
Biological Problems
In addition to statistical issues, studies of dinosaur metabolism face substan-
tial challenges imposed by fundamental constraints of biology. Three 

biological problems in particular undermine confidence in the prior con-
clusions about the metabolism of dinosaurs.

1 Metabolism cannot depend on the average of a polyphyletic group.
Basal metabolic rate (BMR) is a characteristic inherent to an individual spe-
cies or taxon. The parameter has no valid meaning when estimated from an 

average of growth rates spanning broad taxonomic groups such as families 
or orders.

2 Growth rate can determine metabolism only at the level of  species.
Animal species show a wide diversity of metabolic rates, and by definition 
this diversity cannot be “inherited” by a broad taxonomic group over mil-
lions of years of evolution—diversity means interspecies variation. 

There exists no mechanism by which the metabolic rate of an extant species 
can reach back through time to inform, via some shared ancestor, the meta-
bolic rate of a species on some other branch of the phylogenetic tree.

3 The metabolic theory of ecology is not supported by empirical data.
The metabolic theory of ecology, widely applied in these studies, assumes 
that a simple power law, such as BMR = a Mb, relates metabolism to maxi-
mum body mass. But the value of the exponent b used in published studies 
varies considerably; it is now clear that no single value applies universally. 

Moreover, when empirical data for BMR and M are plotted on a semilog 
chart, often the result is a complex curve, not the straight line that a power 
law should produce (fig. 4).

Results
A reanalysis of the data on dinosaur growth and mass previously used to 
support claims of mesothermy [6, 7] finds that, when the errors mentioned 
above are corrected, no meaningful correlation exists between Gmax and M

(fig. 5). Other researchers have similarly concluded that body mass and me-
tabolism are unrelated [11].

Moreover, a comparison of the growth rates obtained from these data 
sets reveals a pronounced degree of overlap among dinosaurs and other an-
imals groups in both the endothermic and ectothermic metabolic catego-

ries (fig. 6). This result challenges the idea that dinosaurs exhibited a meta-
bolic mode distinct from extant species.
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Statistical Problems
In studies that have claimed to find evidence for dinosaur mesothermy  
[6, 7], investigators regressed averages of  Gmax versus averages of M for poly-
phyletic groups of species. They found that the endothermic groups cluster 
separately from ectothermic groups on log-log charts; dinosaur groups occu-

pied an intermediate position, which researchers interpreted as mesothermy.
However, my reanalysis of this approach and the underlying data sets 

has identified several serious statistical problems that call these conclusions 
into question [8, 9].  Four distinct kinds of statistical error are involved.

1 Choosing the wrong regression variables yields misleading results.
The maximum growth rate is obtained by using the equation Gmax = k M e−1, 
where k is a growth-rate parameter. M is an inappropriate choice of regres-
sion variable because it is a factor in this equation and is thus inextricably 
linked to Gmax. 

In fact, using M in the regression effectively applies a geometric shear 
transformation, which produces high correlation and low scatter as an 
artifact (fig. 1B). The inappropriate choice of regression variable thus con-
founds the analysis.

2 Regression is not transitive.
Some prior studies assume implicitly that regression is transitive: i.e., that 
if it is valid to regress A on B and to regress B on C, then it must be valid 
to regress A on C as well. But this is demonstrably not the case, as is well 

known in statistics [10]. In the case of dinosaur data, results of regression 
analysis can differ greatly depending on the choice and order of the vari-
ables used (fig. 6).

3 Effects are not power laws.
Many studies of animal metabolism assume that growth rate varies with 
body mass as a simple power law in which a constant exponent applies to 
all organisms—or at least to all species within a broad taxonomic group. 
Researchers have mistakenly fit power-law functions to empirical measure-
ments without checking whether other functional forms produce even 
better fits. In many cases, they do—and the best-fitting functions are com-
plex curves such as cubics, not simple exponentials. It is a statistical error to 
fit data and claim a best fit has been found when only a subset of plausible 
functional forms have been tested.

4 The ecological fallacy: averages can mislead.
BMR and Gmax are both properties of individual species; if they are cor-
related, then that should occur at the single-taxon level—it applies only to 
individual species. Performing regressions on averages taken across wide 
groups of biologically distinct species can produce highly misleading results 

when, as in the case of metabolism, characteristics are not actually shared 
among all members of the group. Such overgeneralization is an example 
of a famous problem in statistical inference known as the ecological fallacy 
[10].

Abstract 
Many previous studies have used growth rates to determine dinosaur 
metabolism. These studies compared the allometric scaling of maximum 
growth rate (Gmax) as a function of maximum body mass (M) for dinosaurs 
with the scaling for extant groups in order to classify dinosaur metabolism 
as endothermic, ectothermic, or something in between (mesothermic).

Kleiber’s Law holds that basal metabolic rate BMR = a Mb. Previous 
studies have shown that, with reasonably high correlation, Gmax = c Md with 
roughly similar exponents 0.6 < b, d < 0.9, depending on the taxonomic 
group. It does not follow that Gmax is related to BMR, however, because 
statistical correlation is not transitive. Prior studies used inappropriate regres-
sion variables that confounded this relationship by introducing a spurious 

correlation, which occurs because Gmax has M as an explicit factor. 
I show that when the correct variable (i.e., maximum mass-specific 

growth rate rather than Gmax) is used in the regression, available data show 
no correlation between growth rate and BMR. Moreover, the practice of using 
regressions across dinosaur taxa as a means to classify all dinosaurs is not 
valid, for both statistical and biological reasons.

My reanalysis of previously published data sets in fact finds that the 
growth rates of dinosaur taxa overlap with those of both endothermic and 
ectothermic extant animals. I conclude that one cannot determine the 
metabolism of either dinosaur or extant animal species by using growth-
rate studies alone.

Prior Work Built on “Case’s Method”—A Method Case Rejected
Nearly all previous studies that use growth rates to analyze dinosaur metab-
olism use methods that build on pioneering work by Ted J. Case [1], which 
these later studies cite (fig. 1). Case’s own papers make clear, however, that he 
did not believe that metabolism can be deduced from growth rates (fig. 2).

In fact, Case was troubled by the fact that empirically there seemed to be 
no universal law relating metabolic rate and body size—nor has one been 
found in the years since. 

Nathan P. Myhrvold

Maximum Growth Rate  
Does Not Determine Dinosaur Metabolism

Figure 5. Correlation is nontransitive among growth rate (k /e), metabolic rate (BMR), and maximum mass 
(M). The dramatic differences in results that occur when one performs pairwise regression of these variables 
is illustrated here. The correlations are moderately strong for BMR versus M (B) and k /e versus M (C), but 
there is little correlation between BMR and k /e (D).	 Figure from ref. [8]

Figure 1.  Ted Case’s seminal 1978 paper ex-
amining growth rates of various species (top 
left) suggested possible connections between 
growth rate and metabolism, but concluded 
that the relationship was unreliable on both 
theoretical and empirical grounds (fig. 2). Nev-
ertheless, many recent studies on the growth 
and metabolism of dinosaurs have built upon 
Case’s method, on the faulty assumption that it 
has been proven to apply universally.

1978: Case [1]

2009: Erickson, Rauhut et al. [5] 2014: Grady, Enquist et al. [6] 2014: Werner & Griebeler [7]

2000: Erickson & Tumanova [2] 2001: Erickson, Rogers & Yerby [3] 2004: Erickson, Mackovicky et al. [4]

Figure 2. In his 1978 article, Case plotted growth rate versus body weight for species of many kinds 
and noted substantial scatter that prevents assignment of a simple relationship between the two.

TECHNICAL COMMENT
◥

DINOSAUR PHYSIOLOGY

Comment on “Evidence for
mesothermy in dinosaurs”
Nathan P. Myhrvold

Grady et al. (Reports, 13 June 2014, p. 1268) studied dinosaur metabolism by comparison
of maximum somatic growth rate allometry with groups of known metabolism. They
concluded that dinosaurs exhibited mesothermy, a metabolic rate intermediate between
endothermy and ectothermy. Multiple statistical and methodological issues call into
question the evidence for dinosaur mesothermy.

G
rady and co-workers (1) followed the meth-
od of Case (2) to investigate dinosaur
metabolism by using allometric scaling
of maximum growth rate Gmax with max-
imum body mass M to estimate basal

metabolic rate BMR. They determined Gmax for
extant and extinct species by fitting Gompertz
growth models mðtÞ ¼ Me−e

−kðt−t0Þ to age-mass
data; k is a growth rate parameter, t0 is the in-
flection point, and Gmax = kM/e. Log-log regres-
sions of Gmax versus M show little scatter and
high r2 [Fig. 1 and fig. S1 in (1)], classifying ex-
tant groups by endothermic or ectothermic me-
tabolism. The dinosaur regression falls between
these two groups, which they call mesothermy.
Grady et al. deviated from accepted statisti-

cal practice in estimating Gmax. Model selection
should be done on a data set (species) basis (3);
instead they chose a model by the mean Akaike
information criterion across all species. For

many species, they assume a value for M rather
than using regression to estimate it, and/or they
add hypothetical data points for neonates. Either
practice could distort estimates of Gmax and k.
Regression of Gmax versus M is inappropriate

because kM/e has M as a factor. On a log-log
scale, this relationship amounts to the geometric
shear transformation y → x + y, which com-
presses data points along the line y = x (Fig. 1).
High correlation and low scatter is a geometric
artifact of their chosen regression variable.
That choice is unnecessary. Grady et al. propose

Gmax = cMa, in which case k ¼ cMa−1. One should
regress Gmax = k/e (i.e., mass-specific rate) versus
M to estimate c and a and to test this hypothesis.
This method, which predates Case (4) and is com-
mon in growth rate studies (5), yields identical
values for c and a but with much weaker correla-
tions. For example, r2 = 0.798 for precocial birds
when using Gmax, but 0.513 when using k/e.
Using k/e with the dinosaur data in (1) yields

r2 = 0.549. I found 11 errors in these dinosaur
data; when corrected, r2 = 0.514. Grady et al. in-

appropriately included Archaeopteryx as a dino-
saur; it is taxonomically a bird, and its age-mass
data require different treatment (6). It also has
a disproportionate impact: minus Archaeopteryx,
r2 = 0.386 for dinosaurs.
The analyses of Grady et al. (1) and Case (2)

were based entirely on robust correlation in these
regressions. However, the shear transformation
creates an illusion; in reality, dinosaur data over-
lap every group except birds. Many extant groups
also overlap, including endotherms and ectotherms
(Fig. 1).
Growth and metabolism are properties of in-

dividual species. Classifying them by group av-
erages (i.e., regression)—especially when r2 =
0.386—commits a fundamental error in inference
known as the “ecological fallacy” (7).
Grady et al. (1) argued that Gmax determines

BMR [Case was skeptical (8)] and offered three
lines of support. First, regressions of Gmax versus
M seemed to classify endotherms and ectotherms;
this is a fallacy, as discussed above. Second, meta-
bolic scaling theory predicts it; empirical evi-
dence contradicts this theory, however (9). Third,
“[e]mpirical evidence (13) indicates that Gmax scales
similarly to B, where Gmax = G0M

a.” This suggests
that BMRºGmax and thus that metabolic rate
may be inferred from growth (1). Statistical cor-
relation, however, is not transitive (10), as a simple
test reveals.
It is well known (9) that BMR º Mb, 0:6 ≤

b ≤ 0:85. Regression of BMR and Gmax is thus
confounded because Gmax has M as a factor. In-
stead, we must pair BMR with k/e. I performed
pairwise regressions of k/e, M, and BMR, using
data sets from Grady et al. (1). The regressions of
k/e and M, and of BMR and M, yield moderately
strong correlations, but effectively no correla-
tion appears between k/e and BMR (Fig. 2).
In conclusion, one cannot classify dinosaurs

as mesotherms on the basis of growth rate al-
lometry. The growth rates of the dinosaur taxa
studied by Grady et al. (1) match those of both
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Fig. 1. Data ranges
for taxonomic
groups.The convex
hulls of data points
from Grady et al. (1)
are plotted in terms
of (A) k/e and (B)
Gmax. The blue grid
illustrates the shear
transformation that
relates k/e to Gmax.
The solid black out-
line encompasses all
data sets analyzed
as dinosaurs by
Grady et al. (1),
whereas the dashed
outline excludes
Archaeopteryx. Both
of the dinosaur data
sets overlap every
group except birds.
(Not shown: monotremata and testudines.)

Crocodiles

Dinosaurs

Eutherians

Marsupials

Birds (altricial)

Birds (precocial)

Sharks

Squamates

Teleosts

ocodiles
S

supials

Dinosaurs

Euthe

upials

Birds (a

BirdsBi

Sha

uamatesessSqu

Teleosts

quam

Crocodilians

Dinosaurs

Placental Mammals

Marsupials

Altricial Birds

Precocial Birds

Sharks

Squamates

Fish

100 101 102 103 104 105 106 107 108

10- 1

100

101

M (g)

k/
e

(1
/y

)

Gmax = M k/e

100 101 102 103 104 105 106 107 108
10- 2

10- 1

100

101

102

103

104

105

106

107

108

109

M (g)

G
m

ax
(g

/y
)

 o
n 

O
ct

ob
er

 6
, 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

 o
n 

O
ct

ob
er

 6
, 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

BA

why, in fact, should growth rate and 
metabolic rate vary with body size at 
roughly the same rate? The answer is 
not at all obvious.... 

I conclude that an organism’s growth 
rate is not solely determined by its met-
abolic rate, although the evolutionary 
achievement of endothermy seems to 
have resulted in lifting the physiological 
restraints upon growth rate enough to 
produce nearly a ten-fold increase over 
ectothermic growth rates.

—Ted J. Case, 1978 [1]
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Abstract

Background: Archaeopteryx is the oldest and most primitive known bird (Avialae). It is believed that the growth and
energetic physiology of basalmost birds such as Archaeopteryx were inherited in their entirety from non-avialan dinosaurs.
This hypothesis predicts that the long bones in these birds formed using rapidly growing, well-vascularized woven tissue
typical of non-avialan dinosaurs.

Methodology/Principal Findings: We report that Archaeopteryx long bones are composed of nearly avascular parallel-
fibered bone. This is among the slowest growing osseous tissues and is common in ectothermic reptiles. These findings
dispute the hypothesis that non-avialan dinosaur growth and physiology were inherited in totality by the first birds.
Examining these findings in a phylogenetic context required intensive sampling of outgroup dinosaurs and basalmost birds.
Our results demonstrate the presence of a scale-dependent maniraptoran histological continuum that Archaeopteryx and
other basalmost birds follow. Growth analysis for Archaeopteryx suggests that these animals showed exponential growth
rates like non-avialan dinosaurs, three times slower than living precocial birds, but still within the lowermost range for all
endothermic vertebrates.

Conclusions/Significance: The unexpected histology of Archaeopteryx and other basalmost birds is actually consistent with
retention of the phylogenetically earlier paravian dinosaur condition when size is considered. The first birds were simply
feathered dinosaurs with respect to growth and energetic physiology. The evolution of the novel pattern in modern forms
occurred later in the group’s history.
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Introduction

The genesis of birds was a key event in vertebrate history. The

descendants of these animals have dominated aerial niches from

the Late Mesozoic until today, where they are the most speciose

amniote clade (,10,000 species) [1,2]. Skeletal, feather, and

behavioral evidence conclusively place birds within the evolution-

ary radiation of theropod dinosaurs, rightly making birds the only

living dinosaurs [2–4]. Growth patterns, revealed through long

bone osteohistology can be traced phylogenetically through this

transition and used as a proxy for inferring physiological changes.

Non-avialan dinosaur bones show a characteristic well-vascular-

ized, rapidly formed woven-fibered matrix that is often interrupted

by growth lines [5–7] (Figure 1). Similar broad-scale histological

attributes have been reported in Mesozoic bird lineages close to

the base of the avialan tree [8–11] (Figure 1). This has contributed

to the paradigm that dinosaurian physiology is ancestral for

Avialae as a whole. (Although, whether that condition was

comparable to living birds is a subject of debate [6,12–15].)

We used dissecting microscopy to directly examine the long

bone periosteal and fracture surfaces spanning the entire size

range of Archaeopteryx (Eichstätt, Munich, Ottmann & Steil,

London, and Solnhofen specimens; Table 1), the oldest known

bird [16]. (Note: we follow Chiappe’s (2) interpretation that all

specimens are referable to a single species, Archaeopteryx lithographica;
see Materials and Methods.) In the two largest individuals

delamination of cortical bone consistent with growth line interfaces

were found, as anticipated (Figure 2). However, all specimens

unexpectedly showed exceptionally sparse longitudinal vasculari-

zation visible on the periostal surfaces and within the semi-

transparent bones (Figure 3). Furthermore, transversely running

fracture faces showed a circumferential fabric characteristic of the

dense lamellar or parallel-fibered bone-types of living non-

dinosaurian reptiles [17].
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Allometries of Maximum Growth Rate versus Body Mass
at Maximum Growth Indicate That Non-Avian Dinosaurs
Had Growth Rates Typical of Fast Growing Ectothermic
Sauropsids
Jan Werner*, Eva Maria Griebeler

Department of Ecology, Zoological Institute, University of Mainz, Mainz, Germany

Abstract

We tested if growth rates of recent taxa are unequivocally separated between endotherms and ectotherms, and compared
these to dinosaurian growth rates. We therefore performed linear regression analyses on the log-transformed maximum
growth rate against log-transformed body mass at maximum growth for extant altricial birds, precocial birds, eutherians,
marsupials, reptiles, fishes and dinosaurs. Regression models of precocial birds (and fishes) strongly differed from Case’s
study (1978), which is often used to compare dinosaurian growth rates to those of extant vertebrates. For all taxonomic
groups, the slope of 0.75 expected from the Metabolic Theory of Ecology was statistically supported. To compare growth
rates between taxonomic groups we therefore used regressions with this fixed slope and group-specific intercepts. On
average, maximum growth rates of ectotherms were about 10 (reptiles) to 20 (fishes) times (in comparison to mammals) or
even 45 (reptiles) to 100 (fishes) times (in comparison to birds) lower than in endotherms. While on average all taxa were
clearly separated from each other, individual growth rates overlapped between several taxa and even between endotherms
and ectotherms. Dinosaurs had growth rates intermediate between similar sized/scaled-up reptiles and mammals, but a
much lower rate than scaled-up birds. All dinosaurian growth rates were within the range of extant reptiles and mammals,
and were lower than those of birds. Under the assumption that growth rate and metabolic rate are indeed linked, our
results suggest two alternative interpretations. Compared to other sauropsids, the growth rates of studied dinosaurs clearly
indicate that they had an ectothermic rather than an endothermic metabolic rate. Compared to other vertebrate growth
rates, the overall high variability in growth rates of extant groups and the high overlap between individual growth rates of
endothermic and ectothermic extant species make it impossible to rule out either of the two thermoregulation strategies
for studied dinosaurs.
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Introduction

How fast does an organism grow? This is an important question

because individual growth is linked to many life history traits. For

example, age at sexual maturity and mortality rate in addition to

metabolic rate and reproductive output vary with age and body

mass [1–6]. The growth of an animal is determined by its energy

intake (metabolic rate) and the allocation of metabolic energy to

individual growth and other demands, like maintenance and

reproduction [7,8]. Case [9,10] showed that endotherms have

higher maximum growth rates than ectotherms, and suggested

that endothermy (in conjunction with high metabolic rates and

parental care) accounts for this observation. Since Case’s [9,10]

papers, many studies have been released dealing with the growth

rates of animals and an ever increasing amount of data on growth

in extant vertebrates and non-avian dinosaurs is available today

[11–13]. However, to the best of our knowledge, a comparison

between different taxonomic groups, similar to Case [10], was

never done again. Only growth rates of single taxonomic groups

(mainly mammals and birds) were studied and compared to Case’s

regression models [10,12,14]. However, different mathematical

methods were used to calculate growth rates of individuals; for this

reason, comparisons might be difficult between studies. Even

within his study, Case [9] used different methods to determine

maximum growth rates of individuals from the studied taxonomic

groups. Today, more objective methods (in terms of mathematics)

to estimate growth rates are available.

Case [9,10] used maximum absolute growth rate (AGR) to

assess maximum growth and linked that to (asymptotic) body mass.

This is problematic because maximum growth can occur at

different body mass (BM) proportions (e.g. at 30% and at 50% of

asymptotic body mass) for species with similar asymptotic body

masses. A higher AGR of one species compared to another can

result only because the maximum growth rate occurs at a higher

body mass proportion, even if the relative growth rate (RGR) of

this species is the same as or lower than for the other species (RGR
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areas of downwelling across the 660 is consistent
with the occurrence of dehydration melting as ob-
served in our laboratory experiments. An alter-
native bulk-compositional origin of low velocities
near the top of the lowermantle is segregatedbasalt
that may be neutrally buoyant (23) and would re-
duce seismic velocities (24).
However, long-term accumulation of basalt near

the top of the lower mantle is not expected to be
preferentially present where there is downwelling
across the 660 and absent where there is not.
The areas of downward flow across 660 do not
all coincide with local presence of subducted
slabs, so a direct link to composition of the sinking
Farallon slab cannot explain the negative velocity
gradients below 660. Assuming that the velocity
reductions result from partial melt, and that the
shear-velocity decrease per percent of melt is be-
tween 2.6 and 3.8%, as predicted for partial melt
near 400-km depth (25), then 0.68 to 1% melt
could explain a 2.6% shear velocity reduction indi-
cated by negative Ps conversionswith amplitude of
2% in the CCP image.
Prediction of partial melt percentages at

660-km depth for various H2O contents requires
knowledge of water partition coefficients between
minerals andmelts at relevant pressure-temperature
(P-T) conditions in the peridotite-saturated com-
positional system. At present, experiments in the
hydrous peridotite system at conditions near the
660 have not been performed. However, using
experimental results for partial melting near the
410-km discontinuity (410) in a bulk peridotite
system with 1 wt % H2O indicates that ~5% par-
tial melt at 410 km is expected (26, 27) where the
partition coefficient of H2O between wadsleyite
and olivine is at least 5:1 (11). We can expect at
least 5% partial melt in a bulk 1 wt % H2O perid-
otite system where the partition coefficient between
ringwoodite and silicate perovskite is 15:1 (11). Thus,
production of up to 1% melt by dehydration melt-
ing of hydrous ringwoodite viscously entrained into
the lower mantle is feasible.
The density of hydrous melt near the top of

the lower mantle is uncertain, but it is likely
buoyant with respect to the top of the lower
mantle (28). Hence, we expect that the velocity
decreases imaged beneath the 660 are transient
features resulting from ongoing downward flow
through the 660 that is driven by sinking slabs
in the lower mantle. Eventually, the slightly
buoyant hydrousmelt would percolate upward,
returning H2O to the transition zone (4). Dehy-
dration melting has also been suggested to oc-
cur where hydrous wadsleyite upwells across
the 410 and into the olivine stability field (3, 27).
Experiments indicate that hydrous melt is grav-
itationally stable atop the 410 (28), so oncemelt is
generated, itmay remain or spread laterally rather
thanmaintaining a clear correlation with ongoing
vertical flow patterns. Seismic detections of a low-
velocity layer atop the 410 are common but lateral-
ly sporadic beneath North America and globally
(29, 30). The combination of dehydration melting
driven by downwelling across the 660 and up-
welling across the 410 could create a long-term
H2O trap in the transition zone (4).
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DINOSAUR PHYSIOLOGY

Evidence for mesothermy
in dinosaurs
John M. Grady,1* Brian J. Enquist,2,3 Eva Dettweiler-Robinson,1

Natalie A. Wright,1 Felisa A. Smith1

Were dinosaurs ectotherms or fast-metabolizing endotherms whose activities were
unconstrained by temperature? To date, some of the strongest evidence for endothermy
comes from the rapid growth rates derived from the analysis of fossil bones. However,
these studies are constrained by a lack of comparative data and an appropriate energetic
framework. Here we compile data on ontogenetic growth for extant and fossil vertebrates,
including all major dinosaur clades. Using a metabolic scaling approach, we find that
growth and metabolic rates follow theoretical predictions across clades, although some
groups deviate. Moreover, when the effects of size and temperature are considered,
dinosaur metabolic rates were intermediate to those of endotherms and ectotherms and
closest to those of extant mesotherms. Our results suggest that the modern dichotomy of
endothermic versus ectothermic is overly simplistic.

O
ver the past few decades, the original char-
acterization of dinosaurs by early paleon-
tologists as lumbering, slow-metabolizing
ectotherms has been challenged. Recent
studies propose that dinosaurs were ca-

pable of an active lifestyle and were metaboli-

cally similar to endothermic mammals and birds
(1–3). This debate is of more than heuristic inter-
est; energy consumption is closely linked to life
history, demographic, and ecological traits (4).
Extant endothermic mammals and birds pos-
sess metabolic rates ~5 to 10 times higher than
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associated error as the sum of terms arising from nonlinear interactions between

parameter perturbations and noise (natural variability) in the model simulations used to

construct the predictions. Both error terms were assumed to be independent of location in

parameter space (and hence climate sensitivity). The first term was estimated by verifying

our statistical predictions against simulations made with 13 model versions containing

multiple parameter perturbations and simulating climate sensitivities in the range

3.1–4.9 8C. The second term was estimated from the long STD experiment (See

Supplementary Information). Each of our 21 £ 4 £ 106 predictions of l was then

expressed as a gaussian distribution accounting for its expected error. A PDF of feedback

strengthwas derived by combining the resulting 21 £ 4 £ 106 distributions, eachweighted

according to the probability of the relevant value of l std.This was converted into a PDF of

climate sensitivity using DT ¼ DQ/l, giving the blue PDF in Fig. 3. The red PDF was

derived in the samemanner, except that a further weighting of exp(20.5CPI2) was applied

to each of the gaussian distributions of l. Results from our 13 verifying multiple

perturbation experiments showed that our statistical predictions of CPI were close to the

simulated values and that the predictions of l carried a standard error of about

0.15Wm22 K21, arising mainly from the nonlinear effects of combining parameter

perturbations29.
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How evolutionary changes in body size are brought about by
variance in developmental timing and/or growth rates (also
known as heterochrony) is a topic of considerable interest in
evolutionary biology1. In particular, extreme size change leading
to gigantism occurred within the dinosaurs on multiple
occasions2. Whether this change was brought about by acceler-
ated growth, delayed maturity or a combination of both pro-
cesses is unknown. A better understanding of relationships
between non-avian dinosaur groups and the newfound capacity
to reconstruct their growth curves make it possible to address
these questions quantitatively3. Here we study growth patterns
within the Tyrannosauridae, the best known group of large
carnivorous dinosaurs, and determine the developmental
means by which Tyrannosaurus rex, weighing 5,000 kg and
more, grew to be one of the most enormous terrestrial carnivor-
ous animals ever. T. rex had a maximal growth rate of 2.1 kg d21,
reached skeletal maturity in two decades and lived for up to 28
years. T. rex’s great stature was primarily attained by accelerating
growth rates beyond that of its closest relatives.

Stemming from more than a century of investigation, consider-
able understanding of tyrannosaurid osteology4, myology5, neurol-
ogy6, behaviour7,8, physiology3,9, physical capabilities10,11 and
phylogeny12,13 have been gained. Lacking are empirical data on
tyrannosaurid life history such as growth rates, longevity and
somatic maturity (adult size) from which the developmental pos-
sibilities for how T. rex attained gigantism can be formally tested.

Recent advances in techniques for determining the ages at death
of dinosaurs by using skeletal growth line counts3,14, coupled with
developmental size estimates3, make quantitative growth-curve
reconstructions for dinosaurs feasible. These methods have been
used to study growth rates in two small theropods, a small and a
large ornithischian and a medium-sized and a gigantic sauropodo-
morph3. These data were used to derive a regression of body mass
against growth rate and to generalize broadly about non-avian
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Figure 6. Large groups of taxa do not divide cleanly into metabolic groups by growth rate. These 
histograms of mass-adjusted growth rates assume a fixed exponent of ¾ for data sets from  

(A) ref [1] and (B) ref [6]. Mean values for each group are indicated by capped bars. Shaded bands 
highlight the growth rates that overlap among extant endotherms and ectotherms.   Figure from ref. [4]

Figure 7.  BMR acts differently than Gmax in that it can be cleanly separated between endothermic 
groups (blue in left chart, below dashed line in right chart) and exothermic groups.	 Figure from ref. [4]

Figure 3. A convex hull surrounding data points published for several groups of animal species [1] 
seems to show that data sets for dinosaurs (black outline) overlap with several extant groups, whether 
plotted in terms of k /e (A) or in terms of Gmax (B), where Gmax = M k/e.  

But the choice of M as a regression variable is inappropriate because regressing Gmax versus M effectively 
adds an unnecessary shear transformation (blue grid in B) that artificially reduces scatter and inflates the 
apparent correlation.	 Figure from ref. [8]

Figure 4.  A reanalysis of growth and metabolic data presented by Werner and Griebeler [7] (left)
and (B) by Grady et al. [6] (right) finds that the best fit for altricial birds, eutherians, and other groups 
is not a simple power law but instead a cubic or some other complex curve [9].	 Figures from ref. [9]
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