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FOREWORD

THE NEW YORKER HAS COMMISSIONED MANY FAMOUS COVERS,
but the most famous of all was the one that appeared on the March zg,
170 1ssue. View of the World from gth Avenue is a charming work of ink,
pencil, and watercolor by the artist Saul Steinberg. It is best viewed from
bottom to top. At the bottom is Ninth Avenue, where vou can easily make
out the cars, streetlights, pedestrians, and a red and vellow sign in front of
a lot that reads PARK. Your eve moves up a cross street to Tenth Avenue,
and from there to the Hudson River, traversing the muddle of the cover
with an Amazonian majestv. Bevond the river is a grimy streak simply
labeled Jersev. Bevond Jersev lies a non-descript block of green with three
scattered mountains shaped like lumps of clay, along with a handful of
names, like Kansas City, Chicago, and Utah. On the other side of the
United States, the Pacihic Ocean looks about the same size as the Hudson.
The eve reaches the top of the picture at last, where there are three low
mounds, marked China, Japan, and Russia.

Steinberg pokes fun at the mix of sell-importance and parochialism
common among Manhattanites. But, like all good cartoons, View of the
World from gth Avenue speaks to something deeper, a trait common be-
vond New York's borders. All of us perceive our immediate surroundings
as the center of the world; further awayv, our mind’s eve gets blurry; and
most of the world shrinks awav to a minor abstraction.

This rule holds not just for space, but also for time. For Americans,
the historv of the United States 1s colossal, a nich expanse of triumphs and
disaster, of revolutions both militarv and social. Before 1776, our historical
eve gets fuzzy. We look back at the Middle Ages as a blur of cathedrals
and alchemy. The empires of Assyria and Babylon and Egypt are barely
visible. And before civilization, there isn’t much atall. If Steinberg were to
paint View of History from the Twenty-First Century, the farthest reaches
of the picture would only be marked by a few dinosaurs,

IFs understandable that dinosaurs should deminate our view of the
distant past. When we visit natural history museums, it'’s the dinosaurs
that tower over our heads. Or, at least, it's the ng dinosaurs that tower
over our heads. OFf course, many mid-size and petite dinosaurs existed
during as well, which are no less interesting for their smaller bulk. In fact,
some of the most interesting of all were the verv smallest: the minusenle
theropods that evolved feathers and gave rise to birds, the only dinosaurs
still alive todav.

Bevond the dinosaur horizon are many more unfairly neglected ver-
tebrates. The earlv tetrapods that came on land, for example, or their



descendants that brg;—m to g“[l:: I]n'uug]l the air or which returned to
the water. Their bodies plunged oft into all manner of surreal extremes:
serpentine trunks, heads like the cow catchers on trains, bodies with ribs
stretched out into fans. Farth before the Dinosaurs is a wonderful wav to
add this distant period to our mental view of historv. It's not just a history
of strange, extinet lineages of amphibians and reptiles, however. Some of
the strangest of the animals, which look vaguelv like saber-toothed turtles,
are our own ancient relatives, on the lineage that would eventuallv lead
to mammals, The view mav be distant, but its also personal.

Carl Zimmer
Cotlford, C'T

January g, zo12



PREFACE - AND A
SHORT PREAMBLE

DINQSAURS ARE THE UNCONTESTED STARS OF PALEONTOLOGY.
Given their often spectacular morphology and extinction (or, rather, par-
tial extinction —as birds are dinosaurs), when the Earth was struck by an
enormous meteorite and immense volcanic eruptions shook the globe,
thev hog the limehight to such a degree that we often forget that before
them there were other animals. To repair this injustice, this book invites
vou on a journey to a hme before the dinosaurs—into a distant past to
discover animals as surprising as thev are fascmating, back to a time when
our |1|::|IIL'[’ uxp{;ri{;ncr{l the worst of all the mass extinctions it has ever
seen (the famous life crises when life nearly disappeared from Earth).
On the way we will discover how some commonly held beliefs on the
evolution of species are completely false.

Of course we will not attempt to map out Earth’s biodiversity from
its very beginnings (approximatelv between 3 and 3.5 billion vears ago)
to the age of the dinosaurs {from about 200 million vears ago), but rather
focus our objective on animals which, like the dinosaurs (and also like
amphibians, “reptiles,” and mammals) possess backbones and four limbs
equipped with digits: the vertebrate tetrapods. We will begin by probing
into the origins of these tetrapods. For a very long time the hrst tetrapods
have been associated with an emergence from the water: just as in hu-
man birth, after slowly developing enveloped in a protective liquid (the
amniotic Huid), the baby leaves the womb and its liquid environment—so
must four-limbed animals have left the water, once their brand new limbs
had been cobbled together by evolution. In other words, we believed the
earlv tetrapods were terrestrial and that their limbs served them to get
about on land. Thus, with the advent of the tetrapods, vertebrates had, it
WS 1]IUI1§;:|I1, “succeeded in leay i1|f:f the water.”

This version of events mav make for a good story, but is it true?

To answer this question we will visit the estuaries and deltas of our
planet around 370 million vears ago, where numerous surprises await
(chapter 1). Bv close observation of limb morphogenesis during embryonic
development we will better understand the evolutionary processes at work
at the origin of the tetrapods (chapter 2). After this we will delve into the
tetrapods’ past and get a taste of their incredible diversity (chapters 3 and
4). Whether in Howing water, seas, or in the heart of thick forest, we will
encounter forms with varied morphologies and lifestyles—sometimes of
an appearance so strange that they may seem like creatures from a sci-
ence hetion novel.

X



A Short Preamble
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leontologists bring them back to life? That is to say, how do these Shetlock
Holmeses of evolution piece together fossil clues—often incomplete—to
recreate the morphology and lifestvle of an animal? This question will
be the subject of the last chapter, which will provide a glimpse into the
toolbox at the disposal of the twentyv-hirst-century paleontologist.

This book does not pretend to be an exhaustive work on what 1s a vast
and multidiseiplinary subject—the story of the early tetrapods. But | hope
that by leahng through these pages vou will also discover a new world, a
little-known continent far removed from the familiar haunts of the iconic
dinosaurs or the well-trampled world of pre-humans—much as Darwin
did when he first set foot on the Galapagos Archipelago. This new world
15 that of the Farth before the dinosaurs, a place that deserves a visit and
one to which I have had the privilege of devoting my career. May this
modest book intrigue and —who knows? — perhaps transmit the paleontol-
ogy bug to its readers. As I hope vou will discover, it is highly infections!

To hind their beanings in the incredible diversity that characternizes life on
Farth, scientists attempt to reconstitute the lineages between organisins
and discover who is most closely related to whom. They classify organ-
1sims, living and fossil, into different groups that reflect their evolution
as accurately as possible. This classification is known as phvlogeny. The
groups it comprises are known as clades or taxa; these in turn comprise
all living beings that share a common ancestor that is unique and exclu-
sive to each group. We identifv the members of a elade by characteristics
passed on by this common ancestor that are unique to them. Thus, the
commaon ancestor unique to all vertebrates bequeathed vertebrae to all
its descendants. An animal that possesses vertebrae is assigned to the
clade of vertebrates. Within the vertebrate clade, the common ancestor
of tetrapods passed on limbs with digits to all its descendants {although
some, like snakes, have since lost theirs). A vertebrate that possesses such
limbs will be assigned to the clade of tetrapods.

Several traditional groups have disappeared from phyvlogenehic clas-
sification: these are known as grades. Fish form a grade but a hsh like the
lunghsh or the coelacanth 1s more closely related to a tetrapod {(human
beings, for example, are tetrapods) than to other fish such as trout. Rep-
tiles also traditionally forim a grade that, in the living world, comprises
turtles, lizards, snakes, and crocodiles. There is no specilic characteris-
tic that would have been passed on bv a common ancestor to all these
animals; the common ancestor of all rephiles is also that of birds and
mammals {in other words, all the amniotes). Nevertheless, reptiles in the
modern sense (the sauropsids), form a clade, but it includes the birds. For
case of reading, grades are not placed in quotation marks in this book.
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THE GREAT TRANSITION

THE STORY OF THE EARLIEST FOUR-LEGGED VERTEBRATES,
the early tetrapods, has been rewritten in the last few decades. As we
saw in the preface, their beginnings were once nextricably linked to
the emergence of life from the water. To understand the reasons for this
misconception, let us look at land vertebrates today. Thev are all tetra-
pods—that is to sav, vertebrates that possess (or their ancestors possessed)
chiridian limbs (limbs with digits; hg. 1.1). The clawed paw of the bear or
the muscular legs of the horse tmimediately spring to mind, but the wing
of a parrot is also a chiridian limb comprising three parts, including the
characteristic finger bones. Even if it is not immediately obvious, snakes
are also tetrapods. Although their legs are conspicuously absent, their
ancestors had them.

Although all terrestrial vertebrates are tetrapods, out of the 30,000
species of amplibians, sauropsids (birds and reptiles), and mammals that
make up the tetrapods of today, not all are land based —far from it. Take
dalphins and whales: their “hins” are chiridian limbs. As for amphibians,
their connection to the water is evident. Despite this, the appearance of
the first chiridian limbs {and therefore the early tetrapods) around 370
million vears ago (also written as 370 Ma) was, until the 19gos, associated
with the conquest of the land. It was believed that the hrst chiridian limbs
served the tetrapods as a means of getting about on terra irma. This belief
is completely false and a prime example of our anthropocentric view of
the world.

That a human (a terrestrial animal, needless to sav) walks with its
chiridian limbs is not reason to declare that their limbs’ initial evolution-
arv function was to facilitate walking, For one thing, structures do not
necessarily emerge to fulfill a single function; also, in the natural world
todav, a function associated with a structure often ditters from the func-
tion (or functions) that same structure served in the past,

We must remember that the notion of “conquest” has no place in evo-
lution because it assumes that nature has some predetermined goal-or,
put another way, that evolution follows trends and directions. This 1s
certainly not the case. Itis humans who define evolutionary trends, more
often than not while contemplating themselves in the mirror. It is easy to
understand how this “modest” primate of dreamv inclination has inter-
preted the “path of evolution™ as culminating inevitably at its own door.
Taken a step further, colonization of the skies would represent some sort
of ultimate evolutionarv goal for our own species, and the earlv tetrapods
intrepid pioneers on a mission to colonize the land. This is far from the

Atter long reflection, | cannct
avoid the conviction that no
innate tendency to progressive
development exists.

Charles Darwin (1809-1882)

Rhizodus, an ichthyan sarcop-
terygian of up to 8 meters in
length from the Devonian, at-
tacks Acanthostega, Although
the latter possessed chiridian
limbs (it was one of the earliest
tetrapods), it was aguatic,



1.1. The forelimbs of tetra-
peds. These are all chiridian
limbs—in other words, the
most distal segment {the
autopod) is equipped with
digits. This structure is
characteristic of tetrapods:
whather walking, running,
swimming or jumping, they
share this character inherited
from a unigue, commaon
ancastor. The chiridian limb is
composed of three elements:
the stylopod (humerus for
the forelimb, fernur for the
hindlimi), the zeugopod
{radius and ulna far the fare-
limb, tibia and fibula for the
hindlirnky, and the autopod
(comprising the wrist ar ankle
bones, hands or feet, and the
digits).

Lizard Frog Bird

Stj;.rlclpn::u:l[ D Humerus
, d{ [ ] Radius
FHaeRe g v

.ﬁ.utupc:u:l[ . Distal elements

Bat Human Cat Whale

truth. Evolution has no endgame. The chiridian limb was not “invented”
to conquer the land, and the exodus of vertebrates from the water was
neither an exploit nor a success. [t was pure chance—one of a multitude
of avatars in the evolution of life on Earth. In fact, the earliest tetrapods
in the fossil record, Ichthyostega and Acanthostega (370 Ma), were aquatic!

The teleological vision of tetrapod land conquest, which explains
a phenomenon by its end result, persists to this day, merely mutating
with time. The period that saw the earlv tetrapods emerge from the
water—some 330 million vears ago—well after the first appearance of
the chiridhian limb, is smoothly presented as “shedding the chains” of an
aqquatic environment. Is terrestrial locomotion better than swimming? Is
a terrestrial tetrapod superior to an aquatic vertebrate, tetrapod or other-
wise? The answer to both questions 1s a negative. A terrestrial organism is
neither superior nor more evolved than an aquatic one; it is different, and
that is all. A horse is not more “evolved” than a salmon, and possessing
limbs —whether lhinmbs, paddles, or wings—1s no more remarkable than

Earth before the Dinosaurs



having fins. “Old does not mean hidebound in a Darwinian world,” as
paleontologist Stephen Jav Gould once put it (1991: 277). The wings of a
hummingbird (a tetrapod), like the fins of a manta ray (a non-tetrapod),
are both capable of the most masterful acrobatic displays.

To trv to understand the earliest tetrapods, in this hirst chapter we
will take a gentle stroll around the tree of life, We will take a look at
creatures, both living and dead, closely related to the tetrapods, and trace
the emergence of the innovation that allowed vertebrates to colonize the
land, the first chiridian limb—an invention patented 4o million vears
earlier in the water!

[t is difficult not to start any meaningful history of the tetrapods without
first discussing one of its closest living relatives, the (perhaps all too)
legendary coelacanth (fig. 1.2). A coelacanth, with all its external hish-
like attributes—shape, scales, and hns—was caught in 1935 in the nets of
a hshing boat off the South African coast, in the depths of the Indian
Ocean. Two meters long and hitherto unknown to science, its strange
appearance surprised Marjonie Courtney-Latumer, curator at the Fast
London Museum of South Africa and frequent visitor to her local port
in search of new specimens to add to the museum’s collections. Having
made a summary description, she passed the specimen onto ichthyologist
]. L. B. Smith, who identified it as a coelacanth and named it Latimeria
chalumnae in her honor. It was the first living coelacanth discovered. Be-
fore this miraculous catch the animal was known only in the fossil record.

It was a shock and revelation for Smith, who, together with his wife,
spent manv of his remaining davs implacably scouring the coast of the
[ndian Ocean in search of further specimens and offering rewards to
local hishermen if they could haul another coelacanth up to the surface.
The stubborn determination of the couple bore fruit 14 vears later, when

The Coelacanth:
Did You Say
“Living Fossil”?

1.2. The famous coelacanth
Its capture in 1938 has caused
the spilling of much ink. Lintil
then this animal was only
known as a fossil, the young-
est being 70 million years old|
However, the coelacanth is
not a "living fossil,” just an
organism that has traversed
time without important
mcdification to its external
rmorpholagy

The Great Transition
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1.3. {A) the pectoral lobed
fin of a coelacanth; {B) a
tetrapodomorph; {C) a
lungfish. Both lobed fin and
monobasal articulation (in
grey on the drawings, made
up of a single bony head that
attaches the fin to the scapu-
lar girdle) are characteristics
of the sarcoptarygians (some
other vertebrates possess
manaobasal articulations). The
sarcopterygians include ich-
thyans (of fishlike form) and
the tetrapods (fig. 1.4).

dermal rays

a second specimen was caught off the coast of the Comoros. Despite
Smith’s tragic demise (he committed suicide), the famous ichthvologist’s
work remains inscribed in history. Although numerous fossil coelacanths
had been discovered in sediments dating from the Devonian to the Late
Cretaceons (410—370 Maj), none had vet been brought to light from the
Cenozoic (an era combining two periods previously known as the Tertiary
and Quaternary, extending from 65 million years ago to the present day).
What is more, paleontologists thought, logically, that coelacanths died
out at the same time as the non-avian dinosaurs, at the boundary between
the Cretaceous and the Cenozoie. This 1s how the apparent disappear-
Fa I -UF “lll'.'_'i I]'ﬂ._'.[_:lllll.:_-]'l- rlﬁ.]l Wak {_::'{]Jll-]'i'llﬂl::l H“'H:i.'.,_ .H'llﬂ] ThCy ChIhE: illlElgl-'llL"EI_ l'||:;[l'
a living coelacanth would ever be found.

Absence of proof, however, is not proof of absence —and, once again,
history shows that theories put forward in paleontology, as in any other
field of science, can be easily overturned in light of new discoveries. Plau-
sible as it was, the traditional scenario of the disappearance of this curious
blue fish did not survive the capture of the hirst living representative of the
coelacanth group on the eve of World War IL The unexpected return of
the coelacanth after 7o million vears of absence became the talk of the
town. The media jumped on the discovery—=this “prehistoric survivor,”
“fish from the Dawn of Time,” and “antediluvian ancestor” quickly made

Earth before the Dimnosaurs



Ichthyan sarcopterygians
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Tiktaalik Tetrapods
Tikroali

[Homa su'pr'ens]

chiridian limb

Tetrapodomorphs

Sarcopterygians (lobe-finned)

the front pages. The coelacanth attracted a plethora of names that were
more or less incorrect, the most popular being that of “living fossil.” From
snippets in the popular press to specialist articles, from magazines on
crvptozoology to treatises on comparative anatomy, a wealth of literature
was spawned by this sensational discoverv. However, the notion of the
coelacanth being a “living fossil” is nonsense.

The poor coelacanth was saddled with this title for belonging to
a supposedly fossil group, and vet it had been found alive and kicking!
We cannot associate the terms “fossil” and “living” without doing harm
to evolutionary concepts. We can consider someone “living” as being a
“fossil” when the former displavs an advanced state of aging. The only
injustice done is to the person concerned. But if we juxtapose the terms
“living” and “fossil” to qualify an entire taxon, we considerably alter the
face of natural science; we would be constrained to classify most living
speeies in the same category.

(On close inspection, nearly all the life forms that inhabit our planet
taday have a long historv—often longer than ours—and have morphologi-
cally similar “equivalents” in the fossil record. Cockroaches are known
from strata dating back more than 300 million vears. The same can be
said for nearlv all insects and arthropods. Bacteria—those that peacefully
colonize our intestines, for example—are among the oldest forms of life
on Earth and their evolutionary history stretches back more than 550
million vears.

So why label the coelacanth a “living fossil,” but not cockroaches or
bacteria? This term, in fact, gives us a false idea of evolution. A so-called
“living fossil” 15 not a carbon copy of an orgamsm found in the fossil
record: it does not live in the same environment as its ancestors, and its
morphology is not strictly the same as theirs. Granted, there clearly are
ancient species, like the coelacanth, that have traversed the ages, but sci-
entists prefer to talk of panchronic species—not in the interest of political

The Great Transition

1.4. Relationships between
the tetrapods and ichthyan
forms: placoderms, chon-
drichthyans, ray-finned

fish {actinopterygians),
coelacanths, the lungfish

and tetrapodomaorphs. The
coelacanths, lungfish and
tetrapodomorphs are ichthyan
sarcoptarygians (fishlike). They
are characterized notably by
their lobed fins. Tetrapods are
sarcopterygians that possess
chiridian limbs, The ichthyan
tetrapodomorphs are the
ichthyan sarcoplerygians
most closely related to the
tetrapods (species known
cnly from the fossil record;
ea p, 9



Sarcopterygians
That Are Never
Short of Breath:
The Dipnoi

correctness, but because the notion of a parwhmni[: taxon carries fewer
preconceptions and is less emotive than that of “living fossil.” Caution is
the order of the dav.

The celebrity of the coelacanth is due not only to its status as a pan-
chronic species, but also to its special morphological traits. Apart from
its intriguing blue color, it possesses a lung, albeit reduced and nonfune-
tional, and imposing fins firmly attached to its body. Lungs and mobile
appendages are characters that evoke the tetrapods. The coelacanth’s fin
15 lobed —that is 1o sav, it is made up of bony ravs and dermal ravs (lepi-
datrichs). Some of these ravs evoke the digits of tetrapods but, as we shall
see next, this is just a similitude: the coelacanth is not a tetrapod. The
lobed finis attached to the scapular girdle by only one bony articulation,
known as the monohasal articulation {(hig. 1.3). Lobed fins and monobasal
articulations (although present in much more ancient fish, such as the
placoderms) are the distinguishing traits of the sarcoptervgians {(from the
Greek “sarco” meaning flesh and “ptervgium”™ meaning membrane), a
eroup of vertebrates that includes lobe-finned hish such as the coelacanth
(these are ichthvan sarcoptervgians) and the tetrapods (hg. 1.4). The ich-
thyan sarcopterygians are therefore more closely related to the tetrapods
than are other fish, such as those with raved hns (the achinoptervgians).
This is why the group known as fish 1s in fact a grade, not a clade, and
the name has no evolutionary meaning,

The title of living ichthyvan sarcopterveian most closely related to the
tetrapods does not go to the coelacanth, but to animals that are quite
rave and almost as famous: the dipnot. Also known as lunghsh, these are
vertebrates with an eel-like appearance (hgs. 1.5 and 1.6). Six species ex-
st today, divided into three genera (and into three families, for sticklers
for Linnaean taxonomy), which can be found in their natural freshwater
habitat in the Southern Hemisphere: Lepidosiren (L. paradoxa) in South
America, Protopterus (four species) in Africa, and Neoceratodus (N, for-
steri) in Australia. However, the dipnoi—appearing 38c million years ago
during the Devoman and displaving much greater diversity than living
examples—are better represented in the fossil record. Because of their
peculiar lifestvle and their double respiration —both pulmonary and gilled
(hence the name dipnoi, which means “of double respirabion”)—these
sarcoptervgians are curious in the extreme,

Discreetand seeming to defy the march of time, living dipnoi possess
small eves on the sides of the skull and a long body with delicate paired
fins that resemble hlaments I_r{:5|:-:.:[;|':;ll]}.' i f.epfcfrjﬁfrf:ri anl Prr_u'upff:ru.';_:l-
The caudal fin starts at the center of the back and fuses with the anal fin.
Although representatives of the genus Lepidosiren can attain a length of
up to 125 meters, the record goes to Neoceradotus, at 1.0 meters and 4o
kilograms! This Australian dipnoi, slightlv different from the rest due to
its large scales and greater corpulence, also holds the record for longevity:
the Shedd Aquarium in Queensland, Anstralia, has a specimen over So

Farth before the Dinosaurs



vears old and known as "Grandad” or “Pappv.” This is the oldest dipnoi
in captivity, Could this longevity be linked to the fact that this species,
highly protected in Australia, grows at a slower pace than its South Ameri-
can and African cousins?

It is above all the functioning lungs of the living dipnoi that cause
a sensation. Although the Australian species has only one lung and
breathes mostly through its glls, Lepidosiren and Protopterus have two
lungs that do mest, if not all, of the adult individual’s breathing. It goes
without saving that lungs evoke images of the land-based tetrapod rather
than of the fish in the deep blue sea. But the dipnoi are not tetrapods:
thev do not possess chiridian limbs.

The dipnoi’s lung is relatively complex. It has alveoli (a character
shared with the tetrapods) and opens from the same diverticle in the

The Great Transition

1.5. Scenes from a dipnoi's
life {Lepidosiren). {A) Tied to
an aguatic environment by

its morphology, Lepidosiren
has to return to the surface
to breathe with its lungs.

(B) These lungs are also used
during the dry season, when
it buries itself in a cocoon of
mud and mucus and breathes
air thraugh srmall holes dug in
its burrow.



1.6. The African dipnoi
Profopterus annectens: above,
a juvenile form, with its
double-paired external gills;
below, an adult form, with its
internal gills.

1.7. The Creature from the
Black Lagoon and his impres-
sive gills. In Creature from

the Black Lagoon {dir. William
Alland, 1954), a monster
takes a fancy to the volup-
tuaus Julie Adams. The tragic
destiny of this half-human,
half-amphibian mutant per-
fectly illustrates hurnan cruelty
toward organisms with gills,
His "cousin,” the Man from
Atlantis, is equipped with gills
that are much less obvious.

|"-:]"I

o e WS ]
SRR

esophagus that forins the lungs of tetrapods and coelacanths. The lungs

pump oxygen from the air, but when all is said and done, these organs
are no mote evolved than gills that pump oxygen from the water. There
15 no such thing as an organ more sophisticated than anv other, just as
there is no species more evolved than another. An organism equipped
with gills 1s not inferior to one with lungs. Nevertheless, gills are too of-
ten associated with an inferior mode of living, a “base aquatic existence”
verging on the unhealthy. William Alland’s 1954 horror film, Creature
from the Black Lagoon, perfectly illustrates our “gill-phobia,” blending
the mixture of fear and disgust that gills inspire in us and, consequently,
anvthing equipped with them (fig. 17). The film depicts the cruelty of
humans; the poor monster, with its enlarged external gills, has feelings
and emotions as humans do but is, nevertheless, pitilessly hunted down.

Gills, however, are marvels of evolution; thev are organs as complex
as lungs. In certain amphibians the internal gills are maintained in the
basicranial cavity by an extremely complex and branched network of
small bonv elements, whereas the external gills spread out into an elabo-
rate fan, allowing the organism to extract oxvgen from the most turbid of
environments. The fact that we breathe air does not make us tetrapods
superior beings.

Dipnot use their lungs at the end of the wet season—when the wa-
tercourses where they live drv up, and thev are forced to live on drv land.
Lepidosiren, like its African cousin Profopterus, constructs a cocoon of
mud and mucus beneath the ground and, using its lungs, breathes air
through small holes in its burrow. It remains in a cataleptic state for
several months before the end of the drv season. Then, when the rains
come, it emerges from its lethargy and leaves its cocoon. The male then
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assiduously builds an egg chamber, a sort of subaquatic burrow that it
uses during the incubation period. 'This is where it looks after its offspring
for at least seven weeks—until thev are able to breathe air. During this
period it oxvgenates the water with its fins, as the voung still must respire
through their gills,

Even in a fully aquatic environment, some dipnoi cannot by pass us-
ing their lungs. A Lepidosiren held under the water will drown, despite the
fact it has gills. Although tied to its aquatic environment by its morphol-
ogy and its hins, Lepidosiren must surface to breathe—a terrible constraint
for a member of the ichthvan clan!

We have just seen what living ichthyan sarcopterygians, the animals most
closelv related to the tetrapods, look like. However, this impoverished
sample of living species is nothing compared to the past diversity of this
group, Numerous fossils exist, in fact, that look like tetrapods and are their
closest relatives (much closer than the coelacanth and the dipnoi) despite
not vet being tetrapods: thev used to go under the name of osteolepiforms.
These fossil ichthvan species constitute, with the tetrapods, the clade
called the tetrapodomorphs. The tetrapodomorphs share several charac-
teristics, such as very particular paired hins (transformed into chindian
limbs in tetrapods) and a humerus with a convex head that articulates

The Great Transition
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Tetrapod: The
Tetrapodomorphs



Eusthenopteron

Age Lale Devonian—385 Ma
Location Miguasha, Québec
Size Upto1.20m

Features Dorsal fin,
symmetrical caudal fin;
endocranium known
Classification lchthyan
tetrapodomorph
sarcopterygian

[y

with the scapular girdle. The non-tetrapod (ichthvan) tetrapodomorphs
that are the closest to tetrapods correspond to Devonian fossils. Some
were contemporaries of the early tetrapods.

Latelv, research into the arigins of the tetrapods has intensihed. As
recently as several decades ago, the transition that led to the tetrapods
was documented only in the fossil record by Eusthenopteron on the tet-
rapodomorph side and Iehthyostega on the tetrapod side. That was all.
Today things have changed bevond recognition: although the number of
paleontologists that work on this subject is very limited compared to those
interested in dinosaurs and primates—more mediagenic subjects—increas-
ing numbers of specialists worldwide are concentrating their energies on
this fascinating area. What did the ancestors most closely related to tetra-
pods look like? We can begin to answer this question thanks to the active
hunt for fossils in various parts of the world, mainlv in Devoman lavers.

Several fossil tetrapodomorphs have been found, including ancient
tetrapods that show the line separating ichthvan sarcoptervgians and
tetrapod sarcoptervgians is becoming increasingly fine. Happily, almost
every vear we discover ichthvan tetrapodomeorphs more and more closely
resembling tetrapods, and tetrapods more and more closelv resembling
ichthvan tetrapodomorphs. Even though these new fossils are mostly
fragimentary, researchers are already hlling the gaps in this transition
period of capital importance: they know what the most derived ichthyan
tetrapodomorph looked like, and are also discovering older and older
tetrapods. The evidence proves that the ichthvan tetrapodomorphs most
closely related to the tetrapods look very much like tetrapods but, in the
place of limbs, had hins! Below are a few examples.

The Textbook Case of Eusthenopteron

Among the ichthvan tetrapodomorphs, Eusthenopieron foordi remains
one of the most complete fossils and therefore one of the most often
cited. T'his genus, first comprehensively described only in the 1920s, de-
spite initial description in 1881, is to fossil ichthvan sarcopterygians what
the coelacanth is to living ichthvan sarcoptervgians—a star of sorts. A
textbook standard, this fossil of up to 1.2 meters comes from the Late
Devonian clitfs (385 Ma) in Quebec’s Miguasha National Park (hg. 1.5).
Like all sarcoptervgians worthy of the name, Eusthenopteron possesses
lobed fins. But even though the caudal fin describes a svmmetrical are,
which —it could be said—is a tvpical ichthvan trait, we will discover that
its anatomy, starting with the arrangement of the cranial bones, places it
closer to the tetrapods.

Sold in 1925 for the modest sum of $50 to the Natural History Mu-
seum of Stockholm by Joseph Landry, a Miguasha farmer, this fossil,
which now fhigures on a Canadian stamp, owes its celebrity to Swedish
paleontologists. It was eminent paleoichthvologist Erik Jarvik who car-
ried out the frst detailed study of this singular genus, starting with its
cranial anatomy.

Earth befora the Dinosaurs



Well before the davs of scanners and microtomography (see chapter
5), this scientist manually sectioned the skull of Eusthenopteron into
slices, each one fractions of a mullimeter thick, which he then remounted
onto fine wax plates—an astonishinglv painstaking job. These plates were
then stuck back together to obtain a final model that was three-dimen-
sional and magnihed more than tenfold. This giant model beautifully
illustrates the internal anatomy of the skull (hg. 1.9). The Swedish profes-
sor noticed that the endoeranium (the internal structure of the skull)
was capable of a double articulation. Known as the intracranial articula-
tion, this was subsequently observed in the coelacanth and other fossil
ichthyvan sarcoptervgians. Jarvik also noticed that the cranial structure of
Eusthenopteron presented a mosaic of characteristics, some of which bore
a curious resemblance to those of tetrapods known at that time. Imagine
the surprise! This was maost visible with the dermal bones of the skull roof,
the pattern of which closely resembles that of tetrapods like lehthyostega
and Acanthostega.

This was not all: the dental enamel and dentine of Eusthenopteron
was comnposed of tightly folded meandriform plates, much like the walls
of a labvrinth. And vet these sinuous folds of enamel were found in

The Great Transition

1.8. Eusthenopteron from
the Late Devonian (385
million years), remains the
most famous fossil ichthyan
sarcopterygian as it was, for
many years, considered the
closest relative of the tetra-
pods. (A) Cast on display at
the Swedish National Museum
of Natural History, Stockholm.
(B Reconstitution of the
animal in its coastal agquatic
hahitat,

Phata: Sebastien Steyer
N RS useum Mational
o Histolre Naturelle, Paris),

)



1.9. The wax model of the
skull of Eusthenapteron,
realized in the last century
by Professor Erik Jarvik. This
specimen, worthy of Madame
Tussaud, comes from the
collections of the Swedish
Mational Museurm of Matural
History

Phota: 5&bastien Steyer
{CNRSMAuseum National
o Histoire Naturelle, Paris),

1.10. The bones of the pec-
toral and pelvic fins of Eusthe-
nopteron. They are hamolo-
gous to those of the chiridian
limbs of tetrapods—with the
exception of the lepidotrichs,
which are not homologous
to digits (see fig. 1.11}.
Eusthenopteron is, therefare,
an ichthyan tetrapodomorph,
not a tetrapod. Atright is a
cast of the skeleton of the
pectoral fin.

Fram Carl Buell, olduvai-
george.com. Photo: 5ébastien
Steyer.

ancient tetrapods, which were, therefore, called labyrinthodonts (liter-
allv, with teeth of a labvrinthine structure). As such a structure was also
present in ichthvan sarcoptervgians, ancient tetrapods could no longer
be qualihed in this manner.

Erik Jarvik did not stop at the skull of Eusthenopteron. He also ad-
dressed his energies to the rest of the skeleton of this strange sarcoptervg-
ian and noticed that its iins (pectoral and pelvic, hg. 1.10) possessed bony

structures homologous to those found m tetrapod limbs (hg. 1.11). The
similarity was so striking that the first reconstructions of Eusthenopteron
showed it as a form leaving the water and loitering on the shoreline (let
us not forget that, at that time, the chiridian limb was associated with a

Pectoral fin

12
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terrestrial way of lifel. Todav, however, the majority of paleontologists
agree on its having been marime and pelagic (living in open waters),

Due to its mosaic of characters—both tetrapod and ichthvan tet-
rapodomorph—coupled with an exceptional state of preservation, Eu-
sthenopteron is unseatable as a textbook classic and still has much to
teach us.

The “Pandora Fish™: Panderichthys

Another ichthvan tetrapodomorph worthy of our attention is Panderich-
thys, discovered in the 19405 in the Devonian deposits of Latvia and Rus-
sia (370 to 360 Ma). This sarcoptervgian opens a new window on evolution
and opens up a veritable Pandora’s box. Although less complete than
Eusthenopteron, it is closer to the tetrapods from a phyvlogenetic point of
view and is a source of wonderment to specialists.

Despite our as vet partial knowledge of its anatomy, this peculiar
sarcoptervgian is nearly all tetrapod (figs. 1.12 and 1.13). Quite large (go
cm to 1.30 m}, it apparently lacks a dorsal [in but, unlike its consin Fusthe-
nopteron, could have been equipped with an elongated caudal hin. This
last characteristic, if proven, links it even more closelv to the tetrapods.
Panderichthys also has a very flat, triangular skull with dorsal orbits, as
do its tetrapod cousins Ichthyostega and Acanthostega. Like a tetrapod, its
intracranial articulation (the movable joint inside the skull that charac-
terizes the sarcoptervgians) is no longer externally visible. Among other
things, Panderichthys is furnished with a spiracle, a natural opening be-
hind the eves that elongates into a kind of snorkel, allowing the animal
to breathe water when lving buried in muddy sediments. This spiracle
transformed, in tetrapods, into one of the bones that make up the inner
ear. Finallv—and altogether remarkable —its humerus is longer than that
of most ichthvan sarcoptervgians and its rigid vertebral column is much
more suggestive of a tetrapod than a hish. Nevertheless, its pectoral fins
are still furnished with dermal ravs (lepidotrichs) and not with digits: it
is an ichthvan tetrapodomorph, not a tetrapod. Panderichthys also has a

. 9

fchthyostegao

Ichthyan sarcopterygians

Tetrapodomorphs "'*MJP
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Panderichthys

Age Middle to Late
Devonian-380 Ma
Location Latvia and Russia
Size Upto 1.30m
Features Flat, triangular
skull; smnout; orbits in dorsal
position

Classification |chthyan
tetrapodomorph
sarcopterygian

1.11. Pectoral fin skeleton of
Eusthenopteron, Panderich-
thys, and Tiktaalik; and the
forelimb of tetrapods Acan-
thostega, ichthyostega, and
Tulerpetan. All the pectaral
fin bones of the ichthyan sar-
coplerygians are homalogous
o thase of the tetrapod
limis, with the exception of
the lepidotrichs, which do not
correspond 1o maodified digits
(see chapter 2).

Tulerpeton

Stylopod [ ] Humerus

[ ] Radius
Zeugopod [ B Uina

Autppod [ [l Distal elements
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kind of snout, but this attribute, as we shall soon discover, is not exclusive
to the tetrapods.

Two species of Panderichthys coexisted during the Middle and Late
Devonian: Panderichthys stolbovi, known only from eranial and mandibu-
lar fragments, and the more complete Panderichthys rhombolepis. Analv-

sis of sediments vielding these fossils suggests that Panderichthys could
A,

Flat skuli Orbit in dorsal position Robust vertebrae

Long, robust humerus Dermal rays {lepidotrichs)

1.12. Panderichthys, a R ey i W e :
tetrapodomorph from the : .= g e £ : % : ]
Devanian of Latvia and Russia e — . ~ R
(370-360 Ma): (A) preserved
skeletal elements and silhou-
atte; (B) raconstruction of

the animal in shallow waters.
Panderichthys displays a
surprising mosaic of ichthyan
(fins) and tetrapod (some skull
elernents) characters,
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well have ventured into coastal and estuarine environments, which are
rather brackish in nature. Moreover, its Hattened skull with raised orbits,

together with an elongated body, 1s evocative of an agquatic and benthic
lifestvle. Panderichthys, therefore, probably inhabited shallow waters.

A colleague from Québec, Catherine Boisvert, is currently working
in Uppsala, Sweden. Upon closer inspection of Panderichthys, she no-
ticed anatomical details that suggest this organism could hang around in
muddy sediments and wriggle from one pond to another, much like some
cathish do today. Boisvert’s scenario rekindles debate as to the degree of
“terrestriality” in ichthvan tetrapodomorphs: like the famous Devonian
tetrapods, Ichthyostega and Acanthostega, which have been reinterpreted
as aquatic (we shall discover why), some ichthyvan tetrapodomorphs al-
readv could have ventured onto dry land! “It’s all upside down!” clamaor
certain colleagues, in a state of denial that these iins could be used on
dry land. After all, given the new interpretations of Iehthyostega and Ac-
anthostega, shouldn’t the first (chiridian) limbs now be associated with
swimming?

Tetrapod Yesterday,
Ichthvan Tetrapodomorph Today: Elpistostege

Like its cousin Eusthenopteron, Llpistostege belongs to the paleofauna of
the Miguasha National Park of Ouébec. It dates from the Late Devonan
(385 Ma). The hirst specimen was discovered in 1938: a fragment of a fat
skull with a long snout that, due to these characteristics, was identihed by
the paleontologist Stanley Westoll as belonging to a tetrapod. But since
the 1980s, new specimens, all from Miguasha, have changed matters:
certain skull fragments were found in association with vertebrae and
scales that looked very much like those of Panderichthys. This aroused the
curiosity of Hans-Peter Schultze, then of the Museum fiir Naturkunde,
Berlin, and Marius Arsenault of the Miguasha National Park: both de-
cided ta re-examine the animal, this Hime in the minutest detail. It was
after comparing material from old collections with this recent discovery
that my colleagues hirst had doubts about the interpretation of this strange
tetrapod, which was, in fact, nothing other than an ichthvan tetrapodo-
morph and quite closely related to Panderichthys. What was it that had
led Stanlev Westoll astrayv? It was that, unlike its distant cousin Panderi-
chthys, Elpistostege displays orbits which are proportionatelv smaller and

The Great Transition

1.13. A speamen of Pand-
erichthys, dating from the
end of the Middle Devonian,
discovered in Latvia in 1972.
This fossil has been painstak-
ingly prepared from its clay
matriz, the nature of which
accounts for its poor state of
preservation.

Phato reproduced with the
kind permission of Elga Mark-
Kurik (Tallinn Technical Uni-
versity, Geological Institute,
Estonial.

Elpistostege

~anll

Age Late Devonian—380 Ma
Location Miguasha, Québac
Size Metric

Features Long snout, small
round orbits in dorsal position
Classification Ichthyan
tetrapodomorph
sarcopterygian
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1.14. Elpistostege (380

Ma): (4} preserved skeletal
elerments and silhouette;

(B} reconstruction of the ani-
mal ready to lunge at the first
prey that comes within reach.,
This ichthyan tetrapodo-
morph—less complete than
its cousin Panderichthys—had
a very flat skull and a long
snout. These traits evoke

the early tetrapods 1o such a
degree that Eipistostege usad
to be classified as one

Long snout Small orbit

rounder, but also and above all, has a much longer snout (figs. 1.14 and
1.15): another feature thought to be exclusive to the tetrapods that spills
over into the tetrapodomor phs.

It is not the hirst time that a fossil has changed identity; nor will it
be the last. Science in general (and paleontology in particular) furnishes
us with mumerous examples. It shows that a fossil species can change
position in the tree of life in light of new discoveries, especially if first de-
scribed from fragmentary remains. In the 198ocs an ancient tetrapod —Ef-
pistostege—was rebaptized as an ichthvan tetrapodomorph. Today we can
expect a reversal in the trend: when we rummage through the dusty draw-
ers of European museums, those bony fragments from the Late Devonian
previouslv attributed to ichthvan sarcoptervgians or simply unidentified
could possibly hurn out to be tetrapods—on the condition that the dividing
line between ichthvan tetrapodomorphs and tetrapods becomes increas-
ingly vague. This 1s because nature itself cannot be pigeonholed. There
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are no pre-existing groups (taxa): it is humans that, by intellectual artifice,
define and modify them in the light of our expanding knowledge.
In what environment did Elpistostege live? The Devonian ichthyo-

fauna of Miguasha was long considered to be lake dwelling, Today, based
on new sedimentological analvses, it is considered to have been more
estuarine. It is therefore probable that Elpistostege, like its cousin Eu-
sthenopteron {also from Miguasha), was adapted to brackish rather than
freshwater.

The Sinking of the Tiktaalik

[t was very recently, in zoob, that North American colleagues published,
in the scientific journal Nature, a description of a new sarcoptervgian
fossil — proof that research and new finds are constantly emerging on the
beginnings of the tetrapods. 'I'he publication concerns a tetrapodomorph
that outdoes all others in its exceptional state of preservation: several
dozen fossils were unearthed from the Late Devonian (Frasnian), in the
Nunavut Territory of the Canadian Archic. Of the numerous specimens
from the frozen North, three had skulls, and articulated scapular girdles
with pectoral fins in connection: a gold mine for paleontologists! This
new taxon bears the strange name of Tiktaaltk—"big river iish™ in an Inuit

The Great Transition

1.15. The skull of Elpistastege
in dorsal view {part of the
postorbital region has not
been preserved).

FPhato reproduced with the

kind permission of the Migua-
sha National Park (Québec).
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Ichthyostega

Tetra cds

1.16. The relationships
between Eusthenopteron,
Panderichthys, Tiktaalik,
Acanthostega, and Ichthyo-
stega. On Tiktaalik's skull, as
in the ather early tetrapods,
the opercular bones {in
purple) have disappeared and
the postpanestals are reduced.
Tiktaalik has nothing ichthyan
about it except its fins: itis
the closest known relative of
the tetrapods

18

Tetrapnﬁnﬁa orphs

dialect. This ichthvan sarcoptervgian, which resembles a crocodile, is
around 375 million vears old.

Better preserved than the others, Tiktaalik upstages its cousins Pand-
erichthys and Elpistostege because it is now considered to be the ichthvan
sarcoptervgian tetrapodomorph most closely related to the tetrapods (fig.
1.10). It is hardly an exaggeration to sav that the only thing ichthvan about
Tiktaalik are its fins. Put another wav, the lack of digits is the only thing
keeping it from being a tetrapod. In the same vein, its skull roof is full
of surprises: even if all the sutures have not been identified, the skull
roof is almost identical to that of a Devonian tetrapod. The opercular
bones (those that cover the gills) have disappeared and the postparietals
(bones at the back of the skull) are reduced. This throws much into
doubt: these characters, clearly present in Tiktaalik, can no longer be
considered attributes exclusive to the tetrapods. Tiktaalik, in addition,
has a long snout—much longer even than that of Elpistostege—and its
reduced orbits are set close together on the skull roof, along with rather
large otic notches at the back of the skull and a neck that appears very
mobile —just like a tetrapod’s,

As we have seen, the hvpothesis had already been advanced that
certain tetrapodomorphs, such as Panderichthys, could venture onto dry
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Closely set,
small dorsal

Scapular girdle
detached from

the skull

Very long snout Meck

land. But this hyvpothesis lacked proof and, above all, complete fossils.
Tiktaalik has changed all that. The fins of this extraordinary ichthvan
sarcoptervgian are unique and without anv real equivalent in the living
world. They possess dermal ravs forming a veritable fan around the limbs
(from front to back) and are supported by verv robust bones resembling
digits. The robustness of these iins mav have permitted the animal to
support its own weight out of the water. If we compare Tikiaalik’s fin with
Acanthostega’s limb, the similarity is striking (see hig. 11): in both cases
the humerus is robust and the ulna quite thickset. If we were to virtually
stretch Acanthostega’s limb and replace the digits with dermal hns, the
transformation would be complete: vou would have in front of you the
hin of Tiktaalik!

The Graat Transition

Flat, overlapping ribs

117, Tiktaalik (375 Ma): (A) the
fossil extracted from its matrix
in an excellent state of preserva-
tion (three-quarter view); (B) re-
constitution of the skeleton.
Tiktaalik, the latest addition

to the tetrapodomorph family,
beats all the records: better
preserved and perhaps more
terrestrial than the othars {(see
fig. 1.18), it is also the closest
known relative of the tatrapods!

Fhoto reproduced with the kind
permission of Ted Daeschler
fAcademy of Natural Sciences,
Philadeiphia).
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1.18. The march of Tiktaalik.

Whether lurking in the shal-
lows or upon the shore, the
fins of this sarcopterygian
must have acted as temporary
supports. Tikfaalk could
permit itself the odd sortie
onto dry land to taste, as
shown hare, some nice plump
arthropods. The vertebrates
did not wait for chiridian imbs
to emerge from the water!

20

Tiktaalik mav have inhabited shallow muddy watercourses or swamps.
We think the fossiliferous locality that vielded the specimens corresponds
to an equatorial delta choked with lush vegetation (such as tree ferns).
This is perhaps why Tiktaalik periodically came onto dry land, where it
crawled around using its robust hns (hgs. 117 and 1.a8§).

Tiktaalik 1s, therefore, a highly unusual ichthyvan tetrapodomorph
whose storv is by no means over and done with. I would even be willing
to bet that this fossil, given its exceptional preservation and close relation
to the tetrapods (there 1s no ichthyan form closer known at present) will
soon replace Eusthenopteron as a textbook standard. Tiktaalik has a long
future ahead of it.

Unfortunatelv, although only recently exhumed, Tiktaalik is already
being misinterpreted. Categorized and squeezed into a narrow gap be-
tween the ichthvan tetrapodomorphs and the tetrapods, the poor Tik-
taalik 15 portraved as “the missing link between hsh and tetrapods™ a
misinterpretation which would eblige us to place Tiktaalik in between
two taxa and not on its own branch in the tree of life. Paleontologists,
mindful of the relatonships between the organisms they study, have to
drive this point home time and time again: a fossil is nota “missing link”
between an ancient species and one more recent, and paleontology is not
the art of looking for “nuissing links,” as is all too often said! Why? Simply
because this notion of “missing link,” like the term “living fossil” (see p.
5), has no place in the natural sciences. An organism should be seen as a
biological entity that has a combination of characteristics (morphological,
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for example) and not something at an intermediate stage of evolution. To
talk of “missing links" is to wrongly interpret evolution as a straight line
from bacteria to humans, or a slow and gradual succession of organisis
towards increasing “complexity”; on the contrary, evolution radiates in all
directions and is random: it has neither trend nor direction. Worse still,
sometimes talk of “missing links™ masks or censors the reality of evolu-
tion: in their so-called scientific publications and decorous speeches,
creationists also use the expression “missing link,” but in this case to
llustrate the different “stages of creation.”

Tiktaalik is, therefore, not the “missing link™ between fish and tetra-
pods. It simply possesses a mosaic of morphological characteristics that
link it closely to the tetrapods. For the abovementioned reasons, it is
surprising that, even in the prestigious scientific journal Nafure, certain
colleagues have described Tiktaalik using the ambiguous terms “transi-
tional” or “intermediate.” It is true that the morphology of this fossil can
be considered as “intermediate” (owing to its interesting combination
of characteristics), but to consider Tiktaalik itself as a transitional form
15 musleading. Why did the authors employ these terms? Ihid they cave
in to editorial pressure? Were thev aware that creationists, who also read
Nature, could use this language for their own ends? Stephen Jay Gould,
a fervent defender of evolution, fought against the scourge of creationisin,
condemning the sophistry of those whose methods consist of, among
other things, taking words out of context and twisting them around to
mean their opposite. Let us not shoot ourselves in the foot; we should
use precise terminology that does not communicate false ideas of evolu-
tion—even if it 1s less bankable.

To sum up, in the Late Devonian, around 370 million vears ago, many
sarcoptervgians “played at being tetrapods,” if vou will pardon the ex-
pression. This suggests, as we have already seen, an ichthvan tetrapodo-
morph—tetrapod boundary that is increasingly 11l defined. But does this
necessarily imply that ichthvan sarcoptervgians made a gentle transition
mto tetrapods? It 1s true that the cladograms we have seen so far suggest
a sucecession of morphological innovations at each step. This does not,
however, necessarily imply that the species described emerged gradually
(slowly and progressivelv). In fact, there is one clue that runs counter to
the idea of a slow transformation: the digits. These appeared suddenly
in the course of evolution with the tetrapods, and genetic development
shows us that these structures can forin rapidly in embrvogenesis (see
chapter z).

However that may be, recent discoveries of new ichthvan tetrapodo-
morphs and the remterpretation of certain fossils have somewhat dis-
pelled the tetrapod “mvth™ several traits previously considered to be
exclusive to tetrapods have now proved to be red herrings. Originally
tetrapodomorph in nature, they have switched over to the ichthvan side
of the tree of life. Let us summarize.

The Great Transition

Tiktaalik

———

Age Late Devonian—375 Ma
Location Canadian Arctic
Size Upto 2 m

Features Long snout;
separated skull and scapular
girdle

Classification Sister taxon of
all tetrapods

Anything New on
the Tetrapod Front?
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Neither the alveolated ]ullg present im iL‘]l”I:.'HII sarcoplervgians nor
the monobasal articulation found even outside the sarcoptervgian clade
are the patented domain of the tetrapod. The same goes for the choana,
the internal nostril that links the throat with the palate: this is also pres-
ent in ichthyan sarcoptervgians (such as Eusthenopteron) and, therefore,
existed several mullion vears before the appearance of linbs!

More recently still, after the redescripion of Elpistostege and the
discoverv of Tiktaalik, the tetrapods have lost their “monopoly™ an long
snouts (heg. 1.1g). And vet it was believed that the appearance ol a long
snout corresponded to the transition from an aspiration, or suchion, mode
of feeding (in aquatic vertebrates) to a prehensile mode (in terrestrial
vertebrates which, we suppose, were the early tetrapods). But this was not
the case. Tikiaalik could easily, thanks to the axial muscles situated at the
back of the skull, raise its head to trap and swallow its prev as, perhaps,
did the tetrapods Acanthostega and Ichihyostega and as living alligators
still do todav. Some ichthvan sarcoptervgians, therefore, were capable of
feeding in the same manner as living tetrapods! Once again, thanks to
the discovery of Tiktaalik, the absence of opercular bones and reduced
postparietals are no longer tetrapod characteristics.

Another tetrapod attribute also mav soon defect to the tetrapodo-
morph camp: the long caudal fin, stretched and pointed posteriorly,
which can be seen in Acanthostega and other basal tetrapods. Most ich-
thvan species possess a caudal hin that is posteriorly enlarged, as 1s the
case in Eusthenopteron (the only fossil ichthyan tetrapodomorph whose
tail is preserved ). What did the caudal lins of Elfustostege, Panderichthys,
and Tiktaalik look like? Fish or tetrapod tails? The habitat (rather benthie,
perhaps even terrestrial), and the flat bodv shape of these sarcoptervgians
would suggest a tetrapod-like caudal hin! We do not vet have enongh
concrete paleontological evidence to favor this hyvpothesis, but work is
1 Progress.

Before the discovery of Tiktaalik, paleontologists thought that all
ichthvan forms were no-necks (whose pectoral girdle attached to the
back of the skull) and that cervical vertebrae (generally isolating the
head from the trunk) were tetrapod attributes. This is no longer the
case: the skull of Tiktaalik is well separated from its scapular girdle. This
15 a big surprise! The isolation of the head from the trunk-a profound
reorganization of the axial skeleton —is associated with a modification
in the position of the muscles surrounding the head, jaws, and, above
all, the back skull, This “deconsolidation”™ of the skull from the rest of
the bodv appeared in the ichthyvan tetrapodomorphs and, therefore, no
longer remains a tetrapod characteristic, It must have contributed to the
Hexibility of the body.

With attributes disappearing at this rate, what will the tetrapods have
left to call therr own? Among the innovations associated with tetrapods
there is, of course, the cluridian lunb and its digits. But other characters
clearly define the appearance of this new group; here are some of the
principal ones.

Farth before the Dinosaurs



Panderichthys

B Pectoral girdle

In the cranial skeleton, certain bones are fused together at the front of
the snout (perhaps lightening the skull) and in the jaw (mavbe reinforcing
this region). The lightening of the skull would have allowed greater mo-
bilitv of the head, independent of the rest of the body, and strengthening
the jaw would allow ventilation by a “buccal pump” in early tetrapods.

Dentition also differs greatly between the earlv tetrapods and the ich-
thyvan tetrapodomorphs: in the latter, the jaw is equipped with an external
row of small teeth (except at its extremity) and an internal row of fangs
(on the coronoids). In Devonian tetrapods the oppaosite 1s true—the jaw
15 lined with an external row of large teeth (curving posteriorly) and an
internal row of small teeth. These different types of dentition, for gripping
i the first case (ichthvan) and for tearing in the second (tetrapod), suggest
that these contemporary carnivorous organisms would have preved on
different animals, perhaps allowing the two groups to coexist for a time
i the same littoral environments,

Tetrapod ears are also very peculiar (hg. 1.20). Our ichthvan cous-
ins, apart from the lateral svstem on the bone or skin surface (this is
the line vou cut along to hllet vour favorite fish) also possess an inner
car, a complex membranous svstem located behind the eve called the
labyrinth. This is linked to the brain and is present in all vertebrates. In
ichthyan forms it contains small calcareous elements known as otoliths
(sometimes also called statoliths). These lie on a carpet of ciliated cells
and communicate changes in pressure (sound) but, above all, they allow
the animal to orient itself in the water. In tetrapods (with the exception
of Iehthyosiega) there are always otoliths in the ear, but the transmission
of sound waves in the skull is amplified by a bony rod, the columella (or
stirrup, in manumnals), which serves as a piston that pushes against the
tympanum. It is not an entirely new invention and is, in fact, derived
from a bone our ichthyan ancestors possessed —the hvomandibular. This
helped to support the jawbone and aided in the articulation of the gill
cavity, The transformation of the hvoinandibular into the columella in
most tetrapods could be linked to the reduction of the back skull and
modihcation of the jaw. The columella, however, would not be present
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[] operculum [ Cranialroof [ Cheek [ Palate

Acanthostega

. Mandible

1.19. Comparison between
skulls and pectoral girdles of
Eusthenoptercn, Panderich-
thys, Tiktaalk, and Acantho-
stega. Relative snout propor-
tion 1s 38% in Panderichihys,
&2% in Tiktaalik, and 55% in
Acanthostega. An elongated
snout is no longer a character
exclusive 1o the tetrapods: it
is present in Tiktaalik, which
is & tetrapadomarph. Tiktaalik
and Acanthostega (a tetrapod
with a shorter snout than Tik-
taalicy would have captured
their pray in the same way as
present-day alligators,

Courtesy of Dennis C. Mur-
phy, www. devoniantimes, org.
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- Hyomandibular
{= stapes, columella or

stirrup in mamimals)
Quadrate

i= arnyil or incus in
tetrapods)

Articular
{= malleus or
hammer in tetrapods)

Angular

Stegocephalians
(fossil amphibians)

lchthyan
sarcopterygians

1.20. The mandible and
inner ear of ichthyan sar-
copterygians and tetrapods
{stegocephalians, "mammal-
like reptiles,™ and mammals).
letrapod ears are very pecu-
liar: inside, the transmissicn
of sound waves is amplified
by a bony red, the columella
far stirrup, in marmmals),
which is homologous to the
hyormandibular in the ichthyan
sarcoplerygian jaw
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Mammal-like

Mammals

reptiles

in all tetrapods. Ichthyostega’s ear shill leaves manv researchers speechless

fand oftten deaf). .‘\L*uurdhlfjr to recent studies by v {;u][r:a[gm: Jenmifer
Clack of Cambridge University, it had a spoon-shaped hyvomandibular.,
This probably vibrated in the hollow of its ear, “prehguring,” to a degree,
the columella of its limbed cousins.

If we look now at the posterior anatomy of the tetrapods, we see the
pelvis (basin) is elongated and joined to the vertebral column, forming a
veritable girdle called the pelvic girdle (lig. 1.21). This, like the pectoral
girdle, plays a role in locomotion by linking the trunk with the limbs.
Like the digits, the pelvie girdle seems to be a specificity of the tetrapods
that other sarcoplervgians apparently do not share—or do not appear to.
Indeed, observations of living tetrapod embrvos show that the pectoral
girdle can appear before the pelvie girdle and, therefore, the two do not
necessarily form in a synchronized manner; was their evolution marked
bv an identical chronology? Can we suppose there was a “hyvbrid” animal
with a robust pm:mm] gin‘ll:; and chiridian forelimbs (as in Ichthyostega)
but with posteriorly reduced girdle and fins? This fossil (chimera even!),
half tetrapod, half ichthvan, would itself be a revolution in paleontology
and a serious headache to classifv.,

Earth before the Dimnosaurs



Eusthenopteron: Devonian Ichthyan
tetrapodomorph

shart snout composed of
numerous bones

small pelvis (basin) isolated
from the vertebral column

Bony operculum cavering
the gills and throat

W

Skull and shoulders
joined

Acanthostega: Devonian tetrapod Mandible with large

marginal teeth and small
internal teeth

Long snout compaosed
of fewer bones

Absence of bony operculum
covering the gills

Skull and shoulders
separated

Let us conclude with an interesting observation; we saw before that
the specific characteristics “hijacked” from the tetrapods were linked by
adaptation to the scenario of inevitable tetrapod emergence from the
water. Indeed, up until very recently, we wanted to it each morphologi-
cal trait to a function. For example, the lungs, air-breathing organs ]ﬁ]r
excellence, were unique to the earlv tetrapods (“because thev were ter-
restrial” being the kneejerk assumption). Inconveniently, the tetrapods
are not the only sarcoptervgians to possess lungs! The same goes for
monobasal articulations: this “tetrapod characteristic”™ was seen as an
ideal structure that appeared to facilitate walking. Bad luck once again,
for the monobasal articulation 1s also present in hish! The list of “adapta-
tions to colonize the land” goes on and on because what we imagined
“terrestrial,” at that time, rhymed with “tetrapod.”

Today this state of affairs has changed enormously and discoveries
have, once again, won over against adaptationist lines of thinking: those
“typically terrestrial” characteristics that defined the tetrapods, in fact,
appeared in the water. We will now find out why paleontologists are
convinced of this.

What did the early tetrapods look like and where did they live? Even if
there are still many elements missing about the origin and radiation (the
ncrease in diversity) of early tetrapods, researchers now have in their hands
very interesting clues that go some way toward answering these questions.

The most complete ancient tetrapods are Ichthyostega and Acantho-
stega, fossil “stars” around 370 million years old (late Famenmian). They

The Great Transition

Bony rayed
fins

Chiridian limbs with 7 or & digits

Tri-ilobed
caudal fin

c "'_"- ] i p . =Sl
. / -"‘ PRt

Larger pelvis attached
io the vertebral column

Elongated
caudal fin

1.21. Comparnson between
an ichthyan tetrapodomaorph
(Eusthenopteron and one of
the maost ancient tetrapods
(Acanthostega), Thanks to
the discovery of new fossils,
attributes specific to the
tetrapods have melted away.
The type of dentition, a large
pelvis joined to the vertebral
column, and chindian limbs
rermain exclusive to the
tetrapods (in red). Characters
in blue, although absent in
Eusthenapteron, have been
observed in other ichthyan
tetrapadormorphs.

Swimming before
Walking
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FAMENNIAN

FRASNIAN

1.22. Early Devonian tetra-
pods: the state of play. ch-
thyostega and Acanthostega
are the “old” tetrapods (dis-
covered in the 1930s) and are
the best preserved. Since the
rmid-1990s, tetrapod discover-
ies in the Late Devonian have
rmultiplied. Recently my col-
leagues have aven found tet-
rapod trackways in the Middle
Devanian of Poland. Will their
skeletons also soon be found?
In addition, most of the fos-
sils have been discovered in
sediments corresponding to
coastal palecenvironments.
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Age (millicns of years) Genus Eﬁjuutw mﬁuimnma nt
3592
% Tulerpetorn Aussia Epicontinental seas
Acanthostega Greenland Fluvial
ichthyostega Greenland Fluvial
Yentastega Latvia Caoastal marine,
shallow waters

Hynerpeton United States Coastal floodplains
Densignathus United States Coastal floodplaing
Ichthyostegid  Belgium Coastal floodplains
Jdokubsania Aussia Estuarine deltas
Metaxygnothus  Australia Fluvial
Sinostega China Mon-rmarina

Coastal marine,
shallow waters

Obruchevichthys  Latvia and Russia

Elginerpeton Scotland Fluvial

were discovered in eastern Greenland and their descriptions were first
published in the 1gzos and 1930s by illustrious Swedish paleontologist
Gunnar Sive-Séderbergh. It was amazing that, finally, the ancestors of all
living tetrapods had been unearthed. Ichthyostega and Acanthostega held
onto their title of oldest known tetrapods for more than halfa century.
But all good things must come to an end, and since the 19gos we
have witnessed an explosion of discoveries from around the globe. The
oldest known tetrapods to date are from the middle Frasnian (380 Ma).
They were, therefore, contemporaries of their ichthvan tetrapodomorph
cousins. The number of tetrapod genera from the Late Devonian has
consequently gone from 2 (Ichthyostega and Acanthostega) to more than
12 (hgs. 1.22 and 1.23). To the list of “limbed stars” we must now add Tu-
lerpeton (from the Tula region) and Jakubsonia, both from Russia; Ven-
tastega from Latvia; Obruchevichthys, a tetrapod from Russia and Latvia
bearing the misleading sufhx of “ichthys™; Hynerpeton and Densignathus
from the famous Red Hill site, Pennsylvania; Elginerpeton from Scotland,;
Metaxygnathus from New South Wales; Sinostega from the Ningxia Hui
Autonomous Region in China; and a form close to Iehthyostega found in
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1.23. Several recently described Devonian tetrapods or, rather, what remains of them

(A) Hynerpeton and (B} Densignathus, United States; (C) Elginerpeton, Scotland, (D) Sino-
stega, China; and (E} an ichthyostegid from Belgium. These taxa are known anly from their
mandibles ar their scapular girdles, Some elements clearly present tetrapod characteristics
(ke a certain tooth type that is posteniorly curved), Others, like the Chinese specimen, are
rnore enigrmatic and difficult to assign.

Photos reprinted with the kind permission of Ted Daeschler (Academy of Natural Sciences,
Phitadelphia; A and B); Per Ahlberg (Uppsala University, Sweden; C); Zhu Min (institute of
Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences, Beijing; D),
and Gaél Clement (Muséum National d"Histoire Naturelle; E).
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1.24. Worldwide distribution
of Late Devonian tetrapods
We have indicated on this
paleomap where the aldest
fossil tetrapods to date have
been found, Their extreme
diversity and worldwide
distribution suggest that the
group is perhaps even older
than the Late Devonian {see
also fig. 1.25). This has just
been confirmed by trackway
discoveries from the Polish
Middle Devonian.
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'I-"r:nmsregn', Latyvia "

Australia

|____| Terrestrial zones - Shallow continental seas

Belgium by Gaél Clément’s team from the Muséum National d 'Histoire
Naturelle in Paris. In addition, two or three new forms are discovered
each vear.

Older Ongins?

Devonian tetrapods have grown in number in the last few years! The
newcomers are not alwavs as well preserved as their mentors Iehthyostega
and Acanthostega. However, despite their fragmentary nature (known
only from their mandibles and/or scapular girdles), comparisons can be
made that show they were not all alike. Some of these tetrapods even
display remarkable specializations; this suggests that they were much
more numerous and diversified than previously thought. From the Late
Devonian they seem so diverse and geographically dispersed (hg. 1.24)
that we must ask ourselves if thev reallv were the hrst—or do we need to
look for other tetrapods in more ancient lavers?

It could be that the tetrapods are older than we imagine and their
oldest fossil representatives known todav are the result of an evoluhionary
radiation that occurred before the Late Devonian. [ would not be sur-
prised to learn of the discovery of a completelv new tetrapod from Middle
Devoman lavers. If thus were to happen, then the storv of the very early
tetrapods would be a mystery between the Middle and Late Devonian,
leaving a gaping hole in our knowledge of their evolution, as is already
the case with Romer’s Gap (named for twentieth-century American pa-
leontologist Alfred Sherwood Romer) between the Farly and Late Car-
boniferous (see chapter 3), and also Olson’s Gap between the Early and
Late Permian (see chapter 4). Should there be a Devonian gap, | would
propose we call it “Janvier’s Gap,” in honor of French paleontologist
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Footprints

Philippe Janvier {Centre National de la Recherche Scientiique [cvRS]
and Muséum National d'Histoire Naturelle, Paris), who studies early
vertebrates. At the end of the day, whatever the gap—Janvier’s, Romer's,
or Olson’s—is it not one of the duties of paleontology to hll it in?

We will feed this hvpothesis of Janvier's Gap bv mentioning strange
fossil footprints, attributed to tetrapods that have been found in many
parts of the globe (Australia, Brazil, Greenland, Scotland, and Ireland)
in lavers dating from the Late Devonian (Frasnian), and even the Middle
Devoman (Givetian) (hg. 1.25). These curious trackways, apparently left
on dry land, are doubly surprising in that Devenian tetrapods are consid-
ered to have mostly been aquatic forms! Although there is still animated
debate over the precise age of these tracks and their real nature (some
Fﬂmtln'inm could have i;u;;cﬁ made in shallow water), they suggest that, in
the Middle Devonian, tetrapods were alreadv leaving traces behind them.
Just after the French edition of this book was published, tetrapod track-
wavs were discovered in the Middle Devonian of Poland. These well-
identified and dated footprints have been found in an abandoned quarry
in southeastern Poland, and they come from marine tidal Hat sediments
of early Middle Devonian (Eifelian) age. They are about 18 million vears

The Great Transition

1.23. Trackways in the
Middle-Late Devonian of
Ireland: Are these footprints
left by a tetrapod? The ques-
tlan remains unanswerad, 1t
could be that the tetrapods
are older than anticipated
and that their oldest known
fossil representatives were
the result of an evelutionary
radiation that accurred before
the Late Devonian (see also
fig. 1.24).

Photo reproduced with the

kind permission af Christian
Falipou
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Ichthyostega

—

Age Late Devonian—-362 to
360 Ma

Location Greenland

Size Upto15m

Features Rather high skull;
robust girdles, hindlimbs with
seven digits

Classification Basal tetrapod

30

older than the earliest tetrapod skeletal element. We now have proof that
tetrapods were living before the Late Devonian, and that Janvier’s Gap
15 a reality! We still need to find tetrapod body fossils (skeletal elements)
in the Middle Devonian, of course, but once again, these discoveries
perfectlv illustrate that our knowledge of tetrapod evolution is, in turn,
evolving,

The Mysterious Island: The Discovery of Ichthyostega

Let us return to the first discoveries of tetrapod fossils. In the 1g20s and
1gz0s several geological survevs and cartographical expeditions were
made by Swedish geologists and paleontologists to find out more about
(Greenland, an island then (and even today) shrouded in mystery, and
whose desolate landscape and hostile environment continue to fascinate
scientists. Naturalists collected case upon case of minerals, rocks, and
fossils.

The paleontologist Sive-Stderbergh —who participated in some of
these missions from 1931 to 1934, and again in 1936—began to separate
from their rocky matrix the fossils he considered the most important in
order to describe them. In doing so he left aside a caudal hin of a dipno
that appeared more or less anodvne. Concentrating on other specimens,
in 1932 he published a preliminary, but accurate, paper on a strange tet-
rapod. Mesmerized by the morphology of this animal, he arrived at the
conclusion that this surprising fossil from the late Famennian (Latest
Devonian— 60 to 30z Ma) represented a crossroads between two worlds
and decided to name it Iehthyostega (from the Greek “ichthvos” mean-
ing fish, and “stegos” meaning plate—a term often reserved to describe
ancient amphibians).

After the premature death of Sive-Saderbergh in 1948, his colleagues,
including Erik Jarvik (who also described Eusthenopteron; see above), in-
terested themselves in the fin their departed friend had not had time to
study. When they prepared it they got the surprise of their lives: it was
not attached to the body of a dipnoi, but to the basin of a tetrapod with
limbs—the same Ichthyostega previously described by Sive-Soderbergh!
[chthyostega, with its hishy tail, certainly deserved its name. |

Indeed, these various Swedish paleontologists arrived at the same
conclusion: Ichthyostega, from the Late Devonian of Greenland, was
quite an exceptional organism, a strange (almost alien!) life form, the
skeleton of which displayvs a mixture of ichthyan characters (such as gills
and a caudal hin), and tetrapod characters (including legs and a skull with
a reduced number of bones; hg. 1.26). It was believed that the “missing
link™ had just been found (vet again this name rears its ugly head!) “be-
tween fish and amphibian™ the first “limbed hsh,” or the hrst “terrestrial
vertebrate.” This is how Iehthyostega was painted.

But how did such a “hvbrid” come about? By whatmvstery of evolution
could a hsh “grow itself legs”? To answer these questions, an easyv-to-digest
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Posterior skull

Long, flat, _f" E

"".‘ Robust scapular
overlapping ribs 5

% girdle

1.26. Ichthyostega from the
Late Devomian (Late Famen-
niarm) of Greenland: (4} skull
rocf; (B) thoracic cage, poste-
rior skull, and scapular girdle;
(C) tail; (D) reconstitution of
the skeleton and silhouette.
Discovered in the 19305, jich-
thyostega is one of the most
complete Devonian tetrapods.

Photos reproduced with the
kind permission of Jennifer
Clack (University Museum of
Zoology, Cambridge) speci-
mens belong to the Geologi-
cal Museum of the University
of Copenhagen, Denmark

{4 and Bl and Gilles Cuny
(Geological Museum of the
University of Copenhagen; C).
See also fig. 1.30 for hindiimb.

Robust marginal teeth

Chiridian lirmbs {7 digits)

evolutionary scenario was invented; in it, we imagine sizeable carnivo-
rous freshwater fish happily cohabiting a pond. Evervthing goes swim-
mingly for these organisms until one day, during a drought, the water
level drops, forcing these hish to breathe air—which they can do thanks
to their lungs—and then slither across muddy areas to find a deeper pond.
'I'his is how, slowly but surely over generations, hsh developed limbs and
transformed into Iehthyostega. This was touted as gospel truth from the
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1.27. Ichthyostega— 360 Ma,
Most recent analyses suggest
that this tetrapod could prob-
ably have made sorties onto
land, as seals do today, but
would have spent most of its
time in the water.

Acanthostega

B 3

Age Late Devonian-360 Ma
Location Greenland

Size Up to 60 cm

Features Rather fiat skull and
body; polydactylous limbs
Classification Basal tetrapod
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1gzos to explain vertebrate conquest of the land and the emergence of the
tetrapods.

Is this version of events still considered valid todav? Definitelv not!
We shall see how findings over the last dozen vears have shot down the
myth of the conquest of the land. It is another prime example of how

vesterday’s theories can be quicklv debunked by the fossils of today, just
as the theories of today will be debunked by the fossils of tomorrow,

The End of a Myth: Acanthostega and Partners

As the first vertebrate with legs, Ichthyostega rapidlv became a star of radio
and newspapers, and even made an appearance in my school curriculum!
In 1933 the description of another key fossil, also from the Latest Devo-
nian (late Famennian) of Greenland, was published by Sive-Saderbergh
and Jarvik. It was that of Acanthostega (hgs. 1.25 and 1.29). Acanthostega
also possessed chiridian limbs and, almost overnight, became Ichthyo-
stega’s little cousin.

Expeditions followed in quick succession; their destination —the land
of ice. Iehthyostega and Acanthostega had once lived there among the
early tetrapods and were previously labeled terrestrial. Other specimens
were found to fill out museum collections, right up until the 1970s; some
of them lay forgotten, gathering dust. Thev were rediscovered in the
19gos, notably thanks to the work of Jenmifer Clack.
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1.28. Acanthostega from the Late Devonian (Late Fammenian) of Greenland: (A) mid-skull
in dorsolateral view; (B} cormplete skull in lateral right view (the snout is slightly "crushed™);
(C} sub-complete skeleton. Acanthostega is the star of Devonian tetrapods. Reanalysis

of several specimens by lennifer Clack in the 1990s showed that this animal was rather
aquatic, contrary to a commonly held belief dating back to the 1930s.

Photos reproduced with the kind permission of Gilles Cuny (Geological Museum of the
University of Copenhagen, Denmark; A} Jennifer Clack (University Museumn of Zoology,
Cambridge; B and C); specimens belong to the Geological Museum of the University of
Copenhagen, Denmark {8 and C)

The Great Transition

33



Relatively flat skull

Well developed caudal fin

Reduced scapular girdle Reduced basin

Foralimb with 8 digits Hindlimb with 7 digits

1.29. (A) Acanthostega in its
glement: the water. The maod-
erately rigid limbs of this tet-
rapod must have been used as
paddles and not for walking:
it was apparently incapable of
rmaoving araund on dry land,
(B) Skelaetal reconstruction and
silhouette,
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This 1s how Acanthostega, found in the same geological lavers as
lehthyostega, is today recognized as the oldest and most complete tetra-
pod. Its detailed re-examination raised serious doubts about vertebrate
conquest of the land: we now know that, first, these vertebrates did not
abandon the water from a dried-up pond; second, thev were not as ter-
restrial as once thought; and, third, ichthvan tetrapodomorph fins are not
completely homologous to chiridian limbs (because a hin's dermal ravs are
not homaologous to digits). How did we arrive at this conclusion?

Inside the walls of Cambridge’s Museum of Zoology and Compara-
tive Anatomy, preparator Sarah Finney, under the guidance of Jennifer
Clack, painstakingly and with extreme caution prepared the Greenland
fossils, some of which thev had found themselves. Years of toil bore fruit
and, as we now realize, thanks to these two colleagues, Acanthostega’s
limbs were not used for walking, Thev were quite rigid and more paddle
shaped than foot shaped. Moreover, Acanthostega possessed well-devel-
oped and apparently fully functioning gills. To top it off, its limbs did
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not have five digits but eight (hg. 1.30)! This trulv put the cat among the
pigeons, because evervone agreed that five digits was an archaic character
coing back to tetrapod origins, Ichthyostega’s hindlimbs possess seven
digits; its forelimbs are not vet known. Other Devonian tetrapods have
since been discovered around the world and some, like Tulerpeton (with
six digits), have also proved to be polydactylous (hg 1.31).

In the wake of Clack’s work, the dusty drawers of Europe’s natu-
ral historv museums were reopened: mandibles previously attributed to
ichthvan sarcoptervgians were rigorously re-examined and some, sur-
prisingly, showed tetrapod characters! Meanwhile, research on develop-
mental genetics intensihed, and it was discovered that the dermal rays
of ichthyan fins were not homologous to tetrapod digits (some specialists
talk of neoformations; see chapter 2). Today, biomechanical studies allow
us to model the locometion of these basal tetrapods and to propose new
reconstitutions and it appears that (as Clack already proposed) Acantho-
stega’s arhiculations restricted its limbs’ range of motion to such a degree
that it was incapable of bringing them forward and thereby raising itself
off the ground. They must, therefore, have served as paddles— confirming
the aquatic lifestvle of this Devonian tetrapod!

Ichthyostega’s forelimbs could not carry out flexion and extension,
and its hindlimbs were flipper shaped and oriented towards the rear.
What's more, lehthyostega’s vertebral column did not allow lateral or
undulatory movement (manv modern reptiles and amphibians crawl

The Great Transition

1.30. The hindlimb of fch-
thyostega {left: seven digits)
and the forelimb of Acantha-
stega (right: eight digits). In
the living world, tetrapods
have, except in cases of "acci-
dent,” five digits at most. But
this was not necessarily the
case for their ancestors.
Photos reproduced with the
kind permission of Jennifer
Clack (University Museum of
Zoology, Cambridge) speci-
mens belong to the Geologi-
cal Museurmn of the University
of Copenhagen, Denmark

Tulerpeton

Age | ate Devonian

Location Tula, Russia

Size Upto 1.5 m

Features Six-digit limbs;
rather robust girdie and
forelimbs

Classification Basal tetrapod
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1.31. Tulerpeton from the
Late Devonian of Russia: (A)
Reconstitution; {B) Elemeants
preserved and silhouette,
This fossil is less complete
than that of ichthyostega or
Acanthostega. Like them, it
displays polydactyly (having
rore than five digits). Note
that the guite robust scapular
girdle suggests a more ter-
restrial lifestyle than that of its
other Devonian cousins {de-
spite the fact it was found in
ancient estuaring sedirments).

1.32. (below) Preserved ala-
ments of Hynerpeton's skel-
eton, a tetrapod from the Late
Devanian of the United States;
so rare they can be counted
on the digits of ane hand!

1.33. ifacing) Hynerpe-
ton-360 Ma. The Red Hill site
in Pennsylvania has yielded
numerous plant remains in
association with those of
Hynerpeton. It probably lived
in a coastal environment very
rich in plants and arganic
matter, as did other Devonian
tetrapods.
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scapllar
girdie and
forelimios
B

sinuously along the ground). Limited vertical movements of the trunk
could have allowed Ichthyostega to spend time on dryv land, perhaps as
seals do todav (see hg. 1.27).

If the early tetrapods were not terrestrial, then what environment did
thev live in? Ideas on this have greatly changed since the first half of the
twentieth century. The geologists of vesterday interpreted the sediments
enclosing these fossils (mostly red sandstones) as continental deposits,
essentially fluvial or lacustrine. Today, more detailed analyses suggest
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1.34. A fossil branch of
Archaeopteris, considered
the cldest tree in the waorld.
It attained a height of up

to 30 meters and belonged
to the group of progymno-
sperms. These plants grew
in hurmid environments and
could have formed ventable
coastal forests.

Photo © DK Limited/CORBIS

Hynerpeton

——p~

Age Late Devonian-361 Ma
Location Red Hill,
Pennsylvania

Size Metric

Features Rather flat
mandible

Classification Baszal tetrapod

coastal, estuarine, or lagoonal deposits. The early tetrapods conld there-
fore tolerate brackish water and even seawater. The vast majority of living
amphibians, a term that groups together all the non-amniotic tetrapods
(see chapter 3}, are freshwater animals, and cannot tolerate salt water.

How did their fossil ancestors manage? Even if the question has vet to be
answered in any detail, this enrvhalinity (the ability to tolerate great varia-
tions in salinitv) goes a long way toward explaining the wide distribution
of the earlv tetrapods.

Whatever the answer, numerous other Devonian fossils have been
unearthed in “tetrapod localities” throughout the world; a variety of
plants, invertebrates and ichthvan groups including placoderms. All these
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make up the Aora and fauna associated with the earlv T{;h'alm:]s. These
aquatic paleoenvironments were dense and rich in roots and plant debris
(figs. 1.32 and 1.33). Reconstitutions evoke a mangrove-type environment
in which plants called Archaeopieris (hg. 1.34; notto be confused with the
feathered dinosaur Archaeopteryx) “prehgured” the mangrove of todav.
How could the basal tetrapods swim in these murky waters? What were
the principal functions of their limbs? To answer these questions, we must
first ind out how limbs are formed. This is where developmental genetics
becomes of the utmoest importance.

The Great Transition
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Paleontological
Enquiry and the
Randomness of
Fossilization

1.35. Palssomacropis eoce-
nicus, a bee trapped in amber
from the Lower Eocena of
L'Qise, France (50 Ma). Amber
15 probably the most excep-
tional medium of fossilization;
in it, even the soft parts of
imprisoned organisms are
“frozen” in time,

Phota reproduced with the
kind permission of Andre
"Dédé” Nel (Muséum National
d'Histoire Maturelle)
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FACED WITH A FOSSIL, THE PALEONTOLOGIST FINDS HIMSELF
in the role of a detective carrving out an investigation into the circum-
stances of a death as well as trving to determine identity, The “vichm” in
this case, however, died millions of vears ago! A fossil is the remains of an
organism. Not evervthing gets preserved, of course, and the environment
in which it was deposited (or preserved in) is not necessanly the envi-
ronment in which the organism lived. The depositional environment is
deduced after sedimentological and palecenvironmental analyses of the
sedimentary matrix, whereas the living environment is obtained directly
from the morphology of the skeleton (notably through biomechanical
studies). There is not necessarily a link between these two environments,
which complicates matters. Before eventual fossilization, some cadavers
can, for example, float long distances, so there are many random factors
that come into plav between the death of an organism and the discovery
of its fossil.

The study of burial and fossilization phenomena is known as tapho-
nomy. Taphonomists, necromancers of the past, attempt to reconstitute
the paleoenvironment in which a fossil is found. Together with paleon-
tologists, sedimentologists, stratigraphists, geochemists, and paleoclima-
tologists, they analyze fossil assemblages: How did the fossils get here?
We must not forget that a fossil site 1s not a true mirror of the biodiversity
of a given period. Itis more like an old family photo in which most of the
hgures have been effaced over time.

Let’s take the example of Tulerpeton from Russia (see hg. 1.31) which,
with its relatively robust scapular girdle and limbs, appears somewhat
terrestrial. It was, however, discovered in rather marine sediments. Such
“anomalies” are not unusual if we consider the tvpe of coastal environ-
ments favored bv the earlv tetrapods, but it does render matters more
complicated. A simple walk on the beach today reveals the cadavers of
marine organisms mixed with those of terrestrial organisms, and perhaps
only a fraction will, given time, fossilize. What will future paleontologists
make of this?
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LIMBS: HOW DO THEY WORK?

LET US LEAVE FOR A MOMENT THE DEVONIAN AND THE MURKY
waters inhabited by the early tetrapods. We are in the 1960s in a labora-
tory of teratological biology (the study of malformations that can appear
during development). A surprising chicken embrvo is the focus of our
attention. 'I'he consequences of its mutation are such that the embryo 1s
no longer viable, and will not reach full maturitv. What does this mutant
look like? It is so strange that fans of the comic X-Men, whose heroes have
recently hit the big screen, might call it an “X-Chick™ instead of wings
and legs it is equipped with limbs that are much shorter than usual and
have an excess of digits (hg. 2.1). Are vou getting déja vu? Acanthostega
also had short imbs and was polvdactylous (it had eight digits). And what
is more, other mutant embrvos even display beaks with tiny teeth. A mu-
tant chick armed with teeth! This is again, without doubt, the re-emer-
gence of an ancestral character, as the ancestors of birds (the feathered
theropod dinosaurs) had teeth. If we take a closer look at the development
of polvdactylous mutant chicken embryvos—a condition known as “talpid”
because of their mole-like limbs (from “talpa” - Latin for mole), can we
travel back in time through the course of evolution? Can we reconstitute
the embryonic development that, 370 million vears ago, culminated in
the hatching of Acanthostega larvae? And can we sketch out, as a re-
sult, the sequence of developments that accompanied the evolution of
chiridian limbs from the seven- or eight-digit condition of our Devonian
ancestors to today’s tetrapod lunb, which never has more than hve? Al-
though there will always be uncertainties, there are clues which allow
us to build such a scenario; if we can pinpoint the mutation(s) linked to
the talpid pattern, we can even base that scenario on solid genetic foun-
dations. This approach —drawing from observations of the development
of living organisms to explain evolutionary and paleontological data—is
relatively recent and is a discipline in its own right: “evo-deve” (short for
“evolution-development”).

In this chapter, we apply the evo-devo approach to the question of
the emergence of chiridian limbs in Devoman tetrapods. Recall that if
we observe the fins of ichthvan sarcopterygians close to the tetrapods
(Eusthenopteron, Panderichthys, and their cousins) and the limbs of Ac-
anthostega, in both cases we hind first, starting from the bone attached to
the girdle (scapular or pelvic), the humerus or femur; then the radins and
ulna or tibia and hbula, followed by the wrist or ankle bones. However,
whereas a fin terminates in dermal ravs (the lepidotrichs), the chiridian
limb extends into a hand equipped with digits. It is, therefore, the digits
that define the chiridian limb.

Let's ask ourselves what is
known of the biological facts
.. why do our philosophers,
thinkers and theclogians claim,
thraugh pure speculation and
divine inspiration, to have
arrived at an understanding of
the hurman organism? . . . Igno-
rance and superstition —these
are the foundations on which
men build their understanding
of their own arganism and its
interaction with the external
world; as for understanding
ermnbryological facts, this is en-
tirely swept under the carpet,

Ernst Haekel (1834-1919)

2.1. This “X-Chick" is a mu-
tant which, instead of wings,
has polydactylous limbs (with
mare than five digits!) like fch-
thyostega and Acanthostega
360 million years betore
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2.2, A mouse embryo in the
ninth day of development
limbs start to make an ap-
pearance. At this stage, they
consist of simple buds. The
anterior bud (blue arrow)
develops earlier than the pos-
terior bud (yellow arrow)

Photo (scanning electron
microscope) reproduced

with the kind permission of
Kathleen K, Sulix (Department
of Cell and Developmenital
Biology, University of North
Carolina)

Digital Birth

dd

2.3. (facing) A mouse
embryc in the ninth day

of development, and a
cross-section showing the
organization of the anterior
appendicular bud. This bud
is formed following an in-
tense proliferation of stem
cells from a connective
tissue, the mesenchyme,
On the surface of the bud,
the external dermal tissue
(ectoderm) thickens

Phaotos reproduced with the
kind permission of Kathieen
K, Sulix (Department of
Cell and Developmental
Biorogy, University of Narth
Carolina).

Thanks to twentv-hrst-century technology, we can compare the se-
quences of events that bring about a chiridian limb and hin, bearing one
question foremost in mind: How do digits form? Mavbe this will give us
hints to another question, asked mn the hrst chapter: How did the tetrapods
come into being?

The ongin of digits was, for many vears, steeped in controversv. Toward
the end of the nineteenth century, based on comparisons between sar-
coptervgian (for example, coelacanth) fins, and early tetrapod limbs,
some paleontologists came up with the hypothesis that the two types of
appendages derived directly one from the other. Digits were, therefore,
interpreted as morphological transformations of the lepidotrichs. How-
ever, in the 19sos and 196os, a Swedish paleontologist we are already
acquainted with, Erik Jarvik, proposed a new hyvpothesis: digits are not
derived from dermal ravs of the fin but correspond to new evolutionary
structures called “neo-formations.” For thirty vears the two interpretations
faced off in the scientific arena—until the application of evo-devo allowed
us to settle the matter,

Let us first look at the morphogenesis of a lunb. The textbook case
is that of the domestic mouse, Mus musculus domesticus, which is casy
to breed and observe in the laboratory. In a mouse embrvo, the morpho-
genesis of limbs follows a sequence of several stages.

Nascent limbs appear on the ninth day of embryonic development in
the form of appendicular buds (fig. z.2). Morphologically very simple and
rounded, they come from an intense proliferation of stem cells from the
mesenchyme (a spongy connective tissue derived from one of the three
primary gerim cell lavers; the mesoderm), The mitotic activity is, there-
fore, mtense within the bud (hg. z.3). Distally, the ectoderm (external der-
mal tissue of the embrvo) thickens and forms a slight bump on its surface.
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Crass section

Anterior

appendicular bud

The second stage in limbh morphogenesis is achieved on day n of
the embrvo’s existence, when the appendicular buds are mitten-shaped
(hg. 2.4). The ectoderm continues to thicken, especially along the distal
rim of the bud, where it forms a small infolding; the apical ectodermal
ridge (AER). In section, the cell infolding is located just above a small
vascular canal.

It is the underlving mesenchvme that induces AER formation and
which, in turn, via the secretion of small soluble molecules, induces
the proliferation of mesenchvmal cells. The AR is absent in limbless
embryos—those tetrapods, including snakes, that lost their limbs over the
course of evolution. In fact, its removal from the appendicular buds of a
chicken embrvo prevents the formation of legs or wings: the bud contin-
ues to enlarge but it does not lengthen, and limbs do not form; if removed

Embryo at 11 days

Anterior
appendicular bud

Limbs

2.4, (below) A mouse embryo
at day 11 of its development
the nascent limbs resemble
mittens, At the distal tip of
the bud, a strong thickening
of the ectoderm forms an
infolding: this 1s the apical
ectodermal ridge, a decisive
element in limb development.

Photos reproduced with the
kind permission of Kathleen
K. Sulik (Department of Cell
arnd Developmental Biclogy,
Liniversity of North Caralina),

Apical ectodermal
ridge (AER)
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Early wing
bud

Late wing
bud

2.5. The role of the apical
ectodermal ridge (AER},
studied through experimental
ablation. The AER is elimi-
nated from the appendicular
anterior bud of a chicken
embryo at different stages of
devalopment. If the ablation s
carried aut early, only the hu-
merus develaps; it perforrmed
later, the radius and ulna form
but not the digits. The AER is
theretfore indispensable to the
lengthening of limbs during
embryonic development. It
stimulates cell proliferation in
the underlying mesenchyms
using small soluble molecules
(growth factors).
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“Apical ectodermal ridge {AER)

Ablation
of the AER

Apical ectodermal ndge (AER)

Elimination
of the AER

> )

Only the humerus develops

»»

Mesenchyme Only the humerus, radius and ulna develop

early, only the humerus develops; if removed later, the radius and ulna
form but not the digits (hg. 2.5). But when a second AER 1s grafted onto a
normal appendicular bud, we observe the development of a supernumer-
arv limb, more or less accomplished depending on the precision of the
eraft. The AeR 1s therefore necessary and sufhcient in the growth of the
appendicular bud on the proximodistal axis—in other words, lengthwise
growth —from the humerus to the last phalanxes.

On day 11 of embrvonic development, the appendicular buds form
a hinelv organized structure. The area located just below the vascular
canal of the AER constitutes what is known as the “progress zone™ this
15 characterized by a constant Hux of mesenchyvmal cells which are “at-
tracted™ by those of the AR R and actively proliferate due to the inductive
effect of the latter. These cell movements take place from within the bud
toward the surface, that is to sav, in the proximodistal gradient. Therefore,
the phalanxes are morphogenetically vounger than the forearm bones,
which, in turn, are vounger than those of the arm.

Just below the progress zone, another remarkable cell region forms:
this is the zone of polarizing activity (zpa) which, experiments have
revealed, orients limb growth along the anteroposterior axis—in other
words, from the thumb toward the little finger (heg. 2.6).

At the same time, nerves and precartilage start to develop. The ner-
vous svstem of the limbs is rooted in the central axis of the body (the tho-
racic region for the forelimbs, and the sacral regron for the hindlimbs) and
then radiates, somewhat like branches of a tree. The skeleton forms from
islets of precartilage (hyvaline spots) that appear without any apparent in-
terconnection. These islets condense in the cell mass of the mesenchvine
and will later give rise to endoskeletal elements of the stvlopod (humerus
or fermur), zengopod (radius + ulna or tibia + hibula) and autopod (car-
pals—metacarpals—phalanxes or tarsals—metatarsals—phalanxes). The
number of islets is proportional to the available space—the more space,
the more islets. Because the bud is smaller in its proximal part than in
its distal part, it is in the latter that we find the majority of islets. Conse-
quently, there will be more bony elements at the extremity of the limb
(in the autopod) than at the base (the stylopod).
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Zone of polarizing activity

[n the laboratory it is possible to vary the number of mesenchymal
cells in the distal part of the chick’s appendicular bud. If there are half as
many, the space liberated allows the development of more precarhlagi-
nous islets and therefore more digits! A low count of mesenchyimal cells
seems, therefore, to induce polvdactyly. The upshot is that the fewer mes-
enchyvmal cells there are in the autopod, the more digits there will be, and
vice versa. The consequences of a diminished number of mesenchvmal
cells do not stop there: the cellular interactions in the appendicular bud
are reduced (more “laborious”), the cells migrate at a slower rate toward
the surface, and the limb takes longer to “grow” =it becomes stunted.
Polvdactvly and short limbs are the hallmarks of our “talpid” mutant but
also, of course, of Acanthostega!

From dav 12 the appendicular bud adopts a polvgonal form, and looks
much like a ping-pong paddle (hg. 2.7a). The increasingly angular outline
can be explained by the presence of peripheral indentations: these are
the digits that start to individualize following the disappearance of large
cell regions between the precartilaginous islets. At this stage, cell destruc-
tion is an active process (known as apoptosis) while, at the same time, the
extremities of the nascent digits are extending. The precartilaginous islets
of the hands and feet develop by branching or by successive segmentation
i such a way that a near-dehnitive skeleton of the hands and feet takes
shape (hg. 27b and 2.7¢).

We have seen so far that digits are formed because certain zones
“grow” while others die. What happens, then, if we experimentally inhibit
the process of cell destruction by apoptosis in the distal part of a limb in
formation? There are two possibilities. 1F this inhibition is effective from
dav 11 of development, the precartilaginous islets will barely separate
and we will observe polvdactvly. If we intervene later in the course of
embrvo development, five digits form but remain attached to each other
by webbing, This is exactly the condition we see in numerous web-footed
tetrapods: ducks, for example, but also in Acanthostega. The equivalent
for ahicionados of science hichion would be the Man from Atlants.

Limbs

2.6. Appendicular bud of a
mouse at the "mitten” stage
(day 11 of development} in
cross section. Two crucial
regions for healthy limb
development are visible

the apical ectodermal ridge
(AER), essential for growth
along the proximodistal axis
(from the hurmerus towards
the digits), and the zone of
polarizing activity (ZPA), that
orientates growth along the
anteroposterior axis (from
the thumi towards the little
finger). Above the ZPA is the
“progress zone,” constantly
crowded with cells from

the mesenchyme, They are
“attracted” there by the AER
cells and actively proliferate
thanks to the inductive effect
of the latter

Photos reproduced with the
kind permission of Kathleen
K. Sulik (Department of Cell
and Developmental Biology,
Liniversity of North Caralinal,
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The Fold That
Changes Everything

2.7. The hirth of digits. On
day 12 of development in
mice, the digits are just small
peripheral indentations (A},
They will then progressively
individualize following the
disappearance of large cell
regions, giving way to inter-
digital spaces (B). These are
formed by a process of active
cell destruction, apoptosis, as
wie can see in (C), where the
cells marked with blue dye are
undergoing apoptosis

Photos reproduced with the
kind permission of Kathleen

K. Sulik (Department of Cell
and Developmental Biology,
University aof North Carolina)
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The last phase in the formation of a limb is the “web” stage (From
around day 16 in mice, and later in humans). There are no longer any
radical internal morphogenetic changes: the ossiication of the autopods
slowly achieves its end and the digits stop growing in such a way that only
the proportions of the limb vary.

Now that we have seen the birth of a chiridian limb, let us confront the
question of the emergence of a fin. Unfortunately the reference animal
is rarelv a sarcoptervgian—there being verv few laboratory dipnoi—but
morte often an achinoptervgian (or rav-hnned hsh): the zebrahsh, Danio
rerio, is easv to breed but, at the same time, more distant from the “fish—
tetrapod” transition.

In zebrahish, the beginning of the development of its paired fins re-
sembles that ofa mouse limb; we observe the formation of an appendicu-
lar bud and then a laver of ectodermal cells. Very quickly, however, the
two morphogenetic scenarios diverge. Due to intense cell proliferation,
the cetodermal laver develops a fold and hinds itself separated from the
rest of the bud by a gap (hg. 2.8) that is progressively colonized by cells,
the provenance of which remains little understood, but from which the
dermal ravs of the fin originate. In the bud, once the fold is formed, the
communication between the ectoderm and the mesenchyvme 1s cut, and
arowth of the hin's skeletal elements (endoskeleton) ceases.

We can extrapolate that later formation of the ectodermal fold will
prolong the proximodistal growth of the appendage, and the fin will
consequently comprise more endoskeletal elements. Such differences in
“timing” could thus explain why the pectoral in of the zebrahish contains
very few endoskeletal elements, whereas that of the coelacanth possesses
bones homologous to those of the stvlopod and zeugopod present in tet-
rapods. Furthermore, in coelacanths, the ectodermal fold does not form;
the growth signals that continue to feed the apical ectodermal ridge allow
cell proliferation that is at the origin of digit formation.

Itis clear, therefore, that digits and lepidotrichs are distinet structures
from an embryological standpoint. The conclusion we reach, through
evo-devo reasoning, is that digits are indeed, from an evolutionary point
of view, neoformations. They appear nearly 5o million vears after the
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Mesenchyme Fold formed by

Layer of ectodermal cells

= ectodermmal calls

Colonization of cells fram
which derrmal rays originate
(lepidotrichs)

Appendicular bud
lepidotrichs without deriving from them (they are not fused or modified
lepidotrichs). They are the result of a unique morphogenesis. This mor-
phogenetic divergence is of fundamental importance because it expresses
the main difference between hish (notably actinoptervgians and ichthvan
sarcoptervgians) and tetrapods.

Omne could be forgiven for thinking the transition from lepidotnichs to
digits, the jump from fish to tetrapod, an easv stunt: as we have seen,
it is just an apparentlv insignificant ectodermal fold that makes the dif-
ference. Nevertheless this jump has never vet been realized in a labora-
torv —neither genetic manipulation nor graft has managed to create a ze-
brafish (or any other fish, for that matter) equipped with digits. However,
the genetics of digitation is far from being terra incognita and is even a
particularly well studied scientific hield, especially by the team of Swiss
biologist Denis Duboule.

Among the genes that play a key role in the morphogenesis of chirid-
ian limbs, homeobox (or homeotic genes) deserve special mention. These
genes were discovered in drosophila (fruit flv) thanks to strange mutations
that exhibited considerable morphogenetic “anomalies,” such as the pres-
ence of well-formed organs located in another region of the body (the
mutant drosophila Antennapedia possesses wonderful limbs instead of,
and in place of, antennae!). 'These so-called homeotic transformations are
the result of an “abnormal” {at a different moment or place) expression of
homeotic genes during embryvo development.

Our “model” tetrapod, the mouse, possesses homologues to the dro-
sophila homeogenes. Thev are grouped in four complexes —HoxA, HoxB,
HoxC, and HoxD) —each one comprising between g and 11 genes (hg. 2.9).
During the morphogenesis of a limb, it 1s the genes in complexes A and
D - Hoxag, aio, an, @13, dg, dio, di, diz, and diz —that play a primary role.

The deactivation of one of these genes results in the reduction or
the loss of one or more skeletal elements in the limb (hg. 2.10). Thus,
when the genes Hoxary and Hoxdry do not function, the bones of the
arm and forearm form normally, whereas those of the hand and digits
are absent. If Hoxair and Hoxdin are inactive, the arm is “normal”—the
hands suffer only slight malformations—whereas the forearm itself is

Limbs

Endoskeleton

Lepidotrichs

Hox Stories

2.8, Fin davelopment in
Zebrafish. After the forma-
tion of an appendicular bud,
cells in the ectodermal layer
proliferate intensely-so
much that they form a fold.
This cuts communication
between the ectoderm and
the mesenchyme, preventing
continued growth of the fin's
endoskeleton. Digits cannot,
therefore, form. On the con-
trary, the gap that separates
the ectodermal fold from
the mesenchyme is guickly
invaded by cells from which
the dermal rays (fepidotrichs)
originate

From Duboule and Sordino
{1997)
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2.9, Hox genes (or homeotic
genes}: essential actors in the
construction of an embryo.
Each one expresses precise
moments in embryonic devel-
opment and in well-defined
regions of the embryo. &
rmouse has four complexes
(HoxA, HoxB, HoxC, and
HoxD), each one containing
about 10 ganes, the result

of duplication of a unigue
ancestral complex. The genes
Hoxa9, ald, all, a13, d9,
d10, g1, d12, and &3 are
particularly involved in the
marphagenesis of limkbs.

2.10. {facing) The deactiva-
tion of certain homeogenes
modifies the process of limb
construction in mice. When
the genes Hoxail and Hoxadl3
do nat function, hand and
digit bones (autopods) are
absent. On the other hand,

if Hoxall and HoxdT1 are
inactive then the radius and
ulna are atrophied. If the four
homeogenes Hoxall, HoxdTld,
Hoxal3, and Hoxd 12 do not
function, then the limb is
reduced to a sturnp: only the
humerus forms. At the risk

of oversimplifying, skeletal
modifications induced by the
inactivity of Hox genes impact
along the proximodistal axis
of the limb and in relation

to the field and chronology
of these genes’ expression.
This is, in turn, linked to their
positioning on the chroma-
some (see fig. 2.9): the group
S genes are expressed earlier
and in areas more anterior
and proxirmal than genes from
group 13, expressed later
and in regions more posterior
and distal (after Zakany and
Duboule [2007]),
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atrophied. Finally, if we deactivate genes Hoxan, Hoxdn, Hoxaiz, and
Hoxd1z in our poor mouse, the limb is reduced to a stump: only the arm
bones form,

It initiallv appears that skeletal modifications induced by the deac-
tivation of these Hox genes are confined to the proximodistal axis of the
limb. This observation 1s to be linked with the held and chronology of
expression of the affected Hox genes which, in turn, depends on their dis-
tribution in the chromosome: the group g genes are expressed earlierand
in anterior and proximal fields whereas group 13 genes are expressed later
and in posterial and distal fields. Consequently, a gene such as Hoxdg
will play a determining role in the construction of the arm, but Hoxdi3
will be the main plaver in the formation of the hand. There is another
consequence of this template of Hox gene expression: the modeling of the
hand and digits involves recruiting greater numbers of Hox genes (from
groups 11, 12, and 13).

The reality, however, is much more complex; if we deactivate Hoxd12
and Hoxdiz, we observe an overexpression of Hoxdir in the autopod,
resulting in polvdactvly, Hoxdu, therefore, stimulates the formation of
digits, a function normally counterbalanced by an inhibiting action exer-
cised by Hoxdrz and Hoxdrz. We will go no further in our sketch of gene
expression during the formation of a chiridian limb. Let us just retain the
idea that the building of a chiridian limb is accompanied by a complex
“musical score” in which different instruments—Hox genes—play at spe-
cihic imes and places. Armed with this knowledge, we turn our attention
to the state of affairs in organisms lacking chiridian limbs but possessing
fins, such as out old friend the zebrahsh.

The four complexes—HoxA, HoxB, HoxC, and HoxD)—are present,
as are the same genes (even if their sequence is not exactly identical).
There is, therefore, no “digit gene” —no more, for that matter, than there
is a gene for anv other organ or structure. A priori, Danio rerio has all
the genetic potential to make digits. It is only the spatial and temporal
dynamics of its gene expression that prevents this—for, while it employs
the same “musical instruments” as a tetrapod, it is, in a manner of speak-
ing, dancing to a different tune (hg. 2.11).

There is another element we need to bear in mind. The aforemen-
tioned Hox genes do not intervene uniquelv in the morphogenesis of
digits. They are also kev actors in the formation of the urogenital svs-
tem, the digestive tract, and the construction of certain skull bones.
This raises several questions: Ihd digits appear in conjunction with the
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modification of one or more other body parts? Is there any link between
cranial transformations involved in the hsh—tetrapod “transition” (such
as the modification of the branchial apparatus and transformation of
the hvemandibular into the columella) and the appearance of chiridian
limbs? So many questions and so few answers!

The complexity of these phenomena is, of course, a major obstacle,
but there is also a problem linked to material. Let us not forget that ge-
neticists work on living species that are often verv different from those
that inhabited the Devonian world. Researchers studying Poalyodon, an
actinoptervgian slightlv more basal than Danio rerio, reached similar
conclusions regarding the “lateness” in the HoxD gene expression dur-
ing hn development. The fact remains, however, that there is a world
of difference between any actinoptervgian vou choose to mention and
a sarcoptervgian such as Panderichthys or Tiktaalik. The same goes for
tetrapods; results obtained from a mouse or a frog are not necessarily ap-
phicable to Iehthyostega or Acanthostega. We are understandably a long
way from knowing all the mechanisms involved in tetrapod origins.

Until now we have talked of the chiridian limb. However, there is a strik-
ing difference between a mouse’s paw and the front limb of a human,
horse, chicken, or penguin. Nevertheless, in terms of organization —re-
volving around three elements: stvlopod, zeugopod, and autopod —the
development of different chiridian limbs follows paths almost identical
to those described in a mouse: first buds, followed by mittens, then ping-
pong paddles, and then webs!

In fact, the formation of each chiridian limb seems to be the result
of variations on a theme: specialized zones (signal centers) control the
formation of specihic structures along the proximodistal axis (the apical
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fone where the Hoxal3
gene is expressed

Back me—— ot

Zone where the Hoxd13
gene is expressed

2.11. The different expression
profiles of the same Hox gene
(Hoxd13), comparing the em-
bryogenesis of a limb {mouse}
and a fin (zebrafish). Zebrafizh
and mice possess the same
type of Hox genes. [t is the
dynamic of their expression

in time and space that differs.
There is, therefore, no "digit
gene” | (after Dubaoule and
Sordine [1997]).
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ectodermal ridge), the anteroposterior axis (the zone of polarizing activ-
ity) and the dorsoventral axis (hig. 2.12); bones form from precartilaginous
islets that are more numerous when more space 1s available in the mes-
enchvime; digits form from the precartilaginous islets and individualize
bv apoptosis (cell death at the origin of interdigital spaces).

So what determines the difference between chiridian limbs that
are dissimilar both in relative part size and in number of digits? First, it
is a matter of timing. From one species to another, the morphogenetic
rhythm from different signal centers changes, engendering variations
in limb proportions in every dimension (proximodistal, anteroposterior,
and dorsoventral). This is a further reminder that morphogenesis occurs
not in three, but four dimensions: it 1s ike a music that, by altering its
rhyvthm, alters its stvle. Second, the balance between the number of pre-
cartilaginous islets and cell death by apoptosis in the distal part of the
limb in formation determines the number of digits. Consequently, there
are many possible variations on a chiridian limb.

Let us look briefly at polvdactylv. What 1s the maximum number
of digits a hand or foot can bear? It is difficult to imagine having fifteen
digits on each hand {and it would be inconvenient—except, perhaps,
when plaving the piano). In the living world a few tetrapods, such as frogs
and the panda, have more than five digits; however, these are often not
true digits (elements issning from new structures) but the expansion of
pre-existing phalanxes. We have seen in the "X-Chick” in the laboratory
that it is possible to create polvdactvlous mutants, but, often, they do not

Earth before the Dinosaurs



2.12. The forelimb of
— Acanthostega, with its
three growth polarities. This
drawing is an extrapolation
based on findings from
living tetrapods. From
Devonian tetrapods to those
living today —whether it be
penguin, chicken, human,
Radius Zeugopod or any other—the formation
Ulna 9°p of a chiridian limb involves
specialized zones, called
signaling cell centers, that
contral growth polarity of
the limb along three axes:
proximodistal, anteroposterial,
and dorsoventral,

Humerus Stylopod

Proximo distal polarity

Autopod
(wrist and digits})

il = Antero posterial polarity
Dorso ventral polarity /

have true supernumerary digits. To ind truly polvdactvlous tetrapods we
have to turn to the past—frst, to the Devonian. The “record,” for the mo-
ment, is held by Acanthostega and its eight-digit hand. Its cousins are also
polvdactylous, but in different wavs; in Ichthyostega, the supernumerary
digits are anterior to digit 3 (preaxial polydactyly), whereas in Tulerpeton,
thev are posterior (postaxial polydactylv). A further fourish comes with
the polvdactyvly of Acanthostega’s (eight-digit) hands, which are preaxial,
whereas that of its (seven-digit) feet seems bilateral; that is to sav that
the supernumerary digits are “symumetrical” (occurring on either side of
“normal” digits)!

Outside of the Devonian, are there other polvdactylous tetrapods?
The answer 15 ves; one of the ichthvosaurs (marine reptiles from the
Jurassic of Europe and the Americas, known as ophthalmosaur) displays
six true digits on each hand. This polydactylv appears to be bilateral and
the hands of these surprising tetrapods also displav polvphalangism (an
increased number of phalanxes). In fact, the forelimbs of ophthalmosaurs
are transformed into fantastic paddles (hg. z.13). Another truly polvdac-
tvlous marine amniote was discovered by Chinese paleontologists in the
Triassic of China. It is equipped with seven digits in its forelimbs and six
backing the hindlimbs. Its polvdactyly is of a preaxial tvpe, but apparently
it does not display supernumerary phalanxes (hg. 2.14).

Itis interesting to note that polvdactyly appeared several times during
the history of the tetrapods—in the Devonian, Triassic, and Jurassic —and
in various forms. There seems to be only one constant: all the polvdac-
tvlous fossils are marine, or at least eurvhaline. Today, variations on the
theme of digits are just as numerous without, however, exceeding five in
number (barring “accidents”). Perhaps, in the course of evolution, certain
combinations have proven more advantageous than others. In the living
world, some digits are fused together (for example, the third and fourth
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First Function(s)?

2.13. A surprising ichthyo-
saur: Ophthalmosaurus (Late
Jurassic—160 Ma). The name
of this marine reptile comes
from its large orbits. It also
displays foralimbs transfarmed
into six-digit paddles! In
addition to this polydactyly,
its hands are equipped with
many supernumerary pha-
lanxes (see inset),
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combine to form a chicken’s wing), and others have disappeared (in mod-
ern horses, the third digit—the central one—barelv remains).

We now return to the Devonian. At the stage in history we arrived at by
the end of chapter 1, around 370 million vears ago, digits make their first
appearance at the extremity of paired appendages in some sarcoptervg-
ians. We do not know vet how these digits emerged, and perhaps we
never will, but we know that they are apparently neoformations—that is
to sav, thev are not homelogous to the dermal ravs (lepidotrichs) of fins.
This evolutionary innovation marked the birth of the tetrapods and the
beginning of the chiridian limb’s long journey,

How did this adventure all begin? We have seen that the limbs of Ac-
anthostega were rather rigid and that their articulations allowed for only
a linted range of motion. The forelimbs of Ichthyostega were apparently
incapable of flexion and extension, and its paddle-shaped hindlimbs were
oriented towards the back. Paleoenvironmental reconstitutions suggest
that Devenian tetrapods lived in a landscape that resembled the man-
groves of todav. In short, contrary to previously popular and enduring
belief, the early tetrapods were aquatic even to the point of being marine.
So what was the function of those first freshlv modeled chiridian limbs?
On the shoreline their function would seem more or less limited to drag-
ging the body out of the water. Jennifer Clack has put forward the idea
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that fuhfhyus{egu could, once onshore, |alhuri{_:u:-;|§' crawl around on the
eround, much like present-dayv seals do. When it comes to aquatic func-
tions, hvpotheses are more abundant.

The chiridian limbs of early tetrapods are generally longer and betrer
articulated than fins. They could allow movements that are impossible
with fins, even in the water. It is probable that the first [imbs contributed
to maintaining bodily balance in the water (by acting as ballast), espe-
cially as the digits could plav an essential role; the simple movement of
a digit in a strong current would be enough to modify the trajectory of
the body. Itis easy to imagine Acanthostega on the surface, camouflaged
among Hoating dead trunks and waiting for prev, its four limbs and digits
splaved below the waterline acting as stabilizers; verv much like croco-
diles and newts today {fig. 2.15).

Most Devonian tetrapods lived in mangrove-like littoral environ-
ments, turbid and rich m plant debris. In the mangroves of today the
mudskipper, a teleostean fish, 15 well known for its excursions onto land,
using its robust pectoral fins to walk over roots. Once back in the water,
its paw-like appendages allow it to mamtain and support its badyv on the
bottom. Did the first chiridian limbs have the same function? Could early
Devoman tetrapods grip onto sunken branches and anchor themselves
to the bottom? Perhaps. Digits have articulations that are verv different
from those of |L‘[3ic1t}h'i[:]1::i; cach 1s {J'c]]:reibh; of hH]:.'.[‘u.;lu]{;nI movement.
Did greater maneuverability play a tole in the penetration, progression,
and anchorage ol those early tetrapods in the dense, dark, and stagnant
environment they evolved in?

Stabilizers, hooks—we can imagine manv other functions for the fust
chiridian limbs. "But [speculative] thoughts are cheap,” writes Stephen
Jav Gould. “Any person of intelligence can devise his halt dozen before
breakfast” (19g1: 454). Now it is my turn, and [ would like to put forward a
h} ltnu’r]w:;f:,' that is very 5i|||]1]{; but not often cited. What if the hirst chirid-
ian limhbs were used by the male to hold onto the female during mating?
After all, the early tetrapods were amphibians in the broadest sense. Many
present-day lissamphibians couple by external fertilization in the water;
the male grips the female to deposit his sperm as close to her as possible.
Perhaps Acanthostega and its Devonian cousins reproduced in the same
manner. OF course all these hvpotheses are merely speculation, to be,
perhaps, confirmed or disproved in the light of more advanced biome-
chanical studies or new discoveries (for example, we still do not know
what lehthyostega’s hand looked like!).

This lood of hypotheses should be tempered with some sober reflec-
tions as we draw this chapter to a close. We will start with the obvious: it
mayv be difficult for us to understand in our modern consumerist society,
in which everything needs a sense and function (even our lives, deeds,
and words), that a structure does not necessarily appear with a designated
function. The evolutionary innovation that is the clunidian limb emerged
subject to the whims of evolutionary contingency. As we have touched on
i our lightnmg tour of the Hox genes involved in lumb morphogenesis, it

limbhs

2.14. Hands and feet of

a polydactylous {(non-
ichthyosauriam marine reptile
discoverad in the Triassic of
China, This amniote possessed
seven digits in frant and six

at the back . [ts polydactyly is
of a preaxial type: its super-
numerary digits are anterior
to digit .,
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2.15. Swirnrming limbs and
walking fins: (above) larva of
a Triturus marmoratus using
its Torelimbs as ballast balow
the waterling; (facing) Peri-
ophthalmus barbarus using
its pectaral fins to get around
on land. Today's biodiversity
abounds with examples that
upset our anthropocentric
vision of evolution ("fins for
swimming” and “limbs for
walking ™},
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is perfectly possible to envisage digits as a consequence, a sort of second-
ary effect, of modihcations in the urogenital system, the digestive tract,
and the cranial skeleton in tetrapods.

We must also remember that an innovation can be linked to several
functions. Evolution abounds with examples in which the principal func-
tion of an innovation in a living organisin is not what it was oniginally in-
tended for. Chiridian limbs appeared in the water, where we can imagine
thev plaved a whole host of functions (or possibly none at all), and only
later proved “useful” for walking. It is a prime case of exaptation, mean-
ing the deviated adaptation of an original function (if one existed), which
is 4 common evolutionary process. In the dinosaurs, birds included, the
feather probably did not appear for the purpose of flight. It quite possibly
served initially as thermal insulation, allowing the animal to contral its
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body temperature (thermoregulate) and, secondarily—thanks to its highlv

branched structure —served to lighten the body. The feather would, there-
fore, be an exaptation for fight and an adaptation for thermoregulation.
The same applies to the sarcoptervgian lung, which could have initially
been involved in the balancing of the body during swimming before it
developed a true respiratory function. Put another way, the lung would
be an adaptation to balance the bodv and an exaptation to breathe air.
Evolution being what it 1s, learning the function of the hrst chiridian
limbs mayv prove a fruitless quest.

Limbs
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THE PANGAEAN CHRONICLES

BY THIS STAGE WE ARE ALREADY ACQUAINTED with the ichthvan
sarcopterveians, the closest relatives of the tetrapods, and we know what
the earlv tetrapods looked like when thev appeared in the Devonian
(chapter 1). The major innovation that characterizes them is the chiridian
limb. We have tried to understand, by comparisons between evolution and
development (evo-devo), how this structure appeared in tetrapodomorphs
(chapter 2). Contrary to a long-held idea, the early vertebrates equipped
with limbs possessed more than hve digits and were not terrestrial but
aquatic. In this chapter we pursue our incursion into the evolutionary
vovage of the Devonian tetrapods. We will discover how these species,
at different times and with different approaches, installed themselves on
terra firma. It is a complex story that unravels in both salt- and freshwater
and it is a hard one to relate, it being so difhcult to reconstitute the links
between ancient tetrapods and those of today,

Devonian tetrapods are the very first representatives of a group dear to
paleontologists: the stegocephalians (from the Greek “stego,” plate, and
“kephale,” head). Under this label are grouped all the non-amniotic tetra-
pod fossils belonging to taxa no longer represented in the living world —in
other words, all the fossil amphibians with the exception of the lissam-
phibians (anurans, urodeles, and caecilians). The stegocephalians were
tied to the water through reproduction—they had to lav eggs there, and
fertilization was probably external. Nevertheless, they comprised several
species with a terrestrial lifestvle and it 15 from stegocephalian relatives
that the hirst amniotes, OTganisms that were independent af the aquatic
environment (see chapter 4), emerged during the Carboniferous Period.

The stegocephalians form a large group often characterized by flat
skulls composed of a mosaic of flat, bony, dermal plates from which their
name derives; by limbs furnished with a maximum of five digits (penta-
dactvl); and by the olecranon process, a bony extension of the proximal
head of the ulna (cubitus), which is often found in tetrapods more derived
than Acanthostega, and acted as a lever in limb moblity.

Even though thev possess caommon characters, the stegocephalians
do not form a clade: they do not share a unique common ancestor. The
reference cladogram (see inside cover flap) clearly shows, for example,
that their last common ancestor was also that of the ammiotes. The stego-
cephalians constitute what experts call a grade. The term stegocephalian

Oh, the Polliweg is woggling

I his pleasant native bog

With his beady eyes a-goggling
Through the underwater fog
And his busy tail a-joggling
And his eager head agog-
Just a happy little frogling
Who is bound to be a Frog!

Arthur Guiterman

Plate Head

In the heart of Pangaea, 250
million years ago. Recanstruc-
tion based on analysis of the
Maoradi region of Niger
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and lissamphibians—a
paleontological headachs

At least two, perhaps three
main phylogenies are in

the running 1o describe the
relationships batween the
stegocephalians and ther
living cousins {lissamphikians
and amnicies, pictured in
rad}, The classically accepted
phylogeny (A 1s that of
Lombard and Sumida (1992)
and of Ruta et al. {2003): the
lissamphibians are sister group
of the termnospondyls, and
the amnioles are sister group
of diadectoemorphs and sey-
mouriamaorphs. The compara-
tive analysis (that is to say, the
rmatrix taxon = characters)

of Ruta et al. rermains the
most exhaustive 1o date. The
phylogeny ot Laurnin and Relsz
(1987HE) suggests that the
sister group of the lissamphib-
1ans is to be found amongst
the lepospondyls. This
hypothesis is fiercely debated
because lepospondyls are
highly specialized. Finally, the
phylogeny of Carroll (2007)
and Anderson (2008} (), the
most controversial, suggests
that the lissamphibians do not
form & clade; the caecilians
would be sister group of

the lepospondyls and the
salarmanders and frogs would
be sister group of the termno-
spondyls. This contradicts all
the other phylogenies, includ-
ing malecular ones. Note that
neither the lepospondyls nor
the temnospondyls constitute
a cladle
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15 conserved for practical reasons and 1s, at least, preferable to that of
“labyrinthodonts™ (a reference to the folded or labyrinthine structure of
the dentine, a character also shared with ichthyvan sarcoptervgians).

The stegocephahian grade gathers several thousand species between
the Late Devonian (the early tetrapods) and the Middle Cretaceous.
Their fossils have been discovered on everv continent, from the Canadian
Arctic to Antarctica and from North America to Australia. It is remark-
able to think that the stegocephalians, away trom the limelight of media
attention, reigned for some 270 million vears—almost twice as long as
the dinosaurs!

Between radiations and extinebions, Hh:_gurgur.tlm][a]n evolution is like
the musical score of a long symphony with most of the pages missing;
paleontologists have a hard time making sense of it. It is worth the effort,
as they mav be considered the most enigmatic and difficult group to pin
down in vertebrate evolution.

[will explain: the reterence cladogram clearly shows that some stego-
cephalians are the closest taxa to lissamphibians (also called modern am-
phibians), whereas others are the closest relatives of amniotes. But which
stegocephalians exactly? For the moment it is impossible to say with any
certitude (hence the dotted lines on the cladogram). Whereas the origin
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work and advances in phvlogenetic methodology in the laboratory), the
question of amniote origins, especially that of Lissamphibians, remains
the number one black hole in vertebrate paleontology. As amniotes our-
selves, the question touches the very heart of our existence: Where do we
come from? For the moment there is no consensus as to the phyvlogeny of
the stegocephalians within the scientilic community.

Why is the phvlogeny of the stegocephalians such a thornv problem for
paleontologists? To answer this question, let us take a closer look at the
diversity of the group. The reference cladogram shows us that it is made
up principally of Devonian tetrapods (notably the Iehthyostega and Acan-
thostega of chapter 1}, some strange Carboniferous forms (Crassigyrinus
and Spathicephalus, which we will discover later on), as well as members
of two groups: the batrachomorphs and the reptiliomorphs.

The reptiliomaorphs include the stegocephalians more closelv related
to ammiotes than are other stegocephalians, as well as the amniotes them-
selves. We will deal with them in chapter 4, when we getacquainted with
the hirst ammniotes (which were also the hirst reptiles) and the synapsids (the
“mammal-like reptiles” and the mammals). Despite agreement among a
erowing number of paleontologists that amniote origins are to be found
within a clade of rephiliomaorphs called diadectomorphs, there are shill
sticking points on the stegocephalian tree.

Batrachomorphs comprise the stegocephalians more closely related
to lissamphibians than are other stegocephalians, as well as the lissam-
phibians themselves. Itis here that things get trickv —the reason being that
frogs, salamanders, and other modern amphibians have a very specialized
morphologyv. The skeleton of the frog, for example, is unique amongst
vertebrates. Lissamphibians hardly resemble Paleozoic stegocephalians,
They have their own morphological innovations. Although the latter
sometimes help us to link lissamplibians together (intrarelationships),
thev do not provide information that would link them with other tetra-
pods {interrelationships),

The origin of lissamphibians therefore remains a mysterv—a second
sticking point on the stegocephalian tree. Discussions rage over which 1s
the batrachomorph group closest to modern amphibians, temnospondyls
or lepospondyls? The systematicians do not agree even on lissamphibian
intrarelationships—that is to say, the relationship among frogs, salaman-
ders, and caecilians. Figure 3.1 sums up the various points of view of the
specialists. The phyvlogemes ditfer greatly depending on the author, and
conference debates can get very animated!

Why 1s so much ink spilled on the orgins of amniotes and lissamphib-
tans? There are three main explanations for the divergent phylogenies.

The Pangaean Chronicles

A Controversial
Phylogeny

Why So Much
11 Will?
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6.7

The first 15 a {ll]{_‘bil'if_:ll! {_:F1||{;1||m]u|ug}: all the authors use the same
method, computerized cladistic phyvlogenetic analvsis, but they do not
input the same raw data (tables of morphological characters classified
by taxon, or “taxon characters” matrix in cladist jell'guh‘_l; neither the
morphological characters (choice, definition, coding, and polarization)
nor the taxa (sampling and representativeness) are the same from author
to author. Tt is hardly surprising that the end results should be ditferent.
Why this ruinous lack of agreement among phylogeneticists? Rampant
competitiveness? A race for publication? It is a muxture of both. The pre-
vailing ambience among researchers is, unfortunately, one of competition
more than cooperation.

The second problem owes itself to the nature of the taxa to be clas-
sified: each of them, as we have seen, is highlv specialized and their
specific characters are often uninformative when it comes to studving
relationships among them.,

The last problem is a lack of data on development, notablyv larval,
of the species being compared. We saw in chapter 2 how development
(ontogeny) can sometimes provide precions information about evolution
(phvlogeny). This lack is glaring in fossil species, of course, as the pres-
ervation of immature individuals is rare, More surprisingly, this is also a
problemn with certain hiving tetrapods (caecilian amphibians, for example)
that are difficult to raise or observe in their natural habitats.

T'here are, nevertheless, solutions to these problems. Paleontologists
have at their disposal all the necessary tools to share data and merely
require a simple internet forum in which to come to agreement on the
defimition of given characters, or a common online database in which to
establish a suthciently standardized matns. There exist today a sufhicient
number of alternatives to share knowledge (or at least raw data) without
systematically resorting to screening committees or the reviewers of sci-
entihe journals. As Stephen Jav Gould notes,

I know from my own experience as a participant in major scientific
debates that the explicit record of publication is utterly hopeless as a
source of insight about shifts, forays, and resolutions [which character-
ized the discussion]. As Peter Medawar and others have argued, scientific
papers . . . are, at best, logical reconstructions after the fact, written
under the conceit that fact and argument shape conclusions by their
own inexorable demands of reason. Levels of interacting complexity,
contradictory motives, thoughts that lie too deep for either tears or even
self-recognition —all combine to shape this most complex stvle of human
knowledge. (19587 8s)

Next, researchers must be given the means to carry out heldwork.
There are no fossils without heldwork and, without fossils, no paleontolo-
ists. The avowed goal of paleontologists working on stegocephalians is to
find new taxa in Paleozoic rocks to fill in the blanks. It would be interest-
ing to discover Paleozoic hissamphibians less specialized than Mesozoic
forms and, in an ideal world, well preserved and showing different growth
stages (larval, juvenile, and adult),

Farth hefore the Dinosaurs



JUST AFTER THE APPEARANCE OF THE EARLY TETRAPODS
(which were also the hrst stegocephalians), a massive life crisis affected
largely marine environments at the limit between two Late Devonian
stages, the Frasnian and Famennian (370 Ma). Together with the Perm-
lan—TITiassic extinction event (250 Ma), the Frasnian—Famennian event is
one of five great mass extinctions that have marked Earth’s history (“the
Big Five” in paleontology!). Is this crisis linked with the emergence of
early tetrapods from the water? Paleontologists do not know vet.

If we jump back in time 365 million vears, the face of the Earth 1s
very different from that of today, and the atmosphere very different from
the air we breathe today. The continents, mainly clustered together in
the Southern Hemisphere, are surrounded by oceanic masses harboring
strange armored fish, corals, and marine arthropods. On land, the first
fern and horsetail forests are springing up. These are home to numerous
terrestrial arthropods but, as vet, no terrestrial tetrapods (several million
vears will elapse before they leave the water). The climate changes bru-
tallv and, globally, high temperatures give way to an ice age.

This climatic shift has a devastating effect on the fauna: most ben-
thic organisms are decimated, including corals, stromatoporoids, bra-
chiopods, and trilobites. The continents also become a hecatomb: some
plant groups die out, and the composition of others is radically altered.
The mechanisms and exact causes of this catastrophe remain little un-
derstood. It 1s true to say that the Frasman—Famenman extinction was
rapid on a geological time scale. The climatic hyvpothesis is favored for
the continental masses (warming followed by global cooling due to gla-
ciation). In the seas the phenomenon of mass extinction appears linked
to a period of general anoxia (a dramatic drop in oxvgen levels in the wa-
ter). Glaciation and anoxia are not necessarily mutually exclusive: forests
ravaged by plunging temperatures can discharge enormous amounts of
lignite debris and sediments on the coast and in the seas, perhaps saturat-
ing epicontinental waters and asphvxiating the animals that live there.
[s this what happened? The question remains open; but it is not because
two phenomena are contemporary that they are necessarily linked. Put
another way, correlation is not a synonvm of causality.

One thing is certain: an enormous glaciation traversed southern
Pangaea from the Late Devonian to the Earlv Carboniferous—a veritable
Paleozoic ice age!
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No Such Thing as
Leaving the Water!

bd

Fven T|1L:uug|| the ]th. ]Ug{:ll}' of the stugm'uph'd]ians remains controversial,
it does not prevent us from formulating hy potheses about their evolution
and the transtormations thev underwent throughout their long history,
As we saw in the first chapter, the earlv tetrapods (that is to say, the first
stegocephalians) experienced a formidable evolutionary radiation from
their beginnings in the Late Devonian (365-370 Ma). In several million
vears the group “exploded” = diversifving and thriving just about every-
where (their fossils can be found from North America to China). The
apparihon of the clhundian mb was a resounding suceess.

Devonian stegocephalians, including the very first ones such as Ieh-
thyostega and Acanthostega, were aquatic. Most lived in brackish waters,
El_'ll[l oven '|['|q':|ril|'|l:_' l._:f'l"L'il-U'll'll'l{_:llfS-- i'] 'l]|{_"!| |||.;_-]l||:._'. il’ ||1I'(_]th Qe U'I'-I['H._: rl'l.'l:_l ||IF{_:
crises that this planet has known (the Frasnian—Famennian extinction
event; see inset “Crisis Time”). It is only later, during the Farly Carbon-
iferous (330—235 Ma), that certain forms left the water. Afterward, the
music speeds up and the evolution of the stegocephalians takes on epic
proportions on land as well as in the water.

Terrestrial or Aquatic—Everything’s Relative

[t needs to be stressed from the outset that the expression “leaving the
water” is not obvious when applied to the stegocephalians—that is to
sav, non-amniohic tetrapods linked to the water, at least for reproduc-
bion, In fact, the hives of NANY of them are dithcult to tathom. These
vertehrates often evolved at the interface between land and water. By
their morphology, we can easilv distinguish tvpically terrestrial stego-
cephalians (which apparently only returned to the water to reproduce
and lay eggs) from the typicallv aquatic (which spent most of their time
i the water) and come up with hypotheses abonot their lives. The same
does not applyv to the amphibious forms that mav have made up the
majority: it is difficult to estimate how they split their time between land
and water.

The notion of terrestriality therefore becomes relative. Some paleon-
tologists think that as soon as a vertebrate (whether ichthvan or tetrapod)
15 capable of venturing onto drv land we can talk of leaving the water.
In these terms, the mudskipper, a remarkable living fish that can climb
mangrove roots, embodies an attempt to leave the water happening be-
fore our eves. 'To others, leaving the water 1s onlv accomplished when a
tetrapod becomes entirelv independent of the aquatic environment—that
15 to sav, with the invention of the amniotic egg and the appearance of
the amniotes (see chapter 4).

Several Sorties from the Water

The expression “leaving the water” is false because it is in the singu-
lar: 1t 1s meamingless to speak of the leaving of the water to describe an
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evolutionary episode that saw the early tetrapods slide a foot out of the
aquatic environment.

As we already know, in the historv of life, organisms have never
stopped leaving the water! Between the Ordovician and the Silurian (440
Ma), plants and then arthropods embarked on a terrestrial adventure, and
with some success (see inset "Plant and Arvthropod Excursions onto Dry
Land”). Today, also, aquatic organisms venture onto the continents. A
case in point is the coconut crab Birgus latro, which spends much of its
time out of the water. Most principal living clades (for example, terrestnal
gastropods, whose ancestors were probably aquatic) have terrestrial forms
and therefore their own “leaving the water.” Without multiple plant and
aerlTU[‘Ju{l {l[:|:-;|.|’h|1'[:5 from the water—which ::un:-;i:h.:l’;—ﬂﬂ} modified Pa-
leozoic landscapes, ecosvstems, and environments —the tetrapods would
probably have never ventured onto land.

Mext, several sorties from the water took place within the tetrapod
group itself (as among plants and arthropods). As we can see on the refer-
ence phylogenetic tree (see inside cover flap), several lineages ventured
onto dryv land. One of the hirst stegocephalians to leave the water (a some-
what timid effort; we must not forget that, for these amphibians, water
was home, at least for reproduction), was probably Balanerpeton in the
Farly Carboniferons. A little later, during the Late Carboniferons—Earlv
Permian {gc W i"'-.-|;-]_], the ::;t'rgm:qﬂm“alu. discovered new continental eco-
logical niches and expenienced several evolutionary radiabions. Chapter
4 treats those of reptiliomorphs and early amniotes. In this chapter we
concentrate on the radiations eLF’r‘{:ﬂing the h.,'l]l]l[:l.‘:i|:n:mf|f.'|5 (a group, of
which Balanerpeton 1s one of the first representatives, that dominated
the end of the Paleozoic) and the lepospondvls. From the Carboniferous
to the Permian the lepospondyls evolved diseretely, side by side with the
temnospondvls. We will see that these two groups of batrachomorphs
{Ju1r1|11'i5L‘t| of both terrestrial and aquatic torms, the latter ]ikd}' the re-
sult of readaptation to the aquatic environment! We will also see that
some lepospondvls —which were terrestrial, according to some paleontolo-
cists—had already lost their limbs.

It would seem that all these Late Carboniferous—Farly Permian “ex-
ploits” were favored by continental environments and climates propitious
for new life forms. At that time—and notably in equatonal latitudes—a
large part of Pangaea was covered in deep forests, dense and huxuri-
ant, a little like the Amazon jungle today, but without Howering plants.
Landscapes of giant horsetails, conifers, and calamites—already host to
a multitude of terrestrial invertebrates—were the stomping ground and
tood source for the hrst stegocephalians and early ammiotes. 'These forests
eave us today's great coal deposits, stretching from North America to the
Czech Republic, passing through France and Germany. The reign of the
ternnospondvls was to last untl the end of the Early Cretaceous. These
stegocephalians would rub shoulders with the hirst lissamphibians, which
emerged in the Early Triassic (250 Ma).
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Plant and Arthropod
Terrestrializations

3.2. Arocky coast 400
million years ago, Al that

time there were no land
vertebrates, Nevertheless,
there had already been several
terrestrializations, Mosses
were amongst the first plants
to venture onto the continents
more than 500 Ma (accord-
ing to recent discoveries in
Scotland). The first terrestrial
lichens, shown herae, appeared
several million years later.

At the end of the Devonian,
360 Ma, the structure of the
vegetal ground cover was
almost as developed as that
of today

IN THE PLANT WORLD, MOSSES (BRYOPHITES) ARE AMONGST
the first terrestrial species. Thev possess a new structure, the sporangium,
which contains spores, facilitating their dispersal into the air at maturity,
The oldest known mosses date back 475 million vears (only their spores
have been fossilized). Before them, in the fossil record, other plants were
capable of tolerating desiccation. The coleochaetes, for example, are
strange encvsted green plants able to conserve and nourish their “germs.”
The oldest complex, vegetative soils (paleosoils dating from the Late
Ordovician, about 450 Ma) were apparently covered with hepatics (or
liverworts—plants close to mosses; only their spores have been found}, but
older paleosoils—1 billion vears old!—contaiming multicellular cysts and
thalli have been recently described in Scotland. The lichens, marvelous
examples of symbiosis between algae and fungi, started to settle on dry
land a mere 4oo million vears ago, if not earlier. Older lichens (around
soo million vears old} have been discovered in China but belonged to a
shallow marine environment.

After lichens and mosses, other plant groups settled on land, each
group developing its own innovations: roots that could tap the water
and mineral resources of the soil, a waxy cuticle to protect from desicca-
tion, lignin in the wood that maintains the plant vertically, or stomates
on the leaves that participate in transpiration (water expulsion) and gas
exchanges (photosynthesis and respiration). By the end of the Devenian,
the vegetal groundcover was almost as developed as that of today. All the
structural tvpes of terrestrial plants—arborescent, bushy, liana, epiphvtic,
or anv other—were already present. It is only the species and therir repro-
ductive systems that have changed between the Devonian and today, with
the appearance of the large groups of seed-bearing plants (conifers and

(&7

Earth before the Dinosaurs



angiosperms). As a comparison, imagine if, by the end of the Carbonif-
erous, all continental, terrestrial, and aenal environments were already
occupied by the tetrapods.

The arthropods followed the wave; the vegetal land cover and subse-
quent formation of soils proved very favorable to these previously mainly
aquatic animals. Like plants and tetrapods, they made several exits from
the water during evolution: myriapods in the Silurian, chelicerates in the
Devonian, and crustaceans and insects later. The first truly terrestrial
arthropods were little myriapods from the Late Silurian (420 Ma). Detri-
vore tending towards fungivore (mushroom munchers), they lived in the
soils. The terrestriahization of arthropods mav go even further back: fossil
traces attributed to terrestrial arthropods have, in fact, been identified in
the Ordovician, before even the first plants (mosses and hepatics).

One thing is sure: by the Carboniferous period the dense, humid
forests were seething with a verv diverse entomofauna. Some forms were
of a size that defies belief: pluricentimetric cockroaches, dragonflies with
a 7o-centimeter wingspan (Meganeura), giant spiders (Megarachnides),
millipedes several meters long (Arthropleura)! These carnivorous and/or
detrivorous arthropods had practically no predators. Absence of pressure
from compehtion might explain these giant forms.

The Pangaean Chronicles

3.3. Giant arthropods of the
Carboniferous coastal forests:
(A) Eurypterus (scorpion),

(B) Meganeura {dragonfly);
() Arthropleura (millipede),
(D) Spifoblatta (cockroach).
The human silhouette is

for scale, The near absence
of predators and a high
atrmospheric oxygen level
might have permitted these
arthropads 1o attain record
dimensions.
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The Enigma of the
Carboniferous

Balanerpeton

Age Early Carboniferous—-335
to 320 Ma

Location Scotland, United
Kingdarmn

Size Up to 20 cm

Features Flat, rounded skull;
well-ossified limbs
Classification Basal
termnospondyl

3.4. Balanerpaton woodi
(335=330 Ma): (A) skull in
palatal view with part of

the vartebral column; (B}
reconstruction of the skeleton
in dorsal view; and (C) skull in
palatal view. This fossil, which
owes its name to the famous
collector 5tan Wood, was de-
scribed in 1994 by the British
paleontologist Andrew Milnear.
Despite having to return to
the water to reproduce and
lay eggs, this Early Carbonifer-
ous stegocephalian is one of
the very first terrestrial tetra-
pods. Photo courtesy of Jeff
Listan, Hunteran Museum
and Art Gallery, University of
Glasgow:

b&

This is a story with many twists and turns, in which the exploration
of new environments 1s linked to an explosion of new and amazing forms.
From the Carboniferous Period onward, some stegocephalians present
morphologies that can only be described as stunning.

We still have little information about Early Carboniferous stegocepha-
lians; this 1s not the case for those of the Late Carboniferous. It seems
that this scarcity of fossils is a taphonomic problem: the lack of Early Car-
boniferous continental outcrops limits the potential for discoveries (this
15 Romer’s Gap). Moreover, the few tetrapods known from this ime are
very different from each other. This is a real headache for my colleagues
who try to classify them.

Among the aquatic stegocephalians we shall meet strange forms
such as Crassigyrinus or Spathicephalus. On the terrestrial front, several
trackwavs discovered at Horton Bluff, a verv well known Canadian fossil
site {in New Scotland), show us that some Earlv Carboniferous stego-
cephalians were already attaining respectable sizes, with limbs up to 20
cenhimeters in diameter! Terrestrial stegocephalians from the same pe-
riod have also been found in Furope, and vary greatly in size and shape.
First in the spotlight is Balanerpeton.

Run for Your Lives! Balanerpeton woodi

Balanerpeton woodi was discovered at the well-known Scottish site of Fast
Kirkton, which dates from the Earlv Carboniferous (335 to 330 Ma; fig.
3.4). About thirty pluricentimetric skeletons, in curled-up position, were
found in the hollow interiors of fossil lvcophyvte tree trunks (a group to
which present-day sigillarians belong). This suggests that these were the
last refuges these small amphibians found to protect themselves from a
mudslide that proved fatal (hg, 3.5).

The maorphology of Balanerpeton is verv peculiar: it possesses a large
tvmpanic opening at the back of the head (the otic notch), a window for
sound detection outside the water. Its wrists and ankles, well ossified and
robust for the size of the animal, suggest a terrestrial locomotion. Further-
morte, Balanerpeton possesses neither lateral line nor the bony gills that
characterize an aquatic life. All the anatomical arguments converge to
indicate that Balanerpeton spent most of its time on land. This fossil has
earned itself more than one title: it represents not only one of the oldest
temnospondyls, but also one of the Nirst terrestrial tetrapods.

With its rounded skall and its fairly long body, Balanerpeton looked
like a salamander, It also represents one of the rare fossil amphibians that
possess almost twice as many teeth on the upper jaw (small and 40 in
number) as on the lower jaw. This verv special pattern, called “dignathic
heterodonty,” suggests a particular diet—carnivorous tending towards
insectivorous.
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A Morphological Headache: Crassigyrinus scoticus
While some stegocephalians experimented with a terrestrial existence,
others evolved in an aquatic environment. This was the case with the L
Crassigyrinus

astonishing Crassigyrinus scoticus from the Early Carboniferous of Scot
land. This fossil was found in lavers aged around 325 million vears (Vi-
séan—Namurian), in ancient mines near Edinburgh. It is a pity that today
the mines are closed; the anatomy of this sort of giant tadpole, two meters

in length, has been puzzling paleontologists for more than 2o vears. They g‘?ﬁ‘;arlﬁf Carboniferous—
. : yeals. ke 3

would love to go there and look for more specimens! The evolutionary | 5 ation scotland, United

history of Crassigyrinus is also rather murky. Kingdorm

Size Upto2m

: ; : : 3 - : Features Imposing skull; very
ones, in which the humerus is the same size as the orbits), Crassigyrinus reduced limbs; well-developed

would have been an excellent swimmer that, according to the tvpe of sedi- ~ caudal fin
g e 4 2 : : . : Classification Basal tetrapod
ments in which it was discovered, lived in freshwater (hg, 3.0). lts basin

With its imposing skull and atroplied linbs (especially the front
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3.5. A devastating mudslide
330 Ma. It sweeps away in-
dividuals of one of the oldest
terrestrial tetrapods. Balaner-
peten woodl. We think this

is what happened to the 30
skeletons that were found in a
curied-up position inside fossil
tree trunks.

and vertebral column were little ossihed, probably facilitating movement
by undulation, as marine snakes move today.

Crassigyrinus has an unusual skull composed of highlv ornamented
bones, a bit like its temnospondylian cousins (see below) or those of living
crocodiles. The ornamentation pattern of these cranial bones is irregular,

suggesting a supple skin or hide, perhaps sporting protuberances. With

such attributes, Crassigyrinus probably excelled in the art of camouflage.
This ﬂl'||]'}||[|‘_‘ﬂ:_—.‘|1'| also presents a |‘1ig|'|, short snout. Carnivorous Ir;:m‘ling
toward piscivorous, it was armed with multiple fangs inside the mouth
and on the palate. More impressive still, its lower jaw had great mobil-
ity, a feature observed in living snakes that allows ingurgitation of prey
sometimes bigger than themselves. The uglv Crassigyrinus lived in turbid
water rich in plant debris, and it probably hunted by stealth, all but invis-
ible in a labyvrinth of roots.
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Given all these very strange particularities and its highly specialized
aquatic morphology, Crassigyrinus remains a true enigma. Previously
considered to be close to the reptiliomorphs, notably based on its skull
ornamentation, Crassigyrinus is now (and perhaps onlv untl the next

phvlegenetic analvsis) the most basal Carboniferous tetrapod: in the ref-

erence cladogram it appears just after the Devonian stegocephalians.

Frishee Head: Spathicephalus mirus

A Frisbee is certainly the first thing that springs to mind when describing
Spathicephalus mirus, a ludicrous-looking stegocephalian with a skull
shaped like a Aat disc. From the Early and Late Carboniferous of Canada
and the United Hil'lgd:_'nl'l, this :;Lr'1||.1]1i|_'}1'm'| of modest size (its skull has
a diameter of around 20 centimeters) perfectly illustrates the different
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3.6. (A} Crassigyrinus SConcus
(325 Ma) hunting by stealth,
hiding amaongst the raots in
freshwater. {B) Reconstruction
of the skelaton. With its numer-
ous fangs and highly mobile
lower jaw, this stegocephalian
must have been a formidable
predator.

3.7. (facing) (A) Spathicephalus
mirus sifting through the mud.
(B} Skull in dorsal and lateral
right views. Known fram the
Early Carbonifarous of Maw
Scotland (Canada) and the Early
and Late Carboniferous of the
United Kingdom, Spathicepha-
Jus was a strange aguatic am-
phibian with a "Frisbee head."”
Its strange dentition suggests it
was a filter feeder,

re

Well-developed orbit

Unusual ormamentation

Very reduced forelimb

Fangs inside the mouth

morphological experiments or “anatomical DIY” undertaken by the early
tetrapods (hg. 3.7).

With a eircular, flattened skull that almost appears two-dimensional,
Spathicephalus would have been aquatic. This is also suggested by the
sediments, tvpical of a freshwater environment, in which it was found.
On the dorsal surface of the skull, there are strange bean-shaped orbits
set very close to each other. Dhd Spathicephalus’s eves take up all that
space? Probably not.

These orbits perhaps also housed, as well as ocular globes, glands or
electrosensory organs with which our amphibian could detect the move-
ments of predator or prev in the vicinity, Such organs are present in living
forms that spend much of their time lving buried in the mud, as perhaps
was the case with Spathicephalus. Another hvpothesis is that there were
muscles inserted in these deep cavities, allowing this stegocephalian
to close its jaws rapidly on its prev. Its very flat jaws would otherwise be
slowed by increased water resistance,
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MNumerous filtering teeth

Bean-shaped
orbit in dorsal
position

Very flat,
rounded skull

s o e

Dentary

Spathicephalus

Another enigmatic characteristic of Spathicephalus is its strange
dentition: it had numerous very delicate, tiny teeth, but no fangs. The
dentary alone (lower jawbone) holds a record 120 teeth! The extremities

: c . . Age Early and Late

of these teeth are pectinate, thatis to sav, comb shaped. This suggests that  3rpaniferaus
Spathicephalus, the “I'risbee stegocephalian,” was a hilter feeder, meaning ~ Lecation Canada and United
that it fed 1|:-].' swa]lnil-wiug:ia rge quantities of water an:r] mud that was then :;:Edsggn e
hltered with the aid of “dewlaps” to extract small invertebrates or fish. Features Round, flat skull;

With its comb-like dentition, Spathicephalus is a case apart. numerous small filtering teeth
Classification Basal tetrapod
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The Comings
and Goings of
Temnospondyls

Eryops

Age Permian

Location United States

Size Upto 2m

Features Long snout; robust
girdies; large, overlapping riks
Classification Eryopoid
temnospondyl

3.8B. (A) The classic termno-
spondyl: Eryops megacephalus
(Permian of Morth America) is
pictured here in an encounter
with Dimetrodon, a carnivo-
rous synapsid ("mammal-like
reptile”) in the background.
(B} The entire skeleton (lateral
right view) and skull {palatal
view). The temnospondyls
formed an important group
of stegocephalians, occupy-
ing aguatic and terrestrial
ecosystems for nearly 250
millicn years-longer than the
dinosaurs!

74

We have alreadv mentioned Balanerpeton, which appeared in the Early
Carboniferous (Viséan) with one of the most important fossil amphibian
groups that the Earth has ever harbored - the temnospondyls. This group
of carnivorous opportunists deserves a second glance.

Temnospondyvls quickly occupied a wide variety of environments
and took on terrestrial, amphibian, and aquatic forms, Latest phyvlogenies
suggest that the aquatic forms shared a common ancestor that was rather
terrestrial. This means that temnospondyls returned to the water during
their evolution and the chiridian limb, which appeared in early aquatic
Devonian tetrapods (notablv Balanerpeton) was then “nsed” on land and
later “recycled” in the water. Water, land, water: stegocephalian evolution
is a constant back and forth between two phases.

From the end of the Carboniferous to the beginning of the Permian,
the temnospondyls spread across the entire planet: their fossils are to be
found from Antarctica to Norwav and from North America to China.
Thev colonized every environment linked to water: swamps, flood plains,
streams, rivers, lakes, deltas, coasts, and even the open seas. By the end of
the Paleozoic —before dinosaurs, birds, and mammals—the temnospon-
dvls reigned supreme. Five hundred species strong—maybe more—they
are the most frequently found vertebrates in many lavers dating from
this period. Diverse in appearance—some like large salamanders, others
like ferocious crocodiles—thev constitute a world in their own right. A
world where certain species dominated others, with § meters to quash
anv dissension!

The evolutionary history of the temnospondvls is complex and punc-
tuated by expansive radiations and extinetions. The group crossed several
major life crises including the most murderous of all, marking the bound-
arv between the Late Permian and the Earlv Triassic 250 million vears
ago (see chapter 4). This period is marked by a global faunal “turnover”
within the temnospondyls: some forms die out while others appear. The
eroup defnitively disappeared from the fossil record in the Albian (late
Early Cretaceous). They reigned for 220 million vears—a tetrapod record
(let us not forget that non-avian dinosaurs only lasted 135 million vears)!

After presenting the morphological characteristics of the temnospon-
dvls, we will pick out some choice moments in their evolution. First of all,
let us hind out about those which are, according to most paleontologists,
close to modern amphibians (lissamphibians). We will then discuss the
surprising aguatic readaptation that some underwent, We will then learn
about the largest amphibian of all time (approaching 10 meters) and finish
by painting a picture of the temnospondyls that, some 250 million vears
ago, Hlourished at the heart of Pangaea, in the present-day Sahara.

A Group of Character and Distinction

The temmospondyvls (frem the Greek “temnos,” (in) several (parts), and
“spondvlus,” the vertebra) are characterized by vertebrae in several parts:
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"Rachitormous” vertebra
{in several parts)

Ornamented scapular
elements

Choana

Large interpterygoidian
fenestrae

) eda

| j
Tri-radiate pterygoid ;/T

a dorsal part extending into a blade (the neurocentrum), and often two
ventral parts around the spinal cord (the pleurocentrum and the inter-
centrum). Such vertebrae are also called rachitomous. In some Mesozoic
forms, however, there are only two parts, one dorsal and one ventral,
which form a disc.
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3.9. {A) Doleserpefon an-
nectens-285 Ma. |s this
ternnospondyl from the
Parmian of North America
the closest relative of all living
amphibians (lissamphibians)?
Palecntologists differ on this
auestion, (B) In any case,
Doleserpeton annectens is
interasting because its small
pedicelate and bicuspid teeth
evoke those af lissamphib-
1ans and some lepaspondyls,
(C) Skull in dorsal view

Doleserpeton

Ay,

Age Early Permian—285 Ma
Location United States
Size Decimetric

Features Rounded skull;
large orbits; pedicelate and
bicuspid teeth
Classification Amphibamid
dissorophoid temnospondyl

b

Another characteristic of ternmospondyls is the skull ornamentation:
the dermal bones that form the skull roof have a complex network of
small bumps and alveoli resembling a honeveomb. It is true that the
same pattern exists in other stegocephalians and living crocodiles, but
this tvpe of ornamentation on the scapular girdle is peculiar to the tem-
nospondvls,

They also all have large fangs at the front and inside the palate (“pala-
tal fangs”) and large ovoid windows set further back (interptervgoidian
fenestrae), which often represent half the skull size and are bordered by
triradiate bones called ptervgoids (hig. 3.8): this battery of characters would
have made the temnospondyls redoubtable predators. It is easy to imagine
a victim suddenly caught and immobilized in the jaws (the interptery-
goidian fenestrae serving as a powerful buccal pump) and completely
skewered on the palatal fangs.

At the Origin of Modern Amphibians? Doleserpeton
annectens and Amphibamus grandiceps

The phylogenetic position of the temnospondyls places these stego-
cephalians at the heart of a burning issue—the origins of lissamphib-
lans. According to a majority of paleontologists, the sister taxon of the
lissamphibians should be somewhere among the dissorophoids, a very
peculiar temmnospondyl group principally characterized by highly fenes-
trated skulls (with large orbits, voluminous interptervgoidian fenestrae,
and an impressive pineal foramen) and limb bones that, when preserved,
are often slender and long, Two dissorophoids from the amphibamid
family are often put forward as the closest relative of the lissamphibians:
Daleserpeton annectens and Amphibamus grandiceps.

Doleserpeton annectens 1s an unusual, small stegocephalian from
the Early Permian (285 million vears) discovered in the Dolese quarry in
Oklahoma (hg. 3.9). Representative of a rather terrestrial fauna, it bears
pedicelate (with a reduced base or articulated on a peduncle) and bicus-
pid (two-crested) teeth, as do maost lissamphibians. Does this character
link Doleserpeton to the lissamphibians, or is it simply an evolutionary
convergence due to a particular pattern of feeding or prehension of prev
and which appeared several times in vertebrate history? We will see that
lepospondyls also had this tvpe of dentition.

It was American paleontologist John Bolt who was the hirst to notice
and publish in 196g on this striking similitude (although Cope, in 158588,
associated the temnospondyl group with living amphibians). Today, ac-
cording to Marcello Ruta’s computenzed phyvlogenetic analvsis, one of
the most exhaustive ever carried out (see fig. 3.), this morphological
resemblance is a clear sign of a close relationship with lissamphibians.

Amphibamus grandiceps (hg. 3.10) is also a dissorophoid close to lis-
samphibians, according to Marcello Ruta’s phvlogeny. It is a very special-
1zed species of amphibamid dating from the Late Carboniferous. Found
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at the famous fossil site of Mazon Creek, Illinois, this small temnospondyl
is characterized by a cvlindrical pleurocentrum and a verv light skeleton,
characters which draw it closer to the lissamphibians. A carmivore and
probably terrestrial or amphibious (its lifestvle is still debated}, it probably
lived near freshwater.

However attractive these hvpotheses may be, we should not forget
that thev are not the onlv ones on the table: some paleontologists place
the sister group of lissamphibians in another group of stegocephalians,
the lepospondyls; others even contest their monophyly.
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Amphibamus

Age Late Carboniferous
Location United States

Size Upto 10cm

Features Cylindrical
pleurccentrum; light skeleton;
large orbits

Classification Amphibamid
disscrophoid temnospondyl

T



3.10. (A) Amphibamus
grandiceps (Late Carbonifer-
ous), the closest relative of
lissamphibians according

to certain phylogenies. The
controversy surrounding the
origin of modern amphib-
1ans may never be solved as
leng as paleontologists lack
infarmation on the growth of
these fossil spacias. (B) Cast of
the fossil; (C), reconstruction
of its skeleton,

Photo reproduced with the
kind permission of John Bolt
{Field Museum of Natural
History, Chicaga).
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Back to the Roots: Edingerella madagascariensis

Most temnospondvls we have met were, as far as we can judge, terrestrial
or amphibions. There were other representatives, however, that lived in an
aquatic environment. The surprising thing is that these forms underwent
a secondary readaptation to an aquatic way of life—in freshwater, coastal
ZONCS, O CVEN 0PI 5CAS.

Let us look more closelv at these marine forms, which we can say
went “hack to their roots” because their Devonian ancestors were mostly
marine (see chapter 1). The return to the sea is visible from the Late
Carboniferous—Early Permian (300 Ma) in, for example, Iberospondylus,
which was a coastal form. From the Earlv Triassic (250 Ma), marine

tetnnospondyls become increasingly numerous and trulv pelagic, and
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C o Ornamentation typical of D - Mumerous

stegocephalians tlattened testh

Choana
{inner nostril)

Interpterygoidian
fenestrae typical
of termnospondyls

Wide back skull Srmall occipital condyles

211, A marine termnospondyl: Edingerella madagascariensis (Early Triassic of Madagascar):
skull counterpart preserved in a nodule (A dorsal part;, 8: palatal part); maold of this coun-
terpart realized in polymer resin (C: dorsal view,; D palatal view). The accipital condyles
correspond 1o the attachment zone of the skull into the vertebral column,

Photos reproguced with the kind permission of Simone Maganuco
{Natural Histary Museumn of Milan, ltaly)
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3.12. Edingerella mada-
gascariensis {bottom right)
watched by a hybodont shark
(above) E. madagascariensis is
a Triassic temnospondy| that
readapted to a marnine way of
lite, Phylogenies suggest that
its ancestors were terrastrial,
How can we talk about one
terrestrialization?

Edingerella

Age Early Triassic=250 Ma
Location Madagascar

Size Upto 1m

Features Rather long snout;
dermal sensory canals on skull
Classification Watsonisuch-

ian capitosaur termnospondyl

80

hvdrodvnamic forms like some trematosaurs, a group of piscivorous tem-
nospondvls with long snouts, appear. We will look at the example of Ed-
ingerella madagascariensis (hgs. 3.1 and 3.2), discovered in Madagascar
several decades ago in deposits dating from the Early Triassic.

'T'his marine temmnospondyl was the focus of Simone Maganuco. For
his dissertation, he redescribed all the specimens put at his disposal by
the natural history museums of Milan (Italv) and Paris (France). All had
been found in the north of Madagascar —together with hsh, crustaceans,
and marine cephalopod mollusks (ceratites). This associated fauna indi-
cates a rather pelagic (open-sea) environment. What was Edingerella’s
motphology? Of modest size, adults reached barelv a meter in length;
this temmospondy] possessed a long, wide, and Aattened snout and dermal
sensory canals running the length of its head. These must have allowed
it to escape big predators and to detect small prev (such as fish or other
amphibians).

Edingerella and the other marine temnospondvls had to confront the
same problem as Devonian marine tetrapods: how do vou tolerate salt-
water when vou are an amphibian? As we saw in chapter 1, this problem
of eurvhalinity has not vet been resolved. What adaptive strategies did
these temnospondyls develop? Perhaps they had a salt gland, an organ
which manages osmotic stress and can be seen todav, particularly in
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marine turtles and crocodiles and the pinnipeds (which include seals
and walruses),

Itis highlv probable that the readaptation of temnospondyls to a ma-
rine environment favored their rapid dispersion around the globe from
the end of the Carboniferous to the beginning of the Permian.

The “Precious” of Lesotho: One of the
Largest Amphibians of All Time

At the beginning of the 1g70s, during an expedition to the heart of Leso-
tho in southern Africa, a team of paleontologists (Bernard Battail, Paul
Ellenberger, and Léonard Ginsburg) discovered the skull fragment of a
strange temnospondyl in deposits dating from the Late Triassic-=Early
Jurassic (210 Ma). The zo-centimeter fragment was carefully packed and
brought back to the Muséum National d’'Histoire Naturelle in Paris. In
the depths of the museum laboratory, the fossil found its wav into the
hands of preparator Philippe Richir. Once cleaned and freed from its
matrix, it revealed an unexpected form that set tongues wagging. Based
on its ornamentation and the shape of its teeth, it was thought to belong
to a large temnospondyl from the capitosaur group (to which Edingerella
also belongs).

The piece came back to one of its discoverers, Léonard Ginsburg,
who published on it with a colleague and then hid his “precious” away
from prving eves at the back ofa drawer. And some things that should not
have been forgotten were lost. Years went by. The specimen passed out of
all knowledge. History became legend. Legend became myth—that of the
onlv temnospondy] from Lesotho. For nearly thirty vears no one talked of
the capitosaur from Lesotho until, when the chance came, the fossil en-
snared another bearer, a paleontologist called Philippe Janvier. For vears,
lurking in the unhit interior of a drawer, it occupied lus mind. Darkness
crept back into the Jardin des Plantes. Rumors grew of a shadow —whis-
pers of a nameless fear. The Lesotho fossil knew its time had come. But
then something happened the fosal did not expect. Philippe gave me
the fossil and said, “Léonard’s fossil . . . He’s left to work on mammals.
['ve kept it all these vears and now it's vours. Re-examine it carefully and,
above all, keep it safe. | have a few matters I must attend to.”

So now I had the “precious” in myv hands and the task of redescribing
it in light of contemporary knowledge. It was indeed a snout fragment
from alarge temnospondyl, as mv predecessors had shown, but was it that
of a capitosaur? It looked doubtful because the specimen was verv curved
in profile, whereas capitosaurs have flat snouts. Moreover, the teeth, when
examined under the microscope, displaved a labvrinthedont-like folded
structure, but the degree of folding of the dentine suggested that 1 was
not dealing with a capitosaur but a brachvopoid, another group of tem-
nospondvls. This fine distinction had important repercussions. Rapid
calculation based on size proportions of the bestknown and complete
representative of this group indicated that the fragment belonged to a
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3.13. One of the largest
amphibians of all time. (A}
The “precious” of Lesotho is
a 210-millicn-year-old skull
fragrment, (B) It belonged 1o a
brachyopoid, a temnospondyl
that reached up 10 8 metersin
length! This fossil is not com-
plete enough to erect a new
taxon, We can only assign It
to a family,

Photo reproduced with

the kind permission of the
MMuseum Natwonal d'Histaire
Naturelle/Denis Serrette.
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skull around 2 meters wide from an animal measuring nearly 8§ meters
in length! Although incomplete, the “precious of Lesotho,” was probably
even igger than Mastodonsaurus giganteus, which measured around 6
meters, from the Triassic of Germany. After decades of silence, this “pre-
cious' had fnally given up its secret: | was looking at one of the largest
amphibians the Earth has ever known (hg, 3.13).

Sahara before the Dinosaurs: At the Heart of
Pangaea during the Late Permian

Niger is a place dear to paleontologists, and is one of the few spots on the
planet (along with Russia and South Africa) that kindles the hope that one
day we can reconstitute the flora and fauna of the Permian world. In this
African country are precious exposures of continental sediments dating
from this perind. Perhaps even more exciting is that, in the Late Permian,
the Niger that we know todav was located at the heart of Pangaea (the
supercontinent which fused all present-day continents into one; see fig.
3.23). Niger's fossils furnish us with valuable clues about tetrapods that
inhabited the continental landmass at that ime.

The hrst were discovered in the 196os when, in the heart of the Sa-
hara, geologists and mining prospectors stumbled upon alimost complete
dinosaur skeletons! Hearing of these finds, Jean-Pierre Lehman, then
director of the paleontological lab at the Muséum National d'Histoire
Naturelle, sent a voung student called Plulippe Taguet out to investigate.
The scale of the discoverv was so great that this voung student did his
dissertation on the Cretaceous dinosaurs of Niger. He also took the op-
portunity, together with his colleague Armand de Ricgles, to prospect the
Permian exposures in the north of the country. Thev brought to light a
good portion of a large herbivorous terrestrial reptile, the skull of which
was atmed with an impressive battery of teeth: the famous Moradisaurus
grandis (lgs. 3.4 and 3.5). Thev published a description of its the skull
in 198z. At that time it was the only published Permian tetrapod from the
center of Pangaea. Others had come from “reference sites” located on the
edges of the supercontinent—that is to say, the great sedimentary basins
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Rowed teeth (lateral view)

Symphyseal
teeth
(anterior)

Rounded snout

of Russia and the Karoo Basin of South Africa. These latter have vielded
relatively complete and homogenous faunas, principally made up of syn-
apsids (“mammal-like reptiles”) such as the herbivorous dicvnodonts and
CATnIvorous gorgonopsians.

[n their description of the Moradisaurus skull, Taquet and de Ricgles
r'll-l:_"'ll‘ll-ll_'l'lll:_"ll |:||:_][_]!'.|1| |]r|:_"2il:_":|"|.'l:_"l'.'| I'L‘IIIH]IH.*-.. [_]'l-ﬂ_'_l'llll:l:_"'l' t(_"”}':ll,]f]ﬁl,'_'\- I |]|':i[_'k|:_"{E |.'||:| |||:‘.'
ears, as did Christian Sidor of the University of Washington. Perhaps
tetrapods other than reptiles could be found at the heart of Pangaea 250
million vears ago, just before the great Permian—Triassic life crisis. Tem-
nospondyls? A prospection had to be carried out in the dry, Aat region
of Niger (hg. 3.16}; an area somewhat inaccessible but where Permian
outcrops make up the whole lunar—or, rather, :"l.lélrti}!'ll—|.‘-I]I[|H{Z:;j|1{_,‘]

After getting together the funding (thanks to the National Geo-
_,L_{I'Hlmhi[; Societv), we arrived in 2003, Our team, international and
multidisciplinary, was composed of French, American, and Canadian
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Articular region
(posterior)

3.14. Moradisaurus grandis,

a large herbivorous reptile
discovarad in the Miger desert
(Moradi Permian deposits):
(40 mandible in external view
(labial), (8) internal (lingual)
and {C) dorsal; {09 skull in
darsal view

Phaotos reproduced with

the kind permission of the
Museum Mational o'Histoire
MNaturele/Denis Serrethe
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3.15. Aninhabitant of central
Pangaea in the Late Permian:
Moradisaurus grandis (a her-
bivorous reptile).

Moradisaurus

Age Late Parmian

Location Miger

Size Uptodm

Features Triangular skull,
battery of teeth; robust limbs
Classification Captorhinid
raptile

3.16. The Late Permian out-
crops of Niger. This vast African
country, traversed by the Sahara
in the narth, is very rich and
diverse from a geclogical point
of view, The Zone in red was
prospected during two inter-
national scientific expeditions

in 2003 and 2006. The returns
ware excellent (see following

page).
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paleontologists; a South African geologist; and Nigerien archeolo-
gists—not to mention our Touareg guide, a doctor, and three soldiers from
the Nigerien army to watch over us. We would be spending our time in
the extreme north of the country, near the Algerian border, a region of
“persistent insecurity” (the term ofhicially used by the Nigerien govern-
ment) due mainly to rampant trafficking. For more than a month we sur-
veved a hostile environment (fig. 3.7, eves riveted to the ground, locking
for the slightest clue, the tiniest bone splinter, walkie-talkies in hand to
alert the rest of the group in the event of a ind (hg. 3.18). Temperatures
hovered around 50°C —requiring an individual, depending on build, to
drink on average about 10 liters of water per day.
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3.17. (A) The Moradi Formation in the Permian Red Stone Desert (Reg) of the Saharan
Miger. (B) The surface of Mars. Strange similarities between the two desert landscapes!
one scoured by an international group of researchers looking for fossils: the ather by space
probes that allow us a glimpse of some regions of the red planet

Photas: Sébastien Steyer (CNRSMuséum National d'Histoire Naturelle; A)
NASAUPLICornell University B)

3.18. Looking for temnospondyls in the heart of the Niger desert. Under a blazing sun and
temperatures of 50°C, are Roger Malcom Smith (right), geologist and stratigraphist at the
Iztko Museum of South Africa, Cape Town, Robin O'Keefe {left background), paleontologist
at the Marshall University (West Virginia), and yours truly (left foreground).

Photo reproduced with the kind permission of Christian Sidor (University of Washington)
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In the Shadow of

Temnospondyls:
The Lepospondyls
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This terrestrial herbivorous reptile—solid, thickset, and several meters
long—had a surpnsing morphology: its skull showed natural lumps or
bosses (which may have supported horns), and its whole body was ar-
mored. We named it Bunostegos akokanensis, “the lnmp-headed reptile
of Akokan,” the locality nearest the fossiliferous site (hg. 3.24). Another
unusual reptile, smaller but also herbivorous, was found during our stay.
OQuite similar to Moradisaurus, it belonged to a group of captorhinids,
some representatives of which are characterized by an odd downward-
curved snout.

From the indications the Niger desert provides us, the central Pan-
caean fauna of the Late Permian was mostly composed of herbivorous
T-Lfl..:lﬁl{_"ﬁ. J_-]H:] I:_"H'l'llh Orons Elll'l]..:ll'li.l_]'iH'll TL']llllUSI]‘Ur'lll:i.'Iﬁ. -"l"-l_“: IH{'SL"l“._’I:_' UF
large carnivorous synapsids (“mammal-like reptiles™) called gorgonop-
sians 1s suggested by large canines and a partial jaw we found in the
Moradi Formation (hg. 3.24). But most of the carnivores of this Nigerien
fauna are amphibians, in contrast to other Permian faunas on the edges
of the supercontinent, where the dominant carnivores are the amniotes.
[n addition, let us not forget that the species discovered in Niger are
new —that is to say (and until proved otherwise}, endemic.

The site we explored is, therefore, verv interesting, as it casts doubt
as to the homogeneity of Pangaean faunas. Furthermore, faunal homo-
gencity is one of the arguments aited to suggest a uniform hot and dry
chimate over the entire supercontinent. The temnospondyl amphibians
and the reptiles discovered, as well as analvses of the sediments that
vielded these fossils, suggest that in the Late Permian, the climate in
fact was variable at the heart of Pangaea, markedly alternating between
wetb and dry seasons, Stratigraphical analvses confirm this hypothesis. In
order to glean the maximum paleoclimatic information, we returned to
the area in zoob with paleobotanists and geochemists. This expedition
was also verv fruitful: xerophile plant remains, silicihed tree trunks several
meters long, tree stumps in situ, and leaves were all found in the Moradi
Formation. Paleosoils were also discovered, samples of which have been
taken for geochemical analysis—an ongoing process. All these studies will
soon allow us to get a pretty good idea of the paleclandscape of the period.

Next to the abundant and highlv diversihed group that formed the temn-
nospondvls, other more discrete amplubians developed from the end
of the Paleozoic. These were the lepospondyls already encountered in
this chapter. These batrachomorph stegocephalians of generally modest
proportions developed from the Carboniterous to the Permian in Eura-
merica, with only one Gondwanian exception. They did not experience
as large an expansion, neither temporally nor geographically, as their
termmospondvlian cousins. The lepospondyvls seem to have lived in the
shadow of their cousins, who were of a more imposing size and probably
above them in the tood chaimn, at least as adults,
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Anatomically, the lepospondyls are very interesting: they are charac-
terized by bobbin-shaped vertebrae and their teeth do not have a labyrin-
thodont structure, unlike other stegocephalians, They form an entirelv
separate group, generally defined by reduced limbs and a lengthening
of the bodv—lending them an eel-like appearance in some cases, and
salamandriform in others. Some developed highly original morphologies,
as we shall see. Mostly found in sediments suggesting continental envi-
ronments (such as lakes and swamps), these amphibians are principally
terrestrial, amphibious, or aquatic, just like the temnospondvls. There is
a difference in that no lepospondyl has, at present, been found in typical
marine sediments.

1||-]||'?L'. now |UU]\: at some E_:I"lU'iﬁ.'.[_' 1IH_:1'5{;|5 f[’UIII Hll:_' |{_:].?U,':,.I.:Ir_][“|!l.'| grﬂ_ﬂllj,
starting with the morphological curiosity that is Diplocaulus, and
moving on to the aistopods, which lost their limbs but may have been
among the earliest tetrapods to venture onto land. We will finish off with
the lvsorophoids, second on the shortlist for the closest relative of the
lissamphibians.

Boomerang Head: Dviplocaulus

After Spathicephalus and its Frisbee skull comes Diplocaulus, alepospon-
dvl with a boomerang-shaped head, discovered in the Permian of North
America (hig. 3.25). It looks decidedly as if the stegocephalians were cham-
pions of innovation, pushing the limits of morphological possibility,

Diplocaulus possessed rather reduced limbs as well as long, straight,
fine ribs that lent its body a very lattened appearance. What is most strik-
ing, however, is the skull shape. But Diplocaulus is not the only vertebrate
with a ]_:u[_:ulm:mllg head: }‘f.::.rm.-sp:'.u pugw' (an ostracoderm from the Scot-
tish Devonian), Sphyrma sp. (the present-day hammerhead shark), and
Gerrothorax pulcherrimus (a plagiosaurian temnospondyl from the Ger-
man Triassic) also have skulls that conjure up images of Uros (fig. 3.26).
Here we have a hine example of convergent evolution, even though each
“boomerang” has its own particular form. For example, in Sphyrna, the
orbits are located on the ends of the “horns.” This morphology is linked
to hvdrodynamism, of course, but also available surface is increased to
develop sensorial organs on the head. In the other three organisms, which
are fossils, the orbits are situated in the center of the skull, in a dorsal
position. T'his is often the case in benthic species today.

Diplocaulus, a freshwater stegocephalian, probably favored the bot-
toms of watercourses, even the muddy beds, where we can imagine it Iv-
ing camouflaged with only its small globular eves visible. When it moved
around, its short limbs were probably tucked clase to its body.,

A question that naturallv springs to mind is whether some sort of
selective advantage was to be had from its boomerang head. Its unusual
form may not have any particular function: not every form is necessarily
associated with a given tanction (the reverse is also true). This does not
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Diplocaulus

Age Late Permian
Location United States and
Morocoo

Size Upto1m

Features Flat, boomerang-
shaped skull

Classification Diplocaulid
lepospondyl

3.25, (A} A group of I'_':D'IZ‘LEII'_.'I-J_ in ’rn.-_-"hwatFr With thnlr |:lf.'.u..'l'l'|l-'rE|I'I'1 heads,” these
P"'”’“"l” IP L | the b W AP 15, (B} The well-
i i ith all the represen-
3 long lateral horns, the

Photo reproduced with the kind permussion of the Muséum National d'Histolre

MNaturelle/Damien Germain,
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Sphyrna sp.

prevent us from putting forward hvpotheses. These horns could have
served to seduce females or to intimidate males—or predators. The very
wide skull could also have improved lift while swimming, allowing it,
as the evolutionist Stephen Jav Gould proposed, to swim faster against
the current when hunting, Debate continues about this lepospondyl that
excites our imagination.

Diplocaulus belongs to the family Diplocaulidae, all from Permian
deposits in the northern part of Pangaea. There are exceptions, however,
imcluding Diplocaulus itself. In 1970 paleontologist Jean-Michel Dutuit
discovered in Morocco (formetly part of Gondwana) remains that he
attributed to this genus (they have recently been re-examined}, This im-
portant find made Diplocaulus the only lepospondyl whose traces have
been found in Gondwana. Recently, with Nour-Eddine Jalil {University
of Marrakech), Renaud Vacant ({C~rS, Paris) and Damien Germain (Mu-
séum National d'Histoire Naturelle, Paris), we followed in the footsteps
of Dutuit, back to the sedimentary basin of Argana (in the western Atlas).
We unearthed more remains of Diplocaulus, which have recently been
described together with the original material (fig. 3.27). The results have
brought about important revisions concerning the distribution and mor-
phology of this amazing lepospondyl which migrated “out of Laurasia”
and possessed a slightly asymmetrical boomerang head!

Fake “Micro-Reptiles”: The Microsaurs

[n the humid, lake-dotted landscape of equatorial Pangaea, discreet,
simall lepospondyls called microsaurs rubbed shoulders with the lamboy-
ant diplocaulids. Known from the Earlv—Late Carboniferous to the late
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Diplocaius magnicornis

3.26. The "Boomerandg
Club.” Vertebrate skulls have
corverged toward a boo-
merang shape several times
during evolution. The shape
pravides lift to the head mov-
ing through water (or mud} as
it does a boomerang thrown
into the air. Shown here; Dip-
focaulls magricornis, Zenaspis
pagei {an ostracoderm from
the Devonian of Scotland),
Sphyrna sp. (a present-day
hammerhead shark), and
Gerrothorax pulcherrimus (a
plagiosaurian temnospondyl
from the Triassic of Germany).

3.27. (following page) On
the trail of Diplocaulus in
the Moroccan Atlas. Surveys
and excavations conducted
by wours truly in the south of
Morocco, notably (A) with
M. E. lalil {University of Mar-
rakech), and (B) R. Vacant
(CMRS, Paris), have led to the
discovery of new Diplocatius
rermains, including a vertebra
(C) and ribs (D),

Photos: Sebastien Steyer
fCNRSMuseum National

d'Histaire Naturelia),
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3.30. {A) Brachydectes, a lyscrophian lepospondyl from the Permian of the United States.
According to Laurin and Reisz (1997), lysorophians are at the origin of all lissamphibians.
According to others, they are already too specialized to be their sister taxon. Feelings run
high on this issue. (B) Complete skeleton and skull in lateral right view.

The lissamphibians are often described as modern amphibians, but they
also have a long history that is still far from clear. Thev represent the only
living non-ammnichce tetrapods.

The lissamphibians are distinguished less by their size, which is quite
modest {pluricentimetric), than by their variety. They can be swimmers,
walkers, and even jumpers. Most are amphibious but some forms (such
as the axolotl, a salamander that retains its external gills in the adult
stage) are exclusivelv aquatic, whereas others, surprisingly, are terres-
trial (such as desert frogs} or even Hyvers (such as tree frogs; see chapter
4). Their morphaology is highly specialized: frogs and toads, excellent
jumpers, have skeletons with no ribs, fused limb bones and ultra-light
skulls—unique features among vertebrates. Lissamphibians also have a
verv special physiology: they metamorphose and have numerous cutane-
ous glands. In short, all these specializations render their classification a
delicate task.

Lissamphibians are preponderantly freshwater forms. In fact most
of them have lost the capacity their distant Devonian ancestors had to
tolerate saltv or brackish waters. In the past no one suspected this capac-
ity even existed, because Ichthyostega and company were believed to be
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freshwater animals, like lissamphibians (see chapter 1). Modern saltwater
amphibians are thin on the ground, to such an extent that during his
vovage on the Beagle, Darwin himself was astonished at a Patagonian
trog ( Pleuroderma bufonina) “reproducing and living in waters too salted
to be drunk.”

Lissamphibians are ectothenns (their principal heat source is exter-
nall and, therefore, ]}uiki]ntlwrnm {their body temperature is dependent
on the external environment). Thev are characterized by pedicellate teeth
(articulated at the base by a small peduncle fixed into the jaw}, two tvpes
of cutaneous glands (mucous and granular), and ribs which, when pres-
ent, are not ventrallv attached. Theyv are made up of three orders shll
r[:]ﬂ'{:stnlud in the ]i'n.'ing world =the anurans ['ﬂ'u;r__;s and toads), the uro-
deles (salamanders and newts), and the caecilians (or gymnaphiones)—ta
which must be added fossil representatives of contested athnity such as
the albanerpetontids, difficult to place within the group’s phyvlogenetic
tree. It should be noted that relationships among the three living orders
vary depending on whether molecular or anatomical data is used: we
therefore do not know with certitude which are more closely related to
the urodeles, anurans, or caecilians. However, nearly all specialists, bar-
ring the odd voice of dissent (see fig. 3.1}, agree that lissamphibians form
a clade —that is to sav, a group with a commaon and unique ancestor. The
real sticking poink, as vou are now aware, is the origin of the group: Isat
to be found among the temmospondyls or the lepospondyls?

We now explore the fossil diversity of each lissamphibian group
and get acquainted with the oldest known fossil anurans, urodeles, and
caecilians.

Daouble Record: Triadobatrachus massinoti

Triadobatrachus massinoti is a valuable fossil that is a double record
holder. Found in the Earlv Triassic of Madagascar and around zso mil-
lion vears old, it 1s the oldest known representative of the Lhissamphibians
and the oldest known anuran in the fossil record.

This tetrapod already possesses nearly all the attributes of a modern
frog (fhig. 3.31): a light and fenestrated skull, a frontal bone almost com-
pletely fused to the parietal, a toothless dentary (mandiblel, an ilivm
(pelvic bone) oriented forward, few presacral vertebrae, and no ribs. Nev-
ertheless, the hindlimbs of Triadobatrachus remain relatively short and
are composed of bones not vet fused together. Living anurans have very
long hindlimbs that are used for jumping and constituted of fused bones.
1'his Triassic form was not a pumper, unlike living frogs and toads. In ad-
dition, it still had a little tail, which was to disappear in its descendants. It
15 interesting to note that anuran tadpoles have a tail that they lose during
metamorphosis through apoptosis (cell death).

Triadobatrachus is one of the most important fossils in the world: this
key specimen, which illustrates the very early lissamphibians, is carefully
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3.31. (A) Tragobatrachus massinot!, 250 Ma, It s both the oldest anuran and the gldest
lissamphibian in the world—a double record! This fossil is known only frorm one specimen
(B}, counterparts of the skeleton preserved in a nodule). It has recently been restudied
using microtomography (X-ray, see chapter ). These analyses will perhaps bring us naw
anatomical data, (C) Reconstruction of the skeleton (characters of the genus in black,
characters of anurans in red)

Photo reproduced with the kind permission of the
Museum National d'Histoire Naturelle/Denis Serrette.

Triadobatrachus

Age Early Triassic—250 Ma
Location Madagascar

Size Upto 11 cm

Features Highly fenestrated
skull; small tail; limbs of equal
length

Classification Anuran
lissamphibian
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housed in a safe at the Muséum Nahonal d"Histoire Naturelle. It consists
of a ferruginous nodule resembling a pebble, with the fossil in counter-
part—which means that the bones of the animal are not preserved but
have left a faithful hollow print in the stone. All that had to be done to
recover the exact form of the skeletal elements was to make a plastic resin
mold. Luckily the skeletal imprint (or counterpart) of Triadobatrachus
is almost complete. It appears that the nodule is of bacterial origin and
developed around the cadaver of the animal in an aquatic environment.
These slender clues point to Tnadobatrachus’'s having been amphibious
like its living cousins, the frogs.

Described for the first time in 1936, this fossil was recently re-exam-
|-'||.I:_'E| i]l []EI’H” ]_J:L' ];&l]t:;_:[]l’[_]mgihl'&. ]-I:_':;I_f'l'{:-:IH'||.|:I|:_l Ri:lg{: |:_f_. MBS El_lll:l "'LTHSEL]HI:
National d’Histoire Naturelle) and Zbynék Roéek (Charles University and
Science Academy, Prague). The verdict: despite being less of a jumper
than present-dav anurans, it alreadvy possessed highlv specialized charac-
teristics, opening up the possibility of an even more ancient origin for the
lissamphibians. Who knows? —mavbe one day we will discover another
member of this group i Permian deposits,

Old Asiatic Salamanders: Chunerpeton and Karaurus

If the origin of anurans leans, for the moment at least, toward Africa,
the history of the wrodeles (or Caudata; salamanders and newts) seems
to have started in Asia. The oldest known representative of this group is
Chunerpeton (hg. 3.32}, which was discovered recently in China, in Juras-
sic deposits dating from around 161 Ma [between the Middle and Late
Jurassic). Fquipped with a long tail, a highly fenestrated skull, and two
sets of paired limbs almaost identical in length (a tvpical urodele charac-
teristic), it already resembles living salamanders,

Chunerpeton has even been attributed to a precise familv of urodeles:
the Cryvptobranchidae, a family that notably includes Andrias, the giant
Asiatic salamander (a living species; see mset “Sumo Salamanders”), and
which is mostly made up of freshwater aquatic species. Was Chunerpeton
also aquatic? The sedimentary and taphonomic context in which the
specimens were found suggests it was, Unlike Triadobatrachus, known
only from a single fossil, Chunerpeton is preserved in several hundred
specimens. They were found in sediments corresponding to ancient
volcanic ash apparently deposited on the surface of a lake, explaining
their exceptional state of preservation: the gills {often external in aquatic
urodeles), the ocular globes, and even the stomach contents have been
fossilized! This will allow verv detailed paleobiological analvsis of this
species. In addition, several growth stages of Chunerpeton are preserved,
with individuals varving from several millimeters to around zo centime-
ters in length. Comparison with living species of urodeles will hopetully
shed some hight on the onigin and evolution of the group. These carnivo-
rous and probably aguatic salamanders most likely fed on small shrimps
(which were discovered in the same lavers).
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3.34. (A) Eocaecilia micropodia, the cldest known caecilian. If the caecilians of today are
deprived of legs, as their name indicates, their cldest known representative (Early Jurassic
of Morth America) still had limbs, albeit drastically reduced in size. Limb loss took place
independently several times during tetrapod evolution (as we observe in aistopods and
snakes, for example). (B) Skull in dorsal and palatal views, and skeleton.

This does not mean the caecilians originated from the aistopod lepo-
spondvls (tetrapods that also lacked limbs; see p. g8). We must remember
that limb loss occurred a number of times and in various groups through-
out evolution. Specialists talk of evolutionary convergence when two taxa
belonging to distant clades present the same traits, and of parallelisin
concerning two distinct taxa in closer clades. For example, limb loss cor-
responds to an evolutionary convergence between caecilians and snakes
(lissamphibians and reptiles), and a parallelism between caecilians and
aistopods (both amphibians).

The oldest known caecilian bears the name of Eocaecilia (hg. 3.34).
Together with a verv long trunk, it possessed limbs! Discovered in the
Lower Jurassic of Arizona, this fossil is characterized by a relativelv flat,
non-fenestrated skull, a trunk composed of 49 vertebrae, and very reduced
limbs (which were probably unable to support the animal’s weight). It is
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also noteworthy that, unlike living caecilians, Eocaecilia was equipped
with relatively well developed eves: it was probably less of a burrower
than other, later caecilians. After Eocaecilia, the oldest known caecilian
is Rubricacaecilia. Tt was found in the Early Cretaceous (Berriasian) of
Morocco: it is, therefore, also the hirst Gondwanian representative of the
group.

Threats of Yesterday and Tomorrow

As we have seen, the lissamphibians present a stunning diversity of forms.
The oldest representative, the anuran Triadobatrachus, was a very spe-
cialized taxon as far back as the Earlv Triassic. Again, it could be that
the evolutionary history of the lissamphibians dates back to the end of
the Paleozoic. If this is the case, it raises the question as to how these
smooth-skinned organisms, today so fragile and threatened with extine-
tion, managed to survive the great Permian—Triassic life crisis that struck
the Earth some 250 million vears ago. One thing is certain: lissamphib-
lans made it through the Cretaceons—Tertiary life crisis that bronght
about the extinction of the non-avian dinosaurs! The fossil record shows
that the group even experienced a radiation just atter this episode, at the
beginning of the Paleogene. Could this apparent diversification be linked
to a taphonomic phenomenon (more preserved sites than at other periods)
or sampling (more specialists working on this period)? It is hard to sav.
Most of these small amphibious forms, whether aquatic or burrowing,
perhaps lived in freshwater, lacustrine, or marshy environments —at least,
that 1s how most live todav—which were better protected and isolated
from climatic changes. Or was the group opportunistic—that is to say,
able to jump into ecological niches left vacant after the mass extinction,
just as the mammals did after the Cretaceous=Tertiary crisis? Again, so
many questions and so few answers.

The lissamphibians did pretty well throughout the Tertiary Period,
but that is no longer the case: intensive deforestation and pollution are
leading to the fragmentation or complete habitat disappearance of these
very fragile species, which are sensitive to ultraviolet light (having no ar-
mored skin, scales, or hair). At present most lissamphibians are protected
and vet still the group is undergoing a serious decline. Something must
be done hefore it is too late: the world would be a sadder place if the am-
niotes (reptiles, birds, and mammals) were the only tetrapods to be found.
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Eocaecilia
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Age Early Jurassic

Location Arizona, United
States

Size Up to 14cm

Features Very long body (49
yertebrae); reduced limbs;
non-fenestrated skull
Classification Caecilian
lissamphibian
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Sumo Salamanders
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THE MUSEUM NATIONAL D'HISTOIRE NATURELLE 1IN PARIS,
stuffed with geological, mineralogical, paleontological and zoological
samnples, is recognized worldwide as a historical landmark. T am lucky
enough to call it my workplace. Wandering its galleries is like travel-
ing through time. Who can remain unmoved by the seemingly endless
shelves of skeleton-hlled jars? At the far end of the comparative anatomy
gallery is the amphibian displav case and, tucked awav in a corner, is a
truly remarkable skull: that of a giant salamander with the strange name
of Menopoma seratched in India ink on an old, vellowing label.

Menopoma, a tvpe of urodele lissamphibian, is the old denomina-
tion of the genus to which the giant American salamander belongs, today
rebaptized Cryptobranchus alleganiensis, better known as the “alligator
salamander.” This rather startling name belongs to an animal that is
discrete, carnivorous, and has folded skin of darkish color. It still haunts
torrents and rivers of the United States such as the Mississippi and the
White Rivers in Missouri and Arkansas. Secretive, nocturnal and solitary,
Cryptobranchus alleganiensis can attain a length of up to 7o centimeters.
With its other worldly morphology —half rock, half alligator—the alliga-
tor salamander drove early naturalists crazy. “There is an other variety
of fish, or whatever one may call it, resembling a small cathsh, but hav-
ing four short legs,” wrote David Zeisberger in his 1779-1780 History of
the Northern American Indians (1gio: 74). An old legend claims that this
salamander can sabotage fishing lines without being detected by clogging
them up with mucus, and that its bite is poisonous. Its totallv unmerited
reputation earned it the nickname of “Devil Dog.” This deceptivelv calm,
occasionallv cannibalistic animal lives beneath rocks and sucks in everv-
thing that moves: arthropods, worms, snails, or fish. Anv animal smaller
than itself is potential prev.

The giant American salamander was first described by French natu-
ralist Frangois Daudin in 1803. It gave its name to an entire family, that
of the Cryptobranchidae (“those that hide their gills”), which contains
the oldest known fossil salamanders (for example, Chunerpeton, from
the Late Jurassic of China; see fig. 3.32). The American species today
has two Asiatic cousins—one in Japan (Andrias japonicus), and the other
in China (Andrias davidianus). Andrias is a highlv unusual genus: A.
japonicus (hig. 3.35) is 1.5 meters long and is the largest living amphibian
in the world after its Chinese cousin—fatter, heavier, and more imposing
at 1.5 meters and weighing in at 25 kilograms! This colossus is equipped
with a tail almost as long as its body and its greatly reduced orbits are
placed on the upper part of the head, allowing it to perceive changes in
luminosity. It detects prey thanks to sensory lines that run the length of
its sticky, blotchy skin (a character also found in some ancestral forms). It
lunges from a good distance and swallows its victim in the blink of an eve.

These two urodeles remain poorly known. We only know that, like
their American cousin, the Asiatic forms live hidden in cool rivers (the
Yangtze or Yellow rivers in China, for example) and come out only at
might., In August, during the mating season, hundreds of individuals
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battle upstream, gathering to couple: a female can produce up to 4oo
eggs, which the males fertilize and jealously protect until they hatch
i spring. Once sexual maturity is reached, adults conserve some larval
characteristics all their lives (neoteny).

Victims of habitat destruction and much in demand in some unseru-
pulous Hong Kong restaurants, giant Asiatic salamanders are protected
today. But is it already too late? Although they are venerated in Japan
and an inspiration for numerous manga and cartoons, populations of
this wonderful gluey monster are at eritical levels. This is a shame, as this
animal of strange habits enthralls scientists who have only just managed
to breed them in captivity.

Together with photographers, museographers, and scientists, we have
initiated a Franco-Japanese project for the study and reintroduction of
specimens of Andrias japonicus into I'rench zoological centers, The ob-
jective 1s to stimulate research concerning the history, development, and
conservation of this salamander of which there is so much stll to learn.
Andrias japonicus 1s a panchronic species just like the famous coelacanth
(see chapter 1), and 1s very close to fossil species such as Chunerpeton
tianyiensis (see fig, 3.32). Andrias is, therefore, to lissamphibians what the
coelacanth is to the sarcoptervgians! In addition to its external morphol-
ogv, Andrias represents an interesting model to better understand the
locomation, behavior, and lifestvles of some stegocephalians, notably
those with short, rounded snouts (scientists talk of ecomorphotype). We
have evervthing to gain from protecting this species before it is too late.
“The [Native] American who first found Christopher Columbus made
an unfortunate discovery,” as Georg Christoph Lichtenberg once wrote.

The same could be applied to Andrias: the first one that found humans
made an unfortunate discovery.

3.35. Andras faponicus,
"sumao” salamander. At 1.5
meters long, it is almost the
largest living amphibian in the
world: only its Chinese cousin,
the salamander A. davidianus,
outstrips it (at 1.8 meters and
25 Kilagrams)! We still know
little about the biology of
these strange amphibians

It would be interesting 1o
know their lifespan in the
wild, bearing in mind that the
oldest captive spacimen died
at the age of 52. Over and
above this guestion, the study
of giant salamanders is even
more important in that it has
morphological and ecological
similarities to the stegocepha-
lians with short, rounded
snouts. 4. japonicus and

A. davidianus are seriously
threatenad by human activity
[t is urgent to protect them!

Photo © Daniel Heuclin/
Biosphoto,
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BETWEEN EARTH AND SKY

WITH STEGOCEPHALIANS (notably the temnospondyvls and lepospon-
dvls) and the first issamphibians, we have focused our efforts on amphib-
ians (in a broad sense of the term): all the ammals encountered in chapter
3 were, at least regarding reproduction, inextricably linked to the water.
Let us leave the Carboniferous, Permian, and "Iriassic for a moment and
look at the world today. Of the living tetrapods, only g4ooo species are
lissamphibians whereas there are more than 17,000 species of mammals,
birds, crocodiles, turtles, lizards, snakes, and other groups that belong to
the amniote clade. These tetrapods, unlike their amphibian cousins, do
not need to reproduce in water: their embrvos develop in a membranous
bag, the ammnios, where they are enveloped in amniotic Huid. Amniotes
represent more than 8o% of living tetrapods, and appeared in the fossil
record shortlv after the first stegocephalians, 310—315 Ma (Late Carbonif-
erous). This chapter attempts to lay out the hirst pages of their evolution.
Which of the stegocephalians is most closelv related? What did the first
ones look like? How did those living in forests evolve during the Perm-
ian and Triassic? How were thev atfected by the great mass extinction
the Earth experienced between these two geological stages? There are
many questions to address, after which we will go on to describe the mor-
phological audacity that characterized tetrapod evolution, long before
dinosaurs stole the limelight.

The closest ancestor of the amniotes is to be found among Paleozoic
stegocephalians and, more precisely, within the reptiliomorphs. Fewer
in number and less diversiied than batrachomorph stegocephalians
(which, as we saw in chapter 3, are more closely related to lissamphib-
tans than are other stegocephalians), the reptiliomorphs are composed
of three principal groups: the anthracosaurs, the sevmouriamorphs, and
the diadectomorphs.

According to Michael Benton of Bristol University (United King-
dom), the reptiliomorphs are characterized by narrow premaxillary bones
(positioned forward in the upper jaw), long and posteriorly pointed vomers
(palatal bones), and live digits composed of the following numbers of pha-
lanxes: 2, 3, 4, 5, 4-5. This phalanxial formula is easv to decipher; it simply
means that digit | possesses two phalanxes, digit 11 has three, and so on,
until we arrive at digit V, which can have four or hve phalanxes. Another
character sometimes observed in reptiliomorph stegocephalians is that

The past is never dead.
[t's not even past.

William Faulkner (1897-1962)

The Origin of
Amniotes

The sky seen from the Earth in
the Late Permian. Araeoscelis

Is startled by Coelurosauravus
as it glides past.
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4.1. An anthracosaur vertebra
{Archeria crassidisca, Early
Permian, Texas). The vertebrae
of these reptiliomarphs are

of a particular type known as
“embolomera”; the pleuro-
centrum and intercentrum are
cylindrical and almost of the
same size

4.2. The strange chronio-
suchians, They were reptilio-
morphs—that is to say, more
closely related to amniotas
than to ather stegocephalians
(A Chroniosacirus dongusen-
<5, from the Late Permian

of Russia, with its elongated
snout and ormamented

dgorsal plate row, (B) Antenior
part of the skeleton and

skull in lateral right view of
Chronmiosuchus paragdoxs
(250 Ma). (C) Reconstruction
of Chroniosuchus paradoxus.
Chroniosuchian morphology
evokes that of living croco-
diles and caimans. The skull of
Chroniosuchus displays large
natural openings between the
orbits and nostrils (called the
preorbital openings)

Phota reproduced with the
kind permission of Jozef
Klermbara (Comenius Univer-
sity, Bratislava, Slovakia),

Anterior - = Postarior

Lateral view

Meurocentrum

Front view

Intercentrum Pleurocentrum

the sacrum (pelvic section of the vertebral column) is composed of not
one, but two vertebrae, reinforcing the basin—this is usetul in terrestrial
locomotion. Although all these characters are shared, the reptiliomorphs
do not form a homogeneous group from an evolutionary standpoint.
However, the reptiliomorphs (stegocephalians + amniotes; see chapter
3) form, according to some authors, a clade.

Which, out of the anthracosaurs, sevmouriamorphs, or diadecto-
morphs, is the sister group of the amniotes? As we will see, this is still
open to dispute: the sevinounamorphs and diadectomorphs lead the held,
with an increasingly clear advantage in favor of the latter. Discussions
among paleontologists on this subject are less animated than those on
lissamphibian origins (see chapter 3).

i g

coal Lizards™ The Anthracosaurs

The term “anthracosaur” {(from the Greek “sauros,” lizard, and “anthra-
cos,” coal) was proposed for the first time in 1934 by Séive-Soderberg, the




Mostril

Chroniosuchus

Tabular contact/parietal

Tabular hom Age Late Permian

Location Russia

Size Pluridecimetric
Features Rather high skull;
long snout; lateral orbits;
dorsal “carapace”
Classification Anthracosaur-
lan stegocephalian

Prerygeid ridge
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Swedish paleontologist who discovered Ichthyostega and Acanthostega
(see chapter 1). We gather under this name the stegocephalians—often
quite large—from the Late Carboniferous and Early Permian coal de-
posits of Russia and North Amenica, as well as some forms from the
Farly Triassic. A new anthracosaur has recently been found in the Permi-
ian of Laos, the result of an expedition organized by vours trulv and
which extends the dispersal of this group even farther eastward. This
new fossil, still in the process of description, seems to resemble certain
Russian forms, suggesting a connection between Laurasia (the north of
Pangaea) and the Indo-Chinese Plate (which corresponds to present-day
Laos).

What are the {|i:-,:’r1'ngni,'_~.']n'|1,L:JI fraits of anthracosaurian 1|1Ur|1hu]ugy':"
Their vertebrae are very odd: they are composed of two parts (pleurocen-
trum and intercentrumy}, which are cvlindrical and frequently of the same
size (g 4.1 When preserved, the five-digit hindlimbs have the following
phalangeal formula: 2, 3, 4, 4, 5.

Anthracosaur skulls present several notable characteristies (hg. 4.2):
the tabular bone (in the back skull) s often elongated backward forming
“tabular horns™ of variable size (a character shared with sevimouriamorphs
and ammniotes) and which contacts the parietal, whereas the supraoccipital
(at the base of the skull) is sufhiciently developed to be visible in dorsal
view. Anthracosaurs have relatively closed skulls: thev have neither post-
ternporal (behind the temple) nor palatal fenestrae (interptervgoidian
fenestrae). "The latter, if atall present, are reduced to mere slits. The ptery-
goid, a palate bone, is so ventrally developed that it forms, in this group,
a blade that is visible under the skull when viewed laterally (a character
shared with sevmouriamor phs and aimniotes). The stapes {or tympanuim,
a stick-shaped bone located at the back of the head) is robust and short
and considered to be archaic.

Anthracosaur skulls are a veritable mosaic; some characters appear
unique to the group and others are shared, either with seymouriamorphs
and amniotes or with more “archaic” stegocephalians. It 1s hardly sur-
prising that the phylogenetic position of the anthracosaurs remains
ungertain.

The peak of anthracosaur diversity was reached in the Permian and
the group survived the great Permian—Triassic mass extinction (to be
treated in greater detail below). How did these stegocephalians make it
through this catastrophe? The key to the enigma lies, perhaps, in their
lifestvle. Carnvorous and longirostral, their overall morphology is remu-
niscent of living crocodiles and caiman so, perhaps, they occupied the
samne ecological niches. Very specific habitats (lakes and confined bodies
of water) and the special position crocodiles oceupy in the food chain
(these predators can survive without eating for several months and often
prefer rotten to fresh meat) are often cited as reasons for their surviving
the Cretaceous—"Tertiary mass extinction 05 million vears ago. Perhaps in
the same way, thanks to their analogous lifestyle, this is how the anthra-
cosaurs survived the great Permmian—Triassic mass extinchon,
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Stegocephalian Cowboys: The Sevmouriamorphs

The sevmouriamorphs deserve close attention. The characteristic ge-
nus of this group, Seymouria, was discovered in Texas in Permian lavers
located near Sevmour. This historic town in the northwest of the state
was named in 1879 by pioneers from Oregon, in honor of a local cowboy
called Sevmour Munday.

Morphologically more variable than anthracosaurs, sevmouria-
morphs are present in the fossil record from the Carboniferous—Permian
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4.3. Seymotiria baylorensis,

a Parmian seymouriamorph
from Texas: (A} castof a

very well preserved skeleton
i dorsal view: (B skull in
lateral left and occipital views;
(C) complete skelaton,

Photo reproduced with

the kind permission of the
Museumn National d'Histoire
Naturelle/Denis Serrette.
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4.4, Seymouria baylorensis!
this 6B0-centimetar-iong rep-
tiliormerph was capable of
lifting its body off the ground,
just like its amniote cousins

It could certainly get around
on land.

Seymouria

Age Early Permian
Location United States and

Germany

Size Up to 60 cm
Features Triangular skull;
robust girdles; parasagittal
limbs

Classification Seymouria-
morph reptiliomorph

e

boundary until the Latest Permian. These stegocephalians apparently did
not survive the hecatomb of the Permian—Triassic. Today we know fewer
than 10 genera from North America, Furope, and Asia (corresponding to
Laurasia in the Permian).

Like most stegocephalians, Sevmouriamorphs (hgs. 4.3, 4.4, and 4.5)
are characterized by an ornamented skull often showing specific patterns.
The trunk is relatively short, comprising 24 to 28 vertebrae that are com-
posed of a evlindrical amphicoelous pleurocentrum (backward-facing
concavity). They have haemal arches (small riblike structures) on the first
caudal vertebrae, which would have greatly stiffened the tail.

The posttemporal opening in the skull, closed in anthracosaurs, is
merelv reduced in sevmouriamorphs. As in anthracosaurs, the tabular
bone contacts the parietal (also an amniote character) and the ptervgoid
is vertically developed into a blade, visible when the skull is laterally
viewed. In addition, sevmouriamorphs possess a foramen (a small hole)
in the front of the mandible.

As in anthracosaurs, this mosaic of characters makes the precise
phylogenetic position of the sevmouriamorphs within the early tetrapods
a subject of debate, and one that has been raging for nearly a century.
Previously considered as sister group of the amniotes, they are now con-
sidered the sister group of the diadectomorphs or of the diadectomorph
+ amniote assemblage. The matter is unresolved, especially given that
the limbs of some sevmouriamorphs are parasagittal as they are in the
majority of diadectomorphs: they were held under the body during walk-
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4.5. Discosauriscus austriacus, a seymouriamarph fram the Carboniferous—Permian af
the Czech Republic. This stegocephalian is characterized by its large orbits and a flat,
triangular skull. 1t is known from several hundred larval and juvenile specimens fossilized
in lake sediments. Linfortunately no late adult individuals have been found; perhaps they
metamaorphosed into terrestrial adults and did not fossilize in the same environment. (A)
A remarkably well preserved skull in dorsal view; (B) reconstruction of the animal; (C) an
almost complete skeletan in dorsal view

Photos reproduced with the kind permission of Jozef Klembara
{Comenius University, Bratislava, Slovakia),

ing (and not splaved laterally). This erect posture is seen in amniotes
(such as crocodiles).

Let us now look more closely at two particularly interesting sev-
mouriamorphs, starting with Seymouria bavlorensis (hg. 4.4), tvpe species
of the genus. This modestly sized stegocephalian of monitor lizard-like
appearance 1s known from the Texas Permian. Its skull does not show
the dermal sensorv canals that characterize an aquatic lifestvle. Its limbs
are long and robust, suggesting terrestrial locomotion, and no longer
aquatic or amphibious like those of most other stegocephalians, For these
reasons Seymourid used to be classified as a basal reptile, and therefore
an amniote. We now know that it was a non-amniotic tetrapod; therefore,
it reproduced i water.

Between Earth and Sky

Discosauriscus

Age Late Carboniferous—
Early Permian—300 Ma
Location Czech Republic and
France

Size Upto 30 cm

Features Large, flat,
triangular skull; large orhits;
rather short limbs
Classification Seymaouria-
morph reptiliomorph
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4.6. (A) A fight between a
young Limnoscels (in the water)
and a young Diadectes (thrown
inta the air), two diadecto-
morphs from the Early Permian
of Morth America. According to
many palecntologists, the sister
group of amniotes is to be found
within the diadectomorphs. (B)
Skeleton and skull of Limnos-
celis in lateral left view. This
2-meter-long disdectormorph
possessed a very triangular skull,
relatively closed (the otic notches
are internal), as well as robust
limbs and girdles, suggesting a
terrestrial locomation. 1ts snout
is somewhat doglike, also resem-
bling that of the “mammal-like
replile” Cynoghathus.

Limnoscelis

T

Age Early Permian

Location United States

Size Upto2m

Features Triangular skull; long
snout; large anterior teeth
Classification Diadectomorph
reptiliomarph
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Robust hindlimb ST hurmerus

large anterior teeth

Discosauriscus is the second seymouriamorph genus we will exam-
ine. It is found in the Carboniferous and Permian deposits of Europe. Its
external morphology suggests salamander more than small reptile. Disco-
sauriscus austriacus (hg. 4.5), discovered in the Late Carboniferous—Early
Permian of the Boskovice Basin (Czech Republic), is particularly inter-
esting. There are several hundred extremelv well preserved specimens
carefullv housed at the Comenius University and National Museum of
Natural History of Bratislava. This has allowed the morphological charac-
ters of D). austriacus to be studied in the minutest detail by mv Slovakian
colleague, Jozel Klembara. Microscopic examination of the skull bones
has revealed the existence of subcutaneous electro-receptors. It is one of
the hirst tumes that such structures appeared in tetrapods. Perhaps it al-
lowed our sevmouriamorphs to defend themselves by emitting electrical
discharges, or perhaps it was a means of orientation in the water.

Klembara has also identified several growth stages among the
numerous fossil specimens. There is a plethora of larval or juvenile

Earth before the Dinosaurs
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4.7. The first herbivorous tetrapod, Diadectes fram the Early Permian of North America
This "bovine” reptiliormorph (see Tig. 4 6A) possessed rake-like teeth with "rmolars” be-
nind—-useful for browsing great quantities of plants. This dentition 15 as specialized as that
of later herbivorous amniotes such as Moradisaurus (see fig. 3.15). (A} An almost complete
specimen In dorsal view (some limbs are missing and the cranial sutures have been redrawn
on the photograph). (B) The skeleton in lateral right view. The enormous girdles suggest a
terrestrial locomation.

Photo reproduced with the kind permission of Stuart Sumida
{Califorria State University, 5an Bernarding).
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Rake-like teath
{pseudo-incisives)

Fseudo-molars

Diadectes

Age Early Permian
Location United States
Size Upto3m

Features Herbivorous teeth;
robust skeleton; short skull
Classification Diadecto-
morph reptiliomorph

11s
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inchividuals but not one ,'_-.in;r__ﬂ{; adult has vel been identihed. How can this
be? The fossils that have been studied display small dermosensory canals
on the surface of the skull bones, clearly indicating the aquatic lifestyvle
of larval and jovenile Discosauriscus. The Boskovice Basin sediments
correspond to those of an ancient lake svstem. Did those aquatic larvae,
once mature, transform into terrestrial adults?

With Sophie Sanchez, we carefully analvzed long bone sections from
12 Diseosauriscus specimens in the hope of picking up anv paleobiologi-
cal message recorded in their internal, hastological structure (see chapter
sk The results were surprising and have provided essential information
on the life cvele of a species that is 300 million vears old. Importantly,
thev show that Discosauriscus ausiriacus, with a lifespan of approximately
20 vears, attained sexual maturity at around 10 vears old, similar to liv-
ing salamanders. This is even more surprising given that this species is
phyvlogenetically closer to ammniotes than lissamphibians,

Browsing Reptiliomorphs: The Diadectomorphs

Dim]{;tiuruurphs are the 1'::[1Ii]iullm1'|ﬂ|5 most often cited as the closest
ancestors of the amniotes. Known from the early Late Carboniferous to
the late Farly Permian uniquely in Furamerica, their origin and diver-
sification are still contentious subjects. They are sometimes considered
the sister group of the sevmouriamorphs and sometimes to the amniates
with which thev share commaon characters in the back skull region and
the cervical complex (atlas and axis), These similanties struck nineteenth-
century paleontologists, who, therefore, classified them as reptiles (“coty-
losaurians” ). Other authors (such as Dave Berman), believe this group
should be included in the amniotes, where it would be closely related to
the synapsids (including the “mammal-like reptiles”).

Anatomically speaking, these intriguing reptiliomorphs are charac-
terized by a single postparietal bone in median position (this bone, situ-
ated at the back of the skull, is “doubled™ in other stegocephalians), an
otic notch (invagination of the skull enclosing the stapes or tympanum)
principally located in the opistothotic (a basicraninm bone), an intercen-
trum (vertebral element) equipped with strong forward-facing outgrowths
and, hinally, a verv short and robust humerus (hg, 4.6),

FUSS” [|1'.':[[|U:.:IU-1IH_:1']1|I5 are 'rHilI} Tetre '::llll.]ﬂ._'.l"l Tarer ”lH'll h._'.lll'lll'_fl.!‘:il.:ll:_lll—
dyls, for example), but verv diverse. The group comprises large forms
(up to around 3 meters) both amphibious and terrestrial. Seymouria, for
example, was equipped with parasagittal limbs that allowed it to get
around on land.

Diadectomorphs alse had a wide trophic spectrum: some were car-
nivorous and others herbivorous, a first in tetrapod evolution and, indeed,
the first time that any stegocephalians adopted a strict herbivorous diet
(it 1s more appropriate to use the term “vegetarian” diet, as herbaceous
plants had not vetappeared in the Paleozoic). Let us consider the example

Farth before the Dinosaurs



of Diadectes (hig. 47). This 3-meter-long diadectomorph, found in the
Frarly Permian of North America, holds a double record: it is one of the
hirst terrestrial stegocephalians to attain such a size and one of the first
herbivorous tetrapods. It is characterized by a skull made of thick bones,
with relativelv large otic notches protecting a well-ossihied stapes. As in
its cousin Limnoscelis, the vertebrae and ribs are robust with short, well-
ossilied limbs; and the massive girdles point toward terrestrial locomo-
tion. However, the most original thing about this stegocephalian is its
highlv specialized dentition: its front teeth are spatulate, just like real
incisors, forming a sort of comb that could rake in large quantities of
vegetal matter. Its back teeth, wider and stouter, look almost like molars.
Thev show micro-wear on the surface, a sign of active occlusion (locking
and rubbing between the lower and upper teeth): they would have been
excellent plant crushers. To top it off, Diadectes also possessed a partial
secondary palate, allowing it to calinlv chew its food and breathe at the
same time: a true browser from the Early Permian!

If it proves correct that diadectomorphs contain the sister group of
amniotes, it 1s unhikely to be the Diadectes genus. | would lav odds on a
diadectomorph that is carnivorous and therefore less specialized. This
15, in any case, what amniote evolution suggests, where candidate sister
groups of dinosaurs or mammals most often correspond to carmivorous
and generalist forms.

Around 310 million vears ago, in the Late Carboniferous, the luxuriant
equatorial forests at the heart of Pangaea, bordering the Herevnian oro-
genic belt, were the venue of an enormous evolutionary event—the inven-
tion of the amniotic egg. This egg was probably delimited by a supple,
semi-hermitic membrane or by a shell that protected the embryo while al-
lowing gaseous exchanges. Most importantly, the tiny tetrapod contained
within was surrounded by an internal membrane, the amniotic sac, and
bathed in a liquid, amniotic fluid (hg 4.8). Thus, embryvo development
was freed from the aquatic environment, a considerable phvsiological

Embryo

Allantoidian cavity
Allantois

Amnion

Amniotic fluid

Chorion

Yolk bag

Witellus (nutritive reserves)

Between Earth and 3ky

The Dawn of a
New Era:
The First Amniotes

4.8. The amnios: revolution
in evolution! The amniote
ermnbryo is surrounded by

a membrang, the amnics,
delirniting a cavity filled with
arnniotic fluid: it develops in
a liquid environment. With
this evolutionary innovation,
tetrapods are no longer
linked to water for reproduc-
tion; they can lay their eggs
elsewhere! The allantoidian
cavity, delimited by the allan-
tois, isclates the embryo from
its organic waste, The vitellin
or yolk bag contains nutritive
reserves {vitellus), The embryo
and all its envelapes (Known
as embryonic annexes) are
protected by a soft, semi-
hermetic membrang or shell
inot shown hare) which allows
gaseous exchanges,
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( Tersomius (stegocephalian) ,

‘ ( Captorhinus (Amniote) )

| Dorsal view I

Two concave
occipital condyles

Otic notch

— Supratemporal,
postparietal,
and tabular
well visible

in dorsal view

Cne convex
occipital condyle

Falatal view I

Differentiated

fenestrae

Interpterygoidian

Reduced braincase

4.9, Cranial comparisan be-
tween a stegocephalian (Ter-
sormus) and an amniote (Cap-
torhinus). The amniote lacks
otic notches, interpterygoid
fenestrae, and has only one
occipital condyle, [ts braincase
15 more voluminous than that
of the stegacephalian, its
teath are differentiated and it
possesses robust stapes,

Voluminous braincase
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innovation because, for the first time in their history, tetrapods could lay
their eggs elsewhere other than in water! The amniotes were born.

Ammniotes and Co.

Amniotes emerged in the Late Carboniferons. Nevertheless, no amniate
fossil egg has been found in Paleozoic lavers. In the twentieth century,
the American paleontologist Alfred Sherwood Romer was convinced he
had found eggs in Carboniferous sediments, but these proved to be nod-
ules—in other words, ovoid mineral concretions. It is probable that the
first amniotic eggs were quite soft (similar, perhaps, to those of snakes)
and not liable to fossilize. We must not give up hope, however, that one
day the remains of a Paleozoic amniotic egg will turn up in an environ-
ment of exceptional preservation. In the meantime, how can paleontolo-
oists identify Paleozoie tetrapods as amniotes in the absence of the clade’s
defining attribute?

Amniotes, of course, possess other specific phvsiological characters:
thev generallv have lungs with an extremely folded internal structure,
thus increasing the surface area available for respiratory gaseous ex-
changes; their skin 1s keratinized (covered in varving forms of a hbrous,
protein-rich substance called keratin}, forming a waterproof barrier with
the external environment; and, when breathing, inspiration is facilitated
bv the intercostal muscles, causing expansion of the torso. All these char-
acters involve soft tissues which very rarelv fossilize. This leads us back to
the same question: How do paleontologists identifv Paleozoic amniotes
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Chelanians (hypothesis 1)
Mesosourus

Eudibarmus

Hyjlanamus

Aphelosaurus
Loelurosauravus
Lengisquomo
Rypuronector

Drepanosaurus

Megaluncosaurus

Chelanians (hypothesis 2 and 3)
Lepidosaurs (Sphenodon+sgquamates)
Archosaurs

Crocodiles, perosaurs, dinosaurs (and hirds)
Archaeathyrs

Oimetrodon

Suminia
Dicynodon
Migokyphus
Pachygenelus

hMarimals

4.10. Evolutionary tree of
armniotes. Their classification
is mainly founded on the
number and position of tem-
poral fenestrae in the back of
the skull: diapsids have two
pairs of fenestrae, synapsids
one, Branches, the positions
of which are disputable, are
indicated in yellow, Living taxa
are in red.
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4.13. (A) Archaeothyris,

the oldest known synapsid
{310 Ma). This small terrestrial
amniote resembled a moni-
tor lizard. (B) Skull in lateral
left and dorsal views (some
sutures have not been drawn,
not having been preserved
on the fassil), Discovered

in the Late Carboniferous

of Florence in Canada, it
“announces” the first great
radiation of the synapsids
'rmamimal-like reptiles™)

Archaeothyris

Age Late
Carboniferous~310 Ma
Location Canada

Size Up to 50 cm

Features High triangular
skull; large lateral orbits
Classification Ophiacodont
syrnapsid

126

Long snout Large orhit Tamporal fenestrae

Teeth of vaned shapes and sizes

The title of "oldest amniote” was contested by another fossil, from
Scotland this time: Westlothiana lizzae—338 Ma. But to the great disap-
pointment of Stan Wood (discoverer of Balanerpeton woodi, one of the
carliest terrestrial tetrapods [see chapter 3]) and his team, who found it
in the Bathgate quarry near Edinburgh, this tetrapod, better known as
“Lizzie,” was at hirst considered an amniote but revealed itself to be, after
redescription, a stegocephalian. So Hylonomus gets to keep its crown,
and in 2002 this symbolic fossil was even declared the provincial fossil of
Nova Scotia by an Act of Canada’s House of Assembly!

What about the svnapsids? The oldest of them goes under the bizarre
name of Protoclepsydrops haplous and was discovered at the same place
as Hylonomus, the fabulous Joggins site. It is, therefore, also around 315
million vears old. Unfortunately Protoclepsydrops is so poorly preserved
that some specialists question its belonging to the svnapsid group. The
oldest and most complete synapsid is unarguably Archaeothyris florensis,
also from New Scotland but from vounger deposits than those of the Jog-
zins site: the Florence site (Late Carboniferous, Westphalian D-310 Ma).
Archaeothyris resembles a small monitor lizard, and 15 around 5o centi-
meters long (hg. 4.13). The skull of this carnivorous animal is fenestrated
and it has powerful jaws. Its teeth are pointed and vary in size, with two
fangs at the front. This last character is a “prelude,” to some extent, of
the extreme dental differentiation, in both shape and size, which was to
appear later within the synapsids.

Separated by several million vears, the oldest well-preserved ammni-
otes, Hylonomus on the sauropsid side and Archaeothyris on the svnapsid
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side, can both be classified in highly merphologicallv specialized groups:
that of the ophiacodonts for Archaeothyris (“mammal-like reptiles” known
from the Late Carboniferous to the Middle Permian of North America
and, perhaps, Europe), and that of proterothvrides (Paleozoic sauropsids)
for Hylonomus. This classification points to an earlier amniote origin, go-
ing back before 315 to 310 million vears ago. It would come as no surprise
to me if a new amniote were found in Middle Carboniferous or even older
deposits in the next few vears.

Shortly after its appearance in the Late Carboniferous, the ammniote group
developed in a spectacular fashion. Due to the rarity of Middle Perm-
ian outcrops—this i1s Olson’s Gap—data on their evolution between the
Early and Late Permian is scarce. What 1s clear, however, is that from
the Early Permian both synapsids and sauropsids experienced their first
evolutionary radiation.

So, on terra hirma, ecosvstemns were dominated by large carnivorous
and herbivorous synapsids. At the same time we must not forget that
other tetrapods—amphibians, reliant on water for reproduction —start to
spread into humid ecosvstems: the almost imperceptible lepospondvls
and, above all, the temnospondyls, very common in Permian deposits
(see chapter 3). As for the amniotes, sauropsids kept a low profile with
their modest size, not exceeding several tens of centimeters. They did,
however, set out to discover new horizons, aquatic as well as aerial. This
is how bipedal, jumping, and even “gliding” forms emerged. With their
extremely varied morphologies, some were able to adopt an arboreal
lifestvle and so, in the shadow of the great synapsids, invade the upper
canopy of the Permian forest.

We are going to tell the fabulous evolutionary story of the Permian
amniotes by selecting some interesting examples. Starting with the san-
ropsids, we will discover forms which could have stepped straight out of
the pages of a science hetion novel.

Coming Home: The Mesosaurs, Marine Sauropsids

Most Ffari:.' Devonian tetra Emdﬁ were marine (see chapter 1). An amniote
colonizing a marine environment could be considered as going back
to its roots. The hrst to attempt this exploit were the famous mesosaurs
(or mesosaurids) from the Early Permian of South America and Africa
(320—280 Ma), not to be confused with their cousins, the mosasaurs, large
varanoid sauropsids which also readapted to a marime environment but
appeared later, in the Cretaceous. Incidentally, let’s not forget that before
mesosaurs, other tetrapods—stegocephalians, for example —had returned
to the water, or at least an estuarine environment, from the Late Carbon-
iferous—Early Permian (see chapter 3).

Mesosaurs are of generallv modest size (several tens of centimeters on
average although one attained nearly 2 meters [hgs. 4.14 and 4.5]). The

Between Earth ana Sky

Earth, Wind, and
Water: The Great
Radiation of the
Permian Amniotes

Mesosaurus

Age Early Permian
Location Africa and South

America

Size Up to 50 cm
Features Long skeleton
(neck, tail, and snout); large
feet and hands
Classification Parareptile
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Very long skull with small,
tapered and pointed teeth

4.14. Mesosaurs, the first
amniotes that readapted to
wiater. (A) Mesosaurus brasi-
liensis (Permian): the skeleton
in dorsal view is complete but
the skull comes from another
adult of the same species. The
term musecgraphic spacimen
gualifies this type of compos-
ite fossil. (B) Skeleton in lateral
left view,

Phota reproduced with the
kind permission of Sevket
Sen (CNRSMuséum National
d " Histoire Naturelle).
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Qar-shaped hindlimb \;,5'"

Mumercus caudzl vertebrae

eroup includes three main genera: Mesosaurus, of course, Brazilosaurus,
and Stereosternum. They are already highly adapted to the marine en-
vironment. Their very elongated snouts as well as their small, tapered,
pointed teeth are useful for capturing small fish or hiltering seawater for
zooplankton, their long neck composed of 10 or so vertebrae and long
tail (for swimming by undulation) and their external nostrils located on
the posterior region of the skull are ideally positioned for surface breath-
ing after a long dive. Moreover, some of their thoracie ribs (except in
Brazilosaurus) show a pachvostosis—that is to sav, a strong aessification
which increases bone density and, as a result, buovancy (a character
often observed in tetrapods readapted to aquatic life). Their hindlimbs
also show long and wide digits, lending them a paddle-like appearance.

Mesosaurus is known todav from Permian littoral and marine depos-
its that extend through Africa and South America (hg, 4.16). If we took
away the South Atlantic, these two areas would fit together like a jigsaw
puzzle, as would the African and South American coastlines. Mesosaurus
is one of the kev fossil genera that allowed Alfred Wegener to formulate
his theory of continental dnift at the beginning of the twentieth century:
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= 4B Aphelosaurus (ute-
2 vensis: occasional biped or

arboreal? Discovered in the

A il nineteenth century in the
Lodéye Basin and housed

al the Muséum Mational
d'Histoire Maturelle {Faris), this
basal diapsid was perhaps an

e pecasional biped. Indeed, it
E- - _:—- a has long limbs, and arms only
= ; slightly shorter than its legs
b With its large, sharply curved
claws, it would also have been
capable of climbing trees
e
: e

Aphelosaurus

Age Early Permian—290 Ma
Location France

Size Lp 1o 50 cm

Features Gracile skeleton;
rather long limbs terminating
in claws

Classification Araeoscelid
diapsid
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4.19. Microsauripus acutipes,
majestic trackways from the
Early Permian of the Lodéve
Basin, France. For the mo-
ment, this animal is known
only from its footprints!

Photo reproduced with the
kind permission of "Uncle”
Georges Gand (University of
Burgundy, Dijon)

4.20. (facing) Excavations

in the Lodéve Basin (near
Brenas). Several large fossil
bones have recently been
found at this site reputed for
its exquisite fossil traces and
trackways. Follawing this dis-
covary, international excava-
tions were arganized 1o look
for other skeletal remains.
This systernatic search Is be-
ing carried aut thanks to the
support of the University of
Montpellier, in collaboration
with the University of Freiberg
{Germany) and with the help
of Georges Gand (in the blue
shirt, photo By and Monigue
Vianey-Liaud. Photos repre-
sent the site (A) before and
(B} during the excavations,
and (C) the author wielding
a jackhammer to break up
hard argillites from the Lieude
Farmation,

Photos reproduced with

the kind permission of Jorg
Schreider (Freiberg University
of Mining and Technology,
Germany, Ch 5ébastien Steyer
(CNRSMAuséum National
d'Histaire Naturelle: A and B).
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he proposed that Africa and America were once united within a single
continent, Pangaea, before drifting apart during the fragmentation of this

continental mass in the Mesozoic. We now know that Africa and South
America did not “drift” on the surface of the globe but, rather, were
separated during the opening up of the South Atlantic beginning in the
Late Jurassic. Mesosaurus, therefore, lived in an epicontinental sea within
Permian Pangaea, at the center of the future ocean (mesosaur means, in
fact, “reptile from the middle”).

Get Up! Stand Up! The First Gracile Bipedal Tetrapods

As some amniotes plunged back into the water, others stood up: at the end
of the Paleozoic, in at least two groups of sauropsids—the araeoscelids,
and the bolosaurs—bipedal forms emerged that were capable of walking,
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perhaps for a limited period, on their hindlimbs. These are the first cases
of bipedalism in tetrapods; at present we do not know of anv bipedal
stegocephalians. Like readaptation to the water, bipedalism appeared
several fimes during amniote evolution.

The araeoscelids (aracoscelidians) are simall carnivorous sauropsids,
tending toward insectivory and mostly terrestrial. Known from the Late
Carboniferous to the Early Permian of North America as well as Ger
many and France, they are double record holders: not content to be one
of the first bipedal tetrapods, thev are also the oldest known diapsids. De-
spite their basal position in the amniote tree, they are already highly spe-
cialized. Their skeleton is light and gracile with fine limbs and forearms
(or forefeet) as long as their arms (or legs)—useful for rapid movements.
Some tried using their hindlimbs only. This was perhaps the case for Aph-
elosaurus lutevensis, the onlv (and quite astonishing) French araeoscelid,
housed in the Muséum National d Histoire Naturelle (higs. 4.17 and 4.18).

Aphelosaurus lutevensis is known only from one specimen found in
the mid-nineteenth century in the Tuiliéres quarry of the Lodéve Basin
(Luteva in Latin, hence the name), south of the Massif Central region.
Although the age of the Tuiliéres Formation—Late Carboniferous or
Farly Permian —is still under discussion, it seems that Aphelosaurus itself
dates from the Early Permian (2o Ma). Described for the hirst time by
the French paleontologist Paul Gervais (18:16—1879) in 1858, and then re-
described at the beginning of the twentieth century by Avmand Thévenin
(1870-1918), this fossil has proven to be a real headache, and for good
reason: its skull 1s not preserved. This made life doubly hard back in the
old davs when our knowledge of early sauropsids (early reptiles) was very
limited.

Recently, Jocelyn Falconnet, in his Ph.D. studies at the Muséum
National d'Histoire Naturelle, carried out a detailed osteological rede-
scription of Aphelosaurus. Some 150 vears after its discovery, he has shown
that this sauropsid did indeed display araeoscelidian characters, as had
alreadv been supposed, but it was not an aracoscelidian like the others.
[t possesses a combination of characters unique to itself: a scapulocora-
coid (scapular girdle element) anteriorly well developed with a granular
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Permian Synapsids: Pelveosaurs and Dicynodonts

In the Early Carboniferous, the first terrestrial vertebrates are quadrupe-
dal. Thanks to the discovery (or redescriphion) of key fossils (see above),
we now know that amniotes that moved about on two legs, bipedal or
elr]ml'm]l, followed hot on their heels (in the Late [::m'hnm'|"L:1'{rl;.-;—|':;|1'|j.'
Permian). Then, in the Late Permian, they experimented with gliding
Hight, Thus, the near totality of the vegetal cover—including, perhaps, the

forest canopies —was already occupied by vertebrates by the Late Permian.
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4.20. Two victims of the
Parmian~Tnassic crnsis: the
trlobites (arthropods) and the
blastoids {echinocderms). In
total, 95% of marine species
died aut

1dd

Trilckite

decline since the Devonian, tabulate, and tetracorals) as well as the bri-
lobites (also in decline since the Devonian), the eurvpterids (“sea scor-
pions”), and the acanthodians ("spinv hsh™). Other groups flirted with
total extinction, including the echinoderms (g8% of families disappeared,
notably the blastoids), brvozoans (at least 75% of families), brachiopods
foraminifers [[}j-"ﬁ: extinchion, in::hu“n;jr that of fusilines) and radiolarians
(gg% extinction)—both of the latter constituted the plankton of that time.
Other groups, such as bivalve and cephalopod mollusks, were partially
wiped out. Statistics on marine vertebrate fauna (hsh, amphibians, and
amniotes) are few and far between, but we know that their biodiversity
was altered bevond recognition. The mesosaurs mentioned earlier, tor
example, did not survive the crisis,

(n the continents the roll call of victims was also verv long: many
plants (notably gvinnosperms and seed ferns) and insects disappeared.
Amphibians and ammotes also experienced extensive faunal turnover,
Entire families of stegocephalians were wiped off the map (as were the
lepospondyls and some temnospondvls); others appeared in the Farly
Triassic (most of the stereospondyls in the temnospondy] group, for in-
stance). Within the svnapsids, large herbivores were deeply affected, and
pelveosants died out. Information about sauropsids 1s shll too scarce for
anv conclusions to be drawn. It does seem, however, that some lacustrine
ecological niches that harbored carnivorous and longirostral tetrapods
(some stegocephalians, for example} constituted refuge zones, a little like
the freshwater havens that saved the crocodiles” (but not the non-avian
dinosaurs’) skin during the 65 Ma Cretaceous—Tertiary crisis.

A fungal peak (an increase in mushroom biomass) has been detected
just after the erisis, both in continental and marine habitats. This bears
witness to the devastation of the event, since mushrooms quickly colonize
environments that are rich in decomposing organic matter.
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What could have caused such a catastrophe? It was not the work of a
lone killer; several culprits joined forces at the end of the Permian to deal
life a serious blow, Paleontologists have the tricky task of gathering clues
ta solve the case. The “usual suspects” are a phase of intense volcanic
activity, a general drop in the oceanic level followed by an enormous
transgression, an oceanic anoxia, a possible meteorite collision with the
Farth, and drastic climate change. This list, like that of its victims, is by
no means complete, but we can attempt to applv a few of these potential
causes to a global scenario.

The convergence (coalescence) of lithospheric plates, moving around
like pieces of a jigsaw puzzle to form Pangaea, caused the closure of the
epicontinental seas and a general drop in the oceanic level. This marine
regression exposed the continental shelf (extension of the continent be-
neath the sea surface), killing or drastically affecting the marine organ-
1sms living in shallow waters, including the equivalents of our corals and
numerous benthic animals.

Sea-level fluctuations would have disrupted and modified ocean cur-

4.31. The deadly Siberian
i o= . . Traps. Effusions of volcanic
contributed to this climate change. The Siberian Traps and the Emeishan  rocks covered a surface

rents, thereby changing the global chimate. Colossal volcanic eruptions

Traps of China, both around 251 million vears old, provide clues, Traps  ©f same 200,000 square
: kilometers. This event, 251

Ma, is contemnporary with the
immense areas: the Siberian Traps covers 200,000 square kilometers (lg.  mass extinction that marks
the Permian-Triassic bound-

. . . , . ary. It is probable that intense
continent (in only 200,000 vears, according to estimates). Iltisnothard to  yoleanic activity triggered this

imagine what the effects of giant lava flows, explosions, volcanic bombs, — life erisis.
forest fires, and acid rains would have had on the flora and fauna. All

are thickly piled lavers of voleanic (often basaltic) rocks extending over

4-31). At the close of the Paleozoic, megatons of lava spread across the

. ' .o . Source: University of Bristol
this would have been accompanied by the emission of millions of tons  (United Kingdom)

d ~& $
'xr:.lfun_r:&-"‘ —— e A - 5;. L
- i e .-"'- rirs
\'E“' Sweden l'?x "(/ =
~y | r
WS Finland oft | \ fan
| N ¥ I|I
' )/<1 r
,
% o
Y
e R
I-'I : ':n_h
M 9
2 % -.- I'\..
H xf‘lh |
- % )
i :"‘\' -
I \'::‘Rlﬂx
I'\-‘-Il"\__ :_H"'_\ :
('E\' '..ll .""\-\.II'. 1 I-. ;_ |
.ﬂ.rr&nem I > ;;H Y !
H e ST
}\LT '\741(_ 8. .-‘i E’ {\\ | g
| § i | Jrl ~
. , f an
iran 7 UZEI-ERIS tj'm y E{_'-EK
! “~JTurkmenistan § _ L Y
- Basaltic Traps Pyraclastic flows 0 500 km

Between Earth and Sky 145



"Matura abhorret
a vacuo™; Triassic
Reconquest
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dust and ash hurled up into the stratosphere. These particles would have
rapidlv spread around the globe, partially blocking out the sun’s ravs
and disrupting photosynthesis. This cloaking of the atmosphere would,
at first, canse a drop in global temperatures (this is the “nuclear winter”
scenario), followed by intense heating up. This 1s what happened during
the Early Triassic.

To these volcanic events on an unparalleled scale, we can perhaps
add a phenomenon of extraterrestrial origin. This hyvpothesis has alreads
been put forward to explain the Cretaceous=Tertiary crisis, which, in the
early 1g980s, was thought to have been caused exclusively by the Deccan
rII].q':I.I.'],':i [ill I]l[IiEI_.]. ‘I-lll-'r[_]r]'q: L‘:;[fl'it.:[l Ul”:, il'll H“._'. '”'lq':lill,_ L]:i.' ].?ll:'.'ﬁl-[_:llq':lll,"ti 11'?’1;[[11_:" E|_||{|.
Luis Alvarez, however, pointed in another direction: the impact of a mas-
sive meteorite could also have been a decisive agent of mass extinction.
Their hypothesis was strengthened by the discoverv of a massive impact
crater, 65 million vears old, at Chicxulub on the Yucatin Peninsula (Mex-
ico). It took these researchers more than 15 vears to convinee the scientific
community (notably that of paleontologists) of this scenano, which 13
now generallv accepted. Some scientists wonder if such an event could
have also contributed to the Permian—Trassic crisis and have started to
look for evidence of a collision. Strangely enough, this has opened up old
wounds and arguments over whether this is scientific rigor or jumping
on the bandwagon. The upshot is that there are already several candidate
craters on the table,

The Bedout Crater, detected in the Indian Ocean off the Australian
coast, has caused quite a stir. Larger than Chicxulub, with a diameter of
around zoo kilometers, it inay have been caused by a bohide the size of
Mount Everest colliding with the Earth around 250 million vears ago.
The impact would have created a shock wave greater than that from the
simultaneous detonation of the world’s nuclear 5tu::.]-:]1i|:_:_ T'his crater is
partly made up of melted rocks that apparently contain minute traces of
chromium, an element that, like the iridinm associated with the Creta-
ceous—lertiary crisis, is extremely rare on Earth. Moreover, rocks that
may correspond to explosive residues have been found in Australia, South
Africa, and Antarctica. But other geologists consider these to be traces
of voleanism, a repeat of the debate that strongly polarized the scientihe
community about the Chicxulub Crater. It is true that hard evidence of
an impact is shill lacking, but it should be borne in mind that, compared
to Cretaceous deposits, those ol the Permian have neither been explored
nor studied in the same depth. The Permian-Triassic crisis has vet to
relinguish its secrets.

[magine Pangaea just after the Permian-Triassic catastrophe: a land
devastated by forest fires fed by lava flows, acid rains impregnated with
ash falls in black droplets to splatter on grav soils covered in a thick pall
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of mushrooms and lichens. Meanwhile, the climate is heating up and
great torrents sweep down the feeble slopes of the vanishing Hercynian
Chain. Nevertheless, in the midst of this post-cataclvsmie landscape,
somewhere deep within lakes and forests, life has resisted destruction.
For the survivors (the amniotes for the most part), it is their turn to enjov
evolutionary radiations,

Whatever the period, realm (continental or oceanic), or habitat (pe-
lagic, coastal, or lacustrine), crises have always profited some—and the
“profiteers” have not alwavs been those that were the most visible before
the catastrophe. In fact, mass extinctions liberate ecological niches that
benefit other species. It is important to remember that the opportunists
often existed before the erisis, but occupied only a humble place in the
ecosystem. It must be added that if ecological niches are liberated, it is
not compulsorily followed by evolutionary radiation: this often takes place
beforehand. This is a relatively new idea confirmed by data on the Perm-
tan—Triassic and Cretaceous—Tertiarv crises. In the case of the Permian—
Triassic crisis, sauropsids that had kept a low profile during the Paleozoic,
due to strong competition from large synapsids, gained the upper hand
at the beginning of the Mesozoic. Concerning the Cretaceous—Tertiary
episode, paleontological hinds show that ancestors of the major placental
maminal groups were present belore the crisis but remained discreet:
ecologicallv speaking, the dinosaurs and other archosaurs relegated them
to the sidelines.

Let us return to the Triassic and ask ourselves what the amniote
survivors from the great extinction looked like. We will not examine

every group but, instead, we will shed light on pootly known fossil forms
that, like avicephalians, had unusual morphelogies. We will also look
at some that, via the mammals (a possible sister group), have a radi-
ant future ahead of them. We will briefly touch on the more “classic”
fossil amniotes—turtles, lepidosaurs, and archosaurs—at the end of the
chapter.

Between Earth and Sky

4.32, Otopteryx volitans,

an imaginary taxon of rhino-
grades. This animal flies back-
wards thanks to the flapping
of its ears. Its nose is highly
developed (a characteristic of
the group) and serves as land-
ing gear. The morphologies
of very real avicephalians {see
figs. 4.22 and 4.34) can hold
their awn with aur imaginary
rhinogrades dreamed up by
zoologists Gerolf Steiner and
Pierre-Paul Grassé; the latter
urges caution: "Biologist, rmy
good friend, remember that
the most ably described things
are not always the truest.”
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Age Late Triassic
Location Eyrgyzstan
Size Decimetric

Features Gracile skeleton,
possible hyper-elongated
“scales”

Classification Avicephalian

diapsid

4.33. longisguama insignis,

avicephalian from the Late

Triassic of Kyrgyzstan: skeleton
on a slab displaying very elon-

gated "scales” (more than
10 centimeters in length).
These are the subject of
hot debates: Are they
pseudo-scales or
pseudo-feathers?
Could they
simply be fern
leaves depos-
ited on the
ground
before
fossiliza-
tion?

Photo
reproduced with the
kind permission of the Pale

ontalogical Institute, Russian

Academy of Science
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Acrobatic Sauropsids: Avicephalians

The forests of the Early Triassic provided oases of life for the amniotes
that survived the great extinction. Among the escapees were the “avi-
cephalians,” alreadyv a timid presence in the Permian and perhaps the
most original of amniotes. Thev form, according to some authors, a small
clade of fossil diapsids that includes some very surprising forms that seem
to push the limits of “morphological possibilitv.” Their skeleton is very
eracile, with a light “aviform” skull {evoking that of a bird)-and some
even had toothless beaks! These astonishing similarities led some paleon-
tologists to propose, several vears ago, close phyvlogenetical links between
avicephalians and birds. We know todav that this hyvpothesis is false; birds
stem from the archosaurs; small, gracile, feathered theropod dinosaurs,
to be precise. The characters that birds and avicephalians share are only
the result of evolutionary convergences, but the phvlogenetic position of
the avicephalians, such highly specialized animals, is still debatable: the
validity of the clade has also been questioned, since each species of the
eroup could also be placed within different and distinet sauropsid groups.

All this does not detract from these fascinating animals, which, like
our fanciful rhinogrades (fig. 4.32), resemble the fruits of a vivid imagi-
nation. Along with their birdlike heads, they possessed a prehensile tail

-
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evoking that of a chameleon (which belongs to another clade of diapsids:
the squamates) or even a monkey. Some strange forms, such as Lon-
zisquanma isignis | Late Triassic of Central Asia), could possess extremely
clongated “scales” —the nature and function of which remain unknown.
According to some hypotheses, they could have acted as psendo-feathers
and formed “wings” (hgs. 4.33 and 4.34)! Surprisingly, this group, made up
of under a dozen Permian and Triassic genera, is often ignored in scien-
tific literature. We shall repair this injustice and review some remarkable
Triassic avicephalians,

Our first specimen is the eve-catching Megalancosaurus, a small
avicephalian of some 25 centimeters discovered in the Late Triassic of
northern Italv. Megalancosaurus’s most striking character is its long tail,
which appears to have been mobile and prehensile (hg. 4.35). Tt evokes
that of some monkeys, except that it terminates in fused vertebrae and a
sort of “dart” or claw, a first in tetrapod evolution. This is mavbe why the
paleontologist Phil Senter classifies Megalancosaurus and other avicepha-
lians in a subgroup apart, that of the simiosaurs (literallv, monkev-lizards).
But that is not all. Its fore and hindlimbs possess two and one fused and
opposable digit(s), respectively. With its prehensile tail, it has all the al-
lure of a chameleon. In addition, some bony vertebral extensions (neural
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4.34. Reconstitutions

of Longisquama insignis
reflecting three hypothetical
“functions” for its mysterious
“scales.” Could these struc-
tures have allowed it to fly
(top left)? Perhaps to intimi-
date enamies or for nuptial
parade {bottom left)? Or
maybe just leaves deposited
around the skeleton before
fossilization (right)? The ques-
tion remains apen,
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Slender
triangqular skull

Long neck

Megalancosaurus

Age Late Triassic-210 Ma
Location Italy

Size Upto 25 cm

Features Gracile skeleton;
leng neck; long tail
terminating ina "claw”
Classification Simiosaurian
avicephalian diapsid
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Foot and hand with opposable digits

4.35. (A) Megalancosaurus preonensis, arboreal avicephalian from the Late Triassic of ltaly.
Bird-headed, it had a chamelecn’s feet and a monkey's tail that ended in a claw. This is not
a hoasx. With its four limbs and prehensile tail, Megalancosaurus achieved a degree of spe-
cialization equivalent to that of chameleons or primates, but 130 million years earlier! This

simian morphology pushed the palecntologist Phil Senter to classify Megalancosaurus and

other avicephalians in a subgroup called simiosaurs, literally “monkey-lizards.” (B) Skeleton
in lateral left view (after Matt Celeskey, www.hmnhoorg).

apophvses) are fused together at the shoulder level, probably allowing the
insertion of powerful neck muscles, useful for possible rapid head move-
ments when hunting insects or other small, fast-moving prey.

With its “composite” and unique morphology, it is difficult to imag-
ine the lifestvle of Megalancosaurus. Most reconstitutions do seem to
agree on its being an arboreal form, perhaps living like a chameleon.
Other authors, however, envisage it is as amphibious or terrestrial, hunt-
ing on the ground and balancing on its hindlimbs and tail. Some Italian
specimens of Megalancosaurus do not have the opposable thumb; it could
have been an exclusively male character, perhaps for holding the female
during mating—or why not an exclusively female character?

Drepanosaurus is another strange avicephalian simiosaur. Like
Megalancosaurus, it comes from the Late Triassic of Italy. In addition to
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the oddities it shares with its cousin, this diapsid 4o centimeters in length
(excluding neck and tail) possessed an enormous, flat, billhook-shaped
claw on its forelinger (hig. 4.36). It was the first time in tetrapod evolu-
tion—but not the last—that hyvpertrophy of one or several claws appeared.

Drepanosaurus apparently had the claw onlv on its “hands.” This is
often observed in predating, hunting (think of the raptors’ claws in Juras-
sic Park), climbing, or burrowing tetrapods. Of these different lifestvles,
which did Drepanosaurus adopt? Let us look more closely at the morphol-
ogy of its claw; it is so enormous that it looks disproportionate to the rest
of the limb. Just like a bird’s beak, the shape of a claw often betrays the
use its owner puts it to and the habitat the owner occupies (hg. 4.37). The
grizzlv (and also the piscivorous dinosaur Suchominus) possesses large,
sickle-shaped claws, useful for capturing hish. 'The mole Talpa europaea’s
claws are straight and spade like, allowing it to dig tunnels. This does not
help us much, in fact, as Drepanosaurus’s elaw resembles that of neither
a bear nor a mole. In fact, it looks like a pvgmy anteater’s claw. A fairly
obscure comparison, | think vou will agree. This mammal, also called a
myrmidon (Cyclopes didactylus) is verv shv, nocturnal, and arboreal —with
a prehensile tail and a claw like a illhook, which it uses to dislodge in-
sects under tree bark. This is the kind of lifestvle that would have suited
Drepanosaurus perfectly.

Longisqguama was perhaps a “winged” avicephalian, Megalancosau-
rus had a “monkev tail” ending in a “claw,” and Drepanosaurus had its
billhook-shaped claw. Let us turn to North America and New Jersey,
where Late Triassic outcrops have vielded another avicephalian, Hypu-
ronector, which was equipped with an oar (hig. 4.38). Hypuronector is
represented by a dozen small fossil specimens (only 10 centimeters long)
which are, unfortunatelv, not as well preserved as their Italian cousins:
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Scapular
girdle

Hypertrophised
claw

4.36. (A) Drepanosaurus, an
avicaphalian from the Late
Triassic of taly, This sauropsid
possessed a maorpholagy simi-
lar 1o its cousin Megalanco-
saurus (see fig. 4.35) with, in
addition, a claw in the shape
of a billhook. This apparent
"tool" may have been useful
for scratching away tree bark
to get at insects, but the func-
tion of this hyper-enlarged
phalanx remains controversial.
iB) Skeleton of front limb and
pectoral region (after Jamie A
Headden).

Drepanosaurus

Age Late Triassic-210 Ma
Location Italy

Size Up to 50cm

Features Large billhook-
shaped claw; tail terminating
ina “claw"

Classification Simiosaurian
avicephalian diapsid
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4.37. The "Claw Club."
Hypertrophy of the anterior
last phalanges—whether
knife-, billhook-, or sickle-
shaped-appeared several
times during tetrapod evolu-
tion. Each tool or “hand
weapon® is often associated
with a specific diet or loco-
maotion: (A) the theropod
dinosaur Suchomimus fished
with its sickles, (B) as does the
grizzly Ursus arctos; {C) the
mole, Taipa, digs with its
spades, and (D) the pygmy
anteater Cyclopes hunts
insects with its billhooks. The
avicephalian Drepanosaurus's
billhook (Triassic from [taly;
see also fig. 4.26) resembles
that of the pygmy anteater,

A Suchominmus terensis

B Ursus arcltos

C Talpa europaea
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at present we do not have the head, neck, or all the digits. However, its
tail is well preserved and, surprisingly, it does not terminate in a dart or
a claw but in long, ine ventral vertebral apophyses, giving it an oar- or
leak-like appearance. This verv slender, tall, flat appendage was larger
than the animal’s body.

What was its function, if amy? Did it act as an oar for swimming?
[t this were the case, Hypuronector would be one of the rare aquatic
avicephalians. This is unlikely; the tail, given its flatness and height
compared to body size, would have caused too much drag in water—1t
would have required supersized muscles to operate such a rudder! This
appendage does, however, bear a striking resemblance in size and shape
and 1s elongated and asvmmetric like the leaf an arborescent fern con-
temporaneous with the fossil (a cycad close to the living Cycas). Perhaps
this represents the firstknown case of mimicry in terrestrial tetrapods: it
15 easy to imagine Hypuronector moving jerkily along a branch in dappled
sunlight, perfectly camouflaged among the leaves, in search of small in-
sects, If this hvpothesis proves correct, then Hypuronector was an arboreal
avicephalian.

Between Earth ana Sky

4.38. (A} Hypuronector
limnaias, arboreal avicephalian
from the Late Triassic of North
America. This sauropsid, which
was the size of a praying mantis,
wias equipped with a tail shaped
like a cycad leaf (arborescent
ferny. Could this be the first
example of mimicry in tetrapod
history? (B) Reconstructed
skeleton in lateral right view. The
dotted parts are not preserved
but drawn based on known
skeletons of similar species {after
Matt Celeskey, www.hmnh.org).

Hypuronector

-y

Age Late Triassic—222 Ma
Location Mew lersey

Size Up 1o 12 cm

Features Gracile skeleton; lang
tail with fine ventral apophyses
Classification Simiosaurian
avicephalian diapsid
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4.39. Late Triassic forests
were already well structured
with diverse ecological
communities of non-avian
reptiles. From top to bottom:
(1) rhamphorbyncoid ptero-
saurs (at canopy level); (2}
Longisguama (avicephalian,
subcanopy, assuming this
form flew); (3) Megalanco-
saurus and (4) Hypuronector
isimiosauran avicephalians),
(5] Drepanosaurus (relatively
terrestrial avicephalian). These
amniotes occupied different
ecological niches which varied
in height above the ground
and food supply (mainly
Insects)

1 5d
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Diastema

The climbing, jumping, and gliding avicephalians we have encoun-
tered constituted a veritable arboreal fauna: this was true in the Permian
and even more so in the Triassic. These small animals fed mainly on
insects. Their fossils can be found in North America (Hypuronector, for
example) and Asia (Longisquama, in Kyrgvzstan), between which there
existed, at the heart of Pangaea, a band of forests. Certain zones of this
forest could have escaped destruction during the Permian—Triassic ca-
tastrophe. Thev were not as deep or dense as those of the Carboniferous,
but thev were no less rich for it. In the Permian and Triassic thev already
harbored numerous small, specialized amniotes that “prefigured” the
feathered, scalv, or furrv inhabitants of today’s forests (such as chame-
leons, birds, primates, and flving squirrels), Arboreal vertebrate diversity
during the Permian and Triassic is still probably underestimated, because
forest dwellers in their variety of ecological niches rarely get fossilized, the
forest habitat not being as conducive to fossihization as aquatic habitats
(lakes, seas, and oceans); and also because manv paleontologists pre-
fer to work on dinosaurs! It is, therefore, quite probable that, from the
end of the Paleozoic to the beginning of the Mesozoic, vertical forest
ecosvstems were occupied and structured by different reptile commu-
nities (sauropsids), each one specializing in its own habitat height and
food supply (notably insects; fig. 4.39). There are many worlds left to dis-
cover in paleontology: the Permian and Triassic forests, no doubt, count
among them.
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4.40, (A) Qligokyphus, one of
the best-known tritylodonts.,
Well represented in the Late
Triassic=Early Jurassic of
Eurape, Narth America, and
China, the tritylodonts were
small herbivores, measuring
between 15 cmand 1 min
length. Together with the
trithelodonts, they are armong
the closest relatives of mam-
mals. (B) Oligokyphus skeleton
in lateral right view,

Oligokyphus

. o

Age Late Triassic—Early
Jurassic

Location Waorldwide (United
States, United Kingdom,
Germany, China, Antarctica,
atc.)

Size Upto 45cm

Features Differentiated
herbivorous teeth; slender
ckaleton

Classification Tritylodont
synapsid, close to mammals
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Dural peak

Oifactory bulb Cerebral hemisphere
st b Olfactory tract

YVeanous canal

Osseous labyrinth

5.1. The brain of the thero-
pod dinosaur Majungasauris
crenatissimus in 3-0. (A) By
scanning the skull using '
microtomography, it is today , 1 \ \\
possible 1o reconstitute the Cerebral carotid artery VoI X X
brain of this dinosaur from
the Late Cretaceous of
Madagascar in 3-D0. {in [B] the
cranial nerves are lsbeled with  methods, such as microtomography, are essential because thev allow
Roman numerals). (C) Recon-
struction of the animal’s head.

if it has not been too deformed during fossilization. Modern imaging

us to visualize the interior of a fossil without destroving it. Today these
methods are so frequently applied to kev fossils of dinosaurs, pterosaurs,

(A and B} Reproduced with and other vertebrates that we can easilv emplov the tern paleoneurology!
the kind permission of

Lawrence M, Witmer, Chio i )
University, ses—that is to sav, bone expansions where tendons are inserted. Step by

Muscles are reconstructed by studving the shape and size of the apophy-
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step, comparison by comparison, the initial fossil, often fragmentary, 1s
built up as much as possible and, when there are enough clues, the vital
organs are added and it mav become a veritable facsimile. To bring a fos-
sil back to life, a paleontologist does the reverse of a coroner practicing

an autopsy: the former reconstructs a body as entirely as possible from
fragmentary remains, whereas the other “deconstructs” a complete body

to extract and analvze its organs.

Constraint 1 (Point of attachment)

gk

Constraint 2 (Force reflected from the ground)

A Brief Guide to Paleantology

5.2. Maodeling the articula-
tion constraints for the clawed
thumb of the dinosaur Piateo-
saurus (Triassic, France) while
walking. In this 3-0 image
obtained by finite element
analysis (FEA}, wea can see that
mechanical constraints are
unevenly distributed along the
bone surfaces. They vary ac-
cording to the forces exerted
during walking {arrowed).

Reproduced with the kind
permission of the Aduséum
Nationa! d ‘Histolire Naturelle/
Florent Goussard.
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5.3. Permian social network!
An adult varanopid (synapsid)
fossilized with its offspring in
a bleck, found in the Permian
of South Africa (260 Ma) by
my colleague Roger Malcam
Smith. This assemblage is
unigque and is the oldest
evidence of parental care in
tetrapod evolution

With the kind permissicn

of Roger Malcom Smith
(lziko Museum of South
Africa, Cape Town} and Jen-
nifer Botha-Brink (Nationa!
Museum of South Africa,
Bloemfantein).

T6d

S uvenile 3 ot

In addition to the geological background necessary to find fossils in
the field and the biological savoir faire to identify and reconstruct them,
a paleontologist must also have a grasp of phyvsics. This is essential for
zathering precious information about the locomotion of a fossil speci-
men using biomechanics—a discipline that relies on modeling, in three
dimensions if possible—to demonstrate the way a bone articulates in its
socket. Iirst, the bones are scanned (using a surface or X-ray scanner,
depending on available technology) and then reconstructed into 3-D
digital nnages. These are then fed into a biomechanical software program
that allows researchers to instantly visualize each bone’s movement. This
approach relies, once again, on state-of-the-art technology and allows an
understanding of how an appendage (hmb or fin) or a vertebral column
moves, the better to reconstruct the locomotion of the vertebrate under
studv. We saw its application in chapter 1 when we discussed the terrestnal
or aquatic wavs of life of earlv Devonian tetrapods. Biomechanics can be,
of course, complemented by the study of fossil trackways and footprints—a
sepatate disciphne called palecichnology, which gives us an insight into
how an animal moved (its stride, speed, and so on).

The paleontologist can also model the diet of the animal under study
by analvzing its teeth, but finite element analysis (FEA) proves a useful
allv. This method, well known to industrial designers, is in fact an analy-
sis of forces exerted on an object, whether a screw or a stegocephalian
jaw. FEA transforms an object into virtual polvgons to better calculate
its resistance to mechanical stress. Zones subject to pressures great and
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small are precisely identihed and analyzed, allowing one, in the case of a
jaw, to specify the animal’s dietary behavior. This technique can also be
applied to limb bones for a better understanding of locomotion (hg, 5.2).

Soft tissues, locomotion, diet—these are not the only reconstrue-
tions possible: in certain cases, the paleontologist even has access to the
behavior of the animal they are :-,hu]j.'iﬂg- Fossil trackwavs and {-{J{Jtl}riilt.‘i
sometimes reveal how an animal moved; taphonomic studies—the study
of bunal conditions and death—provide us, in cases of exceptional pres-
ervation, with fascinating information about the animal’s behavior. My
colleagues Jennifer Botha-Brink (Bloemfontein, South Africa) and Sean
Modesto (Svdnev, Canada) have recentlv shown that a small tvpe of pely-
cosaur (varanopid) aged at 260 million vears already displaved parental
care. Theyv found, in a block of argillite from the Middle Permian of
South Africa, the skeleton of an adult—probably the mother—with those
of four offspring around her (fig. 5.3). Taphonomic analysis suggests that
this small familv was surprised and rapidlv buried by a mudfow. We
already knew that, within the amniotes, some crocodiles and squamates
(lizards and snakes). birds, mammals, and even some dinosaurs look (or
looked) atter their voung. With this one-in-a-million discovery, the excep-
tional preservation of which has allowed the "fossilization of behavior,”
we can now be almost certain that parental care appeared verv early in
ammniote history,

A Brief Guide to Paleantology

.. =T B Egh

i g

5.4. From fossil to 3-D
reconstruction. Nigerpeton
ricles! (see chapter 3), an
amphibious temnospondyl
from the Permian of Miger
idiscoverad and described by
the author), was a perfect
candidate for anatomical
reconstitution. Lsing different
available fossils, such as a

wall preserved half-skull (A), a
scale model in polyester resin
15 sculpted (B), by the model
maker and sculptor Franck
Lirmon-Cuparcmeur (alias " the
Dude,” on the feft, photo

[C], aided by the author),
fach scale, for example, was
sculpted using a micro-drill,
respecting the ornamentation
visible on the original bones
The result (D} is remarkablel

Phatos: reproduced with the
kind permission of Christian
Sidor {University of Washing-
torn, A) and Franck Limon-
Duparcmetr (B-0),
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A Bone, a Life

5.5. Diaphyseal section of

a fernur belonging to an
adult temnospondy| from the
Triassic of Morocco (215 Ma)
and showing a typical agquatic
structure: the section s very
spongious at the center, be-
coming gradually more com-
pact toward the perniphery.
The expansion of the bone on
the top left corresponds 1o a
typical femoral apophysis: the
adductor ridge (see fig. 5.7
for a close-up of the hoxed
section)

Phota: S&bastien Steyer

(CNREMuseum Nafonal
o Histoire Naturalle)

166

The paleontologist tries to go through evervthing with a hne-toothed
comb; nothing is left to chance. Even skin—notably its texture— can some-
times be reconstructed, when it has been miraculously preserved (epider-
mal remains of dinosaurs have been found, tor example) or, as is more
often the case, based on skeletal ornamentation (fig. 5.4) and compari-
sons with living animals. This illustrates the concept of actualisin (also
called uniformitarianism}): in the living world, a tetrapod’s skin is often
of neutral tones, matching its environment. But when it lives in herds, its
exterior can be heterogeneous (like that of a zebra or giraffe) and even
highly colored if it has an intense social life (as do birds, for examplel.
[n aquatic environments, the ventral side of vertebrates is usually darker
than the dorsal side, making it less visible to potential predators above
and below. The caretul paleontologist is not prev to overimagination.

The external morphology of a bone 1s already a goldimine of information
for paleontologists. But there is more to be gleaned: the studv of inner
bone structure, known as bone palechistology, can also vield important
clues about an extinet animal’s lifestvle and habitat. Each bone, in fact,
contains a structure that Erows tlul'ill;__r_ its El!._‘.".'{_‘IU|J1I1{_!IIfZ this structure
also records constraints from the external environment (such as climate)
as well as pressures acting directly on the skeleton during locomotion. A
terrestrial tetrapod has a femoral diaphysis (central region of the femur)
different from that of a flving or aquatic tetrapod (fig. 5.5).

How can we observe the inner structure of a bone? Today the tech-
nique consists of direct scanning using X-rav or proton microtomography
(if using protons, the ravs must be produced from a particle accelerator
or svnchrotron). The old-school approach consists of sectioning the fossil
with a diamond saw to obtain thin slices. These are then polished using
an abrasive that allows light to penetrate and reveal the inner structure of
the bone, which is visible under the microscope (using natural or polar-
ized light; hg, 5.6). The scanner is the expensive option, of course, but
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5.6. Bone palechistol-

oqgy ~getting at the inner
bone structure. The old-
school approach consists of
sectioning the bone using

a diamond saw (A) before
being polished (B, the bone
iS5 in vertical position) untif it
15 thin enough to allow light
to penetrate. (C) The section
15 then analyzed using an
oplical microscope. Today,
this technique, very useful for
determining life-history traits
of both extinct and extant
organisms, 1s being replaced
by X-ray (or proton) microto-
mography, which allows the
sample to be scanned without
destroying It

Photo reproduced with the
kind permission of Sophie
Sancherz (Muséum National
d'Histoire Naturelle),

- L

b —
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5.10. Extraction of a2 vertebral
column of a pareiasaur
{parareptilel discovered in

the Permian deposits of the
Migerien Sahara {see chapter
31 After delicate cleaning
with a brush (A}, a systematic
excavalion s carried out all
around the fossil to detect any
further remains (B). The fossil
and its surreunding matrix are
then covered in a protective
coat of plaster (T, Once dry,
the cocoon is freed from the
bedrock with a pick wielded
by Christian Sidor (D), The
plaster block is then wrned
ower and transported by four-
wheel drive (E) o the nearest
preparation laboratory —in
this case, several thousand
kilomatars away!

Photos: with the kind per
rmission of Christian Sidor
{Uriversity of Washington;
Al Sebastien Steyer (CNRSS
Museum National d'Ristoire
Maturalle; B-E)

In Praise of
Fieldwork
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lJI'U]mrriuns i a fossil. This l:]i'.:i{_:i]]-]i]ll:_t |||'1|gL'5 on the fact thal i:-;ui{_:[JL*:-;
possess the same number of protons and electrons, but the number of
neutrons varies,

When well |‘J1'4.;::i¢.;r‘.'¢.;f|, ’f-{}t-'r.‘:ii]t;—lmlﬂb'f.' teeth and skeletons— I-iL‘L'|:- the
original isotopic composition of the chemical elements extracted from
their habitat to build their bodies. For example, the ratios of carbon iso-
topes “C and C and ofazotes "N and "N can allow us to position a fossil
in its food chain and its paleoenvironmental conditions {For example, did
it live in an enclosed habitat like a forest, oran open one like a savannah?).
These isotopic ratios are calculated using mass spectrometry, a technique
used to analvze matter in terms of the atomic mass of its components (hig.
SF_]]:, Ell'lfl “llli{:h iﬁ {_:l'lll]'IU} l:._'.{l i'|| |JH.|EU||I.-U|U%?.' IISI—“% Hll:l' ,'_-..::[r1l|}|!.;5 UF EUSS”
tissue (such as the hydroxyapatite of a tooth). Before undertaking such an
analysis, the paleontologist looks for any structural and chemical modih-
cations that the fossil has undergone (diagenesis), to ensure that its state of
preservation is suitable for an isotopic bingeochemistry approach —which
15 rarely the casel

Isotopic analvsis of the oxvgen 1s also rich i mformation. The pro-
portion of isotope oxvegen-18 in an organism’s skeleton (measured by the
d" () depends on its lifestvle and environment. For example, in the living
world, a marine crocodile (or marine turtle) has a O about 3%. greater
than that of a freshwater crocodile (or turtle)—an infinitesimally small
difference that is, nevertheless, guantihable (hg. 5.9). The desert viper’s
@0 is amongst the highest known (30%e, as opposed to 23.4%« for the
marine turtle Dermochelys coriacea, and 200%e for the marine crocodile
Crocodylus rhombifer). These differences seem to be linked to the strate-
zies used to control salt levels in the body and reduce osmotic stress: the
desert viper suffers a high rate of water loss and has to maintain high salt
levels to survive.

The application ot all these biochemical approaches on fossil remains
(after having successfully passed the diagenetics test, of course) is very
promising: it will perhaps allow us to better pinpoint the habitats of fossil
{;1'gani5n|5 that haunted the mm’gills between fresh and salbwater—as did
many stegocephalians (see chapter 3). Ongoing studies will surelv reveal
fascinating facts about the paleoenvironments of these early tetrapods.

We have just sketched out the numerous H|J[JTUHL‘]IL‘5 |:;—1]{;U||l'u|ufjrisla. en-
plov to identify more preciselv the morphology, physiology, and ecology
of a fossil organism, even in a fragmentary state. But these analvses all
depend on available fossil matenial. For this there are bwo solutions: spend
vour life rummaging through fossil collections, or get out into the held.
The hrst solution 1s easier, but most important for a paleontologist and
the lifeblood of studies is research in the held.

Paleontological heldwork comprises both prospecting and excavat-
ing. Prospecting is carnied out in targeted zones where the geology 1s
known, outcrops on the surface (such as stone-cavered plains) being
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could become a rare commodity; this 1s exacerbated by an overreliance
on modeling, Biochemist James k. Lovelock raises the alarm in Gaia: A
New Look at Life on Farth:

Unfortunately, most scientists live their lives in cities and have little
or no contact with the natural world. . . . [ T]hose of us who go forth
in ships or travel to remote places . .. are few in number compared
with those who choose to work in city-based institutions and nniver-
sities. Personal contact between the explorers and the model builders
is rare and information passes throngh the tense limited phraseology
of scientific papers, where subtle, qualifying observations cannot be

imcluded among the data. [1g7g: 136137

Today, the search for fossils starts with a long and convoluted search
for unding. The paleontologist must constantly remind funding bodies
that to understand nature, past and present, vou need to frequent it first.
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