
The Diversity of Life

A chambered nautilus. This living 
cephalopod mollusk constitutes 
the only surviving genus of a 
group with an extensive fossil 
record. It is a predator that swims 
by jet propulsion and catches its 
prey with tentacles after pursuing 
them with the use of eyes that 
have the structure of a pinhole 
camera. The shell of this animal is 
about 15 centimeters (6 inches) 
in maximum dimension. (Reinhard 
Dirscherl/WaterFrame/Getty Images.)
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52 CHAPTER 3   The Diversity of Life

found in sediments or sedimentary rocks. Fossils are espe-
cially abundant in sedimentary rocks that were formed in 
the ocean, where animals with skeletons abound.

Hard parts are the most commonly preserved 
features of animals
The most readily preserved features of animals are “hard 
parts”: teeth and bones of vertebrate animals and compa-
rable solid, mineralized skeletal structures of invertebrate 
animals. Many groups of invertebrates lack skeletons and 
have therefore left poor fossil records, or none at all. 
Some, however, have internal skeletons embedded in soft 
tissue; among them are some relatives of sea stars, called 
crinoids (Figure 3-1A). External skeletons protect other 
invertebrates, among them bivalve and gastropod mol-
lusks, whose tissues are housed inside skeletons popularly 
known as seashells. Hard parts are often preserved with 
only a modest amount of chemical alteration, but at times 
they are completely replaced by minerals that are unre-
lated to the original skeletal material (Figure 3-1B).

Soft parts of animals are rarely preserved
Fleshy parts of animals, or “soft parts,” are occasionally 
found in the fossil record, but only in an altered state and 
only in sediments that date back a few millions or tens 
of millions of years. In older rocks, nothing but chemical 
residues of organisms remain.

One deposit that is famous for preservation of soft 
parts is the Messel Shale of Germany, which is about 47 
million years old. In organic-rich portions of these sedi-
ments, which are nearly impermeable to air and water 
because they are rich in oily plant debris, an array of  

In the course of geologic time, many of the organisms that 
have inhabited Earth have left a partial record in rock of 
their presence and their activities. This record reveals that 

life has changed dramatically since it first arose. At times of 
sudden environmental change, many forms of life have died 
out. After each such crisis, evolution has produced many 
new forms of life. This chapter introduces the major groups 
of organisms that have evolved on Earth, some extinct and 
others still alive.

It is not easy to define life precisely, but two attributes 
that are generally regarded as essential to life are the capac-
ity for self-replication and the capacity for self-regulation 
(criteria that viruses do not meet). On Earth today, all enti-
ties that are self-replicating and self-regulating are also cel-
lular: they consist of one or more discrete units called cells. 
A living cell is a membrane-bounded module with a variety 
of distinct features, including structures in which certain 
chemical reactions take place. The chemical “blueprint” for 
a cell’s operation is encoded in the chemical structure of its 
genes. Essential to this blueprint is the cell’s built-in ability to 
duplicate its genes so that a replica of the blueprint can be 
passed on to another cell or to an entirely new organism. The 
fossil record reveals that life existed 3.8 billion years ago, and 
it may have originated hundreds of millions of years earlier.

Fossils and Chemical Remains of Ancient Life
Most of our knowledge about the life of past intervals of 
geologic time is derived from fossils, the tangible remains 
or signs of ancient organisms that died thousands or mil-
lions of years ago. Few fossils consist of materials that can 
survive the high temperatures at which igneous and meta-
morphic rocks form. Consequently, almost all fossils are 

A B

FIGURE 3-1 Fossil crinoids of 
Paleozoic age. A. In life, each 
of these animals was attached 
to the seafloor by a flexible 
stalk. B. The calcium carbonate 
skeleton of this specimen has 
been altered chemically to 
pyrite, a mineral that consists 
of iron sulfide and is known as 
“fool’s gold.” The stalks of these 
animals are several millimeters 
in diameter. (A and B, © 2013 
National Museum of Natural History, 
Smithsonian Institution.)
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delicately preserved fossils can be found that include 
plants, mammals, birds, fish, and insects, some of which 
retain parts of their original color. Some animals are pre-
served here with their last meals remaining only partly de-
composed in their stomachs, and some have fur still intact 
(Figure 3-2A). In other, older rocks, impressions of skin 
and other soft tissues of dinosaurs have also been found 
(Figure 3-2B). Protection from oxygen is the secret for 
fossilization of soft tissue: it is most likely to be preserved 
when organisms are buried in fine-grained, relatively im-
permeable sediment, especially if oily, water-repellent or-
ganic matter is also present.

Some sedimentary deposits that contain exception-
ally well-preserved fossils, often with delicate soft parts 
preserved, are known as lagerstätten (plural of lager-
stätte, which means “resting place” in German). These 
deposits form under a variety of unusual conditions, but 
require either low oxygen, rapid burial, or both. Dozens 
of famous lagerstätten have been found, including the 
Burgess Shale, the Ediacara Hills, the Green River For-
mation, and the La Brea Tar Pits. Despite their rare oc-
currence in the geologic record, lagerstätten provide us 
with a critical understanding of many important fossils.

Permineralization produces petrified wood
Terrestrial plants do not generally have mineralized skel-
etal structures, but the cellulose walls of their cells are so 
rigid that woody tissue, and even leaves, are much more 
commonly preserved in the fossil record than is the flesh 
of animals. After plants are buried in sediment, the spaces 
left inside the cell walls of woody tissue may be filled with 
inorganic materials—most commonly chert (finely crystal-
line quartz). This process, known as permineralization, 

produces what is informally called petrified wood, and it 
also fills the pores in bones with minerals.

Molds and impressions are imprints
Sometimes solutions percolating through rock or sedi-
ment dissolve fossil skeletons, leaving a space within the 
rock that is a three-dimensional negative imprint of the 
organic structure, called a mold (Figure 3-3). If it has not 
been filled secondarily with minerals, a paleontologist can 
fill the mold with wax, clay, or liquid rubber to produce a 
replica of the original object.

Fossils called impressions might be viewed as squash-
ed molds. Impressions usually preserve, in flattened form,  

Figure 3-2 Remarkable preservation of soft parts.  
A. This Eocene mammal, Darwinius masillae, is one of the most 
complete ancient primate fossils known from the fossil record. 
It became buried at the bottom of a lake, preserving a nearly 
intact skeleton, along with outlines of skin and fur and even the 
preserved contents of the animal’s stomach. This fossil, from the 

A B

Figure 3-3 Preservation of brachiopods. The two shell halves 
of brachiopods meet along a hinge. This Paleozoic rock surface 
contains fossil brachiopod shells (S) as well as molds of the 
interiors (IM) and exteriors (EM) of other shells of the same 
species. The largest of these speciments is about 3 centimeters 
(1.2 inches) across. (Sinclair Stammers/Science Source.)

S

SS

IM

EM
IM

Messel Shale in Germany, is about 47 million years old and is 58 
centimeters (24 inches) long. B. Preserved skin of a Sauropod 
dinosaur embryo discovered at a dinosaur nesting site in 
Argentina. The width of the photo is about 8.8 millimeters  
(1/3 inch.) (A, Mike Segar/Reuters/Corbis; B, epa/Corbis.)
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54 CHAPTER 3   The Diversity of Life

were well established, however, they were able to oblit-
erate traces of bedding in many marine sediments (see 
Figure 2-27). Many burrows become filled with sediment 
that differs enough from the surrounding sediment that 
they stand out on bedding planes or weathered rock sur-
faces (Figure 3-5B).

The quality of the fossil record is highly variable
Although fossils are common in many sedimentary rocks, 
many kinds of animals and plants that have existed in 
Earth’s history have never been discovered as fossils. 
Rare species and those that lack skeletons are especially 
unlikely to be found in fossilized form. Even most forms 
with skeletons have left no permanent fossil record. Sev-
eral processes destroy skeletons. Animals that scavenge 
carcasses, for example, may splinter bones in the process. 
Many bones, teeth, and shells are abraded beyond recog-
nition when they are transported by moving water before 
finally becoming buried. Even after burial, many fossils fail 
to survive metamorphism or erosion of the sedimentary 
rocks in which they are embedded. Finally, many kinds of 
fossils remain entombed in rocks that have never been ex-
posed at Earth’s surface or sampled by drilling operations.

Biomarkers are useful chemical indicators of life
A dead organism that decays within sediment may leave 
a chemical residue behind. Some residues of this kind, 
known as biomarkers, provide key information about 
the presence of ancient life. Certain biomarkers show, for 
example, that organisms more complex than bacteria ex-
isted more than 1.7 billion years ago.

Dead organisms decay to form fossil fuels
Organisms usually lose their identity in contributing to fos-
sil fuels. Coal is formed by alteration of plant debris that 
accumulates in water as peat (see Figure 2-24). Petroleum 

the outlines and some of the surface features of soft or semi-
hard organisms such as insects or leaves (Figure 3-4). A resi-
due of carbon remains on the surface of some impressions 
after other compounds have been lost through the escape 
of liquids and gases. This process of carbon concentration is 
known as carbonization.

Trace fossils are records of movement
Tracks, trails, burrows, temporary resting marks, and oth-
er structures left by animal activity are known as trace 
fossils. Trace fossils can reveal aspects of the behavior 
of extinct animals, even though the animal that made a 
particular trace cannot always be identified. Trackways 
of dinosaurs, for example (Figure 3-5A), show that these 
animals were very active. Unlike modern reptiles, they 
customarily moved about at a fast pace. Farther back in 
the geologic record, preserved tracks and burrows reveal 
how the earliest animals colonized the floors of ancient 
seas at a time when very few kinds of animals left fossils 
that revealed the shapes of their bodies. Once burrowers 

FIGURE 3-4 Carbonized fossil leaf impression from the 
Jurassic Period. This leaf, which is about 5 centimeters  
(2 inches) wide, belongs to the group of plants known as cycads. 
(Martin Land/Science Photo Library/Science Source.)

FPO

FIGURE 3-5 Two kinds of trace fossils. A. Dinosaur tracks in 
Spain that have been artificially darkened for clarity. One or 
more dinosaurs formed these tracks by walking across wet mud 
that later hardened into rock. B. Finger-sized burrows in the 

A B

Bright Angel Shale from the Grand Canyon that were formed by 
worm-shaped organisms in a marine setting. (A, age footstock/
Superstock; B, NPS/Alamy.)
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genetic material. All prokaryotes are unicellular, mean-
ing that individual organisms consist of a single cell. A 
third domain, the Eukarya, contains all other known or-
ganisms. Eukarya are characterized by the presence of 
a nucleus and internal membrane-bound bodies called 
 organelles in their cells. The term prokaryote is only a 
descriptive term that means “non-eukaryotic organism.” 
One of the prokaryotic domains, the Archaea, is more 
closely related to the Eukarya than it is to the other pro-
karyotic domain, the Bacteria. Each domain is further 
divided into smaller and smaller groupings, called clades 
(see below), with the intent that each clade includes a 
common shared ancestor and all of its descendants. This 
hierarchical nature of biological classification can be seen 
in Figure 3-6.

The Eukarya are divided into at least six major groups 
(see Figure 3-6), each of which contains numerous  
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Figure 3-6 A simplified tree of life. Two domains, the Archaea 
and Bacteria, are termed prokaryotes because they lack a 
nucleus and certain other cellular features (all are unicellular). 
Members of the domain Eukarya, in contrast, have a nucleus and 
other distinctive structures within their cells. Some Eukarya are 
multicellular. The Eukarya are divided into several major groups 
(shown here in different colors), many of which contain at least 
one group with an important fossil record. Of the eukaryote 
groups, all are protists except fungi, animals, and land plants. 

Animals and fungi are more closely related to each other than to 
Plantae or to other major groups. Many known protist lineages 
are not included in this diagram. A T-shaped connection between 
groups does not imply that an ancestral group split in two to 
form them. Usually, as shown in the inset (lower left), either one 
group branched off from the other (top) or each group branched 
independently from an ancestral group at a different time 
(bottom). In either case, the ancestral group survived for a time 
along with its descendant or descendants.

and natural gas form from smaller particles of organic 
matter, mostly debris from small floating organisms that 
sink to the seafloor and become buried, thus escaping to-
tal destruction by bacteria. Deep burial exposes such ma-
terial to elevated temperatures, which transform it into 
liquid and gaseous compounds of carbon and hydrogen. 
These fluids sometimes accumulate in porous reservoirs 
within soft sediment or hard rock, from which they can be 
extracted for human use.

Taxonomic groups
Life on Earth is divided into three domains (Figure 3-6). 
Two of these domains, the Archaea and Bacteria, are 
known as prokaryotes because their cells lack certain 
internal structures, including a nucleus to house their  
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56 CHAPTER 3   The Diversity of Life

subordinate groups. Such groupings of organisms are 
known as taxonomic groups, or taxa (singular, taxon), 
and the study of the composition of and relationships be-
tween these groups is known as taxonomy. Some groups 
of Eukarya are unicellular, whereas others contain some 
taxa that are unicellular and others that are multicellular.

Formally recognized taxa within the major groups 
of Eukarya range from the broad category known as the 
phylum (plural, phyla) to the narrowest category, the spe-
cies (Table 3–1). A species is a group of individuals that 
can interbreed. The basic categories of higher taxa—the 
genus (plural, genera), family, order, class, phylum, and 
kingdom—are sometimes supplemented by categories 
such as the subfamily and the superfamily. Figure 3-7 
displays the major taxa that exist today within the sub-
order Anthropoidea, which includes modern humans. 
Names of genera are capitalized, and names of both gen-
era and species are printed in italics. The formal name 
of a species consists of two words, the first of which is 
the name of the genus to which the species belongs. 
This scheme of classification, introduced by the Swedish  

SubfamiliesSuperfamilies Families

Anthropoidea

Suborder

Cercopithicinae
(baboons,
macaques,
etc.)

Cercopithicinae
(baboons,
macaques,
etc.)

Colobinae
(proboscis
monkeys,
langurs,
etc.)

Colobinae
(proboscis
monkeys,
langurs,
etc.)

Cercopithoidea
= Cercopithedae

(Old World monkeys)

Ponginae
(orangutans)
Ponginae
(orangutans)

Gorillinae
(gorillas)
Gorillinae
(gorillas)

Hylobatidae
(gibbons)

Hominidae
(humans, some apes)

Homininae
(humans,
chimpanzees,
bonobos)

Hominoidea
(humans, apes)

Callitrichidae
(marmosets, tamarins)

Callitrichidae
(marmosets, tamarins)

Cebidae
(howler,
squirrel,
spider monkeys, etc.)

Ceboidea
(New World monkeys)

Figure 3-7 The hierarchy of taxa within the suborder 
Anthropoidea, which includes monkeys, apes, and humans. 
Humans are grouped with chimpanzees and bonobos (previously 
called pygmy chimpanzees) in the subfamily Homininae within the 
family Hominidae. Gorillas and orangutans are placed in separate 
subfamilies of the Hominidae. Note that, as sometimes happens, 

the superfamily Cercopithoidea contains just one family, the 
Cercopithidae; in other words, the superfamily and family are 
identical. Some experts favor a classification scheme slightly 
different from the one shown here, but there is general agreement 
that each of the groups shown here represents a clade. Extinct 
superfamilies, families, and subfamilies are not shown here.

TabLe 3-1
Major Taxonomic Categories within the Domain 
Eukarya as Illustrated by the Classification  
of Humans

Domain: Eukarya
Kingdom: Animalia

Phylum: Chordata
Class: Mammalia

Order: Primates
Suborder: Anthropoidea

Superfamily: Hominoidea
Family: Hominidae

Subfamily: Homininae
Genus: Homo

Species: Homo sapiens

Note: Between these categories, others, such as subclasses and superor-
ders, are sometimes recognized.
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biologist Carolus Linnaeus in the eighteenth century, has 
the advantage of identifying every species as a member of 
a particular genus. For example, the species name of the 
modern lion is Panthera leo. The first name—the genus 
name—connects this animal to closely related big cats, 
including Panthera tigris, the tiger, and Panthera pardus, 
the leopard.

The effort to refine the relationships between taxo-
nomic groups within the three domains (Bacteria, 
 Archaea, and Eukarya) using DNA sequencing is ongo-
ing. For this reason, the traditional five- or six-kingdom 
model of life on Earth has been replaced by the so-called 
tree of life. The tree of life is actually shaped more like a 
bush, with many branches, but no central trunk; formally, 
it is known as the phylogeny of life. To be united within 
a higher taxonomic category, a group of species must not 
only resemble one another, but must also form a discrete 
portion of the tree of life tracing back to a single branch-
ing event. This structure grows as species arise from oth-
ers, each of them forming a separate branch. Some of 
those species die out, but still the phylogeny grows be-
cause more species originate than become extinct.

Large phylogenies typically display a complex struc-
ture. As Figure 3-8 indicates, their species tend to be 
clustered into groups that share particular traits. Re-
searchers recognize such clusters as higher taxa. Small 

clusters constitute genera. Genera that share particular 
traits form larger clusters, which may be recognized as 
families. Still larger groups that are characterized by dis-
tinctive features are recognized as still higher taxa, such 
as orders and classes.

identifying Clades and Their relationships
Dividing a phylogeny into genera, families, and even 
higher taxa is a subjective matter, but one rule must be 
followed: all the species within each taxon must be trace-
able to a common ancestor, as illustrated in Figure 3-9. A 
cluster of species that share such an ancestry is termed a 
clade.

In the past, efforts to reconstruct phylogenies were 
based on degrees of resemblance between taxa and on ev-
idence that some taxa were derived from others or existed 
earlier than others in geologic time. A relatively new tech-
nique, now widely employed, instead emphasizes branch-
ing events in a phylogeny—events that form new clades. 
A researcher who uses this approach, known as cladistics, 
makes the initial assumption that when two groups share 
a particular biological trait, both groups have inherited 
the trait from a common ancestor. Thus the traits in the 
two groups are said to be homologous.

Figure 3-8 Natural clustering of species within phylogenies. 
Species that form clusters within a phylogeny are closely related 
to one another and have a common ancestry. Such clusters form 
natural groupings that researchers often designate as higher 
taxa. The clusters labeled a–k, for example, might be recognized 
as genera. Those clusters, in turn, form three larger clusters, A, B, 
and C, each of which might be designated as a family.
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58 CHAPTER 3   The Diversity of Life

Certain traits in any biological group are ancestral, 
appearing early in the group’s evolutionary history. Others 
are derived, having evolved later and occurring in only 
some of the subgroups. For example, when the six ma-
jor subgroups of present-day vertebrates are compared 
(Figure 3-10A), five traits or pairs of traits—jaws, lungs, 
claws or nails, feathers, and fur together with mammary 
glands—are found in one or more of these subgroups, but 
are absent from the hagfishes. These five traits represent 
derived features, and the hagfish represent an ancestral 
condition. A cladogram is a diagram depicting the rela-
tive phylogenetic positions of the various taxa in a group, 
as reconstructed from the distribution of derived traits. 

Fur and 

mammary 

glands

Claws or nails

Lungs

Jaws

Addition of derived traits

Mammals

A  Cladogram

B  Phylogeny

Jaw
ed fishes

A
m

phibians

R
eptiles

Birds
Feathers

Feathers

?

435

355

350

270

220

240

150

Present

Time
(million 
years
ago)

Jaw
less fishes

Claws or nails

?
Fur and mammary glands

Lungs

Jaws Addition of derived traits

    Jaw
less fishes 

    Ja
wed fis

he
s 

    Mammals
 

  Amphibi
an

s   Reptile

s   Therap
sid

s 

  Dinosau
rs

 

  B

ird
s 

Hagfish Perch Salamander Lizard Robin

Chimpanzee Figure 3-10 Relationships among groups of 
vertebrate animals. A. This cladogram shows 
the major subgroups of present-day vertebrates 
arrayed along an axis on the basis of the 
presence or absence of derived traits. B. The 
actual, highly generalized phylogeny of mammals. 
The present-day vertebrate groups are arranged 
in the order shown in the cladogram (A), but 
this phylogeny also includes two extinct groups, 
therapsids and dinosaurs, that cladistic analysis 
shows to occupy intermediate evolutionary 
positions between surviving groups. Note that 
the approximate times of origin of the various 
vertebrate groups, based on fossil occurrences, 
form a sequence that corresponds to the 
branching sequence indicated by the cladogram.

Figure 3-10A is a cladogram for the major vertebrate sub-
groups. Jaws are a derived trait that separates all five of 
the other vertebrate subgroups from the hagfishes. Lungs 
separate the other four subgroups with jaws from the 
jawed fishes. The origin of each derived trait, including 
jaws and lungs, marked a branching point in the evolu-
tion of vertebrates. Each of these branching events, by 
introducing the new trait, produced a new kind of animal.

Each of the five kinds of jawed animals shown in  
Figure 3-10A represents a particular class of vertebrates. 
A cladogram such as this does not depict a complete 
phylogeny; it simply shows what appear to be the rela-
tive evolutionary positions of selected taxa. As a result, a 
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Anatomical evidence also indicates that birds did not 
evolve directly from reptiles, as one might conclude from 
Figure 3-10A. As Figure 3-10B illustrates, a group of dino-
saurs was intermediate between reptiles and birds. Surpris-
ing as it may seem, birds evolved from small dinosaurs that 
apparently used feathers as insulation to retain body heat.

From the intermediate positions of therapsids and 
dinosaurs depicted in Figure 3-10B, we can conclude 
that one can establish actual ancestor–descendant rela-
tionships of taxa in a cladistic analysis only by including 
all biological groups. Sometimes this task is impossible 

cladogram may not include a clade that is intermediate 
between two of the clades that it depicts. Figure 3-10A, 
for example, might give one the mistaken impression that 
mammals evolved directly from reptiles. The fossil record 
shows, however, that an extinct group of animals known as 
therapsids actually occupied an intermediate evolutionary 
position between reptiles and mammals (Figure 3-10B). 
Two observations point to this status: therapsids share with 
mammals several derived features of the skull, teeth, and 
limbs that are absent from reptiles, yet they lack other de-
rived features of skull form that are present in mammals.
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FIGURE 3-11 Phylogeny of the family Equidae and of the 
genus Nannippus. Nannippus was a genus of small horses that 
lived in North America between about 13 million and 2 million 
years ago. On average, Nannippus was about half the height 
of a modern horse. It was a member of the Equinae, which is 
the subfamily that includes Equus, the genus that includes all 

living members of the horse family. The fossil record has yielded 
several species of Nannippus. Cladistic analysis of the bones 
and teeth of Nannippus has produced the phylogeny shown 
here. (After B. J. MacFadden, Science 307:1728–1730, 2005, and K. C. 
Maguire and A. L. Stigall, Palaeogeogr. Palaeoclimatol. Palaeoecol. 267:175–
184, 2008.)
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Actually, the fossil record of horses is of relatively high 
quality and has been so well studied that it effectively il-
lustrates how paleontologists reconstruct phylogenies. 
The phylogeny of Nannippus is part of a much larger phy-
logeny that has been reconstructed for species of fossil 
horses, as shown in Figure 3-11. This kind of analysis has 
clustered horse species into small clades, such as Nannip-
pus, that have been designated as genera.

Figure 3-12 is a cladogram for all horse genera, in-
cluding Nannippus, that are recognized by one expert. 
The phylogeny of the horse family, Equidae, includes 
three clades that are recognized as subfamilies. Figure 
3-11 shows the positions within the phylogeny of some 
of the genera, including Nannippus. Although not shown 
on that figure, note that each of the first two subfamilies 
persisted for a time after giving rise to another subfam-
ily. All present-day species of the horse family, including 
zebras, wild horses, and wild asses, belong to the genus 
Equus, the name of which is the Latin word for “horse.” 
Figure 3-11 shows that the horse family originated in 
North America and that most of its members have in-
habited that continent. The last of the native horses of 
North America became extinct a few thousand years ago, 
however, and horses were absent from the continent until 
Spanish conquistadors introduced the domestic horse.

Cladistic analysis is not perfectly reliable. Not only 
does the imperfection of the fossil record produce gaps 
and uncertainties, but evolution sometimes follows unex-
pected paths that fool researchers. For example, certain 
derived traits have actually arisen more than once. In ad-
dition, traits have sometimes been lost secondarily and 
thus are absent from groups of species whose ancestors 

because a key group is unknown, never having been dis-
covered in the fossil record.

Figure 3-10B indicates the geologic age of the oldest 
known fossil representatives of each of the vertebrate sub-
groups that are included within it. Note that the relative 
times of these first appearances are consistent with the re-
lationships indicated by cladistics. Jawed fishes appear in 
the fossil record below amphibians, for example; amphib-
ians appear below reptiles, and reptiles below mammals.

Thus far we have examined relationships only among 
large groups of organisms, such as classes. Thus the phy-
logeny of vertebrates depicted in Figure 3-10B is very 
generalized. Paleontologists can begin this kind of cladis-
tic analysis at lower taxonomic levels—even at the level 
of the species. Studies of the evolution of horses provide 
an illustration.

Figure 3-11 shows the evolutionary relationships 
among species of the horse genus Nannippus. The name 
of this genus, from the Greek, means “extremely small 
horse,” which is appropriate because typical members of 
Nannippus were only about half as tall as a modern horse. 
They also had three toes on each foot, rather than a single 
hoof like that of a modern horse.

At the level of the species, as at higher taxonomic lev-
els, cladistic analysis does not always indicate certain an-
cestry. In addition, an imperfect fossil record often leaves 
us with an underestimation of the total time of a species’ 
existence. Thus one species may have descended from 
another even though fossils have not yet proved that they 
overlapped in time. For some evolutionary relationships, 
the situation is even worse: fossils representing the ances-
tral species have never been found.
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Figure 3-12 Cladogram for genera of the horse family, 
Equidae. (After B. J. MacFadden, Fossil Horses, Cambridge University 
Press, 1992.)
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Archaea can tolerate hostile environments
Several distinctive chemical compounds found within Ar-
chaea distinguish this group from Bacteria, as do certain 
unique genetic features. Although Archaea are now rec-
ognized as living in many environments, such as oceans, 
soils, and the stomachs of some mammals, some of them 
are notable for their tolerance of extreme environmental 
conditions. Some forms thrive in hot springs (Figure 3-13). 
One group tolerates only a combination of very high tem-
peratures and extremely acidic conditions. Another lives 
only in the absence of oxygen. Still another occupies only 
very salty waters, such as those of the Dead Sea.

Bacteria include decomposers, photosynthesizers, 
causes of disease, and polluters
Modern taxonomic classification of bacteria depends 
greatly on the DNA sequence of a particular component 
of their ribosomes (structures within cells that manufac-
ture proteins). Some bacteria cause diseases in plants or 
animals. Others play a more positive role in the natu-
ral world, breaking down the cells and tissues of dead 
organisms and thus liberating nutrients for the use of 
other life forms. Many kinds of bacteria are capable of 
locomotion.

The cyanobacteria are a group of photosynthetic 
bacteria that have left an especially important fossil re-
cord. Some cyanobacteria are more or less spherical 
(Figure 3-14A), and others are filamentous (threadlike) 
in form (Figure 3-14B). Some filamentous types float as 
greenish scum that pollutes lakes, streams, or the sea. 
Others form mats on the seafloor that can trap sediment 
to produce distinctive three-dimensional structures. The 
fossil record of these structures extends back more than 
3 billion years.

had possessed them. In general, researchers favor clado-
grams that minimize the numbers of multiple origins and 
disappearances of traits. Although gaps remain, we have 
an accurate picture of the general phylogenies—the re-
lationships among major higher taxa—for many kinds of 
organisms. In recent years, scientists have used genetic 
information to construct cladograms in the same way 
that they construct them from anatomical information. 
The result is known as a molecular phylogeny. When 
anatomical and genetic traits yield different cladograms, 
experts favor the genetic results because an anatomical 
feature is more likely to have evolved more than once.

In the following sections we will review the basic bio-
logical features and interrelationships of major groups of 
organisms that have played large roles in the history of 
life and left conspicuous fossil records that allow us to 
assess those roles.

archaea and bacteria: The Two Domains  
of Prokaryotes

Prokaryotes gain nutrition in a great variety of ways. Some 
share with plants the ability to employ a process called 
photosynthesis in which they harness the sun’s energy to 
convert chemical compounds into food. Others produce 
their own food by harnessing chemical energy rather than 
light. Thus we speak of these forms as being producers. 
Still other prokaryotes are consumers, absorbing organic 
compounds from which they gain food and energy.

The fossil record of prokaryotes extends back more 
than 3 billion years, which is more than a billion years be-
yond the record of eukaryotes. Remarkably, many kinds 
of prokaryotes found in the modern world appear to dif-
fer little from forms that lived early in Earth’s history.

Figure 3-13 Archaea that are adapted 
to high temperatures. A yellowish 
and greenish mat of Archaea surrounds 
a steaming hot spring in Yellowstone 
National Park. Different colors represent 
different types of Archaea that are 
adapted to different temperatures and 
light levels in the mat. (Don Johnston/age 
fotostock/Getty Images.)
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Figure 3-14 Two genera of bacteria. A. Nearly spherical 
cyanobacteria. B. Oscillatoria is a photosynthetic form of 
cyanobacteria. Its filaments, which are about 5 micrometers 

(µm) in diameter, often form sticky mats. (A, Michael Abbey/ 
Science Source; B, Sinclair Stamers/Science Photo Library/Science 
Source.)

A B

protists (informally known as protozoans) include many 
groups, such as amoebas, with ever-changing shapes 
(Figure 3-15A); zooflagellates, which employ a whiplike 
structure for locomotion (a flagellum) (Figure 3-15B);  
and ciliates, which move by means of numerous cilia—
structures that resemble flagella but are shorter and beat 
in unison (Figure 3-15C). The protist groups presented 
below are geologically relevant and are often well pre-
served in the fossil record of life on Earth.

Unicellular algae Three groups of unicellular algae that 
float in natural bodies of water are well represented by 
abundant fossils: dinoflagellates, diatoms, and coccolitho-
phores. These groups all originated during the Mesozoic 
Era, and together they are the most prominent produc-
ers in modern seas, serving as food for a great variety of 
animals.

Dinoflagellates are members of the Alveolata clade 
(see Figure 3-6). They employ two flagella for limited lo-
comotion (Figure 3-16A) but are transported chiefly by 

Figure 3-15 Three types of protozoans. A. An amoeba, which 
has a variable shape, and as seen here, has a maximum dimension 
of about 0.5 millimeter (500 µm). B. A zooflagellate, which (not 
including the flagellum, which extends to the left) is about  

0.1 millimeter (100 µm) long. C. Paramecium, which is 
surrounded by cilia and is about 0.2 millimeter (200 µm) long. 
(A, Biology Media/Photo Researchers/Getty Images; B, Eric V. Grave/
Science Source; C, M. I. Walker/Dorling Kindersley/Getty Images.)

A B C

The Protists: a Paraphyletic group  
of eukaryotes

Protists include many kinds of single-celled organisms 
and a few kinds of simple multicellular organisms. Pro-
tists were once considered a taxonomic group, known as 
Kingdom Protista. Biologists now use the term protist as 
a loose grouping of eukaryotic lineages that are not green 
plants, fungi, or animals. As such, protists do not make 
up a monophyletic group (a clade)—rather, they are a 
paraphyletic group: a group that represents some, but 
not all, of the descendants of a single common ancestor 
(see Figure 3-6).

The protist group contains many different taxa. Some 
affect human health, while others play a key role in aquat-
ic food chains or are important in the sedimentary record. 
For example, some photosynthetic protists are prominent 
producer organisms in lakes and the ocean. Animal-like 
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by gypsum (see p. 41). Chalk forms extensive deposits in 
parts of the sedimentary rock record, especially from the 
Cretaceous Period.

Rhizaria Foraminifera and radiolarians are amoeba-like 
protozoan groups that secrete skeletons. Both groups 
have fossil records spanning the entire Phanerozoic Eon. 
Both are members of the clade Rhizaria (see Figure 3-6). 
Foraminifera, nicknamed “forams,” produce a cham-
bered skeleton by secreting calcite or cementing grains of 
sand together. Long filaments of their protoplasm extend 
through pores in the skeleton and interconnect to form a 
sticky net in which they catch food (Figure 3-17). Some 
forams float in the ocean, and others live on the seafloor. 
So abundant are their skeletons on shallow seafloors that 
a few are likely to be present in a handful of beach sand. 

movements of the water in which they drift. When con-
ditions are unfavorable for survival, some dinoflagellates 
enter a state of dormancy, armoring themselves in a tough 
organic structure called a cyst. When conditions improve, 
they can emerge to resume an active life; some cysts, 
however, have become fossilized by sinking to the bottom 
and becoming buried in sediment.

Diatoms are members of the Stramenopila clade 
(see Figure 3-6), which, like the Alveolata clade, belongs 
to the supergroup Chromalveolata. Diatoms are unicel-
lular forms that secrete two-part skeletons of opal, a 
form of silicon dioxide that differs from quartz in lack-
ing a crystal structure (see p. 41). The two halves of the 
skeleton fit together like the top and bottom of a can-
ister (Figure 3-16B). Some diatom species live in lakes 
and others in the ocean. Most species float, but some 
lie on the bottom in shallow water where they receive 
enough light for photosynthesis. At certain times in the 
geologic past, diatoms have flourished so spectacularly 
that their skeletons have rained down on the seafloor to 
produce thick bodies of sediment. Some such sediments 
have eventually turned into chert; others remain as soft 
accumulations that are mined to produce the scouring 
powder we use for cleaning bathrooms.

Coccolithophores (calcareous nannoplankton) are 
members of the Haptophyta clade, also within the super-
group Chromalveolata (see Figure 3-6). They are small, 
nearly spherical cells that secrete minute shield-like 
plates of calcium carbonate that overlap to serve as armor 
against small attackers (Figure 3-16C). Nearly all species 
of this group drift in the ocean, but a few live in lakes. 
Some concentrated accumulations of plates from coc-
colithophores have been weakly lithified to become the 
fine-grained form of limestone called chalk, which was 
used to write on chalkboards until it was widely replaced 

Figure 3-16 Representatives of three major types of single-
celled algae found in natural bodies of water today. A. 
A dinoflagellate (about 10 µm in diameter). B. Two types of 
diatoms (about 10-30 µm in maximum dimension). C. Cells 

of coccolithophores (about 8 µm in diameter); the colors are 
artificial. (A, David M. Phillips/Science Source; B, Biophoto Associates/
Science Source; C, Steve Gschmeissner/Science Photo Library/Getty 
Images.)

A B C

Figure 3-17 A living planktonic foraminifer. Strands of 
protoplasm radiate from the skeleton, which is slightly under half 
a millimeter in diameter. (© ISM/Phototake.)
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which one kind of cell exists inside another kind of cell. 
The chloroplast, which is the organelle of the plant cell 
that conducts photosynthesis, arose from a photosynthetic 
bacterial cell that became lodged in a larger cell, and the 
mitochondrion of the plant cell, which provides chemical 
energy, arose when another kind of bacterial cell became 
lodged in a larger cell. Possibly the incorporated cells 
were consumed as food but not digested by the larger cell.

Some multicellular algae drift passively in bodies of 
water, but most kinds attach to the bottom. Most are 
soft, fleshy organisms (Figure 3-20A), but some bottom-
dwelling members of the groups known as red algae 
and green algae secrete skeletons of calcium carbonate 
(Figure 3-20B). Fragments of such skeletons are major 
constituents of limestones.

In contrast with the other groups of photosynthetic or-
ganisms we have discussed so far, land plants have bodies 
that are divided into tissues. A tissue is a connected group 
of similar cells that perform a particular function or group 
of functions. Land plants have a pattern of development 
that distinguishes them from multicellular green algae, 
the group from which they evolved (see Figure 3-19). Al-
gae shed their eggs and sperm into the water in which they 
live, so that fertilization is external and offspring develop 
independently. The egg of a land plant, in contrast, is fer-
tilized within the parent plant, and the embryo remains 
protected within the parent’s body for a time, living within 
the plant tissue essentially as a parasite.

The early evolution of plants from green algae en-
tailed a shift from life in the water to life on land. Early 
plants were transitional forms, living in shallows along the 
margins of bodies of water. Some species became partly 
emergent, and then others became entirely so. Many ba-

Foraminifera are widely used to date rocks. Because 
of their small size, they are especially useful when the 
samples to be dated are too small to contain many larg-
er fossils. Thus forams are widely used in the search for  
petroleum, in which the only available rock samples are 
cuttings or cores from well drilling. Similarly, forams are 
frequently used to date layers in cores of sediment ob-
tained by drilling into the floor of the deep sea.

Radiolarians are closely related to forams and, like 
them, capture food with threadlike extensions of proto-
plasm that radiate from their skeletons. These marine 
floaters secrete skeletons of noncrystalline silicon dioxide 
that are perhaps the most beautiful organic structures in 
the sea (Figure 3-18). If accumulations of these organ-
isms are thick enough, they will form bedded silica in the 
deep oceans.

green algae and Land Plants
On the tree of life, the lineage Plantae consists of two 
main groups: red algae (Rhodophyta) and green plants 
(Virdiplantae) (Figure 3-19; see also Figure 3-6). Within 
Plantae, all groups except land plants are included in the 
informal protist group.

The entire Plantae group resulted from the evolution-
ary origin of a condition known as endosymbiosis. Symbio-
sis is the condition in which two kinds of organisms live 
together in a manner that benefits at least one of them. 
Lichens, for example, which often grow on rocks, are sym-
biotic forms that consist of a fungus and a single-celled 
photosynthetic organism. The Plantae arose by way of a 
particular kind of symbiosis, known as endosymbiosis, in 

Figure 3-18 Radiolarians. The 
skeletons of these protozoans, which 
are made of silica, are typically 20–25 
µm in maximum dimension. (Eric V. Grave/
Photo Researchers/Getty Images.)
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Green alga-like
ancestor

Ancestral
vascular plants

Nonvascular plants
(mosses and their

relatives)

Lycophytes Ferns

Seedless vascular plants

Gymnosperms

Angiosperms

Early seed plants

Figure 3-19 Phylogeny of green plants.

Figure 3-20 Green algae. A. The fleshy form Ulva resembles 
a bundle of spinach leaves in size. B. The calcareous green 
alga Halimeda consists of flat segments less than a centimeter 

in width. (A, Andrew J. Martinez/Science Source; B, Jurgen Freund/
naturepl.com/Nature Picture Library.) 

A B

sic features of plants relate to problems of living on land. 
Early plants evolved rigid stems and roots that enabled 
them to stand upright without the support of water. Roots 
also provided water and nutrients from the soil, since the 
entire plant could no longer absorb them from a sur-
rounding watery medium. Some early land plants became 
vascular: they evolved vessels for transport of water, dis-
solved nutrients, and the food that they manufactured.

Mosses and a few other small, simple plants of the 
modern world are nonvascular: they lack conducting ves-
sels and rely on diffusion for transport of materials from 
cell to cell. Mosses lack multicellular roots; they soak up 
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Ferns, like other seedless plants, including mosses, repro-
duce by releasing spores into the environment. Spores 
are tiny, durable structures that are adapted for dispersal 
outside of the plant structures. Whereas the parent fern 
has two sets of chromosomes—two copies of its genetic 
material—a spore has just one. As spores drift through 
the air, they disperse, and if conditions are favorable, each 
grows into a tiny adult plant that possesses only one set of 
chromosomes. These tiny plants produce eggs and sperm 
(Figure 3-22). A sperm swims through the film of water 
over the moist surface of the tiny plant to fertilize an egg. 
The egg then grows into the fern form with which we are 
all familiar. A fern’s reproductive cycle thus entails what is 
called alternation of generations: a spore-producing gen-
eration alternates with one that produces eggs and sperm. 
Because sperm require moisture to complete their jour-
ney, ferns typically occupy moist habitats.

Seed plants invaded dry land
Seed plants include most species of large land plants 
in the modern world. Seeds are durable structures that 
disperse the offspring of these plants. Some seeds blow 
in the wind, and others have barbs that can attach to 

water and nutrients with tiny hairlike extensions of cells. 
Such forms have changed little from land plants that lived 
more than 400 million years ago.

Seedless vascular plants came first
Seedless vascular plants can be split into two main 
groups: lycophytes and monilophytes. The lycophytes 
are an early group of seedless vascular plants. The only 
lycophytes remaining in the modern world are several 
small herbaceous species that are only a few centimeters 
tall. Late in the Paleozoic Era, however, several groups 
grew to the size of trees, and some of them occupied 
broad swamps, where their remains accumulated to form 
peat. Much of this peat turned into the coal that supplies 
a large part of the electric power that humans use today.

Monilophytes include modern ferns, and horsetails, as 
well as less familiar whisk ferns such as Psilotum (Figure 
3-21). Ferns, which have both roots and leaves, repre-
sent a more derived condition than early vascular plants. 

 Adult fern
(spore-bearing 
generation)

Sperm
movement
for fertilization

Male 
sex organs

Female 
sex organs

Egg- and sperm-
bearing generation

Spores 
grow into
egg- and 
sperm-
bearing
generation

Spores 
(one set of
chromosomes)

Spore-
bearing
organ

Juvenile fern
attached to
egg- and sperm-
bearing
generation

Figure 3-22 Life cycle of a fern. The large fern plant with which 
we are familiar has two sets of chromosomes, but produces 
spores that have only one. A spore grows into a tiny plant that 
also has only one set of chromosomes, but it produces eggs and 
sperm. A sperm fertilizes an egg to produce another large fern 
plant with two sets of chromosomes, which grows on top of the 
tiny parent plant.

Figure 3-21 Psilotum, a simple vascular plant alive today. This 
plant, which is the size of a small fern, lacks leaves and roots. The 
yellow knoblike structures at the ends of stalks are spore-bearing 
organs. (Biophoto Associates/Photo Researchers/Getty Images.)
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nutrition by consuming the organic material of other 
forms of life. Whereas most animals digest food outside 
their cells, but inside a body cavity, and then absorb the 
products, fungi release enzymes to break down food ma-
terials in the external environment and then absorb the 
food into their cells.

Fungi are decomposers
Fungi are an important group of decomposers that 
absorb most of their food from dead organisms. Most 
mushrooms, for example, feed on wood, bark, or dead 
leaves. Fungi typically have filamentous cells. Some 
groups, including mushrooms, have many cells that 
are packed tightly into bundles. A few kinds of fungi, 
including yeasts, have evolved a unicellular condition 
from multicellular ancestors. Although fungi have a 
generally poor fossil record because they lack skeletons, 
those fossils that exist can be quite revealing. Abundant 
spores of fungi have been recorded in the sedimentary 
records of some mass extinctions, and some giant fungi 
have been preserved in sediments that are 400 million 
years old.

Animals are multicellular consumers
Animals, which lack any formal taxonomic status, are 
multicellular consumers, most of which possess bod-
ies that are formed of tissues. Clues for understanding 
animal evolutionary relationships come from the fos-
sil record, patterns of embryonic development, gene 
sequences, and other research. Animals are divided 
into distinct groups based on the presence or absence 
of tissues, the number of embryonic tissue layers, de-
velopment patterns, and other characteristics. Distinct 
groups of animals important in the geologic record in-
clude sponges, cnidarians, lophotrochozoans, ecdysozo-
ans, and deuterostomes (Figure 3-23). Animals are also 
conveniently divided into vertebrates, which possess a 
backbone, and invertebrates, which lack one. Only a 
few groups of simple invertebrates lack tissues; the larg-
est and most important of these is the sponges.

Sponges are simple invertebrates
The simplest animals that are conspicuous in the mod-
ern world are the sponges. Sponges have irregular 
shapes and are formed of several cell types that are 
widely distributed throughout their bodies. Most spe-
cies live in the ocean, but some live in lakes. All are sus-
pension feeders; that is, they strain small particles of 
food from water. Bacteria and small floating algae are 
their primary food. Cells that bear flagella pump water 
into a sponge through numerous pores, and individu-
al cells capture food from currents that pass through  

the fur of mobile animals. Still others are surrounded 
by fruits that animals can eat, so that the seeds are de-
posited in the animals’ feces, which serve as fertilizer. 
The evolutionary origin of the seed during the Paleozoic 
Era triggered a great ecological expansion of land plants 
beyond the moist environments required by seedless 
vascular plants.

Gymnosperms The plants known as gymnosperms 
(meaning “naked seeds”) produce seeds that are exposed 
to the environment. Gymnosperms include not only 
conifers, or cone-bearing plants (pine, spruce, and fir 
trees and their relatives), but also less common groups 
such as cycads (see Figure 3-4). The seeds of conifers 
are exposed on the tops of the scales that together form 
a cone. After pollen grains, which bear sperm, form on a 
cone, wind transports them to another cone that has pro-
duced eggs, and there, after fertilization, seeds grow and 
are released. Gymnosperms were the dominant large 
plants of the Mesozoic Era, when dinosaurs roamed the 
land. Since early in the Cenozoic Era, however, flower-
ing plants have been more abundant than gymnosperms 
in most terrestrial regions. Today gymnosperms are the 
dominant large plants only in cold regions and in some 
dry, sandy environments.

Angiosperms Flowering plants are more formally known 
as angiosperms (meaning “seeds within a vessel”). 
Their flowers endow them with special means of pollen 
transport. The colors and fragrances of flowers attract 
animals—especially insects and birds—which feed on the 
nectar they provide and carry away sticky pollen to other 
plants of the same species, which the animals visit as they 
continue to feed. Many angiosperms, including hard-
wood trees such as oaks and maples, have inconspicuous 
flowers. Others have showy flowers that attract particular 
species of pollinators.

The seeds of angiosperms have a special advantage 
over those of gymnosperms: angiosperms engage in dou-
ble fertilization. One sperm fertilizes an egg, forming the 
zygote, while the other sperm fuses with a special multi-
nucleate structure, forming a tissue that serves as a food 
source for the growing embryo. We consume some of this 
tissue in the form of vegetables such as peas, beans, and 
corn. Thus the seedling gets off to a good start—one of 
the reasons that angiosperms greatly outnumber gymno-
sperms in the modern world.

Opisthokonts: Fungi and animals
Animals and fungi are both members of the lineage 
Opisthokonta and are more closely related to the Amoe-
bozoa than they are to plants or unicellular algae (see 
Figure 3-6). Opisthokonts are consumers: they obtain 
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Figure 3-23 Animal phylogeny, showing 
major groups of lophotrochozoans, 
ecdysozoans, and deuterostomes.

internal canals (Figure 3-24). The canals converge, and 
water exits through one or more central canals. Some 
sponges have supportive skeletons of tough organic 
material—the substance of bath sponges. Others se-
crete calcium carbonate or silica in the form of small, 
needlelike or many-pointed elements called spicules or 
as three-dimensional skeletons. Spicules and skeletons 
give sponges a conspicuous fossil record that extends 
back to the Cambrian Period.

Cnidarians include the corals
Jellyfishes, corals, and their relatives represent the group 
known as cnidarians (pronounced with a silent c). Most 

members of this group live in the ocean, but a few oc-
cupy freshwater environments. Though they are simple 
animals, cnidarians exhibit a tissue level of organization  
(Figure 3-25A). Tissues that form an inner and an outer 
body layer change the shape of a cnidarian’s cylindrical 
body by contracting or relaxing. Between these two layers 
is a jellylike layer that stiffens the body. Cnidarians are 
carnivores that catch small animals with tentacles, which 
are armed with special stinging cells. The tentacles sur-
round the mouth and pass food through it into a large di-
gestive cavity. Cnidarians have nearly radial symmetry—
that is, they have no left and right sides or front and back, 
but face the environment with similar biological features 
on all sides. Radial symmetry is a typical trait of animals 
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that are immobile or that have no preferred direction of 
movement.

Corals are cnidarians that have left an excellent fossil 
record because they secrete skeletons of calcium carbon-
ate (Figure 3-25B). Corals, like all cnidarians, reproduce 
not only sexually but also asexually, by budding. Some coral 
species can produce large colonies of interconnected indi-
viduals by budding. The colonial skeletons of some corals 
form reefs that stand above the surrounding seafloor and 
serve as habitats for a great variety of plants and animals.

Lophotrochozoans include many kinds of animals 
that lack skeletons
Lophotrochozoans are characterized by having either a dis-
tinctive mode of development that includes a trochophore 
larval stage or a characteristic feeding structure called a 

Incoming
water

Outgoing water

Spicules

Pores

Cells with
flagella

Figure 3-24 Body plan of a simple sponge. A modern sponge 
is typically a few centimeters tall. (After W. K. Purves, G. H. Orians, 
and H. C. Heller, Life: The Science of Biology, 4th ed., Sinauer Associates, 
Sunderland, MA, 1995.)

Figure 3-25 Body plans of cnidarians. A. On the left is a cross 
section of a bottom-dwelling form that resembles a coral but 
lacks a skeleton. On the right is a cross section of a jellyfish.  
B. A coral colony. Some individuals are extending their tentacles 
from lobes of the colonial skeleton, which are the size of a child’s 
finger. (B, F. Teigler/Blickwinkel/age fotostock.)

lophophore. They include many familiar animals, such as 
snails and earthworms.

Mollusks Snails, clams, octopuses, and their relatives 
are familiar groups of mollusks. Most mollusks have a 
shell of aragonite, calcite, or a combination of these forms 
of CaCO3. A mantle, which is a fleshy, sheetlike organ, 
secretes this shell. Most mollusks respire by means of 
featherlike gills, and many use a file-like structure called 
a radula to obtain food. The major groups of mollusks 
all have fossil records that extend back to the beginning 
of the Cambrian. Figure 3-26 shows the anatomical rela-
tionships of the various classes of mollusks.

Monoplacophorans are the ancestors of all other 
living mollusk groups. This group was long considered to 
be extinct, but in 1952 marine biologists discovered living 
monoplacophorans on the floor of the deep sea. Members 
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Figure 3-26 Body plans of four groups of mollusks. Monoplacophorans represent 
the ancestral group from which the other groups were derived.

of this class have cap-shaped shells and creep about on a 
broad foot. Monoplacophorans use the radula to graze on 
organic matter.

Gastropods, informally termed snails, evolved from 
monoplacophorans at the beginning of the Paleozoic 
Era. A snail of the most basic type can be viewed as a 
monoplacophoran whose body has been twisted so that 
the digestive tract is U-shaped, with the anus positioned 
above the head. Snails constitute the largest and most 
varied class of mollusks. Most are marine, but some have 
come to live in freshwater environments. Through the 
evolution of a lung for respiring in air, others have be-
come land dwellers. Some snails, including slugs, have 
lost their shells. A few types have become suspension 
feeders rather than grazers, and many marine groups 
feed on other animals.

Cephalopods include squids, octopuses, chambered 
nautiluses, and their relatives. All members of this mollus-
can group swim in the sea and feed on other animals. They 
have eyes and pursue their prey by jet propulsion, squirt-
ing water out through a small opening in the body. They 
capture their prey with tentacles and have a strong, hard 
beak that they use to eat it. The living chambered nautilus 
belongs to the cephalopod group that was ancestral to all 
others (see p. 49). The chambers of its shell are filled partly 
with water, but also partly with gas, which prevents the ani-
mal from sinking to the seafloor. Cephalopods with cham-
bered shells, though not well represented in modern seas, 
were a diverse group throughout most of the Phanerozoic 
Eon, and their fossils are widely used to date rocks. Forms 
known as ammonoids secreted beautiful shells that had 

more complex partitions between their chambers than 
those of the living chambered nautilus.

Bivalves, as their name suggests, have a shell that is 
divided into two halves, known as valves. This group in-
cludes clams, mussels, oysters, scallops, and their relatives. 
The head and radula were lost in the evolution of this 
group, and the shell became folded along a hinge, with 
each side becoming one valve. One or two short cylindri-
cal muscles pull the two valves together. The single muscle 
of this type is the part of the scallop that we eat. Some bi-
valves use the foot to burrow in sediment. Others, includ-
ing most species of oysters, cement their shell to another 
shell or a rock or secrete threads to attach themselves to 
hard objects. Most bivalves are suspension feeders, but a 
few kinds of burrowers extract food from sediment.

Segmented worms Segmented worms are complex 
worms whose bodies are divided into segments. They 
have a fluid-filled body cavity, called a coelom, that serves 
as a primitive skeleton under the pressure of muscular 
contraction (Figure 3-27). Each segment of the worm has 
its own coelomic cavity that can expand or contract inde-
pendently, allowing the animal to move as bulging waves 
pass from end to end. Among the segmented worms are 
earthworms, which burrow in soil and feed on organic 
matter. Other segmented worms live in sand or mud at 
the bottom of rivers, lakes, or the sea; their burrows are 
conspicuous in marine sedimentary rocks hundreds of 
millions of years old.

Some groups of lophotrochozoans feed with a frilly, 
loop-shaped organ called a lophophore. The two largest 
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valves. Most articulate brachiopods attach to the substra-
tum by means of a fleshy stalk (Figure 3-28A), but some 
extinct forms lived free on the substratum or cemented 
their shells to hard objects. Inarticulate brachiopods lack 
hinge teeth. Among them is the living genus Lingula, 
which belongs to a group that originated early in the Pa-
leozoic Era. Members of this group live in the sediment, 
anchored by their fleshy stalk (Figure 3-28B).

Bryozoans Bryozoans, or moss animals, form colonies 
of tiny, interconnected individuals by budding. Each in-
dividual is housed within a chamber in the colonial skel-
eton (Figure 3-29). Unlike a brachiopod, which also has 
a lophophore, a bryozoan extends its lophophore from its 
skeleton in order to feed. Many bryozoans have heavily 
calcified skeletons, and the group has an excellent fossil 
record that extends back to the Ordovician Period, with a 
few fossils found as far back as the Late Cambrian.

Ecdysozoans have an external skeleton
Ecdysozoans are characterized by an external covering, 
called a cuticle, that they shed periodically as they grow. 
(Note that the formal name for a striptease artist is “ec-
dysiast.”) These animals include the insects as well as the 
trilobites, an extinct group that is especially popular with 
amateur fossil collectors.

Arthropods Arthropods include a great variety of liv-
ing animals, among them crabs, insects, and spiders. Al-
though their name means “jointed foot,” most arthropods 
have jointed appendages that serve as legs rather than 
feet, as well as others that have become modified for such 
activities as manipulating food, sensing the environment, 
and swimming. Like the segmented worms, which are 
their ancestors, arthropods have bodies that are divided 
into segments. The bodies of arthropods are not soft 
and wormlike, however, but are protected by an external 
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Figure 3-27 Body plan of a segmented worm. A fluid-filled 
coelom lies within the middle body layer. Each segment contains 
its own coelomic cavity. (After W. K. Purves, G. H. Orians, and 
H. C. Heller, Life: The Science of Biology, 4th ed., Sinauer Associates, 
Sunderland, MA, 1995.)

groups of these lophophorates, the brachiopods and bryo-
zoans, have extensive fossil records.

Brachiopods With shells that are divided into two halves, 
brachiopods look superficially like bivalve mollusks, 
but the two groups are not closely related (Figure 3-28; 
see also Figure 3-3). Brachiopods are sometimes called 
lamp shells because some resemble artists’ portrayals of 
Aladdin’s oil lamp. They employ the lophophore to pump 
water and strain small food particles from it. Brachio-
pods live only in the ocean. They are uncommon today, 
but they played a major ecological role in ancient seas. 
In fact, they are the most conspicuous fossils in rocks of 
Paleozoic age. Articulate brachiopods are characterized 
by teeth that interlock along the hinge between the two 

Figure 3-28 Brachiopods. A. Articulate brachiopods are 
attached to hard surfaces with a fleshy stalk. Most species fall 
within the size range between a pea and a golf ball. B. Lingula is 

an inarticulate brachiopod that anchors itself in sediments with 
its stalk; it is about the length of a pencil. (A, Scott Leslie/age 
fotostock; B, Andreas Altenburger/age fotostock.)
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Figure 3-29 Bryozoans. Most of 
these colonial animals attach to hard 
objects. The skeleton of the smaller of 
the two species is shown here, and is 
perforated by small holes. Individuals 
within a colony are no more than a 
few millimeters long; they cannot be 
distinguished at the scale shown here. 
Branches of the larger species are 
slightly less than 1 centimeter (0.4 
inches) wide. (Borut Furlan/WaterFrame/
age fotostock.)

skeleton of stiff, organic material that in some forms is 
strengthened by impregnation with a mineral such as cal-
cite. Like a suit of armor, this segmented skeleton allows 
for some flexibility of the body inside. Arthropods, as they 
grow, must periodically go through the process of molt-
ing, which involves shedding of their stiff exoskeletons. 
Skeletal debris from this process is often preserved in the 
fossil record and must be taken into account when esti-
mating the abundance of these types of animals in ancient 
environments. Among the many living groups of arthro-
pods are the crustaceans and insects.

Trilobites are an extinct group of marine arthropods 
whose fossils are popular with the general public. They 
were especially common during the Cambrian Period, the 
interval during which a great variety of animals with hard 
parts first appeared on Earth. As their name indicates, tri-
lobites had a body consisting of three lobes: a central lobe 
and left and right lateral lobes (Figure 3-30). Several of 
their segments were fused to form a rigid head structure, 
and several others were fused to form a rigid tail structure. 
Beneath the heavily calcified external skeleton of most 
species were many pairs of appendages, each branching 
to form a gill-like structure for respiration and a leg for 
locomotion. Trilobites fed on small animals or particles of 
organic matter. A few types floated in the water or bur-
rowed in sediment, but most crawled over the surface of 
the seafloor. Many species of trilobites had primitive eyes.

Crustaceans are arthropods with a head formed of five 
fused segments, behind which are a thorax and an abdomen 
formed of additional segments. Among the many kinds of 
crustaceans are lobsters, shrimps, and crabs. Others are 
small floating creatures. The ocean contains the greatest 
variety of crustaceans, but many live in lakes or streams, 
and a few are land dwellers. Because the external skele-
tons of most of these forms are uncalcified or only weakly  

Figure 3-30 Trilobite fossils. Not only are the segments and 
the three lobes of the skeleton visible in these exceptionally 
well-preserved specimens, but because the animals were 
buried in sediment that lacked oxygen, their legs (one per 
segment) and antennae were also preserved. This species is 
about 10 centimeters (4 inches) long. (© 2013 National Museum 
of Natural History, Smithsonian Institution.)
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a single-celled zygote. It may seem surprising, but this 
group includes spiny invertebrate animals as well as all 
vertebrates.

Echinoderms The name echinoderm means “spiny-
skinned form.” The most conspicuous trait of echino-
derms, however, is their fivefold radial symmetry—most 
visible in the five arms that radiate from the central body 
of a sea star. Echinoderms also possess radial rows of tube 
feet, which are small appendages that terminate in suc-
tion cups. All echinoderms are ocean dwellers, and most 
have an internal skeleton formed of calcite plates that is 
readily fossilized in marine sediments.

With a few exceptions, sea stars (formerly called 
“starfishes”) are flexible animals whose internal skeletal 
plates are not locked rigidly together. Most sea stars are 
predators that use their tube feet to grasp their victims, 
such as bivalve mollusks. When the tension it applies to a 
bivalve shell spreads the two valves apart slightly, the sea 
star extrudes its stomach and digests the victim within its 
own shell. The fossil record of sea stars, though relatively 
poor, extends back to the early Paleozoic.

The rigid skeleton of a sea urchin is formed of in-
terlocked plates to which numerous spines are attached 
by ball-and-socket joints. There are two groups of these 
bottom dwellers. Regular sea urchins (Figure 3-32) have 
radially symmetrical bodies that are typically the size of a 
lemon or orange. By moving their spines, these animals 
crawl over the substratum with no preferred direction; 
most graze on algae using a complex feeding apparatus 
that has five teeth. Irregular sea urchins, in contrast, are 
bilaterally symmetrical, which means that they have a 
front end and a back end. They are burrowers that have 
very short spines, and most feed on organic matter in 
the sediment. Flat irregular urchins that live along sandy 
beaches are known as sand dollars, and more inflated 
forms that live farther offshore are called heart urchins.

calcified, crustaceans have a relatively poor fossil record. 
Even so, that record extends back to early Paleozoic time.

Insects are a group of arthropods that includes most 
of the animal species on Earth, yet almost none live in the 
ocean. Insects breathe air through a system of tubes. Like 
crustaceans, they have bodies divided into a head, thorax, 
and abdomen, but nearly all have two pairs of wings (flies 
have only one). Insects play many roles in nature, but one 
of the most important is fertilizing plants by transporting 
pollen from flower to flower. Although insects are pre-
served in sediments only under unusual circumstances, 
their fossil record extends far back beyond the first ap-
pearance of flowering plants, revealing much about the 
group’s early evolutionary history.

Onychophorans are important members of the ecdy-
sozoan group because they are related to early arthropods 
and their ancestors (see Figure 3-23). They are wormlike 
in shape, but, like arthropods, have a series of legs along 
their bodies (Figure 3-31). These legs are not jointed like 
those of arthropods, and thus represent an earlier stage 
of ecdysozoan evolution. The fossil record of onychopho-
rans extends back almost to the beginning of the Paleo-
zoic. Early onychophorans lived in the sea. In contrast, 
modern representatives of this group, which reach about  
15 centimeters (6 inches) in length, are terrestrial animals 
that occupy moist forests, where they feed on other small 
animals. Based on their form, onychophorans were once 
thought to be intermediate between segmented worms 
and arthropods. However, molecular phylogeny has shown 
that while arthropods and onychophorans are ecdysozo-
ans, segmented worms are lophotrochozoans.

The deuterostomes include invertebrates  
as well as vertebrates
The biological trait that unites deuterostome animals 
is the distinctive pattern by which they develop from 

Figure 3-31 Onychophorans 
are close relatives of 
arthropods. A. This 
living onychophoran is a 
terrestrial predator about the 
length of a pen. B. A fossil 
onychophoran from Cambrian 
strata deposited in a marine 
environment more than 500 
million years ago (shown at 
about twice life size).  
(A, George Grall/National 
Geographic Society/Corbis; B, © 
2013 National Museum of Natural 
History, Smithsonian Institution.)A BB
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Figure 3-32 A regular sea urchin. Tube feet that terminate in 
suction cups extend between the spines. These animals are about 
the size of an orange. (DeAgostini Picture Library/Getty Images.)

Informally termed sea lilies, crinoids strain food 
from the water with featherlike arms and pass it to the 
centrally positioned mouth with tube feet. Most living 
species are free-living forms that can swim by waving 
their arms, but some that live in the deep sea resemble 
fossil forms in being attached to the seafloor by a long, 
flexible stalk (Figure 3-33). Crinoid stalks are supported 

Figure 3-33 A stalked crinoid feeding in the deep sea. The 
body is tilted, and the arms are spread to strain food from a 
current. This animal is less than 1 meter (about 3 feet) tall. 
(David L. Meyer, University of Cincinnati.)

by disk-shaped, grooved plates that are stacked together 
like poker chips (see Figure 3-1).

Graptolites Graptolites are an extinct group of colonial 
marine animals that belong to the phylum Hemichordata. 
Although graptolites are not discussed further here, they 
will be featured in Chapter 6 because they serve as im-
portant index fossils for many Paleozoic rocks.

Chordates Vertebrate animals belong to the phylum 
known as Chordata. The chordates are defined by the 
possession of a notochord—a flexible, rodlike structure 
that runs nearly the length of the body and provides sup-
port—at least early in the animal’s life history, if not in 
adulthood. The nerve cord, a long stem of the nervous 
system, lies adjacent to the notochord.

The lancelet is a living ancestral chordate in which 
the notochord is the only skeletal feature (Figure 3-34). 
It swims like a fish by flexing its tail back and forth,  using 
V-shaped muscles arrayed along its body. Most of the 
time, however, a lancelet rests partly buried in the sedi-
ment, straining small food particles from the water with 
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Figure 3-34 A lancelet. A. The notochord, adjacent to the 
neural tube (which resembles a spinal cord), identifies this animal 
as a chordate. B. This animal, which is about 3 centimeters  
(1 inch) long, is feeding while partly buried in sediment. (A from 
W. K. Purves, G. H. Orians, and H. C. Heller, Life: The Science of Biology, 
4th ed., Sinauer Associates, Sunderland, MA, 1995; B, Natural Visions/
Alamy.)
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side of the body. The conodont fitted the description that 
scientists had previously pieced together for it on the ba-
sis of fragmentary and circumstantial evidence: it was a 
small, predatory swimmer. More recently, scientists have 
found that the internal structure of the conodont tooth 
resembles that of the bones and calcified cartilage of ver-
tebrate animals, and conodonts have joined the ranks of 
the vertebrates.

Fishes were present early in the Paleozoic Era, and 
partway through that era, they became effective predators 
through the evolution of jaws. Early jawed fishes, includ-
ing ancestral sharks, had a skeleton composed of cartilage 
(a trait retained in modern sharks). Others evolved bony 
external armor. Still others developed a bony internal 
skeleton, and their descendants include most fishes of the 
modern world.

Midway through the Paleozoic Era, two groups of 
bony fishes evolved, each with a distinctive kind of fin. As 
their name suggests, ray-finned fishes have fins that are 
supported by thin bones that radiate outward from the 
body. They are the dominant fishes of modern seas, lakes, 
and rivers and include tuna, barracuda, salmon, and bass. 
Lobe-finned fishes, in contrast, have fleshy fins support-
ed by a complex assembly of heavy bones. Only a few spe-
cies of lobe-finned fishes survive today. One of the most 
remarkable of them is the coelacanth, a large creature 
that belongs to a group that originated during the Paleo-
zoic. Only as recently as 1939 was it found to be living off 
the eastern coast of Africa (Figure 3-36).

Lobe-finned fishes played a special role in the history 
of life. An early group of these fishes evolved into four-
legged land animals. Each of four fins became a limb with 
toes. The lung, which terrestrial animals use to breathe 
air, had evolved in that ancestral group of lobe-finned 
fishes, perhaps as a device for surviving at times when the 
bodies of water in which they lived dried up.

Amphibians were the first four-legged vertebrates to 
spend their adult lives on land. They laid their eggs in 

its gills. In its basic anatomy, the lancelet resembles the 
ancestors of all modern chordates.

Because vertebrates are more familiar than many 
of the animal groups described earlier, they require a 
less extensive introduction. During the maturation of a 
vertebrate animal, the notochord develops into a ver-
tebral column. This and other skeletal elements are 
bony in most vertebrates, but in a few groups, including 
sharks, they consist of cartilage. We have already exam-
ined relationships among the major vertebrate groups 
(see Figure 3-10). The earliest vertebrates were primi-
tive fishes or fishlike animals that evolved a supple struc-
ture to support the body: the jointed vertebral column, 
to which the skull and skeletal supports for appendages 
were attached.

For more than a century, paleontologists used small 
toothlike fossils to date marine rocks of Cambrian through 
Triassic age without knowing what kind of animal the fos-
sils represented. These fossils were given the descriptive 
name conodonts, meaning “cone-teeth” (Figure 3-35A). 
Conodont elements were often found clustered together 
in rocks in a consistent pattern that had the appearance 
of a chewing apparatus. Many conodont species were 
found to have broad geographic distributions, suggesting 
that the teeth had belonged to animals that moved about 
effectively in ancient oceans—probably a group of swim-
mers. For decades paleontologists searched in vain for re-
mains of the conodont animal. Finally, in 1982, a worker 
who was examining fossil-bearing rocks of Early Carbon-
iferous age from Edinburgh, Scotland, came upon a fossil 
that represented an elongate, soft-bodied creature about 
4 centimeters (about 2.5 inches) long (Figure 3-35B); an 
apparatus of conodont elements was embedded in one 
end, representing a set of teeth. This find was recognized 
as the fossilized body of a conodont! The body was formed 
of a series of V-shaped bundles of muscles, like those of 
a lancelet (see Figure 3-34) or a modern fish. Two long 
fins supported by skeletal rays were attached along each 

FIGURE 3-35 Conodont elements (teeth) and the preserved 
body of a conodont. A. The conodont elements (teeth) are 
each about 1 millimeter long, and the animal (B) is about 4 
centimeters (2.5 inches) long. Its head faces to the right.  

(A, © The Natural History Museum, London/The Image Works;  
B, Image courtesy of Dr. J. K. Ingham, The Hunterian, University of 
Glasgow 2013.) 
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FIGURE 3-36 A coelacanth. This lobe-finned fish, which lives in 
moderately deep water, is about 1.5 meters (5 feet) long. (Tom 
McHugh/Science Source.)

water, however, and spent their early lives there. They 
grew legs as they matured and then moved onto the land. 
We see this pattern of development, known as metamor-
phosis, in living amphibians such as frogs, whose juve-
nile forms are tadpoles that swim with fishlike tails. Most 
kinds of early amphibians were more similar to salaman-
ders than to frogs, but many were much larger than mod-
ern salamanders. Some grew to the size of a large pig.

Reptiles evolved from amphibians by way of another 
major evolutionary step: the origin of eggs that had pro-
tective shells and could survive on dry land. This biologi-
cal innovation enabled reptiles to invade dry habitats—
habitats that had been inaccessible to amphibians because 
of their dependence on water for reproduction. Surviving 
reptiles include turtles, lizards, snakes, and crocodiles. 
Like fishes and amphibians, reptiles are ectothermic; 
that is, the environment exerts control over their internal 
body temperature.

Dinosaurs were previously considered to be reptiles, 
but are now recognized as representing a distinct group 
related to, and in fact ancestral to, birds. For this reason, 
reptiles are not a monophyletic group of organisms on the 
tree of life; they are an informal grouping that excludes 
certain of their descendants, such as birds, dinosaurs, and 
therapsids. In fact, dinosaurs have recently been found 
with feathers attached to their bodies. There is much evi-
dence that most dinosaurs were very active animals, not 
the slow, lumbering creatures often portrayed.

Birds evolved from a group of dinosaurs called the 
theropods during the Mesozoic Era. Birds are endother-
mic; that is, they control their body temperature inter-
nally. As we will see in Chapter 16, dinosaurs probably 
shared this feature with birds. In fact, all birds are for-
mally classified within the group Dinosauria because they 
evolved from theropod dinosaurs.

Therapsids evolved from reptiles and were ancestral to 
mammals (see Figure 3-10B). Living during late Paleozoic 

and early Mesozoic time, they were intermediate between 
reptiles and mammals. They stood more upright than rep-
tiles, and their teeth were more highly differentiated, but 
in neither their posture nor their tooth patterns were they 
as advanced as mammals. Therapsids may have resembled 
mammals in being hairy endothermic animals. Early in the 
Mesozoic Era, they shared the world with dinosaurs.

Mammals are separated from other vertebrates by 
a unique set of traits. Not only are mammals endother-
mic, but they have hair on their bodies for insulation and 
sweat glands for cooling when they become overheated. 
Most also bear live young and suckle them with sweat 
glands modified to secrete milk. The teeth of mammals 
are more highly differentiated than those of reptiles, 
having a variety of shapes and functions. Mammals also 
exhibit advanced features for locomotion. In particular, 
their legs are positioned fully beneath their bodies, rath-
er than extending out from the sides as those of reptiles 
do (Figure 3-37). Three groups of mammals occupy the 

FIGURE 3-37 Differences between reptiles and mammals in 
tooth and limb structure. A. The alligator has simple spikelike 
teeth, and its legs sprawl outward from its body. B. The lion has 
long “canine teeth” (the equivalent of “eyeteeth” in humans) 
near the front of its mouth, for slashing, and slicing teeth in the 
rear, for processing meat. Its legs are positioned beneath its 
body. (A, Nancy Nehring/Photodisc/Getty Images; B, S. R. Maglione/
Photo Researchers/Science Source.)
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What kinds of organisms constitute the protists?

Protists are a loose grouping of organisms with diverse 
characteristics. Protists include single-celled eukaryotes 
and fleshy algae, which are simple multicellular forms. 
Several groups of protists have important fossil records. 
Among them are three groups of floating algae that 
are major producers in the modern world (dinoflagel-
lates, diatoms, and coccolithophores) and two groups 
of amoeba-like forms with skeletons (foraminifera and 
radiolarians).

What are the major features of land plants?

The earliest plants to invade the land evolved from green 
algae and, like modern mosses, lacked vessels to conduct 
fluids through their tissues. Seedless vascular plants, in-
cluding ancient lycophytes and modern ferns, reproduce 
by means of spores released into the environment. The 
gymnosperms, which include conifers (cone bearers), 
and angiosperms (flowering plants) reproduce by means 
of seeds.

What are the major invertebrate groups of animals?

Animals that lack backbones are informally termed inver-
tebrates. The simplest of these, including sponges, do not 
have their cells organized into tissues. Cnidarians, which 
include corals, are among the simplest animals having tis-
sues. The entire Phanerozoic displays a rich fossil record 
of mollusks—especially of gastropods (snails), cephalo-
pods (relatives of the chambered nautilus), and bivalves 
(clams, scallops, and their relatives). Brachiopods survive 
in relatively low diversity today, but are the most conspic-
uous fossils in Paleozoic rocks. Bryozoans, or moss ani-
mals, are colonial creatures with an excellent fossil record 
that extends back to the Ordovician Period. Segmented 
worms were common as well, but mainly left behind trace 
fossils in the form of burrows. Ecdysozoans include ar-
thropods and onychophorans. The arthropods have an ex-
tensive fossil record, including the skeletons of trilobites 
and even a wide range of insect remains. Echinoderms—
marine deuterostomes with radial symmetry—have an 
excellent fossil record that includes free-living forms (es-
pecially sea urchins) and attached forms such as crinoids 
(sea lilies). Graptolites (a member of Hemichordata) are 
an extinct group of colonial marine organisms that have 
an important fossil record used to date rocks.

What are the relationships among the major vertebrate 
groups of the animals?

A variety of fishes evolved during the first half of the Pa-
leozoic Era, among them jawless groups as well as jawed 
groups that included armored forms; ray-finned forms, 
which include most living fish species; and lobe-finned 
forms, some of which gave rise to the first land-dwelling 
vertebrates (amphibians). Reptiles, whose hard-shelled 
eggs liberated them from reproduction in water, evolved 
from amphibians late in the Paleozoic Era. Before they 

modern world, all with histories extending back to the 
Mesozoic Era.

Monotreme mammals are a small group today, in-
cluding only the echidna and platypus. These creatures 
are unusual in retaining the ancestral trait of laying eggs, 
rather than giving birth to live young.

Marsupial mammals bear live young, but their off-
spring are tiny and immature at birth. They grow for a 
time in a pouch on the mother’s abdomen, where they 
also obtain their milk. Today most marsupials, including 
kangaroos, inhabit Australia, but many species of rela-
tively small body size occupy South America. Although 
marsupials were well represented in North America 
during the Cretaceous, today the only marsupial species 
native to North America is a member of the opossum 
family.

Placental mammals include the vast majority of liv-
ing mammal species, including humans. The newborn 
offspring of placental mammals are much larger and 
more mature than those of marsupials and do not spend 
their infancy in a pouch. Not until the Cenozoic Era, 
when the dinosaurs were gone, did the placentals expand 
to become the dominant large animals on all continents 
except Australia, where marsupials came to prevail in the 
absence of placental competitors.

CHaPTer suMMarY

What are fossils?

Fossils include hard parts of organisms, which have 
sometimes been chemically altered, and molds of those 
structures; they also include trace fossils, which are marks 
of activity, and impressions of soft parts.
How do scientists arrange organisms in taxonomic 
groups?

A group of closely related organisms is formally recog-
nized as a taxon. A species is a taxon, and scientists group 
species into higher taxa. The tree of life is produced by 
evolutionary branching. A species forms a single branch, 
and a cluster of branches, traceable to a single branching 
event, constitutes a higher taxon.
What are the three domains of life?

Organisms are divided into three domains. Two of 
these, the Archaea and Bacteria, are prokaryotic, differ-
ing from the other (eukaryotic) domain of organisms in 
lacking a nucleus and other structures found in the cells 
of eukaryotes. Eukarya is a third domain that contains 
both unicellular and multicellular organisms, divided 
into at least six main lineages. One of these lineages 
contains plants, and another contains animals and fungi. 
An informal grouping called protists is used to describe 
everything else in Eukarya that is not a land plant, an 
animal, or a fungus.
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died out, the dinosaurs gave rise to birds. Mammals 
evolved from reptiles by way of the therapsids, which 
were intermediate in form between the two groups.

reView QuesTiONs

1. What conditions favor the preservation of soft parts 
as fossils within sediment?
2. What are the three domains of the tree of life?
3. What major groups of Eukarya are important in the 
fossil record?
4. What is the value of derived traits for the recon-
struction of phylogenies?
5. How did the evolution of certain reproductive fea-
tures allow early plants to invade the land? Answer the 
same question for animals.
6. In what ways do animals participate in the repro-
duction of seed plants?

7. What is a colonial animal?
8. What kinds of animals are included among the 
arthropods? What kinds are included among the  
mollusks?
9. How do lobe-finned fishes differ from ray-finned 
fishes, and why were the ray-finned forms unlikely to 
give rise to terrestrial animals?
10. How do mammals differ from reptiles?
11. Which well-known group is ancestral to all living 
birds? What evidence in the fossil record supports this 
conclusion?
12. The history of life has been highlighted by evo-
lutionary innovations. Using the Visual Overview on 
pages 50–51 and what you have learned in this chapter, 
identify important evolutionary breakthroughs in the 
overall phylogeny of life that have distinguished new 
taxa from their predecessors, and explain the biological 
significance of each of the features that you identify.
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