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enlarged and heavily muscular, serving as hearts that pump the 
blood. An earthworm has five pulsating blood vessels on each 
side that help to move blood from the main dorsal vessel, the 
major pumping structure, to the ventral vessel.
 The excretory system of annelids consists of ciliated, 
 funnel-shaped nephridia like those of mollusks. Each segment has 
a pair of nephridia that collect wastes and transport them out of 
the body by way of excretory tubes. Some polychaetes have proto-
nephridia like the flame cells of planarians.

Annelida comprises two—or three—classes
The roughly 12,000 described species of annelids occur in 
many habitats. They range in length from as little as 0.5 mm to 
giant Australian earthworms more than 3 m long. Although 
traditionally annelids have been classified into classes Poly-
chaeta (mostly marine worms), Oligochaeta (mostly terrestrial 
worms, including earthworms), and Hirudinea (leeches), the 
monophyly of polychaetes is not well established.  The classifi-
cation of annelids may change in the near future, but we adopt 
the current two-class system of Polychaeta and Clitellata 
(which combines Oligochaeta and Hirudinea).

Class Polychaeta: Polychaetes 
Polychaetes include clamworms, scaleworms, lugworms, sea 
mice, tubeworms, and many others. Polychaetes are a crucial 
part of many marine food chains, and are extremely abundant 
in particular habitats. Some of these worms are beautiful, with 
unusual forms and iridescent colors (figure 34.15) .
 On most segments, a polychaete has paired, fleshy,  paddle-
like lateral projections called parapodia (see figures  34.13, 
34.15). The parapodia bear chaetae; the word polychaeta means 
“many chaetae.” Parapodia are used in swimming, burrowing, 
or crawling, and those of polychaetes that live in burrows or 
tubes may have chaetae with hooks that help anchor the worm. 
Parapodia can also play an important role in gas exchange be-
cause they greatly increase the surface area of the body, and in 
some species they bear or are even transformed into gill-
like structures.

nor is the posterior end of the worm, the pygidium. In embry-
onic development, the head and tail form first, and then seg-
ments form between them; if a worm is cut in pieces, generally 
only those parts containing either head or tail can regenerate 
the missing parts and the middle bits just die.
 Internally, the segments are divided from one another by 
partitions called septa, just as bulkheads separate the compart-
ments of a submarine. Each segment has a pair of excretory 
organs, a ganglion, and locomotory structure; in most marine 
annelids, each also has a set of reproductive organs.
 Although septa separate the segments, materials and bi-
ological signals  do pass between segments. A closed circula-
tory system carries blood the length of the animal, anteriorly 
in the dorsal vessel and posteriorly in the ventral one. Con-
nections from ventral to dorsal vessel in each segment bring 
the blood near enough to each cell so oxygen and food mole-
cules diffuse from the blood into the cells of the body wall, 
and carbon dioxide and other wastes diffuse from the cells 
into the blood. A ventral nerve cord connects the ganglia in 
each segment with one another and with the brain. These 
neural connections allow the worm to function as a unified 
and coordinated organism.

Annelids move by contracting their segments
The basic annelid body plan is a tube within a tube, the diges-
tive tract—extending from mouth to anus—passing through 
the septa, and suspended within the spacious coelom, which is 
surrounded by the body wall. Each portion of the digestive 
tract—pharynx, esophagus, crop, gizzard, and intestine—is spe-
cialized for a different function.
 The coelomic fluid creates a hydrostatic skeleton that 
gives each segment rigidity, like an inflated balloon (see 
chapter  47).  Annelid locomotion is effected by contraction of 
the circular and longitudinal muscles against the hydrostatic 
skeleton. When circular muscles are contracted around a seg-
ment, the segment decreases in diameter, so the coelomic fluid 
causes the segment to elongate. When longitudinal muscles are 
contracted, the segment shortens, so the coelomic fluid causes 
the segment to increase in diameter. Alternating these contrac-
tions and confining them to only some segments allows the 
worms to move in complex ways.
 In most annelid groups, each segment possesses bristles 
of chitin called chaetae (or setae—singular, seta or chaeta). By 
extending the chaetae in some segments so that they protrude 
into the substrate and retracting them in other segments, the 
worm can extend its body, but not slip (see figure 47.1).

Annelids have a common, closed circulatory 
system but a segmented excretory system 
Unlike arthropods and mollusks, except for cephalopods, an-
nelids have a closed circulatory system. Annelids exchange oxy-
gen and carbon dioxide with the environment through their 
body surfaces, although some nonterrestrial ones have gills 
along the sides of the body or at the anterior end. Gases (and 
food molecules) are distributed throughout the body in blood 
vessels. Some of the vessels at the anterior end of the body are 

Figure 34.15 A  polychaete. The shiny bristleworm Oenone 

fulgida. Notice chaete extending from the iridescent  parapodia.
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Figure 34.16 Giant tubeworms (Riftia pachyptila) living 
in deep-sea hydrothermal vents near the Galápagos. These 
tubeworms and associated animals (notice the small white crab) are 
an example of a community dependent on hydrogen sulfi de, rather 
than the Sun, as an energy source.

Earthworms. The body of a typical earthworm consists of 
100 to 175 similar segments. The head is not well differenti-
ated. An earthworm has no parapodia, and its chaetae (which 
are fewer than in polychaetes—the word oligochaeta means 
“few chaetae”) project directly from the body wall.
 Earthworms eat their way through the soil, ingesting it by 
muscular action of their strong pharynx; organic material is 
ground in the gizzard. What passes through an earthworm is de-
posited outside the opening of its burrow as castings that form 
irregular mounds. In this way, earthworms contribute to loosen-
ing, aeration, and enrichment of the soil. In view of their under-
ground lifestyle, it is not surprising that earthworms have no 
eyes. But they do have light-, chemo-, and touch-sensitive cells, 
most concentrated in segments near each end of the body—those 
regions most likely to encounter light or other stimuli.
 Earthworms are hermaphroditic, another way in which they 
differ from most polychaetes, but they cross-fertilize through mat-
ing (figure 34.17).  The clitellum secretes mucus that holds the 
worms together during copulation, their anterior ends pointing in 
opposite directions, their ventral surfaces touching. Sperm cells 
are released from pores in specialized segments of one partner into 
the sperm receptacles of the other, the process going in both direc-
tions simultaneously. Several days after the worms separate, the 
clitellum of each worm secretes a mucus cocoon, surrounded by a 
protective layer of chitin. As the worm moves, this sheath passes 
over the female pores of the body, receiving eggs and incorporat-
ing the deposited sperm so that fertilization takes place within the 
cocoon. When the cocoon passes over the end of the worm, its 
edges pinch together. Within the cocoon, the fertilized eggs de-
velop directly into young worms similar to adults.

Leeches. Most leeches live in fresh water, although a few are 
marine and some tropical leeches occupy terrestrial habitats. 
Dorsoventrally fl attened, most leeches are 2 to 6 cm long, but 
one tropical species reaches 30 cm. Like earthworms, leeches 
are hermaphroditic, but the clitellum develops only during the 
breeding season. Leeches also cross-fertilize.
 Unlike that of earthworms and polychaetes, the coelom 
of a leech is reduced and not divided into segments. The suck-
ers at one or both ends of a leech’s body are used for locomo-
tion and to attach to prey. A leech with suckers at both ends 
moves by attaching first one and then the other end to the sub-
strate, looping along. Many species are also capable of swim-
ming. Except for one species, leeches have no chaetae.

 Polychaetes can swim or crawl, and some are active 
predators with powerful jaws. Other polychaetes live in tubes 
or burrows of hardened mud, sand, mucuslike secretions, or 
calcium carbonate. Sedentary polychaetes may project feath-
ery tentacles that sweep the water for food, filter feeding; the 
tentacles may also serve as gills, exchanging gas. Some deep-
sea tubeworms such as  Riftia (figure 34.16)  are gutless as adults. 
Projections from the body of these worms house sulfur-oxidiz-
ing bacteria that synthesize organic compounds used by the 
worm. These worms aggregate near hydrothermal vents 
where sulfur is plentiful and can grow to more than a meter 
in length.
 Most polychaetes are gonochoric. Gametes typically are 
released into the water, where fertilization occurs externally. 
Many polychaetes have gonads in most segments, but in some 
groups, gonads are confined to certain segments. In palolo 
worms and their relatives, these segments are at the end of the 
body; spawning involves the end of the worm breaking off and 
swimming to the surface of the sea, where it ruptures, releasing 
the gametes. The gamete-filled terminal parts of palolo worms 
are considered delicacies by some people in the South Pacific.
 Fertilization results in spiral cleavage followed by the 
production of ciliated, mobile trochophore larvae similar to 
that of mollusks. Metamorphosis of a trochophore involves dif-
ferentiation of a head and tail end, with development of seg-
ments in between, from a posterior growth zone.

Class Clitellata: Earthworms and leeches
Some authorities still consider earthworms to belong to class Oli-
gochaeta and leeches to class Hirudinea, but most now put earth-
worms and leeches into a single class, although, confusingly, it 
sometimes may be called Oligochaeta. More often it is called Cli-
tellata, because of the feature that unites these seemingly quite 
different animals, the clitellum—a thickened band on the body, 
which is the familiar “saddle” of an earthworm (see figure 34.14). 

Figure 34.17 Earthworms mating. The anterior ends are 
pointing in opposite directions.
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Figure 34.18 A leech. Hirudo medicinalis, the medicinal 
leech, feeding on a human arm. Leeches use chitinous, bladelike 
jaws to make an incision to access blood; they secrete an 
anticoagulant to keep the blood from clotting. Both the 
anticoagulant and the leech itself have made important 
contributions to modern medicine.

 About half the known species of leeches eat detritus or de-
vour small animals. The others suck blood or other fluids from 
their hosts (figure 34.18).  Such a leech secretes an anticoagulant 
into the wound to prevent the blood from clotting, and vasodila-
tors to keep the blood flowing; the leech’s powerful pharynx pumps 
the blood out quickly once a hole has been opened. Anesthetics 
injected into the prey prevent the leech from being noticed while 
piercing the skin; they are usually detected only after detaching, 
when blood starts to flow from the wound. Freshwater parasitic 
leeches may remain on their hosts for long periods, sucking the 
host’s blood from time to time. Leeches detect prey by sensing 
gradients of carbon dioxide in the environment. In some tropical 
forests, a few seconds after you stop on a trail, you can see dozens 
of leeches approaching you from all directions!
 One of the best-known species, the medicinal leech Hirudo 
medicinalis (see figure 34.18), reaches 10 to 12 cm long, and has 
bladelike, chitinous jaws that can rasp through an animal’s skin. 
Leeches were used in medicine for hundreds of years to treat 
patients whose diseases were mistakenly believed to be caused by 
an excess of blood. Today, leeches are used to remove excess 
blood after surgery or to keep blood from coagulating in severed 
appendages that have been reattached. Accumulations of blood 
can cause the tissue to die; when leeches remove such blood, new 
capillaries form in about a week, and the tissues remain healthy. 
The anticoagulant and anesthetic properties of the leech are also 
being investigated by pharmaceutical companies.

 Learning Outcomes Review 34.3
Annelids generally exhibit segmentation. Each segment has its own 
excretory and locomotor elements; circular and longitudinal muscles in 
segments cause the body to extend and contract, respectively. Worms 
of class Polychaeta, which are mostly marine, have parapodia on their 
segments. Leeches and earthworms were formerly in separate classes, but a 
major morphological similarity, the clitellum, has been used to group them 
into a single class, Clitellata.

 ■ What would be the advantages of having nervous and 
circulatory systems that serve the entire body instead of 
segmented systems?

Learning Outcomes 
Describe the lophophore and its function.1. 
Distinguish between bryozoans and brachiopods. 2. 

Two phyla of mostly marine animals—Bryozoa and 
Brachiopoda —are characterized by a lophophore  , a circular or 
U -shaped ridge around the mouth bearing one or two rows of 
ciliated tentacles into which the coelom extends. The loph-
ophore functions as a surface for gas exchange, and the cilia of 
the  loph o phore serve to guide organic detritus and plankton on 
which the animal feeds to the mouth. Because of the lophophore, 
bryozoans and brachiopods have been considered related to 
one another, but some recent data indicate that the structures 
may have evolved convergently.
 Brachiopods share some features with protostomes and 
others with deuterostomes. Cleavage in both brachiopods and 
bryozoans is mostly radial, as in deuterostomes. The formation 
of the coelom varies. In phoronids (once considered a phylum 
on their own but now considered part of Brachiopoda), the 
mouth forms from the blastopore (a feature of protostomes), 
whereas in the rest of brachiopods and in the bryozoans, it 
forms from the end of the embryo opposite the blastopore (a 
feature of deuterostomes). Molecular evidence allies lophophor-
ates with protostomes. Because of the discrepancies between 
anatomical and developmental characters and molecular char-
acters, the phylogeny of these animals continues to be a fasci-
nating puzzle.

The bryozoans, phylum Bryozoa, are the only 
exclusively colonial animals
Bryozoans (phylum Bryozoa or Ectoprocta) are small—usually 
less than 0.5 mm long—and live in colonies that look like patches 
of moss on the surfaces of submerged objects (figure 34.19).  

34.4 The Lophophorates: Bryozoa 
and Brachiopoda
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Figure 34.19 Bryozoans 
(phylum Bryozoa). a. This 
drawing depicts a small portion 
of a colony of the freshwater 
bryozoan genus Plumatella, 
which grows on rocks. The 
individual at the left has a fully 
extended lophophore. The tiny 
individuals disappear into the 
zoecium when disturbed. 
b. Plumatella repens, another 
freshwater bryozoan.

Their common name, “moss-animals,” is a direct translation of 
the Latin word bryozoa. The digestive system is U -shaped, with 
the anus opening near the mouth, as in many sessile animals. The 
alternative name Ectoprocta refers to the location of the anus 
(proct) outside the ring of the lophophore.
 The 4000 species of bryozoans include both marine and 
freshwater forms. Each individual bryozoan—a zooid—secretes 
a tiny chitinous chamber called a zoecium   (plural, zoecia) that is 
attached to rocks or other substrates such as the leaves of marine 
plants and algae. Calcium carbonate is deposited in the wall of a 
zoecium in many marine bryozoans, and in early geological 
times, bryzoans formed reefs just as corals do today. A zooid can 
divide or bud to create asexually another zooid beside the exist-
ing one so one wall of the new zooid’s zoecium is shared with that 
of the existing one; this expanding group of zoecia constitutes a 
colony. Individuals in the colony communicate chemically 
through pores between the zoecia. Not all zoecia of a colony may 
be identical; some are specialized for functions such as feeding, 
reproduction, or defense.

The brachiopods and phoronids, phylum 
Brachiopoda, are solitary lophophorates
Brachiopods,   or lamp shells, superficially resemble clams be-
cause they have two calcified valves (figure 34.20).  Recall that 
the shells of bivalves are lateral, but in brachiopods, the valves 
are dorsal and ventral. Many species attach to rocks or sand by 
the pedicle (a stalk) that protrudes through an opening in one 
shell, whereas in others one valve is cemented to the substrate 
and the animal lacks a pedicle. The lophophore lies on the body, 
between the shells. The gut in some brachiopods is U -shaped, 
as in bryozoans, whereas in others there is no anus at all.
 Slightly more than 300 species of brachiopods exist today, 
but more than 30,000 fossil species are known. Because bra-
chiopods were common in the Earth’s oceans for millions of 
years and because their shells fossilize readily, many are used as 
index fossils, defining a particular geological period or sedi-
ment type.

Figure 34.20 Brachiopods (phylum Brachiopoda). a. All 
the body structures except the pedicle lay within two calcifi ed 
shells, or valves. b. The brachiopod Terebratulina septentrionalis is 
slightly opened so the lophophore is visible.
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Figure 34.21 Phoronids. A phoronid lives in a chitinous 
tube that the animal secretes. The lophophore consists of two 
horseshoe-shaped ridges of tentacles and can be withdrawn into the 
tube when the animal is disturbed.

 Each phoronid (figure 34.21)  secretes a chitinous tube 
around itself from which it can extend its lophophore to feed. 
The animal quickly withdraws into the tube when disturbed, as 
some polychaete worms do. Only about 10 phoronid species are 
known, ranging in length from a few millimeters to 30 cm. Indi-
viduals of some species lie buried in sand; others are attached to 
rocks, either singly or in groups, forming loose colonies.

Learning Outcomes Review 34.4
The two phyla of lophophorates probably share a common ancestor, and 
they show a mixture of protostome and deuterostome characteristics. The 
lophophore is a characteristic feeding and exchange structure with ciliated 
tentacles. Bryozoans are exclusively colonial, whereas brachiopods and 
phoronids are solitary. Brachiopods have two shells with dorsal and ventral 
valves, not lateral.

 ■ How is a U -shaped digestive tract an advantage to 
bryozoans and brachipods?

34.5 Phylum Arthropoda: 
The Arthropods 

Learning Outcomes
Name the key features of arthropods.1. 
List the four extant classes of arthropods and a 2. 
characteristic that distinguishes them from one another.
Describe the advantages and drawbacks of 3. 
an exoskeleton. 

Arthropods are by far the most successful of all animals 
(table 34.1) . Well over 1,000,000 species—about two-thirds 
of all the named species on Earth— are members of the phy-
lum Arthropoda   (figure 34.22) . One scientist recently esti-
mated that insects alone may comprise as many as 30 million 
species. About 200 million individual insects are alive at any 
time for each human! Insects (see figure 34.22) and other ar-
thropods abound in every habitat on the planet, but there are 
few marine insects. Members of the phylum are small, gener-
ally a few millimeters in length, but adults range in size from 
about 80 μm long (some parasitic mites) to 3 m across (Japa-
nese spider crabs).
 Arthropods are of enormous economic importance, af-
fecting all aspects of human life. They pollinate crops and are 
valuable as food for humans and other animals, but they also 
compete with humans for food and damage crops. Diseases 
spread by insects and ticks  strike every kind of plant and animal, 
including human beings. Insects are by far the most important 
herbivores in terrestrial ecosystems: virtually every kind of 
plant is eaten by one or more species.
 Although our understanding of the phylogenetic rela-
tionships among the groups of arthropods and their relation-
ships to other animals may shift with new findings, taxonomists 
currently recognize four extant classes (a fifth, the trilobites, is 
extinct): chelicerates, crustaceans, hexapods, and myriapods. 
Mouthparts of chelicerates are chelicerae (pincers), whereas 
those of the other three classes are mandibles (biting jaws). 
Mandibles are inferred to have arisen (probably from a pair of 
limbs) in the common ancestor of crustaceans, hexapods, and 
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Arthropods are a 
successful group. About 
two-thirds of all named species 
are arthropods. About 80% of 
all arthropods are insects, and 
about half of the named species 
of insects are beetles.

myriapods, which means that these groups are more closely 
related to one another than any of them is to  chelicerates.

Arthropods exhibit key features 
and organ systems
Part of arthropod success is explained by the modularity of the 
segmented body, the exoskeleton, and the jointed appendages. 
The advantages of segmentation were discussed in the section 
on annelids. A hard exoskeleton confers protection against 
predators, but it acts something like a straight-jacket, restrict-
ing motion. Joints in the appendages maintain protection while 
providing some flexibility. With this system, arthropods have 
developed many efficient modes of locomotion, both in the 
oceans, where they originated, and on land, which they colo-
nized early in the Devonian period.

Segmentation
In members of some classes of arthropods, many body segments 
look alike. In others, the segments are specialized into func-
tional groups, or tagmata (singular, tagma), such as the head, 
thorax, and abdomen of an insect (figure 34.23).  The fusion of 
segments, known as tagmatization, is of central importance in 

T A B L E  3 4 . 1 Major Groups of the Phylum Arthropoda
Class Characteristics Members

Chelicerata Mouthparts are chelicerae (pincers or fangs). Spiders, mites, ticks, scorpions, daddy long-legs, 

horseshoe crabs

Crustacea Mouthparts are mandibles; appendages are biramous (“two-branched”); the head has two 

pairs of antennae.

Lobsters, crabs, shrimps, isopods, barnacles

Hexapoda Mouthparts are mandibles; the body consists of three regions: a head with one pair of 

antennae, a thorax, and an abdomen; appendages are uniramous (“single-branched”).

Insects (beetles, bees, flies, fleas, true bugs, 

grasshoppers, butterflies, termites), springtails

Myriapoda Mouthparts are mandibles; the body consists of a head with one pair of antennae, and 

numerous segments, each bearing paired uniramous appendages.

Centipedes, millipedes 

Figure 34.23 Phylum Arthropoda. This bee, like all 
insects and other arthropods, has a segmented body and jointed 
appendages. An insect body is composed of three tagmata: head, 
thorax, and abdomen. All arthropods have an exoskeleton made of 
chitin. Some insects evolved wings that permit them to fl y.

the evolution of arthropods. Typically, the segments can be dis-
tinguished during larval development, but fusion in develop-
ment obliterates them. All arthropods have a distinct head; in 
many crustaceans and chelicerates, head and thorax fuse to 
form the cephalothorax,   or prosoma.

An exoskeleton
The rigid external skeleton, or exoskeleton, is made of chitin 
and protein. In any animal, the skeleton provides antagonism 
for muscles (and in many animals, a surface for muscle attach-
ment), support for the body, and protection against physical 
forces. The arthropod exoskeleton protects against water loss, 
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point, or inhibitor, for various actions, rather than a stimulator, 
as it is in vertebrates.
 Compound eyes (figure 34.25)  occur in many insects, 
crustaceans, centipedes, and the extinct trilobites. They are 
composed of hundreds or more independent visual units called 
ommatidia (singular, ommatidium), each covered with a lens 
and including a complex of eight retinular cells and a light-
sensitive central core, the rhabdom.   Simple  eyes, or ocelli (sin-
gular, ocellus) with single lenses, occur in some arthropods 
including those with compound eyes. Ocelli distinguish light 
from darkness. The ocelli of locusts and dragonflies function as 
horizon detectors to help the insect visually stabilize flight.

Respiratory system
Marine arthropods such as crustaceans have gills, and marine 
chelicerates (such as horseshoe crabs) have book gills, flaps un-
der the prosoma that appear to have evolved from legs. Some 
tiny arthropods lack any structures for exchanging oxygen, and 
their outer epithelium or gut have a respiratory function.
 The respiratory system of most terrestrial arthropods 
consists of small, branched, cuticle-lined ducts called 
tracheae (singular, trachea) (figure 34.26)  (the lining of which 
is shed at ecdysis). Tracheae ultimately branch into very small 
tracheoles, which are in direct contact with individual cells, 

which was a powerful advantage in insects colonizing land. As 
you learned in chapter 3, chitin is chemically similar to cellu-
lose, the dominant structural component of plants, and shares 
with it properties of toughness and flexibility. The chitin and 
protein of an arthropod exoskeleton provide a covering that is 
very strong while being capable of flexing in response to the 
contraction of muscles attached to it. 
 An exoskeleton has inherent limitations. As arthropods 
increase in size, their exoskeletons must get disproportion-
ately thick to bear the pull of the muscles. If beetles were as 
large as eagles, or crabs the size of cows, the exoskeleton 
would be so thick that the animal would be unable to move its 
great weight. Few terrestrial arthropods weigh more than a 
few grams, but aquatic ones can be heavier because water, be-
ing denser than air, provides more support. Another limita-
tion is that, because the body is encased in a rigid skeleton, 
arthropods periodically must undergo ecdysis, or molting. 
Controlled by ecdysteroid hormones (chapter 46), molting 
was explained in chapter 32. The anterior and posterior re-
gions of the digestive tract as well as the compound eyes are 
covered with cuticle and therefore are also shed at ecdysis. 
The animal is especially vulnerable during molting while the 
exoskeleton is soft,  and it may hide from predators until the 
new exoskeleton hardens.

Jointed appendages
The name arthropod means “jointed feet”; all arthropods have 
jointed appendages. Appendages may be modified into anten-
nae, mouthparts of various kinds, or legs.
 One advantage of jointed appendages is that they can be 
extended and retracted by bending. Imagine how difficult life 
would be if your arms and legs could not bend! In addition, 
joints serve as a fulcrum, or stable point, for appendage move-
ment, so leverage is possible. A small muscle force on a lever 
can produce a large movement; for example, extending your 
lower arm takes advantage of the fulcrum of the elbow. A small 
contraction distance in your muscles moves your hand through 
a large arc.

Circulatory system
The circulatory system of arthropods is open. The principal 
component of an insect’s circulatory system is a longitudinal 
muscular vessel called the heart, which is near the dorsal sur-
face of the thorax and abdomen (figure 34.24) . When the 
heart contracts, blood is pumped anteriorly. From there it 
gradually flows through the spaces between the tissues toward 
the posterior end. When the heart relaxes, blood returns to it 
from those spaces through one-way valves in the posterior re-
gion of the heart.

Nervous system
The central feature of the arthropod nervous system is a double 
chain of segmented ganglia along the animal’s ventral surface 
(see figure 34.24). At the anterior end of the animal are three 
fused pairs of dorsal ganglia, which constitute the brain; how-
ever, ventral ganglia (generally a pair per segment) control 
much of the animal’s activities. Therefore, an arthropod can 
carry out functions such as eating, moving, and copulating even 
if the brain has been removed. The brain seems to be a control 

Figure 34.24 A  Grasshopper (order Orthoptera). This 
grasshopper illustrates the major structural features of the insects, 
the arthropod group with the greatest number of species.
 a. External anatomy. b. Internal anatomy.
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Figure 34.25 The compound eye. The compound eyes in 
insects are complex structures composed of many independent 
visual units called ommatidia.

Excretory system
Various kinds of excretory systems occur in arthropods. In 
aquatic arthropods, much of the waste may diffuse from the 
blood in the gills.
 Malpighian tubules, which occur in terrestrial insects, 
myriapods, and chelicerates, are slender projections from the 
digestive tract attached at the junction of the midgut and 
hindgut (see figures 34.23, 34.24  ). Fluid passes through the 
walls of the Malpighian tubules to and from the blood in which 
the tubules are bathed. Nitrogenous wastes are precipitated as 
concentrated uric acid or guanine, emptied into the hindgut, 
and eliminated. Most of the water and salts in the fluid are re-
absorbed by the hindgut and rectum to be returned to the ar-
thropod’s body. This efficient conservation of water by 
Malpighian tubules was another key adaptation facilitating in-
vasion of the land by arthropods. 

Class Chelicerata includes spiders, 
mites,  ticks, and horseshoe crabs
In the class Chelicerata, with some 57,000 species, the most 
anterior appendages, called chelicerae (singular, chelicera), may 
function as fangs or pincers. The body of a chelicerate is di-
vided into two tagmata: the anterior prosoma, which bears all 
the appendages, and the posterior opisthosoma, which con-
tains the reproductive organs. Chelicerates include familiar 
largely terrestrial arthropods such as spiders, ticks, mites, scor-
pions, and daddy long-legs. However, 4000 known species of 
mites and one species of spider live in freshwater habitats, and 
a few mites live in the sea. Exclusively marine groups of chelic-
erates are horseshoe crabs and sea spiders.
 In addition to a pair of chelicerae, a chelicerate has a pair 
of pedipalps, and four pairs of walking legs on its prosoma. 
The pedipalps (often simply called palps) resemble legs but 
have one fewer segment and are not used for locomotion. In 
male spiders, the pedipalps are copulatory organs; in scorpions, 
they are large pincers; and in most other chelicerates, they are 
sensorial, acting like the antennae of other arthropods.
 Most chelicerates are carnivorous, but mites are largely 
herbivorous. Aside from the daddy long-legs, which can ingest 
small particles, most cannot consume solid food. They subsist on 
liquids, including solid food that they liquefy by injecting with 
digestive enzymes and then suck up with the muscular pharynx.
 Horseshoe crabs comprise four species that live off the 
North American Atlantic coast and in Southeast Asia. Sea spi-
ders are such strange marine animals that some authorities ex-
clude them from the Chelicerata. Most are small, but some can 
reach 150 mm or so across; many live in association with other 
marine animals, such as hydroids.

Order Araneae: Spiders
The 35,000 named species of spiders (order Araneae) play a ma-
jor role in virtually all terrestrial ecosystems. They are particu-
larly important as predators of insects and other small animals. 
Spiders hunt their prey or catch it in silk webs of remarkable 
diversity. Silk is formed from a fluid protein that is forced out of 
spinnerets on the posterior portion of the spider’s abdomen. 
Trap-door spiders construct silk-lined burrows with lids, seizing 

allowing oxygen and carbon dioxide to diffuse across the plas-
ma membranes. Because insects depend on the respiratory 
system rather than the circulatory system to carry oxygen to 
their tissues, all parts of the body must be near a respiratory 
passage. Along with the weight of the exoskeleton, this places 
severe limitations on arthropod size.
 Air passes into the tracheae through openings in the exo-
skeleton called spiracles (see figures 34.23, 34.24, and 34.26), 
which, in most insects, can be opened and closed by valves. The 
ability to prevent water loss by closing the spiracles was a key 
adaptation that facilitated the arthropod invasion of land.
 Many spiders have book lungs instead of or in addition to 
tracheae. A book lung is a series of leaflike plates within a 
chamber into which air is drawn and from which it is expelled 
by muscular contraction.

Figure 34.26 Tracheae and tracheoles. Tracheae and 
tracheoles are connected to the exterior by openings called spiracles 
and carry oxygen to all parts of a terrestrial insect’s body.
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pepoda; figure 34.28)  are among the most abundant multicel-
lular organisms on Earth . A small number are terrestrial, 
including about half the estimated 4500 species of order Iso-
poda, the pillbugs; and some sand fleas or beach fleas (order 
Amphipoda) are semiterrestrial.
 Some crustaceans (such as lobsters and crayfish) are val-
ued as food for humans; planktonic crustaceans (such as krill) 
and larval crustaceans, which are abundant in the plankton, 
are the primary food of baleen whales and many smaller ma-
rine animals.

Crustacean body plans
A typical crustacean has three tagmata; the anteriormost 
two—the cephalon and thorax—may fuse to form the cepha-
lothorax (figure 34.29) . Most crustaceans have two pairs of 
antennae, three pairs of appendages for chewing and manipu-
lating food, and various pairs of legs. Crustacean appendages, 
with the possible exception of the first pair of antennae, are 
biramous (“two-branched”). Crustaceans differ from hexa-
pods, but resemble myriopods, in having appendages on their 
abdomen as well as their thorax. They are the only arthropods 
with two pairs of antennae.
 Large crustaceans have feathery gills for respiration near 
the bases of their legs (see figure 34.29). Oxygen extracted 
from the gills is distributed through the circulatory system. In 
smaller crustaceans, gas exchange takes place directly through 
the thinner areas of the cuticle or the entire body. 

Crustacean reproduction
Nearly all crustaceans except barnacles are gonochoric. Many kinds 
of copulation occur, and the members of some groups carry their 
eggs, either singly or in egg pouches, until they hatch. Crustaceans 
develop through a nauplius (plural, nauplii) stage (figure  34.30) . 
The nauplius hatches with three pairs of appendages and under-
goes metamorphosis through several stages before reaching ma-
turity. In many groups, this nauplius stage is passed in the egg, 
and the hatchling resembles a miniature adult.

their prey as it passes by. Spiders such as the familiar wolf spi-
ders and tarantulas hunt rather than spin webs.
 All spiders have poison glands with channels through their 
chelicerae, which are pointed and are used to bite and paralyze 
prey. The bites of some, such as the western black widow 
(Latrodectus hesperus) and brown recluse (Loxosceles reclusa) 
(figure  34.27) , can be fatal to humans and other large mammals.

Order Acari: Mites and ticks
The order Acari is the most diverse of the chelicerates. About 
30,000 species of mites and ticks have been named, but scien-
tists estimate that more than a million members of this order 
may exist. Acarines are found in virtually every habitat; they 
feed on a variety of organisms as predators and parasites.
 Most mites are less than 1 mm long, but adults range 
from 100 nm to 2 cm. In most mites, the cephalothorax and 
abdomen are fused into an unsegmented, ovoid body. Respira-
tion is by means of tracheae or directly through the body sur-
face. Many mites pass through several stages during their life 
cycle. In most, an inactive eight-legged prelarva gives rise to an 
active six-legged larva, which, in turn, produces a succession of 
three eight-legged stages, and, finally, the adult.
 Ticks are parasites that attach to the surface of humans 
and other animals, causing discomfort by sucking blood. Ticks, 
which are larger than most other members of the order, can 
carry disease-causing agents. For example, Rocky Mountain 
spotted fever is caused by bacteria; Lyme disease is caused by 
spirochaetes; and red-water fever, or Texas fever, is an important 
tick-borne protozoan disease of cattle, horses, sheep, and dogs. 

Class Crustacea includes crabs, 
shrimps, lobsters, and pill bugs
The crustaceans (class Crustacea) comprise some 35,000 spe-
cies of largely marine organisms, such as crabs, shrimps, lob-
sters, and barnacles. However, some groups, such as crayfish, 
occur in freshwater, and some crabs and copepods (order Co-

Figure 34.27 Two common poisonous spiders. a. The 
southern black widow, Latrodectus mactans. b. The brown recluse 
spider, Loxosceles reclusa. Both species are common throughout 
temperate and subtropical North America.

Figure 34.28 Freshwater crustacean. A copepod with 
attached eggs. Members of the marine and freshwater order 
Copepoda are important components of the plankton. Most are a 
few millimeters long.
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figure 34.29). When a lobster or crayfish contracts its abdomi-
nal muscle, the uropods and telson push water anteriorly, pro-
pelling the animal posteriorly through the water rapidly and 
forcefully. It is this very large muscle that constitutes the “lob-
ster tail” so valued by human diners!
 One difference between crabs and lobsters is that the crab 
carapace is relatively much broader and the abdomen is just a 
small vestige tucked under the cephalothorax. The abdomen of 
a male crab is much narrower than that of a female of the same 
species and size (figure 34.31) : the female carries her eggs at-
tached to appendages of the abdomen between it and the tho-
rax. A female with eggs is said to be “in berry.”

Sessile crustaceans: Barnacles
Barnacles (order Cirripedia; figure 34.32)  are sessile as adults. 
At the end of its larval life, a barnacle nauplius attaches by its 

 The nauplius larva is characteristic of Crustacea, provid-
ing evidence that all members of this diverse group descended 
from a common ancestor that had a nauplius in its life cycle. The 
sessile barnacles, with their shell-like exoskeleton, had been 
thought to be related to mollusks until they were  discovered to 
have a nauplius larva. More recently, the wormy pentastomids, 
which parasitize the respiratory tracts of vertebrates, were de-
termined to be crustaceans in part through their nauplii (recall 
from chapter 32 that parasites may become  morphologically 
simplified and so can be difficult to place phylogenetically).

Decapod crustaceans: Shrimps, 
lobsters, crabs, and crayfish
Large, primarily marine crustaceans such as shrimps, lobsters, and 
crabs, along with their freshwater relatives, the crayfish, belong to 
order Decapoda (see figure 34.29), which means “ten-footed” be-
cause of their five pairs of thoracic appendages. The exoskeleton 
of most is reinforced with calcium carbonate. The cephalothorax 
is covered by a dorsal shield, or carapace, which arises from the 
head. The pincers of many decapod crustaceans are used in ob-
taining food—for example, by crushing mollusk shells.
 In lobsters and crayfish, appendages called swimmerets 
that occur along the ventral surface of the abdomen are used in 
reproduction and swimming. At the posterior end of the abdo-
men, paired flattened appendages known as uropods form a 
kind of paddle between which is a telson, a tail spine (see 

Figure 34.30 
The nauplius larva. 
The nauplius of a 
crustacean is an 
important unifying 
feature found in 
members of this group. 

Figure 34.29 Decapod crustacean. Ventral view of 
a lobster, Homarus americanus, with some of its principal 
features labeled.

Figure 34.32 Gooseneck barnacles, Lepas 
anatifera. These barnacles are fi lter feeding, which they do by 
sweeping their jointed legs through the water, gathering small 
particles of food. These are stalked barnacles; others lack a stalk.

Figure 34.31 Cephalothorax.  The cephalothorax of a 
Chesapeake Bay blue crab (Callinectes sapidus).  
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Order: Coleoptera

individual insects are alive at any one time. A glimpse into the 
enormous diversity of insects is presented in figure 34.33  and 
table 34.2.   

External features
Insects are primarily terrestrial, and aquatic insects probably 
had terrestrial ancestors. Most are small, ranging from 0.1 mm 
to about 30 cm in length or wingspan. Insect mouthparts all 
have the same basic structure; modifications reflect feeding 
habits (figure 34.34) . Most insects have compound eyes, and 
many also have ocelli.
 An insect body has three regions: the head, thorax, and 
abdomen (see figures 34.23, 34.24). The thorax consists of three 
segments, each with a pair of legs, which accounts for the name 
of the group, hexa (six) and poda (legs). Legs are absent in the 
larvae of certain groups—for example, most flies (order Dip-
tera) and mosquitoes (figure 34.35) . In addition, an insect may 
have one or two pairs of wings, which are not homologous to 
the other appendages, and which attach to the middle and pos-
terior segments of the thorax (see figure 34.23). The wings, 
which consist of chitin and protein, arise as saclike outgrowths 
of the body wall; wings of moths and butterflies are covered 
with detachable scales that provide most of their bright colors 

head to a piling, rock, or other submerged object, metamor-
phoses, grows calcareous plates around it, and spends the rest of 
its life capturing food with its jointed, feathery legs. The her-
maphroditic state of barnacles is thought to be related to their 
sessility. Barnacles have the longest penis in the animal king-
dom, relative to their size, which enables these sessile animals 
to cross-fertilize.  

Class Hexapoda comprises the insects
The insects, members of class Hexapoda,   are by far the largest 
group of animals on Earth, in terms of number of species and 
number of individuals. Insects live in every habitat on land and 
in fresh water, but very few have invaded the sea. More than 
half of named animal species are insects, and the actual propor-
tion may be higher because millions of forms await detection, 
classification, and naming.
 Approximately 90,000 described species occur in the 
United States and Canada; the actual number probably ap-
proaches 125,000. A hectare of lowland tropical forest is esti-
mated to be inhabited by as many as 41,000 species of insects, 
and many suburban gardens may have 1500 or more species. It 
has been estimated that approximately a billion billion  (1018) 

Figure 34.33 Insect diversity. a. Luna moth, Actias luna. Luna moths and their relatives are among the most spectacular insects 
(order Lepidoptera). b. A thorn-shaped treehopper, Umbonia crassicornis (order Homoptera). c. Boll weevil, Anthonomus grandis. Weevils are one 
of the largest groups of beetles (order Coleoptera). d. Soldier fl y, Ptecticus trivittatus (order Diptera). e. Lubber grasshopper, Romalea guttata 
(order Orthoptera). f.   Termites, like ants, have several castes with individuals specialized for different tasks. The individual on the left is a 
soldier; its large jaws aid in defending the colony. 
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T A B L E  3 4 . 2 Major Orders of Insects

Order Typical Examples Key Characteristics

Approximate 
Number 

of Named Species

Coleoptera Beetles Two pairs of wings, the front one hard, protecting the rear one; heavily armored 

exoskeleton; biting and chewing mouthparts. Complete metamorphosis. The most 

diverse animal order.

350,000

Diptera Flies Front flying wings transparent; hindwings reduced to knobby balancing organs 

called halteres. Sucking, piercing, or lapping mouthparts; some bite people and other 

mammals. Complete metamorphosis.

120,000

Lepidoptera Butterfl ies, moths Two pairs of broad, scaly, flying wings, often brightly colored. Hairy body; tubelike, 

sucking mouthparts. Complete metamorphosis.

120,000

Hymenoptera Bees, wasps, ants Two pairs of transparent flying wings; mobile head and well-developed compound 

eyes; often possess stingers; chewing and sucking mouthparts. Many social. Complete 

metamorphosis.

100,000

Hemiptera and Homoptera True bugs, 

bedbugs, 

leafhoppers, 

aphids, cicadas

Wingless or with two pairs of wings; piercing, sucking mouthparts, with which some 

draw blood, some feed on plants. Simple metamorphosis.

60,000

Orthoptera Grasshoppers, 

crickets

Wingless or with two pairs of wings; among the largest insects; biting and chewing 

mouthparts in adults. Third pair of legs modified for jumping. Simple metamorphosis.

20,000

Odonata Dragonfl ies Two pairs of transparent flying wings that cannot fold back; large, long, and slender 

body; chewing mouthparts. Simple metamorphosis.

5000

Isoptera Termites Two pairs of wings, but some stages wingless; chewing mouthparts; simple 

metamorphosis. Social organization: labor divided among several body types. Some 

are among the few types of animals able to digest wood. Complete metamorphosis.

2000

Siphonaptera Fleas Wingless; flattened body with jumping legs; piercing and sucking mouthparts. Small; 

known for irritating bites. Complete metamorphosis.

1200

Figure 34.34 
Mouthparts in three kinds 
of insects. Mouthparts are 
modifi ed for (a) piercing in this 
mosquito of the genus Culex; 
(b) sucking nectar from fl owers 
in the alfalfa butterfl y of the 
genus Colias; and (c) sopping up 
liquids in the housefl y, Musca 

domestica.
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 In many winged insects, tracheae are dilated in various 
parts of the body, forming air sacs, which are surrounded by 
muscles to form a kind of bellows system that forces air deep 
into the body. The spiracles through which air enters the tra-
cheal system are located on or between the segments along 
the sides of the thorax and abdomen. In most insects, the spir-
acles can be opened by muscular action. In some parasitic and 
aquatic groups of insects, the spiracles are permanently closed. 
In these groups, the tracheae are just below the surface of the 
insect, and gas exchange takes place by diffusion.

Sensory receptors
In addition to eyes, insects have several characteristic kinds of 
sense receptors. Sensory setae are hairlike structures that are 
widely distributed over the body. They are sensitive to mechan-
ical and chemical stimulation and are linked to nerve cells. They 
are particularly abundant on the antennae and legs, the parts of 
the insect most likely to come into contact with other objects.
 Sound, which may be of vital importance to insects such 
as grasshoppers, crickets, cicadas, and some moths, is detected 
by a thin membrane, each called a tympanum (see figure 34.24), 
associated with the tracheal air sacs. In other groups of insects, 
sound waves are detected by sensory hairs. Male mosquitoes 
use thousands of sensory hairs on their antennae to detect 
sounds made by the vibrating wings of female mosquitoes.
 In addition to sound, nearly all insects communicate by 
means of chemicals known as pheromones   . These extremely 
diverse compounds are sent forth into the environment, where 
they convey a variety of messages, including mating signals and 
trail markers.

Insect life histories
During the course of their development, many insects undergo 
metamorphosis.    For those such as grasshoppers, in which im-
mature individuals are quite similar to adults, a series of molts 
results in an individual gradually getting bigger and more de-
veloped; this is termed simple metamorphosis. Those such as 
moths and butterflies have a life history involving a wormlike 
larval stage, a resting stage called a pupa or chrysalis,  during 
which metamorphosis occurs, and then a final molt into the 
adult form or imago; this is termed complete metamorphosis. 

Myriapoda includes centipedes and millipedes
The body of a centipede (subclass Chilopoda)   and millipede (sub-
class Diplopoda)  consists of a head region posterior to which are 
numerous, more or less similar segments. Nearly all segments of a 
centipede have one pair of appendages (figure 34.37a) , and nearly 
all segments of a millipede have two pairs of appendages 
(figure 34.37b). Each segment of a millipede is a simple tagma de-
rived evolutionarily from two ancestral segments, which explains 
why millipedes have twice as many legs per segment as centipedes. 
Although the name centipede would imply an animal with 100 legs 
and the name millipede one with 1000, an adult centipede usually 
has fewer than 100 legs (most have 15, 21, or 23 pairs of legs); an 
adult millipede never reaches 1000 legs, most having 100 or fewer.
 Both centipedes and millipedes are gonochoric; fertiliza-
tion is internal, and all lay eggs. Young millipedes usually hatch 
with three pairs of legs; they add segments and legs as they pass 

(figure 34.36) . Veins strengthen wings. An insect’s thorax is al-
most entirely filled with muscles that operate the legs and 
wings. Fleas and lice are considered secondarily wingless, hav-
ing descended from ancestors with wings. However, the ances-
tors of springtails and silverfish evolved before wings did, so 
those hexapods are considered primarily wingless.

Internal organization
The internal features of insects resemble those of other arthro-
pods in many ways. The digestive tract is a tube about the same 
length as the body in some groups. However, in insects that 
feed on juices and so have sucking mouthparts, such as leafhop-
pers, cicadas, and many flies, the greatly coiled digestive tube 
may be several times longer than the body. Digestion takes 
place primarily in the stomach, or midgut, and excretion takes 
place through Malpighian tubules. Digestive enzymes are 
mainly secreted from the cells that line the midgut, although 
some are contributed by the salivary glands near the mouth.

Figure 34.36 Scales on the wing of Parnassius 
imperator, a butterfl y from China. Scales of this sort account 
for most of the colored patterns on the wings of butterfl ies and moths.

Figure 34.35 Larva of a 
mosquito, Culex pipiens. 
The aquatic larvae of 
mosquitoes are quite active. 
They breathe through tubes at 
the surface of the water, as 
shown here. Covering the 
water with a thin fi lm of oil 
suffocates them.
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through growth stages, but they do not change in general ap-
pearance. Centipedes have several types of development, young 
of some species hatching with their final number of legs and 
others adding legs after hatching. Centipedes that do not add 
legs as they grow tend to take care of their young, a behavior 
rather uncommon among invertebrates.
 Centipedes, of which some 3000 species are known, are 
carnivorous, feeding mainly on insects. The appendages of the 
first trunk segment are modified into a pair of poison fangs. 
The poison may be toxic to humans, and although extremely 
painful, centipede bites are never fatal. In contrast, most milli-
pedes are herbivores, feeding mainly on decaying vegetation 
such as leaf litter and rotting logs (which are typical habitats for 
the animals). Many millipedes can roll their bodies into a flat 
coil or sphere to defend themselves. More than 12,000 species 
of millipedes have been named, but this is estimated to be no 
more than one-sixth of the number of species that exists.
 In each segment of their body, many millipedes have a 
pair of complex glands that produce a bad-smelling fluid, which 
they exude for defense through openings along the sides of the 
body. The chemistry of this material interests biologists be-
cause of the diversity of the compounds involved and their ef-
fectiveness in protecting millipedes from attack. Some species 
produce cyanide gas from segments near their head.

 Learning Outcomes Review 34.5
Arthropods are segmented animals with exoskeletons and jointed 
appendages. The four living classes of arthropods are Chelicerata, with 
mouthparts (chelicerae) that function as fangs or pincers; Crustacea, in 
which all members have a nauplius developmental stage; Hexapoda, the 
insects, having three pairs of legs attached to fused segments of the thorax 
as adults; and Myriopoda, with one or two pairs of appendages on every 
body segment. An exoskeleton provides protection and muscle attachment, 
but growth requires molting. In some cases, larvae undergo metamorphosis 
into an adult with very diff erent appearance.

 ■ What would explain why the largest arthropods are 
found in marine environments? 

 34.6 Phylum Echinodermata: 
The Echinoderms

Learning Outcomes
Explain what is meant by pentaradial symmetry.1. 
Describe the five extant classes of echinoderms. 2. 

Members of the exclusively marine phylum Echinodermata   are 
characterized by deuterostome development (see chapter  32) 
and an  endoskeleton. The endoskeleton is composed of hard, 
calcium carbonate plates that lie just beneath the delicate skin. 
The term echinoderm, which means “spiny skin,” refers to the 
spines or bumps that occur on these plates in many species. 
Echinoderms, including sea stars (figure 34.38) , brittle stars, sea 
urchins, sand dollars, and sea cucumbers are some of the most 
familiar animals on the seashore. All have five axes of symmetry 
(that is, you could draw lines through their body in five different 
places that produced mirror images on each side) and thus are 
said to be pentaradially symmetrical.

Figure 34.37 Myriapods. a. Centipedes, such as this member of the genus Scolopendra, are active predators. b. Millipedes, such as this 
member of the genus Sigmoria, are important herbivores and detritivores. Centipedes have one pair of legs per body segment, millipedes have 
two pairs per segment.
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Echinoderms are ancient and unmistakable
Echinodermata is an ancient group of marine animals that ap-
peared nearly 600 mya and that comprise about 6000 living spe-
cies. As with other deuterostomes, the mouth does not form 
from the embryonic blastopore.
 Because the skeletal elements of echinoderms are covered 
by living tissue, they constitute an endoskeleton. A unique 
feature of echinoderms is the hydraulic system that aids in 
movement or feeding called a water-vascular system. This 
fluid-filled system, which is a modification of one of several 
coelomic spaces, is composed of a central ring canal from which 
radial canals extend.
 Although an excellent fossil record extends back into the 
Cambrian period, the origin of echinoderms remains unclear. 
They are thought to have evolved from bilaterally symmetrical 
ancestors because echinoderm larvae are bilaterally symmetri-
cal (figure 34.39). 

Echinoderm symmetry is bilateral in larvae 
but pentaradial in adults
The body of echinoderms undergoes a fundamental shift during 
development, from bilaterally symmetrical larvae (see figure  34.39) 
to pentaradially symmetrical adults (see figure 34.38). Dorsal, 
ventral, anterior, and posterior have no meaning without a head 
or tail for orientation. Thus, orientation of the body of an adult 
echinoderm is described in reference to the mouth, which de-
fines the oral surface. All systems of an adult echinoderm are 
organized with branches radiating from a center. For example, 
the nervous system consists of a central nerve ring   from which 
branches arise; although the animals are capable of complex 
behavior patterns, there is no centralization of function.

 In many echinoderms, the oral surface faces the substra-
tum, although in sea cucumbers, the animal’s axis is horizontal, 
so the animal crawls oral surface foremost, and in crinoids (sea 
lilies and feather stars), the oral surface is located opposite to 
the substrate.

The endoskeleton
Echinoderms have a delicate epidermis that stretches over 
an endoskeleton composed of calcium carbonate (calcite) 
plates called ossicles. In echinoderms such as asteroids (sea 
stars), the individual skeletal elements are loosely joined to 

Figure 34.38 Phylum Echinodermata. a. Echinoderms, such as 
sea stars (class Asteroidea), are coelomates with a deuterostomate pattern of 
development and an endoskeleton made of calcium carbonate plates. The 
water-vascular system of an echinoderm is shown in detail. Radial canals 
transport liquid to the tube feet. As the ampulla in each tube foot 
contracts, the tube foot extends and can attach to the substrate. When the 
muscles in the tube feet contract, the tube foot bends, pulling the animal 
forward. b. Extended nonsuckered  tube feet of the sea star Luidia magnifi ca. 

Figure 34.39 The free-swimming larva of the common 
sea star, Asterias rubens. Such bilaterally symmetrical larvae 
suggest that the ancestors of the echinoderms may not have been 
radially symmetrical.
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one another. In others, especially echinoids (sea urchins and 
sand dollars), the ossicles abut one another tightly, forming 
a rigid shell (called a test). In sea cucumbers, by contrast, the 
ossicles are widely scattered, so the body wall is flexible. The 
ossicles in certain portions of the body of some echinoderms 
are perforated by pores. Through these pores extend tube 
feet, part of the water-vascular system that is a unique fea-
ture of this phylum.
 Members of this phylum have mutable collagenous tissue, 
which can change in texture from tough and rubbery to weak 
and fluid. This amazing tissue accounts for attributes of echino-
derms such as the ability to autotomize (cast off) parts. This 
tissue is also responsible for a sea cucumber being able to 
change from almost rigid to flaccid in a matter of seconds.

The water-vascular system
The water-vascular system is radially organized. From the ring 
canal, which encircles the animal’s esophagus, a radial canal ex-
tends into each branch of the body (see figure 34.38 ). Water 
enters the water-vascular system through a madreporite, a 
sievelike plate that, in most echinoderms, is on the animal’s sur-
face, and flows to the ring canal through a stone canal, so named 
because it is reinforced by calcium carbonate. Each radial canal, 
in turn, extends through short side branches into the hollow 
tube feet (see figure 34.38b). In some echinoderms, each tube 
foot has a sucker at its end; in others, suckers are absent. At the 
base of each tube foot in most types of echinoderms is a muscu-
lar sac, the ampulla. When the ampulla contracts, the fluid, pre-
vented from entering the radial canal by a one-way valve, is 
forced into the tube foot, thus extending it. Contraction of lon-
gitudinal muscles on one side of the tube foot wall causes the 
tube foot to bend; relaxation of the muscles in the ampulla and 
contraction of all the longitudinal muscles in the tube foot 
forces the fluid back into the ampulla.
 In asteroids and echinoids, concerted action of a very 
large number of small, individually weak tube feet causes the 
animal to move across the sea floor. The tube feet around the 
mouth of a holothurian are used in feeding. In crinoids, tube 
feet that arise from the branches of the arms, which extend 
from the margins of an upward-directed cup, are used in cap-
turing food from the surrounding water. Ophiuroid tube feet 
are pointed and specialized for feeding.
 Gas exchange in most echinoderms is through the body 
surface and tube feet. In addition, a holothurian has paired re-
spiratory trees, which branch off the hindgut. Water is drawn 
into them and exits from them through the anus. In an asteroid, 
one of the coelomic spaces other than the water-vascular sys-
tem has branches into protrusions from the epidermis called 
papulae through which gas exchange also occurs.

Regeneration and reproduction
Many echinoderms are able to regenerate lost parts. Some as-
teroids and especially ophiuroids can autotomize an arm. When 
a holothurian of some species is disturbed, it can cast out its 
entire digestive system. Some echinoderms can reproduce asex-
ually by splitting.
 However, most reproduction in echinoderms is sexual. As a 
rule, echinoderms are gonochoric. Gametes are generally released 
into the water, where fertilization occurs, and free-swimming  

bilaterally symmetrical larvae develop (see figure 34.39). Each 
class of echinoderms has a characteristic type of larva. These lar-
vae develop in the plankton until they metamorphose into the 
sedentary adults.

Echinodermata comprises five extant classes 
There are five classes of living echinoderms, but more than 20 
others have gone extinct. Living ones are: (1) Asteroidea,   sea 
stars, or starfish, and sea daisies; (2) Crinoidea, sea lilies and 
feather stars; (3) Echinoidea, sea urchins and sand dollars; 
(4) Holothuroidea, sea cucumbers; and (5) Ophiuroidea, brittle 
stars (figure 34.40). 

Figure 34.40 Diversity in echinoderms. a. Sea star, 
Oreaster occidentalis (class Asteroidea), in the Gulf of California, 
Mexico. b. Warty sea cucumber, Parastichopus parvimensis (class 
Holothuroidea), Philippines. c. Sea urchin  of the genus Echinometra 
(class Echinoidea). d. Feather star (class Crinoidea) of the genus 
Comatheria, from Indonesia. e. Gaudy brittle star, Ophioderma 

ensiferum (class Ophiuroidea).
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 Adults of all classes exhibit a five-part body plan. Even sea 
cucumbers, which are shaped like their fruit namesake, have 
five longitudinal grooves along their bodies. Here we discuss 
three of the living classes.

 Class Asteroidea: Sea stars
Sea stars are perhaps the most familiar echinoderms. Important 
predators in many marine ecosystems, they range in size from a 
centimeter to a meter across. They are abundant in the inter-
tidal zone, but also occur at the greatest depths of the 
ocean—10,000 m. Around 1500 species of sea stars are known.
 A sea star consists of tapering arms that gradually merge 
into a central disk. Most sea stars have five arms, but some have 
many more, typically in multiples of five. The digestive space 
and gonads extend into the arms. The body is somewhat flat-
tened, flexible, and covered with a pigmented epidermis. Aster-
oidea includes sea daisies, which were discovered in 1986 and 
were once considered to constitute their own class.

Class Ophiuroidea: Brittle stars
Brittle stars constitute the largest class of echinoderms, with 
about 2000 species, and are probably the most abundant also. 
They resemble asteroids, but differ morphologically in several 
ways. The arms, which are of nearly equal diameter their entire 
length, tapering only slightly from base to tip, merge abruptly 
into the central disk. They are nearly solid and can easily be 
autotomized  (the source of the name “brittle”). The tube feet 
lack ampullae and suckers, being used for feeding, not locomo-
tion. The animal has no anus.
 The most mobile of echinoderms, brittle stars move by 
pulling themselves along by “rowing” over the substrate by 
moving their slender arms, often in pairs or groups, from side 

In many mollusks, an embryo develops into a free-swimming 
trochophore larva (see fi gure 34.5a). In some bivalves and gastropods, 
the embryo becomes a free-swimming veliger larva (see fi gure 34.5b).

Four classes of mollusks show the diversity of the phylum.
The four best-known classes are Polyplacophora (chitons), 
Gastropoda (snails and slugs), Bivalvia (clams, mussels, and cockles), 
and Cephalopoda (octopuses and squids).

34.2 Phylum Nemertea: The Ribbon Worms
Nemerteans superfi cially resemble acoelomate flatworms, but they 
have a closed circulatory system and a complete digestive tract.

34.3 Phylum Annelida: The Annelids
The annelid body is composed of ringlike segments.
The segments of the annelid body are separated by septa. Each 
segment contains a pair of excretory organs, a ganglion, and, in most 

34.1 Phylum Mollusca: The Mollusks
Mollusks are extremely diverse—and important to humans.
Mollusks range from microscopic to huge and exhibit many different 
forms. They all have a coelom surrounding the heart.

The mollusk body plan is complex and varied.
Mollusks are generally bilaterally symmetrical, at least at some point 
in their lives (see figure 34.3). They use a muscular foot (podium) for 
locomotion, attachment, food capture, or a combination.
The mantle is a thick epidermal sheet that forms the mantle cavity. 
It houses the respiratory structures (ctenidia or gills), and digestive, 
excretory, and reproductive products are discharged into it.
The outer mantle secretes a protective calcium carbonate shell. Some 
mollusks have internal or reduced shells, or none at all.
All mollusks except bivalves have a radula, a rasplike structure used in 
feeding (see figure 34.4). Most have an open circulatory system, but 
cephalopods have a closed circulatory system.

Chapter Review

to side. Some brittle stars use their arms to swim, an unusual 
habit among echinoderms. A brittle star has five arms, but in 
some larger ones (the basket stars), each arm may bifurcate 
several times. Brittle stars avoid light and are more active 
at night.

Class Echinoidea: Sea urchins and sand dollars
Sand dollars and sea urchins lack arms. Five double rows of tube 
feet protrude through the plates of the calcareous skeleton. The 
protective, moveable spines that are attached to the skeleton by 
muscles and connective tissue, are also arrayed  pentamerally.
 About 950 living species constitute the class Echinoidea. 
Their calcareous plates preserve well, so sea urchins and sand 
dollars are well represented in the fossil record, with more 
than 5000 extinct species described. Sand dollars are essen-
tially flattened  sea urchins; heart urchins are intermediate be-
tween the two.
 Like holothurians, sea urchins are eaten by humans. The 
gonads, known as uni in Japan, are the part considered edible. 

Learning Outcomes Review 34.6
Echinoderms are marine deuterostomes with endoskeletons. They are 
characterized by pentaradial symmetry in the adult, in which a line drawn 
in fi ve directions produces mirror images. The water-vascular system and 
tube feet that act as suction cups aid in movement and feeding. The fi ve 
living classes of echinoderms are Asteroidea (sea stars), Crinoidea (sea lilies), 
Echinoidea (sea urchins and sand dollars), Holothuroidea (sea cucumbers), 
and Ophiuroidea (brittle stars).

 ■ What is the significance of the bilateral larval form 
of echinoderms?
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marine annelids, a set of reproductive organs. Anterior and posterior 
segments contain light-, chemo-, and touch receptors.
Segments are connected by a ventral nerve cord that includes an 
anterior brain region, and by a closed circulatory system.

Annelids move by contracting their segments.
The fl uid-fi lled coelom acts as a hydrostatic skeleton. Each segment 
typically possesses chaetae, chitin bristles that help anchor the worm.

Annelids have a common, closed circulatory system but a segmented 
excretory system.
Annelids have a closed circulatory system; the dorsal vessel is 
connected to the ventral vessel by smaller vessels in the body wall.
Each segment contains a pair of nephridia that excrete wastes out of 
the body via the coelom and excretory tubes.

Annelids comprise two—or three—classes.
Annelids have been grouped into three classes, but the currently 
accepted classification recognizes two: the Polychaeta, which exhibit 
parapodia and are mostly marine; and the Clitellata, which includes 
earthworms and leeches.

34.4 The Lophophorates: Bryozoa 
and Brachiopoda

Bryozoa and Brachiopoda are characterized by a lophophore, a 
U -shaped ridge around the mouth bearing ciliated tentacles.

The bryozoans, phylum Bryozoa, are the only exclusively colonial animals.
Each individual zooid produces a chitinous chamber called a zoecium 
that attaches to substrates and other colony members. They have 
deuterostome development.

The brachiopods and phoronids, phylum Brachiopoda, are solitary 
lophophorates.
The body of brachiopods is enclosed between two calcified shells 
that are dorsal and ventral, not lateral as in bivalves (see figure 34.20). 
They also are deuterostomes.
The phoronids, tube worms, are included with bryozoans because 
they are solitary lophophorates; however, they are protostomes.

34.5 Phylum Arthropoda: The Arthropods
Arthropods exhibit key features and organ systems.
Arthropods are segmented and exhibit an exoskeleton with muscles 
attached to the inside. The exoskeleton is molted during ecdysis, 
allowing the arthropod to grow. In some species, segments are fused 
into units called tagmata.

Arthropods’ jointed appendages may be modified into mouth parts, 
antennae, or legs.
An open circulatory system includes a muscular heart. The 
respiratory system in terrestrial arthropods comprises spiracles, 
tracheae, and tracheoles (see fi gure 34.26). The main components of 
the nervous system are an inhibitory brain and a ventral nerve cord.
Many arthropods have compound eyes composed of ommatidia 
(figure 34.25); others have simple eyes (ocelli).
The excretory system of terrestrial hexapods, myriapods, and chelicerates 
consists of Malpighian tubules that eliminate uric acid or guanine.

Class Chelicerata includes spiders, mites, and horseshoe crabs.
Chelicerates have specialized anterior appendages, the chelicerae, 
that function as fangs or pincers.

Class Crustacea includes crabs, shrimps, lobsters, and pill bugs.
Crustaceans have three tagmata, and the two anterior ones fused to 
form a cephalothorax (see fi gure 34.29). Crustacea is characterized by 
a nauplius larva (see figure 34.30).

Class Hexapoda comprises the insects.
The hexapods are extraordinarily diverse. Insects have three pairs of 
legs attached to the thorax and may have wings. They have highly 
developed sensory systems.

Myriapoda includes centipedes and millipedes.
Centipedes have one pair of appendages per segment, whereas 
millipedes have two pairs.

34.6 Phylum Echinodermata: The Echinoderms
Echinoderms are ancient and unmistakable.
Echinoderms are characterized by deuterostome development, 
pentameral symmetry, an endoskeleton covered by a delicate 
epidermis, and a water-vascular system.

Echinoderm symmetry is bilateral in larvae but pentaradial in adults.
 The larvae of echinoderms are bilateral, but the adult is pentaradial.
The water-vascular system, which is one of several coelomic compartments, 
aids in movement, feeding, circulation, respiration, and excretion. 

Echinodermata comprises five extant classes.
The five classes of echinoderms are Asteroidea (sea stars), Crinoidea 
(sea lilies), Echinoidea (sea urchins and sand dollars), Holothuroidea 
(sea cucumbers), and Ophiuroidea (brittle stars).

 3. Intelligence and complex behaviors are characteristics of the
 a. cephalopods. c. brachiopods.
 b. polychaetes. d. echinoderms.
 4. Serial segmentation is a key characteristic of which of the 

following phyla?
 a. Mollusca c. Bryozoa
 b. Brachiopoda d. Annelida

U N D E R S T A N D
 1. The __________ of a mollusk is a highly efficient respiratory 

structure.
 a. nephridium c. ctenidium
 b. radula d. veliger
 2. Torsion is a unique characteristic of the
 a. bivalves. c. chitons.
 b. gastropods. d. cephalopods.

Review Questions
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 5. The distinguishing feature of the Bryozoa and Brachiopoda is
 a. coelom. c. chaetae.
 b. segmentation. d. a lophophore.
 6. In terms of numbers of species, the most successful phylum on 

the planet is the
 a. Mollusca. c. Echinodermata.
 b. Arthropoda. d. Annelida.
 7. Which of the following characteristics is not found in the 

arthropods?
a. Jointed appendages
b. Segmentation
c. Closed circulatory system
d. Segmented ganglia

 8. Which of the following classes of arthropod possess chelicerae?
 a. Chilopoda c. Hexapoda
 b. Crustacea d. Chelicerata
 9. Examples of decapods are

a. centipedes and millipedes.
b. barnacles.
c. ticks and mites.
d. lobsters and crayfish.

 10. What characteristic separates the Diptera, Lepidoptera, and 
Hymenoptera?
a. Type of wings
b. Type of mouthparts
c. Type of legs
d. Method of reproduction

 11. Which of the following structures is not a component of the 
water-vascular system of an echinoderm?

 a. Ossicles c. Radial canals
 b. Ampullae d. Madreporites

A P P L Y 
 1. The fact that Arthropods molt means that they are considered
 a. spiralians. c. deuterostomes.
 b. ecdysozoans. d. parazoans.

 2. Based on embryonic development, which of the following phyla 
is the closest to the chordates?

 a. Annelida c. Echinodermata
 b. Arthropoda d. Mollusca
 3. To which of the following groups would a species that does not 

molt, possesses a coelom, and has a trochophore larva belong?
 a. Ecdysozoa c. Platyzoa
 b. Parazoa d. Lophotrochozoa
 4. Nematodes once were thought to be closely related to rotifers 

due to the presence of a pseudocoelom, but are now considered 
closer to the arthropods due to

 a. molting. c. wings.
 b. jointed appendages. d. a coelom.

S Y N T H E S I Z E
 1. Scientists studying the Chesapeake Bay have discovered that the 

decline in populations of clams and scallops has led to a drastic 
increase in the levels of pollution. What characteristic of this 
group could be attributed to this observation?

 2. Chitin is present in a number of invertebrate coelomates, as 
well as the fungi. What does this tell you about the origin and 
importance of this substance?

O N L I N E  R E S O U R C E

www.ravenbiology.com
Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
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Chapter 35 
Vertebrates 

Chapter Outline 

35.1 The Chordates

35.2 The Nonvertebrate Chordates

35.3 The Vertebrate Chordates

35.4 Fishes

35.5 Amphibians

35.6 Reptiles

35.7 Birds

35.8 Mammals

35.9 Evolution of the Primates

Introduction

Members of the phylum Chordata exhibit great changes in the endoskeleton from what is seen in echinoderms. As you saw 
in chapter 34, the endoskeleton of echinoderms is functionally similar to the exoskeleton of arthropods—a hard shell with 
muscles attached to its inner surface. Chordates employ a very different kind of endoskeleton, one that is truly internal. 
Members of the phylum Chordata are characterized by a flexible rod that develops along the back of the embryo. Muscles 
attached to this rod allowed early chordates to swing their bodies from side to side, swimming through the water. This key 
evolutionary advance, attaching muscles to an internal element, started chordates along an evolutionary path that led to 
the vertebrates—and, for the first time, to truly large animals .
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Figure 35.1 The four principal features of the 
chordates, as shown in a generalized embr yo.

Figure 35.2 
A mouse embryo. 
At 11.5 days of 
development, the 
mesoderm is already 
divided into segments 
called somites  (stained 
dark in this photo), 
refl ecting the 
fundamentally 
segmented nature 
of all chordates.

Pharyngeal slits3.  connect the pharynx, a muscular tube 
that links the mouth cavity and the esophagus, with the 
external environment. In terrestrial vertebrates, the slits 
do not actually connect to the outside and are better 
termed pharyngeal pouches. Pharyngeal pouches are 
present in the embryos of all vertebrates. They become 
slits, open to the outside in animals with gills, but leave no 
external trace in those lacking gills. The presence of these 
structures in all vertebrate embryos provides evidence of 
their aquatic ancestry. 
Chordates have a 4. postanal tail  that extends beyond the 
anus, at least during their embryonic development. Nearly 
all other animals have a terminal anus.

 All chordates have all four of these characteristics at some 
time in their lives. For example, humans as embryos have pha-
ryngeal pouches, a dorsal nerve cord, a postanal tail, and a no-
tochord. As adults, the nerve cord remains, and the notochord 
is replaced by the vertebral column. All but one pair of pharyn-
geal pouches are lost; this remaining pair forms the Eustachian 
tubes that connect the throat to the middle ear. The postanal 
tail regresses, forming the tail bone (coccyx).
 A number of other characteristics also fundamentally 
distinguish the chordates from other animals. Chordate mus-
cles are arranged in segmented blocks that affect the basic or-
ganization of the chordate body and can often be clearly seen 
in embryos of this phylum (figure 35.2) . Most chordates have 
an internal skeleton against which the muscles work. Either 
this internal skeleton or the notochord (figure 35.3)  makes 
possible the extraordinary powers of locomotion characteris-
tic of this group.

Learning Outcomes Review 35.1
Chordates are characterized by a hollow dorsal nerve cord, a notochord, 
pharyngeal pouches, and a postanal tail at some point in their development. 
The fl exible notochord anchors internal muscles and allows rapid, versatile 
movement. Chordates are deuterostomes; their nearest relatives are 
the echinoderms.

 ■ What distinguishes a chordate from an echinoderm? 

35.1 The Chordates 

Learning Outcomes
List the defining characteristics of chordates.1. 
Describe the evolutionary relationships of chordates to 2. 
other taxa. 

Chordates (phylum Chordata)   are deuterostome coelomates; 
their nearest relatives in the animal kingdom are the echino-
derms, the only other major phylum of deuterostomes. There 
are some 56,000 species of chordates, a phylum that includes 
fishes, amphibians, reptiles, birds, and mammals.
 Four features characterize the chordates and have played 
an important role in the evolution of the phylum (figure 35.1) :

A single, hollow 1. nerve cord runs just beneath the dorsal 
surface of the animal. In vertebrates, the dorsal nerve cord 
differentiates into the brain and spinal cord.
A fl exible rod, the 2. notochord, forms on the dorsal side of 
the primitive gut in the early embryo and is present at some 
developmental stage in all chordates. The notochord  is 
located just below the nerve cord. The notochord may 
persist in some chordates; in others it is replaced during 
embryonic development by the vertebral column that forms 
around the nerve cord.
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Figure 35.3 Phylum Chordata: Chordates. Vertebrates, 
tunicates, and lancelets are chordates (phylum Chordata), coelomate 
animals with a fl exible rod, th e notochord, that provides resistance 
to muscle contraction and permits rapid lateral body movements. 
Chordates also possess pharyngeal pouches or slits (refl ecting their 
aquatic ancestry and present habitat in some) and a hollow dorsal 
nerve cord. In nearly all vertebrates, the notochord is replaced 
during embryonic development by the vertebral column.

35.2 The Nonvertebrate Chordates

Learning Outcome
Describe the nonvertebrate chordates and their 1. 
characteristics.

Phylum Chordata can be divided into three subphyla. Two of 
these, Urochordata and Cephalochordata, are nonvertebrate; 
the third subphylum is Vertebrata. The nonvertebrate chor-
dates do not form vertebrae or other bones, and in the case of 
the urochordates, their adult form is greatly different from 
what we expect chordates to look like.

Tunicates have chordate larval forms
The tunicates and salps (subphylum Urochordata)   are a group 
of about 1250 species of marine animals. Most of them are im-
mobile as adults, with only the larvae having a notochord and 
nerve cord. As adults, they exhibit neither a major body cavity 
nor visible signs of segmentation (figure 35.4a, b).  Most species 
occur in shallow waters, but some are found at great depths. In 
some tunicates, adults are colonial, living in masses on the 
ocean floor. The pharynx is lined with numerous cilia; beating 
of the cilia draws a stream of water into the pharynx, where 
microscopic food particles become trapped in a mucous sheet 
secreted from a structure called an endostyle.
 The tadpolelike larvae of tunicates plainly exhibit all of 
the basic characteristics of chordates and mark the tunicates as 
having the most primitive combination of features found in 
any chordate (figure 35.4c). The larvae do not feed and have a 
poorly developed gut. They remain free-swimming for only a 
few days before settling to the bottom and attaching them-
selves to a suitable substrate by means of a sucker.
 Tunicates change so much as they mature and adjust de-
velopmentally to an immobile, filter-feeding existence that it 
would be difficult to discern their evolutionary relationships 
solely by examining an adult. Many adult tunicates secrete a 
tunic,   a tough sac composed mainly of cellulose, a substance 
frequently found in the cell walls of plants and algae but rarely 
found in animals. The tunic surrounds the animal and gives the 
subphylum its name. Colonial tunicates may have a common 
sac and a common opening to the outside.

Figure 35.4 Tunicates (phylum Chordata, subphylum Urochordata). a. The sea peach, Halocynthia auranthium, like other tunicates, 
does not move  as an adult, but rather is fi rmly attached to the sea fl oor. b. Diagram of the structure of an adult tunicate. c. Diagram of the structure 
of a larval tunicate, showing the characteristic tadpolelike form. Larval tunicates resemble the postulated common ancestor of the chordates.
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 One group of Urochordates, the Larvacea, retains the tail 
and notochord into adulthood. One theory of vertebrate ori-
gins involves a larval form, perhaps that of a tunicate, which 
acquired the ability to reproduce.

Lancelets are small marine chordates
Lancelets (subphylum Cephalochordata)   were given their Eng-
lish name because they resemble a lancet—a small, two-edged 
surgical knife. These scaleless chordates, a few centimeters 
long, occur widely in shallow water throughout the oceans of 
the world. There are about 23 species of this subphylum. Most 
of them belong to the genus Branchiostoma, formerly called  
Amphioxus, a name still used widely. In lancelets, the notochord 
runs the entire length of the dorsal nerve cord and persists 
throughout the animal’s life.
 Lancelets spend most of their time partly buried in sandy  
or muddy substrates, with only their anterior ends protruding 
(figure 35.5) . They can swim, although they rarely do so. Their 
muscles can easily be seen through their thin, transparent skin 
as a series of discrete blocks, called myomeres. Lancelets have 
many more pharyngeal gill slits than fishes do. They lack pig-
ment in their skin, which has only a single layer of cells, unlike 
the multilayered skin of vertebrates. The lancelet body is 
pointed at both ends. There is no distinguishable head or sen-
sory  structure other than pigmented light receptors.
 Lancelets feed on microscopic plankton, using a current 
created by beating cilia that line the oral hood, pharynx, and gill 
slits. The gill slits provide an exit for the water and are an adap-
tation for filter feeding. The oral hood projects beyond the 
mouth and bears sensory tentacles, which also ring the mouth.
 The recent discovery of fossil forms similar to living lancelets 
in rocks 550 million years old argues for the antiquity of this group. 
Recent studies by molecular systematists further support the hy-
pothesis that lancelets are the closest relatives of vertebrates.

Learning Outcome Review 35.2
Nonvertebrate chordates have notochords but no vertebrae or bones. 
Urochordates, such as tunicates, have obviously chordate larval forms but 
drastically diff erent adult forms. Cephalochordates, such as lancelets, do not 
change body form as adults.

 ■ How do lancelets and tunicates differ from each other, 
and from vertebrates?

Figure 35.5 
Lancelets. Two lancelets, 
Branchiostoma lanceolatum 
(phylum Chordata, 
subphyl um 
Cephalochordata), partly 
buried in shell gravel, with 
their anterior ends 
protruding. The muscle 
segments are clearly visible.

35.3 The Vertebrate Chordates

Learning Outcomes
Distinguish vertebrates from other chordates.1. 
Explain how cartilage and bone contributed to increased 2. 
size in vertebrates.

Vertebrates   (subphylum Vertebrata)   are chordates with a spinal col-
umn. The name vertebrate comes from the individual bony or carti-
laginous segments called vertebrae that make up the spine.

Vertebrates have vertebrae, a distinct head, 
and other features
Vertebrates differ from the tunicates and lancelets in two im-
portant respects:

Vertebral column. In all vertebrates except the earliest diverging 
fi shes, the notochord is replaced during  embryonic 
development by a vertebral column (fi gure 35.6) . The 
column is a series of bony or cartilaginous vertebrae that 
enclose and protect the dorsal nerve cord like a sleeve.

Head. Vertebrates have a distinct and well-differentiated head 
with three pairs of well-developed sensory organs; the 
brain is encased within a protective box, the skull, or 
cranium, made of bone or cartilage.

  I n addition to these two key characteristics, vertebrates differ 
from other chordates in other important respects (figure 35.7 ):

Neural crest. A unique group of embryonic cells called the 
neural crest contributes to the development of many 
vertebrate structures. These cells develop on the crest of the 
neural tube as it forms by invagination and pinching 
together of the neural plate (see chapter 54  for a detailed 
account). Neural crest cells then migrate to various locations 
in the developing embryo, where they participate in the 
development of many different structures.

Internal organs. Internal organs characteristic of vertebrates 
include a liver, kidneys, and endocrine glands. The 
ductless endocrine glands secrete hormones that help 
regulate many of the body’s functions. All vertebrates have 
a heart and a closed circulatory system. In both their 
circulatory and their excretory functions, vertebrates 
differ markedly from other animals.

Endoskeleton. The endoskeleton of most vertebrates is made 
of cartilage or bone. Cartilage and bone are specialized 
tissues containing fi bers of the protein collagen 
compacted together (see chapter 47).  Bone also contains 
crystals of a calcium phosphate salt. The great advantage 
of bone over chitin as a structural material is that bone is 
a dynamic, living tissue that is strong without being 
brittle. The vertebrate endoskeleton makes possible the 
great size and extraordinary powers of movement that 
characterize this group.
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Vertebrates evolved half a billion 
years ago: An overview
The first vertebrates evolved in the oceans about 545 mya, dur-
ing the Cambrian period. Many of them looked like a flattened 
hot dog, with a mouth at one end and a fin at the other. The 
appearance of a hinged jaw was a major advance, opening up 
new food-gathering options, and jawed fishes became the dom-
inant creatures in the sea. Their descendants, the amphibians, 
invaded the land. Amphibians, in turn, gave rise to the first rep-
tiles about 300 mya. Within 50 million years, reptiles, better 
suited to living out of water, replaced amphibians as the domi-
nant land vertebrates.
 With the success of reptiles, vertebrates truly came to 
dominate the surface of the Earth. Many kinds of reptiles 
evolved, ranging in size from smaller than a chicken to bigger 
than a truck, and including some that flew and others that 
swam. Among them evolved reptiles that gave rise to the 
two remaining great lines of terrestrial vertebrates: birds 
and  mammals.
 Dinosaurs and mammals appear at about the same time in 
the fossil record, 220 mya. For over 150 million years, dinosaurs 
dominated the face of the Earth. Over all these million-and-a-
half centuries, the largest mammal was no bigger than a 
medium-sized dog. Then, in the Cretaceous mass extinction, 
about 65 mya, the dinosaurs abruptly disappeared. In their ab-
sence, mammals and birds quickly took their place, becoming 
abundant and diverse.

 The history of vertebrates has been a series of evolution-
ary advances that have allowed vertebrates to first invade the 
land and then the air. In this chapter, we examine the key evo-
lutionary advances that permitted vertebrates to invade the 
land successfully. As you will see, this invasion was a staggering 
evolutionary achievement, involving fundamental changes in 
many body systems.
 While considering vertebrate evolution, keep in mind 
that two vertebrate groups—fish and reptiles—are paraphyletic 
(figure 35.8) . Some fish are more closely related to other 
vertebrates than they are to some other fish. Similarly, some 
reptiles are more closely related to birds than they are to 
other reptiles. Biologists are currently divided about how to 
handle situations like this, as we discussed in chapter 23 (see 
figure 23.5). For the time being, we continue to use the tradi-
tional classification of vertebrates, bearing in mind the evolu-
tionary implications of the paraphyly of fish and reptiles.

Learning Outcomes Review 35.3
Vertebrates are characterized by a vertebral column and a distinct head. 
Other distinguishing features are the development of a neural crest, a 
closed circulatory system, specialized organs, and a bony or cartilaginous 
endoskeleton that has the strength to support larger body size and 
powerful movements.

 ■ In what ways would an exoskeleton limit the size of 
an organism?

Figure 35.6 Embryonic development of a vertebra. During the evolution of animal development, the fl exible notochord is 
surrounded and eventually replaced by a cartilaginous or bony covering, the centrum. The neural tube is protected by an arch above the 
centrum. The vertebral column functions as a strong, fl exible rod that the muscles pull against when the animal swims or moves.

Figure 35.7 Major characteristics of vertebrates. Adult 
vertebrates are characterized by an internal skeleton of cartilage or 
bone,  including a vertebral column and a skull. Several other internal 
and external features are characteristic of vertebrates.
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Figure 35.9 Fish. Fish are the most diverse vertebrates and 
include more species than all other kinds of vertebrates combined. 
Top, ribbon eel, Rhinomuraena quaesita; botto m left, leafy sea-
dragon, Phycodurus eques; bottom right, yellowfi n tuna, 
Thunnus albacares.

entirely out of water. However varied, all fishes have important 
characteristics in common:

Vertebral column.1.  Fish have an internal skeleton with a 
bony or cartilaginous spine surrounding the dorsal nerve 
cord, and a bony or cartilaginous skull encasing the brain. 
Exceptions are the jawless hagfi sh and lampreys. In 
hagfi sh, a cartilaginous skull is present, but vertebrae are 
not; the notochord persists and provides support. In 
lampreys, a cartilaginous skeleton and notochord are 

35.4 Fishes

Learning Outcomes
Describe the major groups of fishes.1. 
List the evolutionary innovations of fishes.2. 

Over half of all vertebrates are fishes. The most diverse verte-
brate group, fishes provided the evolutionary base for invasion 
of land by amphibians. In many ways, amphibians can be viewed 
as transitional—“fish out of water.”
 The story of vertebrate evolution started in the ancient 
seas of the Cambrian period (545 to 490 mya). Figure 35.8 
shows the key vertebrate characteristics that evolved subse-
quently. Wriggling through the water, jawless and toothless, the 
first fishes sucked up small food particles from the ocean floor 
like miniature vacuum cleaners. Most were less than a foot long, 
respired with gills, and had no paired fins or vertebrae (although 
some had rudimentary vertebrae); they did have a head and a 
primitive tail to push them through the water.
 For 50 million years, during the Ordovician period 
(490 to 438 mya), these simple fishes were the only vertebrates. 
By the end of this period, fish had developed primitive fins to 
help them swim and massive shields of bone for protection. 
Jawed fishes first appeared during the Silurian period (438 to 
408 mya), and along with them came a new mode of feeding.

Fishes exhibit fi ve key characteristics
From whale sharks 18 m long to tiny gobies no larger than your 
fingernail, fishes vary considerably in size, shape, color, and ap-
pearance (figure 35.9) . Some live in freezing arctic seas, others 
in warm, freshwater lakes, and still others spend a lot of time 

Figure 35.8 Phylogeny of the living vertebrates. Some of the key characteristics that evolved among the vertebrate groups are 
shown in this phylogeny .
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present, but rudimentary cartilaginous vertebrae also 
surround the notochord in places.
Jaws and paired appendages.2.  Fishes other than 
lampreys  and hagfi sh all have jaws and paired appendages, 
features that are also seen in tetrapods (see fi gure 35.8). 
Jaws allowed these fi sh to capture larger and more active 
prey. Most fi shes have two pairs of fi ns: a pair of pectoral 
fi ns  at the shoulder, and a pair of pelvic fi ns at the hip. In 
the lobe-fi nned fi sh, these pairs of fi ns became jointed.
Internal gills.3.  Fishes are water-dwelling creatures and must 
extract oxygen dissolved in the water around them. They do 

this by directing a fl ow of water through their mouths and 
across their gills (see chapter 49). The gills are composed of 
fi ne fi laments of tissue that are rich in blood vessels.
Single-loop blood circulation.4.  Blood is pumped from 
the heart to the gills. From the gills, the oxygenated blood 
passes to the rest of the body, and then returns to the 
heart. The heart is a muscular tube-pump made of two 
chambers that contract in sequence. 
Nutritional defi ciencies.5.  Fishes are unable to synthesize 
the aromatic amino acids (phenylalanine, tryptophan, and 
tyrosine; see chapter 3), and they must consume them in 
their foods. This inability has been inherited by all of 
their vertebrate descendants. 

The first fishes 
The first fishes did not have jaws, and instead had only a mouth 
at the front end of the body that could be opened to take in 
food. Two groups survive today as hagfish (class Myxini; 
table 35.1)  and lampreys (class Cephalaspidomorphi).

T A B L E  3 5 . 1 Major Classes of Fishes

Class Typical Examples Key Characteristics
Approximate Number 

of Living Species

Sarcopterygii Lobe-fi nned 

fi shes

Largely extinct group of bony fi shes; ancestral to amphibians; 

paired lobed fi ns

8

Actinopterygii Ray-fi nned 

fi shes

Most diverse group of vertebrates; swim bladders and bony 

skeletons; paired fi ns supported by bony rays

30,000

Chondrichthyes Sharks, skates, 

rays

Cartilaginous skeletons; no swim bladders; internal fertilization 750

Cephalaspidomorphi Lampreys Largely extinct group of jawless fi shes with no paired appendages; 

parasitic and nonparasitic types; all breed in fresh water

35

Myxini Hagfi shes Jawless fi shes with no paired appendages; scavengers; mostly 

blind, but having a well-developed sense of smell

30

Placodermi Armored fi shes Jawed fi shes with heavily armored heads; many were quite large Extinct

Acanthodii and 

Ostracoderms

Spiny fi shes Fishes with (acanthodians) or without (placoderms) jaws; paired 

fi ns supported by sharp spines; head shields made of bone; rest of 

skeleton cartilaginous

Extinct
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 Another group were the ostracoderms (a word meaning 
“shell-skinned”). Only their head-shields were made of bone; 
their elaborate internal skeletons were constructed of cartilage. 
Many ostracoderms were bottom-dwellers, with a jawless 
mouth underneath a flat head, and eyes on the upper surface. 
Ostracoderms thrived in the Ordovician and Silurian periods 
(490 to 408 mya), only to become almost completely extinct at 
the close of the Devonian period (408 to 360 mya).

Evolution of the jaw
A fundamentally important evolutionary advance that occurred 
in the late Silurian period was the development of jaws. Jaws 
evolved from the most anterior of a series of arch-supports 
made of cartilage, which were used to reinforce the tissue be-
tween gill slits to hold the slits open (figure 35.10) . This trans-
formation was not as radical as it might at first appear.
 Each gill arch was formed by a series of several cartilages 
(which later evolved to become bones) arranged somewhat in the 
shape of a V  turned on its side, with the point directed outward. 
Imagine the fusion of the front pair of arches at top and bottom, 
with hinges at the points, and you have the primitive vertebrate 
jaw. The top half of the jaw is not attached to the skull directly 
except at the rear. Teeth developed on the jaws from modified 
scales on the skin that lined the mouth (see figure 35.10). 
 Armored fishes called placoderms and spiny fishes called 
acanthodians both had jaws. Spiny fishes were very common 
during the early Devonian period, largely replacing os tra co-
derms,  but they became extinct themselves at the close of the 
Permian. Like ostracoderms, they had internal skeletons made 
of cartilage, but their scales contained small plates of bone, 
foreshadowing the much larger role bone would play in the 
future of vertebrates. Spiny fishes were jawed predators and far 
better swimmers than ostracoderms, with as many as seven fins 
to aid their swimming. All of these fins were reinforced with 
strong spines, giving these fishes their name. 
 By the mid-Devonian period, the heavily armored placo-
derms became common. A very diverse and successful group, 
seven orders of placoderms dominated the seas of the late De-
vonian, only to become extinct at the end of that period. The 
placoderm jaw was much improved over the primitive jaw of 
spiny fishes, with the upper jaw fused to the skull and the skull 
hinged on the shoulder. Many of the placoderms grew to enor-
mous sizes, some over 30 feet long, with 2-foot skulls that had 
an enormous bite. 

Figure 35.11 Chondrichthyes. Members of the class 
Chondrichthyes, such as this blue shark, Prionace glauca,  are mainly 
predators or scavengers.

Sharks, with cartilaginous skeletons, 
became top predators  
At the end of the Devonian period, essentially all of these pioneer 
vertebrates disappeared, replaced by sharks and bony fishes in 
one of several mass extinctions that occurred during Earth’s his-
tory (see chapter 22). Sharks and bony fishes first evolved in the 
early Devonian, 400 mya. In these fishes, the jaw was improved 
even further, with the upper part of the first gill arch behind the 
jaws being transformed into a supporting strut or prop, joining 
the rear of the lower jaw to the rear of the skull. This allowed the 
mouth to open much wider than was previously possible.
 During the Carboniferous period (360 to 280 mya), sharks 
became the dominant predators in the sea. Sharks, as well as skates 
and rays (all in the class Chondrichthyes),   have a skeleton made of 
cartilage, like primitive fishes, but it is “calcified,” strengthened by 
granules of calcium carbonate deposited in the outer layers of 
cartilage. The result is a very light and strong skeleton.
 Streamlined, with paired fins and a light, flexible skeleton, 
sharks are superior swimmers (figure 35.11) . Their pectoral fins 
are particularly large, jutting out stiffly like airplane wings—
and that is how they function, adding lift to compensate for the 
downward thrust of the tail fin. Sharks are very aggressive 
predators, and some early sharks reached enormous size.

The evolution of teeth
Sharks were among the first vertebrates to develop teeth. These 
teeth evolved from rough scales on the skin and are not set into 
the jaw as human teeth are, but rather sit atop it. They are not 
firmly anchored and are easily lost. In a shark’s mouth, the teeth 
are arrayed in up to 20 rows; the teeth in front do the biting and 
cutting, and behind them other teeth grow and wait their turn. 

Figure 35.10 Evolution of the jaw. 
Jaws evolved from the anterior gill arches of 
ancient, jawles s fi shes.
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When a tooth breaks or is worn down, a replacement from the 
next row moves forward. A single shark may eventually use 
more than 20,000 teeth in its lifetime.
 A shark’s skin is covered with tiny, toothlike scales, giving 
it a rough “sandpaper” texture. Like the teeth, these scales are 
constantly replaced throughout the shark’s life.

The lateral line system
Sharks, as well as bony fishes, possess a fully developed lateral line 
system. The lateral line system  consists of a series of sensory or-
gans that project into a canal beneath the surface of the skin. The 
canal runs the length of the fish’s body and is open to the exterior 
through a series of sunken pits. Movement of water past the fish 
forces water through the canal. The pits are oriented so that some 
are stimulated no matter what direction the water moves. Details of 
the lateral line system’s function are described in chapter 45.  In a 
very real sense, the lateral line system is a fish’s equivalent of hear-
ing and therefore is an additional  means of mechanoreception.

Reproduction in cartilaginous fishes
Reproduction in the class Chondrichthyes differs from that of most 
other fishes. Shark eggs are fertilized internally. During mating, the 
male grasps the female with modified fins called claspers, and sperm 
run from the male into the female through grooves in the claspers. 
Although a few species lay fertilized eggs, the eggs of most species 
develop within the female’s body, and the pups are born alive.
 In recent times, this reproductive system has worked to 
the detriment of sharks. Because of their long gestation periods 
and relatively few offspring, shark populations are not able to 
recover quickly from population declines. Unfortunately, in re-
cent times sharks have been fished very heavily because shark 
fin soup has become popular in Asia and elsewhere. As a result, 
shark populations have declined greatly, and there is concern 
that many species may soon face extinction.

Shark evolution
Many of the early evolutionary lines of sharks died out during 
the great extinction at the end of the Permian period (248 mya). 
The survivors thrived and underwent a burst of diversification 
during the Mesozoic era (248 to 65 mya), when most of the 
mod ern groups of sharks appeared. Skates and rays, which are 
dorsoventrally flattened relatives of sharks, evolved at this time, 
some 200 million years after the sharks first appeared.

Bony fi shes dominate the waters 
Bony fishes evolved at the same time as sharks, some 400 mya, 
but took quite a different evolutionary road. Instead of gaining 

speed through lightness, as sharks did, bony fishes adopted a 
heavy internal skeleton made completely of bone.
 Bone is very strong, providing a base against which very 
strong muscles can pull. Not only is the internal skeleton ossi-
fied, but so is the outer covering of plates and scales. Most bony 
fishes have highly mobile fins, very thin scales, and completely 
symmetrical tails (which keep the fish on a straight course as it 
swims through the water). Bony fishes are the most species-
rich group of fishes, indeed of all vertebrates. There are several 
dozen orders containing more than 30,000 living species.
 The remarkable success of the bony fishes has resulted 
from a series of significant adaptations that have enabled them 
to dominate life in the water. These include the swim bladder 
and the gill cover (figure 35.12) .

Swim bladder
Although bones are heavier than cartilaginous skeletons, most 
bony fishes are still buoyant because they possess a swim bladder, 
a gas-filled sac that allows them to regulate their buoyant density 
and so remain suspended at any depth in the water effortlessly. 
Sharks, by contrast, must move through the water or sink because, 
lacking a swim bladder, their bodies are denser than water.
 In primitive bony fishes, the swim bladder is a dorsal out-
pocketing of the pharynx behind the throat, and these species 
fill the swim bladder by simply gulping air at the surface of the 
water. In most of today’s bony fishes, the swim bladder is an 
independent organ that is filled and drained of gases, mostly 
nitrogen and oxygen, internally.

Figure 35.12 Diagram of a swim bladder. The bony fi shes 
use this structure, which evolved as a dorsal outpocketing of the 
pharynx, to  control their buoyancy in water. The swim bladder can 
be fi lled with or drained of gas to allow the fi sh to control buoyancy. 
Gases are taken from the blood, and the gas gland secretes the gases 
into the swim bladder; gas is released from the bladder by a 
muscular valve, the oval body.
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 How do bony fishes manage this remarkable trick? It 
turns out that the gases are harvested from the blood by a 
unique gland that discharges the gases into the bladder when 
more buoyancy is required. To reduce buoyancy, gas is reab-
sorbed into the bloodstream through a structure called the oval 
body. A variety of physiological factors control the exchange of 
gases between the bloodstream and the swim bladder.

Gill cover
Most bony fishes have a hard plate called the operculum that 
covers the gills on each side of the head. Flexing the operculum 
permits bony fishes to pump water over their gills. The gills are 
suspended in the pharyngeal slits that form a passageway be-
tween the pharynx and the outside of the fish’s body. When the 
operculum is closed, it seals off the exit.
 When the mouth is open, closing the operculum in-
creases the volume of the mouth cavity, so that water is drawn 
into the mouth. When the mouth is closed, opening the oper-
culum decreases the volume of the mouth cavity, forcing wa-
ter past the gills to the outside. Using this very efficient 
bellows, bony fishes can pass water over the gills while re-
maining stationary in the water. That is what a goldfish is do-
ing when it seems to be gulping in a fish tank.

The evolutionary path to land ran 
through the lobe-fi nned fi shes
Two major groups of bony fish are the ray-finned fishes (class 
Actinopterygii;   figure 35.13a)  and lobe-finned fishes (class Sar-
copterygii ). The groups differ in the structure of their fins 
(figure 35.13b). In ray-finned fishes, the internal skeleton of the 
fin is composed of parallel bony rays that support and stiffen 
each fin. There are no muscles within the fins; rather, the fins 
are moved by muscles within the body.
 By contrast, lobe-finned fishes have paired fins that consist 
of a long fleshy muscular lobe (hence their name), supported by 
a central core of bones that form fully articulated joints with one 
another. There are bony rays only at the tips of each lobed fin. 
Muscles within each lobe can move the fin rays independently of 
one another, a feat no ray-finned fish could match.
 Lobe-finned fishes evolved 390 mya, shortly after the first 
bony fishes appeared. Only eight species survive today, two spe-
cies of coelacanth (figure 35.13b) and six species of lungfish. 
Although rare today, lobe-finned fishes played an important 
part in the evolutionary story of vertebrates. Amphibians al-
most certainly evolved from the lobe-finned fishes.

Learning Outcomes Review 35.4
Fishes are generally characterized by the possession of a vertebral column, 
jaws, paired appendages, a lateral line system, internal gills, and single-
loop circulation. Cartilaginous fi shes have lightweight skeletons and were 
among the fi rst vertebrates to develop teeth. The very successful bony fi shes 
have unique characteristics such as swim bladders and gill covers, as well as 
ossifi ed skeletons. One type of bony fi sh, the lobe-fi nned fi sh, gave rise to 
the ancestors of amphibians. 

 ■ What advantages do lobed fins have over ray fins?

Figure 35.13 Ray-fi nned and lobe-fi nned fi shes.
a. The ray-fi nned fi shes, such as this Koi carp (Cyprinus carpio),   are 
characterized by fi ns of only parallel bony rays. b. By contrast, the 
fi ns of lobe-fi nned fi sh have a central core of bones as well as rays. 
The coelacanth, Latimeria chalumnae, a lobe-fi nned fi sh (class 
Sarcopterygii), was discovered in the western Indian Ocean in 1938. 
This coelacanth represents a group of fi shes thought to have been 
extinct for about 70 million years. Scientists who studied living 
individuals in their natural habitat at depths of 100–200 m observed 
them drifting in the current and hunting other fi shes at night. Some 
individuals are nearly 3 m long; they have a slender, fat-fi lled 
swim bladder.
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lies make up the order Anura (“without a tail”); 500 species of 
salamanders and newts in 9 families make up the order Caudata 
(“visible tail”) ; and 170 species (6 families) of wormlike, nearly 
blind organisms called caecilians that live in the tropics make 
up the order Apoda (“without legs”). These amphibians have 
several key characteristics in common:

Legs.1.  Frogs and most salamanders have four legs and can 
move about on land quite well. Legs were one of the key 
adaptations to life on land. Caecilians have lost their legs 
during the course of adapting to a burrowing existence.
Lungs.2.  Most amphibians possess a pair of lungs, although 
the internal surfaces have much less surface area than do 
reptilian or mammalian lungs. Amphibians breathe by 
lowering the fl oor of the mouth to suck in air, and then 
raising it back to force the air down into the lungs (see 
chapter 49).
Cutaneous respiration.3.  Frogs, salamanders, and 
caecilians  all supplement the use of lungs by respiring 
through their skin, which is kept moist and provides an 
extensive surface area.
Pulmonary veins.4.  After blood is pumped through the 
lungs; two large veins called pulmonary veins return the 
aerated blood to the heart for repumping. In this way 
aerated blood is pumped to the tissues at a much higher 
pressure.
Partially divided heart.5.  A dividing wall helps prevent 
aerated blood from the lungs from mixing with nonaerated  
blood being returned to the heart from the rest of the body. 
The blood circulation is thus divided into two separate 
paths: pulmonary and systemic. The separation is 
imperfect, however, because no dividing wall exists in one 
chamber of the heart, the ventricle (see chapter 49).

 Several other specialized characteristics are shared by all 
present-day amphibians. In all three orders, there is a zone of 
weakness between the base and the crown of the teeth. They 
also have a peculiar type of sensory rod cell in the retina of the 
eye called a “green rod.” The function of this rod is unknown.

35.5 Amphibians

Learning Outcomes
Describe the characteristics and major groups of 1. 
amphibians.
Explain the challenges of moving from an aquatic to a 2. 
terrestrial environment. 

Frogs, salamanders, and caecilians, the damp-skinned verte-
brates, are direct descendants of fishes. They are the sole survi-
vors of a very successful group, the amphibians (class Amphibia) ,  
the first vertebrates to walk on land. Most present-day amphib-
ians are small and live largely unnoticed by humans, but they 
are among the most numerous of terrestrial vertebrates. 
Throughout the world, amphibians play key roles in terrestrial 
food chains.

Living amphibians have fi ve 
distinguishing features
Biologists have classified living species of amphibians into three 
orders (table 35.2) : 5000 species of frogs and toads in 22 fami-

T A B L E  3 5 . 2 Orders of Amphibians

Order Typical Examples Key Characteristics

Approximate 
Number of Living 

Species

Anura Frogs, toads Compact, tailless body; large head fused to the trunk; rear limbs 

specialized for jumping

5000

Caudata Salamanders, newts Slender body; long tail and limbs set out at right angles to the body 500

Apoda Caecilians Tropical group with a snakelike body; no limbs; little or no tail 170
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Figure 35.14 A comparison between the limbs of a 
lobe-fi nned fi sh, Tiktaalik, and a primitive amphibian.
a. A lobe-fi nned fi sh. Some of these animals could probably move 
on land. b. Tiktaalik. The shoulder and limb bones are like those of 
an amphibian, but the fi ns are like those of a lobe-fi nned fi sh. The 
fossil of Tiktaalik did not  contain the hindlimbs. c. A primitive 
amphibian. As illustrated by their skeletal structure, the legs of such 
an animal clearly could function better than those of its ancestors 
for movement on land. 

 In 2006, an important transitional fossil between fish and 
Ichthyostega was discovered in northern Canada. Tiktaalik, which 
lived 375 mya, had gills and scales like a fish, but a neck like an 
amphibian. Particularly significant, however, was the form of its 
forelimbs (see figure 35.14): its shoulder, forearm, and wrist 
bones were like those of amphibians, but at the end of the limb 

Amphibians overcame terrestrial challenges
The word amphibia means “double life,” and it nicely describes 
the essential quality of modern-day amphibians, reflecting their 
ability to live in two worlds—the aquatic world of their fish 
ancestors and the terrestrial world they first invaded. Here, we 
review the checkered history of this group, almost all of whose 
members have been extinct for the last 200 million years. Then 
we examine in more detail what the few kinds of surviving am-
phibians are like.
 The successful invasion of land by vertebrates posed a 
number of major challenges:

 ■ Because amphibian ancestors had relatively large bodies, 
supporting the body’s weight on land as well as enabling 
movement from place to place was a challenge 
(figure  35.14 ). Legs evolved to meet this need.

 ■ Even though far more oxygen is available to gills in air 
than in water, the delicate structure of fish gills requires 
the buoyancy of water to support them, and they will not 
function in air. Therefore, other methods of obtaining 
oxygen were required.

 ■ Delivering great amounts of oxygen to the larger muscles 
needed for movement on land required modifications to 
the heart and circulatory system.

 ■ Reproduction still had to be carried out in water so that 
eggs would not dry out.

 ■ Most importantly, the body itself had to be prevented 
from drying out.

The first amphibian
Amphibians solved these problems only partially, but their so-
lutions worked well enough that amphibians have survived for 
350 million years. Evolution does not insist on perfect solu-
tions, only workable ones.
 Paleontologists agree that amphibians evolved from lobe-
finned fish. Ichthyostega, one of the earliest amphibian fossils 
(figure 35.15) , was found in a 370-million-year-old rock in 
Greenland. At that time, Greenland was part of what is now the 
North American continent and lay near the equator. All am-
phibian fossils from the next 100 million years are found in 
North America. Only when Asia and the southern continents 
merged with North America to form the supercontinent Pan-
gaea did amphibians spread throughout the world.
 Ichthyostega was a strongly built animal, with sturdy 
forelegs well supported by shoulder bones. Unlike the bone 
structure of fish, the shoulder bones were no longer attached 
to the skull, so the limbs could support the animal’s weight. 
Because the hindlimbs were flipper-shaped, Ichthyostega prob-
ably moved like a seal, with the forelimbs providing the pro-
pulsive force for locomotion and the hindlimbs being dragged 
along with the rest of the body. To strengthen the backbone 
further, long, broad ribs that overlap each other formed a 
solid cage for the lungs and heart. The rib cage was so solid 
that it probably couldn’t expand and contract for breathing. 
Instead, Ichthyostega probably obtained oxygen as many am-
phibians do today, by lowering the floor of the mouth to draw 
air in, and then raising it to push air down the windpipe into 
the lungs.
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Figure 35.15 Amphibians were the fi rst vertebrates to 
walk on land. Ichthyostega, one of the fi rst amphibians, had 
effi cient limbs for crawling  on land, an improved olfactory sense 
associated with a lengthened snout and a relatively advanced ear 
structure for picking up airborne sounds. Despite these features, 
Ichthyostega, which lived about 350 mya, was still quite fi shlike in 
overall appearance and may have spent much of its life in water.

Figure 35.16 Class Amphibia. a. Red-eyed tree frog, Agalychnis callidryas (order Anura). b. An adult tiger salamander, Ambystoma 

tigrinum (order Caudata). c. A caecilian, Caecilia tentaculata  (order Apoda).

 In the early Permian period that followed (280 to 
248 mya), a remarkable change occurred among amphibians—
they began to leave the marshes for dry uplands. Many of these 
terrestrial amphibians had bony plates and armor covering their 
bodies and grew to be very large, some as big as a pony. Both 
their large size and the complete covering of their bodies indi-
cate that these amphibians did not use the skin respiratory sys-
tem of present-day amphibians, but rather had an impermeable 
leathery skin to prevent water loss. Consequently, they must 
have relied entirely on their lungs for respiration. By the mid-
Permian period, there were 40 families of amphibians. Only 
25% of them were still semiaquatic like Ichthyostega; 60% of the 
amphibians were fully terrestrial, and 15% were semiterrestrial. 
This was the peak of amphibian success, sometimes called the 
Age of Amphibians.
 By the end of the Permian period, reptiles had evolved 
from amphibians. One group, therapsids, had become common 
and ousted the amphibians from their newly acquired niche on 
land. Following the mass extinction event at the end of the 
Permian, therapsids were the dominant land vertebrate, and 
most amphibians were aquatic. This trend continued in the fol-
lowing Triassic period (248 to 213 mya), which saw the virtual 
extinction of amphibians from land.

Modern amphibians belong 
to three groups
All of today’s amphibians descended from the three families of 
amphibians that survived the Age of the Dinosaurs. During the 
Tertiary period (65 to 2 mya), these moist-skinned amphibians 
accomplished a highly successful invasion of wet habitats all 
over the world, and today there are over 5600 species of am-
phibians in 37 different families, comprising the orders Anura, 
Caudata, and Apoda.

Order Anura: Frogs and toads
Frogs and toads, amphibians without tails, live in a variety of 
environments, from deserts and mountains to ponds and pud-
dles (figure 35.16a) . Frogs have smooth, moist skin, a broad 
body, and long hind legs that make them excellent jumpers. 

was a lobed fin, rather than the toes of an amphibian. Ecologi-
cally, the 3-m long Tiktaalik was probably also intermediate 
between fish and amphibians, spending most of its time in the 
water, but capable of hauling itself out onto land to capture 
food or escape predators.

The rise and fall of amphibians
By moving onto land, amphibians were able to utilize many re-
sources and to access many habitats. Amphibians first became 
common during the Carboniferous period (360 to 280 mya). 
Fourteen families of amphibians are known from the early Car-
boniferous, nearly all of them aquatic or semiaquatic, like Ichthy-
ostega (see figure 35.15). By the late Carboniferous, much of 
North America was covered by low-lying tropical swamplands, 
and 34 families of amphibians thrived in this wet terrestrial envi-
ronment, sharing it with pelycosaurs and other early reptiles.
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Most frogs live in or near water and go through an aquatic 
tadpole stage before metamorphosing into frogs; however, 
some tropical species that don’t live near water bypass this 
stage and hatch out as little froglets.
 Unlike frogs, toads have a dry, bumpy skin and short legs, 
and are well adapted to dry environments. Toads do not form a 
monophyletic group; that is, all toads are not more closely re-
lated to each other than they are to some other frogs. Rather, 
the term toad is applied to those anurans that have adapted to 
dry environments by evolving a suite of adaptive characteris-
tics; this convergent evolution has occurred many times among 
distantly related anurans.
 Most frogs and toads return to water to reproduce, lay-
ing their eggs directly in water. Their eggs lack watertight 
external membranes and would dry out quickly on land. Eggs 
are fertilized externally and hatch into swimming larval forms 
called tadpoles. Tadpoles live in the water, where they gener-
ally feed on algae. After considerable growth, the body of the 
tadpole gradually undergoes metamorphosis into that of an 
adult frog.

Order Caudata: Salamanders
Salamanders have elongated bodies, long tails, and smooth, 
moist skin (figure 35.16b). They typically range in length from 
a few inches to a foot, although giant Asiatic salamanders of the 
genus Andrias are as much as 1.5 m long and weigh up to 33 kg. 
Most salamanders live in moist places, such as under stones or 
logs, or among the leaves of tropical plants. Some salamanders 
live entirely in water.
 Salamanders lay their eggs in water or in moist places. 
Most species practice a type of internal fertilization in which 
the female picks up sperm packets deposited by the male. Like 
anurans, many salamanders go through a larval stage before 
metamorphosing into adults. However, unlike anurans, in 
which the tadpole is strikingly different from the adult frog, 
larval salamanders are quite similar to adults, although most 
live in water and have external gills and gill slits that disappear 
at metamorphosis. 

Order Apoda: Caecilians
Caecilians, members of the order Apoda (also called Gymno-
phiona), are a highly specialized group of tropical burrowing 
amphibians (figure 35.16c). These legless, wormlike creatures 
average about 30 cm long, but can be up to 1.3 m long. They 
have very small eyes and are often blind. They resemble worms 
but have jaws with teeth. They eat worms and other soil inver-
tebrates. Fertilization is internal.

Learning Outcomes Review 35.5
Amphibians, which includes frogs and toads, salamanders, and caecilians, 
are generally characterized by legs, lungs, cutaneous respiration, and 
a more complex and divided circulatory system. All of these developed 
as adaptations to life on land. Most species rely on a water habitat for 
reproduction. Although some early forms reached the size of a pony, modern 
amphibians are generally quite small.

 ■ What challenges did amphibians overcome to make the 
transition to living on land?

35.6 Reptiles

Learning Outcomes
Describe the characteristics and major groups of reptiles.1. 
Distinguish between synapsids and diapsids.2. 
Explain the significance of the evolution of the 3. 
amniotic egg. 

If we think of amphibians as a first draft of a manuscript about 
survival on land, then reptiles are the finished book. For each of 
the five key challenges of living on land, reptiles improved on 
the innovations of amphibians. The arrangement of legs evolved 
to support the body’s weight more effectively, allowing reptile 
bodies to be bigger and to run. Lungs and heart became more 
efficient. The skin was covered with dry plates or scales to min-
imize water loss, and watertight coverings evolved for eggs.
 Over 7000 species of reptiles (class Reptilia)   now live on 
Earth (table 35.3) .  They are a highly successful group in today’s 
world; there are more living species of snakes and lizards than 
there are of mammals.

Reptiles exhibit three key characteristics
All living reptiles share certain fundamental characteristics, features 
they retain from the time when they replaced amphibians as the 
dominant terrestrial vertebrates. Among the most important are:

Amniotic eggs.1.  Amphibians’ eggs must be laid in water 
or a moist setting to avoid drying out. Most reptiles lay 
watertight eggs that contain a food source (the yolk) and a 
series of four membranes: the yolk sac, the amnion, the 
allantois, and the chorion (fi gure 35.17).  Each membrane 
plays a role in making the egg an independent life-
support  system. All modern reptiles, as well as birds and 
mammals, show exactly this same p attern of membranes 
within the egg. These three classes are called amniotes.

   The outermost membrane of the egg is the 
chorion, which lies just beneath the porous shell. It 
allows exchange of respiratory gases but retains water. 
The amnion encases the developing embryo within a 
fluid-filled cavity. The yolk sac provides food from the 
yolk for the embryo via blood vessels connecting to the 
embryo’s gut. The  allantois surrounds a cavity into which 
waste products from the embryo are excreted.
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Dry skin.2.  Most living amphibians have moist skin and 
must remain in moist places to avoid drying out. 
Reptiles have dry, watertight skin. A layer of scales 
covers their bodies, preventing water loss. These 
scales develop as surface cells fi ll with keratin, the 
same protein that forms claws, fi ngernails, hair, and 
bird feathers.

T A B L E  3 5 . 3 Major Orders of Reptiles

Order Typical Examples Key Characteristics
Approximate Number 

of Living Species

Squamata, suborder Sauria Lizards Limbs set at right angles to body; anus is in transverse 

(sideways) slit; most are terrestrial

3800

Squamata, suborder Serpentes Snakes No legs; move by slithering; scaly skin is shed 

periodically; most are terrestrial

3000

Rhynchocephalia Tuataras Sole survivors of a once successful group that largely 

disappeared before dinosaurs; fused, wedgelike, 

socketless teeth; primitive third eye under skin 

of forehead

2

Chelonia Turtles, 

tortoises, 

sea turtles

Armored reptiles with shell of bony plates to which 

vertebrae and ribs are fused; sharp, horny beak 

without teeth

250

Crocodylia Crocodiles, 

alligators

Advanced reptiles with four-chambered heart and 

socketed teeth; anus is a longitudinal (lengthwise) 

slit; closest living relatives to birds

25

Ornithischia Stegosaur Dinosaurs with two pelvic bones facing backward, 

like a bird’s pelvis; herbivores; legs under body

Extinct

Saurischia Tyrannosaur Dinosaurs with one pelvic bone facing forward, the 

other back, like a lizard’s pelvis; both plant- and 

fl esh-eaters; legs under body; birds evolved from 

Saurischian dinosaurs.

Extinct

Pterosauria Pterosaur Flying reptiles; wings were made of skin stretched 

between fourth fi ngers and body; wingspans of early 

forms typically 60 cm, later forms nearly 8 m

Extinct

Plesiosaura Plesiosaur Barrel-shaped marine reptiles with sharp teeth and 

large, paddle-shaped fi ns; some had snakelike necks 

twice as long as their bodies

Extinct

Ichthyosauria Ichthyosaur Streamlined marine reptiles with many body 

similarities to sharks and modern fi shes

Extinct

Thoracic breathing.3.  Amphibians breathe by squeezing 
their throat to pump air into their lungs; this limits their 
breathing capacity to the volume of their mouths. Reptiles 
developed pulmonary breathing, expanding and 
contracting  the rib cage to suck air into the lungs and 
then force it out. The capacity of this system is limited 
only by the volume of the lungs.
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Figure 35.18 Skulls of 
reptile groups. Reptile 
groups are distinguished by the 
number of holes on the side of 
the skull behind the eye orbit: 
0 (anapsids), 1 (synapsids), or 2 
(diapsids). Turtles are the only 
living anapsids, although 
several extinct groups also had 
this condition.

Figure 35.19 A pelycosaur. Dimetrodon, a carnivorous 
pelycosaur, had a dorsal sail that is thought to have been used to 
regulate body temperature by dissipating body heat or gaining it 
by basking.

Figure 35.20 A therapsid. This small, weasel-like cynodont 
therapsid, Megazostrodon, may have had fur. Living in the late 
Triassic period, this therapsid is so similar to modern mammals that 
some paleontologists consider it the fi rst mammal.

Reptiles dominated the Earth 
for 250 million years
During the 250 million years that reptiles were the dominant 
large terrestrial vertebrates, a series of different reptile groups 
appeared and then disappeared.

Synapsids
An important feature of reptile classification is the presence 
and number of openings behind the eyes (figure 35.18 ). Rep-
tiles’ jaw muscles were anchored to these holes, which allowed 
them to bite more powerfully. The first group to rise to domi-
nance were the synapsids, whose skulls had a pair of temporal 
holes behind the openings for the eyes.

Figure 35.17 The watertight egg. The a mniotic egg is 
perhaps the most important feature that allows reptiles to live in a 
wide variety of terrestrial habitats. 

 Pelycosaurs, an important group of early synapsids, were 
dominant for 50 million years and made up 70% of all land 
vertebrates; some species weighed as much as 200 kg. With 
long, sharp, “steak knife” teeth, these pelycosaurs were the first 
land vertebrates to kill beasts their own size (figure 35.19 ).
 About 250 mya, pelycosaurs were replaced by another 
type of synapsid, the therapsids (figure 35.20).  Some evidence 
indicates that they may have been endotherms, able to produce 
heat internally, and perhaps even possessed hair. This would 
have permitted therapsids to be far more active than other ver-
tebrates of that time, when winters were cold and long.
 For 20 million years, therapsids (also called “mammal-like 
reptiles”) were the dominant land vertebrate, until they were 
largely replaced 230 mya by another group of reptiles, the di-
apsids. Most therapsids became extinct 170 mya, but one group 
survived and has living descendants today—the mammals.
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Figure 35.21 An early archosaur. Euparkeria had rows of 
bony plates along the sides of the backbone, as seen in modern 
crocodiles and alligators.

Figure 35.22 Mounted skeleton of Afrovenator. This 
bipedal carnivore was about 30 feet long and lived in Africa about 
130 mya.

Figure 35.23 A comparison of reptile and fi sh 
circulation. a. In most reptiles, oxygenated blood (red) is 
repumped after leaving the  lungs, and circulation to the rest of the 
body remains vigorous. b. The blood in fi shes fl ows from the gills 
directly to the rest of the body, resulting in slower circulation.

posture to support their massive weight. Other types—the 
therapods—became the most fearsome predators the earth has 
ever seen, and one theropod line evolved to become birds. Di-
nosaurs went on to become the most successful of all land ver-
tebrates, dominating for more than 150 million years. All 
dinosaurs, except their bird descendants, became extinct rather 
abruptly 65 mya, apparently as a result of an asteroid’s impact.

Important characteristics of modern reptiles
As you might imagine from the structure of the amniotic egg, 
reptiles and other amniotes do not practice external fertiliza-
tion as most amphibians do. Sperm would be unable to pene-
trate the membrane barriers protecting the egg. Instead, the 
male places sperm inside the female, where sperm fertilizes the 
egg before the protective membranes are formed. This is called 
internal fertilization.
 The circulatory system of reptiles is an improvement 
over that of fish and amphibians, providing oxygen to the body 
more efficiently (figure 35.23 ; see chapter 50  ).   The improve-
ment is achieved by extending the septum within the heart 
from the atrium partway across the ventricle. This septum cre-
ates a partial wall that tends to lessen mixing of oxygen-poor 
blood with oxygen-rich blood within the ventricle. In croco-
diles, the septum completely divides the ventricle, creating a 
four-chambered heart, just as it does in birds and mammals 
(and probably did in dinosaurs).

Archosaurs
Diapsids have skulls with two pairs of temporal holes, and like 
amphibians and early reptiles, they were ectotherms. A variety 
of different diapsids occurred in the Triassic period (213 to 
248  mya), but one group, the archosaurs, were of particular 
evolutionary significance because they gave rise to crocodiles, 
pterosaurs, dinosaurs, and birds (figure 35.21 ).
 Among the early archosaurs were the largest animals the 
world had seen, up to that point, and the first land vertebrates 
to be bipedal—to stand and walk on two feet. By the end of the 
Triassic period, however, one archosaur group rose to promi-
nence: the dinosaurs.
 Dinosaurs evolved about 220 mya. Unlike previous bi-
pedal diapsids, their legs were positioned directly underneath 
their bodies (figure 35.22) . This design placed the weight of the 
body directly over the legs, which allowed dinosaurs to run 
with great speed and agility. Subsequently, a number of types of 
dinosaur evolved enormous size and reverted to a four-legged 
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Order Chelonia Order Rhynchocephalia 

a. b. 

Figure 35.24 Living orders of reptiles . a. Chelonia. The red-bellied turtle, Pseudemys rubriventris (left) is shown basking, an 
effective means by which many ectotherms can precisely regulate their body temperature. The domed shells of tortoises, such as this Sri 
Lankan star tortoise, Geochelone elegans, provide protection against predators for these entirely terrestrial chelonians. b. Tuatara (Sphenodon 
punctatus). The sole living members of the ancient group Rhynchocephalia. Although they look like lizards, the common ancestor of 
rhynchocephalians and lizards diverged more than 250 mya. c. Squamata. A collared lizard, Crotaphytus collaris, is shown left, and a smooth 
green snake, Liochlorophis vernalis, on the right. d. Crocodylia. Most crocodilians, such as the crocodile, Crocodylus acutus, and the gharial, 
Gavialis gangeticus (right), resemble birds and mammals in having four-chambered hearts; all other living reptiles have three-chambered 
hearts. Like birds, crocodiles are more closely related to dinosaurs than to any of the other living reptiles.

 Whereas most tortoises have a dome-shaped shell into 
which they can retract their head and limbs, water-dwelling 
turtles have a streamlined, disc-shaped shell that permits rapid 
turning in water. Freshwater turtles have webbed toes; in ma-
rine turtles, the forelimbs have evolved into flippers.
 Although marine turtles spend their lives at sea, they must 
return to land to lay their eggs. Many species migrate long dis-
tances to do this. Atlantic green turtles (Chelonia mydas) migrate 
from their feeding grounds off the coast of Brazil to Ascension 
Island in the middle of the South Atlantic—a distance of more 
than 2000 km—to lay their eggs on the same beaches where 
they themselves hatched.

Order Rhynchocephalia: Tuataras
Today, the order Rhynchocephalia contains only two species of 
tuataras, large, lizard-like animals about half a meter long 
(figure  35.24b). The only place in the world where these endan-
gered species are found is a cluster of small islands off the coast 
of New Zealand. The limited diversity of modern rhynchocepha-
lians belies their rich evolutionary past: In the Triassic period, 
rhynchocephalians experienced a great adaptive radiation, pro-
ducing many species that differed greatly in size and habitat.
 An unusual feature of the tuatara (and some lizards) is the 
inconspicuous “third eye” on the top of its head, called a parietal 
eye. Concealed under a thin layer of scales, the eye has a lens and 
a retina and is connected by nerves to the brain. Why have an 
eye, if it is covered up? The parietal eye may function to alert the 
tuatara when it has been exposed to too much sunlight, protect-
ing it against overheating. Unlike most reptiles, tuataras are most 
active at low temperatures. They burrow during the day and feed 
at night on insects, worms, and other small animals.
 Rhynchocephalians are the closest relatives of snakes and 
lizards, with whom they form the group Lepidosauria.

 All living reptiles are ectothermic, obtaining their heat 
from external sources. In contrast, endothermic animals are 
able to generate their heat internally (see chapter 43).  Although 
they are ectothermic, that does not mean that reptiles cannot 
control their body temperature. Many species are able to pre-
cisely regulate their temperature by moving in and out of sun-
light. In this way, some desert lizards can keep their bodies at a 
constant temperature throughout the course of an entire day. 
Of course, on cloudy days, or for species that live in shaded 
habitats, such thermoregulation is not possible, and in these 
cases, body temperature is the same as the temperature of the 
surrounding environment.

Modern reptiles belong to four groups
The four surviving orders of reptiles contain about 7000 species. 
Reptiles occur worldwide except in the coldest regions, where it 
is impossible for ectotherms to survive. Reptiles are among the 
most numerous and diverse of terrestrial vertebrates.

Order Chelonia: Turtles and tortoises
The order Chelonia (figure 35.24a)  consists of about 250 species 
of turtles (most of which are aquatic) and tortoises (which are ter-
restrial). Turtles and tortoises lack teeth but have sharp beaks. 
They differ from all other reptiles because their bodies are encased 
within a protective shell. Many of them can pull their head and 
legs into the shell as well, for total protection from predators.
 The shell consists of two basic parts. The carapace is the 
dorsal covering, and the plastron is the ventral portion. In a 
fundamental commitment to this shell architecture, the verte-
brae and ribs of most turtle and tortoise species are fused to the 
inside of the carapace. All of the support for muscle attachment 
comes from the shell.

710 part V Diversity of Life on Earth

rav32223_ch35_693-728.indd   710rav32223_ch35_693-728.indd   710 11/16/09   1:45:28 PM11/16/09   1:45:28 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



Apago PDF Enhancer

Order Squamata Order Crocodylia 

c. d. 

 Crocodiles are largely nocturnal animals that live in or 
near water in tropical or subtropical regions of Africa, Asia, and 
the Americas. The American crocodile (Crocodylus acutus) is 
found in southern Florida, Cuba, and throughout tropical Cen-
tral America. Nile crocodiles (Crocodylus niloticus) and estuarine 
crocodiles (Crocodylus porosus) can grow to enormous size and 
are responsible for many human fatalities each year.
 There are only two species of alligators: one living in the 
southern United States (Alligator mississippiensis) and the other a 
rare endangered species living in China (Alligator sinensis). Cai-
mans, which resemble alligators, are native to Central America. 
Gharials, or gavials, are a group of fish-eating crocodilians with 
long, slender snouts that live only in India and Burma.
 All crocodilians are carnivores. They generally hunt by 
stealth, waiting in ambush for prey, and then attacking fero-
ciously. Their bodies are well adapted for this form of hunting 
with eyes on top of their heads and their nostrils on top of their 
snouts, so they can see and breathe while lying quietly sub-
merged in water. They have enormous mouths, studded with 
sharp teeth, and very strong necks. A valve in the back of the 
mouth prevents water from entering the air passage when a 
crocodilian feeds underwater.
 In many ways, crocodiles resemble birds far more than they 
do other living reptiles. For example, crocodiles build nests and 
care for their young (traits they share with at least some dinosaurs), 
and they have a four-chambered heart, as birds do. Why are croco-
diles more similar to birds than to other living reptiles? Most bi-
ologists agree that birds are in fact the direct descendants of 
dinosaurs. Both crocodiles and birds are more closely related to 
dinosaurs, and to each other, than they are to lizards and snakes.

Learning Outcomes Review 35.6
Reptiles have a hard, scaly skin that minimizes water loss, thoracic 
breathing, and an enclosed, amniotic egg that does not need to be laid in 
water. Synapsids had a single hole in the skull behind the eyes, and included 
ancestors of mammals; diapsids had two holes and are ancestors of modern 
reptiles and birds. The four living orders of reptiles include the turtles and 
tortoises, tuataras, lizards and snakes, and crocodiles.

 ■ How do reptile eggs differ from those of amphibians? 

Order Squamata: Lizards and snakes
The order Squamata (figure 35.24c) includes 3800 species of 
lizards and about 3000 species of snakes. A distinguishing char-
acteristic of this order is the presence of paired copulatory or-
gans in the male. In addition, changes to the morphology of the 
head and jaws allow greater strength and mobility. Most lizards 
and snakes are carnivores, preying on insects and small animals, 
and these improvements in jaw design have made a major con-
tribution to their evolutionary success.
 Snakes, which evolved from a lizard ancestor, are character-
ized by the lack of limbs, movable eyelids, and external ears, as well 
as a great number of vertebrae (sometimes more than 300). Limb-
lessness has actually evolved more than a dozen times in lizards; 
snakes are simply the most extreme case of this evolutionary trend.
 Common lizards include iguanas, chameleons, geckos, 
and anoles. Most are small, measuring less than a foot in length. 
The largest lizards belong to the monitor family. The largest of 
all monitor lizards is the Komodo dragon of Indonesia, which 
reaches 3 m in length and can weigh more than 100 kg. Snakes 
also vary in length from only a few inches to more than 10 m.
 Many lizards and snakes rely on agility and speed to catch 
prey and elude predators. Only two species of lizard are venom-
ous, the Gila monster of the southwestern United States and 
the beaded lizard of western Mexico. Similarly, most species of 
snakes are nonvenomous. Of the 13 families of snakes, only 4 
contain venomous species: the elapids (cobras, kraits, and coral 
snakes); the sea snakes; the vipers (adders, bushmasters, rattle-
snakes, water moccasins, and copperheads); and some colubrids 
(African boomslang and twig snake).
 Many lizards, including anoles, skinks, and geckos, have 
the ability to lose their tails and then regenerate a new one. 
This ability allows these lizards to escape from predators.

Order Crocodylia: Crocodiles and alligators
The order Crocodylia is composed of 25 species of large, pri-
marily aquatic reptiles (figure 35.24d). In addition to crocodiles 
and alligators, the order includes two less familiar animals: the 
caimans and the gavials. Although all crocodilians are fairly 
similar in appearance today, much greater diversity existed in 
the past, including species that were entirely terrestrial and 
others that achieved a total length in excess of 50 feet.
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Figure 35.25 A feather. The enlargement shows how the 
secondary branches and barbs of the vanes are linked together by 
microscopic  barbules.

Figure 35.26 Archaeopteryx. Closely 
related to its ancestors among the bipedal dinosaurs, 
the  crow-sized Archaeopteryx lived in the forests of 
central Europe 150 mya. The true feather colors of 
Archaeopteryx are not known. 

backbone and of the shoulder and hip girdles form a sturdy 
frame that anchors muscles during fl ight. The power for 
active fl ight comes from large breast muscles that can make 
up 30% of a bird’s total body weight. They stretch down 
from the wing and attach to the breastbone, which is greatly 
enlarged and bears a prominent keel for muscle attachment. 
Breast muscles also attach to the fused collarbones that form 
the so-called wishbone. No other living vertebrates have a 
fused collarbone or a keeled breastbone.

Birds arose about 150 MYA

A 150-million-year-old fossil of the first known bird, Archaeop-
teryx (see figures 21.11 and 35.26 ) was found in 1862 in a lime-
stone quarry in Bavaria, the impression of its feathers stamped 
clearly into the rocks. The skeleton of Archaeopteryx shares 
many features with small theropod dinosaurs. About the size of 
a crow, Archeopteryx had a skull with teeth, and very few of its 
bones were fused to one another. Its bones are thought to have 
been solid, not hollow like a bird’s. Also, it had a long, reptilian 
tail and no enlarged breastbone such as modern birds use to 
anchor flight muscles. Finally, the skeletal structure of the fore-
limbs were nearly identical to those of theropods.
 Because of its many dinosaur features, several Archaeopteryx 
fossils were originally classified as Compsognathus, a small thero-
pod dinosaur of similar size—until feathers were discovered on 

 35.7 Birds

Learning Outcomes
Name the key characteristics of birds.1. 
Explain why some consider birds to be one type of reptile. 2. 

The success of birds lies in the development of a structure 
unique in the animal world—the feather. Developed from rep-
tilian scales, feathers are the ideal adaptation for flight, serving 
as lightweight airfoils that are easily replaced if damaged (un-
like the vulnerable skin wings of bats and the extinct ptero-
saurs). Today, birds (class Aves) are the most diverse of all 
terrestrial vertebrates, with 28 orders containing a total of 
166 families and about 8600 species (table 35.4). 

Key characteristics of birds are feathers 
and a lightweight skeleton
Modern birds lack teeth and have only vestigial tails, but they 
still retain many reptilian characteristics. For instance, birds lay 
amniotic eggs. Also, reptilian scales are present on the feet and 
lower legs of birds. Two primary characteristics distinguish 
birds from living reptiles:

Feathers.1.  Feathers are modifi ed reptilian scales made of 
keratin, just like hair and scales. Feathers serve two 
functions: providing lift for fl ight and conserving heat. 
The structure of feathers combines maximum fl exibility 
and strength with minimum weight (fi gure 35.25). 

  Feathers develop from tiny pits in the skin called 
follicles. In a typical fl ight feather, a shaft emerges from 
the follicle, and pairs of vanes develop from its opposite 
sides. At maturity, each vane has many branches called 
barbs. The barbs, in turn, have many projections called 
barbules that are equipped with microscopic hooks. These 
hooks link the barbs to one another, giving the feather a 
continuous surface and a sturdy but fl exible shape.

  Like scales, feathers can be replaced. Among living 
animals, feathers are unique to birds. Recent fossil fi nds 
suggest that some dinosaurs may have had feathers.
Flight skeleton.2.  The bones of birds are thin and hollow. 
Many of the bones are fused, making the bird skeleton more 
rigid than a reptilian skeleton. The fused sections of 
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T A B L E  3 5 . 4 Major Orders of Birds

Order Typical Examples Key Characteristics

Approximate 
Number of Living 

Species

Passeriformes Crows, mockingbirds, 

robins, sparrows, 

starlings, warblers

Songbirds 

Well-developed vocal organs; perching feet; dependent young

5276 (largest of all 

bird orders; contains 

over 60% of all 

species)

Apodiformes Hummingbirds, 

swifts

Fast fl iers 

Short legs; small bodies; rapid wing beat

428

Piciformes Honeyguides, 

toucans, 

woodpeckers

Woodpeckers or toucans 

Grasping feet; chisel-like, sharp bills can break down wood

383

Psittaciformes Cockatoos, 

parrots

Parrots 

Large, powerful bills for crushing seeds; well-developed 

vocal organs

340

Charadriiformes Auks, gulls, 

plovers, 

sandpipers, terns

Shorebirds 

Long, stiltlike legs; slender, probing bills

331

Columbiformes Doves, 

pigeons

Pigeons 

Perching feet; rounded, stout bodies

303 

Falconiformes Eagles, falcons, 

hawks

Diurnal birds of prey 

Carnivorous; keen vision; sharp, pointed beaks for tearing fl esh; 

active during the day

288

Galliformes Chickens, grouse, 

pheasants, quail

Gamebirds 

Often limited fl ying ability; rounded bodies

268

Gruiformes Bitterns, coots, 

cranes, rails

Marsh birds 

Long, stiltlike legs; diverse body shapes; marsh-dwellers

209

Anseriformes Ducks, geese, 

swans

Waterfowl 

Webbed toes; broad bill with fi ltering ridges

150

Strigiformes Barn owls, 

screech owls

Owls 

Nocturnal birds of prey; strong beaks; powerful feet

146

Ciconiiformes Herons, ibises, 

storks

Waders 

Long-legged; large bodies

114

Procellariformes Albatrosses, 

petrels

Seabirds 

Tube-shaped bills; capable of fl ying for long periods of time

104

Sphenisciformes Emperor penguins, 

crested penguins

Penguins 

Marine; modifi ed wings for swimming; fl ightless; found only in 

southern hemisphere; thick coats of insulating feathers

18

Dinornithiformes Kiwis Kiwis 

Flightless; small; confi ned to New Zealand

2

Struthioniformes Ostriches Ostriches 

Powerful running legs; fl ightless; only two toes; very large

1
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This theropod 
dinosaur had short 
arms and ran along 
the ground. Its body 
was covered with 
filaments that may 
have been used for 
insulation and that 
are the first evidence 
of feathers.

Sinosauropteryx  

This larger, carni- 
vorous theropod 
possessed a 
swiveling wrist bone, 
a type of joint that 
is also found in birds 
and is necessary 
for flight.

Velociraptor 

Recently discovered 
fossils of this 
theropod indicate 
that it is intermediate 
between dinosaurs 
and birds. This small, 
very fast runner was 
covered with primitive 
(symmetrical and 
therefore flightless) 
feathers.

Caudipteryx 

This oldest 
known bird had 
asymmetrical
feathers, with a 
narrower leading
edge and 
streamlined 
trailing edge. It 
could probably fly 
short distances.

Archaeopteryx Modern Birds

Dinosaurs

Birds

Figure 35.27 
The evolutionary 
path to the birds. 
Almost all 
paleontologists now 
accept  the theory that 
birds are the direct 
descendants of 
theropod dinosaurs.

Figure 35.28 A fossil bird from the early cretaceous. 
Confuciornis  had long tail feathers. Some fossil  specimens of this 
species lack the long tail feathers, suggesting that this trait was 
present in only one sex, as in some modern birds.

the fossils. What makes Archaeopteryx distinctly avian is the pres-
ence of feathers on its wings and tail.
 The remarkable similarity of Archaeopteryx to Compsogna-
thus has led almost all paleontologists to conclude that Archae-
opteryx is the direct descendant of dinosaurs—indeed, that 
today’s birds are “feathered dinosaurs.” Some even speak flip-
pantly of “carving the dinosaur” at Thanksgiving dinner. The 
recent discovery of fossils of a feathered dinosaur in China 
lends strong support to this inference. The dinosaur  Caudip-
teryx, for example, is clearly intermediate between Archaeopteryx 
and dinosaurs, having large feathers on its tail and arms but also 
many features of dinosaurs like Velociraptor (figure 35.27) . Be-
cause the arms of Caudipteryx were too short to use as wings, 
feathers probably didn’t evolve for flight, but instead served as 
insulation, much as fur does for mammals.
 Flight is an ability certain kinds of dinosaurs achieved as 
they evolved longer arms. We call these dinosaurs birds. Despite 
their close affinity to dinosaurs, birds exhibit three evolutionary 
novelties: feathers, hollow bones, and physiological mechanisms 
such as superefficient lungs that permit sustained, powered flight.
 By the early Cretaceous period, only a few million years 
after Archaeopteryx lived, a diverse array of birds had evolved, with 
many of the features of modern birds. Fossils in Mongolia, Spain, 
and China discovered within the last few years reveal a diverse 
collection of toothed birds with the hollow bones and breastbones 
necessary for sustained flight (figure 35.28 ). Other fossils reveal 
highly specialized, flightless diving birds. These diverse birds 
shared the skies with pterosaurs for 70 million years until the fly-
ing reptiles went extinct at the end of the Cretaceous. 
 Because the impression of feathers is rarely fossilized and 
modern birds have hollow, delicate bones, the fossil record of 
birds is incomplete. Relationships among the 166 families of 
modern birds are mostly inferred from studies of the anatomy 
and degree of DNA similarity among living birds.
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Order: Passeriformes 

a.  b.  c.  d.  
Figure 35.29 Diversity of  Passeriformes, the largest order of birds. a. Summer tanager, Piranga rubra; (b) Indigo bunting, 
Passerina cyanea; (c) Stellar’s jay, Cyanositta stelleri; (d) Bobolink, Dolichonyx oryzivorus.

tured by the lungs can be delivered to the flight muscles quickly. 
In the heart of most living reptiles, oxygen-rich blood coming 
from the lungs mixes with oxygen-poor blood returning from 
the body because the wall dividing the ventricle into two cham-
bers is not complete. In birds, the wall dividing the ventricle is 
complete, and the two blood circulations do not mix—so flight 
muscles receive fully oxygenated blood (see chapter 50 ). 
 In comparison with reptiles and most other vertebrates, 
birds have a rapid heartbeat. A hummingbird’s heart beats about 
600 times a minute, and an active chickadee’s heart beats 1000 
times a minute. In contrast, the heart of the large, flightless 
ostrich averages 70 beats per minute—the same rate as the hu-
man heart.

Endothermy
Birds, like mammals, are endothermic (anexample of conver-
gent evolution). Many paleontologists believe the dinosaurs 
from which birds evolved were endothermic as well. Birds 
maintain body temperatures significantly higher than those of 
most mammals, ranging from 40° to 42°C (human body tem-
perature is 37°C). Feathers provide excellent insulation, help-
ing to conserve body heat.
 The high temperatures maintained by endothermy 
permit metabolism in the bird’s flight muscles to proceed at 
a rapid pace, to provide the ATP necessary to drive rapid 
muscle  contraction.

Learning Outcomes Review 35.7
Birds have the greatest diversity of species of all terrestrial vertebrates. 
Archaeopteryx, the oldest fossil bird, exhibited many traits shared with 
theropod dinosaurs. Key features of birds are feathers and a lightweight, 
hollow skeleton; additional features include auxiliary air sacs and a four-
chambered heart. 

 ■ What traits do birds share with reptiles?

Modern birds are diverse but share 
several characteristics
The most ancient living birds appear to be the flightless birds, 
such as the ostrich. Ducks, geese, and other waterfowl evolved 
next, in the early Cretaceous, followed by a diverse group of 
woodpeckers, parrots, swifts, and owls. The largest of the bird 
orders, Passeriformes, evolved in the mid-Cretaceous and com-
prise 60% of species alive today. Overall, there are 28 orders of 
birds, the largest consisting of over 5000 species (figure 35.29) .
 You can tell a great deal about the habits and food of a 
bird by examining its beak and feet. For instance, carnivorous 
birds such as owls have curved talons for seizing prey and sharp 
beaks for tearing apart their meal. The beaks of ducks are flat 
for shoveling through mud, and the beaks of finches are short, 
thick seed-crushers.
 Many adaptations enabled birds to cope with the heavy 
energy demands of flight, including respiratory and circulatory 
adaptations and endothermy.

Efficient respiration
Flight muscles consume an enormous amount of oxygen during 
active flight. The reptilian lung has a limited internal surface 
area, not nearly enough to absorb all the oxygen needed. Mam-
malian lungs have a greater surface area, but bird lungs satisfy 
this challenge with a radical redesign.
 When a bird inhales, the air goes past the lungs to a series of 
air sacs located near and within the hollow bones of the back; from 
there, the air travels to the lungs and then to a set of anterior air 
sacs before being exhaled. Because air passes all the way through 
the lungs in a single direction, gas exchange is highly efficient. 
Respiration in birds is described in more detail in chapter 49 . 

Efficient circulation
The revved-up metabolism needed to power active flight also 
requires very efficient blood circulation, so that the oxygen cap-
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Umbilical 
cord 

Chorion 

Placenta 

Uterus 

Amnion 

Yolk sac 

Figure 35.30 The placenta. The placenta is characteristic of 
the largest group of mammals, the placental mammals. It evolved 
from membran es in the amniotic egg. The umb ilical cord evolved 
from the allantois. The chorion, or outermost part of the amniotic 
egg, forms most of the placenta itself. The placenta serves as the 
provisional lungs, intestine, and kidneys of the fetus, without ever 
mixing maternal and fetal blood.

  Unlike feathers, which evolved from modifi ed 
reptilian scales, mammalian hair is a completely different 
form of skin structure. An individual mammalian hair is a 
long, protein-rich fi lament that extends like a stiff thread 
from a bulblike foundation beneath the skin known as a 
hair follicle. The fi lament is composed mainly of dead 
cells fi lled with the fi brous protein keratin.
Mammary glands.2.  All female mammals possess 
mammary  glands that can secrete milk. Newborn 
mammals, born without teeth, suckle this milk as their 
primary food. Even baby whales are nursed by their 
mother’s milk. Milk is a very high-calorie food (human 
milk has 750 kcal per liter), important because of the high 
energy needs of a rapidly growing newborn mammal. 
About 50% of the energy in the milk comes from fat.
Endothermy.3.  As stated previously, mammals are 
endothermic,  a crucial adaptation that has allowed them 
to be active at any time of the day or night and to colonize 
severe environments, from deserts to ice fi elds. Also, 
more effi cient blood circulation provided by the four-
chambered  heart (see chapter 50) and more effi cient 
respiration provided by the diaphragm (a special sheet of 
muscles below the rib cage that aids breathing; see 
chapter 49  ) make possible the higher metabolic rate on 
which endothermy depends.
Placenta.4.  In most mammal species, females carry their 
developing young internally in a uterus, nourishing them 
through the placenta, and give birth to live young. The 
placenta is a specialized organ that brings the bloodstream  
of the fetus into close contact with the bloodstream  of the 
mother (fi gure 35.30) . Food, water, and oxygen can pass 
across from mother to child, and wastes can pass over to the 
mother’s blood and be carried away.

35.8 Mammals

Learning Outcomes
Describe the characteristics of mammals.1. 
Compare the three groups of living mammals.  2. 

There are about 4500 living species of mammals (class 
Mammalia) ,  fewer than the number of fishes, amphibians, rep-
tiles or birds. Most large, land-dwelling vertebrates are mam-
mals. When we look out over an African plain, we see the big 
mammals—the lions, zebras, gazelles, and antelope. But the 
typical mammal is not that large. Of the 4500 species of mam-
mals, 3200 are rodents, bats, shrews, or moles.

Mammals have hair, mammary glands, 
and other characteristics
Mammals are distinguished from all other classes of vertebrates 
by two fundamental characteristics—hair and mammary glands—
and are marked by several other notable features:

Hair.1.  All mammals have hair. Even apparently hairless 
whales and dolphins grow sensitive bristles on their 
snouts. The evolution of fur and the ability to regulate 
body temperature enabled mammals to invade colder 
climates that ectothermic reptiles do not inhabit. 
Mammals  are endothermic animals, and typically 
maintain body temperatures higher than the temperature 
of their surroundings. The dense undercoat of many 
mammals reduces the amount of body heat that escapes.

  Another function of hair is camoufl age. The 
coloration  and pattern of a mammal’s coat usually matches 
its background. A little brown mouse is practically invisible 
against the brown leaf litter of a forest fl oor, and the 
orange and black stripes of a Bengal tiger disappear against 
the orange-brown color of the tall grass in which it hunts. 
Hairs also function as sensory structures. The whiskers of 
cats and dogs are stiff hairs that are very sensitive to touch. 
Mammals that are active at night or live underground 
often rely on their whiskers to locate prey or to avoid 
colliding with objects. Finally, hair can serve as a defensive 
weapon. Porcupines and hedgehogs protect themselves 
with long, sharp, stiff hairs called quills.
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Dog 

Deer Beaver 

Elephant Human 

Grinding teeth  
 
Ripping teeth 

Chiseling teeth 

Incisors Canine Premolars and molars 

Figure 35.31 Mammals have diff erent types of 
specialized teeth. Carnivores, such as dogs, have canine teeth 
that are able to rip food; some of the premolars and molars in dogs 
are also ripping teeth. Herbivores, such as deer, have incisors to 
chisel off vegetation and molars designed  to grind up the plant 
material. In the beaver, the chiseling incisors dominate. In the 
elephant, the incisors have become specialized weapons, and molars 
grind up vegetation. Humans are omnivores; we have all three 
types: grinding, ripping, and chiseling teeth.

Figure 35.32 Greater horseshoe bat, Rhinolophus 
ferrumequinum. Bats are the only mammal capable of  true fl ight.

enzymes, however, that break the links between glucose mole-
cules in cellulose. Herbivorous mammals rely on a mutualistic 
partnership with bacteria in their digestive tracts that have the 
necessary cellulose-splitting enzymes.
 Mammals such as cows, buffalo, antelopes, goats, deer, 
and giraffes have huge, four-chambered fermentation vats de-
rived from the esophagus and stomach. The first chamber is the 
largest and holds a dense population of cellulose-digesting bac-
teria. Chewed plant material passes into this chamber, where 
the bacteria attack the cellulose. The material is then digested 
further in the other three chambers.
 Rodents, horses, rabbits, and elephants, by contrast, have 
relatively small stomachs, and instead digest plant material in 
their large intestine, like a termite. The bacteria that actually 
carry out the digestion of the cellulose live in a pouch called the 
cecum that branches from the end of the small intestine.
 Even with these complex adaptations for digesting cellu-
lose, a mouthful of plant is less nutritious than a mouthful of 
meat. Herbivores must consume large amounts of plant mate-
rial to gain sufficient nutrition. An elephant eats 135 to 150 kg 
(300 to 330 pounds) of plant foods each day.

Development of hooves and horns
Keratin, the protein of hair, is also the structural building mate-
rial in claws, fingernails, and hooves. Hooves are specialized 
keratin pads on the toes of horses, cows, sheep, and antelopes. 
The pads are hard and horny, protecting the toe and cushion-
ing it from impact.
 The horns of cattle, sheep, and antelope are composed of 
a core of bone surrounded by a sheath of keratin. The bony 
core is attached to the skull, and the horn is not shed.
 Deer antlers are made not of keratin, but of bone. Male 
deer grow and shed a set of antlers each year. While growing 
during the summer, antlers are covered by a thin layer of skin 
known as velvet.

Flying mammals: Bats
Bats are the only mammals capable of powered flight 
(figure  35.32) . Like the wings of birds and pterosaurs, bat wings 
are modified forelimbs. The bat wing is a leathery membrane of 
skin and muscle stretched over the bones of four fingers. The 
edges of the membrane attach to the side of the body and to the 

In addition to these main characteristics, the mammalian lin-
eage gave rise to several other adaptations in certain groups. 
These include specialized teeth, the ability of grazing animals 
to digest plants, hooves and horns made of keratin, and adapta-
tions for flight in the bats.

Specialized teeth
Mammals have different types of teeth that are highly special-
ized to match particular eating habits (figure 35.31).  It is usu-
ally possible to determine a mammal’s diet simply by examining 
its teeth. A dog’s long canine teeth, for example, are well suited 
for biting and holding prey, and some of its premolar and molar 
teeth are triangular and sharp for ripping off chunks of flesh.
 In contrast, large herbivores such as deer lack canine teeth; 
instead, deer clip off mouthfuls of plants with flat, chisel-like in-
cisors on its lower jaw. The deer’s molars are large and covered 
with ridges to effectively grind and break up tough plant tissues.

Digestion of plants
Most mammals are herbivores, eating mostly or only plants. 
Cellulose forms the bulk of a plant’s body and is a major source 
of food for mammalian herbivores. Mammals do not have the 
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Monotremes: Egg-laying mammals
The duck-billed platypus (Ornithorhynchus anatinus) and two spe-
cies of echidna are the only living monotremes (figure  35.33a) . 
Among living mammals, only monotremes lay shelled eggs. The 
structure of their shoulder and pelvis is more similar to that of the 
early reptiles than to any other living mammal. Also like reptiles, 
monotremes have a cloaca, a single opening through which feces, 
urine, and reproductive products leave the body.

hind leg. When resting, most bats prefer to hang upside down 
by their toe claws.
 After rodents, bats are the second largest order of mam-
mals. They have been a particularly successful group because 
many species have been able to utilize a food resource that most 
birds do not use—night-flying insects.
 How do bats navigate in the dark? Late in the eighteenth 
century, the Italian biologist Lazzaro Spallanzani showed that a 
blinded bat could fly without crashing into things and still cap-
ture insects. Clearly another sense other than vision was being 
used by bats to navigate in the dark. When Spallanzani plugged 
the ears of a bat, it was unable to navigate and collided with 
objects. Spallanzani concluded that bats “hear” their way 
through the night world. 

Mammals diverged about 220 MYA

Mammals have been around since the time of the dinosaurs, about 
220 mya. Tiny, shrewlike creatures that lived in trees eating insects, 
the earliest mammals were only a minor element in a land that 
quickly came to be dominated by dinosaurs. Fossils reveal that 
these early mammals had large eye sockets, evidence that they may 
have been active at night. Early mammals also had a single lower 
jawbone. The fossil record shows a change in therapsids (the an-
cestors of mammals) from the reptile lower jaw, having several 
bones, to a jaw closer to the mammalian type. Two of the bones 
forming the therapsid jaw joint moved into the middle ear of 
mammals, linking with a bone already there to produce a three-
bone structure that amplifies sound better than the reptilian ear.

The age of mammals
At the end of the Cretaceous period, 65 mya, the dinosaurs and 
numerous other land and marine animals became extinct, but 
mammals survived, possibly because of the insulation their fur 
provided. In the Tertiary period (lasting from 65 mya to 2 mya), 
mammals rapidly diversified, taking over many of the ecologi-
cal roles once dominated by dinosaurs.
 Mammals reached their maximum diversity late in the 
Tertiary period, about 15 mya. At that time, tropical conditions 
existed over much of the world. During the last 15 million 
years, world climates have changed, and the area covered by 
tropical habitats has decreased, causing a decline in the total 
number of mammalian species (table 35.5) .

Modern mammals are 
placed into three groups.  
For 155 million years, while the dinosaurs flourished, mammals 
were a minor group of small insectivores and herbivores. The most 
primitive mammals were members of the subclass Prototheria.   
Most prototherians were small and resembled modern shrews. All 
prototherians laid eggs, as did their synapsid ancestors. The only 
prototherians surviving today are the monotremes.
 The other major mamm alian group is the subclass Theria. 
Therians are viviparous (that is, their young are born alive). The 
two living therian groups are marsupials, or pouched mammals 
(including kangaroos, opossums, and koalas), and the placental 
mammals (dogs, cats, humans, horses, and most other mammals).

T A B L E  3 5 . 5 Some Groups of Extinct 
Mammals

Group Description

Cave bears Numerous in the ice ages; 

this enormous bear had 

a largely vegetarian diet 

and slept through the winter

in large groups.

Irish elk Neither Irish nor an 

elk (it is a kind of 

deer), Megaloceros 

was the largest deer 

that ever lived, with horns 

spanning 12 feet. Seen in 

French cave paintings, 

they became extinct about 

2500 years ago.

Mammoths Although only two 

species of 

elephants 

survive today, 

the elephant family 

was far more diverse during 

the late Tertiary. Many were 

cold-adapted mammoths with 

long, shaggy fur.

Giant ground sloths Megatherium was a giant, 

20-foot ground sloth that 

weighed 3 tons and was as 

large as a modern elephant.

Sabertooth cats The jaws of these

large, lionlike 

cats opened an 

incredible 120° to 

allow the animal to 

drive its huge upper pair 

of saber teeth into prey.
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c. 

a. 

b. 

Monotremes 

Marsupials 

Placental Mammals 

Figure 35.33 Today’s mammals. a. Monotremes, the 
short-nosed echidna, Tachyglossus aculeatus (left), and the duck-billed 
platypus, Ornithorhynchus anat inus (right); (b) Marsupials, the red 
kangaroo, Macropus rufus (left) and the opossum, Didelphis 

virginiana, (right); (c) Placental mammals, the lion, Panthera leo (left) 
and the bottle-nosed dolphin, Tursiops truncatus (right).

bodied animals. Echidnas of Australia (Tachyglossus aculeatus, the 
short-nosed echidna) and New Guinea (Zaglossus bruijni, the 
long-nosed echidna) have very strong, sharp claws, which they 
use for burrowing and digging. The echidna probes with its 
snout for insects, especially ants and termites.

Marsupials: Pouched mammals
The major difference between marsupials (figure 35.33b) and 
other mammals is their pattern of embryonic development. In 
marsupials, a fertilized egg is surrounded by chorion and amni-
otic membranes, but no shell forms around the egg as it does in 
monotremes. During most of its early development, the marsu-
pial embryo is nourished by an abundant yolk within the egg. 
Shortly before birth, a short-lived placenta forms from the cho-
rion membrane. Soon after, sometimes within eight days of fer-
tilization, the embryonic marsupial is born. It emerges tiny and 
hairless, and crawls into the marsupial pouch, where it latches 
onto a mammary-gland nipple and continues its development.
 Marsupials evolved shortly before placental mammals, 
about 125 mya. Today, most species of marsupials live in Aus-
tralia and South America, areas that have undergone long pe-
riods of geographic isolation. Marsupials in Australia and New 
Guinea have diversified to fill ecological positions occupied by 
placental mammals elsewhere in the world (see figure 21.18). 
The placental mammals in Australia and New Guinea today 
arrived relatively recently and include some introduced by hu-
mans. The only marsupial found in North America is the Vir-
ginia opossum (Didelphis virginiana), which has migrated north 
from Central America within the last three million years.

Placental mammals
A placenta that nourishes the embryo throughout its entire devel-
opment forms in the uterus of placental mammals (figure  35.33c). 
Most species of mammals living today, including humans, are in 
this group. Of the 19 orders of living mammals, 17 are placental 
mammals (although some scientists recognize four orders of 
marsupials, rather than one). Table 35.6   shows some of these 
orders. They are a very diverse group, ranging in size from 
1.5-g pygmy shrews to 100,000-kg whales.
 Early in the course of embryonic development, the placenta 
forms. Both fetal and maternal blood vessels are abundant in the 
placenta, and substances can be exchanged efficiently between the 
bloodstreams of mother and offspring (see figure 35.30). The fetal 
placenta is formed from the membranes of the chorion and allan-
tois. In placental mammals, unlike in marsupials, the young un-
dergo a considerable period of development before they are born.

Learning Outcomes Review 35.8
Mammals are the only animals with hair and mammary glands. Other 
mammalian specializations include endothermy, the placenta, a tooth 
design suited to diet, and specialized sensory systems. Today three 
subgroups of mammals are recognized: monotremes, which lay eggs; 
marsupials, which feed embryonic young in a marsupial pouch; and 
placental mammals, in which the placenta nourishes the embryo 
throughout its development.

 ■ What features found in both mammals and birds are 
examples of convergent evolution?

 Despite the retention of some reptilian features, mono-
tremes have the diagnostic mammalian characters: a single bone 
on each side of the lower jaw, fur, and mammary glands. Young 
monotremes drink their mother’s milk after they hatch from eggs. 
Females lack well-developed nipples; instead, the milk oozes onto 
the mother’s fur, and the babies lap it off with their tongues.
 The platypus, found only in Australia, lives much of its 
life in the water and is a good swimmer. It uses its bill much as 
a duck does, rooting in the mud for worms and other  soft-
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T A B L E  3 5 . 6 Major Orders of Placental Mammals

Order Typical Examples Key Characteristics

Approximate 
Number of 

Living Species

Rodentia Beavers, 

mice, 

porcupines, 

rats

Small plant-eaters

Chisel-like incisor teeth

1814

Chiroptera Bats Flying mammals

Primarily fruit- or insect-eaters; elongated fi ngers; thin 

wing membrane; mostly nocturnal; navigate by sonar

986

Insectivora Moles, 

shrews

Small, burrowing mammals

Insect-eaters; the most primitive placental mammals; 

spend most of their time underground

390

Carnivora Bears, 

cats, 

raccoons, 

weasels, 

dogs

Carnivorous predators

Teeth adapted for shearing fl esh; no native families 

in Australia

274

Primates Apes, 

humans, 

lemurs, 

monkeys

Tree-dwellers

Large brain size; binocular vision; opposable thumb; 

group that evolved from a line that branched off  early 

from other mammals

233

Artiodactyla Cattle, 

deer, 

giraff es, 

pigs

Hoofed mammals with two or four toes

Most species are herbivorous ruminants

211

Cetacea Dolphins, 

porpoises, 

whales

Fully marine mammals

Streamlined bodies; front limbs modifi ed into fl ippers; 

no hindlimbs; blowholes on top of head; no hair except 

on muzzle

79

Lagomorpha Rabbits, 

hares, 

pika

Rodentlike jumpers

Four upper incisors (rather than the two seen in 

rodents); hind legs often longer than forelegs, an 

adaptation for jumping

69

Edentata Anteaters, 

armadillos, 

sloths

Toothless insect-eaters

Many are toothless, but some have degenerate, 

peglike teeth

30

Perissodactyla Horses, 

rhinoceroses, 

tapirs

Hoofed mammals with odd number of toes

Herbivorous teeth adapted for chewing

17

Proboscidea Elephants Long-trunked herbivores

Two upper incisors elongated as tusks; largest living 

land animal

2
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a. b. c. 

New World Monkeys Old World Monkeys Hominoids 

Figure 35.34 A prosimian. 
This tarsier, Tarsius, a prosimian 
native to tropical  Asia, shows the 
characteristic features of primates: 
grasping fi ngers and toes and 
binocular vision.

Figure 35.35 
Anthropoids. a. New World 
 Monkey, the squirrel monkey, 
Saimiri oerstedii; (b) Old World 
Monkey, the mandrill, 
Mandrillus sphinx; (c) hominoids,  
gorilla, Gorilla gorilla (left) and 
human, Homo sapiens (right).

vision, prosimians have large eyes with increased visual acuity. 
Most prosimians are nocturnal, feeding on fruits, leaves, and 
flowers, and many lemurs have long tails for balancing.

Anthropoids
Anthropoids   include monkeys, apes, and humans. Anthropoids 
are almost all diurnal—that is, active during the day—feeding 
mainly on fruits and leaves. Natural selection favored many 
changes in eye design, including color vision, that were adapta-
tions to daytime foraging. An expanded brain governs the im-
proved senses, with the braincase forming a larger portion of 
the head.
 Anthropoids, like the relatively few diurnal prosimians, 
live in groups with complex social interactions. They tend to 
care for their young for prolonged periods, allowing for a long 
childhood of learning and brain development.
 About 30 mya, some anthropoids migrated to South 
America. Their descendants, known as the New World mon-
keys (figure 35.35a) , are easy to identify: All are arboreal; they 
have flat, spreading noses; and many of them grasp objects with 
long, prehensile tails.
 Anthropoids that remained in Africa gave rise to two lin-
eages: the Old World monkeys (figure 35.35b) and the homi-
noids (apes and humans, figure 35.35c). Old World monkeys 
include ground-dwelling as well as arboreal species. None of 
them have prehensile tails, their nostrils are close together, 
their noses point downward, and some have toughened pads of 
skin on their rumps for prolonged sitting. 

35.9 Evolution of the Primates

Learning Outcomes
Describe the characteristics and major groups of 1. 
primates.
List the distinguishing characteristics of hominids.2. 
Explain the variations that form the basis for human 3. 
races and why races do not reflect speciation. 

Primates are the mammalian group that gave rise to our own 
species. Primates evolved two distinct features that allowed 
them to succeed as arboreal (tree-dwelling) insectivores. 

Grasping fi ngers and toes.1.  Unlike the clawed feet of tree 
shrews and squirrels, primates have grasping hands and 
feet that enable them to grip limbs, hang from branches, 
seize food, and in some primates, use tools. The fi rst digit 
in many primates, namely the thumb, is opposable,  and at 
least some, if not all, of the digits have nails.
Binocular vision.2.  Unlike the eyes of shrews and 
squirrels, which sit on each side of the head, the eyes of 
primates are shifted forward to the front of the face. 
This produces overlapping binocular vision that lets the 
brain judge distance precisely—important to an animal 
moving through the trees and trying to grab or pick up 
food items. 

 Other mammals have binocular vision—for example, car-
nivorous predators—but only primates have both binocular vi-
sion and grasping hands, making them particularly well adapted 
to their arboreal environment.

The anthropoid lineage led 
to the earliest humans
About 40 mya, the earliest primates split into two groups: the 
prosimians and the anthropoids. The prosimians (“before mon-
keys”) looked something like a cross between a squirrel and a cat 
and were common in North America, Europe, Asia, and Africa. 
Only a few prosimians survive today—lemurs, lorises, and tarsi-
ers (figure 35.34) . In addition to grasping digits and binocular 
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Figure 35.36 A primate evolutionary tree. Prosimians 
 diverged early in primate evolution, whereas hominids diverged 
much more recently. Apes constitute a paraphyletic group because 
some apes are more closely related to  nonape species (hominids) 
than they are to other apes.

 Fossils of the earliest hominids (humans and their direct 
ancestors), described later in this section, suggest that the com-
mon ancestor of the hominids was more like a chimpanzee than 
a gorilla. Based on genetic differences, scientists estimate that 
gorillas diverged from the line leading to chimpanzees and hu-
mans some 8 mya.
 Soon after the gorilla lineage diverged, the common an-
cestor of all hominids split off from the chimpanzee line to be-
gin the evolutionary journey leading to humans. Because this 
split was so recent, few genetic differences between humans 
and chimpanzees have had time to evolve. For example, a hu-
man hemoglobin molecule differs from its chimpanzee coun-
terpart in only a single amino acid. In general, humans and 
chimpanzees exhibit a level of genetic similarity normally found 
between closely related species of the same genus!

Comparing apes with hominids
The common ancestor of apes and hominids is thought to have 
been an arboreal climber. Much of the subsequent evolution of 
the hominoids reflected different approaches to locomotion. 
Hominids became bipedal, walking upright; in contrast, the 
apes evolved knuckle-walking, supporting their weight on the 
dorsal sides of their fingers. (Monkeys, by contrast, walk using 
the palms of their hands.)
 Humans depart from apes in several areas of anatomy re-
lated to bipedal locomotion. Because humans walk on two legs, 
their vertebral column is more curved than an ape’s, and the 
human spinal cord exits from the bottom rather than the back 
of the skull. The human pelvis has become broader and more 
bowl-shaped, with the bones curving forward to center the 
weight of the body over the legs. The hip, knee, and foot have 
all changed proportions.
 Being bipedal, humans carry much of the body’s weight 
on the lower limbs, which comprise 32 to 38% of the body’s 
weight and are longer than the upper limbs; human upper limbs 
do not bear the body’s weight and make up only 7 to 9% of hu-
man body weight. African apes walk on all fours, with the upper 
and lower limbs both bearing the body’s weight; in gorillas, the 
longer upper limbs account for 14 to 16% of body weight, the 
somewhat shorter lower limbs for about 18%.

Australopithecines were early hominids
Five to 10 mya, the world’s climate began to get cooler, and the 
great forests of Africa were largely replaced with savannas and 
open woodland. In response to these changes, a new kind of 
hominoid was evolving, one that was bipedal. These new homi-
noids are classified as hominids—that is, of the human line.
 The major groups of hominids include three to seven 
species of the genus Homo (depending how you count them), 
seven species of the older, smaller-brained genus Australopithe-
cus, and several even older lineages  (figure 35.37).   In every case 
where the fossils allow a determination to be made, the hom-
inids are bipedal, the hallmark of hominid evolution.
 In recent years, anthropologists have found a remark-
able series of early hominid fossils extending as far back as 6 
to 7 million years. Often displaying a mixture of primitive and 
modern traits, these fossils have thrown the study of early 
hominids into turmoil. Although the inclusion of these fossils 

Hominoids
The hominoids include the apes and the hominids (humans 
and their direct ancestors). The living apes consist of the gib-
bon (genus Hylobates), orangutan (Pongo), gorilla (Gorilla), and 
chimpanzee (Pan). Apes have larger brains than monkeys, and 
they lack tails. With the exception of the gibbon, which is 
small, all living apes are larger than any monkey. Apes exhibit 
the most adaptable behavior of any mammal except human be-
ings. Once widespread in Africa and Asia, apes are rare today, 
living in relatively small areas. No apes ever occurred in North 
or South America.
 Studies of ape DNA have explained a great deal about how 
the living apes evolved. The Asian apes evolved first. The line of 
apes leading to gibbons diverged from other apes about 15 mya, 
whereas orangutans split off about 10 mya (figure  35.36) . Neither 
group is closely related to humans.
 The African apes evolved more recently, between 6 and 
10 mya. These apes are the closest living relatives to humans. The 
taxonomic group “apes” is a paraphyletic group; some apes are 
more closely related to hominids than they are to other apes. For 
this reason, some taxonomists have advocated placing humans and 
the African apes in the same zoological family, the Hominidae.
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3.7-million-year-old volcanic ash. Importantly, the big toe is 
not splayed out to the side as in a monkey or ape, indicating 
that these footprints were clearly made by hominids.

Bipedalism
The evolution of bipedalism   marks the beginning of hominids. 
Bipedalism seems to have evolved as australopithecines left 
dense forests for grasslands and open woodland.
 Whether larger brains or bipedalism evolved first was a 
matter of debate for some time. One school of thought pro-
posed that hominid brains enlarged first, and then hominids 
became bipedal. Another school of thought saw bipedalism as a 
precursor to larger brains, arguing that bipedalism freed the 
forelimbs to manufacture and use tools, leading to the evolu-
tion of bigger brains. Recently, fossils unearthed in Africa have 
settled the debate. These fossils demonstrate that bipedalism 
extended back 4 million years; knee joint, pelvis, and leg bones 
all exhibit the hallmarks of an upright stance. Substantial brain 
expansion, on the other hand, did not appear until roughly 
2 mya. In hominid evolution, upright walking clearly preceded 
large brains.
 The reason bipedalism evolved in hominids remains a 
matter of controversy. No tools appeared until 2.5 mya, so tool-
making seems an unlikely cause. Alternative ideas suggest that 
walking upright is faster and uses less energy than walking on 
four legs; that an upright posture permits hominids to pick fruit 
from trees and see over tall grass; that being upright reduces 

among the hominids seems warranted, only a few specimens 
have been discovered, and they do not provide enough infor-
mation to determine with certainty their relationships to aus-
tralopithecines and humans. The search for additional early 
hominid fossils continues.

Early australopithecines
Our knowledge of australopithecines is based on hundreds of 
fossils, all found in South and East Africa (except for one spec-
imen from Chad in West Africa). Australopithecines may have 
lived over a much broader area of Africa, but rocks of the 
proper age that might contain fossils are not exposed else-
where. The evolution of hominids seems to have begun with 
an initial radiation of numerous species. The seven species 
identified so far provide ample evidence that australopith-
ecines were a diverse group.
 These early hominids weighed about 18 kg and were 
about 1 m tall. Their dentition was distinctly hominid, but their 
brains were no larger than those of apes, generally 500 cubic 
centimeters (cm3) or less. Homo brains, by comparison, are usu-
ally larger than 600 cm3; modern H. sapiens brains average 
1350 cm3.
 The structure of australopithecine fossils clearly indicates 
that they walked upright. Evidence of bipedalism includes a set 
of some 69 hominid footprints found at Laetoli, East Africa. 
Two individuals, one larger than the other, walked upright side-
by-side for 27 m, their footprints preserved in a layer of  

 Figure 35.37 Hominid fossil history. Most, but not all, fossil hominoids are indicated here. New species are regularly being 
discovered, though great debate sometimes exists about whether a particular specimen represents a new species. 
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A new addition to the human family: Homo floresiensis
The world was stunned in 2004 with the announcement of the 
discovery of fossils of a new human species from the tiny Indo-
nesian island of Flores (figure 35.38) . Homo floresiensis was no-
table for its diminutive stature; standing only a meter tall, and 
with a brain size of just 380 cm3, the species was quickly nick-
named “the Hobbit” after the characters in J. R. R. Tolkien’s 
Lord of the Rings trilogy. Just as surprising was the age of the 
fossils, the youngest of which was only 15,000 years old.
 Despite its recency, a number of skeletal features suggest 
to most scientists that H. floresiensis is more closely related to 
H. erectus than to H. sapiens. If correct (and not all scientists 
agree), this result would indicate that the H. erectus lineage per-
sisted much longer than previously thought—almost to the 
present day. It also would mean that until very recently, H. sapi-
ens was not the only species of human on the planet. We can 
only speculate about how H. sapiens and H. floresiensis may have 
interacted, and how these interactions may have been affected 
by the great difference in body size.
 Why H. floresiensis evolved such small size is unknown, 
although a number of experts have pointed to the phenomenon 
of “island dwarfism,” in which mammal species evolve to be 
much smaller on islands. Indeed, H. floresiensis coexisted with 
and preyed on a miniature species of elephant that also lived on 
Flores, but which also has gone extinct. These findings have 
rekindled interest in explaining why island dwarfism occurs.

the body surface exposed to the Sun’s rays; that an upright 
stance aided the wading of semiaquatic hominids; and that bi-
pedalism frees the forelimbs of males to carry food back to fe-
males, encouraging pair-bonding. All of these suggestions have 
their proponents, and none is universally accepted. The origin 
of bipedalism, the key event in the evolution of hominids, re-
mains a mystery.

The genus Homo arose roughly 2 MYA

The first humans (genus Homo) evolved from australopithecine 
ancestors about 2 mya. The exact ancestor has not been clearly 
identified, but is commonly thought to be Australopithecus 
afarensis. Only within the last 30 years have a significant num-
ber of fossils of early Homo been uncovered. An explosion of 
interest has fueled intensive field exploration, and new finds are 
announced regularly; every year, our picture of the base of the 
human evolutionary tree grows clearer. The following histori-
cal account will undoubtedly be supplanted by future discover-
ies, but it provides a good example of science at work.

The first human: Homo habilis
In the early 1960s, stone tools were found scattered among 
hominid bones close to the site where A. boisei had been un-
earthed. Although the fossils were badly crushed, painstaking 
reconstruction of the many pieces suggested a skull with a brain 
volume of about 680 cm3, larger than the australopithecine 
range of 400 to 550 cm3. Because of its association with tools, 
this early human was called Homo habilis, meaning “handy man.” 
Partial skeletons discovered in 1986 indicate that H. habilis was 
small in stature, with arms longer than its legs and a skeleton 
much like that of Australopithecus. Because of its general simi-
larity to australopithecines, many researchers at first questioned 
whether  this fossil was human.

  Out of Africa: Homo erectus
Our picture of what early Homo was like lacks detail because it 
is based on only a few specimens. We have much more informa-
tion about the species that replaced it, Homo erectus and 
H. ergaster, which are sometimes considered a single species.
 These species were a lot larger than Homo habilis—about 
1.5 m tall. They had a large brain, about 1000 cm3, and walked 
erect. Their skull had prominent brow ridges and, like modern 
humans, a rounded jaw. Most interesting of all, the shape of the 
skull interior suggests that H. erectus was able to talk.
 Far more successful than H. habilis, H. erectus quickly 
became widespread and abundant in Africa, and within 1 mil-
lion years had migrated into Asia and Europe. A social spe-
cies, H. erectus lived in tribes of 20 to 50 people, often dwelling 
in caves. They successfully hunted large animals, butchered 
them using flint and bone tools, and cooked them over fires—
a site in China contains the remains of horses, bears, ele-
phants, and  rhinoceroses.
 Homo erectus survived for over a million years, longer than 
any other species of human. These very adaptable humans only 
disappeared in Africa about 500,000 years ago, as modern hu-
mans were emerging. Interestingly, they survived even longer 
in Asia, until 250,000 years ago.

 Figure 35.38 Homo fl oresiensis. This diminutive species 
(compare the modern human female on the right with the female 
H. fl oresiensis on the left) occurred on the small island of Flores in 
what is now Indonesia. H. fl oresiensis  preyed upon a dwarf species of 
elephant, Stegodon sondaari, which also occurred on Flores (compare 
with the larger African elephant, Loxodonta african, in gray).
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Figure 35.39 Cro-Magnon art. Rhinoceroses are among 
the animals depicted in this remarkable cave painting found in 1995 
near Vallon-Pont d’Arc,  France.

years ago, after the ice had begun to retreat and a land bridge 
still connected Siberia and Alaska. By 10,000 years ago, about 
5 million people inhabited the entire world (compared with 
more than 6 billion today).

Our own species: Homo sapiens
Homo sapiens is the only surviving species of the genus Homo, 
and indeed the only surviving hominid. Some of the best fossils 
of H. sapiens are 20 well-preserved skeletons with skulls found in 
a cave near Nazareth in Israel. Modern dating techniques esti-
mate these humans to be between 90,000 and 100,000 years old. 
The skulls are modern in appearance and size, with high, short 
braincases, vertical foreheads with only slight brow ridges, and a 
cranial capacity of roughly 1550 cm3.  Our evolution has been 
marked by a progressive increase in brain size, distinguishing us 
from other animals in several ways. First, humans are able to 
make and use tools more effectively than any other animal—a 
capability that, more than any other factor, has been responsible 
for our dominant position in the world. Second, although not 
the only animal capable of conceptual thought, humans have 
refined and extended this ability until it has become the hall-
mark of our species. Finally, we use symbolic language and can, 
with words, shape concepts out of experience and transmit that 
accumulated experience from one generation to another.
 Humans have undergone what no other animal ever has: 
extensive cultural evolution. Through culture, we have found 
ways to change and mold our environment, rather than changing 
evolutionarily in response to the environment’s demands. We 
control our biological future in a way never before possible—an 
exciting potential and a frightening responsibility.

Modern humans
The evolutionary journey entered its final phase when modern 
humans first appeared in Africa about 600,000 years ago. Inves-
tigators who focus on human diversity denote three species of 
modern humans: Homo heidelbergensis, H. neanderthalensis, and 
H. sapiens. Other investigators lump the three species into one, 
H. sapiens (“wise man”).
 The oldest modern human, Homo heidelbergensis, is known 
from a 600,000-year-old fossil from Ethiopia. Although it coex-
isted with H. erectus in Africa, H. heidelbergensis has more ad-
vanced anatomical features, including a bony keel running 
along the midline of the skull, a thick ridge over the eye sockets, 
and a large brain. Also, its forehead and nasal bones are very 
much like those of H. sapiens.
 As H. erectus was becoming rarer, about 130,000 years 
ago, a new species of human arrived in Europe from Africa. 
Homo neanderthalensis likely branched off the ancestral line 
leading to modern humans as long as 500,000 years ago. Com-
pared with modern humans, Neanderthals were short, stocky, 
and powerfully built; their skulls were massive, with protruding 
faces, heavy, bony ridges over the brows, and larger braincases.

Cro-Magnons and Neanderthals
The Neanderthals (classified by many paleontologists as a sep-
arate species, Homo neanderthalensis) were named after the 
Neander Valley of Germany where their fossils were first dis-
covered in 1856. Rare at first outside of Africa, they became 
progressively more abundant in Europe and Asia, and by 70,000 
years ago had become common.
 The Neanderthals made diverse tools, including scrapers, 
spearheads, and hand axes. They lived in huts or caves. Nean-
derthals took care of their injured and sick and commonly bur-
ied their dead, often placing food, weapons, and even flowers 
with the bodies. Such attention to the dead strongly suggests 
that they believed in a life after death. This is the first evidence 
of the symbolic thinking characteristic of modern humans.
 Fossils of H. neanderthalensis abruptly disappear from the 
fossil record about 34,000 years ago and are replaced by fossils 
of H. sapiens called the Cro-Magnons (named after the valley in 
France where their fossils were first discovered). We can only 
speculate why this sudden replacement occurred, but it was 
complete all over Europe in a short period.
 A variety of evidence indicates that Cro-Magnons came 
from Africa—fossils of essentially modern aspect but as much 
as 100,000 years old have been found there. Cro-Magnons 
seem to have replaced the Neanderthals completely in the Mid-
dle East by 40,000 years ago, and then spread across Europe, 
coexisting with the Neanderthals for several thousand years. 
Recent analyses of Neanderthal DNA reveal it to be quite dis-
tinct from Cro-Magnon DNA, indicating the two species did 
not interbreed, although not all scientists agree on this point. 
Neanderthals are our cousins, not our ancestors. The Cro-
Magnons  that replaced the Neanderthals had a complex social 
organization and are thought to have had full language capa-
bilities. Elaborate and often beautiful cave paintings made by 
Cro-Magnons  can be seen throughout Europe (figure 35.39). 
 Humans of modern appearance eventually spread across 
Siberia to North America, where they arrived at least 13,000 
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a. b. 

 Genetic Similarity Skin Pigmentation Figure 35.40 Patterns of genetic 
variation in human populations diff er 
from patterns of skin color variation. 
a. Genetic variation among Homo sapiens. 
The more similar areas are in color, the more 
similar they are genetically based on many 
enzyme  and blood group genetic loci. 
b. Similarity among Homo sapiens based on 
skin color. The color of an area represents 
the skin pigmentation of the people native 
to that region.

of people have constantly intermingled and interbred with one 
another during the entire course of history. This constant gene 
flow has prevented the human species from fragmenting into 
highly differentiated subspecies. Those characteristics that are 
differentiated among populations, such as skin color, represent 
classic examples of the antagonism between gene flow and nat-
ural selection. As you saw in chapter 20, when selection is strong 
enough, as it is for dark coloration in tropical regions, popula-
tions can differentiate even in the presence of gene flow. How-
ever, even in cases such as this, gene flow will still ensure that 
populations are relatively homogeneous for genetic variation at 
other loci.
 For this reason, relatively little of the variation in the hu-
man species represents differences between the described races. 
Indeed, one study calculated that only 8% of all genetic varia-
tion among humans could be accounted for as differences that 
exist among racial groups; in other words, the human racial cat-
egories do a very poor job in describing the vast majority of 
genetic variation that exists in humans. For this reason, most 
modern biologists reject human racial classifications as reflect-
ing patterns of biological differentiation in the human species. 
This is a sound biological basis for dealing with each human 
being on his or her own merits and not as a member of a par-
ticular “race.” 

Learning Outcomes Review 35.9
 Primates include prosimians, monkeys, apes, and humans (hominids). 
Primates have grasping fi ngers and toes and binocular vision. Hominids 
diverged from other primates by developing bipedal locomotion that led 
to a number of additional adaptations, including modifi cation of the spine, 
pelvis, and limbs. Several species of Homo evolved in Africa, and some 
migrated from there to Europe and Asia. Our own species, Homo sapiens, 
is profi cient at conceptual thought and tool use and is the only animal 
that uses symbolic language. Considerable variation occurs among human 
populations, but the recognized races, which are based primarily on skin 
color, do not refl ect signifi cant biological diff erences.

 ■ Which of these groups is monophyletic: prosimians, 
monkeys, apes, hominids?

Human races
 Human beings, like all other species, have differentiated in their 
characteristics as they have spread throughout the world. Local 
populations in one area often appear significantly different 
from those that live elsewhere. For example, northern Europe-
ans often have blond hair, fair skin, and blue eyes, whereas Afri-
cans often have black hair, dark skin, and brown eyes. These 
traits may play a role in adapting the particular populations to 
their environments. Blood groups may be associated with im-
munity to diseases more common in certain geographical areas, 
and dark skin shields the body from the damaging effects of 
ultraviolet radiation, which is much stronger in the tropics than 
in temperate regions.
 All human beings are capable of mating with one another 
and producing fertile offspring. The reasons that they do or do 
not choose to associate with one another are purely psychologi-
cal and behavioral (cultural).
 The number of groups into which the human species 
might logically be divided has long been a point of contention. 
Some contemporary anthropologists divide people into as many 
as 30 “races,” others as few as three: Caucasoid, Negroid, and 
Oriental. American Indians, Bushmen, and Aborigines are ex-
amples of particularly distinctive subunits that are sometimes 
regarded as distinct groups.
 The problem with classifying people or other organisms 
into races in this fashion is that the characteristics used to de-
fine the races are usually not well correlated with one another, 
and so the determination of race is always somewhat arbitrary. 
Humans are visually oriented; consequently, we have relied on 
visual cues—primarily skin color—to define races. However, 
when other types of characteristics, such as blood groups, are 
examined, patterns of variation correspond very poorly with vi-
sually determined racial classes. Indeed, if one were to break 
the human species into subunits based on overall genetic simi-
larity, the groupings would be very different from those based 
on skin color or other visual features (figure 35.40) .
 In human beings, it is simply not possible to delimit 
clearly defined races that reflect biologically differentiated and 
well- defined groupings. The reason is simple: Different groups 
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35.6 Reptiles
Reptiles exhibit three key characteristics.
Reptiles posses a watertight amniotic egg; dry, watertight skin; and 
thoracic breathing (see fi gure 35.17).
Modern reptiles practice internal fertilization and are ectothermic.

Reptiles dominated the Earth for 250 million years.
Synapsids gave rise to the therapsids that became the mammalian 
line. Diapsids gave rise to modern reptiles and the birds.

Modern reptiles belong to four groups.
The four groups of reptiles are Chelonia (turtles and tortoises); 
Rhynchocephalia (tuataras); Squamata (lizards and snakes); and 
Crocodylia (crocodiles and alligators).

35.7 Birds
Key characteristics of birds are feathers and a lightweight skeleton.
The feather is a modifi ed reptilian scale. Feathers provide lift in 
gliding or fl ight and conserve heat (see figure 35.25).
The lightweight skeleton of birds is an adaptation to fl ight.

Birds arose about 150 MYA.
Birds evolved from theropod dinosaurs. Feathers probably fi rst arose 
to provide insulation, only later being modifi ed for fl ight.

Modern birds are diverse but share several characteristics.
In addition to the key characteristics, birds have effi cient respiration 
and circulation and are endothermic.

35.8 Mammals
Mammals have hair, mammary glands, and other characteristics.
Mammals are distinguished by fur and by mammary glands, which 
provide milk to feed the young. Mammals are also endothermic.

Mammals diverged about 220 MYA.
Mammals evolved from therapsids (synapsids) and reached maximum 
diversity about 15 mya.

Modern mammals are placed into three groups.
The monotremes lay shelled eggs. In marsupials, an embryo 
completes development in a pouch. Placental mammals produce a 
placenta in the uterus to nourish the embryo.

35.9 Evolution of the Primates (see fi gure 35.36)

Primates share two innovations: grasping fi ngers and toes, 
and binocular vision.

The anthropoid lineage led to the earliest humans.
The earliest primates were the prosimians; anthropoids, which 
include monkeys, apes, and humans, evolved later. Hominoids 
include the apes and the hominids, or humans.

Austrolopithecines were early hominids.
The distinguishing characteristics of hominids are upright posture 
and bipedal locomotion.

The genus Homo arose roughly 2 MYA.
Common features of early Homo species include a larger body and 
brain size. Homo sapiens is the only extant species. Humans exhibit 
conceptual thought, tool use, and symbolic language.

35.1 The Chordates
Chordates share four features at some time during development: a 
single, hollow nerve cord; a fl exible rod, the notochord; pharyngeal 
slits or pouches; and a postanal tail (see fi gure 35.1).

35.2 The Nonvertebrate Chordates
Tunicates have chordate larval forms.
Tunicates have a swimming larval form exhibiting all the features of a 
chordate, but their adult form is sessile and baglike.

Lancelets are small marine chordates.
Lancelets have chordate features throughout life, but as adults they 
lack bones and have no distinct head (see fi gure 35.3).

35.3 The Vertebrate Chordates
Vertebrates have vertebrae, a distinct head, and other features.
In vertebrates, a vertebral column encloses and protects the dorsal 
nerve cord. The distinct and well-differentiated head carries sensory 
organs. Vertebrates also have specialized internal organs and a bony 
or cartilaginous endoskeleton.

Vertebrates evolved half a billion years ago: An overview.
In fi shes, evolution of a hinged jaw was a major advance. Other 
changes allowed a move into the terrestrial environment, giving rise 
to amphibians, reptiles, birds, and mammals (see figure 35.8).

35.4 Fishes
Fishes exhibit fi ve key characteristics.
The key characteristics of fi shes are a vertebral column of bone 
or cartilage, jaws, paired appendages, internal gills, and a closed 
circulatory system.

Sharks, with cartilaginous skeletons, became top predators.
Sharks, rays, and skates are cartilaginous fi shes. Sharks were 
streamlined for fast swimming, and they evolved teeth that enabled 
them to readily grab, kill, and devour prey.
The lateral line system of sharks and bony fi shes is a sensory system 
that detects changes in pressure waves.

Bony fi shes dominate the waters.
Bony fi shes belong either to the ray-fi nned fi shes (Actinopterygii), 
or the lobe-fi nned fi shes (Sarcopterygii). Ray-fi nned fi shes have fi ns 
stiffened with bony parallel rays.

The evolutionary path to land ran through the lobe-fi nned fi shes.
The lobe-fi nned fi shes have muscular lobes with bones connected 
by joints (see fi gure 35.13). These structures could evolve into limbs 
capable of movement on land.

35.5 Amphibians
Living amphibians have fi ve distinguishing features.
Amphibian adaptations include legs, lungs, cutaneous respiration, 
pulmonary veins, and a partially divided heart.

Amphibians overcame terrestrial challenges.
Terrestrial adaptations included being able to support large bodies 
against gravity, to breathe out of water, and to avoid dessication.

Modern amphibians belong to three groups.
The Anura (frogs and toads) lack tails as adults; many have a larval 
tadpole stage. The Caudata (salamanders) have tails as adults and 
larvae similar to the adult form. The Apoda (caecilians) are legless.

Chapter Review
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 7. All of the following are characteristics of reptiles, except
a. cutaneous respiration.
b. amniotic egg.
c. thoracic breathing.
d. dry, watertight skin.

 8. Which of the following evolutionary adaptations allows 
the birds to become effi cient at fl ying?
a. Structure of the feather
b. High metabolic temperatures
c. Increased respiratory effi ciency
d. All of the above

A P P L Y 
  1. The reason that birds and crocodilians both build nests might 

be because they
a. are both warm-blooded.
b. both eat fi sh.
c. both inherited the trait from a common ancestor.
d. both lay eggs.

 2. Which of the following is the closest relative of lungfi sh?
 a. Hagfi sh c. Ray-fi nned fi sh
 b. Sharks d. Mammals
 3. The fact that monotremes lay eggs 

a. indicates that they are more closely related to some reptiles 
than they are to some mammals.

b. is a plesiomorphic trait.
c. demonstrates that the amniotic egg evolved multiple times.
d. is a result of ectothermy.

S Y N T H E S I Z E
 1. Some scientists believe the feathers did not evolve initially 

for fl ight, but rather for insulation. What benefi ts would this 
have had for early fl ightless birds?

 2. Some people state that the dinosaurs have not “gone extinct,” 
they are with us today. What evidence can be used to support 
this statement?

 3. In what respect is the evolutionary diversifi cation of hominids 
similar to that of horses discussed in chapter 21?

U N D E R S T A N D
 1. Which of the following statements regarding all species 

of chordates is false?
a. Chordates are deuterostomes.
b. A notochord is present in the embryo.
c. The notochord is surrounded by bone or cartilage.
d. All possess a postanal tail during embryonic development.

 2. In the following fi gure, item A is the ______ and item B is the 
_________. 
a. complete digestive system; notochord
b. spinal cord; nerve cord
c. notochord; nerve cord
d. pharyngeal slits; notochord

 3. During embryonic development, a neural crest would be found 
in all of the following chordates, except 

 a. cephalochordates. c. birds.
 b. reptiles. d. mammals.
 4. The ________ of the bony fi sh evolved to counter the effects 

of increased bone density.
 a. gills c. swim bladder
 b. jaws d. teeth
 5. Why was the evolution of the pulmonary veins important 

for amphibians?
a. To move oxygen to and from the lungs
b. To increase the metabolic rate
c. For increased blood circulation to the brain
d. None of the above

 6. Which of the following groups lacks a four-chambered heart?
 a. Birds c. Mammals
 b. Crocodilians  d. Amphibians

Review Questions

O N L I N E  R E S O U R C E

www.ravenbiology.com
Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
interactive eBook, individualized learning tools, and more.
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Chapter 36 
Plant Form

Chapter Outline

36.1 Organization of the Plant Body: An Overview 

36.2 Plant Tissues

36.3 Roots: Anchoring and Absorption Structures

36.4 Stems: Support for Above-Ground Organs

36.5 Leaves: Photosynthetic Organs

Introduction

 Although the similarities among a cactus, an orchid, and a hardwood tree might not be obvious at first sight, most plants 
have a basic unity of structure. This unity is reflected in how the plants are constructed; in how they grow, manufacture, and 
transport their food; and in how their development is regulated. This chapter addresses the question of how a vascular plant 
is “built.” We will focus on the cells, tissues, and organs that compose the adult plant body. The roots and shoots that give 
the adult plant its distinct above- and below-ground architecture are the final product of a basic body plan first established 
during  embryogenesis, a process we will explore in detail in this chapter. 

CHAPTER
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 Figure 36.1 Diagram of a plant body. Branching root and 
shoot systems create the plant’s architecture. Each root and shoot 
has an apex that extends growth. Leaves are initiated at the nodes of 
the shoot, which also contain axillary buds that can remain 
dormant, grow to form lateral branches, or make fl owers. A leaf 
can be a simple blade or consist of multiple parts as shown here. 
Roots, shoots, and leaves are all connected with vascular 
(conducting) tissue.

Roots and shoots are composed 
of three types of tissues
Roots, shoots, and leaves all contain three basic types of tissues: 
dermal, ground, and vascular tissue.  Because each of these tis-
sues extend through the root and shoot systems, they are called 
tissue systems.
 Plant cell types can be distinguished by the size of their 
vacuoles, whether they are living or not at maturity, and by the 
thickness of secretions found in their cellulose cell walls, a dis-
tinguishing feature of plant cells (see chapter 4 to review cell 
structure). Some cells have only a primary cell wall of cellulose, 
synthesized by the protoplast near the cell membrane. Micro-
tubules align within the cell and determine the orientation of 
the cellulose fibers (figure 36.2a) . Cells that support the plant 

36.1 Organization of the Plant 
Body: An Overview 

Learning Outcomes
Distinguish between the functions of roots 1. 
and shoots.
Name the three types of tissues in a plant.2. 
Compare primary growth and secondary 3. 
growth.

As you learned in chapter 30, the plant kingdom has great di-
versity, not only among its many phyla but even within species. 
The earliest vascular plants, many of which are extinct, did not 
have a clear differentiation of the plant body into specialized 
organs such as roots and leaves.
 Among modern vascular plants, the presence of these or-
gans reflects increasing specialization, particularly in relation 
to the demands of a terrestrial existence. Obtaining water, for 
example, is a major challenge, and roots are adapted for water 
absorption from the soil. Leaves, roots, branches, and flowers 
all exhibit variations in size and number from plant to plant. 
Development of the form and structure of these parts may be 
precisely controlled, but some aspects of leaf, stem, and root 
development are quite flexible. This chapter emphasizes the 
unifying aspects of plant form, using the flowering plants as 
a model.

Vascular plants have roots and shoots
A vascular plant consists of a root system and a shoot system 
(figure 36.1) . Roots and shoots grow at their tips, which are 
called apices (singular, apex).
 The root system anchors the plant and penetrates the 
soil, from which it absorbs water and ions crucial for the plant’s 
nutrition. Root systems are often extensive, and growing roots 
can exert great force to move matter as they elongate and ex-
pand. Roots developed later than the shoot system as an adapta-
tion to living on land.
 The shoot system consists of the stems and their 
leaves. Stems serve as a scaffold for positioning the leaves, 
the principal sites of photosynthesis. The arrangement, size, 
and other features of the leaves are critically important in the 
plant’s production of food. Flowers, other reproductive or-
gans, and ultimately, fruits and seeds are also formed on the 
shoot (flower morphology and plant reproduction is covered 
in chapter 42).
 The iterative (repeating) unit of the vegetative shoot 
consists of the internode, node, leaf, and axillary bud, but not 
reproductive structures. An axillary bud is a lateral shoot 
apex that allows the plant to branch or replace the main 
shoot if it is eaten by an herbivore. A vegetative axillary bud 
has the capacity to reiterate the development of the primary 
shoot. When the plant has shifted to the reproductive phase 
of development, these axillary buds may produce flowers or 
floral shoots.
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 Figure 36.2 Synthesis of a plant cell wall. a. Cellulose is a glucose polymer that is produced at the cellulose-forming rosettes in the 
cell membrane to form the cell wall. Cellulose fi bers are laid down parallel to microtubules inside the cell membrane. Additional substances 
that strengthen and waterproof the cell wall are added to the cell wall in some cell types. b. Some cells extrude additional layers of cellulose, 
increasing the mechanical strength of the wall. Because new cellulose is produced at the cell, the oldest layers of cellulose are on the outside of 
the cell wall. All cells have a primary cell wall. Additional layers of cellulose and lignin contribute to the secondary cell wall.

Figure 36.3 Meristem 
cell division. Plant meristems 
consist of cells that divide to 
give rise to a differentiating 
daughter cell and a cell that 
persists as a meristem cell.

body have more heavily reinforced cell walls with multiple 
layers of cellulose. Cellulose layers are laid down at angles to 
adjacent layers like plywood; this enhances the strength of the 
cell wall (figure 36.2b).
 Plant cells contribute to three tissue systems. Dermal 
tissue, primarily epidermis, is one cell layer thick in most 
plants, and it forms an outer protective covering for the plant. 
Ground tissue cells function in storage, photosynthesis, and 
secretion, in addition to forming fibers that support and 
protect plants. Vascular tissue conducts fluids and dissolved 
substances throughout the plant body. Each of these tissues 
and their many functions are described in more detail in 
later sections. 

Meristems elaborate the body 
plan throughout the plant’s life
When a seed sprouts, only a tiny portion of the adult plant ex-
ists. Although embryo cells can undergo division and differen-
tiation to form many cell types, the fate of most adult cells is 
more restricted. Further development of the plant body de-
pends on the activities of meristems, specialized cells found in 
shoot and root apices, as well as other parts of the plant.

Overview of meristems
Meristems   are clumps of small cells with dense cytoplasm and 
proportionately large nuclei that act as stem cells do in ani-
mals. That is, one cell divides to give rise to two cells, of which 
one remains meristematic, while the other undergoes differen-
tiation and contributes to the plant body (figure 36.3).  In this 
way, the population of meristem cells is continually renewed. 
Molecular genetic evidence supports the hypothesis that ani-
mal stem cells and plant meristem cells may also share some 
common pathways of gene expression. Extension of both root 

and shoot takes place as a result of repeated cell divisions and 
subsequent elongation of the cells produced by the apical 
meristems. In some vascular plants, including shrubs and 
most trees, lateral meristems produce an increase in root and 
shoot diameter.

chapter 36 Plant Form 731www.ravenbiology.com
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 Figure 36.4 Apical 
meristems. Shoot and root apical 
meristems extend the plant body above 
and below ground. Leaf primordia protect 
the fragile shoot meristem, while the root 
meristem produces a protective root cap in addition 
to new root tissue.

moves through the soil. In contrast, leaf primordia shelter the 
growing shoot apical meristem, which is particularly suscepti-
ble to desiccation because of its exposure to air and sun.
 The apical meristem gives rise to the three tissue systems 
by first initiating primary meristems. The three primary mer-
istems are the protoderm, which forms the epidermis; the 
procambium, which produces primary vascular tissues (pri-
mary xylem for water transport and primary phloem for nutri-
ent transport); and the ground meristem, which differentiates 
further into ground tissue. In some plants, such as horsetails 
and corn, intercalary meristems arise in stem internodes 
(spaces between leaf attachments), adding to the internode 
lengths. If you walk through a cornfield on a quiet summer 
night when the corn is about knee high, you may hear a soft 
popping sound. This sound is caused by the rapid growth of the 
intercalary meristems. The amount of stem elongation that oc-
curs in a very short time is quite surprising.

Lateral meristems
Many herbaceous plants (that is, plants with fleshy, not woody 
stems) exhibit only primary growth, but others also exhibit 
secondary growth, which may result in a substantial increase 
of diameter. Secondary growth is accomplished by the lateral 
meristems—peripheral cylinders of meristematic tissue within 
the stems and roots that increase the girth (diameter) of gym-
nosperms and most angiosperms. Lateral meristems form from 
ground tissue that is derived from apical meristems. Monocots 
are the major exception (figure 36.5) .
 Although secondary growth increases girth in many 
nonwoody plants, its effects are most dramatic in woody 

plants, which have two lateral meristems. Within the 
bark of a woody stem is the cork cambium—a lat-
eral meristem that contributes to the outer bark 
of the tree. Just beneath the bark is the vascular 
cambium—a lateral meristem that produces 
secondary vascular tissue. The vascular cambium 

forms between the xylem and phloem in vascular 
bundles, adding secondary vascular tissue to both 

of its sides.
 Secondary xylem is the main component of wood. Sec-

ondary phloem is very close to the outer surface of a woody 
stem. Removing the bark of a tree damages the phloem and 
may eventually kill the tree. Tissues formed from lateral mer-
istems, which comprise most of the trunk, branches, and older 
roots of trees and shrubs, are known as secondary tissues and 
are collectively called the secondary plant body.

 Learning Outcomes Review 36.1
The root system anchors plants and absorbs water and nutrients, whereas 
the shoot system, consisting of stems, leaves, and fl owers carries out 
photosynthesis and sexual reproduction. The three general types of tissue 
in both roots and shoots are dermal, ground, and vascular tissue. Primary 
growth is produced by apical meristems at the tips of roots and shoots; 
secondary growth is produced by lateral meristems that are peripheral and 
increase girth.

 ■ Why are both primary and secondary growth necessary 
in a woody plant?

Apical meristems
Apical meristems are located at the tips of stems and roots 
(figure 36.4) . During periods of growth, the cells of apical mer-
istems divide and continually add more cells at the tips. Tissues 
derived from apical meristems are called primary tissues, and 
the extension of the root and stem forms what is known as the 
primary plant body. The primary plant body comprises the 
young, soft shoots and roots of a tree or shrub, or the entire 
plant body in some plants.
 Both root and shoot apical meristems are composed of 
delicate cells that need protection (see figure 36.4). The root 
apical meristem is protected by the root cap, the anatomy of 
which is described later on. Root cap cells are produced by the 
root meristem and are sloughed off and replaced as the root 
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 Figure 36.5 
Apical and lateral 
meristems. Apical 
meristems produce the primary 
plant body. In some plants, the 
lateral meristems produce an increase in 
the girth of a plant. This type of growth is 
secondary because the lateral meristems were not 
directly produced by apical meristems. Woody plants have two 
types of lateral meristems: a vascular cambium that produces xylem and 
phloem tissues, and a cork cambium that contributes to the bark of a tree. 

36.2 Plant Tissues

Learning Outcomes
Describe the functions of dermal, ground, and 1. 
vascular tissues.
Name the three cell types found in ground tissue and 2. 
their functions.
Distinguish between xylem and phloem. 3. 

Three main categories of tissue can be distinguished in the 
plant body. These are (1) dermal tissue on external sur faces that 
serves a protective function; (2) ground tissue that forms several 
different internal tissue types and that can participate in photo-
synthesis, serve a storage function, or provide structural sup-
port; and (3) vascular tissue that conducts water and nutrients.

Dermal tissue forms a protective interface 
with the environment
Dermal tissue derived from an embryo or apical meristem 
forms epidermis. This tissue is one cell layer thick in most 
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plants and forms the outer protective covering of the plant. In 
young, exposed parts of the plant, the epidermis is covered with 
a fatty cutin layer constituting the cuticle; in plants such as 
desert succulents, several layers of wax may be added to the 
cuticle to limit water loss and protect against ultraviolet dam-
age. In some cases, the dermal tissue forms the bark of trees.
 Epidermal cells, which originate from the protoderm, 
cover all parts of the primary plant body. A number of types of 
specialized cells occur in the epidermis, including guard cells, 
trichomes, and root hairs.

Guard cells
Guard cells are paired, sausage-shaped cells flanking a stoma   
(plural, stomata), a mouth-shaped epidermal opening. Guard 
cells, unlike other epidermal cells, contain chloroplasts.
 Stomata occur in the epidermis of leaves (figure 36.6a) 
 and sometimes on other parts of the plant, such as stems or 
fruits. The passage of oxygen and carbon dioxide, as well as the 
diffusion of water in vapor form, takes place almost exclusively 
through the stomata. There are from 1000 to more than 
1 million stomata per square centimeter of leaf surface. In many 
plants, stomata are more numerous on the lower epidermis of 
the leaf than on the upper—a factor that helps minimize water 
loss. Some plants have stomata only on the lower epidermis, 
and a few, such as water lilies, have them only on the upper 
epidermis to maximize gas exchange.
 Guard cell formation is the result of an asymmetrical cell 
division producing a guard cell and a subsidiary cell that aids in 
the opening and closing of the stoma. The patterning of these 
asymmetrical divisions that results in stomatal distribution has 
intrigued developmental biologists (figure 36.6b, c).
 Research on mutants that get “confused” about where to 
position stomata is providing information on the timing of sto-
matal initiation and the kind of intercellular communication 
that triggers guard cell formation. For example, the too many 
mouths (tmm) mutation that occurs in Arabidopsis disrupts the 
normal pattern of cell division that spatially separates stomata 

Figure 36.6 Stomata. a. A stoma is the space between two 
guard cells that regulate the size of the opening. Stomata are evenly 
distributed within the epidermis of monocots and eudicots, but the 
patterning is quite different. b. A pea (eudicot) leaf with a random 
arrangement of stomata. c. A maize (corn, a monocot) leaf with 
stomata evenly spaced in rows. These photomicrographs also show 
the variety of cell shapes in plants. Some plant cells are boxlike, as 
seen in maize (c), and others are irregularly shaped, as seen in the 
jigsaw puzzle shapes of the pea epidermal cells, (b). 

Figure 36.7 The 
too many mouths 
stomatal mutant. This 
Arabidopsis mutant plant 
lacks an essential signal 
for spacing stomata. 
Usually a differentiating 
guard cell pair inhibits 
differentiation of a 
nearby cell into a 
guard cell.

(figure 36.7) . Investigations of this and other stomatal pattern-
ing genes revealed a coordinated network of cell–cell commu-
nication (see chapter 9) that informs cells of their position 
relative to other cells and determines cell fate. The TMM gene 
encodes a membrane-bound receptor that is part of a signaling 
pathway controlling asymmetrical cell division.

Trichomes
Trichomes are cellular or multicellular hairlike outgrowths of 
the epidermis (figure 36.8) . They occur frequently on stems, 
leaves, and reproductive organs. A “fuzzy” or “woolly” leaf is 
covered with trichomes that can be seen clearly with a micro-
scope under low magnification. Trichomes keep leaf surfaces 
cool and reduce evaporation by covering stomatal openings. 
They also protect leaves from high light intensities and ultra-
violet radiation and can buffer against temperature fluctuations. 
Trichomes can vary greatly in form; some consist of a single 
cell; others are multicellular. Some are glandular, often secret-
ing sticky or toxic substances to deter herbivory.
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Figure 36.8 
Trichomes. The 
trichomes with tan, 
bulbous tips on this 
tomato plant are 
glandular trichomes. 
These trichomes secrete 
substances that can 
literally glue insects to 
the trichome.

 As a root grows, the extent of the root hair zone remains 
roughly constant as root hairs at the older end slough off while new 
ones are produced at the apex. Most of the absorption of water and 
minerals occurs through root hairs, especially in herbaceous plants. 
Root hairs should not be confused with lateral roots, which are 
multicellular structures and originate deep within the root. Root 
hairs are not found when the dermal tissue system is extended by 
the cork cambium, which contributes to the peri derm (outer bark) 
of a tree trunk or root. The epidermis gets stretched and broken 
with the radial expansion of the axis by the vascular cambium
 The first land plants lacked roots, which later evolved 
from shoots. Given this common ancestry, it is not surprising 
that some of the genes needed for trichome and stomatal 

 Genes that regulate trichome development have been 
identified, including GLABROUS3 (GL3) (figure 36.9) . When 
trichome-initiating proteins, like GL3, reach a threshold level 
compared with trichome-inhibiting proteins, an epidermal cell 
becomes a trichome. Signals from this trichome cell now pre-
vent neighbor cells from expressing trichome-promoting genes 
(see figure 36.9).

Root hairs
Root hairs, which are tubular extensions of individual epider-
mal cells, occur in a zone just behind the tips of young, grow-
ing roots (figure 36.10 ). Because a root hair is simply an 
extension of an epidermal cell and not a separate cell, no 
cross-wall isolates the hair from the rest of the cell. Root hairs 
keep the root in intimate contact with the surrounding soil 
particles and greatly increase the root’s surface area and effi-
ciency of absorption.

Figure 36.9 Trichome 
patterning. Mutants have 
revealed genes involved in 
regulating the spacing and 
development of trichomes in 
Arabidopsis. a. Wild type. 
b. glaborous3 mutant, which fails to 
initiate trichome development. 
c. When there is suffi cient GL3 in a 
cell and the levels of trichome-
inhibiting proteins are suffi ciently 
low, that cell will develop a 
trichome. Once a cell begins 
trichome initiation, it signals 
neighboring cells and inhibits their 
ability to develop trichomes.

Figure 36.10 Root hairs. Root hair cells are a type of 
epidermal cell that increase the surface area of the root to enhance 
water and mineral uptake.
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 Parenchyma cells have functional nuclei and are capable 
of dividing, and they usually remain alive after they mature; in 
some plants (for example, cacti), they may live to be over 
100 years old. The majority of cells in fruits such as apples are 
parenchyma. Some parenchyma contain chloroplasts, especially 
in leaves and in the outer parts of herbaceous stems. Such 
 photo synthetic parenchyma tissue is called chlorenchyma.

Collenchyma
If celery “strings” have ever been caught between your teeth, you 
are familiar with tough, flexible collenchyma cells. Like paren-
chyma cells, collenchyma cells have living protoplasts and may 
live for many years. These cells, which are usually a little longer 
than wide, have walls that vary in thickness (figure 36.11b).
 Flexible collenchyma cells provide support for plant or-
gans, allowing them to bend without breaking. They often form 
strands or continuous cylinders beneath the epidermis of stems 
or leaf petioles (stalks) and along the veins in leaves. Strands of 
collenchyma provide much of the support for stems in the pri-
mary plant body.

Sclerenchyma
Sclerenchyma cells have tough, thick walls. Unlike collenchyma  
and parenchyma, they usually lack living protoplasts at matu-
rity. Their secondary cell walls are often impregnated with 
lignin, a highly branched polymer that makes cell walls more 
rigid; for example, lignin is an important component in wood. 
Cell walls containing lignin are said to be lignified. Lignin is 
common in the walls of plant cells that have a structural or 
mechanical function. Some kinds of cells have lignin deposited 
in primary as well as secondary cell walls.
 Sclerenchyma is present in two general types: fibers and 
sclereids. Fibers are long, slender cells that are usually grouped 

differentiation in shoot epidermal cells also play a role in root 
hair  development.

Inquiry question

? Identify three dermal tissue traits that are adaptive for 
a terrestrial lifestyle and explain why these traits are 
advantageous.

Ground tissue cells perform many 
functions, including storage, 
photosynthesis, and support
Ground tissue consists primarily of thin-walled parenchyma cells
that function in storage, photosynthesis, and secretion. Other 
ground tissue, composed of collenchyma cells and sclerenchyma 
cells, provide support and protection.

Parenchyma
Parenchyma cells are the most common type of plant cell. They 
have large vacuoles, thin walls, and are initially (but briefly) more 
or less spherical. These cells, which have living protoplasts, push 
up against each other shortly after they are produced, however, 
and assume other shapes, often ending up with 11 to 17 sides.
 Parenchyma cells may live for many years; they function in 
storage of food and water, photosynthesis, and secretion. They 
are the most abundant cells of primary tissues and may also oc-
cur, to a much lesser extent, in secondary tissues (figure  36.11a) . 
Most parenchyma cells have only primary walls, which are walls 
laid down while the cells are still maturing. Parenchyma are less 
specialized than other plant cells, although many variations oc-
cur with special functions, such as nectar and resin secretion or 
storage of latex, proteins, and metabolic wastes.

Figure 36.11 The three types of ground tissue. a. Parenchyma cells. Only primary cell walls are seen in this cross section of 
parenchyma cells from grass. b. Collenchyma cells. Thickened side walls are seen in this cross section of collenchyma cells from a young 
branch of elderberry (Sambucus). In other kinds of collenchyma cells, the thickened areas may occur at the corners of the cells or in other kinds 
of strips. c. Sclereids. Clusters of sclereids (“stone cells”), stained red in this preparation. The surrounding thin-walled cells, stained green, are 
parenchyma. Sclereids are one type of sclerenchyma tissue, which also contains fi bers.
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broken stream through the xylem from the roots up through 
the shoot and into the leaves. When the water reaches the 
leaves, much of it diffuses in the form of water vapor into the 
intercellular spaces and out of the leaves into the surrounding 
air, mainly through the stomata. This diffusion of water vapor 
from a plant is known as transpiration (see chapter 38). In ad-
dition to conducting water, dissolved minerals, and inorganic 
ions such as nitrates and phosphates throughout the plant, xy-
lem supplies support for the plant body.
 Vessel members tend to be shorter and wider than  tra-
cheids. When viewed with a microscope, they resemble bever-
age cans with both ends removed. Both vessel members and 
tra cheids have thick, lignified secondary walls and no living 
protoplasts at maturity. Lignin is produced by the cell and se-
creted to strengthen the cellulose cell walls before the proto-
plast dies, leaving only the cell wall.
 Tracheids contain pits, which are small, mostly rounded-to-
elliptical areas where no secondary wall material has been depos-
ited. The pits of adjacent cells occur opposite one another; the 
continuous stream of water flows through these pits from tracheid 
to tracheid. In contrast, vessel members, which are joined end to 
end, may be almost completely open or may have bars or strips of 
wall material across the open ends (see figure 36.12). Vessels ap-
pear to conduct water more efficiently than do the overlapping 
strands of tracheids. We know this partly because vessel members 
have evolved from tracheids independently in several groups of 
plants, suggesting that they are favored by natural selection.
 In addition to conducting cells, xylem typically includes 
fibers and parenchyma cells (ground tissue cells). It is probable 
that some types of fibers have evolved from tracheids, becom-
ing specialized for strengthening rather than conducting. The 
parenchyma cells, which are usually produced in horizontal 

together in strands. Linen, for example, is woven from strands of 
sclerenchyma fibers that occur in the phloem of flax (Linum spp.) 
plants. Sclereids are variable in shape but often branched. They 
may occur singly or in groups; they are not elongated, but may 
have many different forms, including that of a star. The gritty 
texture of a pear is caused by groups of sclereids that occur 
throughout the soft flesh of the fruit (figure 36.11c). Sclereids are 
also found in hard seed coats. Both of these tough, thick-walled 
cell types serve to strengthen the tissues in which they occur.

Vascular tissue conducts water and nutrients 
throughout the plant
Vascular tissue, as mentioned earlier, includes two kinds of 
conducting tissues: (1)  xylem, which conducts water and dis-
solved minerals, and (2) phloem, which conducts a solution of 
carbohydrates —mainly sucrose—used by plants for food. The 
phloem also transports hormones, amino acids, and other sub-
stances that are necessary for plant growth. Xylem and phloem 
differ in structure as well as in function.

Xylem
Xylem,   the principal water-conducting tissue of plants, usually 
contains a combination of vessels, which are continuous tubes 
formed from dead, hollow, cylindrical cells arranged end-to-
end, and tracheids, which are dead cells that taper at the ends 
and overlap one another (figure 36.12) . Primary xylem is de-
rived from the procambium produced by the apical meristem. 
Secondary xylem is formed by the vascular cambium, a lateral 
meristem. Wood consists of accumulated secondary xylem.
 In some plants (but not flowering plants), tracheids are 
the only water-conducting cells present; water passes in an un-

Figure 36.12 Comparison 
between tracheids and vessel 
members. In tracheids, the water 
passes from cell to cell by means of 
pits. In vessel members, water moves 
by way of perforation plates (as seen in 
the photomicrograph in this fi gure).   
In gymnosperm wood, tracheids both 
conduct water and provide support; in 
most kinds of angiosperms, vessels are 
present in addition to tracheids. These 
two types of cells conduct water, and 
fi bers provide additional support. The 
wood of red maple, Acer rubrum, 
contains both tracheids and vessels as 
seen in the electron micrographs in 
this fi gure. 
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are living, but most sieve cells and all sieve-tube members lack 
a nucleus at maturity.
 In sieve-tube members, some sieve areas have larger pores 
and are called sieve plates (figure 36.13) . Sieve-tube members 
occur end to end, forming longitudinal series called sieve tubes. 
Sieve cells are less specialized than sieve-tube members, and 
the pores in all of their sieve areas are roughly of the same di-
ameter. Sieve-tube members are more specialized, and presum-
ably, more efficient than sieve cells.
 Each sieve-tube member is associated with an adjacent, 
specialized parenchyma cell known as a companion cell. Com-
panion cells apparently carry out some of the metabolic func-
tions needed to maintain the associated sieve-tube member. In 
angiosperms, a common initial cell divides asymmetrically to 
produce a sieve-tube member cell and its companion cell. Com-
panion cells have all the components of normal parenchyma 
cells, including nuclei, and numerous plasmodesmata   (cytoplas-
mic connections between adjacent cells) connect their cyto-
plasm with that of the associated sieve-tube members.
 Sieve cells in nonflowering plants have albuminous cells 
that function as companion cells. Unlike a companion cell, an 
albuminous cell is not necessarily derived from the same mother  
cell as its associated sieve cell. Fibers and parenchyma cells are 
often abundant in phloem.

Learning Outcomes Review 36.2
Dermal tissue protects a plant from its environment and contains specialized 
cells such as guard cells, trichomes, and root hairs. Ground tissue serves 
several functions, including storage (parenchyma cells), photosynthesis 
(specialized parenchyma called chlorenchyma), and structural support 
(collenchyma and sclerenchyma). Vascular tissue carries water through the 
xylem (primarily vessels) and nutrients through the phloem (primarily sieve-
tube members).

 ■ Contrast the structure and function of mature vessels 
and sieve-tube members.   

rows called rays by special ray initials of the vascular cambium, 
function in lateral conduction and food storage. (An initial is 
another term for a meristematic cell. It divides to produce an-
other initial and a cell that  differentiates.)
 In cross sections of woody stems and roots, the rays can 
be seen radiating out from the center of the xylem like the 
spokes of a wheel. Fibers are abundant in some kinds of wood, 
such as oak (Quercus spp.), and the wood is correspondingly 
dense and heavy. The arrangements of these and other kinds of 
cells in the xylem make it possible to identify most plant genera 
and many species from their wood alone.
 Over 2000 years ago paper as we recognize it today was 
made in China by mashing herbaceous plants in water and sepa-
rating out a thin layer of phloem fibers on a screen. Not until 
the third century of the common era did the secret of making 
paper make its way out of China. Today the ever-growing de-
mand for paper is met by extracting xylem fibers from wood, 
including spruce, that is relatively soft, having fewer ray fibers 
than oak. The lignin-rich cell walls yield brown paper that is 
often bleached. In addition, tissues from many other plants have 
been developed as sources of paper, including kenaf and hemp. 
United States paper currency is 75% cotton and 25% flax.

Phloem
Phloem,   which is located toward the outer part of roots and 
stems, is the principal food-conducting tissue in vascular plants. 
If a plant is girdled (by removing a substantial strip of bark down 
to the vascular cambium around the entire circumference), the 
plant eventually dies from starvation of the roots.
 Food conduction in phloem is carried out through two 
kinds of elongated cells: sieve cells and sieve-tube members. 
Gymnosperms, ferns, and horsetails have only sieve cells; most 
angiosperms have sieve-tube members. Both types of cells have 
clusters of pores known as sieve areas because the cell walls re-
semble sieves. Sieve areas are more abundant on the overlap-
ping ends of the cells and connect the protoplasts of adjoining 
sieve cells and sieve-tube members. Both of these types of cells 

Figure 36.13 A sieve-tube member. 
a. Sieve-tube member cells are stacked, with 
sieve plates forming the connection. The 
narrow cell with the nucleus at the right of the 
sieve-tube member is a companion cell. This 
cell nourishes the sieve-tube members, which 
have plasma membranes, but no nuclei. 
b. Looking down into sieve plates in squash 
phloem reveals the perforations through which 
sucrose and hormones move. 

 © Dr. Richard Kessel & Dr. Gene Shih/Visuals Unlimited
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The root cap
The root cap has no equivalent in stems. It is composed of two 
types of cells: the inner columella cells (they look like columns), 
and the outer, lateral root cap cells, which are continuously re-
plenished by the root apical meristem. In some plants with 
larger roots, the root cap is quite obvious. Its main function is 
to protect the delicate tissues behind it as growth extends the 
root through mostly abrasive soil particles.
 Golgi bodies in the outer root cap cells secrete and re-
lease a slimy substance that passes through the cell walls to the 
outside. The root cap cells, which have an average life of less 
than a week, are constantly being replaced from the inside, 
forming a mucilaginous lubricant that eases the root through 
the soil. The slimy mass also provides a medium for the growth 
of beneficial nitrogen-fixing bacteria in the roots of plants such 
as legumes. A new root cap is produced when an existing one is 
artificially or accidentally removed from a root.
 The root cap also functions in the perception of gravity. 
The columella cells are highly specialized, with the endoplas-
mic reticulum in the periphery and the nucleus located at either 
the middle or the top of the cell. They contain no large vacu-
oles. Columella cells contain amyloplasts (plastids with starch 
grains) that collect on the sides of cells facing the pull of gravity. 
When a potted plant is placed on its side, the amyloplasts drift 
or tumble down to the side nearest the source of gravity, and 
the root bends in that direction.
 Lasers have been used to ablate (kill) individual columella 
cells in Arabidopsis. It turns out that only two columella cells are 
sufficient for gravity sensing! The precise nature of the gravita-
tional response is unknown, but some evidence indicates that 
calcium ions in the amyloplasts influence the distribution of 
growth hormones (auxin in this case) in the cells. Multiple sig-
naling mechanisms may exist, because bending has been observed 
in the absence of auxin. A current hypothesis is that an electrical 
signal moves from the columella cell to cells in the elongation 
zone (the region closest to the zone of cell division).

The zone of cell division
The apical meristem is located in the center of the root tip in 
the area protected by the root cap. Most of the activity in this 
zone of cell division takes place toward the edges of the  meri-
stem, where the cells divide every 12 to 36 hours, often coordi-
nately, reaching a peak of division once or twice a day.
 Most of the cells are essentially cuboidal, with small vacu-
oles and proportionately large, centrally located nuclei. These 
rapidly dividing cells are daughter cells of the apical meristem. 
A group of cells in the center of the root apical meristem, 
termed the quiescent center, divide only very infrequently. The 
presence of the quiescent center makes sense if you think about 
a solid ball expanding—the outer surface would have to in-
crease far more rapidly than the very center.
 The apical meristem daughter cells soon subdivide into the 
three primary tissues previously discussed: protoderm, procambi-
um, and ground meristem. Genes have been identified in the rela-
tively simple root of Arabidopsis that regulate the patterning of these 
tissue systems. The patterning of these cells begins in this zone, but 
the anatomical and morphological expression of this patterning is 
not fully revealed until the cells reach the zone of maturation.

36.3 Roots: Anchoring and 
Absorption Structures

Learning Outcomes
Describe the four regions of a typical root.1. 
Explain the function of root hairs.2. 
Describe functions of modified roots.3. 

Roots have a simpler pattern of organization and development 
than stems, and we will consider them first. Keep in mind, how-
ever, that roots evolved after shoots and are a major innovation 
for terrestrial living.

Roots are adapted for growing underground 
and absorbing water and solutes
Four regions are commonly recognized in developing roots: 
the root cap, the zone of cell division, the zone of elongation, and the 
zone of maturation (figure 36.14 ). In these last three zones, the 
boundaries are not clearly defined.
 When apical initials divide, daughter cells that end up on 
the tip end of the root become root cap cells. Cells that divide 
in the opposite direction pass through the three other zones 
before they finish differentiating. As you consider the different 
zones, visualize the tip of the root moving deeper into the soil, 
actively growing. This counters the static image of a root that 
diagrams and photos convey.

 Figure 36.14 Root structure. A root tip in corn, Zea mays.
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Figure 36.16 Scarecrow regulates asymmetrical cell division. a. SCR is needed for an asymmetrical cell division leading to the 
differentiation of daughter cells into endodermal and ground cells. b. The SCR promoter was attached to a gene coding for a green fl uorescent 
protein to fi nd out exactly where in the wild type root SCR is expressed. SCR is only expressed in the endodermal cells, not the ground cells.

Figure 36.15 Tissue-specifi c gene expression. a. The WEREWOLF gene of Arabidopsis is expressed in some, but not all, epidermal 
cells and suppresses root hair development. The wer mutant is covered with root hairs. b. The WER promoter was attached to a gene coding 
for a green fl uorescent protein and used to make a transgenic plant. The green fl uorescence shows the nonhair epidermal cells where the gene 
is expressed. The red visually indicates cell boundaries because cell walls autofl uoresce.

The zone of elongation
In the zone of elongation, roots lengthen because the cells 
produced by the primary meristems become several times lon-
ger than wide, and their width also increases slightly. The small 
vacuoles present merge and grow until they occupy 90% or 
more of the volume of each cell. No further increase in cell size 
occurs above the zone of elongation. The mature parts of the 
root, except for increasing in girth, remain stationary for the 
life of the plant.

The zone of maturation
The cells that have elongated in the zone of elongation become 
differentiated into specific cell types in the zone of maturation 
(see figure 36.14). The cells of the root surface cylinder mature 
into epidermal cells, which have a very thin cuticle, and include 
both root hair and nonhair cells. Although the root hairs are not 
visible until this stage of development, their fate was established 
much earlier, as you saw with the expression patterns of WER 
(see figure 36.15).

 For example, the WEREWOLF (WER) gene is required for 
the patterning of the two root epidermal cell types, those with 
and those without root hairs (figure 36.15).  Plants with the wer 
mutation have an excess of root hairs because WER is needed to 
prevent root hair development in nonhair epidermal cells. Simi-
larly, the SCARECROW (SCR) gene is necessary in ground cell 
differentiation (figure 36.16).  A ground meristem cell undergoes 
an asymmetrical cell division that gives rise to two nested cylin-
ders of cells from one if SCR is present. The outer cell layer be-
comes ground tissue and serves a storage function. The inner cell 
layer forms the endodermis, which regulates the intercellular 
flow of water and solutes into the vascular core of the root (see 
figure 36.5). The scr mutant, in contrast, forms a single layer of 
cells that have both endodermal and ground cell traits.
 SCR illustrates the importance of the orientation of cell 
division. If a cell’s relative position changes because of a mistake 
in cell division or the ablation of another cell, the cell develops 
according to its new position. The fate of most plant cells is 
determined by their position relative to other cells.
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