
he German language includes a wonderful word that expresses the
essence of animal architecture: Bauplan (pl. Baupläne); we will use the
Anglicized spelling, bauplan (pl. bauplans). The word means, literally, “a

structural plan or design,” but a direct translation is not entirely adequate. An an-
imal’s bauplan is, in part, its “body plan,” but it is more than that. The concept of
a bauplan captures in a single word the essence of structural range and architec-
tural limits, as well as the functional aspects of a design (Box 3A). If an organism
is to “work,” all of its body components must be both structurally and functional-
ly compatible. The entire organism encompasses a definable bauplan, and the
specific organ systems themselves also encompass describable bauplans; in both
cases the structural and functional components of the particular plan establish
both capabilities and limits. Thus, the bauplan determines the major constraints
that operate at both the organismic and the organ system levels.

The diversity of form in the biological world is dazzling, yet there are real lim-
its to what may be successfully molded by evolutionary processes. All animals
must accomplish certain basic tasks in order to survive and reproduce. They must
acquire, digest, and metabolize food and distribute its usable products through-
out their bodies. They must obtain oxygen for cellular respiration, while at the
same time ridding themselves of metabolic wastes and undigested materials. The
strategies employed by animals to maintain life are extremely varied, but they
rest upon relatively few biological, physical, and chemical principles. Within the
constraints imposed by particular bauplans, animals have a limited number of
options available to accomplish life’s tasks. For this reason a few recurring funda-
mental themes become apparent. This chapter is a general review of these themes:
the structural/functional aspects of invertebrate bauplans and the basic survival

Animal Architecture 
and the Bauplan Concept

The business of animals is to stay alive
until they reproduce themselves, and . . .
the business of zoologists is to try to
understand how they do it.
E. J. W. Barrington,
Invertebrate Structure and Function, 1967

3

T

41

UNCORRECTED PAGE PROOFS



Stability of organismal morphology is
a deep-seated notion that dates at
least from the eighteenth century; the
idea of a limited number of plans,
types, or archetypes of animal forms is
thus an old one. Richard Owen intro-
duced the term archetype in 1848 to
represent a model organism, or the
sum of the features shared by a group
of related organisms. The concept of
the embryological archetype, and the
fact that adults are nothing more than
the accumulation of features added
during their development, was formal-
ized by Karl von Baer and Ernst
Haeckel in the second half of the nine-
teenth century. Today this concept has
grown into the notion of conserved
body plans, or Baupläne (bauplans, in
the Anglicized form used in this book).
The concept speaks to a stability in
form that maintains itself through evo-
lutionary time and phylogenetic diver-
gence.

The term Bauplan (German for
“ground plan” or “blueprint”) was in-
troduced as a technical term in zoolo-
gy in 1945 by the embryologist-
turned-philosopher Joseph Henry
Woodger. More recently, Niles
Eldredge (1989) discussed the bauplan
as the common structural plan within
a monophyletic taxon; Valentine
(1986) distinguished bauplans as as-
semblages of homologous architectur-
al and structural features distinguish-
ing phyla and classes; and Gould
(1977, 1980, 1992) spoke of structural
constraints leading to fundamental
ground plans of anatomy. And, in his
review of the reunion of developmen-
tal and evolutionary biology, Atkinson
(1992) claimed that “the single most
critical concept of the reunion is that
of the bauplan.”

The concept of the bauplan ex-
presses both a notion of morphologi-
cal stability and the fact that some as-
pects of embryonic and/or adult
morphology are more free to vary
than are others. That is, some stages of
development are more constrained
than others. The most striking evi-
dence of developmental constraints is
the simple fact that, despite the great
variety of animals, there are relatively
few basic types of animal body plans.

Developmental canalization,
sometimes called developmental buffer-
ing or genetic homeostasis, is a form of
constraint that channels ontogeny into
restricted sets of pathways that lead to

a standard phenotype in spite of ge-
netic or environmental disturbances.
The concept can be viewed at the 
genomic or organismal level, or even
at a character-by-character level. The
more highly canalized a character the
less it will vary among individuals, and
characters that define bauplans are
highly canalized. The preservation of
Hox gene function across phyla is a
good example of developmental
canalization. In fact, we are beginning
to realize that many of the basic body
patterns that evolved during the Pre-
cambrian/Cambrian origins of animal
phyla represent the outcomes of con-
served genes and developmental
plans.

The characteristics of an organism’s
bauplan are not the same thing as its
phylogenetically unique features, or
synapomorphies. Instead, bauplans
must be viewed as nested sets of con-
served body plans, as would be pre-
dicted within an ancestor–descendant
hierarchical system such as animal
phylogenesis. For example, snakes
possess a bauplan that differs from the
bauplans of lizards, turtles, or croco-
diles—yet each shares the reptilian
bauplan. Reptiles, birds, and mammals
each have individual bauplan but
share the vertebrate bauplan. Thus,
bauplans consist of a mix of ancestral
and derived characters. To understand
their origin requires knowledge of
adult, larval, and embryonic phases of
the life cycle.

Woodger explicitly argued, as had
von Baer, that the most basic struc-
tures defining the bauplan develop
early in embryonic life. Consequently,
deviations early in development would
have much more drastic consequences
for morphology than deviations later
in development. Mechanisms that es-
tablish bauplans buffer development
against environmental and genetic
perturbations. They constrain develop-
ment. Ernst Mayr repeatedly drew at-
tention to the importance of such con-
straints, specifically in relation to
bauplans, conserved morphological
features, and the taxonomic features
used in classification. Heterochrony
(see Chapter 4) may be one powerful
force that can alter or overcome the
inertia of bauplans.

The field of molecular evolutionary
developmental biology is just emerg-
ing, but already its discoveries are
shedding new light on these old ideas.

For example, we now know that much
of an animal’s initial embryogeny is
under maternal cytoplasmic control
rather genomic control. However, at
some point early in embryogenesis,
the zygote’s parental (nuclear)
genome takes primary control of de-
velopment. Recent work suggests that
this may be one of several pivotal
points in the control of animal ontoge-
ny—occasions that demarcate the fixa-
tion of bauplans. The point at which
the zygotic genome takes over control
of embryogenesis has been referred to
by several names, but perhaps the
most fitting term in the literature is the
zootypic stage. It may be here that
the Hox genes establish the most
basic, or primary, animal body pattern-
ing (e.g., the anterior–posterior axis
and dorsal–ventral surfaces).

At a later stage of embryogenesis
another critical point is reached, which
has been called the phylotypic (=
phyletic) stage. The phylotype theoreti-
cally represents the stage when the
genes responsible for secondary pat-
terning of a body plan are first fully ex-
pressed and the adult morphogenetic
fields are positioned. This juncture is
not well understood. Anderson (1973)
identified the blastula as the phylotyp-
ic stage for the annelids and arthro-
pods, whereas Sander (1976, 1983)
identified the germ band stage (a 20-
segmented larval stage with head,
thorax, and abdomen already delin-
eated and segmented) as the phylo-
typic stage of insects. Cohen (1977,
1979), on the other hand, distin-
guished phylotypic larvae (the tro-
chophore of annelids, for instance)
from adaptive larvae. Phylotypic stage
larvae have a simple morphology de-
termined more by developmental (ge-
netic) programs than by physiological
requirements.

The phylotypic stage is usually
thought of as the stage at which em-
bryos within a phylum show the great-
est level of morphological similarity.
Beyond this stage, the zygotic genome
begins moving embryos down the in-
dividual tracks of the various lineages.
In other words, early developmental
stages of closely related taxa converge
on a phylotype in the course of their
ontogeny, only to diverge again as the
adult form unfolds.

Thus it seems likely that there are
several fundamental levels of body
patterning during ontogeny, and

BOX 3A The Bauplan and Related Concepts
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strategies employed within each. It is a description of
how invertebrates are put together and how they man-
age to survive and reproduce. Each subject discussed
here reflects fundamental principles of animal mechan-
ics, physiology, and adaptation.

Keep in mind that even though this chapter is orga-
nized on the basis of what might be called the “compo-
nents” of animal structure, whole animals are integrated
functional combinations of these components. Further-
more, there is a strong element of predictability in the
concepts discussed here. For example, given a particular
type of symmetry, one can make reasonable guesses
about other aspects of an animal’s structure that should
be compatible with that symmetry—some combinations
work, others do not. Herein are explained many of the
concepts and terms used throughout this book, and we
encourage you to become familiar with this material now
as a basis for understanding the remainder of the text.

Body Symmetry
A fundamental aspect of an animal’s bauplan is its over-
all shape or geometry. In order to discuss invertebrate ar-
chitecture and function, we must first acquaint ourselves
with a basic aspect of body form: symmetry. Symmetry
refers to the regular arrangement of body structures rela-
tive to the axis of the body. Animals that can be bisected
or split along at least one plane, so that the resulting
halves are similar to one another, are said to be symmet-
rical. For example, a shrimp can be bisected vertically
through its midline, head to tail, to produce right and left
halves that are mirror images of one another. A few ani-
mals have no body axis and no plane of symmetry, and
are said to be asymmetrical. Many sponges, for example,

have an irregular growth form and lack any clear plane
of symmetry. Similarly, many protists, particularly the
ameboid forms, are asymmetrical (Figure 3.1).

One form of symmetry is spherical symmetry. It is
seen in creatures whose bodies lack an axis and have the
form of a sphere, with the body parts arranged concen-
trically around, or radiating from, a central point (Figure
3.2). A sphere has an infinite number of planes of sym-
metry that pass through its center to divide it into like
halves. Spherical symmetry is rare in nature; in the
strictest sense, it is found only in certain protists. Organ-
isms with spherical symmetry share an important func-
tional attribute with asymmetrical organisms, in that
both groups lack polarity. That is, there exists no clear
differentiation along an axis. In all other forms of sym-
metry, some level of polarity has been achieved; and
with polarity comes specialization of body regions and
structures.

A body displaying radial symmetry has the general
form of a cylinder, with one main axis around which the
various body parts are arranged (Figure 3.3). In a body
displaying perfect radial symmetry, the body parts are
arranged equally around the axis, and any plane of sec-
tioning that passes along that axis results in similar
halves (rather like a cake being divided and subdivided
into equal halves and quarters). Nearly perfect radial
symmetry occurs in some sponges and in many cnidar-
ian polyps (Figure 3.3A,B). Perfect radial symmetry is
relatively rare, however, and most radially symmetrical
animals have evolved modifications on this theme.
Biradial symmetry, for example, occurs where portions
of the body are specialized and only two planes of sec-
tioning can divide the animal into perfectly similar
halves. Common examples of biradial organisms are
ctenophores and many sea anemones (Figure 3.3C).
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closely related taxa share critical junc-
tures of this process in ways that hear-
ken back to Haeckel’s “law of recapitu-
lation.” The next several decades will
see the elaboration of more explicit
descriptions of these hierarchical de-
velopmental patterns. However, it is al-
ready becoming clear that such devel-
opmental stages (e.g., the zootypic
stage and the phylotypic stage) canal-
ize ontogenetic events to produce the
adult bauplan. This canalization comes
about, in part, due to developmental
constraints* that work to maintain
overall body plans. Such constraints
are also only just beginning to be un-
derstood, but several have been pro-
posed, including:

1. Structural constraints (e.g., con-
straints imposed by the limita-
tions of patterns in early devel-
opmental stages)

2. Genetic constraints (e.g., rates of
mutation and recombination of
individual alleles)

3. Direct developmental constraints
(e.g., obligatory tissue interac-
tions)

4. Cellular constraints (e.g., limits
to the rate and number of cell
divisions, secretions of cell prod-
ucts, cell migration)

5. Metabolic constraints (e.g.,
dependence on particular meta-
bolic pathways

6. Functional constraints (e.g., the
interconnectedness of parts of
different organ systems involved
in critical functions)

*Constraint is perhaps not the best term,
for to constrain is not to restrain evolu-
tion. Constraints set limits to evolution,
especially morphological evolution, but
groups with constrained characters are
among the most adaptively successful
and speciose animal taxa. For example,
the number of segments in insects is high-
ly constrained, but insects are both
“advanced” and highly successful. So
constraints work well with selection and
adaptive radiation, and in fact are pre-
sumably themselves a consequence of
past selection. 
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Further specializations of the basic radial body plan
can produce nearly any combination of multiradiality.
For example, many jellyfishes possess quadriradial
symmetry (Figure 3.3D). Most echinoderms are said to
display pentaradial symmetry (Figure 3.3E,F), although
many multiarmed sea stars are also known In fact, the
presence in sea stars of certain organs (e.g., the
madreporite) allows for only one plane by which per-
fectly matching halves exist, and thus sea stars actually
possess a form of pentaradial bilaterality. But this is
splitting hairs. The adaptive significance of body sym-
metry operates at a much grosser level than organ posi-
tion, and in this regard most echinoderms, including sea
stars, are functionally radially symmetrical.

A radially symmetrical animal has no front or back
end; rather it is organized about an axis that passes
through the center of its body, like an axle through a
wheel. When a gut is present, this axis passes through
the mouth-bearing (oral) surface to the opposite (abo-
ral) surface. Radial symmetry is most common in sessile
and sedentary animals (e.g., sponges, sea stars, and sea
anemones) and drifting pelagic species (e.g., jellyfishes
and ctenophores). Given these lifestyles, it is clearly ad-
vantageous to be able to confront the environment
equally from a variety of directions. In such creatures
the feeding structures (tentacles) and sensory receptors
are distributed at equal intervals around the periphery
of the organisms, so that they contact the environment
more or less equally in all directions. Furthermore,
many bilaterally symmetrical animals have become
functionally radial in certain ways associated with ses-
sile lifestyles. For example, their feeding structures may
be in the form of a whorl of radially arranged tentacles,
an arrangement allowing more efficient contact with
their surroundings.

The body parts of bilaterally symmetrical animals
are oriented about an axis that passes from the front 
(anterior) to the rear (posterior) end. A single plane of
symmetry—the midsagittal plane (or median sagittal
plane)—passes along the axis of the body to separate
right and left sides. Any longitudinal plane passing per-
pendicular to the midsagittal plane and separating the
upper (dorsal) from the underside (ventral) is called a
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Figure 3.1 Examples of asymmetri-
cal invertebrates. (A) An assortment of
sponges. (B) An ameba.

(A) (B)

(A)

(B)

Figure 3.2 Spherical symmetry in animals. (A) An exam-
ple of spherical symmetry; any plane passing through the
center divides the organism into like halves. (B) A radiolar-
ian (protist).
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frontal plane. Any plane that cuts across the body per-
pendicular to the main body axis and the midsagittal
plane is called a transverse plane (or, simply, a cross sec-
tion) (Figure 3.4). In bilaterally symmetrical animals the
term lateral refers to the sides of the body, or to struc-
tures away from (to the right and left of) the midsagittal
plane. The term medial refers to the midline of the body,
or to structures on, near, or toward the midsagittal plane.

Whereas spherical and radial symmetry are typically
associated with sessile or drifting animals, bilaterality is
generally found in animals with controlled mobility. In
these animals, the anterior end of the body confronts the

environment first. Associated with bilateral symmetry
and unidirectional movement is a concentration of feed-
ing and sensory structures at the anterior end of the
body. The evolution of a specialized “head,” containing
those structures and the nervous tissues that innervate
them, is called cephalization. Furthermore, the surfaces
of the animal differentiate as dorsal and ventral regions,
the latter becoming locomotory and the former being
specialized for protection. A variety of secondary asym-
metrical modifications of bilateral (and radial) symme-
try have occurred, for example, the spiral coiling of
snails and hermit crabs.
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Figure 3.3 Radial symmetry in invertebrates. The body parts are arranged
radially around a central oral–aboral axis. (A) Representation of perfect radial
symmetry. (B) The sponge Xetospongia. (C) The sea anemone Epiactus, whose
mouth alignment and internal organization produce biradial symmetry. 
(D) The hydromedusa Scrippsia, with quadriradial symmetry. (E) The sea star
Patiria, with pentaradial symmetry. (F) The sea bisquit, Clypeaster, with pen-
taradial symmetry. 

Body axis
(B) (C)(A)

(D)

(E) (F)
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Cellularity, Body Size, Germ Layers,
and Body Cavities
One of the main characteristics used to define grades of
animal complexity is the presence or absence of true tis-
sues. Tissues are aggregations of morphologically and
physiologically similar cells that perform a specific func-
tion. The Protista (Chapter 5) do not possess tissues, but
occur only as single cells or as simple colonies of cells. In
a sense, they are all at a unicellular grade of construc-
tion. Beyond the protista is the vast array of multicelled
animals, the Metazoa. The Metazoa can be divided into
three major levels, or grades: mesozoa, parazoa, and eu-
metazoa. These names do not represent formal taxa, but
may be used to group the Metazoa by their level of
overall structural complexity.* The mesozoa and para-
zoa are not generally considered to possess true tissues,
and for this reason they are separated from the rest of

the Metazoa. The eumetazoa pass through distinct em-
bryonic stages during which tissue layers form (Chapter
4). Box 3B provides an outline of these general grades of
body architecture.

Each of these grades of body complexity is associated
with inherent constraints and capabilities, and within
each grade there are obvious limits to size. As the British
biologist D’Arcy Thompson wrote, “Everything has its
proper size . . . men and trees, birds and fishes, stars and
star-systems, have . . . more or less narrow ranges of ab-
solute magnitudes.” As a cell (or an organism) increases
in size, its volume increases at a rate faster than the rate
of increase of its surface area (surface area increases as
the square of linear dimensions; volume increases as the
cube of linear dimensions). Because a cell ultimately re-
lies on transport of material across its plasma mem-
brane for survival, this disparity quickly reaches a point
at which the cytoplasm can no longer be adequately ser-
viced by simple cellular diffusion. Some unicellular
forms develop complexly folded surfaces or are flat-
tened or threadlike in shape. Such creatures can be quite
large, but eventually a limit is reached; thus we have no
meter-long protists.

To increase in size, ultimately the only way around
the surface-to-volume dilemma is to increase the num-
ber of cells constituting a single organism; hence the
Metazoa. But size increase in the Metazoa is also limit-
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(A) Dorsal

Anterior

Posterior

Ventral

Transverse plane

Frontal plane

Figure 3.4 Bilateral symmetry in animals; a single
plane—the midsagittal plane—divides the body into equal
halves. (A) Diagrammatic illustration of bilateral symmetry,
with terms of orientation and planes of sectioning. A
Pacific shrimp (B) and Sonoran Desert scorpion (C) show
obvious bilateral symmetry. 

*The term metazoans is used in this text to indicate a formal taxo-
nomic entity—those organisms belonging to the kingdom
Metazoa, or Animalia.

(C)

(B)
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Lateral

Ventral
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Frontal 
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plane

UNCORRECTED PAGE PROOFS



ed. Those Metazoa lacking complex specializations of
tissues and organs must rely on diffusion into and out of
the body, and this is inadequate to sustain life unless a
majority of the body’s cells are near or in contact with
the external environment. In fact, diffusion is an effec-
tive method of oxygenation only when the diffusion
path is less than about 1.0 mm. So here, too, there are
limits. An animal simply cannot increase indefinitely in
volume when most of its cells must lie close to the body
surface. Primitive animals solve this problem to some
degree by arranging their cellular material so that diffu-
sion distances from cell to environment are comfortably
short. One method of accomplishing this is to pack the
internal bulk of the body with nonliving material, such
as the jelly-like mesoglea of medusae and ctenophores.
Another is to assume a body geometry that maximizes
the surface area. Increase in one dimension leads to a
vermiform body plan, like that of ribbon worms
(Nemertea). Increase in two dimensions results in a flat,
sheetlike body like that of the flatworms (Platy-

helminthes). In both cases the diffusion distances are
kept short. Sponges effectively increase their surface
area by a process of complex branching and folding of
the body, both internally and externally. This folding
keeps most of the body cells close to the environment.

If these were the only solutions to the surface-to-vol-
ume dilemma, the natural world would be filled with
tiny, thin, flat animals and convoluted, spongelike crea-
tures. However, many organisms increase in size by
one to several orders of magnitude during their ontoge-
ny, and life forms on earth span about 19 orders of mag-
nitude in mass. Thus, another solution arose during the
course of animal evolution that allowed for increases in
body size. This solution was to bring the “environ-
ment” functionally closer to each cell in the body by the
use of internal transport and exchange systems with
large surface areas. A significant three-dimensional in-
crease in body size thus necessitated the development
of sophisticated internal transport mechanisms (e.g.,
circulatory systems) for nutrients, oxygen, waste prod-
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I. Unicellular organisms (Protista): 
Phyla Euglenoida, Kinetoplastida, Ciliophora, Apicomplexa, Dinoflagellata, Stramenopiles, Rhizopoda,
Actinopoda, Granuloreticulosa, Diplomonadida, Parabasilida, Chlorophyta, Cryptomonada, Microspora,
Ascetospora, Myxozoa, Opalinida, Choanoflagellata.

II. Multicellular organisms: the Metazoa, or Animalia 

A. Without true tissues

1. The mesozoa 
Phyla Orthonectida, Rhombozoa, Placozoa, and Monoblastozoab

2. The parazoa 
Phylum Porifera (sponges)

B. With true tissues: the eumetazoa 

1. The diploblastic eumetazoa (lacking true mesoderm): the “radiata”
Phyla Cnidaria, Ctenophora

2. The triploblastic eumetazoa (with true mesoderm): the “bilateria”

a. Acoelomates: without a body space other than the digestive tract; mesenchyme and muscle fill
region between gut and epidermis.
Phyla Platyhelminthes, Gastrotricha, Entoprocta, Gnathostomulida

b. Blastocoelomates: with a persistent blastocoel between gut and body wallc

Phyla Acanthocephala, Kinorhyncha, Loricifera, Nematoda, Nematomorpha, Rotifera
c. Coelomates (or eucoelomates). With a true coelom (= mesodermal cavity).

Phyla Nemertea, Phoronida, Ectoprocta, Brachiopoda, Sipuncula, Echiura, Mollusca, 
Priapula, Onychophora, Tardigrada, Annelida, Arthropoda, Echinodermata, 
Chaetognatha, Hemichordata, Chordatad

aOnly those phyla set in boldface type are recognized taxa; other names are simply designations used to group various 
taxa by the level of body complexity they have achieved.
bMonoblastozoa (Salinella) is a phylum of questionable validity (see Chapter 6).
cOur view of the (= blastocoelomate) “pseudocoelomate” condition has changed markedly since the 1980s, and several 
phyla formerly viewed as pseudocoelomates are now viewed as acoelomates (e.g., Gastrotricha, Entoprocta, 
Gnathostomulida). See Chapter 12 for discussions of these groups.
dSome of these groups (e.g., Arthropoda, Mollusca) have greatly reduced coelomic spaces; often the main body cavity 
is a bloodfilled space called a hemocoel, and is associated with an open circulatory system.

BOX 3B Organization of the Protista and Animal Phyla 
on the Basis of their Body Constructiona
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ucts, and so on. These evolving transport structures be-
came the organs and organ systems of higher animals.
For example, the body volume of humans is so large
that we require a highly branched network of gas ex-
change surfaces (our lungs) to provide an adequate sur-
face area for gas diffusion. This network has about
1,000 square feet of surface—as much area as half a ten-
nis court! The same constraints apply to food absorp-
tion surfaces; hence the evolution of very long, highly
folded, or branched guts.

The embryonic tissue layers of eumetazoa are called
germ layers (from the Latin germen, “a sprout, bud, or
embryonic primordium”), and it is from these germ lay-
ers that all adult structures develop. Chapter 4 presents
the details of germ layer formation and other aspects of
metazoan developmental patterns. Here we need only
point out that the germ layers initially form as outer and
inner sheets or masses of embryonic tissue, termed ecto-
derm and entoderm (or endoderm), respectively. In the
embryogeny of the radiate phyla Cnidaria and
Ctenophora, only these two germ layers develop (or if a
middle layer does develop, it is produced by the ecto-
derm, is largely noncellular, and is not considered a true
germ layer). These animals are regarded as diploblastic
(Greek diplo, “two”; blast, “bud” or “sprout”). In the em-
bryogeny of most animals, however, a third cellular
germ layer, the mesoderm, arises between the ectoderm
and the entoderm; these metazoan groups are said to be
triploblastic.

The evolution of a mesoderm greatly expanded the
evolutionary potential for animal complexity. As we
shall see, the triploblastic phyla have achieved many
more highly sophisticated bauplans than are possible
within the confines of a diploblastic body plan. Simply
put, a developing triploblastic embryo has more build-
ing material than does a diploblastic embryo.

One of the major trends in the evolution of the
triploblastic Metazoa has been the development of a
fluid-filled cavity between the outer body wall and the
digestive tube; that is, between the derivatives of the ec-
toderm and the entoderm. The evolution of this space
created a radically new architecture, a tube-within-a-
tube design in which the inner tube (the gut and its as-
sociated organs) was freed from the constraint of being
attached to the outer tube (the body wall), except at the
very ends. The fluid-filled cavity not only served as a
mechanical buffer between these two largely indepen-
dent tubes, but also allowed for the development and
expansion of new structures within the body, served as
a storage chamber for various body products (e.g., ga-
metes), provided a medium for circulation, and was in
itself an incipient hydrostatic skeleton. The nature of
this cavity (or the absence of it) is associated with the
formation and subsequent development of the meso-
derm, as discussed in detail in Chapter 4.

Three major grades of construction are recognizable
among the triploblastic Metazoa: acoelomate, blasto-

coelomate (formerly called pseudocoelomate), and eu-
coelomate. The acoelomate grade (Greek a, “without”;
coel, “hollow, cavity”) occurs in several triploblastic
phyla: Platyhelminthes, Entoprocta, Gnathostomulida,
and Gastrotricha. In these animals, the mesoderm forms
a more or less solid mass of tissue, sometimes with
small open spaces (lacunae), between the gut and body
wall (Figure 3.5A). In nearly all other triploblastic ani-
mals, an actual space develops as a fluid-filled cavity be-
tween the body wall and the gut. In many phyla (e.g.,
annelids and echinoderms), this cavity arises within the
mesoderm itself and is completely enclosed within a
thin lining called the peritoneum, which is derived
from the mesoderm. Such a cavity is called a true
coelom (eucoelom). Notice that the organs of the body
are not actually free within the coelomic space itself, but
are separated from it by the peritoneum (Figure 3.5C).
Peritoneum is usually a squamous epithelial layer, at
least that portion of it lining the gut and internal organs.
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Figure 3.5 Principal body plans of triploblastic Metazoa
(diagrammatic cross sections). (A) The acoelomate body
plan. (B) The blastocoelomate body plan. (C) The eucoelo-
mate body plan.



Several groups of triploblastic Metazoa (e.g rotifers,
roundworms, and others) possess small or large body
cavities that are neither formed from the mesoderm nor
fully lined by peritoneum or any other form of meso-
dermally derived tissue. Such a cavity used to be called
a pseudocoelom (Greek pseudo, “false”; coel, “hollow,
cavity”) (Figure 3.5B). The organs of these animals actu-
ally lie free within the body cavity and are bathed di-
rectly in its fluid. In most cases the space represents per-
sistent remnants of the embryonic blastocoel, and since
there is nothing “false” about it, we use the more de-
scriptive term blastocoelom in this text.

Within the constraints inherent in each of the basic
body organizations discussed above, animals have
evolved a multitude of variations on these themes. Each
additional level of complexity that evolved opened new
avenues for potential variation and adaptation.
Throughout the remainder of this chapter we describe
the fundamental organizational plans of major body
systems as they have evolved within these basic bau-
plans. In subsequent chapters, we describe how mem-
bers of the various phyla have modified these basic
plans through their own particular evolutionary pro-
gram or direction.

Locomotion and Support
As life progressed from the single-celled stage to multi-
cellularity, body size increased dramatically. And this
increase in body size, coupled with directed movement,
was accompanied by the evolution of a variety of sup-
port structures and locomotor mechanisms. Because
these two body systems evolved mutually and usually
work in a complementary fashion, they are convenient-
ly discussed together.

There are four fundamental locomotor patterns in
protists and Metazoa: ameboid movement, ciliary and
flagellar movement, hydrostatic propulsion, and loco-
motor limb movement. There are three basic kinds of
support systems: structural endoskeletons, structural
exoskeletons, and hydrostatic skeletons. In this section
we briefly describe the basic architecture and mechanics
of the various combinations of these systems.

Most invertebrates live in water, and aquatic environ-
ments present obstacles and advantages to support and
locomotion that are quite different from those of terres-
trial environments. Just staying in one place in the face
of swiftly moving water, without being damaged or dis-
lodged, requires both suport and flexibility. Animals
moving through water (or moving water over their bod-
ies—the effect is the same) face problems of fluid dy-
namics created by the interaction between a solid body
and a surrounding liquid. What happens during this in-
teraction is tied to the concept of Reynolds number, a
unitless value based on the experiments of Osborne
Reynolds (1842–1912). Reynolds number represents a

ratio of inertial force to viscous force. At higher
Reynolds numbers, inertial force predominates and de-
termines the behavior of water flow around an object.
At lower Reynolds numbers, viscous force predomi-
nates and determines the behavior of the water flow.
The importance of this concept is being increasingly rec-
ognized and applied to biological systems. Although
there is still a great deal to be done in this area, some in-
teresting generalizations can be made about locomotion
of aquatic animals and, as we discuss later, aquatic sus-
pension feeding. Reynolds number is expressed by the
following equation:

where p equals the density of fluid, l is some measure-
ment of the size of the solid body, U equals the relative
velocity of the fluid over the body surface, and v is the
viscosity of the fluid. The formula was derived by
Reynolds to describe the behavior of cylinders in water.
Of course, since animals’ bodies are not perfect cylin-
ders, the size variable (l) is difficult to standardize.
Nonetheless, meaningful relative values can be derived
and applied to living creatures in water.

Without belaboring this issue beyond its importance
here, it turns out that the problems of a large animal
swimming through water are very different from those
of a small animal. Large animals such as fishes, whales,
or even humans, by virtue of their size or high velocity
or both, move in a world of high Reynolds numbers.
With increased body size, fluid viscosity becomes less
and less significant as far as the animal’s energy output
during locomotion is concerned. At the same time, how-
ever, inertia becomes more and more important. A large
animal must expend more energy than a small animal
does to put its body in motion. But, by the same token,
inertia works in favor of the moving large animal by
carrying it forward when the animal stops swimming.
When large animals move at high Reynolds numbers,
the effect of inertia also imparts motion to the water
around the animal’s body. Thus, as the Reynolds num-
ber increases, a point is reached at which the flow of
water changes from laminar to turbulent, decreasing
swimming efficiency.

Small organisms generally move in a world of low
Reynolds numbers. For example, a larva 1 mm in diam-
eter, moving at a speed of 1 mm/sec, has a Reynolds
number of about 1.0. Inertia and turbulence are virtual-
ly nonexistent, but viscosity becomes important—
increasingly so as body size and velocity decrease (i.e.,
as the Reynolds number decreases). Small organisms
swimming through water have been likened to a hu-
man swimming through liquid tar or thick molasses.
The effect of this situation is that tiny creatures, such as
ciliate and flagellate protists and many small Metazoa,
start and stop instantaneously, and the motion of the
water set up by their swimming also ceases immediate-
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ly if the animal stops moving. Thus, small creatures nei-
ther pay the price nor reap the benefits of the effects of
inertia. The organism only moves forward when it is ex-
pending energy to swim; as soon as it stops moving its
cilia, or flagella, or appendages, it stops—and so does
the fluid surrounding it. Tiny organisms swimming at
low Reynolds numbers (i.e., <1.5) must expend an in-
credible amount of energy to propel themselves through
their “viscous” surroundings.

Ameboid Locomotion
Ameboid movement is used principally by certain pro-
tists and by numerous kinds of ameboid cells that occur
internally, within the bodies of most Metazoa. Ameboid
cells possess a gel-like ectoplasm, which surrounds a
more fluid endoplasm (Figure 3.6). Movement is facili-
tated by changes in the states of these regions of the cell.
At one (or several) points on the cell surface, pseudopo-
dia develop; and as endoplasm flows into a growing
pseudopodium, the cell creeps in that direction. This
seemingly simple process actually involves complex
changes in cell fine structure, chemistry, and behavior.
The innermost endoplasm moves “forward” while the
outermost endoplasm takes on a granular appearance
and remains fairly stable. The advancing portion of en-
doplasm pushes forward and then becomes semirigid
ectoplasm at the tip of the advancing pseudopodium.
Concurrently, endoplasm is recruited from the trailing
end of the cell, from whence it streams forward to join in
the “growing” pseudopodium.*

Although biologists have been studying ameboid lo-
comotion for over 100 years, the precise mechanism is
not yet fully understood. The molecular basis of ame-
boid movement may be essentially the same as that of
vertebrate muscle contraction, involving actin, myosin,
and ATP. Two principal theories exist to explain the
process. Perhaps the more popular of the two ideas has
the actin molecules floating freely in the endoplasm,

polymerizing into their filamentous form at the point of
active pseudopodium growth, where they interact with
myosin molecules. The resultant contraction literally
pulls the streaming endoplasm forward, while at the
same time converting it to the ectoplasm that rings the
forward-streaming pseudopodium. The second theory
suggests that the actin–myosin interaction takes place at
the rear of the cell, where it produces a contraction of
the ectoplasm. The contraction squeezes the cell like a
tube of toothpaste, causing the endoplasm to stream for-
ward and create a pseudopodium directly opposite the
point of ectoplasmic contraction.

These and several other theories have been proposed
to explain pseudopodial movement, but the definitive
answer to the question of how a simple single-celled
ameba moves remains elusive. Some modifications of
pseudopodial movement are discussed in Chapter 5.

Cilia and Flagella
Cilia or flagella or both occur in virtually every animal
phylum (with the qualified exception of the Arthro-
poda). Structurally, cilia and flagella are nearly identical
(and clearly homologous), but the former are shorter and
tend to occur in relatively larger numbers (in patches or
tracts), whereas the latter are long and generally occur
singly or in pairs. During cell development, each new
flagellum or cilium arises from an organelle called the
basal body (sometimes called a kinetosome or a ble-
pharoplast), to which it remains anchored.

The movement of cilia and flagella creates a propul-
sive force that either moves the organism through a liq-
uid medium or, if the animal (or cell) is anchored, cre-
ates a movement of fluid over it. Such action always
occurs at very low Reynolds numbers. When the animal
is large, the viscosity is increased by secretion of mucus,
which lowers the Reynolds number. The general struc-
ture of a flagellum or cilium consists of a long, flexible
rod, the outer covering of which is an extension of the
plasma membrane of the cell (Figure 3.7A). Inside is a
circle of nine paired microtubules (often called dou-
blets) that runs the length of the flagellum or cilium.
One microtubule of each doublet bears two rows of pro-
jections, the dynein arms, directed toward the adjacent
doublet.† Flagella and cilia move as the microtubules
slide up or down against one another, bending the fla-
gellum or cilium in one direction or another. Micro-
tubule sliding is driven by the dynein arms, particularly
by protein complexes called radial spokes that arise
from the arms. The radial spokes attach to each doublet
microtubule immediately adjacent to the inner row of
dynein arms and project centrally. Down the center of
the doublet circle is an additional pair of microtubules.
This familiar 9+2 pattern is characteristic of nearly all
flagella and cilia (Figure 3.7B).
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Figure 3.6 Ameboid locomotion: pseudopod formation
in an ameba.

*Singular, pseudopodium; plural, pseudopodia. The diminutive is
often used: singular, pseudopod; plural, pseudopods.

†Dyneins are a family of adenosine triphosphatases that cause
microtubule sliding in ciliary and flagellar axonemes.



Flagellar/ciliary microtubules are modified hollow
tubules similar to those present in the matrix of most
cells. The principal function of these cellular tubules ap-
pears to be support. Just as the ectoplasm helps retain
the shape and integrity of a protozoan cell (acting as a
type of rudimentary “exoskeleton”), so the cytoplasmic
microtubules act as a sort of simple “endoskeleton” that
help protists (and other cells) retain their shape. Micro-
tubules are also components of the spindle and so dis-
tribute the chromosomes during cell division. The
movement of microtubules in dividing cells is being
studied intensely and may help develop future models
of both flagellar and cytoplasmic movement.

In addition to the locomotor function seen in some
protists and small Metazoa, cilia and flagella have an
enormous variety of functions in many other animals.
For example, they create feeding and gas exchange cur-
rents; they line digestive tracts and facilitate food move-
ment; and they propel sex cells and larvae. They also
form sensory structures of many kinds. Here we focus
on their use as locomotor structures.

Analysis by high-speed photography reveals that the
movement of these structures is complex and differs
among taxa, and even at different locations on the same
organism. Some flagella beat back and forth, while others
beat in a helical rotary pattern that drives flagellate protis
cells something like the propeller of an outboard motor
(Figure 3.7C). Depending on whether the undulation
moves from base to tip or from tip to base, the effect will
be, respectively, to push or pull the cell along.

Some flagella possess tiny, hairlike side branches
called mastigonemes that increase the surface area and
thus improve the propulsive capability. The beat of a cil-
ium is generally simpler, consisting of a power stroke
and a relaxed recovery stroke (Figure 3.7D). When many
cilia are present on a cell, they often occur in distinct
tracts, and their action is integrated, with beats usually
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Figure 3.7 Cilia and flagella. (A) Structures of two adja-
cent cilia. (B) Cross section of a cilium. (C) Three succes-
sive stages in the undulatory movement of a flagellum. 
(D) Successive stages in the oarlike action of a cilium. The
power stroke is shown in white, the recovery stroke in
black. (E) Examples of ciliary tract patterns in various ciliate
protists (tracts indicated by dashed lines). (F) Appearance
of metachronal waves of a line of cilia. (G) The comb jellies
(ctenophores) are the largest animals known to rely pri-
marily on cilia for locomotion. Shown here is the rather
small ctenophore, Pleurobrachia bachei (about two cm in
diameter). 



moving in metachronal waves over the cell surface
(Figure 3.7E,F). Since at any one time some cilia are al-
ways performing a power stroke, metachronal coordina-
tion ensures a uniform and continuous propulsive force.

It was once suggested that ciliary tracts on individual
cells were coordinated by a primitive sort of cellular
“nervous system,” but this hypothesis was never con-
firmed. Current thinking suggests that the coordinated
beating of cilia is probably due to hydrodynamic con-
straints imposed on them by the interference effects of
the surrounding water layers and by the simple me-
chanical stimulation of moving, adjacent cilia. Never-
theless, some ciliary responses in animals are clearly
under neural control, for example, reversal of power
stroke direction.

Ciliated protists are the swiftest of the single-celled or-
ganisms. Flagellated protists are the next most rapid, and
amebas are the slowest. Most amebas move at rates
around 5 µm/sec (about 2 cm/hr), or about 100 times
slower than most ciliates. Cilia are also used for locomo-
tion by members of several metazoan groups (including
the mesozoa, ctenophores, platyhelminths, rotifers, and
some gastropods), and by the larval stages of many taxa.

Muscles and Skeletons
Almost all animals have some sort of a skeleton, the
major functions of which are to maintain body shape,
provide support, serve as attachments for muscles,
transmit the forces of muscle contraction to perform
work, and extend relaxed muscles. These functions may
be attained either by hard tissues or secretions, or even
by the turgidity of body fluids or tissues under pressure.
Muscles, skeletons, and body form are closely integrat-
ed, both developmentally and functionally. When rigid
skeletal elements are present, they can serve as fixed
points for muscle attachment. For example, the rigid
and jointed exoskeleton of arthropods allows for a com-
plex system of levers that results in very precise and re-
stricted limb movements. Many invertebrates lack hard
skeletons and can change their body shape by alternate
contraction and relaxation of various muscle groups at-
tached to tough connective tissues or to the inside of the
body wall. These “soft-bodied” invertebrates usually
have a hydrostatic skeleton.

The hydrostatic skeleton. The performance of a
hydrostatic skeleton is based on two fundamental
properties of liquids: their incompressibility and their
ability to assume any shape. Because of these features,
body fluids transmit pressure changes rapidly and
equally in all directions. It is important to realize a
basic physical limitation concerning the action of mus-
cles—they can only perform work by getting shorter
(contracting).* To extend or protrude a body region,

the contractile force of a muscle is usually imparted to
a fluid-filled body compartment, creating a hydrosta-
tic pressure that displaces the wall of the compart-
ment. Such indirect muscle actions can be compared
to squeezing a rubber glove filled with water, thereby
extending and stiffening the fingers. The enclosure of
a fluid-filled chamber (e.g., a coelom) within sets of
opposing muscle layers establishes a system in which
muscles in one part of the body can contract, forcing
body fluids into another region of the body, where the
muscles relax; the body is thus extended or otherwise
changed in shape.

In the most common plan, two muscle layers sur-
round a fluid-filled body cavity, and the fibers of the
layers run in different directions (i.e., a circular muscle
layer and a longitudinal muscle layer). A soft-bodied in-
vertebrate can move forward by using its hydrostatic
skeleton in the following way. The circular muscles at
the posterior end of the animal contract, so the hydro-
static pressure generated there pushes anteriorly to ex-
tend the relaxed longitudinal muscles of the front of the
body. Then contraction of the posterior longitudinal
muscles pulls the rear end of the body forward. This se-
quence of muscle contractions results in a directed and
controlled movement forward. Such movement re-
quires that the posterior end be anchored when the an-
terior end is extended, and that the anterior end be an-
chored when the posterior end is pulled forward. This
system is commonly used for locomotion by many
worms that generate posterior-to-anterior metachronal
waves of muscle action, resulting in what is called peri-
stalsis. A similar hydrostatic system can be used to tem-
porarily or intermittently extend selected parts of the
body, such as the feeding proboscis of most worms, tube
feet of echinoderms, and siphons of clams.

The contraction of the circular muscles at one end of
a vermiform animal may actually have four possible ef-
fects: the contracting end may elongate; the opposite
end may elongate, or it may thicken; or both ends may
elongate. The event that transpires depends not on the
contraction of the circular muscles of the contracting
end, but on the state of contraction of the longitudinal
and circular muscles in other parts of the body (Figure
3.8). Such combinations of muscle contraction and relax-
ation create a versatile movement system based on rela-
tively simple principles.

Reliance on only circular and longitudinal muscles
could result in twists and kinks when a hydrostatic sys-
tem engages itself against the resistance of the substra-
tum. Hence, most animals that rely on hydrostatic
movement also have helically wound, diagonal muscle
fibers—a left- and right-handed set, intersecting at an
angle between 0 and 180 degrees. The diagonal muscles
allow extension and contraction, even at a constant vol-
ume, without stretching and while preventing kinking
and twisting. A good analogy is the children’s toy—the
helically woven straw cylinder into which one young-
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*Bear in mind that muscles can contract isometrically and do no
work.



ster convinces another to insert his two index fingers;
pushing your fingers together increases the diameter of
the cylinder (and decreases the length), pulling them
apart decreases the diameter (and increases the length).
All of this is accomplished without an appreciable
stretching or compression of the straw fibers (or the di-
agonal muscles of an invertebrate). When a cylinder is
extended, the fiber angle decreases; when it is com-
pressed, the angle increases.

The volume of the working fluid in a hydrostatic
skeleton should remain constant; thus any leakage
should not be greater than the rate at which the fluid
can be replaced. Body fluids must be retained despite
“holes” in the body wall, such as the excretory pores of
many coelomate animals or the mouth openings of
cnidarians. Such openings are often encircled by
sphincter muscles that can close and control the loss of
body fluids.

One way in which movement by a hydrostatic skele-
ton can be made more precise is to divide an animal up
into a series of separate compartments. For example, in
annelid worms, partitioning of the coelom and body
muscles into segments with separate neural control en-
ables body expansions and contractions to be confined
to a few segments at a time. By manipulating particular
sets of segmental muscles, most annelids not only can
move forward and backward but can turn and twist in
complex maneuvers.

The rigid skeleton. In “hard-bodied” invertebrates, 
a fixed or rigid skeletal system prevents the gross
changes in body form seen in soft-bodied inverte-
brates. This trade-off in flexibility gives hard-bodied
animals several advantages: the capacity to grow larg-
er (an advantage that is especially useful in terrestrial
habitats, which lack the buoyancy provided by aquat-
ic environments), more precise or controlled body
movements, better defense against predators, and
often greater speed of movement.

Hard skeletons can be broadly classed as either en-
doskeletons or exoskeletons. Endoskeletons are gener-
ally derived from mesoderm, whereas exoskeletons are
derived from ectoderm; both usually have organic and
inorganic components. It has been hypothesized that
rigid skeletons may have originated by chance, as by-
products of certain metabolic pathways. By sheer acci-
dent (preadaptation, or exadaptation), for example, the
accumulation of nitrogenous wastes and their incorpo-
ration into complex organic molecules might have re-
sulted in the evolution of the chitinous exoskeleton so
common among invertebrates. Similar speculation sug-
gests that a metabolic system that originally functioned
to eliminate excess calcium from the body might have
produced the first calcareous shell of molluscs. In any
event, marine invertebrates are capable of forming,
through their various biological activities, a vast array of
minerals, some of which cannot be formed inorganical-

ly in the biosphere. Indeed, the ever-increasing amounts
of these biominerals have radically altered the character
of the biosphere since the origin of hard skeletons in the
earliest Cambrian. Most common among these biomin-
erals are various carbonates, phosphates, halides, sul-
fates, and iron oxides.

Invertebrate skeletons may be of the articulating type
(e.g., the exoskeletons of arthropods, clams, and bra-
chiopods and the endoskeleton of some echinoderms),
or they may be of the nonarticulating type, as seen in
the simple one-piece exoskeletons of snails and the rigid
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Figure 3.8 The hydrostatic skeleton. (A–E) The initial
state and the four possible results of contraction of the cir-
cular muscles at one end of a cylindrical animal with a
hydrostatic skeleton. (A) The muscles are all relaxed. (B)
The circular muscles of the right-hand end have contract-
ed and this end has elongated; the left-hand end has
remained unaltered. (C) The length of the right-hand end
has remained the same but the diameter of the left-hand
end has increased. (D) the length of the right-hand end
and the diameter of the left-hand end have remained the
same, but the length of the left-hand end has increased.
(E) The lengths of both ends have increased, but their
respective diameters have remained the same. (F,G) Two
animals that rely on hydrostatic skeletons for support and
locomotion. (F) The sipunculan worm Phascolosoma. (G)
The echiuran worm Urechis caupo. 



endoskeletons composed of interlocking fused plates of
sea urchins and sand dollars. Animal endoskeletons
may be as simple as the microscopic calcareous or
siliceous spicules embedded in the body of a sponge,
cnidarian, or sea cucumber, or they may be as complex
as the bony skeleton of vertebrates (Figure 3.9). Hard
skeletons of calcium carbonate have evolved in many
animal (and some algal) phyla. Vertebrate skeletal tis-
sues include a calcium phosphate-collagen matrix. In in-
vertebrates, collagen often forms a substratum upon
which calcareous spicules or other skeletal structures
form, but with a single exception (certain gorgonians)
collagen is never incorporated directly into the calcare-
ous skeletal material.

In the broadest sense, virtually every group of inver-
tebrates has developed an exoskeleton of sorts (Figure
3.10). Even cells of protists possess a semirigid ecto-
plasm, and some have surrounded themselves with a
test comprising bits of sand or other foreign matter
glued together. Other protists build a test made from
chemicals that they either extract from sea water or pro-
duce themselves.

From their epidermis, many Metazoa secrete a nonliv-
ing external layer called the cuticle, which serves as an
exoskeleton. The cuticle varies in thickness and complex-
ity, but it often has several layers of differing structure
and composition. In the arthropods, for example, the cu-
ticle is a a complex combination of the polysaccharide
chitin* and various proteins. This skeleton may be

strengthened by the formation of internal cross-linkages
(a process called tanning) and by the addition of calcium.
In most insects, the outermost layer is impregnated with
wax, which decreases its permeability to water. The cuti-
cle is often ornamented with spines, tubercles, scales, or
striations;  frequently it is divided into rings or segments,
a feature lending flexibility to the body. Other examples
of exoskeletons are the calcareous shells of many mol-
luscs and the casings of corals (Figure 3.10).

Most skeletons act as body elements against which
muscles operate and by which muscle action is convert-
ed to body movement. Because muscles cannot elongate
by themselves, they must be stretched by antagonistic
forces—usually other muscles, hydrostatic forces, or
elastic structures. In animals possessing rigid but articu-
lated skeletons, antagonistic muscles often appear in
pairs, for example, flexors and extensors. These mus-
cles extend across a joint and are used to move a limb or
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Figure 3.9 Some invertebrate endo-
skeletons. (A) An ossicle (skeletal ele-
ment) from a sea cucumber. (B) Isolated
sponge spicules. (C) A deepwater glass
sponge from the eastern Pacific; the
long, siliceous spicules can be seen pro-
truding from the body. (D) The rigid
test of a sea urchin. 

*The term chitin refers to a family of closely related chemical
compounds, which, in various forms, are produced by and incor-
porated into the cuticles of many invertebrates. Certain types of
chitin are also produced by some fungi and diatoms. Chitins are
high-molecular-weight, nitrogenous polysaccharide polymers that
are tough yet flexible Figure 3.10F). In addition to its supportive
and protective functions in the formation of exoskeletons, chitin is
also a major component of the teeth, jaws, and grasping and
grinding structures of a wide variety of invertebrates. That chitin
is one of the most abundant macromolecules on Earth is evi-
denced by the estimated 1011 tons produced annually in the bios-
phere—most of it in the ocean.

(A) (B)

(D)(C) 



other body part (Figure 3.11). Most muscles have a dis-
crete origin, where the muscle is anchored, and an in-
sertion, which is the point of major body or limb move-
ment. A classic vertebrate example of this system is the
biceps muscle of the human arm, in which the origin is
on the scapula and the insertion is on the radius bone of
the forearm; contraction of the biceps causes flexion of
the arm by decreasing the angle between the upper arm

and the forearm. Movement of a limb toward the body
is brought about by flexor muscles, of which the biceps
is an example (Figure 3.11A,B). The muscle antagonistic
to the biceps is the triceps, an extensor muscle whose
contraction extends the forearm away from the body.
Other common sets of antagonistic muscles and actions
are protractors and retractors, which respectively cause
anterior and posterior movement of entire limbs at their
place of juncture with the body; and adductors and ab-
ductors, which move a body part toward or away from
a particular point of reference. Although vertebrates
have endoskeletons and arthropods have exoskeletons,
most muscles of arthropods are arranged in antagonistic
sets similar to those seen in vertebrates (Figure 3.11C).
The muscles of arthropods attach to the inside of the
skeletal parts, whereas those of vertebrates attach to the
outside, but they both operate systems of levers.
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Figure 3.10 Some invertebrate exoskeletons. (A) The
dinoflagellate protist Gonyaulax, encased in cellulose
plates. (B) The ameba Difflugia, with a test of minute sand
grains. (C) The foraminiferan Cyclorbiculina, with a calcare-
ous, multichambered shell. (D) An assassin bug, with a
jointed, chitinous exoskeleton. (E) The giant clam,
Tridacna, among corals. These two very different animals
both have calcareous exoskeletons. (F) Chemical structure
of the polysaccharide chitin. 
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Not all muscles attach to rigid endo- or exoskeletons.
Some form masses of interlacing muscle fibers, like
those in the body wall of a worm, the foot of a snail, or
the muscle layers in the walls of “hollow” organs (like
those surrounding a gut tube or uterus). In these cases,
the muscles have no definite origin and insertion but act
on each other and the surrounding tissues and body flu-
ids to affect changes in the shape of the body or body
parts.

The basic physiology and biochemistry of muscle
contraction is the same in vertebrates and invertebrates,
although a variety of specialized variations on the basic
model have evolved. For example, the adductor muscle
of a clam (the muscle that holds the shell closed) is di-
vided into two parts. One part is heavily striated and
used for rapid shell closure (the phasic, or “quick” mus-
cle); the other is smooth, or tonic, and is used to hold the
shell closed for hours or even days at a time (the “catch”
muscle). Brachiopods have a similar adductor muscle
specialization—a good example of convergent evolu-
tion. Other specializations are found in crustacean mus-
cle innervation, which differs from that typically seen in
other invertebrates, and in certain insect flight muscles
that are capable of contracting at frequencies far higher
than can be induced by nerve impulses alone.

Feeding Mechanisms
Intracellular and Extracellular Digestion
Virtually all Protista and Metazoa must locate, select,
capture, ingest, and finally digest and assimilate food.

Although the physiology of digestion is similar at the
biochemical level, considerable variation exists in the
mechanisms of capture and digestion as a result of con-
straints placed on organisms by their overall bauplans.

Digestion is the process of breaking down food by
hydrolysis into units suitable to the nutrition of cells.
When this breakdown occurs outside the body altogeth-
er, it is called extracorporeal digestion; when it occurs
in a gut chamber of some sort, it is referred to as extra-
cellular digestion; and when the process occurs within a
cell, it is called intracellular digestion. Regardless of the
site of digestion, all organisms are ultimately faced with
the fundamental challenge of cellular capture of nutri-
tional products (food, digested or not). This cellular
challenge is met by the process of phagocytosis (literal-
ly, “eating by cells”) and pinocytosis (“drinking by
cells”). These processes, collectively called endocytosis,
are mechanically simple and involve the engulfment of
food “particles” at the cell surface.

In 1892 the great comparative anatomist Elie
Metchnikoff made a discovery that led to his receiving
the Nobel Prize 16 years later. Metchnikoff discovered
the process by which certain ameboid cells in the
coelomic fluid of sea stars engulf and destroy foreign
matter such as bacteria. He called this process phagocy-
tosis. In phagocytosis, extensions of a cell’s plasma
membrane encircle the particle to be captured (whether
it be food or a foreign microbe), form an inpocketing on
the cell surface, and then pinch off the pocket inside the
cell (Figure 3.12A). The resultant intracellular mem-
brane-bounded structure is called a food vacuole.
Because the food particle is inside a chamber formed
and bounded by a piece of the original plasma mem-
brane of the cell, some biologists consider that it is not
actually “inside” the cell. This point is irrelevant. The
plasma membrane surrounding the food vacuole is, of
course, no longer part of the cell’s outer membrane and
in this sense it and whatever is in the vacuole are now
“inside” the cell, and the subsequent digestive process-
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es that take place are considered intracellular, not extra-
cellular. However, food inside the food vacuole is not
actually incorporated into the cell’s cytoplasm until it is
digested and the resultant molecules are released.

Protists and sponges rely on phagocytosis as a feed-
ing mechanism, and the digestive cells of metazoan guts
take up food particles in the same fashion. Once a cell
has phagocytosed a food particle and intracellular di-
gestion has been completed, any remaining waste parti-
cles may be carried back to the cell surface by what re-
mains of the old food vacuole, which fuses with the
plasma membrane to discharge its wastes in a sort of re-
verse phagocytosis, called exocytosis.

Pinocytosis can be thought of as a highly specialized
form of phagocytosis, in which molecule-sized particles
are taken up by the cell. Such molecules are always dis-
solved in some fluid (e.g., a body fluid, or sea water).
During pinocytosis, minute invaginations (pinocytotic
channels) form on the cell surface, fill with liquid from
the surrounding medium (which includes the dissolved
nutritional molecules), and then pinch off to enter the
cytoplasm as pinocytotic vesicles (Figure 3.12B). Pino-
cytosis generally occurs in cells lining some body cavity
(e.g., the gut) in which considerable extracellular diges-
tion has already taken place and nutritive molecules
have been released from the original food source. In
some cases, however, nutritional molecules may be
taken up directly from sea water, and there is growing
evidence that many invertebrates rely substantially on
the direct uptake of dissolved organic matter (DOM)
from their environment.

Metazoa generally possess some sort of an internal
digestive tract into which food passes. In some (e.g.,
cnidarians and flatworms) there is only one opening
through which food is ingested and undigested materi-
als eliminated. These animals are said to have an incom-
plete or blind gut. Most other Metazoa have both
mouth and anus (a complete gut), an arrangement that

allows the one-way flow of food and the specialization
of different gut regions for functions such as grinding,
secretion, storage, digestion, and absorption. As the
noted biologist Libbie Hyman so aptly put it, “The ad-
vantages of an anus are obvious.”

The overall anatomy and physiology of an animal’s
gut are closely tied to the type and quality of food con-
sumed. In general, the guts of herbivores are long and
often have specialized chambers for storage, grinding,
and so on because vegetable matter is difficult to digest
and requires long residence times in the digestive sys-
tem. Carnivores tend to have shorter, simpler guts; the
animal foods they consume are higher quality and easi-
er to digest.

Feeding Strategies
Just as body architecture influences and limits the diges-
tive modes of invertebrates, it is also intimately associat-
ed with the processes of food location, selection, and in-
gestion. Animals and animal-like protists are generally
defined as heterotrophic organisms (as opposed to au-
totrophs and saprophytes); they ingest organic material
in the form of other organisms, or parts thereof. How-
ever, in several groups of protists (e.g., many euglenoids
and chlorophytans), both photosynthesis and heterotro-
phy can occur as nutritional strategies. In addition,
many nonphotosynthetic invertebrate groups have 
developed intimate symbiotic relationships with single-
celled algae, especially with certain species of dinoflagel-
lates. These invertebrates use photosynthetic by-prod-
ucts as an accessory (or occasionally as the primary) food
source. Notable in this regard are reef-building corals,
giant clams (tridacnids), and certain flatworms, sea
slugs, hydroids, ascidians, sea anemones, freshwater

ANIMAL ARCHITECTURE AND THE BAUPLAN CONCEPT 57

UNCORRECTED PAGE PROOFS
(A) Plasma 

membrane

Cell cytoplasm
Food 
vacuole

Lysosome

Golgi body

Digestive
vacuole

(B) Solute molecules

Pinocytotic
channel

Cell cytoplasm

Pinocytotic 
vesicle
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sponges, and even some species of Paramecium. How-
ever, the overwhelming majority of invertebrates lead
strictly heterotrophic lives.

Biologists classify heterotrophic feeding strategies in
a number of ways. For example, organisms can be con-
sidered herbivores, carnivores, or omnivores; or they
can be classed as grazers, predators, or scavengers. Or-
ganisms can also be classified as microphages or macro-
phages by the comparative size of their food or prey, or
they can be classified by the environmental source of
their food as suspension feeders, deposit feeders, or
detritivores. In the remainder of this section we define
some important feeding-strategy terms and explain
some common themes of feeding.

Few animals are strictly herbivores or carnivores, even
though most show a clear preference for either a veg-
etable or a meat diet. For example, the Atlantic purple sea
urchin Arbacia punctulata usually feeds on micro- and
macroalgae. However, in certain portions of its range,
where algae may become seasonally scarce, epifaunal an-
imals constitute the bulk of this urchin’s diet. Omnivores,
of course, must have the anatomical and physiological
capability to capture, handle, and digest both plant and
animal material. Among invertebrates, there are two
large categories of feeding strategies in which omnivory
prevails: suspension feeding and deposit feeding.

Suspension feeding. Suspension feeding is the
removal of suspended food particles from the sur-
rounding medium by some sort of capture, trapping,
or filtration mechanism. It has three basic steps: trans-
port of water past the feeding structures, removal of
particles from the water, and transport of the captured
particles to the mouth. It is a major mode of feeding in
sponges, ascidians, appendicularians, brachiopods,
ectoprocts, entoprocts, phoronids, most bivalves, and
many crustaceans, polychaetes, and gastropods. The
main food selection criterion is particle size, and the
size limits of food are determined by the nature of the
particle-capturing device. In some cases potential food
particles may also be “sorted” on the basis of their spe-
cific gravity, or even their perceived nutritional quality.

Suspension-feeding invertebrates generally con-
sume bacteria, phytoplankton, zooplankton, and some
detritus. All suspension feeders probably have optimal
ranges of particle size; but some are capable, experi-
mentally, of preferentially selecting “enriched” artificial
food capsules over “nonenriched” (nonfood) capsules,
an observation suggesting that chemosensory selectivi-
ty may occur in situ as well. To capture food particles
from their environment, suspension feeders either must
move part or all of their body through the water, or
water must be moved over their feeding structures. As
with locomotion in water, the relative motion between
a solid and liquid during suspension feeding creates a
system that behaves according to the concept of
Reynolds numbers. Virtually all suspension-feeding in-

vertebrates capture particles from the water at low
Reynolds numbers. The flow rates in such systems are
very low and the feeding structures are small (e.g., cilia,
flagella, setae).

Recall that at low Reynolds numbers viscous forces
dominate, and water flow over small feeding structures
is laminar and nonturbulent and ceases instantaneously
when energy input stops. Thus, in the absence of inertial
influence, suspension feeders that generate their own
feeding currents expend a great deal of energy. Some
suspension feeders conserve energy by depending to
various degrees on prevailing ambient water move-
ments to continually replenish their food supplies (e.g.,
barnacles on wave-swept shores and mole crabs in the
wash zone on sandy beaches). For most organisms,
however, the effort expended for feeding is a major part
of their energy budget.

Only a relatively few suspension feeders are true fil-
terers. Because of the principles outlined above, it is en-
ergetically extremely costly to drive water through a
fine-meshed filtering device. For small animals, this is
somewhat analogous to moving a fine-mesh filter
through thick syrup. Such actual sieving does occur,
most notably in many bivalve molluscs, many tunicates,
some larger crustaceans, and some worms that produce
mucous nets. However, most suspension feeders em-
ploy a less expensive method of capturing particles
from the water, one that does not involve continuous fil-
tration. Many invertebrates expose a sticky surface,
such as a coating of mucus, to flowing water. Suspend-
ed particles contact and adhere to the surface and then
are moved to the mouth by ciliary tracts (as in crinoids),
setal brushes (as in certain crustaceans), or by some
other means of transport. Other “contact” suspension
feeders living in still water may simply expose a sticky
surface to the rain of particulate material settling down-
ward from the water above, thus letting gravity do
much of the work of food-getting. Some oysters are sus-
pected of this feeding strategy, at least on a part-time
basis. Several other “contact” methods of suspension
feeding may occur, but all eliminate the costly activity of
actual sieving in the highly viscous world of low
Reynolds numbers.

Another nonfiltering suspension feeding method is
called “scan-and-trap” (LaBarbera 1984). The general
strategy here is to move water over part or all of the
body, detect suspended food particles, isolate the parti-
cles in a small parcel of water, and process only that par-
cel by some method of particle extraction. The animal
thus avoids the energetic expense of continuously dri-
ving water over the feeding surface at low Reynolds
numbers. The precise methods of particle detection, iso-
lation, and capture vary among different invertebrates
that use the scan-and-trap technique; but this basic strat-
egy is probably employed by certain crustaceans (e.g.,
planktonic copepods), many ectoprocts, and a variety of
larval forms.
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The trick of removing small food particles from the
surrounding environment is achieved through four fun-
damentally different mechanisms. Because there are a
limited number of ways in which animals can suspen-
sion feed, it is not surprising that a great deal of evolu-
tionary convergence has appeared among their feeding
mechanisms.

Among some crustaceans, certain limbs are equipped
with rows of feather-like setae adapted for removing
particles from the water (Figure 3.13). The size of the
particles captured is often directly proportional to the
“mesh” size of the interlaced setae on the food-capture
structure. In sessile crustaceans such as barnacles, the
feeding appendages are swept through the water or

held taut against moving water. In either case, sessile
animals are dependent upon local currents to continual-
ly replenish their food supply. Motile setal-net feeders,
like many larger planktonic crustaceans and certain
benthic crustaceans (e.g., porcelain crabs), may have
modified appendages that generate a current across the
feeding appendages that bear the capture setae. Some-
times these same appendages serve simultaneously for
locomotion. In cephalocarid and many branchiopod
crustaceans, for example, complex coordinated move-
ments of the highly setose thoracic legs propel the ani-
mal forward and also produce a constant current of
water (Figure 3.13D). These appendages simultaneous-
ly capture food particles from the water and collect
them in a median ventral food groove at the leg bases,
where they are passed forward to the mouth region.

A second suspension-feeding device is the mucous
net, or mucous trap, wherein patches or a sheet of mu-
cus are used to capture suspended food particles. Most
mucous-net feeders consume their net along with the
food and recycle the chemicals used to produce it.
Again, sessile and sedentary species often rely largely
on local currents to keep a fresh supply of food coming
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Figure 3.13 Setal-net suspension-
feeding invertebrates. (A) The sand 
crab Emerita. (B) A goose barnacle, 
Pollicipes, with feeding appendages extended. (C)  The
third maxilliped of the porcelain crab Petrolisthes elegans.
Note the long, dense setae used in feeding. (D) A portion
of the trunk (sagittal view) of a cephalocarid crustacean
during the metachronal cycle of the feeding limbs. The
arrows indicate the direction of water currents; the arrow
above each trunk limb indicates the limb’s direction of
movement.
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their way. Some, however, especially benthic burrowers,
actively pump water through their burrow or tube,
where it passes across or through the mucous sheet. A
classic example of mucous-net feeding is seen in the an-
nelid worm Chaetopterus (Figure 3.14A). This animal
lives in a U-shaped tube in the sediment and pumps
water through the tube and through a mucous net. As
the net fills with trapped food particles, it is periodically
manipulated and rolled into a ball, which is then passed
to the mouth and swallowed. An example of mucous-
trap feeding is seen the tube-building gastropods (fami-
ly Vermetidae). These wormlike snails construct col-
onies of meandering calcareous tubes in the intertidal
zone. Each animal secretes a mucous trap that is de-
ployed just outside the opening of the tube, until nearly
the entire colony surface is covered with mucus.
Suspended particulate matter settles and becomes
trapped in the mucus. At periodic intervals, each animal
withdraws its mucous sheet and swallows it, where-
upon a new sheet is immediately constructed.

Another type of suspension feeding is the ciliary-mu-
cous mechanism, in which rows of cilia carry a mucous
sheet across some structure while water is passed
through or across it. Ascidians (sea squirts; Figure 3.14B)
move a more or less continuous mucous sheet across
their sievelike pharynx, while at the same time pumping
water through it. Fresh mucus is secreted at one side of
the pharynx while the food-laden mucus at the other

side is moved into the gut for digestion. Several poly-
chaete groups also make use of the ciliary-mucous feed-
ing technique (Figure 3.14C). For example, some species
of tube-dwelling fan worms feed with a crown of tenta-
cles that are covered with cilia and mucus and bear cili-
ated grooves that slowly move captured food particles to
the mouth. Many sand dollars capture suspended parti-
cles, especially diatoms, on their mucus-covered spines;
food and mucus are transported by the tube feet and cil-
iary currents to food tracts, and then to the mouth.

Still another kind of suspension feeding is tentacle or
tube feet suspension feeding. In this strategy, some sort
of tentacle-like structure captures larger food particles,
with or without the aid of mucus. Food particles cap-
tured by this mechanism are generally larger than those
captured by setal or mucous traps or sieves. Examples
of tentacle or tube feet suspension feeding are most
commonly encountered in the echinoderms (e.g., many
brittle stars and crinoids) and cnidarians (e.g., certain
sea anemones and corals) (Figure 3.15).
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Figure 3.14 Some mucous-net and ciliary-mucus sus-
pension feeders. (A) The annelid worm Chaetopterus in its
burrow. Note the direction of water flow through its
mucous net. (B) The solitary ascidian Styela has incurrent
and excurrent siphons through which water enters and
leaves the body. Inside, the water passes through a sheet
of mucus covering holes in the wall of the pharynx. (C) A
maldanid polychaete, Praxillura maculata. This animal con-
structs a membranous tube that bears 6–12 stiff radial
spokes. A mucous web hangs from these spokes and pas-
sively traps passing food particles. The worm’s head is seen
sweeping around the radial spokes to retrieve the mucous
web and its trapped food particles. 
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Much research has been done on suspension feeding
in the past 20 years, and we now know what size range
of particles many animals feed on and what kinds of
capture rates they have. In general, feeding rates in-
crease with food particle concentration to a plateau,
above which the rate levels off. At still higher particle
concentrations, entrapment mechanisms may become
overtaxed or clogged and feeding is inhibited or simply
ceases. In sessile and sedentary suspension feeders, for
example, pumping rates decrease quickly as the amount
of suspended inorganic sediment (mud, silt, and sand)
increases beyond a given concentration. For this reason,
the amount of sediment in coastal waters limits the dis-
tribution and abundance of certain invertebrates such as
clams, corals, sponges, and ascidians. Many tropical
coral reefs are dying as a result of increased coastal sed-

iment loads generated by run-off from land areas sub-
jected to deforestation or urban development.

Deposit feeding. The deposit feeders make up
another major group of omnivores. These animals ob-
tain nutrients from the sediments of soft-bottom habi-
tats (muds and sands) or terrestrial soils, but their
techniques for feeding are diverse. Direct deposit
feeders simply swallow large quantities of sedi-
ment—mud, sand, soil, organic matter, everything.
They may consume up to 500 times their body weight
daily. The usable organics are digested and the unus-
able materials passed out the anus. The resultant fecal
material is essentially “cleaned dirt.” This kind of de-
posit feeding is seen in many polychaete annelids,
some snails, some sea urchins, and most earthworms
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Figure 3.15 Tube feet suspension
feeding. Food-particle capture in the 
brittle star Ophiothrix fragilis. The pho-
tographs show two views of a captured
food particle being transported by the
arm tentacles to the mouth. 

Figure 3.16 Some deposit feeding invertebrates. (A) A lumbrinerid
polychaete burrowing in the sediment. This worm is a subsurface
deposit feeder. (B) The sabellid polychaete Manayunkia aestuarina in its
feeding posture. A pair of branchial filaments are being used to feed.
The large particle falling in front of the tube has just been expelled from
the branchial crown by a rejection current. (C) A surface deposit-feeding
holothurian (Euapta). 
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(Figure 3.16A). Some deposit feeders utilize tentacle-
like structures to consume sediment, such as some sea
cucumbers, most sipunculans, certain clams, and sev-
eral types of polychaetes (Figure 3.16B,C). Tentacle-
utilizing deposit feeders preferentially remove only
the uppermost deposits from the sediment surface
and thus consume a far greater percentage of living
(especially bacteria, diatoms, and protozoa) and detri-
tal organic material that accumulates there than do
the burrowing deposit feeders. These animals are
generally called selective deposit feeders. Aquatic
deposit feeders may also rely to a significant extent on
fecal material that accumulates on the bottom, and

many will actively consume their own fecal pellets
(coprophagy), which may contain some undigested
or incompletely digested organic material as well as
microorganisms. Studies have shown that only about
half of the bacteria ingested by marine deposit feeders
is digested during passage through the gut. In all cases,
deposit feeders are microphagous.

The ecological role of deposit feeding in sediment
turnover is a critical one. When burrowing deposit feed-
ers are removed from an area, organic debris accumu-
lates, subsurface oxygen is depleted by bacterial decom-
position, and anaerobic sulfur bacteria eventually
bloom. On land, earthworms and other burrowers are
important in maintaining the health of agricultural and
garden soils.

Herbivory. The following discussion deals with
macroherbivory, or the consumption of macroscopic
plants. Herbivory is common throughout the animal
kingdom. It is most dramatically illustrated when cer-
tain invertebrate herbivores undergo a temporary
population explosion. Famous examples are out-
breaks of locust, which can destroy virtually all plant
material in their path of migration. In a similar fash-
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Figure 3.17 Representative herbivorous invertebrates.
(A) The common land snail Helix, munching on some
foliage. (B) The red abalone Haliotis rufescens. (C) The ra-
dula, or rasping organ, of H. rufescens. (D) The action of a
radula (sagittal section). (E) The tropical Pacific sea urchin
Toxopneustes roseus. 
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ion, herbivory by extremely high numbers of the
Pacific sea urchin Strongylocentrotus results in the
wholesale destruction of kelp beds. Unlike suspen-
sion- and deposit-feeding herbivory, in which mostly
single-celled and microscopic plant matter is con-
sumed, macroherbivory requires the ability to “bite
and chew” large pieces of vegetable matter. Although
the evolution of biting and chewing mechanisms has
taken place within the architectural framework of a
number of different invertebrate lineages, it is always
characterized by the development of hard (usually
calcified or chitinous) “teeth,” which are manipulated
by powerful muscles. Members of a number of major
invertebrate taxa have evolved macroherbivorous
lifestyles, including molluscs, polychaetes, arthro-
pods, and sea urchins.

Most molluscs have a unique structure called a radu-
la, which is a muscularized, beltlike rasp armed with
chitinous teeth. Herbivorous molluscs use the radula to
scrape algae off rocks or to tear pieces of algal fronds or
the leaves of terrestrial plants. The radula acts like a
curved file that is drawn across the feeding surface
(Figure 3.17C,D). Some polychaetes such as nereids
(family Nereidae) have sets of large chitinous teeth on
an eversible pharynx or proboscis. The proboscis is pro-
tracted by hydrostatic pressure, exposing the teeth,
which by muscular action tear or scrape off pieces of
algae that are swallowed when the proboscis is retract-
ed. As might be expected, the toothed pharynx of poly-
chaetes is also suited for carnivory, and some primarily
herbivorous polychaetes can switch to meat-eating
when algae are scarce.

Macroherbivory in arthropods is best illustrated by
certain insects and crustaceans. Both of these large
groups have powerful mandibles capable of biting off
pieces of plant material and subsequently grinding or
chewing them before ingestion. Some macroherbivo-
rous arthropods are able to temporarily switch to car-
nivory when necessary. This switching is rarely seen in
the terrestrial herbivores because it is almost never nec-
essary; terrestrial plant matter can almost always be
found. In marine environments, however, algal supplies
may at times be very limited. Some herbivorous inverte-
brates cause serious damage to wooden man-made
structures (like homes, pier pilings, and boats) by bur-
rowing through and consuming the wood (Figure 3.18).

Carnivory and scavenging. The most sophisticated
methods of feeding are those that require the active
capture of live animals, or predation.* Most carnivo-
rous predators will, however, consume dead or dying
animal matter when live food is scarce. Only a few
generalizations about the many kinds of predation are

presented here; detailed discussions of various taxa
are presented in their appropriate chapters.

Active predation often involves five recognizable
steps: prey location (predator orientation), pursuit (usu-
ally), capture, handling, and finally, ingestion. Prey loca-
tion usually requires a certain level of nervous system
sophistication in which specialized sense organs are
present (discussed later in this chapter). Many carnivo-
rous invertebrates rely primarily on chemosensory loca-
tion of prey, although many also use visual orientation,
touch, and vibration detection. Chemoreceptors tend to
be equally distributed around the bodies of radially
symmetrical carnivores (e.g., jellyfish) but, coincidental-
ly with cephalization, most invertebrates have their gus-
tatory and olfactory receptors (“tasters” and “smellers”)
concentrated in the head region.

Predators may be classified by how they capture their
prey—as motile stalkers, lurking predators (ambush-
ers), sessile opportunists, or grazers (Figure 3.19). Stalk-
ers actively pursue their prey; they include members of
such disparate groups as ciliate protists, polyclads, ne-
merteans, polychaete worms, gastropods, octopuses and
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Figure 3.18 Wood from the submerged part of an old
dock piling, split open to show the work of the wood-
boring bivalve shipworm Teredo navalis. The shell valves
are so reduced that they can no longer enclose the animal;
instead they are used as “auger blades” in boring. The
walls of the burrow are lined with a smooth, calcareous,
shell-like material. 

*Although in the broad sense even herbivory is a form of “preda-
tion,” for clarity of discussion we restrict the use of these terms to
vegetable eating and animal eating, respectively.

Electronic file/need
color proof 



64 CHAPTER THREE

UNCORRECTED PAGE PROOFS

(F)

(A) (B)

(C) (D)

(H)

(G) 

A-C
Electronic files/need color proofs 

rescan larger 



squids, crabs, and sea stars. In all these groups, chemo-
sensation is highly important in locating potential prey,
although some cephalopods are known to be the most
highly visual of all the invertebrate predators.

Lurking predators are those that sit and wait for their
prey to come within capture distance, whereupon they
quickly seize the victim. Many lurking predators, such
as certain species of mantis shrimps (stomatopods),
crabs, snapping shrimp (Alpheidae), spiders, and poly-
chaetes, live in burrows or crevices from which they
emerge to capture passing prey. There are even ambush-
ing planarian flatworms, which produce mucous patch-
es that form sticky traps for their prey. The cost of build-
ing traps is significant. Ant lions, for example, may
increase their energy consumption as much as eightfold
when building their sand capture pits, and energy lost
in mucus secretion by planarians may account for 20
percent of the worm’s energy. Predatory invertebrates,
especially lurking predators, tend to be more or less ter-
ritorial. 

Sessile opportunists operate in much the same fash-
ion as lurking predators do, but they lack the mobility of
the latter. The same may be said for drifting oppor-
tunists, such as jellyfishes. Many sessile predators, such
as some protists, barnacles, and cnidarians, are actually
suspension feeders with a strong preference for live
prey.

Grazing carnivores move about the substratum pick-
ing at the epifauna. Grazers may be indiscriminate, con-
suming whatever happens to be present, or they may be
fairly choosy about what they eat. In either case, their
diet consists largely of sessile and slow-moving animals,
such as sponges, ectoprocts, tunicates, snails, small crus-
taceans, and worms. Most grazers are omnivorous to
some degree, consuming plant material along with their
animal prey. Many crabs and shrimps are excellent graz-
ers, continuously moving across the bottom and picking
through the epibiota for tasty morsels. Sea spiders (pyc-
nogonids) and some carnivorous sea slugs can also be
classed as grazers on hydroids, ectoprocts, sponges, tu-
nicates, and other sessile epifauna. Ovulid snails (family
Ovulidae) inhabit, and usually mimic, the gorgonians
and corals upon which they slowly crawl about, nip-
ping off polyps as they go.

One special category of carnivory is cannibalism, or
intraspecific predation. Gary Polis (1981) examined over
900 published reports describing cannibalism in about
1,300 different species of animals. In general, he found
that species of large animals (and also larger individuals
in any given species) are the most likely to be cannibals.
By far, the majority of the victims are juveniles. How-
ever, in a number of invertebrate groups the tables turn
and cannibalism occurs when smaller individuals band
together to attack and consume a larger individual.
Furthermore, females tend generally to be more canni-
balistic than males, and males tend to be eaten far more
often than females. In many species, filial cannibalism is
common, in which a parent eats its dying, deformed,
weak, or sick offspring. Polis concluded that cannibal-
ism is a major factor in the biology of many species and
may influence population structure, life history, behav-
ior, and competition for mates and resources. He goes so
far as to point out that Homo sapiens may be “the only
species capable of worrying whether its food is intra- or
extraspecific.”

Dissolved organic matter. The total living biomass of
the world’s oceans is estimated to be about 2 × 109 tons
of organic carbon (roughly 500 times the amount of
organic carbon in the terrestrial environment). Fur-
thermore, an additional 20 × 109 tons of particulate
organic matter is estimated to occur in the seas, and
another 200 × 109 tons of organic carbon (C) may occur
in the seas as dissolved organic matter (DOM). Thus,
at any moment in time, only a small fraction of the
organic carbon in the world’s seas actually exists in liv-
ing organisms. Amino acids and carbohydrates are the
most common dissolved organics. Typical oceanic val-
ues of DOM range from 0.4 to 1.0 mg C/liter, but may
reach 8.0 mg C/liter near shore. Pelagic and benthic
algae release copious amounts of DOM into the envi-
ronment, as do certain invertebrates. Coral mucus, for
example, is an important fraction of suspended and
dissolved organic material over reefs, and it contains
significant amounts of energy-rich and nitrogen-rich
compounds, including mono- and polysaccharides and
amino acids. Other sources of DOM include decom-
posing tissue, detritus, fecal material, and metabolic
by-products discharged into the environment.

The idea that DOM may contribute significantly to
the nutrition of marine invertebrates dates at least from
the turn of the century. However, after nearly 100 years
of research the issue is still not fully resolved. Marine
microorganisms are well known to use DOM, but the
relative role of dissolved organic matter in the nutri-
tion of aquatic Metazoa is problematic. Available data
strongly suggest that members of all marine taxa (ex-
cept perhaps arthropods and vertebrates) are capable of
absorbing DOM to some extent, and in the case of cil-
iary-mucous suspension feeders, marine larvae, many
echinoderms, and mussels, the ability to rapidly take up
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Figure 3.19 Some predatory invertebrates. (A) Most
octopuses are active hunting predators; this one is a
member of the genus Eledone. (B) The crown-of-thorns
sea star, Acanthaster, feeds on corals. (C) The moon snail,
Polinices, drills holes in the shells of bivalve molluscs to
feed on the soft parts. (D) A mantis shrimp (stomatopod);
the two drawings (E) depict its raptorial strike to capture
a passing fish. (F) The predatory flatworm Mesostoma
attacking a mosquito larva. (G) A cone snail (Conus) eat-
ing a fish. (H) Acanthina, a predatory gastropod feeding
on small barnacles. 

▲



dissolved free amino acids from a dilute external medi-
um is well established. But because of the complex
chemical nature of dissolved organics, and the difficulty
of measuring their rates of influx and loss, we still lack
strong evidence of the actual use, or relative nutritional
importance, of DOM to invertebrates.

Evidence from numerous studies indicates that ab-
sorption of DOM occurs directly across the body wall of
invertebrates, as well as via the gills. Also, inorganic
particles of colloidal dimensions provide a surface on
which small organic molecules are concentrated by ad-
sorption, thereon to be captured and utilized by suspen-
sion-feeding invertebrates. Interestingly, most freshwa-
ter organisms seem incapable of removing small organic
molecules from solution at anything like the rates char-
acteristic of marine invertebrates. In fresh water, the up-
take of DOM is probably retarded by the processes of
osmoregulation. Also, with the exception of the aberrant
hagfish, marine vertebrates seem not to utilize DOM to
any significant extent.

Chemoautotrophy. A special form of autotrophy
that occurs in certain bacteria relies not on sunlight
and photosynthesis as a source of energy to make
organic molecules from inorganic raw materials (pho-
toautotrophy), but rather on the oxidization of certain
inorganic substances. This special case is called
chemoautotrophy. Chemoautotrophs use CO2 as their
carbon source, obtaining energy by oxidizing hydro-
gen sulfide (H2S), ammonia (NH3), methane (CH4), fer-
rous ions (Fe2+), or some other chemical, depending
on the species. These prokaryotes are not uncommon
in aerated soils, and certain species live as symbionts
in the tissues of a few marine invertebrates.

Some of the most interesting of these chemoau-
totrophic organisms derive their energy from the oxida-
tion of hydrogen sulfide released at hot water vents on
the deep-sea floor—where, in fact, they are the sole pri-
mary producers in the ecosystem. In this environment,
chemoautotrophic bacteria inhabit the tissues of certain
mussels, clams, and vestimentiferan tube worms,
where they produce organic compounds that are uti-
lized by their hosts. Similar invertebrate–bacteria rela-
tionships have recently been discovered in shallow
cold-water petroleum and salt (brine) seeps, where 
the chemoautotrophic microorganisms live off the
methane- and hydrogen sulfide-rich waters associated
with such sea floor phenomena. In all these cases, the
bacteria actually live within the cells of their hosts. In
bivalves, the bacteria inhabit the gill cells and extract
methane or other chemicals from the water that flows
by those structures In the case of the tube worms, the
host must transport the H2S to their bacterial partners,
which live in tissues deep within the animals’ body.
The worms have a unique type of hemoglobin that
transports not only oxygen (for the worm’s metabo-
lism) but sulfide as well.

Excretion and Osmoregulation
Excretion is the elimination from the body of metabolic
waste products, including carbon dioxide and water
(produced primarily by cellular respiration) and excess
nitrogen (produced as ammonia from deamination of
amino acids). The excretion of respiratory CO2 is gener-
ally accomplished by structures that are separate from
those associated with other waste products and is dis-
cussed in the section that follows.

The excretion of nitrogenous wastes is usually inti-
mately associated with osmoregulation—the regulation
of water and ion balance within the body fluids—so
these processes are considered together here. Excretion,
osmoregulation, and ion regulation serve not only to rid
the body of potentially toxic wastes, but also to maintain
concentrations of the various components of body flu-
ids at levels appropriate for metabolic activities. As we
shall see, these processes are structurally and functional-
ly tied to the overall level of body complexity and con-
struction, the nature of other physiological systems, and
the environment in which an animal lives. We again em-
phasize the necessity of looking at whole animals, the
integration of all aspects of their biology and ecology,
and the possible evolutionary histories that could have
produced compatible and successful combinations of
functional systems.

Nitrogenous Wastes and Water Conservation
The source of most of the nitrogen in an animal’s system
is amino acids produced from the digestion of proteins.
Once absorbed, these amino acids may be used to build
new proteins, or they may be deaminated and the
residues used to form other compounds (Figure 3.20).
The excess nitrogen released during deamination is typ-
ically liberated from the amino acid in the form of am-
monia (NH3), a highly soluble but quite toxic substance
that either must be diluted and eliminated quickly or
converted to a less toxic form. The excretory products of
vertebrates have been studied much more extensively
than those of invertebrates, but the available data on the
latter allow some generalizations. Typically, one nitroge-
nous waste form tends to predominate in a given
species, and the nature of that chemical is generally re-
lated to the availability of environmental water.

The major excretory product in most marine and
freshwater invertebrates is ammonia, since their envi-
ronment provides an abundance of water as a medium
for rapid dilution of this toxic substance. Such animals
are said to be ammonotelic. Being highly soluble, am-
monia diffuses easily through fluids and tissues, and
much of it is lost straight across the body walls of some
ammonotelic animals. Animals that do not possess
definite excretory organs (e.g., sponges, cnidarians,
and echinoderms) are more or less limited to the pro-
duction of ammonia and thus are restricted to aquatic
habitats.
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Terrestrial invertebrates (indeed, all land animals)
have water conservation problems. They simply cannot
afford to lose much body water in the process of dilut-
ing their wastes. These animals convert their nitroge-
nous wastes to more complex but far less toxic sub-
stances. These compounds are energetically expensive
to produce, but they often require relatively little or no
dilution by water, and they can be stored within the
body prior to excretion.

There are two major metabolic pathways for the
detoxification of ammonia: the urea pathway and the
uric acid pathway. The products of these pathways,
urea and uric acid, are illustrated in Figure 3.20, along
with ammonia for comparison. Ureotelic animals in-
clude amphibians, mammals, and cartilaginous fishes
(sharks and rays); urea is a relatively rare and insignifi-
cant excretory compound among invertebrates. On the
other hand, the ability to produce uric acid is critically
associated with the success of certain invertebrates on
land. Uricotelic animals have capitalized on the rela-
tive insolubility (and very low toxicity) of uric acid,
which is generally precipitated and excreted in a solid
or semisolid form with little water loss. Most land-
dwelling arthropods and snails have evolved structural
and physiological mechanisms for the incorporation of
excess nitrogen into molecules of uric acid. We empha-
size that various combinations of these and other forms
of nitrogen excretion are found in most animals. In
some cases, individual animals can actually vary the
proportion of these compounds they produce, depend-
ing on short-term environmental changes affecting
water loss.

Osmoregulation and Habitat
In addition to its relationship to excretion, osmoregula-
tion is directly associated with environmental condi-

tions. As mentioned in Chapter 1, the composition of
sea water and that of the body fluids of most inverte-
brates is very similar, both in terms of total concentra-
tion and the concentrations of many ions. Thus, the
body fluids of many marine invertebrates and their
habitats are close to being isotonic. We hasten to add,
however, that probably no animal has body fluids that
are exactly isotonic with sea water, and therefore all are
faced with the need for some degree of ionic and os-
moregulation. Nonetheless, marine invertebrates cer-
tainly do not face the extreme osmoregulatory problems
encountered by land and freshwater forms.

As shown in Figure 3.21, the body fluids of freshwa-
ter animals are strongly hypertonic with respect to their
environment, and thus they face serious problems of
water influx as well as the potential loss of precious
body salts. Terrestrial animals are exposed to air and
thus to problems of water loss. The evolutionary inva-
sion of land and fresh water was accompanied by the
development of mechanisms that solved these prob-
lems, and only a relatively small number of invertebrate
groups have managed to do this. Animals inhabiting
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Figure 3.20 Nitrogenous waste products. (A) The gen-
eral reaction for deamination of an amino acid producing
a keto acid and ammonia. (B–D) the structures of three
common excretory compounds. (B) Ammonia. (C) Urea.
(D) Uric acid.

Figure 3.21 Relative osmotic and ionic conditions exist-
ing between marine, freshwater, and terrestrial inverte-
brates and their environments. The arrows indicate the
directions in which water and salts move passively in
response to concentration gradients. Remember that in
each of these cases movement occurs in both directions,
but it is the potential net movement along the gradient
that is important and against which freshwater and terres-
trial animals must constantly battle. For marine inverte-
brates, the body fluids and the environment are nearly iso-
tonic to one another and there is little net movement in
either direction. (A) The organism is isotonic to its environ-
ment. (B) The organism is hypertonic. (C) The organism is
hypotonic.



freshwater and terrestrial habitats generally have excre-
tory structures that are responsible for eliminating or re-
taining water as needed, and they often possess modifi-
cations of the body wall to reduce overall permeability.
The most successful invertebrate bauplans on land, and
in some ways of all environments, are those of the
arthropods and gastropods. Their effective excretory
structures and thickened exoskeletons provide them
with physiological osmoregulatory capabilities plus a
barrier against desiccation.

Osmoregulatory problems of aquatic animals are, of
course, determined by the salinity of the environmental
water relative to the body fluids (Figure 3.21). Organisms
respond physiologically to changes in environmental
salinities in one of two basic ways. Some, such as most
freshwater forms (certain crustaceans, protists, and
oligochaetes), maintain their internal body fluid concen-
trations regardless of external conditions and are thus
called osmoregulators. Others, including a number of
intertidal and estuarine forms (mussels and some other
bivalves, and a variety of soft-bodied animals), allow
their body fluids to vary with changes in environmental
salinities; they are appropriately called osmoconform-
ers. Again, even the body fluids of marine, so-called os-
moconformers are not exactly isotonic with respect to
their surroundings; thus these animals must osmoregu-
late slightly. Neither of these strategies is without limits,
and tolerance to various environmental salinities varies
among different species. Those that are restricted to a
very narrow range of salinities are said to be stenoha-
line, while those that tolerate relatively extensive varia-
tions, such as many estuarine animals, are euryhaline.

Although the preceding discussion may seem clear-
cut, it is an oversimplification. Experimental data from
whole animals tell only part of the story of osmoregula-
tion. When a whole marine animal is placed in a hypo-
tonic medium, it tends to swell (if it is an osmocon-
former) or to maintain its normal body volume (if it is
an osmoregulator). Even at this gross level, most inver-
tebrates usually show evidence of both conforming and
regulating. For instance, an osmoconformer generally
swells for a period of time in a lowered salinity environ-
ment and then begins to regulate. Its swollen volume
will decrease, although probably not to its original size.
The same is true of most osmoregulators when faced
with a decrease in environmental salinity, but the degree
of original swelling is much reduced. In both cases, the
swelling of the body is a result of an influx of environ-
mental water into the extracellular body fluids (blood,
coelomic fluids, and intercellular fluids). Within limits,
this excess water is handled by excretory organs and
various surface epithelia of the gut and body wall.
However, the second part of the osmoregulatory phe-
nomenon takes place at the cellular level.

As the tonicity of the body fluids drops with the en-
trance of water, the cells in contact with those fluids are
placed in conditions of stress—they are now in hypoton-

ic environments.These stressed cells swell to some de-
gree because of the diffusion of water into their cyto-
plasm, but not to the degree one might expect given the
magnitude of the osmotic gradient to which they are
subjected. Cellular-level osmoregulation is accomplished
by a loss of dissolved materials from the cell into the sur-
rounding intercellular fluids. The solutes released from
these cells include both inorganic ions and free amino
acids. The actual mechanisms involved remain some-
what elusive. The point here is that osmoconformers are
not passive animals that inactively tolerate extremes of
salinities. Nor are marine invertebrates free from osmot-
ic problems just because we read statements that they are
“98 percent water” or other such comments.

Excretory and Osmoregulatory Structures
Water expulsion vesicles. The form and function of
organs or systems associated with excretion and
osmoregulation are related not only to environmental
conditions, but also to body size (especially the sur-
face-to-volume ratio) and other basic features of an
organism’s bauplan. In very small creatures, notably
the protists, most metabolic wastes diffuse easily
across the body covering because these organisms
have sufficient body surface (environmental contact)
relative to their volume. However, this high surface
area-to-volume ratio presents a distinct osmoregula-
tory problem, particularly for freshwater forms.
Freshwater protists (and even some marine species)
typically possess specialized organelles called con-
tractile vacuoles, or water expulsion vesicles (WEVs),
which actively excrete excess water (Figure 3.22).
These structures accumulate cytoplasmic water and
expel it from the cell. Both of these activities apparent-
ly require energy, as suggested in part by the large
numbers of mitochondria typically associated with
WEVs. The idea that WEVs are primarily osmoregula-
tory in function is supported by a good deal of evi-
dence. Most convincing is the fact that their rates of
filling and emptying change dramatically when the
cell is exposed to different salinities. For example, the
marine flagellate Chlamydomonas pulsatilla lives in
supralittoral tidal pools and is exposed to low salini-
ties during rainy periods, at which times it regulates
its cell volume and internal osmotic pressure via the
action of WEVs (which increase in activity as the salin-
ity of their rock pool drops). Interestingly, WEVs also
occur in freshwater sponges, where they probably per-
form similar osmoregulatory functions.

Nephridia. Although certain metazoan inverte-
brates possess no known excretory structures, most
have some sort of ectodermally derived nephridia
that serve for excretion or osmoregulation, or both.
The evolution of various types of invertebrate
nephridia and their relationships to other structures
were discussed by E. S. Goodrich in 1945 in a classic
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paper, “The Study of Nephridia and Genital Ducts
since 1895.”

Probably the earliest type of nephridium to appear in
the evolution of animals was the protonephridium
(Figure 3.23A). Protonephridial systems are character-
ized by a tubular arrangement opening to the outside of
the body via one or more nephridiopores and terminat-
ing internally in closed unicellular units. These units are
the cap cells (or terminal cells) and may occur singly or
in clusters. Each cell is folded into a cup shape, creating
a concavity leading to an excretory duct (nephridiod-
uct) and eventually to the nephridiopore. Two generally
recognized types of protonephridia are flame bulbs,
bearing a tuft of numerous cilia within the cavity, and
solenocytes, usually with only one or two flagella.
There is some evidence that several different types of
flame bulb protonephridia have been independently de-
rived from solenocyte precursors, but the details of
nephridial evolution are highly controversial.

The cilia or flagella drive fluids down the nephrid-
ioduct, thereby creating a lowered pressure within the
tubule lumen. This lowered pressure draws body fluids,
carrying wastes, across the thin cell membranes and

into the duct. Selectivity is based primarily on molecular
size. Protonephridia are common in adult acoelomates
(flatworms), many blastocoelomates (rotifers), and
some annelids, but are rare among adult eucoelomates
(although they occur frequently in various larval types).
Protonephridia are probably more important in os-
moregulation than in excretion. In most of these ani-
mals, nitrogenous wastes are expelled primarily by dif-
fusion across the general body surface.
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Figure 3.22 Water expulsion vesicles (WEV), or “con-
tractile vacuoles.” (A) An ameba with a single WEV. Here
the vesicle is transitory and may form anywhere within the
cell. (B) The WEV of an ameba, and its association with
mitochondria. The numerous small vacuoles accumulate
water and then contribute their contents to the main WEV.
(C) Paramecium. Note the positions of two fixed WEV sur-
rounded by arrangements of collecting canals that pass
water to the vesicle. (D) The WEV of Paramecium, in filled
(bottom) and emptied (top) conditions. Enlarged areas
show details of a collecting canal surrounded by cytoplas-
mic tubules that accumulate cell water. The water is
passed into the main vesicle, which is collapsed by the
action of contractile fibrils, thereby expelling the water
through a discharge channel to the outside. 



A second and probably more advanced type of excre-
tory structure among invertebrates is the metanephrid-
ium (Figure 3.23B). There is a critical structural differ-
ence between protonephridia and metanephridia: both
open to the outside, but metanephridia are open inter-
nally to the body fluids as well. Metanephridia are also
multicellular. The inner end typically bears a ciliated
funnel (nephrostome), and the duct is often elongated
and convoluted and may include a bladder-like storage
region. Metanephridia function by taking in large
amounts of body fluid through the open nephrostome
and then selectively absorbing most of the nonwaste
components back into the body fluids through the walls
of the bladder or the excretory duct.

In very general terms, we can relate the structural and
functional differences between proto- and meta-
nephridia to the bauplans with which they are common-

ly associated. Whereas protonephridia can adequately
serve animals that have solid bodies (acoelomates), body
cavities of small volume (blastocoelomates), or very
small bodies (e.g., larvae), metanephridia cannot. Open
funnels would be ineffective in acoelomates, and would
quickly drain small blastocoelomates of their body flu-
ids. Conversely, protonephridia are generally not capa-
ble of handling the relatively large body and fluid vol-
umes typical of eucoelomate invertebrates. Thus, in
many large coelomate animals (e.g., annelids, molluscs,
sipunculans, and echiurans) one or more pairs of meta-
nephridia are found.

We have very broadly interpreted the terms pro-
tonephridia and metanephridia in the above discussion,
and we use them as explained above throughout this
text unless specified otherwise. However, there are
more complications than our simple usage suggests. For
example, there is a frequent association of nephridia, es-
pecially metanephridia, with structures called coelo-
moducts. Coelomoducts are tubular connections arising
from the coelomic lining and extending to the outside
via special pores in the body wall. Their inner ends are
frequently funnel-like and ciliated, resembling the
nephrostomes of metanephridia. Coelomoducts may
have arisen evolutionarily as a means of allowing the
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Figure 3.23 Some invertebrate excretory structures. (A)
A single protonephridium, with the cap cell and tubule cell
(cutaway view). (B) A simple metanephridium from a poly-
chaete worm. The nephrostome opens to the coelom, and
the pore opens to the exterior. (C) The internally closed
nephridium (antennal gland) of a crustacean. (D) An
insect’s digestive tract. Excretory Malpighian tubules
extract wastes from the hemocoel and empty them into
the gut.



escape of gametes to the outside; they are, in fact, con-
sidered homologous to the reproductive ducts of many
invertebrates. Primitively, the coelomoducts and neph-
ridia were separate units; however, through evolution
they have in many cases fused in various fashions to be-
come what are called nephromixia.

Generally speaking, there are three types of nephro-
mixia. When a coelomoduct is joined with a protoneph-
ridium and they share a common duct, the structure is
called a protonephromixium. When a coelomoduct is
united with a metanephridium, the result is either a
metanephromixium or mixonephridium, depending on
the structural nature of the union. Whereas coelomod-
ucts originate from the coelomic lining, the nephridial
components arise from the outer body wall, so nephro-
mixia are a combination of mesodermally and ectoder-
mally derived parts. Obviously there is some confusion
at times about which term applies to a particular “neph-
ridial” type if the precise developmental origin is not
clear. We do not wish to belabor this point, so we leave it
here to be resurrected periodically in later chapters.

Other organs of excretion. Not all Metazoa possess
excretory organs that are clearly proto- or meta-
nephridia. In some taxa (e.g., sponges, echinoderms,
chaetognaths, and cnidarians), no definite excretory
structures are known. In such cases wastes are elimi-
nated across the surface of the skin or gut lining, per-
haps with the aid of ameboid phagocytic cells that 
collect and transport these products. Other groups
possess excretory organs that may represent highly
modified nephridia or secondarily derived (“new”)
structures. For example, the antennal and maxillary
glands of crustaceans appear to be derived from
metanephridia, whereas the Malpighian tubules of
insects and spiders arose independently (Figure
3.23C,D). The details of these structures are discussed
in appropriate later chapters.

Circulation and Gas Exchange

Internal Transport
The transport of materials from one place to another
within an organism’s body depends on the movement
and diffusion of substances in body fluids. Nutrients,
gases, and metabolic waste products are generally car-
ried in solution or bound to other soluble compounds
within the body fluid itself or sometimes in loose cells
(such as blood cells) suspended in fluid. Any system of
moving fluids that reduces the functional diffusion dis-
tance that these products must traverse may be referred
to as a circulatory system, regardless of its embryologi-
cal origin or its ultimate design. The nature of the circu-
latory system is directly related to the size, complexity,
and lifestyle of the organism in question. Usually the
circulatory fluid is an internal, extracellular, aqueous

medium produced by the animal. There are, however, a
few instances in which circulatory functions are accom-
plished at least partly by other means. For instance, in
most protists the protoplasm itself serves as the medium
through which materials diffuse to various parts of the
cell body, or between the organism and the environ-
ment. Sponges and most cnidarians utilize water from
the environment as a circulatory fluid, sponges by pass-
ing the water through a series of channels in their bod-
ies, and cnidarians by circulating water through the gut
(Figure 3.24A,B).

In all Metazoa, the intercellular tissue fluids play a
critical role as a transport medium. Even where compli-
cated circulatory plumbing exists, tissue fluids are still
necessary to bring dissolved materials in contact with
cells, a vital process for life support. In some animals
(e.g., flatworms), there are no special chambers or ves-
sels for body fluids other than the gut and intercellular
spaces through which materials diffuse on a cell-to-cell
level. This condition limits these animals to relatively
small sizes or to shapes that maintain low diffusion dis-
tances. Most animals, however, have some specialized
structure to facilitate the transport of various body flu-
ids and their contents. This structure may include the
body cavities themselves or actual circulatory systems
of vessels, chambers, sinuses, and pumping organs.
Actually, many animals employ both their body cavity
and a circulatory system for internal transport.

Blastocoelomate invertebrates use the fluids of the
body cavity for circulation (Figure 3.24C). Most of these
animals (e.g., rotifers and roundworms) are quite small,
or are long and thin, and adequate circulation is accom-
plished by the movements of the body against the body
fluids, which are in direct contact with internal tissues
and organs. Several types of cells are generally present
in the body fluids of blastocoelomates. These cells may
serve in activities such as transport and waste accumu-
lation, but their functions have not been well studied. A
few eucoelomate invertebrates (e.g., sipunculans and
most echinoderms) also depend largely on the body
cavity as a circulatory chamber.

Circulatory Systems
Beyond the relatively rudimentary circulatory mecha-
nisms discussed above, there are two principal designs
or structural plans for accomplishing internal transport
(exceptions and variations are discussed under specific
taxa). These two organizational plans are closed and
open circulatory systems, both of which contain a circu-
latory fluid, or blood. In closed systems the blood stays
in distinct vessels and perhaps in lined chambers; ex-
change of circulated material with parts of the body oc-
curs in special areas of the system such as capillary beds
(Figure 3.24D). Since the blood itself is physically sepa-
rated from the intercellular fluids, the exchange sites
must offer minimal resistance to diffusion; thus one
finds capillaries typically have membranous walls that
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are only a single cell-layer thick. Closed circulatory sys-
tems are common in animals with well developed or
spacious coelomic compartments (e.g., annelids, echiu-
rans, phoronids, and vertebrates). Such arrangements
facilitate the transport from one body area to another of
materials that might otherwise be isolated by the
mesenteries or peritoneum of the body cavity. In such
situations the blood and coelomic fluid may be quite
different from one another, both in composition and in

function. For example, blood may transport nutrients
and gases, while coelomic fluid may accumulate meta-
bolic wastes for removal by nephridia and also serves as
a hydrostatic skeleton.

It takes power to keep a fluid moving through a
plumbing system. Many invertebrates with closed sys-
tems rely on body movements and the exertion of
coelomic pressure on vessels (often containing one-way
valves) to move their blood. These activities are fre-
quently supplemented by muscles of the blood vessel
walls that contract in peristaltic waves. In addition,
there may be special heavily muscled pumping areas
along certain vessels. These regions are sometimes re-
ferred to as hearts, but most are more appropriately
called contractile vessels.

Open circulatory systems are associated with a re-
duction of the adult coelom, including a secondary loss
of most of the peritoneal lining around the organs and
inner surface of the body wall. The circulatory system it-
self usually includes a distinct heart as the primary
pumping organ and various vessels, chambers, or ill-de-
fined sinuses (Figure 3.24E). The degree of elaboration
of such systems depends primarily on the size, com-
plexity, and to some extent the activity level of the ani-
mal. This kind of system, however, is “open” in that the
blood, often called the hemolymph, empties from ves-
sels into the body cavity and directly bathes the organs.
The body cavity is called a hemocoel. Open circulatory
systems are typical of arthropods and noncephalopod
molluscs, and such animals are sometimes referred to as
being hemocoelomate.

Just because the open circulatory system seems a bit
sloppy in its organization, it should not be viewed as
poorly “designed” or inefficient. In fact, in many groups
this type of system has assumed a variety of functions be-
yond circulation. For example, in bivalves and gas-
tropods, the hemocoel functions as a hydrostatic skeleton
for locomotion and certain types of burrowing activities.
In aquatic arthropods, it also serves a hydrostatic function
when the animal molts and temporarily loses its exoskele-
tal support. In large terrestrial insects, the transport of res-
piratory gases has been largely assumed by the tracheal
system, and one of the primary responsibilities taken on
by the open circulatory system appears to be thermal reg-
ulation. In most spiders, the limbs are extended by forcing
hemolymph into the appendages.
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Figure 3.24 Invertebrate circulatory systems. Sponges
(A) and cnidarians (B) utilize environmental water as their
circulatory fluid. (C) Blastocoelomates (e.g., rotifers and
nematodes) use their body cavity fluid for internal trans-
port. (D) The closed circulatory system of an earthworm
contains blood that is kept separate from the coelomic
fluid. (E) Arthropods are characterized by an open circula-
tory system, in which the blood and body cavity (hemo-
coelic) fluid are one and the same.



Hearts and Other Pumping Mechanisms
Circulatory systems, open or closed, generally have
structural mechanisms for pumping the blood and
maintaining adequate blood pressures. Beyond the in-
fluence of general body movements, most of these struc-
tures fall into the following categories: contractile ves-
sels (as in annelids); ostiate hearts (as in arthropods);
and chambered hearts (as in molluscs and vertebrates).
The method of initiating contraction of these different
pumps (the pacemaker mechanisms) may be intrinsic
(originating within the musculature of the structure it-
self) or extrinsic (originating from motor nerves arising
outside the structure). The first case describes the myo-
genic hearts of molluscs and vertebrates; the second de-
scribes the neurogenic hearts of most arthropods and,
at least in part, the contractile vessels of annelids.

Blood pressure and flow velocities are intimately as-
sociated not only with the activity of the pumping mech-
anism but also with vessel diameters. Energetically, it
costs a good deal more to maintain flow through a nar-
row pipe than through a wide pipe. This cost is mini-
mized in animals with closed circulatory systems by
keeping the narrow vessels short and using them only at
sites of exchange (i.e., capillary beds), and by using the
larger vessels for long-distance transport from one ex-
change site to another. In the human circulatory system,
for example, arteries have an average radius of 2.0 mm,
veins 2.5 mm, and capillaries 0.006 mm. But reducing the
diameter of a single vessel increases flow velocity, which
poses problems at an exchange site. This problem is
solved by the presence of large numbers of small vessels,
the total cross-sectional area of which exceeds that of the
larger vessel from which they arise. The result is that
blood pressure and total flow velocity actually decrease
at capillary exchange sites. A drop in blood pressure and
a relative rise in blood osmotic pressure along the capil-
lary bed facilitate exchanges between the blood and sur-
rounding tissue fluids. In open systems, both pressure
and velocity drop once the blood leaves the heart and
vessels and enters the spacious hemocoel.

Gas Exchange and Transport
One of the principal functions of most circulatory fluids
is to carry oxygen and carbon dioxide through the body
and exchange these gases with the environment. With
few exceptions, oxygen is necessary for cellular respira-
tion. Although a number of invertebrates can survive
periods of environmental oxygen depletion—either by
dramatically reducing their metabolic rate or by switch-
ing to anaerobic respiration—most cannot; they depend
upon a relatively constant oxygen supply.

All animals can take in oxygen from their surround-
ings while at the same time releasing carbon dioxide, a
metabolic waste product of respiration. We define the
uptake of oxygen and the loss of carbon dioxide at the
surface of the organism as gas exchange, reserving the
term respiration for the energy-producing metabolic ac-
tivities within cells. Some authors distinguish these two
processes with the terms external respiration and cellu-
lar (internal) respiration.

Gas exchange in nearly all animals operates accord-
ing to certain common principles regardless of any
structural modifications that serve to enhance the
process under different conditions. The basic strategy is
to bring the environmental medium (water or air) close
to the appropriate body fluid (blood or body cavity
fluid) so that the two are separated only by a wet mem-
brane across which the gases can diffuse. The system
must be moist because the gases must be in solution in
order to diffuse across the membrane. The diffusion
process depends on the concentration gradients of the
gases at the exchange site; these gradients are main-
tained by the circulation of internal fluids to and away
from these areas (Figure 3.25).

Gas exchange structures. Protists and a number of
invertebrates lack special gas exchange structures. In
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Figure 3.25 Gas exchange in animals. Oxygen is
obtained from the environment at a gas exchange surface
(A), and is transported by a circulatory body fluid (B) to
the body’s cells and tissues (C), where cellular respiration
occurs (D). Carbon dioxide follows the reverse path. See
text for details.



such animals gas exchange is said to be integumen-
tary or cutaneous, and occurs over much of the body
surface. Such is the case in many tiny animals with
very high surface-to-volume ratios and in some larg-
er soft-bodied forms (e.g., cnidarians and flatworms).
Most animals with integumentary gas exchange are
restricted to aquatic or damp terrestrial environments
where the body surface is kept moist. Integumentary
gas exchange also supplements other methods in
many animals, even certain vertebrates (e.g., amphib-
ians).

Most marine and many freshwater invertebrates pos-
sess gills (Figure 3.26A,B,C,G), which are external or-
gans or restricted areas of the body surface specialized
for gas exchange. Basically, gills are thin-walled process-
es, well supplied with blood or other body fluids, that
promote diffusion between this fluid and the environ-
ment. Gills are frequently highly folded or digitate, in-
creasing the diffusive surface area. A great number of
nonhomologous structures have evolved as gills in dif-
ferent taxa, and they often serve other functions in addi-
tion to gas exchange (e.g., sensory input and feeding).
By their very nature, gills are permeable surfaces that
must be protected during times of osmotic stress, such
as occur in estuaries and intertidal environments. In
these instances, the gills may be housed within cham-
bers or be retractable.

A few marine invertebrates employ the lining of the
gut as the gas exchange surface. Water is pumped in
and out of the hindgut, or a special evagination thereof,
in a process called hindgut irrigation. Many sea cucum-
bers and echiuran worms use this method of gas ex-
change (Figure 3.26F).

As we have defined them, protruding gills will not
work on dry land. Here the gas exchange surfaces must
be internalized to keep them moist and protected and to
prevent body water loss through the wet surfaces. The
lungs of terrestrial vertebrates are the most familiar ex-
ample of such an arrangement. Among the invertebrates,
the arthropods have managed to solve the problems of
“air-breathing” in two basic ways. Spiders and their kin
possess book lungs, and most insects, centipedes, and
millipedes possess tracheae (Figure 3.26D,E). Book lungs
are blind inpocketings with highly folded inner linings
across which gases diffuse between the hemolymph and
the air. Tracheae, however, are branched, usually anasto-
mosed invaginations of the outer body wall and are open
both internally and externally.

The tracheae of most insects allow diffusion of oxy-
gen from air directly to the tissues of the body; the blood
plays little or no role in gas transport. Rather, intercellu-
lar fluids extend part way into the tracheal tubes as a
solvent for gases. Atmospheric pressure tends to pre-
vent these fluids from being drawn too close to the ex-
ternal body surface where evaporation is a potential
problem. In addition, the outside openings (spiracles) of
the tracheae are often equipped with some mechanism

of closure. In many insects, especially large ones, special
muscles ventilate the tracheae by actively pumping air
in and out. Terrestrial isopod crustaceans (e.g., sowbugs
and pillbugs) have invaginated gas exchange structures
on some of their abdominal appendages. These inpock-
etings are called pseudotrachea, but are probably not
homologous to the trachea or the book lungs of insects
and spiders.

The only other major group of terrestrial inverte-
brates whose members have evolved distinct air-breath-
ing structures is the molluscan subclass Pulmonata—the
land snails and slugs (Figure 3.26H). The gas exchange
structure here is a lung that opens to the outside via a
pore called the pneumostome. This lung is derived
from a feature common to molluscs in general, the man-
tle cavity, which in other molluscs houses the gills and
other organs.

Gas transport. As illustrated in Figure 3.25, oxygen
must be transported from the sites of environmental
gas exchange to the cells of the body, and carbon diox-
ide must get from the cells where it is produced to the
gas exchange surface for release. Generally, groups
displaying marked cephalization circulate freshly
oxygenated blood through the “head” region first,
and secondarily to the rest of the body.

Invertebrates vary considerably in their oxygen re-
quirements. In general, active animals consume more
oxygen than sedentary ones. In slow-moving and
sedentary invertebrates, oxygen consumption and uti-
lization are quite low. For example, no more than 20 per-
cent oxygen withdrawal from the gas exchange water
current has ever been demonstrated in sessile sponges,
bivalves, or tunicates. The amount of oxygen available
to an organism varies greatly in different environments.
The concentration of oxygen in dry air at sea level is uni-
formly about 210 ml/liter, whereas in water it ranges
from near zero to about 10 ml/liter. This variation in
aquatic environments is due to such factors as depth,
surface turbulence, photosynthetic activity, tempera-
ture, and salinity (oxygen concentrations drop as tem-
perature and salinity increase). With the exception of
certain areas prone to oxygen depletion (e.g., muds rich
in organic detritus), most habitats provide adequate
sources of oxygen to sustain animal life. Also, the rela-
tively low capacity of body fluids to carry oxygen in so-
lution is greatly increased by binding oxygen with com-
plex organic compounds called respiratory pigments.

Respiratory pigments differ in molecular architecture
and in their affinities for oxygen, but all have a metal ion
(usually iron, sometimes copper) with which the oxy-
gen combines. In most invertebrates, these pigments
occur in solution within the blood or other body fluid,
but in some invertebrates (and virtually all vertebrates),
they may be in specific blood cells. In general, the pig-
ments respond to high oxygen concentrations by “load-
ing” (combining with oxygen) and to low oxygen con-
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Figure 3.26 Some gas exchange structures in inverte-
brates. (A) The tube-dwelling polychaete worm Eudistylia,
with its feeding–gas exchange tentacles extended. (B) A
sea slug (nudibranch) displaying its branchial plume. (C)
The gills of the giant gumboot chiton (Cryptochiton stelleri)
are visible along the right side of its foot.  (D) A general
plan of the tracheal system of an insect. (E) A single insect
trachea and its branches (tracheoles), which lead directly
to a muscle cell. (F) A sea cucumber dissected to expose
the paired respiratory trees, which are flushed with water
by hindgut irrigation. (G) The placement of gills beneath
the flaps (carapace) of the thorax in a crustacean (lateral
view). (H) A terrestrial banana slug has a pneumostome
that opens to the air sac, or lung.

(A) (B) (C)

(G)

(H)

(D)
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centrations by “unloading” or dissociating from oxygen
(releasing oxygen). The loading and unloading qualities
are different for various pigments in terms of their rela-
tive saturations at different levels of oxygen in their im-
mediate surroundings, and are generally expressed in
the form of dissociation curves. Respiratory pigments
load at the site of gas exchange, where environmental
oxygen levels are high relative to the body fluid, and
unload at the cells and tissues, where surrounding oxy-
gen levels are low relative to the body fluid. In addition
to simply carrying oxygen from the loading to the un-
loading sites, some pigments may carry reserves of oxy-
gen that are released only when tissue levels are unusu-
ally low. Other factors, such as temperature and carbon
dioxide concentration, also influence the oxygen-carry-
ing capacities of respiratory pigments.

Hemoglobin is among the most common respiratory
pigments in animals. There are actually several different
hemoglobins. Some function primarily for transport,
while others store oxygen and then release it during
times of low environmental oxygen availability. Hemo-
globins are reddish pigments containing iron as the oxy-
gen-binding metal. They are found in a variety of inver-
tebrates and, with the exception of a few fishes, in all
vertebrates. Among the major groups of invertebrates,
hemoglobin occurs in many annelids, some crustaceans,
some insects, and a few molluscs and echinoderms.
Interestingly, hemoglobin is not restricted to the
Metazoa; it is also produced by some protists, certain
fungi, and in the root nodules of leguminous plants.
Among animals, hemoglobin may be carried within red
blood cells (erythrocytes), in coelomic cells called he-
mocytes (in a few echinoderms), or it may simply be
dissolved in the blood or coelomic fluid.

Hemocyanins are the most commonly occurring res-
piratory pigments in molluscs and arthropods, and they
occur only in members of these phyla. Among arthro-
pods, hemocyanin occurs in chelicerates, a few myri-
apods, and the “higher Crustacea.” There is indirect ev-
idence that it also occurred in trilobites. Hemocyanin
has been found in most classes of molluscs. Although
hemocyanins, like hemoglobins, are proteins, they dis-
play significant structural differences, contain copper
rather than iron, and tend to have a bluish color when
oxygenated. The oxygen binding site on a hemocyanin
molecule is a pair of copper atoms linked to amino acid

side chains. Unlike most hemoglobins, hemocyanins
tend to release oxygen easily and provide a ready
source of oxygen to the tissues as long as there is a rela-
tively high concentration of available environmental
oxygen. Hemocyanins are always found in solution,
never in cells, a characteristic probably related to the ne-
cessity for rapid oxygen unloading. Hemocyanins often
give a bluish tint to the hemolymph of arthropods, al-
though the presence of carotenoid pigments (beta-
carotene and related molecules) commonly impart a
brown or orange coloration.

Two other types of respiratory pigments occur inci-
dentally in certain invertebrates; these are hemerythrins
and chlorocruorins, both of which contain iron. The for-
mer is violet to pink when oxygenated; the latter is
green in dilute concentrations but red in high concentra-
tions. Chlorocruorins generally function as efficient oxy-
gen carriers when environmental levels are relatively
high; hemerythrins function more in oxygen storage.
Chlorocruorin is structurally similar to hemoglobin and
may have been derived from it. Chlorocruorin occurs in
several families of polychaete worms; hemerythrin is
known from sipunculans, at least one genus of poly-
chaetes, and some priapulans and brachiopods.

Table 3.1 gives some of the basic properties of oxy-
gen-carrying pigments. There seems to be no obvious
phylogenetic rhyme or reason to the occurrence of these
pigments among the various taxa. Their sporadic and
inconsistent distribution suggests that some of them
may have evolved more than once, through parallel or
convergent evolution. Respiratory pigments are rare
among insects and are known only from the occurrence
of hemoglobin in chironomid midges and certain para-
sitic flies of the genus Gastrophilus. The absence of respi-
ratory pigments among the insects reflects the fact that
most of them do not use the blood as a medium for gas
transport, but employ extensive tracheal systems to
carry gases directly to the tissues. In those insects with-
out well developed tracheae, oxygen is simply carried
in solution in the hemolymph.

Respiratory pigments raise the oxygen-carrying ca-
pacity of body fluids far above what would be achieved
by transport in simple solution. Similarly, carbon diox-
ide levels in body fluids (and in sea water) are much
higher than would be expected strictly on the basis of its
solubility. The enzyme carbonic anhydrase greatly ac-
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TABLE 3.1 Properties of oxygen-carrying respiratory pigments

Molecular Ratio of Metal
Pigment weight Metal metal to O2 associate

Hemoglobin 65,000 Fe 1:1 Porphyrin

Hemerythrin 40,000–108,000 Fe 2:1 Protein chains

Hemocyanin 40,000–9,000,000 Cu 2:1 Protein chains

Chlorocruorin 3,000,000 Fe 1:1 Porphyrin



celerates the reaction between carbon dioxide and
water, forming carbonic acid:

CO2 + H2O ~ H2CO3

Furthermore, carbonic acid ionizes to hydrogen and bi-
carbonate ions, so a series of reversible reactions takes
place:

CO2 + H2O ~ H2CO3 ~ H+ + HCO3
–

By “tying up” CO2 in other forms, the concentration of
CO2 in solution is lowered, thus raising the overall CO2-
carrying capacity of the blood. This set of reactions re-
sponds to changes in pH, and in the presence of appro-
priate cations (e.g., Ca2+ and Na+) it shifts back and
forth, serving as a buffering mechanism by regulating
hydrogen ion concentration.

Nervous Systems and Sense Organs
Invertebrate Sense Organs

All living cells respond to some stimuli and conduct
some sort of “information,” at least for short distances.
Thus, even when no real nervous system is present—the
condition found in protists and sponges—coordination
and reaction to external stimulation do occur. The regu-
lar metachronal beating of cilia in ciliate protists and the
responses of certain flagellates to varying light intensities
are examples. In addition, most protists are known to re-
spond to gradients of various environmental factors by
moving to or away from areas of high concentration. For
example, when subjected to conditions of low oxygen
concentration (hypoxia), paramecia move to regions of
lower water temperature, thus lowering their metabolic
rate and presumably their oxygen need. But the integra-
tion and coordination of bodily activities in Metazoa are
in large part due to the processing of information by a
true nervous system. The functional units of nervous
systems are neurons: cells that are specialized for high-
velocity impulse conduction.

The generation of an impulse within a true nervous
system usually results from a stimulus imposed on the
nervous elements. The source of stimulation may be ex-
ternal or internal. A typical pathway of events occurring
in a nervous system is shown in Figure 3.27. A stimulus
received by some receptor (e.g., a sense organ) generates

an impulse that is conducted along a sensory nerve (af-
ferent nerve) via a series of adjacent neurons to some 
coordinating center or region of the system. The infor-
mation is processed and an appropriate response is “se-
lected.” A motor nerve (efferent nerve) then conducts
an impulse from the central processing center to an ef-
fector (e.g., a muscle), where the response occurs. Once
an impulse is initiated within the system, the mecha-
nism of conduction is essentially the same in all neurons,
regardless of the stimulus. The wave of depolarization
along the length of each neuron and the chemical neuro-
transmitters crossing the synaptic gaps between neurons
are common to virtually all nervous conduction. How
then is the information interpreted within the system for
response selection? The answer to this question involves
three basic considerations.

First is the occurrence of a point called a threshold,
which corresponds to the minimum intensity of stimu-
lation necessary to generate an impulse. Receptor sites
consist of specialized neurons whose thresholds for var-
ious kinds of stimuli are drastically different from one
another because of structural or physiological qualities.
For example, a sense organ whose threshold for light
stimulation is very low (compared with other potential
stimuli) functions as a light sensor, or photoreceptor. In
any such specialized sensory receptor, the condition of
differential thresholds essentially screens incoming
stimuli so that an impulse normally is generated by
only one kind of information (e.g., light, sound, heat, or
pressure). Second is the nature of the receptor itself.
Receptor units (e.g., sense organs) are generally con-
structed in ways that permit only certain stimuli to
reach the impulse-generating cells. For example, the
light-sensitive cells of the human eye are located be-
neath the eye surface, where stimuli other than light
would not normally reach them.

And third, the overall “wiring” or circuitry of the en-
tire nervous system is such that impulses received by
the integrative (response-selecting) areas of the system
from any particular nerve will be interpreted according
to the kind of stimulus for which that sensory pathway
is specialized. For example, all impulses coming from a
photoreceptor are understood as being light-induced.
Threshold and circuitry can be demonstrated by intro-
ducing false information into the system by stimulating
a specialized sense organ in an inappropriate manner: if
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Figure 3.27 A generalized pathway
within the nervous system. A stimulus
initiates an impulse within some sensory
structure (the receptor); the impulse is
then transferred to some integrative
portion of the nervous system via senso-
ry nerves. Following response selection,
an impulse is generated and transferred
along motor nerves to an effector (e.g.,
muscle), where the appropriate
response is elicited.



photoreceptors in the eye are stimulated by electricity or
pressure, the nervous system will interpret this input as
light. Remember that an impulse can be generated in
any receptor by nearly any form of stimulation if the
stimulus is intense enough to exceed the relevant
threshold. A blow to the eye often results in “seeing
stars,” or flashes of light, even when the eye is closed. In
such a situation, the photoreceptor’s threshold to me-
chanical stimulation has been reached. By the same
token, the application of extreme cold to a heat receptor
may feel hot.

Nervous systems in general operate on the principles
outlined above. However, this description applies large-
ly to nervous systems that have structural centralized
regions. Following a discussion below of the basic types
of sense organs (receptor units), we discuss centralized
and noncentralized nervous systems and their relation-
ships to general body architecture.

Sense Organs
Invertebrates possess an impressive array of receptor
structures through which they receive information
about their internal and external environments. An ani-
mal’s behavior is in large part a function of its responses
to that information. These responses often take the form
of some sort of movement relative to the source of a par-
ticular stimulus. A response of this nature is called a
taxis and may be positive or negative depending on the
reaction of the animal to the stimulus. For example,
many animals tend to move away from bright light and
are thus said to be negatively phototactic.

The activities of receptor units represent the initial
step in the usual functioning of the nervous system;
they are a critical link between the organism and its sur-
roundings. Consequently, the kinds of sense organs
present and their placement on the body are intimately
related to the overall complexity, mode of life, and gen-
eral bauplan of any animal. The following general re-
view provides some concepts and terminology that
serve as a basis for more detailed coverage in later chap-
ters. The first five categories of sense organs may all be
viewed as mechanoreceptors, in that they respond to
mechanical stimuli (e.g., touch, vibrations, and pres-
sure). The last three are sensitive to nonmechanical
input (e.g., chemicals, light, and temperature).

Tactile receptors. Touch or tactile receptors are gen-
erally derived from modified epithelial cells associat-
ed with sensory neurons. The nature of the epithelial
modifications depends a great deal on the structure of
the body wall. For instance, the form of a touch recep-
tor in an arthropod with a rigid exoskeleton must be
different from that in a soft-bodied cnidarian. Most
such receptors, however, involve projections from the
body surface, such as bristles, spines, setae, tubercles,
and assorted bumps and pimples (Figure 3.28).
Objects in the environment with which the animal
makes contact move these receptors, thereby creating
mechanical deformations that are imposed upon the
underlying sensory neurons to initiate an impulse.

Virtually all animals are touch-sensitive, but their re-
sponses are varied and often integrated with other sorts
of sensory input. For example, the gregarious nature of
many animals may involve a positive response to touch
(positive thigmotaxis) combined with the chemical
recognition of members of the same species. Some touch
receptors are highly sensitive to mechanically induced
vibrations propagated in water, loose sediments,
through solid substrata, or other materials. Such vibra-
tion sensors are common in certain tube-dwelling poly-
chaetes that retract quickly into their tubes in response
to movements in their surroundings. Some crustacean
ambush-predators are able to detect the vibrations in-
duced by nearby potential prey animals, and web-
building spiders sense struggling prey in their webs
through vibrations of the threads.
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Figure 3.28 Some invertebrate tac-
tile receptors. (A) Tactile organ of
Sagitta bipunctata (an arrow worm,
phylum Chaetognatha). (B) A sensory
epithelial cell of a nemertean worm.
(C) Long, touch-sensitive setae (and
stout grasping setae) on the leg of
the isopod, Politolana (SEM). 

(C)



Georeceptors. Georeceptors respond to the pull of
gravity, giving animals information about their orien-
tation relative to “up and down.” Most georeceptors
are structures called statocysts (Figure 3.29). Stato-
cysts usually consist of a fluid-filled chamber contain-
ing a solid granule or pellet called a statolith. The
inner lining of the chamber includes a touch-sensitive
epithelium from which project bristles or “hairs”
associated with underlying sensory neurons. In aqua-
tic invertebrates, some statocysts are open to the envi-
ronment and thus are filled with water. In some of
these the statolith is a sand grain obtained from the
animal’s surroundings. Most statoliths, however, are
secreted within closed capsules by the organisms
themselves.

Because of the resting inertia of the statolith within
the fluid, any movement of the animal results in a
change in the pattern or intensity of stimulation of the
sensory epithelium by the statolith. Additionally, when
the animal is stationary, the position of the statolith
within the chamber provides information about the or-
ganism’s orientation to gravity. The fluid within stato-
cysts of at least some invertebrates (especially certain
crustaceans) also acts something like the fluid of the
semicircular canals in vertebrates. When the animal
moves, the fluid tends to remain stationary—the rela-
tive “flow” of the fluid over the sensory epithelium pro-
vides the animal with information about its linear and
rotational acceleration relative to its environment.

Whether stationary or in motion, animals utilize the
input from georeceptors in different ways, depending
on their habitat and lifestyle. The information from
these statocysts is especially important under conditions
where other sensory reception is inadequate. For exam-
ple, burrowing invertebrates cannot rely on photorecep-
tors for orientation when moving through the substra-
tum, and some employ statocysts for that purpose.
Similarly, planktonic animals face orientation problems
in their three-dimensional aqueous environment, espe-
cially in deep water and at night; many such creatures
possess statocysts.

There are a few exceptions to the standard statocyst
arrangements described above. For example, a number
of aquatic insects detect gravity by using air bubbles
trapped in certain passageways (e.g., tracheal tubes).
The bubbles move according to their orientation to the
vertical, much like the air bubble in a carpenter’s level,
and stimulate sensory bristles lining the tube in which
they are located.

Proprioceptors. Internal sensory organs that re-
spond to mechanically induced changes caused by
stretching, compression, bending, and tension are
called proprioceptors, or simply stretch receptors.
These receptors give the animal information about the
movement of its body parts and their positions rela-
tive to one another. Proprioceptors have been most

thoroughly studied in vertebrates and arthropods,
where they are associated with appendage joints and
certain body extensor muscles. The sensory neurons
involved in proprioception are associated with and
attached to some part of the body that is stretched or
otherwise mechanically affected by movement or
muscle tension. These parts may be specialized 
muscle cells, elastic connective tissue fibers, or mem-
branes that span joints. As these structures are
stretched, relaxed, and compressed, the sensory end-
ings of the attached neurons are distorted accordingly
and thus stimulated. Some of these receptor arrange-
ments can detect not only changes in position but also
in static tension.

Phonoreceptors. General sensitivity to sound—
phonoreception—has been demonstrated in a num-
ber of invertebrates (certain annelid worms and a
variety of crustaceans), but true auditory receptors are
known only in a few groups of insects and perhaps
some arachnids and centipedes. Crickets, grasshop-
pers, and cicadas possess phonoreceptors called tym-
panic organs (Figure 3.30). A rather tough but flexible
tympanum covers an internal air sac that allows the
tympanum to vibrate when struck by sound waves.
Sensory neurons attached to the tympanum are stim-
ulated directly by the vibrations. Most arachnids pos-
sess structures called slit sense organs, which,
although poorly studied, are suspected to perform
auditory functions; at least they appear to be capable
of sensing sound-induced vibrations. Certain cen-
tipedes bear so-called organs of Tömösvary, which
some workers believe may be sensitive to sound.

Baroreceptors. The sensitivity of invertebrates to
pressure changes (baroception) is not well under-
stood, and no structures for this purpose have been
positively identified. However, behavioral responses
to pressure changes have been demonstrated in 
several pelagic invertebrates including medusae,
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Figure 3.29 A generalized statocyst, or georeceptor 
(section).



ctenophores, squids, and copepod crustaceans, as well
as in some planktonic larvae. Aquatic insects also
sense changes in pressure, and may use a variety of
methods to do so. Some intertidal crustaceans coordi-
nate daily migratory activities with tidal movements,
perhaps partly in response to pressure as water depth
changes.

Chemoreceptors. Many animals have a general
chemical sensitivity, which is not a function of any
definable sensory structure but is due to the general
irritability of protoplasm itself. When they occur in
sufficiently high concentrations, noxious or irritating
chemicals can induce responses via this general chem-
ical sensitivity. In addition, most animals have specif-
ic chemoreceptors.

Chemoreception is a rather direct sense in that the
molecules stimulate sensory neurons by contact, usual-
ly after diffusing in solution across a thin epithelial cov-
ering. The chemoreceptors of many aquatic inverte-
brates are located in pits or depressions, through which
water may be circulated by ciliary action. In arthropods,
the chemoreceptors are usually in the form of hollow
“hairs” or other projections, within which are chemo-
sensory neurons. While chemosensitivity is a universal
phenomenon among invertebrates, a wide range of
specificities and capabilities exists.

The types of chemicals to which particular animals
respond are closely associated with their lifestyles.
Chemoreceptors may be specialized for tasks such as
general water analysis, humidity detection, sensitivity
to pH, prey tracking, mate location, substratum analy-
sis, and food recognition. Probably all aquatic organ-
isms leak small amounts of amino acids into their envi-
ronment through the skin and gills as well as in their
urine and feces. These released amino acids form an or-
ganism’s “body odor,” which can create a chemical pic-

ture of the animal that others detect to identify such
characteristics as species, sex, stress level, distance and
direction, and perhaps size and individuality. Amino
acids are widely distributed in the aquatic environment,
where they provide general indicators of biological ac-
tivity. Many aquatic animals can detect amino acids
with much greater sensitivity than our most sophisticat-
ed laboratory equipment.

Photoreceptors. Nearly all animals are sensitive to
light, and most have some kind of identifiable pho-
toreceptors. Although members of only a few of the
metazoan phyla appear to have evolved eyes capable
of image formation (Cnidaria, Mollusca, Annelida,
Arthropoda, and Chordata), virtually all animal pho-
toreceptors share structurally similar light receptor
molecules that probably predate the origin of discrete
structural eyes. Thus, the structural photoreceptors of
animals share the common quality of possessing
light-sensitive pigments. These pigment molecules
are capable of absorbing light energy in the form of
photons, a process necessary for the initiation of any
light-induced, or photic, reaction. The energy thus
absorbed is ultimately responsible for stimulating the
sensory neurons of the photoreceptor unit.

Beyond this basic commonality, however, there is an
incredible range of variation in complexity and capabil-
ity of light-sensitive structures. Arthropods, molluscs,
and some polychaete annelids possess eyes with ex-
treme sensitivity, good spatial resolution, and, in some
cases, multiple spectral channels. Most classifications of
photoreceptors are based upon grades of complexity,
and the same categorical term may be applied to a vari-
ety of nonhomologous structures, from simple pigment
spots (found in protists) to extremely complicated
lensed eyes (found in squids and octopuses). Function-
ally, the capabilities of these receptors range from sim-
ply perceiving light intensity and direction to forming
images with a high degree of visual discrimination and
resolution.

Certain protists, particularly flagellates, possess sub-
cellular organelles called stigmata, which are associated
with simple spots of light-sensitive pigment (Figure
3.31A). The simplest metazoan photoreceptors are uni-
cellular structures scattered over the epidermis or con-
centrated in some area of the body. These are usually
called eyespots. Multicellular photoreceptors may be
classified into three general types, with some subdivi-
sions. These types include ocelli (sometimes called sim-
ple eyes or eyespots), compound eyes (found in many
arthropods), and complex eyes (the “camera” eyes of
cephalopod molluscs and vertebrates). In multicellular
ocelli, the light-sensitive (retinular) cells may face out-
ward; these ocelli are then said to be direct. Or the light-
sensitive cells may be inverted. The inverted type is
common among flatworms and nemerteans and is
made up of a cup of reflective pigment and retinular
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Figure 3.30 An arthropod phonoreceptor, or auditory
organ of the fork-tailed katydid, Scudderia furcata. Note
the position of the right-side tympanum on the tibia 
of the first walking leg. 



cells (Figure 3.31B). The light-sensitive ends of these
neurons face into the cup. Light entering the opening of
the pigment cup is reflected back onto the retinular cells.
Because light can enter only through the cup opening,
this sort of ocellus gives the animal a good deal of infor-
mation about light direction as well as variations in in-
tensity.

Compound eyes are composed of a few to many dis-
tinct units called ommatidia (Figure 3.31C). Although
eyes of multiple units occur in certain annelid worms
and some bivalve molluscs, they are best developed and
best understood among the arthropods. Each ommatid-
ium is supplied with its own nerve tract leading to a
large optic nerve, and apparently each has its own dis-

crete field of vision. The visual fields of neighboring om-
matidia overlap to some degree, with the result that a
shift in position of an object within the total visual field
causes changes in the impulses reaching several omma-
tidial units; based in part on this phenomenon, com-
pound eyes are especially suitable for detecting move-
ment. Compound eyes are described in more detail in
Chapter 15.

The complex eyes of squids and octopuses (Figure
3.31D) are probably the best image-forming eyes among
the invertebrates. Cephalopod eyes are frequently com-
pared with those of vertebrates, but they differ in many
respects. The eye is covered by a transparent protective
cornea. The amount of light that enters the eye is con-
trolled by the iris, which regulates the size of the slitlike
pupil. The lens is held by a ring of ciliary muscles and
focuses light on the retina, a layer of densely packed
photosensitive cells from which the neurons arise. The
receptor sites of the retinal layer face in the direction of
the light entering the eye. This direct eye arrangement is
quite different from the indirect eye condition in verte-
brates, where the retinal layer is inverted. Another dif-
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Figure 3.31 Some photoreceptors. (A) A protist, Euglena.
Note the position of the eyespot, or stigma. (B) An invert-
ed pigment-cup ocellus of a flatworm (section). (C) An
insect’s compound eye. A single unit is called an ommatid-
ium. (D) A vertebrate eye (left) and a cephalopod eye
(right) (vertical sections). 

(C)



ference is that in many vertebrates, focusing is accom-
plished by the action of muscles that change the shape
of the lens, whereas in cephalopods it is achieved by
moving the lens back and forth with the ciliary muscles
and by compressing the eyeball.

A good deal of work suggests that metazoan pho-
toreceptors evolved along two lines (see Eakin 1963). On
one hand are photoreceptor units derived from or close-
ly associated with cilia (e.g., in cnidarians, echinoderms,
and chordates). These types of eyes are called ciliary
eyes. On the other hand are photoreceptors derived
from microvilli or microtubules and referred to as rhab-
domeric eyes (e.g., in flatworms, annelids, arthropods,
and molluscs). It is not yet known if these different cate-
gories represent actual lineages of homologous struc-
tures, but it is interesting to note that the two groups of
taxa roughly parallel the two distinct lines of evolution-
arily related taxa known as deuterostomes and proto-
stomes (see Chapters 4 and 24).

Thermoreceptors. The influence of temperature
changes on all levels of biological activity is well 
documented. Every student of general biology has
learned about the basic relationships between tem-
perature and rates of metabolic reactions. Further-
more, even the casual observer has noticed that many
organisms’ activity levels range from lethargy at low
temperatures to hyperactivity at elevated tempera-
tures, and that thermal extremes can result in death.
The problem is determining whether the organism is
simply responding to the effects of temperature at a
general physiological level, or whether discrete ther-
moreceptor organs are also involved.

There is considerable circumstantial evidence that at
least some invertebrates are capable of directly sensing
differences in environmental temperatures, but actual
receptor units are for the most part unidentified. A num-
ber of insects, some crustaceans, and the horseshoe crab
(Limulus) apparently can sense thermal variation. The
only nonarthropod invertebrates that have received
much attention in this regard are certain leeches, which
apparently are drawn to warm-blooded hosts by some
heat-sensing mechanism. Other ectoparasites (e.g.,
ticks) of warm-blooded vertebrates may also be able to
sense the “warmth of a nearby meal,” but little work has
been done on this subject.

Independent Effectors
Independent effectors are specialized sensory response
structures that not only receive information from the en-
vironment but also elicit a response to the stimulus di-
rectly, without the intervention of the nervous system
per se. In this sense, independent effectors are like
closed circuits. As discussed in later chapters, the sting-
ing capsules (nematocysts) of cnidarians and the adhe-
sive cells of ctenophores are, at least under most circum-
stances, independent effectors.

Bioluminescence
Bioluminescence, the production of light by living crea-
tures, occurs in a variety of organisms. Some bacteria
and fungi bioluminesce, as do as certain dinoflagellates,
cnidarians, annelids, molluscs, arthropods, echino-
derms, tunicates, and fishes. Most bioluminescence seen
in the sea is produced by dinoflagellates emitting rapid
(one-tenth of a second) flashes. But the patient night-
time observer will also discover that flashes of light are
produced by some species of medusae, ctenophores,
copepods, benthic ostracods, brittle stars, sea pansies
and sea pens, chaetopterid and syllid polychaetes,
limpets, clams, tunicates, and others.

Luminescence is the emission of light without heat.
It involves a special type of chemical reaction in which
the energy, instead of being released as heat as occurs in
most chemical reactions, is used to excite a product mol-
ecule that releases energy as a photon. In all cases, the
reaction involves the oxidation of a substrate called lu-
ciferin, catalyzed by an enzyme called luciferase. The
structures of these chemicals differ among taxa, but the
reaction is similar. The color of light varies from deep
blue (shrimp and dinoflagellates) to blue-green or green
(ostracods and tunicates), to yellow and even red (fire-
flies). Bioluminescence serves several functions, includ-
ing offense, defense, prey attraction, and intraspecific
communication. In some cases, the luminescent organs
of metazoans (particularly fishes) are not intrinsic but
are symbiotic colonies of microorganisms.

Nervous Systems and Body Plans
The nervous system is always receiving information via
its associated receptors, processing this information,
and eliciting appropriate responses. We limit our discus-
sion at this point to those conditions in which distinct
systems of identifiable neurons exist, leaving the special
situations in protists and sponges for later chapters.

The structure of the nervous system of any animal is
related to its bauplan and mode of life. Consider first a
radially symmetrical animal with limited powers of lo-
comotion, such as a planktonic jellyfish or a sessile sea
anemone. In such animals the major receptor organs are
more or less regularly (and radially) distributed around
the body; the nervous system itself is a noncentralized,
diffuse meshwork generally called a nerve net (Figure
3.32A). Radially symmetrical animals tend to be able to
respond equally well to stimuli coming from any direc-
tion—a useful ability for creatures with either sessile or
free-floating lifestyles. Interestingly, at least in cnidari-
ans, there are both polarized and nonpolarized synaps-
es within the nerve net. Impulses can travel in either di-
rection across the nonpolarized synapses because the
neuronal processes on both sides are capable of releas-
ing synaptic transmitter chemicals. This capability, cou-
pled with the gridlike form of the nerve net, enables im-
pulses to travel in all directions from a point of
stimulation. From this brief description, it might be as-
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sumed that such a simple and “unorganized” nervous
system would not provide enough integrated informa-
tion to allow complex behaviors and coordination. In
the absence of a structurally recognizable integrating
center, the nerve net does not fit well with our earlier
description of the sequence of events from stimulus to
response. But many cnidarians are in fact capable of
fairly intricate behavior, and the system works, often in
ways that are as yet unexplained. In any case, symme-
try, sense organ distribution, nervous system organiza-
tion, and lifestyles are clearly correlated to one another.

The tremendous evolutionary success of bilateral
symmetry and unidirectional locomotion must have de-
pended in large part on associated changes in the orga-
nization of the nervous system and the distribution of
sense organs. The trend has been to centralize and con-
centrate the major coordinating elements of the nervous
system. This central nervous system is usually made up
of an anteriorly located neuronal mass (ganglion) from
which arise one or more longitudinal nerve cords that
often bear additional ganglia (Figure 3.32B). The an-
terior ganglion is referred to by a variety of names. We
largely abandon the term brain for such an organ be-
cause of the multifaceted implications of that word and
adopt the more neutral term cerebral ganglion (or gan-
glia) for the general case. In many instances, a term of its
relative position to some other organ is applied. For ex-
ample, the cerebral ganglion commonly lies dorsal to
the anterior portion of the gut and is thus a supraenteric
(or supraesophageal, or suprapharyngeal) ganglion.

In addition to the cerebral ganglion, most bilaterally
symmetrical animals have many of the major sense or-

gans placed anteriorly. The concentration of these or-
gans at the front end of an animal is called cephaliza-
tion—the formation of a head region. Even though
cephalization may seem an obvious and predictable
outcome of bilaterality and mobility, it is nonetheless ex-
tremely important. It simply would not do to have in-
formation about the environment gathered by the trail-
ing end of a motile animal, lest it enter adverse and
potentially dangerous conditions unawares. Hunting,
tracking, and other forms of food location are greatly fa-
cilitated by having the appropriate receptors placed an-
teriorly—toward the direction of movement.

Longitudinal nerve cords receive information
through peripheral sensory nerves from whatever sense
organs are placed along the body, and they carry im-
pulses from the cerebral ganglion to peripheral motor
nerves to effector sites. Additionally, nerve cords and
peripheral nerves often serve animals in reflex actions
and in some highly coordinated activities that do not
depend on the cerebral ganglion. The most primitive
centralized nervous system may have been similar to
that seen today in some free-living flatworms, with
pairs of longitudinal cords attached to one another by a
series of transverse connectives (Figure 3.32B). This
arrangement is commonly referred to as a ladder-like
nervous system. Among those Metazoa that have de-
veloped active lifestyles, (e.g., errant polychaetes, most
arthropods, cephalopod molluscs, and vertebrates), the
nervous system has become increasingly centralized
through a reduction in the number of longitudinal
nerve cords. However, a number of invertebrates (e.g.,
ectoprocts, tunicates, and echinoderms) have secondar-
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Figure 3.32 Nervous systems and
symmetry. (A) The nerve net in a radially
symmetrical sea anemone (cutaway
view). (B) A centralized ladder-like ner-
vous system in a bilaterally symmetrical
flatworm. 



ily taken up sedentary or sessile modes of existence.
Within these groups there has been a corresponding de-
centralization of the nervous system and a general re-
duction in and dispersal of sense organs.

Hormones and Pheromones
We have stressed the significance of the integrated na-
ture of the parts and processes of living organisms and
have discussed the general role of the nervous system in
this regard. Organisms also produce and distribute
within their bodies a variety of chemicals that regulate
and coordinate biological activities. This very broad de-
scription of what may be called chemical coordinators
obviously includes almost any substance that has some
effect on bodily functions. One special category of
chemical coordinators is the hormones. This term refers
to any chemicals that are produced and secreted by
some organ or tissue, and are then carried by the blood
or other body fluid to exert their influence elsewhere in
the body. In vertebrates, we associate this type of phe-
nomenon with the endocrine system, which includes
well known glands as production sites. For our purpos-
es we may subdivide hormones into two types. First are
endocrine hormones, which are produced by more or
less isolated glands and released into the circulatory
fluid. Second are neurohormones, which are produced
by special neurons called neurosecretory cells.

Much remains unknown concerning hormones in in-
vertebrates. Most of our information comes from stud-
ies on insects and crustaceans, although hormonal activ-
ity has been demonstrated in a few other taxa and is
suspected in many others. Among the arthropods, hor-
mones are involved in the control of growth, molting,
reproduction, eye pigment migration, and probably
other phenomena; in at least some other taxa (e.g., an-
nelid worms), hormones influence growth, regenera-
tion, and sexual maturation.

Hormones do not belong to any particular class of
chemical compounds, nor do they all produce the same
effects at their sites of action: some are excitatory, some
are inhibitory. Because endocrine hormones are carried
in the circulatory fluid, they reach all parts of an ani-
mal’s body. The site of action, or target site, must be able
to recognize the appropriate hormone(s) among the
myriad other chemicals in its surroundings. This recog-
nition usually involves an interaction between the hor-
mone and the cell surface at the target site. Thus, under
normal circumstances, even though a particular hor-
mone is contacting many parts of the body, it will elicit
activity only from the appropriate target organ or tissue
that recognizes it.

In a general sense, pheromones are substances that
act as “interorganismal hormones.” These chemicals are
produced by organisms and released into the environ-
ment, where they have an effect on other organisms.

Most pheromone research has been on intraspecific ac-
tions, especially in insects, where activities such as mate
attraction are frequently related to these airborne chem-
icals. We may view intraspecific pheromones as coordi-
nating the activities of populations, just as hormones
help coordinate the activities of individual organisms.
There is also a great deal of evidence for the existence of
interspecific pheromones. For example, some predatory
species (e.g., some sea stars) release chemicals into the
water that elicit extraordinary behavioral responses on
the part of potential prey species, generally in the form
of escape behavior. We discuss examples of various
pheromone phenomena for specific animal groups
throughout the book.

Reproduction
As noted in the passage from Barrington that introduces
this chapter, the biological success of any species de-
pends upon its members staying alive long enough to
reproduce themselves. The following account includes a
discussion of the basic methods of reproduction among
invertebrates and leads to the account of embryology
and developmental strategies provided in Chapter 4.
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Figure 3.33 Some common asexual reproductive
processes. (A) Simple mitotic binary fission; this process
occurs in most protists. (B) Fragmentation, followed by
regeneration of lost parts. This process occurs in a number
of vermiform invertebrates. (C) Budding may produce sep-
arate solitary individuals, as it does in Hydra (shown here);
or it may produce colonies (see Figure 3.34). 



Asexual Reproduction
Asexual reproductive processes do not involve the pro-
duction and subsequent fusion of haploid cells, but rely
solely on vegetative growth through mitosis. Cell divi-
sion itself is a common form of asexual reproduction
among the protists, and many invertebrates engage in
various types of body fission, budding, or fragmenta-
tion, followed by growth to new individuals (Figure
3.33). These asexual processes depend largely on the or-
ganism’s “reproductive exploitation” of its ability to re-
generate (regrow lost parts). Even wound healing is a
form of regeneration, but many animals have far more
dramatic capabilities. The replacement of a lost ap-
pendage in familiar animals such as sea stars and crabs
is a common example of regeneration. However, these
regenerative abilities are not “reproduction” because no
new individuals result, and their presence does not
imply that an animal capable of replacing a lost leg can
necessarily reproduce asexually. Examples of organisms
that possess regenerative abilities of a magnitude 
permitting asexual reproduction include protists,
sponges, many cnidarians (corals, anemones, and hy-
droids), certain types of worms, and sea squirts.

In many cases asexual reproduction is a relatively in-
cidental process and is rather insignificant to a species’
overall survival strategy. In others, however, it is an in-

tegral and even necessary step in the life cycle. There are
important evolutionary and adaptive aspects to asexual
reproduction. Organisms capable of rapid asexual re-
production can quickly take advantage of favorable en-
vironmental conditions by exploiting temporarily abun-
dant food supplies, newly available living space, or
other resources. This competitive edge is frequently evi-
denced by extremely high numbers of asexually pro-
duced individuals in disturbed or unique habitats, or in
other unusual conditions. In addition, asexual processes
are often employed in the production of resistant cysts
or overwintering bodies, which are capable of surviving
through periods of harsh environmental conditions.
When favorable conditions return, these structures
grow to new individuals.

A word about colonies. A frequent result of asexual
reproduction, particularly some forms of budding, is
the formation of colonies. This phenomenon is espe-
cially common in certain taxa (e.g., cnidarians, ascidi-
ans, ectoprocts) (Figure 3.34). The term colony is not
easy to define. It may initially bring to mind ant or bee
colonies, or even groups of humans; but these exam-
ples are more appropriately viewed as social units
rather than as colonies, at least in the context of our
discussions. We accept Barrington’s (1967) definition
that “True colonies can be defined as . . . associations in
which the constituent individuals are not completely
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Figure 3.34 Representative
invertebrate colonies. (A) Botry-
llus, a colonial ascidian. (B) Lo-
phogorgia, a colonial gorgon-
ian. (C) Three species of coral.
(D) Aglaophenia, a colonial
hydroid.

(B)

(A)

(C)

(D)



separated from each other, but are organically con-
nected together, either by living extensions of their
bodies, or by material that they have secreted.” This
definition will suffice for now; we describe the nature
of particular examples of colonial life in later chapters.

The formation of colonies not only may enhance the
benefits of asexual reproduction in general, but also pro-
duces overall functional units that are much greater in
size than mere individuals; thus this growth habit may
be viewed as a partial solution to the surface-to-volume
dilemma. Increased functional size through colonialism
can result in a number of advantages for animals; it can
increase feeding efficiency, facilitate the handling of
larger food items, reduce chances of predation, increase
the competitive edge for food, space, and other re-
sources, and allow groups of individuals within the
colony to specialize for different functions.

Sexual Reproduction
Although reproduction is critical to a species’ survival,
it is the one major physiological activity that is not es-
sential to an individual organism’s survival. In fact,
when animals are stressed, reproduction is usually the
first activity that ceases. Sexual reproduction is especial-
ly energy costly, yet it is the characteristic mode of re-
production among multicellular organisms.*

Given the advantages of asexual reproduction, one
might wonder why all animals do not employ it and
abandon sexual activities entirely. The most frequently
given explanation for the popularity of sexual reproduc-
tion (aside from anthropomorphic views, of course) fo-
cuses on the long-term benefits of genetic variation.
Recombination allows for the maintenance of high ge-
netic heterozygosity in individuals and high polymor-
phism in populations. Through regular meiosis and re-
combination, a level of genetic variation is maintained
generation after generation, within and among popula-
tions; thus species are thought to be more “genetically
prepared” for environmental changes, including both
shifts in the physical environment and the changing mi-
lieu of competitors, predators, prey, and parasites.

Although this advantage must surely be real, does it
satisfactorily explain the role of sex in short-term selec-
tion (i.e., generation by generation)? Presumably even
in the short term an advantage lies in the maintenance
of genetic variability. That is, genetic variability in both
individuals and populations may increase their chances
of adapting to environmental fluctuations, predators,
parasites, and disease. Leigh Van Valen (1973) proposed
the idea that in order just to “keep up” with changing
environments, populations must continually access new

and different gene combinations through the process of
natural selection—a notion called the “red queen hy-
pothesis” after the Red Queen in Alice in Wonderland,
who commanded her courtiers to run continuously just
to stay in the same place.

Sexual reproduction involves the formation of hap-
loid cells through meiosis and the subsequent fusion of
pairs of those cells to produce a diploid zygote (Figure
3.35). The haploid cells are gametes—sperm and eggs—
and their fusion is the process of fertilization, or syn-
gamy. (Exceptions to these general terms and processes
are common among protists as discussed in Chapter 5.)
The production of gametes is accomplished by the go-
nads—ovaries in females and testes in males—or their
functional equivalents. The gonads are frequently asso-
ciated with reproductive systems that may include vari-
ous arrangements of ducts and tubes, accessory organs
such as yolk glands or shell glands, and structures for
copulation. The different levels of complexity of these
systems are related to the developmental strategies used
by the organisms in question, as discussed in Chapter 4
and described in the coverage of each phylum. The vari-
ation in such matters is immense, but at this point we in-
troduce some basic terminology of structure and func-
tion.

Many invertebrates simply release their gametes into
the water in which they live (broadcast spawning),
where external fertilization occurs. In such animals the
gonads are usually simple, often transiently occurring
structures associated with some means of getting the
eggs and sperm out of the body. This release is accom-
plished through a discrete plumbing arrangement
(coelomoducts, metanephridia, or gonoducts—sperm
ducts and oviducts), or by temporary pores in or rup-
ture of the body wall. In such animals, synchronous
spawning is critical, and marine species rely largely on
this synchrony and the water currents to achieve fertil-
ization. Water temperature, light, phytoplankton abun-
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Figure 3.35 A generalized metazoan life cycle.

*In thinking of animals, we typically view “sex” and “reproduc-
tion” as one in the same. However, at the cellular level these two
processes are opposites: reproduction is the division of one cell to
form two, whereas the sexual process includes two cells fusing to
form one.



dance, lunar cycle, and the presence of conspecifics have
all been implicated in synchronized spawning events of
invertebrates.

On the other hand, invertebrates that pass sperm di-
rectly from the male to the female, where fertilization
occurs internally, must have structural features to facili-
tate such activities. Figure 3.36 illustrates stylized male
and female reproductive systems. A general scenario
leading to internal fertilization in such systems is as fol-
lows. Sperm are produced in the testes and transported
via the sperm duct to a precopulatory storage area
called the seminal vesicle. Prior to mating, many inver-
tebrates incorporate groups of sperm cells into sperm
packets, or spermatophores. Spermatophores provide a
protective casing for the sperm and facilitate transfer
with minimal sperm loss. In addition, many sper-
matophores are themselves motile, acting as indepen-
dent sperm carriers. Some sort of male copulatory or 
intromittent organ (e.g., penis, cirrus, gonopod) is in-
serted through the female’s gonopore and into the vagi-
na. Sperm are passed through the male’s ejaculatory
duct directly, or by way of a copulatory organ, into the
female system, where they are received and often stored
by a seminal receptacle.

In the female, eggs are produced in the ovaries and
transported into the region of the oviducts. Sperm even-
tually travel into the female’s reproductive tract, where
they encounter the eggs; fertilization often takes place in
the oviducts. Among invertebrates, the sperm may
move by flagellar or ameboid action, or by locomotor
structures on the spermatophore packet; they may be
aided by ciliary action of the lining of the female repro-
ductive tract. Various accessory glands may be present
both in males (such as those that produce spermato-
phores or seminal fluids) and in females (such as those
that produce yolk, egg capsules, or shells). This simple

sequence is typical (although with many elaborations)
of most invertebrates that rely on internal fertilization.

Animals in which the sexes are separate, each indi-
vidual being either male or female, are termed gono-
choristic, or dioecious. However, many invertebrates
are hermaphroditic,* or monoecious: each animal con-
tains both ovaries and testes and thus is capable of pro-
ducing both eggs and sperm (though not necessarily at
the same time). Although self-fertilization may seem to
be a natural advantage in this condition, such is not the
case. In fact, with some exceptions, self-fertilization in
hermaphrodites is usually prevented. Fertilizing one’s
self would be the ultimate form of inbreeding and
would presumably result in a dramatic decrease in po-
tential genetic variation and heterozygosity. The rule for
many hermaphroditic invertebrates is mutual cross fer-
tilization, wherein two individuals function alternately
or simultaneously as males and exchange sperm, and
then use the mate’s sperm to fertilize their own eggs.
The real advantage of hermaphroditism now becomes
clear: a single sexual encounter results in the impregna-
tion of two individuals, rather than only one as in the
gonochoristic condition.

A common phenomenon among hermaphroditic in-
vertebrates is that of protandric hermaphroditism, or
simply protandry (Greek proto, “first”; andro, “male”),
where an individual is first a functional male, but later
in life changes sex to become a functional female. The
reverse situation, female first and then male, is called
protogynic hermaphroditism, or simply protogyny
(Greek gynos, “female”). At least some invertebrates al-
ternate regularly between being functional males and
females, as explained by Jerome Tichenor (Poems in
Contempt of Progress, 1974):

Consider the case of the oyster,
Which passes its time in the moisture;
Of sex alternate,
It chases no mate,
But lives in self-contained cloister.

In addition to the clever oysters immortalized by
Professor Tichenor, some other taxa in which the her-
maphroditic condition is common include barnacles,
arrow worms (Chaetognatha), flatworms, oligochaetous
annelids, leeches, tunicates, and advanced gastropods.

The sexual conditions of colonial animals incude myr-
iad variations on the themes described above. Colonies
may include only one sex, both sexes, or the individuals
may be hermaphroditic. A major contribution toward
clarifying and classifying all the possible conditions has
recently been made by Wasson and Newberry (1997)
and the interested reader should consult their work.
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Figure 3.36 Schematic and generalized male and
female reproductive systems. See text for explanation.

*Hermaphroditus, the beautiful son of Hermes and Aphrodite,
was united with a water nymph at the Carian fountain. Thus his
body became both male and female.



Parthenogenesis
Parthenogenesis (Greek partheno, “virgin”; genesis,
“birth”) is a special reproductive strategy in which un-
fertilized eggs develop into viable adult individuals.
Parthenogenetic species are known in many inverte-
brate (and vertebrate and plant) groups, including gas-
trotrichs, rotifers, tardigrades, nematodes, gastropods,
certain insects, and various crustaceans. The taxonomic
distribution of parthenogenesis is very spotty; it is rare
to find a whole genus, let alone any higher taxon, that is
wholly parthenogenetic. Some higher taxa that are
largely parthenogenetic (e.g., aphids, cladocerans) are
cyclical parthenogens, and they punctuate their life his-
tories with sex.* The bdelloid rotifers are an exception,
comprising a whole order for which males are totally
unknown. There are also a number of protist higher taxa
for which sex has yet to be described. Among the inver-
tebrates, parthenogenesis usually occurs in small-bod-
ied species that are parasites, or are free-living but in-
habit extreme or highly variable habitats such as
temporary freshwater ponds. There is a general trend
for parthenogenesis to become more prevalent as one
moves toward higher latitudes or into harsher environ-
ments. Overall, it appears that parthenogenetic taxa
arise from time to time and succeed in the short run due
to certain immediate advantages, but they are probably
in the long run condemned to extinction through com-
petition with their sexual relatives.

In most species that have been studied, partheno-
genetic periods alternate with periods of sexual repro-
duction. In temperate freshwater habitats, parthenogen-
esis often occurs during summer months, with the
population switching to sexual reproduction as winter
approaches. In some species, parthenogenesis takes
place for many generations, or several years, eventually
to be punctuated by a brief period of sexual reproduc-
tion. In some rotifers, parthenogenesis predominates
until the population attains a certain critical size, at
which time males appear and a period of sexual repro-
duction ensues. Cladocerans switch from parthenogen-
esis to sexual reproduction under a number of condi-
tions, such as overcrowding, adverse temperature, food
scarcity, or even when the nature of the food changes.
Many parasitic species alternate between a free-living
sexual stage and a parasitic parthenogenetic one; this
arrangement is seen in some nematodes, thrips
(Thysanoptera), gall wasps, aphids, and certain other
homopterans.

One of the most interesting examples of partheno-
genesis occurs in honeybees; in these animals the queen
is fertilized by one or more males (drones) at only one
period of her lifetime, in her “nuptial flight.” The sperm
are stored in her seminal receptacles. If sperm are re-
leased when the queen lays eggs, fertilization occurs
and the eggs develop into females (queens or workers).
If the eggs are not fertilized, they develop partheno-
genetically into males (drones).

The question of the existence or prevalence of purely
parthenogenetic species has been debated for decades.
Many species once thought to be entirely partheno-
genetic have proved, upon closer inspection, to alternate
between parthenogenesis and brief periods of sexual re-
production. In some species purely parthenogenetic
populations apparently exist only in some localities. In
other species, parthenogenetic lineages have been
traced to sexual ancestral populations occupying relict-
ual habitats. Nevertheless, for some parthenogenetic an-
imals, males have yet to be found in any population,
and these may indeed be purely clonal species. One can-
not help but wonder how long such species can exist in
the face of natural selection without the benefits of any
genetic exchange. One would predict that, as with any
form of asexual reproduction, obligatory parthenogene-
sis would eventually lead to genetic stagnation and ex-
tinction. There may, however, be some as yet unex-
plained genetic mechanisms to avoid this, because some
parthenogenetic animals (e.g., some earthworms, in-
sects, and lizards) are capable of inhabiting a wide range
of habitats. Presumably they either have a significant
level of genetic adaptability or possess “general purpose
genotypes.”
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