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Predatory dinosaur hands

and the hand was very nearly or completely tridactyl by
the avetheropods. Although considerable movement was
possible, the dinosaur’s fingers were not as flexible and sup-
ple as those of humans. As some avepods evolved toward
the avian condition, finger flexion was further reduced to
better support enlarging hand feathers. The fingers were
padded by slender pads that bulged some at the joints. Ave-
pod arms underwent a wide array of radical evolutionary
changes in differing clades. Four times among predaceous
nonaveairfoilans, in ceratosaurs—abelisaurs, carcharodon-
tosaurids, Gualicho, and tyrannosaurids, the arms became
reduced down to limited if any functionality. In each case,
the nature of the alterations was very distinctive in accord
with the evolutionary derivation of the group, with the
fingers being reduced to two in Gualicho and tyrannosaurs.
Severe arm reduction is also typical of neoflightless birds.
Also sporting short arms were alvarezsaurs, but in this case
they were constructed like those of body builders, probably
for digging, with the thumb a massive digit tipped with a
big broad claw. The other fingers were very atrophied to
the point of being of limited or no use, in some only two
fingers were left, and in others essentially only the thumb
was left, making them the only known one-fingered dino-
saurs. The arms of the nonpredaceous ornithomimosaurs
and therizinosaurs became long, large clawed, and adapted
for feeding or defense. The real upscaling of dinosaur arms
occurred in aveairfoilans, as they were enlarged for climb-
ing and increasingly adapted for flight, until the hand was
the fused, flattened, clawless primary feathers support of
birds. Pterosaur and bat wrists and hands could hardly be
more different, including super elongated fingers to support
their wing membranes, which are also attached to the legs.

In the hindlimb the ilium plate of the upper pelvis
started out small in basal dinosauriforms, so their thigh
muscles were rather narrow. The plate got somewhat
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larger and the thigh correspondingly broader in the
early theropods and avepods and continued to expand
in size until it was large in most averostrans, increasing
the breadth, bulk, and power of the thigh muscles in the
manner inherited by birds. Among the biggest plates seen
were on the extra-fast ornithomimids and tyrannosaurs,
and also are seen in birds that spend a lot of time on the
ground. The upper edge of the ilium was and is a major
visible contour in living dinosaurs. Also expanding the
size of the leg muscles was a large, forward-projecting cne-
mial crest at the knee end of the tibia. This crest helps
anchor the big, bulging drumstick of muscles ensheath-
ing the upper shank, which many enjoy when consum-
ing fowl. This big bundle of muscles operates the nearly
muscle-free feet via tendons.

It is difficult to restore the precise posture of dinosaur
limbs because in life the joints were formed by thick carti-
lage pads similar to those found on store-bought chickens,
which are immature. That dinosaurs normally retained
thick cartilage pads in their limb joints throughout their
entire lives, no matter how fast or big they became, is a
poorly understood difference between them and adult
birds and mammals, which have well-ossified limb joints.
The manner in which dinosaurs grew up and matured
may explain the divergence. In terms of locomotory per-
formance, cartilage joints do not seem to have done di-
nosaurs any more harm than they do big running birds
that still have cartilage joints when fully grown but not yet
mature, and they may have had advantages in distributing
weight and stress loads. The poor ossification of dinosaur
limb joints hinders restoring their posture; even so, some
basics can be determined.

The dinosaurian cylindrical hip socket did not allow
the legs to sprawl out to the sides in most dinosaurs. As a
result, the limbs were close to vertical in the fore-and-aft
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plane. The correspondingly narrow-gauge fossil trackways
record the hindprints falling on the midline or very close
to it, like in birds and erect-limbed mammals, humans in-
cluded. Pterosaurs with ball-and-socket hip joints were
more variable in limb posture as their trackways affirm;
bats are sprawlers. This does not, however, mean that
the erect legs of dinosaur-birds work in a perfectly verti-
cal plane; that happens in few if any animals. The femur
is somewhat everted outward, especially when swinging
forward to clear the gut, all the more so when the abdo-
men was filled with a recent big kill. The knee was corre-
spondingly bowed out somewhat, the opposite of humans
in which it is bowed in a dash—we do not have bellies in
front of our knees to clear. The shank sloped inward some
to the slightly inward-bent ankle, and the upper foot was
vertical or a little sloped outward in fore or aft view.

There was a notable exception to strictly erect avepod
legs. The small, early microraptorine dromaeosaurs sported
extra wings on their hindlimbs that, in order to work, re-
quired the legs to splay horizontally out to the sides. To ac-
commodate that, the femoral head was rounded and the hip
socket partly closed off and more upwardly oriented than in
the rest of the dinosaurs. This reversion to the protodino-
saur condition allowed the legs to operate in both the ver-
tical and horizontal planes and in between. With no other
dinosaurs having leg wings, this was not to be repeated.

In the fore-and-aft plane all predatory dinosaurs, like
most terrestrial tetrapods, have had strongly flexed hip,
knee, and ankle joints that provided the springlike limb ac-
tion needed to achieve a full run, in which all feet were off
the ground at some point in each complete step cycle. In
addition, the ankle remained highly flexible, allowing the
long foot to push the dinosaur into a ballistic stride. This
was true of even the most gigantic 10 tonne avepods; they
did not have the columnar limbs of sauropods or elephants
that prevent them from running, rather, their limbs were
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similar to the fairly flexed limbs of giant running rhinos.
The knee joints of dinosaurs with flexed limbs were not
fully articulated if they were straightened. Humans have
vertical legs with straight knees because our vertical bod-
ies place the center of gravity in line with the hip socket.
In bipedal dinosaurs, because the head and body were held
horizontally and were well forward of the hips, the cen-
ter of gravity was ahead of the hip socket even with the
long tail acting as a counterbalance, so the femur had to
slope strongly forward to place the feet beneath the center
of gravity. As a result, the theropod femur did not retract
much past vertical at the end of the limb stroke even when
running at top speed, unlike mammals, including humans,
in which the femur swing further aft. This arrangement is
taken to an extreme in short-tailed birds, whose femur is
nearly horizontal when they are walking in order to place
the knees and feet far enough forward; when running, the
femur of birds swings more strongly backward, but not to
full vertical, to fully utilize the power of the big thigh mus-
cles. The theropod knee could be nearly folded up. Like the
elbow, the door-hinge-like roller ankle had nearly 180° of
motion from folded to straight. Mesozoic trackways show
avepods sometimes walking pigeon toed, sometimes not.
The walking gait of the narrow-bodied beasts would have
been smoothly striding. The exception would seem to be
the fat-bellied therizinosaurs, but their trackways show
the same narrow-gauge gait as the other theropods rather
than the extremely pigeon-toed waddling of plump-bodied
geese. There is no anatomical reason to think any dinosaur
hopped, and not a single of the enormous sample of track-
ways shows otherwise.

As per the dinosaur-avian norm, theropod feet are digi-
tigrade like cats and dogs, with the ankle held clear of the
ground while the entire weight-bearing toes are pressed to
the ground. In plantigrades, as per pterosaurs, bats, bears,
and people, the entire foot up to the ankle rests flat; in
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giant theropod showing that the knee
must be flexed to be fully articulated

unguligrades only the tips of the toes make ground contact,
as in horses and deer. The ostrich is an odd bird in that
only the front sections of the toes are on the ground. The
load-bearing toes, four in protodinosaurs and first thero-
pods and therizinosaurs, three in most dinosaurs, two in
sickle-clawed deinonychosaurs, are underlain by modest
padding, which became relatively broader as did the toe
bones with greater size and with larger padding under the
main base of the foot. The details of this padding are regu-
larly recorded, with some distortion, in fossil footprints.
The three central toes of avepods are usually, but not al-
ways, not widely divergent until birds, when they splay
out much more. In the standard tridactyl and less com-
mon bidactyl avepods, the inner toe is clear of the ground
or close to it. Usually it subparallels the other toes, and it
can be wondered why the hallux was retained, it not ap-
pearing to have much if any of a function. It obviously
did have functions in peculiar Balaur, being enlarged and
hyperextendable, bearing a big claw as a weapon, and per-
haps being used for climbing. In more arboreal and aerial
airfoilans, the hallux became more reversible and distally
placed for climbing and perching as well as handling prey
items. In some birds the hallux is fully reversed and all the
way down the foot, giving it full contact with the ground as
well as excellent perching purchase. Even more extreme are
those birds that have also reversed the fourth toes, such as
roadrunners and woodpeckers: these are sort of tetradac-
tyl. At the opposite extreme are those avepods, often fleet
runners, that have entirely lost the inner toe; these include
the ornithomimids and their mimics the ratites. These are
the most truly tridactyl avepods, matched in this particu-
lar point by the big ornithopod dinosaurs and three-toed
perrisodactyl ungulates like rhinos. With just two toes, os-
triches are closet to two- and one-toed ungulates. The sec-
ond toes became weaponized in deinonychosaurs, which
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may or may not include Balaur, and a few birds with an
enlarged claw, the saber claw of the cassowary being the
premiere living example of that. Paid very little attention
is the outermost toe, five, which is reduced to a mere short
splint immediately below the ankle, which was retained in
Mesozoic avepods other than some birds to the end of the
period despite it having no apparent use. Perhaps it pro-
vided some leverage to the foot-extending muscles in the
drumstick. The little bone is lost in most birds, perhaps to
save as much extraneous weight as possible among the fli-
ers—in contrast, the outer toe of early pterosaurs is a long
multisection splint that helps support the trailing edge of
the membrane between the legs; in the rest of the ptero-
saurs it too is reduced to a splint of obscure function if any.
Pterosaurs had four complete toes, bats keep all five.

The speed at which a fossil trackway was laid down can
be approximated—with emphasis on the approximated—
by correlating the stride length of the trackway with the
length of the articulated leg from the hip joint to the base
of the foot. The latter can be estimated from the length of
the foot, which is four to one in a surprising array of ani-
mals—humans and theropods of all sizes and most types
included. Mammals and birds of all sizes tend to walk at
speeds around 3-7 km /h (average 3 mph). Note that squir-
rels will bound rapidly, halt for a moment, then bound
some more, stop, and so on. Humans and their dogs typi-
cally move at a similar overall pace, as do elephants. This
consistency is because the cost of locomotion per given
distance scales closely to available aerobic power as size
increases, so being big does not provide a major advantage.
A typical walking speed recorded by trackways of tridactyl
dinosaurs is around 5-7 km/h (4 mph).

Perhaps the fastest of dinosaurs are ostriches, which
are credited with speeds of over 60 km/h (over 40mph);
among Mesozoic avepods this may have been approached
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Predatory dinosaur feet

metatarsal 1

inner toe

or matched by the nonpredatory ornithomimids. Also
looking swift were small troodonts, perhaps as much to
escape being prey as to catch it, and insectivorous alva-
rezsaurs for defense. On the offense were smaller and ju-
venile tyrannosaurids, built for high speed. About a third
or more of the mass of running animals like ostriches con-
sists of leg muscles. Adult animals do not spend much
time using these to burn lots of energy per unit time and
exhausting themselves running about without a compel-
ling reason, so fossil speed trackways are not surprisingly
scarce. The highest Cretaceous dinosaur land speed calcu-
lated so far is in the area of 40-50 km /h (~30 mph), made
by a 100 kg (200 Ib) probable avepod. It is not a surprise
that small- and medium-sized dinosaurs with long, slender,
flexed legs were able to run at speeds comparable to those
of similar-sized ground birds and galloping mammals. Dif-
ficulties arise when trying to estimate the top speeds of
flexed-limbed dinosaurs weighing many tonnes. Computer
analysis has calculated that Tyrannosaurus could reach a
top speed ranging from no better than that of a similar-
sized elephant, 25 km/h (15 mph), up to the 40 km/h of
a sprinting athlete. Because big-hipped, birdlike Tyran-
nosaurus was much better adapted for running than are
elephants, and even by large avepod standards is excep-
tionally speed adapted with its enormous pelvis and run-
ning birdlike limbs, it is unlikely that it was similarly slow
as proboscideans. Its anatomy is more in line with it being
twice as fast or so as elephants, able to approach or match
galloping rhinos and nonthoroughbred horses. Lesser ty-
rannosaurids may have been a dash swifter than Tyranno-
saurus; other less speed adapted comparably titanic-sized
avepods were likely to have been somewhat slower. Com-
puter analyses are of at best limited use because they are
hard pressed to fully simulate important aspects of animal
locomotion, including the energy storage of prestretched
elastic leg tendons and the resonant springlike effect of
the torso and tail. If the latter proves true, then other
giant running dinosaurs may have used special adapta-
tions to move faster than our computer models are indi-
cating. If marine mammals were known only from fossils,
it would be logically concluded that being high metabolic
rate endotherms none would have been able to hold their
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breaths long enough to dive very deep into high-pressure
water that would certainly kill them, and computer simu-
lations would be cited as confirmation of that probable
fact. Yet some whales and seals can dive thousands of me-
ters because of soft tissue physiological adaptations not
preserved in fossils. The core and unavoidable problem
with simulations is that they are simulating a simulation,
not observing the actual performance of a living animal,
so the results are no better than what was put into them
and may not reproduce the actual parameters of a living
creature. The outcomes can never be scientifically tested
and verified.

Avepods pursuing or fleeing not only needed to run,
they needed to be able to maneuver, whether when mov-
ing or fighting in place. A way to improve turning perfor-
mance is to be more compact fore and aft, which lowers
the distal inertial mass, like a spinning skater pulling in
their arms to increase the revolutions per minute. Most
predatory dinosaurs were fairly elongated, limiting turn
ability. Tyrannosaurids’ shorter trunks and tails com-
bined with their reduced arms would have enhanced
turning during their assaults on their prey. Ornithomi-
mids had a similar trunk and tail form to enhance their
knack for dodging their tyrannosaurid attackers. The
very short tails of oviraptorosaurs and most therizino-
saurs would have been good for defensive agility. An-
other way to better turning is to pull the tail up when
turning, somewhat like pulling in the arms. All long-
tailed theropods could do that, the deinonychosaurs best
of all because of their extra-mobile tail bases. Deinon-
ychosaurs could additionally use the combination of a
stiffened distal tail with a flexible base to quickly use the
appendage as a dynamic stabilizer and turn inducer when
maneuvering on the ground or in the air, like pterosaurs
with similar tails. Also boosting agility would have been
arm and tail feather arrays that could be used as turn-
inducing airfoils when at speed.

Ratites are competent swimmers, more so than most
mammals, which lacking pneumatic bodies are nearly
awash when swimming and therefore have to work to
keep their nostrils above the water. Having similar birdy
limbs, and most being pneumatically buoyant like their
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Running animal leg action

ostrich

avian relations, all predatory dinosaurs were comparably
adept in water. Perhaps even more adept were those with
long, proximally deep tails able to add a sculling propul-
sion—Ceratosaurus appears exceptional in this regard—
which excludes the slender, stiffer-tailed deinonychosaurs
and the short-tailed therizinosaurs and oviraptorosaurs,
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which like surface-swimming birds relied on the legs
alone. Water-tolerant dinosaurs is supported by a number
of examples of tridactyl-footed trackways that appear to
record the animals polling along the bottom of waters shal-
low enough for them to reach bottom. Being such good
swimmers, predatory dinosaurs could readily cross broad
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watercourses, all the way to marine islands that they could
see in the distance. Spinosaurs have been presented as spe-
cialist swimmers in the crocodilian pattern, in part because
they were less buoyant than the avepod norm. But they
were not nonpneumatic, so they could not have been as
deep diving as crocs.

One anatomical item most predaceous dinosaurs did not
have was substantial fat deposits, pursuit hunters needing
to remain lean to maximize speed and agility. A possible
exception would have been theropods living in climates
featuring cold winters, to provide some insulation and

Swimming predatory dinosaurs

bottom “polling” trackways

Tt

u

help thermally tide over the season—although finding her-
bivores to kill or scavenge in winters that often weaken or
dispatch plant eaters is not necessarily difficult. The slow
herbivorous therizinosaurs were candidates for carrying
more fat.

SKIN, FEATHERS, AND COLOR

Most dinosaurs are known from their bones alone, but
we know a surprising amount about dinosaur body cov-
erings from a rapidly growing collection of fossils that
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record their integument. It has long been known that
large, and some small, dinosaurs were covered with mo-
saic-patterned scales. These can be preserved as impres-
sions in the sediments before the skin rotted away, but in
numerous cases traces of keratin are still preserved. Foot-
prints sometimes preserved the shape of the bottom scales
as well as the foot pads. Lizard-like overlapping scales
were not common among dinosaurs, although scales like
those on the tops of some bird feet may have been pres-
ent in birdlike dinosaurs. Dinosaur mosaic scales were
commonly semihexagonal in shape, with larger scales
surrounded by a ring of smaller scales, forming rosettes
that were themselves set in a sea of small scales. These
scales were often flat, but some were more topographic,
ranging from small beads on up. Because dinosaur scales
were usually not large, they tend to disappear from vi-
sual resolution when viewed from a dozen feet or more
away. However, in some cases the center scale in a rosette
was a large, projecting, subconical scale; these were often
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king vulture

arranged in irregular rows. On a given dinosaur the size
and pattern of the scales varied depending on their loca-
tion: those low on the body were often smaller than those
higher up.

Dinosaurian soft crests, combs, dewlaps, wattles, and
other soft display organs may have been more widespread
than we realize. In particular, on some snouts, such as those
of tyrannosaurs, the nasal bones bore a long, narrow mid-
line rugosity that is usually restored as being somewhat fur-
ther enlarged by a shallow, hard keratin sheath. The king
vulture also has a modest nasal rugosity, which anchors a
very prominent fleshy caruncle. It cannot be ruled out that
the dinopredators with similar snout tops had comparable
features. A throat pouch has been found under the jaws of
an ornithomimosaur theropod, and these may have been
more widespread. Bony armor was very scarce on dino-
predators, they doing the attacking that drove other dino-
saurs to be armored. Plates were covered with hard keratin.
The exception was Ceratosaurus, which sported a midline
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The feathered theropod Sinosauropteryx

dorsal row of small bony adornments; these would have
been ensheathed by keratin.

Feathers have long been known on the fossils of birds
preserved in fine-grained lake or lagoon bottom sediments,
including winged Archaeopteryx. After a fossil drought that
lasted until the end of the last century, over the last three
decades a growing array of small avepod dinosaurs flight-
less and winged have been found covered with bristle pro-
tofeathers or fully developed pennaceous feathers in the
Chinese Yixian—Jiufotang beds. Some researchers have
claimed that the simpler bristles are really degraded inter-
nal collagen fibers. This idea is untenable for a number of
reasons, including the discovery of pigmentation—either
visible to the naked eye or in microscopic capsules—in the
fibers that allows their actual color to be approximated.
Some small, nonflying theropods also had scales at least on
the tail and perhaps legs. This suggests that the body cover-
ing of small dinosaurs was variable—ostriches lack feath-
ers on the legs, and a number of mammals from a small bat
through a number of suids as well as humans, rhinos, and
elephants are essentially naked.

Ironically, some paleoartists are going too far with
feathering dinosaurs, giving many the fully developed
aeroshells in which contour feathers streamline the head,
neck, and body of most flying birds. But most Mesozoic
dinosaurs did not fly, and like those birds whose ances-
tors lost flight long ago, flightless dinosaurs would have
had shaggier, irregular coats for purposes of insulation and
display. Also, modern birds have the hyperflexible necks
that allow many but not all fliers to strongly U-curve the
neck to the point that the head and heavily feathered neck
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 as well as
avepods, it is a good scientific bet that dinosaur insulation
evolved once, in which case the filaments were all pro-
tofeathers. The absence to date of protofeathers in Triassic
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and Early Jurassic protodinosaurs and basal dinosaurs is
the kind of negative evidence that is no more meaning-
ful than their lack of fossil scales; this absence of evidence
long led to the denial of insulation in any dinosaurs and
is likely but not certainly to be settled by the eventual dis-
covery of insulation in basal examples. However, it cannot
be ruled out that insulation evolved more than once in di-
nosaurs. 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 plausible selective factor was display. 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.

A number of researchers argue that the pigment or-
ganelles of feathers preserve well and their shape varies
according to color, so they are being used to restore the
actual colors of feathered dinosaurs. Although some re-
searchers have challenged the reliability of this method,
it appears to be largely sound, so this book uses the col-
ors determined by this technique—doing so maximizes the
probability of achieving correct coloration, whereas not
doing so essentially ensures incorrect results. It appears
that the feathers of some dinosaurs were, as might be ex-
pected, iridescent, using refraction rather than pigmenta-
tion to achieve certain color effects. The hypothesis 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. Dinosaur scales
were better suited to carry bold and colorful patterns 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. Small
dinosaurs are the best candidates for bright and/or bold
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flightless dromaeosaur without .

feather neck aeroshell

flying dromaeosaur with
minimal aeroshell
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color patterns like those of many but not all small lizards
and birds. On yet another hand, because humans lack vi-
sion in the ultraviolet range, we miss seeing a lot of the
coloration of many animals, so a number of reptiles and
especially birds that look drab to us—including genders
that look bland and much the same—feature dramatic ul-
traviolet color patterns, often for sexual purposes. Preda-
ceous dinosaurs of all sizes may have used specific color
displays for intraspecific communication or for startling
predators. Crests 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. Flesh-eating dinosaurs’ eyes may have been
solid black or brightly colored, like those of many reptiles
and birds.

A number of birds are ensconced in poisonous feath-
ers containing neurotoxins—in a few body tissues may be
contaminated. These toxins can afflict those that touch
the birds, or worse, consume them; the noxious birds are
themselves immune to the chemicals. The origin of these
poisons appears to be the bird’s diets, including insects.
The toxicity probably deters predation while suppressing
parasites. Some small-feathered Mesozoic archosaurs that
hunted insects may well have been similarly toxic.

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
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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.

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

means without prior written permission of the publisher.

It is difhicult 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 liv-
ing tetrapods but among different ornithischian groups—
the absence of skeletal pneumaticity shows they did not
have birdlike breathing, and their lungs were probably
dead end, perhaps similar to mammals.

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 effi-
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 so they
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
flexibility 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 lim-
ited 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 ar-
ticulations. The hinging is oriented so that
the ribs swing outward as they swing back-
ward, 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 enhanced
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 to
which the process is attached. In most
birds the big sternal plate also helps
ventilate the air sacs. The sternum is
attached to the ribs via ossified ster-
nal ribs that allow the plate to act
as a bellows 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.

Respiratory complexes of archosaurs

BIOLOGY

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

flightless
bird

basal
aveairfolian

avetheropod

basal theropod
with early air sacs

basal archosaur
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theropods some of the vertebrae were pneumatic, indi-
cating 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 further increased, as did the invasion of the
vertebrae by air sacs until reaching the hips. Also, the
chest ribs began to shorten, probably because the lungs, set
up into a corrugated 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 unidirectional. The sternum was still small, but the
gastralia may have been used to help ventilate the ventral
belly air sacs. Alternatively, the air sacs

were limited to the rib cage as they

are in at least some flightless

Herbivorous ornithomimid
Struthiomimus

v

birds—the extra-long belly ribs of birds with big abdomi-
nal 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, indicating that the
bellows-like action of the rib cage was also improved. At
this stage the respiratory complex was probably 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
some birds. The existence of a crocodilian liver-pump lung
ventilation system in dinosaurs can be ruled out.

The highly pneumatic sauropods show strong evidence
that they too independently evolved a complex air-sac sys-
tem that probably involved unidirectional airflow and ap-
proached, but did not fully match, the sophistication and
efficiency of those of birds. For instance, because sauro-
pods lacked gastralia, the air sacs should have been limited
to the rib cage.

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.
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DIGESTIVE TRACTS

In a number of avepod specimens, gastroliths, or gizzard
stones, are preserved within the rib cage, often as stone
bundles. This does not appear to be a general dinopreda-
tor attribute, stone bundles having not been turning up
in the articulated ribcages of flesh eaters prior to aveair-
foilans. They do appear in the herbivorous elaphrosaurs,
ornithomimids, and oviraptorosaurs and the protobird an-
chiornids. The stones could be used directly to help mash
and grind up plant materials as they were squeezed and
manipulated by powerful gizzard muscles and/or to help
mix the foodstuffs up like agitator balls in spray paint cans.

The digestive tracts of meat, fish, and insect consuming
dinosaurs were relatively short, simple systems that quickly
processed the easily digested chunks of flesh bolted down
whole or in substantial pieces after the simple puncturing
and 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. Most of the herbivorous
avepods did not have tooth batteries or saw-edged beaks to
chew with; their mouths merely cut off bits of vegetation to
be quickly swallowed. Not being highly sophisticated her-
bivores, ornithomimid and oviraptorosaur abdomens were
not highly capacious. Ratites carry a combination of gas-
troliths, gut flora, ingested fodder, and feces amounting to
about a tenth of body mass, and such was probably true
of the similar-grade omni/herbivorous ornithomimids and
oviraptorosaurs. It was the therizinosaurs among avepods
that went for high-capacity digestive complexes that broke
down tough plant material, presumably via fermentation
accomplished by gut bacteria. In most herbivores this occurs
in the hindgut. Among such full-blown herbivores, the gut
contents can be up to a fifth of total mass. In the highly spe-
cialized ruminant ungulates, cattle included, the microbial
breakdown begins in the foregut in a special chamber. Hoa-
tzins sport a comparable system in which the crop is used
to initiate microbial processing—thus their tag the “stink

liver

stomach

intestines

Predatory dinosaur internal organs

BIOLOGY

bird” is due to the methane they put out. Therizinosaurs
may have carried a ruminant-like, possibly smelly digestive
complex. The cheeks that appear to have been present on
therizinosaurs should have allowed them to mash food a
little with their modestly developed dental batteries before
swallowing. Hoatzins are unusual among avepods in doing
a little chewing with their gently serrated beaks.

SENSES

The large eyes and well-developed optical lobes characteris-
tic of most dinosaurs indicate that vision was usually their
primary sensory system, as it is in nearly all birds. Reptiles
and birds have full color vision extending into the ultravio-
let range, so dinosaurs very probably did too. The compara-
tively 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. 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 densi-
ties of light-detecting cones and rods than do 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 secondary 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 with 13 diopters in young adult humans. The
vision of the bigger-eyed predatory dinosaurs may have
rivaled this level of performance. The dinosaurs’ 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 avepods. Theropods
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
in any or all of these dinosaurs is not certain; it is possible
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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 ani-
mals as well the lack of space in heads whose snouts have
been reduced to save weight. Exceptions are some vul-
tures, which use smell to detect rotting carcasses hidden
by deep vegetation, and grub-hunting kiwis. As nonfliers
with large snouts, many reptiles and mammals have very
well-developed olfaction, sometimes to the degree that it
is a primary sensory system, canids being a well-known
example. Dinosaurs often had extremely well-developed,
voluminous nasal passages with abundant room at the
back for large areas of olfactory tissues. In many dinosaur
brains the olfactory lobes were large, verifying their effec-
tive sense of smell. Herbivorous dinosaurs probably had
to be approached from downwind to avoid their sensing
and fleeing from an attack. Among predatory dinosaurs,
tyrannosaurs and dromaeosaurs had especially excellent
olfaction, useful for finding both live prey and 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 espe-
cially 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. Reptiles 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 hear-
ing and discrimination of frequencies are broadly similar in
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birds and mammals. Where mammalian hearing is mark-
edly 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 comparison, hu-
mans can hear 20 kHz, dogs up to 60 kHz, and bats 100 kHz.
At the other end of the sound spectrum, some birds can de-
tect 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 reg-
ister even deeper bass 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
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. Birds use the syrinx in the chest to
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generate sounds; when this scheme evolved among dino-
saurs is not yet clear. A number of birds have limited vocal
performance, but many have evolved a varied and often
very complex vocal repertoire not seen among other ver-
tebrates 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 par-
rots can produce understandable humanlike speech. Some
birds, swans particularly, possess elongated tracheal loops
in the chest that they use to produce high-volume vocaliza-
tions. Cassowaries call one another over long ranges with
very low-frequency sounds, and so do elephants. Birds pos-
sess the intricate voice boxes needed to help form complex
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,
including those predatory. The long trachea of long-
necked dinosaurs such as therizinosaurs should have been
able to generate powerful low-frequency sounds that could
be broadcast over long ranges. Vocalization is conducted
through the open mouth rather than through the nasal
passages, so complex nasal passages acted as supplemen-
tary resonating chambers. It is doubtful that any nonavian

dinosaur had vocal abilities to match the more sophisti-
cated examples seen in the most vocally advanced 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
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.

DISEASE AND PATHOLOGIES

Planet Earth has long been infested with a toxic soup of
diseases and other dangers that put dinopredators at high

Predatory dinosaurs in conflict,
Velociraptor and Saurornithoides
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BEHAVIOR

risk. The disease problem was accentuated by the global
greenhouse effect, which maximized the tropical condi-
tions that favored disease organisms, especially bacteria
and parasites. Biting insects able to spread assorted diseases
were abundant during the Mesozoic; specimens 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 par-
ticularly important. Presumably the same was true of their
dinopredator ancestors. Wild living animals are prone to
be loaded with arrays of resident multicellular parasites in
the form of arthropods and worms on their skins, amidst
their integument, in internal cavities, including, especially,
the digestive tract, and within internal tissues. In some
cases, these parasites can become debilitating.

The skeletons of predaceous dinosaurs often preserve pa-
thologies, sometimes numerous in a given individual. Some
appear to record internal diseases and disorders. Fused ver-
tebrae are fairly common. Also found are growths that rep-
resent benign conditions or cancers. Most pathologies are
injuries caused by stress or wounds; the latter often became
infected, creating long-term, pus-producing lesions that af-
fected the structure of the bone. Injuries tell us a lot about

BEHAVIOR

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—el-
ephant 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—relatively big-
ger brains are likely to produce higher cognition. Also im-
portant is brain structure, with birds and mammals having
more complex schemes, including large forebrains. Add-
ing to the complications is the neural density factor. Rep-
tiles have much lower neural density relative to brain mass
than do mammals and birds, and the latter are markedly
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

54

means without prior written permission of the publisher.

the activities of dinosaurs. Some dinosaur skeletons are so
afflicted with serious defects that one of them very prob-
ably killed the beast, especially if it was immature.

The predaceous dinosaurs are, not surprisingly, espe-
cially prone to show signs of combat-related injury that
derived from hunting, disputes over carcasses, and intra-
specific conflicts, as well as everyday accidents. One Allo-
saurus 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. Other researchers have suggested that infections
caused some of the injuries. The sickle-claw-bearing toes
of dromaeosaurs and troodonts frequently show signs of
stress damage. Some fossils show signs of injury from falls.

particular, it is not known whether reptilian brains can
have high neural densities even if the animals run at high
metabolic rates.

The brains of the great majority of dinosaurs were reptil-
ian both in size relative to the body and in structure. There
was some variation in size compared with body mass: the
giant tyrannosaurids had unusually large brains for dino-
saurs 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 with those of birds
and mammals, being more genetically programmed and
stereotypical. 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 densities were in the mammalian or, since dinosaurs
include birds, even in the avian range. This has led to esti-
mates 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 manner 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
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majority of dinosaurs, whose think-
ing organs were reptilian in form.
That the energetic dinosaurs had the
low neural densities of reptiles unable
to sustain high levels of activity ap-
pears unlikely, but their simple brains
may have precluded the neural con-
centrations of birds. It is therefore
not possible to reliably assess the in- AN
telligence of dinosaurs with reptilian-
form brains at this time, and it may
never be doable. Even if big thero-
pods were not supersmart, it is perti-
nent that even small-brained animals
can achieve remarkable levels of
mental ability. Fish and lizards can re-
tain new information and learn new
tasks. Many fish live in organized

groups. Crocodilians care for their o
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
Tenontosaurus

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 protect them
when not in use, as elephants do.
The major exception to dinosau-
rian reptile brains appeared in the
birdlike aveairfoilans. Their brains
were proportionally larger, falling
into the lower avian zone, as did their
complexity. It is possible if not prob-
able that neural densities were ap-
proaching if not at the avian level. It
may be that the expanded and upgraded brains of aveair-
foilans evolved at least in part in the context of the initial
stages of dinosaurian flight. Presumably the bigger-brained
dinosaurs were capable of more sophisticated behavior
than other dinosaurs. Use of very simple tools is plau-
sible, all the more so because many small nonavian ave-
pods 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 uti-
lization 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

Possible predatory dinosaur pack trackways
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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 coor-
dinate the function of the hind limbs and is paralleled in
big ground birds.

SOCIAL ACTIVITIES

Land reptiles do not form organized groups. Birds and
mammals 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.
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The presence of a number of individuals of a single
species of theropod in association with the skeleton of a
potential prey animal has been cited as evidence that dino-
predators 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 mammals and reptiles compete over a kill.

Trackways are the closest thing we have to motion pic-
tures of the behavior of fossil animals. A significant por-
tion of the trackways of a diverse assortment of predatory
dinosaurs are solitary, indicating that the maker was not
part of a larger group. There are examples of multiple
trackways of dinopredators that lie close together on paral-
lel paths. In some cases, this may be because the track mak-
ers were forced to follow the same path along a shoreline
even if they were moving independently of one another.
But such parallel trackways are common enough to suggest
some dinosaurian predators moved in small packs. That
said, the big majority of avepod footprints track animals
moving on their own as they patrolled or traveled along
fresh- and saltwater shorelines.

As for the herbivorous avepods, they may have been
prone to move in pods, flocks, and herds. Flocking birds

Predatory dinosaur head displays
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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 collec-
tive herds, each taxon bringing its own best predator-detec-
tion system into the mix. One can imagine therizinosaurs,
ornithomimids, and other predator-wary dinosaurs of as-
sorted sizes doing the same, but multispecies bone beds in-
dicating that dinosaurs did this have yet to be uncovered,
so perhaps they did not.

REPRODUCTION

It has been suggested that some predatory dinosaur spe-
cies exhibit robust and gracile morphs that represent the
two sexes. It is difficult either to confirm or deny many
of these claims because it is possible that the two forms
represent different 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 females have failed because the two factors are
not consistent in modern reptiles. Head-crested ovirap-
torosaurs may be males if they are not mature individu-
als of both sexes. On the other hand, among cassowaries
it is the females that have somewhat larger crests. This is

Cryolophosaurus
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Carnotaurus
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atypical for crested birds, in which males have markedly
larger display structures; that male cassowaries do a lot of
the parenting may have something to do with their crest
dimensions. The robust form of Tyrannosaurus has been
tentatively identified as the female based on the inner bone
tissues associated with egg production in birds, but the dis-
tribution of the stout and gracile morphs of this genus over
stratigraphic time is more compatible with different spe-
cies than with sexes. What is more suggestive of boys and
girls is variation in size of the orbital bosses of Tyrannosau-
rus at a given geological level, although ontogeny may also
be a factor. While preparing these guides, 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 two forms, a deep and a shallow 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 aveairfoilans brood-
ing their nests confirms this pattern. Most or all predatory
dinosaurs probably became reproductive before reaching
full adult size.

The marvelous array of head and body crests, hornlets,
bosses, and feathers evolved by assorted predatory dino-
saurs shows that many were under strong sexual selective
pressure to develop distinctive display organs and weap-
ons to identify themselves to other members of their spe-
cies and to succeed in sexual competition. The organs we
find preserved record only a portion of these visual de-
vices—those consisting of soft tissues and color patterns
are largely lost. How these organs were used varied widely.
Females used display organs to signal males of the species
that they were suitable and fertile mates. Males used them
both to intimidate male rivals and to attract and insemi-
nate females.

Healthy animals in their reproductive prime are gener-
ally able to dedicate more resources to growing superior-
quality displays better able to attract similar quality mates.
Many dinosaurs probably engaged in intricate ritual dis-
play movements and vocalizations during competition and
courtship, using display organs when they had them; these
behavioral displays have been lost to time. The head and
body display surfaces of many dinosaurs were oriented
to the sides, so they had to turn themselves to best flaunt
their display. This orientation was true of the avepods with
the paired crests atop their snouts, which were popular,
for reasons not known, in the Jurassic in podokesauroids,
basal averostrans, and early tyrannosauroids. These crests
did not make it into the Cretaceous as far as is known. The
transversely flattened ceratosaur nasal horn was another

BEHAVIOR

side view display organ, as were the hornlets and bosses
common among a variety of big avepods. Large subtrian-
gular hornlets above the orbits were a frequent feature,
continuing into most tyrannosaurids. Then, just before
the final extinction, the very similar Tarbosaurus and Ty-
rannosauwrus entirely dropped the hornlets in favor of the
bosses just aft of them. Why is unknown. In Tyrannosaurus,
the earliest of the known species, T. imperator, bore distinc-
tive long and rather low rugose spindle bosses, followed by
the newly recognized and prominent upright discs of T. rex,
which lived alongside T. regina, sporting its own boss form
in a classic species identification pattern not yet seen in the
rest of Theropoda. The transverse head crest of Cryolopho-
saurus, and the stout sideway projecting horns and domes
of some abelisaurs, provided unusual frontal displays.

Many birds, including flightless examples that still have
large arm-born feathers, use their arm and tail arrays for in-
traspecific display, and such would have been probable in
basal aveairfoilans. Those with the capability to fly, as per
archaeopterygians and microraptorines, could have done
so while on the wing, twirling in the air as they showed off
to one another. Simply flufiing up and bristling head and
body feathers would have been a common means of close-
up display.

While intraspecific competition is often fairly pacific to
avoid casualties, it can be forceful and even violent in ani-
mals that bear weapons. Male hippos and lions suffer high
injury and mortality from members of their own species,
and the same may have been true of predatory theropods
as males battled with sharp teeth and claws, as evidenced
by the large number of wounds inflicted by such on thero-
pod skulls.

In reptiles and birds, the penis and the testes are inter-
nal, and this was the condition in dinosaurs. Most birds
lack a penis, but whether any more basal dinosaurs shared
this characteristic is unknown. 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.

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. Even so, a growing collection of
eggs and nests is now known for a variety of Late Jurassic
and Cretaceous dinosaurs great and small. Firmly identi-
fying the producer of a given type of egg requires the pres-
ence of intact eggs within the articulated trunk skeleton
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or identifiable embryo skeletons within the eggs, as well
as adults found atop their nests in brooding posture. Be-
cause 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. While the eggs of some herbivorous dino-
saurs were near-perfect spheres, as far as is known those
of the meat eaters were elongated, very much so in ovirap-
torosaurs, and strongly tapered in troodonts. The surface
texture of the egg was crenulated in some and bumpy in
others. The arrangement of eggs within dinosaur bodies
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and in their nests shows that they
were formed and deposited in pairs
as in reptiles, rather than singly as
in birds. Even small reptiles lay small
eggs relative to the size of the par-
ent’s body, whereas birds lay propor-
tionally larger eggs. The eggs of small
dinosaurs are intermediate in size be-
tween those of reptiles and birds. It is
interesting that no known Mesozoic
dinosaur eggs matches the size of the
gigantic 12 kg (25 lb) eggs laid by the
flightless elephant birds, which, as
big as they got at nearly 400 kg (800
Ib), was dwarfed by many dinosaurs.
The largest Mesozoic dinosaur eggs
discovered so far weighed 5 kg (11 1b)
and probably belonged to 1-tonne-
plus oviraptors.

Two basic reproductive stratagems
are known as r-strategy and K-strat-
egy: 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 advan-
tage. Producing large numbers of
young allows a species to quickly ex-
pand its population when conditions
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 another. As far as we
know, predatory dinosaurs of all sizes
were r-strategists that typically laid
large numbers of eggs in the breed-
ing season, although dinosaurs iso-
lated on predator-free islands might
have been slow breeders. This re-
productive strategy may explain
why dinosaurs laid smaller eggs than
birds, most of which produce a mod-
est number of eggs and provide the
chicks with considerable parental at-
tention. One r-strategist bird group is the big modern rat-
ites, 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 pop-
ulations just a thousand years ago in part by eating the
giant eggs. Elephant-sized avepods were very different in
this respect from same-sized mammals, which are K-strate-
gists that produce few calves, which then receive extensive
care over a span of years. Nor did any dinosaur nurse its
young via milk-producing mammary glands. It is possible
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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, dino-
saurs paid little or no attention to their eggs after burying
them. A few lizards do stay with the nest, and pythons ac-
tually incubate their eggs with muscle heat. Crocodilians
often guard their nests and hatchlings. All birds lavish
attention 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.

Laying many eggs each breeding season helped over-
whelm the ability of the local predators, including other
avepods, to find and eat all the eggs and emerging hatch-
lings, although a fossil shows a large snake feeding on a
just-emerged hatchling. Some dinosaur eggs whose mak-
ers have yet to be identified were buried in a manner that
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implies they were not brooded. Not clear is if any parents
stayed close to their nests to guard the eggs; currently there
is no evidence that predaceous dinosaurs built heat-gener-
ating mounds, although some of the herbivorous variety
did. Some prehatchling reptiles in mass nests start vocal-
izing to better coordinate their synchronous emergence,
even though doing so risks attracting egg and hatchling
eaters. On the positive side, hatchling chirping can inspire
guarding parents to open up the nest and help release its
chicks.

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
dinosaur brooding and incubating is provided by the bird-
like 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, and the resulting brood is therefore that of
multiple parents cared for by the locally dominant couple.
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;
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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. It may be that these are the biggest
nests that are practical for brooding, and that prevented
adult oviraptors from becoming even larger. In troodont
nests the less-elongated eggs were laid subvertically in a
partial spiral ring, again with the center open to accommo-
date 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 1Ib). The half-buried, half-incubated nesting habits of
aveairfoilans ideally represent the near-avian arrangement
expected in the dinosaurs closest to birds. This scheme was
retained in basal birds including enantiornithines, even
those that were strongly arboreal. Egg brooding without
external heat did not appear until more modern avians,
in the Late Cretaceous, and nesting up in vegetation pos-
sibly not until the Cenozoic. Megapode fowl have under-
gone a reversal by incubating eggs in fermenting vegetation
mound nests that they carefully maintain at the proper
temperature. 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.

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

GROWTH

All land reptiles grow slowly. This is true even of giant
tortoises and big, energetic (by reptilian standards) mon-
itors. Land reptiles can grow most quickly only in per-
petually 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 croco-
dilians, including the extinct giants that reached nearly
10 tonnes, do not grow as fast as many land mammals.
Mature reptiles tend to continue to grow slowly through-
out their lives.
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achieve the breakout, and such is likely among the Me-
sozoic relations. While fossil evidence is not on hand, it
is likely that the hatchings of the carnivorous dinosaurs
were precocial, being immediately ready to leave the nest
and feed themselves like the chicks of ratites and many
fowl. Parental care probably ranged from nonexistent as
it is for modern megapode fowl chicks to extensive in di-
nosaurs; in a number of cases it probably exceeded that
seen in reptiles or even crocodilians, rivaling that of birds.
Upon hatching the babies of adults over half a tonne
were probably on their own, the size disparity rendering
parental care impractical. Juvenile tyrannosaurids were
unusual in having elongated snouts, the opposite of the
short faces of juveniles cared for by their parents. This sug-
gests that growing tyrannosaurids hunted independently
of the adults, who may have seen the youngsters as po-
tential meals. Suggestions that the gracile juvenile tyran-
nosaurids hunted prey for their parents are implausible;
when food is exchanged between juveniles and adults, it is
the latter who feed the former. Collective trackways clearly
indicative of dinosaur packs or flocks incorporating poten-
tial parents and offspring are not known. Dinosaurs of a
few hundred kilograms on down that tended to their nests
are the best candidates for parenting. The nonpredatory
elaphrosaurs, medium-sized therizinosaurs, oviraptors,
and especially the ratite-like ornithomimosaurs were most
likely to have practiced the scheme of precocial chicks fol-
lowing their adults as the former feed themselves. If so, it
is very possible that males did much or most of the care-
taking in some taxa. When broods were large, they would
have consisted of juveniles of assorted parents, cared for
by a locally dominant couple ready to defend the chicks
while leading them to suitable food sources. It is possible
that no Mesozoic avepods brought food to helpless altri-
cial nestlings that could not leave their nests.

What no dinosaur did was lavish its offspring with the
intensive, often long-term parenting typical of many mam-
mals. And because dinosaurs did not nurse, it is likely that
most of them could grow up on their own normally or
even if something happened to the grown-ups.

Some marsupials and large primates, including humans,
grow no faster or only a little faster than the fastest-grow-
ing land reptiles. Other mammals, including other marsu-
pials 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 espe-
cially true of altricial species and 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
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to be having an aerobic capacity high enough to allow the
growing 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 ac-
cidents make it statistically improbable that unarmored,
nonaquatic animals will live very long lives, so they are
under pressure to grow rapidly. On the other hand, start-
ing to reproduce 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;
however, 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
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 an increasing number of extinct dinosaurs, but this
technique can be problematic because some living 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 exactly how fast
is difficult to pin down. There are additional statistical is-
sues 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 sam-
pled so far appear to have grown at least somewhat faster
than land reptiles. A possible exception is a very small, bird-
like troodont theropod whose bone rings seem to have been
laid down multiple times in a year, perhaps because it was
reproducing while growing. Most small dinosaurs fall along
the lower end of the mammalian zone of growth, perhaps
because they were reproducing while immature. Big dino-
predators appear to have grown as fast as similar-sized land
mammals, albeit with considerable variation between types.
Tyrannosaurids appear to have been on the faster growth
rate side of things, with Tyrannosaurus reaching final size in
about two decades—note that a Jurassic Park scenario flaw as
glaring as it usually goes unnoticed is the presence of gargan-
tuan artificially bred dinosaurs so soon after the initiation of
the paleo theme park project.

The cessation of significant growth of the outer surface
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 or de-
cades: elephants live about half a century and giant whales
can last longer, with the sluggish right whales 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 their rapid growth
with rather short life spans of 20 to 30 years. Other giant
avepods, such as Giganotosaurus, did not grow as extremely
fast and lived longer, up to half a century.
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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
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 ac-
tivity for extended periods. The ability to better exploit
oxygen for power over time is probably the chief advan-
tage of being tachyenergetic. Tachyenergetic animals also
use anaerobic power to briefly achieve the highest levels of
athletic performance, but they do not need to rely on this
as much as reptiles, are not at risk of serious self-injury,
and can recover more quickly. Because tachyenergetic ani-
mals have high metabolic rates, they produce most of their
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body heat internally, so they are endothermic. As a con-
sequence, tachyenergetic animals can achieve more stable
body temperatures. Some, like humans, are fully homeo-
thermic, maintaining a nearly constant body temperature
at all times when healthy. Many birds and mammals, how-
ever, allow their body temperatures to fluctuate to varying
degrees, for reasons ranging from going into some degree of
torpor to storing excess heat on hot days, on a daily or sea-
sonal basis. So they are semiheterothermic or semihomeo-
thermic depending on the degree of temperature variation.
The ability to keep the body at or near its optimal tem-
perature is another advantage of having a high metabolic
rate. Normal body temperatures range from 30°C to 44°C
(86°F-105°F), with birds always at least at 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 monotremes, some marsupials, hedgehogs, armadil-
los, 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 rep-
tiles. In general, marsupials are somewhat less energetic
than their placental counterparts, so kangaroos are about
a third more energy efficient than deer. Among birds, the
big ratites are about as energy efficient as similar-sized mar-
supials. At the other extreme, some small birds share with
similarly tiny mammals 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
acquire even more energy, which can then be dedicated
to the key factor in evolutionary success, reproduction.
Tachyenergy has allowed mammals and birds to become
the dominant 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, reptile-like 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. Insects
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can do this because they have a dispersed system of tra-
cheae 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 dino-
saur energetics was largely reptilian, but most researchers
now agree that their power production and thermoregula-
tion 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 energetics, as there is in birds and especially mam-
mals.

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 brady-
energetic animal has erect legs. Walking is always energy
expensive—it is up to a dozen times more costly than swim-
ming the same distance—so only aerobically capable ani-
mals can easily walk faster than 3 km/h. The long, erect
legs of dinosaurs matched those of birds and mammals 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 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 tridactyl dinosaurs show that they normally
walked at speeds of 4-7 km /h (average 4 mph), much faster
than the slow speeds recorded in the trackways of prehis-
toric reptiles. Dinosaur legs and the trackways they made
both indicate that the dinosaurs’ sustained aerobic capac-
ity well exceeded the reptilian maximum. That meant that
they could forage over much longer ranges and areas than
carnivores with reptilian energetics. They also had the po-
tential to migrate, but big cats, canids, and hyenas tend not
to do so, finding it more selectively advantageous to stay
in place and go after the local herbivores and any that are
passing by on their arduous migrations.

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 protodi-
nosaurs and first theropods had a short pelvis that could
have anchored only a narrow thigh, yet their legs are long
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and erect. Such a combination does not exist in any mod-
ern animal. This suggests that the small-hipped dinosaurs
had an extinct metabolic system, probably intermediate
between those of reptiles and mammals. All other avepods
had the large hips able to support the large thigh muscles
typical of more aerobically capable animals.

That many dinosaurs, therizinosaurs most of all among
avepods, could hold their brains far above the level of their
hearts indicates that they had the high levels of power pro-
duction seen in similarly tall birds and mammals.

If we turn to breathing, an intermediate metabolism is
compatible with the unsophisticated lungs that protodino-
saurs and basal dinopredators appear to have had. The
increasingly highly efficient birdlike air-sac-ventilated re-
spiratory complex of avepod theropods is widely under-
stood as being evidence that elevated levels of oxygen
consumption were further evolving in these dinosaurs.

Many birds and mammals have large nasal passages
that contain respiratory turbinals. These are used to pro-
cess exhaled 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. Be-
cause they breathe more slowly, reptiles do not need or
have respiratory turbinals. Some researchers point to the
lack of preserved turbinals in dinosaur nasal passages, and
the small dimensions of some of the passages, as evidence
that dinosaurs had the low respiration rates of bradyen-
ergetic 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: California condors, for example, have
tiny nostrils. The space available for turbinals has been
underestimated in some dinosaurs, including the usually
big-snouted dinopredators. Overall, the turbinal evidence
does not seem to be definitive.

The presence of a blanket of hollow fibers in a growing
array of small dinosaurs is strong evidence of elevated met-
abolic rates. Such insulation hinders the intake of environ-
mental heat too much to allow ectotherms to quickly warm
themselves and is never found adorning bradyenergetic
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 uninsu-
lated skin of many dinosaurs is compatible with high met-
abolic 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 in-
sulation, and the bulk of large dinosaurs eliminated any
need for it.

The low exercise capacity of land reptiles appears to
prevent 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 ani-
mals are able to eat the large amounts of food needed to
produce the power needed to gather the additional large
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fairly recently; the dominant open-area proboscidean used
to be one of the biggest land mammals ever, Palaeoloxodon
recki. A relative of the Asian elephant, it probably had
small ears of little use for shedding body heat at any tem-
perature. It is actually small animals that are most in dan-
ger of suffering heat exhaustion and heat stroke because
their small bodies 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 cool-
ing. Because they have a low surface area/mass ratio, large
animals are protected by their bulk against the high heat
loads that occur on very hot days, and they can store the
heat they generate internally. Large birds and mammals
retain the heat they produce during the day by allowing
their body temperature to climb a few degrees above nor-
mal and then dumping it into the cool night sky, prepar-
ing for the cycle of the next day. A basic behavioral means
by which flesh-eating dinosaurs would have minimized
their heat problem would have been by simply avoiding
hunting in the middle of hot, sunny days, instead tak-
ing a rest in the shade or a bath in water, if available,
instead. Avepods of all sizes have been able to use
their air-sac ventilation system to help keep cool
while curtailing water loss.
At the other end of the temperature spec-
trum, the presence of a diverse array of di-
nosaurs in temperate polar regions
and highlands that are known
to have experienced freezing

amounts of food needed to grow rapidly. Tachyenergetic
juveniles either gather the food themselves or are fed by
their parents. That the predatory 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—similar in mass to the
greatest avepods—Iive in the Namib Desert of the Skel-
eton 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 dino-
saurs could not do. However, elephants flap their ears only
when the ambient temperature is below that of their bod-
ies. When the air is as warm as the body, heat can no lon-
ger 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 elephant until
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conditions during the winter,
and were not particularly warm
even in the summer, provides additional evidence that di-
nosaurs were better able to generate internal 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 escape the cold;
it would have cost too much in time and energy, and in
some locations, oceans barred movement toward warmer
climes. A point that is unknown is whether large polar and
high-altitude dinosaurs retained bare skin, in which case
they would have needed high internal heat production to
ward off frostbite, or whether they were heavily insulated,
which also supports tachyendothermy. That the largest
known, over a tonne, Early Cretaceous tyrannosauroid
living at chilling high altitudes was well feathered hints at
possibilities. The largest known polar avepods were Late
Cretaceous tyrannosaurids over two tonnes, but the status
of their skin remains unknown. 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. While many if not all the bur-
rows were dug by herbivores, the cold-evading flesh eat-
ers may have evicted them on occasion to squat on the
property.

Bone isotopes have been used to help assess the me-
tabolism of dinosaurs. These can be used to examine the
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temperature fluctuations that a bone experienced dur-
ing life. If the bones show evidence of strong tempera-
ture differences, then the animal was heterothermic on
either a daily or seasonal 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 homeothermic, and therefore more tachyener-
getic and endothermic, than crocodilians from the same
formations.

Bone biomolecules too are being used to restore the met-
abolic rates of dinosaurs. This effort is in its early stages,
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. Also, the sample of dino-
saurs is too limited to allow high confidence in the results
to date, which 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 and with 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 avepods big and small remaining so, await
further analysis.

Because the most basal and largest of living birds, the
ratites, have energy budgets similar to those of marsupi-
als, it is probable that most or all of their Mesozoic rela-
tives did not exceed this limit. This fits with some bone
isotope data that seem to indicate that dinosaurs had mod-
erately high levels of food consumption, somewhat lower
than seen in most placentals of the same size. Possible ex-
ceptions include polar dinosaurs that remained active in
the winter and needed to produce lots of warmth. At the
opposite end of the spectrum, early dinosaurs, and awk-
ward therizinosaurs, probably had modest energy budgets
like those of the less-energetic mammals. It is likely that
dinosaurs, like birds, were less prone to controlling their
body temperatures as precisely as do many mammals. 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
(100°F) 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
during the winter. Some researchers have characterized
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dinosaurs as mesotherms, intermediate between reptiles
on the one hand and mammals and birds on the other.
But because some mammals and birds themselves are met-
abolic 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,
intermediary label.

Until the 1960s it was widely assumed that high meta-
bolic rates and/or endothermy were an atypical special-
ization among animals, being limited to mammals and
birds, and perhaps to some therapsid ancestors of mam-
mals and the flying pterosaurs. The hypothesis was that
being tachyenergetic and endothermic is too energy expen-
sive and inefficient for most creatures and evolved only in
special circumstances, such as the presence of live birth
and lactation or powered flight. Energy efficiency should
be the preferred status of animals, as it reduces their need
to gather food in the first place. Since then it has been re-
alized 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 ma-
rine turtles and the oceangoing plesiosaurs, ichthyosaurs,
and mosasaurs, brooding pythons, basal archosaurs, basal
crocodilians, pterosaurs, all dinosaurs including birds,
some pelycosaurs, therapsids, and mammals. Energy-ex-
pensive 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 al-
lows 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 efficiently or not. What-
ever works, works. So many animals do live on low, en-
ergy-efficient budgets, while others follow the scheme of
using more energy to acquire yet more energy that can be
dedicated to reproducing 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 lev-
els of sustained activity regardless of the ambient tempera-
ture, whether at sea level in the tropical daylight or during
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 tempera-
tures also thrive in warm and even hot climes, where they
beat out the bradyenergetic creatures in activity levels. So
both hypotheses are operative, and which is more so de-
pends on the biocircumstances—including being really big
on land.
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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.

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

Predatory dinosaur giants compared to big birds
and large carnivorous mammals
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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 num-
ber of Mesozoic dinosaurs, including those predaceous,
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exceeded a tonne, as have mammals since then, is compel-
ling evidence that they too had high aerobic power capac-
ity and the correspondingly elevated energy budgets.

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 both to re-
tain internal warmth when it is chilly and to keep external
heat out and store heat on hot days.

Another subtle reason that dinosaurs, particularly su-
peravepods, could become so enormous has to do with
their mode of reproduction. Because big mammals are
slow-breeding K-strategists that lavish attention 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 always has to
be a lot of grown-ups, the size of the adults has to be limited
in order to avoid overexploiting their ecosystem’s food re-
sources, which will cause the population to collapse. This
constraint appears to limit slow-reproducing 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 carnivorous mam-
mals cannot maintain a viable population if they are larger
than between 0.5 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, approach-
ing or in the area of the low six figures, was able to produce
large numbers of young each year. Even if all adults were
killed off on occasion, their eggs and offspring could sur-
vive 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.
Because the bulk of the biomass of adult dinoherbivores
was tied up in oversized giants, the theropods needed to
evolve great size themselves in order to be able to fully ac-
cess 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 juveniles is not logical—and
the fast-breeding and fast-growing, high-energy predators
had the ability to reach such tremendous size. The exis-
tence 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 appearance of supersized theropods that could bring
them down.

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
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 up to 10 tonnes and whales up to 200. In the
dinosaur era it occurred between orca-sized theropods and
whale-sized sauropods, hadrosaurs, and ceratopsids.

HUNTING, SCAVENGING, AND DEFENSE

None of the sauropodomorph or ornithischian dinosaurs
were archpredators. That does not mean, however, they
were purely pacific plant eaters. Ratites are omnivores
happy to snatch up small creatures and insects. Even cattle
and deer occasionally ingest animal protein and calcium.
The dinosaurs least prone to do so would have been those
large ornithopod ornithischians with blunt beaks. Most or-
nithischians, as well as oviraptorosaurs, had sharp beaks,
sometimes hooked, and in some cases fangs that would
have allowed them to catch and dispatch prey and to scav-
enge. They would have been suid-like omnivores, includ-
ing the big-horned ceratopsids that may have competed
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with tyrannosaurids for access to carcasses. With their long
necks, sauropods, prosauropods, therizinosaurs, ornithomi-
mids, and elaphrosaurs would have had no trouble reach-
ing out and up to pick up small creatures, and dine on dead
corpses, to supplement their vegetarian diets. While sauro-
pod heads look small, that is relative to the rest of their bod-
ies. In absolute terms their heads could be quite large, the
mouth of Giraffatitan was a third of a meter broad and could
swallow creatures weighing tens of kilograms—the children
in Jurassic Park would not have been as safe as they seemed.

Among dinosauriforms, only protodinosaurs, herre-
rasaurs, and theropods—mostly avepods but excluding
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nonpredaceous elaphrosaurs, ornithomimosaurs, ther-
izinosaurs, oviraptorosaurs, and alvarezsaurs—were
full-blown flesh and, to a certain extent, bone-craving pre-
daceous carnivores that made a living by eating other ver-
tebrates for their main sustenance. While doing so the only
competition they had to deal with were a few terrestrial
crocodilians, none of which were giants.

A big difference between Mesozoic and Cenozoic cir-
cumstances is the size factor. In the Age of Mammals, the
biggest terrestrial carnivores have been one tonners going
after 10 to 20 tonners. In the Age of Dinosaurs, it was 5-10
tonne avepods assaulting sauropods of 20 to 200 tonnes,
for reasons that were just discussed.

Another contrast between dinosaur and mammal preda-
tor—prey affairs is that therian hunting is limited to adults
often involved with raising and feeding their innocuous
young and to large juveniles in training, whereas the ju-
veniles of predaceous dinosaurs, especially the larger ex-
amples, were deadly hunters competing with similar-sized
adults of other species while posing a serious threat to prey
dinosaurs. This is a fundamental difference—one driven
by radically different reproductive adaptations—between
the dinosaur-dominated versus mammal-dominated preda-
tor—prey faunas of the Mesozoic versus Cenozoic.

Shared with hunting mammals was that most dinosaur
habitats and faunas had more than one big predator in
each one: Allosaurus, Ceratosaurus, and Torvosaurus in the
Morrison; Giganotosaurus and Ekrixinatosaurus in the Can-
deleros; Carcharodontosaurus and Rugops in the Echkar;
Gorgosaurus and Daspletosaurus in Dinosaur Park; Tarbo-
saurus and Alioramus in the Nemegt; and Tyrannosaurus,
Nanotyrannus, and Stygivenator in the Hell Creek, Lance,
and other formations, with T. rex and T. regina alive at the
same time. This is similar to bears, wolves, and cougars in
western North America and lions, leopards, cheetahs, hy-
aenas, and hunting dogs in eastern and southern Africa.
That the Horseshoe Canyon fauna seems to have featured
only Albertosaurus seems to have been a rarity.

In a given dinosaur habitat each predator species and
individual would tend to concentrate on those prey items
best suited for the carnivore’s characteristics regarding its
size, speed, and killing power and techniques. Giant adults
would focus on mega prey, while their juvenile and small
theropods would be limited to similarly lesser victims on
down to insects no grown-up Tyrannosaurus would con-
sider dining upon. Even so, there was lots of dietary over-
lap. Wolves eat caribou and moose as well as the voles and
mice coyotes commonly target. Cape hunting dogs snap
up rodents, and their packs bring down big ungulates. It
is possible that robust Daspletosaurus was more prone to
taking on the combative parrot-beaked and horned cera-
topsids while its more gracile competitor Gorgosaurus went
after the more vulnerable duck-billed hadrosaurs, but both
probably fed on the other’s preference on a common basis.
While lithe Stygivenator, Nanotyrannus, and juvenile Tyran-
nosaurus were all targeting different, smaller prey than the

massive adults of the latter, the bigger arms, less robust
teeth, and more gracile legs of Stygivenator and Nanotyran-
nus show they were doing so in a different manner from
young Tyrannosaurus and quite successfully— they out-
numbered the fast-growing Tyrannosuarus two to one. In
some cases what was eating what is more perplexing. Al-
losaurus was generally larger than contemporary Ceratosau-
rus, but the latter had larger teeth so may have been more
prone to attack sauropods and stegosaurs than it first ap-
pears.

A main means by which Mesozoic predatory dinosaurs
small and large and young and old caught prey was by run-
ning it down, all examples having the well-muscled, flexed,
long-footed, birdy legs needed to run at good speed. And
they all had the elevated aerobic exercise capacity and
high body temperatures that allowed them to sustain the
high speeds to a greater degree than did bradyaerobic rep-
tiles, this being most true in avepods yet more so in the
big-hipped averostrans and beyond. Among the big di-
nosaurian carnivores, it was long-legged, large-hipped,
small-armed abelisaurs and especially the tyrannosaurids
of the Late Cretaceous that went the furthest in regard to
the speed pursuit factor. The Cenozoic predatory ground
birds of South America could have given their Mesozoic
predecessors a run for their money. Few mammal hunt-
ers could match or exceed the avepods pace, the exception
being cheetahs, which are probably the fastest of land ani-
mals to have evolved.

In general, dinosaur hunters were faster than their di-
nosaur prey. Prosauropods were never speedsters, per-
haps even less so were derived therizinosaurs, while heavy
limbed sauropods and stegosaurs were limited to an amble
about a third as fast as their tormentors. Also not speedy
were the armored dinosaurs. Ceratopsians small to gigan-
tic could run, trot, and perhaps gallop at a good clip. At
least as fast and often more so among ornithischians were
lesothosaurs, heterodontosaurs, pachycephalosaurs, and
petite to gigantic ornithopods. Among the latter, the big
hadrosaurs with their gracile arms should have been able
to outpace the clunkier, heavier-armed iguanodonts. The
few prey dinosaurs that were really swift were of course
the ratite-like ornithomimids, plus caudipterids, avimim-
ids, and alvarezsaurs—but these were all Cretaceous; of
them, only the alvarezsaurs are known from south of the
equator, where they were not commonplace. Back in the
Jurassic the nonpredaceous elaphrosaurs were fairly fleet.
This situation of most predators being faster than most of
the prey is another big difference with the layout of mod-
ern land mammals, in which some of the ungulates pos-
sess extremely gracile, long, unguligrade limbs that give
them nominally greater velocity than the digitigrade and
plantigrade carnivores, with ratites also being faster than
the latter. In Australia the bounding kangaroos could out-
pace the marsupial and super lizard hunters until human
invaders did the pouched predator in. The hows and whys
of the predator—prey speed contest are interesting. When
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on the hunt, meat eaters have the advantage of carrying
small digestive tracts empty of food that are much lighter
than the bulky digestive complexes packed with digesting
fodder plant consumers have to carry around all the time,
even when fleeing for their lives. Swift quadrupedal mam-
malian herbivores have been able to get around the gut
size disadvantage via the adaptation of legs with very wil-
lowy unguligrade feet, while the carnivores have to have
flatter-footed limbs robust enough to grapple with prey,
so they have trouble keeping up with their toe-tip-run-
ning targets. That said, there are videos showing brown

Running predatory
dinosaurs

Liliensternus

bears successfully chasing down large, apparently fit, and
fast elk galloping full tilt across fields. Being bipeds that
in most cases did not use their hindlimbs to injure prey,
theropods and company were free to maximize their legs’
running potential. Meanwhile, bipeds have to have toes
that lie flat on the ground to avoid tipping over when not
standing, so bipedal herbivorous dinosaurs could not go
extreme unguligrade. That the nonpredaceous ornithomi-
mids, caudipterids, avimimids, and alvarezsaurs had ex-
ceptional digitigrade running legs may be due to their not
being burdened by capacious fodder-fermenting guts; that
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Archaeopteryx albersdoerferi 196
Avrchaeopteryx grandis 196

Archaeopteryx lithographica 196
Archaeopteryx siemensii 194-195
Archaeornithomimus asiaticus 181
Arcovenator escotae 123
Aristosuchus pusillus 174
Asfaltovenator vialidadi 139-140
Arkansaurus fridayi 178
Atrociraptor marshalli 206
Aucasaurus garridoi 125
Aurornis xui 191

Australovenator wintonensis 153
Austroraptor cabazai 204
Aveairfoilians 188-247

Avepods 113-247

Awerostrans 119-247
Avetheropods 138-247
Aviatyrannis jurassica 151
Avimimids 238-239

Avimimus nemegtensis 238
Avimimus portentosus 238-239

Bagaraatan ostromi 162
Bahariasawrus ingens 128-129
Balaur bondoc 188
Bambiraptor feinbergi 205
Banji long 242

Bannykids 228

Bannykus wulatensis 228
Basal predatory dinosaurs 107—-111
Baryonyx cirugedae 136
Baryonyx lacustris 137
Baryonyx natarioi 136
Baryonyx tenerensis 136137
Baryonyx walkeri 136
Baso—ornithomimosaurs 177-180
Baso—tetanurans 130-132
Baso—therizinosaurians 221-222
Basotheropods 111-113
Baso—troodonts 211-214
Baso—tyrannosauroids 149-155
Beibeilong sinensis 241
Beipiaosaurus inexpectus 223
Beishanlong grandis 178
Berberosaurus liassicus 119
Berthasaura leopoldinae 128
Bicentenaria argentina 168
Bistahieversor sealeyi 160
Bonapartenykus ultimus 228
Boreonykus certekorum 210
Bradycneme draculae 188
Buitreraptor gonzalezorum 204
Byronosawrus jaffei 215
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Caenagnathasia martinsoni 239
Caenagnathids 239-240
Caenagnathoids 239-240
Caenagnathus collinsi 239
Caihong juji 189
Camarillasaurus cirugedae 136
Camposaurus arizonensis 114
Carcharodontosaurids 145-149
Carcharodontosaurus carolinii 148
Carcharodontosaurus iguidensis 148
Carcharodontosaurus saharicus 148
Carnosaurs 139-149
Carnotaurus sastrei 126-127
Caseosaurus crosbyensis 108
Caudipterids 236-238
Caudipteryx dongi 236
Caudipteryx yixianensis 238
Caudipteryx zoui 236-237
Ceratonykus oculatus 229
Ceratosaurids 120-121
Ceratosaurus dentisulcatus 121
Ceratosaurus magnicornis 120
Ceratosaurus nasicornis 120-121
Ceratosaurus unnamed species 121
Changyuraptor yangi 200
Chenanisaurus barbaricus 126
Chilantaisaurus tashuikouensis 149
Chilesaurus diegosuarezi 132
Chindesaurus bryansmalli 108
Chirostenotes elegans 239
Chirostenotes pennatus 239
Chirostenotes pergracilis 239
Citipati elegans 239

Citipati mongoliensis 242

Citipati osmolskae 242-244
Coelophysids 114-117
Coelophysis arizonensis 114
Coelophysis bauri 115
Coelophysis holyokensis 116
Coelophysis kayentakatae 116
Coelophysis rhodesiensis 115-116
Coelophysoids 114

Coeluridae 168

Coeluroides largus 124
Coelurosaurs 149-247

Coelurus fragilis 168
Compsognathids 170-175
Compsognathus corallestris 171
Compsognathus longipes 170-171
Compsosuchus solus 124
Concavenator corcovatus 145-146
Conchoraptor barsboldi 246-247
Conchoraptor gracilis 246
Conchoraptor huangi 247
Conchoraptor yanshini 243, 246
Condorraptor currumili 133
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Corythoraptor jacobsi 242
Cristatusaurus lapparenti 136
Cryolophosaurus ellioti 131-132
Cryptovolans pauli 202

Daemonosaurus chauliodus 111-112
Dahalokely tokana 128
Dakotaraptor steini 206-207
Daliansaurus liaoningensis 214
Daspletosaurus horneri 162
Daspletosaurus torosus 160—-161
Daspletosaurus wilsoni 161
Daspletosaurus unnamed species 162
Datanglong guangxiensis 138
Daurlong wangi 198—199
Deinocheirus mirificus 178-180
Deinonychosaurs 188-219
Deinonychus antirrhopus 207
Deltadromeus agilis 128-129
Didactylornis jii 232

Dilong paradoxus 150-151
Dilophosauridae 117-118
Dilophosaurus wetherilli 118-119
Dineobellator notohesperus 210
Dracoraptor hanigani 114
Dracovenator regenti 118
Dromacosaurids 197-210
Dromaeosaurines 205-207
Dromaeosaurus albertensis 206
Dromicieomimus brevitertius 186
Dromicieomimus ingens 186
Dromicieomimus unnamed species 186
Dryptosavwrus aquilunguis 154
Dubreuillosaurus valesdunensis 134
Duriavenator hesperis 134

Dynamoterror dynastes 159
Dzharaonyx eski 228

Ekrixinatosaurus novasi 124
Elaphrosaurines 127-128
Elaphrosaurus bambergi 127
Elaphrosaurus unnamed species 128
Elemgasem nubilus 124

Elmisaurus rarus 240

Enigmosaurus mongoliensis 226
Eoabelisaurus mefi 122

Eocarcharia dinops 146
Eodromaeus murphi 111
Eosinopteryx brevipenna 193
Eotyrannus lengi 151
Epichirostenotes curriei 239-240
Epidendrosaurus ningchengensis 187
Epidexipteryx hui 187
Erlianosaurus bellamanus 224
Erlikosaurus andrewsi 225-226
Eustreptospondylus oxoniensis 153
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Falcarius utahensis 221-222
Frenguellisaurus ischigualastensis 109
Fujianvenator prodigiosus 190
Fukuiraptor kitadaniensis 153
Fukuivenator paradoxus 221

Gallimimus bullatus 182
Garudimimus brevipes 178
Gasosaurus constructus 132
Geminiraptor suarezarum 215
Genusaurus sisteronis 130
Genyodectes serus 119
Giganotosaurus carolinii 148
Gigantoraptor erlianensis 241
Gnathovorax cabreirai 109
Gobivenator mongoliensis 216-217
Gojirasaurus quayi 117
Gorgosaurus libratus 157-158
Graciliraptor lujiatunensis 199
Gualicho shinyae 138
Guanlong wucaii 150

Hagryphus giganteus 239
Halszkaraptorines 203
Halszkaraptor escuilliei 203
Haplocheirids 175-176
Haplocheirus sollers 175-176
Harpymimus okladnikovi 178
Herrerasaurus cabreirai 109
Herrerasaurus ischigualastensis 109—110
Hesperornithoides miessleri 211
Hesperonychus elizabethae 202
Hexing qingyi 177

Heyuannia huangi 247
Huanansaurus ganzhouensis 242
Huaxiagnathus orientalis 174-175
Hulsanpes periei 203

Iberospinus natarioi 136
Ichthyovenator lacensis 135
Ilokelesia aguadagrandensis 123
Imperobatar antarcticus 190
Incisivosaurus gauthieri 234
Irritator challengeri 137
Ischisaurus cattoi 109

Jaculinykus yaruui 230

Jeholornids 219-220

Jeholornis curvipes 220

Jeholornis palmapenis 220

Jeholornis prima 220

Jeholraptor haoiana 202
Jianchangosawrus yixianensis 221-222
Jianianhualong tengi 214

Jinbeisaurus wangi 152
Jinfengopteryx elegans 211

Juratyrant langhami 151
Juravenator starki 170

Kaijiangosaurus lini 132
Kansaignathus sogdiansus 207
Kelmayisaurus petrolicus 146
Khaan mckennai 242
Khulsanurus magnificus 229
Kileskus aristotocus 150
Kinnareemimus khonkaenensis 181
Kol ghuva 229

Kryptops palaios 122

Kuru kulla 208

Kurupi itaata 125

Lagosuchus talampayensis 104
Labocania anomala 154
Lajasvenator ascheriae 146
Leshansaurus gianweiensis 141
Lewisuchus admixtus 104—105
Lianoningvenator curriei 212
Ligabueino andesi 129
Liliensternus liliensterni 117
Limusaurus inextricabilis 128
Lingyuanosaurus sihedangensis 223
Linhenykus monodactylus 231
Linheraptor exquisitus 210
Linhevenator tani 216

Llukalkan aliocranianus 125
Lophostropheus airelensis 117
Lourinhanosaurus 145
Lourinhanosaurus antunesi 138
Luanchuanraptor henanensis 199
Luoyanggia liudianensis 240-241
Lucianovenator bonoi 114
Lusovenator santosi 145
Lythronax argestes 159—160

Macrophalangia canadensis 239
Magnosaurus nethercombensis 134
Mahakala omnogovae 203

Maip macrothorax 153
Majungasaurus crenatissimus 123
Maniraptors 186-247
Mapusaurus roseae 149
Marasuchus lilloensis 104
Marshosaurus bicentesimus
Martharaptor greenriverensis 223
Masiakasaurus knopfleri 129
Megalosaurids 134-135
Megalosauroids 133-135
Megalosawrus bucklandi 134
Megapnosaurus rhodesiensis 115116
Megaraptor namunhuaiquii 153
Mei long 212-213

Meraxes gigas 148
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Metriacanthosaurids 140-142
Metriacanthosaurus parkeri 140
Microraptor gui 200
Microraptor hangingi 200
Microraptor pauli 202
Microraptor zhaoianus 199-201
Microraptorines 199-203
Microvenator celer 239
Mirischia asymmetrica 174
Monolophosaurus jiangi 131
Mononykus olecranus 231
Moros intrepidus 152-153
Murusraptor barrosaensis 153

Nankangia jiangxiensis 241
Nanotyrannus lancensis 155
Nanotyrannus unnamed species 155
Nanshiungosaurus brevispinus 225
Nanugsawrus hoglundi 162
Natovenator polydontus 203
Nedcolbertia justinhofmanni 178
Neimongosaurus yangi 224
Nemegtomaia barsboldi 246-247
Nemegtonykus citus 231
Neocoelurosaurs 167-247
Neotheropods 113-247
Neovenatorids 149

Neovenator salerii 149
Neuquenraptor argentinus 204
Niebla antiqua 125
Ningyuansaurus wangi 234
Noasaurids 126-130
Noasaurines 128-130
Noasawrus leali 130

Nomingia gobiensis 240
Notatesseraeraptor frickensis 117
Nothronychus graffami 225
Nothronychus mckinleyi 225
Nqwebasaurus thwazi 177

Oksoko avarsan 247
Omnivoropterygids 232-233
Omnivoropteryx sinousaorum 232
Ondogurvel alifanovi 229
Orkoraptor burkei 153
Ornitholestes hermanni 169
Ornithomimids 180-186
Ornithomimoides mobilis 124
Ornithomimosaurs 176-186
Ornithomimus edmontonicus 185
Ornithomimus samueli 184
Ornithomimus velox 185-186
Ornithomimus unnamed species 184
Ostromia crassipes 193-194
Oweroraptor chimentoi 204

Owiraptorids 240-247
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Owiraptorosauriforms 231-247
Owiraptorosaurs 233-247
Owiraptor philoceratops 241-242
Oxalaia quilombensis 137

Panguraptor lufengensis 116-117
Papiliovenator neimengguensis 214
Paravians 186-247

Parvicursor remotus 229
Patagonykus puertai 228-229
Pedopenna daohugouensis 193
Pelecanimimus polyodon 177
Pendraig milnerae 114
Philovenator curriei 216
Phuwiangvenator yaemniyoni 153
Piatnitzkysaurus floresi 133
Podokesauroids 113—-119
Podokesaurus holyokensis 116
Poekilopleuron bucklandii 134
Powellvenator podocitus 114
Predatory dinosaurs 107247
Proceratosaurus bradleyi 150
Procompsognathus triassicus 114
Protarchaeopterygids 234-236
Protarchaeopteryx gangi 236
Protarchacopteryx gauthieri 234
Protarchaeopteryx robusta 235
Pseudolagosuchus major 104
Pycnonemosaurus nevesi 125

Qianzhousaurus sinensis 157
Qiupalong henanensis 183
Qiupanykus zhangi 229

Quilmesaurus curriei 125

Rahiolisaurus gujaratensis 124
Rahonavis ostromi 205
Rajasawrus narmadensis 123-124
Raptorex kriegsteini 162
Rativates evadens 183
Ricardoestesia gilmorei 190
Richardoestesia gilmorei 190
Rinchenia mongoliensis 242
Riojavenatrix lacustris 137
Rugops primus 123

Saltriovenator zanellai 119
Sanjuansaurus gordilloi 108
Santanaraptor placidus 153
Sapeornis chaoyangensis 232-233
Sapeornis unnamed species 232
Sarcosaurus woodi 120
Saurophaganax maximus 145
Saurornithoides 245
Saurornithoides inequalis 218
Saurornithoides mongoliensis 219
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Saurornithoides junior 219
Saurornitholestes langstoni 206
Scansoriopterygids 186-188
Scansoriopteryx heilmanni 187
Scipionyx samniticus 169
Scivrumimus albersdoerferi 168
Segisaurus halli 117

Segnosaurus galbinensis 225
Serikornis sungei 193

Shanag ashile 199

Shaochilong maortuensis 149
Shenzhousaurus orientalis 178
Shidaisaurus jinae 132

Shixinggia oblita 242243

Shri devi 208

Shuangbaisaurus anlongbaoensis 131
Shuvuuia deserti 229-230
Siamotyrannus isanensis 138
Siamraptor suwati 146
Similicaudipteryx yixianensis 238
Sinocalliopteryx gigas 172, 174
Sinoraptor dongi 140

Sinoraptorids 140-142
Sinornithoides youngi 214
Sinornithomimus dongi 181
Sinornithosaurus hangingi 200
Sinornithosaurus gui 200
Sinornithosaurus haoina 202
Sinornithosaurus lujiatunensis 199
Sinornithosaurus millenii 200
Sinornithosaurus yangi 200
Sinornithosaurus zhaoianus 200-201
Sinosauropteryx prima 172173
Sinosauropteryx unnamed species 172-173
Sinosaurus sinensis 130-131
Sinosaurus triassicus 130-131
Sinotyrannus kazuoensis 151
Sinovenator changii 212-213
Sinraptor dongi 140—141
Sinusonasus magnodens 215
Skorpiovenator bustingorryi 124
Spectrovenator ragei 122

Spiclypus shipporum

Spinosaurids 135-138

Spinosawrus aegypticus 138
Spinostropheus gautieri 127
Staurikosaurus pricei 109
Stenonychosaurus inequalis 218-219
Stenonychosarurus unnamed species 217-218
Stokesosaurus clevelandi 151
Stokesosaurus langhami 151
Struthiomimus altus 183
Struthiomimus sedens 186
Struthiomimus unnamed species 183-184
Struthiomimus unnamed species 186
Stygivenator molnari 154

Stygivenator unnamed species 154
Suchomimus tenerensis
Suskityrannus hazelae 152
Suzhousaurus megatherioides 224
Syntarsus kayentakatae 116
Syntarsus rhodesiensis 115-116
Szechuanosaurus campi 140

Talos sampsoni 216
Tanycolagreus topwilsoni 168
Tarbosaurus bataar 162-163
Tarbosaurus efremovi 162163
Tawa hallae 112113
Teratophoneus curriei 160
Tetanurans 130-247
Therizinosaurians 220-227
Therizinosaurids 224-227
Therizinosauriforms 219-227
Therizinosauroids 222-227
Therizinosaurus cheloniformis 226-227
Theropods 111-247
Tianyuraptor ostromi 198
Timurlengia euotica 152
Tongtianlong limosus 242
Torvosaurus tanneri 135
Tratayenia rosaiesi 153
Tralkasaurus cuyi 124

Troodon formosus

Troodontids 210-219
Troodontines 216-219

Tsaagan mangas 209-210
Tugulusaurus facilis 228
Tyrannosaurids 156167
Tyrannosauroids 149-167
Tyrannosaurus imperator 162—163
Tyrannosaurus megagracilis 166
Tyrannosaurus mcraeensis 162—164
Tyrannosaurus regina 165-166
Tyrannosaurus rex 164—165
Tyrannotitan chubutensis 148
Tugulusaurus faciles 228

“Ubirajara jubatus” 171

Unenlagia comahuensis 204

Unenlagia paynemili 204

Unenlagiines 203-205

Unnamed genus albersdoerferi 196
Unnnamed genus and /or species 207
Unnamed genus bohlini 224
Unnamed genus nemegtensis 238
Utahraptor ostrommaysorum 205

Vallibonavenatrix cani 137
Vectaerovenator inopinatus 130
Vectiraptor greeni 198
Velociraptorines 207-210
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Velociraptor mangas 209-210

l
Velociraptor mongoliensis 209
Velociraptor osmolskae 209
Velocisaurus unicus 129
Vesperasaurus paranaensis 130
Viavenator exxoni 124-125

Wellnhoferia grandis 196
Wiehenvenator albati 135

Wulatelong gobiensis 242
Wulong bohaiensis 202

Xenotarsosaurus bonapartei 123
Xiaotingia zhengi 193
Xingtianosaurus gangi 236
Xinjiangovenator parvus 238
Xiongguanlong baimoensis 152
Nixianykus zhangi 229
Nixiasaurus henanensis 215
Xuanhanosaurus gilixiaensis 132
Xunmenglong yingliangia 171

Yangchuanosaurus dongi 140—141
Yangchuanosaurus hepingensis 141
Yangchuanosaurus magnus 141
Yangchuanosaurus shangyuensis 141-142
Yangchuanosaurus zigongensis 140
Yiqi 187

Yixianosaurus longimanus 188
Ypupiara lopai 204

Yulong mini 141

Yunyangosawrus puanensis 135
Yurgovuchia doellingi 197
Yutyrannus huali 151-152

Zanabazar junior 219
Zhenyuanlong suni 198
Zhongjianosaurus yangi 199
Zhuchengtyrannus magnus 162
Zuolong salleei 168
Zupaysawrus rougieri 118

INDEX TO FORMATIONS

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

Alcantara 137

Allen 125, 204

Allen, upper 228
Altmuhltal, lowermost 194
Altmubhltal, middle 196
Altmuhltal, upper 194
Ambolafotsy 328

Anacleto 125, 153
Anacleto, upper 125
Antlers, level uncertain 146
Arcillas de Morella 137
Argiles et Gres a Reptiles, lower 123
Azilial 119

Bahariya 128, 138, 148

Bajo Barreal, lower 123, 169
Bajo de la Carpa 129, 153
Bajo de la Carpa, upper 125, 228
Barun Goyot 203, 208 (2), 238
Barun Goyot, lower 229, 243
Barun Goyot, middle 229
Barun Goyot, uppermost 231
Bayanshiree 178, 206
Bayenshiree Svita 225, 226
Bayingobi 224, 228

Bevons Beds 130

254

Bissekty 152, 228, 239
Blue Lias, middle 114
Blue Lias, upper 120
Bull Canyon 108

Cachoeria do Born Jardim 125
Calcaire de Caen 134 (2)

Calizas de la Huerguina 145, 177
Camadas de Alcobaca 151
Camarillas 136

Canadon Asfalto 122, 133 (2), 140
Candeleros, lower 124, 148, 204
Candeleros, upper 168

Cedar Mountain, lower 178, 205, 222
Cedar Mountain, lowermost 197, 215, 221
Cedar Mountain, uppermost 153
Cerro Barcino 119, 148
Chanares, middle 104 (2)

Chinle, lower 114

Chinle, middle 108

Chinle, upper 112 (2)

Chinle, uppermost 115

Chorillo 153

Chuanjie 132

Cloverly, middle 207

Cloverly, upper 207, 239

Cooper Canyon 117

Crato 171
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Dalangshan 247

Denver 164, 167

Denver, upper 185

Dermopolis 154

Dinosaur Park, level uncertain 183, 190, 204, 239
Dinosaur Park, lower 161, 184, 204, 218
Dinosaur Park, middle 157, 162, 184, 203, 204
Dinosaur Park, upper 203, 218

Djadokhta 238

Djadokhta, lower 180, 203 (2), 209, 218, 241
Djadokhta, upper 209, 214, 215, 216, 229 (2), 242

Echkar 123, 148

Ejinhoro 214

Elliot, upper 118

Elrhaz, level uncertain 122, 146
Elrhaz, upper 136

Encisco 137

Fengjiahe 131

Ferris 164, 167
Ferruginous Sands 130
Forest Marble 150
Forest Sandstone 115
Frenchman 164, 167

Gaogou 241
Golo Ere 128
Gres superieurs 135

Hall Lake, lower 162

Hanson, lower 131

Haoling 241

Hell Creek, lower 154, 155, 162

Hell Creek, upper 154, 155, 164, 167, 207
Horseshoe Canyon, lower 159, 185, 186, 206, 239
Horseshoe Canyon, middle 159
Horseshoe Canyon, upper 183, 229, 240
Huajiying, lower 171

Huincul 204

Huincul, lower 124, 148

Huincul, middle 123, 124, 138, 149
Huiquanpu 152

Ialovachsk 207

Inferior Oolite 134

Inferior Oolite, upper 134

Iren Dabasu 157, 181, 224 (2), 241
Ischigualasto, lower 108, 109, 110
Itat, upper 150

Javkhlant 229

Jiufotang 223, 238

Jiufotang, lower 151, 200, 220, 232
Jiufotang, upper 202 (2)

Judith River, lower 162

Judith River, middle 161
Judith River, upper 157

Kaiparowits, middle 160, 216, 239
Kayenta, lower 118

Kayenta, middle 116

Kem Kem Beds, upper 148

Khok Kraut 146

Kimmeridge Clay 151

Kirtland, lower 160

Kirkwood, upper 177

Kitadani 153, 221

Klettgau, uppermost 117

La Amarga 129

La Bocana Roja 154

La Colonia 126

Lameta 124

Lance, lower 163, 186
Lance, upper 164, 167
Lecho 130

Lianmugin, lower 228
Longjiang 198

Los Colorados 118

Los Colorados, upper 114
Lourinha, lower 121
Lourinha, middle 145
Lowenstein, middle 114
Lufeng, lower 116, 130
Lufeng, upper 130

Maevarano 123, 205

Magnesian Conglomerate 114
Majiacun 215, 229

Maleri, lower 108

Marilia 125, 204

Menefee, upper 159

Moon-Airel 117

Mooreville Chalk, lower

Moreno Hill, lower 152, 225
Mornsheim, level uncertain 196
Mornsheim, lower 196

Morrison, lower 120, 143, 168 (2), 169
Morrison, lower middle 143
Morrison, middle 120, 128, 132, 135, 189, 211
Mortrison, upper 121, 145

Morrison, upper middle 145
Mulichinco, middle 146

Nanxiong 241, 242 (2)

Nanyuan 190

Navajo Sandstone 117

Nemegt 238, 247

Nemegt, level uncertain 157

Nemegt, lower 162, 178, 226, 231, 239, 240
Nemegt, middle 206, 219, 231, 242, 247
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Nemegt, upper 182, 206, 219, 231, 242, 247
Nemegt Svita 162, 181

New Egypt 154

Nogoon Tsav 157

North Horn 167

Qjo Alamo, lower 210
Oldman, upper 161
Ornatenton, upper 135
Oxford Clay, middle 133
Oxford Clay, upper 138, 140

Painten, level uncertain 170
Painten, lowermost 194
Painten, lower, 170
Painten, middle 193

Papo Seco 136

Pari Aike 153

Penthievre beds 140
Pingling 243

Portezuelo 124, 153, 204
Portland 116

Praia da Amoreira—Porto Novo 138, 145
Prince Creek, middle 162

Qiaotou 211

Qiupa 162, 183, 229

Quebrada del Barro, upper 114
Qiupa 199, 241

Quirico, lower 122

Rio Neuquen 229
Rio Parana 130
Rogling, upper 168

Saltrio 119

Sanpetru 188

Santa Maria, middle 109
Santa Maria, upper 109
Santana 137, 153, 174

Sao Khua 138, 153, 181
Scollard 164, 167

Sebes 188

Sierra Barrosa 153
Shangshaximiao, lower 141
Shinekhudag 178

Shishugou, lower 131, 150, 175
Shishugou, upper 128, 141, 168, 175
Snow Hill Island, middle 190
Stonesfield Slate 134
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Tecovas 108 (2)

Tendaguru, middle 127
Tiaojishan 187, 193 (2)
Tiaojishan, lower 189
Tiaojishan, middle 187, 191, 193
Tiouraren 127, 134

Toqui 132

Trinity Group 178

Tropic Shale 225

Trossingen 117

Tugulu 146

Twin Mountains 146

Two Medicine, middle 205

Two Medicine, upper 157, 161, 217

Ulansuhai 149 (2), 181, 214, 216, 231, 242
Uncertain 238
Unnamed 126, 169, 171

Wahweap 160
Wangshi Group 241
Wapati, middle 210
Weald Clay 136
Wessex 174, 198
Wessex, lower 149, 151
White Beds of Hermiin Tsav
Willow Creek 164, 167
Winton, upper 153
Wulansuhai 216
Wulansuhai, upper 209

Xiagou 152

Xiashaximiao, lower 132, 140
Xinlong 138

Xinminpu, lower 224
Xintiangou 135

Yanliao 188

Yixian 188, 223, 234

Yixian, level uncertain 152, 200, 221

Yixian, lower 151, 178, 212 (2), 214, 215, 234, 236

Yixian, lowermost 177, 199

Yixian, middle 151, 172 (2), 174 (2), 200, 223, 232, 235, 236
Yixian, upper 198, 202, 214, 220, 236

Yuanpu 157, 162, 225

Zhonggou, lower 224
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