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ABSTRACT

Most aspects of dinosaur biology cannot be observed directly but must be
reconstructed by a variety of often speculative approaches. Overall body form
can be established if good skeletal material of a dinosaur species is available.
From a skeletal reconstruction, interpretations of the animal’s soft parts, and
inferences about how the creature’s skeleton functioned as a living machine,
can be made. Inferences about dinosaur habitat preferences and sociality are
made from observations of the preservational contexts of skeletons, nesting
sites, and trackways. Some aspects of dinosaur biology are interpreted on the
basis of relationships between body size and physiological and ecological
parameters in living animals, but this involves much uncertainty.

Primary tissues of dinosaur bone suggestthat dinosaurs had rapid growth rates,
but calibrating dinosaur growth rates in terms of body mass gained per unit time
is difficult. It is uncertain whether dinosaurs needed metabolic rates comparable
to those of living birds and mammals in order to grow quickly enough to form the
primary bone tissues commonly found in dinosaur skeletons.

No evidence convincingly shows that dinosaurs were endotherms, and some
evidence suggests that they were not. Dinosaurs routinely achieved consider-
ably larger body sizes than do terrestrial mammals, and they maintained viable
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446  FARLOW, DODSON & CHINSAMY

populations in smaller geographic areas than is possible for elephant-sized
mammals. This suggests that dinosaurian food requirements were proportion-
ately less than those of birds and mammals, thus permitting large population
densities.

INTRODUCTION

Dinosaurs have become such prominent features of popular culture that it is
easy to forget that they were once living animals. Countless movies and works
of pulp fiction have made them symbols of immense, ravening destruction,
our culture’s answer to the dragons of earlier mythology—Rahab, Fafnir, and
the Hydra displaced by Tyrannosaurus, Velociraptor, and Godzilla,

Perhaps contributing to this mythic “monster” image is that so many features
that characterize the lives of real animals cannot be observed, but only inferred,
for dinosaurs. We do not know exactly what the external appearance of any
dinosaur was like. We cannot directly determine how much they weighed, how
quickly they grew, how long they lived, or how often they reproduced. It is a
real accomplishment when, for any dinosaur species, we can pin down natural
history details of the kind that ecologists working on living animals can almost
take for granted.

Unfortunately, the popular media often seem unable to distinguish specula-
tion about dinosaur paleobiology from actual observations, and sometimes
paleontologists themselves do not make this distinction sufficiently clear. Once
published, hypotheses become “evidence” cited to support secondary hypothe-
ses. Hypothetical, artistic restorations of living dinosaurs themselves become
rhetorical ammunition in debating interpretations of dinosaur biology.

There is nothing wrong with responsible speculation, though, as long as one
remembers that the plausibility of a hypothesis does not guarantee its truth.
Informed speculation can focus the attention of paleontologists on questions
that might not otherwise be asked, and in the process can suggest new obser-
vations, or ways of looking at previous discoveries, that can either disprove
or corroborate hypotheses about dinosaur biology.

Here we review the kinds of evidence used to reconstruct dinosaurs as living
animals. We then consider selected aspects of dinosaur biology in more detail.

THE “EPISTEMOLOGY” OF DINOSAUR BIOLOGY:
WHAT DO WE KNOW, AND WHAT CAN WE KNOW?

The Fossil Record of Dinosaurs

Inferences about dinosaur biology range from the very robust to the highly
speculative, depending on the kind of evidence adduced in their support.
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Generally, the more directly an interpretation is based on the hard evidence
of the fossils themselves, the greater the confidence that can be placed on it.
Our primary database for understanding dinosaurs is thus the fossil record
itself, with all its biases and imperfections (43). Of 285 genera of dinosaurs
recognized in 1988, about 45% were based on only a single articulated speci-
men, and only about 20% on essentially complete skulls and skeletons. Rough
estimates of the total number of dinosaur genera that lived over the course of
the Mesozoic Era range from as few as 675 to as many as 3400 (43, 120).

Morphological/Comparative Anatomical Arguments

GROSS BODY FORM The popular stereotype notwithstanding, paleontologists
cannot reconstruct an entire skeleton from a single bone unless more complete
remains of the same or a closely related taxon have previously been found.
Given a reasonable skeletal reconstruction (or better still a complete skeleton),
however, paleontologists can make a reasonable conjecture about the soft parts
of the living dinosaur. Even without direct fossil evidence, we may confidently
assert that dinosaurs had hearts, carotid arteries, lungs, and other organs that
all amniotes possess—but we can do much better than that, Comparing the
occurrence of soft tissue structures in cladistic crown-groups [the extant phy-
logenetic bracket (EPB); 15, 138] sharpens our ability to make phylogenetic
inferences about their occurrence in extinct forms. Crocodilians and birds form
the EPB for dinosaurs. Soft structures that are present (e.g. a four-chambered
heart) or absent (e.g. a muscular diaphragm) in both crocodilians and birds
probably were correspondingly present or absent in dinosaurs. When a struc-
ture occurs in only one of the crown-groups, its presence in dinosaurs is more
speculative. A sacral glycogen body occurs in birds, but not in crocodilians.
The same body has been thought to have been present in some dinosaurs (58);
this is not unlikely but is more speculative on phylogenetic grounds. Even
more speculative are structures found neither in crocodilians nor birds, such
as the putative “carotid hearts” suggested to have elevated blood up the necks
of sauropods (29).

In general, muscles with fleshy attachments leave little osteological evidence
of their presence, but muscles with tendinous or aponeurotic attachments are
likely to leave skeletal signatures in the form of crests, ridges, or scars. Based
on the limited number of species studied so far (15, 88, 94), reptiles and birds
seem much less likely to show muscle scars than do mammals—bad news
from the standpoint of restoring dinosaur musculatures. More positively, how-
ever, body size may correlate positively with the prominence of muscle scars
on bones; the large sizes of most dinosaurs may enhance our ability to find
and interpret muscle scars on their bones. Use of the EPB (with crocodilians
and birds again the crown-groups) extends our interpretation of dinosaurian
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musculature beyond the limited evidence from muscle scars, and numerous
restorations of muscle arrangements in particular dinosaurs have been publish-
ed (e.g. 94, 101).

The scant evidence from fossil integument impressions of nonavian dino-
saurs shows a skin with a pebbly, reptilian texture (10, 84, 126). Impressions
of soft, elevated, rectangular scutes have been reported in the tail of a hadrosaur
(64), and conical tail scutes up to 18 cm high from an undescribed sauropod
(36). Such finds offer a rare glimpse into species-specific patterns of ornamen-
tation. Dinosaur color patterns and the use of color in behavioral displays are
completely conjectural, but the EPB method suggests that it is reasonable to
infer that crests, frills, or other features used as display structures were colorful.

FUNCTIONAL MORPHOLOGY Analyses of the shapes of bones and teeth, tooth
wear surfaces, skeletal proportions, and joint configurations have been used
to reconstruct styles of locomotion, feeding, and even intraspecific courtship
and agonistic behavior in dinosaurs (52, 56, 60, 75, 96, 98, 136). Inferences
of this kind often rely, at least in part, on comparisons with the functional
morphology and natural history of living animals. For example, speculations
that the horns of ceratopsids were employed as much or more during intras-
pecific interactions than as anti-predator devices are based partly on observa-
tions of the way horns and hornlike organs are used by living mammals and
reptiles (50, 90), and on what is plausibly interpreted as sexual dimorphism in
the deployment of ceratopsid horns (81).

Sometimes interpretations based on functional interpretations of skeletal
material can be corroborated by other kinds of evidence. The inference that
dinosaurs had an erect limb carriage (at least for the hindlimb—75) is amply
confirmed by the narrow “gauge” of dinosaur trackways (129). Identification
of dinosaur species as camnivores or herbivores on the basis of tooth shapes
and wear surfaces can sometimes be corroborated by stable isotope ratios of
dinosaur bones (9, 99), the occurrence of bite marks in fossil bone, or the
analysis of gut contents or fossilized droppings of dinosaurs (129). Even the
occurrence of injuries in fossil bone, or the development of unusual ossifica-
tions, may shed light on stresses to which the bones were subjected and thus
constrain functional interpretations of osteological structures (115).

BONEHISTOLOGY Although an array of bone tissue types exists in vertebrates,
the basic components of bone remain essentially the same (55). Differences
in bone tissue types reflect differences in the rate of bone formation (106, 110).
Although the organic components of bone decompose after death, the inorganic
fraction is remarkably stable, permitting characterization of fossil bone micro-
structure.

Fibro-lamellar primary bone is formed during very rapid bone deposition;
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it is typical of bird and mammal bones but relatively rare in bones of extant
reptiles, although it has been reported in turtles and crocodilians (46, 108).
More typical of living reptiles is lamellar-zonal bone, indicative of seasonal
alternations between fast and slow rates of bone deposition. Zonal bone is
uncommon in endotherms but does occur (27).

Because the histology of primary bone provides a record of the processes
of growth, it is possible to interpret bone growth patterns in dinosaur species.
However, the task is complicated by the fact that, histologically, dinosaur bone
is not exactly like that of either modem ectotherms or endotherms (see below).

Taphonomic/Aktuopaleontological Arguments

DINOSAUR HABITATS Dinosaur remains are preserved in environments rang-
ing from shallow marine through arid, eolian deposits, but the most frequently
sampled environments are moist lowland settings in the fluvio-deltaic complex
(35, 53, 65, 70, 72, 80, 93, 114), Effective use of taphonomic data for inter-
preting dinosaur paleoecology depends on statistical patterns of occurrence of
fossils in different sedimentary situations. It is unwise to draw conclusions
from the occurrence of a single skeleton in a single depositional setting. The
best bases for making such inferences are situations in which the same taxa
are distributed across a suite of environments, or instances in which a transect
across contemporaneous, environmentally different rock formations can be
made.

In the Late Jurassic Morrison Formation of the western United States, the
same dinosaur fauna occurs at sites distributed over a distance of 1000 km.
The distribution of sauropod genera across a spectrum of preservational envi-
ronments demonstrates that these huge herbivores were not confined to single
environments, but rather roamed across all habitats, and may even have mi-
grated on an annual basis in the face of periodic drought (44). The Morrison
sedimentary record also suggests that stegosaurs may have preferred somewhat
drier habitats than did their sauropod neighbors.

Dinosaur diversity of the moist, fluvio-deltaic, coastal lowland environments
of the Late Cretaceous Judith River Formation of western North America is
high in comparison with that of the drier, more inland Two Medicine Formation
of the same age and region; there is little indication of faunal mixing between
the two formations (7, 12, 65, 133). The omithopods Maiasaura and Oro-
dromeus are absent or uncommon in the lowland faunas, and the common
hadrosaurs and ceratopsians from the lowlands do not occur in the upland
deposits.

Although ceratopsids are common members of both lowland and upland
faunas of the Late Cretaceous of western North America, protoceratopsids are
not found in coastal lowland deposits. Protoceratopsids are rare in North
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America, but along with psittacosaurs can be abundant in xeric inland deposits
of China and Mongolia (40, 74, 80, 97).

In Mongolia, stratigraphically successive Late Cretaceous units demon-
strate strong environmental control of faunas (40, 74, 97). In the older
Djadochta and Barun Goyot Formations, oxidized red sediments record dry
conditions, and the dinosaur fauna is dominated by small and medium-sized
species (protoceratopsids, small theropods, a small ankylosaurid), with rare
evidence of large hadrosaurs and theropods. The youngest unit, the Nemegt
Formation, records the return of moist conditions and fluvial systems. Here
large hadrosaurs and tyrannosaurs dominate the fauna, and even rare sauro-
pods are found.

In many Mesozoic sedimentary units, the number of dinosaur skeletons
known is greatly exceeded by the number of fossilized dinosaur trackways
(82). Jurassic and Cretaceous footprint assemblages in carbonate rocks are
often dominated by tracks of large theropods and sauropods, while track
assemblages in siliciclastic rocks of comparable age are frequently dominated
by omithopod prints (83). Thus the footprint record, like the skeletal record,
allows at least broad inferences about the habitat preferences of particular
dinosaur groups.

Paleogeographic reconstructions of continental positions over the course of
the Mesozoic Era (123), combined with paleoenvironmental reconstructions
for given regions, allow “retrodictions” of ancient climatic regimes (5, 59, 124,
131, 139). The Mesozoic Era seems to have been a time of fairly warm
conditions over much of the planet. At least seasonally dry climates were
widespread in the Triassic Period, and they remained prevalent at low latitudes
through the remainder of the era; moister conditions became established at
midlatitudes in the later Mesozoic, however (6). As a group, dinosaurs coped
with the entire range of Mesozoic climates; some species occupied high-lati-
tude regions that experienced seasonally dark and cool conditions (30, 91a,
109).

DINOSAUR. BEHAVIOR Monotypic bonebeds suggest that certain dinosaurs
lived in single-species groups. This interpretation becomes more compelling
when multiple bonebeds are known for a particular species of dinosaur, thus
demonstrating a repeated tendency rather than a unique event. The Ghost
Ranch Quarry, New Mexico, contains remains of 1000 or more juvenile and
adult specimens of the small Late Triassic theropod Coelophysis that may have
perished in a severe drought (122). Because this deposit is unique, it does not
form any basis for generalization about sociality in Coelophysis. However, the
existence of a similar mass kill of a closely related species (105a) supports the
idea that these small theropods were gregarious, Monotypic bonebeds are
common for the prosauropod Plateosaurus, ceratopsids, and hadrosaurids (34,
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121, 134), strongly suggesting that these dinosaurs lived (and perished) in
herds.

It is common for dinosaur trackway sites to record preferred directions of
travel of trackmakers, but in many instances those preferred directions parallel
ancient shorelines (82). Although it is possible that such sites record move-
ments of herds along a shore, a bimodal, mirror-image pattern of predominant
trackway orientations could merely record movements of solitary animals back
and forth along the shoreline. However, if one trackmaker type shows a
unimodal pattern of trail orientations, while other kinds of trackmakers left the
mirror-image pattern, this suggests that the first set of trails was made by a
group of animals. Even more persuasive trackway evidence of dinosaur so-
ciality comes from sites where parallel trails of a particular kind show abrupt,
side-by-side changes in direction, suggesting that a group of animals simulta-
neously adjusted their movements to avoid colliding with one another (33).

Dinosaur nest sites have yielded a wealth of information about dinosaur nest
building, egg laying, and clutch sizes (19). The spacing of individual nests,
and their occurrence on successive bedding planes, indicate communal nesting
behavior and repeated use of particular nest sites by certain ornithopods (63,
69).

However, identification of the egg-layers is only possible when identifiable
embryos occur within eggs; the mere discovery of a range of growth stages of
a particular dinosaur in the vicinity of a nesting ground is not enough. Mon-
golian eggs long ascribed to Protoceratops turned out, once identifiable em-
bryos were found inside eggs (95), to have been laid by the peculiar theropod
Oviraptor. This discovery suggests that the parent Oviraptor may have guarded
its nest in the manner of many birds and crocodilians (32).

Modeling and Scaling Arguments

A fairly speculative approach to dinosaur biology is the use of mathematical
or even three-dimensional, experimental models to constrain interpretations of
the functions of specialized features of skeletal anatomy. The hollow crests of
lambeosaurine hadrosaurs have been viewed as resonating devices, in part on
the basis of acoustic modeling of the resonant frequencies of such features
(135). The highly vascularized dorsal bony plates of Stegosaurus were sug-
gested to have had a thermoregulatory function because wind-tunnel experi-
ments with model stegosaurs indicated that the plates were deployed in an
ideal arrangement for dumping excess body heat by forced convection (51).
Among the most interesting ideas about dinosaur biology are those based
on scaling arguments, but these are at the same time the interpretations farthest
removed from the fossils themselves. A burgeoning literature considers the
manifold relationships between animal body size and a variety of physiological
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and ecological parameters (16, 37, 100, 104). As the largest land animals in
earth history, dinosaurs become highly appropriate fodder for such rumination.
" However, there is no way of directly weighing a dinosaur. Given a fairly
complete skeleton, a scientific artist can sculpt a life restoration that should
come reasonably close to the body proportions of the living animal. From the
volume of the model and its scale one can then estimate the volume of the
full-sized animal, and given reasonable values of the creature’s specific gravity,
an estimate of the animal’s live mass can be made (1). Alternatively, one can
do a regression of body mass on some skeletal measurement of living animals,
and use the regression equation to predict dinosaur masses from their bones
2, 17).
Each of these approaches has obvious shortcomings. There is no way to be

. sure that an artist has correctly restored the musculature and other soft tissues

on a dinosaur model. One cannot be certain that regression equations based
on living reptiles, birds, or mammals are entirely appropriate for dinosaurs,
and there is the additional problem that some dinosaurs were considerably
larger than living land animals, such that measurements of their bones may lie
well outside the range of data used to create the regression equations. These
uncertainties mean that estimates of dinosaur masses are themselves hypothe-
ses and not observations. Arguments that rely on such mass estimates can be
considered robust only if they hold true for a range of body mass estimates
above and below the estimate actually used.

Scaling arguments and estimates of dinosaur body masses have been used
in discussions of dinosaur food consumption rates, predator/prey ratios, repro-
ductive rates, locomotor capabilities, and body sizes (1, 21, 48, 49, 57, 62,
73). Their most sophisticated use has been in models of dinosaur thermoregu-
lation and life history variation, based on data from living reptiles (45, 125).

As useful as such studies have been in focusing attention on plausible
scenarios for various aspects of dinosaur biology, they are only as good as the
assumptions and data on which they are based. Although their conclusions
may be fairly reliable, they probably cannot be considered as well established
as interpretations made more directly on fossil material.

ASPECTS OF DINOSAUR BIOLOGY

Reproduction and Growth

SEXUALDIMORPHISM Recognition of sexual dimorphism in dinosaurs is based
on analyses of series of specimens that potentially represent single biological
populations (as from a monotypic bonebed) or that putatively represent single
species (specimens from a single geologic formation from a particular region).

All or nearly all dinosaurs were oviparous (19). Because dinosaur eggs are
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not especially large, compared to the sizes of presumed egg-layers, pelvic
architecture is rarely informative as to the sex of individual dinosaurs. How-
ever, in male crocodilians the large, first chevron articulates with the second
caudal centrum, and it is big in order to serve as an anchor for retractor muscles
of an intromittent organ (78). In female crocodilians, in contrast, a relatively
smaller first chevron articulates with the third caudal centrum. Consequently
the female cloaca is larger than that of males, presumably to allow more room
for eggs to pass. The same set of pelvic differences observed in crocodilians
is said to occur in Tyrannosaurus (78), but unlike crocodilians, and like birds
of prey, it is the putative female morph that is larger and more massively built
in Tyrannosaurus.

Dimorphism of display structures is well known in extant, visually oriented
vertebrates. As a working hypothesis, we assume that those individuals of a
particular dinosaur species showing the most conspicuously developed poten-
tial display structures are males, based on what is commonly seen in living
animals. Possible dimorphism of this kind has been inferred for the horns and
frills of ceratopsians, the thickened and ornamented skull domes of pachy-
cephalosaurs, the cranial crests of lambeosaurine hadrosaurs, and more subtly
in the cranial rugosities of theropods and the body armor of ankylosaurs (18,
41, 42, 81, 91, 128).

Robust and gracile morphs occur in small and large species of theropods
(18, 31, 105a). These are usually identified as sexual dimorphs and, as already
noted for Tyrannosaurus, the female is usually suggested to have been larger
and more massively built than the male.

GROWTH RATES Some research has suggested that large ectothermic dino-
saurs would have taken several decades to reach maturity (21). Models based
on living reptiles, however, indicate that very slow growth rates would require
impossibly high juvenile survivorship rates; it is more likely that even the
largest dinosaurs reached maturity within 20 years (45).

Dinosaur primary bone commonly shows fibro-lamellar bone deposited in
zones separated by lines of arrested growth (LAGs—107, 111). Episodes of
fairly rapid growth were punctuated by intervals when growth slowed or even
ceased. If growth spurts occurred during a single season of the year, the
minimum ages of dinosaurs can be estimated from the number of growth lines
preserved in bones. Such LAG counts have been used to suggest that the small
theropod Syntarsus required 7-8 years to reach full size, another small theropod
(Troodon ) 3-5 years, and the prosauropod Massospondylus 15 years (22, 23,
132). However, deposition of azonal fibro-lamellar bone occurs in the small
to medium-sized omithopod Dryosaurus, suggesting continuous rapid growth
with no pauses or decelerations (25).

Closely spaced, peripherally positioned lines of arrested growth occur in
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compacta formed during late growth in mammals, generated at a time when
growth has slowed or ceased upon the attainment of sexual maturity. Similar
peripheral LAGs occur in the bones of many dinosaurs (22, 107, 132). How-
ever, they are not found in the largest individuals of Massospondylus and
Dryosaurus. Either these individuals do not represent fully grown animals, or
these were species with an indeterminate pattern of growth, as opposed to the
more determinate growth pattern seen in birds, mammals, and other dinosaurs
(23, 25).

A scenario of rapid ontogenetic growth in the hadrosaurid Maiasaura has
been formulated on studies of nesting sites, young individuals, and monotypic
bone beds (63, 66-69, 71, 119, 134). Numerous skeletons of young individuals
were found within nests. Wear surfaces on their tecth suggested that they had
been feeding prior to death, but the unfinished appearance of bony tissues of
femoral epiphyses suggested that the nestlings were altricial (in contrast to
another member of the same fauna, the hypsilophodontid Orodromeus ), and
unable to leave the nest. The largest Maiasaura found within nests were a little
more than a meter long, suggesting that hatchlings were nestbound until they
left the nest upon growing to that size. The presence of broken eggshells within
Maiasaura nests, rather than the more complete half-eggs found in abandoned
nests of the precocial Orodromeus, was attributed to trampling of hatched eggs
by the young hadrosaurs. Adult Maiasaura were thought to have fed their
young regurgitated plant material during the time they were nestbound.

A catastrophic kill of perhaps thousands of individuals of Maiasaura was
found in the same formation as the nest sites. There were said to be distinct
size classes of individuals, with modes corresponding to body lengths of 3, 4,
5.2, and 7 meters (66, 119, 134). On the assumption that these size classes
were year classes, the three-meter-long Maiasaura were interpreted as year-
lings, and the largest size class as individuals four (or five) years old (and
older). Consequently Maiasaura was thought to reach full size in roughly 4
or § years. If sexual maturity was reached at 67-75% of the final body length
(20, 21), this would correspond to the 5.2-m size class, and an age of roughly
three years. This is considerably shorter than the 10-12 years to sexual maturity
predicted for Maiasaura by a model based on the physiological ecology of
living reptiles (45).

However, this scenario is obviously based on rather circumstantial evidence.
Although it is possible that young Maiasaura were nestbound, it would be
somewhat surprising for the parents to have left eggshells in the nest where
they would be subject to trampling, instead of removing them from the nest
(the latter as commonly done by altricial birds—3). The interpretation that the
unfinished articular surfaces of young Maiasaura indicate altriciality (71) was
not documented by a comparison of limb articular surfaces in a variety of
altricial as opposed to precocial bird species. In fact, the articular surfaces of
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young Maiasaura show marked similarities to those of young—and preco-
cial-—domestic chickens (4).

The scenario requires the assumption that size classes in Maiasaura bone-
beds correspond to year classes (not unreasonable), and that the age classes
have been correctly identified (less certain). Until independent criteria for
assessing ontogenetic ages are established, growth rates interpreted on the basis
of the Maiasaura scenario should be regarded as hypotheses rather than ob-
servations.

Discussions of dinosaur growth rates and primary bone texture figure promi-
nently in interpretations of dinosaur physiology (26, 27, 106108, 110, 132),
The argument usually involves two steps: The presence of fibro-lamellar tissue
and a high degree of vascularity are taken as indicative of rapid growth, and
rapid growth rates are then presumed to require rapid metabolic rates.

Although a link between fibro-lamellar primary bone and fast growth rates
seems likely, calibrating the relationship is difficult. Just how fast bone depo-
sition has to be before an animal shifts from making lamellar-zonal to fibro-
lamellar bone, and how this bone deposition rate relates to overall animal
growth in units of body mass per time, are uncertain.

The overall vascularity of the femora of juvenile ostriches is greater than
for young Nile crocodiles—but not by much—and young crocodiles have more
highly vascularized femora than do young secretary birds (24). Although a
link between bone vascularity and growth rate is plausible, the correlation does
not seem very tight.

The relationship between growth and metabolic rates may be even looser.
The absolute mass gain (g/day) during the interval of fastest growth is posi-
tively correlated with adult body mass in vertebrates (20), but how the growth
rates of reptiles and endotherms of a given mass compare depends on how
adult body mass is defined. Birds and mammals first reproduce when they
have grown to nearly their final body mass, but reptiles first breed at roughly
30-40% of maximum body mass. If juvenile growth rate is regressed against
final adult mass, reptilian growth rates are about an order of magnitude less
than those of birds and mammals (20). However, if growth rates are stand-
ardized against body mass at sexual maturity, the discrepancy is much less;
alligators may equal and even exceed the absolute growth rate observed in
some mammals of comparable mass at first reproduction (117).

Were Dinosaurs Endotherms or Ectotherms?

Dinosaur bone histology seems not to provide unambiguous evidence about
dinosaur metabolic rates. It therefore joins numerous other lines of evidence
that have failed to settle the contentious question of whether dinosaurs were
endotherms, ectotherms, or transitional between these two metabolic states
(48, 117). Although we wonder if this matter will ever be settled definitively,
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some hope is offered by the recent discovery that the presence of respiratory
turbinates (which occur in living birds and mammals, but not reptiles) is tightly
linked to the rapid rates of pulmonary ventilation associated with endothermy
(61). Skeletal attachment sites for respiratory turbinates occur in both birds
and mammals, and they are also found in therocephalian and cynodont therap-
sids (61). So far there is no evidence for such nonsensory, respiratory turbinates
in any dinosaurs (J. Ruben, unpublished observations), which suggests that
these reptiles were not endotherms.

Body-Size Distributions in Dinosaur Faunas: Ectothermic
Giants in a Greenhouse World?

If dinosaurs were metabolically more like living ectothermic reptiles than like
endothermic birds and mammals, this may help explain one of the most
conspicuous features of these ancient reptiles: the large body sizes of most
dinosaur species (103).

Recent studies (14, 87) have described the body-size frequency distributions
of Holocene (modern) nonvolant, terrestrial mammalian species and genera on
large and small continents. Log body mass distributions are positively skewed
for the faunas of large continents, but more nearly normally distributed for the
faunas of small continental masses, due to the absence of the right-hand tail
of large-bodied species on the smaller continents. Mammalian faunas sampled
at a progressively finer scale (continent to biome to “local patches of uniform
habitat™) show a shift from positively skewed to nearly uniform log body mass
distributions.

The present-day North American mammalian fauna is depleted in very large
species, reflecting the geologically recent extinction of the megafauna (77).
Figure 1 (a—shaded) shows a body-size distribution for the late Pleistocene
(25,000-10,000 BP) mammalian fauna of North America (actually the United
States), based on species presently known from fossil evidence. Body-size data
are also summarized for members of the Order Carnivora and for plant-eating
mammals that attain a body size of roughly 1 kg or more (a taxonomically
heterogeneous assemblage).

Like that of the modern mammalian fauna, the late Pleistocene body-size
distribution is positively skewed. Most species occur in size classes 2 and 3,
and the median is size class 3, but the relative importance of these smaller
mammals is less marked than in the Holocene body-size distribution. Rather
than indicating a real paucity of small mammals in the latest Pleistocene fauna,
this probably reflects a taphonomic bias against preservation of the fossils of
small-bodied animals. Because all (or nearly all) Holocene mammal species
were probably in existence by the latest Pleistocene, a “theoretical” body-size
distribution for the latest Pleistocene fauna can be created by adding present-
day species not yet found as fossils to those known from fossil deposits (Figure
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1 [a—unshaded]). If this is done, the Pleistocene body-size distribution does
not look markedly different from that of the Holocene fauna (14).

What is different, of course, is that there are more large-bodied species in
the Pleistocene fauna, particularly among the large herbivores. All of the really
big (size class 7) latest Pleistocene mammals were plant-eaters, representing
a size class not present in the modern fauna,

As one of the smaller continents, Holocene Australia has few large-bodied
mammalian species (87). The mode for the fauna is size class 2, and the median
is size class 3; the largest species occur in size class 5 (Figure 1 [b]). However,
like many other parts of the world, Australia has experienced late Quaternary
extinctions of megafaunal species (92). The mode and median for Australian
Pleistocene megafaunal herbivores are size class 5, and only one species occurs
in size class 7 (Figure 1 [c]). The few megafaunal carnivores all occur in size
class 5. In fact, the largest Australian megafaunal predator was not even a
mammal, but rather a huge varanid lizard (54, 92).

The scarcity of large mammalian carnivores in Australia has been attributed
to the nutrient-poor nature of Australian soils, and the variability of rainfall
patterns due to the El Nifio-Southern Oscillation cycle, which are thought to
result in low and unpredictable levels of plant productivity (54). This would
in turn prevent the establishment of large populations of herbivorous mammals
and thus preclude the existence of a sufficiently large resource base to support
large carnivorous mammals. However, the small land area of the continent
probably is also important in having prevented the evolution of very large
Australian mammals (87).

The mammalian faunas of the Pliocene Laetolil Beds of Tanzania, the
Miocene Dhok Pathan Formation of Pakistan, and the Pleistocene of the Ozark
region of the United States (Figure 1 [d-f]) do not represent the overall mam-
malian faunas of entire continents, but rather samples of mammals from three
geographically circumscribed sets of sites on large continents. The faunas from
these three units probably reflect spatial scales intermediate between the biome
and the “local patches of uniform habitat” (14) levels. This may partly account
for the lesser strength of the smaller size classes in the body-size distributions
of these three faunas, with the taphonomic bias against small-bodied animals
constituting the rest (perhaps the greater part) of the deficit.

To generalize across the various mammalian faunas, when allowances are
made for geographic scale and taphonomic biases, small-bodied species domi-

>
>

Figure 1 Body size distributions in mammalian faunas, Body masses are expressed in terms of
logarithmic size classes because of the uncertainties in estimating body masses of extinct forms.
Size class 1 = mass greater than/equal to (GE) 0.001 kg and less than (LT) 0.01 kg, size class 2 =
mass GE 0.01 kg and LT 0.1 kg, and so on. (Data from 14, 39, 77, 79, 85, 92, 127; and C Badgley,
J Damuth, R Graham, unpublished observations).
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Figure 2 Body-size distributions in dinosaurian (a, b) and therapsid faunas (c, d). Ornitho-
mimosaurs and oviraptorosaurs are included in the distribution for all Judith River dinosaurs, but
not in the carnivore or herbivore distributions, due to uncertainty about their diets. Data from 1, 2,
76, 118, 137, and T Holtz, N Hotton, G King, B Rubidge, H-D Sues (unpublished observations).

nate faunas that sample entire continents. The greatest species richness of large
carnivores occurs in the 1-10 or 10-100 kg size class. Continent-wide large
herbivore faunas show their greatest richness in size class 4 but are also strong
in bigger size classes, particularly on large continents. Where really big species
occur in 2 mammalian fauna, these are always plant-eaters.

The situation is very different for dinosaurian faunas. Figure 2 (a—un-
shaded) shows the body-size distribution of Judith River Formation dinosaurs
[based on current species-level classifications (137)). Figure 2 (a—shaded)
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shows the Judith River body-size distribution on the conservative assumption
that there is only one valid species per genus.

The present species-level taxonomy of Morrison Formation dinosaurs is
almost surely overly split, particularly for sauropods, although there may well
be more than one valid species for some Morrison genera (137). We choose
not to attempt to decide such systematic questions, and in Figure 2 (b) illustrate
only a genus-level body-size distribution,

Like the mammalian faunas of the Laetolil Beds, the Dhok Pathan Forma-
tion, and the Ozark Pleistocene, the Judith River dinosaurian fauna probably
represents a scale intermediate between the homogeneous local habitat and the
biome levels, and so the total taxonomic richness of dinosaurs may reflect a
mixture of within-habitat and between-habitat diversity (7, 12). The species-
level and genus-level body-size distributions for Judith River dinosaurs show
identical patterns. The smallest taxa occur in size class 5—a size class three
orders of magnitude larger than the modal size class for North American late
Pleistocene mammals (theoretical), and the same as the modal size class for
mammals from the Dhok Pathan Formation, the Laetolil Beds (although, as
previously noted, these assemblages are likely biased against very small-bodied
mammal species), and the Australian Pleistocene megafauna.

The median and modal size class of Judith River dinosaurs (a size class
dominated by herbivorous taxa) is size class 7, This is two orders of magnitude
larger than the mode for the Dhok Pathan and Australian megafaunal herbi-
vores, and an order of magnitude larger than the modes for Laetolil and Ozark
large herbivores, as well as the second mode (size class 6) seen in the theo-
retical latest Pleistocene large herbivores of North America. Although there is
overlap in body size between herbivorous dinosaurs and large mammalian
herbivores, for mammals size class 7 represents a relatively minor category,
while for plant-eating Judith River dinosaurs this is the strongest size class.

Judith River carnivorous dinosaurs show a mode in size class 5, as do
carnivores from most of the mammalian faunas, In addition, though, the Judith
River theropods have representatives in size class 7, a size greater than that
reached by any known terrestrial mammalian carnivore, living or extinct (49).

Morrison Formation dinosaurs show much the same pattern as the Judith
River dinosaurs (Figure 2 [b]), except that Morrison sauropods attained body
masses even greater than those of Judith River herbivores, reaching 10,000
100,000 kg (or more), a size approached by only a few mammalian herbivores.

Although the same taphonomic bias against small-bodied animals undoubt-
edly occurs in Mesozoic as in Cenozoic terrestrial vertebrate faunas, this is
probably not responsible for the scarcity of small-bodied dinosaur species.
Dinosaurs with adult masses of a few kilograms are known (137), but the small
vertebrates commonly found in well-sampled units like the Judith River and
Morrison Formations represent non-dinosaurian groups (6). There is no fossil
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evidence that even hints at a diversity of non-avian dinosaurs in size classes 1-4.
The shape of the Judith River and Morrison body-size distributions actually
suggests that a continent-scale body-size distribution of dinosaur taxa would be
negatively skewed (cf. 49, 103, and ] Damuth, unpublished observations).

Certain features of the geographic occurrence of dinosaur taxa make the
greater body-size of dinosaurs than of terrestrial mammals even more remark-
able. During the Campanian Age of the Late Cretaceous (when sediments of
the Judith River and Two Medicine Formations were deposited), the western
part of North America was separated from the eastern part of the continent by
a shallow seaway. Western North America was connected with eastern Asia
above the Arctic Circle to form a single landmass, Asiamerica, that had a
distinctive dinosaurian fauna as compared with the rest of the world.

Although the Asian and American portions of Asiamerica have several
dinosaurian families and one or more genera in common (74, 137), they seem
not to have shared any species, suggesting that the Arctic connection between
the two segments of Asiamerica acted as an ecological filter preventing free
exchange of species. If so, then the Campanian dinosaurs of the Judith River
Formation and correlative western North American stratigraphic units were
largely restricted to the eastern portion of Asiamerica, a landmass with an area
approximately the same as that of present-day Australia (49, 120). Judith River
dinosaurs not only attained larger sizes than did most terrestrial mammalian
species, but also did so on a small landmass—in contrast to what occurs in
mammalian faunas.

Among modern mammals, population density decreases with increasing
body size, a relationship strongly influenced by diet (37, 38, 112). Atany given
body mass, carnivores have lower population densities than do herbivores.
Population turnover rates likewise decrease with increasing body size (16,
104). Consequently, populations of very large mammals are thinly spread and
recover only slowly from environmental perturbations. To maintain viable
populations under these conditions, very large mammals should show relatively
little habitat specialization or have large geographic ranges, or both (100).

Once again the Campanian dinosaurs of western North America seem at
odds with expectations for dinosaur-sized mammals. There is habitat zonation
of dinosaur taxa within the Judith River Formation, and between the Judith
River and Two Medicine Formations (7, 12, 65, 133). Furthermore, there may
be north-south differences in Campanian dinosaur faunas as well (53, 116). It
would be surprising to find this much large-vertebrate habitat zonation or
biogeographic subdivision in a regional or continental fauna dominated by a
diversity of elephant-sized mammals. Not only did dinosaurs routinely reach
body sizes much larger than mammals, and on a rather small landmass, but
many large-bodied dinosaur species also may not even have occurred in all
the available terrestrial habitats on that small landmass.
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Dinosaurian oviparity, as opposed to the combination of viviparity and
lactation employed by most mammals, has been invoked to explain the ability
of dinosaurs to achieve larger body sizes than are typical of mammals (73,
102). As egg-layers, dinosaurs may not have shown the decrease in annual and
lifetime reproductive output that in terrestrial mammals accompanies large
body size. Dinosaur populations may therefore have been able to recover
quickly from environmental catastrophes that would doom elephant-sized
mammals.

Although differences in reproductive biology may well have been a con-
tributing factor, we do not think this a sufficient explanation for differences
in body-size distributions of dinosaurian as opposed to mammalian faunas. If
reproductive differences between dinosaurs and mammals were the single
factor that permitted differences in body size in the two groups, we would
expect that ground-living, nonpasserine birds, which are thought to be fairly
similar to dinosaurs in reproductive biology (73), would have evolved at least
some species comparable in mass to large dinosaurs. Although large flightless
birds are known from several Cenozoic faunas (17, 86, 92), the largest forms
probably weighed only about 500 kg. This is not only much less than the
masses routinely achieved by dinosaurs, but it is also smaller than the masses
of mammals that were contemporaries of, and in some cases members of the
same faunas as, the big ground birds,

Cenozoic birds, like mammals, are endotherms with significantly higher
food requirements than ectothermic animals of comparable body mass (16,
104). Elephant-sized birds, like huge mammals, should therefore have very
low population densities. To explain how dinosaurian giants maintained viable
populations in relatively small areas, it is probably necessary to consider
mechanisms that would permit the maintenance of higher dinosaurian popu-
lation densities than possible for dinosaur-sized birds and mammals.

The Mesozoic Era was a time of warmer climates than at present over much
of the earth, possibly due in part to higher concentrations of CO, in the
atmosphere than in the modern world (5, 8, 131). The combination of warmer
temperatures and higher atmospheric CO, levels conceivably might have
stimulated terrestrial primary productivity, or at least extended growing sea-
sons, and this in turn might have supported larger populations of very large
animals than would be possible on the modern earth.

However, although Mesozoic climates were warm, they were also in many
places rather dry (6, 133), including (at least at times) much of the area over
which Late Jurassic and Late Cretaceous sediments of western North America
were deposited. Dry conditions coupled with warm temperatures would prob-
ably not have permitted significantly higher levels of primary productivity than
seen in the Cenozoic world. Furthermore, many of the plant taxa that dominated
Mesozoic vegetations were probably of poor quality as forage (113) and also
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slowly growing and/or slow to recover from heavy browsing by herbivores (6,
11, 130).

This leaves us with what seems the most important factor that permitted
dinosaurian gigantism: that dinosaurs had lower food consumption rates than
expected for equally large birds or mammals. If large dinosaurs had metabolic
rates more nearly like those of living reptiles than those of modern endotherms,
they might have maintained population densities several times higher than
possible for equally large mammals or birds (37, 49, 89). Although most
herbivorous dinosaurs were unquestionably megaherbivores (100) in the sense
of being large-bodied plant-eaters, the per-animal impact on Mesozoic vege-
tations may have been less than for elephant-sized mammals. Most ceratop-
sians and hadrosaurs may have been ecologically more like antelopes than
clephants in this regard, and only the biggest herbivorous dinosaurs (particu-
larly sauropods) would have been the energetic equivalents of mammalian
megaherbivores. Higher population densities than expected for equally huge
mammals may have been even more critical in permitting the evolution of
gigantic predatory dinosaurs, given the tighter energetic constraints on large
carnivores than on herbivores (49, 54, 112).

Even if low food consumption rates are a precondition for the existence of
diverse faunas of very large land animals, this does not mean that tetrapods
with low metabolic rates will inevitably evolve such giants. Some of the
carnivorous species of Late Permian therapsid faunas may have been en-
dotherms, but herbivorous therapsids probably were not (28, 61, 76). Therap-
sids were: larger on average than terrestrial mammals (Figures 1, 2 [c, d]), but
the biggest therapsid size classes are no bigger than those of mammals.

Why Did Plant-Eating Dinosaurs Produce More Very Large
Species than Herbivorous Therapsids Did?

Conceivably this relates to changes in vegetation structure between late Pa-
leozoic and early Mesozoic ecosystems, with dinosaurs evolving in association
with higher-crowned plants than those typical of the late Permian (6, 130).
However, it is intriguing that the first large dinosaurs appeared at a time when
atmospheric CO, levels are thought to have been well above those of the
modern world, and at the high point after recovery from low values of the later
Paleozoic Era (8). If greenhouse conditions resulted in longer growing seasons
and higher levels of plant productivity than prevailed in the late Paleozoic,
this might have permitted larger body sizes in dinosaurs than in late Paleozoic
therapsids.

We suggest, then, that dinosaurian gigantism was permitted by a concate-
nation of factors that made the Mesozoic world and its large-vertebrate inhabi-
tants different from those of the preceding Paleozoic and the following Ceno-
zoic Eras. Although in features of reproductive biology and metabolic rates
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dinosaurs were probably similar to herbivorous therapsids, the greenhouse
conditions of the Mesozoic world may have been more suitable for the evo-
lution of very large, low-food-requirement herbivores and their predators than
were climatic conditions of the late Paleozoic. Even though greenhouse con-
ditions gradually deteriorated as the Cenozoic world lurched toward the mod-
em icehouse configuration (105), levels of plant productivity may have
remained comparable to those of the Mesozoic, or even increased, due to the
dominance of vegetations by fast-growing angiosperm species that recover
quickly from heavy cropping (6, 11, 130). Cenozoic mammals may have been
prevented from evolving gigantism to the extent dinosaurs did, not so much
because of environmental conditions, but rather because of their higher food
requirements and their generally viviparous mode of reproduction.

Even if our speculations about the constraints that prevented gigantism in
mammals (and perhaps therapsids), but not dinosaurs, have merit, our hypothe-
ses do not identify the positive selective factors that actually caused dinosaurs
to evolve very large body sizes. These might have involved thermoregulation,
greater vagility, access to higher plant crowns, digestive physiology, predator-
prey interactions, or reproductive dynamics (6, 13, 47, 125, 130; J Damuth,
unpublished observations), but evaluating these alternatives would necessitate
our being even more speculative than we have have already been.

THE VALUE OF DINOSAURS

Because of small sample sizes of specimens of these generally large animals,
dinosaurs are not the ideal subjects for studies of evolutionary rates and modes;
nor are their remains the most useful fossils for biostratigraphic work. What,
then, is the value of dinosaur paleontology?

Dinosaurs push the envelope of what it means to be a large, terrestrial
vertebrate. Their very existence poses questions about how body size is related
to locomotion, reproduction, growth, metabolism, and trophic ecology that are
broader than would be asked if land animals of the modern world were the
only terrestrial creatures we knew. Can theories about the factors affecting the
structure and function of terrestrial biological communities based on studies
of the Holocene biota account for the features of any terrestrial biota, regardless
of its taxonomic composition? Or do such theories work only for floras and
faunas of the kind we see today? Attempting to understand dinosaur biology
confronts us with such questions in an unusually forceful way.
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