
nimals, or Metazoa, are multicellular, as opposed to protists, (i.e., mem-
bers of the kingdom Protista), which are usually viewed as being uni-
cellular (see Chapter 5). This distinction, however, is sometimes

blurred, for there are a number of protists that form complex colonies with some
division of labor among different cell types. Thus, the Metazoa possess certain
qualities that must be considered in concert with the basic idea of multicellulari-
ty. The cells of animals are organized into functional units, generally as tissues
and organs, with specific roles that support the life of the whole animal. These
cell types are interdependent and their activities are coordinated into predictable
patterns and relationships. Structurally, the cells of animals are organized as lay-
ers that develop through a series of events early in an organism’s embryogeny.
These embryonic tissues, or germ layers, form the framework upon which meta-
zoan body plans are constructed (see Chapter 3). Thus, the cells of animals (i.e.,
the Metazoa) are specialized, interdependent, coordinated in function, and develop
through layering during embryogeny. This combination of features is absent from
the protists.

Eggs and Embryos
The attributes that distinguish the Metazoa are the result of their embryonic de-
velopment. To put it another way, adult phenotypes result from specific se-
quences of developmental stages, and evolutionary patterns reveal themselves in
large part through ontogenies. Therefore, both animal unity and diversity are as
evident in patterns of development as they are in the architecture of adults. The

Animal Development, 
Life Histories, and Origins

He who sees things grow from their
beginning will have the finest view 
of them.
Aristotle
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patterns of development discussed below reflect this
unity and diversity, and serve as a basis for understand-
ing the sections on embryology in later chapters.

Eggs
Biological processes in general are cyclical. The produc-
tion of one generation after another through reproduction
exemplifies this generality, as the term life cycle implies. At
what point one begins describing such things is more or
less a matter of convenience. For our purposes in this
chapter we choose to begin with the egg, or ovum, a sin-
gle remarkable cell capable of developing into a new in-
dividual. Once the egg is fertilized, all of the different cell
types of an adult animal  are derived during embryogen-
esis from this single totipotent cell. A fertilized egg con-
tains not only the information necessary to direct devel-
opment but also some quantity of nutrient material called
yolk, which sustains the early stages of life.

Eggs are polarized along what is called the animal–
vegetal axis. This polarity may be apparent in the egg it-
self, or it may be recognizable only as development pro-
ceeds. The vegetal pole is commonly associated with the
formation of nutritive organs (e.g., the digestive system),
whereas the animal pole tends to produce other regions
of the embryo. These and many other manifestations of
the egg’s polarity are more completely explored
throughout this chapter.

Animal ova are categorized primarily by the amount
and location of yolk within the cell (Figure 4.1), two fac-
tors that greatly influence certain aspects of develop-
ment. Isolecithal eggs contain a relatively small amount
of yolk that is more or less evenly distributed throughout
the cell. Ova in which the yolk is concentrated at one end
(toward the vegetal pole) are termed telolecithal eggs;
those in which the yolk is concentrated in the center are
called centrolecithal eggs. The actual amount of yolk in
telolecithal and centrolecithal eggs is highly variable.
Yolk production (vitellogenesis) is typically the longest

phase of egg production, although its duration varies by
orders of magnitude among species. Rates of yolk pro-
duction depend on the specific vitellogenic mechanism
used. In general, so-called r-selected (opportunistic)
species have evolved vitellogenic pathways for the rapid
conversion of food into egg production, while K-selected
(specialist) species utilize slower pathways. 

Cleavage
The stimulus that initiates development in an ovum is
usually provided by the penetration of a sperm cell and
the subsequent fusion of the male and female nuclei to
produce a fertilized egg, or zygote. The initial cell divi-
sions of a zygote are called cleavage, and the resulting
cells are called blastomeres. Certain aspects of the pat-
terns of early cleavage are determined by the amount
and placement of yolk, while other features are inherent
in the genetic programming of the particular organism.
Isolecithal and weakly to moderately telolecithal ova
generally undergo holoblastic cleavage. That is, the
cleavage planes pass completely through the cell, pro-
ducing blastomeres that are separated from one another
by thin cell membranes (Figure 4.2A). Whenever very
large amounts of yolk are present (as in strongly
telolecithal eggs), the cleavage planes do not pass readily
through the dense yolk, so the blastomeres are not fully
separated from one another by cell membranes. This pat-
tern of early cell division is called meroblastic cleavage
(Figure 4.2B). The pattern of cleavage in centrolecithal
eggs is dependent on the amount of yolk and varies
from holoblastic to various modifications of meroblastic
(for some examples, see the descriptions of arthropod
development in Chapter 15).

Orientation of cleavage planes. A number of terms
are used to describe the relationship of the planes of
cleavage to the animal–vegetal axis of the egg and the
relationships of the resulting blastomeres to each other.
Figure 4.3 illustrates the patterns described below. Cell
divisions during cleavage are often referred to as either
equal or unequal, the terms indicating the compara-
tive sizes of groups of blastomeres. The term subequal
is used when blastomeres are only slightly different in
size. When cleavage is distinctly unequal, the larger
cells are called macromeres and usually lie at the veg-
etal pole. The smaller cells are called micromeres and
are usually located at the animal pole.

Cleavage planes that pass through or parallel to the
animal–vegetal axis produce longitudinal (= meridi-
onal) divisions; those that pass at right angles to the axis
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Figure 4.1 Types of ova. The stippling denotes the distribution and rela-
tive concentration of yolk within the cytoplasm. (A) An isolecithal ovum has a
small amount of yolk distributed evenly. (B) The yolk in a telolecithal ovum is
concentrated toward the vegetal pole. The amount of yolk in such eggs
varies greatly. (C) A centrolecithal ovum has yolk concentrated at the center
of the cell.
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produce transverse divisions. Transverse divisions may
be equatorial, when the embryo is separated equally
into animal and vegetal halves, or simply latitudinal,
when the division plane does not pass through the
equator of the embryo.

Radial and spiral cleavage Most
invertebrates display one of two
cleavage patterns defined on the
basis of the orientation of 
the blastomeres about the ani-
mal–vegetal axis. These patterns
are called radial cleavage and

spiral cleavage and are illustrated in Figure 4.4. Radial
cleavage involves strictly longitudinal and transverse
divisions. Thus, the blastomeres are arranged in rows
either parallel or perpendicular to the animal–vegetal
axis. The placement of the blastomeres shows a radially
symmetrical pattern in polar view.

Spiral cleavage is quite another matter. Although not
inherently complex, it can be difficult to describe. The
first two divisions are longitudinal, generally equal or
subequal. Subsequent divisions, however, result in the
displacement of blastomeres in such a way that they lie
in the furrows between one another. This condition is a
result of the formation of the mitotic spindles at acute
angles rather than parallel to the axis of the embryo;
hence the cleavage planes are neither perfectly longitu-
dinal nor perfectly transverse. The division from four to
eight cells involves a displacement of the cells near 
the animal pole in a clockwise (dextrotropic) direction
(viewed from the animal pole). The next division, from
eight to sixteen cells, occurs with a displacement in 
a counterclockwise (levotropic) direction; the next is
clockwise, and so on—alternating back and forth until
approximately the 64-cell stage. We hasten to add that
divisions are frequently not synchronous; not all of the
cells divide at the same rate. Thus, a particular embryo
may not proceed from four cells to eight, to sixteen, and
so on, as neatly as in our generalized example.

An elaborate coding system for spiral cleavage was
developed by E. B. Wilson (1892) during his extensive
studies on the polychaete worm Neanthes succinea con-
ducted at the Marine Biological Laboratory at Woods
Hole. Wilson’s system is usually applied to spiral cleav-
age in order to trace cell fates and compare develop-
ment among species. The following account of spiral
cleavage is a general one, but it will provide a point of
reference for later consideration of the patterns in differ-
ent groups of animals. Wilson’s code is a simple and el-
egant means of following the developmental lineage of
each and every cell in an embryo.

At the 4-cell stage, following the initial longitudinal
divisions, the cells are given the codes of A, B, C, and D,
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(A)
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Figure 4.2 Types of early 
cleavage in developing zygotes. 
(A) Holoblastic cleavage. The cleav-
age planes pass completely
through the cytoplasm. (B) Mero-
blastic cleavage. The cleavage
planes do not pass completely
through the yolky cytoplasm.
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(D)

Macromeres

Animal pole

Vegetal pole

Figure 4.3 Planes of holoblastic cleavage. (A) Equal
cleavage. (B) Unequal cleavage produces micromeres and
macromeres. (C–E) Planes of cleavage relative to the ani-
mal–vegetal axis of the egg or zygote. (C) Longitudinal 
(= meridional) cleavage parallel to the animal–vegetal axis.
(D) Equatorial cleavage perpendicular to the animal–vegetal
axis and bisecting the zygote into equal animal and vege-
tal halves. (E) Latitudinal cleavage perpendicular to the
animal–vegetal axis but not passing along the equatorial
plane.
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and are labeled clockwise in that order when viewed
from the animal pole (Figure 4.5A). These four cells are
referred to as a quartet of macromeres, and they may be
collectively coded as simply Q. The next division is
more or less unequal, with the four cells nearest the ani-
mal pole being displaced in a dextrotropic fashion, as

explained above. These four smaller cells are called the
first quartet of micromeres (collectively the lq cells) and
are given the individual codes of 1a, 1b, 1c, and 1d. The
numeral “1” indicates that they are members of the first
micromere quartet to be produced; the letters corre-
spond to their respective macromere origins. The capi-
tal letters designating the macromeres are now preced-
ed with the numeral “1” to indicate that they have
divided once and produced a first micromere set
(Figure 4.5B). We may view this 8-celled embryo as four
pairs of daughter cells that have been produced by the
divisions of the four original macromeres as follows:

It should be mentioned that even though the macro-
meres and micromeres are sometimes similar in size,
these terms are nonetheless always used in describing
spiral cleavage. Much of the size discrepancy depends
upon the amount of yolk present at the vegetal pole in
the original egg; this yolk tends to be retained primarily
in the larger macromeres.

The division from 8 to 16 cells occurs levotropically
and involves cleavage of each macromere and mi-
cromere. Note that the only code numbers that are
changed through subsequent divisions are the prefix
numbers of the macromeres. These are changed to indi-
cate the number of times these individual macromeres
have divided, and to correspond to the number of mi-
cromere quartets thus produced. So, at the 8-cell stage,
we can designate the existing blastomeres as the 1Q 
(= 1A, 1B, 1C, 1D) and the lq (= 1a, 1b, 1c, 1d). The
macromeres (1Q) divide to produce a second quartet of
micromeres (2q = 2a, 2b, 2c, 2d), and the prefix numeral
of the daughter macromeres is changed to “2.” The first
micromere quartet also divides and now comprises
eight cells, each of which is identifiable not only by the
letter corresponding to its parent macromere but now
by the addition of superscript numerals. For example,
the 1a micromere (of the 8-cell embryo) divides to pro-
duce two daughter cells coded the 1a1 and the 1a2 cells.
The cell that is physically nearer the animal pole of the
embryo receives the superscript “1,” the other cell the
superscript “2.” Thus, the 16-cell stage (Figure 4.5C) in-
cludes the following cells:

The next division (from 16 to 32 cells) involves dex-
trotropic displacement. The third micromere quartet
(3q) is formed, and the daughter macromeres are now
given the prefix “3” (3Q), and all of the 12 existing mi-
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2 cells

8 cells
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8 cells, polar view

Figure 4.4 Comparison of radial versus spiral cleavage
through the 8-cell stage. During radial cleavage, the cleav-
age planes all pass either perpendicular or parallel to the
animal–vegetal axis of the embryo. Spiral cleavage involves
a tilting of the mitotic spindles, commencing with the divi-
sion from 4 to 8 cells. The resulting cleavage planes are
neither perpendicular nor parallel to the axis. The polar
views of the resulting 8-cell stages illustrate the differences
in blastomere orientation.
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cromeres divide. Superscripts are added to the deriva-
tives of the first and second micromere quartets accord-
ing to the rule of position as stated above. Thus, the 1b1

cell divides to yield the 1b11 and 1b12 cells; the 1a2 cell
yields the 1a21 and 1a22 cells; the 2c yields the 2c1 and
2c2, and so on. Do not think of these superscripts as
double-digit numbers (i.e., “twenty-one” and “twenty-
two”), but rather as two-digit sequences reflecting the
precise lineage of each cell (“two-one” and “two-two”).

The elegance of Wilson’s system is that each code
tells the history as well as the position of the cell in the
embryo. For instance, the code 1b11 indicates that the
cell is a member (derivative) of the first quartet of mi-
cromeres, that its parent macromere is the B cell, that the
original 1b micromere has divided twice since its forma-
tion, and that this particular cell rests uppermost in the

embryo relative to its sister cells. The 32-cell state
(Figure 4.5D) is composed of the following:

The division to 64 cells follows the same pattern, with
appropriate coding changes and additions of super-
scripts. The displacement is levotropic and results in the
following cells:

Notice that no two cells share the same code, so exact
identification of individual blastomeres and their lin-
eages is always possible.

Late in the spiral cleavage of certain animals, distinc-
tive cell patterns appear, formed by the orientation of
some of the apical first-quartet micromeres (Figure
4.5E). The topmost cells (1q111 micromeres) lie at the em-
bryo’s apex and form the rosette. In some groups (e.g.,
annelids and echiuran worms), other micromeres (1q112

micromeres) produce an annelid cross roughly at right
angles to the rosette cells. In molluscs and sipunculan
worms, the annelid cross persists (often called peripher-
al rosette cells in these groups), but an additional mol-
luscan cross forms from the 1q12 cells and their deriva-
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Figure 4.5 (A–D) Spiral cleavage through 32 cells
(assumed synchronous) labeled with E. B. Wilson’s coding
system (all diagrams are surface views from the animal
pole). (E) Schematic diagram of a composite embryo at
approximately 64 cells showing the positions of the
rosette, annelid cross, and molluscan cross.
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tives. The arms of the molluscan cross lie between the
cells of the annelid cross (Figure 4.5E). Recently some
phylogenetic significance has been given to the appear-
ance of these crosses, as we discuss in later chapters.

The Problem of Cell Fates
Tracing the fates of cells through development has been
a popular and productive endeavor of embryologists
for over a century. Such studies have played a major
role in enabling researchers not only to describe devel-
opment but also to establish homologies among attrib-
utes in different animals. Although the cells of embryos
eventually become established as functional parts of tis-
sues or organs, there is a great deal of variation in the
timing of the establishment of cell fates and in how
firmly fixed the fates eventually become. Even in the
adult stages of some animals (e.g., sponges), cells retain
the ability to change their structure and function, al-
though under normal conditions they are relatively spe-
cialized. Furthermore, many groups of animals have re-
markable power to regenerate lost parts, wherein cells
may dedifferentiate and then generate new tissues and
organs. In other cases cell fates are relatively fixed and
cells are able only to produce more of their own kind.

By carefully watching the development of any ani-
mal, it becomes clear that certain cells predictably form
certain structures. The emerging field of molecular de-
velopmental biology has shown that many molecular
components of development are also widely conserved
throughout the animal kingdom. For example, tran-
scription factors and cell signaling systems from widely
divergent phyla are clearly homologous and probably
operate in much the same way. On the other hand, these
highly conserved molecular components can also be
used in diverse ways by embryos. Even such basic de-
velopmental features as adult body axis formation and
cleavage geometry differ among the metazoan phyla.
Such fundamental developmental variations have pre-
sumably been essential in fabricating the highest levels
of animal bauplans.

In some cases, cell fates are determined very early
during cleavage—as early as the 2- or 4-cell stage. If one
experimentally removes a blastomere from the early
embryo of such an animal, then that embryo will fail to
develop normally; the fates of the cells have already be-
come fixed, and the missing cell cannot be replaced.
Animals whose cell fates are established very early are
said to have determinate cleavage. On the other hand,
the blastomeres of some animals can be separated at the
2-cell, 4-cell, or even later stages, and each separate cell
will develop normally; in these cases the fates of the
cells are not fixed until relatively late in development.
Such animals are said to have indeterminate cleavage.
Eggs that undergo determinate cleavage are often called
mosaic ova, because the fates of regions of undivided
cells can be mapped. Eggs that undergo indeterminate
cleavage are called regulative ova, in that they can “reg-

ulate” to accommodate lost blastomeres and thus can-
not easily be predictably mapped prior to division.

In any case, formation of the basic body plan is gen-
erally complete by the time the embryo comprises about
104 cells (usually after one or two days). By this time, all
available embryonic material has been apportioned into
specific cell groups, or “founder regions.” These regions
are relatively few, each forming a territory within which
still more intricate developmental patterns unfold. As
these zones of undifferentiated tissue are established,
the unfolding genetic code drives them to develop into
their “preassigned” body tissues, organs, or other struc-
tures. Graphic representations of these regions are called
fate maps.

In the past, mosaic eggs and determinate cleavage
have been equated with spirally cleaving embryos, and
regulative ova and indeterminate cleavage with radially
cleaving embryos. However, surprisingly few actual
tests for determinacy have been performed, and what
evidence is available suggests that there are many ex-
ceptions to this generalization. That is, some embryos
with spiral cleavage appear indeterminate, and some
with radial cleavage appear determinate. Much more
work remains to be done on these matters, and for the
present the relationships among these features of early
development are questionable. (For additional informa-
tion see Costello and Henley 1976; Siewing 1980; and
Ivanova-Kazas 1982.)

In spite of the variations and exceptions, there is a re-
markable underlying consistency in the fates of blas-
tomeres among embryos that develop by typical spiral
cleavage. Many examples of these similarities are dis-
cussed in later chapters, but we illustrate the point by
noting that the germ layers of spirally cleaving embryos
tend to arise from the same groups of cells. The first
three quartets of micromeres and their derivatives give
rise to ectoderm (the outer germ layer), the 4a, 4b, 4c,
and 4Q cells to entoderm (the inner germ layer), and the
4d cell to mesoderm (the middle germ layer). Many stu-
dents of embryology view this uniformity of cell fates as
strong evidence that taxa sharing this pattern are related
to one another in some fundamental way and that they
share a common evolutionary heritage. We will have
much more to say about this idea throughout this book.

Blastula Types
The product of early cleavage is called the blastula,
which may be defined developmentally as the embry-
onic stage preceding the formation of embryonic germ
layers. Several types of blastulae are recognized among
invertebrates. Holoblastic cleavage generally results in
either a hollow or a solid ball of cells. A coeloblastula
(Figure 4.6A) is a hollow ball of cells, the wall of which
is usually one cell-layer thick. The space within the
sphere of cells is the blastocoel, or primary body cavity.
A stereoblastula (Figure 4.6B) is a solid ball of blas-
tomeres; obviously there is no blastocoel at this stage.
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Meroblastic cleavage sometimes results in a cap or disc
of cells at the animal pole over an uncleaved mass of
yolk. This arrangement is appropriately termed a dis-
coblastula (Figure 4.6C). Some centrolecithal ova under-
go odd cleavage patterns to form a periblastula, similar
in some respects to a coeloblastula that is centrally filled
with noncellular yolk (Figure 4.6D).

Gastrulation and Germ Layer Formation
Through one or more of several methods the blastula
develops toward a multilayered form, a process called
gastrulation (Figure 4.7). The structure of the blastula
dictates to some degree the nature of the process and the
form of the resulting embryo, the gastrula. Gastrulation
is the formation of the embryonic germ layers, the tis-
sues on which all subsequent development eventually
depends. In fact, we may view gastrulation as the em-
bryonic analogue of the transition from protozoan to
metazoan grades of complexity. It achieves separation
of those cells that must interact directly with the envi-
ronment (i.e., locomotor, sensory, and protective func-
tions) from those that process materials ingested from
the environment (i.e., nutritive functions).

The initial inner and outer sheets of cells are the ento-
derm and ectoderm, respectively; in most animals a third
germ layer, the mesoderm, is produced between the ecto-
derm and the entoderm. One striking example of the
unity among the Metazoa is the consistency of the fates of
these germ layers. For example, ectoderm always forms
the nervous system and the outer skin and its derivatives;

entoderm the main portion of the gut and associated
structures; and mesoderm the coelomic lining, the circu-
latory system, most of the internal support structures,
and the musculature. The process of gastrulation, then, is
a critical one in establishing the basic materials and their
locations for the building of the whole organism.

Coeloblastulae often gastrulate by invagination, a
process commonly used to illustrate gastrulation in gen-
eral zoology classes. The cells in one area of the surface
of the blastula (frequently at or near the vegetal pole)
pouch inward as a sac within the blastocoel (Figure
4.7A). These invaginated cells are now called the ento-
derm, and the sac thus formed is the embryonic gut, or
archenteron; the opening to the outside is the blasto-
pore. The outer cells are now called ectoderm, and a
double-layered hollow coelogastrula has been formed.
Note that the diagrams in Figure 4.7 represent 3-dimen-
sional embryos. Thus, the coelogastrula (Figure 4.7A)
actually resembles a balloon with a finger poking into it.

The coeloblastulae of many cnidarians undergo gas-
trulation processes that result in solid gastrulae (stereo-
gastrulae). Usually the cells of the blastula divide such
that the cleavage planes are perpendicular to the surface
of the embryo. Some of the cells detach from the wall
and migrate into the blastocoel, eventually filling it with
a solid mass of entoderm. This process is called ingres-
sion (Figure 4.7B) and may occur only at the vegetal
pole (unipolar ingression) or more or less over the
whole blastula (multipolar ingression). In a few in-
stances (e.g., certain hydroids), the cells of the blastula
divide with cleavage planes that are parallel to the sur-
face, a process called delamination (Figure 4.7C). This
process produces a layer or a solid mass of entoderm
surrounded by a layer of ectoderm.

Stereoblastulae that result from holoblastic cleavage
generally undergo gastrulation by epiboly. Because
there is no blastocoel into which the presumptive ento-
derm can migrate by any of the above methods, gastru-
lation involves a rapid growth of presumptive ectoderm
around the presumptive entoderm (Figure 4.7D). Cells
of the animal pole proliferate rapidly, growing down
and over the vegetal cells to enclose them as entoderm.
The archenteron typically forms secondarily as a space
within the developed entoderm.

Figure 4.7E illustrates gastrulation by involution, a
process that usually follows the formation of a dis-
coblastula. The cells around the edge of the disc divide
rapidly and grow beneath the disc, thus forming a dou-
ble-layered gastrula with ectoderm on the surface and
entoderm below. There are several other types of gastru-
lation, mostly variations or combinations of the above
processes. These gastrulation methods are discussed in
later chapters.

During the gastrulation process, subtle shifts in tim-
ing of the expression of regulatory gene products, the
timing of cell fate specification, or the movement of cells
can generate distinct developmental pathways. Such
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Figure 4.6 Types of blastulae. These diagrams represent
sections along the animal–vegetal axis. (A) Coeloblastula.
The blastomeres form a hollow sphere with a wall one cell
layer thick. (B) Stereoblastula. Cleavage results in a solid
ball of blastomeres. (C) Discoblastula. Cleavage has pro-
duced a cap of blastomeres that lies at the animal pole,
above a solid mass of yolk. (D) Periblastula. Blastomeres
form a single cell layer enclosing an inner yolky mass.
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developmental divergences may dramatically shift lar-
val or even adult formation in a lineage. For example, it
has been hypothesized that sea urchin larvae have
switched from planktotrophy to lecithotrophy at least 20
times in the history of this echinoderm clade. In the non-
feeding larvae, egg size is greater, cleavage is signifi-
cantly altered, and the larval life span is shorter.

Mesoderm and Body Cavities
Some time during or following gastrulation, a middle
layer forms between the ectoderm and the entoderm.

This middle layer may be derived from ectoderm, as it
is in members of the diploblastic phylum Cnidaria, or
from entoderm, as it is in members of the triploblastic
phyla. In the first case the middle layer is said to be ec-
tomesoderm, and in the latter case entomesoderm (or
“true mesoderm”). Thus, the triploblastic condition, by
definition, includes entomesoderm. In this text, and
most others, the term mesoderm in a general sense refers
to entomesoderm rather than ectomesoderm.

In diploblastic and certain triploblastic phyla (the
acoelomates), the middle layer does not form thin sheets
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of cells; rather it produces a more-or-less solid but loose-
ly organized mesenchyme consisting of a gel matrix
(the mesoglea) containing various cellular and fibrous
inclusions. In a few cases (e.g., the hydrozoans) a virtu-
ally noncellular mesoglea lies between the ectoderm
and entoderm (see Chapter 8).

In most animals, the area between the inner and
outer body layers includes a fluid-filled space. As dis-
cussed in Chapter 3, this space may be either a blasto-
coelom, which is a cavity not completely lined by meso-
derm, or a true coelom, which is a cavity fully enclosed
within thin sheets of mesodermally derived tissue.
Mesoderm generally originates in one of two basic
ways, as described below (Figure 4.8); modifications of
these processes are discussed in later chapters. In most
phyla that undergo spiral cleavage (e.g., flatworms, an-
nelids, and molluscs), a single micromere—the 4d cell,
called the mesentoblast—proliferates as mesoderm be-
tween the developing archenteron (entoderm) and the
body wall (ectoderm) (Figure 4.8A). The other cells of
the 4q (the 4a, 4b, and 4c cells) and the 4Q cells general-
ly contribute to entoderm. In some other taxa (e.g.,
echinoderms and chordates) the mesoderm arises from
the wall of the archenteron itself (that is, from pre-
formed entoderm), either as a solid sheet or as pouches
(Figure 4.8B).

In addition to giving rise to other structures (such as
the muscles of the gut and body wall), in coelomate 
animals mesoderm is intimately associated with the for-
mation of the body cavity. In those instances where
mesoderm is produced as solid masses derived from a
mesentoblast, the body cavity arises through a process
called schizocoely. Normally in such cases, bilaterally
paired packets of mesoderm gradually enlarge and hol-
low, eventually becoming thin-walled coelomic spaces
(Figure 4.9A,B). The number of such paired coeloms
varies among different animals and is frequently as-
sociated with segmentation, as it is in annelid worms
(Figure 4.9C).

The other general method of coelom formation is
called enterocoely; it accompanies the process of meso-
derm formation from the archenteron. In the most direct
sort of enterocoely, mesoderm production and coelom
formation are one and the same process. Figure 4.10A il-
lustrates this process, which is called archenteric pouch-
ing. A pouch or pouches form in the gut wall. Each
pouch eventually pinches off from the gut as a complete
coelomic compartment. The walls of these pouches are
defined as mesoderm. In some cases the mesoderm 
arises from the wall of the archenteron as a solid sheet or
plate that later becomes bilayered and hollow (Figure
4.10B). Some authors consider this process to be a form
of schizocoely (because of the “splitting” of the meso-
dermal plate), but it is in fact a modified form of entero-
coely. Enterocoely frequently results in a tripartite
arrangement of the body cavities, which are designated
protocoel, mesocoel, and metacoel (Figure 4.10C).
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Following germ tissue establishment, cells begin to
specialize and sort themselves out to form the organs
and tissues of the body—a poorly understood process
known as morphogenesis. Cell movements are an es-
sential part of morphogenesis. In addition, in order to
sculpt the organs and systems of the body, cells need to
know when to stop growing and even die. For example,
in nematode worms the vas deferens first develops with
a closed end; the cell that blocks the end of this tube
helps the vas deferens link up to the cloaca. But once the
connection has been made, this terminal cell dies, its
death creating the opening to the cloaca.

Recent research suggests that the same families of
molecules that guide the earliest stages of embryogen-
esis—setting up the elements of body patterning—also
play vital roles during morphogenesis. Communication
among adjacent cells is also critical to morphogenesis,
and there are two ways cells “talk” to one another dur-
ing this process. The first is via diffusible signaling mol-
ecules released from one cell and detected by the adja-
cent cell. These substances include hormones, growth

factors, and special substances
called morphogens. The second
method involves actual contact
between the surfaces of adjacent
cells. Cells selectively recognize
other cells, adhering to some and
migrating over others. Of all the
stages of ontogeny, we know least
about morphogenesis.

Life Cycles: Sequences
and Strategies

The patterns of early development described above are
not isolated sequences of events, but are related to the
mode of sexual reproduction, the presence or absence of
larval stages in the life cycle, and the ecology of the
adult. Efforts to classify various invertebrate life cycles
and to explain the evolutionary forces that gave rise to
them have produced a large number of publications and
a lot of controversy. Most of these studies concern ma-
rine invertebrates, on which we center our attention
first. We then present some comments on the special
adaptations of terrestrial and freshwater forms.

Classification of Life Cycles
Our discussion of life cycles focuses on sexually repro-
ducing animals. Sexual reproduction with some degree
of gamete dimorphism is nearly universal among eu-
karyotes. Male and female gametes may be produced
by the same individual (hermaphroditism, monoecy, or
cosexuality) or by separate individuals (dioecy or gono-
chory). Most terrestrial animals are dioecious, but her-
maphroditism is widespread among marine inverte-
brates (and among land plants). Mechanisms of sex
determination are diverse, but the most common in-
volve structurally distinct sex chromosomes, usually
male heterogametes, in which males carry X and Y sex
chromosomes and females are XX. With female het-
erogamy, females are ZW and males ZZ. There is typi-
cally little or no recombinational exchange between X
and Y chromosomes (or between Z and W) because
there is almost no genetic homology between the sex
chromosomes. Most of the Y (or W) chromosome is de-
void of functional gene loci, other than a few RNA
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genes and some genes required for male (or female) fer-
tility and sex determination. In any event, the fusion of
male and female gametes initiates the process of ontoge-
ny and a new cycle in the life history of the organism.

A number of classification schemes for life cycles
have been proposed over the past four decades (see 
papers by Thorson, Mileikovsky, Chia, Strathmann,
Jablonsky, Lutz, and McEdward). We have generalized
from the works of various authors and suggest that
most animals display some form of one of the three fol-
lowing basic patterns (Figure 4.11).

1. Indirect development. The life cycle includes free
spawning of gametes followed by the development
of a free larval stage (usually a swimming form),
which is distinctly different from the adult and must
undergo a more or less drastic metamorphosis to
reach the juvenile or young adult stage. In aquatic
groups, two basic larval types can be recognized.

a. Indirect development with planktotrophic larvae.
The larva survives primarily by feeding, usually
on plankton. (The feeding larvae of some deep-
sea species are demersal and feed on detrital
matter, never swimming very far off the bottom.)

b. Indirect development with lecithotrophic lar-
vae. The larva survives primarily on yolk sup-
plied to the egg by the mother.

2. Direct development. The life cycle does not include
a free larva. In these cases the embryos are cared for
by the parents in one way or another (generally by
brooding or encapsulation) until they emerge as
juveniles.

3. Mixed development. The life cycle involves brood-
ing or encapsulation of the embryos at early stages
of development and subsequent release of free
planktotrophic or lecithotrophic larvae. The initial
source of nutrition and protection is the adult.

Not every species can be conveniently categorized into
just one of the above developmental patterns. For exam-
ple, some species have free larvae that depend on yolk
for a time, but begin to feed once they develop the capa-
bility to do so. Some species actually display different
developmental strategies under different environmental
conditions—convincing evidence that embryogenies are
adaptable, evolutionarily plastic, and subject to selec-
tion pressures (as are adults).

These life cycle patterns provoke three basic questions.
First, how do these different sequences relate to other as-
pects of reproduction and development such as egg types
and mating or spawning activities? Second, how do the
overall developmental sequences relate to the survival
strategies of the adults? Third, what evolutionary mecha-
nisms are responsible for the patterns seen in any given
species? Given the large number of interacting factors to
be considered, these are very complex questions, and our
understanding is still incomplete. However, by first ex-
amining cases of direct and indirect development, we can
illustrate some of the principles that underlie their rela-
tionships to different ecological situations. Then we
briefly address some ideas about mixed development.

Indirect Development
Consider first a life cycle with planktotrophic larvae
(Figure 4.11A). The metabolic expense incurred on the

part of the adults involves only
the production and release of
gametes. Animals with fully in-
direct development generally
do not mate; instead, they shed
their eggs and sperm into the
water, thus divorcing the adults
from any further responsibility
of parental care. Such animals
typically undergo synchronous
(epidemic) broadcast spawn-
ing of very large numbers of ga-
metes, thereby ensuring some
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level of successful fertilization. This pattern of develop-
ment is relatively common in r-selected, opportunistic
marine species that are capable of rapid production of
high numbers of gametes.

The eggs are usually isolecithal and individually in-
expensive to produce. The cost—and it is a significant
one—to the parent is in the production of very high
numbers of eggs. Being supplied with little yolk, the
embryos must develop quickly into feeding larvae to
survive. Mortalities among the embryos and larvae are
extremely high and can result from a variety of factors,
including lack of food, predation, or adverse environ-
mental conditions. Each successful larva must accumu-
late enough nutrients from feeding to provide the ener-
gy necessary for immediate survival and for the
processes of settling and metamorphosis from larva to
juvenile or subadult. That is, they must feed to excess as
they prepare for a new lifestyle as a juvenile. Survival
rates from zygote to settled juvenile are often less than
one percent; such high mortalities are compensated for
by the initial high production of gametes. By the same
token, the mortalities compensate for this high production
of gametes—if all of these zygotes survived, Earth
would quickly be covered by the offspring of animals
with indirect development.

What are the advantages and limitations of such a life
history, and under what circumstances might it be suc-
cessful? This sort of planktotrophic development is
most common and largely predominates among benth-
ic marine invertebrates in relatively shallow water and
the intertidal zones of tropical and warm temperate
seas. Here the planktonic food sources are more consis-
tently available (although often in low concentration)
than they are in colder or deeper waters, thus reducing
the danger of starvation of the larvae. Such meroplank-
tonic life cycles allow animals to take advantage of two
distinct resources (plankton in the upper water column
as larvae; benthos and bottom plankton as adults). This
arrangement reduces or eliminates competition be-
tween larvae and adults. Indirect development also pro-
vides a mechanism for dispersal, a particularly signifi-
cant benefit to species that are sessile or sedentary as
adults. There is good evidence to suggest that animals
with free-swimming larvae are likely to recover more
quickly from damage to the adult population than those
engaging in direct development. A successful set of lar-
vae is a ready-made new population to replace lost
adults.

The disadvantages of planktotrophic development
result from the unpredictability of larval success. Ex-
cessive larval deaths can result in poor recruitment and
the possibility of invasion of suitable habitats by com-
petitors. Conversely, unusually high survival rates of
larvae can lead to overcrowding and intraspecific com-
petition upon settling.

Animals that produce fully lecithotrophic larvae
(Figure 4.11B) must produce yolky and thus more meta-

bolically expensive eggs. This built-in nutrient supply
releases the larvae from dependence on environmental
food supplies and generally results in reduced mortali-
ties. It is not surprising that these animals produce
somewhat fewer ova than those with planktotrophic
larvae. The eggs are either spawned directly into the
water or are fertilized internally and released as zy-
gotes. Again, the adults’ parental responsibility ends
with the release of gametes or zygotes into the environ-
ment. Although survival rates of lecithotrophic larvae
are generally higher than those of planktotrophic types,
they are low compared with those of embryos that un-
dergo direct development.

There is a tendency for marine invertebrates that live
in relatively deep benthic environments to produce
lecithotrophic larvae. Here some of the advantages of
indirect development are realized, but without depend-
ing on environmental food supplies and without sub-
jecting the larvae to the intense predation commonly en-
countered in surface water. The trade-off is clear: in
deeper water the trend is to produce fewer (more ex-
pensive) zygotes that have a higher survival rate than
planktotrophic larvae and an ability to survive where
planktotrophic larvae cannot.

Settling and Metamorphosis
Of particular importance to the successful completion of
life cycles with free larval stages, and thus to the perpet-
uation of such species, are the processes of settlement
and metamorphosis. Settling and metamorphosis are
crucial and dangerous times in an animal’s life cycle,
when the organism is changing habitats and lifestyles.
Typically, the free-swimming larva metamorphoses into
a benthic juvenile and must survive this transformation
in form and function as it adopts a new mode of life.
Throughout its free-swimming life the larva has been
“preparing” for these events, until it reaches a condition
in which it is physiologically capable of metamorphosis;
such a larva is then termed competent. The duration of
the free-swimming period varies greatly among inverte-
brate larvae and depends on factors such as original egg
size, yolk content, the availability of food for plankto-
trophic forms, various environmental factors (e.g., water
temperature), and locating a suitable substratum for set-
tlement.

Once a larva becomes competent, it generally begins
to respond to certain environmental cues that induce set-
tling behavior. Metamorphosis is often preceded by 
settling, although some species metamorphose prior to
settling and still others engage in both processes simul-
taneously. In any case, larvae typically become negative-
ly phototactic and/or positively geotactic and swim to-
ward the bottom. Once contact with a substratum is
made, a larva tests it to determine its suitability as a habi-
tat. This act of substratum selection may involve process-
ing physical, chemical, and biological information about
the immediate environment. A number of studies show

104 CHAPTER FOUR

UNCORRECTED PAGE PROOFS



that important factors include substratum texture, com-
position, and particle size; presence of conspecific adults
(or dominant competitors); presence of key chemical
cues; presence of appropriate food sources; and the na-
ture of bottom currents or turbulence. Many invertebrate
larvae touch down on the bottom for a few minutes, then
launch themselves back up into the current again and
again until a suitable substratum is found. Assuming an
appropriate situation is encountered, metamorphosis is
induced and proceeds to completion. Interestingly, some
feeding larvae are able to resume planktonic life and
postpone metamorphosis if they initially encounter an
unsuitable substratum. In such cases, however, the lar-
vae become gradually less selective; eventually, meta-
morphosis ensues regardless of the availability of a prop-
er substratum. The ability to prolong the larval period
until conditions are favorable for settlement has obvious
survival advantages, and invertebrates differ greatly in
this capability. Those that can postpone settlement may
do so by several hours, days, or even months (based on
laboratory experiments).

Direct Development
Direct development avoids some of the disadvantages
but misses some of the advantages of indirect develop-
ment. A typical scenario involves the production of rela-
tively few, very yolky eggs, followed by some sort of
mating activity and internal fertilization (Figure 4.11C).
The embryos receive prolonged parental care, either 
directly (by brooding in or on the parent’s body) or 
indirectly (by encapsulation in egg cases provided by
the parent). Animals that simply deposit their fertilized
eggs, either freely or in capsules, are said to be ovi-
parous. A great number of invertebrates as well as some
vertebrates (amphibians, many fishes, reptiles, and
birds) display oviparity. Animals that brood their em-
bryos internally and nourish them directly, such as pla-
cental mammals, are described as viviparous. Ovo-
viviparous animals brood their embryos internally but
rely on the yolk within the eggs to nourish their devel-
oping young. Most internally brooding invertebrates
are ovoviviparous.

The large, yolky eggs of most invertebrates with di-
rect development are metabolically expensive to pro-
duce. But even though only a few can be afforded, the
investment is protected and survival rates are relatively
high. The dangers of planktonic larval life and meta-
morphosis are avoided and the embryos eventually
hatch as juveniles. 

What sorts of environments and lifestyles might re-
sult in selection for such a developmental sequence? At
the risk of overgeneralizing, we can say that there is a
tendency for K-selected specialist species to display di-
rect development. Another situation in which direct de-
velopment occurs is when the adults have no dispersal
problems. We find, for example, that holoplanktonic
species with pelagic adults (e.g., arrow worms, phylum

Chaetognatha) often undergo direct development, ei-
ther by brooding or by producing floating egg cases. A
second situation is one in which critical environmen-
tal factors (e.g., food, temperature, water currents) are
highly variable or unpredictable. There is a trend among
benthic invertebrates to switch from planktotrophic in-
direct development to direct development at increasing-
ly higher latitudes. The relatively harsh conditions and
strongly seasonal occurrence of planktonic food sources
in polar and subpolar areas partially explain this ten-
dency.

In addition to avoiding some of the danger of larval
life, direct development has another distinct advantage.
The juveniles hatch in suitable habitats where the adults
brooded them or deposited the eggs in capsules. Thus,
there is a reasonable assurance of appropriate food
sources and other environmental factors for the young.

Mixed Development
As defined earlier, mixed life histories involve some pe-
riod of brooding prior to release of a free larval stage.
Costly, yolky zygotes are protected for some time and
then are released as larvae, exploiting the advantages of
dispersal. This developmental pattern is often ignored
when classifying life histories, but in fact it is wide-
spread and extremely popular among invertebrates
(e.g., in many gastropods, insects, crustaceans, sponges,
cnidarians, and a host of other groups). Some workers
view mixed development as either the “best” or the
“worst” of both worlds (i.e., fully indirect or direct).
Others suggest that such sequences are evolutionarily
unstable, and that local environmental pressures are dri-
ving them toward direct or indirect development (see
Caswell 1981 for a review). There are, however, other
possible explanations. It may very well be that under
some environmental situations a brooding period fol-
lowed by a larval phase is adaptive and stable.

Furthermore, there is evidence that at least some
species show a sort of built-in variability in the relative
lengths of time the embryo exists in a brooded versus a
free larval phase. If this variability responds to local en-
vironmental pressures, then clearly such a species might
adapt quickly to changing conditions, or even exploit
this ability by extending its geographic range to live
under a variety of settings. In this regard, mixed life his-
tories are an area deserving of further investigation.

Our short description of life history strategies certain-
ly does not explain all observable patterns in nature.
The historical and evolutionary forces acting on inverte-
brates (and their larvae) are highly complex. For exam-
ple, larvae are subject to all manner of oceanographic
variables (e.g., diffusion, lateral and vertical transport,
sea floor topography, storms) as well as their self-direct-
ed vertical movements, seasonality, and biotic factors
(predators, prey, competition, nutrient availability). Life
history predictions based strictly on environmental con-
ditions do not always hold true. Invertebrates living in
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the deep sea and at the poles do not always brood (as
once thought). We now know that all life history strate-
gies occur in these regions, and many deep-sea and
polar species release free-swimming larvae, and even
planktotrophic larvae. Even some invertebrates of deep-
sea hydrothermal vent communities produce free-swim-
ming larvae. In many cases, this may be due to evolu-
tionary constraints: vent gastropods, for example,
belong to lineages that are almost strictly lecithotrophic,
regardless of latitude or habitat. Thus, vent gastropods
are apparently constrained by their phylogenetic histo-
ries. Other vent species that release free larvae, however,
are not so constrained: mytilid bivalves, for example,
possess a wide range of reproductive modes, and tend
to release planktotrophic larvae in deep-sea and vent
environments. Furthermore, reproductive cycles in
many abyssal invertebrates appear to be seasonal, per-
haps cued by annual variations in surface water pro-
ductivity. There is still much to be learned. 

Adaptations to Land and Fresh Water
The foregoing account of life cycle strategies applies
largely to marine invertebrates. Many invertebrates,
however, have invaded land or fresh water, and their
success in these habitats requires not only adaptation of
the adults to special problems, but also adaptation of the
developmental forms. As discussed in Chapter 1, terres-
trial and freshwater environments are more rigorous
and unstable than the sea, and they are generally un-
suitable for reproductive strategies that involve free
spawning of gametes or the production of delicate lar-
val forms. Most groups of terrestrial and freshwater in-
vertebrates have adopted internal fertilization followed
by direct development, while their marine counterparts
often produce free-swimming larvae. A notable excep-
tion is the insects, many of which have evolved elabo-
rate mixed development life histories. In these cases, the
larvae are highly adapted to their freshwater or aerial
environment and almost certainly evolved as secondary
features rather than from any marine larval ancestor.

Parasite Life Cycles
There is no doubting the success of parasitism as a
lifestyle. Most parasites have rather complicated life cy-
cles, and specific examples are given in later chapters.
At this point, however, we can view the situation in a
general way and examine the strategies of parasitism in
terms of parasite life cycles, at the same time introduc-
ing some basic terminology.

As outlined in Chapter 1, parasites may be classed as
ectoparasites (living upon the host), endoparasites (liv-
ing internally, within the host), or mesoparasites (living
in some cavity of the host that opens directly to the out-
side, such as the oral, nasal, anal, or gill cavities). While
associated with a host, an adult parasite engages in sex-
ual reproduction, but the eggs or embryos are usually
released to the outside via some avenue through the

host’s body. The problems at this point are very similar
to those encountered during indirect development:
some mechanism(s) must be provided to ensure ade-
quate survival through the developmental stages, and
the sequence of events must bring the parasite back to
an appropriate host (the proper “substratum”) for mat-
uration and reproduction. Many parasites are also par-
thenogenetic.

Parasites exploit at least two different habitats in their
life cycles. This practice is essential because their hosts
eventually die. Thus, the developmental period from
zygote to adult parasite involves either the invasion of
another host species or a free-living period. When more
than one host species is utilized for the completion of
the life cycle, the organism harboring the adult parasite
is called the primary or definitive host, and those hosts
in which any developmental or larval forms reside are
called intermediate hosts. The completion of such a
complex life cycle often requires elaborate methods of
transfer from one host to the other, and of surviving the
changes from one habitat to another. Losses are high,
and it is common to find life cycle stages that compen-
sate by engaging in periods of rapid asexual reproduc-
tion in addition to the sexual activities of the adult.

Thus, we find that many parasites enjoy some of the
benefits of indirect development (e.g., dispersal and ex-
ploitation of multiple resources) while being subjected
to accompanying high mortalities and the dangers of
very specialized lifestyles.

We emphasize again that the above discussions of life
cycles are generalities to which there are many excep-
tions. But given these basic patterns, you should recog-
nize and appreciate the adaptive significance of life 
history patterns of the different invertebrate groups dis-
cussed later. You might also be able to predict the sorts
of sequences that would be likely to occur under differ-
ent conditions. For example, given a situation in which
a particular species is known to produce very high
numbers of free-spawned, isolecithal ova, what might
you predict about cleavage pattern, blastula and gastru-
la type, presence or absence of a larval stage, type of
larva, adult lifestyle, and ecological settings in which
such a sequence would be advantageous? We hope you
will develop the habit of asking these kinds of questions
and thinking in this way about all aspects of your study
of invertebrates. 

The Relationships between
Ontogeny and Phylogeny
Of the many fields of study from which we draw infor-
mation used in phylogenetic investigations, embryolo-
gy has been one of the most important. The construction
of phylogenies may be accomplished and subsequently
tested by several different methods (see Chapter 2). But
regardless of method, one of the principal problems of

106 CHAPTER FOUR

UNCORRECTED PAGE PROOFS



phylogeny reconstruction—in fact, central to the
process—is separating true homologies from similar
character traits that are the result of evolutionary con-
vergence. Even when these problems involve compara-
tive adult morphology, one must often seek answers in
studies of the development of the organisms and struc-
tures in questions. The search is for developmental
processes or structures that are homologues and thus
demonstrate relationships between ancestors and de-
scendants. Changes that take place in developmental
stages are not trivial evolutionary events. It has been ef-
fectively argued that developmental phenomena may
themselves provide the evolutionary mechanisms by
which entire new lineages originated (see Chapter 1). As
Stephen Jay Gould (1977) has noted,

Evolution is strongly constrained by the conservative
nature of embryological programs. Nothing in biology
is more complex than the production of an adult . . .
from a single fertilized ovum. Nothing much can be
changed very radically without discombobulating the
embryo.

Indeed, the persistence of distinctive body plans
throughout the history of life is testimony to the resis-
tance to change of complex developmental programs.
(See Hall 1996 for an excellent analysis of these issues.)

Although few workers would argue against a signif-
icant relationship between ontogeny and phylogeny, the
exact nature and extent of the relationship have histori-
cally been subjects of considerable controversy, a good
deal of which continues today. (Gould 1977 presents a
fine analysis of these debates.) Central to much of the
controversy is the concept of recapitulation.

The Concept of Recapitulation
In 1866 Ernst Haeckel, a physician who found a higher
calling in zoology and never practiced medicine, intro-
duced his law of recapitulation (or the biogenetic law),
most commonly stated as “ontogeny recapitulates phy-
logeny.” Haeckel suggested that a species’ embryonic
development (ontogeny) reflects the adult forms of that
species’ evolutionary history (phylogeny). According to
Haeckel, this was no accident, but a result of the mecha-
nistic relationship between the two processes: phylogen-
esis is the actual cause of embryogeny. Restated, animals
have an embryogeny because of their evolutionary histo-
ry. Evolutionary change over time has resulted in a con-
tinual adding on of morphological stages to the devel-
opmental process of organisms. The implications of
Haeckel’s proposal are immense. Among other things, it
means that to trace the phylogeny of an animal, one
need only examine its development to find therein a se-
quential or “chronological” parade of the animal’s adult
ancestors.

Ideas and disagreement concerning the relationship
between ontogeny and phylogeny were by no means
new even at Haeckel’s time. Over 2,000 years ago
Aristotle described a sequence of “souls” or “essences”

of increasing quality and complexity through which ani-
mals pass in their development. He related these condi-
tions to the adult “souls” of various lower and higher or-
ganisms, a notion suggestive of a type of recapitulation.

Descriptive embryology flourished in the nineteenth
century, stimulating vigorous controversy regarding the
relationship between development and evolution.
Many of the leading developmental biologists of the
time were in the thick of things, each proposing his own
explanation (Meckel 1811; Serres 1824; von Baer 1828;
and others). It was Haeckel, however, who really stirred
the pot with his discourse on the “law” of recapitula-
tion. He offered a focal point around which biologists
argued pro or con for 50 years; sporadic skirmishes still
erupt periodically. Walter Garstang critically examined
the biogenetic law and gave us a different line of think-
ing. His ideas, presented in 1922, are reflected in many
of his poems (published posthumously in 1951). Gar-
stang made clear what a number of other biologists had
suggested: that evolution must be viewed not as a suc-
cession of ancestral adult forms, but as a succession of
ontogenies. Each animal is a result of its own develop-
mental processes, and any change in an adult must rep-
resent a change in its ontogeny. So what we see in the
embryogeny of a particular species are not tiny replicas
of its adult ancestors, but rather an evolved pattern of
development in which clues or traces of ancestral onto-
genies, and thus phylogenetic relationships to other or-
ganisms, may be found.

Arguments over these matters did not end with
Garstang, and they continue today in many quarters. In
general, we tend to agree with the approach (if not all of
the details) of Gosta Jägersten in Evolution of the Meta-
zoan Life Cycle (1972). Recapitulation per se should not
categorically be accepted or dismissed as an “always”
or “never” phenomenon. The term must be clearly de-
fined in each case investigated, not locked in to
Haeckel’s original definition and implications. For in-
stance, similar, distinctive, homologous larval types
within a group of animals reflect some degree of shared
ancestry (e.g., crustacean nauplii or molluscan veligers).
And we may speculate on such matters at various taxo-
nomic levels, even when the adults are quite different
from one another (e.g., the similar trochophore larvae of
polychaetes, molluscs, and sipunculans). These phe-
nomena may be viewed as developmental evidence of
relatedness through shared ancestry, and thus they are
examples of  “recapitulation” in a broad sense.

Jägersten’s example of vertebrate gill slits is particu-
larly appropriate because, to him, it provides a case in
which Haeckel’s strict concept of recapitulation is mani-
fest. In writing of this feature Jägersten (1972) stated,

The fact remains . . . that character which once existed
in the adults of the ancestors but was lost in the adults
of the descendants is retained in an easily recognizable
shape in the embryogenesis of the latter. This is my
interpretation of recapitulation (the biogenetic ‘law’).
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Hyman (1940) perhaps put it most reasonably when she
wrote,

Recapitulation in its narrow Haeckelian sense, as rep-
etition of adult ancestors, is not generally applicable;
but ancestral resemblance during ontogeny is a gen-
eral biological principle. There is no need to quibble
over the word recapitulation; either the usage of the
word should be altered to include any type of ances-
tral reminiscence during ontogeny, or some new term
should be invented.

Other authors, however, are not comfortable with such
flexibility and have made great efforts to categorize and
define the various possible relationships between on-
togeny and phylogeny, of which strict recapitulation is
considered only one (see especially Chapter 7 of Gould
1977). Although much of this material is beyond the
scope of this book, we discuss a few commonly used
terms here because they bear on topics in later chapters.
We have drawn on a number of sources cited in this
chapter to mix freely with our own ideas in explaining
these concepts.

Heterochrony and Paedomorphosis
When comparing two ontogenies, one often finds that
some feature or set of features appears either earlier or
later in one sequence than in the other. Such temporal
displacement is called heterochrony. When comparing
suspected ancestral and descendant embryogenies, for
example, one may find the very rapid (accelerated) de-
velopment of a particular feature and thus its relatively
early appearance in the descendant species or lineage.
Conversely, the development of some trait may be slow-
er (retarded) in the descendant than in the ancestor and
thus appear later in the descendant’s ontogeny. This re-
tardation may be so pronounced that a structure may
never develop to more than a rudiment of its ancestral
condition. For excellent reviews of heterochrony and its
impact on phylogeny see Gould (1977) and McKinney
and McNamara (1991).

Particular types of heterochrony result in a condition
known as paedomorphosis, wherein sexually mature
adults possess features characteristically found in early
developmental stages of related forms (i.e., juvenile or
larval features). Paedomorphosis results when the re-
productive structures develop before completion of the
development of all the nonreproductive (somatic) struc-
tures. Thus, we find a reproductively functional animal
retaining what in the ancestor were certain embryonic,
larval, or juvenile characteristics. This condition can re-
sult from two different heterochronic processes. These
are neoteny, in which somatic development is retarded,
and paedogenesis, in which reproductive development
is accelerated. These two terms are frequently used in-
terchangeably; certainly it is not always possible to
know which process has given rise to a particular pae-
domorphic condition. Recognition of paedomorphosis
may play a significant role in examining phylogenetic
hypotheses concerning the origins of certain taxa. For

example, the evolution of precocious sexual maturation
of a planktonic larval stage (that would “normally” con-
tinue developing to a benthic adult) might result in a
new diverging lineage in which the descendants pursue
a fully pelagic existence. Such a scenario, for example,
may have been responsible for the origin of the crus-
tacean subclass Maxillopoda (see Chapter 18). In a dif-
ferent lineage, paedomorphosis plays a major role in
certain theories about the origin of the vertebrates.

Myriad questions about the role of embryogenesis in
evolution and the usefulness of embryology in con-
structing and testing phylogenies persist. As the follow-
ing accounts show, different authors continue to hold a
variety of opinions about these matters.

Origins of Major Groups of Metazoa
One theme we develop throughout this book is the evo-
lutionary relationships within and among the inverte-
brate taxa. Life has probably existed on this planet for
nearly 4 billion years; humans have been observing it
scientifically for only a few hundred years, and evolu-
tionarily for only about 150 years. Thus, the thread of
evolutionary continuity we actually see around us
today may look much like frazzled ends, representing
the legions of successful animals that survive today. It is
only through conjecture, study, inference, and the test-
ing of hypotheses that we are able to trace phylogenetic
strands back in time, joining them at various points to
produce hypothetical pathways of evolution. We do not
operate blindly in this process, but use rigorous scientif-
ic methodology to draw upon information from many
disciplines in attempts to make our evolutionary hy-
potheses meaningful and (we hope) increasingly closer
to the truth—to the actual history of life on Earth.

In Chapter 1 we briefly reviewed the history of life on
Earth, as inferred from the fossil record. In Chapter 24
we present a phylogenetic analysis of the animal phyla
based on living animal taxa. However, many workers
have not been satisfied to develop phylogenetic analy-
ses based solely upon known (extant and extinct) ani-
mal phyla, but have felt compelled to speculate on hy-
pothetical ancestors that might have occurred along the
evolutionary road to modern life. A variety of evolu-
tionary stories have been proposed to describe these se-
quences of hypothetical metazoan ancestors. We discuss
some of these below, and some key works are cited in
the references at the end of this chapter and Chapter 24.
Our goal in this section is to introduce the reader only to
the major ideas concerning the origins of metazoan
grades. We reserve our discussion of the origins of spe-
cific taxa for later chapters.

Origin of the Metazoa
The origin of the metazoan condition has received con-
siderable attention for more than a century. One of the
most spectacular phenomenon in the fossil record is the
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abrupt appearance and diversification of nearly all of
the metazoan phyla living today in a brief span of 30
million years, at the Precambrian–Cambrian transition
(approximately 570–600 million years ago). There is lit-
tle doubt that animals—the Metazoa—arose as a mono-
phyletic group from a protist ancestor, perhaps 700 mil-
lion years ago or earlier (see Chapter 1). The debates
concern which protist group was ancestral to the first
Metazoa, what these first animals were like, what envi-
ronments they inhabited, and how the changes from
unicellularity to multicellularity took place. Historically,
the two hypotheses that have enjoyed most support are
usually referred to as the syncytial theory and the colo-
nial theory.

The syncytial theory was consolidated in the 1950s
and 1960s by J. Hadzi and E. D. Hanson who suggested
that the metazoan ancestor was a multinucleate, bilater-
ally symmetrical, ciliated protist that assumed a benthic
lifestyle, crawling about on the bottom with its oral
groove directed toward the substratum. In a major evo-
lutionary step, the surface nuclei became partitioned off
from one another by the formation of cell membranes,
producing a cellular epidermis surrounding an inner
syncytial mass. The result of this and other changes was
an acoel flatworm-like creature (phylum Platyhel-
minthes). Figure 4.12 illustrates the steps in this ciliate-
to-acoel hypothesis. It is important to note that the cellu-
lar nature of the acoel inner mass is a relatively recent
discovery. It had been previously believed to be syncy-
tial, and we can forgive Hadzi and company for relying
in part on that widespread misconception.

The principal arguments in support of the syncytial
theory rest upon certain similarities between modern
ciliates and acoel flatworms: size (large ciliates can actu-
ally exceed small acoels in size), shape, symmetry,
mouth location, and surface ciliation. Most of the objec-
tions to this hypothesis concern developmental matters
and differences in general levels of adult complexity.
Like all flatworms, acoels undergo a complex embryon-
ic development; nothing of this sort occurs in ciliates.
And, of course, their innards are cellular, not syncytial.
In addition, recent work suggests that the acoels are
probably not the most primitive flatworms (see Chapter
10). The syncytial theory suggests that the flatworms
(acoelomate triploblastic bilateria) were the first and
thus the ancestral Metazoa, leaving us to somehow de-
rive from them the seemingly more primitive cnidarians
and ctenophores, as well as more advanced groups. The
syncytial theory enjoys little support today.

The colonial theory is based upon ideas first ex-
pressed by Ernst Haeckel (1874), who suggested that a
colonial flagellated protist gave rise to a planuloid meta-
zoan ancestor (the planula is the basic larval type of
cnidarians; see Chapter 8). The ancestral protist in this
theory was a hollow sphere of flagellated cells that de-
veloped some degree of anterior–posterior locomotor
orientation, and also evolved some level of specializa-
tion of cells into separate somatic and reproductive

functions. As we explain in Chapter 5, such conditions
are common in living colonial protists. Haeckel called
this hypothetical protometazoan ancestor the blastea
and supported its validity by noting the widespread oc-
currence of coeloblastulae among modern animals. In
this scenario, the first Metazoa arose by invagination of
the blastea; the resulting animals had a double-layered,
gastrula-like body (Haeckel’s gastrea) with a blasto-
pore-like opening to the outside (Figure 4.13B) similar to
the gastrulae of many modern animals. Haeckel be-
lieved that these ancestral creatures (the blastea and gas-
trea) were recapitulated in the ontogeny of modern ani-
mals, and the gastrea was viewed as the metazoan
precursor to the cnidarians. In addition, the colonial the-
ory has been supported by the argument that the body
walls of many lower animals (e.g., members of the
phyla Porifera and Cnidaria) bear monoflagellated or
monociliated cells.

Haeckel’s original ideas have been modified over the
years by various authors investigating a colonial protist
ancestry to the metazoan condition (Metschnikoff 1883;
Hyman 1940). Some have argued that the transition to a
layered construction occurred by ingression rather than
by invagination, and that the original Metazoa were
solid, not hollow (Figure 4.13C). This idea is based in
large part on the view that ingression is the primitive
form of gastrulation among cnidarians.
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Figure 4.12 The syncytial theory. Schematic representa-
tion of the hypothetical transition from a multinucleate,
ciliated protist to an acoel-like flatworm. (A) A ciliated pro-
tist. (B) The hypothetical metazoan precursor (sagittal sec-
tion) as it assumed a benthic, crawling lifestyle and devel-
oped a ventral mouth and simple pharynx. 
(C) The hypothetical metazoan precursor (sagittal section)
after it achieved the acoel grade via cellularization of the
epidermis, which surrounded a syncytial entodermis.
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For some reason, people tend to search among liv-
ing creatures for possible ancestral types and “missing
links.” When attempting to support the colonial theory
(particularly Haeckel’s blastea) in this way, investigators
long considered the volvocines (freshwater, colonial,
photosynthetic flagellates such as Volvox; see Figure
4.15A) to be the most likely candidates. Consequently,
most of the arguments against the colonial theory have
dealt with the implied plantlike nature and freshwater
habitat of the presumed ancestor.

An interesting offshoot of the colonial theory was
presented by Otto Bütschli in 1883. He suggested that
the primitive metazoan was a bilaterally symmetrical
flattened creature of two layers of cells; he called this hy-
pothetical animal a plakula. According to Bütschli, the
plakula crawled about ingesting food through its “ven-
tral” cell layer. Eventually the animal became somewhat
hollow by the separation of its dorsal and ventral cell
layers; this development allowed an invagination of the
nutritive cells (Figure 4.14). This formation of a “gut”
chamber increased the digestive surface area and at the
same time produced inner and outer cell layers, an
arrangement approaching the metazoan grade of com-
plexity. As we will soon see, this old idea has been revi-
talized and may have some merit. In any case, the evi-
dence is strong that the Metazoa had their origin in a
flagella-bearing protist.

Most evidence today points to the protist phylum
Choanoflagellata as the likely ancestral group from
which the Metazoa arose. Choanoflagellates possess col-
lar cells essentially identical to those found in sponges.
Genera such as Proterospongia, Sphaeroeca, and others are
animal-like colonial choanoflagellates (Figure 4.15C,D)
and are commonly cited as typifying a potential meta-
zoan precursor.

Among all of the ideas concerning the evolutionary
origin of the metazoan condition, there exists a common
problem: the search for intermediates between the

Protista and Metazoa. Some authors have chosen to de-
sign logical but hypothetical forms of life for this pur-
pose, while others rummage among extant types, argu-
ing the advantages of using “real” organisms. Even
though it is very probable that the actual precursor of
the Metazoa long ago joined the ranks of the extinct, the
presence of modern-day forms that somewhat combine
protist and metazoan traits keeps debate alive. These or-
ganisms include not only various multinucleate ciliates
and the colonial Volvox, but also several other protists
and some enigmatic little multicellular animals of un-
certain position. Figure 4.15 illustrates some of these
creatures for comparative purposes.
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Figure 4.13 Two versions of
the colonial theory of the origin of
the Metazoa. (A) The hypothetical
colonial flagellate ancestor,
Haeckel’s “blastea” (section). (B)
According to Haeckel, the transi-
tion to a multicellular condition
occurred by invagination, a devel-
opmental process that resulted in
a hollow “gastrea.” (C) According
to Metschnikoff, the formation of
a solid “gastrea” occurred by
ingression. 

Figure 4.14 Otto Bütschli’s hypothetical plakula and its
transformation to a metazoan “gastrea” by invagination of
a digestive chamber. 
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About a century ago a tiny, flagellated, but multicellu-
lar creature was discovered in a marine aquarium. This
animal, named Trichoplax adhaerens, was placed in its
own phylum, the Placozoa (see Chapter 7 and papers by
Grell). For many years, Trichoplax was thought to be a
larval stage of some invertebrate, but workers are now
convinced that it is an adult of uncertain affinity at the
mesozoan grade of construction. Trichoplax has an outer,
partly flagellated epithelium surrounding an inner mes-
enchymal cell mass. Its body margins are irregular, and it
changes shape like an ameba. There is definitely some
division of labor among various cells and areas of the
body. When feeding, Trichoplax “hunches up” to form a
temporary digestive chamber on its underside (Figure
4.15E)—producing a form strikingly similar to Bütschli’s
hypothetical plakula. Through discoveries of such real
animals, hypothetical creatures gain credence. Trichoplax
may represent the most primitive of all living Metazoa
and perhaps even be a conservative descendant line of
the ancestral metazoan type.

In 1892, J. Frenzel described a tiny organism report-
edly collected from salt beds in Argentina. He named
this mesozoan animal Salinella (Figure 4.15F). Although
Salinella does not possess the layered construction of the
Metazoa, it appears to display a higher level of function-
al organization than colonial protists. A single layer of
cells forms the entire body wall and separates the diges-
tive cavity from the outside. The digestive cavity was
described as open at both ends as a mouth and anus,
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Figure 4.15 Living organisms that have been considered
as protist–metazoan intermediates or that play major roles
in various hypotheses concerning the origin of the meta-
zoan condition. (A) Volvox, a colonial flagellate. (B) A multi-
nucleate ciliate (Paramecium). (C,D) Sphaeroeca volvox
and Proterospongia, two choanoflagellates. (E) Trichoplax. 
(F) Salinella. (G) A dycyemid rhombozoan. (H) An orthonectid.
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and the animal fed on organic detritus. The phylum
name Monoblastozoa has been proposed for this odd
animal. Sadly, Salinella has not been seen since Frenzel’s
original report, and many zoologists now suspect that
Frenzel seriously misinterpreted whatever creature he
saw.

Finally, we mention briefly two other so-called meso-
zoan phyla, Rhomboza and Orthonectida (Figure 4.15
G,H). These animals are structurally rather simple but
display complicated life cycles; they are all endopara-
sites of invertebrates. Some workers think they are de-
rived from another group (or groups) of Metazoa, per-
haps from parasitic trematodes (flukes), which undergo
similarly complex life cycles. Other authors suggest that
they are primitively simple and thus may have been de-
rived from early metazoan or premetazoan stock.

Origin of the Bilateral Condition
We discussed the functional significance of bilaterality
briefly in Chapter 3. The evolution of an anterior–poste-
rior body axis, unidirectional movement, and cephaliza-
tion almost certainly coevolved to some degree, and
probably coincided with the invasion of benthic envi-
ronments and the development of creeping locomotion.
Furthermore, it is likely that the origin of the triploblas-
tic condition took place soon after the appearance of the
first bilateral forms. At least, bilaterality and triploblasty
generally occur together in modern-day invertebrates.

There are several ideas concerning the origin of bilat-
eral symmetry within the Metazoa. If one accepts
Hadzi’s syncytial theory or Bütschli’s plakula, then the
problem is already solved, since bilaterality would char-
acterize the first Metazoa. On the other hand, supporters
of the colonial theory generally assume that the first bi-
lateral animals arose from a gastrula-like ancestor, pre-
sumably one with spherical or radial symmetry, or its
planuloid descendant. Jägersten suggested that the

blastea took up a benthic lifestyle, invaginated, and then
assumed bilaterality. In this scenario, the first metazoon
was a bilaterally symmetrical gastrea (Jägersten’s bi-
laterogastrea) from which all other major groups arose.
This idea, and many others, can be found in Jägersten’s
works (1955, 1959, 1972).

Figures 4.16 and 4.17 illustrate two evolutionary
schemes that show the implications of some of the ideas
discussed above. Most proposed animal phylogenies
are based on the widely held view that two major
phyletic lines arose during the evolution of bilateral
symmetry and the triploblastic condition, particularly
among the coelomate animals (Figure 4.18). All coelo-
mate animals (including those that have secondarily lost
the coelom) can be placed along one or the other of
these lineages, although some fit much more conve-
niently than others. Animals on these two evolutionary
lines are called the protostomes and the deuterostomes
and are distinguished from one another on the basis of
several relatively consistent differences in development
(Box 4A).

Origin of the Coelomic Condition
No less controversial than the origin of the metazoan
condition is the evolutionary appearance of the coelom.
The various hypotheses concerning this matter are sum-
marized in R. B. Clark’s fine book Dynamics in Metazoan
Evolution (1964). Clark’s personal approach is a func-
tional one that emphasizes the adaptive significance of
the coelom as the central criterion for evaluating ideas
concerning its origin.

When early soft-bodied, bilaterally symmetrical ani-
mals larger than a few millimeters or so assumed a ben-

112 CHAPTER FOUR

Figure 4.16 Scheme of possible metazoan relationships
based on a ciliate ancestor and the syncitial theory.

Figure 4.17 Scheme of possible metazoan relationships
based on a colonial flagellate ancestor and the colonial
theory.
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Figure 4.18 A commonly
depicted evolutionary scheme
of the Metazoa, showing
some of the lineages from
which major phyla and
groups of phyla may have
evolved.

BOX 4A Protostomes and Deuterostomes
Developmental differences between protostomes and deuterostomes, and some representative phyla. 

PROTOSTOMES DEUTEROSTOMES

Spiral cleavage Radial cleavage

Blastopore becomes mouth Blastopore does not become mouth (often 
becomes the anus)

Nerve cords of central nervous system ventral Nerve cords of central nervous system not ventral

Mesoderm derived from mesentoblast (usually the 4d cell) Mesoderm arises from wall of archenteron

Subepidermal musculature derived, at least in part, Sheets of subepidermal muscles derived, at least in part,
from 4d mesoderm from archenteric mesoderm

Schizocoelous coelom formation Enterocoelous coelom formation

Embryogeny results in adult coeloms as a single pair or Embryogenesis results in tripartite arrangement of 
metamerically arranged pairs, or adult coelom reduced body cavities (protocoel, mesocoel, and metacoel), 

except in phylum Chordata

Examples: Nemertea, Sipuncula, Echiura, Annelida,  Examples: Echinodermata, Hemichordata, Chordata
Onychophora, Arthropoda, Mollusca

Note:  Some authors regard the acoelomate flatworms (Platyhelminthes) as protostomes 
because they show all the developmental traits of the latter, except they do not possess a coelom, 
do not have a circumenteric nervous system, and lack an anus.

thic, crawling, or burrowing lifestyle, a fluid (hydrostat-
ic) skeleton was essential for certain types of movement.
The evolution of a body cavity filled with fluid against
which muscles could operate would have offered a

trementous locomotor advantage in addition to provid-
ing a circulatory medium and space for organ develop-
ment. How might such spaces have originated?

Most of the ideas concerning the evolutionary origin
of the coelom were developed from the mid-nineteenth
to early twentieth century, during the heyday of com-
parative embryology. Most of these hypotheses shared
the premise of monophyly—that the coelomic condition
arose only once. The inherent problem with a mono-
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phyletic approach is the difficulty of relating existing
coelomate animals to a single common coelomate ances-
tor. Considering the advantages of possessing a coelom,
the very different methods of embryonic development
(schizocoely and various forms of enterocoely), and the
variety of adult coelomic bauplans, it is more biological-
ly reasonable to suggest that the coelomic condition
arose twice. There are several currently debated ideas
about how this might have happened, and a number of
others have mostly been discarded as being incompati-
ble with existing evidence or with our standard defini-
tion of the coelom.

The coelom may have originated by the pinching off
and isolation of embryonic gut diverticula as occurs in
the development of many extant enterocoelous animals
(Figure 4.19). This so-called enterocoel theory (in sever-
al versions) has enjoyed relatively strong support by
many authors since it was originally proposed by
Lankester in 1877 (e.g., Lang 1881; Sedgwick 1884;
Masterman 1897; Hubrecht 1904; Jägersten 1955). An
obvious point in favor of this general idea is that entero-
coely does occur in many living animals, thus retaining
the hypothetical ancestral process. In addition, various
authors cite examples of noncoelomate animals (antho-
zoans and turbellarian flatworms) in which gut divertic-
ula exist in arrangements that resemble possible ances-
tral patterns.

Another popular idea concerning coelom origin is
the gonocoel theory (Bergh 1885; Hatschek 1877, 1878;
Meyer 1890, 1901; Goodrich 1946). This hypothesis sug-
gests that the first coelomic spaces arose by way of
mesodermally derived gonadal cavities that persisted
subsequent to the release of gametes (Figure 4.20). The
serial arrangement of gonads, as seen in animals such as
flatworms and nemerteans, could have resulted in seri-
ally arranged coelomic spaces and linings such as oc-
curs in annelids, where (at least primitively) they still
produce and store gametes. A major argument against
this hypotheses is the fact that in no modern-day coelo-
mate animals do gonads develop before coelomic spaces.
As we have seen, however, heterochrony can account
for such turnabouts.

Another idea on coelom origin is called the nephro-
coel theory (Lankester 1874; Ziegler 1898, 1912; Faussek
1899, 1911; Snodgrass 1938). The association between
the coelom and excretion has prompted different ver-
sions of this hypothesis through about 75 years of mod-
erate support. One idea is that the protonephridia of
flatworms expanded to coelomic cavities, arguing that
the coelom first arose from ectodermally derived struc-
tures. Another view is that coelomic spaces arose as cav-
ities within the mesoderm and served as storage areas
for waste products. Certainly the coelomic cavities of
many animals are related to excretory functions, but
there is no convincing evidence that this relationship
was the primary selective force in the origin of the
coelomate condition.

Clark (1964) speculated that schizocoely as we know
it today could have evolved by the formation of spaces
within the solid mesoderm of acoelomate animals and
then have been retained in response to the positive se-
lection for the resulting hydrostatic skeleton. This is a
very straightforward and parsimonious view, in part be-
cause, like the enterocoel theory, it accommodates a real
developmental process.

As we mentioned earlier, these hypotheses share the
fundamental constraint of arguing a monophyletic ori-
gin to all coelomate animals. The basic developmental
differences between the two clades of coelomate ani-
mals (the protostomes and the deuterostomes) suggest
that the coelom may have arisen separately in these two
lineages; we explore this further in Chapter 24. Given
the strong similarities between the coelomate proto-
stomes and acoelomate flatworms and nemerteans, it is
easy to envision the protostome clade arising from a
triploblastic acoelomate ancestor. Hollowing of the
mesoderm in such a precursor to produce fluid-filled
hydrostatic spaces can be easily explained both devel-
opmentally (modern-day schizocoely) and functionally
(peristaltic burrowing, increased size, and so on). On the
other hand, schizocoely and the origin of mesoderm in
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Figure 4.19 Jägersten’s bilaterogastrea theory, accord-
ing to which the coelomic compartments arise by entero-
coelic pouching. (A) The formation of paired coeloms from
the wall of the archenteron. The slitlike blastopore of the
bilaterogastrea closes midventrally, leaving mouth and
anus at opposite ends (B). (B,C) The tripartite coelomic
condition in Jägersten’s hypothetical early coelomate ani-
mal (ventral and lateral views). 
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the ancestral protostome may have arisen simultane-
ously, and the acoelomate condition may be secondarily
derived from coelomate precursors (see Rieger 1985,
1986).

To derive deuterostome and protostome clades from
a common immediate coelomate ancestor creates a com-
plicated scenario. The most parsimonious hypothesis
might be to view the deuterostome ancestor as a
diploblastic animal, perhaps a planuloid form, in which
enterocoely occurred. Deriving the deuterostome lin-
eage separately from the evolution of spiral cleavage and
the other features of protostomes avoids many of the
complications inherent in a monophyletic view of
coelom origin. Imagine a hollow, invaginated, gastrula-
like metazoon swimming with its blastopore trailing, as
do the planula larvae of some cnidarians. Enterocoely
may have accompanied a tendency toward benthic life,
giving the animal a peristaltic burrowing ability. The
archenteron may have then opened anteriorly as a
mouth, and the new coelomate creature adopted a de-
posit-feeding lifestyle. If such a story began at the level

of diploblastic Metazoa (e.g., cnidarians), then the radial
cleavage seen today in deuterostomes was also present
in the ancestor to this group. A diphyletic origin of the
coelomic condition from larval-like ancestors has been
presented by Nielsen and Nørrevang (1985). In their hy-
pothesis, a pelagic gastrea gave rise to the cnidarians
and to a second lineage—another larval-like creature
they call a trochaea. This ancestor was the precursor to
the protostomes and the deuterostomes, but the coelom
arose separately in each group.

Prominent among contemporary workers who have
speculated on origins of major metazoan groups—and
introduced yet more hypothetical ancestors (and
names)—is Claus Nielsen. Nielsen envisions the two
major metazoan clades radiating from an ancient com-
mon ancestor that conforms to Haeckel’s radially sym-
metrical gastrea. From this planktonic ancestor there
evolved two separate lines. One line led to the proto-
stomes via a series of at least two hypothetical ancestors,
called by Nielsen the gastroneuron and the trochaea.
The other line, to the deuterostomes, was by way of a
hypothetical notoneuron ancestor. (The names gas-
troneuron and notoneuron refer to the ventral versus dor-
sal positions of the major nerve cords in most proto-
stomes and deuterostomes, respectively.) Nielsen claims
that the notoneuron ancestor (and its descendant
deuterostomes) retained the monociliated cell condition
of the gastraea ancestor, whereas the gastroneuron an-
cestor (and its descendant protostomes) evolved a more
advanced condition of multiciliated cells. In addition,
the gastroneuron line came to rely on “downstream cil-
iary feeding,” in which the larvae capture food particles
from the water on the downstream side of the ciliary
feeding bands, whereas the notoneuron line developed
“upstream feeding,” in which the larvae capture food
particles from the water on the upstream side of the cil-
iary feeding bands.

As you can see, evolutionary analysis at the level of
phyla, when it attempts to describe hypothetical ances-
tors, can be convoluted and problematical, and many
different viewpoints exist. We trust, however, that you
have gained some insights not only into the particular
hypotheses discussed here, but also into evolutionary
speculation. A fundamental caveat should be kept in
mind: any number of evolutionary pathways can be
proposed and made to appear convincing on paper by
imagining appropriate hypothetical ancestors or inter-
mediates, but one must always ask whether these hypo-
thetical creatures would have worked. Do they possess
realistic bauplans? Clark (1964) spends a good deal of
time on this point and emphasizes it in his conclusion
with the following passage (p. 258):

The most important and least considered of these
[principles] is that hypothetical constructs which rep-
resent ancestral, generalized forms of modern groups,
or stem forms from which several modern phyla di-
verge, must be possible animals. In other words, they
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Figure 4.20 A version of the gonocoel theory (schemat-
ic cross sections). (A) The condition in flatworms, which
have mesodermally derived gonads leading to ventral
gonopores. (B) The condition in nemerteans, which have
serially arranged gonadal masses leading to laterally placed
gonopores. (C) The condition in polychaetes, in which the
linings of the gonads have expanded to produce coelomic
spaces with coelomoducts to the outside. 
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must be conceived as living organisms, obeying the
same principles that we have discovered in existing
animals.

It is in such terms that evolutionary hypotheses can be
evaluated. From a cladistic point of view, it is best to
avoid initial speculation on what a hypothetical ancestor
might have looked like, and instead rely on phylogenetic
trees (cladograms) of known taxa to establish genealogi-
cal relationships or branching patterns. Once a clado-
gram has been constructed, the pattern of features associ-
ated with the taxa on the tree will themselves predict the
nature (character combination) of the ancestor for each
branch. This method attempts to avoid the potential
problem of circular reasoning, in which a hypothetical
ancestor is established first and hence constrains and pre-
dicts the nature of the taxa descended from it. In either
case, for the hypotheses to be truly scientific, they must
be testable with new data gathered outside the frame-
work of that used to construct the initial hypotheses.

These and other speculations on animal phylogeny
have been complemented (and complicated) in recent
years by the emergence of phylogenetic hypotheses
based on molecular research, particularly DNA se-
quence data. The unsettled nature of molecular phylo-
genetic research on phyletic affinities is due to several
facts: the field of molecular phylogenetics is still young;
few species have actually been studied, most research
has focused on a single gene (the 18S ribosomal gene),
which has yielded conflicting results at the phylum
level; we lack reliable information on rates of molecular
change and degree of true “homology” of seemingly
similar DNA sequences; and, finally, genes and species
need not evolve in perfect sequence. In later chapters we
include some of the phylogenetic ideas being generated
by “unraveling the double helix,” and in Chapter 24 we
review this rapidly changing field as it is being applied
to the reconstruction of phylum-level lineages among
the Metazoa.
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