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Metabolism of dinosaurs as determined from their growth
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A model based on cellular properties is used to analyze the mass growth curves of 20 dinosaurs. This analysis
yields the first measurement of the average cellular metabolism of dinosaurs. The organismal metabolism is
also determined. The cellular metabolism of dinosaurs is found to decrease with mass at a slower rate than is
observed in extant animals. The organismal metabolism increases with the mass of the dinosaur. These results
come from both the Saurischia and Ornithischia branches of Dinosauria, suggesting that the observed metabolic
features were common to all dinosaurs. The results from dinosaurs are compared to data from extant placental
and marsupial mammals, a monotreme, and altricial and precocial birds, reptiles, and fish. Dinosaurs had cellular
and organismal metabolisms in the range observed in extant mesotherms.
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I. INTRODUCTION

As the dominant land animals of the Mesozoic Era,
dinosaurs are important in the study of the history of life
on Earth. The largest sauropod dinosaurs were the largest
land-living animals that have ever existed on Earth and were
about an order of magnitude larger in mass than the largest
extant land animal (the African elephant, Loxodonta africana).
How and why they attained such enormous size are issues of
importance. Though the nonavian dinosaurs have been extinct
since the end of the Cretaceous Period (about 65.5 million
years ago), in this paper, mass growth rates of dinosaurs
are analyzed with a model based on cellular properties to
determine their cellular and organismal metabolisms. This is
the first determination of the cellular metabolism of dinosaurs.
Though other workers have used statistical models to evaluate
the organismal metabolism of dinosaurs by comparisons to
extant animals, this work is the first determination of the
organismal metabolism via a model based on the cellular
properties of the animal. The growth of a large number of
extant animals is also analyzed in order to compare to our
results of 20 dinosaurs.

Closely related to this work on metabolism is the issue
of body temperature regulation in dinosaurs. In extant ani-
mals, two main thermal regulation strategies are observed:
endothermy and ectothermy. In endotherms (mammals and
birds), the body temperature TB is maintained very close to a
fixed value, such as 37 ◦C in humans. TB is maintained mainly
by internal mechanisms, such as an increased metabolism in
cold environments and the existence of an insulating layer
(e.g., fur, hair, feathers, or blubber). In contrast, the body
temperature of ectothermic animals (including reptiles and
fish) is highly variable and determined, essentially, by the
temperature of the surrounding environment. Since the closest
extant relatives of dinosaurs are reptiles and bird, it is unclear
if dinosaurs were endotherms or ectotherms. It is also possible
that they used neither of these two mechanisms.

A significant advantage of endothermy is the maintenance
of a high TB . Since the rate of all biochemical reactions is
dependent on the temperature, having a high TB means that
the important processes of the endotherm happen at a high rate
regardless of the temperature of the surrounding environment.
This permits endotherms to be active throughout the year and to

occupy virtually every part of the planet. However, endothermy
has the cost of requiring the animal to eat relatively large
amounts of food in order to maintain the high temperature via
its metabolism.

Because an ectothermic animal does not use significant
amounts of metabolically generated heat to maintain its
body temperature, ectotherms have a lower metabolic rate.
Consequently, ectotherms need less food than endotherms.
However, extended periods of low temperatures will cause
TB to fall in ectotherms. This slows their metabolism and
can cause them to fall into torpor. Under such conditions,
ectotherms become vulnerable to predation by endotherms.
Ectothermy also limits the animals to live in regions of the
planet without extended periods of cold.

Not all extant animals are either endotherms or ectotherms.
Mesothermy is a temperature regulation strategy intermediate
between endothermy and ectothermy, as shown by the small
number of extant mesotherms. The body temperature of the
echidna, the egg-laying mammal Tachyglossus aculeatus,
varies between 28◦ and 35 ◦C, a much larger range than
observed in endotherms [1]. Leatherback turtles (Dermochelys
coriacea) have TB which is about 3 ◦C above the temperature
of the surrounding environment [2]. Lamnid sharks and tuna
have the ability to maintain their body temperature about 10 ◦C
warmer than the environmental temperature [3–5]. All extant
mesotherms have metabolic rates that are intermediate be-
tween that observed for extant endotherms and ectotherms [6].

Erickson et al. [7] first used mass growth rates to show
that dinosaurs regulated their body temperature in a manner
distinct from endothermy and ectothermy. These authors used
a sigmoidal function (based on the work of Sussman [8]) to fit
their mass growth data. Analysis of mass growth rates in extant
animals by Case [9] had already showed that the maximum
growth rate correlates with the thermal regulation strategy
of the animal: Endothermic animals have a higher maximum
growth rate than ectothermic animals. Based on these results,
the work of Erickson et al. suggested that dinosaurs were
mesotherms.

Grady et al. [10] have recently shown additional evidence
that the metabolism of dinosaurs is most consistent with
mesothermy. They determined the maximum growth rate by
fitting the mass growth of a large number of extant animals as
well as dinosaurs using (primarily) the Gompertz model [11].
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Two other models were used in certain cases: the von
Bertalanffy [12] and the logistic [13] models. All three of these
models involve an exponential growth, although the forms of
these models differ. It is important to note that these methods
are not based on the cellular properties of the organism. Rather,
these expressions were developed because of their statistical
correlation with the data. The theoretical expressions from
these models then allowed for the evaluation of the maximum
growth rate of the animal which was related to its metabolism.
Grady et al. [10] found that the organismal metabolism of
dinosaurs was in the range observed in extant mesotherms, in
agreement with the results of Erickson et al. [7].

Understanding the metabolism of extinct animals requires
a careful study of the metabolism of extant animals. In early,
pioneering work, Kleiber [14] and Brody [15] first showed that
the organismal metabolic rate, B, is related to the mass of the
adult animal, M , via a power law: B = BoM

α . Kleiber [14]
and Brody [15] reported that α is 3/4.

Nagy et al. [16] have measured the field metabolic rate
(FMR) of a large number of extant free-ranging placental
mammals, marsupials, birds, and reptiles. The FMR is a
measure of the average metabolic rate of the wild animal
measured over time periods ranging from days to weeks. Their
data (shown in Fig. 1) reveal several interesting trends. For all
masses, the FMR for endotherms is about an order (or one
and half orders) of magnitude higher than it is for ectotherms.
Within a given taxon, the spread in the FMR is about an order
of magnitude at any mass. The FMR of birds is slightly higher
than for mammals. For masses above about 2 kgs, the FMR
of mammals and reptiles almost overlap in value. For a given
taxon, the FMR is essentially a linear function of mass on this
log-log plot, meaning that the FMR and mass are related by a
power law, as shown earlier by Kleiber [14] and Brody [15].

The large spread in the FMR for a certain mass within a
given taxon shows the variability of living organisms. This
indicates that a similar variability and possible overlaps are

FIG. 1. Field metabolic rates of extant animals. The field
metabolic rate (in watts) of extant birds (�), mammals (◦), and
reptiles (×) as a function of adult mass (in kilograms). The data
are from Nagy et al. [16].

to be expected in the results of the current work. With such
variability, it is important to analyze as many animals as
possible in order to be able to determine the average values
with the minimum possible uncertainty.

The data of Fig. 1 can be fit by a power law for each taxon.
The exponent α is 0.681 ± 0.018 for birds, 0.734 ± 0.018 for
mammals, and 0.888 ± 0.029 for reptiles. Nagy et al. [16]
also found that α varies within a taxon. Placental mammals
have a higher value of α than marsupial mammals. The
exponent α of the FMR is also affected by diet. For instance,
carnivorous mammals are found to have a higher value of α

than insectivorous and herbivorous mammals.
It should also be noted that most metabolic studies on extant

animals have been on animals with adult masses of 100 kg
and less. Such animals are easier to handle and, for captive
studies, have smaller needs of living space and food. However,
a number of the dinosaurs of the current study had masses
much larger than 100 kg. The sauropod dinosaurs had masses
in excess of 20 000 kg.

The basal metabolic rate (BMR) is the minimum energy
per unit time required to keep an animal alive. This is typically
measured with the animal immobile, and, therefore, the BMR
is less than the FMR. The BMR also depends on the adult mass
via a power law but with a different exponent than the FMR.
For placental mammals, Hayssen and Lacy [17] found α to be
0.696 for the BMR while Nagy et al. [16] found α to be 0.772
for the FMR.

The fact that the metabolism obeys a power-law relationship
with the mass for all taxa shows the imprint of the underlying
physical mechanism limiting the biological variability. Heat is
lost by an animal through its skin and its exhaled breath. If
the heat losses through breathing are insignificant, then simple
dimensional analysis implies that the heat loss is proportional
to V 2/3 where V is the total volume of the animal. This shows
that the heat loss and the metabolism are proportional to M2/3.

Alternatively, the organismal metabolism is affected by the
fact that biological functions are limited by the rate at which the
necessary resources (oxygen and nutrition) can be delivered
to the cells. The size of the organism scales as the number of
cells which scales as the mass or volume of the organism. For
animals, the resources are delivered via fluid flow through the
capillaries. These resources must flow through the surface of
the capillaries in order to be delivered to the cells. Therefore,
the rate at which resources are delivered to the cell scales as a
surface area. The fact that the need scales as the volume (or,
equivalently, mass) while the delivery scales as a surface area
implies that the exponent of the metabolism-mass relationship
is expected to be 2/3.

West et al. [18,19] have argued that the exponent α is
3/4, rather than 2/3. Their reasoning is based on the same
observation that the needed resources flow through the walls
of the capillaries of the animal. However, West et al. [18,19]
have argued that the exponent is 3/4 due to the self-similar
fractal nature of the arterial system.

Dodds et al. [20] have reviewed a number of studies of the
relationship between the BMR and M and found significant
empirical support for α = 2/3.

Conservation of energy is one of the pillars of theoretical
physics and this principle is applied to metabolism, the
production of the energy necessary to sustain life, in this
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paper. Ricklefs [21] first developed this approach for a growing
animal in 1969 and the approach was further developed by
West et al. [22] in 2001 using α = 3/4. Given the results of
Dodds et al. [20], we develop a model using B = BoM

2/3. This
approach yields a theoretical expression of the mass growth of
an animal in terms of fundamental cellular parameters of the
animal, including Bc, the average cellular metabolism.

The growth of animals has long been the subject of
intensive study and a variety of growth models were developed,
including the Gompertz, [11] the von Bertalanffy [12], and the
logistic [13] models mentioned above. Although these models
are very useful in providing a framework to determine the
maximum growth rate of an animal, they are not based on
the fundamental parameters of the cell. Rather, their validity
was justified solely on their ability to fit the data. The model
developed in this paper relates the observed mass growth to the
fundamental parameters of the living organism, as described in
the next section. We will compare the results obtained from a
large number of extant animals to the results of dinosaurs from
the fossil record in order to address the issue of metabolism in
dinosaurs.

Due to genetic and environmental differences, all animals
show variety in their growth. Taking data from a large number
of individuals for each species permits one to determine the
average mass and its standard deviation as a function of age. As
an example, the average mass of a nonpregnant adult female
African elephant is 2658 ± 263 kg [23].

Determining the masses of extinct animals is even more
difficult. The fossilized remains almost never contain any soft
tissue. Furthermore, it is relatively rare to find the complete
fossilized skeleton. For these growth studies, a series of
complete fossilized skeletons for animals at different ages are
needed in order to determine the mass as a function of age.

Reconstructing soft tissue on the fossilized skeleton of an
extinct animal is subjective. The size of the points of attach-
ments for tendons provides some guidance about the associated
muscles when a comparison is made to extant animals. As
noted earlier, sauropod dinosaurs were about an order of
magnitude more massive than any extant animal living on the
land, meaning that there are no extant animals of similar size.

Scale models have been used for estimating the volume
of a dinosaur [24–26]. The volume can be converted to the
mass via the density. Using the average density observed in
extant animals would then yield the mass of the dinosaur.
However, a number of dinosaurs display pneumaticity in
which air spaces are found inside vertebrae of sauropods [27]
and theropods [28]. Wedel [27] suggests that the masses of
sauropods suggested by volume methods might need to be
lowered by about 10% because their density has been overes-
timated by not accounting for the pneumaticity in the skeleton.

The availability of three-dimensional graphical computer
programs has facilitated the determination of the volume of
dinosaurs [29,30]. Gunga et al. [31] have pioneered the use
of lasers to produce three-dimensional (3D) photogrammetry
of actual skeletons. One significant advantage of using 3D
graphical programs is that calculations can be easily done on
different body parts, permitting for the quick exploration of
the effects of different shapes on the body mass.

A biomechanical approach relates the dimensions of the
long bones to the mass of the animal [32,33]. This technique

has the advantage of providing the mass of dinosaurs for whom
only one or more long bones have been recovered. However,
the accuracy of its predicted masses can be very poor.

Hutchinson et al. [34] have used three-dimensional laser
scanning of four articulated specimens of adult Tyrannosaurus
rex in order to determine the mass of an adult T. rex as well as
the variability of the mass. They found that the largest adult
T. rex (“Sue,” specimen FMNH PR 2081 of the Field Museum
of Natural History in Chicago) had a mass of about 9500 kg.
They determined that adult T. rex had body masses in the 6000-
to 8000-kg range; that is, the adult mass was 7000 ± 1000 kg.
This variation of 14% is consistent with the variation noted in
extant L. africana and this percentage value will be used for
the variation of the masses of the dinosaurs in this study.

The adult mass is necessary for our study but not sufficient.
We also need the mass of the juvenile dinosaurs throughout
their growth. Because of the rarity of complete skeletons
of juveniles of the same dinosaur species, Erickson and
Tumanova [35] developed a methodology to reconstruct the
mass growth curve of the dinosaur based on the adult mass and
dimensions of long bones (usually the femur) from juvenile
specimens. Noting that the femoral length (L) scales as M1/3

in extant archosaurs-crocodilians [36] and birds [37], they
calculated L3 for each femur and divided each value by L3 for
the longest femur (presumed to be from a fully grown adult) to
determine the fraction of growth displayed by that individual.
Multiplying each fraction by the adult mass then yields the
mass of the juvenile dinosaur. Erickson and Tumanova per-
formed these measurements and calculations on the length of
femora from seven specimens of Psittacosaurus mongoliensis
at different stages of development. This methodology has been
widely adopted for determining the mass growth curves of
dinosaurs.

The age of a dinosaur at different stages of growth can be
determined by an examination of certain bones, particularly
the long bones of the limbs, such as the femur and humerus.
These bones of many (but not all) animals display lines of
arrested growth (LAGs). Based on studies of extant vertebrates,
LAGs represent annual fluctuations in growth rate. Therefore,
counting the number of LAGs in a bone yields a minimum
age [38].

The initial mass of the animal, mo, at the time of hatching
or birth is very important for an accurate determination of the
mass growth curve. A direct measurement of mo is not possible
for many dinosaurs. However, Dolnik [39] has found that the
egg mass, megg is related to the adult mass M of dinosaurs as

megg = 0.46 M0.46. (1)

Deeming and Birchard [40] have found that the mass of
a newly hatched bird is 70% of the egg mass. The mass of
newly hatched dinosaurs can then be determined using Eq. (1)
and assuming this ratio to be true for nonavian dinosaurs. The
uncertainty in mo is determined by propagating the uncertainty
in the adult mass M in Eq. (1).

II. MODEL

The total metabolism, B, of the animal during growth
provides the necessary power to its cells plus the power needed
to create new cells. Each animal is composed of a variety of
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cells (muscle cells, nerve cells, cells of different organs, etc.):

B =
d∑

j=1

(
Nc,jBc,j + Ec,j

dNc,j

dt

)
, (2)

where d is the number of different types of cells in the animal;
Nc,j is the number of cells of the j th type, Bc,j is the cellular
metabolism of the j th type of cell; and Ec,j is the energy
required to make a cell of the j th type.

Since individual cells are composed of soft tissue which
does not usually leave any trace in the fossil record, our
calculations will be unable to discern any differences between
the types of cells. Rather we will be able to calculate average
properties of a typical cell. In that case, Eq. (2) becomes:

B = NcBc + Ec

dNc

dt
. (3)

Bc and Ec are the cellular metabolism of an average cell
and the energy required to create an average cell, respectively,
while Nc is the number of cells. The first term on the right-hand
side of Eq. (3) is the metabolism necessary to maintain the
living cells while the second term is the metabolism used to
grow new cells.

Ec and Bc are assumed to remain unchanged throughout
growth. Furthermore, the mass of an average cell, mc, is
assumed to be the same for all animals and to remain constant
throughout growth. Bianconi et al. [41] determined the number
of cells in a 70.0-kg human to be (3.72 ± 0.81) × 1013,
yielding mc = (1.88 ± 0.41) × 10−12 kg. Moses et al. [42]
have determined that the energy required to produce one gram
of biomass in all animals is 5774 ± 97 J, showing that Ec

is the same for all animals. Combining these results yields
Ec = (1.09 ± 0.24) × 10−5 J.

The growth of the animal will be characterized by its total
mass m(t) at time t . Note that Nc = m/mc and, as discussed
earlier, B = Bom

2/3. Substituting and rearranging, Eq. (3)
becomes

dm

dt
= pm2/3 − qm, (4)

where p = mcBo/Ec and q = Bc/Ec. The animal’s mass at the
time of hatching or birth is m(t = 0) = mo and its asymptotic
mass m(t = ∞) = M .

While the animal is young and growing, the first term on the
right-hand side of Eq. (4) is larger than the second term. Since
the two terms have a different dependence on mass (one to the
2/3 power and the other to the first power), the right-hand side
will become zero at the asymptotic mass M and the animal
will stop growing:

0 = pM2/3 − qM ⇒ M =
(

p

q

)3

=
(

mcBo

Bc

)3

. (5)

Such animals are said to have determinate growth since
they attain a maximum size and do not grow any larger.

Because of their slow metabolism, ectothermic animals
grow slowly. Such animals do not reach a maximum size
during their lifetime since the right-hand side of Eq. (4) never
becomes zero for them. These animals are said to display
indeterminate growth since they continue to grow throughout
their lives. However, the asymptotic mass M of these animals

can be determined via Eq. (5). If they would live longer, they
would reach their asymptotic mass M .

Equation (4) can be integrated by using a change of
variables [f = (m/M)1/3] to yield:

m(t) = M

{
1 −

[
1 −

(mo

M

)1/3
]
e
− pt

3M1/3

}3

. (6)

Equation (6) is used to fit the experimentally determined
mass growth curves (mass as a function of age). Because many
data points are available for the mass growth curves of extant
animals, the parameters mo, M , and p are varied in a least-
squares fit via the Levenberg-Marquardt algorithm. However,
for dinosaurs, relatively few data points exist, and, as discussed
later, the incompleteness of the dinosaur data sets can bias
the results. To minimize this bias, the asymptotic mass M is
determined by a careful survey of the refereed literature while
the initial mass mo is determined by using Eq. (1) to calculate
the egg mass and then assuming that mo is 70% the egg mass, as
observed in extant birds. Consequently, the only free parameter
in Eq. (6) for the dinosaur data is p. The metabolic prefactor
Bo is then calculated by

Bo = pEc

mc

. (7)

The cellular metabolism Bc is determined by

Bc = pEc

M1/3
. (8)

Note that, in this methodology, both Bo and Bc are
parameters which measure the metabolism of the animal on
the time scale of its growth phase. Small animals can reach
full size relatively quickly, but large animals take decades to
fully mature.

In order to connect to the pioneering work of Erickson
et al. [7] we also evaluate the maximum growth rate of the
dinosaurs by finding the point of inflection of Eq. (6) and
evaluating its first derivative at that point,

(
dm

dt

)
max

= 4pM2/3

27
. (9)

The derivation of the α = 3/4 model has been discussed by
West and coworkers [18,19,22].

All dinosaurs, including the large sauropods, are believed
to have laid eggs, as is the case with all extant birds and most
extant reptiles [43–45]. Because of limitations of the surface
area-to-volume ratio, the size of eggs is limited. Sauropod
hatchlings from Argentina had a mass much less than 10
kg [46]. Since adult sauropods had masses on the order of
30 000 to 80 000 kg, these dinosaurs had to have a high growth
rate in order to reach adult size within about 30 years.

All dinosaurs studied to date [43] have had large clutch
sizes per litter, with about 20 eggs per litter. Though the parents
might have been able to provide some care for such a large
litter size, the young would have had to fend for themselves
very quickly. The pressure of predation on such young animals
would have selected for a high growth rate.
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III. RESULTS AND DISCUSSION

Mass growth data from 35 placental and marsupial
mammals [47–64], 1 monotreme [1], 30 birds [22,65–
87], 15 fish [88–100], 7 reptiles [23,101–106], and 20
dinosaurs [7,23,35,107–119] were analyzed using Eq. (6).

Our results speak to the issue of the exponent α. As
discussed earlier, the need for sustenance for the cells grows
like the number of cells or, equivalently, the mass m of the
animal. The ability of the body to deliver the sustenance to
the cells is controlled by the capillary system and grows as
mα . Because of this difference in the power dependence of
the mass, each cell in a small animal receives a relatively
larger amount of nutrition and, therefore, can have a higher
cellular metabolic rate. For larger animals, the metabolic rate
of each cell is limited by the rate at which it receives nutrition.
Therefore, the cellular metabolic rate Bc is expected to drop as
m−β where β = 1 − α. For α = 2/3, the cellular metabolism
is expected to scale as m−1/3. If α = 3/4, then the cellular
metabolism should scale as m−1/4.

To determine β, we analyze the mass growth curves of
extant placental mammals, birds, reptiles, and fish using Eq. (6)
and evaluate Bc for each animal, as shown in Fig. 2. Two
analyses were performed for each animal: one using the
α = 2/3 model and the other using the α = 3/4 model. The
results for β are given in Table I. For the α = 2/3 model, we
see that β is within one standard deviation of the predicted
value of −1/3 for both extant endothermic and ectothermic
animals. That is, the data are consistent with the predictions
of this model. For the α = 3/4 model, the observed value
of β is 3.5 standard deviations away from the prediction for
extant endotherms and 1.6 standard deviations away from
the prediction for extant ectotherms. Though not definitive,
these results suggest that the α = 2/3 model is a better

FIG. 2. Cellular metabolism Bc in extant endotherms and ec-
totherms. The cellular metabolism Bc (in W) as a function of the
asymptotic mass M (in kg). The data for extant endothermic placental
mammals and birds are shown by the open circles (o) and the data
for extant ectothermic reptiles and fish are shown by the ×. The solid
line shows the fit to the endothermic data and the dashed line shows
the fit to the ectothermic data.

TABLE I. Cellular metabolism in extant endotherms and ec-
totherms. The predicted and observed values of β determined by
analysis of extant endothermic and ectothermic animals for the
α = 2/3 and α = 3/4 models.

α = 2/3 α = 3/4

βpred βobs βpred βobs

Extant Endotherms −1/3 −0.349 ± 0.022 −1/4 −0.326 ± 0.022
Extant Ectotherms −1/3 −0.289 ± 0.044 −1/4 −0.316 ± 0.041

representation of the metabolism and growth of extant animals
than the α = 3/4 model. Consequently, we use the α = 2/3
model for our analysis of the mass growth of dinosaurs. This
is the first such analysis of dinosaur growth using a model
based on cellular properties and will yield important insights
into dinosaur metabolism.

The dinosaurs include 11 theropods (T. rex, Daspletosaurus
torosus, Gorgosaurus libratus, Allosaurus fragilis, Citipati,
Deinonychus, Troodon, Oviraptor philoceratops, Coelophysis
rhodesiensis, Shuvuuia deserti, and Archaeopteryx lithograph-
ica), 3 sauropods (Apatosaurus, a mamenchisaurid, and
Alamosaurus sanjuanensis), 2 prosauropods (Massospondy-
lus carinatus and Plateosaurus engelhardti), 2 ornithopods
(Tenontosaurus tilletti and Dysalotosaurus lettowvorbecki), a
third ornithopod Maiasaura peeblesorum (a hadrosaur), and
1 ceratopsian (P. mongoliensis). These 20 dinosaurs include
animals from both the Saurischian and Ornithischian branches
of Dinosauria, as shown in Fig. 3 [120,121].

Figures 4 and 5 show the mass growth data and theoretical
fits via Eq. (6) for the 20 dinosaurs of this study. The
uncertainties in mass are taken to be 14% of the mass itself, as
discussed earlier. It is possible that there is an undercounting
error in the age of the dinosaur based on the number of
LAGs since the earliest LAGs are sometimes lost to medullary
cavity expansion and osteonal remodeling. Table II shows the
parameters and fitting results for the dinosaurs.

FIG. 3. Cladogram of Dinosauria. Cladogram of Dinosauria to
show the relationships of the dinosaurs for whose growth data has
been analyzed. The asterisks mark the clades from which the mass
growth curves of dinosaurs have been analyzed. Note that animals
from both the Saurischia and Ornithischia branches of Dinosauria
have been studied.
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FIG. 4. Mass growth of dinosaurs I. Mass (in kilograms) of T. rex, D. torosus, G. libratus, A. fragilis, Citipati, Deinonychus, Troodon, O.
philoceratops, C. rhodesiensis, S. deserti, A. lithographica, and P. engelhardti as a function of age (in years). The data are shown by the open
circles (o) and the theoretical fits via Eq. (6) are shown by the solid line. The scale bar beside each dinosaur is 1 m long except for S. deserti
and A. lithographica, whose scale bar is 0.1 m long.

Some of the dinosaur mass growth curves reported here
were derived from a single specimen. A long bone (typically
the femur) is sectioned and the LAGs are studied to determine

the diameter of the bone at that particular age. Because the
diameter of the bone is correlated to its length [122,123], the
long bone length as a function of age could be determined
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FIG. 5. Mass growth of dinosaurs II. Mass (in kilograms) of M. carinatus, Apatosaurus, a mamenchisaurid, A. sanjuanensis, T. tilletti, D.
lettowvorbecki, M. peeblesorum, and P. mongoliensis as a function of age (in years). The data are shown by the open circles (o) and the theoretical
fits via Eq. (6) are shown by the solid line. The scale bar beside each dinosaur is 1 m long except for Apatosaurus, the mamenchisaurid, and A.
sanjuanensis, for whom the scale bar is 5 m long, and P. mongoliensis, for whom the scale bar is 0.3 m long.

from its diameter. Following the methodology of Erickson and
Tumanova [35] and an independent estimate of the adult mass,
the growth curve could be generated.

Using a bone from a single dinosaur has the obvious
difficulty of a sample size of 1. It is not possible to know
if the growth curve of that particular individual is a fair
representation of the average mass growth curve for that
species. It is possible that the individual dinosaur lived in a
unique environment, either one with very plentiful resources
that would facilitate growth or one with a paucity of resources
that would limit the growth. It is also possible that the genetic
makeup of that particular individual might predispose the
animal to either particularly rapid or slow growth. The data
from a single individual will not show any of the variability
associated with either of these effects. Though it is not possible

to account for the systematic bias of a single individual, an
uncertainty of 14% will be given to each measurement. This
uncertainty is propagated through the calculations and will
help to yield reasonable uncertainties in the final results.

Figure 4 shows the 11 theropods and one of the
prosauropods of this study. Note that the smallest dinosaur,
A. lithographica, reaches its full adult size in the shortest time,
about 4 years. Theropods with masses between about 1 and
105 kg (Citipati, Deinonychus, Troodon, O. philoceratops, C.
rhodesiensis, and S. deserti reach their final adult size in about
10 years. The largest theropods (T. rex, D. torosus, G. libratus,
and A. fragilis) with masses larger than about 1900 kg reach
their full size in about 20 to 30 years.

It should be noted that the data for A. fragilis shows an
unusual distribution. It is possible that more than one species
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TABLE II. Mass and metabolic properties of dinosaurs. The asymptotic mass M, the initial mass mo at time of hatching, the metabolic
prefactor Bo, the cellular metabolic rate Bc, and the maximum mass gain rate (dm/dt)max and their standard deviations for the dinosaurs of this
study.

Species M (kg) mo (kg) Bo (W/kg2/3) Bc (× 10−14 W) (dm/dt)max (g/d)

Theropoda
Tyrannosaurus rex 7000 ± 980 2.06 ± 0.13 0.808 ± 0.081 7.97 ± 1.60 649 ± 79
Daspletosaurus torosus 2700 ± 378 1.33 ± 0.09 0.678 ± 0.068 9.18 ± 2.25 289 ± 39
Gorgosaurus libratus 2500 ± 350 1.28 ± 0.08 0.554 ± 0.055 7.69 ± 1.84 224 ± 28
Allosaurus fragilis 1930 ± 270 1.17 ± 0.07 0.529 ± 0.053 8.01 ± 1.87 180 ± 20
Citipati 105 ± 15 0.298 ± 0.019 0.800 ± 0.085 31.9 ± 7.9 39.2 ± 5.5
Deinonychus 57.0 ± 8.0 0.225 ± 0.014 0.284 ± 0.031 13.9 ± 3.5 9.26 ± 1.32
Troodon 52.0 ± 7.3 0.215 ± 0.014 0.279 ± 0.032 14.1 ± 3.6 8.57 ± 1.26
Oviraptor philoceratops 39.0 ± 5.5 0.189 ± 0.012 0.405 ± 0.053 22.5 ± 5.8 10.3 ± 1.6
Coelophysis rhodesiensis 19.0 ± 2.7 0.136 ± 0.009 0.716 ± 0.094 50.5 ± 13.1 11.2 ± 1.8
Shuvuuia deserti 3.5 ± 0.5 0.0623 ± 0.0040 0.305 ± 0.048 37.8 ± 10.4 1.55 ± 0.28
Archaeopteryx lithographica 0.93 ± 0.13 0.0339 ± 0.0022 0.508 ± 0.051 97.8 ± 23.3 1.07 ± 0.13
Prosauropoda
Plateosaurus engelhardti 1600 ± 224 1.04 ± 0.07 1.46 ± 0.15 23.5 ± 5.5 439 ± 48
Massospondylus carinatus 340 ± 48 0.511 ± 0.033 0.392 ± 0.039 10.6 ± 2.5 42.0 ± 5.2
Sauropoda
Apatosaurus 20 000 ± 2800 3.33 ± 0.21 1.61 ± 0.16 11.2 ± 2.6 2600 ± 288
mamenchisaurid 25 100 ± 3500 3.70 ± 0.24 1.55 ± 0.16 9.99 ± 2.33 2915 ± 327
Alamosaurus sanjuanensis 32 600 ± 4600 4.17 ± 0.27 1.88 ± 0.19 11.1 ± 2.7 4201 ± 563
Ornithopoda
Tenontosaurus tilletti 1080 ± 151 0.870 ± 0.056 0.903 ± 0.090 16.6 ± 4.0 209 ± 28
Dysalotosaurus lettowvorbecki 115 ± 16 0.310 ± 0.020 0.294 ± 0.029 11.4 ± 2.7 15.3 ± 1.7
Maiasaura peeblesorum 2500 ± 350 1.28 ± 0.08 1.77 ± 0.49 24.6 ± 8.7 715 ± 207
Ceratopsia
Psittacosaurus mongoliensis 23.0 ± 3.2 0.148 ± 0.010 0.244 ± 0.035 16.2 ± 4.3 4.35 ± 0.74

(with different growth characteristics) have been assigned to A.
fragilis. Another possibility is that sexual dimorphism might
be present in this species.

The same basic growth patterns are noted in Fig. 5.
Remarkably, even the large sauropods Apatosaurus and the
mamenchisaurid, with asymptotic masses in the range of
20 000 kg, reach adult size in about 30 years. This is an
even shorter amount of time than the about 40 years required
for the African elephant to reach full size [23]. Recall that
adult African elephants have masses in the range of 3000 (for
females) and 5000 (for males) kg. The fact that the sauropods
gained more than 7 times as much mass in only 3/4 of the
time of African elephants shows that sauropod dinosaurs
had a high growth rate which is an indication of a high
metabolism.

Figure 6 shows the organismal metabolic prefactor Bo as a
function of the asymptotic mass M . Figure 6(a) shows Bo for
extant endothermic birds and placental mammals in the open
symbols while Bo for extant ectotherms are shown by the open
cross sign for reptiles and the “×” for fish. As the closest living
relatives of dinosaurs, birds and reptiles are important animals
for the study of the metabolism of dinosaurs. The polygon
composed of the solid line encloses all of the endotherms (the
birds and placental mammals) while the polygon composed
of the dashed line encloses the ectotherms (the reptiles and
birds). Note that all of these extant endotherms have a value
of Bo that is greater than 1 W/kg2/3. The maximum observed
Bo for extant ectotherms is 0.50 W/kg2/3.

Figure 6(b) shows Bo as a function of the asymptotic
mass M for the same extant endotherms and ectotherms
along with the results for four marsupial mammals (shown
by open diamonds), four extant mesotherms (the echidna, the
leatherback sea turtle, the Mako shark, and the tuna Thunnus
obesus, all shown by solid triangles), and the same 20 species
of dinosaurs (solid circles). Marsupials are known to have
relatively low metabolic rates, as confirmed in Fig. 6(b), since
their values of Bo are in the lower part of the endothermic
polygon. Two marsupials, the female red kangaroo (Macropus
rufus) and the female swamp wallaby (Wallabia bicolor), have
a Bo of 0.558 and 0.767 W/kg2/3, respectively, just below
the endothermic polygon. Note that the data for Bo for the
extant mesotherms lie mainly between the two polygons. The
echidna (Tachyglossus aculeatus) has a Bo (0.513 W/kg2/3)
just bordering the ectothermic polygon. The leatherback
turtle (Dermochelys coriacea) has a Bo (0.876 W/kg2/3) just
bordering the endothermic polygon.

Figure 6(b) shows that Bo for the dinosaurs of this study are
mainly between the two polygons and overlap with the extant
mesotherms. This is consistent with the results of Erickson
et al. [7] and Grady et al. [10], who reported earlier that
dinosaurs were mesotherms.

Figure 6(c) shows Bo as a function of the asymptotic mass
M for the dinosaurs alone. The general trend seen in this
figure is that the metabolic prefactor increases with mass. The
dinosaurs with the largest values of Bo are the most massive
ones. The saurischians are shown by the empty symbols
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FIG. 6. Metabolic prefactor Bo. The metabolic prefactor Bo (in
watts per kilograms2/3) as a function of asymptotic mass M (in
kilograms) for (a) placental mammals (◦), altricial birds (�), precocial
birds (�), marsupial mammals (�), reptiles (open cross), and fish
(×); (b) placental mammals (◦), altricial birds (�), precocial birds
(�), marsupial mammals (�), reptiles (open cross), fish (×), extant
mesotherms (solid triangle), and dinosaurs (•); and (c) theropods
(◦), sauropods (�), prosauropods (�), ornithischians excluding the
hadrosaurs and ceratopsians (•), a hadrosaur (solid square), and a
ceratopsian (solid diamond). The polygon composed of solid lines
encloses extant placental mammals and birds while the polygon
composed of dashed lines encloses extant reptiles and fish. The times
when the dinosaurs lived is marked on the figure in million years ago.

FIG. 7. Cellular metabolism Bc. The average cellular metabolism
Bc (in watts) as a function of asymptotic mass M (in kilograms)
for (a) placental mammals (◦), altricial birds (�), precocial birds
(�), marsupial mammals (�), reptiles (open cross), fish (×), extant
mesotherms (solid diamond), and dinosaurs (•) and (b) dinosaurs.
The solid line shows the fit to the data.

while the ornithischians are shown by the filled symbols.
No significant difference is observed for these two branches
of Dinosauria. More massive dinosaurs have larger values
of Bo.

Figure 6(c) lists the times when the dinosaurs lived (listed
in millions of year ago). The earliest dinosaur, P. engelhardti,
lived between about 214 and 204 million years ago (MYA)
and it had one of the largest values for Bo (1.46 W/kg2/3).
Similarly, one of the dinosaurs living between about 70 and
66 MYA (at the end of the Cretaceous Period) had a Bo of
1.88 W/kg2/3. There are no observed trends with time of Bo

for the dinosaurs.
Figure 7(a) shows the cellular metabolism Bc as a function

of the asymptotic mass M for the same extant endotherms
and ectotherms as in Fig. 2 along with the results for four
marsupial mammals (open diamonds), four extant mesotherms
(the echidna, the leatherback sea turtle, the Mako shark, and
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the tuna T. obesus, all shown by solid triangles), and 20 species
of dinosaurs (solid circles). As in the case of Bo, we find that Bc

for extant mesotherms and dinosaurs are intermediate between
the values observed for the extant endotherms and ectotherms
at all masses.

Figure 7(b) shows the cellular metabolism Bc for the
dinosaurs as a function of the asymptotic mass M . The solid
line shows the fit to this data in the form of a power law: Bc =
Bc,oM

β . Our measured values for the dinosaurs are Bc,o =
(4.47 ± 1.04) × 10−13 W kg0.167 and β = −0.167 ± 0.036.
Recall that β should be −1/3. Consequently, our measured
value of β for the dinosaurs is 4.6 standard deviations different
from the predicted value. This is a very strong indication that
the dinosaur’s cellular metabolism did not obey the expected
mass dependence because it is not decreasing with mass as
rapidly as it should. That is, the higher-mass dinosaurs have a
cellular metabolism that is higher than expected.

Recall that Fig. 6(c) shows that the metabolic prefactor Bo

increases with mass. The dinosaurs with the highest values
of Bo are the most massive ones, particularly the sauropods.
Therefore, we see that both the cellular metabolism Bc and the
organismal metabolic prefactor Bo are larger for the largest
dinosaurs than expected based on scaling arguments.

One important question from this work is how did the
largest dinosaurs maintain such a high metabolism? As argued
earlier, the cellular metabolism Bc should scale as m−1/3 due
to the m2/3 relationship for the organismal metabolism. And
this m2/3 relationship is believed to have its origin in the fact
that the need for nutrition to power the cellular metabolism
scales as the mass m of the animal while the ability of
the arterial system to deliver that nutrition is related to the
surface area of the capillaries. However, since the cellular
metabolism Bc is decreasing more slowly with mass than the
prediction, the animals were somehow able to circumvent the
limitation of cellular nutritional delivery due to the m2/3 power
law.

In the model used in this paper, the properties of an average
cell have been calculated by assuming that all cells are the
same with respect to their metabolism. However, it is known
that, in adult humans, the brain receives 20% of the blood
supply but accounts for only 2% of the mass of an adult [124].
Furthermore, the metabolism of a resting human brain is about
17 W [125,126], while the basal metabolic rate of a human
is about 76 W [127]. In this manner we see that the brain
produces about 20% of metabolism of a human even though it
only accounts for 2% of the mass. Clearly, the brain is able to
circumvent the m2/3 law (which it accomplishes by having a
greater density of blood vessels than normal tissue does) and
more blood than expected is delivered to the brain.

Our growth analysis also reveals that brain tissue has a cel-
lular metabolic rate about an order of magnitude greater than
normal tissue. Herndon et al. [128] published postmortem data
on brain and body masses of chimpanzees (Pan troglodytes).
The growth analysis for the entire animal yields a cellular
metabolism Bc = 0.22 pW while a growth analysis for just
the brain yields a cellular metabolism Bc = 2.1 pW.

These results on human and chimpanzees brains show
that growth in animals can exceed the predictions of the
m2/3 law. The fact that the large dinosaurs had a cellular
metabolism larger than predicted by the m2/3 law suggests

that the dinosaurs, particularly the sauropods, grew in a manner
which circumvented the m2/3 law.

The sauropods were the largest land animals ever to live.
They rivaled the largest extant cetaceans in mass and size.
However, life in the sea differs substantially from life on land,
making it unclear how relevant this comparison is. Also, all
extant cetaceans are carnivorous while the sauropods were
herbivorous. How and why sauropods attained such a large
body size are issues of intensive research.

All herbivores face a significant challenge: extracting the
nutritious contents of the plant cell through its tough cell
wall. Plant cell walls contain a significant amount of cellulose
which makes the cell wall very difficult to breach. All extant
herbivores masticate their food very thoroughly to reduce the
particle size and, more importantly, to disrupt the plant cell
wall in order to make the nutritious cellular contents available
for digestion by the herbivore. Extant herbivores have large
batteries of teeth for grinding their food in a mortar-and-pestle
fashion. In humans, these teeth are the molars.

Herbivores of progressively larger sizes must eat larger
quantities of food. Masticating plant food properly takes a
significant amount of time since each cell has to be trapped
between the teeth and masticated. This means that larger
herbivores spend a larger fraction of their waking time eating.
The allometric relationship determined by Owen-Smith [129]
reveals that herbivores using mastication with a mass of about
18 000 kg would spend 100% of their waking time for feeding.
Since there were a substantial number of sauropods with
masses greater than 18 000 kg, such sauropods must have used
some other strategy for breaching the cell wall.

Figure 8 shows the skulls of two sauropods, [Fig. 8(a)]
Diplodocus and [Fig. 8(b)] Brachiosaurus [130], and a
[Fig. 8(c)] hadrosaur, Edmontosaurus sasktachewanensis
[131]. Note the substantial dental battery of the hadrosaur.
Clearly this was an animal well equipped for mastication.
With a mass of about 3200 kg, its mass roughly matched that

FIG. 8. The skulls of (a) Diplodocus, (b) Brachiosaurus, and (c)
E. sasktachewanensis. These are not to scale. Panels (a) and (b) are
modified from Ref. [130]. Panel (c) is from Ref. [131].
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of female African elephants (L. africana). Like the African
elephant, this animal would have been feeding for about 80%
of its waking time [129].

Sauropods had no teeth that would be suitable for mastica-
tion. Diplodocoids and titanosaurs [represented by Diplodocus
in Fig. 8(a)] had only pencil-like teeth near the front of
their snout. Basal sauropods and macronarians [represented
by Brachiosaurus in Fig. 8(b)] had spoon-shaped teeth. Since
their teeth did not have the capability of mastication, the
sauropods must have used some other strategy to extract the
nutritious contents of the plant cells.

Over the years, a number of workers [132–134] have
suggested that the sauropods had a muscular organ filled with
rocks in the initial part of their digestive tract, equivalent to
the gizzard found in birds. However, recent work with the
gastroliths of ostriches suggests that the amounts of gastroliths
recovered from sauropod dinosaurs were much too small to
provide sufficient digestion for an animal the size of the
sauropod [135]. The smooth stones recovered at sauropod
fossil sites are believed to have been either accidentally
swallowed by the animal or deliberately swallowed to gain
needed minerals.

Hummel and Clauss [136] have recently articulated ev-
idence that sauropods used gut bacteria to break down the
tough plant cell walls in order to release the nutritious contents
of the cell. In this manner, sauropods avoided mastication
entirely and used their teeth solely to snip off plant parts for
consumption. This plant material was then swallowed whole
and the gut flora then proceeded to use their own enzymes
to break down the cell walls for the mutual benefit of both
dinosaur and bacteria.

This mechanism totally avoided the slow process of
mastication and allowed the sauropod to consume enormous
amounts of plant material in a relatively short time scale. The
limit of about 18 000 kg imposed by mastication was removed
and the animals grew to much larger masses (on the order of
80 000 kg).

The long necks of sauropods were an integral part of
its foraging strategy. No longer limited by mastication, they
used their long necks to reach large quantities of food while
minimizing the motion of their large bodies. The necks could
be used both vertically (like a giraffe) and horizontally.

Having developed an extremely efficient digestive system,
sauropods successfully competed with all other herbivores,
allowing them to grow to very large size.

Sauropods might have been driven to very large size by
the pressure due to predators. Size affords protection to a
herbivore since the blows that large herbivores can strike
against a predator are sufficiently large to be lethal. An adult
African elephant has no natural predators (except for humans)
because of this very effect. A male African elephant has a
mass of about 5000 kg while lions have a mass of less than
200 kg, meaning that the male African elephant is 25 times
more massive than the lion.

During the Mesozoic Era, the predators had also evolved
to very large sizes. Different species of Allosaurus, the apex
predators of Late Jurassic Period North America, had masses
on the order of 2500 kg [115]. Using the same scaling factor
of 25 between predator and prey, this yields a mass of about
60 000 kg for large sauropods of the Late Jurassic. Intriguingly,

FIG. 9. Maximum growth rate. The maximum growth rate (in
grams per day) as a function of asymptotic mass M (in kilograms)
for (a) placental mammals (◦), altricial birds (�), precocial birds
(�), marsupial mammals (�), reptiles (open cross), and fish (×)
and (b) placental mammals (◦), altricial birds (�), precocial birds
(�), marsupial mammals (�), reptiles (open cross), fish (×), extant
mesotherms (solid triangle), and dinosaurs (•).

this was the typical mass of such animals, as recently reported
by Benson et al. [137] for one of the largest Late Jurassic
Period sauropods: Brachiosaurus altithorax (56 000 kg).

Finally, we turn to the issue of the maximum growth rate
of the dinosaurs. Figure 9 shows the maximum growth rate as
a function of asymptotic mass M . In Fig. 9(a) the maximum
growth rate for the extant endotherms is seen to be roughly
an order of magnitude greater than for extant ectotherms at
all masses. This is consistent with the expectation that an
animal with a higher metabolism grows at a faster rate. The
marsupials, shown by the open diamonds (�), show a slower
maximum growth rate than the placental mammals and birds.

Figure 9(b) shows the maximum growth rate as a function
of the asymptotic mass M for the same extant endotherms and
ectotherms along with the results for four extant mesotherms
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(the echidna, the leatherback sea turtle, the Mako shark, and
the tuna Thunnus obesus, all shown by solid triangles) and
20 species of dinosaurs (solid circles). We observe that the
maximum growth rates of extant mesotherms and dinosaurs
are between the observed maximum growth rates of extant
endotherms and ectotherms. This result is the same as reported
by Erickson et al. [7] and Grady et al. [10] and supports the
idea that dinosaurs were mesotherms.

IV. SUMMARY

For the first time, the cellular metabolism of dinosaurs has
been evaluated. The dinosaurs studied were T. rex, D. torosus,
G. libratus, A. fragilis, Citipati, Deinonychus, Troodon, O.
philoceratops, C. rhodesiensis, S. deserti, A. lithograph-
ica, Apatosaurus, a mamenchisaurid, A. sanjuanensis, M.
carinatus, P. engelhardti, T. tilletti, D. lettowvorbecki, M.
peeblesorum, and P. mongoliensis. The cellular metabolism
for large dinosaurs is higher than expected on the basis of
scaling arguments. This high metabolism suggests that the
large dinosaurs were very efficient at deriving sustenance from
their diet.

The organismal metabolic prefactor Bo of these dinosaurs
is found to increase with size in the range observed in
extant mesotherms, consistent with the results for the cellular
metabolism.

The dinosaurs of this study came from both the Saurischia
and Ornithischia branches of Dinosauria, arguing that the
observed metabolic features were common to all dinosaurs.

The large sauropods are believed to have used gut bacteria
for breaching the tough cell walls of the plants they consumed.
Their small teeth were well equipped for biting off plant
material which was then swallowed without mastication.
Enzymatic action by their functional gut flora not only opened
the individual plant cells but also fermented the less easily
digested fiber. This “parallel processing” of their food allowed
these animals to process enormous quantities of plant food
quickly and efficiently. Their long neck also permitted very
rapid browsing by being able to consume all food within reach
without significant movement of their large bodies. By these
mechanisms, the sauropods attained a high metabolism and
rapid growth rate.

All other herbivorous dinosaurs had significant dental
batteries for mastication of their plant diet. This is the
same strategy observed in extant herbivores. Because of the
constraint of having to masticate each parcel of food, this
strategy limits the amount of food that such animals can
consume in a day, and, therefore, ultimately limits the overall
size of these dinosaurs. Their sizes fall within the range of the
largest extant herbivores.

Though the results reported here are for the α = 2/3 model,
the same general trends are observed by using the α = 3/4
model for these same animals: The large dinosaurs had high
cellular and organismal metabolisms and all of the dinosaurs
were mesotherms. However, the quality of the fits to the
data are poorer for the α = 3/4 model than for the α = 2/3
model.
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