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BIOLOGY

aerodynamically merge with the body. Dinosaurs and even
early-flying dinobirds like Archacopteryx and microraptors
could not do this, so their less flexible necks stuck out
ahead of the shoulders like those of a number of modern
long-necked flying birds.

Because fibers covered basal ornithischians in addition
to avepods, it is a good scientific bet that dinosaur insula-
tion evolved once, in which case they were all protofeath-
ers. The absence to date of protofeathers in Triassic and
Early Jurassic protodinosaurs and basal dinosaurs is the
kind of negative evidence that is no more meaningful than
their lack of fossil scales, the kind that long led to the de-
nial of insulation in any dinosaurs and is likely but not
certainly to be settled by the eventual discovery of insula-
tion in basal examples. However, it cannot be ruled out
that insulation evolved more than once in dinosaurs. A
question is why dinofur and feathers appeared in the first
place. The first few bristles must have been too sparse to
provide insulation, so their initial appearance should have
been for nonthermoregulatory reasons. One highly plau-
sible selective factor was display, as in the visually striking
tail bristles of psittacosaurs. As the bristles increased in
number and density to improve their display effect, they
became thick enough to help retain the heat generated by
the increasingly energetic archosaurs. The display-to-insu-
lation hypothesis is supported by the fibers and feathers on
some flightless dinosaurs such as heterodontosaurs func-
tioning as both prominent display organs on some parts
of the body and insulation cover on others.

A number of researchers argue that the pigment organ-
elles of feathers preserve well, and their shape varies ac-
cording to color, so they are being used to restore the actual
colors of feathered dinosaurs. Although some researchers
have challenged the reliability of this method, it appears to
be sound, so this book uses the colors determined by this
technique—doing so maximizes the probability of achiev-
ing correct coloration, whereas not doing so essentially en-
sures incorrect results. It appears that the feathers of some
dinosaurs were, as might be expected, iridescent, using re-
fraction rather than pigmentation to achieve certain color
effects. There is no known method to restore the specific
colors of scales, although differing degrees of shading can
be assayed, and there is evidence that some dinosaurs were
countershaded, being darker on top than below. The hy-
pothesis offered by some researchers that the differing scale
patterns on a particular dinosaur species correspond to
differences in coloration is plausible, but some reptiles are
uniformly colored regardless of variations in scales. Dino-
saur scales were better suited to carry bold and colorful pat-
terns like those of reptiles, birds, tigers, and giraffes than is
the dull gray, nonscaly skin of big mammals, and the color
vision of dinosaurs may have encouraged the evolution
of colors for display and camouflage. Dinosaurs adapted
to living in forested areas may have been prone to using
greens as stealth coloring. On the other hand, big reptiles
and birds tend to be earth tinged despite their color vision.
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Small dinosaurs are the best candidates for bright and /or
bold color patterns like those of many but not all small liz-
ards and birds. On yet another hand, because humans lack
vision in the ultraviolet range, we miss seeing a lot of the
coloration of many animals, so a number of reptiles and es-
pecially birds that look drab to us—including genders that
look bland and much the same—feature dramatic ultravi-
olet color patterns, often for sexual purposes. Archosaurs
of all sizes may have used specific color displays for intra-
specific communication or for startling predators. Crests,
frills, skin folds, and taller neural spines would be natural
bases for vivid, even iridescent, display colors, especially
in the breeding season. Because dinosaur eyes were bird- or
reptile-like, not mammal-like, they lacked white surround-
ing the iris. Dinosaur eyes may have been solid black or
brightly colored, like those of many reptiles and birds.

RESPIRATION AND CIRCULATION

The hearts of turtles, lizards, and snakes are three-cham-
bered organs incapable of generating high blood pressures.
The lungs, although large, are internally simple structures
with limited ability to absorb oxygen and exhaust carbon
dioxide and are operated by rib action. Even so, at least
some lizards apparently have unidirectional airflow in
much of their lungs, which aids oxygen extraction. Croco-
dilian hearts are incipiently four chambered but are still
low pressure. Their lungs are internally dead-end, but they
too seem to have unidirectional airflow, and the method
by which they are ventilated is sophisticated. Muscles at-
tached to the pelvis pull on the liver, which spans the full
height and breadth of the rib cage, to expand the lungs.
This action is facilitated by an unusually smooth ceiling
of the rib cage that allows the liver to easily glide back and
forth, the presence of a rib-free lumbar region immediately
ahead of the pelvis, and, at least in advanced crocodilians,
a very unusual mobile pubis in the pelvis that enhances
the action of the muscles attached to it.

Birds and mammals have fully developed four-cham-
bered, double-pump hearts able to propel blood in large
volumes at high pressures. Mammals retain fairly large
dead-end lungs, but they are internally very intricate,
greatly expanding the gas-exchange surface area, and so are
efficient despite the absence of one-way airflow. The lungs
are operated by a combination of rib action and the verti-
cal, muscular diaphragm. The presence of the diaphragm
is indicated by the existence of a well-developed, rib-free
lumbar region, preceded by a steeply plunging border to
the rib cage on which the vertical diaphragm is stretched.

It is widely agreed that all dinosaurs probably had fully
four-chambered, high-capacity, high-pressure hearts. Their
respiratory complexes appear to have been much more
diverse.

It is difficult to reconstruct the respiratory systems of or-
nithischians because they left no living descendants, and
because their rib cages differ not only from those of all
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living tetrapods but among different ornithischian groups.
It is not possible to determine the complexity of their
lungs; it can only be said that if ornithischians had high
aerobic capacity, then their lungs should have been inter-
nally intricate. Because no ornithischian shows evidence
of pneumatic bones, it can be assumed that they retained
high-volume lungs that were either dead-end or had minor
extensions similar to those in some reptiles, although air-
flow may have been partly unidirectional. Nor were their
ribs highly mobile—in ankylosaurs most of the ribs were
actually fused to the vertebrae. The belly ribs of ceratop-
sids were packed tightly together and attached to the pel-
vis, so they could not move either. It can be speculated that
in most ornithischians abdominal muscles anchored on
the ventral pelvis were used to push the viscera forward,
expelling stale air from the lungs; when the muscles were
relaxed the lungs expanded. One group of ornithischians
had a different arrangement. In ornithopods there was a
large rib-free lumbar region with a steeply plunging rib cage
immediately ahead. This is so similar to the mammalian
lumbar region that it is probable that a diaphragm, per-
haps muscular, had evolved in the group. Peculiar among
ornithischians are the heterodontosaurs, which had larger
than usual, elongated sternals connected to the ribs by ro-
bustly constructed sternal ribs, and oddest of all, gastralia
not otherwise seen in the Ornithischia. Presumably this
means heterodontosaur breathing was distinct from that
of other ornithischians, but exactly how is a mystery.
Restoring the respiratory complexes of saurischians, es-
pecially theropods, is much more straightforward because
birds are living members of the group and retain the basic
theropod system. Birds have the most complex and efh-
cient respiratory system of any vertebrate. Because the
lungs are rather small, the chest ribs that encase them are
fairly short, but the lungs are internally intricate and have
a very large gas-exchange area. The lungs are also rather
stiff and set deeply up into the strongly corrugated ceiling
of the rib cage. The lungs do not dead-end; instead, they
are connected to a large complex of air sacs whose flexibil-
ity and especially volume greatly exceed those of the lungs.
Some of the air sacs invade the pneumatic vertebrae and
other bones, but the largest sacs line the sides of the trunk;
in most birds the latter air sacs extend all the way back to
the pelvis, but in some, especially flightless examples, they
are limited to the rib cage. The chest and abdominal sacs
are operated in part by the ribs; the belly ribs tend to be
extra long in birds that have well-developed abdominal air
sacs. All the ribs are highly mobile because they attach to
the trunk vertebrae via well-developed hinge articulations.
The hinging is oriented so that the ribs swing outward as
they swing backward, inflating the air sacs within the rib
cage, and then deflating the sacs as they swing forward
and inward. In most birds the movement of the ribs is en-
hanced by ossified uncinate processes that form a series
along the side of the rib cage. Each uncinate process acts
as a lever for the muscles that operate the rib the process
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is attached to. In most birds the big sternal plate also helps
ventilate the air sacs. The sternum is attached to the ribs
via ossified sternal ribs that allow the plate to act as a bel-
lows on the ventral air sacs. In those birds with short ster-
nums, the flightless ratites, and in active juveniles, the
sternum is a less important part of the ventilation system.

The system is set up in such a manner that most of the
fresh inhaled air does not pass through the gas-exchange
portion of the lungs but instead goes first to the air sacs,
from where it is injected through the entire lungs in one di-
rection on its way out. Because this unidirectional airflow
eliminates the stale air that remains in dead-end lungs at
the end of each breath and allows the blood and airflow to
work in opposite, countercurrent directions that maximize
gas exchange, the system is very efficient. Some birds can
sustain cruising flight at levels higher than Mount Everest
and equaling those of jet airliners.

Neither the first theropods nor prosauropods show clear
evidence that they possessed air sacs, and aside from their
lungs therefore being dead-end organs or close to it, little
is known about their respiration. In the first avepod the-
ropods some of the vertebrae were pneumatic, indicating
the presence of air sacs. Also, the hinge jointing of the ribs
increased, indicating that they were probably helping to
ventilate the lungs by inflating and deflating trunk air sacs.
As theropods evolved, the hinge jointing of the ribs fur-
ther increased, as did the invasion of the vertebrae by air
sacs until it reached the hips. Also, the chest ribs began to
shorten, probably because the lungs, set up into a corru-
gated ceiling of ribs, were becoming smaller and stiffer as
the air sacs did more of the work. By this stage the air-sac
complex was probably approaching the avian condition,
and airflow in the lungs should have been largely unidirec-
tional. The sternum was still small, but the gastralia may
have been used to help ventilate the ventral, belly air sacs.
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Alternatively the air sacs were limited to the rib cage as
they are in some flightless birds—the extra-long belly ribs of
birds with big abdominal air sacs are absent in theropods.
In many aveairfoilan theropods the ossified sternum was as
large as it is in ratites and juvenile birds and was attached
to the ribs via ossified sternal ribs, so the sternal plate was
combining with the gastralia to inflate and deflate the air
sacs. Also, ossified uncinate processes are often present, in-
dicating that the bellows-like action of the rib cage was also
improved. At this stage the respiratory complex was prob-
ably about as well developed as it is in some modern birds.

The very few researchers who think birds are not dino-
saurs deny that theropods breathed like birds. Some pro-
pose that theropod dinosaurs had a crocodilian liver-pump
system. Aside from theropods not being close relatives of
crocodilians, they lacked the anatomical specializations
that make the liver-pump system possible—a smooth rib
cage ceiling, a lumbar region, and a mobile pubis. Instead,
some of the theropods’ adaptations for the avian air-sac
system—the corrugated rib cage ceiling created by the
hinged rib articulations, the elongated belly ribs—would
have prevented the presence of a mobile liver. Proponents
of the avepod liver pump point to the alleged presence of
a deep liver within the skeletons of some small theropods.
The fossil evidence for these large livers is questionable,
and in any case, predators tend to have big livers, as do

Long-necked sauropod
respiration (Giraffatitan)

42

means without prior written permission of the publisher.

some birds. The existence of a crocodilian liver-pump lung
ventilation system in dinosaurs can be ruled out.

Sauropods show strong evidence that they, too, inde-
pendently evolved a complex air-sac system. The verte-
brae were usually highly pneumatic. Also, all the ribs were
hinge jointed, even the belly ribs, which one would expect
to instead be solidly anchored in order to better support
the big belly. A corrugated rib cage ceiling favors rigid
lungs. Most researchers agree that the air sac—filled ver-
tebrae and mobile belly ribs of sauropods are strong signs
that they had an air sac—driven respiratory complex that
probably involved unidirectional airflow and approached,
but did not fully match, the sophistication and efficiency of
those of birds. Because sauropods lacked gastralia, the air
sacs should have been limited to the rib cage. Sauropods
pose an interesting respiratory problem because most of
them had to breathe through very long tracheae, which
created a large respiratory dead space that had to be over-
come with each breath. This is paralleled in long-necked
birds such as swans, which have a looped trachea in their
chest, so an extra-long trachea does not critically inhibit
breathing. Presumably the great air capacity of the air sacs
helped sauropods completely flush the lungs with fresh air
during each breath.

Mammal red blood cells lack a nucleus, which increases
their gas-carrying capability. The red blood cells of reptiles,
crocodilians, and birds retain a nucleus, so those of dino-
saurs should have as well.

DIGESTIVE TRACTS

In a number of dinosaur fossils from a number of groups,
gastroliths, or gizzard stones, are preserved within the rib
cage, often as bundles of stones. In some dinosaur forma-
tions large numbers of polished stones are present even
though geological forces that could explain their presence
are absent. This evidence indicates that many dinosaurs,
herbivores especially, utilized stone-rolling gizzards. But
not all; a number of articulated skeletons show no sign of
their presence, and they have not yet been found in blade-
toothed predatory dinosaurs.

The digestive tracts of predatory theropods were rela-
tively short, simple systems that quickly processed the
easily digested chunks of flesh bolted down by the sim-
ple scissoring action of the serrated teeth. Coprolites at-
tributable to large theropods often contain large amounts
of undigested bone, confirming the rapid passage of food
through the tract. A few preserved remains indicate that
nonvolant predatory dinosaurs retained a somewhat larger
digestive tract than do birds with their overall lighter com-
plexes, starting with a large crop. Some vegetarian thero-
pods used numerous gastroliths in a crop to break up plant
material. Like herbivorous birds, most sauropods lacked
the ability to chew the plant materials they ingested. The
fodder was physically broken down in the gizzard, which
often contained stones. Because these are not found in
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intestines

large numbers, these sauropods may have used the stones
not so much to directly pulp and grind plant material as
to stir it up. Sauropods had large rib cages that contained
the long, complex digestive tracts needed to ferment and
chemically break down leaves and twigs. The system was
taken to an extreme in the broad-bellied titanosaurs.

The cheeks that appear to have been present on at least
some prosauropods, early sauropods, and therizinosaurs
should have allowed them to mash food before swallow-
ing. Food chewing may explain why prosauropods did not
have particularly big, fermenting tummies. But it was the
ornithischians that fully exploited the cheek-dependent
system. After cropping food with their beaks, they could
break up plant parts with their dental batteries. As some of

Compsognathus longiceps
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the food fell outside the tooth rows, it was held in the elastic
cheek pouches until the tongue swept it up for further pro-
cessing or swallowing. Having taken the evolution of dino-
saur dental complexes the furthest, hadrosauriformes had
modest-sized abdomens to further process the well-chewed
fodder. At the other end of this factor, some ornithischi-
ans had relatively weakly developed tooth complexes and
used massive digestive tracts contained in enormous bellies
to ferment and break down food. In pachycephalosaurs
the digestive tract was further expanded by broadening the
base of the tail in order to accommodate an enlargement
of the intestines behind the pelvis. A few ornithischians
supplemented plant processing with dense, food-grinding
bundles of gastroliths. In herbivores the ingested fodder,
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bacterial gut flora, feces, and gizzard stones if present make
up 10 to 20 percent of the animal’s total mass.

There is no evidence that any dinosaur evolved a highly
efficient ruminantlike system in which herbivores chew
their own cuds. Such a system works only in animals of
medium size in any case, and it was not suitable for the
most titanic dinosaurs.

SENSES

The large eyes and well-developed optical lobes charac-
teristic of most dinosaurs indicate that vision was usually
their primary sensory system, as it is in all birds. Reptiles
and birds have full color vision extending into the ultravio-
let range, so dinosaurs very probably did too. The compar-
atively poorly developed color vision of most mammals is
a heritage of the nocturnal habits of early mammals, which
reduced vision in the group to such a degree that eyesight
is often not the most important of the senses. Our own
skew toward color vision is different from that typical of
animals, being more oriented to green. Reptile eyesight is
about as good as that of well-sighted mammals, and birds
tend to have very high-resolution vision, both because their
eyes tend to be larger than those of reptiles and mammals
of similar body size and because they have higher densities
of light-detecting cones and rods than mammals. The cones
and rods are also spread at a high density over a larger area
of the retina than in mammals, in which high-density light
cells are more concentrated at the fovea (so our sharp field
of vision covers just a few degrees). Some birds have a sec-
ondary fovea. Day-loving raptors can see about three times
better than people, and their sharp field of vision is much
more extensive, so birds do not have to point their eye at an
object as precisely as mammals to focus on it. Birds can also
focus over larger ranges, 20 diopters compared to 13 diopters
in young adult humans. The vision of the bigger-eyed dino-
saurs may have rivaled this level of performance. The dino-
saurs’ big eyes have been cited as evidence for both daylight
and nighttime habits. Large eyes are compatible with either
lifestyle—it is the (in this case unknowable) structure of the
retina and pupil that determines the type of light sensitivity.

Birds’ eyes are so large relative to the head that they are
nearly or entirely fixed in the skull, so looking at specific
items requires turning the entire head. The same was likely
to have been true of smaller-headed dinosaurs. Dinosaurs
with larger heads should have had more mobile eyeballs
that could scan for objects without rotating the entire cra-
nium. The eyes of most dinosaurs faced to the sides, maxi-
mizing the area of visual coverage at the expense of the
binocular view directly ahead. Some birds and mammals—
primates most of all—have forward-facing eyes with over-
lapping fields of vision, and in at least some cases vision
includes a binocular, stereo effect that provides depth per-
ception. Tyrannosaurid, ornithomimid, and many aveair-
foilan theropods had partly forward-facing eyes with
overlapping vision fields. Whether vision was truly stereo

BIOLOGY

in any or all of these dinosaurs is not certain; it is possible
that the forward-facing eyes were an incidental but per-
haps beneficial side effect of the expansion of the back of
the skull to accommodate larger jaw muscles in tyranno-
saurids, Tyrannosaurus most of all.

Most birds have a poorly developed sense of smell, the
result of the lack of utility of this sense for flying animals, as
well the lack of space in heads whose snouts have been re-
duced to save weight. Exceptions are some vultures, which
use smell to detect rotting carcasses hidden by deep vegeta-
tion, and grub-hunting kiwis. As nonfliers with large snouts,
many reptiles and mammals have very well-developed ol-
faction, sometimes to the degree that it is a primary sen-
sory system, canids being a well-known example. Dinosaurs
often had extremely well-developed, voluminous nasal pas-
sages, with abundant room at the back for large areas of ol-
factory tissues. In many dinosaur brains the olfactory lobes
were large, verifying their effective sense of smell. Herbivo-
rous dinosaurs probably had to be approached from down-
wind to avoid their sensing and fleeing from an attack, and
it is possible that olfaction was as important as vision in the
smaller-eyed ankylosaurs. Among theropods the tyranno-
saurs and dromaeosaurs had especially excellent olfaction,
useful for finding both live prey and dead carcasses.

Mammals have exceptional hearing, in part because
of the presence of large, often movable outer ear pinnae
that help catch and direct sounds into the ear opening,
and especially because of the intricate middle ear made up
of three elements that evolved from what were once jaw
bones. In some mammals hearing is the most important
sense, bats and cetaceans being the premier examples. Rep-
tiles and birds lack fleshy outer ears, and there is only one
inner ear bone. The combination of outer and complex
inner ears means that mammals can pick up sounds at low
volume. Birds partly compensate by having more auditory
sensory cells per unit length of the cochlea, so sharpness
of hearing and discrimination of frequencies are broadly
similar in birds and mammals. Where mammalian hearing
is markedly superior is in high-frequency sound detection.
In many reptiles and birds the auditory range is just 1-5
kHz; owls are exceptional in being able to pick up from 250
Hz to 12 kHz, and geckos go as high as 10 kHz. In compari-
son, humans can hear 20 kHz, dogs up to 60 kHz, and bats
100 kHz. At the other end of the sound spectrum, some
birds can detect very low frequencies: 25 Hz in cassowaries,
which use this ability to communicate over long distances,
and just 2 Hz in pigeons, which may detect approaching
storms. It has been suggested that cassowaries use their big,
pneumatic head crests to detect low-frequency sounds, but
pigeons register even basser sounds without a large organ.

In the absence of fleshy outer and complex inner ears,
dinosaur hearing was in the reptilian-avian class, and they
could not detect very high frequencies. Nor were the audi-
tory lobes of dinosaur brains especially enlarged, although
they were not poorly developed either. Nocturnal, flying,
rodent-hunting owls are the only birds that can hear fairly
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high-frequency sounds, so certainly most and possibly all
dinosaurs could not hear them either. Oviraptorosaurs
had hollow head crests similar to those of cassowaries,
hinting at similar low-frequency sound detection abilities.
The big ears of large dinosaurs had the potential to cap-
ture very low frequencies, allowing them to communicate
over long distances. It is unlikely that hearing was the most
important sense in any dinosaur, but it was probably im-
portant for detection of prey and predators, and for com-
munication, in all species.

VOCALIZATION

No living reptile has truly sophisticated vocal abilities,
which are best developed in crocodilians. Some mammals
do, humans most of all. A number of birds have limited
vocal performance, but many have evolved a varied and
often very sophisticated vocal repertoire not seen among
other vertebrates outside of people. Songbirds sing, and a
number of birds are excellent mimics, to the point that some
can imitate artificial sounds such as bells and sirens, and
parrots can produce understandable humanlike speech.
Some birds, swans particularly, possess elongated tracheal
loops in the chest that they use to produce high-volume vo-
calizations. Cassowaries call one another over long ranges
with very low-frequency sounds, and so do elephants. Birds
possess the intricate voice boxes needed to generate com-
plex vocalizations. Among dinosaur fossils only an ankylo-
saur skull includes a complete voice box. The complicated
structure of the armored dinosaurs’ larynx suggests vocal
performance at an avian level, perhaps high-end perfor-
mance, and such may have been true of other dinosaurs.
The long trachea of long-necked dinosaurs should have
been able to generate powerful low-frequency sounds that
could be broadcast over long ranges. Vocalization is done
through the open mouth rather than through the nasal pas-
sages, so complex nasal passages acted as supplementary
resonating chambers. This system was taken to an extreme
in the large-crested lambeosaurine hadrosaurs with their
convoluted nasal tracts. It is doubtful that any nonavian
dinosaur had vocal abilities to match the more sophisti-
cated examples seen in the most vocally sophisticated birds
and mammals. Although we will never know what dino-
saurs sounded like, and the grand roars of dinosaur movies
are not likely, there is little doubt that the Mesozoic forests,
prairies, and deserts were filled with their voices.

GENETICS

As more fossils are found in different levels of geological
formations, the evidence is growing that dinosaurs enjoyed
high rates of speciation that boosted their diversity at any
given time. And over time, via a rapid turnover of spe-
cies, most did not last for more than a few hundred thou-
sand years before being replaced by new species one way
or another. The same is true of birds, which have more
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chromosomes than slower-evolving mammals. Dinosaurs
presumably had the same genetic diversity as their direct
avian descendants, which may have been a driving force
behind their multiplicity.

DISEASES AND PATHOLOGIES

Planet Earth was infested with a toxic soup of diseases and
other dangers that put all dinosaurs at high risk. The dis-
ease problem was accentuated by the global greenhouse ef-
fect, which maximized the tropical conditions that favored
disease organisms, especially bacteria and parasites. Biting
insects able to spread assorted diseases were abundant dur-
ing the Mesozoic; fossils have been found in amber and
fine-grained sediments. Reptile and bird immune systems
operate somewhat differently from those of mammals; in
birds the lymphatic system is particularly important. Pre-
sumably the same was true of their dinosaur ancestors.

Dinosaur skeletons often preserve numerous patholo-
gies. Some appear to record internal diseases and disorders.
Fused vertebrae are fairly common. Also found are growths
that represent benign conditions or cancers. Most patholo-
gies are injuries caused by stress or wounds; the latter often
became infected, creating long-term, pus-producing lesions
that affected the structure of the bone. Injuries tell us a lot
about the activities of dinosaurs. Some dinosaur skeletons
are so afflicted with serious defects that one of them very
probably killed the beast, especially if it was immature.

The predaceous theropods are, not surprisingly, espe-
cially prone to show signs of combat-related injury. One
Allosaurus individual shows evidence of damage to its ribs,
tail, shoulder, feet, and toes as well as chronic infections of
a foot, finger, and rib. The tail injury, probably caused by
a kick or fall, occurred early in life. Some of the injuries,
including those to the feet and ribs, look severe enough
that they may have limited its activities and contributed
to its death. A wound in another Allosaurus tail appears
to have been inflicted by the spike of a stegosaur. The fa-
mous Tyrannosaurus “Sue” had problems with its face and
tail as well as a neck rib, finger, and fibula. The head and
neck wounds appear to have been caused by other Ty-
rannosaurus and in one case had undergone considerable
healing. The sickle claw—bearing toes of dromaeosaurs and
troodonts frequently show signs of stress damage.

Among herbivorous dinosaurs, stegosaur tail spikes are
often damaged or even broken and then healed, verifica-
tion that they were used for combat. The horn of a Tric-
eratops was bitten off by a Tyrannosaurus, according to the
tooth marks, and then healed during the following years,
indicating that the prey survived face-to-face combat with
the great predator. Whether the predator survived the
combat is unknown. Healed bite marks in the tails of sau-
ropods and duck-billed hadrosaurs indicate that they too
survived attacks by allosaurs and tyrannosaurs, respec-
tively. Sauropods, despite or perhaps because of their size
and slow speeds, show relatively little evidence of injury.
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BRAINS, NERVES,
AND INTELLIGENCE

Assessing brain power is complicated because many factors
are involved. One that has long been used is the mass of
the brain relative to total body mass at a given size. Within
the context that brains of a given performance level tend
to become smaller relative to the body as size increases—
elephant brains are many times absolutely larger than
those of people while being many times smaller relative
to body weight, and we are overall more intelligent—rela-
tively bigger brains are likely to produce higher cognition.
Also important is brain structure, with birds and mammals
having more complex schemes including large forebrains.
Adding to the complications is the neural density factor.

Reptiles have much lower neural density relative to brain
mass than mammals and birds, and the latter are mark-
edly higher in this regard than mammals. The last point
helps explain why birds with absolutely small brains such
as crows and parrots achieve levels of thinking comparable
to those of some far larger-headed primates. Avian brains
are also markedly more energy efficient, their neurons
requiring less glucose to process information. Big brains
packed with lots of neurons can correlate with metabo-
lism in that low-energy animals cannot produce enough
metabolic power to operate high-cognition brains, which
require a high metabolism. Less clear is whether energetic
animals automatically have similarly energetic brains. In
particular, it is not known whether reptilian brains can
have high neural densities even if the animals run at high
metabolic rates.

47

For general queries, contact info@press.princeton.edu



©® Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical

BEHAVIOR

The brains of the great majority of dinosaurs were rep-
tilian both in size relative to the body and in structure.
There was some variation in size compared to body mass:
the giant tyrannosaurids had unusually large brains for di-
nosaurs of their size, and so did the duck-billed hadrosaurs
they hunted. However, even the diminutive brains of sau-
ropods and stegosaurs were within the reptilian norm for
animals of their great mass.

Taken at face value, the small, fairly simple brains com-
mon to most dinosaurs seem to indicate that their behav-
ioral repertoire was limited compared to those of birds and
mammals, being more genetically programmed and stereo-
typical. But if dinosaurs are presumed to have been stable-
temperature endotherms via high metabolic rates, then it is
possible, albeit by no means certain, that their neural densi-
ties were in the mammalian or, since dinosaurs include birds,
even in the avian range. This has led to estimates that bigger-
brained dinosaurs such as tyrannosaurs were as smart as
the cleverest birds, as well as primates other than humans,
and may have used simple, crafted nonstone /nonmetal
tools. “Crafting” implies modifying an object in some man-
ner to make it usable, rather than just picking up a rock
and using it to smash open a hard-shelled item. Crafting
can be as simple as stripping leaves and side branches off a
twig to make it into a probe or lever. But this is by no
means certain when it comes to the majority of dinosaurs,
whose thinking organs were reptilian in form. That such
energetic dinosaurs had the low neural densities of reptiles
unable to sustain high levels of activity appears unlikely,
but their simple brains may have precluded the neural con-
centrations of birds. It is therefore not possible to reliably
assess the intelligence of dinosaurs with reptilian-form
brains at this time, and it may never be doable. Even if big
theropods were not supersmart, it is pertinent that even
small-brained animals can achieve remarkable levels of
mental ability. Fish and lizards can retain new information
and learn new tasks. Many fish live in organized groups.
Crocodilians care for their nests and young. Social insects
with tiny neural systems live in organized colonies that
rear the young, enslave other insects, and even build large,
complex architectural structures. It is not unthinkable that
dinosaurs up to the biggest sauropods could use sticks and
leafy branches to scratch themselves if they could reach
close enough to their bodies with their mouths, use heavy
sticks to knock down otherwise unreachable choice food
items, or build leafy branch piles over water holes to pro-
tect them when not in use, as elephants do.

The major exception to dinosaurian reptile brains ap-
peared in the birdlike aveairfoilan theropods. Their brains
were proportionally larger, falling into the lower avian
zone, as did their complexity. It is possible if not probable
that neural densities were approaching if not at the avian
level. It may be that the expanded and upgraded brains
of aveairfoilans evolved at least in part in the context of
the initial stages of dinosaurian flight. Presumably the big-
ger-brained dinosaurs were capable of more sophisticated
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behavior than other dinosaurs. Use of very simple tools
is plausible, all the more so because many small nona-
vian avepods that had supple-fingered hands may have
been able to manipulate devices, in addition to using their
mouths in ways similar to tool-using birds. On the other
hand, use of crafted tools in wild birds is not extensive,
and it may well be that no Mesozoic dinosaur did this. If
any did, tool utilization may have occurred in the context
of prying open hard-shelled food items, or probing insect
holes in search of prey. The insectivorous alvarezsaurs
might have been especially prone to the latter, but their
stout and powerful arms and hands were much better
suited for bursting open insect colonies than holding tools.

The enlarged spinal cavity in the pelvic region of many
small-brained dinosaurs was an adaptation to better co-
ordinate the function of the hind limbs and is paralleled
in big ground birds. The great length of some dinosaurs
posed a potential problem in terms of the time it took for
electrochemical impulses to travel along the nerves. In the
biggest sauropods, a command to the end of the tail and
the response back could have had to travel as much as
75 m (250 ft) or more. Synaptic gaps where chemical reac-
tions transmit information slow down the impulses, so this
problem could have been minimized by growing individual
nerve cords as long as possible.

SOCIAL ACTIVITIES

Land reptiles do not form organized groups. Birds and mam-
mals often do, but many do not. Most big cats, for instance,
are solitary, but lions are highly social. Some, but not all,
deer form herds.

That dinosaurs often formed social groups is supported
by some single-species bone beds that do not appear to have
been death traps that slowly accrued fossils over time, or
perhaps resulted from droughts that compelled numerous
individuals to gather at a water source where they starved
to death as the vegetation ran out. Some accumulations
appear to have been the result of sudden events caused by
volcanic ashfalls, flash floods, drownings when many di-
nosaurs crossed fast-flowing streams, or dune slides. Such
bone beds, which in some cases suggest the existence of
very large herds, usually consist of herbivorous dinosaurs.

The presence of a number of individuals of a single spe-
cies of theropod in association with the skeleton of a poten-
tial prey animal has been cited as evidence that predatory
dinosaurs sometimes killed and fed in packs. It is, however,
often difhicult to explain why so many theropods happened
to die at the same time while feeding on a harmless carcass.
It is more probable that the theropod skeletons represent
individuals killed by other theropods in disputes over feed-
ing privileges, an event that often occurs when large car-
nivorous reptiles and mammals compete over a kill.

Trackways are the closest thing we have to motion pic-
tures of the behavior of fossil animals. A significant portion
of the trackways of a diverse assortment of dinosaurs are
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solitary, indicating that the maker was not part of a larger
group. It is also very common for multiple trackways of a
variety of dinosaur species to lie close together on parallel
paths. In some cases this may be because the track makers
were forced to follow the same path along a shoreline even
if they were moving independently of one another. But
many times the parallel trackways are crisscrossed by the
trackways of other dinosaurs that appear to have been free
to travel in other directions. The large number of parallel
trackways is therefore evidence that many species of preda-
tory and herbivorous dinosaurs of all sizes often formed
collectives that moved as pods, flocks, packs, and herds.
The degree of organizational sophistication of herbivo-
rous dinosaur groups was likely variable. That of the big
dinosaurs was probably similar to that in fish schools and
less developed than that in organized mammal herds. Sug-
gestions that the trackways of sauropods show that the ju-
veniles were ringed by protective parents have not been
borne out, and it is unlikely that very large dinosaurs di-
rectly cared for and protected offspring that were so tiny
when they came out of their eggs or nests. Trackways never
show very large adults and their very small offspring mov-
ing together, which makes sense because the former would
have accidentally stomped on the latter, which would not
have been able to keep up with their parents. When adult
plant eaters were less enormous, perhaps a half tonne or
less, then having their juveniles alongside would have
been practical, as with ratites and their chicks. Flocking
birds almost always fly in single-species groups. On open
ground where a lot of species dwell, herbivores such as
wildebeest, zebras, ostriches, elephants, and gazelles often
form collective herds, each taxon bringing its own best

BEHAVIOR

Trackways of a
herd of sauropods

predator-detection system into the mix. One can imagine
hadrosaurs, ornithomimids, and ornithopods of assorted
sizes doing the same, but multispecies bone beds indicat-
ing that dinosaurs did this have yet to be uncovered, so
perhaps they did not. Nor is it likely that theropod packs
employed tactics as advanced as those attributed to canid
packs or lion prides.

REPRODUCTION

It has been suggested that some dinosaur species exhibit
robust and gracile morphs that represent the two sexes. It
is difficult to either confirm or deny many of these claims
because it is possible that the two forms represent differ-
ent species. Males are often more robust than females,
but there are exceptions. Female raptors are usually larger
than the males, for instance, and the same is true of some
whales. Attempts to use the depth of the chevron bones
beneath the base of the tail to distinguish males from fe-
males have failed because the two factors are not consis-
tent in modern reptiles. Heterodontosaurs appear to come
both with small tusks and without, and the former may be
the males. Head-crested oviraptorosaurs and dome-headed
pachycephalosaurs may be males if they are not mature
individuals of both sexes. On the other hand, among cas-
sowaries it is the females that have somewhat larger crests.
This is atypical for crested birds, in which males have
markedly larger display structures. The robust form of Ty-
rannosaurus has been tentatively identified as the female
based on the inner bone tissues associated with egg pro-
duction in birds, but the distribution of the stout and grac-
ile morphs of this genus over stratigraphic time is more
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compatible with different species than with sexes. What is
more suggestive of boys and girls is variation in size of the
orbital bosses of Tyrannosaurus at a given geological level,
although ontogeny may also be a factor. While preparing
this book, I realized that a pair of fairly complete Allosaurus
skulls from the same quarry share features indicating they
are a distinct species, yet they come in a deep and a shal-
low overall shape, providing perhaps the best evidence of
dinosaurian gender identity yet observed.

Reptiles and some birds and mammals including hu-
mans achieve sexual maturity before reaching adult size,
but most mammals and extant birds do not. Females that
are producing eggs deposit special calcium-rich tissues on
the inner surface of their hollow bones. The presence of
this tissue has been used to show that a number of dino-
saurs began to reproduce while still immature in terms of
growth. The presence of still-growing dinosaurs brooding
their nests confirms this pattern. Most dinosaurs proba-
bly became reproductive before maturing. Exceptions may
have been ceratopsids and hadrosaurs, whose display or-
gans did not become completely developed until they ap-
proached adult proportions.

The marvelous array of head and body crests, frills,
horns, hornlets, spikes, spines, tail clubs, bristles, and
feathers evolved by assorted dinosaurs shows that many
were under strong sexual selective pressure to develop dis-
tinctive display organs and weapons to identify themselves
to other members of their species, and to succeed in sexual
competition. The organs we find preserved record only a
portion of these visual devices—those consisting of soft tis-
sues and color patterns are largely lost. How these organs
were used varied widely. Females used display organs to sig-
nal males of the species that they were suitable and fertile
mates. Males used them both to intimidate male rivals and
to attract and inseminate females.

Healthy animals in their reproductive prime are gener-
ally able to dedicate more resources to growing superior-
quality displays that are better able to attract mates in
similarly fine condition. Use of display organs in sexual at-
traction and competition can be a relatively peaceful affair,
and this system was taken to its dinosaurian height among
the hadrosaurs with their spectacular head crests. Many di-
nosaurs probably engaged in intricate ritual display move-
ments and vocalizations during competition and courtship
that have been lost to time. The head and body display sur-
faces of many dinosaurs were oriented to the sides, so they
had to turn themselves to best flaunt their display. The cer-
atopsians, whose head frills were most prominent in front
view with the frill tilted up, were a major exception. The
domes adorning pachycephalosaur heads were at least as
prominent in front as in side view and may also have been
tilted forward to intimidate opponents. Among the preda-
tory avepods, the transverse head crest of Cryolophosaurus
and the horns and domes of some abelisaurs provided un-
usual frontal displays. The same was true of the crest of the
rather small-headed brachylophosaur hadrosaurs.

Mussaurus patagonicus hatchling

Intraspecific competition is often forceful and even vio-
lent in animals that bear weapons. Sauropods could have
reared up and assaulted one another with their thumb
claws. The iguanodonts’ thumb spikes were potentially
even more dangerous intraspecific weapons. Domeheads
may have battered each other’s broad flanks with their
heads. Whether they used their rounded domes to head-
butt like bighorn sheep is controversial. Male ankylosau-
rids are quite likely to have pummeled one another with
their tail clubs, and other ankylosaurs probably locked
their shoulder spines and engaged in strength-testing
shoving matches. Multihorned ceratopsids may have in-
terlocked their horns and done the same. Healed wounds
indicate that ceratopsids also used their horns to injure
one another. Tusked male heterodontosaurs may have
done the same thing. The conceit that males have evolved
means to avoid lethally injuring one another in reproduc-
tive contests is true in many cases, but not in others. Male
hippos and lions suffer high mortality from members of
their own species, and the same may have been true of the-
ropods, ceratopsians, and big-thumb-spiked iguanodonts.

In reptiles and birds, the penis or paired penises (if ei-
ther are present) and the testes are internal, and this was

51

For general queries, contact info@press.princeton.edu



©® Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical

BEHAVIOR

the condition in dinosaurs. Most birds lack a penis, but
whether any dinosaur shared this characteristic is un-
known. Presumably copulation was a quick process that
occurred with the female lowering her shoulders and
swinging her tail aside to provide clearance for the male,
which reared behind her on two legs or even one leg while
placing his hands on her back to steady them. The need
of sauropods to copulate supports the ability of these gi-
ants, including the biggest and those with long forelimbs,
to stand on the hind legs alone. The vertical armor plates
of stegosaurs probably required a modification, with the
male resting his hands on one side of the female’s pelvis.
At least some dinosaurs from theropods to sauropods
to ornithopods produced hard-shelled eggs like those of
birds, rather than the softer-shelled eggs of reptiles includ-
ing crocodilians, and mammals. The evolution of calcified
shells may have precluded live birth, which is fairly com-
mon among reptiles and is absent in birds. On the other
hand, eggs of prosauropods and protoceratopsids appear
to have been soft shelled, indicating that there was con-
siderable variation in the feature in dinosaurs, perhaps
even within subgroups. If so, that could help explain why
remains of dinosaur eggs are surprisingly scarce through
much of the Mesozoic. For example, not a single eggshell
fragment attributable to the many sauropod species that
inhabited the enormous Morrison Formation has yet been
found. A fast-growing and diverse collection of eggs and
nests is now known for a wide variety of Jurassic and Cre-
taceous dinosaurs, most from the latter half of the latter
period. Firmly identifying the producer of a given type
of egg requires the presence of intact eggs within the ar-
ticulated trunk skeleton, or identifiable embryo skeletons
within the eggs, as well as adults found atop their nests in
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brooding posture. Because each dinosaur group produced
distinctive types of eggshells and shapes, the differences
can be used to further identify their origin, although the
producers of many types remain obscure. Dinosaur eggs
ranged from near-perfect spheres to highly elongated and
in some cases strongly tapered. The surface texture of the
egg was crenulated in some, and bumpy in others. The
arrangement of eggs within dinosaur bodies and in their
nests shows that they were formed and deposited in pairs
as in reptiles, rather than singly as in birds. Even small rep-
tiles lay small eggs relative to the size of the parent’s body,
whereas birds lay proportionally larger eggs. The eggs of
small dinosaurs are intermediate in size between those of
reptiles and birds. It is interesting that no known Mesozoic
dinosaur egg matches the size of the gigantic 12 kg (25 Ib)
eggs laid by the flightless elephant bird Aepyornis, which, as
big as it was at nearly 400 kg (800 Ib), was dwarfed by many
dinosaurs. The eggs of the huge sauropods, for instance,
weighed less than 1 kg (2 Ib). The largest dinosaur eggs dis-
covered so far weighed 5 kg (11 1b) and probably belonged
to 1-tonne-plus oviraptors.

There are two basic reproductive stratagems, r-strategy
and K-strategy. K-strategists are slow breeders that produce
few young; r-strategists produce large numbers of offspring
that offset high losses of juveniles. Rapid reproduction has
an advantage. Producing large numbers of young allows
a species to quickly expand its population when condi-
tions are suitable, so r-strategists are “weed species” able
to rapidly colonize new territories or promptly recover
their population after it has crashed for one reason or an-
other. As far as we know, Mesozoic dinosaurs were con-
sistently r-strategists that typically laid large numbers of
eggs in the breeding season, although dinosaurs isolated

oviraptor
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on predator-free islands might have been slow breeders.
This may explain why dinosaurs laid smaller eggs than
birds, most of which produce a modest number of eggs
and provide the chicks with considerable parental atten-
tion. One r-strategist bird group is the big modern ratites,
which produce numerous eggs. This is in contrast to the
big island ratites that laid only one to a few oversized eggs
a year because the young were not at risk of being snarfed
up by predators, until humans liquidated the populations
in part by eating the giant eggs. Sauropods appear to have
placed the largest number of eggs in a single nest, up to
a few dozen. Giant dinosaurs were very different in this
respect from giant mammals, which are K-strategists that
produce few calves that then receive extensive care over
a span of years. Nor did any dinosaur nurse its young via
milk-producing mammary glands. It is possible that some
dinosaurs produced a “milk”-like substance in the digestive
tract that was regurgitated to their young, as pigeons do,
but there is no direct evidence of this.

It was long tacitly assumed that, like most reptiles, di-
nosaurs paid little or no attention to their eggs after bury-
ing them. A few lizards do stay with the nest, and pythons

Oviraptor Citipati incubating a nest, based on a fossil,
with feathers drawn short enough to show eggs

actually incubate their eggs with muscle heat. Crocodilians
often guard their nests and hatchlings. All birds lavish at-
tention on their eggs. Nearly all incubate the eggs with
body heat; the exception is megapode fowl that warm eggs
in mounds that generate heat via fermenting vegetation.
The fowl carefully regulate the temperature of the nest by
adding and removing vegetation to and from the mound.
But when megapode chicks hatch, they are so well devel-
oped that the precocial juveniles quickly take off and sur-
vive on their own. The newly hatched chicks of ratites are
also precocial, but they remain under the guardianship of
adults that guide them to food sources and protect them
from attack. Most bird chicks are altricial: they are so
poorly developed when they break out of the egg that they
have to be kept warm and fed by adults.

A spate of recent discoveries has revealed that the man-
ner in which dinosaurs deposited eggs and then dealt with
them and the offspring varied widely and was both similar
to and distinctive from this behavior in living tetrapods.

Some dinosaur eggs whose makers have yet to be identi-
fied were buried in a manner that implies they were imme-
diately abandoned. This was probably true of the eggs of
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sauropods. The large, vegetation-covered nests that can be
attributed to the giants were structured in a rather irregular
manner that differs from the more organized nests tended
by adults. There is evidence that at least some sauropods
deposited their eggs near geothermal heat sources. Because
large numbers of nests were created at the same time and
place, the adult sauropods would have risked denuding the
local vegetation as well as trampling their own eggs if they
remained to guard their nests. Also in danger of being tram-
pled were the hatchlings, which were thousands of times
less massive than their parents. Laying so many eggs in so
many nests helped overwhelm the ability of the local preda-
tors to find and eat all the eggs and emerging hatchlings, al-
though a fossil shows a large snake feeding on a just-emerged
hatchling. Some prehatchling reptiles in mass nests start vo-
calizing to better coordinate their synchronous emergence,
even though doing so risks attracting egg and hatchling
eaters. Trackways indicate that small juvenile sauropods
formed their own pods, independent of multitonne adults.
Other trackways further indicate that sauropod calves
joined full-sized adults only after a few years, when they had
reached about a tonne, large enough to keep up and not be
stepped on in the process. The mature sauropods probably
paid the young ones no particular notice and were unlikely
to have even been closely related to them. In this scenario,
the juveniles were seeking the statistical safety of being near
aggressive grown-ups able to battle the biggest predators.

Also apparently forming juvenile pods were at least
some ankylosaurs. The intact skeletons of over a dozen
large Pinacosaurus juveniles have been found grouped to-
gether, apparently killed at the same moment by a dune
slide. The absence of an adult suggests that the growing
armored dinosaurs were moving together as an indepen-
dent gang.

The compact nests of duck-billed hadrosaurs have a
structural organization that suggests they were monitored
by adults. Hadrosaurs may have regulated the tempera-
tures of their mound nests like megapode fowl. The nests
seem to form colonies in at least some cases, and breeding
hadrosaurs were not so large that they would have stripped
the local flora if they remained to care for their young. In
many hadrosaur nests the eggs are so thoroughly broken
up that they seem to have been trampled on over time, and
skeletons of juveniles considerably larger than hatchlings
have been found in the nests, so the young hadrosaurs
did not immediately abandon their nests. The heads of
baby hadrosaurs had the short snouts and large eyes that
encourage parental behavior. These factors suggest that
the parents opened the mounds as the eggs hatched and
then brought food to the altricial juveniles while they re-
mained in the nest. This arrangement would have avoided
the problem of stepping on the tiny hatchlings, provided
them protection from predators, and improved growth
rates by supplying the nestlings with plenty of food while
the youngsters saved energy by remaining immobile. What
happened when hadrosaur juveniles left the nest after a
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few weeks or months is not certain—the still-extreme size
disparity between the parents and their offspring favors
the latter forming independent pods until they were large
enough to join the adult herds.

Little is known about the nesting of large predatory the-
ropods. Juvenile tyrannosaurids were unusual in having
elongated snouts, the opposite of the short faces of juve-
niles cared for by their parents. This suggests that growing
tyrannosaurids hunted independently of the adults. Sug-
gestions that the gracile juvenile tyrannosaurids hunted
prey for their parents are implausible; when food is ex-
changed between juveniles and adults, it is the latter who
feed the former.

Because smaller dinosaurs did not face the problem of
accidentally crushing their offspring, they had the poten-
tial to be more intensely parental. The best evidence for di-
nosaur brooding and incubating is provided by the birdlike
aveairfoilan theropods, especially oviraptors. The large
number of eggs, up to a few dozen in some cases, could not
have been produced by a single female, so the nests were
probably communal. The big ratites also nest communally.
Oviraptors laid their elongated eggs in two-layered rings
with an open center. Laid flat, the eggs were partly buried
and partly exposed. Because eggs left open to the elements
would die from exposure or predation, eggs were not left
exposed unless they were intended to be protected and in-
cubated by adults. A number of oviraptor nests have been
found with an adult in classic avian brooding posture atop
the eggs, the legs tucked up alongside the hips, the arms
spread over the eggs. The egg-free area in the center of the
ring allowed the downward-projecting pubis of the deep
pelvis to rest between the eggs without crushing them;
flatter-bellied birds do not need this space between their
eggs. Presumably the arm and other feathers of ovirapto-
rosaurs completely covered the eggs to protect them from
inclement conditions and to retain the incubator’s body
heat. It is thought that brooding oviraptors were killed in
place by sandstorms or more likely dune slides. The giant
eggs appear to be of the type laid by oviraptors, and they
too are laid in rings, in their case of enormous dimensions
(up to 3 m or 10 ft across). These are the largest incubated
nests known and were apparently brooded by oviraptors
weighing a tonne or two—brooding by such big parents
was made possible by the body being supported by the
pubis between the eggs, rather than the entire body bear-
ing down on the eggs. In troodont nests the less-elongated
eggs were laid subvertically in a partial spiral ring, again
with the center open to accommodate the brooder’s pelvis.
The size of the adult troodonts found in brooding posture
atop their nests is as small as 0.5 kg (1 Ib). The half-buried,
half-incubated nesting habits of aveairfoilans ideally repre-
sent the near-avian arrangement expected in the dinosaurs
closest to birds. We humans tend to presume that it was fe-
males that did most or all of the brooding, but in birds, in-
cluding ratites, males often do a lot of the egg and nestling
warming, and male cassowaries do all of it.
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A problem that all embryos that develop in hard-shelled
eggs face is getting out of that shell when the time is right.
The effort to do so is all the harder when the egg is large
and the shell correspondingly thick. Fortunately, some of
the shell is absorbed and used to help build the skeleton
of the growing creature. Baby birds use an “egg tooth” to
achieve the breakout. The same has been found adorning
the nose of titanosaur sauropod embryos, and this may
have been true of other Mesozoic dinosaurs.

Whether small birdlike theropods and many other dino-
saurs continued to care for their young after they hatched
is not known but is plausible. The best evidence for dino-
saur parenting of juveniles found so far is among small
ornithischians. A compact clutch of nearly three dozen ar-
ticulated juvenile (about a tenth of a kilogram, or a fifth of
a pound) Psittacosaurus skeletons was found in intimate as-
sociation with the remains of an adult over a dozen times

heavier. There is dispute over whether this is a true associa-
tion between a parent and its offspring; if it is, the situation
seems to parallel that of some ratite birds, which gather the
offspring of a number of females into a large créche that
is tended by a set of adults. It is possible that the tightly
packed collection of psittacosaurs was entombed in a fossil
burrow. Again, it is possible that males as well as females
were at least sometimes involved to some degree in parent-
ing, as per many living dinosaurs.

Parental care probably ranged from nonexistent to ex-
tensive in dinosaurs and in a number of cases probably
exceeded that seen in reptiles or even crocodilians, rivaling
that of birds. However, no dinosaur lavished its offspring
with the parenting typical of mammals, and because dino-
saurs did not nurse, it is likely that most of them could
grow up on their own either normally, or if something hap-
pened to the grown-ups.

Ornitholestes hermanni
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All land reptiles grow slowly. This is true even of giant
tortoises and big, energetic (by reptilian standards) moni-
tors. Land reptiles can grow most quickly only in perpetu-
ally hot equatorial climates, and even then they are hard
pressed to reach a tonne. Aquatic reptiles can grow more
rapidly, probably because the low energy cost of swimming
allows them the freedom to acquire the large amounts of
food needed to put on bulk. But even crocodilians, includ-
ing the extinct giants, which reached nearly 10 tonnes, do
not grow as fast as many land mammals. Mature reptiles
tend to continue to grow slowly throughout their lives.

Some marsupials and large primates including humans
grow no faster or only a little faster than the fastest-growing
land reptiles. Other mammals, including other marsupials
and a number of placentals, grow at a modest pace. Still
others grow very rapidly; horses are fully grown in less than
two years, and aquatic whales can reach 50 to 100 tonnes
in just a few decades. Bull elephants take about 30 years to
mature. All living birds grow rapidly; this is especially true
of altricial species and of the big ratites. No extant bird
takes more than a year to grow up, but some of the recently
extinct giant island ratites may have taken a few years to
complete growth. The secret to fast growth appears to be
having an aerobic capacity high enough to allow the grow-
ing juvenile, or its adult food provider, to gather the large
amounts of food needed to sustain rapid growth.

High mortality rates from predation, disease, and acci-
dents make it statistically improbable that unarmored, non-
aquatic animals will live very long lives, so they are under
pressure to grow rapidly. On the other hand, starting to re-
produce while still growing tends to slow down the growth
process as energy and nutritional resources are diverted to
produce offspring. Few mammals and no living birds begin
to breed before they reach adult size. No bird continues to
grow once it is mature. Nor do most mammals, but some
marsupials and elephants never quite cease growing.

At the microscopic scale the bone matrix is influenced
by the speed of growth, and the bone matrix of dinosaurs

m

Comparison of growth between same-scale
6-tonne African elephant and 80-tonne titanosaur
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tended to be more similar to that of birds and mammals,
which grows at a faster pace than that of reptiles. Bone
ring counts are being used to estimate the growth rate
and life span of a growing number of extinct dinosaurs,
but this technique can be problematic because some liv-
ing birds lay down more than one ring in a year, so ring
counts can overestimate age and understate growth rate.
There is also the problem of animals that do not lay down
growth rings; it is probable that they grow rapidly, but ex-
actly how fast is difficult to pin down. There are additional
statistical issues, because as animals grow the innermost
growth rings tend to be destroyed, leading to difficulties
in estimating the number of missing age markers. Almost
all dinosaurs sampled so far appear to have grown at least
somewhat faster than land reptiles. A possible exception
is a very small, birdlike troodont theropod whose bone
rings seem to have been laid down multiple times in a year,
perhaps because it was reproducing while growing. The
earliest, smallest armored dinosaurs look like they were
in the reptilian growth zone, like some mammals. Most
small dinosaurs fall along the lower end of the mamma-
lian zone of growth, perhaps because they were repro-
ducing while immature. Rates of growth were variable in
prosauropods, as was final adult size to a remarkable de-
gree. Most gigantic dinosaurs appear to have grown as fast
as similar-sized land mammals, with the hadrosaurs and
ceratopsids—which did not lay down growth rings when
juveniles—apparently being particularly quick to mature
for the group. Some giant sauropods appear

to have grown with the spectacular swift-
ness seen in the big rorqual whales, get-
ting to full size in a few decades (note
that a Jurassic Park scenario flaw as
little noticed as it is glaring is the
presence of giant artificially bred
dinosaurs so soon after the ini-
tiation of the paleozoo project).
The growth achievement of
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the greatest sauropods is astonishing. Giant mammals get
a head start, being born as large calves only a few dozen
times smaller than the adults, and then being nourished
with enormous amounts of nutrient-dense milk. Hatchling
sauropods had to expand their mass tens of thousands of
times in just a few decades and with little or no nourish-
ment provided by the adults. Armored dinosaurs appear to
have grown less quickly than the others.

The cessation of significant growth of the outer sur-
face of many adult dinosaur bones indicates that most
but not all species did not grow throughout life. Medium-
sized and large mammals and birds live for only a few years

ENERGETICS

Vertebrates can utilize two forms of power production.
One is aerobiosis, the direct use of oxygen taken in from
the lungs to power muscles and other functions. Like air-
breathing engines, this system has the advantage of pro-
ducing power indefinitely but is limited in its maximum
power output. An animal that is walking at a modest speed
for a long distance, for instance, is exercising aerobically.
The other is anaerobiosis, in which chemical reactions
that do not immediately require oxygen are used to power
muscles. Rather like rockets that do not need to take in
air, this system has the advantage of being able to gener-
ate about 10 times more power per unit of tissue and time.
But it cannot be sustained for an extended period and pro-
duces toxins that can lead to serious illness if sustained
at too high a rate for too long, which is tens of minutes.
Anaerobiosis also builds up an oxygen debt that has to be
paid back during a period of recovery. Any fairly fast ani-
mal that is running, swimming, or power flying near its top
speed is exercising anaerobically.

Most fish and all amphibians and reptiles have low rest-
ing bradymetabolic rates and low aerobic capacity. They
are therefore bradyenergetic, and even the most energetic
reptiles, including the most aerobically capable monitor liz-
ards, are unable to sustain truly high levels of activity for
extended periods. Many bradyenergetic animals are, how-
ever, able to achieve very high levels of anaerobic burst
activity, such as when a monitor lizard or crocodilian sud-
denly dashes toward and captures prey. Because bradyen-
ergetic animals do not have high metabolic rates, they are
largely dependent on external heat sources, primarily the
ambient temperature and the sun, for their body heat, so
they are ectothermic. As a consequence, bradyenergetic
animals tend to experience large fluctuations in body tem-
perature, rendering them heterothermic. The temperature
at which reptiles normally operate varies widely depending
on their normal habitat. Some are adapted to function op-
timally at modest temperatures of 12°C (52°F). Those living
in hot climates are optimized to function at temperatures
of 38°C (100°F) or higher, so it is incorrect to generalize
reptiles as “cold blooded.” In general, the higher the body

ENERGETICS

or decades, elephants live about half a century, and giant
whales can last longer, with the sluggish rights making it well
over 100 years. There is no evidence that dinosaurs lived
longer than mammals or birds of similar size. Living in the
fast lane, tyrannosaurs combined rapid growth with rather
short life spans of 20 to 30 years. Other giant theropods did
not grow as extremely fast and lived longer, up to half a
century. Sauropods seem to have enjoyed similarly long life
spans—whether they made it to a full century or beyond is
not documented, but this would not be surprising in the case
of the biggest examples. If they did, they may have matched
the life spans of much smaller giant tortoises.

temperature is, the more active an animal can be, but even
warm reptiles have limited activity potential.

Most mammals and birds have high resting tachymeta-
bolic rates and high aerobic capacity. They are therefore
tachyenergetic and are able to sustain high levels of activity
for extended periods. The ability to better exploit oxygen
for power over time is probably the chief advantage of being
tachyenergetic. Tachyenergetic animals also use anaerobic
power to briefly achieve the highest levels of athletic perfor-
mance, but they do not need to rely on this as much as rep-
tiles, are not at risk of serious self-injury, and can recover
more quickly. Because tachyenergetic animals have high
metabolic rates, they produce most of their body heat inter-
nally, so they are endothermic. As a consequence, tachyen-
ergetic animals can achieve more stable body temperatures.
Some, like humans, are fully homeothermic, maintaining a
nearly constant body temperature at all times when healthy.
Many birds and mammals, however, allow their body tem-
peratures to fluctuate to varying degrees, for reasons rang-
ing from going into some degree of torpor to storing excess
heat on hot days, on a daily or seasonal basis. So they are
semiheterothermic or semihomeothermic depending on
the degree of temperature variation. The ability to keep the
body at or near its optimal temperature is another advan-
tage of having a high metabolic rate. Normal body tem-
peratures range from 30°C to 44°C (86°F-105°F), with birds
always at least 38°C. High levels of energy production are
also necessary to do the cardiac work that creates the high
blood pressures needed to be a tall animal.

Typically, mammals and birds have resting metabolic
rates and aerobic capacities about 10 times higher than those
of reptiles, and differences in energy budgets are even higher.
However, there is substantial variation from these norms in
tachyenergetic animals. Some mammals, among them mono-
tremes, some marsupials, hedgehogs, armadillos, sloths, and
manatees, have modest levels of energy consumption and
aerobic performance, in some cases not much higher than
those seen in the most energetic reptiles. In general, marsu-
pials are somewhat less energetic than their placental
counterparts, so kangaroos are about a third more energy
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efficient than deer. Among birds, the big ratites are about
as energy efficient as similar-sized marsupials. At the other
extreme, some small birds share with similarly tiny mam-
mals extremely high levels of oxygen consumption even
when their small body size is taken into account.

Widely different energy systems have evolved because
they permit a given species to succeed in its particular hab-
itat and lifestyle. Reptiles enjoy the advantage of being
energy efficient, allowing them to survive and thrive on
limited resources. Tachyenergetic animals are able to sus-
tain much higher levels of activity that can be used to ac-
quire even more energy that can then be dedicated to the
key factor in evolutionary success, reproduction. Tachyen-
ergy has allowed mammals and birds to become the domi-
nant large land animals from the tropics to the poles. But
reptiles remain very numerous and successful in the tropics
and, to a lesser extent, in the temperate zones.

As diverse as the energy systems of vertebrates are, there
appear to be things that they cannot do. All insects have
low, reptilelike resting metabolic rates. When flying, larger
insects use oxygen at very high rates similar to those of
birds and bats. Insects can therefore achieve extremely
high maximal/minimal metabolic ratios, allowing them
to be both energy efficient and aerobically capable. In-
sects can do this because they have a dispersed system of
tracheae that oxygenate their muscles. No vertebrate has
both a very high aerobic capacity and a very low resting
metabolism, probably because the centralized respiratory-
circulatory system requires that the internal organs work
hard even when resting in tachyenergetic vertebrates. An
insect-like metabolic arrangement should not, therefore,
be applied to dinosaurs. However, it is unlikely that all the
energy systems that have evolved in land vertebrates have
survived until today, so the possibility that some or all di-
nosaurs were energetically exotic needs to be considered.

The general assumption until the 1960s was that dinosaur
energetics was largely reptilian, but most researchers now
agree that their power production and thermoregulation
were closer to those of birds and mammals. It is also widely
agreed that because dinosaurs were such a large group of
diverse forms, there was considerable variation in their en-
ergetics, as there is in birds and especially mammals.

Reptiles’ nonerect, sprawling legs are suitable for the
slow walking speeds of 1-2 km/h (0.5-1 mph) that their
low aerobic capacity can power over extended periods.
Sprawling limbs also allow reptiles to easily drop onto
their belly and rest if they become exhausted. No living
bradyenergetic animal has erect legs. Walking is always en-
ergy expensive—it is up to a dozen times more costly than
swimming the same distance—so only aerobically capable
animals can easily walk faster than 3 km/h. The long,
erect legs of dinosaurs matched those of birds and mam-
mals and favored the high walking speeds of 3-10 km/h
(2-6 mph) that only tachyenergetic animals can sustain
for hours at a time. The speed at which an animal of a
given size is moving can be approximately estimated from
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the length of its stride—an animal that is walking slowly
steps with shorter strides than it does when it picks up the
pace. The trackways of a wide variety of dinosaurs show
that they normally walked at speeds of over 3 km/h, much
faster than the slow speeds recorded in the trackways of
prehistoric reptiles. Dinosaur legs and the trackways they
made both indicate that the dinosaurs’ sustained aerobic
capacity exceeded the reptilian maximum.

Even the fastest reptiles have slender leg muscles because
their low-capacity respirocirculatory systems cannot sup-
ply enough oxygen to a larger set of locomotory muscles.
Mammals and birds tend to have large leg muscles that
propel them at a fast pace over long distances. As a re-
sult, mammals and birds have a large pelvis that supports
a broad set of thigh muscles. It is interesting that proto-
dinosaurs, the first theropods, and the prosauropods had
a short pelvis that could have anchored only a narrow
thigh. Yet their legs are long and erect. Such a combina-
tion does not exist in any modern animal. This suggests
that the small-hipped dinosaurs had an extinct metabolic
system, probably intermediate between those of reptiles
and mammals. All other dinosaurs had the large hips able
to support the large thigh muscles typical of more aerobi-
cally capable animals. Among the big-hipped dinosaurs,
the relatively sluggish therizinosaurs, stegosaurs, and ar-
mored ankylosaurs were likely to have had lower energy
budgets than their faster-moving relatives.

That many dinosaurs could hold their brains far above
the level of their hearts indicates that they had the high
levels of power production seen in similarly tall birds and
mammals. This would have been especially true of the ultra-
tall sauropod giants. Just how much so is, however, a matter
of question because it is not certain whether extra-tall crea-
tures are stuck with just using ever higher blood pressures to
push blood many meters above heart level, or whether they
can utilize a siphon effect to partly reduce the vertical loads
in the blood column. Some work on giraffes suggests the
latter is operative to some level, but further research awaits.

It has long been questioned, incorrectly, how high-metab-
olism sauropods could have fed themselves with the small
heads that made their long necks possible. The small head
of a sauropod was like the small head of a tachyenergetic
emu or ostrich—it was basically all mouth. Most of the
head of herbivorous mammals consists of the dental batter-
ies they use to chew food after it has been cropped with the
mouth, which is restricted to the front end of the jaw. Also,
sauropod heads are not as small as they look—the mouths
of the biggest sauropods could engulf the entire head of a gi-
raffe. The breadth of the sauropod mouth is the same as that
of herbivorous mammals of the same body mass. If a tachy-
energetic sauropod of 50 tonnes ate as much as expected in
a mammal of its size, then it needed to consume over half a
tonne of fresh fodder a day. But that is only 1 percent of its
own body mass, and if the sauropod fed for 14 hours each
day and took one bite per minute, then it needed to bite
off only about half a kilogram of plant material each time.
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That would have been easy for the sauropod’s head, which
weighed as much as a human body and had a mouth about
0.5 m (1.5 ft) wide. As far as big-headed dinosaurs, the so-
phisticated dental batteries of ceratopsids and hadrosaurs,
being very similar to those of herbivorous mammals with
similar chewing complexes, presumably likewise evolved to
facilitate feeding a high level of energy turnover.

If we turn from eating to breathing, an intermediate me-
tabolism is compatible with the unsophisticated lungs that
protodinosaurs, early theropods, and prosauropods appear
to have had. Too little is known about the respiration of
ornithischians to relate it to metabolic level, except that
the possible presence of a mammal-like diaphragm in orni-
thopods hints that they had a mammalian level of oxygen
intake. The highly efficient, birdlike, air sac—ventilated re-
spiratory complex of avepod theropods and sauropods is
widely seen as evidence that elevated levels of oxygen con-
sumption evolved in these dinosaurs. Sauropods probably
needed a birdlike breathing complex in order to oxygenate
a high metabolic rate through their long tracheae. Some rep-
tiles with low energy levels had long necks, some marine ple-
siosaurs among them, but because they had low metabolic
rates, they did not need air sacs to help pull large volumes
of air into their lungs.

Many birds and mammals have large nasal passages that
contain respiratory turbinals. These are used to process ex-
haled air in a manner that helps retain heat and water that
would otherwise be lost during the high levels of respiration
associated with high metabolic rates. Because they breathe
more slowly, reptiles do not need or have respiratory turbi-
nals. Some researchers point to the lack of preserved turbi-
nals in dinosaur nasal passages, and the small dimensions
of some of the passages, as evidence that dinosaurs had the
low respiration rates of bradyenergetic reptiles. However,
some birds and mammals lack well-developed respiratory
turbinals, and in a number of birds they are completely
cartilaginous and leave no bony traces. Some birds do not
even breathe primarily through their nasal passages: Cali-
fornia condors, for example, have tiny nostrils. The space
available for turbinals has been underestimated in some di-
nosaurs, and other dinosaurs, ceratopsids most of all, had
very large passages able to accommodate very large, unos-
sified examples of these structures. Overall, the turbinal
evidence does not seem to be definitive.

The presence of a blanket of hollow fibers in a grow-
ing array of small dinosaurs is strong evidence of elevated

The feathered theropod Sinosauropteryx

ENERGETICS

metabolic rates. Such insulation hinders the intake of en-
vironmental heat too much to allow ectotherms to quickly
warm themselves and is never found adorning bradyen-
ergetic animals. The evolution of insulation early in the
group indicates that high metabolic rates also evolved
near the beginning of the group or in their ancestors. The
uninsulated skin of many dinosaurs is compatible with
high metabolic rates, as in mammalian giants, many suids,
human children, and even small naked tropical bats. The
tropical climate most dinosaurs lived in reduced the need
for insulation, and the bulk of large dinosaurs eliminated
any need for it.

The low exercise capacity of land reptiles appears to pre-
vent them from being active enough to gather enough food
to grow rapidly. In an expression of the principle that it
takes money to make money, tachyenergetic animals are
able to eat the large amounts of food needed to produce the
power needed to gather the additional large amounts of
food needed to grow rapidly. Tachyenergetic juveniles ei-
ther gather the food themselves or are fed by their parents.
That dinosaurs, large and small, usually grew at rates faster
than those seen in land reptiles of similar size indicates that
the former had higher aerobic capacity and energy budgets.

A hot topic has been the concern by many that giant
dinosaurs would have overheated in the Mesozoic green-
house if they had avian- or mammalian-like levels of en-
ergy production. However, the largest animals dwelling in
the modern tropics, including deserts, are big birds and
mammals. And consider that there are no reptiles over a
tonne dwelling in the balmy tropics. Further consider that
some of the largest elephants live in the Namib Desert of
the Skeleton Coast of southwestern Africa, where they
often have to tolerate extreme heat and sun without the
benefit of shade. It is widely thought that elephants use
their ears to keep themselves cool when it is really hot,
something dinosaurs could not do. However, elephants
flap their ears only when the ambient temperature is below
that of their bodies. When the air is as warm as the body,
heat can no longer flow out, and flapping the ears actually
picks up heat when the air is warmer than the body. Nor
was the big-eared African elephant the main savanna el-
ephant until fairly recently; the dominant
open-area proboscidean used to be one of
the biggest land mammals ever, Palaeolox-
odon recki. A relative of the Asian ele-
phant, it probably had small ears of
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little use for shedding body heat at any temperature. It is
actually small animals that are most in danger of suffering
heat exhaustion and heat stroke because their small bod-
ies pick up heat from the environment very quickly. The
danger is especially acute in a drought, when water is too
scarce to be used for evaporative cooling. Because they
have a low surface area/mass ratio, large animals are pro-
tected by their bulk against the high heat loads that occur
on very hot days, and they can store the heat they gener-
ate internally. Large birds and mammals retain the heat
they produce during the day by allowing their body tem-
perature to climb a few degrees above normal and then
dumping it into the cool night sky, preparing for the cycle
of the next day.

At the other end of the temperature spectrum, the pres-
ence of a diverse array of dinosaurs in temperate polar re-
gions and highlands that are known to have experienced
freezing conditions during the winter, and were not par-
ticularly warm even in the summer, provides additional
evidence that dinosaurs were better able to generate inter-
nal heat than reptiles, which were scarce or totally absent
in the same habitats. It was not practical for land-walking
dinosaurs to migrate far enough toward the equator to es-
cape the cold; it would have cost too much in time and
energy, and in some locations oceans barred movement to-
ward warmer climes. The presence of sauropods in some of
the wintry habitats in northern Australia and central Asia
directly refutes the hypothesis that big dinosaurs used their
bulk to keep warm by retaining the small amount of inter-
nal heat produced by a reptilian metabolism; only a higher
level of energy generation could have kept the body core
balmy and the skin from freezing. The discovery of proba-
ble dinosaur burrows in then-polar Australia suggests that
some small dinosaurs did hibernate through the winter in
a manner similar to bears. At the other end of the size spec-
trum, sauropods are missing from the most extreme polar
regions, probably because the cold, dark winters left them
without enough food to power their titanic bodies.

Bone isotopes have been used to help assess the metabo-
lism of dinosaurs. These can be used to examine the tem-
perature fluctuations that a bone experienced during life. If
the bones show evidence of strong temperature differences,
then the animal was heterothermic on either a daily or sea-
sonal basis. In this case the animal could have been either
a bradyenergetic ectotherm or a tachyenergetic endotherm
that hibernated in the winter. The results indicate that
most dinosaurs, large and small, were more homeother-
mic, and therefore more tachyenergetic and endothermic,
than crocodilians from the same formations. An ankylo-
saur shows evidence of being heterothermic. Because the
armored dinosaur lived at a high latitude, it is possible that
it hibernated in the dark winter, perhaps bedding down in
dense brush where it was protected by its armor against the
chill as well as predators.

Bone biomolecules too are being used to restore the met-
abolic rates of dinosaurs. This effort is in its early stages,
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and it is not clear that the sample of living and fossil ani-
mals of known metabolic levels is yet sufficient to establish
the reliability of the method. And the sample of dinosaurs
is also too limited to allow high confidence in the results
to date. This is all the more true because the estimates for
dinosaurs appear inconsistent in peculiar ways. While the
one armored ankylosaur is attributed with a high energy
budget that appears excessive for such a relatively slow-
moving creature with weak dentition, the sole armored
stegosaur is recovered well down in the reptilian range,
which looks both too low for an animal with long, erect
legs and fairly fast growth and too different from the other
armored dinosaur. Also problematic is that reptilian en-
ergetics are assigned to the hadrosaur and the ceratopsid
examined, not the higher levels expected in animals with
such fast food processing and growth that have the large
leg muscles and fast walking pace expected in tachyener-
getic endotherms. Also of note is the low metabolism of
the giant flying marine pterosaur. The initial biomolecule
results indicating that the earliest dinosaurs were endo-
therms, with theropods and sauropods great and small re-
maining so, while some ornithischians irregularly reverted
to bradyenergetic ectothermy, await further analysis.

Because the most basal and largest of living birds, the
ratites, have energy budgets similar to those of marsupials,
it is probable that most dinosaurs did not exceed this limit.
This fits with some bone isotope data that seem to indicate
that dinosaurs had moderately high levels of food con-
sumption, somewhat lower than seen in most placentals
of the same size. Possible exceptions are the tall sauropods
with their high circulatory pressures, and polar dinosaurs
that remained active in the winter and needed to produce
lots of warmth. At the opposite extreme, early dinosaurs,
slower-growing and slower-moving armored forms, and
the awkward therizinosaurs probably had modest energy
budgets like those of the less-energetic mammals. It is
likely that dinosaurs, like birds, were less prone to control-
ling their body temperatures as precisely as do many mam-
mals. This is in accord with their tendency to lay down
bone rings. Because they lived on a largely hot planet, it is
probable that most dinosaurs had high body temperatures
of 38°C or more to be able to resist overheating. The pos-
sible exception was again high-latitude dinosaurs, which
may have adopted slightly lower operating temperatures
and saved some energy, especially if they were active dur-
ing the winter. Some researchers have characterized dino-
saurs as mesotherms intermediate between reptiles on the
one hand and mammals and birds on the other. But be-
cause some mammals and birds themselves are metabolic
intermediates, and dinosaurs were probably diverse in
their energetics, with some in the avian-mammalian zone,
it is not appropriate to tag dinosaurs with a uniform, in-
termediary label.

Until the 1960s it was widely assumed that high meta-
bolic rates and / or endothermy were an atypical specializa-
tion among animals, being limited to mammals and birds,
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perhaps some therapsid ancestors of mammals, and the
flying pterosaurs. The hypothesis was that being tachy-
energetic and endothermic is too energy expensive and
inefficient for most creatures and evolved only in special
circumstances such as the presence of live birth and lacta-
tion, or powered flight. Energy efficiency should be the pre-
ferred status of animals, as it reduces their need to gather
food in the first place. Since then it has been realized that
varying forms of tachyenergy definitely are or probably
were present in large flying insects, some tuna and lamnid
sharks, some basal Paleozoic reptiles, some marine turtles
and the oceangoing plesiosaurs, ichthyosaurs, and mosa-
saurs, brooding pythons, basal archosaurs, basal croco-
dilians, pterosaurs, all dinosaurs including birds, some
pelycosaurs, therapsids, and mammals. Energy-expensive
elevated metabolic rates and body temperatures appear to
be a widespread adaptation that has evolved multiple times
in animals of the water, land, and air. This should not be
surprising in that being highly energetic allows animals to
do things that bradyenergetic ectotherms cannot do, and
DNA selection acts to exploit available lifestyles that allow
reproductive success without a priori caring whether it is
done energy efliciently or not. Whatever works, works.

GIGANTISM

Although dinosaurs evolved from small protodinosaurs,
and many were small—birds included—dinosaurs are fa-
mous for their tendency to develop gigantic forms. The
average mammal is the size of a dog, whereas the average
fossil dinosaur was bear sized. But those are just averages.
Predatory theropods reached as much as 10-plus tonnes,
as big as elephants and dwarfing the largest carnivorous
mammals by a factor or 10 or more. Sauropods exceeded
the size of the largest land mammals, mammoths, and the
long-legged paracerathere rhinos of 15 to 20 tonnes by a
factor of at least four to five and apparently matched the
most massive whales.

Among land animals whose energetics are known, only
those that are tachyenergetic have been able to become gi-
gantic on land. The biggest fully terrestrial reptiles, some
oversized tortoises and monitors, have never much ex-
ceeded a tonne. Land reptiles are probably not able to
grow rapidly enough to reach great size in reasonable time.
Other factors may also limit their size. It could be that liv-
ing at 1 g, the normal force of gravity, without the support
of water, is possible only among animals that can produce
high levels of sustained aerobic power. The inability of
the low-power, low-pressure reptilian circulatory system
to pump blood far above the level of the heart probably
helps limit the size of bradyenergetic land animals. That a
number of Mesozoic dinosaurs, including those that were
predaceous, exceeded a tonne, as have mammals since
then, is compelling evidence that they too had high aero-
bic power capacity and correspondingly elevated energy

GIGANTISM

So many animals do live on low, energy-efficient budgets,
while others follow the scheme of using more energy to ac-
quire yet more energy that can be dedicated to reproduc-
ing the species.

A long-term debate asks what specifically it is that leads
animals to be tachyenergetic and endothermic. One hy-
pothesis proposes that it is habitat expansion, that ani-
mals able to keep their bodies warm when it is cold outside
are better or exclusively able to survive in chilly places—
near the poles, at high altitudes, in deep waters—or during
frosty nights. The other proffers that only tachyenergetic
animals with high aerobic capacity can achieve high levels
of sustained activity regardless of the ambient tempera-
ture, whether at sea level in the tropical daylight, or dur-
ing polar winter nights, and that ability is critical to going
high energy. Certainly the first hypothesis is true, but it is
also true that all of the many animal groups that feature
high energy budgets and warmer-than-ambient body tem-
peratures also thrive in warm and even hot climes, where
they beat out the bradyenergetic creatures in activity lev-
els. So both hypotheses are operative, and which is more
so depends on the biocircumstances—including being
really big on land.

budgets. The ultimate example of great height driven by
elevated metabolics is seen in ultratall sauropods. Their
extreme height indicates that their hearts could push blood
many meters up against the gravity well at pressures up to
two or three times higher than the 200 mm Hg giraffes need
to oxygenate their brains. And it is unlikely that such tall
and massive animals in danger of fatal injury from falling
could risk a moment of hypoxic wooziness from an oxy-
gen-deprived brain. If so, then sauropods had hardworking
hearts whose high energy demands would have required a
very high level of oxygen consumption. Supertall animals
would have needed, like giraffes, special vascular adapta-
tions to cope with the problems associated with fluctuat-
ing pressures as the animal stood or lay down, and raised
and lowered its head from drinking level to the maximum
vertical reach.

Only sauropods have exceeded 20 tonnes on land. The
question is, why that unique biological achievement? Very
tall necks like those of sauropods and giraffes evolve in an
evolutionary feedback loop that involves two distinct but
reinforcing factors. Increasing height serves as a dominance
display that enhances reproductive success by intimidating
rivals and impressing mates. This is similar to other repro-
ductive displays such as the tails of peacocks and the giant
antlers of big cervids. And as the head gets higher, the her-
bivore also has a competitive feeding advantage over shorter
herbivores in accessing the enormous food resources, in the
crowns of tall trees, that provide the power source needed
to pump blood to the brain, held far above the heart, that
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allows the animal to reach all that food. Sauropods could
take this to an exceptional extreme because, lacking dental
batteries and big brains, sauropod heads were relatively
small, so sauropods were able to evolve extremely tall
necks that in turn required enormous bodies to anchor
them upon and to contain the hardworking hearts they
needed. With their more toothy big heads, mammals are
apparently limited to the 6 m (20 ft) height of giraffes. The
tallest sauropods were able to reach up to maybe 20 m (60
ft)—without better understanding of how animals get
blood really high up, it is not known whether that was the
maximum animal height attainable. Also possibly helping
sauropods become supersized were the pneumatic verte-
brate and other air sacs that had evolved to improve respi-
ratory capacity in tune with the high metabolic rates
needed to be so tall and heavy. Those lightened the load
on their bones and muscles somewhat, which could have
been especially pertinent regarding the elongated necks.
This option has not been available to mammals, or to or-
nithischian dinosaurs for that matter. But this effect should
not be exaggerated, in part because recent work is showing
that sauropods’ internal air spaces were not as dramati-
cally density reducing as has been widely thought.

The hypothesis that only tachyenergetic animals can
grow to enormous dimensions on land is called terramega-
thermy. An alternative concept, gigantothermy, proposes
that the metabolic systems of giant reptiles converge with
those of giant mammals, resulting in energy efficiency in all
giant animals. In this view, giants rely on their great mass,
not high levels of heat production, to achieve thermal sta-
bility. This idea reflects a misunderstanding of how animal
power systems work. A consistently high body tempera-
ture does not provide the motive power needed to sustain
high levels of activity; it merely allows a tachyenergetic ani-
mal, and only an animal with a high aerobic capacity, to
sustain high levels of activity around the clock. A gigantic
reptile with a high body temperature would still not be able
to remain highly athletic for extended periods. Measure-
ments show that the metabolic rates and aerobic capacity
of elephants and whales are as high as expected in mam-
mals of their size and are far higher than those of the big-
gest crocodilians and turtles, which have the low levels of
energy production typical of reptiles. Also pushing animals
to be big is improved thermoregulation—the high bulk to
relatively low surface area ratio making it easier to both
retain internal warmth when it is chilly and keep external
heat out and store heat on hot days.

Another, subtle reason that dinosaurs, particularly su-
persauropods and theropods, could become so enormous
has to do with their mode of reproduction. Because big
mammals are slow-breeding K-strategists that lavish atten-
tion and care on the small number of calves they produce,
there always has to be a large population of adults present
to raise the next generation. A healthy herd of elephants
has about as many breeding adults as it does juveniles,
which cannot survive without parental care. Because there

GIGANTISM

always has to be a lot of grown-ups, the size of the adults
has to be limited in order to avoid overexploiting their
habitat’s food resources, which will cause the population
to collapse. This constraint appears to limit slow-reproduc-
ing mammalian herbivores from exceeding 10-20 tonnes.
Flesh eaters live off an even smaller resource base because
they prey on the surplus herbivores, and it seems that car-
nivorous mammals cannot maintain a viable population
if they are larger than between half a tonne and 1 tonne.
Because giant dinosaurs were fast-breeding r-strategists
that produced large numbers of offspring that could care
for themselves, their situation was very different from that
of big mammals. A small population of adults was able to
produce large numbers of young each year. Even if all adults
were killed off on occasion, their eggs and offspring could
survive and thrive, keeping the species going over time. Be-
cause dinosaurs could get along with smaller populations
of adults, the grown-ups were able to grow to enormous
dimensions without overexploiting their resource base. This
evolutionary scheme allowed plant-eating dinosaurs to grow
to over 20 to perhaps on occasion 200 tonnes. It is notable
that supersauropod fossils are particularly rare, indicating
small populations. Because the bulk of the biomass of adult
herbivorous dinosaurs was tied up in oversized giants, the
theropods needed to evolve great size themselves in order
to be able to fully access the nutrition tied up in the huge
adults—the idea that theropods grew to 6 to 10 tonnes
only to “play it safe” by consistently hunting smaller juve-
niles is not logical—and the fast-breeding and fast-growing
predators could reach tremendous size. The existence of
oversized predators in turn may have resulted in a size race
in which sauropods evolved great size in part as protection
against their enemies, which later encouraged the appear-
ance of supersized theropods that could bring them down.
It is as common as it is seemingly logical to think that
being titanic in water—it being buoyant—is easier than
dwelling under the full force of planetary gravity on land.
But paleohistory indicates otherwise. Really big whales did
not exist until very recently. For over 30 million years most
or all whales were not all that big, rarely if ever exceeding
around 20 tonnes. It was under the unusual conditions of
ice age oceans in which cold water currents spurred higher
levels of food productivity, plankton particularly, that the
super baleen whales of 50-200 tonnes suddenly appeared.
Back in the warm seas of the Mesozoic, reptiles and fish
reached only 20 to perhaps 30 tonnes. Before the Pleisto-
cene ocean chill, the biggest fish were 50-tonne supersharks
like megalodon. In comparison, 50-200-tonne supersauro-
pods were wandering about Mesozoic continents from the
Late Jurassic to the very end of the era with little or no in-
terruption for around 90 million years. The extra-tall land
giants had the size-sustaining advantage that there were
always forests full of calorie-packed big trees, a few trillion
of them, to grow titanic on—until K/Pg events suddenly
wrecked those forests and the equitable climate across the
globe. With no small-headed dinosaurian herbivores to

63

For general queries, contact info@press.princeton.edu



©® Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical

THE EVOLUTION—AND LTSS ¥{pF Ay ARG of the publisher.

regain whalelike bulk and multistory height on land, land
mammals have proven unable to reach a couple dozen
tonnes.

In the 1800s Edward Cope proposed what has become
known as Cope’s Rule, the tendency of animal groups to
evolve gigantism. The propensity of dinosaurs to take this

MESOZOIC OXYGEN

Oxygen was absent from the atmosphere for much of the
history of the planet, until the photosynthesis of single-
celled plants built up enough oxygen to overwhelm the
processes that tend to bind it to various elements such
as iron. Until recently it was assumed that oxygen levels
then became stable, making up about a fifth of the air for
the last few hundred million years. Of late it has been cal-
culated that oxygen has fluctuated strongly since the late
Paleozoic. The problem is that the results are themselves
variable. They do agree that the oxygen portion of the
atmosphere soared to about a never-seen-again third or
more during the late Paleozoic, when the great coal for-
ests were forming and, because of the high oxygen levels,
often burning. It is notable that this is when many insects
achieved enormous dimensions by the standards of the
group, including dragonfly relatives with wings over 0.5 m
(2 ft) across. Because insects bring oxygen into their bodies

evolutionary pattern to an extreme means that the Me-
sozoic saw events on land that are today limited to the
oceans. In modern times combat between giants occurs be-
tween orcas and whales. In the dinosaur era it occurred
between orca-sized theropods and whale-sized sauropods,
hadrosaurs, and ceratopsids.

by a dispersed set of tracheae, the size of their bodies may
be tied to the level of oxygen.

But in the Mesozoic the situation is less clear. Oxygen
levels may have plunged precipitously, sinking to a little
over half the current level by the Triassic and Jurassic. In
this case oxygen availability at sea level would have been as
poor as it is at high altitudes today. Making matters worse
were the high levels of carbon dioxide. Although not high
enough to be directly lethal, the combination of low oxygen
and high carbon dioxide would have posed a serious respi-
ratory challenge that could have propelled evolution of the
efficient air sac respiration of pterosaurs and some dino-
saurs. But other work indicates that oxygen did not plunge
so sharply, and in one analysis it never even fell below mod-
ern levels, being somewhat higher in most of the era. Reli-
ably assaying the actual oxygen content of the atmosphere
in the dinosaur days remains an important challenge.

THE EVOLUTION—AND LOSS—OF AVIAN FLIGHT

Powered flight has evolved repeatedly among animals,
including numerous times in insects in the late Paleozoic
and three times in tetrapods—pterosaurs in the Triassic,
birds in the Jurassic, and bats in the early Cenozoic. In all
cases among vertebrates, flight evolved rapidly by geologi-
cal terms, so much so that the earliest stages have not yet
been found in the fossil record for pterosaurs and bats.
The means by which flight evolved in pterosaurs remains
correspondingly obscure, although their having wing
membranes attached to their legs favors it starting out as
arboreal gliding. The fact that bats evolved from tiny in-
sectivorous mammals, and the recent discovery of an early
fossil bat with wings smaller than those of more modern
forms, show that mammalian flight evolved in high places.

The origin of birds and their flight is much better under-
stood than it is for pterosaurs and bats. This knowledge ex-
tends back to the discovery of Late Jurassic Archaeopteryx in
the mid-1800s and is rapidly accelerating with the abundant
new fossils that have come to light in recent years, especially
from the Early Cretaceous, and from the middle of the Ju-
rassic before Archaeopteryx. We can conclude that dinosau-
rian flight was not yet developing in the Triassic because
while sediments from that time preserve an array of flying
insects and early pterosaurs, nothing dinoavian has shown
up. However, a major fossil gap exists because little is known
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about what was happening in the Early Jurassic and most of
the middle of that era. Also hindering greater understand-
ing is that the fine-grained deposits that best preserve small
flying creatures are largely limited to a few geographic loca-
tions, mainly northeast China in the Middle Jurassic and
Early Cretaceous and Europe in the Late Jurassic, and it is
unknown what was happening in the rest of the world.

When it was assumed that birds did not evolve from di-
nosaurs, it was correspondingly presumed that their flight
evolved among climbers that first glided and then devel-
oped powered flight. This has the advantage of our know-
ing that arboreal animals can evolve powered flight with
the aid of gravity, as bats almost certainly did, and probably
pterosaurs too. When it was realized that birds descended
from deinonychosaurs, many researchers switched to the
hypothesis that running dinosaurs learned to fly from the
ground up. This has the disadvantage of uncertainty over
whether it is practical for tetrapod flight to evolve among
ground runners working against gravity.

The characteristics of birds indicate that they evolved
from dinosaurs that had first evolved as bipedal runners
and then evolved into long-armed climbers. If the ances-
tors of birds had been entirely arboreal, then they should
have been semiquadrupedal forms whose sprawling legs
were integrated into the main airfoil, as in bats. That birds
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Late Cretaceous flying Ichthyornis

and flightless Hesperornis

are bipeds whose erect legs are separate from the wings in-
dicates that their ancestors evolved to run. Conversely,
how and why ground animals would directly develop the
long, strongly muscled arms and wings necessary for pow-
ered flight has not been adequately explained. The hypoth-
esis that running theropods developed the ability to fly as a
way to enhance their ability to escape up tree trunks itself

involves a degree of arboreality. Small theropods, with
their grasping hands and feet, were inherently suited for
climbing. Some avepod theropods show specializations for
climbing, especially scansoriopterygids, Xiaotingia, Archae-
opteryx, and microraptorine dromaeosaurs.

Avian flight may have evolved among predatory dino-
saurs that spent time both on the ground and in the trees,
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with long arms that facilitated the latter. Leaps between
branches could have been lengthened by developing aero-
dynamically asymmetrical pennaceous feathers that turned
the leaps into short glides. As the feathers lengthened, they
increased the length of the glides. When the protowings
became large enough, flapping would have added power,
turning the glides into a form of flight. The same flapping
motion would have aided the rapid climbing of trees via
the air rather than scrambling up trunks and branches. Se-
lective pressures then promoted further increases in arm
muscle power and wing size until the level seen in Archae-
opteryx was present. The flying deinonychosaur had an
oversized furcula and large pectoral crest on the humerus,
which supported an expanded set of muscles for flapping
flight. The absence of a large sternum shows that its flight
was weak by modern standards. As bird flight further de-
veloped, the sternum became a large plate like those seen
in dromaeosaurs. Fixed on the rib cage with ossified ster-
nal ribs, the plate anchored large wing-depressing muscles
and later sported a keel that further expanded the flight
muscles. Adaptations at and near the shoulder joint im-
proved the ability of the wing to elevate, increasing the rate
of climb in flight. At the same time, the hand was stiffened
and flattened to better support the outer wing primaries,
and the claws were reduced and lost. The tail rapidly short-
ened in most early birds until it was a stub. This means that
birds quickly evolved a dynamic form of flight, much more
rapidly than pterosaurs, which retained a long tail stabilizer
through most of the Jurassic. The above adaptations were
appearing in Early Cretaceous birds, and the essentially
modern flight system had evolved by the Early Cretaceous.

For all its advantages, flight has its downsides, including
all the energy that is absorbed by the oversized wing tis-
sues, especially the enormous flight muscles. Nor can flying
birds be especially large. A number of derived birds with
clawless hands have lost flight even on the continents,
and dinobirds with only modest flight abilities and clawed
hands that could be used for multiple purposes would have
been more prone to losing the ability to take to the air.
Yet the conventional view of dinoavian evolution does
not include a single case of the loss of flight outside birds
proper. This scenario is critically flawed because the pos-
sibility that weak early fliers rarely if ever lost flight over
the nearly 100 million years of the Late Jurassic and Cre-
taceous is not viable; it would have been happening all the

DINOSAUR SAFARI

Assume that a practical means of time travel has been in-
vented, and, The Princeton Field Guide to Dinosaurs in hand,
you are ready to take a trip to the Mesozoic to see the dino-
saurs’ world. What would such an expedition be like? Here
we ignore the classic time paradox issue that plagues the very
concept of time travel. What would happen if a time traveler
to the dinosaur era did something that changed the course
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time. After all, continental tetrapods have undergone the
massive reversals needed to again become flippered marine
swimmers numerous times, and losing flight is much easier
and simpler to do. Reversals both modest and radical are
frequent features of Darwinian evolution.

Functional anatomical evidence for the loss of flight in-
cludes the presence in nonfliers of flight features that are
normally retained in neoflightless birds. These include
large squarish sternal plates supported by bony sternal
ribs; bony uncinate processes on the ribs; strong flexion
between horizontal, strap-shaped scapula blades strongly
flexed relative to the vertical; elongated coracoids; folding
arms; a number of details of the hand including stiffening
and fusing of elements; bird / pterosaur /bat-style propata-
gium airfoil surfaces stretching from shoulder to wrist for-
ward of the elbow; and stiffened, slender, pterosaur-like or
very short birdlike tails. All these adaptations are needed
for dinosaur fight, and attempts to explain them as exapta-
tions before the evolution of flight are at best speculative.
Many of these attributes apply to nonflying dromaeosaurs,
whose early examples appear to have been better adapted
for flight than Archaeopteryx. The small-armed dromaeo-
saurs were almost certainly neoflightless, like big ground
birds. Anchiornis suggests that deinonychosaurs began to
lose flight in the Late Jurassic, with troodonts their possible
neoflightless evolutionary offspring. Therizinosaurs and
oviraptorosaurs show many of the anatomical signs that
some level of flight was present early in their evolution. It
is particularly telling that the early flying jeholornithiform
birds and flightless therizinosaurs shared strikingly similar
skulls, as did in turn the deeply parrot-beaked omnivorop-
terygid birds and oviraptorosaurs. Such deep convergence
happening once, as the conventional scenario proposes,
is not likely, and it happening twice is a real evolutionary
stretch. Very close relationships, in both cases involving
the loss of flight expected to spawn off from such crude
fliers, are the superior bioevolutionary scenario. That it
turns out that basal oviraptorosaurs had retroverted pubes
like flying protobirds is further evidence their ancestors
once flew Mesozoic skies. The alvarezsaurs are another po-
tential neoflightless clade. In the Cretaceous, birds them-
selves lost flight on occasion, most famously the widely
distributed marine hesperornithiform divers, as well as
some chicken- to ratite-sized European birds of uncertain
relationships known from near the end of the period.

of events to such a degree that humans never evolved to
travel back in time and disrupt the timeline in the first place?

One difficulty that might arise could be the lack of mod-
ern levels of oxygen and/or extreme greenhouse levels of
carbon dioxide (which can be toxic for unprepared ani-
mals), especially if the expedition traveled to the Triassic or
Jurassic. Acclimation could be necessary, and even then,
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supplemental oxygen might be needed at least on an oc-
casional basis. Work at high altitudes would be especially
difhicult. But, as noted earlier, oxygen deprivation may not
have been the case. Another problem would be the high
levels of heat chronically present in most dinosaur habi-
tats. Relief would be found at high latitudes, as well as on
mountains.

If the safari went to one of the classic Mesozoic habitats
that included gigantic dinosaurs, the biggest problem would
be the sheer safety of the expedition members. The bureau-
cratic protocols developed for a Mesozoic expedition would
emphasize safety, with the intent of keeping the chances of
losing any participants to a bare minimum. Modern safaris
in Africa require the presence of a guard armed with a rifle
when visitors are not in vehicles in case of an attack by big
cats, hippos, buffalo, rhinos, or elephants. Similar weaponry
is often needed in tiger country, in areas with large popula-
tions of grizzlies, or in Arctic areas inhabited by polar bears.
The potential danger level would be even higher in the pres-
ence of flesh-eating dinosaurs as big as rhinos and elephants
and able to run down a human who could potentially be out
of breath because of the low oxygen. It is possible that the-
ropods would not recognize humans as prey, but it is at least
as likely that they would, and the latter would have to be
assumed. Aside from the desire to not kill members of the
indigenous fauna, rifles, even automatic rapid-fire weapons,
might not be able to reliably bring down a 5-tonne allosau-
roid or tyrannosaur, and heavier weapons would be imprac-
tical to carry about. Nor would the danger come from just
the predators. A herd of whale-sized sauropods would pose
a serious danger of trampling or impact from tails, especially
if they were spooked by humans and either attacked them
as a possible threat or stampeded in their direction. Sauro-
pods would certainly be more dangerous than elephants,
whose high level of intelligence allows them to better handle
situations involving humans. The horned ceratopsids, even
less intelligent than rhinos, and probably with the attitudes
of oversized pigs, would pose another major danger. Even
medium-sized dinosaurs could pose significant risks. An at-
tack by sickle-clawed dromaeosaurs, for instance, could re-
sult in serious casualties. So could assault by a squadron of
parrot-beaked peccary-like protoceratopsids. As for the
pterosaurs, the giant azhdarchids are not creatures one
would want to get particularly close to.

But there would be another danger that would be as
small as it is big: microbes. Expedition members would be
at risk of picking up exotic Mesozoic disease organisms

IF DINOSAURS HAD SURVIVED

they would not be immune to, and at least as bad would
be the danger of contaminating the ancient environment
with a host of late Cenozoic viruses, bacteria, and parasites
that could seriously disrupt Jurassic and Cretaceous life.

The combined menaces, small and big, would mean that
time-traveling dinosaur watchers would probably be banned
from directly interacting with the ancient habitats. Instead
of walking about under the Mesozoic sun and stars, breath-
ing ancient fresh air, binoculars in hand, they would always
have to wear microbe-proof biohazard suits when not in ve-
hicles, and habitats would likewise need to be sealed against
microbes getting in or out. Dwelling in dinosaur habitats
would be a lot like living on the moon or Mars—a very ar-
tificial experience in which paleonauts would be signifi-
cantly detached from the fascinating world around them,
always respiring pretreated air. An advantage of being in
biosuits would be temperature control, which would elimi-
nate dealing with the extreme heat prevalent in much of the
Mesozoic. Also dealt with would be issues with the composi-
tion of the atmosphere. Travel by foot would probably be
largely precluded in habitats that included big theropods,
sauropods, and ceratopsids. Expedition members would
have to move about on the ground in vehicles sufficiently
large and strong to be immune from attacks by colossal di-
nosaurs. Movement away from the vehicles would be pos-
sible only when drones showed that the area was safe. Even
in places lacking giant dinosaurs, there would be the peril of
a biosuit being breached by an assault by a smaller dino-
saur—any such penetration from any cause would require
some level of medical care, quarantine at least. Defensive
weapons might be necessary, although pepper spray guns
might suffice. Yet another danger in some Cretaceous habi-
tats would be elephant-sized crocodilians that might snap up
and gulp down whole a still-living human unwary enough
to go near or in the waters where dinosaurs hung out.

A safe way to observe the prehistoric creatures would be
remotely via drones that could observe the winged archo-
saurs when on the ground and, even better, follow them in
the air. Manned ultralights would work too, although they
would have their own dangers. Also relatively safe would
be visiting islands too small to sustain big predators.

A consequence of time travel for paleoartists would be
the obsolescence of every single dinosaur life restoration.
One possible exception might be the first dinosaur proven
to be feathered, little Sinosauropteryx, its plumage and col-
oration still being the best understood. Much the same for
Microraptor.

IF DINOSAURS HAD SURVIVED

Assume that the K/Pg impact is what killed off the dino-
saurs, but also assume that the impact did not occur and
that nonavian dinosaurs continued into the Cenozoic.
What would the evolution of land animals have been like
in that case?

Although much will always be speculative, it is likely
that the Age of Dinosaurs would have persisted—indeed
the Mesozoic era would have endured—aborting the Ce-
nozoic Age of Mammals. Thirty million years ago west-
ern North America probably would have been populated
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by great dinosaurs rather than the rhino-like titanotheres.
Having plateaued out in size for the last half of the Meso-
zoic, sauropods would probably not have gotten bigger, but
the continuation of the ultimate browsers should have in-
hibited the growth of dense forests. Even so, the flowering
angiosperms would have continued to evolve and to pro-
duce a new array of food sources including well-developed
fruits that herbivorous dinosaurs would have needed to
adapt to in order to exploit.

What is not certain is whether mammals would have re-
mained diminutive or would have begun to compete with
dinosaurs for the large-body ecological niches. By the end
of the Cretaceous, sophisticated marsupial and placental
mammals were appearing, and they may have been able
to begin to mount a serious contest with dinosaurs as time
progressed. Eventually, southward-migrating Antarctica
would have arrived at the South Pole and formed the enor-
mous ice sheets that act as a giant air-conditioning unit for
the planet. At the same time, the collision of India and
Asia, which closed off the once-great Tethys Ocean and
built up the miles-high Tibetan Plateau, also contributed
to the great planetary cool-off of the last 20 million years
that eventually led to the current ice age despite the ris-
ing heat production of the sun. This should have forced
the evolution of grazing dinosaurs able to crop the spread-
ing savanna, steppe, and prairie grasslands that thrive in
cooler climates. In terms of thermoregulation, dinosaurs
should have been able to adapt, although growing winter
food shortages may have been a problem for supersauro-
pods. And the also energetic mammals may have been able
to exploit the decreasing temperatures. Perhaps big mam-
mals of strange varieties would have formed a mixed di-
nosaur-mammal fauna, with the former perhaps including
some big birds. Mammals may also have proven better able

DINOSAUR CONSERVATION

If we take the above scenario to its extreme, assume that
some group of smart dinosaurs or mammals managed to
survive and thrive in a world of great predatory theropods
and became intelligent enough to develop agriculture and
civilization as well as an arsenal of lethal weapons. What
would have happened to the global fauna?

The fate of large dinosaurs would probably have been
grim. We actual humans may have been the leading fac-
tor in the extinction of a large portion of the megafauna
that roamed much of the Earth toward the end of the last
glacial period, and matters continue to be bad for most
wildlife on land and even in the oceans. The desires and
practical needs of our imaginary sapients would have
compelled them to wipe out the giant theropods, whose
low adult populations could have rendered them more
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to inhabit the oceans than nonavian dinosaurs, generating
manatees, seals, and whales or beasts like them.

The birdlike dinosaurs evolved brains larger and more
complex than those of reptiles toward the end of the Ju-
rassic and beginning of the Cretaceous, but they never ex-
ceeded the lower avian range, and they did not exhibit a
strong trend toward larger size and intricacy in the Cre-
taceous similar to the startling increase in neural capac-
ity in Cenozoic mammals. We can only wonder whether
dinosaurs would have eventually undergone their own
expansion in brain power had they not gone extinct. Per-
haps the evolution of large-bodied, big-brained mammals
would have compelled dinosaurs to upgrade thinking per-
formance as well. In such a competition, the better brain
efficiency of the bird relatives might have proven an evo-
lutionary advantage, all the more so when combined with
full color vision.

The species Homo sapiens would not have evolved if not
for the extinction of dinosaurs, but whether some form of
highly intelligent, language- and tool-using animal would
have developed is another matter. Modest-sized, bipedal,
birdlike predatory theropods with grasping hands might
have been able to do so, but the limitation to three fingers
may have resulted in inferior manipulation. Or perhaps
arboreal theropods with stereo color vision would have
become fruit eaters whose evolution paralleled that of the
increasingly brainy primates that spawned humans. Ac-
tual primates might also have appeared and evolved above
the heads of the great dinosaurs, producing at some point
bipedal ground mammals able to create and use tools. On
the other hand, the evolution of superintelligent humans
may have been a fluke and would not have been repeated
in another Earthly timeline.

susceptible to total loss than the not-so-big mammal car-
nivores. If whale-sized herbivorous dinosaurs were still ex-
tant, their low populations likely would have made them
more vulnerable than elephants and rhinos. By the time
the sapients developed industry, the gigantic flesh and
plant eaters would probably already have been part of
historical lore. If superdinosaurs had instead managed to
survive in an industrial world, they would have posed in-
surmountable problems for zoos. Feeding lions, tigers, and
bears is not beyond the means of zoos, but a single tyran-
nosaur-sized theropod would break the budget by consum-
ing the equivalent of a thousand cattle-sized animals over
a few decades. How could a zoo staff handle a 50-foot-tall
sauropod weighing 30 or 50 tonnes or more and eating 10
times as much as an elephant?
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Because dinosaurs are long gone and time travel probably
violates the nature of the universe, we have to be satis-
fied with finding the remains they left behind. With the
possible exception of very high altitudes, dinosaurs lived
in all places on all continents, so where they are found
is determined by the existence of conditions suitable for
preserving their bones and other traces, eggs and foot-
prints especially, as well as by conditions suitable for find-
ing and excavating the fossils. For example, if a dinosaur
habitat lacked the conditions that preserved fossils, then
that fauna has been totally lost. Or, if the fossils of a given
fauna of dinosaurs are currently buried so deep that they
are beyond reach, then they are not available for scrutiny.

All but a very small percentage of carcasses are de-
stroyed at or soon after death. Many are consumed out-
right—particularly the juveniles and small adults—or in
part by predators and scavengers, and almost all the rest
rot or are weathered away before or after burial at some
point. Even so, the number of animals that have lived over
time is immense. Because at any given time a few billion
dinosaurs were probably alive, mostly juveniles and small
adults, and the groups existed for most of the Mesozoic,
the number of dinosaur fossils that still exist on the planet
is enormous, probably in the many hundreds of millions
or billions of individuals.

Of these only a tiny fraction of 1 percent have been
found at or near the small portion of the dinosaur-bearing
formations that are exposed on the surface where the fos-
sils can be accessed, or in the mines that allow some ad-
ditional remains to be reached. Even so, the number of
dinosaur fossils that have been scientifically documented
to at least some degree is considerable. Some dinosaur
bone beds contain the remains of thousands of individu-
als, and the total number of dinosaur individuals known
in that sense is probably in the tens or hundreds of thou-
sands. The question is where to find them.

Much of the surface of the planet at any given time is
undergoing erosion. This is especially true of highlands. In
erosional areas, sediments that could preserve the bones
and other traces are not laid down, so highland faunas are
rarely found in the geological record, the Yixian-Jiufotang
lake-forest district being a notable exception, deposited in
volcanic uplands. Fossilization has the potential to occur
in areas in which sediments are being deposited quickly
enough, and in large enough quantities, to bury animal re-
mains and traces before they are destroyed by consump-
tion or exposure. Animals can be preserved in deep fissures
or caves in highland areas; this is fairly rare but not un-
known when dealing with the Mesozoic. Areas undergoing
deposition tend to be lowlands downstream of uplifting or
volcanic highlands that provide abundant sediment loads
carried in streams, rivers, lakes, or lagoons that settle out to
form beds of silt, sand, or gravel. Therefore, large-scale for-
mation of fossils occurs only in regions experiencing major

tectonic and/or volcanic activity. Depositional lowlands
can be broad valleys or basins of varying size in the midst
of highlands, or coastal regions. As a result, most known
dinosaur habitats were flatlands, usually riverine flood-
plains, with little in the way of local topography. In some
cases the eroding neighboring highlands were visible in
the distance from the locations where fossilization was oc-
curring; this was especially true in ancient rift valleys and
along the margins of large basins. The Yixian-Jiufotang did
feature local volcanoes, which generally were not as com-
mon as paleoillustrators used to show them. Ashfalls can
preserve skeletons en masse, but lava flows tend to incin-
erate and destroy animal remains. In deserts, windblown
dunes preserve bones, and also when they slump when wet-
ted by rains. Also suitable for preserving the occasional di-
nosaur carcass as floating drift are sea and ocean bottoms.
Most sediment deposition occurs during floods, which
may also drown animals that are then buried and pre-
served. The great majority of preserved dinosaurs, how-
ever, died before a given flood. The bottoms and edges of
bodies of water, whether streams, rivers, or lakes, are prime
preservation locations. In some cases these watery locations
lead to exquisite preservation, including soft tissues. Also
good are floodplains, although nonburial before the next
seasonal flood results in their degradation by feeding verte-
brates and invertebrates and exposure. An extreme means
of fossilization with near-perfect preservation is tree sap,
but this can capture only small remains, or animal parts.
Once burial occurs, the processes that preserve remains
are complex and in many regards poorly understood. It is
being realized, for instance, that bacterial activity is often
important in preserving organic bodies. Depending on the
circumstances, fossilization can be rapid or very slow, to
the point that it never really occurs even after millions of
years. The degree of fossilization therefore varies and tends
to be more extensive the further back in time the animal
was buried. The most extreme fossilization occurs when
the original bone is completely replaced by groundwater-
borne minerals. Some Australian dinosaur bones have, for
instance, been opalized. Most dinosaur bones, however, re-
tain the original calcium structure. The pores have been
filled with minerals, converting the bones into rocks much
heavier than the living bones. In some locations such as
the Morrison Formation, bacterial activity encouraged the
concentration of uranium in many bones—skeletons still
below the surface can be detected by their radiation—lead-
ing to a radiation risk from stored bones. In other cases the
environment surrounding dinosaur bones has been so sta-
ble that little alteration has occurred, leading to the partial
retention of some soft tissues near the core of the bones.
While dinosaur bones are on the scarce side, their track-
ways are much more abundant, with a single individual
being able to leave behind lots of prints. Prints are left in sed-
iments sufficiently moist to record them, usually along the
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edges of water bodies such as streams, rivers, ponds, lakes,
and ocean beaches. Sometimes they are stabilized by algal
and bacterial mats that that keep them from eroding until
the next influx of sediment preserves them. Or windblown
sediments are the initial agent of preservation. Or the prints
may be degraded, especially if made in soft mud that quickly
slumped. Wet places are not necessary to retain prints, as
some have been found on the flanks of fossil dunes. Most
evocative are tracks associated with raindrop impressions
from showers too brief to ruin the prints. Tracks are usually
revealed by horizontal splitting of slabs, and in that case it
is not always true that the print on view is the one directly
impressed by the foot; if the print lacks foot pad scales,
then the split layer may or may not be one above or below
the surface stepped upon back in the Mesozoic. Sometimes
prints are exposed in a vertical section as profiles. Gener-
ally, where trackways are common, bones are not, although
this separation may be between levels in the same forma-
tion. Some places are dinosaur track freeways dense with
trails, from little species and juveniles to giant adults; these
are usually shoreline deposits patrolled by predatory dino-
saurs and used as open traffic corridors. Trackways are often
found as part of quarrying operations, where they may be
studied before destruction, or removal for scientific or com-
mercial purposes. Prints are the most common privately col-
lected dinosaur fossils. As for other trace fossils, don’t forget
the poop that can be fairly abundant in some places—cop-
rolites—and the polished gastroliths that may be present
scattered in sediments that are otherwise barren of rocks.
Eggs, often at least their broken shells, and nests are not ex-
tremely rare—having often been buried by the parents, their
preservation is not all that surprising.

Although the number of dinosaur bones and trackways
that lie in the ground is tremendous, all but a tiny fraction
are for practical reasons out of reach. Nearly all are sim-
ply buried too deeply. The great majority of fossils that are
found are on or within a few feet of the surface. Occasional
exceptions include deep excavations such as construction
sites and quarries, or mining operations. The famed Iguan-
odons of Belgium were found in deep coal mines of the 1800s
long since flooded. Even if deposits loaded with dinosaur
fossils occur near the surface, their discovery is difficult if
a heavy cover of well-watered vegetation and soil hides the
sediments. For example, large tracts of dinosaur-bearing Me-
sozoic sediments lie on the Eastern Seaboard, running under
major cities such as Washington, DC, and Baltimore. But the
limited access to the sediments hinders discoveries, which
are limited largely to construction sites made available by
willing landowners. A dinosaur enthusiast, to the surprise of
local professionals, recently found abundant prints as well
as a squashed baby ankylosaur in suburban Maryland, most
in creek beds. Coastal cliffs made up of Mesozoic deposits
are another location for dinosaur hunting in forested areas,
but they can be dangerous as they erode and collapse.

Prime dinosaur real estate consists of suitable Mesozoic
sediments that have been exposed and eroded over large
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areas that are too arid to support heavy vegetation. This
includes shortgrass prairies, badlands, and deserts. There
are occasional locations in which dinosaur bone material
is so abundant that their remains are easily found with
little effort, especially before they have been picked over.
Dinosaur Provincial Park in southern Alberta is a well-
known example. In some locations countless trackways
have been exposed. In most cases dinosaur bones are much
less common. Finding dinosaurs has changed little since
the 1800s. It normally consists of walking slowly, stooped
over, usually under a baking sun, often afflicted by flying
insects, looking for telltale traces. If really small remains
are being looked for, such as fragmented eggshells, crawl-
ing on (padded) knees is necessary. Novices often miss the
traces against the background of sediments, but even ama-
teurs soon learn to mentally key in on the characteristics
that distinguish fossil remains from rocks. Typically, bro-
ken pieces of bones on the surface indicate that a bone or
skeleton is eroding out. One hopes that tracing the broken
pieces upslope will soon lead to bones that are still in place.
In recent years GPS has greatly aided in determining and
mapping the position of fossils. Ground-penetrating radar
has sometimes been used to better map out the extent of a
newly found set of remains, but usually researchers just dig
and see what turns up.

Now it becomes a matter of properly excavating and re-
moving the fossil without damaging it while scientifically
investigating and recording the nature of the surrounding
sediments in order to recover the information they may
contain. These basic methods have also not changed much
over the years. On occasion thick overburden may be re-
moved by heavy equipment or even explosives. But usu-
ally it is a job for jackhammers, sledgehammers, picks, or
shovels, depending on the depth and hardness of the sedi-
ments and the equipment that can be brought in. When the
remains to be recovered are reached, more-careful excava-
tion tools, including trowels, hammers and chisels, picks,
and even dental tools and brushes, are used. It is rare to be
able to simply brush sand off a well-preserved fossil as in
the movies, although this happy circumstance does occur in
some ancient dune deposits in Mongolia. Usually sediments
are cemented to some degree and require forceful action. At
the same time, the bones and other remains are fragile, and
care must be taken to avoid damaging them. And their po-
sition has to be documented by quarry maps, photography,
or laser scanning before removal. Individual bones can be
removed, or blocks of sediment including multiple bones
or articulated skeletons may have to be taken out intact.
Again, these operations are usually conducted under con-
ditions that include flying insects, dust, heat, and sun, al-
though tarps can provide shade. In Arctic locations heat
is not a problem, but insect swarms are intense during the
summer field season. The summer season has been aban-
doned in some locations because the melted sediments of
river cliffs are a serious avalanche danger, so digs are con-
ducted in the extreme Arctic cold.

(continued...)
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Aardonyx celestae 213
Abelisaurids 96-99
Abelisauroids 96-99
Abelisaurus comahuensis 98
Abelisaurus garridoi 98-99
Abrictosaurus consors 290
Abrosaurus dongpoi 239
Abydosaurus mcintoshi 250
Achelousaurus horneri 316
Acheroraptor temertyorum 169
Achillesaurus manazzonei 188
Achillobator giganticus 168
Acristavus gagslarsoni 360
Acrocanthosaurus atokensis 115
Adamantisaurus mezzalirai 255
Adasaurus mongoliensis 169
Adeopapposaurus mognai 209-210
Adratiklit boulahfa 270
Aegyptosaurus baharijensis 253
Aeolosaurus rionegrinus 255
Aerosteon riocoloradensis 121
Afrovenator abakensis 105
Afrovenatorinae 106
Agilisaurus louderbacki 328-329
Agujaceratops mariscalensis 320
Airfoilans 151-201
Ajancingenia barsboldi
Ajancingenia yanshini 200, 201
Akainacephalus johnsoni 286
Alamosaurus sanjuanensis 259
Albertaceratops eatoni 310
Albertaceratops lokii 311
Albertaceratops nesmoi 311
Albertonykus borealis 189
Albertosaurus arctunguis 125
Albertosaurus libratus 123, 124
Albertosaurus sarcophagus 123, 125
Alcmonavians 160
Alcmonawis poeschli 160
Alcovasaurus longispinus 271
Alectrosaurus olseni 122
Aletopelta coombsi 186
Alioramini 123

Alioramus altai 123

Alioramus remotus 123
Alioramus sinensis 123
Aliwalia rex 212

Allosaurids 112-114
Allosauroids 109-117
Allosawrus antunesi 114
Allosaurus europaeus 114
Allosaurus fragilis 112-113
Allosaurus lucasi 113
Allosauwrus maximus 113
Allosaurus valens 113

Almas ukhaa 176

Altirhinus kurzanovi 349

Alvarezsaurids 188-190
Alvarezsaurs 188-190
Alvarezsaurus calvoi 188
Alwalkeria maleriensis 84
Alxasaurus elesitaiensis 184
Amangzia greppini 228
Amargasaurus cazaui 233
Amargatitanis macni 233
Amazonsaurus maranhensis 230
Ambopteryx longibrachium 152
Ammosaurus major 214
Ampelosaurus atacis 254
Amphicoelias altus 233
Amphicoelias fragillimus 230
Amurosaurus riabinini 368
Amygdalodon patagonicus 221
Anabisetia saldiviai 335
Analong chuanjieensis
Anasazisaurus horneri 365
Anatosaurus annectens 357-358
Anatotitan copei 357
Anchiceratops brachyops 322
Anchiceratops ornatus 322323
Anchiornis huxleyi 157
Anchisaurus polyzelus 214
Andesaurus delgadoi 253
Angaturama limai 223
Angulomastacator daviesi 366
Aniksosaurus darwini 135
Animantarx ramaljonesi 278
Ankylopollexia 340-373
Ankylosaurids 283-289
Ankylosaurs 274-289
Ankylosaurus magniventris 289
Anodontosaurus inceptus 287
Anodontosaurus lambei 289
Ansermimus planinychus 147
Antarctopelta oliveroi 275
Antarctosaurus giganteus 256
Antarctosaurus wichmannianus 255
Antetonitrus ingenipes 216
Antrodemus valens 113

Anzu wyliei 196, 197

Aorun zhaoi 141
Apatosaurines 237-239
Abpatosaurus ajax 238
Abpatosaurus louisae 238
Apatosaurus parvus 237-238

Appalachiosaurus montgomeriensis 121

Aquilarhinus palimentus 365
Aquilops americanus 303
Avragosaurus ischiaticus 243
Aralosaurus tuberiferus 365
Anrchaeoceratops oshiami 303-304
Archaeopterygidae 159
Archaeopteryx albersdoerferi 160
Anrchaeopteryx grandis 160

Archaeopteryx lithographica 160
Archaeopteryx siemensii 158—159
Archaeornithomimus asiaticus 146
Arcovenator escotae 96
Arenysaurus ardevoli 366
Argentinosaurus huinculensis 257
Aristosuchus pusillus 141
Anrrhinoceratops brachyops 322
Arrudatitan maximus 254-255
Asfaltovenator vialidadi 110
Astrodon johnstoni 250-251
Asylosaurus yalensis 205
Atacamatitan chilensis 253
Atlasaurus imelakei 239
Atrociraptor marshalli 168-169
Aucasaurus garridoi 98-99
Augustynolophus morrisi 360
Auroraceratops rugosus 302—-303
Aurornis xui 157

Australodocus bohetii 243
Australotitan cooperensis 253
Australovenator wintonensis 120
Austroraptor cabazai 167
Austrosaurus mckillopi 253
Avaceratops lammersi 311
Aveairfoilians 153-201
Avepods 88-201

Averostrans 94-201
Avetheropods 109-201
Awiatyrannis jurassica 118
Avimimids 194-196

Avimimus portentosus 195

Bactrosaurus johnsoni 352, 353
Bagaceratops rozhdestvenskyi 306
Bagaraatan ostromi 120
Bagualia alba 221
Bagualosaurus agudoensis 204
Bahariasaurus ingens 101
Bainoceratops efremovi 307
Balaur bondoc 154
Bambiraptor feinbergi 168
Banji long 198

Bannykus wulatensis 188
Baotianmansaurus henanensis 253
Barapasaurus tagorei 220
Barilium dawsoni 343
Barosawrus africana 236
Barosaurus lentus 236
Barrosasaurus casamiquelai 255
Barsboldia sicinskii 355

Basal dinosaurs 83-86
Bashanosawrus primitivus 265
Baurutitan britoi 259

Baryonyx tenerensis 108
Baryonyx walkeri 107-108
Baso-eusauropods 217-220
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Baso-hadrosaurs 351-354
Baso-ornithischians 261-263
Baso-prosauropods 203-205
Baso-tetanurans 102-104
Baso-therizinosaurians 182-183
Basotheropods 86-87
Baso-titanosaurids 252-253
Baso-troodonts 172-178
Baso-tyrannosauroids 117-121
Bebesaurus liasicus 94

Beg tse 303

Beipiaosaurus inexpectus 182—183
Beishanlong grandis 144
Bellusawrus sui 240

Berthasaura leopoldinae 101
Bicentenaria argentina 133
Bistahieversor sealeyi 125
Bisticeratops froeseorum 322
Blikanasaurus cromptoni 212
Bolong yixianensis 348
Bonapartesaurus rionegrensis 358
Bonitasaura salgadoi 254
Borealopelta markmitchelli 280
Brachiosaurids 246-251
Brachiosaurus altithorax 247
Brachiosaurus brancai 247-249
Brachyceratops montanensis 315, 316
Brachylophosaurus bergei 362
Brachylophosaurus canadensis 362—363
Brachylophosaurus peeblesorum 360, 362
Brachytrachelopan mesai 232
Breviceratops kozlowskii 306
Brighstoneus simmondsi 344
Brontosaurus excelsus 238-239
Brontosaurus louisae 238-239
Bruhathkayosaurus matleyi 252
Bugenasaura infernalis 333
Buitreraptor gonzalezorum 167
Buriolestes schultzi 204
Byronosaurus jaffei 177

Caenagnathasia martinsoni 196
Caenagnathids 195-196
Caenagnathoids 195-196
Caenagnathus collinsi 195
Caihong juji 154

Camarasaurids 240-242
Camarasaurus grandis 241
Camarasaurus lentus 241-242
Camarasaurus lewisi 243
Camarasawrus supremus 242
Camelotia borealis 213
Camptosaurids 341-342
Camptosaurus aphanoecetes 342
Camptosaurus dispar 341-342
Camptosaurus prestwichii 342
Carcharodontosaurids 114-116
Carcharodontosaurus carolinii 116
Carcharodontosaurus iguidensis 116
Carcharodontosaurus saharicus 115
Carnosaurs 109
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Carnotaurus sastrei 99
Caseosaurus crosbyensis 84
Cathartesaura anaerobica 231
Cathetosaurus lewisi 243
Caudipterids 192-195
Caudipteryx yixianensis 194
Caudipteryx zoui 193-195
Cedarosaurus weiskopfae 250
Cedarpelta bilbeyhallorum 282
Cedrorestes crichtoni 351
Centrosaurines 310-317
Centrosaurus albertensis 312
Centrosaurus ancellae 315
Centrosawrus apertus 312, 313
Centrosawrus brinkmani 312, 314, 315
Centrosaurus canadensis 316, 317
Centrosaurus cutleri 312
Centrosaurus horneri 316
Centrosaurus lakustai 316
Centrosaurus nasicornis 312
Centrosaurus ovatus 315
Centrosaurus perotorum 317
Centrosaurus procurvicornis 315, 316
Centrosaurus sternbergorum 312
Cerasinops hodgskissi 304
Ceratonykus oculatus 189
Ceratopsians 295-327
Ceratopsids 309-327
Ceratopsoids 308-327
Ceratosaurs 94-96
Ceratosaurus dentisulcatus 94
Ceratosaurus magnicornis 94
Ceratosaurus nasicornis 94-95
Ceratosaurus unnamed species 96
Cetiosauriscus stewarti 222
Cetiosaurs 220-223

Cetiosaurus oxoniensis 222
Changchunsaurus parvus 331
Changmiania liaongensis 330
Changyuraptor yangi 163
Chaoyangsaurids 295-296
Chaoyangsaurus youngi 296
Charonosaurus jiayinensis 366
Chasmosaurines 317-323
Chasmosaurus belli 317-319
Chasmosaurus froeseorum 322
Chasmosaurus gettyi 320-321
Chasmosaurus irvinensis 317-319
Chasmosaurus mariscalensis 320
Chasmosaurus perifania 317
Chasmosaurus richardsoni 319-320
Chasmosaurus russelli 317, 318
Chasmosaurus shipporum 319
Chasmosaurus sternbergii 321
Chebsaurus algeriensis 222
Chialingosaurus kuani 268
Chilantaisaurus tashuikouensis 117
Chilesaurus diegosuarezi 104
Chindesaurus bryansmalli 84
Chinshakiangosaurus chunghoensis 216
Chirostenotes elegans 196

Chirostenotes pergracilis 196
Choconsaurus baileywillisi 253
Chuanjiesaurus anaensis 223
Chuangilong chaoyangensis 283
Chubutisaurus insignis 253
Chungkingosaurus jiangbeiensis 268
Chuxiongosaurus lufengensis 211
Chyrodon barsboldi 349

Citipati elegans 196

Citipati mongoliensis 200
Citipati osmolskae 198-199
Claosaurus agilis 353
Coahuilaceratops magnacuerna 317
Coelophysids 89-91
Coelophysis bauri 89-90
Coelophysis holyokensis 91
Coelophysis kayentakatae 90-91
Coelophysis rhodesiensis 90
Coelophysis unnamed species
Coelophysoids 88, 89, 91, 92
Coeluridae 134

Coelurosaurs 117-201

Coelurus fragilis 134
Colepiocephale lambei 293
Coloradisaurus brevis 210, 211
Colossaurians 254-260
Comahuesaurus windhauseni 230
Compsognathids 135-140
Compsognathus corallestris 136-137
Compsognathus longipes 135-136
Concavenator corcovatus 114
Conchoraptor barsboldi 200, 201
Conchoraptor gracilis 200
Conchoraptor huangi 200
Conchoraptor yanshini 200, 201
Condorraptor currumili 105
Convolosaurus marri 332
Coronosaurus brinkmani 312
Corythoraptor jacobsi 198
Corythosaurus casuarius 369
Corythosaurus intermedius 369-370
Crichtonsaurus benxiensis 283
Cristatusaurus lapparenti 108
Cryolophosaurus ellioti 103—-104
Cryptovolans pauli 163
Cumnoria prestwichii 342

Dacentrurus armatus 270-271
Daemonosaurus chauliodus 87
Dakotadon lakotaensis 344
Dakotaraptor steini 169
Daliansaurus liaoningensis 176
Darwinsaurus evolutionisis 344
Daspletosaurus horneri 127
Daspletosaurus torosus 126
Daspletosaurus wilsoni 126
Daspletosaurus unnamed species 127
Datanglong guangxiensis 114
Datousaurus bashanensis 221
Daurlong wangi 165-166
Daxiatitan binglingi 245
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Deinocheirus mirificus 144-145
Deinonychosaurs 154-180
Deinonychus antirrhopus 169-170
Deltadromeus agilis 101

Edmontosaurus copei 356-357
Edmontosaurus kuukpikensis 356357
Edmontosaurus regalis 356

Edmontosaurus saskatchewanensis 357, 358

Futalognkosaurus dukei 256

Galeamopus hayi 235
Galeamopus pabsti 234

Demandasawrus darwini 231
Denversaurus schlessmani 280, 281
Diabloceratops eatoni 310
Diamantinasaurus matildae 253
Diceratops hatcheri 325
Dicraeosaurids 232-233
Dicraeosaurus hansemanni 232
Dicraeosaurus sattleri 232233
Didactylornis jii 191

Dilong paradoxus 118-119
Dilophosauridae 93
Dilophosaurus wetherilli 92-93
Diluvicursor pickeringi 332
Dinheirosaurus lourinhanensis 237
Diplodocids 233-239
Diplodocines 234-237
Diplodocoids 229-239
Diplodocus carnegii 236
Diplodocus hallorum 235-236
Diplodocus hayi 235

Diplodocus longus 236
Diplodocus pabsti 234

Dollodon bampingi 347
Dongbeititan dongi 244
Dongyangosaurus sinensis 252
Draconyx loureiroi 342
Dracopelta zbyszewskii 276
Dracoraptor hanigani 89
Dracorex hogwanrtsia 295
Dracovenator regenti 92
Dravidosaurus blanfordi 268
Dreadnoughtus schrani 258
Drinker nisti 330
Dromaeosaurids 161-171
Dromaeosaurines 168-169
Dromacosaurus albertensis 169
Dromicieomimus brevitertius 151
Dromicieomimus ingens 151

Dromicieomimus unnamed species 151

Dryosaurids 338-340
Dryosaurus altus 339

Dryosaurus elderae 338-339
Dryosaurus lettowvorbecki 340
Dryptosaurus aquilunguis 121
Dubreuillosaurus valesdunensis 106
Duriavenator hesperis 106
Dxyoplosaurus acutosquameus 287
Dysalotosawrus lettowvorbecki 340
Dyslocosaurus polyonychius 234
Dystrophaeus viaemalae 220
Dystylosaurus edwini 247

Echinodon becklesii 290
Edmontonia longiceps 280, 281
Edmontonia rugosidens 280, 281
Edmontonia schlessmani 280, 281
Edmontosaurus annectens 357, 358

Efraasia diagnosticus 206
Einiosaurus procurvicornis 315
Ekrixinatosaurus novasi 98
Elaltitan lilloi 254
Elaphrosaurines 100-101
Elaphrosaurus bambergi 100

Elaphrosaurus unnamed species 100

Elmisaurus rarus 197
Emausaurus ernsti 264
Enigmosaurus mongoliensis 186
Eoabelisaurus mefi 96
Eocarcharia dinops 115
Eocursor parvus 261
Eodromaeus murphy 86
Eolambia caroljonesa 352

Eomamenchisaurus yuanmouensis 226

Eoraptor lunensis 203
Eosinopteryx brevipenna 157-158
Eotrachodon orientalis 354-355
Eotriceratops xerinsularis 324
Eotyrannus lengi 120
Epachthosaurus sciuttoi 253
Epidendrosaurus ningchengensis 152
Epidexipteryx hui 152-153
Equijubus normani 348

Erketu ellisoni 245

Erlianosaurus bellamanus 185
Erlikosawrus andrewsi 186
Eshanosaurus deguchiianus 203
Eucnemesaurus fortis 212
Euhelopids 244-246

Euhelopus zdanskyi 244
Euprosauropods 205-215
Euoplocephalus cutleri 286—287
Euoplocephalus tutus 287
Europasaurus holgeri 247
Europatitan eastwoodi 251
Europelta carbonensis 278-279
Eurypods 265-289
Eusauropods 217-260
Euskelosaurus browni 208
Eustreptospondylus oxoniensis 105

Fabrosaurus australis 262-263
Falcarius utahensis 182, 183
Ferganasaurus verzilini 222
Foraminacephale brevis 293
Fostoria dhimbangunmal 337
Frenguellisaurus ischigualastensis 85
Fruitadens haagarorum 291
Fukuiraptor kitadaniensis 120
Fukuisaurus tetoriensis 348, 349
Fukuititan nipponensis 244
Fukuivenator paradoxus 182
Fulgurotherium australe 332
Furcatoceratops elucidans 311
Fusuisaurus zhaoi 244

Gallimimus bullatus 147-148
Galvesaurus herreroi 250
Gargoyleosaurus parkpinorum 276
Garudimimus brevipes 144
Gasosaurus constructus 110
Gasparinisaura cincosaltensis 334
Gastonia burgei 276-277
Gastonia lorriemcwhinneyae 277
Genasaurs 263-373

Genusaurus sisteronis 102
Genyodectes serus 94
Giganotosaurus carolinii 116
Gigantoraptor erlianensis 197-198

Gigantspinosaurus sichuanensis 268-270

Gilmoreosaurus mongoliensis 352
Giraffatitan brancai 247-249
Glacialisaurus hammeri 203
Gnathovorax cabreirai 84
Gobiceratops minutus 306
Gobihadros mongoliensis 352, 353
Gobisaurus domoculus 282
Gobititan shenzhouensis 253
Gobivenator mongoliensis 177-178
Gojirasaurus quayi 91
Gondwanatitan faustoi 255
Gongxianosaurus shibeiensis 216
Gorgosaurus libratus 123, 124
Goyocephale lattimorei 293
Graciliceratops mongoliensis 303
Graciliraptor lujiatunensis 161
Gravitholus albertae 293
Gryposaurus incurvimanus 363-364
Gryposaurus latidens 363
Gryposaurus monumentensis 364
Gryposaurus notabilis 363—-364
Guaibasaurus candelariensis 204
Guanlong wucaii 118

Hadrosaurids 354-373
Hadrosaurines 354-365
Hadrosauromorphs 351-373
Hadrosaurus foulkii 355
Hagryphus giganteus 196
Halszkaraptorines 166
Halszkaraptor escuilliei 166
Hanssuesia sternbergi 293
Haplocanthosaurus delfsi 222
Haplocanthosaurus priscus 222
Haplocheirids 141-142
Haplocheirus sollers 141-142
Harpymimus okladnikovi 144
Haya griva 331

Helioceratops brachygnathus 304
Herrerasaurs 84

Herrerasaurus cabreirai 84
Herrerasaurus ischigualastensis 85
Hesperornithoides miessleri 172
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Hesperonychus elizabethae 164
Hesperosaurus mjosi 271-272
Heterodontosaurids 290-291
Heterodontosauriformes 290-327
Heterodontosaurus tucki 290, 291
Hexing qingyi 143

Hexinlusaurus multidens 328
Heyuannia huangi 200
Hippodraco scutodens 342
Homalocephale calathocercos 295
Hongshanosaurus houi 298
Hoplitosaurus marshi 276
Huabeisaurus allocotus 245
Huanansaurus ganzhouensis 198
Huanghetitan liujiaxiaensis 244
Huaxiagnathus orientalis 140-141
Huaxiaosaurus aigathens 355-356
Huayangosaurids 265-267
Huayangosaurus taibaii 266-267
Huehuecanauhtlus tiquichensis 354
Hulsanpes perlei 166
Hungarosaurus tormai 277
Huxleysaurus hollingtoniensis 342
Hylaeosaurus armatus 276
Hypacrosaurus altispinus 370, 371
Hypacrosaurus casuarius 369
Hypacrosaurus clavinitialis 372
Hypacrosaurus coahuilensis 368, 369
Hypacrosaurus intermedius 369, 370
Hypacrosaurus lambei 372373
Hypacrosaurus laticaudus 370
Hypacrosaurus magnicristatus 373
Hypacrosawrus riabinini 368
Hypacrosaurus sachaliensis 368
Hypacrosaurus stebingeri 370, 371
Hypselospinus fittoni 344-345
Hypsilophodon foxii 331-332
Hypsilophodonts 328-335

Ichthyovenator laoensis 107
Iguanacolossus fortis 344
Iguanodon bernissartensis 345-346
Iguanodon dawsoni 343
Iguanodon fittoni 344-345
Iguanodon galvensis 345
Iguanodon lakotaensis 344
[guanodontians 335-373
Iguanodontoids 343-373
Iguanodonts 343-351
Ilokelesia aguadagrandensis 97
Incisivosaurus gauthieri 192
Irisosaurus yimenensis 212
Irritator challengeri 108
Isaberrysaura mollensis 266
I[sasicursor santacrucensis 334
Isanosaurus attavipachi 217
Ischisaurus cattoi 85

Isisaurus colberti 259

Issi saaneq 206

Jainosaurus septentrionalis 254
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Jakapil kaniukura 265

Janenschia robusta 240

Jeholornids 180-181

Jeholornis curvipes 181

Jeholornis palmapenis 181

Jeholornis prima 181

Jeholosaurus shangyuanensis 330-331
Jeholraptor haoiana 163-164
Jianchangosaurus yixianensis 182, 183
Jiangjunosaurus junggarensis 268
Jiangshanosaurus lixianensis 245
Jianianhualong tengi 174, 175
Jinfengopteryx elegans 172-173
Jingshanosaurus xinwaensis 211-212
Jinyunpelta sinensis 283
Jinzhousaurus yangi 348

Jobaria tiguidensis 240

Juratyrant langhami 118

Juravenator starki 135

Kaatedocus siberi 236
Kamuysaurus japonicus 356
Kentrosaurus aethiopicus 270
Khaan mckennai 198
Kholumolumo ellenbergerorum 208-209
Kinnareemimus khonkaensis 146
Klamelisaurus gobiensis 226
Koreanosaurus boseongensis 333
Kosmoceratops richardsoni 319-320
Kotasaurus yamanpalliensis 217
Koutalisaurus kohlerorum 366
Kritosaurus condrupus 364
Kritosaurus horneri 364
Kritosaurus incurvimanus 363-364
Kritosaurus latidens 363
Kritosaurus monumentensis 364
Kritosaurus navajovius 364-365
Kritosaurus notabilis 363-364
Kritosaurus palimentus 365
Kritosaurus tuberiferus 364
Kryptops palaios 97
Kulindadromeus zabaikalicus 329-330
Kundurosaurus nagornyi 356
Kunbarrasawrus leversi 282

Labocania anomala 121
Lambeosaurines 366-373
Lambeosaurus clavinitialis 372
Lambeosaurus lambei 372-373
Lambeosaurus magnicristatus 373
Lamaceratops tereschenkoi 306
Lanzhousaurus magnidens 344
Laplatasaurus araukanicus 255
Lapparentosaurus madagascariensis 222
Laquintasaura venezuelae 262
Leaellynasaura amicagraphica 332
Ledumahadi mafube 216

Leikupal laticauda 233
Leonerasaurus taquetrensis 213
Lepidocheirosaurus natatilis 142
Leptoceratops gracilis 307-308

Leshansaurus gianweiensis 111
Lesothosaurus diagnosticus 262-263
Lessemsaurus sauropoides 213
Levnesovia transoxiana 352
Lexovisaurus durobrivensis 268
Leyesaurus marayensis 210
Liaoceratops yanzigouensis 303
Liaoningosaurus paradoxus 282
Liaoningosaurus chaoyangensis 283
Liaoningotitan sinesis 251
Liaoningvenator curriei 172-173
Ligabueino andesi 101
Ligabuesaurus leanzi 245
Liliensternus liliensterni 91-92
Limaysaurus tessonei 230
Limusaurus inextricabilis 100-101
Lingwulong shengi 232
Linhenykus monodactylus 189
Linheraptor exquisitus 171
Linhevenator tani 177
Lirainosaurus astibiae 255
Lithostrotians 254-260
Llukalkan aliocranianus 98
Lophorhothan atopus 353
Lophostropheus airelensis 92
Losillasaurus giganteus 228
Lourinhanosaurus antunesi 114
Lourinhasaurus alenquerensis 237
Luanchuanraptor henanensis 166
Lucianovenator bonoi 89
Lufengosaurus huenei 210
Lufengosaurus magnus 210
Lurdusaurus arenatus 344
Lusotitan atalaiensis 249
Lycorhinus angustidens 290
Lythronax argestes 125

Macrogryphosaurus gondwanicus 335
Macrocollum itaquii 205-206
Macronarians 239-260
Macrophalangia canadensis 196
Magnapaulia laticaudus 370
Magnirostris dongi 306

Magnosaurus nethercombensis 106
Magyarosaurus dacus 259

Mahakala omnogovae 166
Maiasaura peeblesorum 360, 361
Majungasaurus crenatissimus 97
Malarguesaurus florenciae 252
Malawisaurus dixeyi 251
Mamenchisaurs 223-228
Mamenchisaurus anyuensis 228
Mamenchisaurus constructus 227-228
Mamenchisaurus hochuanensis 226, 227
Mamenchisaurus jingyanensis 228
Mamenchisaurus sinocanadorum 226
Mamenchisaurus youngi 227
Manidens condorensis 290
Maniraptors 151

Mantellisaurus atherfieldensis 347
Mantellodon carpenter 347
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Mapusaurus roseae 116
Maraapunisaurus fragillimus 230
Marginocephalians 292-327
Marshosawrus bicentesimus 105
Masiakasaurus knopfleri 102
Massospondylus carinatus 209
Massospondylus kaalae 209
Matheronodon provincialis 338
Maxakalisaurus topai 255
Mbiresaurus raathi 203
Medusaceratops lokii 311
Megalosaurids 106-107
Megalosauroids 104-107
Megalosaurus bucklandi 105
Megaraptoridae 121
Megaraptor namunhuaiquii 120
Mei long 174

Melanorosaurus readi 214
Melanorosaurus thabanensis 214
Mendozasaurus neguyelap 254
Meraxes gigas 116

Meroktenos thabanensis 214
Metriacanthosaurus parkeri 110
Miragaia longispinus 271
Microcoelus patagonicus 259
Microraptor gui 163
Microraptor hangingi 163
Microraptor pauli 163
Microraptor zhaoianus 162, 163
Microraptorines 161-163
Microvenator celer 196
Mierasaurus bobyoungi 229
Minimocursor phunoiensis 330
Minmi paravertebra 281
Minotaurasaurus ramachandrani 285
Miragaia longicollum 271
Miragaia longispinus 271
Moirischia asymmetrica 141
Moabosaurus utahensis 229
Mochlodon suessi 337
Mojoceratops perifania 317
Monoclonius 312
Monolophosaurus jiangi 103
Mononykus olecranus 189-190
Montanoceratops cerorhynchus 308
Morrosaurus antarcticus 328
Mosaiceratops azumai 303
Mussaurus patagonicus 212-213
Muttaburrasaurus langdoni 337
Muyelensaurus pecheni 254
Mymoorapelta maysi 276

Naashoibitosaurus ostromi 364
Nankangia jiangxiensis 198
Nanningosaurus dashiensis 366
Nanotyrannus lancensis 132
Nanshiungosaurus brevispinus 185
Nanugsawrus hoglundi 127
Narambuenatitan palomoi 255
Nasutoceratops elucidans 311
Nasutoceratops titusi 311-312

Natovenator polydontus 166
Nedcolbertia justinhofmanni 134
Nedoceratops hatcheri 325
Neimongosaurus yangi 185
Nemegtomaia barsboldi 200, 201
Nemegtonykus citus 189
Nemegtosaurus mongoliensis 260
Nemegtosaurus orientalis 259-260
Neoceratopsians 301-327
Neocoelurosaurs 133-201
Neosauropods 229-260
Neotheropods 88
Neovenatorids 117

Neovenator salerii 117
Neuquenraptor argentinus 167
Neuquensaurus australis 259
Nhandumirim waldsangae 204
Nigersaurus taqueti 231
Niobrarasaurus coleii 278
Nipponosaurus sachaliensis 368
Noasaurids 100-102
Noasurines 101-102
Noasaurus leali 102
Nodocephalosaurus kirtlandensis 286
Nodosaurids 275

Nodosaurus textilis 278
Nomingia gobiensis 197
Nothronychus graffami 185
Nothronychus mckinleyi 185
Notohypsilophodon comodorensis 334
Nqwebasaurus thwazi 142-143

Ojoceratops fowleri 324
Olorotitan arharensis 368
Omeisaurus jiaoi 225

Omeisaurus junghsiensis 223-224
Omeisaurus tianfuensis 224-225
Omnivoropterygids 190-191
Omnivoropteryx sinousaorum 191
Oohkotokia crurivastator 288—289
Oohkotokia horneri 289
Opisthocoelicaudia skarzynskii 260
Orkoraptor burkei 121
Ornithischians 261-373
Ornitholestes hermanni 134
Ornithomimids 145-151
Ornithomimosaurs 142-151
Ornithomimus edmontonicus 150-151
Ornithomimus samueli 149-150
Ornithomimus velox 151
Ornithopods 328-373
Orodromeus makelai 332333
Oryctodromeus cubicularis 332
Ostromia crassipes 158

Othnielia rex 330

Othnielosaurus consors 330
Ouranosaurus nigerensis 349-351
Qweroraptor chimentoi 167
Owerosaurus paradasorum 255
Qviraptorids 197-201
Qviraptorosauriforms 190-201
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Qviraptorosaurs 191-201
Owiraptor philoceratops 198

Pachycephalosaurids 292-295
Pachycephalosaurus spinifer 295
Pachycephalosaurus wyomingensis 295
Pachyrhinosaurus canadensis 316
Pachyrhinosaurus lakustai 315
Pachyrhinosaurus perotorum 317
Padillasaurus leivaensis 246
Paludititan nalatzensis 259
Paluxysaurus jonesi 251
Pampadromaeus barberenai 204
Panguraptor lufengensis 91
Panoplosaurus mirus 280
Panphagia protos 204

Pantydraco caducus 205
Papiliovenator neimengguensis 176
Paralititan stromeri 255
Pararhabdodon isonensis 366
Parasaurolophus cyrtocristatus 366
Parasaurolophus jiayinensis 366
Parasaurolophus tubicen 366, 367
Parasaurolophus walkeri 366, 367
Paravians 151

Parksosaurus warreni 333
Parvicursor remotus 188
Patagonykus puertai 188
Patagosaurus fariasi 221
Patagotitan mayorum 257
Pawpawsaurus campbelli 279
Paxceratopsians 297-327
Pedopenna daohugouensis 157-158
Pelecanimimus polyodon 143
Pellegrinisaurus powelli 255
Peloroplites cedrimontanus 277
Pentaceratops froeseorum 322
Pentaceratops gettyi 320
Pentaceratops mariscalensis 320-321
Pentaceratops sternbergii 321
Phuwiangosaurus sirindhornae 245
Piatnitzkysaurus floresi 105
Pinacosaurus grangeri 284-285
Pinacosaurus mephistocephalus 285
Pisanosaurus mertii 262
Pitekunsaurus macayai 255
Planicoxa venenica 340
Plateosauravus cullingworthi 208
Plateosaurus engelhardti 206
Plateosaurus erienbergensis 206
Plateosaurus frassianus 206
Plateosaurus gracilis 206
Plateosaurus integer 206
Plateosaurus longiceps 206
Plateosaurus saaneq 206
Plateosaurus trossingensis 206208
Platyceratops tatarinovi 306
Platypelta coombsi 287
Pleurocoelus nanus 250-251
Podokesauroids 88-93
Podokesaurus holyokensis 91
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Pocekilopleuron bucklandii 106
Polacanthus foxii 277

Prenocephale prenes 293
Prenoceratops pieganensis 307

Proa valdearinnoensis 347
Probactrosauwrus alashanicus 351
Probactrosaurus gobiensis 350-351
Probrachylophosaurus bergei 362
Proceratosauridae 117
Proceratosaurus bradleyi 117
Procompsognathus triassicus 89
Propanoplosaurus marylandicus 279
Prosaurolophus blackfeetensis 358
Prosaurolophus maximus 358, 359
Prosauropods 202-215
Protarchaeopterygids 192
Protarchaeopteryx gangi 192
Protarchaeopteryx gauthieri 192
Protarchaeopteryx robusta 192
Protoceratops andrewsi 304-305
Protoceratops hellenikorhinus 305-306
Protoceratopsids 300-308
Protohadros byrdi 352
Psittacosaurids 297-301
Psittacosaurus gobiensis 299
Psittacosaurus lujiatunensis 297-298
Psittacosaurus major 299
Psittacosaurus mazongshanensis 301
Psittacosaurus meileyingensis 298
Psittacosaurus mongoliensis 300
Psittacosaurus neimongoliensis 299-300
Psittacosaurus ordosensis 299—-300
Psittacosaurus sibiricus 299
Psittacosaurus sinensis 298
Psittacosaurus unnamed species 298
Psittacosaurus xinjiangensis 297
Psittacosaurus youngi 298
Puertosaurus roulli 258

Pulanesaura eocollum 216
Pycnonemosaurus nevesi 99

Qianzhousaurus sinensis 123
Qiaowanlong kangxii 245
Qijianglong guokr 228
Quaesitosaurus orientalis 259-260

Rahiolisaurus gujaratensis 98
Rahonavis ostromi 167
Rajasawrus narmadensis 97-98
Rapetosaurus krausei 255256
Raptorex kriegstenis 122, 123, 128
Rativates evadens 148

Rayosaurus agrioensis 230
Rebbachisaurids 230-231
Rebbachisaurus agrioensis 230
Rebbachisaurus garasbae 230
Rebbachisaurus tessonei 230
Regaliceratops peterhewsi 323-324
Rhabdodon priscus 337
Rhabdodon robustus 337-338
Rhabdodonts 336-338
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Rhinorex condrupus 364
Rhoetosaurus brownei 221
Ricardoestesia gilmorei 154—155
Richardoestesia gilmorei 154—155
Rinchenia mongoliensis 200
Rinconsaurus caudamirus 254
Riojasawrus incertus 213-214
Rubeosaurus ovatus 315

Ruehleia bedheimensis 206
Rugops primus 97

Ruyangosaurus giganteus 245-246

Sahaliyania elunchunorum 368
Saichania chulsanensis 283-284
Saichania teresae 284

Saichania tumanovae 284
Saltasaurs 259-260
Saltasaurus australis 259
Saltasaurus loricatus 259, 260
Saltasawrus robustus 259
Saltriovenator zanellai 94
Sanjuansaurus gordilloi 84
Santanaraptor placidus 121
Sapeornis chaoyangensis 191
Sapeornis unnamed species 190
Sarahsawrus aurifontanalis 210, 211
Sarcosaurus woodi 94
Sarmientosaurus musacchioi 252
Saturnalia tupiniquim 204
Saurolophines 354-365
Saurolophus angustirostris 360
Saurolophus blackfeetensis 358
Saurolophus maximus 358, 359
Saurolophus morrisi 360
Saurolophus osborni 358-359
Sauropelta edwardsi 278
Saurophaganax maximus 113
Sauropodomorphs 202-260
Sauropods 215-260
Sauroposeidon proteles 251
Saurornithoides inequalis 178
Saurornithoides mongoliensis 179
Saurornithoides junior 179
Saurornitholestes langstoni 171-172
Savannasaurus elliottorum 253
Scansoriopterygids 152—-153
Scansoriopteryx heilmanni 152
Scelidosaurs 263-265
Scelidosaurus harrisonii 264-265
Scipionyx samniticus 135
Sciurumimus albersdoerferi 133
Scolosaurus cutleri 286287
Scolosaurus thronus 287
Scutellosaurus lawleri 263-264
Secernosaurus koerneri 365
Sefapanosaurus zastronensis 213
Segisaurus halli 91

Segnosaurus galbinensis 186
Seismosaurus hallorum 235, 236
Seitaad ruessi 212

Sellacoxa pauli 344

Sellosawrus gracilis 206
Serendipaceratops arthurcclarki 295
Serikornis sungei 158
Shamosaurus scutatus 282
Shanag ashile 161
Shantungosaurus giganteus 355-356
Shanxia tianzhenensis 283
Shaochilong maortuensis 116
Shenzhousaurus orientalis 143
Shidaisaurus jinae 104
Shixinggia oblita 200
Shuangbaisaurus anlongbaoensis 103
Shuangmiaosaurus gilmorei 352
Shunosaurus lii 217-219
Shuvuuia deserti 189
Siamotyrannus isanensis 110
Silvisaurus condrayi 279
Similicaudipteryx yixianensis 194
Sinocalliopteryx gigas 139-140
Sinoceratops zhuchengensis 310
Sinornithoides youngi 176
Sinornithomimus dongi 146147
Sinornithosaurus hangingi 163
Sinornithosaurus gui 163
Sinornithosaurus haoina 163-164
Sinornithosaurus lujiatunensis 161
Sinornithosaurus millenii 161
Sinornithosaurus yangi 163
Sinornithosaurus zhaoianus 162, 163
Sinosauropteryx prima 137-138
Sinosauropteryx unnamed species 139
Sinosaurus sinensis 103
Sinosaurus triassicus 103
Sinotyrannus kazuoensis 118
Sinovenator changii 174,175
Sinraptor dongi 110

Sinusonasus magnodens 177
Skorpiovenator bustingorryi 98
Sonorasaurus thompsoni 250
Spectrovenator ragei 96
Spiclypeus shipporum 319
Spicomellus afer 275
Spinophorosaurus nigerensis 219-220
Spinops sternbergorum 312
Spinosaurs 107-108
Spinosaurus aegypticus 108
Spinostropheus gautieri 100
Staurikosaurus pricei 84
Stegoceras edmontonensis 293
Stegoceras gilmorei 293
Stegoceras lattimorei 293
Stegoceras prenes 293-294
Stegoceras validum 293
Stegopelta landerensis 279
Stegosaurids 268-274
Stegosaurs 265-274

Stegosaurus homheni 271
Stegosaurus longispinus 271
Stegosaurus stenops 272274
Stegosaurus sulcatus 274
Stegosaurus ungulatus 274
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“Stegotitanus” ungulatus 274
Stegouros elengassen 275-276
Stellasaurus ancellae 315
Stenonychosaurus inequalis 178-179
Stenonychosarurus unnamed species 178
Stenopelix valdensis 293
Stokesosaurus clevelandi 118
Stokesosaurus langhami 118
Stormbergia dangershoeki 263
Struthiomimus altus 148
Struthiomimus sedens 151
Struthiomimus unnamed species 148
Struthiomimus unnamed species 151
Struthiosawrus austriacus 277
Struthiosaurus languedocensis 277
Struthiosaurus transylvanicus 277
Stygimoloch spinifer 294
Styracosaurus albertensis 312
Suchomimus tenerensis 108
Supersaurus alenquerensis 237
Supersaurus vivianae 236-237
Suuwassea emilieae 232
Suzhousaurus megatheroides 185
Syntarsus kayentakatae 90-91
Syntarsus rhodesiensis 90
Szechuanosaurus campi 110

Talarurus plicatospineus 284
Talenkauen santacrucensis 335
Talos sampsoni 177

Tambatitanis amicitiae 245
Tangvayosaurus hoffeti 245

Tanius sinensis 352

Tanycolagreus topwilsoni 133
Tapuiasaurus macedoi 253
Tarbosaurus bataar 127-128
Tarchia kielanae 283

Tarchia tumanovae 284
Tastavinsaurus sanzi 244
Tatankacephalus cooneyorum 278
Tataouinea hannibalis 231

Tawa hallae 87

Tazoudasaurus naimi 216-217
Tehuelchesaurus benitezii 239
Telmatosaurus transylvanicus 352, 353
Tenontosaurs 335-336
Tenontosaurus dossi 335—-336
Tenontosaurus tilletti 336
Teratophoneus curriei 125-126
Tetanurans 102-201

Tethyshadros insularis 354

Texasetes pleurohalio 279
Thecodontosaurus antiquus 204—-205
Theiophytalia kerri 342-343
Therizinosaurians 181-188
Therizinosaurids 185-188
Therizinosauriforms 180-188
Therizinosauroids 183-188
Therizinosaurus cheloniformis 186—187
Theropods 86-201

Thescelosaurus assiniboiensis 333—334

Thescelosaurus garbanii 333
Thescelosaurus neglectus333
Thyreophorans 263-289
Tianyulong confuciusi 290-291
Tianyuraptor ostromi 164-165
Tianzhenosaurus youngi 283
Titanoceratops ouranos 324
Titanosaurids 251-260
Titanosauriforms 243-260
Titanosaurus indicus
Tonganosaurus hei 223
Tongtianlong limosus 198
Tornieria africana 236

Torosaurus 325

Torvosaurus tanneri 106107
Triceratopsines 323-327
Triceratops horridus 324-326
Triceratops prorsus 326-327
Triceratops unlabeled species 326
Triceratops xerinsularis 324
Trigonosaurus pricei 259

Troodon formosus 178
Troodontines 177-180
Troodonts 172-180

Tsaagan mangas 171

Tsagantegia longicranialis 283
Tsintaosaurus sphinorhinus 366-368
Tuebingosaurus maierfritzorum 208
Tugulusawrus facilis 188
Tuojiangosawrus multispinus 268, 269
Turanoceratops tardabilis 309
Turiasaurs 228-229

Turiasaurus riodevensis 228
Tylocephale gilmorei 293
Tyrannosaurids 121-132
Tyrannosauroids 117-132
Tyrannosaurus bataar 127128
Tyrannosaurus hoglundi 126
Tyrannosaurus imperator 129-130
Tyrannosaurus megagracilis 132
Tyrannosawrus regina 131-132
Tyrannosawrus rex 131
Tyrannotitan chubutensis 115

Uberabatitan ribeiroi 258
“Ubirajara jubatus” 137
Ugrunaaluk kuukpikensis 355
Ulerasauros 236-237

Ultrasaurus 236-237

Unaysaurus tolentinoi 206
Uncertain genus jiangyiensis 218
Undanoceratops tschizhovi 306-307
Unenlagia comahuensis 167
Unenlagia paynemili 167
Unenlagiines 166-167
Unnamed genus and species 215,
Unnamed genus and species 234
Unnamed genus and species 237
Unnamed genus and species 277
Unnamed genus and species 323
Unnamed genus albersdoerferi 160

INDEX TO DINOSAUR TAXA

Unnamed genus anyuensis 227
Unnamed genus bohlini 184
Unnamed genus galvensis 345
Unnamed genus giganteus 256
Unnamed genus hochuanensis 224-225
Unnamed genus jiaoi 225-226
Unnamed genus maoianus 227
Unnamed genus nemegtensis 195
Unnamed genus parvus 237-238
Unnamed genus sinocanadorum 225
Unnamed genus teresae 284
Unnamed genus tianfuensis 224-225
Unnamed genus tumanovae 284
Unnamed genus youngi 214
Unnamed genus youngi 227
Utahceratops gettyi 320

Utahraptor ostrommaysorum 168
Uteodon aphanoecetes 342

“Utetitan zellaguymondeweyae” 259

Valdosaurus canaliculatus 340
Velafrons coahuilensis 368—369
Velociraptorines 169-171
Velociraptor mangas 171
Velociraptor mongoliensis 170-171
Velociraptor osmolskae 171
Velocisaurus unicus 101
Venenosaurus dicrocei 250
Vesperasaurus paranaensis 102
Volkheimeria chubutensis 221
Vouivria damparisensis 247
Vulcanodon karibaensis 216
Vulcanodonts 215-217

Wamweracaudia keranje 223
Wannanosaurus yansiensis 293
Wellnhoferia grandis 160
Wendiceratops pinhornensis 312
Willinakage salitralensis 365
Wintonotitan wattsi 244
Wuerhosaurus homheni 271
Wuerhosaurus ordosensis 271
Wulagasaurus dongi 355
Wulatelong gobiensis 200
Wulong bohaiensis 164

Xenoposeidon proneneukos 230
Xenotarsosaurus bonapartei 97
Xiaotingia zhengi 158
Xingtianosaurus gangi 192
Xingxiulong chengi 211
Xinjiangovenator parvus
Xinjiangtitan shanshanesis 226
Xiongguanlong baimoensis 121
Nixianykus zhangi 189
Nixiasaurus henanensis 177
Xuanhanosaurus qilixiaensis 104
Xuanhuaceratops niei 296
Xuwulong yueluni 348

Yamaceratops dorngobiensis 304
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Yandusaurus hongheensis 328-329
Yangchuanosaurids 110-111
Yangchuanosaurus dongi 110
Yangchuanosaurus hepingensis 111
Yangchuanosaurus magnus 111
Yangchuanosaurus shangyuensis 111
Yangchuanosaurus zigongensis110
Yimenosaurus youngi 212

Yinlong downsi 296

Yiqgi152

Yixianosaurus longimanus 153—154
Yizhousaurus sunae 214-215
Yuanmousaurus jiangyiensis 226
Yulong mini 198

Yunmenglong ruyangensis 245
Yunnanosaurus huangi 212
Yunnanosaurus robustus 212
Yurgovuchia doellingi 164
Yutyrannus huali 119-120
Yuzhoulong qurenensis 240

Zalmoxes robustus 337
Zalmoxes shqiperorum 337-338
Zanabazar junior 179
Zapalasaurus bonapartei 230
Zaraapelta nomadis 283
Zephyrosaurus schaffi 332
Zhejiangosaurus lishuiensis 277

INDEX TO FORMATIONS

When a formation is cited more than
once on a page, the number of times is
indicated in parentheses.

Adamantina 255 (3)

Aguja 320

Aguja, lower 365

Aguja, upper 366

Ain el Guetter 231

Allaru 253, 282

Allen 167, 255, 259

Allen, lower 255, 358, 365
Altmuhltal, middle 160
Altmuhltal, upper 160
Anacleto, level uncertain 255
Anacleto 98, 121

Anacleto, upper 98, 255, 259, 334
Andakhuduk 297

Angostura Colorada 255
Antlers 251

Antlers, level uncertain 115
Arundel 250

Baharija 253

Bahariya 101, 108, 115, 255

Bajo Barreal, lower 97, 135, 252, 253, 254,
334, 365

Bajo de la Carpa 101, 188

Bajo de la Carpa, upper 98, 254

Balabansai 222

Barun Goyot 166, 189, 260, 293

Barun Goyot, lower 200, 306 (2)

Barun Goyot, upper 283

Batoka 216

Bauro Group 99

Bayan Gobi 299

Bayanshiree 144, 168, 245, 352

Bayenshiree Svita 186 (2), 188, 283, 284

Bayingobi 184, 188

Bearpaw, lower 358

Beleuta Svita 365

382

Bevon Beds 102
Bissekty 196, 352
Blackleaf 332

Black Peaks, upper 259
Blue Lias, middle 89
Blue Lias, upper 94
Bungil 281

Bushveld Sandstone 209

Calcaire de Caen 106

Calcaire de Clerval 247

Calizas de la Huergina 114, 143

Camadas de Alcobaca 118, 237

Canadon Asfalto 96, 105 (2)

Canadon Asfalto, lower 221, 290

Canadon Asfalto, upper 221, 222, 232, 239

Camarillas 345

Candelaria 206

Candeleros, lower 98, 116, 167, 230, 253

Candeleros, upper 133

Canon del Colorado 210

Castrillo la Reina 231, 251

Caturrita 204, 206

Cedar Mountain, lower 134, 168, 229,
250, 277, 342, 351

Cedar Mountain, lowermost 182, 229, 344

Cedar Mountain, middle 250 (2), 277, 340

Cedar Mountain, upper 277, 282

Cedar Mountain, uppermost 278, 352

Cerro Barcino 115, 253, 257

Cerro Carnerero 221

Cerro del Pueblo 317, 368

Cerro Fortaleza 258

Chaochuan 277

Chinle, upper 87 (2)

Chinle, uppermost 89

Chorrillo, upper 334

Chuanjie 104, 223

Clearwater, lower 280

Cloverly 278, 303

Cloverly, upper 170, 196, 332, 336

Zhenyuanlong suni 165
Zhongjianosaurus yangi 161
Zhongyuansaurus luoyngensis 281
Zhuchengceratops inexpectus 304
Zhuchengosaurus maximus 355-356
Zhuchengtyrannus magnus 128
Ziapelta sanjuanensis 286
Zuniceratops christopheri 309
Zuniceratopsids 309

Zuolong salleei 133—134
Zupaysaurus rougieri 92

Zuul crurivastator 288-289

Cooper Canyon 91
Crato 137
Csehbanya 277

Dakota 279

Dalangshan 200

Dashuigou 351

Denver 131, 132

Denver, upper 151, 327

Dermopolis 121

Dinosaur Park 293

Dinosaur Park, level uncertain 148, 155,
169, 196

Dinosaur Park, lower 127, 148, 150, 172,
178, 280, 287, 293, 312 (3), 317, 362,
363, 366, 369 (2)

Dinosaur Park, lowermost 286

Dinosaur Park, middle 123,127, 150, 164,
172, 280 (2), 287, 293, 317 (2), 366,
372,373

Dinosaur Park, upper 164, 179, 189, 315,
317, 319, 358, 369

Dinosaur Park, uppermost 373

Djadokhta, lower 166 (2), 171, 179, 198,
284, 304

Djadokhta, upper 171, 177 (2), 198, 285,
306 (2)

Dorotea, lower 276

Douar of Tazouda 239

Echkar 97, 116

Ejinhoro 176, 271, 300

El Castellar 243

El Gallo 370

Elliot, level uncertain 213

Elliot, lower 208, 209, 212 (2), 214, 261
Elliot, upper 92, 209, 213, 216 (2), 263, 290
El Mers II 270

Elrhaz, level uncertain 97, 115
Elrhaz, upper 108, 231, 344, 349
Escucha 280, 347
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Eumeralla 332

Fengjiahe 103, 212, 214, 216

Ferris 131, 132

Foremost 363

Forest Marble 117, 222

Forest Sandstone 90, 209
Frenchman 131, 132, 327, 333, 357
Frontier 279

Frontier, lower 278

Fruitland, upper 321, 324, 366

Gaogou 253

Glen Rose 251

Golo Ere 101

Greensand, lower lower 347
Gres de Labarre 337

Gres de Saint-Chinian 254, 337
Gres Superieurs 107, 245
Griman Creek 332

Griman Creek, upper 337
Grinstead Clay 276

Hakobuchi, middle 356

Hanson, lower 103

Haoling 243, 245, 246, 281

Hekou Group 245, 344

Hell Creek 196, 280, 308, 333

Hell Creek, lower 129, 295, 324, 357

Hell Creek, middle 289, 295, 326

Hell Creek, upper 131, 132 (2), 169, 289,
3217, 357

Hongtuya, lower 356

Hongtuya, middle 356

Horseshoe Canyon 293

Horseshoe Canyon, lower 151 (2), 169,
196, 280, 308, 317, 322, 323 (2), 356

Horseshoe Canyon, middle 123, 289, 322,
323(2), 333, 358, 370

Horseshoe Canyon, upper 148, 151, 189

Horseshoe Canyon, uppermost 324

Houcheng 296

Huhteeg Svita 282, 349

Huincul 167, 253

Huincul, lower 98, 116, 231

Huincul, lowermost upper 258

Huincul, middle 97, 116

Huiquanpu 283

Huiquanpu, upper 246

Hutton 221

Ilek 299

Inferior Oolite 106

Inferior Oolite, upper 106

Iren Dabasu 122, 146, 185 (2), 197, 352
Irhazer 220

Ischigualasto 261

Ischigualasto, lower 84, 85. 86, 203, 204
[tapecuru 230

Javkhlant 304, 331

Jiangjunding 352

Jingangkou 368

Jinhua 245, 252

Jiufotang 194, 298

Jiufotang, level uncertain 283

Jiufotang, lower 118, 163, 181, 190
Jiufotang, upper 164

Judith River, lower 127, 311

Judith River, middle 127, 319, 362

Judith River, upper 123, 163, 280, 288, 311

Kaiparowitz, lower 286, 320, 321

Kaiparowits, middle 126, 177, 312, 320,
321, 364

Kaiparowits, upper 320, 321

Karoo Sandstone 209

Kayenta 210

Kayenta, lower 93

Kayenta, middle 91, 264

Kem Kem, upper 115

Khukhtekskaya Svita 300

Khulsyngolskaya Svita 300

Khuren Dukh, lower 349

Kimmeridge Clay 118, 271, 342

Kirtland, lower 125, 286, 321, 324, 365 (2)

Kirtland, upper 286, 322, 367

Kirkwood, upper 143

Kitadani 120, 182, 244, 349

Klettgau 206

Knollenmergel 92

Kota 217

Kota, lower 220

La Amarga 101

La Amarga, lower 233

La Amarge, upper 230

La Bocana Roja 121

La Colonia 99

Laguna Colorada 212

Lakota 276, 344

Lameta 98, 254, 259

Lance 333

Lance, level uncertain 308
Lance, lower 129, 151, 278, 295, 324
Lance, middle 295, 326

Lance, upper 131, 132, 327, 357
La Quinta 262

Laramie 327, 333, 357

Las Leoneras 213

Lecho 102, 259

Liangtoutang 283

Lianmugqin, lower 188, 271, 297
Lias, lower 265

Liburnian 354

Lisandro 335

Liu Dianxiang Sichuan

Lohan Cura 230, 245
Longjiang 166

Los Colorados 92, 210, 213, 214
Los Molles 266

Lourinha, lower 96

INDEX TO FORMATIONS

Lourinha, middle 114, 250, 271
Lourinha, upper 276, 342
Lowenstein, lower 206
Lowenstein, middle 89, 206
Lufeng, lower 91, 103, 211 (2)
Lufeng, upper 103, 210, 212, 214
Lufeng, upper lower 212

Mackunda 337

Maevarano 97, 102, 167, 256

Magnesian Conglomerate 205

Majiacun 177, 189

Maleri, lower 84

Malmros Klint, upper 206

Marilia, upper 258

Marnes Irisees Superieures 337

Marnes Rouges Inferieures 206

Mengyin 244

Minhe 304

Mittlere Kimmeridge-Stufe 247

Moon-Airel 92

Mooreville Chalk, lower 353, 355

Moreno 360

Moreno Hill 185, 309

Mornsheim, level uncertain 160

Mornsheim, lower 160

Morrison 234

Morrison, level uncertain 276

Morrison, lower 94, 112, 134 (3), 222, 234,
271, 342

Morrison, lowermost, 234, 237

Morrison, middle 94, 105, 106, 112, 172,
222,232, 235,236 (3), 238, 239, 242,
243, 247, 272, 291, 330, 338, 342

Morrison, upper 94, 113, 233, 238, 242,
271, 274, 276, 330, 339

Morrison, uppermost 238

Morrison, upper middle 113

Nam Phong 217

Nanxiong 198 (3)

Napai 244

Navajo Sandstone 91, 215

Navajo Sandstone, lower 212

Nemegt, level uncertain 123

Nemegt, lower 120, 128, 145, 186, 189,
195, 197, 260, 284 (2), 295, 355, 360

Nemegt, middle 169, 179, 190, 200 (2)

Nemegt, upper 147, 169, 179, 190, 200 (2)

Nemegt Svita 128

Neslen, lower 364

New Egypt 121

Niobrara 278, 353

Nogoon Tsav 123

North Horn, lower 259

Obernkirchen Sandstein 293

Ojo Alamo, lower 259

Oldman, lower 311, 312

Oldman, upper 126, 286, 293, 312 (2), 362
2)
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Oxford Clay, lower 222, 268
Oxford Clay, middle 105

Painten, level uncertain 135
Painten, lowermost 159
Painten, lower 135

Painten, middle 158

Paluxy 251, 336

Pari Aike 121, 258, 335
Patuxent 279

Paw Paw 279

Pebbly Arkose 203

Phu Kradung, lower 330
Pingling 200

Point Loma 286

Portezuelo 120, 167, 252, 254, 256, 335
Portland 91, 214

Prince Creek, middle 127, 356
Purgatoire 342

Qiaotou 172

Qiketai 226

Qingshan 298

Qiupa 128, 198

Quantou 304, 331

Quebrada del Barro, upper 89
Quebrada del Barro, uppermost 210
Qiupa 166

Quirico, lower 96, 252

Rayoso 230

Reuchenette, lower 228

Rio Neuquen 188, 254 (2), 256
Rio Parana 102

Rogling, upper 133

Ryugase Group 368

Saint Mary River 308, 317, 356
Saint Mary River, upper 323
Sainte-Barbe Clays, upper 345, 347
Sakahara 222

Sanpetru 259, 277, 337, 352
Santa Maria, middle 84

Santa Maria, upper 84, 204 (4)
Santa Marta 275

Santana 108, 121, 141

Sao Khua 146, 245

Sasayama Group, lower 245
Scollard 131, 132, 308, 327, 357
Sebes 154

Seonso 333
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Serra da Galga 259

Shangshaximiao, lower 111, 226, 227 (2),
228 (2), 268, 270

Shestakovskaya Svita 300

Shinekhudag 144

Shireegiin Gashun 303

Shishugou, lower 103, 118, 141, 226

Shishugou, middle 240

Shishugou, upper 101, 110, 134, 141, 226,
268, 296

Solnhofen 158

Stonesfield Slate 106

Suining 228 (2)

Summerville 220

Sunjiawan 283, 352

Tegana 230

Tendaguru, middle 100 (2), 232, 249, 270,
340

Tendaguru, upper 233, 236, 240, 243

Tiaojishan 152, 158 (2)

Tiaojishan, lower 154

Tiaojishan, middle 152, 157 (2), 290

Tiouraren 100, 105, 240

Tolar 253

Toqui 104

Tremp 366 (2)

Tropic Shale 185

Trossingen 206

Tsagayan 368

Tuchengzi 296

Turney Ranch, middle 250

Twin Mountains 115

Twin Mountains, lower 332, 360

Twin Mountains, middle 335

Two Medicine, lower 304, 363

Two Medicine, middle 168, 333, 362

Two Medicine, upper 123, 127, 178, 280,
289, 307, 315 (2), 316, 358, 370

Udurchukan 356

Ukureyskaya, lower 329

Ulaanoosh, lower 303

Ulansuhai 116, 147

Uncertain 195

Unnamed 135, 136, 222, 251, 255, 264,
277, 293, 354, 360

Vectis, upper 347
Villar del Arzobispo 228
Villar del Arzobispo, upper 228, 250

Wadhurst Clay 343 (2), 344 (2)
Wadhurst Clay, lower 344
Wahweap 125

Wahweap, upper 311

Wapiti, middle 316

Weald Clay 108

Wessex, 141

Wessex, lower 120, 344
Wessex, upper 277, 340
Wessex, uppermost 332
Westbury 213

White Beds of Hermiin Tsav
Willow Creek 131, 132
Winton, lower 253

Winton, upper 244
Woodbine 352

Woodbury, middle 355
Wulansuhai 176, 188, 200, 284
Wulansuhai, lower
Wulansuhai, upper 171

Xert 244

Xiaguan 303

Xiaoyan 293

Xiashaximiao, lower 104, 110, 218, 221,
225, 226, 239, 240, 266, 328

Xiashaximiao, upper 218

Xingezhuang 304, 310, 356

Xinminbao Group 185, 303, 348

Xinminbao Group, middle 121, 144, 245,
253, 304, 348

Yanan, lower 232

Yanliao 152

Yimin 223

Yixian 153, 251, 298, 299

Yixian, level uncertain 119, 163, 182

Yixian, lower 118, 143, 172, 173 (2), 176
(2), 192, 303, 330 (2)

Yixian, lowermost 143, 161, 297

Yixian, middle 118, 137, 139 (2), 141, 161,
184, 190, 192, 193, 244, 348

Yixian, upper 164, 165, 173, 181, 192, 282,
348

Yuanpu 123, 128, 185

Yuliangze 355, 366, 368

Zhanghe 226
Ziliujing 216
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