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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 lower mantle is segregated basalt
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 conversions with amplitude of
2% in the CCP image.

Prediction of partial melt percentages at
660-km depth for various H,O contents requires
knowledge of water partition coefficients between
minerals and melts 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 % H,O indicates that ~5% par-
tial melt at 410 km is expected (26, 27) where the
partition coefficient of H,O between wadsleyite
and olivine is at least 5:1 (11). We can expect at
least 5% partial melt in a bulk 1 wt % H,O perid-
otite system where the partition coefficient between
ringwoodite and silicate perovskite is 15:1 (Z7). 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 hydrous melt would percolate upward,
returning H,O 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 once melt is
generated, it may remain or spread laterally rather
than maintaining 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
H,O trap in the transition zone (4).
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DINOSAUR PHYSIOLOGY

Evidence for mesothermy

in dinosaurs

John M. Grady,'* Brian J. Enquist,>® Eva Dettweiler-Robinson,*

Natalie A. Wright,' Felisa A. Smith’

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.

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

cally similar to endothermic mammals and birds
(1-3). This debate is of more than heuristic inter-
est; energy consumption is closely linked to life
history, demographic, and ecological traits (4).
Extant endothermic mammals and birds pos-
sess metabolic rates ~5 to 10 times higher than
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those of reptiles and fish (5, 6), but character- Fig. 1. The scaling of maximum growth
izing the metabolic rates of dinosaurs has been | rate in vertebrates. (A) Growth rates of 104 e
difficult. thermoregulatory guilds. Red indicates

A promising method for inferring paleoener- | endothermy; blue, ectothermy, gray,
getics comes from studies of ontogenetic growth, dinosaurs; and black, mesothermy. 102 n
in which age is determined from annual rings in | (B) Vertebrate taxa scaling with 95%
bone cross sections and mass is determined from confidence bands. The red dashed line
bone dimensions. Ultimately, growth is powered | indicates marsupials, and the black
by metabolism, and rates of growth and energy | dashed line is tuna; all other taxa are
use should correspond. Pioneering work by | labeled. See table S2 for regression
Erickson and others has led to a growing body | parameters and statistics.
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. 0
Further, recent advances in metabolic theory pro- 1077
vide a theoretical framework for evaluating meta-
bolic rate on the basis of growth.

‘We used a comparative approach to characterize
the energetics of dinosaurs and other extinct taxa. N > ") 5
We examined the empirical and theoretical rela- 10 10 10 10
tionship between growth and resting metabolic Adult Mass (g)
rate, using a broad database of major vertebrate
clades (9), and used our results to examine the
energetics of Mesozoic dinosaurs. From empirical A
studies, we constructed ontogenetic growth curves it |Altricial
and determined a maximum rate of growth for } Birds
each species. Environmental temperature was 10—1 — Leatherback
standardized by only considering growth rates Sea Turtle
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 to watts (W). Where multiple metabolic
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 1073 - ==
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 = Bym*, where By is
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a normalization constant representing mass-
independent metabolic rate, and o 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 (Ghax) standardizes growth and per-
mits interspecific comparisons. Empirical evi-

Fig. 3. Resting metabolic rates in
vertebrates. (A) Predicted metabolic rates 4 | A
compared to observed rates. The solid line 10
is the fitted regression, with shaded 95%
confidence bands; the dashed line is the 102 a
theoretical fit. (B) Metabolic scaling of
vertebrates. Dinosaur resting metabolic
rates are predicted from growth (dashed 100 n
line); all other fits are predicted from
empirical data. Endotherms: y = 0.019x%7°, ) y =1.03x - 0.06
r? = 0.98, n = 89; Ectotherms (27°C): £ 107 r2=0.90
y = 0.00099x°8% 2 = 0.95, n = 22; 2
Dinosaurs: y = 0.0020x%%2, r? = 0.96, § 16—2 160 162 1 64
n=21.P<0.001 for all regressions. o . .

5 Predicted Metabolic Rate (W)
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dence (13) indicates that G, scales similarly
to B, where G = GoM®. This suggests that B o<
Gmax' and thus that metabolic rate may be in-
ferred from growth. However, the relationship
between Gy, and B across major vertebrate taxa
has received little attention, and many uncertain-
ties exist. For instance, Case (13) reported that
fish Gihax 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 Gpa, 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 Gy (g day ™) at final adult
mass M is

BM = CGmaxl (1)

where ¢ ~ 0.66 (W g! day). To observe the

mass-independent relationship and compare

energetic groups, we divide both sides by M¢,
yielding

Bo = CGO (2)

To calculate metabolic rate at any ontogenetic

mass m from the observed maximum growth

rate, we combine Egs. 1 and 2

B,, = cGym®/* ®)
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Fig. 4. Phylogeny of mass-independent growth rates (g'# day™). 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°, where o ~3/4.

(2) B scales isometrically with Gy, if masses
are standardized (9). Regression of B against Gyax
yields a slope of 1 and an intercept of =0.66.

(3) Plotting G, against B, will reveal distinct
energetic clusters corresponding to endotherms
and ectotherms. High-power endotherms will
exhibit an elevated G, and By, 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 G,.x and B residuals
are plotted.

(4‘) Bpredicted = Bobserved in extant animalsy
where Byredictea 18 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 org = 0.73; mean opyc =
0.69, table S2). This indicates that larger species
acquire their bulk by accelerating their maximum
growth rate proportionate to ~MP, Second, Giax
is a strong predictor of B, where By; = 0.56Gmax "
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 (+°) = 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
10 2.06, * = 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 Go/B, (g J™), 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 (¢ 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)

By = 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).
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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-
terya (17), did not grow markedly 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 (I18).

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 (oors =
0.82, but op;c = 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 (0ors = 0.64, Opic =
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 from previous 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
and metabolized at rates most similar to those of
active sharks and tuna (Fig. 2 and fig. S1), rather
than those of endothermic marsupials, 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 term meso-
therms. Mesothermic tuna, lamnid sharks, and
the leatherback turtle rely on metabolic heat to
raise their body temperature (7;,) above the ambient
temperature (7},) but do not metabolically 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 75,

The echidna, while maintaining a set point of
~31°C, shows remarkable lability, because T3,
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 73, >
T, when T, 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 and mam-
mals. We suggest that mesothermy may have
been common among dinosaurs, ranging from
modest metabolic control of 73, 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, and Mesozoic
birds.
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NONHUMAN GENETICS

Strong male bias drives germline
mutation in chimpanzees

Oliver Venn," Isaac Turner,' Iain Mathieson,'* Natasja de Groot,>

Ronald Bontrop,” Gil McVean't

Germline mutation determines rates of molecular evolution, genetic diversity, and fithess
load. In humans, the average point mutation rate is 1.2 x 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 x 1078 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.

ccurate determination of the rate of de

novo mutation in the germ line of a species

is central to the dating of evolutionary events.

However, because mutations are rare events,

efforts to measure 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 x 10~° per base pair per
generation, or ~0.5 x 10~ per base pair per year,
approximately half that inferred from phyloge-
netic approaches (7, 9). Moreover, they have dem-
onstrated a substantial male bias to mutation, 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
mutation with the age of the parent; approximately
two additional mutations per year of father’s age at
conception (7). This difference is consistent with
ongoing cell division in the male germ line but not
in females (10).

'Wellcome Trust Centre for Human Genetics, Roosevelt
Drive, Oxford, OX3 7BN, UK. “Biomedical Primate Research
Centre, Lange Kleiweg 161, 2288 GJ Rijswijk, Netherlands.
*Present address: Department of Genetics, Harvard Medical
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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 51x), while other family
members were sequenced to an average of 27x
(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 from the 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 pedigree mem-
bers, we called 4.1 million variants [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. 24,
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 ¢M 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 (73). 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
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Evidence for mesothermy in dinosaurs

John M. Grady, Brian J. Enquist, Eva Dettweiler-Robinson, Natalie
A. Wright and Felisa A. Smith (June 12, 2014)

Science 344 (6189), 1268-1272. [doi: 10.1126/science.1253143]
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Editor's Summary

Not too fast, not too slow, somewherein between

In early depictions, dinosaurs lumbered slowly, dragging their tails. More recently, we have
imagined them lifting their tails and running. The question boils down to whether dinosaurs had
energetic systems closer to those of rapidly metabolizing mammals and birds, or to those of slower
reptiles that do not internally regulate their body temperature. However, determining the metabolic rate
of extinct organismsis no easy task. Grady et al. analyzed a huge data set on growth rate in both extinct
and living species, using a method that considers body temperature and body size. Dinosaur metabolism
seems to have been neither fast nor slow, but somewhere in the middle —-so, dinosaurs did not fully
regulate their internal temperature but they were also not entirely at the whim of the environment;
neither slow goliaths nor supercharged reptiles.
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