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Abstract	
	
Energy	is	the	common	currency	of	ecological	interactions.	In	this	dissertation,	I	consider	

ecological	energetics	at	different	temporal,	spatial	and	organizational	scales.	In	my	first	

chapter,	I	examine	the	energetics	and	thermoregulation	of	enigmatic	taxon:	dinosaurs.	

From	fossil	evidence	and	assessment	of	living	vertebrates	I	conclude	that	many	non-

avian	dinosaurs	were	likely	thermally	intermediate,	or	‘mesothermic’.	In	my	second	

chapter	I	detail	the	empirical	evidence	gathered	to	buttress	my	claim	of	dinosaur	

mesothermy.	In	my	third	chapter,	I	show	how	ecosystem	rates	of	carbon	flux,	gross	

primary	production	and	total	biomass	can	be	linked	to	individual	body	size.	In	my	fourth	

and	final	chapter	I	explore	how	differences	in	metabolism	and	thermoregulation	lead	to	

predictable	difference	in	marine	predator	biogeography,	diversity	and	food	

consumption	at	ecosystem	scales.	A	focus	on	organismal	energetics	offers	insight	into	

ecological	interactions	across	space	and	time.		
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Chapter	I	

‘Evidence	for	mesothermy	in	dinosaur’	

	

Dinosaurs	have	long	captured	the	public	and	scientific	imagination,	and	debate	

has	raged	as	to	whether	they	were	more	like	endothermic	(‘warm-blooded’)	mammals	

and	birds	or	ectothermic	(‘cold-blooded’)	reptiles	and	fish.	In	this	chapter,	I	examine	

growth	rates	of	dinosaurs	derived	from	fossil	bones	and	compare	this	to	growth	and	

metabolism	in	living	vertebrates.	I	show	that	predictable	relationships	are	observed	

between	growth,	metabolic	rates,	and	thermoregulation.	Somewhat	surprisingly,	

Mesozoic	dinosaurs	grew	neither	like	endotherms	or	ectotherms.	Rather,	their	growth	

rates	most	resembled	thermally	intermediate	taxa	–	tuna,	lamnid	sharks,	echidnas	–	

that	we	have	dubbed	‘mesotherms’	(from	the	Greek	mesos	for	‘middle’;	and	thérmē	for	

‘heat’).	The	implication,	then,	is	that	most	dinosaurs	were	likely	mesotherms	as	well,	a	

successful	thermal	and	metabolic	strategy	in	the	absence	of	endothermic	competitors.	

The	combined	use	of	fossil	markers	of	growth	and	metabolic	scaling	principles	offers	a	

promising	route	for	resolving	some	of	the	oldest	mysteries	in	paleontology.		
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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

1268 13 JUNE 2014 • VOL 344 ISSUE 6189 sciencemag.org SCIENCE
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those of reptiles and fish (5, 6), but character-
izing the metabolic rates of dinosaurs has been
difficult.
A promising method for inferring paleoener-

getics comes from studies of ontogenetic growth,
in which age is determined from annual rings in
bone cross sections and mass is determined from
bone dimensions. Ultimately, growth is powered
by metabolism, and rates of growth and energy
use should correspond. Pioneering work by
Erickson and others has led to a growing body
of literature on dinosaur growth and gener-
ated important insights (7, 8). However, many
analyses were hampered by small samples, an
outdated comparative data set, and the lack of
an appropriate energetic framework. Increasing
data availability permits a reassessment of dino-
saur growth against a broader spectrum of ani-
mals, standardized for environmental temperature.
Further, recent advances in metabolic theory pro-
vide a theoretical framework for evaluating meta-
bolic rate on the basis of growth.
Weused a comparative approach to characterize

the energetics of dinosaurs and other extinct taxa.
We examined the empirical and theoretical rela-
tionship between growth and resting metabolic
rate, using a broad database of major vertebrate
clades (9), and used our results to examine the
energetics of Mesozoic dinosaurs. From empirical
studies, we constructed ontogenetic growth curves
and determined a maximum rate of growth for
each species. Environmental temperature was
standardized by only considering growth rates
in ectotherms from tropical and subtropical cli-
mates or from laboratory settings between 24° and
30°C, comparable to temperatures experienced by
dinosaurs during the Mesozoic (10). Data for
dinosaur growth were taken from published re-
ports that provided a minimum of five measure-
ments of size and age. All metabolic rates were
converted towatts (W).Wheremultiplemetabolic
or maximum growth rates for a species were
recorded, the geometric mean was determined.
Overall, our data set includes ~30,000 values and
was used to characterize growth for 381 species,
including 21 species of Mesozoic dinosaurs, 6 ex-
tinct crocodilians, and a Cretaceous shark (table
S1). Dinosaurs are well represented both tem-
porally (late Triassic to end-Cretaceous) and
taxonomically (Theropoda, Sauropodomorpha,
Ornithopoda, and Ceratopsia). Values for resting
metabolic rates were compiled from the litera-
ture and standardized to a common temperature
of 27°C (table S1). We performed phylogenetic
independent contrasts (PICs) in addition to
conventional ordinary least-squares regression
(OLS) and standardized major axis regression
(table S2).
Data show, within and across species, that

resting metabolic rate B scales with body mass
m as a power function, B = B0m

a, where B0 is

1Department of Biology, University of New Mexico,
Albuquerque, NM 87131, USA. 2Department of Ecology and
Evolutionary Biology, University of Arizona, Tucson, AZ
85721, USA. 3The Santa Fe Institute, USA, 1399 Hyde Park
Road, Santa Fe, NM 87501, USA.
*Corresponding author. E-mail: jgrady@unm.edu

Fig. 1. The scaling of maximum growth
rate in vertebrates. (A) Growth rates of
thermoregulatory guilds. Red indicates
endothermy; blue, ectothermy, gray,
dinosaurs; and black, mesothermy.
(B) Vertebrate taxa scaling with 95%
confidence bands. The red dashed line
indicates marsupials, and the black
dashed line is tuna; all other taxa are
labeled. See table S2 for regression
parameters and statistics.

}

}

}

Fig. 2. Vertebrate growth energetics. (A) Relationship between growth and resting metabolic rate
for vertebrates. The dashed line is the theoretical prediction; the solid line represents an OLS fitted
regression with 95% confidence bands. (B) Predicted energetics of dinosaurs. Dinosaur rates (open
squares) from Eq. 2 are plotted on the theoretical line. The ranges in metabolic rates occupied by
extant endotherms, mesotherms, and ectotherms are indicated by color.

SCIENCE sciencemag.org 13 JUNE 2014 • VOL 344 ISSUE 6189 1269
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a normalization constant representing mass-
independent metabolic rate, and a is ~3/4 and
ranges from 0.65 to 0.85 (11, 12). Growth rate

varies over ontogeny, but use of the maximum
growth rate (Gmax) standardizes growth and per-
mits interspecific comparisons. Empirical evi-

dence (13) indicates that Gmax scales similarly
to B, where Gmax = G0M

a. This suggests that Bº
Gmax

1 and thus that metabolic rate may be in-
ferred from growth. However, the relationship
between Gmax and B across major vertebrate taxa
has received little attention, and many uncertain-
ties exist. For instance, Case (13) reported that
fish Gmax was an order of magnitude lower than
that of reptiles, despite similarities in metabolic
and thermoregulatory lifestyle (6).
Theoretical assessments of growth comple-

ment a strictly empirical approach and can
strengthen paleontological inferences. An on-
togenetic growth model based on metabolic
scaling theory (MST) quantifies the linkages be-
tween Gmax and metabolic rate from first prin-
ciples of allometry and conservation of energy
(14, 15). According to MST (9), the relationship
between B (W) and Gmax (g day−1) at final adult
mass M is

BM = cGmax
1 (1)

where c ≈ 0.66 (W g−1 day). To observe the
mass-independent relationship and compare
energetic groups, we divide both sides by Ma,
yielding

B0 = cG0 (2)

To calculate metabolic rate at any ontogenetic
mass m from the observed maximum growth
rate, we combine Eqs. 1 and 2

Bm= cG0m
3/4 (3)

Fig. 3. Resting metabolic rates in
vertebrates. (A) Predictedmetabolic rates
compared to observed rates.The solid line
is the fitted regression, with shaded 95%
confidence bands; the dashed line is the
theoretical fit. (B) Metabolic scaling of
vertebrates. Dinosaur resting metabolic
rates are predicted from growth (dashed
line); all other fits are predicted from
empirical data. Endotherms: y = 0.019x0.75,
r2 = 0.98, n = 89; Ectotherms (27°C):
y = 0.00099x0.84, r2 = 0.95, n = 22;
Dinosaurs: y = 0.0020x0.82, r2 = 0.96,
n = 21. P < 0.001 for all regressions.
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Apatosaurus

Tyrannosaurus
Troodon

Archaeopteryx
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Fig. 4. Phylogeny of mass-independent growth rates (g1/4 day–1). Color signifies thermoregulatory state; branch lengths are not standardized for
divergence times. Green shading indicates feathered coelurosaurian dinosaurs.
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MST makes the following theoretical predic-
tions regarding growth and metabolic rate:
(1) Gmax scales as M

a, where a ~3/4.
(2) B scales isometrically with Gmax if masses

are standardized (9). Regression of B against Gmax

yields a slope of 1 and an intercept of ≈0.66.
(3) Plotting G0 against B0 will reveal distinct

energetic clusters corresponding to endotherms
and ectotherms. High-power endotherms will
exhibit an elevated G0 and B0, and ectothermic
organisms the converse. Thermally interme-
diate taxa, termed mesotherms, such as tuna
and lamnid sharks (16), should fall between the
upper and lower quadrats. The predicted slope
and intercept are 1 and 1.52, respectively. Similar
clustering is observed if Gmax and B residuals
are plotted.
(4) Bpredicted = Bobserved in extant animals,

where Bpredicted is calculated from Eq. 3.
Our analyses find broad support for all four

predictions. First, growth scales with mass as
~3/4, although taxonomic variation is observed
(Fig. 1 and fig. S1, mean aOLS = 0.73; mean aPIC =
0.69, table S2). This indicates that larger species
acquire their bulk by accelerating their maximum
growth rate proportionate to ~M3/4. Second, Gmax

is a strong predictor of B, where BM = 0.56Gmax
1.03,

which is close to theoretical predictions [figs. S3
and S4; slope confidence interval (CI) = 0.97 to
1.10; intercept CI = 0.47 to 0.97; coefficient of
determination (r2) = 0.90, n = 118]. Third, we
find that the observed relationship between
mass-independent growth and metabolic rates
corresponds closely to predicted values (slope =
0.90, CI = 0.77 to 1.03; intercept = 1.10, CI = 0.59
to 2.06, r2 = 0.61, n = 124). Ectothermic species
fall in the lower left quadrat; endotherms in the
upper right; and thermally intermediate taxa,
including tuna, a lamnid shark, the leatherback
turtle, and a prototherian mammal, fall between
values for endo- and ectotherms (Fig. 2 and figs.
S1, S2, and S5). These results are robust; the in-
clusion of cold-water fish, with reduced growth
and metabolic rates, simply extends the lower
portion of the regression line. Furthermore, the
ratio G0/B0 (g J−1), a measure of efficiency in
converting energy to biomass, does not differ sig-
nificantly between endo- and ectotherms, indi-
cating that energy allocation to growth does not
vary with thermoregulatory strategy (t statistic =
0.46, P = 0.64, fig. S6). Finally, regression of ob-
served against calculated metabolic rates does
not differ significantly from unity (Fig. 3A; slope
CI = 0.97 to 1.10; intercept CI = –0.14 to 0.02). We
can therefore predict dinosaur resting metabolic
rates from growth rate, using either a theoretical
model (Eq. 3) or an empirically determined equa-
tion (9)

BM = 0.6 Gmax (4)

Our analyses are robust to variation in the
scaling exponent, phylogenetic correction, in-
clusion of captive versus wild animals, critiques
of dinosaur growth studies, and uncertainty in
estimating M and metabolic temperature (9).

Our results find that mass-independent growth
rates in dinosaurs were intermediate to, and sig-
nificantly different from, those of endothermic
and ectothermic taxa (table S2). Although some
dinosaur growth rates overlap with high-power
ectotherms or low-power endotherms, they cluster
closest to energetically and thermally intermediate
taxa, such as tuna (Fig. 2). Further, our analyses
uphold the somewhat surprising finding that fea-
thered dinosaurs, including protoavian Archaeop-
teryx (17), did not growmarkedly differently from
other dinosaurs (Fig. 4). It appears that modern
avian energetics did not coincide with feathers or
flight, which is consistent with fossil evidence that
modern bone histology in birds did not appear
until the late Cretaceous (18).
At the largest body masses, the growth rates of

the largest dinosaurs and mammals overlap (Fig.
1B). This pattern is driven by two factors. First,
dinosaurs have a relatively high slope (aOLS =
0.82, but aPIC = 0.76). This value is consistent with
suggestions of thermal inertia for larger taxa; the
removal of sauropods yields a reduced OLS slope
of 0.77. Second, significantly reduced growth rates
are observed in several large mammalian taxa,
particularly primates, elephants, and toothed
whales, whereas small shrews and rodents have
relatively high rates, leading to a low overall
slope for placental mammals (aOLS = 0.64, aPIC =
0.63; table S2 and fig. S11). The slow growth of
many large endothermic mammals is associated
with large brain size and low juvenile mortality
(19, 20); this is unlikely to be relevant to most
dinosaurs.
Our results highlight important similarities and

differences fromprevious studies. For example, our
work agrees with assessments by Erickson (7, 17)
that dinosaurs grew at rates intermediate to most
endo- and ectotherms. However, we find consider-
ably more similarity in ectothermic growth rates
than reported by Case (13) and significantly
higher growth rates for fish (~seven times higher),
marsupials (~four times higher) and precocial
birds (~two times higher; fig. S8). We attribute
these differences to enhanced sampling and
standardization of the thermal environment for
ectotherms (e.g., Case included temperate fish).
Moreover, our expansion of the comparative
growth framework indicates that dinosaurs grew
andmetabolized at rates most similar to those of
active sharks and tuna (Fig. 2 and fig. S1), rather
than those of endothermicmarsupials, as has been
suggested (17).
Past work has often struggled to fit dinosaurs

into a simple energetic dichotomy; our work sug-
gests that an intermediate view (17, 21) is more
likely. Although dinosaur growth rates vary, they
cluster most closely to those of thermally inter-
mediate taxa (Figs. 1 and 2), which we termmeso-
therms. Mesothermic tuna, lamnid sharks, and
the leatherback turtle rely on metabolic heat to
raise their body temperature (Tb) above the ambient
temperature (Ta) but do notmetabolically defend
a thermal set point as endotherms do (16, 22).
This reliance on metabolic heat distinguishes
them from other large homeothermic reptiles,
such as crocodiles (23), which bask to elevate Tb.

The echidna, while maintaining a set point of
~31°C, shows remarkable lability, because Tb
values can range over 10°C while it is active (24).
Unlike hibernating mammals or torpid hum-
mingbirds, this variability is externally imposed.
Collectively, these animals are distinguished from
endotherms and ectotherms by a weak or absent
metabolic defense of a thermal set point but suf-
ficient internal heat production to maintain Tb >
Ta when Ta is low [see (9) for further discussion].
Although some feathered dinosaurs may have
been endotherms, they would have been uniquely
low-powered compared to extant birds andmam-
mals. We suggest that mesothermy may have
been common among dinosaurs, ranging from
modest metabolic control of Tb, as seen in furred
echidnas, to the absent metabolic defense ob-
served in tuna and leatherback turtles. Analysis of
fossil isotopes, which can shed light on body tem-
peratures, will be useful in testing this hypothesis.
In particular, attention to neonate and juvenile
dinosaurs in seasonally cool environments, such as
polar regions, may help distinguish among ther-
moregulatory states.
Dinosaurs dominated the flux of matter and

energy in terrestrial ecosystems for more than
135 million years. Consequently, our results have
important implications for understanding ancient
Mesozoic ecosystems.We emphasize the primary
importance of comparative energetics for integrat-
ing form, function, and diversity. Knowing only
two facts from the fossil record—adult mass and
maximum growth rate—we show that the meta-
bolic rates of extinct clades can be predicted with
accuracy. Such an approach will be useful in re-
solving the energetics of metabolically ambiguous
taxa, such as pterosaurs, therapsids, andMesozoic
birds.
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NONHUMAN GENETICS

Strong male bias drives germline
mutation in chimpanzees
Oliver Venn,1 Isaac Turner,1 Iain Mathieson,1* Natasja de Groot,2

Ronald Bontrop,2 Gil McVean1†

Germline mutation determines rates of molecular evolution, genetic diversity, and fitness
load. In humans, the average point mutation rate is 1.2 × 10−8 per base pair per generation,
with every additional year of father’s age contributing two mutations across the genome
and males contributing three to four times as many mutations as females. To assess
whether such patterns are shared with our closest living relatives, we sequenced the
genomes of a nine-member pedigree of Western chimpanzees, Pan troglodytes verus.
Our results indicate a mutation rate of 1.2 × 10−8 per base pair per generation, but a male
contribution seven to eight times that of females and a paternal age effect of three
mutations per year of father’s age. Thus, mutation rates and patterns differ between
closely related species.

A
ccurate determination of the rate of de
novomutation in the germ line of a species
is central to the dating of evolutionary events.
However, because mutations are rare events,
efforts tomeasure the rate in humans have

typically been indirect, calculated from the inci-
dence of genetic disease or sequence divergence
(1–4). However, high-throughput sequencing tech-
nologies have enabled direct estimates of the
mutation rate from comparison of the genome
sequence of family members (5–8). Unexpected-
ly, these studies have indicated a mutation rate
of, on average, ~1.2 × 10−8 per base pair per
generation, or ~0.5 × 10−9 per base pair per year,
approximately half that inferred from phyloge-
netic approaches (1, 9). Moreover, they have dem-
onstrated a substantialmale bias tomutation, such
that three to four times as many autosomal mu-
tations occur in the male compared to the female
germ line (6, 7). Male bias is largely caused by an
increase in the rate of paternal but not maternal
mutationwith the age of theparent; approximately
two additionalmutations per year of father’s age at
conception (7). This difference is consistent with
ongoing cell division in themale germ line but not
in females (10).

An alternative approach for estimating the
extent of male bias is to compare rates of se-
quence divergence on the autosomes (which
spend equal time in the male and female germ
lines) and the X chromosome (which spends
two-thirds of the time in females) (2, 11). Such
indirect approaches broadly agree with direct
estimates in humans, but suggest that male
bias may be stronger in chimpanzees (12). To
test this hypothesis, we sequenced the genomes
of nine members of a three-generation pedigree
of Western chimpanzees, Pan troglodytes verus
(Fig. 1A and fig. S1). One trio was sequenced at
high depth (average 51×), while other family
members were sequenced to an average of 27×
(table S1). We inferred the structure of recombi-
nation and transmission across the pedigree
(Fig. 1B), which enabled us to detect de novo point
mutations in regions of high sequence complexity
and to remove artifacts caused by mismapping,
sequence that is absent fromthe reference genome,
and reference misassembly (13).
We used a probabilistic approach that, at a

given site, compared the likelihood of different
models for genetic variation inconsistent with
the inferred transmission: genotyping error at a
segregating variant, de novo mutation, single-
gene conversion event, segregating deletion and
erroneous call (Fig. 1C). The design was expected
to enable haplotype phasing through transmission
for 99.2% of sites that were heterozygous in the
founders and 87.5% of de novo mutation events
inherited by chimpanzee F (Fig. 1A). Read-based

phasing was used to phase de novo events in other
offspring, and we performed independent valida-
tion to assess the accuracy of de novo variant calls.
The false-negative rate was estimated from allele-
dropping simulations (13).
Across the genomes of the nine pedigreemem-

bers,wecalled4.1millionvariants [single-nucleotide
polymorphisms (SNPs) and short insertions
and deletions (indels)] using a mapping-based
approach and 3.0 million variants using an
assembly-based approach (14). Genotype data
confirmed expected pedigree relationships (fig.
S2). The intersection of call sets (1.6 million
sites with a transition-transversion ratio of 2.2)
established the underlying structure of recom-
bination and transmission across the pedigree
with a robust version of the Lander-Green algo-
rithm (fig. S3). Briefly, this is a two-stage strategy
of identifying dominant inheritance vectors over
1-Mb intervals, followed by fine-mapping of cross-
over breakpoints, which guards against problems
caused by false-positive variants and genotyping
errors (13). Across the pedigree, we identified 375
cross-over events, with a distribution similar to
that of human homologs, with the exception of
human chromosome 2, which is a fusion of the
chimpanzee chromosomes 2A and 2B (15) (Fig. 2A,
fig. S4, and tables S2 and S3).
Overall, we estimate the sex-averaged auto-

somal genetic map length to be 3150 cM [95%
equal-tailed probability interval (ETPI) 2850
to 3490], compared to 3505 cM in humans (16, 17).
On the X chromosome, we detected nine cross-over
events in the non-pseudoautosomal (non-PAR)
region, indicating a female-specific genetic map
length of 160 cM (95% ETPI 83 to 300), compared
to 180 cM in humans. On the pseudoautosomal
region (PAR), we detected four male cross-overs,
giving a male-specific estimate of 34 cM (95%
ETPI 28 to 180; tables S4 and S5), in agreement
with estimates in humans (13). Males have 58%
of the autosomal cross-over events of females
and, unlike females, show an increase in cross-
over frequency toward the telomere (Fig. 2B),
similar to humans (fig. S5). We also observed a
decrease in cross-over frequency with maternal
(2.65 cM per year, linear model P = 0.025), but not
paternal age (Fig. 2C). However, this observation
could be explained by between-female varia-
tion (linear model P = 0.13, allowing for a ma-
ternal effect). The median interval size to which
cross-over events can be localized is 7.0 kb, with
95% of all intervals localized to within 80 kb
(excluding complex cross-over events), with cross-
over events enriched in regions inferred to have

1Wellcome Trust Centre for Human Genetics, Roosevelt
Drive, Oxford, OX3 7BN, UK. 2Biomedical Primate Research
Centre, Lange Kleiweg 161, 2288 GJ Rijswijk, Netherlands.
*Present address: Department of Genetics, Harvard Medical
School, 77 Avenue Louis Pasteur, Boston, MA 02115 USA.
†Corresponding author. E-mail: mcvean@well.ox.ac.uk
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Chapter	II	

Supporting	Materials,	Methods	and	Results	for		

‘Evidence	for	mesothermy	in	dinosaurs’	

The	topic	of	dinosaur	energetics	and	thermoregulation	has	long	generated	interest	and	

debate	in	the	paleontology	community.	The	answer	that	we	put	forward	–	that	dinosaurs	are	

thermally	and	energetically	intermediate	–	is	bold	and	requires	clear	and	compelling	

justification.	While	we	certainly	offer	justification	in	the	main	publication,	space	constrained	

our	ability	to	elaborate	on	the	data,	methods,	and	results.	The	following	supplemental	section,	

published	along	with	the	main	manuscript,	goes	into	greater	detail	in	how	the	data	was	

compiled,	results	assessed,	and	conclusions	formed.		

In	this	chapter	I	offer	a	general	definition	and	explanation	for	the	freshly	coined	term	

‘mesothermy,’	which	we	felt	best	described	the	thermoregulatory	strategy	for	most	non-avian	

dinosaurs,	as	well	as	some	extant,	thermally-intermediate	taxa.	I	discuss	our	methods	for	

calculating	maximum	ontogenetic	growth	rates	in	vertebrates,	and	how	growth	rate	links	to	

resting	metabolism	and	thermoregulation	both	empirically	and	theoretically.	I	also	compare	our	

work	to	prior	findings,	and	make	use	of	sensitivity	analyses	to	show	the	robustness	of	the	

results.	Finally,	I	provide	detailed	descriptions	of	our	scaling	patterns	as	well	as	the	species-level	

data	on	growth	and	metabolic	rates	used	in	our	calculations.		
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 Materials and Methods 
 
I. Mesothermy 
 
Most vertebrates today are classified as either endotherms (‘warm-blooded’) or 
ectotherms (‘cold-blooded’). Endothermic mammals and birds rely on internal metabolic 
heat to stay warm, whereas ectothermic fish and reptiles rely on external sources, such as 
solar energy. Endothermy and ectothermy might simply be regarded as two poles along a 
continuum, reflecting differences in the contribution of internal heat to body temperature 
(Tb). By this definition, a strict endotherm (100% endothermy) relies solely on internal 
heat to set its Tb and a strict ectotherm (0% endothermy) relies solely on external heat 
sources. An intermediate organism would use both internal and external sources. 
However, this classification belies biological reality. No mammal or bird today relies 
entirely, or even mostly, on internal heat. In the absence of environmental heat, at –273 
ºC, all endotherms would quickly perish. In tropical environments, in particular, the 
contribution of ambient temperature (Ta) to endotherm body temperature far exceeds 
50%.  
 
Instead, the relevant conceptual difference between endo- and ectotherms is the degree of 
metabolic control over body temperature. Mammals and birds metabolically increase heat 
production to maintain a constant body temperature when Ta falls below Tb, leading to 
stable Tb values. In addition, endotherms typically possess insulation in the form of fur, 
fat or feathers to aid heat conservation. In contrast, reptiles and fish are characterized by 
the relative unimportance of metabolic heat in contributing to Tb. Consequently, 
ectotherms show a declining Tb and metabolic rate when Ta falls, unless other external 
sources of heat are found (e.g., solar basking). Endotherms can relax thermal control – 
e.g., hibernation or aestivation to conserve energy – or alter the preferred Tb – for 
instance, varying Tb with their circadian rhythm (25). This ‘regulated poikilothermy’ of 
many endotherms is consistent with the high degree of metabolic control that 
characterizes mammalian and avian thermoregulation.   
 
Today, there is relatively little overlap in the vertebrate world between endothermic and 
ectothermic lifestyles. For this reason, the terms ‘endothermy’ and ‘ectothermy’ are 
practical, broadly employed designations in vertebrate biology. However, some middle 
ground does exist.  Marine biologists recognize that certain fish, particularly tuna and 
lamnid sharks, can maintain a body temperature up to 10–20 ºC higher than the 
surrounding water (16). This is accomplished with elevated metabolic rates and the heat-
conserving effects of large body size, countercurrent circulation, and the redistribution of 
organs. Thus, like endotherms, metabolic heat is used to maintain high body temperatures 
(Tb > Ta). For this reason, these species are often described as ‘warm-blooded’ or 
‘endothermic’. Similarly, some large sea turtles, such as the leatherback sea turtle, 
possess elevated body temperatures, relying on their large bulk to conserve metabolic 
heat (22). However, these species differ in important ways from endothermic mammals 
and birds. First, they are born ectothermic and match ambient water temperatures 
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throughout early ontogeny (26), presumably reflecting the high surface area/volume ratio 
of small juveniles that leads to rapid heat loss. Second, they are capable of being active at 
a range of body temperatures, especially low temperatures, unlike hibernating mammals 
and birds. Third, and most importantly, there is little evidence that tuna, lamnid sharks or 
sea turtles increase their metabolic rate as Tb falls. For instance, diving to lower, colder 
depths generally leads to a corresponding decline in Ta and metabolic rate, even as Tb 
remains above Ta (16). The failure to metabolically defend a core body temperature leads 
to externally imposed thermal lability – in stark contrast to most mammals and birds.   
 
Some mammals have low and variable body temperatures as well, particularly among 
tropical myrmecophagous species. A well-documented case is that of the echidna. 
Echidnas are egg-laying, insectivorous monotremes distributed across Australasia. They 
possess a very low body temperature (~31 ºC), and differ from their other monotreme 
relative, the platypus, by showing much weaker regulation of Tb. Echidna Tb has been 
documented to range over 10 ºC in the course of a day (24, 27). This variation is not due 
to torpor or circadian rhythms but rather, reflects ambient temperature and activity level. 
Unlike tuna and lamnid sharks, echidnas do maintain a thermal set point, but their 
internal regulation of Tb is weak, leading to significant thermal lability. Notably, echidnas 
have very low metabolic rates, ~¼ that of a placental mammal (27), and this likely limits 
their capacity to thermoregulate.  
 
Although the species described here originate from different branches of the evolutionary 
tree, they all share similar thermoregulatory features. Mesothermy can therefore be 
defined by the following criteria:  
 
1. Tb > Ta via metabolic heat production, when Ta is below the preferred range.   
 
2. A constant Tb is not metabolically defended while active, as in the case of tuna, or 

only weakly defended, as observed in the echidna. This may lead to daily or seasonal 
thermal lability, particularly in small-bodied forms.  

 
For tuna, lamnid sharks, and leatherback turtles, it is clear that mesothermy is not simply 
an arbitrary convergence zone between endotherms and ectotherms. Their inability to 
metabolically defend a thermal set point qualitatively differentiates mesotherms from 
endotherms, while their reliance on metabolic heat to elevate Tb differentiates them from 
ectotherms. Echidnas can be regarded as near the intersection of mesothermy and 
endothermy, as they demonstrate a modest metabolic defense of a thermal set point, like 
endotherms, but also show externally driven Tb lability and low rates of heat generation, 
like mesotherms. We group them with mesotherms here to reflect their unusual thermal 
lability (27), which is likely related to their low metabolic rate. In addition, like other 
mesotherms – and in contrast to other mammals and birds – echidnas have a remarkable 
ability to be active several degrees below their preferred body temperature. They 
represent a useful model when considering dinosaur thermoregulation, particularly 
feathered species.   
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Large body size plays an important role among mesotherms in limiting heat loss, because 
greater bulk leads to lower surface area/volume. It is no coincidence that the greatest Tb – 
Ta differentials occur in larger mesotherms, such as bluefin tuna. As all animals produce 
metabolic heat, it is likely that at a sufficiently large size, ectotherms will grade into 
mesotherms. Nonetheless, extant mesotherms are not equivalent to inertial homeotherms, 
i.e., ectothermic organisms whose large size dampens Tb fluctuation. Large crocodiles, 
for instance, rely on basking rather than metabolic heat to increase their body 
temperatures (23). This is true for large lizards as well, such as the Komodo dragon, 
which occupies open, sunny habitats (28, 29). These inertial homeotherms are still 
ectothermic, as external sources of heat are important in elevating Tb. It also bears noting 
that many large sharks are typical ectotherms as well, despite their bulk (30, 31). Unlike 
mesotherms, these large ectotherms show lower rates of heat generation and 
conservation. 
 
We are hopeful introduction of the term ‘mesothermy’ will serve three functions: 1. 
Highlight important similarities and differences between animals like tuna, leatherback 
sea turtles, echidnas and endo/ectotherms, 2. Clarify the relationship between energy use 
and thermoregulation, particularly at the intersection of endo/ectothermy, and 3. 
Stimulate a closer examination of living mesotherms and their relevance to paleobiology. 
 

II. Methods Summary 

Data on growth and metabolic rates were compiled from the literature, and graphical data 
plots were digitized using GraphClick 3.0 (32). To reduce uncertainty, data for dinosaur 
growth were taken from published reports that provided a minimum of five 
measurements of size and age. Following Peters (11), metabolic rates were converted to 
watts from ml O2 s-1 or mg O2 s-1 by multiplying by 20.1 and 14.1, respectively. Where 
multiple metabolic rates for a species were reported, the geometric mean was determined. 
In instances where only length units were reported, equations relating length to mass 
were employed to estimate growth rates. For crocodilians, the formula total length (TL) 
equals twice the snout-vent length (SVL) was used to facilitate conversions (33). Growth 
and metabolic rates are reported in table S1, and length-mass equations and references in 
table S3. All reported growth rates are standardized to modern temporal units (1 day = 
86,400 seconds). Statistical calculations were performed in R 3.1.0 (34) and JMP 9.0.1 
(35).  

The MST ontogenetic growth model defines growth rate as a function of resting 
metabolic rate (15), which is similar to basal or standard metabolic rate but includes the 
costs of digestion. An accurate, average resting metabolic rate would integrate changes in 
metabolic rate from digestion over time, but this is difficult and little data is available. 
Resting metabolic rate is quite close to basal metabolic rate in mammals (~20% increase) 
(15), and these terms are often used interchangeably. Therefore, we do not distinguish the 
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two, but note that virtually all data used here are based on measurements of basal 
metabolic rate of endotherms, or standard metabolic rate in ectotherms, as measured by 
oxygen consumption during postabsorptive condition at rest. For a few large whales – 
Physeter catodon, Balaenoptera musculus, and B. physalus – basal metabolic rates were 
estimated from lung capacity (36). As standard metabolic rates for ectotherms are 
recorded at a variety of temperatures, affecting the metabolic rate, we standardized rates 
by employing a Boltzmann-Arrhenius correction factor (6) to facilitate comparison. Here, 
metabolic rate B for an organism of mass m and temperature T0 (in kelvins) can be 
adjusted to another temperature T: 
 

BT  = BT0e⋅

-E/k(1/T–1/T0) 

 
where E is the ‘activation energy’ at ~0.65 eV, and k is Boltzmann’s constant (8.62E-5 
eV K-1). This formulation is statistically similarly to a Q10 adjustment of 2.5, but is 
preferred here for its generality and underpinnings in statistical thermodynamics (6, 37). 
While more precise measures may be used by empirically determining taxon-specific 
temperature shifts, the difference between the two adjustments is relatively small in 
vertebrates (≤10%) (38). Resting metabolic rates of tropical ectotherms were adjusted to 
27 ºC, but other temperatures are considered as well (see figs. S2, S7). 
 
Ontogenetic growth data were fit using three common nonlinear models: the von 
Bertalanffy, logistic, and Gompertz. These models generate estimates of final asymptotic 
mass and an instantaneous growth coefficient, permitting calculation of maximum growth 
rate. We calculated growth parameters using the minpack.lm package (39) in R (34), 
which uses a Levenberg-Marquardt least squares criterion. Akaike Information Criterion 
(AIC) was used to assess model fit, using the qpcR package (40) in R. The Gompertz 
model was consistently low for all AICc metrics (table S4); therefore, growth rates 
presented here are derived from the Gompertz model unless otherwise noted. Where 
growth rates from multiple populations or sexes were reported, growth curves were fit 
separately, and the geometric mean of final mass M and Gmax were reported.  
!
To ensure that our results were not driven by phylogenetic inertia, we performed linear 
regressions of phylogenetic independent contrasts of body mass by maximum growth rate 
for each major taxon using the package ape in R (41). We obtained phylogenetic trees 
from the literature for the following clades: mammals (42), birds (43), squamates (44), 
teleost fishes (45), and sharks (46).  Some trees were missing taxa included in our study. 
In these cases, we patched taxa into the tree following the methods of Sibly et al. (2012) 
(47). Phylogenetic trees for squamates, teleost fish and sharks were not ultrametric; in 
these cases we forced them to become ultrametric using the chromos function in ape with 
lambda set to 0.1. Varying lambda settings did not significantly alter the results of 
phylogenetic independent contrasts analyses. Because phylogenetic trees that included all 
of our study taxa were not available in the literature for dinosaurs and crocodiles, we built 
our own by constructing trees for dinosaurs and crocodiles using recent cladistics studies 
(48-54) with unscaled branch lengths (fig. S15).  
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We used these trees to calculate phylogenetic independent contrasts (PICs) of body mass 
and maximum growth rates for each taxon. We performed ordinary OLS and SMA 
regression of PICs for maximum growth rate using the R package lmodel2 (26). Linear 
regression analyses of these PICs indicate that our results are not driven by phylogenetic 
inertia. Slopes for PIC regressions are generally very similar to slopes for non-
phylogenetic regressions, almost always falling within the 95% confidence intervals for 
non-phylogenetic regression slopes (table S2).  
 
Below we plot some of the main figures with greater taxonomic detail: 

 

Fig. S1. Some of the main plots in greater taxonomic detail. In B, The slope of the standardized major axis 
fit (not shown) is 1.16 (CI: 1.00 – 1.34), not significantly different from isometry. In C, the abbreviations 
represent the following dinosaur species Al: Archaeopteryx lithographica (basal bird), Pm: Psittacosaurus 
mongoliensis, Cb: Coelophysis bauri, Mr: Megapnosaurus rhodesiensis, Sl: Saurornitholestes langstoni, Tf 
– Troodon formosus, Dl: Dysalotosaurus lettowvorbecki, Co: Citipati osmolskae, Mc – Massospondylus 
carinatus, Tt – Tenontosaurus tilletti, Gl – Gorgosaurus libratus, Als – Albertosaurus sarcophagus, Af – 
Allosaurus fragilis, Tr – Tyrannosaurus rex, C – Camarosaurus sp, D1 – Diplodocid sp. 1, D2 – 
Diplodocid sp. 2, A – Apatosaurus sp., As – Alamosaurus sanjuanensis, M – Mamenchisaurid sp. 

To evaluate the metabolic status of dinosaurs, which lived in warm habitats, it is useful to 
compare their growth rates to tropical ectotherms/mesotherms and endotherms. By 
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plotting G0 against B0 we can compare dinosaurs to extant groups. We have standardized 
ectotherms temperatures to an ambient temperature of 27 ºC to facilitate comparison with 
dinosaurs, but our results are not qualitatively affected by variation in standardized 
temperature between 25 – 30 ºC (fig. S2). The mesothermic echidna was measured at 
thermoneutral conditions, which corresponds to an internal temperature of 31 ºC. We did 
not attempt to correct this to 27 ºC, as this elevated temperature represents a useful signal 
of its metabolic status. Mesothermic fish and reptiles begin their lives as effective 
ectotherms, only increasing Tb at larger sizes (26). For this reason, we adjusted the 
metabolic rates of small tuna and the mako shark to 27 ºC (see table S2).  
 

 
Fig. S2. Plotting ectotherm and small mesotherm metabolic rates adjusted to 25 or 30 ºC (dotted lines), 
rather than 27 ºC (solid line with 95% confidence band), has little effect on the fit of the data. The 
theoretical line is dashed.    
 
 
III. Predicting Metabolic Rate from Growth 
 
The MST ontogenetic growth model quantifies how growth relates to metabolic rate in an 
organism. The MST assumes, and research indicates (55), that scaling of resting 
metabolic rate B in relation to mass m over ontogeny generally follows a power function 
of the form:  
 

B = B0mα 

 
where α = ¾. Maximum growth rate Gmax can be determined by assessing growth rate at 
the point of inflection, at (¾ )4M, or ~⅓M, where M is final (asymptotic) mass. Based on 
its energetic formulation (14, 15, 55), this yields:  
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BM = Em (256/27)Gmax  

 
where Gmax is in units g s–1, BM is metabolic rate in watts (W), at mass M (g), and Em is 
the energy required to construct one gram of biomass, calculated at ~6000 J g–1 (55). 
More simply, BM = cGmax, where c = Em(256/27). Since Gmax scales as a power function 
(Fig. 1b) it can also be written as Gmax = G0Mα. Dividing both sides by Mα removes mass 
dependence, yielding: 
 

B0 = cG0 
 

It is convenient to write Gmax in units of g d–1 rather than g s–1. Converting seconds to 
days and rounding two decimal places, c = 0.66 W d g–1 (if Gmax is kg yr–1, c becomes 
0.24). B at mass m can be predicted by multiplying both sides by mα: 
 

Bm = cG0mα 
 
or Bm ≈ 0.66G0m3/4. The advantage of this formulation, compared to BM = cGmax, is that 
metabolic rate can be predicted for any organism at any mass (m), not just at its final 
mass (M). Since differences in model estimation of Gmax are relatively small when growth 
curves are well characterized, Gmax calculated from other models can be substituted in 
this equation with little loss of accuracy.  
 
For empirical comparisons of B and Gmax scaling, it is important that metabolic mass is 
standardized with respect to final mass (i.e. metabolic mass = M, or a standard fraction of 
M). To make the mass-dependence equivalent, we standardize Gmax to the metabolic mass 
mmet, recalculating Gmax as: 

 
Gmax(R) = G0mmet

3/4 
 
For many large ectotherms, B is often measured at masses �M (see table S2). Therefore, 
a standardized comparison of Gmax(R) and B is necessary. We plot B against Gmax(R) for 
endotherms, ectotherms, and all species in fig. S3. The fitted line does not differ 
significantly from isometry or the theoretical fit for all groups.  
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Fig. S3. Empirical resting metabolic rates are plotted against Gmax(R) for all species, endotherms, and 
ectotherms. The dashed line represents the theoretically predicted relationship from MST, the solid line is 
the fitted regression with a 95% confidence band. Note the close correspondence to the predicted 
relationship, B ≈ 0.66Gmax

1.  
 
Among endotherms, metabolic rates are typically measured on adults that have stopped 
growing. Therefore, mmet ≈ M, and Gmax can be compared directly to B, relying on no 
assumptions of the value of α. Again, the observed scaling does not differ significantly 
from isometry, nor the predicted fit (fig. S4). 
 

 
Fig. S4. Observed basal metabolic rates B are plotted against observed Gmax for all endotherms.  
 
These equations provide a useful way to predict dinosaur metabolic rates empirically, 
with limited theoretical assumptions. From figs. S3 and S4, an approximate empirical 
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formula for converting growth (g d–1) to metabolic rate (W) at asymptotic size M can be 
determined: BM ≈ 0.6Gmax. To predict rates for juveniles (at mass m), this can be written 
as: 
  

Bm  ≈ (0.6)G0mα  
 

where α ~ ¾, and G0 is in units of grams and modern days (where 1 day = 86,400 s). For 
paleostudies, it may be useful to determine Gmax in units kg yr-1, in which case BM ≈ 
0.3Gmax, or: 
 

Bm ≈ (0.3)G0mα 

 
If maximum growth rates are unknown, metabolic rates can be predicted from body size 
(see Fig. 3b).  
 
Uncertainty in α 
If metabolic mass ≈ M, maximum growth rate and metabolic rate can be regressed and 
examined for isometry without assumptions of the value of α (e.g., fig. S4). But to 
compare or predict metabolic rate from growth rate at any ontogenetic mass, some 
assumptions of the proper value of α must be made. In principle, α could vary between 
taxa, and our formulation would hold, so long as α for growth rate and metabolic rate 
were equivalent within taxa.  
 
We used the value ¾ as a reasonable approximation of a common or average α, due to its 
broad use and empirical support in the literature (4, 11, 55, 56), its theoretical arguments 
(57, 58), and the relatively small variation observed between vertebrate groups ~(0.65 – 
0.85) (59). However, some have found ⅔ to be a better fit for certain taxa (12), or 
emphasized the variation between groups (59, 60). If we calculate G0 and B0 assuming α 
= ⅔, we observe qualitatively similar patterns. In addition, analysis of growth and 
metabolic residuals, which makes no assumptions of α, reproduces the distinct clustering 
of ectotherms and endotherms, with mesotherms intermediate (fig. S5). This indicates our 
approach is robust to variation and assumptions of a specific value of α. 
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Fig. S5. Evaluation of α. In A, we plot B0 vs. G0, assuming α = ⅔. The solid line is the fitted regression, the 
dashed is the fitted regression based on ¾ scaling. In B, we plot the OLS mass residuals of growth and 
metabolic rate.  
  
Generality of Growth Energetics 
We also examined the log ratio of (G0/B0) between endo- and ectotherms, a measure of 
the metabolic energy allocated to growth. There is no significant difference between the 
two (t = 0.46, p = 0.68, df = 110), suggesting thermoregulation does not influence the 
allocation pattern, although taxonomic affiliation and lifestyle may be important.  
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Fig. S6. The ratio of mass-independent growth rate G0 (g

1/4 s–1) and mass-independent metabolic rate B0 (W 
g–3/4) is plotted. Although observed variation is higher in endotherms (e.g. fast-growing altricial birds and 
slow-growing primates), the means for both thermoregulatory groups are not significantly different (p = 
0.68). 
 
Dinosaur Metabolic Rates and Thermoregulation 
In Fig. 3b, we compared dinosaur predicted rates to empirical rates in ectotherms, 
standardized at 27 ºC. However, it has been argued that dinosaurs may have had higher 
body temperatures, simply by virtue of their large bulk (61). If we plot ectotherm 
metabolic rates standardized to 35 ºC, they overlap with resting metabolic rates of 
dinosaurs. These values are also close to that observed in mesotherms. While inertial 
homeothermy likely played role in dinosaurs, their elevated growth rates, higher aerobic 
capacity, and ability to survive in seasonally cold habitats indicates that mesothermy was 
probably more common than ectothermic homeothermy. Further, smaller dinosaurs grew 
significantly faster than similarly sized ectotherms, such as the Komodo dragon.     
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Fig. S7. Empirical metabolic rates for endotherms and ectotherms are shown, where ectotherms rates are 
standardized to 27 ºC (solid line) and 35 ºC (dotted line). The rate of ectotherms at 35 ºC corresponds to 
that of dinosaurs.   
 
IV. Comparison to Previous Analyses of Gmax 
 
For comparison, we show previously published estimates of maximum growth rates of 
vertebrates. We compare our results with Case (13), whose seminal 1978 work was the 
first to examine the scaling maximum growth rates both within and across taxa. However, 
his analysis did not distinguish growth in ectotherms at warm or cold ambient 
temperatures, grouped all reptilian lineages together, did not include sharks (a potential 
analogue to dinosaurs as large active ectotherms), did not include a phylogenetic 
correction, and was limited by the paucity of ontogenetic data available at the time. Two 
published regression lines of dinosaur growth by Erickson (7, 17) are also depicted for 
comparison. Our results show slopes intermediate to Erickson’s, but the individual 
growth rates are somewhat lower for most species.   
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Fig. S8. A. Comparisons with Case (1978) and B. Erickson (2001, 2009). Solid lines, with larger text, 
indicate regression lines from this paper; dashed lines and smaller text indicate those by Case and Erickson. 
The abbreviations signify: A.B. – Altricial Birds, D. – Dinosaurs, P.B. – Precocial Birds, P.M. – Placental 
Mammals, Mar. – Marsupials. Reptiles are only reported by Case, and are located between the solid 
squamate and fish lines. The depictions of Case’s regression lines are contracted compared to his 
publication, but match the ranges for adult masses in his data.  

 
V. Estimating Maximum Growth Rate 
 
We examined growth rate using the following equations: 
 
Gompertz m(t) = M[exp(–e(–k(t – t0))] Gmax = (kM)(1/e) 
von Bertalanffy m(t) = M[1 – e(–k(t – t0)]3 Gmax = (kM)(4/9) 
Logistic m(t) = M/[1 + e(–k(t – t0)] Gmax = (kM)(1/4) 
 
where m is mass at time t, M is final adult (asymptotic) mass, k is an instantaneous 
growth rate constant, and t0 is a correction term for nonzero birth mass (62). 
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Maximum growth rate is the product of k, M and a model constant. In some instance 
where M was poorly resolved or biologically unrealistic, literature references were used 
to determine M. This is the case for many dinosaurs, as fitted estimates will often produce 
biologically unrealistic values when few non-growing adults are recorded. Where 
estimates of M for dinosaurs are provided in the growth literature, these values were used. 
Otherwise they were estimated with least squares fitting.  
 
Length and mass are typically related by allometric equations reflecting geometric 
similarity (i.e., mass is proportional to length3). Because of this property, at any age prior 
to final size, length is a greater fraction of asymptotic length than mass is of asymptotic 
mass (see fig. S9). When adult sizes and age were not recorded, estimating asymptotic 
size involves extrapolation beyond the observed size range. To limit extrapolation, 
whenever length data was provided we determined asymptotic length, and then converted 
this value to asymptotic mass. The most frequently used formula for length calculation is 
the von Bertalanffy equation (33, 63), where length l at time t is: 

l(t) = L(l–e–k(t–t0)) 
This formula was used to determine asymptotic length L for all species where length 
values were provided.  
 

 
Fig. S9. Growth of mass and length over ontogeny. Here we depict a hypothetical growth curve of an 
organism, where mass(g) = 0.01l(cm)3 (an approximately correct relationship, see (47)). It is born at 0.1 
cm, grows to an asymptotic size of 10 g and 10 cm, with a growth rate constant k = 0.3, following the von 
Bertalanffy growth curve. On the right axis, relative size (l/L or m/M) is shown. As can be seen, an 
organism attains a greater fraction of L compared to M at any given time until asymptotic size is reached. 
For instance, at age 4, 73% of asymptotic length is reached, but only 39% of M. Therefore, estimating L 
from values of l involves less extrapolation. L is then converted to M to arrive at asymptotic mass. 

For one data source, dinosaur limb bone diameters were provided as an estimate of 
fractional adult size (2 spp). Empirical calculations of long bone diameter indicates that 
diameter scales as mass0.37 (64). On this basis we converted bone diameter proportion to a 
mass proportion by raising the diameter proportion to the 2.73 (0.37-1 = 2.73). This was 
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then multiplied by published values of adult size to calculated mass over ontogeny. This 
is comparable to estimation using Developmental Mass Extrapolation (7). Published sizes 
of 51.4 kg for Troodon formosus and 79.2 kg Citipati osmolskae were used (65).  
 
Determining Neonate Mass 
Mass at birth is the smallest mass along a growth curve and contributes important 
biological realism by constraining the curve at the lower end. Thus, we were interested in 
determining birth mass when this value was not provided in the original growth paper. In 
these cases, we determined birth mass in the following order of priority: First, if mass in 
endotherms age 2 days or younger was provided, or age 10 days and younger in 
ectotherms (approximately equivalent values, since ectotherms grow ~5-10x slower), no 
birth mass was estimated. Second, for species where birth mass was published in other 
sources, these values were used. Third, if egg dimensions were available, this was 
converted to neonate mass using suitable conversion equations (46). Finally, if none of 
these options were available, allometric equations relating adult size to neonate mass 
were employed. For dinosaurs, Dolnik (66) provided the following equation:  
 

Egg mass = 0.05(Adult mass)0.46 

where mass is in kilograms. Egg mass were multiplied by 0.7 (the value for birds (67)) to 
determine neonate mass. Other conversion equations from egg mass to neonate mass can 
be found in (67). 
 
For fish, egg size is approximately invariant with adult mass (68). The average egg 
diameter in fish is 2.3 mm. Neonate size was assumed to be equal to egg mass, at the 
density of water, or 6.4 mg. Crocodilian neonate mass were typically listed in (51). 
Otherwise, neonate values were estimated from egg mass in g and adult total length (TL) 
in cm, as described in Thorbjarnarson (69): 

 
Egg mass = 0.423TL + 3.709 

 
To standardize adult mass for this calculation, we used the size of the oldest individual in 
our dataset for that species. 
 
VI. Sensitivity Analyses 
 
It is important to note that ectotherms and endotherms diverge in growth rates by 
approximately an order of magnitude. Thus, methodological biases that introduce errors 
as high as 50% will have relatively little impact on our conclusions. Nonetheless, we test 
for biases that might alter our results. 
 
To check the robustness of our results, we examined the following questions: 

1. Do different growth models produce divergent results?  
2. Does the scaling assumption of α = ¾ scaling produce qualitative differences 
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than %α = ⅔?  
3. Does uncertainty in the estimation of asymptotic mass affect our results?  
4. Does uncertainty in the estimation of neonate mass affect our results?  
5. Does inclusion of captive vs. wild animals alter our findings?  
6. Do extinct members of a taxon grow like living members?  

 
1. Do different growth models produce divergent results? 
To address question 1 we estimated growth parameters with three different models. We 
note that patterns are qualitatively very similar (below). In all cases, dinosaurs are closest 
to tuna (black dashed line, center) and are intermediate to extant ectotherms and 
endotherms.  
 

 
Fig. S10. Sensitivity analysis of growth model choice. The red dashed line is marsupials, the black dashed 
line is tuna.   
 
2. Does the scaling assumption of α = ¾ produce qualitative differences from α = ⅔? 
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In addition to the analyses shown in fig. S5, we also plot G0 assuming α = ¾, and α = ⅔. 
The observed patterns are qualitatively similar.  
 

  
Fig. S11. Sensitivity analysis of α. We permit variations in α in calculating G0, where G0 = Gmax/Mα and 
note that the patterns are qualitatively similar, regardless of the specific value of α. ‘Primates’ refers to 
haplorhini primates (e.g., monkeys, apes, tarsiers), which grow markedly slower than strepsirrhini primates 
(e.g., lemurs, galagos). 
 
3. Does uncertainty in estimation of asymptotic mass affect our results? 
For many animals, growth after asymptotic size is reached is not reported. Where growth 
is still continuing, estimation of final size involves extrapolation and uncertainty. Does 
this uncertainty influence our results? To address this question, we examined a subset of 
data where estimation of asymptotic mass was reasonably certain. We defined this as 
occurring when the Gompertz, von Bertalanffy, and logistic model estimates of 
asymptotic mass were all within ±10% of the mean asymptotic mass or length. For 
species where this criterion was met, we plotted growth regressions (dashed) against the 
full data set (solid). In the case of dinosaurs 6 species met this criterion, ranging in size 
15 kg to a 25 tons. The reduced data subset was very similar to the full dataset (fig. S12-
A). 
 
4. Do neonate estimates change our results? 
To address this question, we recalculated parameter values with birth mass excluded. 
There is no significant difference between regressions calculated from the full dataset 
(fig. S12-B). 
 
5. Does inclusion of captive animals alter our findings? 
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It is reasonable to suppose that captive animals, with a steady food supply and few 
dangers, should grow faster than wild animals. As dinosaurs were wild, comparative data 
from wild animals is preferred. We prioritized wild animals over captive and excluded 
any domesticated animals bred for industrial production (e.g. domestic pigs, cows, 
chickens). Of the 375 species examined (+ 6 polar fish), 64% were from wild individuals, 
35% captive, and 1% both. Some taxa, such as sharks and crocodilians, only involved 
wild individuals.  
 
Because of the taxonomic and ecological relevance of ratites (as large, precocial, and 
terrestrial avian dinosaurs) and its low richness, we also examined growth in 
domesticated rhea (Rhea Americana) and emu (Dromaius novaehollandiae). These 
species are produced in relatively new and small markets, and are unlikely to have 
experienced significant selection for faster growth. They did not grow faster than 
undomesticated ostriches, and were included in the full dataset.  
 
We plot our full data set (solid lines) against a subset with only wild animals (dashed). 
There is no significant difference between the two groups (fig. S12-C). 
 
6. Do extinct members of a taxon grow like living members? 
If estimates of growth from extinct animals are reasonably accurate, they might be 
expected to grow in a similar fashion to living, ecologically similar relatives. The extinct 
taxa analyzed here were comprised of 21 species of Mesozoic dinosaurs, 6 species of 
crocodilians and 1 shark species. We plotted the crocodilians and sharks together, 
labeling extinct and extant species. Extinct species, although generally larger, grew in a 
similar fashion to living members of the taxon (fig. S12-D). 
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Fig. S12. Sensitivity analyses. For A, the sensitivity of asymptotic mass estimates was assessed. We plotted 
a subset of our data (n = 270 spp out of 375; dashed) where all three models estimates of M fell within ± 
10% of mean M. Solid lines and regression bands are for the full dataset. For dinosaurs, the best fit subset 
included Megapnosaurus rhodesiensis, Saurornitholestes langstoni, Coelophysis bauri, Citipati osmolskae, 
Tenontosaurus tilletti, and a mamenchisaurid sauropod. In B and C, solid lines represent fits based on our 
full dataset, dashed lines show the fit when birth mass or captive species are excluded.  
 
VII. Addressing recent methodological concerns with dinosaur growth 
 
In a recent publication (70), Myhrvold raised a number of issues regarding published 
paleontological studies of dinosaur growth curves. Here we discuss briefly on those most 
salient to our paper. For brevity, we focus on whether the concerns he has raised impact 
our results, and do not examine in detail the underlying biological issues. Before 
addressing specific questions, it is important to note that our regression lines for dinosaur 
had relatively little scatter (r2 = 0.96), so the removal of any specific species deemed 
problematic should have little impact on our results.  
 
1. Myhrvold discusses two general techniques of aging dinosaurs from their bones, 
termed the ‘longitudinal method’ and the ‘whole bone method’, and discussed their 
relative merits. Similarly, he discussed approaches to estimating dinosaur body mass 
from bone dimensions. Two are commonly used – the developmental mass extrapolation 
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method (71), or DME, and allometric equations determined by Anderson (72). Without 
delving into the pros and cons of the various approaches, we simply ask: do these 
different methodologies alter our results?  
 
To answer this question, we plotted regression line of dinosaur growth derived from data 
using the respective methods in and compared these to our fit for all data (solid lines, 
with 95% confidence band). We classified methods as longitudinal vs. whole bone 
method on the basis of Table 1 in Myhrvold’s PLoS ONE paper (70); classification of 
DME vs. Anderson was determined from the method description in the original growth 
papers. There was no significant difference observed between the fits from the whole 
bone or longitudinal method from our fit through all data (fig. S13–A, B). Maximum 
growth rates calculated using DME mass calculation were slightly higher than those 
derived from Anderson’s equations, perhaps reflecting the higher allometric slope 
assumed in DME (3 vs. 2.73). Nonetheless, the results were qualitatively similar the 
overall fit (fig. S13–C, D), and do not alter our finding that dinosaurs grew intermediate 
to endo- and ectotherms, and most similar to mesotherms, such as tuna (black, thicker 
line). 
 

 
Fig. S13. Comparisons of methodological variation in assessing size and age in dinosaurs. Solid lines, with 
95% confidence bands (shaded) represent the regression fit for all data. 
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2. Myhrvold discussed some issues related to the proper construction of dinosaur growth 
curves affecting the calculation of maximum growth rates. He noted that measurement 
error associated with aging involves more uncertainty than that associated with bone size. 
Consequently, Myhrvold argued growth curves should be constructed with age as the 
dependent variable, where error is statistically minimized, and bone dimension as the 
independent variable, where no error is assumed.  
 
We have two concerns with this reasoning. First, assessments of bone length rather than 
body mass are not particularly relevant to comparative growth and energetic analyses. 
Growth occurs via cellular addition in a three-dimensional fashion and should be  
accounted for in units of volume or mass, not in length, particularly when body shapes 
vary. For instance, a snake may be just as long as an elephant, but it will have over an 
order of magnitude lower mass, requiring far less energy to grow to maturity. This makes 
comparisons potentially misleading.  
 
More important, from a statistical perspective, is that statistical error is not equivalent 
measurement error. Statistical error, which is minimized in least squares regression, is 
deviation from a fitted line. Measurement error is only one source of this deviation. In a 
review on regression and scaling (73), Warton argued that in scaling analyses, true 
biological variation is typically a far larger component of statistical error than 
measurement error. In growth studies, biological variation will occur for many reasons, 
such as resource availability shifts over ontogeny and the inclusion of multiple 
individuals, each with varying genetics and environmental histories.  
 
Instead, we suggest that growth curves should be fit to maximize biological realism and 
predictive accuracy, with consideration to how variation occurs in nature. Most growth 
curves of wild animals, including paleo studies, are based on measurement of age and 
size of multiple individuals in a population. As a result, much of the error is due to 
individual differences, reflecting biological variation in genetics and resource 
availability. Further, the shape of the growth curve is significant. At adult sizes, growth 
levels off, forming a horizontal band of data where size is roughly constant even as age 
increases (fig. S14, left column). Ordinary least squares regression will never fit a vertical 
line through the center of a vertical band of data, otherwise the residual distances of the 
data not intersecting the line would be infinite. If we rotate the axes and set age as the 
dependent variable and length as the independent variable, such a vertical band is formed 
(fig. S14, center column). To avoid the problem of infinite residuals, asymptotic mass 
must always be ≥ any reported mass. However, asymptotic mass should represent the 
average final mass in a population. For instance, in a population where adult individuals 
are no longer growing, about half the adult mass should above the asymptote, and half 
below.  
 
We can assess the quality of regression strategies by applying each to data from living 
animals with well-defined curves showing a cessation of growth in adults (fig. S14). In 
these species, age is inferred on the basis of observed bone rings (like dinosaurs), while 
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length is directly measured with comparably lower measurement error (also like 
dinosaurs). These would fit the Myhrvold’s criteria for use of age as the dependent 
variable. To solve, we simply rearrange the growth equation – in this case the von 
Bertalanffy length equation – to determine age rather than length.  

 
Fig. S14. Choice of dependent variable in growth curves. In the first column we use the von Bertalanffy 
length equation to plot the conventional fit*, where the dependent variable in the y-axis is size and size 
variation is minimized. In the middle column we then plot age as the dependent variable in the y-axis**, 
where age variation is minimized, and in the third column we simply rotate the middle column to facilitate 
visual comparison with the conventional fit. All growth data are taken from wild animals; maximum 
growth rate is calculated as kL∞. 
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It can be seen that for growth curves with low variation, both formulations give similar 
fits (fig. S14, A–C). However, with more variation, treatment of age as the dependent 
variable leads to increasingly poor fits by overestimating asymptotic length and 
underestimating the maximum growth rate (fig. S14, D-L). The performance is 
particularly poor for the sperm whale, which is predicted to reach a final size of over 
500,000 meters, but a maximum growth rate of only 20 cm per year (fig. S14, K, L). In 
contrast, a realistic final size of 11 meters is readily observed with the conventional 
approach, with a maximum growth rate of 170 cm/year (fig. S14, J). For this reason, we 
retain the traditional manner of fitting growth curves, where the independent variable is 
age, and the dependent variable is size.  
 
3.  Myhrvold argues that use of traditional, asymptotic growth curves to fit dinosaurs may 
be unfounded, as not all animals are determinate growers, sensu Sebens (74). However, 
as noted by Sebens, sigmoidal or concave growth towards an asymptote (i.e., dm/dt → 0) 
is effectively universal in noncolonial animals, such as vertebrates, and is generally 
observed unless there is early extrinsic mortality. This pattern includes ‘indeterminate’ 
growers (74), whose growth patterns are sensitive to environmental conditions. This type 
of growth is well fit by classical growth curves, such as Gompertz, von Bertalanffy and 
logistic curves. Over shorter periods of ontogeny, exponential or linear fits may provide a 
good statistical fit, but these can be misleading, suggesting unlimited growth or 
impossibly large organisms. Therefore, we do not advocate their use.  
 
Once consideration is limited to biologically realistic models, we agree that is important 
to use objective statistical measures for model selection. For this reason we selected the 
Gompertz model on the basis of its low AICc scores for dinosaurs and other taxa (table 
S4). 
 
4. Myhrvold argues that deficits in available growth data on dinosaurs can lead to 
problems with the estimation of growth parameters, such as maximum growth rate and 
final adult size. To reduce parameter uncertainty and statistical overfitting we excluded 
growth studies with less than 5 data points. This led to the exclusion of some reported 
rates criticized for being unrealistic (70, 75). In addition, in our sensitivity analysis (fig. 
S12-A) on asymptotic size, only the most complete and best fitting growth curves in 
dinosaurs were assessed, and these were compared to the full dataset. They did not differ 
significantly from our full dataset.    
 
5. Myhrvold suggested that reported rates of maximum growth rate of Tyrannosaurus, at 
769 kg/yr (76), was overestimated.  Our calculation, at 472 kg/yr (or 1293 g/d), is based 
on raw data reported by Lee and Werning (8), and is quite close to Myhrvold’s 
calculation of 467 kg/yr. Myhrvold also suggests that growth data for Allosaurus (8) may 
actually represent two distinct species. While this is possible, it will require more 
research by taxonomists. Thus, we retain the published designation of a single species. 
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Note, however, that removal of Allosaurus altogether has almost no affect on the 
regression fit (y = 0.00311x0.821  for all spp.; y = 0.00307x0.824 excluding Allosaurus).  
 
VIII. Phylogenetic Trees 
 
For our PIC regression analyses, phylogenetic trees were created from the literature for 
extinct dinosaurs and crocodilians, as these taxa lacked published trees for our species. 
As published branch lengths are unavailable, all lengths here are unscaled.  
 

 
Fig. S15. Phylogenetic trees for PIC analyses. The left plot represents Mesozoic dinosaurs, the 
right extant and extinct crocodilians.  
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Table S1. A summary of species growth and metabolic rates. Metabolic mass and Ta refers to the mass of the 
organism and the ambient temperature at which standard metabolic rate was measured. Growth parameters and 
statistics shown here are based on the Gompertz equation. N refers to the number of mass by age values analyzed to 
determine maximum growth rate (Gmax), and r2 refers to the statistical fit of the growth curve. If multiple growth 
curves per species were analyzed, the average r2 is reported. C refers to Curve, where no data was shown, only a 
growth curve, and EQ refers to Equation, where only a growth equation was provided. In the case of C or EQ, no r2 
values were calculated. Coldwater fish from polar regions include all species in the genera Hippoglossoides, 
Notothenia, and Trematomus (n = 6). Troodon formosus M was fitted by nonlinear regression of mass values, as the 
estimate based on length was unrealistically high. *Indicates an extant mesotherm, φ represents extinct species. 

Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Crocodylia        

Alligator mississipiensis 1287 0.6701 25 125900 13.79 
 

C 

Caiman crocodilus 1684 0.1862 25 14820 4.044 0.96 16 

Caiman latirostris 
   

28090 3.651 
 

C 

Brachychampsa montana φ 
   

632700 39.88 0.98 25 

Deinosuchus sp. φ 
   

4206000 202.6 0.98 103 

Leidyosuchus canadens  φ 
   

306300 36.67 1 20 

Crocodylus 'affinis'  φ 
   

1497000 91.48 0.99 18 

Crocodylus johnstoni 
   

46380 4.054 
 

C 

Crocodylus niloticus 215.3 0.06421 25 162700 10.06 0.97 53 

Crocodylus porosus 389000 38.52 30 237500 21.72 
 

C 

Borealosuchus sternbergii  φ 
   

1839000 73.79 1 27 

Pristichampsus vorax  φ 
   

461900 34.56 1 20 

Mesozoic Dinosaurs  φ        

Psittacosaurus mongoliensis  φ 
   

22720 13.8 0.97 8 

Dysalotosaurus lettowvorbecki  φ 
   

148100 18.58 0.97 27 

Tenontosaurus tilletti  φ 
   

1084000 194.5 0.88 13 

Massospondylus carinatus  φ 
   

281000 75.95 0.94 10 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Plateosaurus engelhardti  φ 
   

1587000 691 0.99 13 

Alamosaurus sanjuanensis  φ 
   

32660000 3512 1 10 

Apatosaurus sp. φ 
   

19170000 4544 0.99 40 

Camarasaurus sp. φ 
   

14250000 4591 0.99 10 

Diplodocid sp. 1 φ    4753000 1091 0.99 10 

Diplodocid sp. 2 φ 
   

18460000 2174 0.97 17 

Mamenchisaurid sp. φ 
   

25080000 4837 0.98 21 

Allosaurus fragilis φ 
   

1862000 311.9 0.85 100 

Coelophysis bauri φ 
   

33080 11.22 0.98 7 

Megapnosaurus rhodesiensis φ 
   

18780 20.29 0.97 7 

Albertosaurus sarcophagus φ 
   

1239000 472.2 0.99 6 

Archaeopteryx lithographica φ 
   

928 1.6 0.94 9 

Citipati osmolskae φ 
   

101700 34.66 0.98 25 

Gorgosaurus libratus φ 
   

1733000 225.8 0.97 6 

Saurornitholestes langstoni φ 
   

34240 14.12 0.98 10 

Troodon formosus φ 
   

52090 16.6 1 19 

Tyrannosaurus rex φ 
   

5654000 1293 0.96 9 

Placental Mammals        

Acinonyx jubatus 38450 61.77 
 

44010 33.06 0.98 15 

Callorhinus ursinus 
   

108700 20.31 1 43 

Canis lupus 38900 49.02 
 

32390 103.4 0.95 21 

Caracal caracal 
   

13650 60.48 1 28 

Lynx rufus 9400 23.54 
 

9977 30.91 
 

C 

Mustela nigripes 
   

911.1 12.82 1 36 

Mustela nivalis 
   

70.81 1.222 1 29 

Mustela putorius 
   

1169 13.89 1 56 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Panthera leo 
   

153800 152 0.98 25 

Panthera tigris 137900 133.9 
 

171700 278.9 1 25 

Puma concolor 37200 49.33 
 

48970 125.7 0.91 110 

Ursus arctos 
   

176900 82.99 0.78 39 

Vulpes lagopus 
   

3346 24.92 0.71 286 

Aepyceros melampus 
   

49500 61.29 0.97 25 

Alces alces 325000 286.8 
 

366100 417.5 0.88 21 

Bison bison 
   

445700 546 0.94 21 

Bison bonasus 
   

518500 255.7 0.98 27 

Cervus elaphus 67000 112.4 
 

92550 109.4 0.95 34 

Connochaetes gnou 
   

146100 188.8 0.92 78 

Eudorcas thomsonii 
   

22670 63.2 
 

C 

Hippopotamus amphibius 
   

1348000 270.2 0.97 39 

Hippotragus niger 
   

216100 165.2 0.9 73 

Kobus ellipsipyrmnus 1.00E+05 148.9 
 

214600 169.6 0.98 25 

Kobus leche 
   

93400 88.2 0.98 19 

Odocoileus hemionus 
   

43220 228.2 0.95 243 

Odocoileus virginianus 61860 123.4 
 

77820 86.74 0.91 240 

Pudu puda 
   

5402 49.78 0.99 49 

Rangifer tarandus 85000 119.7 
 

86240 72.19 0.75 130 

Sus scrofa 135000 104.2 
 

69350 118.9 0.98 52 

Syncerus caffer 
   

569900 382 0.98 18 

Balaenoptera acutorostrata 
   

8722000 3139 
 

C 

Balaenoptera borealis 
   

17320000 5044 
 

C 

Balaenoptera edeni 
   

13520000 3878 0.9 14 

Balaenoptera musculus 1.22E+08 51320 
 

104700000 43430 
 

C 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Balaenoptera physalus 45830000 16530 
 

56350000 22720 
 

C 

Eschrichtius robustus 
   

22930000 6025 0.71 66 

Megaptera novaeangliae 
   

33090000 13390 
 

C 

Delphinapterus leucas 
   

1044000 128 0.91 93 

Delphinus delphis 
   

86110 33.66 0.7 279 

Globicephala melas 
   

1482000 171.3 0.95 83 

Monodon monoceros 
   

1214000 140.2 0.89 50 

Orcinus orca 
   

5446000 610.9 0.51 112 

Physeter catodon 11380000 4325 
 

13110000 4349 0.68 84 

Pontoporia blainvillei 
   

25380 18.37 0.85 78 

Pseudorca crassidens 
   

1495000 162.9 0.83 124 

Sousa chinensis 
   

172400 46.92 0.93 33 

Stenella attenuata 
   

61260 35.31 0.8 232 

Stenella longirostris 
   

64430 30.63 0.83 356 

Tursiops truncatus 157500 328.2 
 

235100 41.78 0.82 99 

Artibeus watsoni 
   

16.37 0.161 0.99 16 

Eptesicus fuscus 13.3 0.113 
 

12.52 0.383 0.77 155 

Hipposideros larvatus 
   

14.48 0.475 0.96 56 

Hipposideros terasensis 
   

41.78 1.34 0.8 61 

Hypsignathus monstrosus 
   

570.4 0.805 0.96 26 

Myotis blythii 
   

28.74 0.351 0.42 71 

Myotis lucifugus 5.8 0.051 
 

6.34 0.355 0.97 30 

Myotis macrodactylus 
   

8.5 0.413 0.96 91 

Phyllostomus hastatus 84.2 0.559 
 

75.51 1.257 0.96 232 

Pipistrellus subflavus 
   

5.17 0.175 0.81 49 

Plecotus auritus 10.25 0.082 
 

8.45 0.196 0.96 69 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Pteropus conspicillatus 
   

865 3.629 0.99 6 

Pteropus poliocephalus 598 1.768 
 

389.3 3.284 0.77 106 

Rhinolophus cornutus 
   

5.2 0.138 0.93 18 

Rhinolophus hipposideros 
   

4.47 0.168 0.77 153 

Rousettus leschenaulti 
   

36.85 0.341 0.93 103 

Tolypeutes matacus 
   

1192 15.93 0.99 24 

Lepus americanus 3004 6.036 
 

1543 16.61 
 

C 

Lepus californicus 2300 7.314 
 

1790 13.66 
 

C 

Lepus othus 
   

4650 51.42 
 

C 

Lepus townsendii 2523 7.698 
 

2933 23.1 0.91 139 

Oryctolagus cuniculus 2168 7.395 
 

3944 36.16 1 22 

Sylvilagus floridanus 
   

1281 10.76 0.97 129 

Cryptotis parva 6.3 0.164 
 

4.21 0.228 0.96 91 

Neomys fodiens 16 0.328 
 

16.03 0.453 0.97 65 

Sorex cinereus 5.2 0.238 
 

3.79 0.301 0.99 8 

Sorex palustris 
   

14.63 0.705 0.98 115 

Sorex unguiculatus 
   

9.87 0.574 0.99 41 

Suncus murinus 39.7 0.403 
 

66.75 2.094 0.99 137 

Macroscelides proboscideus 39 0.292 
 

38.27 0.62 0.98 21 

Ceratotherium simum 
   

2130000 1411 0.91 29 

Diceros bicornis 
   

1058000 1046 1 39 

Equus caballus 260000 362.9 
 

531000 726.9 0.99 41 

Equus quagga 
   

315100 419.2 0.96 18 

Rhinoceros unicornis 
   

1750000 1967 0.94 67 

Aotus trivirgatus 914.5 2.499 
 

1013 1.476 0.61 465 

Ateles geoffroyi 
   

15580 10.39 0.87 116 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Callicebus moloch 
   

1330 1.669 0.86 185 

Callimico goeldii 
   

651.1 1.545 0.72 348 

Callithrix jacchus 190 0.848 
 

287.4 0.97 0.99 30 

Cebuella pygmaea 110.7 0.599 
 

150.3 0.37 0.74 125 

Cebus apella 
   

4759 2.126 0.82 151 

Cercopithecus aethiops 
   

2887 2.224 0.99 46 

Cercopithecus mitis 8649 19.28 
 

7735 3.301 0.79 199 

Gorilla gorilla 
   

142600 29.78 0.98 70 

Homo sapiens 70000 82.78 
 

63170 10.14 0.96 38 

Leontopithecus rosalia 
   

689.5 2.193 0.94 98 

Lophocebus albigena 
   

9896 3.891 0.98 56 

Macaca fuscata 
   

8266 3.076 0.85 26 

Macaca mulatta 4900 17.01 
 

10780 4.547 1 170 

Macaca nemestrina 
   

10640 5.191 0.77 210 

Macaca silenus 
   

8008 2.761 0.75 227 

Pan troglodytes 45000 52.32 
 

51060 13.85 0.95 136 

Papio cynocephalus 
   

19020 8.584 0.91 307 

Saguinus imperator 
   

526.6 0.868 0.66 49 

Saimiri sciureus 836.7 4.429 
 

697.6 1.333 0.99 24 

Tarsius bancanus 
   

118.8 0.567 0.96 40 

Eulemur coronatus 
   

1743 2.28 0.75 226 

Eulemur macaco 
   

2551 4.848 0.73 358 

Eulemur mongoz 
   

1740 2.648 0.69 355 

Eulemur rubriventer 
   

2024 5.198 0.92 120 

Eulemur rufus 2374 4.239 
 

2201 3.436 0.69 134 

Galago senegalensis 171.5 0.764 
 

148.2 1.234 0.99 13 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Hapalemur griseus 
   

993.2 2.003 0.67 230 

Loris tardigradus 284 0.714 
 

186.5 0.908 1 11 

Microcebus murinus 115 0.594 
 

51.14 1.317 0.94 33 

Nycticebus coucang 1129 1.504 
 

1398 7.136 1 14 

Otolemur crassicaudatus 993.5 2.595 
 

1130 8.14 1 14 

Propithecus diadema 
   

5729 7.817 0.94 35 

Propithecus tattersalli 
   

3460 6.18 0.85 44 

Propithecus verreauxi 3350 3.738 
 

3572 8.534 0.81 47 

Varecia variegata 
   

3577 5.437 0.77 227 

Elephas maximus 3672000 2336 
 

3311000 420.3 0.99 40 

Loxodonta africana 
   

3865000 374.4 0.91 205 

Acomys cahirinus 
   

35.89 0.761 1 17 

Akodon lindberghi 
   

20.8 0.241 
 

EQ 

Apodemus semotus 
   

29.65 0.498 1 46 

Arvicanthis niloticus 
   

61.07 0.803 0.99 24 

Ctenomys mendocinus 
   

165.2 2.266 1 13 

Dipodomys stephensi 
   

47.91 1.467 0.99 29 

Eligmodontia typus 17.5 0.167 
 

15.56 0.499 0.99 8 

Funisciurus congicus 
   

104.7 0.923 
 

C 

Gerbillus perpallidus 
   

49.53 0.832 1 34 

Heterocephalus glaber 35.3 0.128 
 

42.98 0.293 0.98 57 

Hoplomys gymnurus 
   

288.4 2.481 1 17 

Mastomys coucha 
   

36.66 0.407 0.99 64 

Mastomys natalensis 41.5 0.183 
 

42.88 0.503 0.99 50 

Microtus cabrerae 
   

35.89 0.797 0.91 209 

Neotoma cinerea 
   

287.2 4.012 0.97 40 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Otomys unisulcatus 96 0.595 
 

85.56 1.475 
 

15 

Paraxerus cepapi 223.6 0.811 
 

223.8 2.43 
 

C 

Paraxerus palliatus 274.8 1.191 
 

366 2.353 
 

C 

Peromyscus eremicus 21 0.173 
 

24.02 0.376 
 

C 

Peromyscus interparietalis 
   

15.86 0.281 
 

C 

Peromyscus leucopus 22.3 0.213 
 

17.53 0.406 
 

34 

Peromyscus maniculatus 20.5 0.219 
 

15.11 0.377 0.98 25 

Proechimys semispinosus 
   

291.2 2.43 1 34 

Scotinomys teguina 12 0.174 
 

15.23 0.351 0.99 11 

Scotinomys xerampelinus 15.2 0.178 
 

15.36 0.277 0.99 10 

Spermophilus armatus 313.2 0.915 
 

440.2 7.979 1 18 

Spermophilus columbianus 
   

370.6 9.208 0.96 47 

Spermophilus elegans 
   

486.4 7.95 0.99 18 

Spermophilus richardsonii 266.3 0.788 
 

325.5 7.562 0.99 15 

Tupaia belangeri 
   

167.8 2.751 0.99 13 

Marsupials        

Antechinus flavipes 46.5 0.252 
 

24.62 0.255 0.96 68 

Antechinus stuartii 25 0.189 
 

32.64 0.148 0.85 448 

Didelphis virginiana 2847 5.299 
 

2350 8.82 0.98 26 

Bettongia lesueur 
   

1233 8.465 0.99 135 

Macropus giganteus 
   

35850 43.05 
 

C 

Macropus parma 
   

3331 11.48 1 50 

Macropus robustus 
   

30960 28.5 
 

C 

Macropus rufus 28500 31.35 
 

44430 22.21 
 

C 

Petaurus breviceps 129.3 0.517 
 

211.8 1.18 0.96 58 

Petaurus norfolcensis 
   

178.1 1.697 0.99 47 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Phascolarctos cinereus 4732 5.744 
 

3211 7.85 0.92 380 

Pseudocheirus peregrinus 859.3 2.27 
 

850.9 5.136 0.97 164 

Thylogale billardierii 
   

4795 17.39 0.98 94 

Trichosurus caninus 
   

2646 4.761 0.96 34 

Trichosurus vulpecula 1994 3.8 
 

2241 10.16 0.99 33 

Wallabia bicolor 
   

17140 11 
 

C 

Isoodon macrourus 1551 3.202 
 

1274 6.051 0.99 57 

Isoodon obesulus 
   

883.7 3.672 0.94 69 

Perameles gunnii 837 2.343 
 

847.4 3.896 0.89 90 

Monotremeta        

Ornithorhynchus anatinus 1315 2.665 
 

1650 5.441 0.94 33 

Tachyglossus aculeatus* 2909 2.327 
 

4078 2.92 0.81 71 

Neornithes (altricial)        

Aquila chrysaetos 
   

3458 106 0.99 22 

Haliaeetus leucocephalus 
   

4501 124.7 0.99 119 

Archilochus alexandri 
   

4.46 0.427 0.97 58 

Selasphorus rufus 
   

3.57 0.345 0.97 21 

Sternoclyta cyanopectus 
   

8.51 0.541 0.81 93 

Geococcyx californianus 
   

342.5 12.09 1 11 

Buteo jamaicensis 
   

1138 37.16 1 14 

Buteo swainsoni 
   

686 33.65 0.98 11 

Cathartes aura 
   

2062 51.96 0.97 26 

Coragyps atratus 
   

2049 43.78 0.96 81 

Falco mexicanus 
   

566.5 27.41 0.99 8 

Acrocephalus arundinaceus 21.9 0.257 
 

29.22 3.87 0.89 78 

Acrocephalus melanopogon 
   

12.25 1.389 0.84 120 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Acrocephalus palustris 10.8 0.203 
 

12.81 1.523 0.92 45 

Acrocephalus scirpaceus 
   

12.16 1.473 0.78 106 

Aimophila carpalis 
   

13.6 1.689 1 11 
Campylorhynchus 
brunneicapillus 

   
34.8 2.31 0.91 49 

Corvus brachyrhynchos 384.8 3.283 
 

436.1 23.91 0.99 13 

Corvus corax 1203 5.534 
 

973.4 51.01 0.98 20 

Corvus cryptoleucus 
   

476.2 26.18 
 

C 

Parus caeruleus 
   

12.62 1.16 0.99 15 

Passer domesticus 25.5 0.334 
 

26.13 3.898 0.96 30 

Pica pica 
   

197.5 13.33 0.98 25 

Spizella passerina 11.9 0.194 
 

11.42 1.744 0.98 16 

Spizella pusilla 13 0.264 
 

12.51 1.692 0.99 8 

Sturnus vulgaris 75 0.877 
 

76.63 8.889 0.98 22 

Amazona aestiva 
   

332.4 10.5 0.86 55 

Amazona agilis 
   

191.5 9.867 0.89 162 

Ara macao 
   

1017 28.35 0.91 1320 

Cyanoliseus patagonus 
   

289.1 21.36 0.46 294 

Myiopsitta monachus 
   

105 6.917 0.96 34 

Nymphicus hollandicus 
   

77.9 3.913 0.81 138 

Poicephalus cryptoxanthus 
   

125.7 5.29 0.99 65 

Megascops asio 
   

128 6.405 0.99 14 

Tyto alba 
   

626.7 20.85 1 10 

Neornithes (Precocial)        

Aix galericulata 
   

559.4 9.994 0.99 24 

Anas rubripes 
   

1115 26.44 1 9 

Aythya affinis 
   

564.1 16.95 0.99 9 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Aythya americana 
   

877.4 19.57 0.99 27 

Aythya valisineria 
   

1204 25.57 0.98 107 

Branta hutchinsii 
   

1269 36.06 0.96 54 

Chen caerulescens 
   

2383 55.16 0.9 133 

Dendrocygna autumnalis 
   

729.5 12.15 0.93 87 

Alectoris chukar 475 1.961 
 

528.8 8.174 1 10 

Alectura lathami 
   

1860 10.91 0.99 34 

Coturnix chinensis 
   

58.09 1.328 0.99 68 

Coturnix coturnix 115 0.978 
 

118.9 2.229 0.99 16 

Dendragapus obscurus 1131 4.957 
 

748.7 11.5 0.84 46 

Gallus gallus 121.8 0.8919 
 

904.8 7.854 0.99 96 

Meleagris gallopavo 3700 8.91 
 

6600 40.42 1 59 

Numida meleagris 
   

1669 17.69 1 46 

Pavo cristatus 
   

3439 10.38 0.96 162 

Phasianus colchicus 
   

1187 6.05 0.94 213 

Tetrao tetrix 
   

1172 14.07 0.98 12 

Tetrao urogallus 4010 11.63 
 

2442 34.94 
 

C 

Tympanuchus pallidicinctus 
   

796.8 10.53 0.95 60 

Apteryx mantelli 2380 4.029 
 

2154 4.291 0.95 366 

Casuarius bennetti 17600 24.99 
 

17600 89.19 1 11 

Casuarius casuarius 
   

44000 146.3 1 11 

Dromaius novaehollandiae 40700 33 
 

46660 117.7 0.97 37 

Rhea americana 21800 34.69 
 

21740 113.6 0.93 246 

Rhynchotus rufescens 
   

672.8 5.895 1 236 

Struthio camelus 1.00E+05 63.05 
 

101600 287.8 0.99 7 

Sharks        
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Carcharhinus acronotus 650 0.6085 28 43450 16.59 1 35 

Carcharhinus brevipinna 
   

194600 27.03 0.95 21 

Carcharhinus falciformis 
   

144700 27.41 0.87 197 

Carcharhinus leucas 
   

136100 20.78 0.94 23 

Carcharhinus limbatus 
   

40600 11.22 0.86 61 

Carcharhinus plumbeus 3279 1.153 24 54090 12.65 0.58 226 

Carcharhinus signatus 
   

98200 12.31 0.88 215 

Carcharhinus sorrah 
   

22030 14.99 0.73 176 

Carcharhinus tilstoni 
   

44060 8.723 0.84 335 

Galeocerdo cuvier 
   

331600 82.8 0.98 25 

Negaprion brevirostris 1600 0.9588 25 183700 25.97 0.99 90 

Prionace glauca 
   

121400 31.18 0.87 13 

Rhizoprionodon lalandii 
   

1295 0.403 0.99 7 

Rhizoprionodon porosus 
   

4045 0.868 1 6 

Rhizoprionodon taylori 
   

717.3 0.864 0.9 135 

Scoliodon laticaudus 
   

2361 0.681 1 12 

Sphyrna lewini 700 0.5182 24.5 49400 6.695 0.8 233 

Sphyrna tiburo 1100 0.6721 25 1424 1.097 0.7 110 

Isurus oxyrinchus * 6016 2.922 18.3 141300 20.89 0.95 56 

Cretoxyrhina mantelli φ 
   

3249000 327.4 1 16 

Chiloscyllium plagiosum 880 0.1609 23 3840 0.793 0.73 312 

Rhincodon typus 
   

15640000 668.4 0.92 18 

Squamata        

Agama impalearis 
   

60 0.39 0.75 148 

Basiliscus basiliscus 
   

124.4 0.204 0.8 89 

Ctenosaura pectinata 
   

209 0.529 1 54 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Liolaemus lutzae 
   

13.78 0.021 
 

C 

Sceloporus grammicus 
   

9.7 0.019 0.98 59 

Sceloporus mucronatus 
   

32.82 0.014 0.91 192 

Sceloporus scalaris 
   

8.45 0.022 0.97 62 

Microlophus occipitalis 
   

9.37 0.025 0.8 194 

Tropidurus itambere 
   

21.61 0.039 0.97 33 

Tropidurus torquatus 
   

49.55 0.105 
 

C 

Uranoscodon superciliosus 
   

120.2 0.086 0.99 23 

Xenosaurus grandis 
   

68.03 0.028 0.96 117 

Acrochordus arafurae 1048 0.1579 27 1693 0.766 0.95 18 

Acanthophis praelongus 105.5 0.03004 27 60.42 0.074 0.98 8 

Eublepharis macularius 48.8 0.02207 26.5 50.48 0.058 0.8 131 

Coleonyx brevis 2.1 0.00178 31.8 2.27 0.01 0.91 27 

Coleonyx elegans 9.3 0.00384 23.8 14.28 0.012 0.82 75 

Coleonyx mitratus 11.3 0.0036 25.7 10.6 0.012 0.88 142 

Heloderma suspectum 463.9 0.1476 25 238.8 0.148 0.99 23 

Liasis fuscus 1307 0.1299 27 2642 1.483 0.92 300 

Morelia viridis 
   

1230 0.469 0.97 84 

Oligosoma suteri 
   

4.8 0.01 0.99 7 

Varanus indicus 
   

1809 2.093 0.88 622 

Varanus komodoensis 
   

63350 6.146 
 

C 

Varanus niloticus 32.5 0.01736 25 14530 4.672 0.66 290 

Varanus semiremex 
   

279.3 0.639 1 18 

Teleost Fish        

Tenualosa toli 
   

7608 4.598 0.78 60 

Labeo cylindricus 
   

200.9 0.115 0.95 9 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Poecilia latipinna 
   

2.4 0.012 0.99 25 

Poecilia reticulata 0.53 0.00104 25 0.56 0.002 1 15 

Xiphophorus maculatus 1.8 0.00129 25 0.65 0.002 0.97 18 

Acanthurus lineatus 
   

269.6 0.107 0.52 81 

Acanthurus olivaceus 
   

442.8 0.426 0.6 55 

Ctenochaetus striatus 
   

194.2 0.115 0.44 101 

Naso brevirostris 
   

871.2 0.166 0.85 79 

Naso tuberosus 
   

2015 1.507 0.84 55 

Zebrasoma scopas 
   

109.8 0.053 0.48 43 

Salarias patzneri 
   

2.44 0.01 0.51 101 

Chaetodon larvatus 
   

38.2 0.061 0.53 109 

Cichla intermedia 
   

1083 1.702 0.69 14 

Cichla orinocensis 
   

1620 0.997 0.64 36 

Cichla temensis 
   

5107 2.78 0.46 44 

Oreochromis macrochir 
   

177.8 0.1 0.97 12 

Pharyngochromis darlingi 
   

68.22 0.052 1 17 

Pseudocrenilabrus philander 
   

8.76 0.017 1 18 

Amblygobius bynoensis 
   

98.68 0.092 0.61 120 

Amblygobius phalaena 
   

23.27 0.043 0.83 99 

Asterropteryx semipunctatus 
   

7.3 0.01 0.91 67 

Istigobius goldmanni 
   

18.6 0.019 0.87 71 

Valenciennea muralis 
   

7.27 0.024 0.67 106 

Cheilinus undulatus 
   

12560 1.492 0.59 89 

Lutjanus erythropterus 
   

2770 1.609 0.91 84 

Lutjanus malabaricus 
   

5527 2.146 0.86 44 

Lutjanus sebae 
   

9996 2.309 0.71 65 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Pristipomoides multidens 
   

4387 1.099 0.99 14 

Pristipomoides typus 
   

2599 0.855 1 11 

Notothenia neglecta 32.38 0.00267 0 1241 0.231 0.99 19 

Notothenia rossi 761.1 0.045 3 9706 1.196 0.96 28 

Trematomus bernacchii 178.1 0.0346 -1.5 168.4 0.094 0.96 14 

Trematomus hansoni 547.8 0.02405 3 477.8 0.093 
 

EQ 

Trematomus loennbergii 158.1 0.02155 -1.5 292 0.054 0.99 24 

Stegastes fuscus 
   

35.42 0.008 0.64 162 

Chlorurus gibbus 
   

3952 1.084 0.67 64 

Chlorurus sordidus 
   

368 0.237 0.57 63 

Scarus frenatus 
   

685.2 0.431 0.63 76 

Scarus niger 
   

670.8 0.358 0.73 65 

Scarus psittacus 
   

228.7 0.211 0.72 31 

Scarus rivulatus 
   

3231 0.529 0.75 72 

Scarus schlegeli 
   

704.5 0.245 0.89 43 

Euthynnus affinis * 1278 1.9 25 10000 6.798 
 

EQ 

Katsuwonus pelamis * 594 0.93 25 15610 8.498 1 9 

Thunnus albacares * 1129 1.14 25 49250 23.65 1 8 

Thunnus obesus * 2030 2.56 25 74670 31.95 0.97 15 

Thunnus tongol * 
   

26500 15.91 
 

C 

Epinephelus fuscoguttatus 
   

8953 1.176 0.82 119 

Epinephelus polyphekadion 
   

3156 0.555 0.73 71 

Epinephelus tukula 
   

24710 2.979 0.69 59 

Mycteroperca rosacea 
   

22730 1.907 0.99 18 

Plectropomus laevis 
   

14730 3.63 0.62 21 

Plectropomus leopardus 
   

5062 0.559 0.6 155 
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Table S1        

Species 
Metabolic 
Mass (g) 

Metabolic 
Rate (W) Ta (ºC) 

Final growth 
Mass (g) Gmax (g d–1) r2 n 

Variola louti 
   

1555 0.818 0.52 91 

Siganus sutor 
   

2302 2.178 0.94 46 

Diplodus sargus 
   

1018 0.325 0.99 13 

Rhabdosargus sarba 
   

14670 2.911 0.87 109 

Hippoglossoides platessoides 277 0.021 3 3388 0.242 
 

EQ 

Sorubim lima 
   

719.7 0.871 0.38 90 

Masturus lanceolatus 
   

545400 50.91 0.96 133 

Testudines        

Chelonia mydas 22000 4.18 25 70310 9.679 1 14 

Dermochelys coriacea * 354000 141.6 23 310500 166.9 0.99 87 
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Table S2. Summary of Parameter Statistics.  Taxa highlighted in bold were fitted with regression lines in Fig. 1. The 
geometric means for taxonomic values of mass-independent maximum growth rate G0 are provided. Significant differences 
in G0 from Tukey’s HSD test are indicated by bolded letters (alpha = 0.05), where differences are significant if the given 
letter differs from the letter assigned to another taxa. Slope values for Fig. 1B are provided (Gmax vs. M), calculated via 
ordinary least squares criterion (OLS), or standardized major axis (SMA), with and without phylogenetically independent 
contrasts (PIC). The intercept β and slope α reported describe the relationship: Gmax = βMα, where M is final adult mass. r2 
and n values are equivalent for SMA and OLS methods. For Fig. 1A, the OLS regressions are – Endotherms: 0.112M0.59; 
Ectotherms: 0.0034M0.72; Dinosaurs: 0.0031M0.82 

 
    Table S2         
   
Taxon 

G0 (× 103) 
(g1/4 d–1) 

Gmax OLS 
Interc. β 

Gmax Slope 
OLS (CI) 

Gmax Slope 
RMA (CI) 

 
n r2 

Gmax PIC Slope  
OLS (CI, r2, n) 

Gmax PIC Slope 
SMA (CI) 

Neornithes  0.32 
0.59 

(0.52–0.66) 
0.65 

(0.58–0.73) 63 0.83 
0.73 

(0.65–0.81, 0.84, 63) 
 

0.82 
(0.73–0.92) 

    Altricial Birds 203     a 0.19 
0.76 

(0.71–0.81) 
0.77 

(0.72–0.83) 35 0.96 
0.77 

(0.68–0.85, 0.90, 35) 
0.84 

(0.73–0.96) 

         Passeriformes   
0.79 

(0.72–0.87) 
0.80 

(0.83–0.89) 15 0.97 
0.89 

(0.78–1.0, 0.95, 15) 
0.94 

(0.81–1.08) 

    Precocial Birds 65.4    b 0.13 
0.66 

(0.53–0.79) 
0.74 

(0.62–0.88) 28 0.80 
0.74 

(0.60–0.88, 0.81, 28) 
0.83 

(0.68–1.00) 

Mammalia   
0.64 

(0.61–0.67) 
0.67 

(0.64–0.71) 174 0.91 
0.62 

(0.57–0.67, 0.75, 172) 
0.72 

(0.66–0.79) 

    Placentalia 22.5    c 0.056 
0.64 

(0.61–0.67) 
0.67 

(0.64–0.70) 153 0.91 
0.63 

 (0.57–0.68, 0.77, 151) 
0.72 

(0.66–0.79) 

    Marsupials  20.2    c 0.040 
0.66 

(0.54–0.77) 
0.69 

(0.59–0.82) 19 0.90 
0.49 

(0.25–0.73, 0.50, 19) 
0.73 

(0.43–1.30) 

Dinosaurs 7.93    d 0.0029 
0.82 

(0.74–0.90) 
0.84 

(0.76–0.92) 21 0.96 
0.76 

(0.64–0.88, 0.90, 21) 
0.79 

(0.67–0.93) 

Dinosaurs excluding 
Sauropods   

0.77 
(0.64–0.90) 

0.80 
(0.68–0.95) 15 0.93 

0.71 
(0.56–0.86, 0.90, 13) 

0.74 
(0.59–0.93) 

   Theropoda   
0.75 

(0.63–0.88) 
0.77 

(0.65–0.91) 10 0.96 
0.71 

(0.54–0.88, 0.91, 10) 
0.74 

(0.56–0.96) 

Tuna  6.93  de  0.0043 
0.80 

(0.63–0.97) 
0.80 

(0.65–0.99) 5 0.99 
0.74 

(0.54–0.94, 0.97; 5) 
0.73 

(0.48–1.10) 

Squamata 3.53    e 0.0037 
0.74 

(0.63–0.85) 
0.78 

(0.68–0.90) 26 0.89 
0.56 

(0.42–0.70; 0.72; 26) 
0.67 

(0.52–0.88) 

Sharks    
0.77 

(0.68–0.86) 
0.80 

(0.71–0.90) 22 0.94 
0.74 

(0.60–0.89, 0.85, 21) 
0.81 

(0.66–0.98) 

Sharks  
(excluding mako)  3.52    e 0.0023 

0.79 
(0.66–0.90) 

0.82 
(0.72–0.94) 21 0.92 

0.74 
(0.59–0.89, 0.85, 20) 

0.81 
(0.66–0.99) 

Fish     
0.75 

(0.70–0.81) 
0.78 

(0.72–0.84) 55 0.92 
0.74 

(0.61–0.87, 0.76, 45) 
0.83 

(0.70–0.99) 

Fish (excluding 
tuna) 2.73    e 0.0033 

0.71 
(0.66–0.77) 

0.74 
(0.68–0.79) 50 0.93 

0.73 
(0.59–0.87, 0.74, 40) 

0.83 
(0.67–1.00) 
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    Table S2         
   
Taxon 

G0 (× 103) 
(g1/4 d–1) 

Gmax OLS 
Interc. β 

Gmax Slope 
OLS (CI) 

Gmax Slope 
RMA (CI) 

 
n r2 

Gmax PIC Slope  
OLS (CI, r2, n) 

Gmax PIC Slope 
SMA (CI) 

Crocodylia 1.90    e  0.0020 
0.75 

(0.63–0.86) 
0.76 

(0.66–88) 12 0.96 
0.73 

(0.58–0.88; 0.91; 12) 
0.82 

(0.64–1.06) 

         
Table S3. A summary of species characteristics and references. Abbreviations: B: basal or standard metabolic rate, 
m0 is neonate mass, L: length, SVL: snout-vent length, FL: fork length, PCL: pre-caudal length, F: female, M: male, 
W is wild, C is captive, B is both. If the wild or captive status was not reported, then no code is given. In some 
cases, length-mass relations were calculated by the authors using data provided in the L-M reference. Growth in the 
leatherback turtle, Dermochelys coriacea, was based on captive turtles grown at 25 ºC, not wild turtle data provided 
in the reference, as many wild individuals forage and grow in cold, temperate waters.  

 

        Table S3       

Species 
Wild/ 
Captive 

Gowth  
Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

      Crocodylia       

Alligator mississipiensis W (77) (12) 
kg = 2.84·TL(m)3.342 (estuarine)  
kg = 1.86·TL(m)3.593 (palustrine)  (77) (78) 

Caiman crocodilus W (79, 80) (81) g = 0.0049·TL(cm)3 (calculated) (82) 
 

Caiman latirostris W (83) 
 

g = 0.0049·TL(cm)3 (calculated, C. crocodilus) (82) (78) 

Brachychampsa montana W (84) 
 

g = 8.38E-6 · SVL(mm)3.189 (C. niloticus) (85) (69) 

Deinosuchus sp. W (84) 
 

g = 8.38E-6 · SVL(mm)3.189 (C. niloticus) (85) (69) 

Leidyosuchus canadens W (84) 
 

g = 8.38E-6 · SVL(mm)3.189 (C. niloticus) (85) (69) 

Crocodylus 'affinis' W (84) 
 

g = 8.38E-6 · SVL(mm)3.189 (C. niloticus) (85) (69) 

Crocodylus johnstoni W (86) 
 

g = 0.0049·TL(cm)3 (calculated, C. crocodilus) (82) (78) 

Crocodylus niloticus  W (87) (88) g = 8.38E-6 · SVL(mm)3.189 (C. niloticus) (85) (78) 

Crocodylus porosus W (89) (90) g = 8.38E-6 · SVL(mm)3.189 (C. niloticus) (85) (78) 

Borealosuchus sternbergii W (84) 
 

g = 8.38E-6 · SVL(mm)3.189 (C. niloticus) (85) (69) 

Pristichampsus vorax W (84) 
 

g = 8.38E-6 · SVL(mm)3.189 (C. niloticus) (85) (69) 

     Mesozoic Dinosaurs       

Psittacosaurus mongoliensis W (7) 
   

(66) 
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        Table S3       

Species 
Wild/ 
Captive 

Gowth  
Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Dysalotosaurus 
lettowvorbecki W (91) 

   
(66) 

Tenontosaurus tilletti W (8) 
   

(66) 

Massospondylus carinatus W (7) 
   

(66) 

Plateosaurus engelhardti W  (92)    (66) 

Apatosaurus sp. W (92)    (66) 

Camarosaurus sp. W (92)    (66) 

Diplodocid sp. 1  (92)    (66) 

Diplodocid sp. 2  (92)    (66) 

Mamenchisaurid sp.  (92)    (66) 

Alamosaurus sanjuanensis W (75) 
   

(66) 

Allosaurus fragilis W (8) 
   

(66) 

Coelophysis bauri W (93) 
 

kg = 10-6.288 • femur length3.222 (93) (66) 

Megapnosaurus rhodesiensis W (7) 
   

(66) 

Albertosaurus sarcophagus W (76) 
   

(66) 

Archaeopteryx lithographica W (17) 
   

(66) 

Citipati osmolskae W (94) 
   

(65) 

Gorgosaurus libratus W (76) 
   

(66) 

Saurornitholestes langstoni W (95) 
   

(66) 

Troodon formosus W (94)    (65) 

Tyrannosaurus rex W (8, 76) 
   

(66) 

     Placental Mammals       

Acinonyx jubatus W (96) (97) 
  

(98) 
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        Table S3       

Species 
Wild/ 
Captive 

Gowth  
Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Callorhinus ursinus W (99) 
   

(98) 

Canis lupus W (100) 
   

(98) 

Caracal caracal C (101) 
   

(98) 

Puma concolor W (102) 
   

(98) 

Lynx rufus W (103) (97) 
  

(98) 

Mustela nigripes C (104) 
    

Mustela nivalis C (105) 
    

Mustela putorius C (106) 
   

(98) 

Panthera leo W (107) 
   

(98) 

Panthera tigris C (108) (97) 
   

Ursus arctos W (109) 
   

(98) 

Vulpes lagopus W (110) 
   

(98) 

Balaenoptera acutorostrata W (111) (112) 
   

Balaenoptera borealis W (111) 
   

(98) 

Balaenoptera edeni W (113) 
 

 
tonne = 0.012·TL(m)2.74 (114) (98) 

Balaenoptera musculus W (111) (112) 
  

(98) 

Balaenoptera physalus W (111) (112) 
  

(98) 

Eschrichtius robustus W (115) 
 

 
tonne = 0.0051·TL(m)3.28 (114) (98) 

Megaptera novaeangliae W (111) 
   

(98) 

Delphinapterus leucas W (116) 
 

 
kg = 1.56E-4·TL(cm)2.605 (117) (98) 

Delphinus delphis W (118) 
 

 
kg = 5.6E-6·TL(cm)3.14 (calculated) (119) (98) 

Globicephala melas  W (120) 
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        Table S3       

Species 
Wild/ 
Captive 

Gowth  
Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Monodon monoceros W (121) 
   

(98) 

Orcinus orca W (122) 
 

 
kg = 6E-6·TL(cm)3.2 (123) (98) 

Physeter catodon W (124) (112) tonne = 0.0029·TL(m)3.55 (114) (98) 

Pontoporia blainvillei W (125) 
 

 
kg = 8.37E-4·TL(cm)2.1244  (126) (98) 

Pseudorca crassidens W (127) 
 

kg = 5.6E-6·TL(cm)3.14 (calculated) (119) 
 

Sousa chinensis W (119) 
 

kg = 5.6E-6·TL(cm)3.14 (calculated) (119) 
 

Stenella attenuata W (128) 
 

kg = 5.6E-6·TL(cm)3.14 (calculated) (119) 
 

Stenella longirostris W (129) 
 

kg = 5.6E-6·TL(cm)3.14 (calculated) (119) 
 

Tursiops truncatus W (130) (131) 
  

(98) 

Aepyceros melampus   (132) 
   

(98) 

Alces alces W (133) (97) 
  

(98) 

Bison bison W (134) 
   

(98) 

Bison bonasus W (135) 
    

Cervus elaphus   (132) (97) 
  

(98) 

Connochaetes gnou C (136) 
   

(98) 

Eudorcas thomsonii W (137) 
  

 
 

Hippopotamus amphibius W (138) 
 

kg = 2.5E-4·L(cm)2.7 (139) (98) 

Hippotragus niger W (140) 
    

Kobus ellipsiprymnus  (132) 
   

(98) 

Kobus leche  (132) 
   

(98) 

Odocoileus hemionus C (141) 
    

Odocoileus virginianus C (142) (97) 
  

(98) 
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        Table S3       

Species 
Wild/ 
Captive 

Gowth  
Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Pudu puda C (143) 
    

Rangifer tarandus W (144) (97) 
   

Sus scrofa W (145) (97) 
  

(98) 

Syncerus caffer W (146) 
   

(98) 

Artibeus watsoni W (147) 
    

Eptesicus fuscus W (148) (97) 
   

Hipposideros larvatus W (149) 
    

Hipposideros terasensis W (150) 
   

 

Hypsignathus monstrosus C (151) 
   

 

Myotis blythii W (152) 
   

 

Myotis lucifugus W (153) (97) 
  

 

Myotis macrodactylus W (154) 
   

 

Phyllostomus hastatus W (155) (97) 
  

 

Pipistrellus subflavus W (156) 
   

 

Plecotus auritus C (157) (97) 
  

 

Pteropus conspicillatus C (158) 
   

 

Pteropus poliocephalus C (159) (97) 
  

(160) 

Rhinolophus cornutus C (161) 
   

 

Rhinolophus hipposideros W (162) 
   

 

Rousettus leschenaulti W (163) 
   

(160) 

Tolypeutes matacus C (164) 
   

 

Lepus americanus  (165) (97) 
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        Table S3       

Species 
Wild/ 
Captive 

Gowth  
Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Lepus californicus C (165) (97) 
  

 

Lepus othus W (165) 
   

 

Lepus townsendii W (165) 
   

(98) 

Oryctolagus cuniculus C (166) 
   

(166) 

Sylvilagus floridanus C (167) 
   

(98) 

Cryptotis parva C (168) (97) 
  

 

Neomys fodiens C (169) (97) 
  

 

Sorex cinereus W (170) (97) 
  

 

Sorex palustris C (171) 
   

 

Sorex unguiculatus C (172) 
   

 

Suncus murinus C (173) (97) 
  

 

Macroscelides proboscideus C (174) (97) 
  

 

Ceratotherium simum W (175) 
   

(98) 

Diceros bicornis  (176) 
   

(98) 

Equus ferus  C (177) (97) 
  

 

Equus quagga  W (178) 
   

 

Rhinoceros unicornis C (179) 
   

 

Aotus trivirgatus C (180) (97) 
  

 

Ateles geoffroyi C (180) 
   

 

Callicebus moloch C (181) 
   

(98) 

Callimico goeldii C (181) 
   

 

Callithrix jacchus C (181) (97) 
  

 

 
          55



!

 

        Table S3       

Species 
Wild/ 
Captive 

Gowth  
Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Cebuella pygmaea C (181) (97) 
  

 

Cebus apella C (180) 
   

(98) 

Cercopithecus aethiops C (182) 
   

 

Cercopithecus mitis C (180) (97) 
  

 

Gorilla gorilla C (183) 
   

(98) 

Homo sapiens W (166) (97) 
  

 

Leontopithecus rosalia C (181) 
   

 

Lophocebus albigena C (184) 
   

 

Macaca fuscata B  (185) 
   

 

Macaca mulatta C (186) (187) 
  

 

Macaca nemestrina C (180) 
   

(98) 

Macaca silenus C (180) 
   

 

Pan troglodytes W (188) (189) 
  

(98) 

Papio cynocephalus C (180) 
    

Saguinus imperator C (181) 
   

(98) 

Saimiri sciureus C (190) (97) 
   

Tarsius bancanus C (191)     

Eulemur coronatus C (192) 
   

(98) 

Eulemur macaco C (192) 
   

 

Eulemur mongoz C (192) 
   

 

Eulemur rubriventer C (192) 
   

 

Eulemur rufus C (192) 
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        Table S3       

Species 
Wild/ 
Captive 

Gowth  
Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Galago senegalensis C (193) (97) 
  

(98) 

Hapalemur griseus C (192) 
    

Loris tardigradus C (193) (97) 
  

(98) 

Microcebus murinus C (194) (195) 
   

Nycticebus coucang C (193) (97) 
  

(98) 

Otolemur crassicaudatus C (193) (97) 
  

(98) 

Propithecus diadema C (196) 
   

(196) 

Propithecus tattersalli C (196) 
   

(98, 
196) 

Propithecus verreauxi C (196) (97) 
  

(98) 

Varecia variegata C (192) 
  

  

Elephas maximus C (197) (97) 
 

  

Loxodonta africana W (198) 
  

  

Acomys cahirinus C (199) 
  

  

Akodon lindberghi C (200) 
  

  

Apodemus semotus C (201) 
  

  

Arvicanthis niloticus W (202) 
  

  

Ctenomys mendocinus C (203) 
  

  

Dipodomys stephensi C (204) 
   

(98) 

Eligmodontia typus C (205) (97) 
  

 

Funisciurus congicus  C (206) 
   

 

Gerbillus perpallidus C (199) 
   

 

Hoplomys gymnurus C (207) 
   

(98) 
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Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Mastomys coucha C (208) 
   

 

Mastomys natalensis C (208) (97) 
  

 

Microtus cabrerae C (209) 
   

 

Neotoma cinerea W (210) 
   

(98) 

Otomys unisulcatus C (211) (97) 
  

 

Paraxerus cepapi C (206) (97) 
  

 

Paraxerus palliatus  C (206) (97) 
  

 

Peromyscus eremicus C (212) (97) 
  

 

Peromyscus interparietalis C (212) 
   

 

Peromyscus leucopus C (213) (97) 
  

(98) 

Peromyscus maniculatus C (214) (97) 
   

Proechimys semispinosus C (207) 
   

(98) 

Scotinomys teguina C (215) (97) 
   

Scotinomys xerampelinus C (215) (97) 
  

(98) 

Spermophilus armatus C (216) (97) 
  

 

Spermophilus columbianus C (216) 
   

 

Spermophilus elegans C (216) 
   

 

Spermophilus richardsonii C (216) (97) 
  

 

Tupaia belangeri C (217) 
   

(98) 

     Marsupials       

Antechinus flavipes C (218) (97) 
  

(219) 

Antechinus stuartii C (220) (97) 
  

(219) 
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Ref. 

B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Didelphis virginiana W (221) (97) 
  

(219) 

Bettongia lesueur C (222) 
   

(219) 

Macropus giganteus   (132) 
   

(219) 

Macropus parma C (223) 
   

(219) 

Macropus robustus   (132) 
   

(224) 

Macropus rufus   (132) (97) 
  

(219) 

Petaurus breviceps C (225) (97) 
   

Petaurus norfolcensis C (225) 
   

(219) 

Phascolarctos cinereus C (226) (97) 
  

(219) 

Pseudocheirus peregrinus C (227) (97) 
  

(219) 

Thylogale billardierii C (228) 
   

(219) 

Trichosurus caninus C (229) 
   

(219) 

Trichosurus vulpecula   (230) (97) 
  

(219) 

Wallabia bicolor   (132) 
   

(219) 

Isoodon macrourus C (231) (97) 
  

(219) 

Isoodon obesulus B (232) 
   

(219) 

Perameles gunnii B (232) (97) 
  

(219) 

     Monotremes       

Ornithorhynchus anatinus C 
(233, 
234) (97) 

  
(224) 

Tachyglossus aculeatus W (235) (97) 
  

 

     Precocial Birds       

Aix galericulata W (236) 
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B  
Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Anas rubripes C (237) 
   

 

Aythya affinis C (238) 
   

 

Aythya valisineria W (238) 
   

 

Branta hutchinsii W (239) 
   

 

Chen caerulescens C (240) 
    

Dendrocygna autumnalis W (241) 
    

Alectoris chukar C (242) (243) 
   

Alectura lathami C (244) 
    

Coturnix chinensis C (245) 
    

Coturnix coturnix  C 
(243, 
245) (243) 

   

Dendragapus obscurus C (246) (243) 
   

Gallus gallus W (247) (243) 
   

Tetrao tetrix C (248) 
    

Meleagris gallopavo  C (249) (243) 
   

Numida meleagris W (250) 
    

Pavo cristatus C (244) 
   

(251) 

Phasianus colchicus C (244) 
    

Tetrao urogallus C (252) 
    

Tympanuchus pallidicinctus 

 
W 
 (253) 

    

Apteryx mantelli W (254) (243)    

Casuarius bennetti C 
(255, 
256)     

Casuarius casuarius C 
(255, 
256)     
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Ref. Length–Mass Equation 

L–M  
Ref m0 Ref 

Dromaius novaehollandiae C (257) (243)    

Rhea americana  C (258) (259)    

Rhynchotus rufescens C (260)     

Struthio camelus  C (261)  (243)    

     Altricial Birds       

Aquila chrysaetos W (262) 
    

Haliaeetus leucocephalus W (263) 
    

Archilochus alexandri W (264) 
    

Selasphorus rufus W (265) 
    

Sternoclyta cyanopectus W (266) 
    

Geococcyx californianus C (267) 
    

Buteo jamaicensis W (268) 
    

Buteo swainsoni W (269) 
    

Cathartes aura W (270) 
    

Coragyps atratus W (270) 
    

Falco mexicanus W (271) 
    

Acrocephalus arundinaceus W (272) (243) 
   

Acrocephalus melanopogon W (272) 
    

Acrocephalus palustris W (272) (243) 
   

Acrocephalus scirpaceus W (272) 
    

Aimophila carpalis W (273) 
    Campylorhynchus 

brunneicapillus W (274) 
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L–M  
Ref m0 Ref 

Corvus brachyrhynchos W (275) 
    

Corvus corax W (275) (276) 
   

Corvus cryptoleucus W (277) 
    

Parus caeruleus W (278) 
    

Passer domesticus W (279) (243) 
   

Pica pica W (275) 
    

Spizella passerina W (280) 
    

Spizella pusilla W (281) (282) 
   

Sturnus vulgaris W (283) (243) 
   

Amazona aestiva W (284) 
    

Amazona agilis W (285) 
    

Ara macao W (286) 
    

Cyanoliseus patagonus W (287) 
    

Myiopsitta monachus W (288) 
    

Nymphicus hollandicus C (289) 
    

Poicephalus cryptoxanthus C (290) 
    

Megascops asio W (281) 
    

Tyto alba W (281) 
    

     Sharks       

Carcharhinus acronotus W (291) (292) g = 0.0127·TL(cm)3; TL  =  1.215·FL (293) 
 

Carcharhinus brevipinna W (294) 
 

kg = 3E-06·TL(cm)3.145 (294) 
 

Carcharhinus falciformis W (295) 
 

kg = 2.73E-5·PCL(cm)2.86 (295) 
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B  
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L–M  
Ref m0 Ref 

Carcharhinus leucas  W (296) 
 

kg = 2.71E-5·TL·(cm)3.30 (296) 
 

Carcharhinus limbatus W (297) 
 

g = 0.0144·TL(cm)2.870 (293) 
 

Carcharhinus plumbeus  W (298) (299) g = 0.0254·PCL(cm)2.691 (298) 
 

Carcharhinus signatus  W (300) 
 

g = 0.0091·TL(cm)2.886  (293) 
 

Carcharhinus sorrah W (301) 
 

g = 7.2E-4·TL(cm)3.656 (293) (293) 

Carcharhinus tilstoni W (301) 
 

g = 0.0144·TL(cm)2.870 (C. limbatus) (293) 
 

Galeocerdo cuvier W (302) 
 

kg = 1.41E-6·TL(cm)3.24 (302) 
 

Negaprion brevirostris W 
(293, 
303) 

(304)!
266) g = 0.0053·SL(cm)3.16 (293) (305) 

Prionace glauca W 
(306) 
(293) 

 
g = 0.00318·FL(cm)3.131; FL = 0.822·TL (293) 

 

Rhizoprionodon lalandii W (307) 
 

g = 0.0012·TL(cm)3.14 (R. porosus) (293) 
 

Rhizoprionodon porosus W (307) 
 

g = 0.0012·TL(cm)3.14 (293) 
 

Rhizoprionodon taylori  W (308) 
 

g = 0.0012·TL(cm)3.14 (R. porosus) (293) (293) 

Scoliodon laticaudus W (309) 
 

g = 0.0086·FL(cm)2.784 (female) 
g = 0.0044·FL(cm)2.935 (male) (293) 

 

Sphyrna lewini W (310) (292) g = 0.0077·FL(cm)3.067 (293) 
 

Sphyrna tiburo W (311) (292) 
g = 0.0016·FL(cm)3.16  
FL = 0.797·TL  (293) 

 

Cretoxyrhina mantelli W (312) 
 

kg = 16.26·PCL(m)2.9851 
PCL (cm) = 0.8535·TL(cm) - 0.09195  (313) 

 

Isurus oxyrinchus  W (314) (315) g = 0.0167·FL(cm)2.847;  FL = 0.927·TL (293) 
 

Chiloscyllium plagiosum W (316) (276) g = 0.00509TL·(cm)2.87 (316) (293) 

Rhincodon typus W (317) 
 

g = 0.0043·TL(cm)3  
TL(cm) = 20.309 + 1.252·PCL (cm) (293) 

 

     Squamates       

Agama impalearis W (318) 
    

Basiliscus basiliscus W (319) 
 

g = 9.08E-6⋅SVL(mm)3.257 (319) (320) 
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L–M  
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Ctenosaura pectinata W (321) 
    

Liolaemus lutzae W (322) 
 

g = 0.031·SVL(cm)2.98 (323) 
 

Sceloporus grammicus W (324) 
 

g = 1.95E-4·SVL(cm)2.62 (323) 
 

Sceloporus mucronatus W (325) 
 

g = 1.95E-4·SVL(cm)2.62 (323) (320) 

Sceloporus scalaris W (326) 
 

g = 1.95E-4·SVL(cm)2.62 (323) 
 

Microlophus occipitalis W (327) 
 

g = 0.031·SVL(cm)2.98 (323) 
 

Tropidurus itambere W (328) 
 

g = 0.031·SVL(cm)2.98 (323) 
 

Tropidurus torquatus W (329) 
 

g = 0.031·SVL(cm)2.98 (323) 
 

Uranoscodon superciliosus W (330) 
 

g = 0.031·SVL(cm)2.98 (323) 
 

Xenosaurus grandis W (331) 
 

g = 0.031·SVL(cm)2.98 (323) (320) 

Eublepharis macularius C (332) (333) 
   

Coleonyx brevis C (332) (333) 
   

Coleonyx elegans C (332) (333) 
   

Coleonyx mitratus C (332) (333) 
   

Acrochordus arafurae W (334) (12) g = 3.2E-4·SVL(cm)3.14 (335) (320) 

Acanthophis praelongus W (336) (12) g = 3.2E-4·SVL(cm)3.14 (335) 
 

Liasis fuscus W (337) (12) g = 3.2E-4·SVL(cm)3.14 (335) (320) 

Morelia viridis W (338) 
 

g = 3.2E-4·SVL(cm)3.14 (335) (320) 

Heloderma suspectum W (339) (340) g = 9.09E-6·SVL(mm)3.47 (341) 
 

Oligosoma suteri C (342) 
 

g = 0.031·SVL(cm)2.98 (323) 
 

Varanus indicus C (343) 
    

Varanus komodoensis W (344) 
 

g = 0.016·SVL(cm)3.07 (calculated) 
(345, 
346) (347) 
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Varanus niloticus W (348) (88) kg = 9.65E-6·SVL (cm)3.161 (348) 
 

Varanus semiremex C (349) 
 

log(g) = 2.70·log(SVL(mm)) - 4.09  (323) 
 

     Teleost Fish       

Tenualosa toli W (350) 
 

g = 0.0119·FL(cm)3.087; FL = 1.08SL (293) (68) 

Danio rerio C (351) 
    

Labeo cylindricus W (352) 
 

g = 0.0105·FL(cm)3.010 (352) (68) 

Poecilia latipinna C (353) 
 

g = 0.0084·TL(cm)3.0447 (P. reticulata) (354) (68) 

Poecilia reticulata W (354) (355) g = 0.0084·TL(cm)3.0447  (354) (68) 

Xiphophorus maculatus   (356) (357) g = 0.0236·SL(cm)3     (293) (68) 

Acanthurus lineatus C (358) 
 

g = 2.219E-5·SL(mm)2.691 (358) (68) 

Acanthurus olivaceus W (358) 
 

g = 3.385E-5·SL(mm)3.055 (358) (68) 

Ctenochaetus striatus W (358) 
 

g = 3.517E-5·SL(mm)3.066 (358) (68) 

Naso brevirostris W (358) 
 

g = 1.088E-4·SL(mm)2.743 (358) (68) 

Naso tuberosus  W (358) 
 

g = 1.088E-4·SL(mm)2.743 (358) (68) 

Zebrasompa scopas W (358) 
 

g = 6.302E-5·SL(mm)2.948 (358) (68) 

Salarias patzneri W (359) 
 

g = 0.0176·SL(cm)3 (Salarias fasciatus) (293) (68) 

Chaetodon larvatus W (360) 
 

g = 0.0257·TL(cm)3.1 (293) (68) 

Cichla intermedia W (361) 
 

g = 0.0327·TL(cm)2.771; TL = 1.19·SL  (293) (68) 

Cichla orinocensis W (361) 
 

g = 0.0063·TL(cm)3.241; TL = 1.202·SL  (293) (68) 

Cichla temensis W (361) 
 

g = 0.0327·TL(cm)2.771  
TL = 1.19·SL (C. intermedia) (293) (68) 

Oreochromis macrochir W (362) 
 

g = 0.014·TL(cm)3.106 (293) (68) 

Pharyngochromis darlingi W (363) 
 

g = 1.55E-5·TL(mm)3.01 (363) (68) 
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Pseudocrenilabrus philander W (363) 
 

g = 1.3E-5·TL(mm)3.03 (363) (68) 

Amblygobius bynoensis W (364) 
 

g = 9.6E-6·TL(mm)3.01 (364) (68) 

Amblygobius phalaena W (364) 
 

g = 1.33E-5·TL(mm)2.96 (364) (68) 

Asterropteryx semipunctatus W (364) 
 

g = 9.5E-6·TL(mm)3.1 (364) (68) 

Istigobius goldmanni W (364) 
 

g = 1.07E-5·TL(mm)2.99 (364) (68) 

Valenciennea muralis W (364) 
 

g = 1.32E-5·TL(mm)2.84 (364) (68) 

Cheilinus undulatus W (365) 
 

g = 0.0113·FL(cm)3.136 (293) (68) 

Lutjanus erythropterus W (366) 
 

g = 0.0244·TL(cm)2.870 (293) (68) 

Lutjanus malabaricus W (366) 
 

g = 0.0208·FL(cm)2.919 (293) (68) 

Lutjanus sebae W (366) 
 

g = 0.0176·FL(cm)3.06 (293) (68) 

Pristipomoides multidens W (367) 
 

g = 0.032·SL(cm)2.897 (293) (68) 

Pristipomoides typus W (367) 
 

g = 0.038·SL(cm)2.822 (293) (68) 

Notothenia neglecta W (368) (369) g = 0.0085·TL(cm)3.1602 (368) (68) 

Notothenia rossi W (370) (371) g = 0.0112·(cm)3 (293) (68) 

Trematomus bernacchii W (370) (372) 
g = 1.6E-6·TL(mm)3 (F) (calc.) 
g = 1.5E-6·TL(mm)3 (M) (calc.) (370) (68) 

Trematomus hansoni W (373) (371) g = 0.0014·TL(cm)3.632 (293) (68) 

Trematomus lonnbergi W (373) (372) 
g = 1.16E-6·TL(mm)3.2916 (F) 
g = 3.55E-6·TL(mm)3.2759 (M) 

 
(68) 

Stegastes fuscus W (374) 
 

g = 0.02·FL(cm)3.12 (374) (68) 

Chlorurus gibbus W (375) 
 

g = 9.25E-5·SL(mm)2.85 (375) (68) 

Chlorurus sordidus W (375) 
 

g = 1.82E-5·SL(mm)3.15 (375) (68) 

Scarus frenatus W (375) 
 

g = 2.79E-5·SL(mm)3.06 (375) (68) 

Scarus niger W (375) 
 

g = 2.57E-5·SL(mm)3.09 (375) (68) 
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Scarus psittacus W (375) 
 

g = 6.08E-5·SL(mm)2.90 (375) (68) 

Scarus rivulatus W (375) 
 

g = 1.73E-5·SL(mm)3.14 (375) (68) 

Scarus schlegeli W (375) 
 

g = 1.86E-5·SL(mm)3.12 (375) (68) 

Euthynnus affinis  W (376) (377) g = 0.0254·FL(cm)2.889 (378) (68) 

Katsuwonus pelamis  W (379) (377) g = 0.0069·FL(cm)3.287 (293) (68) 

Thunnus albacares  W (379) (377) g = 0.0214·FL(cm)2.974   (293) (68) 

Thunnus obesus  W (380) (381) g = 0.0119·FL(cm)3.09 (293) (68) 

Thunnus tongol  W (382) 
 

g = 0.0143·FL(cm)3 (293) (68) 

Epinephelus fuscoguttatus W (383) 
 

g = 0.0134·FL(cm)3.057 (293) (68) 

Epinephelus polyphekadion W (384) 
 

kg = 1E-5·TL(cm)3.11 (384) (68) 

Epinephelus tukula W (384) 
 

kg = 1E-5·TL(cm)3.07 (384) (68) 

Mycteroperca rosacea W (385) 
 

g = 0.0133·TL(cm)2.97 (293) (68) 

Plectropomus laevis W (384) 
 

kg = 6E-6·FL(cm)3.20 (384) (68) 

Plectropomus leopardus W (386) 
 

g = 0.0079·FL(cm)3.157 (386) (68) 

Variola louti W (384) 
 

kg = 3E-6·FL(cm)3.35 (384) (68) 

Siganus sutor W (387) 
 

g = 0.0597·TL(cm)2.754; SL = 0.846·TL  (387) (68) 

Diplodus sargus W (388) 
 

g = 0.0097·TL(cm)3.123 (293) (68) 

Rhabdosargus sarba W (389) 
 

  
g = 0.0277·SL(cm)3.085; FL = 0.868·SL (293) (68) 

Hippoglossoides 
platessoides W (390) (390) g = 0.0049·L(cm)3.10 (calculated) (390) (68) 

Sorubim lima W (391) 
 

g = 0.0109·SL(cm)2.94; SL = 0.98·FL (293) (68) 

Masturus lanceolatus W (392) 
 

kg = 9.98E-4·SL(cm)2.4488 (392) (68) 

     Testudines       
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Chelonia mydas W (393) (394)    

Dermochelys coriacea  C (395) (396)    

       
 

 

Table S4. A summary of AICc statistics calculated for 3 ontogenetic growth models. 

    Table S4     

Taxa Average 
 
AICc Gompertz AICc von Bertalanffy AICc logistic 

 
Dinosaurs Median 264.1 274.1 260.7 
 
Dinosaurs Mean  408.2 418.4 408.9 
 
All Species Median 355.4 355.3 358.6 
 
All Species Mean 754.9 754.8 761.7 
!
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  Chapter III 
 

‘Metabolic theory predicts whole-ecosystem properties’ 
 
 

Carbon	comprises	the	molecular	backbone	of	all	living	things.	Organic	carbon	is	created	

during	photosynthesis	and	the	bond	energy	between	carbon	and	hydrogen	forms	the	source	of	

chemical	energy	that	permits	metabolism	and	sustains	life.	Interest	in	the	abundance	and	flux	

of	carbon	has	surged	along	with	interest	in	climate	change	and	increasingly	sophisticated	

models	have	been	developed	to	track	and	predict	its	movement.	Measurement	and	

manipulation	of	carbon	dioxide	is	at	an	all-time	high.	Nonetheless,	simple,	even	elegant	insights	

into	the	movement	of	carbon	are	still	possible.	

In	this	chapter,	colleagues	and	I	explore	the	transit	of	carbon	as	mediated	by	organismal	

respiration.	Body	mass	scales	predictably	with	respiration,	a	fact	that	we	use	to	theoretically	

quantify	the	time	in	which	carbon	is	assimilated	by	organisms,	incorporated	into	tissues,	and	

respired	back	into	the	environment.	We	derive	theory	linking	body	size,	production	and	

biomass	to	carbon	flux	rates.	We	compile	ecosystem	data	from	grasslands,	forests,	lakes	and	

oceans	to	test	theory	and	find	support	for	predictions	of	carbon	cycling	times.	The	framework	

developed	will	be	useful	in	forging	mechanistic	linkages	between	individuals	and	basic	

ecosystem	rates.	
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Understanding the effects of individual organisms on material
cycles and energy fluxes within ecosystems is central to predicting
the impacts of human-caused changes on climate, land use, and
biodiversity. Here we present a theory that integrates metabolic
(organism-based bottom-up) and systems (ecosystem-based top-
down) approaches to characterize how the metabolism of individ-
uals affects the flows and stores of materials and energy in eco-
systems. The theory predicts how the average residence time of
carbon molecules, total system throughflow (TST), and amount
of recycling vary with the body size and temperature of the
organisms and with trophic organization. We evaluate the theory
by comparing theoretical predictions with outputs of numerical
models designed to simulate diverse ecosystem types and with
empirical data for real ecosystems. Although residence times within
different ecosystems vary by orders of magnitude—from weeks in
warm pelagic oceans with minute phytoplankton producers to cen-
turies in cold forests with large tree producers—as predicted, all
ecosystems fall along a single line: residence time increases linearly
with slope = 1.0 with the ratio of whole-ecosystem biomass to
primary productivity (B/P). TST was affected predominantly by pri-
mary productivity and recycling by the transfer of energy from
microbial decomposers to animal consumers. The theory provides
a robust basis for estimating the flux and storage of energy, carbon,
and other materials in terrestrial, marine, and freshwater ecosys-
tems and for quantifying the roles of different kinds of organisms
and environments at scales from local ecosystems to the biosphere.

metabolic theory | systems ecology | total system throughflow |
residence time | cycling

In most ecosystems, energy and materials flow through trophic
networks comprised of plant primary producers, animal con-

sumers, and microbial decomposers (Fig. 1). The individual
organisms that make up these networks control the storage and
flux of energy, carbon, and other materials. Consequently, a the-
oretical framework that can account for how different kinds of
organisms and ecosystems affect fluxes and stores of energy and
materials in ecosystems is central to understanding the carbon
cycle of the biosphere and to predicting the impacts of human-
caused changes in climate, land use, and biodiversity (1–3). Al-
though it has long been recognized that different kinds of organ-
isms play important roles in the processing of energy and materials
in ecosystems, existing treatments are incomplete. Most studies
have focused on particular trophic levels, such as primary pro-
ducers or herbivores, specific ecosystem types, such as tropical
forest or pelagic marine, or single species, such as top predators
or ecosystem engineers (4–14). Still missing is a simple mecha-
nistic theory that can make precise, quantitative predictions based
on the mechanistic relationships between traits of the organisms
in the different trophic levels and whole-ecosystem properties,
such as carbon flux or recycling.
Two main theoretical frameworks have been used to quantify

and synthesize information on energy and material cycling in
ecosystems. Systems theory (15, 16) is a top-down approach that
quantifies the fluxes and stores of energy or materials among
functional compartments and derives emergent whole-ecosystem
properties, including average residence times of carbon and other
molecules, total system throughflow (TST; the sum of all flows in

the system), and the Finn cycling index (FCI; the percentage of
organic carbon that is recycled through the decomposer loop).
Metabolic theory (17, 18) is a bottom-up approach that quantifies
the fluxes and stores of energy and materials within organisms
and uses the scaling of metabolic rate with body size and body
temperature to predict structural and functional characteristics
at multiple levels of organization from individual organisms to
ecosystems (6, 19–24). Both approaches are grounded in uni-
versal physical laws and established biological principles.
In this paper, we synthesize these two frameworks to show how

the traits of individual organisms give rise to ecosystem proper-
ties. Our analytical mathematical and numerical simulation models
show how residence times of carbon in ecosystems vary with the
body size and temperature of the constituent organisms and how
TST and FCI are determined by primary production and carbon
flows between organisms. We use data on carbon fluxes in organ-
isms and ecosystems to test the assumptions and predictions of
the theory. The approach can be expanded straightforwardly to
analyze many aspects of the flux and storage of energy and mate-
rials in the biosphere.

Theory
The carbon cycle in the biosphere, and in the organisms, pop-
ulations, food webs, and ecosystems that comprise the biosphere,
is controlled by biological metabolism. Individual organisms take
up carbon compounds from the environment, transform and
retain them within their bodies, and ultimately release them back
into the environment (Fig. 1). Carbon and energy budgets are
intimately related. Carbon dioxide, water, and solar energy are
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A theory is presented which shows how the metabolism of in-
dividual organisms controls the flow of carbon through eco-
systems. The theory synthesizes top-down, ecosystem-level and
bottom-up, organism-level approaches to ecological energetics
and material cycles. The theory predicts a very simple straight-
line relationship between residence time of carbon molecules
and the ratio of whole-ecosystem biomass to primary pro-
ductivity. This and additional predictions for total throughfow
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incorporated into the high-energy bonds of organic compounds
of plant producers during photosynthesis. When the organic bonds
are broken during respiration, plants, animal consumers, and
microbial decomposers obtain usable energy in the form of ATP.
In any organism, population, trophic compartment, or eco-

system where the flux of carbon is in steady state, the rate of
uptake equals the rate of loss and the total number of molecules
within the system remains constant. At steady state, the loss rate
equals the uptake rate, so the average residence time of carbon
molecules in the system (̂t) is then equal to total biomass (B, in
carbon units) divided by the uptake rate (P)

t̂=B=P: [1]

This follows straightforwardly from mass balance (SI Appendix;
we use the t̂ notation to indicate average residence time at steady
state). Rate of carbon uptake is the rate of gross primary pro-
duction in autotrophic cyanobacteria, algae, and higher plants,
which obtain energy from sunlight, and the rate of gross assim-
ilation in heterotrophic bacteria, fungi, and animals, which ob-
tain energy by consuming living or dead biomass. These uptake
rates scale similarly to the metabolic rates of the organisms (17,
25), which are usually measured in units of power but can equally
well be expressed in units of carbon. Following Eq. 1, the average
residence time (̂tind) of a carbon molecule in an individual or-
ganism with uptake rate (Pind) and body mass (Mind) is

t̂ind =Mind=Pind: [2]

Residence time of carbon varies among organisms by orders of
magnitude, from minutes in some microbes to centuries in some
plants (17, 26). Most of this variation can be understood using
metabolic scaling theory and allometry, where the metabolic
rates of individuals characteristically scale as a power function of
body mass and an exponential function of temperature

Pind =P0M
β
ind e

−E=kT ; [3]

where P0 is a normalization constant that varies between taxa and
environments, β is the mass scaling exponent, E is an activation
energy that gives the temperature dependence, k is Boltzmann’s

constant; and T is temperature in kelvin (17, 27, 28). Average
residence time of carbon molecules within an individual is obtained
by substituting Eq. 3 into Eq. 2, giving

t̂ind =Mind=Pind =Mind

.�
P0M

β
ind e

−ðE=kTÞ
�
=P−1

0 M1−β
ind eE=kT : [4]

Metabolic theory and available data suggest β is ∼3/4 (17), so
Eq. 4 predicts that whole-organism rates of carbon uptake in-
crease ∼15 orders of magnitude with the ∼20 orders of magni-
tude increase in body size from microbes to trees and whales.
Consequently, carbon residence times should scale as α = 1 − β
or ∼1/4, increasing by about five orders of magnitude over the
same size interval (Fig. 2A). Theory and available data suggest
that E is ∼0.65 eV (i.e., rates increase about 2.5 times with every
10°C) (17, 27–29), meaning that uptake rates increase and resi-
dence times decrease exponentially with temperature, varying by
about 40-fold over the range 0–40 °C (Fig. 2D).
Many ecosystems are composed of organisms of different kinds,

organized into networks of trophic compartments that flux car-
bon, other materials, and energy from photosynthetic primary
producers to heterotrophic consumers (Fig. 1). Initially, for
purposes of illustration, we develop the theory in terms of such
autotrophy-based ecosystems. The uptake rate of any compart-
ment is simply the sum of the uptake of all individuals. Similarly,
the total biomass of any compartment is the sum of the masses of
all individuals. Following Eq. 1, the average residence time of
carbon within any compartment is equal to the total biomass di-
vided by the total uptake rate. The expression for residence time
in an entire ecosystem is slightly different, however, because the
relevant uptake rate is of carbon entering the system, so in
autotrophy-based ecosystems (Fig. 1), it is the rate of gross primary
production (GPP). Ecosystem biomass is the sum of the body
masses of all individual organisms in all trophic compartments.
From Eq. 1 it follows that t̂eco =Beco=Ppro, where the subscript eco
indicates the entire ecosystem and the subscript pro indicates that
production rate is summed only for the primary producers.
Therefore, in a plot of t̂eco as a function of Beco=Ppro, all ecosys-
tems fall along a single line through the origin with slope = 1.0, as
in Fig. 2B. The positions of ecosystems along this line vary widely,
however, depending on the body size and body temperature of

Fig. 1. Examples of four idealized trophic networks used for numerical analysis showing pathways of carbon flow from primary producers through successive
trophic levels of animal consumers to top predators; Forest and Pelagic 2 networks also have cycling via a decomposer loop. Numbers in each box give total
biomass in the trophic compartment (kg C/m2), and the arrows in and out of each box give the flux of biomass (kg C/y·m2) in and out of the compartment,
respectively. Details of model construction and simulation are in Materials and Methods, with additional parameter values in SI Appendix, Table S1 and Fig.
S1: Forest (model 2a); Savannah (model 7a), Pelagic 1 (model 3), and Pelagic 2 (model 6a).
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the component organisms and on aspects of trophic organization,
such as the number of trophic levels and amount of cycling. The
exact residence time for any ecosystem can easily be calculated by
applying Eq. 4 and substituting appropriate values for the uptake
rate, body mass, and body temperature of the organisms (which
we assume to be equal to environmental temperature for all
organisms except endothermic birds and mammals) to obtain

t̂eco =Beco
�
Ppro=

X
Mind

.X
Ppro=

X
Mind

.X �
P0Mβ

pro e
−ðE=kTÞ

�
:

[5]

The above theory makes four predictions for residence times that
are shown schematically in Fig. 2:

1) For individual organisms, Eq. 4 predicts that residence time
or half-life of carbon and other elements increases with in-
creasing body size, with a slope of α ∼ 1/4 (Fig. 2A), and
decreases with increasing temperature, with E ∼ 0.65 eV.

2) For ecosystems, Eqs. 1 and 5 predict that t̂eco =Beco=Peco, so
in a graph of residence times as a function of the ratio of total
biomass to GPP, all ecosystems fall along a single line through
the origin with slope = 1.0 (Fig. 2B).

3) For ecosystems, it follows from Eq. 5 that residence time is
positively correlated with the body size of the primary producers,
provided they account for a large fraction of total ecosystem
biomass. In such cases, for example in forests dominated by trees,
residence time scales with producer body mass, with α ∼ 1/4.
However, when producers are small, such as pelagic systems with
phytoplankton, they comprise a smaller fraction of total biomass,
and the slope of this relationship is <1/4 (Fig. 2C).

4) For ecosystems, Eq. 5 predicts that residence time decreases
exponentially with environmental temperature, and therefore
with the body temperatures of all organisms except for endo-
thermic birds and mammals, so residence times are longer in
cold high-latitude than warm tropical ecosystems (Fig. 2D).

Although residence time was our primary focus, we also mod-
eled how organismal metabolism affects two other emergent
properties of ecosystems: TST and extent of recycling, as mea-
sured by the FCI (30–32). TST is the sum of all trophic flows in
the system. FCI gives the percentage of molecules of organic
carbon (or energy) that is recycled through the decomposer loop,
in which microbes consume nonliving organic detritus and are
themselves consumed by heterotrophic consumers (e.g., the sec-
ond trophic level in the Forest and Pelagic 2 networks in Fig. 1).
We now derive TST and FCI in terms of the flow of carbon into
the system from photosynthesis (P), the metabolic induced flow of
carbon at each trophic level (Pi), the number of trophic levels (n),
and the efficiency of carbon transfer between trophic levels
(TTE). TTE is expressed as a fraction of the carbon or energy
transferred between two trophic compartments. Due to the sec-
ond law of thermodynamics and the limited efficiency of meta-
bolic biochemistry, TTE is always less than 1 and empirically
often ranges between 0.01 and 0.2. We distinguish the TTE for
three different fluxes of carbon: (i) the proportion of carbon
leaving one trophic level and going to the next highest level is t =
ðPi+1=PiÞ, where Pi and Pi+1 are the gross uptake rates of two
successive trophic levels; (ii) the proportion leaving each trophic
level and going to decomposers is d1; and (iii) the proportion
leaving decomposers and going to level 2 is d2. Here, we assume
that t, d1, and d2 are constant. Now the uptake of carbon by level
2 (i.e., P2) can be divided into that coming directly from pro-
ducers, Pt; that coming from producers via decomposers, Pd1d2;
and that coming from higher levels via decomposers, P2d1d2 (1 +
t + t2 +. . .+ tn−2), which is a geometric series. Hence, P2 = P(t +
d1d2) + P2d1d2 (1 − tn-1)/(1 – t), i.e., P2 = P(t + d1d2)(1 – t)/[1 – t –
d1d2 (1 – tn−1)], and therefore

TST=
�
P+P2

1− tn−1

1− t

�
ð1+ d1Þ: [6]

FCI is given by the sum of the flows through each compartment
that have previously passed through them (TSTC) multiplied by
100 and divided by TST. In cases such as Fig. 1 where there is
just one compartment at each trophic level and the flow from
decomposers goes only to level 2, TSTc is given by

TSTc =
d

1− t

 
Pd1
�
1− tn−1

�

+P2

(
d1

�
1− t n− 1

�2
1− t

+
1− t2n−2

1− t2
−
t n−1 − t2n−2

1− t

)!
:

[7]

See SI Appendix for proof. The above expressions for TST and
FCI have not previously been derived for ecosystems. More gen-
erally our theory predicts

5) Because flows between successive trophic levels decrease rap-
idly up the trophic network (Fig. 1), TST is determined pri-
marily by variation in GPP, which constitutes the largest
fraction of TST. Therefore, TST should be strongly positively
correlated with GPP, and it should secondarily increase with
trophic transfer efficiency between trophic levels (t) and the
strength of the decomposer recycling loop (Eq. 6).

6) Recycling of carbon occurs only through the decomposer loop,
so FCI must be small. Where there is just one compartment

A B

C D

Fig. 2. Schematic presentations of model predictions for residence time
plotted on logarithmic axes with α giving the scaling exponent. (A) Residence
time or half-life of carbon (̂tind ) within an individual organism increases with
increasing body mass as a power function with α = 1/4. (B) Residence time of
carbon within an ecosystem increases linearly with the ratio of total biomass
to primary productivity (Eq. 1) so all ecosystems fall along a single line with
slope = 1.0. Position of different ecosystem types along this line vary: resi-
dence times increase with increasing body sizes of the organisms and decrease
with increasing environmental temperature. (C) If the temperature remains
constant, residence times of different ecosystems generally increase with in-
creasing body sizes of the primary producers, from pelagic marine ecosystems
with tiny phytoplankton to forests with large trees. The slope of this relation-
ship is <1/4, because animal consumers contribute proportionately more to
total biomass in pelagic marine ecosystems, whereas trees dominate the
biomass of forests. (D) If total biomass remains constant, residence times of
different ecosystems decrease with increasing environmental temperature.
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at each trophic level it follows from Eqs. 6 and 7 that FCI ∼
100d1d2(d1 + t) if t, d1, and d2 are small (SI Appendix).

Numerical Simulations
To explore the implications of our theory, we created numerical
models of idealized autotrophy-based ecosystem networks (SI
Appendix, Table S1; see examples in Fig. 1). We assumed steady-
state and enforced mass and energy balance on the inputs and
outputs to each trophic compartment and hence throughout
each network. We evaluated a wide variety of autotrophy-based
networks designed to capture idealized but realistic properties of
natural ecosystems: (i) terrestrial and marine; (ii) primary pro-
ducers varying in size by 14 orders of magnitude from unicellular
algae to grasses to trees; (iii) consumers varying in size by 14
orders of magnitude from zooplankton and insects to elephants
and whales; (iv) environmental temperatures ranging from 7 °C
to 27 °C; (v) containing both ectothermic consumers with body
temperatures equal to environmental temperature and endo-
thermic consumers with body temperatures equal to 37 °C; and
(vi) with various amounts of recycling of detritus through the
decomposer loop. Metabolic rate was assumed to vary with body
mass and temperature according to Eq. 3. Four of these net-
works and their parameters are shown in Fig. 1, with details for
all networks provided in SI Appendix, Table S1. Methods used to
construct the networks and run simulations are described below.
Results of the numerical simulation models supported all of

the above predictions. Residence times scaled linearly as the ratio
of total biomass to GPP with a slope of 1.0, so t̂eco =Beco=Peco
(Fig. 3A). Residence time was positively correlated with the body
size of the primary producers. The slope of this relationship was
<1/4 as predicted, because tiny phytoplankton comprised a lower
fraction of total ecosystem biomass in pelagic marine ecosystems
with than did large trees in forest ecosystems (Fig. 3B).
System properties calculated from the numerical models using

Ecological Network Analysis (33) matched those calculated from
Eqs. 6 and 7. The numerical models also supported the above
predictions for TST and recycling (FCI). TST was positively
correlated with GPP (r = 0.73), and also positively correlated
with FCI (r = 0.54). TST was mainly determined by GPP, but
also increased as the strength of the decomposer loop increased
(Fig. 3C). An advantage of using Eq. 7 or its approximation with
FCI ∼ 100d1d2(d1 + t) is that this shows explicitly the individual
contributions to FCI made by the trophic transfer efficiencies t,
d1, and d2. FCI was always low; it varied from about 0% to 11%
(SI Appendix, Table S1), as the percentage of carbon flowing
through the decomposers varied from 0% to 10%.
The numerical models confirmed the predictions of the ana-

lytical theory that average residence times of carbon molecules in
ecosystems vary (i) by orders of magnitude with the body sizes of
the primary producers, from weeks in pelagic marine ecosystems

with minute phytoplankton to centuries in forests with giant
trees; and (ii) with trophic structure, increasing with number of
trophic levels and body sizes of top predators. The numerical
models also supported our theoretical predictions for total sys-
tem throughflow and recycling.

Empirical Validation
The ultimate test of our theory will be its ability to predict and
explain properties of real ecosystems. We performed preliminary
validation by comparing theoretical predictions with available
data (Fig. 4). The prediction that residence times within in-
dividual organisms scale with body mass with α ∼ 1/4 was confirmed
by compiling and analyzing published data from physiological
studies of half-life of carbon and nitrogen in animals (Fig. 4A).
The dependence of residence time in ecosystems on the body
sizes of primary producers was assessed using a large existing
dataset (10). As predicted, the observed α = 0.21 was somewhat
less than 1/4 (Fig. 4B). The predicted dependence of ecosystem
residence time on environmental temperature was also sup-
ported; the data in Fig. 4B were already temperature-corrected
using Eq. 3, which substantially reduced variation around the
regression line. The prediction that t̂eco =Beco=Peco was evaluated
using a different but overlapping dataset (12). A plot of average
residence times of carbon in the ecosystems (̂teco) as a function of
total biomass ðBecoÞ over the uptake rate (GPP, or Bpro) showed
the data clustering around the predicted linear relationship with
slope = 1.0 (95% CI includes slope = 1.0; Fig. 4C). Overall, the
empirical data showed that residence time of carbon in both
individual organisms and entire ecosystems increased with in-
creasing system biomass. Residence time in ecosystems increased
by about four orders of magnitude, from 0.05 to 100 yr, as the
size of primary producers increased from tiny algae in pelagic
marine ecosystems to large trees in forests.

Discussion
The above metabolic theory of ecosystem properties provides
a robust basis for estimating the flux and storage of carbon, other
materials, and energy in terrestrial, marine, and freshwater
ecosystems throughout the world. The theory makes two im-
portant advances over previous treatments. It shows (i) how
carbon residence time and other whole-ecosystem properties
depend on biological metabolism and specifically on the effects
of body sizes and temperatures of the organisms in the different
trophic levels; and consequently, (ii) that residence time increases
linearly with the ratio of two ecosystem-level properties, total
biomass, and gross primary production, so that that t̂eco =Beco=Peco
and all ecosystems fall along the same line with slope = 1.0.
Additionally, it predicts that the absolute values of residence
time (i.e., the position along the line) increase by several orders
of magnitude with increasing body sizes of the primary producers
(from algae to large trees) and by a factor of about 40 with

A B C

Fig. 3. Tests of the theoretical predictions in Fig. 2 C and D with outputs of numerical simulation models of 37 idealized ecosystems. Symbol color and shape
as in Fig. 2A. Solid black lines are GLM regression fit. (A) In a graph of residence times as a function of the ratio of total biomass to GPP, all ecosystems fell
along a single line with slope = 1.0, so t̂eco =Beco=Peco. (B) Residence time was positively correlated with the body size of the primary producers divided by GPP
with α = 0.13, so <1/4 because of relatively long residence times in pelagic marine ecosystems. (C) TST increased primarily with increasing GPP and secondarily
with the strength of the decomposer recycling loop. All 37 models are plotted here.
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decreasing environmental temperature (from 40 °C to 0 °C). The
predictions are relatively insensitive to the precise scaling of
metabolic rate with body size and temperature (values of β and E
in Eq. 3), but somewhat more sensitive to variation in the trophic
transfer efficiency between levels, t, and the strength of the de-
composer recycling loop d1d2(d1 + t). These predictions are
supported by numerical simulation models parameterized with
realistic values and by empirical data for real ecosystems.
There is abundant scope to test, extend, and apply our theory.

We have evaluated the theory using data from only a modest
number of simulated and real autotroph-based ecosystems and
analyzing the effect of only a few variables. However, because the
theory incorporates theoretically and empirically well-established
scaling relations, it can be generalized and applied to a wide va-
riety of systems. For example, it can be extended to other elements
in addition to carbon and used to address roles of organisms in
nutrient cycling. It can be applied to subsystems within ecosystems,
such as single trophic levels or individual organisms (see analysis
of residence times of carbon and nitrogen molecules within in-
dividual organisms in Fig. 4A). Finally, the theory can be applied
to address the roles of different kinds of organisms in heterotrophy-
based ecosystems, such as the soil and deep sea, where the input
of carbon is in preformed organic molecules (detritus) rather than
CO2 fixed in photosynthesis.
Additionally instead of carbon, units of energy or other ele-

ments could be used, for example, to explore metabolic effects on
nutrient cycling. The theory suggests ways to parameterize and
evaluate the accuracy of empirically derived trophic networks.
For example, Fig. 4B shows that the predicted linear relationship
between residence time and the ratio of total biomass to primary
productivity, t̂eco =Beco=Peco, is strongly supported, but there is
considerable unexplained residual variation. All of our analyses
support Eq. 1; the deviations from exact linear scaling in Fig. 4B
are presumably due to violations of model assumptions, such as
steady-state or mass balance, or to measurement errors. Because
we demonstrated that Eq. 1 is robustly supported by mathemat-
ical theory, numerical simulations, and empirical evidence, devi-
ations from exact linear scaling in Fig. 4B are presumably due to
violations of model assumptions, such as steady-state or mass
balance, or to measurement errors. Although there are many
datasets on ecosystem properties (34), most do not contain in-
formation on the body sizes and temperatures of the organisms in
each trophic compartment, making them problematic for rigorous
empirical evaluation of our theory. There are also significant
challenges in precisely measuring GPP, total biomass, and resi-
dence time for entire ecosystems (34). The assumption of steady
state is especially critical, and it can potentially be evaluated by
estimating mass and energy balance at different levels, from in-
dividual organisms to trophic compartments to the entire

ecosystem. To account accurately for the carbon budget, it is
important not only to include all photosynthesis, respiration,
and fluxes between trophic levels but also any net export or
storage of organic carbon.
Our theory extends the bottom-up individual-based framework

of metabolic theory (10, 17, 35) to ecosystems to incorporate
organisms and their metabolism explicitly into ecological systems
theory (15, 16, 20, 21, 31). It reveals how the size and temper-
ature of the plants, animals, and microbes in different trophic
compartments affect carbon residence time, and other emergent
ecosystem properties such as TST and recycling (FCI). Systems
ecologists have predicted that TST and FCI increase over time as
ecosystems reorganize during ecological succession or evolve
over geological time (15, 16, 21). Our theory and numerical
models show that, although this may be true, the magnitudes of
changes are limited by powerful metabolic constraints: TST by
GPP and FCI by d1d2(d1 + t). TST is predicted to increase over
primary and secondary succession, due primarily to an increase
in GPP. Recycling is also expected to increase as ecosystems age.
Over both ecological and evolutionary time the number of species
and metabolic pathways should increase as different microbes
colonize and evolve, consuming detrital resources more com-
pletely by adding specialized pathways to obtain energy from
diverse and refractory organic compounds (such as lignin or chitin).
The magnitude of recycling of carbon and energy through mi-
crobial loops is modest and strongly constrained by the Second
Law of Thermodynamics as shown by Finn (32) and above in the
powerful constraint on d1d2(d1 + t) (Fig. 1 and Eq. 7). However,
our analyses apply only to cycling of organic carbon or energy,
which are dissipated in the trophic network as organic molecules
are metabolized. A much greater proportion of nutrients, such as
nitrogen or phosphorous, may be recycled (32).
Our theory not only generates testable predictions that are

supported by data from real systems, it also provides a powerful
basis for assessing natural spatial and temporal variation and
impacts of human activities on the carbon cycle. With respect to
natural variation, the model should provide a straightforward and
robust basis for quantitatively estimating the flux rates and resi-
dence times of carbon in different ecosystems based on the body
sizes of the dominant organisms (especially the primary pro-
ducers) and temperature. Collection and synthesis of such data
should provide a quantitative basis for assessing the contributions
of different ecosystem types and geographic regions (e.g., tropical
vs. high latitude, marine vs. terrestrial, forest vs. grassland) to the
global carbon cycle. Our theory should also help predict human
impacts on the carbon cycle on scales from local ecosystems to
the biosphere. For example, overharvesting of large animals can
significantly alter ecosystem biomass and GPP, impacting carbon
residence times (3, 36–38). Both deforestation, which replaces

A B C

Fig. 4. Empirical data for the residence time of carbon and nitrogen for diverse organisms and ecosystem types. Symbol color and shape as in Fig. 2A. Solid
black lines are GLM regression fits (gray shading is the 95% confidence band), and black dotted lines are our predicted relationships from our theory. (A)
Within individual organisms the half-life of carbon and nitrogen increases with body mass with a slope of 0. 23 ± 0.03 95% CI (this includes our predicted slope
of 0.25, see prediction 1 in main text). These data have been temperature corrected to 15°C and include a large diversity of tissue types (Materials and
Methods and SI Appendix, Table S2). As we also predict, in entire ecosystems, carbon residence times increase with (B) increasing body size of the primary
producers (slope is 0.21 ± 0.02 95% CI; expected slope is <0.25 depending on the network, see prediction 3 in main text), data replotted from Allen et al. (10),
and (C) the ratio of total biomass to primary production (slope is 0.85 ± 0.17 95% CI, see prediction 2 in main text). Production is GPP, determined by doubling
NPP values in ref. 12 as per ref. 45. For terrestrial systems, biomass = plant and herbivore biomass. For freshwater pelagic systems, biomass = 3 × producer mass (46).
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forests with agricultural fields and grasslands (39–42), and a
warmer climate, which increases metabolic rates, should decrease
the residence time of carbon in local ecosystems and in the bio-
sphere as a whole. More generally, our theory is a synthesis of
systems and metabolic approaches that shows explicitly and quan-
titatively how organisms control the carbon cycle at all scales from
individuals to ecosystems to the biosphere.

Materials and Methods
Numerical Model. Fig. 1 represents four examples of how we modeled the
carbon flows between the compartments of ecosystems in our numerical
simulations. All individuals within a compartment were for simplicity as-
sumed to have the same individual body mass m. The order of calculations
was as follows: (i) calculate the carbon uptake Pind of each individual
primary producer (kg C/ind·y) using Eq. 3 with parameter values P0 = 2.16 ×
109 (25); k = 8.62 × 10−5 eV/K; E = 0.65 eV; ectotherm T = 7 °C or 20 °C or
27 °C or 37 °C; β = 0.67 or 0.75; (ii ) calculate total number of individuals in
the compartment, assuming net primary production = 1/2 GPP (kg C/y·m2),
and then n = 0.5 GPP/Pind (ind/m2) (43, 44); (iii) calculate total biomass in the
compartment, X = N × M (kg/m2); (iv) using a trophic transfer efficiency t,
calculate carbon flow to the next trophic level (t = 0.1 for all TTEs not as-
sociated with the decomposers, but some models t = 0.01 between trophic
levels 1 and 2 only; SI Appendix, Table S1); and (v) repeat steps i–iv,
replacing primary producers by the individuals in the next trophic level.
For models with decomposers, all compartments transferred d1 = 0.40 to
decomposers, and the decomposer trophic transfer efficiencies were as-
sumed to be either d2 = 0.1 or 0.5 depending on model objective. Thirty-six
such models were constructed. Once all carbon storages and flows (inter-
compartmental, input, and output) were known for the balanced model,
ecological analysis software (33) was used to calculate TST, FCI, and residence

time. An Excel spreadsheet was used to calculate the parameters for each
trophic network (Fig. 1 and SI Appendix, Table S1 and Fig. S1).

Empirical Data. Data to test how body size affects residence times of C and N
in individual organisms (Fig. 4A) were obtained from the literature (SI Ap-
pendix, Table S2). These data were recorded as half-lifes—the amount of
time required for the stable-isotopic signature of tissue to reach a midpoint
between the enriched and original value—and were not converted to resi-
dence times because of differences between studies in how half-life was
calculated. Data in Fig. 4A were temperature corrected to 15 °C using Eq. 3.
Empirical evaluation of our predictions for residence times in ecosystems
(Fig. 4 B and C) requires high-quality data on residence time (or turnover
rate), total biomass, and GPP for real ecosystems composed of organisms of
varying size operating at different environmental temperatures. Despite
a plethora of empirical whole-ecosystem models, especially in marine habitats
(30), only a few studies provide independently measured estimates of all
three variables. From a large dataset compiled by Cebrian et al. (12), we
obtained the relevant data for 46 ecosystems representing a variety of
habitats (terrestrial and marine), environmental temperatures (temperate to
tropical), and organism body sizes (phytoplankton to trees and whales). The
predicted dependence of ecosystem residence time on the body sizes of pri-
mary producers was evaluated using a different but overlapping dataset (10).
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Chapter	IV	

‘Metabolic	asymmetry	drives	the	distribution	of	marine	predators’	

	

The	ocean	is	populated	by	large	predators	with	diverse	ancestries	and	

thermoregulatory	strategies.	Nowhere	else	on	earth	do	co-occurring	endothermic,	

ectothermic,	and	mesothermic	apex	predators	coexist,	compete,	and	prey	upon	each	

other.	Patterns	of	coexistence	and	exclusion	offer	clues	to	the	macroevolutionary	

pressures	behind	the	radiation	of	endothermy	and	high	energy	lifestyles.		

In	my	fourth	chapter	of	my	dissertation,	I	examine	the	role	of	energetics	in	the	

distribution	of	competing	marine	predators.	I	compile	distributional	data	for	over	a	

thousand	predatory	marine	mammals,	birds,	sharks,	fish	and	reptiles.	After	

demonstrating	a	compelling	empirical	pattern,	I	derive	foraging	theory	to	account	for	

the	high	richness	and	abundance	of	endotherms	in	cold,	thermally	stressful	waters.	I	

argue	that	favorable	metabolic	asymmetries	underlie	this	pattern	and	draw	upon	

metabolic	and	ecosystem	data	on	mammal	consumption	to	support	my	model.		
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Endothermic	mammalian	and	avian	lineages	have	independently	invaded	the	sea	over	

a	dozen	times	during	the	Cenozoic	and	are	ecologically	significant	predators	 in	many	

habitats.	 Remarkably,	 the	 radiation	 of	 endotherms	 has	 occurred	 primarily	 in	 cold,	

thermally	 stressful	 waters,	 counter	 to	 general	 biogeographic	 patterns	 of	 animal	

diversity.	Here	we	show	that	energetic	constraints	on	foraging	lead	to	metabolic	and	

foraging	asymmetries	that	favor	endotherms	in	cold	waters.	We	compile	a	large	spatial	

database	of	over	one	thousand	species	of	predatory	fish,	sharks,	reptiles,	mammals	and	

birds	to	assess	global	patterns	of	distribution	and	foraging	at	sea,	and	derive	theory	to	

link	metabolism	to	ecosystem	consumption	rates.	After	controlling	for	food	availability	

and	 other	 factors,	 thermal	 drivers	 of	 consumption	 lead	 to	 1–2	 orders	 of	magnitude	

increase	in	mammal	abundance	and	prey	capture	from	the	equator	to	the	poles.	This	

corresponds	to	an	increase	in	morphological	and	phylogenetic	diversity	in	cold	waters	

as	 prey	 become	 easier	 to	 capture	 and	 predators	 less	 dangerous.	 An	 increase	 in	

 
          104



	

abundance	and	foraging	breadth	best	accounts	for	the	striking	patterns	of	richness	in	

marine	endotherms.		

Marine	systems	are	home	to	a	diversity	of	top	predators	that	span	all	major	

thermoregulatory	guilds,	including	ectothermic	sharks	and	reptiles,	mesothermic	tuna	

and	marlin,	and	endothermic	mammals	and	birds.	Perhaps	most	striking	is	the	diversity	

of	marine	endotherms.	Mammals	and	birds	which	have	independently	invaded	the	sea	

over	a	dozen	times	despite	numerous	hurdles	to	entry,	including	high	rates	of	heat	loss	

from	water	(~24x	greater	than	air),	lack	of	available	oxygen	and	energy	costs	associated	

with	surfacing	to	breathe,	incumbent	predators	and	competitors,	inefficient	locomotion,	

and,	for	many	taxa,	energetic	and	geographic	restrictions	imposed	by	terrestrial	birth1-3.	

Remarkably,	marine	endotherms	have	largely	diversified	in	cold	temperate	waters	

despite	the	thermal	stress	it	imposes;	this	pattern	runs	counter	to	nearly	all	

biogeographic	trends	of	diversity	in	major	taxa.	They	dominate	predatory	richness	at	

large	body	sizes	(Fig.	1)	and	the	energy	flux	through	upper	trophic	levels	in	cold	seas4,5.		

To	account	for	this	physiological,	ecological,	and	biogeographic	puzzle,	and	to	

better	understand	the	selective	advantages	of	endothermy,	we	first	document	empirical	

patterns	of	distribution	of	apex	predators	and	highlight	their	covariation	with	

thermoregulation.	We	then	build	on	more	qualitative	theory6	to	derive	principles	that	

link	individual	metabolism	to	ecology	at	scales	from	foraging	of	individual	animals	to	

trophic	fluxes	through	ecosystems	and	global	patterns	of	diversity.		
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Empirical	Patterns	

Ecologists	have	long	noted	that	biodiversity	on	land	tends	to	peak	in	the	tropics,	

particularly	within	the	productive	and	structurally	complex	tropical	rainforests7.	This	

pattern	holds	for	virtually	all	major	multicellular	taxa	on	land,	including	mammals,	birds,	

reptiles,	amphibians,	plants,	insects	and	fungi8,9.	In	the	ocean,	similar	patterns	are	

generally	observed,	with	peak	richness	for	fish,	sharks,	coral,	seagrass,	and	mangroves	

occurring	in	the	coastal	tropics;	in	particular,	within	the	productive	and	structurally	

complex	reefs	of	the	Indo-Pacific10.	The	recent	availability	of	new	spatial	data	permits	

broader	and	more	finely	resolved	analysis	of	top	predators,	including	addition	of	new	

teleost,	squamate	and	avian	clades.	Our	synthesis	of	ectotherms	reinforces	prior	

assessments,	with	groupers	(Epinephalinae),	barracuda	(Sphyraena),	jacks	(Caranx	and	

Seriola	in	Carangidae),	and	sea	snakes	(Hydrophiini	and	Latidicauda)	all	showing	peak	

diversity	in	the	warm,	coastal	waters	of	the	Indo–Pacific	(Fig.	2).	In	contrast,	endotherms	

are	generally	most	diverse	in	colder,	high-latitude	oceans.	Pinnipeds	are	virtually	absent	

from	the	tropics,	and	all	major	clades	of	birds	that	pursue	prey	via	swimming	(penguins,	

auks,	cormorants,	grebes,	ducks,	and	loons),	rather	than	aerial	diving,	are	

predominantly	temperate	(Fig.	2,	S1).	Indeed,	not	a	single	species	of	penguin,	auk	or	

pinniped	inhabits	in	the	tropical	central	Indo-Pacific,	the	center	of	marine	biodiversity.	

Of	the	10	families	of	marine	cetaceans,	only	dolphins	(Delphinidae)	are	predominantly	

tropical	(Fig.	S2).	An	integrative	measure	of	phylogenetic	diversity	(PD)11,	which	

measures	total	cladogram	branch	length,	demonstrates	a	strong	temperate	bias	to	

marine	endotherm	diversity	(Fig.	S3).	Mesothermic	tuna	(Thunnini),	billfish	
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(Istiophoridae	and	Xiphiidae),	mackerel	sharks	(Lamnidae),	and	thresher	sharks	(Alopius	

vulpinus	and	A.	superciliosus),	which	use	metabolic	heat	production	to	elevate	their	

body	temperature	but	do	not	defend	a	thermal	set	point12,13,	have	intermediate,	

cosmopolitan	ranges	that	lack	a	strong	latitudinal	signal.		

Some	ecologists	have	posited	that	endotherms,	with	their	high-energy	demands,	

are	generally	restricted	to	temperate	seas	because	they	are	more	productive	(see	14	and	

references	therein).	While	high	productivity	may	be	necessary	for	endotherm	

populations,	it	is	not	sufficient.	Analysis	of	annual	pelagic	NPP	at	global	scales	reveals	a	

very	weak	latitudinal	signal	that	is	actually	higher	in	the	tropics	for	some	production	

models	(Fig.	S4,	S5).	Similarly,	fishery	catch	rates,	a	measure	of	fish	productivity,	also	

bears	little	relationship	to	latitude	or	sea	surface	temperature15.	Records	of	benthic	

productivity	in	tropical	coral	reefs	are	among	the	highest	annual	rates	of	benthic	marine	

productivity	recorded16,	rivaling	temperate,	kelp-dominated	coastal	systems17.	Finally,	

the	diversity	of	oceanic	dolphins	and	aerial-foraging	seabirds,	which	thrive	in	the	tropics	

(Fig.	S2,	S6),	attests	to	the	availability	of	sufficient	food	to	support	endotherm	

populations,	if	it	can	be	procured.		

As	an	alternative	to	the	energy	supply	hypothesis,	we	propose	that	patterns	of	

diversity	in	large	marine	predators	are	mostly	due	to	the	effects	of	environmental	

temperature	on	the	energetic	costs	and	benefits	of	foraging.	We	present	a	conceptual	

framework	showing	how	key	physiological	and	behavioral	components	of	predation	

differ	between	endotherms	and	ectotherms	and	how	these	differences	can	account	for	

their	contrasting	biogeographic	patterns.	We	first	consider	the	elements	of	foraging,	
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then	link	relevant	rates	to	environmental	variables,	and	finally	to	patterns	of	global	

diversity.	The	resulting	hierarchy	of	mechanistic	models	makes	testable	predictions	for	

the	different	levels	of	interaction:	from	individual	foraging	to	ecosystem	energy	fluxes	

and	biogeographic	patterns	of	species	richness.		

	

A	Metabolic	Model	of	Vertebrate	Predation	in	Marine	Ecosystems	

Foraging	and	locomotion,	like	all	activity,	is	supported	by	metabolism,	the	

processing	of	energy	and	materials	to	sustain	life.	Temperature	T	drives	the	kinetics	of	

metabolic	and	organismal	rates	R,	as:		

(1)		 	 	 	 	 									R	=	R0e–E0k/T	

where	R0	is	a	normalization	constant,	E0	is	a	metabolic	‘activation	energy’	(~0.65	eV),	k	is	

Boltzmann’s	constant,	and	R	is	corrected	for	body	size	effects18,19.	Ecological	rates	tend	

to	be	somewhat	higher,	with	a	mean	activation	energy	of	~1	eV	for	competitive	and	

predatory	interactions20.		

Two	fundamental	components	of	foraging	are	the	encounter	rate	of	prey	(En)	

and	the	capture	per	encounter	ratio	(Ca/En),	which	comprise	the	maximum	individual	

consumption	rate	(CInd),	also	known	as	the	Type	I	functional	response21	(Fig.	3).	Both	of	

these	components	reflect	the	metabolic	rates	of	locomotory	muscles	that	govern	

organismal	speed.	The	encounter	rate	is	a	function	of	the	density	of	prey	(Dprey)	and	the	

routine	velocities	(V)	of	predator	and	prey,	which	determines	the	rate	at	which	predator	

and	prey	paths	intersect	(IPath):	

(2)		 	 	 									𝐸#	 ∝ 	𝐷&'()𝐼&+,- 	∝ 𝐷&'() 𝑉&'(/0 + 𝑉&'()0	
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Swimming	speed	is	a	well-studied	behavioral	parameter	that	directly	mediates	

prey	capture	and	escape22.	We	expect	the	capture	per	encounter	ratio	to	increase	as	the	

ratio	of	predator	to	prey	burst	speed	(SPred/SPrey)	increases.	For	ectothermic	hunters	

chasing	ectothermic	prey,	SPred,Ecto/SPrey,Ecto	does	not	generally	vary	across	thermal	

gradients,	as	both	predators	and	prey	speeds	shift	in	a	similar	fashion	with	temperature.	

But	for	endothermic	hunters	this	is	not	the	case.	Instead,	endothermic	predators	will	be	

relatively	faster	than	prey	in	cold	waters,	reflecting	their	asymmetric	metabolic	

response	to	water	temperature	(Fig.	4).	While	the	exact	relationship	between	

SPred,Endo/SPrey,Ecto	and	Ca/En	has	received	little	attention,	this	is	expected	to	be	a	positive	

relationship:	e.g.,	Ca/En	∝	(SPred,Endo/SPrey,Ecto)α,	where	α	>	0.		

For	endothermic	predators	feeding	on	mobile	ectothermic	prey	we	can	

substitute	Eq.	1	into	Eq.	2	to	reveal	the	temperature	dependence	of	path	intersection:	

(3)	 	 	 	 							𝐼&+,-	 ∝ 𝐾0 + 𝑣'4𝑒607/9: 	

where	vr0	is	a	normalization	constant,	K	is	a	constant	representing	routine	swimming	

speed	of	endotherms	(~1.5	m/s)23.	We	can	also	use	Eq.	1	to	show	the	temperature	

dependence	on	capture	per	encounter	ratio	for	endothermic	hunters	of	ectotherms:	

(4)			 	 	 											 									;<
7=
∝ 	 >?@AB,D=BE

>?@AF,DGHE

I
	∝ 	 𝑒7J/9: 	

Here	E1	is	some	integrative	function	of	E0	(i.e.,	E1	=aE0).	Because	capture	involves	

multiple,	potentially	multiplicative	rates	(e.g.	detection	and	pursuit),	E1	may	be	higher	

than	metabolic	activation	energies	of	0.65	eV,	and	closer	to	observed	ecological	rates	of	

1	eV.	Note	that	Eq.	3	and	4	indicate	opposing	responses	to	consumption	with	water	
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temperature;	path	intersection	rates	fall	in	cold	water	as	prey	speeds	decline	but	

endotherm	capture	per	encounter	ratios	will	increase	as	sluggish	prey	become	easier	to	

capture.		

While	individual	consumption	is	limited	by	handling	and	satiation	in	nature,	

maximum	consumption	rates	CInd	are	indicative	of	food	that	can	potentially	be	

converted	into	offspring.	Consequently,	CInd	is	relevant	for	linking	individuals	to	

population	growth	rates.	The	response	of	CInd	to	water	temperature	is	determined	by	

the	relative	magnitude	of	the	respective	foraging	components.	Substitution	of	empirical	

data	for	routine	swimming	speed	into	Eq.	3	indicates	a	~40%	decline	in	path	interaction	

rates	from	the	tropics	to	the	poles	(i.e,	30	to	0	ºC;	see	Methods).	But	if	E1	≥	E0,	as	studies	

suggests20,	this	decline	is	more	than	offset	by	the	≥15fold	increase	in	capture	per	

encounter	values.	Therefore,	we	expect	endotherms	to	generally	increase	their	

consumption	rate	in	colder	waters,	controlling	for	other	environmental	factors.		

To	link	endotherm	per	capita	consumption	to	ecosystem	consumption,	we	

recognize	that	total	endotherm	consumption	CTot	is	limited	by	prey	production	PPrey	and	

assume	that	maximum	per	capita	consumption	rates	(CInd)	function	as	a	rate	variable,	

yielding	a	logistic-type	equation:		

(5)	 	 	 	 												 	𝐶:L� =	
&?@AF

NOP(–RS	(UV=B)
	

where	b	is	a	coefficient	and	CInd	∝	(IPath)(	DPrey)(SPred/SPrey).	To	isolate	the	role	of	water	

temperature	and	facilitate	analysis,	we	rearrange	and	log	transform	Eq.	5	and	substitute	

from	Eq.	3	&	4	to	generate	the	linear	model:	

(6)	 	 	 											ln &?@AF
;?@AB

− 1 + ln 𝐼&+,- = ln 𝐵 –	(7J
9:
)	
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To	test	model	predictions,	we	analyzed	ecosystem	data	on	marine	mammals.	

Mammal	consumption	CTot	was	determined	from	abundance	counts	and	habitat	

preferences	of	pinnipeds	and	small	toothed	whales24,25,	while	Pprey	was	calculated	from	

Net	Primary	Production	(NPP)	values,	assuming	10%	trophic	transfer	efficiency26.	Among	

cetaceans,	we	restricted	our	analysis	to	small	toothed	whales	(e.g.,	dolphins	and	

porpoises),	which	feed	at	a	trophic	level	of	~4	and	whose	thermal	environment	for	

feeding	generally	corresponds	to	sea	surface	temperature27.	Values	for	DPrey	are	difficult	

to	gather,	but	we	considered	chlorophyll	density	as	a	potential	proxy.		

	

Tests:	Linking	Consumption	to	Richness	

The	thermal	sensitivity	of	total	mammal	consumption	is	similar	to	that	of	

individual	trophic	interactions.	The	fitted	slope	yields	an	activation	energy	of	1.03,	close	

to	E	~1	observed	for	ecological	rates20.	This	translates	to	a	80fold	increase	in	

consumption	from	the	equator	to	poles	due	to	temperature	(Fig.	S7;	ln(Pprey/CTot	–	1)	+	

ln(Ipath)	=	46.12	–	1.043(1/kT),	r2	=	0.71,	n	=	25,847).	Inclusion	of	the	additional	predictor	

variables	of	distance	to	shoreline	and	ocean	depth	does	not	significantly	change	the	

temperature	coefficient	(CI:	-1.051	to	-1.035	for	original	vs.	-1.050	to	-1.034	with	

additional	predictors).	A	4.6x	increase	in	chlorophyll	from	the	equator	to	the	poles	(Fig.	

S8),	a	possible	proxy	for	prey	density,	could	potentially	reduce	the	magnitude	to	17fold.	

Collectively,	the	results	indicate	a	substantial	1	to	2	orders	magnitude	increase	in	total	

endotherm	consumption	and	abundance	from	the	tropics	to	the	poles	due	to	

temperature.		
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The	increase	in	mammal	consumption	in	colder	waters	reflects	the	marked	

increase	in	abundance	as	water	temperature	drops	(Fig.	S7).	Ecologically,	marine	

mammals	shift	from	minor	players	in	the	tropical	seas	that	consume,	on	average,	less	

than	1%	of	available	of	food,	to	major	predators	near	the	poles,	ingesting	one	fifth	of	all	

food	(Fig.	5).	These	results	are	conservative,	as	potential	food	lost	to	planktivorous	

baleen	whales,	marine	birds	and	human	harvest	further	limits	the	prey	available	to	

pinnipeds	and	toothed	whales.	With	the	exception	of	dolphins,	marine	endotherms	are	

generally	rare	or	absent	until	mid-temperate	latitudes,	suggestive	of	thermal	filtering	

(Fig.	2).	

The	disparate	patterns	of	biogeography	among	thermoregulatory	guilds	can	be	

visually	summarized	by	plotting	the	ratio	of	endotherm	to	ectotherm	richness	(Fig.	6).	

Marine	mammals	and	birds	dominate	apex	predator	richness	in	coastal	habitats	above	

30º	latitude	or	below	20	ºC	sea	surface	temperature.	Fitting	the	endotherm/ectotherm	

richness	ratio	against	temperature	and	distance	from	shore	reveals	a	32fold	shift	in	

diversity	towards	endothermy	from	30	to	0	ºC	[ln(ratio)	=	–34.96	+	0.769(1/kT)	+0.432(	

ln(distance));	r2	=	0.70,	n	=	25,048].	As	indicated	by	the	positive	slope	for	distance	to	

shore,	endotherms	are	also	favored	in	the	open	ocean,	even	comprising	the	majority	of	

richness	in	tropical	open	seas	where	dolphins	are	diverse.	These	pelagic	habitats	are	

also	home	to	an	array	of	high-power,	mesothermic	tuna,	billfish	and	sharks	(e.g.,	mako	

and	thresher	sharks).	The	evolution	of	mesothermy	among	pelagic	fish,	which	often	

pursue	prey	in	clear	open	waters,	is	indicative	of	the	advantages	gained	by	elevated	

metabolism	when	prey	cannot	hide	and	locomotory	power	is	at	a	premium.		
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Our	model	indicates	that	the	success	of	endotherms	in	cold	and	open	waters	is	

primarily	due	to	the	locomotory	and	sensory	benefits	that	increases	the	capture	per	

prey	encounter	ratio.	Muscle	contraction	rates,	acceleration,	and	routine	swimming	

speeds	increase	in	an	approximately	exponential	fashion	with	temperature	in	

ectotherms	and	close	to	theoretically	expected	values	(Fig.	S9).	In	contrast,	endothermic	

burst	speeds	are	insensitive	to	ambient	temperature,	generating	a	performance	

asymmetry	that	favors	endotherms	in	cold	waters	(Fig.	4).	Visual	rates	in	fish,	including	

flicker	fusion	frequency	and	saccadic	eye	movement,	also	increase	with	temperature	at	

rates	equaling	or	exceeding	theoretical	predictions	(Fig.	S10).	The	ecological	significance	

of	elevated	sensory	rates	are	underscored	by	the	unique	mesothermic	physiology	of	

billfish,	which	metabolically	elevate	temperatures	in	their	eyes	and	brain,	but	no	other	

organ,	to	increase	visual	processing	speeds28.	Overall,	the	thermal	sensitivity	of	

metabolism	favors	endotherm	foraging	where	prey	are	slow,	stupid,	and	cold.	

Beneficial	metabolic	asymmetries	granted	by	cold	waters	are	not	restricted	to	

endotherms	foraging	on	ectotherms.	Indeed,	many	species	of	ectothermic	sharks	are	

capable	of	preying	on	marine	mammals	and	birds.	Figure	4a	suggests	that	predation	

pressure	from	sharks	will	decline	as	endotherms	move	away	from	the	warm	tropics	and	

sharks	become	slower.	This	may	result	in	behavioral	shifts	in	predatory	sharks,	from	

pursuit	in	the	warm	tropics	to	ambush	in	cold	temperate	seas.	This	is	perhaps	best	

illustrated	by	polar	Greenland	and	sleeper	sharks,	whose	very	slow	swimming	speeds29	

suggests	successful	hunting	occurs	largely	when	warm-bodied	prey	are	caught	napping.	
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Conversely,	high	predation	pressure	by	tropical	Galapagos	and	tiger	sharks	is	likely	an	

important	factor	in	the	slow	recovery	of	the	endangered	Hawaiian	monk	seal30.	

The	systematic	increase	in	marine	mammal	abundance	in	colder	water	latitudes	

holds	the	key	to	understanding	how	endotherms	diversified	more	rapidly	in	higher	

latitudes	(Fig	S7).	Larger	populations	sizes	reduce	local	extinction	risks	and	permit	niche	

specialization,	allowing	multiple	species	to	coexist	by	pursuing	different	prey31,32.	For	

instance,	incipient	speciation	of	killer	whales	(Orcinus	orca)	is	in	progress	in	the	eastern	

North	Pacific,	where	‘transient’	mammal-feeding	populations	overlap	but	do	not	

interbreed	with	fish-eating	‘residents’	or	‘offshore’	populations	that	specialize	on	sharks	

and	large	teleosts33.	Further,	the	absence	of	many	endotherm	families	in	the	tropics	

(Fig.	S11)	indicates	that	thermal	constraints	on	foraging	may	place	strong	limits	on	the	

potential	of	endotherms	with	certain	body	plans	or	foraging	strategies	to	enter	and	

radiate	in	warm	waters.		

Consideration	of	burst	speeds	offers	additional	insight	into	variation	in	

endotherm	distributions	and	diversity.	Among	endotherms,	warm	shallows	seas	are	

primarily	limited	to	oceanic	dolphins	(Fig	2,	S2),	which	possess	burst	speeds	of	nearly	

twice	the	rate	of	pinnipeds	and	penguins	(Fig.	4B).	One	straightforward	consequence	of	

their	elevated	speeds	is	an	expansion	of	their	thermal	range	and	prey	base.	In	addition,	

dolphins	have	uniquely	large	brains	that	assist	in	cooperative	foraging,	such	as	herding	

fish,	which	mitigates	locomotory	challenges	posed	by	fleet	tropical	prey34.	Compared	to	

dolphins,	swimming	birds,	otters,	and	pinnipeds	are	all	relatively	slow	and	solitary	

foragers	of	benthic	and	pelagic	prey.	These	families	are	rare	or	absent	from	warm-water	
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habitats	(Fig	2,	S1),	despite	high	production	rates	along	many	tropical	coastlines	(Fig.	

S4).	Instead,	tropical	waters	are	feeding	grounds	for	several	families	of	birds	that	forage	

by	aerial	plunging	or	alighting	on	surfaces	(Fig.	S6).	Plunge-diving	species,	such	as	

gannets,	can	attain	exceptional	speeds	upon	entry	to	water	(~24	m/s)35,	and	can	readily	

depart	waters	if	threatened.	Further,	sperm	whales	(Physeteridae	&	Kogiidae),	which	

forage	in	deep,	cold	waters	at	all	latitudes,	are	not	expected	to	be	limited	to	high	

latitudes	and	are,	indeed,	cosmopolitan	(Fig.	S2).	Likewise,	sirenians,	whose	large	bulk	

protects	them	from	many	predatory	sharks,	are	able	to	forage	for	immobile	seagrass	in	

warm	tropical	seas.		

Finally,	global	patterns	of	mammal	consumption	and	theory	shed	light	on	the	

competitive	interactions	between	predatory	endotherms	and	ectotherms.	According	to	

resource-competition	theory36,	ectothermic	sharks	are	potentially	lethal	competitors	for	

endotherms	because	their	slow	metabolism	permits	them	to	reduce	prey	densities	low	

enough	to	exclude	endotherms.	Yet	endotherms	thrive	in	polar	waters	where	ectotherm	

metabolism	is	lowest	and	their	potential	prey-reduction	abilities	are	greatest	(Fig.	5B).	

This	likely	reflects	the	advantages	high	locomotory	and	sensory	rates	offer	in	permitting	

endotherms	(and	mesotherms)	to	more	quickly	access	transient	food	resources,	

interfere,	and/or	consume	their	competitors’	offspring.	At	least	in	productive	

environments,	it	appears	that	where	metabolic	power	diverges	endotherms	thrive	and	

ectotherms	dwindle.		
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Conclusion	

Both	foraging	theory	and	global	patterns	of	consumption	point	towards	a	

common	mechanism	underlying	high	endotherm	diversity	in	cold	seas.	Warm	waters	

reduce	food	accessibility	and	expose	endotherms	to	dangerous	ectothermic	predators.	

The	consequence	is	a	decline	in	total	endotherm	abundance	that	limits	opportunities	for	

niche	specialization	and	speciation.	Further,	warm	waters	impose	an	environmental	

filter	that	bars	entry	to	taxa	with	certain	body	plans	and	foraging	styles.	In	particular,	

solitary	and	slower-moving	birds	and	mammals	are	disadvantaged	in	the	warm	tropics,	

leading	to	a	sharp	decline	in	familial	richness	and	phylogenetic	diversity.	The	

consequence	for	marine	endotherms	is	a	striking	departure	from	the	general	

biogeographic	rule	of	richness	peaking	in	the	tropics.	

Methods	

Range	distributions	of	large	predatory	ectotherms,	mesotherm	and	endotherms	

were	collected	for	our	analysis.	Distributions	for	birds	were	acquired	from	BirdLife	

International	(www.birdlife.org)	and	all	mammal,	reptile	and	shark	data	from	the	IUCN	

(www.iucnredlist.org).	Analyses	of	teleost	clades	were	restricted	to	taxa	with	at	least	10	

species,	of	which	the	majority	were	capable	of	reaching	1	meter	in	length.	The	bulk	of	

fish	spatial	data	was	also	acquired	from	the	IUCN,	but	missing	species	of	barracuda	and	

jacks	were	supplemented	from	Aquamaps	(www.aquamaps.org),	which	utilizes	

observation	data	stored	in	OBIS	(www.iobis.org).	Small	toothed	whales	examined	here	

include	all	members	of	Odontoceti	except	Physeter	and	Ziphiidae.	Data	on	locomotory	

and	metabolic	rates	were	compiled	from	the	literature	including	speeds	for	pinnipeds37-
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42,	penguins43-46,	and	dolphins47,48	(see	also	citations	in	the	supplemental	captions).	

Contraction	time	t	and	body	length	L	can	be	used	to	calculate	maximum	speed	S,	where	

S	=	0.7L/2t.49	This	formula	was	used	to	generate	the	burst	swimming	speeds	of	fish	

shown	Figure	4B,	based	on	muscular	contraction	rates	reported	from	Wardle49.	Fish	

data	for	Fig	4B	includes	one	species	of	tuna,	but	at	small	sizes	where	tuna	are	effectively	

ectothermic.	See	also	Figure	S9.	Routine	velocities	for	endotherms	to	calculate	IPath	were	

taken	from	the	literature	(~1.5	m/s)23.	For	fish,	the	average	routine	swimming	speeds	of	

an	important	forage	fish,	Atlantic	mackerel	(Scomber	scombrus;	23	cm	fork	length)	was	

used	to	represent	prey	routine	speed50.	To	generate	prey	routine	speeds	at	all	

temperature	the	following	formula	was	applied:	Speed	=	B0e–0.65/0.00008617T	where	speed	

=	0.287	m/s	at	283.16	Kelvin.		

Mammal	total	consumption	data	was	determined	from	compilation	of	

abundance	records,	niche	modeling	of	habitat	preferences,	and	metabolic	scaling	with	

body	size24,25.	Niche	preferences	for	distance	to	land	(e.g.,	coastal	vs	pelagic),	distance	

from	ice,	water	temperature	preferences,	and	evolutionary	origin	were	gathered	from	

the	literature	and	used	to	construct	range	maps	for	marine	mammals	and	a	density	

function	that	spread	abundances	across	space.	Food	availability	was	not	considered	in	

determining	patterns	of	mammal	spatial	abundance;	therefore,	analysis	of	scaling	

consumption	with	prey	density	and	production	merits	further	study.	Analyses	were	

performed	in	R	v.	3.2.451,	QGIS	v.	2.12.152	and	JMP	v.12.1.053.		
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Figures	

	

Figure	1.	Global	marine	diversity	for	thermoregulatory	guilds	at	varying	body	sizes.	

The	total	diversity	of	marine	taxa	was	compiled	from	the	literature,	including	marine	

fish	and	sharks54,	reptiles55-57,	mammals58,59	and	birds60	59	and	percentages	of	marine	

diversity	were	calculated	for	each	length	bin.	For	reptiles	and	fish,	which	often	continue	

to	grow	after	sexually	mature,	maximum	body	length	was	recorded;	for	mammals	and	

birds	adult	size	was	recorded.	Body	length	data	for	some	species	of	fish	were	not	

available.	The	percentage	of	species	without	length	data	was	determined,	and	a	

correction	was	applied	by	adding	a	value	corresponding	to	the	missing	percentage	to	

each	bin.	Each	bin	represents	one	half	an	order	of	magnitude	of	length,	where	100.5	cm	

equals	3.16	cm,	101.5	cm	=	31.6	cm,	etc.		
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Figure	2.	Global	patterns	of	richness	in	large	marine	predators.	Ectothermic	apex	

predators	are	most	diverse	in	tropical	and	warm-temperate	coastal	habitats,	particularly	

in	the	Indo-Pacific	region.	Mesothermic	predators	(see	text)	are	equally	diverse	in	the	

tropics	and	mid-temperate	latitudes,	only	declining	above	45º.	Endothermic	marine	

mammals	and	swimming	birds	are	generally	absent	or	low	diversity	in	the	tropics,	with	

diversity	peaking	above	30º.		
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Figure	3.	Diagram	of	foraging	model.	A.	The	maximum	consumption	rate	CInd	(1)	is	the	

product	of	the	encounter	rate	En	(2),	capture	per	encounter	ratio	Ca/En	(3)	and	prey	

mass	per	capture	(not	shown).	The	encounter	rate	can	be	further	decomposed	into	prey	

density	(4)	and	the	path	interaction	IPath	rate	(5).	The	capture	per	encounter	ratio	is	

proportional	to	the	relative	burst	speed	of	predator	vs.	prey	(SPred/SPrey),	and	Ipath	is	

proportional	to	the	root	mean	square	of	predator	and	prey	speeds.	Since	prey	speed	is	

sensitive	to	ambient	thermal	shifts,	both	En	and	Ca/En	will	be	functions	of	water	

temperature	T.	B.	CInd	acts	as	a	rate	and	prey	production	as	a	limit	to	generate	a	logistic-

type	response	of	total	endotherm	consumption	to	water	temperature.		
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Figure	4.	Metabolic	asymmetry	between	endotherms	and	ectotherms.	A.	Endotherm	

metabolic	and	performance	rates	are	predicted	to	be	insensitive	to	water	temperature,	

while	ectotherm	rates	generally	respond	in	an	exponential	fashion	(sensu	20).	Thus	

SPred/SPrey	increases	in	cold	water	for	endothermic	predators	and	ectothermic	prey.	B.	

Data	from	the	literature	on	fish	and	endotherm	speed	supports	our	schematic	

predictions.	The	geometric	mean	burst	speed	for	dolphins47,48	was	8.2	m/s	(stand.	dev.	=	

1.2);	penguins43-46	4.1	m/s	(s.	d.	=	1.5);	pinnipeds37-42	3.9	m/s	(s.	d.	=	1.3).	For	fish49,	5	

species	were	analyzed,	with	temperature	and	species	as	predictor	variables,	yielding	

ln(y)	=	0.068T,	n	=	43,	r2	=	0.98	(shown)	or	ln(y)	=	–0.48(1/kT),	where	T	is	in	kelvins.		
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Figure	5.	Total	consumption	in	marine	mammals.		Each	point	represents	data	for	a	110	

km	x	110	km	cell.	A.	As	sea	surface	temperatures	decline,	pinnipeds	and	small	

odontocetes	increase	their	total	consumption,	following	the	theoretical	form	of	Fig	3B:	

ln(consumption)	=	ln(PPrey/(1	+	3.04e1.37T)),	where	T	is	sea	surface	temperature	(ºC)	and	

Pprey	is	spline	fit	of	ln(prey	production)	vs	sea	surface	temperature	(lambda	=	100,000).	

B.	The	fraction	of	available	energy	consumed	by	mammals	declines	with	increasing	

water	temperature,	where	y	=	1.69	–	0.131x,	r2	=	0.68,	y	=	25,849.	Prey	production	rates	

are	calculated	from	NPP	assuming	10%	trophic	transfer	efficiency	and	mammal	trophic	

level	of	4.			
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Figure	6.	Relative	richness	of	major	predatory	taxa.	Large	ectothermic	predators	

(sharks,	groupers,	barracuda,	jacks,	sea	snakes)	contribute	the	highest	fraction	of	

community	richness	in	tropical	and	subtropical	coastal	waters	(blue),	while	endothermic	

swimming	birds	and	mammals	dominate	cold	waters	and	open	oceans	(red).	In	areas	

where	no	large	predatory	ectotherms	were	recorded,	e.g.,	near	coastal	Antarctica,	the	

highest	ratio	value	was	assigned.		
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Supplemental	Materials	and	Methods	

	

Figure	S1.	Additional	richness	patterns	in	marine	mammals	and	swimming	birds.	

Monodontids	are	composed	of	narwhals	and	belugas.	Sea	lions	are	Otarriidae,	seals	are	

Phocidae,	cormorants	are	Phalacrocoracidae,	and	marine	ducks	are	within	Anatidae,	

primarily	Merginae.		
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Figure	S2.	Mammal	exceptions	that	prove	the	rule.	Marine	mammals	that	forage	in	

deep,	cold	waters	or	are	large	planktonic	feeders	are	not	expected	to	show	a	systematic	

bias	towards	temperate	waters.	Sperm	whales	(Physeteridae	&	Kogiidae)	are	

cosmopolitan,	beaked	whales	(Ziphiidae)	are	found	at	all	latitudes	but	show	peak	

diversity	in	low	southern	latitudes,	which	may	reflect	its	evolutionary	origin61.	Baleen	

whales	(Mysticeti)	largely	feed	in	temperate	latitudes	where	swarms	of	zooplankton	can	

be	found,	though	many	migrate	to	warm	waters	to	breed.	Dolphins	(Delphinidae)	are	

exceptionally	fast	and	cooperative,	and	are	able	to	exploit	prey	items	in	tropical	as	well	

as	temperate	seas.		
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Figure	S3.	Phylogenetic	diversity	(PD)	of	predatory	marine	mammals	and	swimming	

birds.	PD	is	a	widely	used	measure	of	phylogenetic	diversity	that	is	defined	as	the	

minimum	total	length	of	phylogenetic	branches	that	characterize	the	species	of	interest.	

It	incorporates	diversity	among	deeper	nodes	of	the	tree	in	addition	to	diversity	at	the	

branch	tips.					
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Figure	S4.	Environmental	predictors	of	endotherm	consumption	and	richness.	All	

values	are	log	transformed,	the	Eppley	and	VGPM	(vertically	generated	production	

model)	are	two	common	models	of	marine	net	primary	production.	Units	for	

Chlorophyll	a	are	mg	m–3,	for	NPP	tC	(110	km)–2	yr–1.	Chlorophyll	is	a	density	or	average,	

while	NPP	is	a	total	(sum).		
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Figure	S5.	Plots	of	Net	Primary	Production	(NPP)	with	sea	surface	temperature	(SST)	

and	latitude.	SST	and	latitude	are	only	weak	predictors	of	NPP,	and	in	the	wrong	

direction	to	explain	elevated	endothermic	consumption	and	richness	in	cold	waters.	

NPP	is	derived	from	the	Eppley	model62,63;	NPP	for	cells	that	experience	ice	cover	were	

not	considered.	Splines	fits	are	solid,	lambda	=	100,000.			
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Figure	S6.	Avian	exceptions	that	prove	the	rule.	Aerial	feeding	birds	can	

opportunistically	feed	on	surface	foods	or	capture	fish	with	fast	plunging	dives.	This	

strategy	permits	species	to	live	throughout	the	globe,	and	show	diverse	distributions.	

Most	families	are	predominantly	tropical,	although	some	families	within	

Procellariiformes	(petrels	and	albatrosses),	show	peak	diversity	in	southern	seas.	Terns	

and	kittiwakes	belong	to	Laridae,	gannets	and	boobies	comprise	Sulidae,	pelicans	are	

Pelecanidae,	Tropicbirds	are	Phaethontidae,	and	frigate	birds	are	Fregatidae.		
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Figure	S7.	Global	patterns	of	marine	mammal	abundance	and	consumption.	Pinniped	

and	small	odontocete	abundance	and	consumption	increase	towards	high	latitudes	with	

cold	surface	waters.		
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Figure	S8.	Global	patterns	of	chlorophyll	density.	Chlorophyll	density	shows	a	

complicated	relationship	with	temperature	and	latitude.	Forcing	a	linear	regression	

against	temperature	(top,	dashed	line),	chlorophyll	density	declines	4.6fold	from	0	to	30	

ºC.	
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Figure	S9.	Thermal	dependence	of	metabolic	rates.	Metabolic	rates	generally	increase	

in	an	exponential	fashion	with	temperature.	Metabolic	theory	suggests	the	rate	of	

increase	corresponds	to	an	‘activation	energy’	E	of	0.65	eV.	This	value	can	be	

determined	by	plotting	against	1/kT	(inverse	temperature),	where	k	is	Boltzmann’s	

constant	and	T	is	temperature	in	Kelvins,	and	the	slope	corresponds	to	E	(upper	left	

panel).	For	ease	of	understanding,	all	calculations	where	performed	using	inverse	

temperature	but	are	shown	in	the	conventional	manner	with	temperature	in	Celsius	on	

the	x	axis.	Note	that	the	A	and	B	depict	the	same	data.	Acceleration	(A	&	B)	is	

considered	to	be	a	mass-independent	rate	in	fish22,	so	standardization	of	body	size	is	

not	necessary,	but	for	speed	(C	&	D)	it	is	important	to	control	for	size.	In	the	bottom	

right,	all	individuals	range	in	length	from	35	–	43	cm.	Date	for	A	&	B	is	from	22;	C	from	64,	

D	from	Wardle49.		
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Figure	S10.	Thermal	dependence	of	visual	detection	and	processing	speeds.	Activation	

energies	(E)	are	determined	by	plotting	rates	against	inverse	temperature	1/kT,	where	k	

is	Boltzmann	constant	(eV)	and	T	is	kelvins;	for	clarity	rates	are	shown	plotted	against	

temperature	ºC.	Data	for	A	is	from	65,	B	from	66,	C	from	67	and	D	from	68.			
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Fig	S11.	Familial	level	richness	in	predatory	marine	mammals	and	swimming	birds.	

Marine	mammal	families	include	families	of	cetaceans,	pinnipeds,	and	otters;	bird	

families	include	penguins,	auks,	ducks,	grebes,	loons	and	cormorants.		
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Conclusion	
	
Energy	sustains	life,	and	an	energetic	approach	to	ecology	can	shed	light	on	

many	puzzling	features	of	nature.	In	chapter	I,	I	linked	growth	rates	to	

respiration	to	show	that	dinosaurs	had	an	intermediate	metabolism	and	

thermal	physiology.	In	chapter	II,	I	present	an	extensive	dataset	on	

vertebrate	growth	and	metabolism	and	discuss	various	challenges	

methodological	and	conceptual	challenges	to	ascertaining	and	linking	these	

two	metrics.	In	chapter	III,	I	and	colleagues	demonstrate	quantitatively	how	

individual	metabolism	gives	rise	to	the	ecosystem	rate	of	carbon	flux.	

Finally,	in	chapter	IV,	I	show	how	the	metabolic	asymmetry	between	

marine	endotherms	and	ectotherms	leads	to	favorable	foraging	conditions	

for	endotherms	in	colder	oceans.	This,	in	turn,	gives	rise	to	starkly	different	

patterns	of	biogeography	and	biodiversity.	Throughout	each	of	these	

chapters,	energy	has	been	the	common	theme	underlying	these	various	

topics	in	macroecology.		
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