BIOLOGY OF FISHES

FISH 311

BIODIVERSITY: METHODS AND GOALS OF SYSTEMATICS;
PHENETICS, EVOLUTIONARY SYSTEMATICS,
AND CLADISTICS

General topics:
1. Definitions
2. Phenetics
3. Cladistics
4. Evolutionary Systematics
5. The problems with phenetics
6. Cladistics versus Evolutionary Systematics

7. The concept of “relationship”



1. DEFINITIONS
Taxonomy: The discovery, recognition, definition, and naming of groups of organisms.
Systematics: The study of biological diversity; or, more specifically, the ordering of the
diversity of nature through construction of a classification that can serve

as a General Reference System.

Classification: The ordering of plants and animals into groups based on their similarity
and relationship.

Classifications: Concise lists of organisms, grouped or ranked according to the pattern of
branching seen in the branching diagram, a product of systematic

research.
Branching Graphic views of the sequence of evolutionary divergence of groups
diagrams: of organisms through time, another product of systematic research. Along

the horizontal axis, they show the relative primitiveness of organisms;
along the vertical axis, they show how groups of organisms have evolved
from one another, that is, the pattern of branching through time.

The task of systematics is to find the best possible General Reference System. But finding the
best possible “reference system”™ is not so easy, and it turns out that there are several approaches
or ways to go about performing this task. "

During the 1950s, and much more so during the 60s and early 70s, there was much confusion and
debate over the principles of systematics. Reflecting this basic uncertainty about the methods
and goals of systematics is the fact that during a fifteen-year period from 1960 to 1975 over a
dozen books were published in which the methods and goals of systematics were argued back
and forth.

From all this intellectual fervor came three competing theories of classification, each claiming to
be more objective than the other two and each claiming to produce a better general reference
system than the other two. What are these three competing theories?

1. Phenetic Systematics or Numerical Taxonomy

2. Cladistic Systematics or Phylogenetic Systematics

3. Evolutionary Systematics or the so-called Synthetic Method



2. PHENETIC SYSTEMATICS

In this approach, groups of organisms are brought together on the basis of overall similarity.
Similarity is calculated from the presence or absence of numerous unweighted characters.
This method does not establish groups by simple inspection, but orders the lowest taxonomic
units (usually species) into groups using standardized procedures.

The major criteria are:

1. Overall similarity.
2. Numerous characters are used, as many as can be found, and all are given
3. Equal weight; the resulting branching diagram is
4. Computer generated; and the branching diagram that is produced is called a
5. Phenogram, a branching diagram that links organisms by estimates of overall similarity
as evidenced by an analysis of characters.
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An example of a phenogram, a
branching diagram showing the
hierarchical pattern of general
overall similarity exhibited among
some taxa of birds (after Schnell,
1970:36)
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The phenetic method was all the rage in the early and mid-sixties, popularized primarily by two
individuals, Robert R. Sokal and Peter H. A. Sneath.

Sokal, R. R., and P. H. A. Sneath. 1963. The Principles of Numerical Taxonomy. W. H.
Freeman and Co., San Francisco, 359 pp.

Sneath, P. H. A., and R. R. Sokal. 1973. Numerical Taxonomy. W. H. Freeman and Co.,
San Francisco.

The 29 “species” of Caminalcules, a group of imaginary animals created by Joseph H. Camin of the
University of Kansas, according to rules known only to him, used to study phenetics
and other approaches to phylogenetic analysis.

Phenetic systematics was once thought to be the answer to the dilemma of how best to establish
relationship among organisms, but its acceptance was short lived and very few recognize this
method today.



3. CLADISTIC SYSTEMATICS

Organisms are classified and ranked exclusively on the basis of recency of common descent.
Members of taxa are recognized by the joint possession of derived character states (i.e.,
apomorphic character states). Grouping and ranking are given simultaneously by the points in a
branching diagram.

Sometimes called Phylogenetic Systematics, the major criteria are:

1. One criterion for classification: recency of common descent.

2. The method allows only the use of specialized or derived character states, character
states that we call apomorphic (primitive characters states are called plesiomorphic).
So, in this sense, some characters, or more precisely some character states, are heavily
weighted over others.

3. Taxa that share derived or apomorphic characters states are said to be related. Shared
apomorphic character states are called synapomorphic, whereas shared plesiomorphic

character states are called symplesiomorphic.

4. Grouping and ranking are given simultaneously by branching points in a diagram called
a cladogram (from the Greek “clad” or “klados,” meaning to branch).
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A cladogram showing the evolutionary relationships of anglerfishes



Let’s stop a moment and talk about this concept of primitive versus derived character states.
This can best be illustrated by examples: picking an example from vertebrate animals, let’s take
a simple one like skeleton. Skeleton is the character, but thinking about it you realize that
skeleton among vertebrates consists of at least two states, a bony skeleton and a cartilaginous
skeleton. We know that a skeleton of true bone evolved very early in vertebrate history and that
those vertebrates with a skeleton of cartilage are the result of a loss of the ability to ossify the
skeleton. A bony skeleton is thus the primitive or plesiomorphic character state, while a
cartilaginous skeleton is clearly the derived or apomorphic character state.

Let’s pick another, slightly more complicated example, forelimbs. Thinking about forelimbs
among vertebrates, we can list at least three character states: pectoral fins, arms, and wings. We
know that pectoral fins evolved early on in vertebrate history and that these structures are the
evolutionary forerunners of arms and wings. Thus pectoral fins represent the primitive character
state of a character called forelimbs. What about arms and wings? We know that arms evolved
in the earliest four-legged vertebrates (the earliest tetrapods, i.e., the first amphibians), long
before wings first appeared in birds or mammals (bats), so we conclude that arms are a derived
character state relative to pectoral fins, but a primitive state relative to wings. Wings clearly
represent the derived character state relative to both pectoral fins and arms.
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A cladogram showing the evolutionary relationships of five kinds of vertebrates. Each level in the
hierarchy (denoted by branch points) is defined by one or more similarities
interpreted as derived character states.



Cladistics was first articulated in a formal way by a German entomologist named Willi Hennig,
a world's authority on the systematics of flies (order Diptera). He wrote a book, first published in
German and later translated into English:

Hennig, H. 1950. Grundziige einer Theorie der phylogenetischen Systematik. Deutscher
Zentralverlag, Berlin.

Hennig, H. 1966. Phylogenetic Systematics. University of Illinois Press, Urbana.

The method immediately became popular among entomologists and quickly spread to
systematists working on other groups, particularly ichthyologists.

The primary proponents of cladistics in the fish world were Donn E. Rosen and Gareth Nelson,
both formerly working in the Department of Ichthyology at the American Museum of Natural
History in New York. They, and a host of followers, beginning in about 1971, began publishing
theoretical as well as applied papers in a number of prestigious scientific journals, most
important among them being Systematic Zoology (recently renamed Systematic Biology).

4. EVOLUTIONARY SYSTEMATICS

Organisms are classified and ranked on the basis of two sets of factors: (1) phylogenetic
branching (i.e., recency of common descent), and (2) the amount and nature of evolutionary
change between branching points. This later factor depends on the evolutionary history of the
lineage in question; for example, whether or not it has entered a new adaptive zone and to what
extent it has undergone a major radiation. This method attempts to maximize simultaneously the
information content of both types of variables (1 and 2 above), thus it combines components of
phenetics and cladistics.

Sometimes called the Synthetic Method, this approach relies on:

1. Two criteria for classifying and ranking organisms: recency of common descent and
the amount and nature of evolutionary change between branching points.

2. The method allows the use of plesiomorphic (primitive) character states as well as
apomorphic (specialized or derived) character states. Characters states thought to be
‘more evolutionarily or functionally significant are often heavily weighted over others.

3. Grouping and ranking are given simultaneously by branching points in a diagram called
a Phylogenetic Tree.
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A hypothetical evolutionary tree showing the relationships of terminal taxa A through F. In contrast to a
phenogram and a cladogram, which give only two kinds of information (geological time on the
vertical and a measure of similarity on the horizontal), this diagram provides three kinds of
information: geological times on the vertical, degree of similarity on the
horizontal, and degree of divergence by the angle of divergence.

The major proponents or defenders of this approach were George Gaylord Simpson and Ernst
Mayr, each of whom wrote classic texts on this subject:

Simpson, G. G. 1961. Principles of Animals Taxonomy. Columbia University Press, New York.

Mayr, E. 1969. Principles of Systematic Zoology. McGraw-Hill, New York.

5. THE PROBLEMS WITH PHENETICS

Today, very few if any systematists employ phenetics or numerical taxonomy. When first
proposed, the methodology seemed to resolve the problem of the lack of objectivity in
evaluating characters for purposes of determining evolutionary characters. But, early on,
detractors pointed out serious deficiencies. According to Ernst Mayr (Evolution and the
Diversity of Life, 1976, p. 429), “the phenetic approach . . . has been largely a failure when
applied to higher organisms.” One of the criticisms is that it totally ignores evolutionary
convergence.



6. CLADISTICS VERSUS EVOLUTIONARY SYSTEMATICS

The primary controversy is between those who support Cladistics and those who back
Evolutionary Systematics. The proponents on both sides declare that their method provides the
greatest number of conclusions and predictions about the organisms being classified and is
therefore the best approach.

To better understand the differences between these two methods, let's forget about fishes for a
moment and take a look at the famous bird-crocodile controversy:

This branching diagram shows how the major groups of tetrapods diverged from one another
through evolutionary time. Everyone agrees, cladists as well as evolutionary systematists, that
this is the way tetrapods evolved—what remains in question is how a classification should be
derived from this sequence of branching.

Amphibia other Reptilia Crocodilia Aves Mammalia

Cladists lump birds and crocodiles (the latter usually thought of as a subgroup of reptiles)
together in a small taxonomic category called Archosauria, which is given equal rank with a
group that includes all other reptiles. Ranking and classifying are based solely on a single
criterion, recency of common descent.
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The classification that cladists construct from their branching diagram looks like this:

A “CLADISTIC” CLASSIFICATION OF TETRAPODS

Infraclass AMPHIBIA
Infraclass REPTILOMORPHA
Division SAUROPSIDA
Cohort REPTILIA
Cohort ARCHOSAURIA
Subcohort CROCODILIA
Subcohort AVES
Division MAMMALIA

Notice a couple of things: first off, the classification is a perfect reflection of the pattern of
branching in the branching diagram. Everything is laid out in pairs. There are two infraclasses,
two divisions, two cohorts, etc. Just as the diagram is perfectly dichotomous, so is the
classification. Thus, the classification can be constructed easily by simply following the
sequence of branching in the branching diagram. At the same time, given the classification, it’s
very easy to draw the branching diagram.

The concept of sister-groups: notice also, how crocodiles and birds are given equal rank.
Cladists would say that these two taxa are sister-groups, that is, the subcohort Crocodilia
(crocodiles) is the sister group of the subcohort Aves (birds) and, vice versa, Aves is the sister-
group of the Crocodilia. We would also say that the division Sauropsida, containing the
reptiles, crocodiles, and birds, constitutes the sister-group of the division Mammalia.

Ok, so this then is how cladists view the evolutionary history of tetrapods. Let’s now take a look
at the other side of the controversy.

Non-cladists see this and go crazy. They argue that this cladistic approach completely ignores
the drastically different evolutionary fates of the groups in question. That is, cladists ignore
genetic change that may have occurred within a group subsequent to branching away from an
ancestral group.

To stick with the example we started with above, non-cladists argue that birds have invaded an
entirely New Adaptive Zone—that is, they’ve evolved wings and they fly—yet in the cladistic
view they are given equal rank as the sister-group of the crocodiles, a group that has remained in
the old Ancestral Adaptive Zone.

Of course, the problem immediately arises, how do you measure the extent to which a group of
organisms has entered a new adaptive zone? How new is new? How does one quantify the
differences?
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In any case, non-cladists, in constructing their classification of tetrapods, from the same pattern
of evolutionary branching accepted by cladists, give birds a much higher status than crocodiles.
In fact, they give birds equal rank with reptiles, thus emphasizing the amount of evolutionary
change between branching points.

Here is their branching diagram.

Amphibia other Reptilia Crocodilia Aves Mammalia

You’ll notice that the pattern of branching is identical to that in the diagram of the cladist, but the
angles formed between the branches vary in accordance with estimates of the amount of
evolutionary change (morphological divergence) between branching points. Here is their
classification—four classes of equal rank:

AN “EVOLUTIONARY” CLASSIFICATION OF TETRAPODS

Class AMPHIBIA
Class REPTILIA
Subclass ARCHOSAURIA
Subclass CROCODILIA
Class AVES
Class MAMMALIA
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