion formed when sand was washed into
the body and became cemented in place.

Other indicators in dinosaurs have all produced a somewhat mixed signal, al-
though in some cases they suggest endothermic metabolism. Such indicators are
the erect stance argument, the presence of Haversian canals that appears to sug-
gest endothermy, the ratio of biomass in predator and prey ecosystems, the exis-
tence of polar-dwelling dinosaurs, the idea that ectotherms would show a greater
range of temperature fluctuations from the core to the extremities (measured by
the ratios of '*O: '°O) than endotherms [4].
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The assessment that birds are dinosaurs suggests that endothermy occurred at
least once within Dinosauria [4]. The assumption that dinosaur metabolism may
be similar to that of birds, may be derived from soft-tissue vessels and cellular
preservation found in dinosaur bones. Schweitzer et al [67] published a study
describing such material found in Tyrannosaurus rex (Figure 26). The preserved
material discloses transparent, flexible, hollow blood vessels containing small
round micro-structures that can come out of the vessels in solution. Seen under
a scanning electron microscope, the features on the external surface of dinosaur
vessels are very similar to similarly prepared vessels of the present-day ostrich,
suggesting a common origin. Moreover, Bertazzo et al [68], while examining
cretaceous dinosaur bones, observed structures consistent with putative eryt-
hrocyte remains that exhibit mass spectra similar to emu whole blood. Further
findings will prove or disprove such a proposition.

It was almost unbelievable when soft tissue material was first reported, be-
cause it was not considered possible that such material from the Cretaceous Pe-
riod (66 - 145 mya) could survive. The significance of such reports has therefore
been questioned. Nowadays, a number of such reports exist (for instance [69]
[70] [71]). Also, the discovery and sequencing of ancient proteins now seems
possible and is observed in multiple fossil specimens [69].

In an unexpected turn, an even more “provocative” report by Lee et al. [73]
presented the existence of indisputable ancient collagen and protein remains
found in a 195 million-year-old fossil. This was confirmed for the early Jurassic
sauropodomorph dinosaur Lufengosaurus by an in-situ SR-FTIR microspec-
troscopical examination. This shows that organic remains can be preserved for
more than 100 million years, and indicates the importance of using in-situ me-
thods for this type of investigations.

Notwithstanding the above finds, there is still disbelief about the preservation
and endogeneity of ancient soft tissues and composite molecules. This is due to
the theoretical temporal limits of molecular preservation, which are considered

to be less than 1 mya for proteins and about 100,000 years for DNA, based on

Figure 26. Demineralized fragments of endosteally derived tissues lining the marrow
cavity of the T-rex femur: (a) The demineralized fragment is flexible and resilient with
regions showing fibrous character (arrows); (b) Demineralized bone after air drying
(scale bars = 0.5 mm) (from [72], reprinted with permission from AAAS,
https://www.science.org/doi/10.1126/science.1108397).
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the degradation proxies of heat and/or pH models of breakdown kinetics ([74]
and references therein). To test the validity of the temporal limits, Allentoft et al.
[75] investigated mitochondrial DNA (mtDNA) from 158 radiocarbon-dated
bones of the extinct New Zealand moa. The authors confirmed that sequenceable
bone DNA fragments are still present, more than 1 million year after deposition
in deep-frozen environments, but consider it highly unlikely that an authentic
mtDNA fragment of a bone aged 80 - 85 mya could be traced. Unless a preserva-
tion mechanism is proven to exist, no soft tissue material will be accepted as

original.

3.11. Dinosaur Reproduction

The dinosaurs reproduced with eggs and not live young (juveniles), as evidenced
by fossil eggs, nests and findings of embryonic skeletons and soft tissue. The eggs
of various groups of dinosaurs have been documented on almost all continents.
From what is known, dinosaurs produced hard-shelled eggs, like those of birds,
rather than eggs with softer shells of reptiles and crocodilians [47].

The first verifiable nests were described and interpreted in the 1920s [76] in
the Gobi Desert of Mongolia, when Protoceratops skeletons, associated with fos-
silized eggs in circular nests, were discovered. In another case, the skeleton of a
carnivorous dinosaur was found on top of an egg clutch, indicating that it at-
tacked the nest for food, hence the name Oviraptor or egg thief [77]. It was later
discovered that the eggs were in fact those of Oviraptor itself protecting his own
nest [78].

Jack Horner, along with Bob Makela, discovered the first dinosaur nests in
North America belonging to the Late Cretaceous ornithopod Maiasaura (mean-
ing “good mother reptile”). Their work and further studies changed the image of
dinosaurs from solitary and ruthless creatures to social, caring animals [76], and
provided the main evidence of parental care among dinosaurs [79].

In the 1990s, the largest known dinosaur nesting site was found at Auca Ma-
huevo, Argentina. It was documented that sauropods gathered in large numbers
to lay their eggs on the soft substrate of a floodplain. Occasional heavy rains
flooded the nesting colony, burying and preserving the eggs and embryos of
these dinosaurs [80].

Dinosaur nesting behavior

The dinosaurs probably used different methods for nest building, incubation
and parental care, in a similar way that different types of birds do today. Pale-
ontologists are able to attribute eggs to specific dinosaur groups, by using CT
scans to inspect the embryos inside eggs or examine juveniles in nests. Dinosaur
eggs vary greatly in shape, surface ornamentation and pore distributions. Typi-
cally, theropods laid ellipsoidal (oval) eggs with a smooth surface or weak mark-
ings or ridges in the direction of the long axis of the egg. The eggs of herbivor-
ous—sauropod and ornithopod—dinosaurs had spherical shape (Figure 27), with

a surface with dense and compacted bulges or a network of bulges and irregular
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Figure 27. Egg nest of Telmatosaurus transsylvanicus, a Late Cretaceous dinosaur. Tel-
matosaurus was a relatively small hadrosaur, about five meters long. University of Bu-
charest, Romania.

ridges [81]. Dinosaur eggshells were made of calcite that had tiny pores allowing
the developing embryo to “breathe”.

Evidence from the Auca Mahuevo site shows that the sousopods laid 15 - 34
eggs in a simple depression in the sand. In that place hundreds of animals nested
together, placing their nests close together, probably relying on the heat of the
sun to incubate the eggs. Based on observations in the egg quarry, it has been
ruled out that the parents directly took care for their own nest, although sauro-
pods could jointly guard the whole nesting colony by patrolling the periphery of
the nesting area to prevent potential predators [80].

The hadrosaur Maiasaura nested in large colonies of well-spaced nests, with
adequate space between them, allowing parents to tend their babies. Maiasaura
laid a minimum of 11 eggs [76] and placed them in a circular, elevated nest.
Maiasaura is believed to have covered the incubating eggs with vegetation that
kept the eggs warm as it rotted. Maiasaura babies were left in the nest and their
parents took care of them by feeding and protecting them.

Theropods such as Troodon [82] and Oviraptor (Figure 28) laid 16 - 24 eggs
arranged in a spiral pattern into a dish-shaped nest. Fossils of adult theropods’
skeletons were found above egg clutches, which showed that they were sitting
above their nests during the incubation. Thus, they used the warmth of their
feathery bodies to incubate their eggs. The parents stayed close to the nest for
both prolonged egg-laying and brooding.

Dinosaur eggs came in various sizes. Those of the small dinosaurs were be-
tween the size of the eggs of reptiles and birds. It is interesting to note that no
known dinosaur egg matches the size of the gigantic, 12-kg eggs laid by the
flightless elephant bird Aepyornis, which weighs about 400 kg. The eggs of the
giant sauropods, for instance, weighed less than 1 kg. The largest dinosaur eggs

ever discovered weigh 5 kg, and probably belonged to 1-ton-plus oviraptors [47].
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Figure 28. Oviraptor sitting on a nest of fossilized eggs. Schengen Frankfurt Museum.

There are many cases in the world of nests found with fossilized dinosaur eggs
and embryos, allowing detailed studies of the nesting behavior and juvenile body
size. One such case is shown in Figure 29, which shows dinosaur eggs with em-
bryos, estimated to be at least 65 million years old [83].

There are various criteria by which dinosaur eggs are characterized. Criteria
for the species include egg size (length, width and volume), eggshell thickness
(best determined by an egg clutch because all the eggs are of the same species),
pore pattern (minute oval to circular openings on the surface of the shell), and
details of the ornamentation. The genus of the eggs is distinguished by the egg
size, the morphotype (type of morph or form), the type of pore canals (tiny can-
als that connect the inside with the outside, through which the embryo breaths)
of the egg, and the surface ornamentation. And finally, the characters of the egg
family include morphotype, pore canal type and surface ornamentation [84].

The smallest dinosaur eggs were only a few centimeters long. Large sauropod
eggs could be 30 cm long and 25 cm wide. The largest dinosaur eggs belong to a
giant oviraptor from China and are more than 60 cm long [85].

Based on typical extant avian incubation periods, dinosaur eggs were thought
to hatch very rapidly, in about 11 days for small eggs to 85 days for large ones.
Erickson et al. [86] also report the discovery of incremental lines in embryonic
dinosaur teeth that provide direct empirical estimates of their incubation pe-
riods. For non-avian ornithischian taxa, from small to large, the authors found
that the dinosaurian incubation periods were unexpectedly slow (83 days for
small and 171 days for large) like those of outgroup reptiles. Their analyses show
considerably slower development, suggesting that most, if not all, toothed dino-

saurs and basal toothed birds had slow reptilian-grade incubation.

3.12. Dinosaur Age Estimation

Estimating the age of the various individual dinosaurs, when they died, is very

useful in estimating lifespan (longevity) and growth rates. To accomplish the
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Figure 29. Massospondylus egg clutch, indicating the presence of two exposed skeletons;
parts of 7 eggs (numbered) are preserved in this block. The clutch of Massospondylus ca-
rinatus eggs was discovered in 1976 in the Golden Gate Highland National Park, South
Africa. Early Jurassic Period 200 - 183 million years ago (Scale bar, 5 cm) [From [83],
PNAS material excluded from the Creative Commons license].

above Osteohistologists examine bones of various individuals that cover the
whole span of developmental stages.

The bone traditionally used for the examination is the femur, but other bones
have been shown to be equally or even more effective in some taxa [87]. The po-
lished sections of the bones are examined under a microscope, where lines simi-
lar to tree rings can be seen. Aging is estimated by counting the total growth
lines within elements. The lines (see Figure 30) probably represent periods of
deceleration or possible cessation of tissue deposition and are therefore called
lines of arrested growth (LAGs), [88]. The regions with high vascularity between
the rings are known as zones and represent periods of dynamic growth (for a
detailed analysis see Reid [89]).

It is believed that growth lines are formed annually. This is supported by the
fact that the lines are structurally analogous to those found in other clades with
which Dinosauria shared a common ancestry, such as Actinopterygia (ray-finned
fish), Amphibia (amphibians), Lepidosauria (tuatara and squamates) and Cro-
codylia (crocodilians), where several studies have established their annual gene-
sis. Furthermore, other studies have indicated that the amount of bone tissue
deposited between dinosaur growth lines conforms with an annual genesis. The
line spacing is also consistent with an annual genesis, with the widths becoming
progressively smaller as the growth progresses [87]. It should be noted that the
interpretation that each LAG corresponds to one year of growth is still debated
[88]. Other methods of estimating the growth rate are also used, such as the type
of primary (appositional) bone tissue that specifies the total range of growth rate
[89].

3.13. Estimated Lifespan and Growth Rates of Dinosaurs

Depending on the assumptions and models used, various estimates were made
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Figure 30. Tibial cross-section of a Brachylophosaurin Hadrosaur. The numbered arrows
and tick marks identify the lines of arrested growth (LAGs) that are counted to age this
specimen. The numbers around the circumference of the cross-section indicate the num-
ber of LAGs preserved in the bone. In the square box there is an enlargement of the area
shown in the main figure, showing the LAGs [90].

about the lifespan of the dinosaurs. Current research estimates that very small
theropods, such as Shuvuuia, lived 3 - 4 years, small-to-medium sized dinosaurs,
such as Syntarsus and Massospondylus, lived 7 - 15 years, and large dinosaurs,
such as Albertosaurus and Tyrannosaurus, lived 24 - 30 years. The giant sauro-
pods, such as Brachiosaurus and Bothriospondylus lived for over 50 years. There
is currently no reliable evidence that any dinosaur lived for more than a century,
according to Erickson [87].

Erickson et al [91] quantified growth rates for a group of dinosaurs for vari-
ous lineages and size diversity for the clade and used regression analysis to de-
scribe the results. Their study estimated that dinosaurs show sigmoidal growth
curves (Figure 31(a)), similar to those of other vertebrates, but their growth rate
relative to body mass is unique. The authors concluded that all dinosaurs grew at
faster rates than the primitive condition observed in extant reptiles. Small dino-
saurs grew at fairly rapid rates, similar to those of marsupials, but large species
reached rates, similar to those of eutherian mammals and precocial birds. The
growth of giant sauropods was comparable to that of whales of analogous size
(Figure 31(b)). It should be noted here that the above study was criticized by
Myhrvold [88], and the authors followed with corrections and supplementary

information [92].

3.14. Dinosaur Diet and Feeding

As is well known, all living organisms (except plants that metabolize dead mat-
ter), exploit the energy that results from the “killing and eating” of plants or
animals on Earth, the “planet of death”. Dinosaurs too, were either herbivorous
or carnivorous. As mentioned in sub-Section 3.8, Ornithischians and Sauropo-
domorphs were the herbivorous dinosaur lineages, while the Saurischian thero-

pods were carnivorous. Some species could also be omnivorous [95].
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Figure 31. (a) Sigmoidal growth curves for Alamosaurus, Apatosaurus, Janenschia robustus, and Unidentified sauropod (from
[93]) and Tyrannosaurus (from [94]) showing the relationship of body mass to Age. (b) Adult body mass lines versus growth rate
for dinosaurs (thick line), compared to other animals (see [91]) indicating that non-avian dinosaurs grew more rapidly than extant
reptiles and were most likely endothermic (Notes: Precocial birds are the species in which newborn are relatively mature and mo-
bile from the moment of hatching, whilst newborn Altricial birds are helpless and need long-term care. Eutherians are mammals
in which the placentals provide oxygen and nutrients to the fetus and carry away fetal waste products to give birth to

well-developed young).

Information on the diet and modes of feeding of each species comes from
their cervical and appendicular skeleton design, dental morphology, cranial
anatomy and musculature [96] [97] [98]. Information is also gleaned from co-
prolites [99], tooth marks on dinosaur bones [100] and dinosaur tracks [61].

Taphonomic data, such as preservation states, burial postures and wedged
teeth of carnivores, can provide information on the behavior and species of sca-
vengers [101]. In some cases, stomach contents [102] can also be found on the
dinosaur excavations site, offering direct confirmation of the species’ diet. Final-
ly, the gastroliths [103] [104] found in sauropod dinosaurs raise discussions
about whether they could increase grinding effectiveness by accelerating me-
chanical food processing and, consequently, increasing energy and nutrient ac-

quisition.
3.15. Obtaining Dinosaur Facts

Nowadays, because of the great interest in dinosaurs, most paleontological mu-
seums, universities and organizations provide information about their exhibits
on their online sites, but also access to searchable databases concerning life on
earth. Examples of such databases are:

1) The Paleobiology Database (PBDB), a public resource for paleontological
data. It provides global, collection-based occurrence and taxonomic data for or-
ganisms of all geological ages [105].

2) PBDB Navigator 1.0 [106], an online application that allows users to ex-
plore the Paleobiology Database [105] through space, time, and taxonomy. With
this tool one can visualize, for instance, the distribution of Tyrannosauroidea

during the Cretaceous period and study details (see Figure 32).
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Figure 32. The distribution of Tyrannosauroidea during the Cretaceous period. Palaeo-
map produced by the online PBDB Navigator 1.0 [106].

3) Fossilworks [107], a Gateway to the Paleobiology Database, where one can
search for fossil collection records, fossil organisms, pictures of fossils, published
references, the classifications of taxa in groups, stratigraphic units, time scales
and time intervals.

There are also online reliable sources, like [108], that can give many interest-
ing details about dinosaurs, as for instance that Seismosaurus was the largest di-
nosaur by length (42.7 m) and Micropachycephalosaurus the smallest (0.51 m),

Argentinosaurus was the heaviest (99.8 tons), and so on.

4. Conclusions

Paleontology is the science that studies life on earth, its evolution into various
life forms and their possible relationships, the interpretation of fossilized re-
mains and the restoration of prehistoric creatures and much more. In the latter
act, specialized scientists play a role in providing support to paleontologists in
describing and interpreting fossils and creating drawings, 3D sculptures and,
more recently, computer animations for museum exhibitions, etc. Presentation
of Paleontology themes and dinosaur reconstructions is also used for pleasure, as
the subject allows considerable amounts of imagination and freedom to enter
created scenes. Dinosaurs, in particular, attract the most interest because of their
diversity in peculiar forms and usually because of their size.

The paper has covered various issues, as follows:

1) Important knowledge on various topics of Paleontology and Dinosaurs in
particular, in order to give an impression of the time scale of life on earth, its
evolution and diversity, climatic conditions, environment, etc.

2) Interpretation of scientific nomenclature, drawings and meanings.

3) Illustration of how scientists extract information from bones, tracks, eggs,
embryos and other remains.

The paper, having covered the important topics related to Paleontology and
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Dinosaurs, can serve as a short guide that gives all the necessary knowledge in a
comprehensible and compressed form. Further study can allow one to obtain a
deeper insight and appreciation for any particular subject of Paleontology.

Paleontology still has many open-ended questions to answer, and these can
only be resolved over time as more field information emerges. Many discussions
continue on important topics such as (for example): 1) whether some small di-
nosaur species may be juveniles of larger species, 2) if long-necked sauropods
naturally kept their necks horizontal, 3) what caused the dinosaurs to evolve in a
specific way, and many more.

Much more knowledge is required on specific topics, such as general posture,
feeding habits, existing environment and plants, skeletal, muscular and skin de-

tails, and a lot more. These need to be covered in future publications.
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