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and it is no less available for many other groups, from horses, camels, 
and dinosaurs, for example, to sea urchins and foraminifera. Consider the 
camel, that “ship of the desert,” that has played, and still plays, such a 
conspicuous part in the life and economy of the Middle Eastern nations. 
Like horses, camels originated in North America, where the major part 
of their evolutionary development took place. They originated in Eocene 
times some 56 million years ago and underwent marked increases in size, 
loss of toes from four to two, changes in relative lengths of neck and limbs, 
and changes in both overall form and size (fig. 1.2). They became extinct 
in North America only at the end of Pleistocene times, 10,000 years ago.

The evidence provided by fossils on the affinity and relationships 
between various biological groups is also of major importance. Living 
and fossil elephants, for example, are broadly related to two very differ-
ent groups: the ponderous, finned, herbivorous Sirenia or sea cows of the 
seas and rivers, on the one hand, and the rodentlike conies or hyracoids 
that inhabit the Middle East and Africa on the other. Dissimilar as all 
these animals now are, their fossil remains show that they arose from a 
common ancestor in Eocene times, some 56 million years ago (fig. 1.3).

Fossils also provide information on the geography and climate of pre-
historic times. For example, South America, Africa, India, Australia, and 

Figure 1.1. Artist’s impression of 
reconstruction of conodont animal.
(Image copyright Feenixx Publishing, Inc., www.
feenixx.com. Reproduced with permission.)



Figure 1.2. The evolution of camels in North America. The family tree of camels, 
showing the great diversity of forms, from small primitive deerlike creatures 
to the gazellelike stenomylines, the short-legged protolabines and miolabines, 
the long-legged, long-necked “giraffe camels,” and the modern humpless South 
American camels (alpaca, llama, vicuña, guanaco), which are more typical of 
the whole family. Only the living African dromedary and the two-humped Asian 
Bactrian camels have humps.
(Drawing by C. R. Prothero; after Prothero 1994. From Donald R. Prothero, Evolution: What the 
Fossils Say and Why It Matters [New York: Columbia University Press, 2007], 314. Reproduced with 
permission of the publisher.)
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Antarctica are now widely separated, but fossils reveal that for an extended 
period of earlier Permian and Triassic times (about 299–237 million years 
ago), they were so closely situated that they shared certain  distinctive 
animals and plants, including two lumbering land reptiles, Cynognathus 
and Lystrosaurus, a freshwater reptile, Mesosaurus, that was 3 feet or so 
long, with a long deep tail and paddlelike feet, and two genera of seed 
fern plants, Dicroidium and Glossopteris. The distribution of these fossils 
confirmed earlier suggestions, based on the jigsaw-like “fit” of these now 
isolated continents, that they had once formed a continuous southern 
landmass, the “Supercontinent” Gondwana, or Gondwanaland (fig. 1.4)

Fossils can also provide information on the general ecology, living 
habits, and detailed environments of animals and plants of distant times. 
Chemical methods of measuring the oxygen isotope composition (O16:O18 
ratio) of marine fossils can provide a record of the temperatures of ancient 
oceans, for example. Changing distribution of fossil trees in rocks of Pleis-
tocene age can be used to mark the fluctuations in the extent of continental 

Figure 1.4. Continental drift fossil evidence. As noted by Snider-Pellegrini and 
Alfred Wegener, the locations of certain fossil plants and animals on present-day, 
widely separated continents would form definite patterns (shown by the bands of 
colors) if the continents were rejoined.
(Image courtesy of the U.S. Geological Survey.)
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glaciers, while the rise and evolutionary change of Tertiary fossil horses 
can be shown to reflect their changing diet, as widespread forests on which 
they browsed were replaced by harsh prairie grasses (fig. 1.5)

Figure 1.5. The main lineages of the horse family showing the development of 
one-toed grazers and the geological and geographical distribution of the family. The 
restorations are to scale.
(After Simpson. From Frank H. T. Rhodes, Evolution of Life [New York: Penguin, 1976], fig. 40. 
Reproduced with permission.)
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Fossils can, as we have already suggested, also provide clues to the 
broad and puzzling questions of survival and extinction, though these are 
often matters of lively debate and controversy. This is especially true in 
episodes of mass extinction, when major groups of once dominant organ-
isms disappeared within a geologically brief time span. The extinction of 
the dinosaurs and other reptiles, 65 million years ago, for example, at 
the end of the Mesozoic Era—the era of middle life—was one of several 
mass extinctions that have marked the long history of life. Dinosaurs had 
dominated life on the land for more than 100 million years, and they 
existed on all the continents, yet their demise 65 million years ago was 
worldwide, and, in a geological sense, sudden. But they were not alone. 
A host of large and powerful marine reptiles, (plesiosaurs and mosasaurs) 
as well as the flying reptiles (pterosaurs), also vanished.

Table 1.1. Data on the rates of extinction of vertebrates at the K-T boundary*

Group Families extant Families extinct Extinction rate %

Chondrichthyes 44 8 18
Bony fishes 50 6 12
Amphibians 11 0 0
Reptiles 71 36 51
   Turtles 15 4 27
   Lizards and snakes 16 1 6
   Crocodilians 14 5 36
   Pterosaurs 2 2 100
   Dinosaurs 21 21 100
   Plesiosaurs 3 3 100
Birds 12 9 75
Mammals 22 5 23
   Basal groups 11 1 9
   Marsupials 4 3 75
   Placentals 7 1 14
All vertebrates 210 64 30
Fishes 94 14 15
Tetrapods 116 50 43
Amniotes 105 50 48

* Figures are based on the numbers of families extant during the Maastrichtian Stage and the numbers that 
died out some time during that time interval.

Source: Michael Benton, Vertebrate Paleontology, 3rd ed. (Oxford: Wiley-Blackwell, 2005), table 8.1, p. 251. 
Reproduced with permission.
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Table 2.1. Framework for the major divisions of geologic time using rock identification and 
classification

Rock succession 
chronostratigraphy

Time periods 
geochronology Typical duration Example

Eonothem Eon Half a billion or more years Phanerozoic
Erathem Era Total: 4

Several hundred million years
Paleozoic

System Period Total: 10
Variable

Silurian

Series Epoch Few to tens of millions of years Ludlow
Stage Age Few million years Ludfordian

THE MEASUREMENT OF TIME

An interest in the age of the Earth is almost as old as humanity itself, 
as the creation records of many ancient civilizations bear witness. The 
Brahmins of ancient India believed the Earth to be eternal. Babylonian 
astrologers concluded that humans had appeared half a million years 
ago. As long ago as 450 BC Herodotus suggested that the rate of deposi-
tion of sediment by the River Nile indicated that the building of its delta 
must have required many thousands of years.

But not all lines of evidence suggested such great antiquity. Archbishop 
James Ussher of Armagh (1581–1656), primate of All Ireland, always gets 
a bad press in this regard. Let me explain why. By the seventeenth cen-
tury, speculation had grown concerning the age of the Earth and evidence 
was sought from whatever source might be fruitful. The great astron-
omer Johannes Kepler (1571–1630) combined the study of science—
using cycles of solar eclipses to date the darkness of the crucifixion— 
and the Genesis narrative of creation to calculate a date of 3993 BC for 
the origin of the Earth. Sir Isaac Newton, perhaps the greatest scientist 
of all time, refined that to 3998 BC. It is here that Ussher took up his 
calculation. Ussher was not only primate of All Ireland, but also provost 
of Trinity College, Dublin, and has been described as one of the greatest 
Hebrew scholars of his day. His extensive library formed the core of the 
great library of Trinity College. In his Annals of the World, published in 
1650, he suggested a date for the origin of the Earth as “the entrance of 
the night preceding the twenty-third day of October, in the year of the 
Julian Calendar, 710” as the best date that could be deduced from all 
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until the discovery in 1957 of a distinctive fossil—Charnia—in rocks 
of undoubted Precambrian age in England. This fossil was also known 
from the Ediacara Hills of the Flinders Range of South Australia and 
has since been described, together with other characteristic fossils, from 
some thirty other localities, with especially rich collections from White 
Russia,  Canada, Namibia, and Europe.3 These various localities expose 
sedimentary rocks of similar age, but of different marine depositional 
environments, each with slightly different faunas, though all of them 
were benthic in habit.

The Ediacaran Iagerstätten type of preservation of exceptionally fine 
details resembles that of the younger Middle Cambrian Burgess Shale, as 
well as the Solnhofen Limestone of Bavaria. Most members of the Edia-
caran fauna are found immediately above ancient glacial deposits (til-
lites), emphasizing a profound change in global climate, as the “Snowball 
Earth” experienced a series of ice ages between 725 million and 541 mil-
lion years ago, with each glacial period separated by a warm interglacial 
period.

Figure 5.1. Ediacaran fossils. The Ediacaran fauna consists of the impressions 
of soft-bodied fossils without skeletons, whose biological affinities are still 
controversial. This image is a reconstruction of the Ediacaran community, with most 
of the fossils assumed to be related to jellyfish, sea pens, and worms.
(Photo from the National Museum of Natural History, Department of Paleobiology. Courtesy of the 
Smithsonian Institution. Reprinted with permission.)
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from Early Cambrian rocks of China, Greenland, Poland, and Canada, 
reveal a menagerie of contemporary soft-bodied Cambrian creatures, all 
exquisitely preserved, some clearly representing existing groups—such as 
arthropods and worms—but others of forms so unfamiliar as to defy cat-
egorization. Thus, one is so bizarre that it is aptly named Hallucigenia. 
Another, Opabinia, has five eyes and a long, grasping proboscis, while 
still another form—an 18-inch-long predator, bears the name Anomalo-
caris, indicating the frustration of attempting to classify its features in 
relation to other groups. Early Cambrian fossils from China and from the 

Figure 5.2. Hallucigenia, Opabinia, Anomalocaris. (A) Hallucigenia (courtesy of 
Smithsonian Institution; painting by M. Parrish). (B) Opabinia, showing the frontal 
nozzle with terminal claw, five eyes on the head, body section with gills on top, and 
the tail piece in three segments (drawn by Marianne Collins; used with permission). 
(C) The two known species of Anomalocaris: top, A. nathorsti as seen from below, 
showing the circular mouth, misidentified by Walcott as a jellyfish, and the pair 
of feeding appendages; bottom, A. canadensis as seen from the side, in swimming 
position (drawn by Marianne Collins; used with permission).
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through which water is drawn into the inner body cavity, filtered for 
food, then expelled from an opening at the top of the sponge. The move-
ment of water through the body of the sponge is assisted by whiplike, 
flagellate collar cells, while the body is supported by delicately shaped 
microscopic spicules, which are either discrete or fused into a rigid liv-
ing framework. Sponges are sessile and mostly, though not exclusively, 

Figure 5.3. Typical early Cambrian fossils. (A–B) Brachiopods (C) Gastropod (D–F) 
Trilobites (G) Pteropod (H) Archaeocyathid.
(From Frank Rhodes, Evolution of Life [New York: Penguin, 1976], fig. 6, p. 81. Reproduced with 
permission.)
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Other corals are more widely distributed. Two major subgroups of cor-
als are both confined to Paleozoic (Ordovician to Permian) rocks: tabu-
late corals, colonial forms with individual polyps housed in hexagonal, 
cylindrical, or chainlike tubes, each divided by horizontal tabulae (“little 

Figure 5.6. Coelenterates. (A) Structure of sea anemone (after Buchsbaum); (B) Living  
corals; (C–F) Paleozoic corals (all about half natural size): (C) Streptelasma, 
Ordovician; (D) Favosites, Ordovician–Permian, the honeycomb coral; (E) Halysites, 
Ordovician–Silurian, the chain coral; (F) Lonsdaleia, Carboniferous.
(From Frank Rhodes, Evolution of Life [New York: Penguin, 1976], fig. 8, p. 102. Reproduced with 
permission.)
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Figure 5.8. Worms. (A) Nereis, a modern polychaete worm; (B) Scolecodonts, the 
minute chitinous jaw components of fossil worms (greatly magnified); (C) Fossil 
worm-borings in a rock (natural size).
(From Frank Rhodes, Evolution of Life [New York: Penguin, 1976], fig. 10, p. 108. Reproduced with 
permission.)

corals, and thus allows an active mobile existence, rather than a passive 
sedentary one.

Though inconspicuous as fossils, worms must have played as vital a 
role in ancient seas as they do today. Studies show that the entire upper 
2 feet of coastal sediment passes through worms within a period of two 
years.

On land, earthworms play an important role in soil formation by both 
their movement and their digestion. Charles Darwin wrote that “It may 
be doubted whether there are many other animals which have played so 
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Figure 5.11. Bryozoans. (A) A living individual, showing structure (highly 
magnified); (B–E) Fossil bryozoa. The minute depressions each housed individual 
animals: (B) Thamniscus, Silurian–Permian (×10); (C) Stomatopora, Ordovician–
Recent (×20) (D); Fenestrellina, Silurian–Permian (×3); (E) Archimedes, 
Carboniferous (natural size).
(From Frank Rhodes, Evolution of Life [New York: Penguin, 1976], fig. 16, p. 130. Reproduced with 
permission.)

arthropods. What unites this seemingly dissimilar group of creatures 
is the basic body plan they share, consisting of a segmented body with 
jointed appendages, covered by an external skeleton of varying rigid-
ity and well-developed digestive, nervous, circulatory, and reproductive 
systems.

So much for an overview of the main invertebrate groups. These crea-
tures represent the major groups of Paleozoic marine invertebrates and 
protists. They represent a dazzling variety of form and function, exqui-
sitely adapted to their varying modes of life, as filter feeders, bottom 
scavengers, reef builders, and so on. But the Paleozoic Era covered a 
vast length of time from 541 to 252 million years ago—longer than the 
Mesozoic and Cenozoic eras combined, in fact—and not all the groups 
we have described flourished at the same time. The creatures of the 
Cambrian seas included worms, small inarticulate brachiopods, primi-
tive echinoderms, cone-shaped hyolithid mollusks, dendroid graptolites 
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Figure 5.13. Trilobites. (A) Larva of Acantholoma, Silurian (×20);  
(B) Lonchodomas, Ordovician (natural size); (C) Symphysops, Ordovician 
(×1.5); (D) Staurocephalus, Silurian (×1.5); (E) Ceratarges, Devonian (×2); (F) 
Teratorhyncus, Ordovician (×2.5); (G) Paraharpes, Ordovician (×3).
(After Hupé. From Frank Rhodes, Evolution of Life [New York: Penguin, 1976], fig. 14, p. 123. 
Reproduced with permission.)

and—above all—trilobites. More than a thousand species of trilobites 
have been described from rocks of Cambrian age (541–485 million years 
ago). They range in size from giant 18-inch-long, shaggy-looking Par-
adoxides (what a beautiful name!) to the tiny, blind Agnostus. About 
three-quarters of all described species of Cambrian fossils are trilobites: 
that is one measure of their dominance. They exhibited adaptations to 
various modes of life, from crawling and burrowing on the seafloor to 
being active swimmers.

Impressive as these fossil remains of the known creatures of the Cam-
brian seas are, the Burgess Shale reminds us that there must also have 
been a host of other soft-bodied forms, now unknown to us.

One other group was represented in rocks of Cambrian age. These 
were the graptolites, a group of extinct colonial marine organisms 
occurring in countless numbers in the dark shales of much of the Paleo-
zoic. The earliest colonies, which appeared in the Late Cambrian, were 
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Figure 5.14. Graptolites. (A) Diplograptus, Middle Ordovician–Lower Silurian, 
highly magnified drawing, showing detailed structure of early growth stages (after 
Wiman); (B) Diplograptus, complete colony (natural size); (C) Nemagraptus gracilis, 
Ordovician; (D) Didymograptus, Ordovician; (E) Monograptus, Silurian (C–E all 
natural size).
(From Frank Rhodes, Evolution of Life [New York: Penguin, 1976], fig. 17, p. 137. Reproduced with 
permission.)

structure, extraordinary variety, and great longevity. They existed for 
almost 300 million years.

Early Carboniferous (Mississippian) times were marked by low-lying 
lands and widespread clear, shallow, limestone-depositing seas. In some 
areas (parts of Russia and Alaska) coal-forming swamps, lagoons, estuar-
ies, and deltas already existed, and these conditions spread throughout 
the Northern Hemisphere in later Carboniferous (Pennsylvanian) times. 
The warm, low-lying lands were bordered by clear, shallow seas, with a 
rich fauna of invertebrates and fish. In the Southern Hemisphere, condi-
tions were quite different. The southern continents (Africa, India, Aus-
tralia, South America, and Antarctica) were parts of a single great land 
mass (Gondwanaland), and only later drifted apart. These continents 
seem to have stood high above sea level, and extensive late Paleozoic 
glacial deposits are found in the Southern Hemisphere.

New mountain chains were formed in many areas in Late Carbonifer-
ous and Permian times. The warm shallow seas persisted, and immense 
reefs developed in scattered areas (from England to Texas, for example). 
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looking for ancestral forms, is to cast around for other organisms from 
which distinctive characters might have been developed.

We need to bear two points in mind as we make this search. First, we 
can expect to find more clues and closer similarities when we consider 
the simplest, rather than the most complex, members of the new descen-
dant or derived group. Second, the embryonic or larval early stage of 
any creature is often quite unlike the adult. The tunicates, or sea squirts, 
for example (fig. 6.1E), are sedentary creatures enclosed in a sac-shaped 
body and live in shallow seas. Anything less like a vertebrate is hard to 
imagine, for, although they have gill slits, they have no nerve chord, no 
vertebrae, nor even a notochord. But the larval form is quite different: it 
is free-swimming with a tadpole-like body that has both a notochord and 
a nerve cord above it.

Figure 6.1. Primitive chordates: tunicates and hemichordates. (A) An individual 
from a colony of Rhabdopleura projecting from its enclosing tube; (B) A colony of 
Rhabdopleura; (C) A colonial sessile tunicate; (D) A solitary tunicate; (E) A free-
floating tunicate, or salp; (F) An acorn worm, Balanoglossus. Abbreviations: a, 
anus; c, collar region; l, lopophore; m, mouth; p, pore or opening from coelom; 
pd, peduncle (stalk) by which individual is attached to remainder of colony; pr, 
proboscis; s, siphon to carry off water and body products.
(After Romer 1970. From Donald Prothero, Bringing Fossils to Life [New York: Columbia University 
Press, 2003]. Reprinted with permission of the author.)
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Figure 6.2. Primitive chordates: Pikaia and Myllokunmingia. (A) Pikaia, the world’s 
first known chordate, from the Burgess Shale. Note the features of our phylum: the 
notochord or stiffened rod along the back that evolved into our spinal column, and 
the zigzag muscle bands. (B) Myllokunmingia, Lower Cambrian chordate.
([A] drawn by Marianne Collins; used with permission. [B] illustration by John Sibbick; used with 
permission.)

Within the chordates, as we shall see, there are two such “primitive” 
groups related to vertebrates: the urochordates, which include the sea 
squirts or tunicates, which we have just described, and the cephalochor-
dates, which include Branchiostoma (Amphioxus), the lancelets, small, 
eel-like animals a couple of inches long that live in shallow temperate and 
tropical marine waters. These creatures exhibit all the classical chordate 
structures but lack the backbone of vertebrates.

This brings us to a second major line of evidence in our search for 
origins: the fossil record. Surprisingly, in spite of their soft-bodied struc-
ture, fossils of forms that are remarkably similar to the lancelet have 
been found in the Early Cambrian of South China (Yunnanozoon) and 
in the Middle Cambrian Burgess Shale of British Columbia (Pikaia, see 
fig. 6.2A). Pikaia, when it was first discovered in 1911, was regarded as 
a worm, but more recent studies suggest it to be a lancelet-like chordate. 
These are the earliest creatures known to have had a notochord, and 
this anatomical evidence suggests that they are related to vertebrates, 
perhaps broadly ancestral. So too, perhaps, were the conodont animals 
(see below).
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oldest known fossil bone. In rocks of Early Ordovician age in Australia 
and the Middle Ordovician Harding Sandstone of Colorado, microscopic 
dermal bony plates and scales are present, but there are no teeth. These 
fossils represent agnathan (jawless) fish such as Astraspis and Thelodus, 
which lived in what is generally regarded as shallow-water, marine envi-
ronments, though a recent study has suggested a fresh water origin.1

Figure 6.3. Four ostracoderms, jawless vertebrates of Silurian and Devonian age, 
drawn to the same scale. Hemicyclaspis is a cephalaspid, Pterolepis an anaspid, 
Pteraspis a heterostracan, and Thelodus a thelodont. Hemicyclaspis was about 8 
inches long.
(Prepared by Lois M. Darling. From Edwin H. Colbert, Colbert’s Evolution of the Vertebrates [New 
York: Wiley-Liss, 2001], 32. Reproduced with permission of the publisher. Permission conveyed 
through Copyright Clearance Center, Inc.)
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evolution and rich diversification of form, essentially replacing the once-
ubiquitous Agnatha, The only Agnatha known from the great span of post-
Devonian time are the living lampreys and hag fish. They may well have  
survived because of their specialized mode of life. They feed by attaching 
themselves to other fish by means of a funnel-like mouth armed with a rasp-
ing tongue, by which they feed on their victims, as well as by being scavengers.

The jawless, finless ostracoderms were limited to a bottom-dwelling, 
mud-grubbing existence, but the development of jaws and paired fins 

Figure 6.4. Variation in head shields of cephalaspid ostracoderms.
(After W. K. Gregory, Evolution Emerging (New York: Macmillan, 1951). From Frank Rhodes, 
Evolution of Life [New York: Penguin, 1976], fig. 23, p. 166. Reproduced with permission.)
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on the side of the body, through which water passes, from which they 
extract oxygen.

Living sharks and rays are grouped together as elasmobranchs. Early 
sharks include Cladoselache (fig. 6.6A), which was about 3 feet in length, 
whose remains are well preserved in the Late Devonian Cleveland Shale 
of northern Ohio and whose external form broadly resembles that of liv-
ing sharks. The freshwater Xenacanthus was an elongated, spined relative, 
nearly 2 feet long, the remains of whose tapered, spear-shaped body are 
widespread in the freshwater deposits of the Late Paleozoic coal swamps. 
Pleuracanthus (fig. 6.6B), a late Paleozoic shark, was about 2.5 feet in length.

Sharks developed a striking variety of forms in the Late Paleozoic, 
being known from both marine and nonmarine rocks. They are superbly 
successful marine predators, some of which (such as the extinct Carchar-
odon megalodon) reached a length of about 40 feet. There are more than 
400 species of living sharks.

Unlike the streamlined bodies of sharks, skates and rays have flat-
tened bodies, with pectoral fins developed into large, flaplike projections 

Figure 6.6. Fossil sharks. (A) Cladoselache, a late Devonian shark; 
(B) Reconstruction of Pleuracanthus, a late Paleozoic shark.
([A] from Frank Rhodes, Evolution of Life [New York: Penguin, 1976], fig. 25A, p. 170. Reproduced 
with permission. [B] from Ray Lankester, ed., A Treatise on Zoology [London: Adam and Charles 
Black, 1909].)
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Figure 6.7. Latimeria chalumnae.
(From Jennifer Clack, Gaining Ground [Bloomington: Indiana University Press, 2002], 51. Reproduced 
with permission of the publisher.)

Figure 6.8. (A) Eusthenopteron; (B) Panderichthys.
([A] illustration by Karen Carr; used with permission. [B] illustration by Charlie McGrady, from 
devonianlife.com; used with permission.)

Coelacanths are 5 or 6 feet long, weighing up to 150 pounds, heavily 
built, wide-mouthed, deep blue fish that are nocturnal hunters. They are 
variously known as “Old Fourlegs,” “Living Fossils,” and a “Lazarus 
Taxon.”
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Acanthostega (fig. 8.3) was a fish with legs. It retained its internal fish-
like gills and had such a weakly constructed skeleton that it probably 
never left the water—in spite of its having four limbs (with eight digits 
on the forelimbs and seven on the hind limbs) and a strong pelvic girdle. 
Ichthyostega, in contrast, seems to have had sufficiently strong fore-
limbs to lift the front part of its body. It appears to have been “more ter-
restrial” than Acanthostega, but still capable only of crawling or drag-
ging across land surfaces.

One puzzling feature in the search for early tetrapods is the existence 
of 395-million-year-old Middle Devonian fossil tracks in rocks from 
the Holy Cross Mountains of Poland, made by four-legged vertebrates. 
These are the oldest known footprints; they are significantly older than 
the oldest known fossil tetrapods and also older than Tiktaalik and Pan-
derichthys. They were made in muddy salt tidal flats by tetrapods esti-
mated to have been about 8 feet long. This does not necessarily mean that 
these two genera were not somewhere on the ancestral line; it may imply, 
rather, that they were long-lasting survivors of that ancestral stock.

Figure 8.1. Ichthyostega.
(Illustration © Stephanie E. Pierce. Reprinted with permission of the artist. Adapted from S. E. Pierce, 
J. A. Clack, and J. R. Hutchinson, “Three-Dimensional Limb Joint Mobility in the Early Tetrapod 
Ichthyostega,” Nature 486 [2012]: 523–26.)
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Jenny Clack led field expeditions to East Greenland in 1987 and 1998 
that have provided critical fossils, as well as leading a series of collect-
ing field trips in the UK that have yielded an enticing collection of early 
tetrapods (Clack, 2012).

THE AMPHIBIAN HEYDAY

Living amphibians are typically small animals, tending to be soft- 
bodied and relatively inconspicuous in appearance. In contrast, a great 
variety of tetrapods appeared in Early Carboniferous times (about 
359–201 million years ago) and survived into Triassic times that were 
anything but small and inconspicuous. Among the most distinctive 
groups were the Temnospondyls or labyrinthodonts, a name based 
on the infolded wall structure of their hollow teeth: yet another fea-
ture they share with the crossopterygian fish. This group also included 
some small terrestrial creatures, but the most distinctive members were 

Figure 8.3. Sketch of the skeletons of Acanthostega (top) and Ichthyostega (bottom), 
showing the mixture of fishlike features (tail fins, lateral line systems, gill slits) and 
tetrapod features (robust limbs and shoulder and hip bones, reduced back of skull, 
expansion of snout).
(Drawing courtesy of M. Coates. From Donald R. Prothero, Evolution: What the Fossils Say and 
Why It Matters [New York: Columbia University Press, 2007], fig. 10.8, p. 227. Copyright Columbia 
University Press. Reprinted with permission of the publisher.)
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Figure 8.5. The relationships of the four-legged animals, or tetrapods. (A) Eryops, 
a Permian labyrinthodont amphibian, about 5 feet in length. (B–C) Seymouria, a 
Permian “progressive amphibian or primitive reptile” about 2.5 feet in length:  
(B) Skeleton; (C) Restoration.
([A] after Colbert; [B] after T. E. White; [C] after Gregory. From Frank Rhodes, Evolution of Life 
[New York: Penguin, 1976], fig. 29, p. 183. Reproduced with permission.)

Because they were tied to the water to reproduce, they were—as their 
name implies—amphibian. While some developed into formidable ter-
restrial carnivores, others—seemingly perversely—returned to life in the 
water from which their ancestors had slowly and recently emerged.
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This sheltered existence allows the reptilian young to be born at a far 
more advanced stage of development than the young of amphibians, so 
increasing the prospects for their survival. The oldest known fossil amni-
ote egg comes from the Early Permian of Texas, but it is probable that the 
structure developed earlier than this. The conventional explanation for this 
amniote reproduction is that it provided reptiles with a means of exploiting 
the rich food resources of the land. Alfred Sherwood Romer argued, how-
ever, that—so meager were the sources of food on the land in Carboniferous 
times—it was more likely that the amniote egg developed as a defensive 
means of getting the eggs out of the hazardous waters and onto the compar-
ative safety of land. Whichever explanation proves correct, the development 
of the amniote egg marked a major step in the evolution of the vertebrates. 
Without it, we should still be living gill-breathing, finned, aquatic lives.

ORIGIN AND EARLY EVOLUTION OF REPTILES

It seems likely that the reptiles arose from a large group of amphib-
ians called anthracosaurs. These were sturdy, long-bodied, four-legged 

Figure 9.1. Structure of an amniote egg.
(From Neil A. Campbell, Jane B. Reece, Martha R. Taylor, Eric J. Simon, and Jean L. Dickey, Biology: 
Concepts and Connections, 6th ed. [New York, Pearson Education, 2009]. Reprinted by permission of 
Pearson Education, Inc., New York.)
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for example, and between small carnivorous dinosaurs (carnosaurs) and 
large, carnivorous fossil birds such as the 6-foot Diatryma and the Pho-
rorhacos. It may be that these different hip structures were alternative 
outcomes in hip musculature in the transition to an erect posture. The 
lack of a clear-cut distinction between the two groups is seen in small, 
diminutive genera such as Staurikosaurus from the late Triassic of Brazil, 
some 225 million years ago, when “experiments” were still in progress.

They included an extraordinary variety of forms, including the 
armored dinosaurs (stegosaurs and ankylosaurs), the ornithopods (iguan-
odonts and the duck-billed hadrosaurs) and the horned dinosaurs (the 
ceratopsians).

Saurischia, the other great order of dinosaurs (fig. 9.4), had a “lizardlike” 
pelvic bone arrangement, with a pubis that pointed forward, away from 
the ischium. The structure of the hip, though not the only diagnostic 
difference between the two great divisions of the dinosaurs, was funda-
mental to their posture and thus their overall structure and lifestyle. The 
saurischians included two great groups.

The theropods were bipedal carnivores that included not only the old-
est known dinosaurs (the Late Triassic Eoraptor and Coelophysis), but 
also the great bipedal carnivores (allosaurs and tyrannosaurs) of Jurassic 
and Cretaceous times.

Figure 9.3. Ornithischian and saurischian hip structure. The pelvis in the two 
dinosaurian orders. Left: The saurischian pelvis of Allosaurus, with pubis directed 
forward; right: the ornithischian pelvis of Stegasaurus, with the pubis parallel to the 
ischium. Both animals are facing to the right.
(From Edwin H. Colbert, Colbert’s Evolution of the Vertebrates [New York: Wiley-Liss, 2001], fig. 
14-1, p. 188. Reproduced with permission of the publisher. Permission conveyed through Copyright 
Clearance Center, Inc.)
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Figure 9.4. Family tree of dinosaurs and related forms.
(Prepared by Lois M. Darling. From Edwin H. Colbert, Colbert’s Evolution of the Vertebrates [New 
York: Wiley-Liss, 2001], fig. 14-3, p. 191. Reproduced with permission of the publisher. Permission 
conveyed through Copyright Clearance Center, Inc.)

Sauropods, the other group of saurischian dinosaurs, were mostly 
large, herbivorous quadrupeds that flourished from late Triassic until the 
end of Cretaceous times.

Let us start our review of the dinosaurs by looking at one or two rep-
resentative saurischians, which happen to represent the earliest known 
dinosaurs.
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Figure 9.5. Continued

about 120 feet long (the length of three school buses) and 70 feet high 
(about the height of a six-story building). These herbivorous quadrupeds 
had long necks, small heads with peglike teeth, massive pillarlike limbs, 
and long tails. Although it was long assumed that such gigantic creatures 
must have been aquatic in habit, recent studies indicate that they were 
more likely terrestrial, though probably preferring swamps and coastal 
areas. In fact, there is evidence from fossil tracks that they could move 
through the shallow water of these areas, propelled chiefly by the front 
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dinosaurs. Their rise can probably be traced to Yinglong (from western 
China), a poorly known late Jurassic dinosaur from Xinjang, and Proto-
ceratops from Mongolia, a creature some 10 feet long, with a large bony 
collared head shield, ending in a beaklike structure. Nests of eggs, some 
with preserved bones of hatchlings, have been found in association with, 

Figure 9.6. Evolution of ceratopsian reptiles. Three ceratopsians or horned 
dinosaurs, drawn to the same scale. Protoceratops, shown guarding its eggs, was 
about 9.4 feet long and one of the earliest and most primitive of ceratopsians. It 
occurs in the Bain Dzak (or Djadochta) formation of Mongolia. Monoclonius, about 
24 feet long, is known from the Oldman formation of the Belly River series in North 
America. Triceratops, about 25 feet long, one of the last of the ceratopsians, occurs 
in the Lance formation of North America.
(Prepared by Lois M. Darling. From Edwin H. Colbert, Colbert’s Evolution of the Vertebrates [New 
York: Wiley-Liss, 2001], fig. 14-13, p. 212. Reproduced with permission of the publisher. Permission 
conveyed through Copyright Clearance Center, Inc.)



The Reign of the Reptiles 143

but not belonging to (see p. 14), this dinosaur. The geologically younger 
Monoclonius was larger, with a single horn developed on the head shield, 
while the well-known Triceratops had three such horns and a parrotlike, 
beaked nose. These are only three of more than thirty other named ceratop-
sian genera that show great variety in head shield form and armor. All had 
the rather massive build of those we have described and were vegetarians.

Figure 9.7. Aquatic reptiles. A family tree of Mesozoic marine reptiles.
(Modified after an earlier drawing prepared by Lois M. Darling. From Edwin H. Colbert, Colbert’s 
Evolution of the Vertebrates [New York: Wiley-Liss, 2001], fig. 12-7, p. 169. Reproduced with 
permission of the publisher. Permission conveyed through Copyright Clearance Center, Inc.)
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Figure 10.3. Archaeopteryx.
(Illustration by Joe Tucciarone. Used with permission.)

Bird skeletons are of such light construction that they are poor candi-
dates for fossilization, but after Archaeopteryx emerged, the evolution of 
birds was very rapid. Early Cretaceous birds are known from Asia, Europe, 
North America, and Australia and reveal a variety of smaller birds. By 
Late Cretaceous times, various seabirds are known. One, a strong, ternlike 
flier, Ichthyornis, with toothed beak, was probably a fish eater. Another, 
Hesperornis, was a large diving bird, about 6 feet long, but flightless.

So, after the long ascent to the air, some birds soon abandoned the 
power of flight, just as some amphibia cumbersomely adapted themselves 
to life on the land, only to return to the water, and some reptiles, hav-
ing strengthened their hold on the land, returned to the seas. Such is the 
diversity and range of adaptation—and such also its irony!

Half a dozen familiar groups of modern birds are now known from the 
very late Cretaceous, including gallinaceous birds, ducks, and sandpipers. 
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Figure 11.1. Diversity of major plant groups through geologic time. Taxonomic 
turnover during the Phanerozoic. Paleofloras were dominated by pteridophyte 
species during much of the early Paleozoic. These floras were replaced by ones 
dominated by gymnosperm species during the Mesozoic. The most recent floras 
are dominated by angiosperm species. The trend of increasing species numbers 
throughout the history of the vascular land plants is the result of a slight surplus of 
species accumulated over hundreds of millions of years (lower graph).
(Adapted from Niklas, Tiffney, and Knoll 1980. From Karl J. Niklas, The Evolutionary Biology of 
Plants [Chicago: University of Chicago Press, 1997], fig 8.15, p. 397. Reproduced with permission.)

some cordaitaleans, seed ferns, and scale trees survived for a short time, 
there were scouring rushes, and conifers were a major component of the 
flora. Some of these conifers grew to be of extraordinary size and are 
represented by the beautifully preserved silicified fossils of the Triassic 
petrified forest of Arizona, which included trees up to 10 feet in diameter 
and 200 feet in height.

The ferns were equally important. They formed the lower-growing 
vegetation. The main groups represented had first appeared in the Car-
boniferous, though many genera were new. And some unrelated groups 
made their first appearance. The most striking newcomers were the now 
extinct cycadeoids (or Bennettiales). These forms were broadly similar to 
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the ungulates, and we therefore review the following five related groups 
separately:

• The Artiodactyla include the even-toed (cloven-hoofed) mam-
mals, such as pigs, deer, camels, cattle, and hippopotamuses.
• The Perissodactyla include horses, tapirs, and rhinos, whose 
weight rests on the middle toe.
• The Cetacea embrace the whales, dolphins, and porpoises, which 
are carnivores, whose feet have been transformed into flippers.
• The Proboscidea include the elephants and their many prehis-
toric forebears.
• The Sirenia include the manatees or sea cows.

Figure 13.2. The relationships of the primitive ungulate.
Portions modified from e rlier dr wings by Lois . rling. rom dwin . Colbert, Colbert’s 

Evolution of the Vertebrates [New York: Wiley-Liss, 2001], fig. 27-5, p. 407. Reproduced with 
permission of the publisher. Permission conveyed through Copyright Clearance Center, Inc.)
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ball-sized cobblestones that were given a rough cutting edge by knocking 
flakes of stone from both edges—as well as scrapers, burins, anvils, and 
hammerstones. (fig. 14 .2)

The Oldowan tools allowed H. habilis to obtain a varied supply of 
plant and animal food. Two butchery sites of large animals are known at 

Figure 14.2. Progressive improvement in quality of tools made from stone during 
the Pleistocene.
(From Harold L. Levin, The Earth through Time, 9th ed. [Hoboken, NJ: Wiley, 2009], fig. 17-25, 
p. 554. Used with the permission of the publisher. Permission conveyed through Copyright Clearance 
Center, Inc.)
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EARLY HUMAN ANCESTORS

As reptiles become less numerous at the start of the Cenozoic (the geo-
logical era that began 66 million years ago and continues to the pres-
ent), various mammalian groups began to compete for the habitat made 

Figure 14.3. Family tree of the major groups of living primates, showing the close 
relationships between the great apes and humans and the more distant relationships 
of the Old World monkeys, New World monkeys, and lemurs, lorises, and bush 
babies.
(Drawing by Carl Buell. From Donald R. Prothero, Evolution: What the Fossils Say and Why It 
Matters [New York: Columbia University Press, 2007], fig. 15.4, p. 338. Reproduced with permission 
of the publisher.)
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the vast majority of fossil species had a relatively limited life span. Vari-
ous estimates have been made of the “average life span” represented by 
fossil species (see table 16.1). The estimates vary widely from one group 
of organisms to another; for example, species of marine invertebrates are 
calculated to have had an average existence of 5–10 million years, Ceno-
zoic mammals, 1–2 million years,2 and Silurian graptolites, 2 million 
years. One fact is clear, however: species, like their members, are mortal.

Extinction represents the disappearance of a species or subspecies, and 
its fossil record helps us to pinpoint the end point of its existence. For 
recent forms, there may be some doubt about the exact time of disappear-
ance or extinction, depending on the last sighting of a species member. The 
ivory-billed woodpecker, for example, long thought to be extinct, has been 
reported in a few recent unconfirmed sightings. In other cases there is no 
doubt, either of the fact of extinction, or its cause. The recent extinction of 
some species can be attributed to human predation: the passenger pigeon 
and the dodo, for example. In fact, human hunting, destruction of habitat, 
and introduction of non-native species are demonstrably increasing the 
rate of extinction of living species, and many biologists are concerned that 
such human influence could greatly increase the overall rate of extinction.

Table 16.1. Estimates of the duration of species, from origination to extinction

Taxon Source of estimate
Species’ average duration 

(millions of years)

All invertebrates Raup 1978 11
Marine invertebrates Valentine 1970 5–10
Marine animals Raup 1991a 4
Marine animals Sepkoski 1992 5
All fossil groups Simpson 1952 0.5–5
Mammals Martin 1993 1
Cenozoic mammals Raup and Stanley 1978 1–2
Diatoms Van Valen 1973 8
Dinoflagellates Van Valen 1973 13
Planktonic foraminifera Van Valen 1973 7
Cenozoic bivalves Raup and Stanly 1978 10
Echinoderms Durham 1970 6
Silurian graptolites Rickards 1977 2

Source: John Lawton and Robert M. May, Extinction Rates (Oxford: Oxford University Press, 1995). Reprinted 
with the permission of Oxford University Press. Sources in the table may be found in the Related Reading sec-
tion at the end of this book.
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precise but is generally understood to involve the sudden worldwide dis-
appearance of a significant proportion (say, +40%) of different biological 
groups—genera, families, and orders—occupying a range of ecological 
niches over a relatively brief interval of geologic time.

But that type of definition begs two questions: First, how rapid does a 
mass extinction have to be to qualify as “mass”? Here we run up against 
our inability to measure time with any great precision in older rocks. 
Does extinction over a period of, say, 10,000–100,000 years still qualify 
as mass extinction?

Second, how many species, genera, families or orders does it take to 
qualify disappearance as “mass extinction,” as opposed to “background 
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Figure 16.1. The history of the diversity of marine animal families throughout the 
Phanerozoic, as a function of time. The curve connects 77 discrete data points, each 
showing the total number of well-skeletonized families known from a particular 
stratigraphic stage. The arrows labeled 1 to 5 identify the five major events of mass 
extinction: 1, end Ordovician (O); 2, late Devonian (D); 3, end Permian (P); 4, end 
Triassic (Tr); 5, end Cretaceous (K). The durations of the various geological periods 
are indicated on the time axis. In addition to the five just given, the abbreviations for 
the remaining periods are V, Vendian; CA, Cambrian; S, Silurian; C, Carboniferous; 
J, Jurassic; T, Tertiary. Pattern of repeated extinction.
(After Sepkoski 1992. From John Lawton and Robert M. May, Extinction Rates [Oxford: Oxford 
University Press, 1995], fig. 1.1, p. 4. Reproduced with permission of Oxford University Press.)
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iridium “spike” also contained “shocked quartz,” generally regarded as 
the result of high impact, together with tiny spherules formed from mol-
ten rock and molten glass, buttonlike structures (tektites). The authors of 
the paper argued that the impact of a meteorite with diameter of 10 km 
could have thrown up a dust cloud, reducing sunlight, disrupting photo-
synthesis in both land plants and ocean phytoplankton, and so disrupting 
the food chain.

Subsequent study has detected similar features in rocks of the same 
age (65 million years) from scores of localities, scattered throughout the 
world. Further evidence that this might be the “smoking gun” came from 
the later discovery of a giant submarine crater, located in the Chicxulub 
area of Mexico, that seemed to be of the same age. Subsequent detailed 
collecting has shown that sharp extinction in marine faunas is matched by 
sharp changes in pollen ratios of land plants, indicating a sudden replace-
ment of angiosperms by ferns, before the angiosperms later recovered.

Figure 16.2. Chicxulub crater.
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Figure 17.3. Industrial melanism in the British peppered moth Biston betularia.  
(A) Dark and light moths on tree unaffected by industrial pollution. (B) Dark and 
light forms on a tree in an industrial area, affected by pollution.
(Images copyright Kim Taylor/Warren Photographic. Reproduced with permission.)

of moths in western Europe and the United States, but it affects only 
those species resting on tree trunks or other exposed positions.

Land Snails

It would be wrong, however, to suggest that natural selection acts simply 
as a bludgeonlike extinguisher. The subtlety of its action has been well 
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Figure 17.4. Natural selection in evolution of Pleistocene cave bears.  
(A) Survivorship curves from birth for Ursus spelaeus from Odessa and Homo 
sapiens (white males, continental United States); (B) Centripetal selection with a 
linear component simultaneously acting on the relative paracone length of the molar 
M2 of Ursus spelaeus from Odessa.
(After Kurten, 1958; redrawn with permission of the author. From Frank Rhodes, Evolution of Life 
[New York: Penguin, 1976], fig. 54, p. 289. Reproduced with permission.)

to similar tables for other groups, including humans. It was further 
tested by comparison with other cave collections and with living bears. It 
includes decreasing mortality in young individuals, stable rates for those 
in their prime (five to ten years), and increasing rates for the old. Life 
expectation at birth was about three and a half years and the maximum 
age eighteen years.

Successful hibernation results mainly from adequate feeding during 
the preceding season, so that bear teeth are especially suited for studies 
of natural selection. Kurten studied the index, calculated as length of the 
largest cusp (the paracone) of the second molar divided by total length 
of the second molar. This index shows a marked change in mean and 
standard deviation with age, the standard deviation showing a slow but 
steady reduction in variation with age. The change in the mean index is 
highly significant, and its continuous reduction with increasing age is a 
clear indication of natural selection in favor of a smaller than average 
paracone, with an optimal index of 26 (a skewed point within the range). 
This selection started a very early stage, as soon as the teeth became func-
tional; within two or three years the nonadapted had been eliminated, 
and the subsequent standard deviation of the sample reduced. Other 
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Ammonoids

A worldwide study of Permian ceratitoid xenodiscoid ammonoids9 is 
of particular significance, because these cephalopods were the ancestral 
stock of virtually all the hosts of subsequent Mesozoic ammonoids, 
which became the most distinctive fossils of Jurassic and Cretaceous 
times. The authors of this study, Claude Spinosa, William Furnish, and 
Brian Glenister, interpret the sequence and distribution of these fossils 
as representing two lineages, one of which became extinct relatively 
rapidly in Upper Permian times, while the other, Cibolites waageni, 
branched to provide the rootstock, from which all subsequent ammo-
noids evolved.

The diagram of this evolutionary sequence (fig. 17.6) illustrates the 
ranges and relationships of various genera involved and shows their 
changing form and profile, as well as the detailed pattern of their suture 
lines, which represent the trace of the inner chambers on the shell wall. 
It is noteworthy that this successive speciation represents a time interval 
of some 17 million years.

This broad pattern of branching evolutionary change, with slow, 
“progressive” change or stasis in some groups interspersed with sudden 
and rapid “bursts” of change in others, has been described as “punctu-
ated equilibrium” by Stephen J. Gould and Niles Eldridge.10 There has 
been debate as to whether this pattern or that of “phyletic graduation” 
best describes and reflects the change we can observe in the fossil record. 
In practice, the answer seems to be that both are present.

Figure 17.5. Evolution of the late Cretaceous heart urchin Micraster.
(After Rose and Cross. From Michael Benton and David Harper, Introduction to Paleobiology and the 
Fossil Record [Hoboken, NJ: Wiley-Blackwell, 2009], fig. 15.14, p. 405. Reproduced with permission 
of Wiley-Blackwell. Permission conveyed through the Copyright Clearance Center, Inc.)
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Figure 17.7. Evolution in Tertiary foraminifera. Curve showing average width-depth 
ratios for successive population samples of the Textularia miozea-kapitea lineage 
from the Upper Tertiary of Cape Foulwind, New Zealand. The standard deviation 
for each sample is shown, and representative individuals illustrated.
(From Frank Rhodes, Evolution of Life [New York: Penguin, 1976], fig. 55, p. 293. Reproduced with 
permission.)

Protists

Finally, evidence exists in a number of cases of continuity between spe-
cies in protistans. In almost any species group studied in detail, there is 
evidence of gradual transition. Micropaleontologists tend to work with 
samples that are particularly well suited to demonstrating this. We might 
take one such example. Kennett has described evolution in the Upper 
Miocene and Lower Pliocene Textularia miozea-kapitea lineage (fig. 
17.7)11 His specimens—from the Cape Foulwind area, New Zealand—
were collected over a stratigraphic interval of some 450 feet and show a 
progressive decrease in width-depth ratio. Taxonomically they are inter-
preted as representing both intra- and infraspecific evolution. Although 
the sizes of some of Kennett’s samples are small, his general conclusions 
appear to be valid. Many comparable microfaunal examples could be 
quoted.


