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in the forthcoming Fourth Assessment
Report of the Intergovernmental Panel on
Climate Change, due in early 2007.
The evidence for such dramatic changes
is still ambiguous, but distributed modelling14 and coordinated analyses15 will allow
us to improve our estimates of the probability of such events. Results such as those of
Wu et al.1 help us on our way. They testify
to the ability of today’s models to provide
a detailed picture of the environmental
changes that continued anthropogenic
warming of the planet will cause.
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Evolution

Warm-hearted crocs
Adam P. Summers
Our ideas about how crocodiles evolved have just taken a battering.
It seems that these cold-blooded creatures, with their limited capacity
for prolonged activity, might have had active, warm-blooded ancestors.
crocodile, quietly submerged, waiting
to ambush its next meal,is a testament
to the benefits of allowing the environment to determine body temperature.
Cool water keeps the metabolic rate low,
allowing astonishing periods between
breaths that can range into hours. Writing
in Physiological and Biochemical Zoology,
Seymour and colleagues1 propose that inside
these armoured predators beats a heart that
harks back to ancestors that were terrestrial,
active and — most surprisingly — ‘warmblooded’.
Warm-blooded, or ‘endothermic’, vertebrates (birds and mammals) have high
resting metabolic rates, enabling them to
maintain a constant body temperature that
is usually above that of their environment.
Endotherms use more oxygen and need
more fuel than cold-blooded ‘ectothermic’
vertebrates, such as fish, lizards and frogs,
with their lower and more variable body
temperatures. But, as a consequence, endotherms have gained a capacity for prolonged
strenuous activity that can’t be matched by
ectotherms2.
Birds and mammals have independently
evolved a four-chambered heart divided into
two sides, so that the oxygenated blood coming from the lungs is separated from the
deoxygenated blood arriving from the rest of
the body (Fig. 1a). The three-chambered
heart of most reptiles and amphibians is
more flexible, allowing controlled mixing of
pulmonary and systemic blood (Fig. 1b).
This is especially important in diving, where
shunting blood from the lungs accelerates

A

the transition to a lower metabolic rate,
increasing the time between breaths3.
A muscular ridge in the three-chambered
heart can completely separate oxygenated
from deoxygenated blood, so mere separation of blood flow does not explain why a
four-chambered heart is so beneficial that it
evolved twice4. But in the four-chambered
heart, the division of blood flow also allows
the pressure to vary between the pulmonary
and systemic circulatory systems. The side
that sends blood to the lungs is much weaker

a Mammals and birds

than the other side, because high pressures
of blood in the lungs could cause fluid to
leak across the respiratory membranes. The
stronger side of the heart sends blood to the
systemic arteries, where the higher pressure
works against higher resistance resulting
from muscle contraction forces, multiple
capillary beds and the extensive filtration
across the kidneys. The systemic blood pressures of modern endotherms are three times
those of ectotherms.
The crocodilian heart is an interesting
mosaic: it is four chambered but it also has a
shunting system, although a quite different
one from that of other reptiles (Fig. 1c). Seymour et al.1 propose that the ancestors of
modern alligators and crocodiles were
endothermic and required a four-chambered heart for pressure separation, and that
it has since re-evolved a shunting system.
The crocodilian ancestors from the Triassic
(248 million to 206 million years ago), such
as the long-legged Terrestrisuchus and the
bipedal Saltoposuchus, were rather small
(less than 2 metres long), completely terrestrial animals that are thought to have had an
active lifestyle. They would also have had a
diaphragmaticus, a muscle that inflates the
lungs by pulling backwards on the liver5.This
is analogous to the push that our diaphragm
muscle exerts on the liver for the same purpose, and it allows higher ventilation rates
than contemporary crocodiles require.
In the Jurassic (206 million to 144 million
years ago), larger, fully aquatic crocodilian
forms developed, and presumably adopted
the same sit-and-wait predatory strategy
that characterizes modern crocs. Because
heat loss in water can be many times higher
than that in air, and because larger animals
have higher metabolic rates, there would
have been considerable selective pressure
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Figure 1 Pump rooms. a, The four-chambered heart of mammals and birds separates oxygenated (red)
from deoxygenated (blue) blood, and applies different pressures to the blood that goes to the lungs
through the pulmonary artery (PA) and the blood that is pumped through the aorta to the rest
of the body. b, The three-chambered heart of most reptiles allows oxygenated and deoxygenated
blood to mix and does not permit the large pressure difference between the pulmonary and aortic
systems. c, Modern crocodiles have a four-chambered heart, but can ‘shunt’ blood between the
two systems through the foramen of Panizza, and are hypothesized1 to have ancestors that were able
to maintain large blood-pressure differences. RAt, right atrium; LAt, left atrium, RV, right ventricle;
LV, left ventricle; RA, right aorta; LA, left aorta.
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Geophysics

Double-crossed again
Michael E. Wysession and Viatcheslav S. Solomatov
An idea that a mineral phase transition may occur not once, but twice,
close to the core–mantle boundary has been tested with seismic data.
The resulting picture of the deep Earth is sure to provoke debate.
hermal boundary layers within planets
act like thermal bottlenecks, controlling the rate at which heat escapes from
the planet and regulating much of its internal
behaviour. In the solid Earth, there are two
major thermal boundary layers: the lithosphere at the top of Earth’s mantle, and the
D layer at the bottom of the mantle. If we
knew the temperature increase across the D
layer, we would have a sense of the amount
of heat flowing out of the core, and thus the
power that drives the core geodynamo and
the generation of plumes in the mantle.
The temperature gradient across D has
remained largely unconstrained. However,
the model of Hernlund et al. (page 882 of this
issue)1 provides a constraint. If the model
is correct, the characteristics of the newly
discovered mineral phase change from
perovskite (Pv, the dominant mineral in the
lower mantle) to a post-perovskite (pPv)
phase2 may have fortuitously given us a
means of seismically measuring both the
strength and lateral variation of the thermal
boundary layer at the base of the mantle.
How does the model work? Phase transitions in Earth’s minerals are natural
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thermometers, because the pressure at
which they happen depends on temperature
(this dependence is characterized by the
Clapeyron slope). So if we know the
pressure, or the depth, at which the phase
transition occurs we know the temperature.
Hernlund et al. push this principle a step
further and argue that the Pv–pPv phase
transition may happen not just once but
twice — perovskite transforms to post-perovskite and then post-perovskite transforms
back to perovskite. Earth’s temperature profile (geotherm) may therefore ‘double-cross’
the Pv–pPv phase boundary (Fig. 1a). Such
a fortunate situation allows us to estimate
not only the temperature, but also the
temperature gradient and thus the heat flow
out of the core.
So far, this discussion is hypothetical, as
we haven’t left the laboratory. But this is
where we bring in seismology, which serves
for geophysics the same role that the telescope serves for astrophysics: it lets you see
what’s out (or in) there. Each of the mantle’s
mineral phase changes increases the speed of
seismic waves and thus alters the way seismic
waves from earthquakes propagate. If the
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against endothermy during this return to the
water. In addition, animals employing the
long dive-times characteristic of an ambush
predator would have benefited from a shunting system capable of isolating the lungs or
increasing their relative perfusion. DNA
extracted from the mitochondria — the cellular structures that use oxygen to convert
the potential energy from food into a form
the cell can use — provides clues to evolution
and energy usage. The mitochondrial DNA
from the Jurassic crocodilians shows a high
rate of evolution6 — roughly equivalent to
that of mitochondrial DNA from modern
endotherms. This, together with the diaphragmaticus muscle and a four-chambered
heart, points to an ancestral croc with an
elevated metabolic rate.
The idea of meeting an active, agile, hostile croc while hiking is enough to alarm anyone; but the hypothesis of an endothermic
crocodilian ancestor has raised comment
on several scientific fronts. There are few
skeletal characteristics that are convincingly
associated with endothermy 7, but nasal
‘turbinates’ do fit the bill. These scroll-like
bones serve as heat and water exchangers in
the nose, protecting panting endotherms
from desiccation or from getting chilled by
large air exchange in the lungs. Crocs have no
turbinates,and there is no evidence that their
fossil ancestors did either. It is also possible
that a four-chambered heart is characteristic
of an active lifestyle, rather than of endothermy per se 8.
There is little agreement among experts
about the body temperature of dinosaurs,
and without significant new fossils direct
evidence is unlikely. That leaves the question
in the camp of comparative physiologists
who study the working of extant animals in
hopes of deducing the function of animals
long since turned to dust. Evidence from
birds and crocodiles, the two living groups
that ‘bracket’ the dinosaurs, is particularly
useful. If ancestral crocs had high resting
metabolic rates, the clear implication is that
dinosaurs did as well.
■
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Figure 1 Perovskite (Pv) and post-perovskite (pPv) within Earth’s lower mantle. a, Double-crossing of
the Pv–pPv phase boundary (dashed line) is inferred from the large Clapeyron slope of the Pv–pPv
phase boundary (several times bigger than that of other phase transitions in Earth’s mantle) and its
location inside the thermal boundary layer where the geotherm changes rapidly. Both crossings
create a change in density and seismic velocity that make them ‘visible’ to seismic waves. b, A
hypothetical picture of the global appearance of the post-perovskite layer, based on the model of
Hernlund et al.1. Depending on factors such as the local values of the core heat flow and mantle
temperature, the Pv–pPv phase boundary may be crossed once (the post-perovskite layer appears all
the way to the core–mantle boundary), twice (the post-perovskite layer is sandwiched between layers
of perovskite phase) or never (the Pv–pPv transition does not occur at all). A hypothetical set of
seismic ray paths is shown sampling both the top and bottom of the Pv–pPv phase boundaries.
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