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PERSPECTIVES

S
auropod dinosaurs were the largest ani-
mals ever to inhabit the land (see the
figure). At estimated maximum body

masses of 50 to 80 metric tons, they surpassed
the largest terrestrial mammals and nonsauro-
pod dinosaurs by an order of magnitude. With
body lengths of more than 40 m and heights of
more than 17 m, their linear dimensions also
remain unique in the animal kingdom. From
their beginnings in the Late Triassic (about
210 million years ago), sauropods diversified
into about 120 known genera. They domi-
nated ecosystems for more than 100 million
years from the Middle Jurassic to the end of
the Cretaceous, setting a record that mam-
malian herbivores will only match if they can

double their current geological survival time.
Thus, sauropods were not only gigantic but
also, in evolutionary terms, very successful.
Recent advances bring us closer to under-
standing the enigma of their gigantism (1–3).

Extrinsic causes have repeatedly been
advanced to explain the success of sauropod
dinosaurs and the gigantism seen in the dino-
saur era. However, physical and chemical con-
ditions in the Mesozoic (250 to 65 million years
ago) were probably less favorable for plant and
animal life than they are today; for example,
atmospheric O

2
concentrations were much

lower (4). The variation of other factors (such as
land mass size, ambient temperature, and atmos-
pheric CO

2
concentrations) through time is not

tracked by variations in sauropod body size (2,5).
Thus, the clue to sauropod gigantism must lie in
their unusual biology (see the figure).

Sauropods had an elephantine body sup-
ported by four columnar legs and ending in a

long tail. From the body arose a long neck
bearing a small skull. Sauropods exhibit
diverse oral, dental, and neck designs, indicat-
ing dietary niche differentiation; this variety
makes reliance on any particular food source
(6) as the reason for gigantism unlikely.
However, one evolutionarily primitive charac-
ter truly sets sauropods apart: In contrast to
mammals and advanced bird-hipped dino-
saurs (duck-billed and horned dinosaurs),
they did not masticate their food; nor did they
grind it in a gastric mill, as did some other
herbivorous dinosaurs (7). Because gut capac-
ity increases with body mass (8), the enor-
mous gut capacity of sauropods would have
guaranteed the long digestion times (6) neces-
sary for degrading unchewed plant parts, even
at a relatively high food intake. 

The lack of a masticatory apparatus al-
lowed sauropod heads to remain small and
was one prerequisite for their long neck to

How did sauropod dinosaurs reach 

body sizes that remain unsurpassed in 

land-living animals?
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Toward understanding sauropod dinosaur gigantism. The sauropod dino-

saurs Brachiosaurus and Argentinosaurus were much larger than the largest

bird-hipped dinosaurs Shantungosaurus and Triceratops, the fossil rhinoceros

Indricotherium (the largest known land mammal), the African elephant, the

giraffe, and the Galapagos tortoise (the largest living herbivorous reptile).

(Inset) The main biological properties that control the upper limits of body size

in terrestrial herbivores—sauropod dinosaurs, bird-hipped dinosaurs, mam-

mals, and ectothermic herbivorous reptiles—are visualized as sliders, with the

evolutionarily primitive state to the left and the advanced state to the right.

The slider position for each herbivore group (color-coded to match the images)

indicates the specific combination of primitive and advanced states that led to

the maximal body size of this group. The unique gigantism of sauropod

dinosaurs was made possible by a high basal metabolic rate (BMR, advanced),

many small offspring (primitive), no mastication (primitive), and a highly

heterogeneous lung (advanced). We hypothesize that ontogenetic flexibility of

BMR was also important.

1Division of Paleontology, Steinmann Institute, University

of Bonn, D-53115 Bonn, Germany. 2Clinic for Zoo Animals,

Exotic Pets and Wildlife, Vetsuisse Faculty, University of

Zurich, CH-8057 Zurich, Switzerland. E-mail: martin.

sander@uni-bonn.de; mclauss@vetclinics.uzh.ch

C
R

E
D

IT
: 
A

D
A

P
T

E
D

 B
Y

 P
. 
H

U
E

Y
/
S
C

IE
N

C
E

Published by AAAS

 o
n 

O
ct

ob
er

 1
0,

 2
00

8 
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 



Particle size

Biol. Rev. (2011), 86, pp. 117–155. 117
doi: 10.1111/j.1469-185X.2010.00137.x

Biology of the sauropod dinosaurs:
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ABSTRACT

The herbivorous sauropod dinosaurs of the Jurassic and Cretaceous periods were the largest terrestrial animals ever,
surpassing the largest herbivorous mammals by an order of magnitude in body mass. Several evolutionary lineages
among Sauropoda produced giants with body masses in excess of 50 metric tonnes by conservative estimates. With
body mass increase driven by the selective advantages of large body size, animal lineages will increase in body size until
they reach the limit determined by the interplay of bauplan, biology, and resource availability. There is no evidence,
however, that resource availability and global physicochemical parameters were different enough in the Mesozoic to
have led to sauropod gigantism.

We review the biology of sauropod dinosaurs in detail and posit that sauropod gigantism was made possible by a
specific combination of plesiomorphic characters (phylogenetic heritage) and evolutionary innovations at different levels
which triggered a remarkable evolutionary cascade. Of these key innovations, the most important probably was the
very long neck, the most conspicuous feature of the sauropod bauplan. Compared to other herbivores, the long neck
allowed more efficient food uptake than in other large herbivores by covering a much larger feeding envelope and
making food accessible that was out of the reach of other herbivores. Sauropods thus must have been able to take up
more energy from their environment than other herbivores.

The long neck, in turn, could only evolve because of the small head and the extensive pneumatization of the sauropod
axial skeleton, lightening the neck. The small head was possible because food was ingested without mastication. Both
mastication and a gastric mill would have limited food uptake rate. Scaling relationships between gastrointestinal tract
size and basal metabolic rate (BMR) suggest that sauropods compensated for the lack of particle reduction with long
retention times, even at high uptake rates.

* Address for correspondence: E-mail: martin.sander@uni-bonn.de
Re-use of this article is permitted in accordance with the Terms and Conditions set out at http://wileyonlinelibrary.com/onlineopen#
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Evolutionary biology
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Given the physiological limits to egg size, large-
bodied non-avian dinosaurs experienced some
of the most extreme shifts in size during post-
natal ontogeny found in terrestrial vertebrate
systems. In contrast, mammals—the other domi-
nant vertebrate group since the Mesozoic—have
less complex ontogenies. Here, we develop a
model that quantifies the impact of size-specific
interspecies competition on abundances of dif-
ferently sized dinosaurs and mammals, taking
into account the extended niche breadth realized
during ontogeny among large oviparous species.
Our model predicts low diversity at intermediate
size classes (between approx. 1 and 1000 kg), con-
sistent with observed diversity distributions of
dinosaurs, and of Mesozoic land vertebrates in
general. It also provides a mechanism—based
on an understanding of different ecological
and evolutionary constraints across vertebrate
groups—that explains how mammals and birds,
but not dinosaurs, were able to persist beyond
the Cretaceous–Tertiary (K–T) boundary, and
how post-K–T mammals were able to diversify
into larger size categories.

Keywords: allometry; body mass; Mesozoic
vertebrates; size-specific competition

1. INTRODUCTION
Dinosaurs and mammals have successively domina-
ted terrestrial life for more than 200 Myr. Yet, they
differ in the most fundamental biological trait—
reproduction, with dinosaurs being oviparous, and
mammals viviparous. A peculiar constraint on ovipar-
ous taxa is that offspring (total clutch sizes) are very
small relative to adults (compared with similar-sized
viviparous taxa) [1,2]. This occurs because of upper
limits to eggshell thickness (the shell must be suffi-
ciently thin to allow gaseous exchange) [3,4]. Not
surprisingly, scaling exponents from adult–neonate

mass allometries are lower among extant herpetofauna
and birds (approx. 0.4–0.7) than mammals (approx.
0.8–1) (reviewed in [5]). Among extinct dinosaurs,
the adult-to-neonate mass ratio estimated for a
approximately 4 tonne titanosaur was 2500 : 1, over
two orders of magnitude greater than that of the
Asian elephant, Elephas maximus [1].

Thus, dinosaurs have more complex ontogenetic life
histories than similar-sized mammals, implying more
extensive ecological niche shifts through their develop-
ment [6]. Previously, it was hypothesized that the
ability of dinosaurs to disperse into a wider variety of
niches, coupled with higher reproductive rates [7],
meant their populations were more resilient to environ-
mental perturbations, which played a large part in their
dominance of terrestrial life for ca 180 Myr [2].

However, wider intraspecific niche breadths imply
more interspecific niche overlaps, hence greater poten-
tial for competition [6]. This competition should be
especially pronounced in assemblages comprising
very large taxa, whose offspring are considerably
smaller than the adults. Here, we develop a simple,
deterministic model to explore the influence of size-
specific competition on populations of differently
sized dinosaurs and mammals, and its implications
for body size distributions of the dominant terrestrial
vertebrate groups of the Mesozoic and Cenozoic.

2. MATERIAL AND METHODS
Our simulated dinosaur assemblage comprises species from 27 size
categories (populations), from log2M ¼29 to 17 (approx. 2 g to
131 tonnes). Our mammal assemblage comprises 24 categories (up
to log2M ¼ 14, approx. 16 tonnes). These ranges represent the smal-
lest and largest estimated body masses of extinct dinosaurs and
mammals, respectively [8,9]. Each population was structured
according to size classes of log2M increments from neonate to
adult, where Mneonate was estimated from Madult using allometric
equations (scaling exponents are 0.6 for dinosaurs, and 0.9 for mam-
mals; see above). Taking into account inter- and intraspecific
allometric effects on size-specific mortality, reproductive output [5]
and abundance [10] (see electronic supplementary material, part
A), our model estimates changes in population abundances owing
to competition-induced mortalities among similarly sized individ-
uals. Competition is strictly interspecific, in that abundances of
each mass class are reduced by the frequency occurrence of that
class among other populations in the assemblage, weighted by the
Lotka–Volterra competition coefficient a. Values for a are non-
empirical, simply reflecting the number of individuals of a mass
class assumed to die owing to competition from one other individual
of that class. We defined unique a values for interactions among
dinosaurs (aDD) or mammals (aMM), and among each other (aDM

and aMD). Finally, we explore implications of a mass extinction
event, such as that occurred at the Cretaceous–Tertiary (K–T)
boundary, which primarily affected large-bodied land animals
[11,12]. To mimic the K–T, we set initial conditions to exclude all
individuals larger than an arbitrary mass threshold of 25 kg.

3. RESULTS
The ecological relevance of relatively small offspring in
dinosaurs is most pronounced among larger mass classes.
Around the mass range where increases in dinosaur
Madult no longer result in major increases in Mneonate,
simulated populations include substantially more
ontogenetic niche steps, and interspecific size (niche)
overlaps, compared with similarly sized mammals (see
electronic supplementary material, figure S2). The
impact on model outcomes is clear: while species
abundances decrease steadily with increases in Madult

(figure 1a), size-specific competition (positive aDD)
reduces population abundances of intermediate-sized

Electronic supplementary material is available at http://dx.doi.org/
10.1098/rsbl.2012.0240 or via http://rsbl.royalsocietypublishing.org.
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Gigantism and land mass

 Dinosaurs, dragons, and dwa
 maximal body size
 Gary P. Burness*t, Jared Diamond**, and Timothy Flannery?

 *Department of Physiology, University of California School of Medicine, Los Angele
 Adelaide 5000, SA, Australia

 Contributed by Jared Diamond, October 15, 2001

 Among local faunas, the maximum body size and taxonomic 2.
 affiliation of the top terrestrial vertebrate vary greatly. Does this
 variation reflect how food requirements differ between trophic
 levels (herbivores vs. carnivores) and with taxonomic affiliation 3.
 (mammals and birds vs. reptiles)? We gathered data on the body
 size and food requirements of the top terrestrial herbivores and
 carnivores, over the past 65,000 years, from oceanic islands and
 continents. The body mass of the top species was found to increase
 with increasing land area, with a slope similar to that of the
 relation between body mass and home range area, suggesting that
 maximum body size is determined by the number of home ranges W'
 that can fit into a given land area. For a given land area, the body ch
 size of the top species decreased in the sequence: ectothermic In
 herbivore > endothermic herbivore > ectothermic carnivore > W

 endothermic carnivore. When we converted body mass to food al
 requirements, the food consumption of a top herbivore was about br
 8 times that of a top carnivore, in accord with the factor expected de
 from the trophic pyramid. Although top ectotherms were heavier
 than top endotherms at a given trophic level, lower metabolic rates
 per gram of body mass in ectotherms resulted in endotherms and FC
 ectotherms having the same food consumption. These patterns th
 explain the size of the largest-ever extinct mammal, but the size of bc
 the largest dinosaurs exceeds that predicted from land areas and
 remains unexplained. cu

 of
 be

 The size and taxonomic affiliation of the largest locally present t
 species ("top species") of terrestrial vertebrate vary greatly

 among faunas, raising many unsolved questions. Why are the top th
 species on continents bigger than those on even the largest of
 islands, bigger in turn than those on small islands? Why are
 the top mammals marsupials on Australia but placentals on the
 other continents? Why is the world's largest extant lizard (the in
 Komodo dragon) native to a modest-sized Indonesian island, of
 all unlikely places? Why is the top herbivore larger than the top
 carnivore at most sites? Why were the largest dinosaurs bigger wi
 than any modern terrestrial species?

 A useful starting point is the observation of Marquet and ti
 Taper (1), based on three data sets (Great Basin mountaintops, di
 Sea of Cortez islands, and the continents), that the size of a
 landmass's top mammal increases with the landmass's area. To
 explain this pattern, they noted that populations numbering less is
 than some minimum number of individuals are at high risk of
 extinction, but larger individuals require more food and hence P
 larger home ranges, thus only large landmasses can support at  ca
 least the necessary minimum number of individuals of larger- Ha
 bodied species. If this reasoning were correct, one might expect
 body size of the top species also to depend on other correlates a
 of food requirements and population densities, such as trophic
 level and metabolic rate. Hence we assembled a data set

 consisting of the top terrestrial herbivores and carnivores on 25
 oceanic islands and the 5 continents to test 3 quantitative
 predictions. tPr

 K7

 1. Within a trophic level, body mass of the top species will tTo
 increase with land area, with a slope predictable from the
 slope of the relation between body mass and home range arti
 area. ?17

 14518-14523 | PNAS | December 4, 2001 | vol. 98 I no. 25

 rfs: The evolution of

 s, CA 90095-1751; and ?South Australian Museum, North Terrace,

 For a given land area, the top herbivore will be larger than
 the top carnivore by a factor predictable from the greater
 amounts of food available to herbivores than to carnivores.

 Within a trophic level and for a given area of landmass, top
 species that are ectotherms will be larger than ones that are
 endotherms, by a factor predictable from ectotherms' lower
 food requirements.

 On reflection, one can think of other factors likely to perturb
 :se predictions, such as environmental productivity, over-
 ter dispersal, evolutionary times required for body size
 anges, and changing landmass area with geological time.
 deed, our database does suggest effects of these other factors.
 propose our three predictions not because we expect them
 vays to be correct, but because we expect them to describe
 )ad patterns that must be understood in order to be able to
 tect and interpret deviations from those patterns.

 ta

 r continents and oceanic islands with a good fossil record for
 ? last 65,000 years, Table 1 lists the identity and mean adult
 dy mass of the top herbivore and top carnivore, most of them
 own only as Late Pleistocene or Holocene fossils. We chose a
 toff of 65,000 years ago because that is the approximate time
 emergence of behaviorally modern humans (2), who may have
 en responsible for the subsequent extinctions of most of these
 ) species.
 We used mean adult mass of each species rather than mass of
 ? largest known individual. In studies providing only a range
 masses, we averaged the range. To generate a species mean,
 averaged male and female body masses. When calculating the
 :an mass of extant reptiles, we included only mass estimates for
 lividuals of breeding age and/or size. When no body mass
 ues were available (e.g., for many extinct species), we esti-
 ited body mass from linear dimensions through comparisons
 :h related extant species of known body mass, using regression
 uations (refs. 3 and 4; P. Christiansen, personal communica-
 n), or else assuming body mass to increase as the cube of linear
 nensions.

 In some cases, a top species occurred on multiple islands
 thin an archipelago but was unlikely to disperse often among
 inds, hence each island must have had a nearly self-sustaining
 pulation. We report such a species only once, using the area
 the largest island on which it was the top herbivore or
 rnivore. Because some avian carnivores (e.g., sea eagles
 'liaeetus sp.) readily cross water gaps, we excluded them if they
 :urred on islands less than an arbitrarily defined 50 km from
 arger landmass.
 We included terrestrial and freshwater crocodiles known or

 ;pected to prey on terrestrial vertebrates. We excluded salt-

 !sent address: Department of Biology, Queens University, Kingston, ON, Canada,
 13N6.

 whom reprint requests should be addressed. E-mail: jdiamond@mednet.ucla.edu.

 publication costs of this article were defrayed in part by page charge payment. This
 :le must therefore be hereby marked "advertisement" in accordance with 18 U.S.C.
 34 solely to indicate this fact.

 www.pnas.org/cgi/doi/10. 1073/pnas.251 548698

This content downloaded from 130.60.96.190 on Tue, 12 Apr 2016 11:44:46 UTC
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 water and estuarine crocodilians, able to disperse among islands
 [e.g., Crocodylus porosus and Crocodylus aculatus (5)]. In gath-
 ering data on carnivores, we excluded omnivorous species (e.g.,
 Brown bear Ursus arctos).

 Because this article is concerned with resource consumption,
 we define the top herbivore or carnivore at each location as that
 species with the greatest food consumption, rather than greatest
 body mass. Given the 10-fold higher food consumption per gram
 of body mass for endotherms than for ectotherms,$ an endo-
 therm has the same food consumption as an ectotherm 10 times
 heavier. We used the taxon-specific equations of Nagy$ (his
 equations 3, 5, 35, and 67) to calculate food consumption rates
 (grams of dry matter per day) from adult body masses.

 Table 1 gives modern Holocene land areas. Because of
 Pleistocene lowered sea levels and resulting emergent continen-
 tal shelves, most landmasses had Pleistocene areas somewhat
 greater than their modern areas. Only for the island of New
 Providence was the Pleistocene increase sufficiently large to
 influence our results, as we shall discuss. We excluded islands
 connected to nearby continents by Late Pleistocene land bridges,
 except that we included New Guinea, because it was a rainforest
 island connected to arid Australia. New Guinea's high percent-
 age of endemic species suggests only limited faunal exchange
 with Australia.

 Results and Discussion

 The Main Patterns. The body masses (in kg) of endothermic top
 herbivores (18 mammals, 9 birds), endothermic top carnivores
 (11 mammals, 14 birds), and ectothermic top carnivores (4
 crocodilians, 2 lizards) all increased with increasing land area (in
 km2) according to the respective equations: Mass = 0.47 Area0-52
 (r2 = 0.61, P < 0.0001); Mass = 0.05 Area047 (r2 = 0.81,
 P < 0.0001); and Mass = 0.25 Area0-47 (r2 = 0.78, P = 0.020)
 (Fig. 1A).

 The slopes of these three equations are statistically the same
 (P > 0.60) but their intercepts are different (P < 0.005), except
 that the difference between the intercepts of the first and third
 equations falls short of significance (P = 0.099). Our data set
 includes only three ectothermic top herbivores (two tortoises and
 one lizard), too few to calculate a regression equation, but on the
 average 16 times larger than predicted from the equation for Fig
 endothermic top herbivores. Thus, for a given land area, the body hei
 size of top species decreased in the sequence: ectothermic rec
 herbivore > endothermic herbivore > ectothermic carnivore > ect
 endothermic carnivore. da

 When we made comparisons between trophic groups (Fig. be
 1A), for a given land area a top herbivore proved to be 14 times tol
 heavier than a top carnivore in the case of endotherms (AN- ths
 COVA, F1,49 = 49.3, P < 0.0001) and 33-fold heavier in the case at
 of ectotherms. For example, as is well known, African elephants an'
 are much larger than African lions. Dir

 When we converted our body mass estimates to food con- (B)
 sumed per day (Fig. 1B), the food consumption of a top SP
 herbivore was 7-fold greater than that of a top carnivore in the lar
 case of endotherms (ANCOVA F1,49 = 42.2, P < 0.0001) and of thE
 24-fold greater in ectotherms (comparing our three herbivores
 with the regression line for ectothermic carnivores). The greater car
 food consumption of herbivores than of carnivores is as ex- for
 pected, because in trophic pyramids the energy available to bo
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Bone histology indicates insular dwarfism in a new
Late Jurassic sauropod dinosaur
P. Martin Sander1, Octávio Mateus2, Thomas Laven3 & Nils Knötschke3

Sauropod dinosaurs were the largest animals ever to inhabit the
land, with truly gigantic forms in at least three lineages1–3. Small
species with an adult body mass less than five tonnes are very
rare4,5, and small sauropod bones generally represent juveniles.
Here we describe a new diminutive species of basal macronarian
sauropod, Europasaurus holgeri gen. et sp. nov., and on the basis of
bone histology we show it to have been a dwarf species. The fossils,
including excellent skull material, come from Kimmeridgian
marine beds of northern Germany6,7, and record more than 11
individuals of sauropods 1.7 to 6.2m in total body length.
Morphological overlap between partial skeletons and isolated
bones links all material to the same new taxon. Cortical histology
of femora and tibiae indicates that size differences within the
specimens are due to different ontogenetic stages, from juveniles
to fully grown individuals. The little dinosaurs must have lived on
one of the large islands around the Lower Saxony basin8. Com-
parison with the long-bone histology of large-bodied sauropods
suggests that the island dwarf species evolved through a decrease
in growth rate from its larger ancestor.

Sauropoda Marsh, 1878
Neosauropoda Bonaparte, 1986

Macronaria Wilson and Sereno, 1998
Europasaurus holgeri gen. et sp. nov.

Etymology. The generic name means ‘reptile from Europe’, after
Europe and the Greek sauros for lizard; holgeri after Holger Lüdtke,
who discovered the first bones.
Holotype. DFMMh/FV 291: disarticulated left premaxilla; right
maxilla; right quadratojugal; occipital region; left laterosphenoid–
orbitosphenoid complex; right surangular; right angular; left den-
tary; teeth; cervical and sacral vertebrae; and cervical and dorsal ribs
of one individual (see Fig. 1 and Supplementary Information).
DFMMh/FV: Dinosaurier-Freilichtmuseum Münchehagen/Verein
zur Förderung der Niedersächsischen Paläontologie (e.V.), Germany.
Referred material. Cranial and postcranial elements of at least ten
individuals, preserved as isolated bones to partially articulated
skeletons, including young juveniles (estimated body length 1.7m)
to adults (body length 6.2m).
Horizon and locality. Late Jurassic, middle Kimmeridgian marine
carbonate rock, bed 93 of section at Langenberg quarry7, Lower
Saxony basin, Oker near Goslar, Niedersachsen, northern Germany
(see Supplementary Information).
Diagnosis. Europasaurus holgeri gen. et sp. nov. shows the following
unambiguous autapomorphies (see also Supplementary Infor-
mation): nasal process of premaxillary projecting anterodorsally;
medial notch on posterior dorsal margin of cervical vertebral centra;
scapular acromion with a prominent posterior projection; and
transverse width of astragalus twice its dorsoventral height and
anteroposterior length. Europasaurus differs from Camarasaurus in

the wing-shaped posterior process of the postorbital being slightly
longer and wider than the anterior process, whereas it is much shorter
in Camarasaurus. Europasaurus also differs from Camarasaurus in its
short nasal–frontal contact; rectangular parietal in posterior view; and
undivided presacral neural spines. Europasaurus differs from Brachio-
saurus in the shorter muzzle, quadratojugal contacting squamosal;
participation of jugal in ventral margin of skull; short nasal–frontal
contact; and humerus flat anteromedially with proximal and distal
epiphyses not aligned. Europasaurus differs from Lusotitan atalaiensis25

in the shape of the ilium and the astragalus, and from the potentially
valid ‘Cetiosaurus’ humerocristatus4 in its shorter and less prominent
deltopectoral crest. Europasaurus differs from almost all known
neosauropods in its diminutive adult body size.
Phylogenetic analysis (see Supplementary Information) indicates

that Europasaurus holgeri gen. et sp. nov. is a macronarian that is
more derived than Camarasaurus, and is the sistergroup of Brachio-
sauridae and all (more-derived) Titanosauromorpha. It also indi-
cates that the diminutive body size of Europasaurus is derived.
Six individuals that represent the full body-length range known for

Europasaurus were sampled histologically from one or two long
bones each. The bones selected were femora and tibiae, and the bone
tissues examined were those of the cortex (see Supplementary
Information). The bone cortex of the smallest individual (body
length 1.75m; DFMMh/FV 009) is primary bone of the fibrolamellar
complex with a reticular vascular network that grades into a laminar
network (Fig. 2a). The bone matrix consists of fibrous tissue with
plump osteocyte lacunae. Only a thin veneer of lamellar bone lines
the vascular canals (incipient primary osteons). There are no growth
marks in the cortical bone. The inner cortex lacks any indication of
secondary remodelling, except for large erosional cavities. These
features indicate a rapidly growing juvenile9–11.
The next-largest individual (body length 2m; DFMMh/FV 291.9)

differs from the previous one in that the fibrolamellar bone is of
the laminar type, the vascular network being organized into a
predominantly circumferential pattern. The vascular canals have a
lining of lamellar bone, forming primary osteons. In the next-largest
individual (body length 3.5 m; DFMMh/FV 001), the primary
osteons in the fibrolamellar complex are mature with a narrow
central vascular canal. Notably, there are two cyclical growth marks
(annuli) in the fibrolamellar bone of the outer cortex.
A slightly larger individual (body length 3.7m; DFMMh/FV 495)

was sampled from its tibia and femur. Both bones have the same
histology of laminar fibrolamellar bone interrupted by growth marks
(Fig. 2b), the spacing of which diminishes towards the outer bone
surface, indicating a decrease in growth rate. However, the vascular
canals in the outermost cortex are large and open to the bone surface,
indicating active growth at the time of death. The next-largest
individual (body length 4.6m; DFMMh/FV 153) has the same
primary bone histology as the previous ones, preserving five growth
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João Luis de Moura, 2530-157 Lourinhã, Portugal. 3Dinosaurier-Freilichtmuseum Münchehagen, Alte Zollstrasse 5, D-31547 Rehburg-Loccum, Germany.
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A Diminutive New Tyrannosaur from the Top of the
World
Anthony R. Fiorillo*, Ronald S. Tykoski

Department of Paleontology, Perot Museum of Nature and Science, Dallas, Texas, United States of America

Abstract

Tyrannosaurid theropods were dominant terrestrial predators in Asia and western North America during the last of the
Cretaceous. The known diversity of the group has dramatically increased in recent years with new finds, but overall
understanding of tyrannosaurid ecology and evolution is based almost entirely on fossils from latitudes at or below
southern Canada and central Asia. Remains of a new, relatively small tyrannosaurine were recovered from the earliest Late
Maastrichtian (70-69Ma) of the Prince Creek Formation on Alaska’s North Slope. Cladistic analyses show the material
represents a new tyrannosaurine species closely related to the highly derived Tarbosaurus+Tyrannosaurus clade. The new
taxon inhabited a seasonally extreme high-latitude continental environment on the northernmost edge of Cretaceous North
America. The discovery of the new form provides new insights into tyrannosaurid adaptability, and evolution in an ancient
greenhouse Arctic.
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Introduction

The study of tyrannosaurs, the lineage of carnivorous theropod
dinosaurs that include Tyrannosaurus rex and its close kin has
captivated the attention of the public and the scientific community
since the first descriptions of these forms over a century ago [1].
The past decade has witnessed a flurry of new finds, revelations,
and research on the group, swelling the ranks of recognized
tyrannosaur species and fundamentally challenging long-held
assumptions about the adaptability and evolution of these iconic
predators [2]. For all the attention given these extinct animals,
almost everything we know about them has been gathered from
fossils collected at sites in the low to mid-latitudes of North
America and Asia. Isolated tyrannosaurid teeth have been
reported from the high latitudes of northern Alaska, but the lack
of non-dental remains from the region resulted in the teeth being
assigned to taxa known from much lower latitudes [3].

We report here on a new tyrannosaurid dinosaur from the
North Slope of Alaska, USA. It is represented by cranial bones
initially referred to the albertosaurine [3] Gorgosaurus libratus (Late
Campanian) known from southern Alberta, Canada [4–7].
However, subsequent work showed the age of the material,
between 70 and 69 Ma [8,9], was more congruent with the range
of the albertosaurine Albertosaurus sarcophagus (Early to early Late
Maastrichtian), also from southern Alberta [1,10–12]. Additional
material, combined with closer examination and comparison with
other tyrannosaurids show more similarity to tyrannosaurine
forms. When added to recent cladistic analyses of tyrannosauroid
relationships [2,13], the tyrannosaurine affinities of the Alaskan
material was supported. The age of the taxon places it outside the
temporal ranges of the North American tyrannosaurines Dasple-
tosaurus torosus and Tyrannosaurus rex, and it also exhibits morpho-

logical features that preclude assignment to these and the
potentially contemporaneous central-Asian species Tarbosaurus
bataar. The new tyrannosaurid fills both evolutionary and
paleogeographic gaps in our knowledge of the highly derived
tyrannosaurine theropods. The new form inhabited the northern-
most margin of Laramidia in the early Late Cretaceous, and serves
to expand our understanding of tyrannosaurid adaptability and
diversification.

Methods

Permits
All necessary permits were obtained for the described study,

which complied with all relevant regulations. The specimen was
collected under BLM permit number AA-86367.

Nomenclatural Acts
The electronic edition of this article conforms to the require-

ments of the amended International Code of Zoological Nomen-
clature, and hence the new names contained herein are available
under that Code from the electronic edition of this article. This
published work and the nomenclatural acts it contains have been
registered in ZooBank, the online registration system for the
ICZN. The ZooBank LSIDs (Life Science Identifiers) can be
resolved and the associated information viewed through any
standard web browser by appending the LSID to the prefix
‘‘http://zoobank.org/’’. The LSID for this publication is: urn:lsid:
zoobank.org:pub: 3E537CBC-B7DA-42E3-9ED6-9297A3EE4569.
The electronic edition of this work was published in a journal with
an ISSN, and has been archived and is available from the following
digital repositories: PubMed Central, LOCKSS.

PLOS ONE | www.plosone.org 1 March 2014 | Volume 9 | Issue 3 | e91287
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Days of gestation period (to apparently similar level of 
precociality) 

Cattle: app. 280 days 
Horse: app. 340 days 
Dromedary: app. 390 days
Okapi: app. 440 days

Nobody knows why.

But it is evident that there are large differences between species 
in intra-uterine growth speed. 
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Revisiting the Estimation of Dinosaur Growth Rates
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Abstract

Previous growth-rate studies covering 14 dinosaur taxa, as represented by 31 data sets, are critically examined and
reanalyzed by using improved statistical techniques. The examination reveals that some previously reported results cannot
be replicated by using the methods originally reported; results from new methods are in many cases different, in both the
quantitative rates and the qualitative nature of the growth, from results in the prior literature. Asymptotic growth curves,
which have been hypothesized to be ubiquitous, are shown to provide best fits for only four of the 14 taxa. Possible reasons
for non-asymptotic growth patterns are discussed; they include systematic errors in the age-estimation process and, more
likely, a bias toward younger ages among the specimens analyzed. Analysis of the data sets finds that only three taxa
include specimens that could be considered skeletally mature (i.e., having attained 90% of maximum body size predicted by
asymptotic curve fits), and eleven taxa are quite immature, with the largest specimen having attained less than 62% of
predicted asymptotic size. The three taxa that include skeletally mature specimens are included in the four taxa that are best
fit by asymptotic curves. The totality of results presented here suggests that previous estimates of both maximum dinosaur
growth rates and maximum dinosaur sizes have little statistical support. Suggestions for future research are presented.
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Introduction

Knowledge of the life histories of extinct species has increased
enormously in recent decades, advanced by bone histology [1–16]
and the measurement of ontogenetic growth rates for many species
[17–19]. Histological estimation of age depends primarily on
analysis of features known as lines of arrested growth (LAGs) [20],
which are seen in thin sections of fossilized bone [6]. Strong
evidence from extant amphibians, reptiles, birds and mammals
suggests that, in many dinosaur taxa, LAGs were deposited
annually while the animal was alive. Even in bones in which LAGs
are not visible, ‘‘polish lines’’ sometimes appear, and Sander has
argued [21] that these also represent markers for annual growth.
Although the inference that each LAG represents one year of
growth is still a subject of debate [22] and the number and
distribution of LAGs varies in some specimens from one bone to
another or is obscured by inter-element remodeling [10,11,13–
15,21–23], the analysis presented here adopts the common
assumption in paleobiology that LAGs and polish lines are indeed
annual markers.

Many of the other assumptions on which studies of dinosaur
growth have routinely depended are more questionable, however,
as are some of the statistical methodologies used. Insufficient
attention has been given to problematic issues in estimating the
ages and masses that dinosaurs achieved during their lives, in
fitting growth curves to the data sets available, and in interpreting
the results of curve fits.

Two distinct analytical approaches, the whole-bone method and
the longitudinal method, have been used to gather age/size data
sets, from which biological growth parameters can be calculated.
Each approach involves similar steps – age estimation, mass

estimation and growth curve fitting – but they differ in their details
between approaches, and between studies. Both approaches
require careful handling of the uncertainties involved in the
estimation of ages and masses, and of the assumptions and
statistical methods used to fit growth curves to observed and
derived data.

Whole-bone Method
Chinsamy-Turan [6] appears to have been the first to use the

‘‘whole-bone’’ method to fit growth curves for dinosaurs by using
the linear dimension of a whole bone as the size metric and a
count of LAGs in a bone to estimate age at time of death. Erickson
and Tumanova [24] extended the method to estimate the mass of
an animal from the length of a long bone, and the approach was
extended further in later studies [16–18,24–29]. The method has
been applied to 11 dinosaur taxa by Erickson and coworkers and
to three additional taxa by Bybee et al., Lehman, and Lee and
Werning (Table 1). Werning [30] and Lee and Werning [31]
applied a variation of the whole-bone method to the ornithopod
Tenontosaurus (without the developmental mass extrapolation
(DME) step, discussed below), although bone dimensions have
not been published. Bybee et al. [32] presented data that can be
used for the method.

Although details of the whole-bone method vary slightly in the
literature, it generally includes two or more of the following steps:

(1) Estimate ages. LAGs are counted by microscopic exam-
ination of thin sections of bone, typically cut from the femur
but sometimes from other bones. Age at the time of death is
then estimated by adjusting or supplementing the raw LAG
count:
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To become gigantic ...

• ... the niche must be empty
• ... you need resources
• ... you have to grow (fast)
• ... you should have a lightweight 

construction
• ... you should have no intrinsic 

limitation
– reproduction
– mastication (chewing)
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from Curry Rogers and Wilson (2005)

One offspring 
every 5 years!

>100 offspring 
per year!



Re-Generation

Reproductive Biology and Its Impact on Body Size:
Comparative Analysis of Mammalian, Avian and
Dinosaurian Reproduction
Jan Werner*, Eva Maria Griebeler
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Abstract

Janis and Carrano (1992) suggested that large dinosaurs might have faced a lower risk of extinction under ecological
changes than similar-sized mammals because large dinosaurs had a higher potential reproductive output than similar-sized
mammals (JC hypothesis). First, we tested the assumption underlying the JC hypothesis. We therefore analysed the
potential reproductive output (reflected in clutch/litter size and annual offspring number) of extant terrestrial mammals and
birds (as ‘‘dinosaur analogs’’) and of extinct dinosaurs. With the exception of rodents, the differences in the reproductive
output of similar-sized birds and mammals proposed by Janis and Carrano (1992) existed even at the level of single orders.
Fossil dinosaur clutches were larger than litters of similar-sized mammals, and dinosaur clutch sizes were comparable to
those of similar-sized birds. Because the extinction risk of extant species often correlates with a low reproductive output, the
latter difference suggests a lower risk of population extinction in dinosaurs than in mammals. Second, we present a very
simple, mathematical model that demonstrates the advantage of a high reproductive output underlying the JC hypothesis.
It predicts that a species with a high reproductive output that usually faces very high juvenile mortalities will benefit more
strongly in terms of population size from reduced juvenile mortalities (e.g., resulting from a stochastic reduction in
population size) than a species with a low reproductive output that usually comprises low juvenile mortalities. Based on our
results, we suggest that reproductive strategy could have contributed to the evolution of the exceptional gigantism seen in
dinosaurs that does not exist in extant terrestrial mammals. Large dinosaurs, e.g., the sauropods, may have easily sustained
populations of very large-bodied species over evolutionary time.
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Introduction

Body size is one of the most fundamental attributes of any
organism [1,2]. While body size maxima for some organisms can
be directly studied in living species, the largest terrestrial animals
that have ever existed on earth, the sauropod dinosaurs, must be
studied from the fossil record. Sander and Clauss [3] have argued
that the gigantism of these animals must result from their unusual
biology. Their thesis is supported by the observation that body size
influences nearly every aspect of the biology of currently existing
organisms and that many life history variables correlate with body
size [4–6]. Variables such as mortality, age at sexual maturity, size
or number of offspring are important for understanding life history
strategies and population extinction risk, because such factors are
directly related to the fitness of an organism [7–10]. These
variables reflect several important trade-offs, e.g., investment of
energy in somatic versus gonadic growth, in continuous or
intermittent breeding, and in the investment in either many small
or a few large offspring [11].

Kurtén [12] already pointed out that body size limits of a taxon
reflect not only mechanical or physiological constrains, but also
the scaling of its reproductive parameters [4,11,13–15]. Following

the idea by Kurtén [12], Janis and Carrano (abbreviated hereafter
as JC [16]) stated that terrestrial non-passerine birds, taken as a
model for dinosaurs, differ from terrestrial mammals in terms of
their reproductive biology. They found that, for terrestrial
mammals, body mass was negatively correlated with litter size
(number of offspring per litter; clutch size = number of offspring
per clutch), breeding frequency (number of clutches/litters per
year) and annual offspring number (total number of offspring per
year = clutch/litter size6number of broods per year), whereas
such relationships were absent in non-passerine birds.

Using terrestrial non-passerine birds as ‘‘dinosaur analogs’’, JC
put forward the hypothesis (henceforth called the JC hypothesis) that
different reproductive strategies in dinosaurs and mammals (ovipary
in birds and dinosaurs versus vivipary plus lactation in mammals)
resulted in a different ability of dinosaurs and mammals to evolve
and sustain large-bodied species over evolutionary time. JC
suggested that, given their higher potential reproductive output
(reflected in clutch size or number of offspring per year) compared to
similar-sized mammals, large dinosaurs may have faced a lower risk
of population extinction under ecological changes than mammals.

A higher potential reproductive output is advantageous when
the size of a population is reduced, e.g., by a catastrophic event.

PLoS ONE | www.plosone.org 1 December 2011 | Volume 6 | Issue 12 | e28442

Figure 2. Comparison of the potential reproductive output of birds and mammals for different weight classes. Potential reproductive
output is measured as medians of clutch/litter sizes (A) and medians of annual offspring number (B) for species groups of different weight classes.
Each weight class interval has a width of 0.444 (unit is kg) on a logarithmic scale. Birds of all weight classes had a higher median clutch/litter size than
similar-sized mammals. Similar-sized birds had on average (median) more offspring per year than mammals in all weight classes. For the detailed
results of the statistical analyses, refer to the text. Box plots show medians, quartiles, minima and maxima of clutch sizes and litter sizes.
doi:10.1371/journal.pone.0028442.g002

Figure 3. Relationship between clutch/litter size and body mass. (A) in birds, (B) in mammals. Presented are least square regressions (solid
lines) and the corresponding 95% confidence intervals (dashed lines, in B only the upper limit of the confidence interval is drawn). Sauropod clutch
sizes (open circles) fit well to those of birds or lay somewhat above the upper limit of the confidence interval (A), but do not fit to litter sizes of
mammals (B). Carnivorous (open triangles) and other herbivorous dinosaurs (circles with crosses) also fit better to clutch sizes of birds (A) than to litter
sizes of mammals (B). Clutch sizes and body masses of dinosaurs are summarized in Table S3. For comparison, clutch sizes of crocodiles were also
included (stars). Clutch sizes and body masses of crocodiles are derived from [70].
doi:10.1371/journal.pone.0028442.g003

Reproductive Biology and Its Impact on Body Size
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Absence of mastication apparatus (no grinding 
teeth, no cheeks) and absence of gastric mill

sauropods are special - they did not chew their food

from Wings & Sander (2007)from Calvo (1994)

No chewing in sauropods
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Foraging time and body size

Foraging: Sum of searching, cropping and chewing

Foraging time (%) = 19 BM0.17

Owen-Smith (1988)



Chewing constrains the time available for 
feeding and therefore ultimately limits the 
body size of chewers.

Feeding time (in % day) = 19 Body mass0.17

from app. 18 tons onwards, herbivores would have 
to feed more than 24 hours per day!

Chewing limits body size



Sizing up dinosaurs
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No chewing – no problems 
with tooth wear

Giant Equisetum



Summary

Absence of mastication is considered a “permissive 
factor” for sauropod gigantism

from Sander & Clauss (2008)
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Being gigantic is good

• Resource accessibility
– Food (high and low)
– Migration facilitates use of different habitats
– More body reserves



from Paul (1998)

Niche differentiation
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Signs of the past

Easter Island



Araucaria

Signs of the past



Araucaria forest, Patagonia

Signs of the past



• Resource accessibility
– Food (high and low)
– Migration facilitates use of different habitats
– More body reserves

• Less enemies

Being gigantic is good
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How much does a sauropod eat?

from Spielberg et al. (1993)



from Spielberg et al. (1993)

Body mass?
Energy requirement ‘endotherm’ or ‘ectotherm’   ?

Food plants ?
Energy content of food plants?

=> digestibility?

How much does a sauropod eat?



from Spielberg et al. (1993)

... and how much does it 
defecate?

Quel montagne de merde !
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defecate?



from Gunga et al. & Hummel et al. (2008), Franz et al. (2009)

Reconstructing 
digestive physiology

Metabolism Food intake Faeces Digesta passage 
 kg/d kg/d Hours Days 
Reptile 67 37 927 39 
Intermediate 467 260 135 6 
Mammal 627 347 100 4 
 

38 ton Brachiosaurus – body cavity ~32 m3

Estimated gut capacity ~4000 kg



A case of notariophagy

from Spielberg et al. (1993)
Brett-Surman & Farlow (1997)
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Body mass T. rex 5000 kg
Energy requirement ‘endotherm’ 293 kJ/KM0.75/d  *  2 = 348’440 kJ/d
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Body mass notary 70 kg
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Body mass T. rex 5000 kg
Energy requirement ‘endotherm’ 293 kJ/KM0.75/d  *  2 = 348’440 kJ/d

‘ectotherm’ 29 kJ/KM0.75/d  *  2 =   34’844 kJ/d

Body mass notary 70 kg
Energy content notary 7000 kJ/kg

T. rex requires 0.7 notary/day or 260/year (‘endotherm’)
0.1 notary/day or   26/year (‘ectotherm’)

How many notaries does a T. rex
need per year?        

from Spielberg et al. (1993)
Brett-Surman & Farlow (1997)
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Start assumptions

- Niche stratification according to body size (=body 
mass)

- Eggs cannot increase endlessly in size because of 
physical constraints on egg shell thickness 
(stronger shells needed for larger eggs) and 
diffusion (thicker shells prevent diffusion of 
oxygen)

- The K-T extinction event affected all animals above 
a certain body size threshold
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Gigantic dinosaurs ...

• ... most likely grew very fast
• Reasons for differences in growth speed 

between breeds of a species, or between 
species groups (e.g. insular dwarfs) remain 
to be studied ...

• ... maybe based on the knowledge from 
human endicronology and genetics?
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Gigantic dinosaurs ...

• ... could use the gigantism niche due to a 
combination of opportunity, large habitats, 
lightweight construction, oviparity, and (in 
sauropods) a lack of mastication

• ... had large numbers of offspring, 
- providing copious resources for 

carnivores
- leaving little niche space for medium-

sized dinosaur species (which was a 
decisive disadvantage after the K-T-
extinction) 












