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ABSTRACT. The search for the origins of the tetrapods, both in the
sense of ancestry and the general biological context of the transition
between fish and amphibian, has long been a central concern of verte-
brate paleobiology. Recent discoveries have done much to improve our
information about the interrelationships of lobe-finned fishes and tetra-
pods and to redefine the patterns of morphological change in key
structures such as the skull, stapes, limb, and gills. The osteolepiform
fishes remain the most likely ancestors. The first tetrapods were polydac-
tylous and retained partial gills. The age of the first tetrapods is steadil
being pushed back, and their geographical range widened. The transi-
tion probably occurred in a coastal wetland environment, no later than
the end of the Middle Devonian and (depending on an inconclusive
trackway) even earlier. Many unresolved questions remain, especially
concerning the evolutionary mechanisms that underly the transition.

INTRODUCTION

The twin problems of the origin of tetrapod vertebrates—unravel-
ling the ancestral lineages on both sides of the transition and understand-
ing the ecological conditions that drove and controlled the process—
have constituted one of the most intriguing of all subjects in vertebrate
evolution.

The origin of tetrapods is not only one of the longest standing (and
still not fully resolved) fields in vertebrate evolution, it has always com-
manded considerable popular interest. Some of this probably comes
from a natural interest on the part of humans in their own forebears. The
discovery of living lungfishes in the nineteenth century sparked interest
because of their apparent intermediate position between other kinds of
fishes and amphibians. (As is well known, the South American lungfish
Lepidosiren was actually first described as a degenerate amphibian.) The
discovery of the Australian lungfish provided a direct link between a
living form (a “living fossil” to use Darwin’s term) and well-known
Triassic fossils. The lungfishes therefore accorded well with Darwinian
theory, just as did Archaeopteryx. The discovery of the living coelacanth
Latimeria in 1938 continues to spark public interest (Thomson, 1991a).

It also happened that fossil lobe-finned fishes were prominent among
the faunas collected widely in the nineteenth century from the Old Red
Sandstone of Europe (principally Britain and Russia) and its equivalents
in America (the Catskill and Escuminac formations). With the progressive
discovery of fossil remains of Crossopterygii, the “Rhipidistia” replaced
Dipnoi in discussions of the tetrapod ancestor/sister group/relative (one
has to bear in mind the relevant terminology of the day).

The subject also got a great boost in the early part of this century
with discussion of the geological/ecological significance of redbed depos-
its, within which many lobe-fin fish fossils were found. Were they indica-
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tors of very dry tropical conditions? Barrell’s (1916) classic paper on the
influence of Silurian and Devonian climates on the rise of air-breathing
vertebrates set the stage for much future discussion.

Most of all, the origin of tetrapods provides the paradigmatic exam-
ple of a major evolutionary shift—from water to land, from gill to
lung-breathing, from swimming to walking and running. As such, it is a
problem the solution of which cannot come from paleontology alone but
requires the full panoply of biological approaches—morphology, physiol-
ogy, biochemistry, embryology, and ecology.

Because the subject has always been so centrally in the scientific
spotlight, studies of the origin of tetrapods have been unusually theory-
laden. Proponents of rival theories have contested with a ferocity that is
otherwise more common to politicians, have interpreted the fossil data
with more zeal than prudence, and have promoted their views with the
assiduity of sellers of patent medicine. As a result the literature of the
subject is difficult to read without a background understanding of the
theoretical allegiances of the authors (for example, with respect to
monophyletic or diphyletic origins and particularly with respect to a
putative ancestral role for lungfishes). But this simply makes the subject
more interesting; science being, after all, an intensely human avocation
and thus subject to all the common human foibles.

This essay, however, honors John Ostrom who is someone who has
always managed to avoid the pitfalls of competitive paleontology. I would
also like it to honor the late Alfred Sherwood Romer, who got me into this
mess in the first place.

I will not attempt a complete review of every hiccup in the vast
literature on tetrapod origins but will try to summarize our present state
of knowledge in the following monosyllabic areas: what (evolved); who
(were the organisms concerned); when (did the transition occur); where
(geographically); why (ecologically); and how (by what particular evolution-
ary mechanisms)? )

WHAT?

The earliest fossil tetrapods we presently know are an ill-assorted lot.
From the Devonian of Greenland, in addition to the famous Ichthyostega
(the morphology of which is known in some detail, due to Save-
Soderbergh, 1932 and Jarvik, 1980; fig. 1), there are also the tantalizingly
incomplete Ichthyostegopsis, (Save-Soderbergh, 1932) and Acanthostega (Jar-
vik, 1980; Clack, 1989; Coates and Clack, 1990, 1991). From Brazil there
is an Upper Devonian trackway (Leonardi, 1983). From Russia we have
Tulerpeton (Lebedev, 1984), consisting of an incomplete limb and girdle.
From Australia there is a tantalizing trackway (Warren, Jupp, and Bolton,
1986) a later trackway (Warren and Wakefield, 1972), and a single lower
Jaw (Metaxygnathus; Campbell and Bell, 1977). These fossils are already
quite diverse in morphology; for example, Ichthyostega is a mosaic of
advanced characters (in the skull roof) and primitive ones (such as a
fish-like tail). Recent collecting by Clack and her associates in Greenland
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Fig. 1. Outline drawings of (A) modern Latimeria (coelacanth), (B) modern Neoceratodus
(dipnoan), (C) Devonian Eusthenopteron (osteolepiform), (D) the Devonian tetrapod Ichthyo-
stega.
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has produced some interesting new results with respect to Acanthostega,
showing that sometimes an ounce of data is worth a pound of theorizing.
For example, the pentadactyl limb turns out not to be an apomorphy of
tetrapods but a later derived character. Acanthostega, Ichthyostega, and
Tulerpeton were polydactylous (fig. 2; Coates and Clack, 1990; compare
Cook, 1990). (This result is less surprising if one remembers that the
rhizodontid fish Sauripterus (fig. 3) has at least eleven rays in its fore limb:
Thomson, 1968. Here is a case where too much attention has been paid
to the fish species Eusthenopteron foordi.)

A difficult question is: What is a tetrapod, and, in particular, what
was the first tetrapod? Obvious features characterizing most amphibians,
at least, would be the following.

1. Absence of gills, total dependence on breathing through the
lungs and skin. Carbon dioxide principally excreted through the lungs
(only partially through the skin).

2. Circulatory pattern with discrete pulmonary circulation and sep-
aration of blood in the ventricle.

3. Limbs with carpals/tarsals and digits.

4. Ulna and radius more or less equal in length and both participat-
ing in the “wrist” joint.

5. Opposite flexure of the elbow and knee joints.

6. Torsion of the humerus.

7. Shoulder girdle and pelvic girdle modified for weight support
and limb function.

8. True choana as an air passage-way; mucus cells in the lining to
protect against desiccation; connected with the nasal organ.

9. Axial skeleton reinforced for support (weight bearing) against
gravity.

Fig. 2. Left fin skeletons of (A) Neoceratodus (pectoral), (B) Neoceratodus (pelvic), (C)
Latimeria (gectoral), (D) Latimeria (pelvic), (E) the porolepiform Glyptolepis (pectoral), after
Rosen (1981), and Ahlberg (1989). e
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Fig. 3. Fin skeletons of (A) Eusthenopteron (osteolepiform pectoral), (B) Saurzpterus

(osteolepiform, pectoral), (C) Acanthostega (tetrapod, pectoral), (D) Ichthyostega (tetraé)
pelvic). After Andrews and Westoll (1970), Thomson (1972), and Coates and Clack

10. True post-mandibular depressor mandibulae muscle system
and retroarticular process.

11. A middle ear (including stapes, tympanic cavity, and possibly ear
drum) connected to a fenestra ovalis.

12. The principal nitrogenous waste product is urea, although
ammonia is still excreted through the skin.

13. Skull with frontals and nasals.

14. A relatively large egg, a fully aquatic larva with external gills,
and therefore a more or less pronounced “metamorphosis” between
larva and adult.

One approach would be to rely on the highly specific individual
characters as used in a cladistic analysis. Then we would assemble a list
that included some of the preceding list, but also others, such as:

15. Exclusion of dentary from the adductor fossa.

16. Sutural contact between presplenial and anterior coronoid.

17. External naris positioned very low down, right at the margin of
the mouth.

These lists are somewhat misleading, for paradoxically opposite
reasons. First, characters may change in isolation, leading to a mosaic
condition. Second, many morphological characters do not ezxist alone. It
would be more informative to isolate complexes of characters that must
have been changed together. The previous list would then boil down to
the following groups: (A) gill, jaw, and ear; (B) axial skeleton and limbs;
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(C) respiratory system, circulatory system, nasal apparatus, skin, and
even excretory system; (D) reproduction and life cycle.

The real difficulty in trying to define the first tetrapod as opposed to
a generalized tetrapod is that not all these characters could logically be
expected to be present in all the very earliest tetrapods. What characters
appeared first and in what order? How many characters would have had
to change before we would consider that the line between fish and
tetrapod was crossed (Thomson, 1991b)?

At the same time, of course, in considering the mutual definitions of
fishes and tetrapods, a lot depends upon the group of fishes projected as
the possible tetrapod ancestor. Some of the characters listed above were
already present in some lobe-fin lineages and therefore cannot character-
ize tetrapods.

As an example of the difficulty of characterizing the transitional
fish-tetrapods, we can take the mandible from Australia (Metaxygnathus).
This specimen was assigned to the tetrapods by Campbell and Bell (1977)
on the basis of interpretations of the musculature and the assumption
that the gill apparatus had been lost. In view of the evidence from
Acanthostega, this assumption is no longer justified. However, Clack
(1989a) lists two tetrapod characters that Metaxygnathus has—numbers
15 and 16 on the previous list. (In fact, the description by Campbell and
Bell is not completely clear on point 15.) Interestingly, Ichthyostega,
obviously a mosaic form, lacks these two characters, retaining the osteo-
lepiform condition. In other respects the jaw is highly plesiomorphic for
lobe-finned fishes. To what extent can we extrapolate from the presence
of two “tetrapod” characters to conclude, for example, that Metaxygnathus
would have had tetrapod limbs? Is this simply the jaw of an advanced
“mosaic” fish?

Before I began drafting this paper, I was strongly of the opinion that
any organism still having internal gills would have to be considered a fish.
But Coates and Clack (1991) have now released another new result from
Acanthostega. Judging from the nature of branchial skeleton and the
cleithrum, this animal had a gill chamber and reduced internal gills and
was still at least a facultative gill-breather. As Acanthostega has already
developed very tetrapod-like limbs and, according to Clack, 1989b, a
stapes (and therefore presumably a middle ear), we obviously must
consider it to be on the tetrapod side of the transition. It is worth noting,
however, that Acanthostega did not preserve the full piscine internal gill
arrangement. The hyomandibular was already modified to (or toward)
the “stapes” configuration, and the opercular bones were apparently
already lost.

This discovery points up the fact that it is difficult and perhaps
impossible to predict from theory, which character states would be

“mosaic.” We need empirical fossil evidence; but, if Acanthostega really
does have internal gills, then the events of the transition are beginning to
become clearer. We now have confirmatory evidence that the transitional
forms were basically aquatic in habitat, and we should expect that some
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aquatic adaptations were retained (perhaps to varying degrees in differ-
ent lineages) quite far across the tetrapod side of the transition. On the
other hand, it is confirmed that the transitional organisms were capable
of (and adapted for) spending major portions of time either completely
out of the water or at least only partially submerged (for example, in their
terrestrial type of tetrapod limbs and “tetrapod” suspensorium and
middle ear).

WHO?

While we still do not have any really intermediate fossil forms
between fishes and tetrapods (we are getting closer, with the description
of Panderichthys and Elpistostege; see later), we are free to argue vocifer-
ously about the identity of the group of fishes that must be the tetrapod
ancestor. (This is like the joke about the baseball player who, although he
was terrible at bat, couldn’t field either.)

Lobe-finned fishes are bony fishes with two dorsal fins. The first
dorsal is wholly spiny; the second dorsal, anal, and both sets of paired fins
are lobed with an internal skeleton (in the case of pectoral and pelvic fins,
with 4 mesomeres) and musculature. There are bony sclerotic elements
in the eye and a two-headed hyomandibular. Within the group, many
characters are variously described as primitive or specialized (for exam-
ple, the “micromeric” skull pattern of Dipnoi). Cosmine is common to
Dipnoi and many “Rhipidistia” but not the coelacanths. Paired lungs are
primitive for the whole group, but not unique, as the first Actinopterygii
also had lungs.

Early classifications of the lobe-fins used the term Crossopterygii for
the entire group. At that time, the primitive actinopterygian Polypterus
was also included as a lobe-fin. An exchange of letters in Nature (Romer,
1955; Trewavas and others, 1955) finally established a parity between two
groups—Dipnoi and Crossopterygii, .as subunits of the larger group
Sarcopterygii. The Crossopterygii then included the Coelacanthini and
the so-called Rhipidistia (essentially all the other non-dipnoan lobe-fins
then known) and was defined in part by the possession of an intracranial
joint. With the discovery of the newer groups of lobe-fins, discussion of
lobe-fin interrelationships has been much more interesting, leading to
the view that neither of the terms Rhipidistia or Crossopterygii defines a
monophyletic group, and both are therefore quite irrelevant.

Modern debate over lobe-fin relationships has been marked by two
theoretical positions and related disputes over the question of which
lobe-fins possessed a choana homologous to that of tetrapods. Jarvik
(1942) sought to show that both principal rhipidistian subgroups (Osteo-
lepiformes and Porolepiformes) had a true choana, absent in all other
fishes. An early debate concerned his theory of diphyletic origin of
tetrapods (Urodela from Porolepiformes and all the rest from Osteo-
lepiformes). This theory derived in turn from previous attempts to link at
least some tetrapods with lungfishes. Much time was wasted on confront-
ing this theory (including, mea culpa, Thomson, 1968). Eventually the
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standard “osteolepiform ancestor” view (see review of history in Schaef-
fer, 1965) prevailed, until Rosen (1981) revived the theory of a close
dipnoan-tetrapod relationship, restated in terms of sister-groups. How-
ever, their effort was weakened by adherence to the view that only living
forms could be used in cladistic analysis. As the osteolepiforms have no
living representatives they could scarcely be expected to fare well in such
an analysis. Rosen and others (1981) also seem to have had a preoccupa-
tion with showing that the osteoleopiforms had no choana while the
dipnoans (whose narial apparatus has been the subject of endless debate,
compare Jarvik, 1942; Thomson, 1965; Fox, 1965; Bertmar, 1965, 1966)
were rather less critically assigned a true choana on the basis of the
reconstruction of a single fossil genus (Miles, 1977). A thorough critical
review of Rosen and others (1981) is to be found in Panchen and
Smithson (1987) and Yu (1990).

As is well known, while cladistic analyses and the classifications based
on them are reasonably well grounded in logic, no such rigorous method-
ology is available for schemes of ancestry-descendent status. This leaves
the evolutionist who is interested in ancestry in something of a quandary
except that, whether we are dealing with sister-group or ancestor-
descendent relationships, one’s hypotheses are based on the same charac-
ters in the same taxa. However, there is no doubt that the place to start is
with the cladogram: one can measure even ad hoc hypotheses of ancestry
against the patterns of relationship indicated in a cladogram. Unfortu-
nately, the current fashion (popular in some quarters, at least) of assess-
ing cladistic relationship solely on the basis of living forms is worthless in
a case like the fish-tetrapod complex, because half the possible ancestors
in which one is interested are fossil forms. None of the questions raised by
a cladogram of lungfishes, coelacanths, and tetrapods can be answered by
those three alone (there might be some value in this approach if the
coelacanths were thought to be the sister group of the osteolepiforms, as
in the old “Crossopterygii” classification, but this has long since been
abandoned).

Any hypothesis of the ancestry of tetrapods from lobe-fins must test
on equal terms the competing claims of lungfishes, coelacanths, and
osteolepiforms. Otherwise, it is, as Romer used to describe such matters,
like a performance of Hamlet without the melancholy Dane. However,
the inadequate approach of relying on the cladistics of living forms
continues, most recently with respect to DNA data for coelacanths (Gorr,
Kleinschmidt, and Fricke, 1991; Forey, 1991). The enthusiasts for this
approach seem to have overlooked the fact that, if the osteolepiforms did
in fact give rise to the tetrapods, then three sets of living descendent
forms are available for comparison—modern lungfishes (derived from
Devonian lungfishes), Latimeria (detived from Devonian coelacanths),
and modern amphibians (derived from Devonian osteolepiforms). This
makes comparisons of frogs or urodeles with lungfishes and coelacanths
logically incapable of testing anything except how different modern
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amphibians, lungfish, and coelacanths are from each other—which is
interesting, but besides the main point.

It is also clear that a cladogram like that of Rosen and others (1981)
where the characters are subjectively “fitted” is less useful than one in
which the characters are simply collected and objectively analyzed by one
of the several valuable computer programs now available.

Modern discussions of lobe-fin relationships are greatly illuminated
by analysis of a number of newly discovered forms, principally from
regions such as Arctic Canada, China, and Australia that have come to be
better sampled. The result of a great deal of recent work is to show that
any analysis of lobe-fin relationships must take into account the following
distinct monophyletic groups of Sarcopterygii (figs. 1-6).

Coelacanthini: These are the fishes that the living coelacanth Latimeria
chalumnae has made famous (Thomson, 1991a). In terms of morpho-
logical diversity the group is quite conservative (Schaeffer, 1952),
except for the single genus Laugia which has modified pectoral and
pelvic fins positions convergent with advanced perciform teleosts.
Sample diagnostic characters include: trifid tail, rostral organ, two
infradentaries, dentary absent.

Porolepiformes: This is still a poorly known group, even though Glyptolepis
and Holoptychius were among the first lobe-fins to be described (from
both North America and the Scottish Old Red Sandstone). New
material has now been found from China that extends our know-
ledge of this group (Yu, 1990). A recent study of the postcranial
skeleton, especially the paired fins (Ahlberg, 1989), has done a great
deal to complement earlier studies of the head (review in Jarvik,
1972). Despite earlier studies, it is now known that the group does
not, after all, have a choana. Key characters include the pattern of
bones in the skull roof, the cheek/squamosal configuration, dendro-
dont teeth, and scale structure.

Dipnoi: This group is both well known and easily recognized, due to the
existence of three living genera and the extreme apomorphy of the
whole group. Key characters include: autostylic skull, tooth plates,
skull roof, check, nasal apparatus, and a posteriorly extended para-
sphenoid.

Osteolepiformes: This group is made up of the familiar families Osteolepi-
dae and Eusthenopteridae, together with a number of lesser known
and less well-definable families such as the Megalichthyidae. The
most primitive member is probably Canowindra from Australia
(Thomson, 1973; Long, 1985, 1990). The internal relationships of
the group are still confused, but they hold together fairly well as a
single unit, on the basis of the following characters: a true choana,
the dermal bone patterns of the skull roof and cheek, fin type, and
basal scutes in the fins.

Rhizodontiformes: This is another group that has been known since at least
1835, with much taxonomic confusion (see Thomson, 1966; An-
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Fig. 4. Dorsal view of the skull table"of'(A) Strunius (onychodontiform), (B) Whiteia
(coelacanth), (C) Powichthys, (D) Holoptychius (porolepiform). After Jessen (1980), and Jarvik
(1980). .



