
his book deals with the field of comparative biology, or what may be
called the science of the diversity of life. To understand invertebrate zoolo-
gy, one must understand comparative biology, the tasks of which are to de-

scribe the characteristics and patterns of living systems and to explain those pat-
terns by the scientific method. When those patterns have resulted from
evolutionary processes, they illuminate the history of life on Earth. Biologists
have been undertaking comparative studies of anatomy, morphology, embryolo-
gy, physiology, and behavior for over 150 years. Many biologists, particularly sys-
tematists, do so with the specific intent of recovering the history of life. Because
we cannot directly observe that history, we must rely on the strength of the scien-
tific method to reconstruct it, or infer it. This chapter provides an overview of this
process. Comparative biology, then, in its attempt to understand diversity in the
living world, deals with three distinguishable elements: (1) descriptions of organ-
isms, particularly in terms of similarities and differences in their characteristics;
(2) the phylogenetic history of organisms through time; and (3) the distributional
history of organisms in space.

The field of biological systematics has experienced a revolution in its theory
and application in the past 30 years, especially with regard to phylogenetic re-
construction. Some philosophical aspects and operating principles of this exciting
field are described in this chapter. It is essential that biology students have a basic
grasp of how classifications are developed and phylogenetic relationships in-
ferred, and we urge you to reflect carefully on the ideas presented below.

Classification, Systematics,
and Phylogeny

Our classifications will come to be, as far
as they can be so made, genealogies.
Charles Darwin, The Origin of Species, 1859

And you see that every time I made a
further division, up came more boxes
based on these divisions until I had a
huge pyramid of boxes. Finally you see
that while I was splitting the cycle up
into finer and finer pieces, I was also
building a structure. This structure of
concepts is formally called a hierarchy
and since ancient times has been a basic
structure for all Western knowledge.
Robert M. Pirsig, Zen and the Art of
Motorcycle Maintenance, 1974
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Biological Classification
The term biological classification has two meanings.
First, it means the process of classifying, which consists of
delimiting, ordering, and ranking organisms in groups.
Second, it means the product of this process, or the classi-
ficatory scheme itself. The living world has an objective
structure that can be empirically documented and de-
scribed. One goal of biology is to discover and describe
this structure, and classification is one way of doing this.
Carrying out the process of biological classification con-
stitutes one of the principal tasks of the systematist (or
taxonomist).

The construction of a classification may at first ap-
pear straightforward; basically, the process consists of
analyzing patterns in the distribution of characters
among organisms. On the basis of such analyses, speci-
mens are grouped into species (the word “species” is
both singular and plural); related species are grouped
into genera (singular, genus); related genera are
grouped to form families; and so forth. The grouping
process creates a system of subordinated, or nested, taxa
(singular, taxon) arranged in a hierarchical fashion fol-
lowing basic set theory. If the taxa are properly grouped
according to their degree of shared similarity, the hierar-
chy will reflect patterns of evolutionary descent—the
“descent with modification” of Darwin.

The concept of similarity is fundamental to taxono-
my, the classificatory process, and comparative biology
as a whole. Similarity, evaluated on the basis of charac-
teristics shared among organisms, is generally accepted
by biologists to be a measure of biological (evolution-
ary) relatedness among taxa. The concept of related-
ness, or genealogical kinship, is also fundamental to
systematics and evolutionary biology. Patterns of relat-
edness are usually displayed by biologists in branching
diagrams called trees (e.g., phylogenetic, genealogical,
or evolutionary trees). Once constructed, such trees can
then be converted into classification schemes, which are
a dynamic way of representing our understanding of
the history of life on Earth. Thus, trees and classifica-
tions are actually hypotheses of the evolution of life and
the natural order it has created.

Classifications are necessary for several reasons, not
the least of which is to efficiently catalog the enormous
number of species of organisms on Earth. Over 1.7 mil-
lion different species of prokaryotes and eukaryotes have
been named and described. The insects alone comprise
nearly a million named species, and over 350,000 of these
are beetles! Classifications provide a detailed system for
storage and retrieval of names. Second, and most impor-
tant to evolutionary biologists, classifications serve a de-
scriptive function. This function is served not only by the
descriptions that define each taxon, but also, as noted
above, by the detailed hypotheses of evolutionary rela-
tionships among the organisms that inhabit Earth. In
other words, classifications are (or should be) constructed
from evolutionary relationships; that is, from the patterns

of ancestry and descent depicted in phylogenetic trees.
So, we see that a biological classification scheme is re-

ally a set of hypotheses defined and summarized by a
phylogenetic tree. Thus, classifications, like other hy-
potheses and theories in science, have a third function,
that of prediction. The more precise and less ambiguous
the classification, the greater its predictive value. Pre-
dictability is another way of saying testability, and it is
testability that places an endeavor in the realm of sci-
ence rather than in the realm of art, faith, or rhetoric.
Like other theories, classifications are always subject to
refutation, refinement, and growth as new data become
available. These new data may be in the form of newly
discovered species or characteristics of organisms, new
tools for the analysis of characters, or new ideas regard-
ing how characteristics are evaluated. Changes in classi-
fications reflect changes in our view and understanding
of the natural world.

Nomenclature
The names employed within classifications are gov-
erned by rules and recommendations that are analogous
to the rules of grammar that govern the use of the Eng-
lish language. The primary goals of biological nomen-
clature are the creation of classifications in which (1) any
single kind of organism has one and only one correct
name, and (2) no two kinds of organisms bear the same
name. Nomenclature is an important tool of biologists
that facilitates communication and stability*

Prior to the mid-1700s, animal and plant names con-
sisted of one to several words or often simply a descrip-
tive phrase. In 1758 the great Swedish naturalist Carl von
Linné (Carolus Linnaeus, in the Latinized form he pre-
ferred) established a system of naming organisms now
referred to as binomial nomenclature. Linnaeus’s system
required that every organism have a two-part scientific
name—a binomen. The two parts of a binomen are the
generic, or genus, name and the specific epithet (= trivial
name). For example, the scientific name for one of the
common Pacific Coast sea stars is Pisaster giganteus. These
two names together constitute the binomen; Pisaster is the
animal’s generic (genus) name, and giganteus is its specif-
ic epithet. The specific epithet is never used alone, but
must be preceded by the generic name, and the animal’s
“species name” is thus the complete binomen. Use of the
first letter of a genus name preceding the specific epithet
is also acceptable once the name has appeared spelled out
on the page or in a short article (e.g., P. giganteus).
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*We generally avoid using common, or vernacular, names in this
book, simply because they are frequently misleading. Most inver-
tebrates have no specific common name, and those that do typi-
cally have more than one name. For example, several dozen dif-
ferent species of sea slugs are known as “Spanish dancers.”All
manner of creatures are called “bugs,” most of which are not true
bugs (Hemiptera) at all (e.g., “ladybugs,” “sowbugs,” “potato
bugs.”)



The 1758 version of Linnaeus’s system is actually the
tenth edition of his famous Systema Naturae, in which he
listed all animals known to him at that time and included
critical guidelines for classifying organisms. Linnaeus
distinguished and named over 4,400 species of animals,
including Homo sapiens. Linnaeus’s Species Plantarum (in
which he named over 8,000 species) had done the same
for the plants in 1753. Linnaeus was one of the first natu-
ralists to emphasize the use of similarities among species
or other taxa in constructing a classification, rather than
using differences among them. In doing so, he unknow-
ingly began classifying organisms by virtue of their ge-
netic, and hence evolutionary, relatedness. Linnaeus pro-
duced his Systema Naturae 100 years prior to the
appearance of Darwin and Wallace’s theory of evolution
by natural selection (1859), and thus his use of similarities
in classification foreshadowed the subsequent emphasis
by biologists on evolutionary relationships among taxa.

Binomens are Latin (or Latinized) because of the cus-
tom followed in Europe prior to the eighteenth century
of publishing scientific papers in Latin, the universal
language of educated people of the time. For several
decades after Linnaeus, names for animals and plants
proliferated, and there were often several names for any
given species (different names for the same organism
are called synonyms). The name in common use was
usually the most descriptive one, or often it was simply
the one used by the most eminent authority of the time.
In addition, some generic names and specific epithets
were composed of more than one word each. This lack
of nomenclatural uniformity led, in 1842, to the adop-
tion of a code of rules formulated under the auspices of
the British Association for the Advancement of Science,
called the Strickland code. In 1901 the newly formed In-
ternational Commission on Zoological Nomenclature
adopted a revised version of the Strickland code, called
the International Code of Zoological Nomenclature
(I.C.Z.N.). Botanists had adopted a similar code for
plants in 1813, the Théorie Elémentaire de la Botanique,
which became in 1930 the International Code of Botani-
cal Nomenclature.

The I.C.Z.N. established January 1, 1758 (the year the
tenth edition of Linnaeus’s Systema Naturae appeared)
as the starting date for modern zoological nomencla-
ture. Any names published the same year, or in subse-
quent years, are regarded as having appeared after the
Systema. The I.C.Z.N. also slightly changed the descrip-
tion of Linnaeus’s naming system, from binomial
nomenclature (names of two parts) to binominal
nomenclature (names of two names). However, one still
sees the former designation in common use. This subtle
change implies that the system must be truly binary;
that is, both generic and trivial names can be only one
word each. Although the system is binary, it also accepts
the use of subspecies names, creating a trinomen (three
names) within which is contained the mandatory bi-
nomen. For example, the sea star Pisaster giganteus is
known to have a distinct form occurring in the southern

part of its range, which is designated as a subspecies,
Pisaster giganteus capitatus.

All codes of biological nomenclature share the fol-
lowing six basic principles:

1. Botanical and zoological codes are independent of
each other. It is therefore permissible, although not rec-
ommended, for a plant genus and an animal genus to
bear the same name (e.g., the name Cannabis is used
for both a plant genus and a bird genus).

2. A taxon can bear one and only one correct name.
3. No two genera within a given code can bear the same

name (i.e., generic names are unique); and no two
species within one genus can bear the same name (i.e.,
binomens are unique).

4. Scientific names are treated as Latin, regardless of their
linguistic origin, and hence are subject to Latin rules of
grammar.

5. The correct or valid name of a taxon is based on prior-
ity of publication (first usage).

6. For the categories of superfamily in animals and order
in plants, and for all categories below these, taxon
names must be based on type specimens, type species,
or type genera.*

When strict application of a code results in confusion
or ambiguity, problems are referred to the appropriate
commission for a “legal” decision. Rulings of the Inter-
national Commission on Zoological Nomenclature are
published regularly in its journal, the Bulletin of Zoologi-
cal Nomenclature. Note that the international commis-
sions rule only on nomenclature or “legal” matters, not
on questions of scientific or biological interpretation;
these latter problems are the business of systematists.

The hierarchical categories recognized by the
I.C.Z.N. are as follows:
Kingdom
Phylum
Superclass
Class
Subclass
Cohort
Superorder

Order
Suborder
Superfamily
Family
Subfamily
Tribe
Genus
Subgenus
Species
Subspecies
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*When a biologist first names and describes a new species, he or
she takes a typical specimen, declares it a type specimen, and
deposits it in a safe repository such as a large natural history
museum. If later workers are ever uncertain about whether they
are working with the same species described by the original
author, they can compare their material to the type specimen.
Although of substantially less value, the designation of a “typical”
or type species for a genus, or a type genus for a family, serves a
somewhat similar purpose in establishing, a “typical” species or
genus upon which a genus or family is based.



The above names represent categories; the actual an-
imal group that is placed at any particular categorical
level forms a taxon. Thus, the taxon Echinodermata is
placed at the hierarchical level corresponding to the cat-
egory phylum—Echinodermata is the taxon; phylum is
the category. All categories (and taxa) above the species
level are referred to as the higher categories (and higher
taxa), as distinguished from the species group cate-
gories (species and subspecies).

The common Pacific sea star Pisaster giganteus is clas-
sified as follows:

Category Taxon
Phylum Echinodermata
Class Asteroidea
Order Forcipulatida
Family Asteriidae
Genus Pisaster
Species Pisaster giganteus (Stimpson, 1857)

Notice that a person’s name follows the species name in
this classification. This is the name of the author of that
species—the person who first described the organism
(Pisaster giganteus) and gave it its name. In this particu-
lar case the author’s name is in parentheses, which indi-
cates that this species is now placed in a different genus
than originally assigned by Professor Stimpson. Au-
thors’ names usually follow the first usage of a species
name in the primary literature (i.e., articles published in
professional scientific journals). In the secondary litera-
ture, such as textbooks and popular science magazines,
authors’ names are rarely used.

The names given to animals and plants are usually
descriptive in some way, or perhaps indicative of the ge-
ographic area in which the species occurs. Others are
named in honor of persons for one reason or another.
Occasionally one runs across purely whimsical names,
or even names that seem to have been formulated for
seemingly diabolical reasons.*

The biological species definition (or genetical
species concept), as codified by Ernst Mayr, defines
species as groups of interbreeding (or potentially inter-
breeding) natural populations that are reproductively
isolated from other such groups. Obviously, this defini-
tion fails to accommodate nonsexual species. Hence, G.
G. Simpson and E. O. Wiley developed the evolution-
ary species concept, which states that a species is a sin-
gle lineage of ancestor–descendant populations that
maintains its identity separate from other such lineages
and that has its own evolutionary tendencies and histor-
ical fate. In reality, of course, biologists rely heavily on
anatomical and morphological aspects of organisms as
surrogates in gauging these conceptual views of species.
That is, we conceive of species as genetic or evolution-
ary entities, but we recognize them primarily by their
phenotypic characters. Hence, an understanding of
these characters is of great importance (see below).

Higher taxa (categories and taxa above the species
level) are natural groups of species (or lineages) chosen
by biologists for naming in order to reflect our state of
knowledge regarding their evolutionary relationships.
Higher taxa, if correctly constructed, represent ancestor-
descendant lineages that, like species, have an origin, a
common ancestry and descent, and eventually a death
(extinction of the lineage); thus they too are evolution-
ary units with definable boundaries. There are no rules
for how many species should make up a genus—only
that it be a natural group. Nor are there rules about how
many genera constitute a family, or whether any group
of genera should be recognized as a family, or a subfam-
ily, or an order, or any other categorical rank. What mat-
ters is simply that the named group (the taxon) be a nat-
ural group. Hence, it is incorrect to assume that families
of insects are in some way evolutionarily comparable to
families of molluscs, or orders of worms comparable to
orders of crabs. Nor are there any rules about categori-
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*Among the many clever names given to animals are Agra vation
(a tropical beetle that was extremely difficult for Dr. Terry Erwin
to collect) and Lightiella serendipida (a small crustacean; the generic
name honors the famous Pacific naturalist S. F. Light, 1886–1947,
while the trivial name is taken from “serendipity,” a word coined
by Walpole in allusion to the tale of “The Three Princes of
Serendip,” who in their travels were always discovering, by
chance or sagacity, things they did not seek—the term is said to
aptly describe the circumstances of the initial discovery of this
species). The nineteenth-century British naturalist W. E. Leach
erected numerous genera of isopod crustaceans whose spellings
were anagrams of the name Caroline. Exactly who Caroline was
(and the nature of her relationship with Professor Leach) is still
being debated, but the prevailing theory implicates Caroline of
Brunswick, who was in the public eye at this time in history. It is
said that Caroline was badly treated by her husband (the Prince
Regent, later George IV), and that she was herself a lady of ques-
tionable fidelity. Leach, from Devon, may have taken the side of
support for Caroline by honoring her with a long series of generic
names, including Cirolana, Lanocira, Rocinela, Nerocila, Anilocra,
Conilera, Olincera, and others. A light-hearted attitude toward
naming organisms has not always been without Freudian over-
tones, as there also exist Thetys vagina (a large, hollow, tubular
pelagic salp), Succinea vaginacontorta (a hermaphroditic snail
whose vagina twists in corkscrew fashion), Phallus impudicus (a 

slime-covered mushroom), and Amanita phalloides and Amanita
vaginata (two species of highly toxic mushrooms around which
numerous aboriginal ceremonies and legends exist). The hoopoe
(a bird), Upupa epops, is euphoniously named for its call. The fish
Zappa confluentus was named by a fan of Frank Zappa’s, and the
Grateful Dead have a fly named  in their honor (Dicrotendipes
thanatogratus). There is a bivalve named Abra cadabra, a blood-
sucking spider Draculoides bramstokeri, and a wasp Aha ha. Even
Linnaeus created a curious name for a common ameba, Chaos
chaos. And, in a stroke of whimsy, the entomologist G. W. Kirkaldy
created the bug genera Polychisme (“Polly kiss me”), Peggichisme,
Marichisme, Dolychisme, and Florichisme. There are fish genera
named Zeus, Satan, Zen, Batman, and Sayonara. There are insect
genera named Cinderella, Aloha, Oops, and Euphoria. Some other
clever binomens include Leonardo davincii (a moth), Phthiria relativ-
itae (a fly), and Ba humbugi (a snail). A few biologists have gone
overboard in erecting names for new animals, and many
binomens exceed 30 letters in length, including those of the
chaetognath Sagitta pseudoserratadentatoides (31 letters) and the
common North Pacific sea urchin Strongylocentrotus drobachiensis
(31 letters). Amphipod crustaceans probably win the grand prize
in the longest-name category, with Siemienkiewicziechinogammarus
siemienkiewitschii (47 letters) and Cancelloidokytodermogammarus
(Loveninsuskytodermogammarus) loveni (61 letters, including the
subgeneric name).



cal rank and geological or evolutionary age. These as-
pects of higher taxa are often misunderstood. Interest-
ingly, this being said, family-level taxa often tend to be
the most stable taxonomic groupings, usually recogniz-
able even to laypersons—think, for example, of cats (Fe-
lidae), dogs (Canidae), abalone (Haliotidae), ladybird
beetles (Coccinellidae), mosquitoes (Culicidae), octo-
puses (Octopodidae), or shore crabs (Grapsidae). This
stability seems to be an artifact of the history of taxono-
my, but it nonetheless makes families convenient higher
taxa to study and discuss. However, biologists err when
they compare equally ranked higher taxa between
phyla in ways that presuppose them to be somehow
equivalent.

Systematics
The science of systematics (or taxonomy) is the oldest
and most encompassing of all fields of biology. The emi-
nent biologist George Gaylord Simpson referred to sys-
tematics as “the study of the kinds and diversity of life
on Earth, and of any and all relationships between
them.” The modern systematist is a natural historian of
the first order. His or her training is broad, cutting across
the fields of zoology and botany, genetics, paleontology,
biogeography, geology, historical biology, ecology, and
even ethology, chemistry, philosophy, and cellular and
molecular biology. Ernst Mayr said that the field of sys-
tematics can be thought of as a continuum, from the rou-
tine naming and describing of species through the com-
pilation of large faunal compendia and monographs to
more synthetic studies, such as the fitting of these species
into classifications that depict evolutionary relationships,
biogeographic analyses, studies of population biology
and genetics, and evolutionary and speciation studies.
Mayr designated three stages of study within this con-
tinuum, which he called alpha, beta, and gamma, corre-
sponding to the three general levels of complexity he
perceived in systematics. When a group of organisms is
first discovered or is in a poorly known state, work on
that group is necessarily at the alpha level (e.g., the de-
scribing of new species). It is only when most, or at least
many, species in a taxon become known that the system-
atist is able to work at the beta or gamma levels within
that group (e.g., to perform evolutionary studies). Some
biologists choose to refer to those people working at the
alpha level as taxonomists, reserving the term “systema-
tist” for those engaging in studies at the beta or gamma
level. Although this may be an instructive way to scruti-
nize the spectrum of endeavors systematists engage in, it
is actually a gross oversimplification.* These stages in
systematic study overlap and cycle back on themselves

in a highly iterative fashion. In sum, the role of systemat-
ics is to document and understand Earth’s biological di-
versity, to reconstruct the history of this biodiversity, and
to develop natural (evolutionary) classifications of living
organisms.

Systematists use a great variety of tools to study the
relationships among taxa. These tools include not only
the traditional and highly informative techniques of
comparative and functional anatomy, but also the meth-
ods of embryology, serology, physiology, immunology,
biochemistry, population and molecular genetics, and
molecular gene sequencing. A sound classification lies
at the root of any study of evolutionary significance, as
does a thorough appreciation for the enormous diversi-
ty of life. Without systematics, the science of biology
would grind to a halt, or worse yet, would drift off into
pockets of isolated reductionist or deterministic schools
with no conceptual framework or continuity.

The field of systematics is currently experiencing a
welcome revival in popularity. Within the worldwide lit-
erature, there are now about 200 scientific journals pub-
lishing specifically in the fields of systematics and evolu-
tion, and another 1,500 or so cover the general field of
natural history. As of 1991, about one new phylogeny
per day was being published; today the number is prob-
ably twice that. There are at least three causes for this re-
vived interest in systematic biology. First is the growing
awareness that too few systematists have been trained
over the past 30 years. As the previous generation’s
cadre of systematists retires, few systematists are left to
continue work on important taxa and evolutionary prob-
lems. For many groups of organisms today, there are
simply no working specialists anywhere! Second is the
recent discovery of a great many naturally occurring an-
ticancer, antibiotic, and other pharmacologically impor-
tant compounds in animals and plants. About 90 percent
of the prescriptions written in North America contain ac-
tive compounds first discovered in living organisms.
Many of the most “active” plants and animals that
chemists are discovering come from the most poorly
known regions of the world, such as rain forests and
coral reefs, where most species have yet to be named and
described.  Third is the rapidly deteriorating state of af-
fairs in the tropics, which are thought to harbor about 80
percent of the total animal and plant species on Earth.
These regions are being destroyed by humans at the rate
of 50 million acres per year (an area larger than the state
of Kansas). Estimates of anthropogenic extinctions in the
tropics of terrestrial species alone range as high as 50
percent of the total world fauna and flora by the year
2050, if present trends of human exploitation continue.
The extirpation of millions of animal and plant species is
not only an outrageous insult to the natural environ-
ment, but also represents an enormous loss of potential
food, drug, timber, and other product sources, and it is
damaging the global biosphere to the point of reducing
the quality of life for all creatures, including humans.
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*Europeans tend to use the terms “systematics” and “biosystemat-
ics” for the field as a whole, whereas North Americans tend to use
“taxonomy” more frequently. In this text, we use the terms “tax-
onomy” and “systematics” interchangeably.



Important Concepts and Terms
One of the concepts most crucial to our understanding of
biological systematics and evolutionary theory in gener-
al is monophyly. A monophyletic group is a group of
species that includes an ancestral species and all of its
descendants—that is, a natural group (Figure 2.1). In
other words, a monophyletic taxon is a group of species
whose members are related to one another through a
unique history of descent (with modification) from a
common ancestor—a single evolutionary lineage.

A group whose member species are all descendants
of a common ancestor, but that does not contain all the
species descended from that ancestor, is called a para-
phyletic group. Paraphyly implies that for some reason
(e.g., lack of knowledge, purposeful manipulation of the
classification) some members of a natural group have
been placed in a different group. As we will see below,
many paraphyletic taxa exist within animal classifica-
tions today, to the consternation of those who prefer to
recognize only monophyletic taxa.

A third possible kind of taxon is a polyphyletic
group—a group comprising species that arose from two
or more different immediate ancestors. Such composite
taxa have been established primarily because of insuffi-
cient knowledge concerning the species in question.
One of the principal goals of systematists is to discover
such polyphyletic or “artificial” taxa and, through care-
ful study, reclassify their members into appropriate
monophyletic taxa. These three kinds of taxa or species
groups are illustrated diagrammatically in Figure 2.1.

There are many examples of known or suspected
polyphyletic taxa in the zoological literature. For exam-
ple, the old phylum Gephyrea contained what we now
recognize as three distinct phyla—Sipuncula, Echiura,
and Priapula. Another example is the old group Radia-
ta, which included all animals possessing radial sym-
metry (e.g., cnidarians, ctenophores, and echinoderms).
Still another example is the former “phylum Protozoa,”
whose members are now distributed among many
phyla (see Chapter 5). Protozoa comprise no more than

a loose assemblage of heterotrophic, single-celled eu-
karyotes. Polyphyletic taxa usually are established be-
cause the features or characters used to recognize and
diagnose them are the result of evolutionary conver-
gence in different lineages, as discussed below. Conver-
gence can be discovered only by careful comparative
embryological or anatomical studies, sometimes requir-
ing the efforts of several generations of specialists.

Characters are the attributes, or features, of organ-
isms or groups of organisms (taxa) that biologists rely
on to indicate their relatedness to other similar organ-
isms (or other taxa) and to distinguish them from other
groups. Characters are the observable products of the
genotype, and they can be anything from the actual
amino acid sequences of the genes themselves to the
phenotypic expressions of the genotype. A character can
be any genetically based feature that taxonomists can
examine and measure; it can be a morphological,
anatomical, developmental, or molecular feature of an
organism, its chromosomal makeup (karyotype) or bio-
chemical “fingerprint,” or even an ecological, physio-
logical, or ethological (behavioral) attribute. Several bio-
chemical and molecular techniques for measuring
similarity among organisms have been developed over
the past 30–40 years; these include DNA hybridization,
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Taxon W Taxon X

Species C Species D

Species B

Species A

Species E

Species G

Species H Species ISpecies F

Species K Species N

Species M Species PSpecies L

Species J

Species O

Taxon Y Taxon Z

Figure 2.1 Two dendrograms, illustrating three kinds of
taxa. Taxon W, comprising three species, is monophyletic
because it contains all the descendants (species C and D)
of an immediate common ancestor (species B), plus that
ancestor. Taxon X is paraphyletic because it includes an
ancestor (species A), but only some of its descendants
(species E through I, leaving out species B, C, and D).
Taxon Y is polyphyletic because it contains taxa that are
not derived from an immediate common ancestor; species
M and P may look very much alike as a result of evolution-
ary convergence or parallelism, and therefore may have
been mistakenly placed together in a single taxon. Taxon
Z is paraphyletic. In this case, further work on species J
through P should eventually reveal the correct relation-
ships among these taxa, resulting in species M being clas-
sified with species K and L, and species P with species N
and O.



starch gel electrophoresis of proteins and amino acids,
immunological similarity indices, and most recently, nu-
cleotide sequencing of genes. All of these kinds of “char-
acters” have been used to create phylogenetic trees.
Thus, a variety of kinds of data are available to provide
systematists with characters with which to define and
compare species and higher taxa.

The fundamental basis for comparative biology  is
the concept of homology. Characters that share descent
from a common ancestor are called homologues. In
other words, homologues are characters that are present
in two or more taxa, but are traceable phylogenetically
and ontogenetically to (i.e., share genetic and develop-
mental bases with) the same character in the common
ancestor of those taxa. In order to compare characters
among different organisms or groups of organisms, it
must be established that the characters being compared
are homologous. Our ability to recognize anatomical
homologues usually depends on developmental or em-
bryological evidence and on the relative position of the
anatomical structure in adults (see Chapter 4).

Homology is an absolute relationship: characters ei-
ther are, or are not, homologous. Homology doesn’t
come in degrees. Homology is also completely indepen-
dent of function. The functions of homologous struc-
tures may be similar or different, but this has no bearing
on the underlying homology of the structures involved.
Genes, like anatomical structures, may be homologous
characters if they are derived from a common ancestral
gene either by duplication (which generates paralogous
genes) or as simple copies passed on via speciation
events (orthologous genes). The process of evolution-
ary descent with modification has produced a hierarchi-
cal pattern of homologies that can be traced through lin-
eages of living organisms. It is this pattern that we use
to reconstruct the history of life.

Homology is a concept that is applicable to anatomi-
cal structures, to genes, and to developmental processes.
However, homology at one of these levels does not nec-
essarily indicate homology at another. Biologists should
always be clear regarding the level at which they are in-
ferring homology: genes, their expression patterns, their
developmental roles, or the structures to which they
give rise. Recently, some investigators have interpreted
similar patterns of regulatory gene expression as evi-
dence of homology among structures. This is a mistake
because it ignores the evolutionary histories of the genes
and of the structures in which they are expressed. The
fact is, the functions of homologous genes (orthologues
or paralogues), just like those of homologous structures,
can diverge from one another through evolutionary
time. Similarly, the functions of non-homologous genes
can converge over time. Therefore, similarly of function
is not a valid criterion for the determination of homolo-
gy of either genes or structures. For example, the phe-
nomenon of gene recruitment (co-option) can lead to sit-
uations in which truly orthologous genes are expressed

in nonhomologous structures during development.
Most regulatory genes play several distinct roles during
development, and homologous genes can be indepen-
dently recruited to superficially similar roles. A classic
example is the regulatory gene Distal-less, which is ex-
pressed in the distal portion of appendages of many an-
imals during their embryogeny (e.g., arthropods, echin-
oderms, chordates). Although the domains of Distal-less
gene expression might reflect a homologous role in
specifying proximodistal axes of appendages, the ap-
pendages themselves are clearly not homologous.

Attempts to relate two taxa by comparing nonhomol-
ogous characters will result in errors. For example, the
hands of chimpanzees and humans are homologous
characters (i.e., homologues) because they have the
same evolutionary and developmental origin; the wings
of bats and butterflies, although similar in some ways,
are not homologous characters because they have com-
pletely different origins. The concept of homology has
nothing to do, in the strict sense, with similarity or de-
gree of resemblance. Some homologous features look
very different in different taxa (e.g., the pectoral fins of
whales and the arms of humans; the forewings of bee-
tles and of flies). Again, the concept of homology is re-
lated to the level of analysis being considered. The
wings of bats and birds are homologous as tetrapod
forelimbs, but they are not homologous as “wings,” be-
cause wings evolved independently in these two groups
(i.e., the wings of bats and birds do not share a common
ancestral wing). Homology is a powerful concept, but
we must always remember that homologies are really
hypotheses, open to testing and possible refutation.

Through the phenomenon of convergent evolution,
similar-appearing structures may evolve in entirely un-
related groups of organisms in quite different ways. For
example, early biologists were misled by the superficial
similarities between the vertebrate eye and the cephalo-
pod eye, the bivalve shells of molluscs and of bra-
chiopods, and the sucking mouthparts of true bugs
(Hemiptera) and of mosquitoes (Diptera). Structures
such as these, which appear superficially similar but
that have arisen independently and have separate ge-
netic and phylogenetic origins, are called convergent
characters. Failure to recognize convergences among
different groups of organisms has led to the creation of
many “unnatural,” or polyphyletic, taxa in the past.

Convergence is often confused with parallelism. Par-
allel characters are similar features that have arisen
more than once in different species within a lineage, but
that share a common genetic and developmental basis.*
Parallel evolution is the result of “distant” or “underly-
ing” homology; for parallel evolution to occur, the ge-
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*Parallelism in this context is not to be confused with the evolu-
tion of species (or characters within species) “in parallel,” that is,
when two species (or characters) change more or less together
over time. Host–parasite coevolution is an example of “evolution
in parallel.”



netic potential for certain features must persist within a
group, thus allowing the feature to appear and reappear
in various taxa. Parallelism is commonly encountered in
characters of morphological “reduction,” such as reduc-
tion in the number of segments, spines, fin rays, and so
on in many different kinds of animals. It is also common
among the segmented animals, annelids, and arthro-
pods. The phenomena of convergence and parallelism
might be thought of as a kind of “evolutionary redun-
dancy.” A third phenomenon in this general category is
evolutionary reversal, wherein a feature reverts back to
a previous, ancestral condition. Together, these three
evolutionary processes (convergence, parallelism, rever-
sal) constitute the phenomenon known as homoplasy—
the recurrence of similarity in evolution (Figure 2.2). As
you might guess, for systematists, homoplasy is both
fascinating and irritating!

When comparing homologues among species, one
quickly sees that variation in the expression of a charac-
ter is the rule, rather than the exception. The various
conditions of a homologous character are often referred
to as its character states.* A character may have only
two contrasting states, or it may have several different
states within a taxon. Polymorphic species are those
that show a range of phenotypic or genetic variation as
a result of the presence of numerous character states for
the features being examined. A simple example is hair
color in humans; black, brown, red, and blond are all
states of the character “hair color.” Not only can charac-
ters vary within a species, but they also typically have
several states among groups of species within higher
taxa, such as patterns of body hair among various pri-
mates or the spine patterns on the legs of crustaceans.

It is important to understand that a character is really
a hypothesis—that two attributes that appear different
in different organisms are simply alternative states of
the same feature (i.e., they are homologues). Note that
convergences are not homologies, whereas parallelisms
and reversals do represent an underlying genetic ho-
mology. In other words, some kinds of homoplastic
characters are homologues, and others are not. The
recognition and selection of proper characters is clearly
of primary importance in biological systematics, and a
great deal has been written on this subject. Systematics
is, to a great extent, a search for the homologues that de-
fine natural evolutionary lineages.

Another important concept in systematics and com-
parative biology is the dendrogram. A dendrogram is a
branching diagram, or tree, depicting the relationships
among groups of organisms. It is a graphical means of
expressing relationships among species or other taxa.
Most dendrograms are intended to depict evolutionary

relationships, with the base representing the oldest (ear-
liest) ancestors and the higher branches indicating suc-
cessively more recent divisions of evolutionary lineages.
But dendrograms can be constructed with different
goals in mind. The traditional dendrograms drawn by
biologists were called evolutionary trees, and they were
meant to depict a variety of ideas concerning the evolu-
tion of the organisms in question. Such trees often had
(at least implied) a time component as the vertical axis
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Figure 2.2 Some common patterns of evolution dis-
played by independent lineages. Convergence occurs
when two or more lineages (or characters) evolve inde-
pendently toward a similar state.  Convergence generally
refers to unrelated (or very distantly related) taxa and to
characters sharing no common genetic (phylogenetic or
ontogenetic) basis. Divergence occurs when two or more
lineages (or characters) evolve independently to become
less similar. Radiations are multiple divergences from a
common ancestor that result in more than two descen-
dant lineages. Parallel evolution occurs when two or more
species (or lineages) change similarly so that, despite evo-
lutionary activity, they remain similar in some ways, or
become more similar over time. Parallelism generally refers
to closely related taxa, usually species, within which the
characters or structures in question share a common
genetic basis.

*In practical usage the terms “character” and “character state” are
often used interchangeably when comparing species. This practice
can be a bit confusing. When the term “character” is used in a dis-
cussion of two or more homologues, it is typically being used in
the same sense as “character state.”



and genetic or morphological divergence as the hori-
zontal axis. Three examples of evolutionary trees are
given in Figure 2.3. Recall from our earlier discussion
that classification schemes are ultimately derived from
trees of some sort. Various kinds of dendrograms are
discussed in further detail in succeeding pages, and
they also appear throughout this book to provide the
reader with current theories on the evolution of various
invertebrate taxa.

When examining dendrograms and classifications
derived from them, it is important to understand the
concept of grades and clades. As depicted in Figure 2.4,
a clade is a monophyletic group or branch of a tree,
which may undergo very little or a great deal of diversi-
fication. A clade, in other words, is a group of species re-
lated by direct descent. A grade, on the other hand, is a
group of species (or higher taxa) defined by somewhat
more abstract measures. In fact, it is a group defined by
a particular level of functional or morphological com-
plexity. Thus, a grade can be polyphyletic, paraphyletic,
or monophyletic (in the latter case, it is also a clade). A
good example of a grade is the large group of gastropod
taxa that have achieved shellessness. These “slugs,”
however, do not constitute a clade, because shell loss
has occurred independently in several different lin-
eages; thus “slugs” are a polyphyletic group. An exam-
ple of a monophyletic grade is the subphylum Vertebra-
ta (animals with backbones).

One last concept important to our understanding of
systematics is that of primitive versus advanced char-
acter states. Primitive character states are attributes of
species that are relatively “old” and have been retained
from some remote ancestor; in other words, they have
been around for a long time, geologically or genealogi-
cally speaking. Character states of this kind are often re-
ferred to as ancestral. Advanced character states, on
the other hand, are attributes of species that are of rela-
tively recent origin—often called derived character
states. Within the phylum Chordata, for example, the
possession of hair, milk glands, and three middle ear
bones are derived character states whose evolutionary
appearance marked the origin of the mammals (thus
distinguishing them from all other chordates). Within a
subset of the Mammalia, however, such as the pri-
mates, these same features represent retained ancestral
features, whereas possession of an opposable thumb is
a defining, derived trait.

It should be apparent from the preceding paragraph
that the designations “primitive” and “advanced” are
relative, and that any given character state or attribute
can be viewed as either ancestral or derived, depending
on the level of the phylogenetic tree or classification
being examined. Opposable thumbs may be a derived
trait defining primates within the mammal lineage, but
it is not a derived character state within the primate line
itself (all primates have opposable thumbs). Thus, in the
primate genus Homo, “opposable thumbs” is a primitive

(ancestral) feature, and certain features of the nervous
system that distinguish humans from the “lower apes”
would be considered derived (such as Broca’s center in
the human brain). Thus it behooves us to more precisely
define the concepts of “primitive” and “advanced.” The
most unambiguous way to describe and use these im-
portant concepts is to define the exact place in the histo-
ry of a group of organisms at which a character actually
undergoes an evolutionary transformation from one
state to another. At the specific point on a phylogenetic
tree where such a transformation takes place, the new
(derived) character state is called an apomorphy and
the former (ancestral) state a plesiomorphy. Use of
these terms thus implies a precise phylogenetic place-
ment of the character in question, and this placement
constitutes a testable phylogenetic hypothesis in and of
itself.

Constructing Phylogenies and
Classifications
From what you have read so far in this chapter, it should
be evident that comparative biologists, particularly sys-
tematists, spend a great deal of their time seeking to
identify and unambiguously define two natural entities,
homologues and monophyletic groups. Biologists may
present their ideas on such matters of relationship in the
form of trees, classifications, or narrative discussions
(evolutionary scenarios). In all three contexts, these pre-
sentations represent sets of evolutionary hypotheses—
hypotheses of common ancestry (or ancestor–descen-
dant relationships).

The least ambiguous (most testable) way to present
evolutionary hypotheses is in the form of a dendrogram,
or branching tree. Although classification schemes are
ultimately derived from such dendrograms, they do not
always reflect precisely the arrangement of natural
groups in the tree. Discrepancies between phylogenetic
trees and classifications derived from them most com-
monly occur when biologists purposely choose to estab-
lish or recognize  paraphyletic taxa. Whereas most sys-
tematists advocate that only monophyletic taxa be
recognized in a formal classification, some paraphyletic
taxa seem to persist if for no other reason than tradition.
For example, the long-recognized group Reptilia is cer-
tainly paraphyletic because it excludes one of that
group’s most distinct lineages, the birds. As we will see
in Chapter 13, the classes Polychaeta and Oligochaeta
are probably also paraphyletic groups. The issue of how
to deal with such long-standing, well-known para-
phyletic taxa in classification schemes is still being de-
bated. One way of doing this might be to indicate their
paraphyletic status by a code in the classification
scheme (e.g., some type of notation beside the name).
This code would inform readers that to view the precise
phylogenetic relationships of such taxa, they must look
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to the phylogenetic tree. Of course, the other way to deal
with such taxa is to eliminate them altogether, which in
some cases (e.g., the Polychaeta) could require major
classificatory revisions.

Most workers today use a method known as phyloge-
netic systematics, or cladistics, when construing biologi-
cal dendrograms and their resultant classifications. Phy-
logenetic systematics had its origin in 1950 in a textbook
by the German biologist Willi Hennig; the English trans-
lation (with revisions) appeared in 1966. Its popularity
has grown steadily since that time. Through the years,
cladistics has evolved well beyond the framework Hen-
nig originally proposed. Its detailed methodology has
been formalized and expanded and will probably contin-
ue to be elaborated for some time to come. (For good dis-
cussions of cladistic systematics see Nelson and Platnick
1981, Eldredge and Cracraft 1980, and Wiley 1981.) The
goal of phylogenetic systematics is to produce explicit
and testable hypotheses of genealogical relationships
among monophyletic groups of organisms. As a system-

atic methodology, cladistics is based entirely on recency of
common descent (i.e., genealogy). The dendrograms used
by phylogenetic systematists are called cladograms, and
they are constructed to depict only genealogy, or ances-
tor–descendant relationships. The term cladogenesis
refers to splitting; in the case of biology, this means the
splitting of one species (or lineage) into two or more
species (or lineages). It is this splitting process that pro-
duces genealogical (ancestor–descendant) relationships.

Phylogenetic systematists rely heavily on the concept
of ancestral versus derived character states discussed
earlier. They identify these homologies in the strict
sense, as plesiomorphies and apomorphies. An apomor-
phy restricted to a single species is referred to as an au-
tapomorphy, whereas an apomorphic character state
that is shared between two or more species (or other
taxa) is called a synapomorphy. Identifying synapo-
morphies (also known as shared derived characters, or
evolutionary novelties) is the phylogenetic systematist’s
most powerful means of recognizing close evolutionary
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(genealogical) relationships. Because synapomorphies
are shared homologues inherited from an immediate
common ancestor, all homologues may be considered
synapomorphies at one (but only one) level of phyloge-
netic relationship, and they therefore constitute symple-
siomorphies at all lower levels. As noted earlier, hair,
milk glands, and so forth are synapomorphies uniquely
defining the appearance of the mammals within the ver-
tebrates, but these are symplesiomorphies within the
group Mammalia. Jointed legs are a synapomorphy of
the Arthropoda, but within the arthropods jointed legs
are a symplesiomorphy. The keystone of phylogenetic
systematics is the recognition that all homologues de-
fine monophyletic groups at some level. The challenge is,
of course, recognizing the level at which each character
state is a unique synapomorphy. Generally speaking,

synapomorphies are either structural or genetic fea-
tures. However, in the broadest sense, and in the context
of the “biological species definition,” reproductive isola-
tion can be thought of as a synapomorphy for any given
species. Thus incomplete reproductive isolation (suc-
cessful hybridization) could be viewed as a symple-
siomorphy shared among the species involved.

Numerous methods and criteria have been used to
determine which is the apomorphic and which is the
plesiomorphic form of two character states—a process

CLASSIFICATION, SYSTEMATICS, AND PHYLOGENY 33

UNCORRECTED PAGE PROOFS

Chordates

Lophophorate
phyla

Annelids

Molluscs

Cnidarians

Other flatworms

Acoels

Ciliates

Flagellates

Tunicates

Echinoderms

Arthropods

Nemerteans

Pseudocoelomates

Sponges

Sporozoans

Sarcodinians

(B)

(C)

G
ra

d
e 

II
G

ra
d

e 
I

E
vo

lu
ti

on
ar

y 
ch

an
ge

Clade 1

Clade 2

Clade 3Time

Figure 2.4 Clades and grades. Clades are monophyletic
branches that may undergo various degrees of diversifica-
tion. Grades are groups of animals classified together on the
basis of levels of functional or morphological complexity.
Grades may be monophyletic, paraphyletic, or polyphyletic.
In this figure, grade I is monophyletic, encompassing only a
single clade (clade 3); grade II is polyphyletic, because the
associated level of complexity has been achieved indepen-
dently by two separate lineages, clades 1 and 2.

Figure 2.3 Three types of tradi-
tional evolutionary trees (not clado-
grams) that depict phylogeny
among the Metazoa.



referred to as character state polarity analysis. No
method is foolproof, but some may be better than others
under specific circumstances. Only three methods ap-
pear to have a strong evolutionary basis and provide a
reasonably powerful means for recognizing the relative
place of origin of a synapomorphy on a tree: out-group
analysis (seeking clues to ancestral character states in
groups thought to be more primitive than the study
group), developmental studies (ontogenetic analysis, or
seeking clues to ancestral character states in the embryo-
geny of the study group), and study of the fossil record.
Out-group analysis identifies the states of the characters
in question in taxa that are closely related to the study
group, but are not part of it. Ontogenetic analysis identi-
fies character changes that occur during the develop-
ment of a species (see the discussion of ontogeny and
phylogeny in Chapter 4). And the use of fossils and as-
sociated dating and stratigraphic techniques provides
direct historical information. However, the fossil record
is very incomplete, and such fragmentary data can be
misleading. These techniques of polarity analysis are
not discussed in detail here; we refer those with a seri-
ous interest in systematics, evolution, and comparative
biology to the readings listed at the end of this chapter.

A cladistic analysis often comprises four steps: (1)
identifying homologous characters among the organ-
isms being studied, (2) assessing the direction of charac-
ter change or character evolution (character state polari-
ty analysis), (3) constructing a cladogram of the taxa
possessing the characters analyzed, and (4) testing the
cladogram with new data (new taxa, new characters,
new character interpretations, etc.). Cladograms depict
only one kind of event: the origin or sequence of ap-
pearances of a unique derived character state (synapo-
morphy). Hence, cladograms may be thought of in the
most fundamental sense as nested synapomorphy pat-
terns. However, biologists define and categorize taxa by
the character states they possess. Thus, in a larger sense,
the sequential branching of nested sets of evolutionary
novelties (synapomorphies) in a cladogram creates a
“family tree”—an evolutionary pattern of hypothesized
monophyletic lineages.

Phylogenetic systematists have adopted the princi-
ple of logical parsimony* and thus generally prefer the
tree containing the smallest number of evolutionary
transformations (character state changes). Typically this
will also be the tree with the least evolutionary redun-
dancy (= homoplasy). Although parsimony is the only
inference method currently used for analyses of non-
molecular data, the use of gene sequence data has
spawned a new family of model-based methods that in-
corporate hypotheses of nucleotide evolution. In these
methods (i.e., maximum likelihood and distance meth-
ods), DNA nucleotide sequences from organisms in the
study group are analyzed within a framework of as-
sumptions based on how we believe nucleotides oper-
ate and change over time.

Construction of a cladogram can be a time-consum-
ing process. The number of mathematically possible
cladograms for more than a few species is enormous—
for three taxa there are only four possible cladograms,
but for ten taxa there are about 280 million possible
cladograms, 34 million of which are fully dichotomous.
Needless to say, a thorough analysis of a family of sever-
al dozen species and determination of the most parsi-
monious tree is not possible without the aid of a com-
puter. Algorithms for computer-assisted cladogram
construction began appearing in the late 1970s. These
programs generate cladograms by clustering taxa on the
basis of nested sets of synapomorphies. There are sever-
al good programs available for phylogenetic analyses.
The cladograms in this text were generated with the
program PAUP (see References section).

By identifying the precise points at which synapo-
morphies occur, cladograms unambiguously define
monophyletic lineages. Hence, cladograms are called
explicit phylogenetic hypotheses. Being explicit, they
can be tested (and potentially falsified) by anyone. The
synapomorphies are markers that identify specific
places in the tree where new monophyletic taxa arise.
For phylogenetic systematists, a phylogeny consists of a
genealogical branching pattern expressed as a clado-
gram. Each split or dichotomy produces a pair of newly
derived taxa called sister taxa, or sister groups (for ex-
ample, sister species). Sister groups always share an im-
mediate common ancestor. In Figure 2.5, set W is the sis-
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*Parsimony is a method of logic in which economy in reasoning is
sought. The principle of parsimony, also known as Ockham’s
razor, has strong support in science. William of Ockham (Occam),
the fourteenth-century English philosopher, stated the principle as,
“Plurality must not be posited without necessity.” Modern render-
ings would read, “An explanation of the facts should be no more
complicated than necessary,” or, “Among competing hypotheses,
favor the simplest one.” Scientists in all disciplines follow this rule
daily, and it can be viewed as a consequence of deeper principles
that are supported by statistical inferences. Thus, parsimonious
solutions or hypotheses are those that explain the data in the sim-
plest way. Evolutionary biologists rely on the principle of logical
parsimony for the same reason other scientific disciplines rely on
it: doing so presumes the fewest ad hoc assumptions and produces
the most testable (i.e., the most easily falsified) hypotheses. If evi-
dential support favored only one hypothesis, we would have little
need for parsimony as a method. The reason we must rely on par-
simony in science is that there is virtually always more than one
hypothesis that can explain our data. Parsimony considerations
come into play most strongly when a choice must be made among
equally supported hypotheses. 

In phylogenetic reconstruction, any given data set can be
explained by a great number of possible trees. A three-taxon data
set has 3 possible dichotomous (all lines divide into just two
branches) trees that explain it. A four-taxon data set has 15 possi-
ble bifurcating trees, a five-taxon data set has 105 possible trees,
and so on. Thus, the evidence alone does not sufficiently narrow
the class of admissible hypotheses, and some extraevidential crite-
rion (parsimony) is required. The virtue of choosing the shortest
(i.e., most parsimonious) tree among a universe of possible trees
lies in its simplicity, or testability. William of Ockham, by the way,
also denied the existence of universals except in the minds of
humans and in language. This notion resulted in a charge of
heresy from the Church, after which he fled to Rome and, alas,
died of the Black Plague.



ter group of set X; set W + X is the sister group of set Y;
and set W + X + Y is the sister group of set Z. This nest-
ed-set pattern of hierarchical relationships results from
the fact that cladogenesis is a historical process.

Like all scientific hypotheses, cladistic analyses and
their resulting cladograms are tested by the discovery of
new data. As new characters or new species are identi-
fied and their character states elucidated, new data ma-
trices are developed, and new analyses are undertaken.
Cladograms are also tested when characters are re-
assessed, which can lead to changes in character state (=
homologue) interpretation. Cladograms can also be test-
ed with different kinds of data (e.g., today molecular
phylogenies are being used to test earlier generations of
phylogenies based on anatomical, morphological, and
embryological data). Hypotheses (branches of the tree)
that consistently resist refutation are said to be highly
corroborated. For example, the clade called Arthropoda
has been examined in scores of cladistic analyses using a
great variety of data, and it has consistently been shown
to constitute a monophyletic group (i.e., it is a highly cor-
roborated phylogenetic hypothesis).

The final step in a cladistic analysis may be the con-
version of the cladogram into a classification scheme.
Strict phylogenetic systematists strive to convert their
cladograms directly into classifications strictly on the
basis of the branching sequence depicted. They use only
as much information for the construction of the classifi-
cation as is contained in the cladogram. Thus, phyloge-
netic systematists erect classifications based solely on
genealogy. Phylogenetic systematists give no taxonomic
consideration to the degree of difference between taxa (i.e.,
the number and kinds of characters used to separate
taxa), to differential rates of change in various groups,
or to evolutionary events other than those involving the
origin of new apomorphies.

Figure 2.6 shows a cladogram that is believed by
both phylogenetic systematists and traditional taxono-
mists to represent the phylogeny of the vertebrates.
However, these two groups of systematists have de-
rived two different classification schemes from this
cladogram, incorporating different hierarchical arrange-

ments of the taxa within it. The difference is due entirely
to the fact that the the phylogeneticist (or “cladist”)
view considers only the branching sequence, whereas
the traditional view considers the overall degree of dif-
ference between taxa. In doing so, traditional taxono-
mists are willing to accept paraphyletic taxa.

As depicted on a cladogram, the product of cladoge-
nesis (or the splitting of a taxon) is two (or more) new
lineages that constitute sister groups. Another way of
stating this is to say that the two subsets of any set de-
fined by a synapomorphy constitute sister groups. A
good example of the sister-group concept can be seen in
a series of four families of marine isopod crustaceans
(Figure 2.7). These four families show an evolutionary
trend from free-living (the Cirolanidae) to parasitic
lifestyles (the Cymothoidae). The Cymothoidae (a fami-
ly of isopods that are obligatory parasites on fishes) is
the sister group of Aegidae (a family of “temporary”
fish parasites); together they constitute a sister group of
the Corallanidae (“micropredators” on fishes); and all
three constitute a sister group of the Cirolanidae (car-
nivorous predators and scavengers). Each of these nest-
ed sister-group pairs shares one or more unique synapo-
morphies that defines them. In Figure 2.7, the
synapomorphies that define the sister group Cirola-
nidae + Corallanidae + Aegidae + Cymothoidae become
symplesiomorphies higher in the cladogram (i.e., for
each of the separate families). Sister groups are mono-
phyletic by definition.

As illustrated in Figure 2.6 (classification scheme B),
some phylogenetic systematists early on suggested that
every  lineage depicted in a tree should be designated
by a formal name and categorical rank, and that each
member of a sister-group pair must be of the same cate-
gorical rank. A moment’s thought reveals that giving
names to every branching point in a cladogram would
result in an enormous and unacceptable proliferation of
names and ranks. Other phylogenetic systematists have
proposed a method of avoiding such name prolifera-
tion, called the phylogenetic sequencing convention.
When this convention is used, linear sequences of taxa
can all be given equal categorical designations (e.g., they
can all be classified as genera, or all as families, and so
on), so long as they are listed in the classification scheme
in the precise sequence in which the branches appear on
the cladogram (classification scheme C). Thus, either
method of creating a classification scheme allows one to
convert the classification scheme directly back into a
cladogram—that is, to visualize the phylogenetic branch-
ing pattern it depicts.

One of the most illustrative examples of the differ-
ence of opinion between phylogenetic systematists and
traditional taxonomists regarding the categorical rank-
ing of sister groups is the case of the crocodilians and
the birds, which may be more recently descended from
a common ancestor than either is from any other group.
Because of this relationship, the crocodilians and birds
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Figure 2.5 A cladogram of four taxa, illustrating the
concept of sister groups. Taxon W is the sister group of
taxon X; taxon W + X is the sister group of taxon Y; taxon
W + X + Y is the sister group of taxon Z.



form a sister group to most other reptiles (see the clado-
gram in Figure 2.6). In other words, birds originated
from the branch of reptiles that also gave rise to the croc-
odilians. By cladistic methodology (on genealogical
grounds), birds and crocodilians should therefore be
ranked together, separate from the “other reptiles”
(phylogenetic systematists recognize such a group, call-
ing it the Archosauria), or birds should be classified
with “reptiles” and the definition of that group expand-
ed to include birds (phylogenetic systematists also rec-
ognize this grouping, often referring to it as the Saurop-
sida, or Reptilomorpha). Traditional systematists argue
that even though birds and crocodilians may be “most
closely related” on a genealogical basis (sister groups in
a cladogram), birds are very different from reptiles, and
hence the two groups should be placed in entirely dif-
ferent taxa (classification scheme A in Figure 2.6). Fur-

thermore, traditional systematists argue that, taking all
attributes into consideration, the crocodilians are clearly
members of the reptilian grade (and should be retained
within the Reptilia), whereas the birds have evolved
many new attributes and belong to a separate avian
grade. In other words, the crocodilians have retained
more primitive reptilian features (symplesiomorphies)
than the birds have, and for this reason the crocodilians
should be classified with the other reptiles, not with the
birds. The phylogenetic sequencing convention (scheme
C) is one solution to this dilemma.

One criticism of phylogenetic systematics occasional-
ly heard is that it always depicts the speciation process
as the splitting of an ancestral species into two sister
species, despite the probability that numerous other
speciation modes exist (Figure 2.8). In a cladogram, once
a new species appears, a “split” must be placed on the
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Figure 2.6 Sometimes genealogy and overall morpho-
logical similarity/dissimilarity can lead to conflicting con-
clusions about classification. The conflict between phylo-
genetic systematists (for whom genealogy has priority)
and traditional systematists (who emphasize overall similar-
ity/dissimilarity) is exemplified in the case of the birds and
reptiles. The cladogram in this figure depicts the generally
accepted view  of the relationships among the major
groups of living vertebrates. Classification scheme A
depicts a traditional classification of the vertebrates, in
which crocodilians are classified with lizards, snakes, and
turtles in the taxon Reptilia, while birds are retained as a
separate taxon, Aves. Traditional systematists, in their
desire to express both branching patterns and degree of

overall similarity/dissimilarity in classifications, are willing
to accept paraphyletic taxa (e.g. Retilia) in order to formal-
ly distinguish what they view as “similar” groups of verte-
brates (actually grades, not clades). Schemes B and C are
phylogenetic systematic classifications. Scheme B strictly
reflects the branching pattern of the cladogram; thus, the
“reptiles” are broken into separate taxa in recognition of
their genealogical relationships, and the birds and croco-
dilians are classified together as a separate sister group to
the reptiles (called “Archosauria” in this scheme). Scheme
C also strictly mirrors the tree, but uses the “phylogenetic
sequencing convention.” In schemes B and C, all taxa are
monophyletic. Notice that scheme C requires four fewer
taxonomic names than scheme B.



tree, and the two branches represent sister groups,
whether or not the original species has in fact
“changed” at all. Some biologists have claimed that this
practice is misleading. This criticism, however, is un-
founded, and it derives from simple lack of understand-
ing. First of all, cladograms are not always completely
dichotomous; they can have branching points that are
trichotomous or even polytomous (Figure 2.8D). Sec-
ond, a terminal taxon on a cladogram may lack any
defining synapomorphies, thus indicating that it is not
only the sister group of its adjacent lineage, but also the
actual ancestor of that lineage. The cladogram of an-
nelids (see Figure 13.40 in Chapter 13) is an example.
The oligochaetes (earthworms and their kin) lack any
unique defining synapomorphies; hence they are de-

picted as the hypothetical direct ancestors of the hiru-
dinidans (leeches and their kin)—that is, leeches proba-
bly evolved from an oligochaetous ancestor. Thus,
“Oligochaeta” constitutes a paraphyletic taxon. A clado-
gram can express any kind of speciation event; it simply
does so in a restricted way—by way of branches depict-
ing a pattern of nested synapomorphies.

The methods of phylogenetic systematics force the
systematist to be explicit about groups and characters.
The method is also largely independent of the biases of
the discipline in which it is applied. In its fundamental
principles, it is not restricted to biology, but is applicable
to a variety of fields in which the relations that charac-
terize groups are comparable to the homology concept
and possess a hierarchical nature. Thus, cladistic analy-
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Figure 2.7 A dendrogram of four closely related groups
of isopod crustaceans (marine “pillbugs”; see Chapter 16).
The dendrogram can be viewed as either a cladogram or a
traditional tree. In this particular example, the four taxa list-
ed constitute an interesting “evolutionary series,” from the
free-living carnivorous Cirolanidae through micropredators
and temporary fish parasites (Corallanidae and Aegidae) to
obligatory fish parasites (Cymothoidae). Classification
scheme A depicts the classification developed by traditional
systematists and currently in use. The taxa can be listed in
any order (here, alphabetically) in the classification, so the
order of listing does not necessarily reflect their arrange-
ment in the tree. Scheme B views the tree as a cladogram,
arranging the taxa in a subordinated (hierarchical) classifica-
tion and depicting precisely the arrangement of the clado-
gram. Scheme C also views the dendrogram as a cladogram
and utilizes the phylogenetic sequencing convention to
arrange the taxa in the exact sequential order in which they
appear on the tree. There is no way to convert the tradition-
al classification of scheme A directly into the tree from
which it was derived; hence phylogenetic relationships can-
not be ascertained from the classification. Schemes B and C
can be directly converted back to the tree from which they
were derived, because they precisely reflect the genealogical
(phylogenetic) relationships of the taxa.

Figure 2.8 Common models of speciation. (A) One
species splits into two new species. (B) One species is trans-
formed into another. This type of speciation may be viewed
as either gradual or rapid. (C) One species remains un-
changed, while an isolated peripheral population evolves
into a distinct new species. This model probably represents
for most evolutionists the most common mode of speciation.
(D) “Explosive radiation,” in which one species suddenly
splits into many new species. Speciation events represented

by this model are predicted to occur when a species is sud-
denly confronted with a vast new array of habitats or
“unfilled niches” to exploit, resulting in rapid specialization
and reproductive isolation as the new niches are filled.
Explosive radiation might also occur when the range of a
widespread species is fragmented into numerous smaller, iso-
lated populations. (E) A new species is “created” by hybrid-
ization of two other species; this type of speciation appears
to be rare and may occur primarily in plants and protists.

(A) (B) (C) (D) (E)



ses have been applied to other historical systems, such
as linguistics and textual criticism (in which the “homo-
logues” are shared tongues or texts), and even to the
classification of musical instruments. They are also used
in biogeographic analyses, wherein taxa are replaced by
their appropriate areas of endemism, and the “homo-
logues” are thus sister groups shared by geographic
areas. Although the information stored in a cladogram
is restricted to genealogy, such trees are often used to
test other kinds of hypotheses, such as modes of specia-
tion, historical relationships among geographic areas,
and coevolution in host–parasite lineages.

As stressed earlier, the concept of “similarity” plays a
central role in phylogenetic systematics. There are really
only three kinds of evolutionary similarity expressed
among organisms: (1) shared evolutionary novelties in-
herited from an immediate common ancestor; (2) similar-
ity inherited from some more remote ancestor (any num-
ber of descendant taxa may retain such similarity); and
(3) similarity due to evolutionary convergence. Phyloge-
netic systematists accept only the first kind of similarity
(synapomorphies) as valid evidence of close affinity
(common ancestry) between two taxa. Traditional sys-
tematists also rely heavily on synapomorphies, but con-
sider the second kind of similarity (symplesiomorphies)
in their analyses as well. They also use “degree of differ-
ence” (i.e., the numbers and types of similarities distin-
guishing a lineage) to classify organisms. The third kind
of similarity (convergence) holds no value at all in phylo-
genetic analyses, and its use serves only to create chaos.

It is worth noting that the concept of shared derived
characters has been around for many decades, and a
careful review of the work produced by the most critical
systematists through time will reveal that most were
striving to delimit monophyletic taxa and construct
phylogenetic trees based, as cladistics prescribes, on
nested sets of synapomorphies. However, many exist-
ing older classifications are still based in part on sym-
plesiomorphies rather than solely on synapomorphies,
and these classifications are destined to be revised as
more cladistic studies are accomplished.

There has also been a trend over the past 30 years to-
ward redefining taxa so that they are based strictly upon
“positive characters,” or the possession of distinct rec-
ognizable features. Formerly recognized taxa based on
“negative characters” (the absence of features) have
largely been redefined and reorganized, or are simply
no longer considered valid. The most obvious example
of a group based on negative characters is, of course, the
“Invertebrata.” The invertebrates are a group of conve-
nience, useful for didactic purposes but no more. They
are not evolutionarily related by their lack of a back-
bone—whereas vertebrates are related by their posses-
sion of a backbone (a vertebrate synapomorphy). “In-
vertebrates” is a paraphyletic group.

There have been very few phylogenetic methodolog-
ical tests of known evolutionary histories, although a few

strains of laboratory animals, plant cultivars, and mi-
croorganisms have been examined in this way. Methods
of phylogenetic reconstruction can be tested with such
known phylogenies (or with computer models of simu-
lated phylogenies). So far, such tests have shown that
cladistic methods (i.e., reconstructions based on ge-
nealogical histories and parsimony) come close to re-
capturing actual evolutionary histories.

There is no doubt that the future of biological system-
atics will be an exciting one. Biological systematics is
now beginning to play key roles in such diverse fields as
ecology, conservation biology, biological pest control,
and natural products chemistry. As our present method-
ologies and philosophies are refined, and as new tools
are discovered, they will interact with our view of evo-
lution and stimulate continued growth and improve-
ment in our understanding of biological diversity and
the history of life.
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