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I. INTRODUCTION

George V. Lauder

As part of our introduction to biology as undergraduates,
most of us were taught the distinction between homology and
analogy. Homologies are commonly presented as structures
sharing common ancestry, while analogies are presented as
similar structures that do not share common ancestry.
Homologies may be either similar in structure (e.g., the femur
of a cat and a dog) or qUite different in appearance. On the
other hand, the similarity among analogous characters is
explained as being due to common functional or environmen­
tal demands imposed on those structures. Insect wings and
bird wings are the textbook exemplar of choice. Two important
issues arise from this classical explication of homol­
ogy/ analogy and pervade current literature discussions of
these concepts.

First, analysis of the concept of homology has been over­
whelmingly dominated by an emphasis on structure or form.
Most definitions of homology use the term structure, involve
only discussions of structures, and most authors restrict
themselves to structural examples. Some authors have even
claimed that the concept of homology applies only to struc­
tures and cannot be applied to organismal functions or other
traits. More prevalent is the suggestion that without an anal­
ysis of structural underpinnings, meaningful analyses of
character homology cannot take place. Under thiS latter view.
nonstructural organismal traits such as behaviors cannot be
examined exclusive of structures, hence the study of non­
structural characters is logically subservient to the analysis of
structural homology. Indeed, the classical notion that function
is studied for the purpose of defining analogies rather than
homologies reflects the historical bias that has relegated the
study of nonstructural characters to a role in identifying non­
homologous traits.

In this chapter I argue that restricting the definition of
homology to structures or basing homology of nonstructural
characters on an analysis of morphology is unnecessary if an
explicitly phylogenetic definition of homology is used. In addi­
tion, recognition of the hierarchical nature of organismal
deSign in which many different kinds of traits may be consid­
ered as homologues - e.g., structures, functions, behaviors.
developmental pathways, and patterns of gene expression -
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opens up new and exciting questions about the evolution of
form and function.

Second, if the study of character function is a gUide to
analogy, what is the key to identifying homology? In this
chapter I argue that literature on homology is pervaded by a
search for the "locus" of homology in the organism: what
aspect of organismal design is best for reliably identifying
homologous characters? Suggestions for reliable indicators of
homology include common developmental patterns, gene
sequences, the structure of the nervous system, physiological
patterns, and connections among structures themselves.
Much of the literature on homology is devoted to arguing in
favor of one of these "indicators" of homology: e.g., homologous
characters can be recognized by similarity in development,
connection, and/or underlying genetic structure.

I discuss below my alternative view: that the search for a
locus of homology is fundamentally misgUided, and that no
matter how similar two organismal traits are (in development,
structure, and function) they might still be nonhomologous. In
contrast to the approach of recognizing homologues through
an analysis of one particular class of data, I advocate a phylo­
genetic approach in which homologous traits are recognized a
posteriori as a consequence of a global phylogenetic analysis of
many characters of all kinds. A phylogenetic approach to
homology gives primacy to no one class of data and allows
novel questions to be asked about historical patterns of char­
acter covariation.

II. HOMOLOGY AND STRUCTURE

The notion that homologous traits of organisms are pri­
marily structural in nature has a long pedigree in biology,
founded in debates on the correspondence among parts of
organisms that characterized the first half of the nineteenth
century (Appel, 1987). Although discussions of archetypes, the
Correlation of parts within a species, and correspondences of
structure across species had strong pre-Darwinian foun­
dations (Russell, 1916; and see Chapter 1), the essential
framework for analysis of the relationships among organismal
traits carried over into the post-Darwinian era. Many authors,
including Darwin, have recognized that traits other than
structures in two or more species might be considered to share
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common ancestry and thus be homologous (e.g., Ghiselin,
1976; Mayr, 1969), but a pervasive theme in the literature on
homology is primacy of structural data. Since characters such
as behavioral traits and physiological functions can be difficult
to link to specific structures, questions have been raised as to
the relevance of the concepts of homology and analogy to the
analySis of function and behavior.

Table I summarizes a few of the many recent statements
supporting a structurally based view of homology. Even
Richard Owen's oft-quoted definition of homology as "the same
organ in different animals under every variety of form and
function" (my emphasis) carries with it an implicit structural
bias: homologous attributes are organs, structural entities
within the organism. In part, the focus on structure in Darwin
and Owen's time may have been because information on
organismal form constituted the primary data available and
thus a natural focus of attention. The rise of experimental and
physiological studies of organisms (of increasing interest in
Berlin and France during the nineteenth century (Allen, 1975;
Coleman, 1977)] occurred primarily in medical schools and
had not yet begun to generate comparative data that might
have raised questions about the correspondence of function
across taxa. Similarly, comparative studies of behavior were
not widespread, and few data were available in the last half of
the nineteenth century on the distributions of behavioral
characters among species. Paleontological discoveries, often a
source of new taxa at the time (Desmond, 1982), provided little
information on function or behavior.

The homology literature of the last 20 years has main­
tained the focus on structure (see Table 0, at the same time as
our growing ability to analyze organismal function has played
an increasing role in generating functional characters in a
diversity of organisms. In fact, an interesting distinction has
developed in the literature between the study of structure and
homology on the one hand, and the study of function and
analogy on the other. This dichotomy leads to confusion in
cases where it is desirable to infer function from structure in
taxa in which function has not (or cannot) be studied experi­
mentally.

Paleontologists, for example, often infer function in extinct
taxa by reference to living spe~ies. Raup a~d Stanley, in their
text on paleontology, ask us to:



Table I. Selected Statements from the Literature lllustratlng the View That the Concept of Homology Applies Only
to Structural Characters or to the Structural Basis of Nonstructural Traits such as Behaviors or Functions.

Reference

1. Atz (1970. p. 68)

2. Wilson et aL (1973. p. 633)

3. Hodos (1976. pp. 165. 161)

4. Riedl (1978. p. 33)

5. Goodwin (1984. p. 10 1)

6. Carroll (1988. p. 6)

7. Wagner (1989. p. 51)

8. Hall (1992. p. 57)

Comment on structural basis of homology

"The extent to which behavior can be homologized is directly correlated
with the degree to which it can be conceived or abstracted in
morphological terms."

"Homology is defined as correspondence between two structures which
is due to inheritance from a common ancestor."

"The concept of behavioral homology is totally dependent on the concept
of structural homology... " and "The issue is the degree to which
behavior can be related to specific structural entities."

"Homologies ... are structural similarities which force us to suppose
that any differences are explicable by divergence from identical origin."

"Homology is an eqUivalence relation on a set of forms which share a
common structural plan...."

"Homology refers to the fundamental similarity of individual
structures... ,"

"Only morphological equivalence in terms of relative position. structure.
and connections with nerves and blood vessels counts."

"The author's present position is that the term homology should be
li~.ited to structures and not used for developmental processes at all
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consider first the case in which fossil and Recent taxa that bear sim­
ilar structures are closely related and the structures are judged to
have had a common origin. The fossil structure may then, by homol­
ogy (having the same origin), be judged to serve the same function as
does the Recent structure, (Raup and Stanley, 1971, p. 166.)

This statement reflects a common view (criticized else­
where: Lauder, 1993) that functions and structures are tightly
linked and that if two taxa share a common structure, those
structures may be inferred to have shared a common function
as well. Within this framework, homology of structures implies
homology of function.

But it is common to discover a fossil possessing a novel
structure not found in immediate relatives. How then do we
infer the function of that structure? One way is to use analo­
gous structures in Recent taxa (where function may be studied
directly) unrelated to the fossil taxon of interest (Raup and
Stanley, 1971). Thus, if two unrelated taxa (one fossil and one
recent) each possess a trait that is similar in structure and
that is analogous (that is, has evolved convergenUyl, then in­
ference of function in the fossil taxon will depend on the
assumption that analogous structures possess analogous
functions. We are then using analogy in structure to infer
analogy in function, again assuming that structure and func­
tion tend to show concordant historical patterns, an assump­
tion that is often false (Lauder, 1993).

III. SEARCHING FOR THE LOCUS OF HOMOLOGY

The view that structure is a primary vehicle for the
recognition of homology and also the primary reference point
for the analysis of historical patterns in other types of charac­
ters (functions, behaviors, and developmental pathways) is but
one aspect of a more general issue that permeates the homol­
ogy literature. I term this issue the search for the "locus" of
information about homology: the search for (or use of) a spe­
cific class of data that contains the information necessary to
make decisions about homology by reference to characters
themselves. Note that by referring to the "locus" of homology I
do not mean a specific anatomical site within the organism,
but rather a specific class of data that is believed to contain
information best reflective of "true similarity" and thus homo1-
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ogy. In other words, if only we could understand more details
of character structure, interconnection, development, function.
or neural control (choose one), we would be able to decide if
twO characters are homologous.

I have previously claSSified such criteria for homology as a
priori criteria (Lauder. 1986), because the goal of using a
particular class of information (such as ontogenetic. struc­
tural, or neural data) is to shed light on character homology
solely by a detailed analysis of the substrate for the characters
themselves (that is, prior to and independent of. a phyloge­
netic analysis). In contrast, the phylogenetic method discussed
in Section IV recognizes homologies a posteriori. as a result of
(after) a phylogenetic analysis of many characters, not just
those of initial interest.

At various times. virtually every possible class of data has
been advocated as the locus in which homologous similarity
among characters is revealed. Five types of data have been es­
pecially prominent in the homology literature as proposed
sources of information on character homology, and these will
be considered seriatim below.

A. Structure as the Locus ofHomology

Advocates of morphology or structure as a gUide to
homology have suggested that the locus of homology for non­
structural characters lies in the link between these types of
characters and structure. The two most commonly used non­
structural characters are functions and behaviors, and while
these two classes of characters have been viewed as labile and
difficult to homologize, structural features themselves have not
been seen as posing problems for applying the concept of
homology.

Behaviors and functions, then, might be considered ho­
mologous to the extent that we can assign an identifiable
structural correlate to these behaviors and functions. The
homology of nonstructural traits depends wholly on our ability
to locate homologous structures. Structures themselves are
often held to be homologous on the basis of an analysis of
details of those structures (such as histology, the relative
Position of joints. tubercles on bones, or muscle attachments).
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The quotations summarized in Table I encapsulate the
sentiment that dominates the literature on the importance of
structural data as a basis of homology. Not only is the concept
of homology often restricted to morphology (or to the morpho­
logical basis of nonstructural characters), but the methods for
recognizing homologies are frequently limited to the investiga­
tion of morphological data. To be sure. a number of authors
have been explicit in their recognition that structures are not
the only organismal traits that might be considered homolo­
gous (Baerends. 1958; Gans. 1985; Ghiselin. 1976; Greene
and Burghardt. 1978; Hinde and Tinbergen. 1958; Mayr.
1969) but even in recent treatments structure is given the
dominant role in analyzing homology (e.g.. Wagner. 1989).

The strongest advocates of the primacy of structure in
studying the homology of traits have been Atz (1970) and
Hodos (1976). and much of the debate on the application of
the concept of homology to behavior has centered on the role
of morphology (Lauder. 1986; Wenzel, 1992). Atz (1970) ar­
gued that the lability of behavior and function make identify­
ing such traits difficult, and that homology is thus best
applied to morphology (Table I): structure alone should be the
gUide to comparing behavior across species. Hodos managed
to divorce the concept of behavioral homology from phylogeny
(and tie it to structure):

The degree of phyletic relatedness is not the issue in behavioral
homology ... the issue is the degree to which behavior can be related
to specific structural entities. (Hodos, 1976, p. 161.)

The use of a morphological foundation for the study of
behavioral evolution can also be found in Simpson (1958), who
used a morphological criterion to maintain that one would not
expect to find homologous behaviors between taxa such as
arthropods and vertebrates. As these two groups possess non­
homologous skeletal systems. how could behavior be homol­
ogous:

Divergence and lack of homological behavior between insects and ver­
tebrates are again illustrated, for the external skeleton-internal
muscle apparatus of an insect obViously had a different origin from
the internal skeleton-external muscle apparatus of a vertebrate.
(Simpson, 1958. p. 509.)
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Today we might note as an aside that many of the genes
involved in coding for muscle proteins would be considered
homologous between insects and vertebrates. and that an
homologous morphological substrate does in part exist. But
arguments for the primacy of structural homology in the eval­
uation of other types of characters (behaviors and functions)
are still common.

For Atz (1970) and Hodos (1976) the relationship of
behavior to a morphological substrate is of such primacy that
phylogenetic evidence for or against homology is subservient to
the message from structural analysis. Wagner (1989) has
continued this theme. separating homology from phylogeny by
defining homology in terms of structure and development:

Structures from two individuals or from the same individual are
homologous if they share a set of developmental constraints. caused
by locally acting self-regulatory mechanisms of organ differentiation.
(Wagner, 1989. p. 62.)

This definition of homology recalls Owen's pre-Darwinian
formulation. and detaches the concept of homology from phy­
logeny by placing the locus of homology firmly in a structural
and developmental setting.

B. The Nervous System as the Locus ofHomology

The nervous system has played such a dominant role in
discussions of the homology of nonstructural characters such
as function and behavior that I treat it as a separate class of
the structural criterion for homology described above. Behav­
ioral biologists. in particular. have commonly referred to the
nervous system as a locus of homology (Lauder. 1986). For ex­
ample. in discussing how one might recognize homologous be­
haViors. Pribaum (1958. p. 142) says that .....uncovering a be­
havioral process which ... is shown to depend on homologous
neural structures provides a valid criterion useful in a taxon­
0my of behavior.... " a sentiment repeated by Hodos (1976. p.
163), who stated that "Behaviors associated with brain struc­
tures that have a common genealogical history are homol­
ogous. whether or not the behaviors are of the same type or
Serve the same function to the animal." Baerends (1958. p.
409) argues that the pattern'of motor output from the central
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nervous system is critical to judgment of behavioral homology:
"Our considerations lead to the conclusion that in comparative
ethology it is most essential for homology that the patterns of
muscle contraction should be largely identical."

There are a number of rather severe difficulties with using
nervous system structure or function as the deciding criterion
for behavioral homology (Lauder, 1986).

First, homologous neural structures may produce a wide
variety of patterned motor output, all of which involve the
same structural circuits regulated by neuromodulators (see
Harris-Warrick et aI., 1992: Meyrand and Moulins, 1988a,b). If
protraction and retraction movements of an appendage are
produced by the same (homologous) structural neural circuit
in two species as a result of modulation by the presence or
absence of a neuropeptide, should we insist that these two
behaviors are homologous?

Second, identifying structural similarities in the nervous
system is difficult: for the vast majority of behaviors we have
no idea of the underlying neural pathways. Even identifying
the individual neurons in a similarly designed neural circuit in
two species may be a challenging task, requiring information
on synaptic connections, physiological activity of the neuron,
and response of the neuron to modulators (Katz and Tazaki,
1992). Indeed, the whole notion of what a neural circuit is has
become more vague as the flexibility of design in circuitry un­
derlying behavior has become apparent: neural circuits are
much more than just the pattern of structural interconnec­
tions among nerve cells (Getting, 1988: Harris-Warrick, 1988).
Multiple circuit deSigns may generate similar behaviors, and
components of circuits may come and go (phylogeneticaIly,
ontogenetically, and as a result of changes in external con­
ditions such as light and temperature) while the behavior
produced remains similar.

Third, the concept of a neural criterion for behavioral
homology depends on a tight link between historical changes
in the structure of the nervous system and in behavior. There
is now good evidence that such a linkage does not necessarily
exist (Kavanau, 1990: Lauder, 1986, 1991; Paul, 1991:
Striedter and Northcutt, 1991) and that there may be consid­
erable divergence in circuit morphology, motor output, and
behavior within a clade. If there is no necessary link between
changes in the nervous system, physiology, and behavior, then
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what basis is there for assigning the locus of behavioral ho­
mology to the nervous system?

C. Developmental Patterns as the Locus ofHomology

Ontogeny has long held a fascination for biologists be­
cause it is one of the few ways we have to observe structural
transformation directly. Perhaps the accessibility of structural
change has contributed in part to the view that a proposed
homology between two structures is best examined by study­
ing development: in order for two structures to be homologous,
they must share developmental patterns or be derived from a
common embryological tissue source. By a study of ontogeny
we can compare the transformation of two structures; if the
transformational patterns are similar we may conclude that
the structures are homologous.

Roth (1984), for example, stated uneqUivocally her view
that developmental pathways are the means by which homolo­
gous characters should be recognized:

... the basis of homology in the broad sense is the sharing of path­
ways of development.....A necessary component of homology is the
sharing of a common developmental pathway. (Roth. 1984, pp 13 and
17. emphasis Roth's.

Katz and Tazaki (1992, p. 227) state that "There are a
number of ways of demonstrating homology. The most rigor­
ous is to show that two structures have the same embryologi­
cal Origin .... " A similar view on the importance of development
has been argued by, among others. Riedl (1978) and Wagner
(1989, p. 62), who suggested that homologues are "develop­
mentally individuated parts of the phenotype."

In 1988, Roth reversed herself and concluded that devel­
opment may not be such a good guide to homology, using
examples from de Beer (1971) to argue that ..homologues ....do
not always develop in a similar fashion" (Roth, 1988, p. 5), and
that both the embryological processes and precursors of char­
acters that should be considered homologous may differ. A
n~mber of authors have discussed the problems associated
With a developmental definition of homology (e.g., Rieppel,
1988), and examples of such difficulties are provided in Hall
(1992) and Raff et al. (1990).
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If adult phenotypic features in a group of related species
(that to all appearances possess structure and patterns of
connection similar to surrounding structural elements) differ
in their pattern of development, what utility is there in assign­
ing priority to developmental data as the locus of homological
information? Similar phenotypes may result from a diversity of
ontogenetic processes. Perhaps the specifics of developmental
patterns used to generate an adult structure are not necessar­
ily closely linked to the form. function. or history of the struc­
ture itself. In such cases. we would expect the history of devel­
opmental pathways in a clade to be different from that of the
resulting phenotypic trait.

D. Genetic Data as the Locus ofHomology

The notion that homology is a relationship written in the
genes is a tempting one. given that the genetic material does
contain in coded form at least part of the information needed
to generate phenotypic traits. As a result. genetic data (usually
gene sequences) have been advocated as a locus of phenotypic
homology. Hickman et al. (1988. p. 114) state that "The best
criterion of homology would be the identification of homol­
ogous genes." Roth (1984. p. 18) states that .... .I would reject a
suggestion of homology if structures are created by unrelated
sets of genes." Thus. if we wished to determine if two struc­
tures are homologous we could locate the genes that code for
proteins and regulatory factors in the development of those
structures and examine the gene sequences.

Aside from the obvious practical difficulties in applying
this research program for analYZing proposed homologies. we
face the difficulty of determining if the genes themselves are
homologous. using any of the above a priori criteria. even
assuming that we can identifY the correct genes. At this stage,
most of the previously mentioned criteria break down; we can­
not study the ontogeny of a base pair. or analyze its structure.

There are additional difficulties with ascribing the locus of
homological relationship to genes: similarity in genetic
sequence is no guarantee of similarity in phenotypiC traits,
due to the intervening complexities of epigenetic interactionS
and regulatory genes and pathways. In addition. quantitative
genetic analyses in combination with selection experiments
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demonstrate that similar phenotypic end-products of selection
for a specific trait (such as tail length) may be produced by
different evolutionary pathways. resulting in differentpatterns
of genetic correlation among traits in replicate lines (Rutledge
et al.. 1974). Lenski (1988) showed that resistance to T4 virus
infection in replicate lines of Escherichia coli may be achieved
via different genetic changes: the similar phenotype of T4
resistance did not reflect similarity in underlying genetic
alterations producing resistance. There is thus no tight link
between patterns of genetic change and phenotypic diversity.
rendering the identification of a genetic locus of homology
problematical.

If we do not wish to subscribe to the idea that direct
genetic coding for structures or developmental pathways is the
locus of homology. perhaps a more general conception of the
information content of the genome might do. Van Valen (1982)
suggested that homology was "continuity of information" and
this definition has been advocated by Roth (1988. p. 2) who
applauded its flexibility: "the definition can be used by adher­
ents to any school of thought by simply specifying the relevant
kind of information." But this very flexibility means that it is
Virtually impossible to apply the definition. How are we to
Judge the information content of two bones in different
species? Might this not be especially difficult if we accept that
these two bones could have been produced by different devel­
opmental processes or even by genes (some of which might
differ between the species) with differing patterns of genetic
covariance and pleiotropic effect?

E. Connections among Traits as a Locus ofHomology

The "prinCiple of connections" has a strong pre-Darwinian
pedigree that dates as a formal postulate from the writings of
Geoffroy Saint-Hilaire (Appel. 1987), although as a gUide for
studying the relationships among traits the principle of con­
nections is much older and was advocated by Goethe as a
method of comparison (Rieppel. 1988). The idea that it is. the
pattern of connections among traits that is useful in determin­
ing homologies has been advocated by several recent authors.
notably Remane (1952) whose criteria for homology have been
discussed extensively (e.g. Riedl, 1978). According to Remane
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(1952), two structures are homologous if they share similar
patterns of connection to other structural elements. Connec­
tivity among structures (by nerves, muscles, bone sutures,
ligaments, etc.) is what reveals homology. Even though struc­
tures may move relative to one another dUring ontogeny, they
often retain a pattern of connection by dragging with them
their innervations and blood supply. The principle of connec­
tions has been viewed by several recent authors as an impor­
tant a priori criterion for establishing homology (e.g., Beer,
1980; Golani, 1992: Jardine, 1969: Shubin and Alberch, 1986:
Tyler, 1988).

One difficulty with the principle of connections has been
establishing a frame of reference within which to analyze
interconnections among traits. As Rieppel (1988) shows, if the
frame of reference is changed, the pattern of connections
among elements changes. leading to a different hypothesis of
homology. In order to specify that muscles in two species are
homologous because they attach to similarly positioned bones,
we need to assume that the frame of reference provided by the
bones is both absolute and the reference that serves as a locus
of homology. Since no criteria exist for choosing a particular
reference framework. there is no nonarbitrary way to decide on
homology by connections. Furthermore, all the difficulties with
homologizing neural circuits discussed above apply in force to
the principle of connections. The implications of particular
patterns of connection among neurons in circuits remains
unclear. and defining an appropriate framework even to iden­
tify a "similar" connection is a daunting task (Harris-Warrick
et al., 1992). Indeed. evolutionary patterns in the nervous
system may provide the clearest examples of both the difficulty
in applying the principle of connections. and uncertainty over
the significance of similar patterns of connection (Arbas et al..
1991; Dumont and Robertson. 1986: Striedter and Northcutt,
1991).

F. Synthesis

As is apparent from the discussion above, recent litera­
ture on homology is replete with individual authors searching
for some key characteristic or combination of characteristiCS
that will allow them to establish homology among characters



Homology, Form, and Function 165

and test hypotheses of homology. Much of this literature can
be summarized in the form of a multiple choice statement:
homologous characters may be (recognized/defined - pick
one) by reference to (structure, the nervous system, develop­
ment. genetics, connections to other characters - pick one or
two). The typical approach has been to choose one level of
analysis, usually at a level of organization different from the
traits under consideration, as the locus of information on the
homology of characters in question.

Adoption of one class of data as the key to identifYing
homologous characters may stem from a desire to have a
means of assessing homology independent from phylogeny
(e.g., Beer, 1980; Golani, 1992; Goodwin, 1984,; Wagner, 1989;
also discussed in Donoghue, 1992). If, however, through a
detailed examination of two characters by studying their ge­
netics, development, and patterns of connection to other
structural features, we could make a determination of prob­
ability of homology, then a phylogenetic analysis would be
unnecessary: sufficient information would be available from a
detailed study of the two traits alone.

If a nonphylogenetic view of homology seems odd nearly
140 years after the publication of The Origin oj Species, it is
increasingly common. Golani (1992), for example, in his anal­
ysis of comparative patterns of movement in animals, suggests
explicitly that a definition of homology is needed for the com­
parative study of behavior that avoids reference to phylogeny,
and argues that homology is best demonstrated through an
analysis of the pattern of connection among behavioral traits
in a movement sequence.

On the other hand, while many authors who advocate one
particular locus of homology have recognized the importance
of common ancestry to the recognition of homology among
characters, in practice, phylogenetic considerations often play
a small part in analyses of homology: it is a priori criteria that
are frequently the focus of discussion when a decision is
needed on the possible homology of two characters.

It is my view that there is no locus of homology, no class
?f data or method of examining the details of construction of
Individual characters that will reveal whether the relationship
between two traits is homologous or analogous. Furthermore, I
argue below that in order to determine if two characters are
homologous, one must analyze the phylogenetic distributions,
not only of those characters, but also of many other char-
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acters to provide the phylogenetic basis and historical hypoth­
esis specifying the relationships among taxa necessary to
interpreting character evolution.

IV. HOMOLOGY AND PHYLOGENY

A. Phylogeny, Taxa, and Characters

In this section I present a phylogenetic definition of
homology and show how phylogenetic methods can be used to
recognize homologous and analogous characters. One conse­
quence of this phylogenetic approach is that a priori criteria for
examining characters discussed above are relegated to the role
of refining observations of similarity among characters and
thus our proposals of homology: they do not allow tests of
homology or the recognition of homology.

A second key feature of a phylogenetic analysis of homol­
ogy is that, while the word homology may describe a relation­
ship among two (or more) speCific characters, the demon­
stration of that homology requires analysis of many other
characters, unrelated to those of immediate interest, because
possession of a trait is the property of a taxon. It is the phylo­
genetic relationships among taxa that allow us to assess the
homology or analogy of individual characters. The criteria dis­
cussed above thus differ fundamentally from the phylogenetic
approach considered here in focusing on the characters them­
selves rather than on the taxa possessing them.

Hypotheses of homology may be generated in a large
number of ways and the supposition of homology between two
characters is logically independent of a phylogenetic test of
hypotheses of homology. Although hypotheses of homology are
usually based on some prior knowledge of structure or devel­
opment (and are often founded on "Similarity" at some level,
recognized by the criteria discussed above), this need not be
so. A biologically uninformed observer might easily propose
that the wing of an insect is homologous to the wing of a bat.
or that the wing of an insect is homologous to the tail of a fish.
Either of these hypotheses may be tested phylogenetically to
determine the homology (or not) of the characters.

The phylogenetic definition of homology advocated here is
based on the approach of Patterson (1982), who suggested
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that homologous similarities are those that define natural or
monophyletic groups of organisms. If all five species in a clade
hypothesized to be monophyletic (on the basis of a phylo­
genetic analysis of many characters) possess a particular
developmental pathway not present in outgroup taxa, then it
is most parsimonious to conclude that these species share
common development by descent and that this developmental
pathway is homologous in the five species. The similar pattern
of development thus is just one of many characters that sug­
gest that these five species are a natural monophyletic taxon
(see Brooks and McLennan, 1991: Eldredge and Cracraft,
1980; Fink, 1988: Wiley, 1981).

A character such as a "Wing" is not homologous in insects
and birds because the character "wing" is not corroborated by
other evidence for the monophyly of a taxon that includes
birds and insects. That is, there are very few other characters
that these two taxa share uniquely that could be used to sup­
port the clade insects + birds as a natural taxon. Instead,
there are many other characters that suggest a better corrobo­
rated phylogenetic hypothesis indicating that birds and insects
are each more closely related to other taxa than they are to
each other. On this basis, then, we conclude that wings are
not homologous in insects and birds.

Figure 1 provides a schematic summary of a phylogenetic
approach to homology and analogy. Taxa E, F, G, and H are
considered to be a monophyletic clade on the basis of the evi­
dence used to construct the cladogram (for example, a molec­
ular phylogenetic analysis of proteins). Under the pattern of
relationships shown in the upper panel, organismal traits 1
and 2 would be considered homologous in taxa E, F, G, and H
since it is most parsimonious to assume that the common
ancestor of these taxa possessed traits 1 and 2, which then
provide further evidence corroborating the natural taxon E, F,
G, and H. Trait 3, present in taxa A and G, would not be con­
Sidered homologous because this trait is incongruent with all
the other evidence that suggests that taxa A and G are not
each other's closest relatives.

However, if a further study of the relationships of these
taxa, perhaps by sequencing more proteins and by combining
a previously gathered morphological data set with the molecu­
1ar data, resulted in a different hypothesis of relationships
among the 10 taxa shown (Fig. IB), then we would have to
reevaluate our conclusions about the homology of traits 1, 2,
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Traits_1
c::J 2
rzz.;l 3

8 G A
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Fig. 1. The phylogenetic definition of homology. (A) Traits
1 and 2 are present in taxa E, F, G, and H and provide evi­
dence that these taxa form a monophyletic clade (arrow).
Character 3 is found only in clades A and G. While character 3
does provide evidence that taxa A and G are closely related,
this evidence is overwhelmed by the other characters used to
make the cladogram in the first place. Each character provides
evidence of monophyly for some clades, but it is the distri­
bution of all characters considered together that determines
the most parsimonious branching topology. Note that clado­
grams shown in (A) and (B) are based on a phylogenetic
analysis of many additional characters not depicted here.
Thus, evidence supporting the branching topology is indepen­
dent of characters 1, 2, and 3 under discussion here, although
these characters could also be included in a phylogenetic
analysis of all available data. (B) A suite of new characters has
been discovered and a new phylogenetic analysis of all char­
acters now shows that taxa A and G are now considered to be
each other's closest relatives. Trait 3 is thus reinterpreted as a
homology in taxa A and G and provides evidence that these
taxa are a monophyletic clade (arrow). Traits 1 and 2 are still
homologous in taxa E, F, and G, but are convergent with traits
1 and 2 in clade G.
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and 3. Now, we have increased the amount of evidence we
have to support a phylogenetic analysis of the relationships
among the taxa and find there is evidence to corroborate taxa
A and G as a monophyletic clade. Trait 3 thus contributes to
this evidence and would be most parsimoniously interpreted
now as homologous between taxa A and G. On the other hand,
traits 1 and 2 in taxon G no longer corroborate taxa G, E, F,
and H as a monophyletic clade: other evidence outweighs
these two characters. Traits 1 and 2 are now considered to be
nonhomologous between taxon G and these other taxa, but
still would be homologous in taxa E, F, and H. The identifica­
tion of both analogous and homologous characters thus
depends on our estimate of the relationships among taxa. If we
were unable to estimate relationships among the 10 taxa
shown in Fig. 1, then under a phylogenetic approach to
homology and analogy we would be unable to make any
statement about the homology of characters present in a sub­
set of those taxa.

A key point in the phylogenetic approach to homology is
that the homology or nonhomology of two or more traits does
not depend on their similarity to each other (although the
initial choice of a character may often depend on a perception.
of its similarity to another character in a different taxon). A
character in two taxa may be very similar structurally, similar
in development, have a similar genetic basis, and be similar in
function, but might still be nonhomologous (e.g., character 2
in Fig. IB). It is the relationships among taxa as estimated by
an analysis of all the evidence available that allows us to
ascertain the homology of characters in those taxa.

B. Phylogeny, Homology, and Hierarchy

The hierarchical organization of biological systems has
been discussed by many workers (Allen and Starr, 1982;
Brooks and McLennan, 1991: Brooks and Wiley, 1986: Gould.
1982: Lauder. 1981: Salthe. 1985: Vrba and Eldredge, 1984)
and the implications of a hierarchical view for analyses of
homology have received considerable attention. Some authors
h~ve asked if the property of homology resides at anyone
hIerarchical level (Roth, 1991). Others, embracing a hierarchi-
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cal approach, have questioned whether we can analyze traits
across levels by using a single methodology:

... methods - such as phylogenetic trees. cladograms and homologies
- used for the study of phenomena at one level (say morphology) are
generally not applicable to higher-level phenomena (say behavior).
(Aronson. 1981. p. 37.)

It is my view that one great benefit of a phylogenetic
approach to homology is its direct application to organismal
traits of many kinds. Not only are phylogenetic methods appli­
cable to behaviors, developmental sequences, and functions,
but some of the most interesting questions in comparative
biology arise when we explicitly consider patterns of character
homology across hierarchical levels (Lauder, 1990, 1991).

For example, consider the hierarchical arrangement out­
lined in Table II. If we wish to analyze behavioral traits in
several species, we might choose to study a sequence of dis­
play behaviors. In order to quantifY the display behavior. we
could analyze the precise pattern of movements of the head
and body during display by measuring kinematic patterns
(from films) such as bone excursions. velocities of movement,
etc. In addition, we could examine by dissection of preserved
individuals the topographic arrangement of muscles and
bones of the structures used in the display behaviors. We
could also record electrical activity from relevant muscles and
thus quantifY the pattern of motor output used to generate the
behavior. Finally, we might undertake a study of the neuronal
circuitry involved in prodUCing the display behavior. While an
investigation of all these levels in several species is probably
beyond the capabilities of any reasonably finite study, analysis
of a few is not (Arbas et al., 1991; Harris-Warrick and Marder.
1991; Katz and Tazaki, 1992; Lauder, 1986. 1990: PauL
1981a, b. 1991; Reilly and Lauder, 1992: Striedter and
Northcutt. 1991).

Given comparative data on characters from several levels
(Table II) and a phylogenetic hypothesis of the relationships
among species, we can determine the mapping of homologous
characters across levels of the hierarchy. As illustrated in Fig.
2, we might find that a display behavior (which appears to be
kinematically similar in all species that possess it) has evolved
convergently in two groups of taxa. In this case. the display
illustrated by taxon H would not be homologous to that in taxa



Table II. One Possible Hierarchy of Levels (Classes) of Characters That Might Be Analyzed Phylogenetically. a

Hierarchical level

Behavioral

Functional/physiological
(at the level of peripheral tissues)

Structural
(at the level of peripheral tissues)

Functional/physiological
(at the level of the nervous
system)

Structural
(at the level of the nervous
system)

Example of an organismal trait that might be studied
interspecifically

Display behavior during mating

Kinematics of bone movement; physiological properties of muscles;
biomechanical tissue properties

Topographic arrangement of muscles and bones; tissue histology

Neuronal spiking patterns; motor patterns; membrane properties;
modulation by neurotransmitters

Neuronal morphology; topology of neuronal interconnection;
wiring of sensory and motor pathways

a Under a phylogenetic approach to the problem of homology it is possible that any definable pair of traits at
each level might be homologous no matter what the nature of the traits is. Thus. there is no particular class of
characters that serves as a locus of homology.
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A, B. and C. despite the fact that behavior in these taxa is not
different when we test statistically kinematic variables mta­
sured from films of the behavior. In addition, our study of
morphology and motor output allows us to ask how homolo­
gous components of the mechanistic basis of display behavior
relate to patterns of homology (or nonhomology) in the behav­
ior itself. If we find that taxa Band C share a particular mor­
phology and motor pattern (Fig. 2: morphological and motor
pattern trait 2) while taxon A retains the primitive morphology
and motor pattern (Fig. 2: trait 1) then we can conclude that
taxa Band C possess an underlying mechanistic basis for the
display behavior that is not homologous to that in taxon A,
That is, the behaviors are homologous within clade A. B. and
C but the morphological and motor substrates for the behav­
iors are not. In fact, according to the pattern shown in Fig. 2,
taxon A has retained a primitive morphology and is convergent
to taxon H not just in possessing the behavior. but also in the
physiological basis for the behavior. Taxa D. E, F, and G pos­
sess an homologous morphological framework, but lack char­
acters at the behavioral level: these species never evolved a
display although they possess the requisite musculoskeletal
structure. Phylogenetic patterns similar to those depicted in
Fig. 2 are increasingly being demonstrated as comparative
studies of the physiological and neural basis of behavior
become more common (Katz and Tazaki, 1992; Lauder. 1990,
1991, 1993; Paul, 1991; Reilly and Lauder, 1992: Shultz,
1992; Striedter and Northcutt, 1991).

Study of the phylogenetic patterns of congruence among
classes of characters at different hierarchical levels raises sev­
eral general issues: 1), do some levels tend to be more conser­
vative than others and show relatively little interspecific varia­
tion? 2), are traits at some levels more interspecifically labile
and if, so, is this variation correlated with variation at another
level?

Many interesting problems in the evolution of organismal
design may appear where there is discordance among levels.
For example, taxa in a monophyletic group might show homol­
ogous phenotypes produced by divergent developmental path­
ways. Or, taxa may show homologous patterns of muscle
activity, but divergent behaviors because of alterations in
musculoskeletal topology (Lauder, 1991). Combination of the
phylogenetic definition of homology with an analysis of organ-
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Ismal traits at several hierarchical levels allows these issues to
be addressed.

Many other types of hierarchical arrangements might be
considered. Analysis of an ecological hierarchy (individuals,
populations, communities, and biogeographic regions), for ex­
ample, might provide a basis for examining how homologous
ecological characteristics of two taxa relate to traits at other
levels such as morphology or life history patterns (Brooks and
McLennan, 1991). Or, we might wish to analyze a
genetic/developmental hierarchy (Atchley and Hall, 1991; gene
sequences, patterns of genetic covariation, epigenetic path­
Ways, phenotypes) to discover how traits at these different
levels covary phylogenetically and how homologies at one level
'tllap onto homologies at other levels.

While such approaches are still in their infancy (in part
because of the view that many classes of characters are not
able to be analyzed using phylogenetic methods), I believe that
the historical analysis of different types of traits and the con-

J H G FED C B A

~ Morphological traits

c::::J Behavioral trait
_ Motor pattern traits

Fig. 2. Schematic illustration of a phylogenetic analysis of
hierarchical characters showing how kinematically similar
behaviors might be produced by different "underlying" motor
patterns and structures. A behavioral trait (a display behavior,
for example) is common to taxa A, B, and C and is homologous
Within these taxa (arrow), while the behavior in these three
taxa is convergent with the similar behavior in taxon H. Motor
Pattern 1 is also convergent between taxa H and A. However,
taxa B and C have acquired novelties in motor pattern and
lllorphology (arrow at the internode leading to taxa B and C),
so that the behavior homologous to that in taxon A is now
.generated by nonhomologous morphological and functional
Characters. Taxon A retains the primitive morphology.
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comitant recognition of homologous traits at different levels
will lead to the discovery of new and interesting patterns of
association among characters that will gUide future mecha­
nistic investigations.

C. Phylogeny and Iterative Homology

Although serial hDnwlogy [one form of iterative hDnwlogy
(Ghiselin. 1976)) has been an active topic of discussion in the
homology literature since the time of Owen (Appel, 1987;
Minelli and Peruffo. 1991; Patterson. 1982; Rieppel, 1988),
recently Roth (1991) and Wagner (1989) have argued that a
"biological homology concept" is needed in part because a
phylogenetic approach to homology does not allow iterative
traits in organisms to be homologous (Patterson. 1982).

I suggest that a phylogenetic approach to homology can
easily deal with the reality of repeated traits within organisms.
and thus argue that there is no necessity for a separate biolog­
ical homology concept. In my view. iterative homology simply
refers to homology of one or more developmental processes (or
patterns of genetic covariation) at a greater level of phylo­
genetic generality than the individual organism. To say that
cervical vertebra 4 is serially homologous to cervical vertebra 5
in an individual mammal is simply to say that species in the
Mammalia share an homologous developmental pathway (or
set of pathways) that produces serially arranged phenotypiC
structures similar in size and shape.

Figure 3 illustrates schematically how one might interpret
"serial homologues" among several Recent taxa in a phylo­
genetic context. Taxon A might be argued on a biological
homology concept to possess three serially homologous body
segments. But such a statement represents a confusion of
phenotypic pattern within an individual with interspecific
(phylogenetic) differentiation in developmental/genetic pro­
cesses. Seen in the context of its phylogenetic relatives. taxon
A (Fig. 3) possesses a phenotypic condition of three repeated
body segments that results from sharing an homologous noV­
elty in developmental/genetic pattern with taxon B. Similarly.
taxa A. B. and C share another (homologous) develop­
mental/genetic novelty that gave rise to repeated segments in
comparison to outgroup taxa 0 and E. At an even more
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general level, taxa A to E possess an homologous appendage
on the first body segment due to novelties in development that
arose in the lineage leading to the monophyletic clade A to E.
The phenotypic condition of individuals in taxon A ("serial
homology") thus results from a nested set of derived homolo­
gous developmental and/or genetic characteristics. It is not
particularly enlightening, then, to refer to an individual in
taXon A as possessing serial homology, as the components of
the phenotypically repeating pattern have different phylo­
genetic histories that characterize increasingly inclusive
monophyletic clades of taxa.

A less schematic example illustrating the above point
concerns vertebrate pectoral and pelvic appendages. On the
basis of a phenotypic analysis of extant tetrapod taxa one
might wish to conclude that forelimbs and hindlimbs are

Fig. 3. Schematic illustration of how the phylogenetic
definition of homology may be applied to serially homologous
structures within a taxon. "Serial homology" of structures
Within individuals of taxon A actually reflects nested phylo­
genetic sets of homologous developmental and genetic novel­
ties that define monophyletic clades. Three are shown here.
Outgroup taxa (G and F) possess a single body segment with
no appendages. Novelty 1: alterations in development generate
a bilaterally paired appendage on the body. Novelty 2: acquisi-
tion of developmental/genetic programs (perhaps as a result of

. gene duplication) generate a repeated element of structural
design - a second body segment. Novelty 3: further alter­bUons in developmental/genetic processes generate a third

ody segment with no appendages.
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serially homologous: both appendages typically possess a
single proximal segment, two middle bony elements, a collec­
tion of smaller carpal or tarsal bones, and distal phalanges.
Indeed, the phenotypic resemblance between fore- and
hindlimbs in tetrapods is striking, and the limbs are similar in
developmental characteristics also [suggesting to Roth (1984)
that the forelimb and hindlimb are homologous in derived
tetrapods].

But a phylogenetic analysis reveals that the pectoral and
pelVic appendages in early vertebrates do not possess such
detailed similarities in structure. Sharks and ray-finned fishes
possess pelvic fin supports that are quite different in morphol­
ogy from the endoskeletal elements supporting the pectoral fin
(Jarvik. 1980). In Amia, for example, pelvic fin supports con­
sist of a single dominant pelvic bone on each side supporting a
collection of radial bones and cartilages. while the pectoral fin
is supported by an elongate set of proximal radial bones. each
of which articulates with a small distal radial and a large
medial basal cartilage. In more derived ray-finned fishes.
where the pectoral and pelvic girdles may attach to each other.
there is even less morphological resemblance (Stiassny and
Moore, 1992). In sharks, numerous radials articulate with
pterygial cartilages in both girdles. but the number and nature
of these articulations vary between the girdles.

In sharks and primitive ray-finned fishes the existence of
repeated radial elements in each appendage may indicate
some general level of common developmental/genetic pro­
grams for development, but these commonalities do not extend
to the details of appendage construction itself. Ray-finned
fishes. on the basis of the phenotypic evidence. would appear
to have even less in common between pectoral and pelviC
appendages.

With the origin of tetrapods and the common functional
role for fore- and hindlimbs in terrestrial support and loco­
motion, however. developmental/genetic links between fore­
and hindlimbs appear to have arisen that constitute a homol­
ogy for tetrapods. The precise nature of the common develop­
mental and genetic mechanisms that give rise to similar
phenotypes in tetrapod limbs is not known, but there is ample
quantitative genetic evidence (reviewed in Lande, 1978) to
suggest that limb design is polygenic and that "limb genes"
have many pleiotropic effects on other morphological features:
see Chapter 6. It is not structural similarities in the fore- and
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hindlimbs of a single individual that constitutes an homology,
nor is the similarity in developmental mechanisms between
fore- and hindlimbs evidence of "serial homology." Rather, the
homologous traits within tetrapods are the shared develop­
mental programs and patterns of genetic covariance that
characterize a monophyletic clade of taxa, the Tetrapoda.

On the basis of the comparative anatomy of the limbs in
lungfishes, "rhipidistians," and early amphibians it is likely
that the developmental homologies and patterns of genetic co­
variation that characterize tetrapod limb development arose in
a series of stages and not suddenly with the origin of terres­
trial life. The pelvic and pectoral appendages of
Eusthenopteron, while similar in general pattern, possess sev­
eral distinct structural features (Jarvik, 1980), while those of
early amphibians show greater structural similarities in pos­
sessing a single proximal element and two larger elements that
articulate distally (Coates and Clack, 1990).

Lungfishes, primitive ray-finned fishes such as sturgeons,
and sharks, all possess pectoral and pelvic fins with a general
structural plan in common, but only lungfishes, "rhipidist­
ians," and tetrapods appear to share a common pattern
between the two appendages of having a single proximal
element articulating with the supporting girdle, and a greatly
reduced number of distal elements articulating with that
proximal element. A model of increasing common genetic con­
trol of both appendages prior to the origin of tetrapods at least
is consistent with the phenotypic evidence, suggesting that
developmental and genetic covariation between pectoral and
pelvic appendages existed in taxa that were primarily aquatic,
prior to the origin of tetrapods.

This scenario suggests an experiment: test for common
patterns of development and genetic control (via quantitative
genetic and selection experiments) in taxa such as fishes,
where crosses can be easily made, and compare the covariance
between fore- and hindlimb elements with the results of
similar experiments in tetrapods. The prediction is that a
much higher degree of correlated response to selection will be
found in tetrapod limbs than in the appendages of fishes,
reflecting the homologous developmental/genetic control
mechanisms that may characterize many tetrapod clades.
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V. HOMOLOGY AND FUNCTION

The study of function has not received much attention in
systematic and comparative biology, and when it has the focus
has tended to be negative (Lauder. 1990). Physiological func­
tions have been viewed as labile, of little utility in comparative
studies, and difficult to define and thus analyze. Table III pro­
vides a sampling of literature sentiment on the possibility of
studying functional homology, and the consensus is not
optimistic. One key issue that underlies most views of function
is the proposed intimate relationship with structure:
"Functions are clearly inextricably tied with the structure of
the features that perform them" (Tyler, 1988; Table Ill).

One difficulty with this view is that functions may be tied
to structure at a different hierarchical level than one might at
first think (Lauder, 1990, 1993). For example, if we consider
as a possible phySiological function the pattern of electrical
activity in a muscle, the structural substrate for this function
might lie in the connections among neurons in the spinal cord,
or it may be more abstract than that, lying instead in the
membrane properties and sodium channels of nerve cells in
the circuit (Table II). Given the increasingly abstract concep­
tualizations of what constitutes a structural circuit in neuro­
biology (Getting, 1988: Harris-Warrick et aI., 1992), it is
difficult to understand how we can tie many functions to a
structural substrate in a simple fashion. I have criticized else­
where the view that functions are necessarily more labile than
structures (Lauder, 1990. 1991). Statements on the lability of
function are most commonly based on our preconceived notion
that structure is solid, repeatedly observable, and definable,
rather than on quantitative analyses of interspecific patterns
of both structure and function.

The purpose of this section is to develop a brief case study
of the evolution of structure and function to illustrate the
issues discussed above. In particular. this case study of
muscle morphology and function in ray-finned fishes
(Actinopterygii) will be used to depict (1) the initial proposal of
homology, (2) the determination of the homology of muscles,
(3) an analysis of muscle function and of functional homology,
and (4) phylogenetic congruence between structural and func­
tional characters and the implications of congruence (or the
lack thereoO for the recognition of homology. I will use the
phylogenetic definition of homology outlined above as a tool to



Table III. Selected Statements from the Literature Commenting on the Possible Homology of Organismal Functions

Reference

1. Haas and Simpson (1946,
p.323)

2. Atz (1970. p. 60)

3. Riedl (1978. p. 248)

4. Ross (1981, p. 2157)

5. Tyler (1988, p. 344)

6. Burggren and Bemis (1990,
p. 197)

7. Wake (1991. p. 323)

Comment on organismal function and homology

"Functions. considered as abstractions and without consideration for
the structures that perform these functions, should not be spoken of as
homologous. "

it is ".. .impossible for nonhomologous structures to have homologous
functions."

"The contraction of a biceps naturally stands beyond the limit of
homology."

"Certainly. functions have phylogenetic histories but it seems that the
rules are different from those which governed the patterns of evolution
depicted in the familiar phylogenetic trees."

"Homology applies most appropriately to the structural features, not
their functions."

"One reason why phySiologists have problems with homology is that
there are no easy means to assess the homology of the quantitative
features of greatest familiarity and interest to phySiologists except by
reference to the morphological substrates of these functions."

"... many workers have difficulty accepting functional characters, both
because they believe that the underlying morphology must be sought,
and that morphology then provides the characters appropriate to
phylogenetic analysis and because functions are viewed as associations
of several potential characters ......
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examine patterns of evolution at different hierarchical levels,
and to suggest new research questions in the evolution of
muscle structure and function.

A. Case Study: The Evolution ofMuscle Function in Ray­
Finned Fishes

In 1973, D. E. Rosen, elaborating on the previous work of
Holstvoogd (1965) and Nelson (1969), adduced evidence that
the Neoteleostei constituted a monophyletic clade of teleost
fishes. Rosen's proposal of monophyly for this clade was
significant because the neoteleost fishes comprise more than
half of the 24,000 species of teleost fishes, and evidence of
monophyly for such a large clade represented an important
step in understanding the phylogeny of fishes (Lauder and
Liem. 1983). One of the characters used by Rosen (1973) was
the presence of the retractor dorsalis muscle (RD) in the
pharyngeal region of neotelosts. This muscle is proposed to be
homologous within neotelosts (Fig. 4A) because of its con­
sistent origin from the vertebral column and insertion on one
or more of the upper pharyngeal bones (Fig. 4B): Le.. because
of similarity in position and connection to surrounding
elements. Because a number of other characters also corrobo­
rate the Neoteleostei as a monophyletic clade (see Johnson,
1992; Lauder, 1983b; Lauder and Liem, 1983; Stiassny,
1986), I consider the presence of a retractor dorsalis muscle to
be homologous within neoteleosts (Fig. 4A) under a phylo­
genetic definition of homology.

However, as has been noted by a number of workers (e,g"
Allis, 1897; Nelson, 1969), several other clades of ray-finned
fishes also possess a muscle that appears to be very similar to
the neoteleost retractor dorsalis. For example, gar
(Lepisosteus. in the Ginglymodi) and bowfin (Amia. in the
Amiidae) also possess a muscle that takes its origin from the
vertebral column and inserts on the upper pharyngeal jaw
bones (Fig. 4C). On the basis of a criterion of similarity of
structure and connection to surrounding elements, one might
propose that the retractor dorsalis muscle in Amia and
Lepisosteus is homologous to that of neoteleost fishes. But thiS
hypothesis is refuted by the host of other characters support­
ing a phylogeny in which the clades containing Amia and



Homology, Form, and Function 181

~/-'

Lower ----
jaw

c

_ RO' muscle present

A

Fig. 4. (A) A greatly simplified diagram of phylogenetic
relationships of the major clades of ray-finned fishes to illus­
trate the independent evolution of a dorsal retractor muscle
(RD, arrow; and RO', black bars) in the Neoteleostei, Amiidae,
and Ginglymodi. Note that many Recent and fossil clades have
been omitted for clarity. A number of pharyngeal muscles are
primitive for ray-finned fishes, including the pharyngo­
fleithralis internus and externus (PCi and PCe), the external
evators (LE), and the fifth branchial adductor (ADS) (Lauder
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and Wainwright, 1992). A dorsal retractor has also been found
in several other ray-finned fish species, although the phylo­
genetic position of these taxa does not affect this discussion of
the convergent retractor muscle. (B) Schematic illustration of
the skull in a derived ray-finned fish such as a member of the
sunfish family Centrarchidae (in the "Acanthopterygii"). The
RD muscle originates on the vertebral column and inserts on
the upper pharYngeal jaw (UPJ). (C) Similar diagram of Amia to
show the convergent retractor muscle (RD') extending from the
vertebral column to the upper pharyngeal jaw. LPJ, Lower
pharYngeal jaw.

Lepisosteus are not closely related to neoteleost fishes (Lauder
and Liem, 1983: Nelson, 1969; Wiley, 1976).

This phylogenetic interpretation is illustrated in Fig. 4A,
in which the neoteleost RD is considered as a homology for
that clade, while Amia and Lepisosteus are labelled as pos­
sessing a nonhomologous dorsal retractor muscle, labelled
RD'. It is highly unparsimonious to conclude that the "dorsal
retractor muscle" in Amia, Lepisosteus. and neoteleosts is
homologous. Under that scenario, all the characters that
neoteleosts share would have to have been lost in Amia and
Lepisosteus, and all the characters shared by the nested sets
of clades within the Teleostei that branch off prior to the
Neoteleostei (Fig. 4A) would also have to have been lost in
Amia and Lepisosteus.

There are approximately seven extant species of gars in
the GinglYffiodi (Wiley and Schultze, 1984), and I interpret the
RD' as homologous among these species. However, it is not
possible to decide if the RD' is homologous in Amia and
Lepisosteus (Lauder and Wainwright, 1992): the RD' muscle
might have arisen once below the GinglYffiodi and been lost in
teleost fishes (two evolutionary "steps," in which case the RO'
would be homologous in Amia and Lepisosteus) or it might
have originated independently in these two clades (also two
steps, indicating that the RD' is not homologous in Amia and
Lepisosteus) .

Given this structural pattern, what might we find if the
function of the RD, RD', and surrounding muscles is investi­
gated? Does structural homology imply functional homology,
and thus that the RD and other muscles considered to be
homologous within neoteleosts will possess homologous func-
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tions? Are some levels of the hierarchy illustrated in Table II
more phylogenetically conservative than others? In order to
propose functional homologies, we need to investigate the
function of pharyngeal muscles in several ray-finned clades.
By recording muscle activity patterns, using the technique of
electromyography. a precise description of when each pharyn­
geal jaw muscle is active relative to others can be obtained
(Lauder. 1983a,b; Lauder and Wainwright, 1992).

Figure 5 illustrates representative patterns of pharyngeal
muscle activity in derived neoteleosts from the Family
.Centrarchidae (Fig. 5A and B: Lepomis. Ambloplites) and from
Lepisosteus and Amia (Fig. 5C and D). Note that the RD'
J,nuscle possesses a grossly similar activity pattern in
~pisosteus and Amia in that the bulk of RD' activity occurs
following activity of the AD5 muscle. In Amia. however. the
levator externi muscles (LE3j4) are active during swallowing
while homologous muscles in Lepisosteus are not (the leva­

'. tores externi muscles are primitively present in ray-finned
fishes). If the pattern of muscle activity in a neoteleost such as
,f\mbloplites is compared to that of Amia, the levatores externi
IlIld retractor muscles appear to be active at similar relative
Urnes (Lauder and Wainwright, 1992).

Recordings such as those shown in Fig. 5 (also see
Lauder, 1983a,b, 1993; Lauder and Wainwright, 1992) for a
variety of ray-finned fish clades suggest the following three

'representative functional characters for consideration. (1)
Activity of the posterior levator muscles originates prior to and
Significantly overlaps activity in the retractor muscle. (2) Onset
of activity in the fifth branchial adductor (AD5) occurs prior to
onset of activity in the retractor muscle dUring a swallowing
Cycle. (3) Activity in the pharyngocleithralis externus (PCe)
.tnuscle is present during prey swallowing and significantly
overlaps activity in the retractor muscle.

Examining the phylogenetic distribution of these func­
tiOnal characters on the simplified phylogeny of ray-finned
,lshes shown in Fig. 4 indicates that three conclusions regard­
. mg the homology of pharyngeal motor patterns can be drawn.

First, Lepisosteus and Amia differ in the timing of activity
of the external levator muscles with respect to the RD' muscle.
Arnia has a motor pattern similar to that in sunfishes, while
Lepisosteus shows little activity in the posterior levators dur­
in~ swallowing. Under a phylogenetic definition of homology.
thIS aspect of the motor pattern in Amia is convergent (anal-



184

A Lepomis

George V. Lauder

B Ambloplites

PH tIt·, ;- p'I'iI'
LP ~t ~. J~il ,IiH

PCe j.. 4 ~'i

PCi-~~

C Lepisosteus

ADS ....--..IIl---<l~~1_-

LE3/4 - _

PCe --------

PC;

LE1/2 • i i~h,,'

GH ~jIt.t---ffi~~~"'._--~

PH ~ I~I
PCe ~----+----- ~,...... _

RD '~*'lll!~ I_ _~ 1,.",..l1li1\ +

0 Amia

RD' I"~" ~... li·~1 \~"I

ADS ~i '*, \~I UIIi

LE1/2 ~

LE3/4

PCe

Fig. 5. Patterns of muscle activity in four taxa of ray­
finned fishes. (A) and (B) show motor patterns in two genera of
sunfishes (Centrarchidae: Acanthopterygii). (C) and (D) show
muscle activity in two nonteleost ray-finned fishes: Lepisosteus
(Ginglymodi) and Amia (Amiidae). The RD' muscle in Amia and
Lepisosteus is convergent with the RD of Lepomis and
Ambloplites. Abbreviations: AD5. fifth branchial adductor: GH.
geniohyoideus: LE. levator externus muscles (either 1 and 2.
or 3 and 4); LP. levator posterior muscle. one of the external
levator series; PCe. pharyngocleithralis externus: PCi, pharyn­
gocleithralis internus; PH, pharyngohyoideus: RD, retractor
dorsalis muscle of neoteleostean fishes: RD'. the dorsal
retractor muscle of Amia and Lepisosteus.

ogous) to that of neoteleosts. while Lepisosteus is uniquely
derived in this character. Thus, despite structural homology of
the external levator muscles in ray-finned fishes there has
been considerable evolutionary differentiation at a functional
level.

Second, both Lepisosteus and Amia possess relative
timing of the AD5 and RD' muscles similar to that between the
AD5 and retractor dorsalis (RD proper) in neoteleostean fishes.
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Phylogenetically, then. these taxa are convergent in sharing a
similar (but not homologous) motor pattern.

Third. Amia and Lepisosteus share a lack of activity in the
pCe muscle during swallowing, and are divergent from
neoteleostean fishes which possess such activity. However.
within the neoteleostean fish family Centrarchidae. the genus
Ambloplites differs from the other closely related sunfish taxa
studied to date in the timing of PCe activity relative to the RD
(Fig. 5A and B; Lauder, 1983a,b). Thus. despite structural
homology of the PCe and RD within the Centrarchidae, there
has been divergence at the functional level.

Comparison of activity patterns in structurally homolo­
gous branchial muscles among the three major clades of
percomorph teleosts (a large derived neoteleostean clade
within the "Acanthopterygii"; Fig. 4A) that have been studied
to date (the Centrarchidae. Cichlidae. and Haemulidae) shows
that numerous functional specializations have occurred in the
activity patterns of homologous muscles. For example, in
haemulid fishes, the sternohyoideus muscle is strongly active
dUring prey transport (Wainwright, 1989a,b) while activity is
never seen in the sternohyoideus muscle during prey trans­
port in centrarchid fishes (Lauder, 1983a,b). Phylogenetic
differentiation in muscle function (motor output) among
percomorph fish clades has thus occurred within a struc­
turally homologous muscular framework.

Results of this case study are typical in illustrating the
complexity of the relationship between structure and function
obtained when one measures functional characters and com­
pares their distribution to associated structural features
(Lauder. 1990. 1993). At the same time, in the course of past
work on the evolution of muscle function in ray-finned fishes.
several extremely conservative functional characteristics have
been identified as retained despite extensive reorganization of
musculoskeletal topology (Lauder, 1990, 1991; Wainwright
and Lauder. 1992). Both structures and functions may be
Conserved phylogenetically, and both types of characters are
capable of extensive transformation.
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B. Synthesis: Homology and Function

While Riedl (1978) has suggested explicitly that muscle
contraction may not be analyzed using the concept of homol­
ogy (Table III), I would argue that a definable pattern of muscle
activity is an organismal trait just like any structural feature.
Just like a structural character, functions may be considered
homologous if they characterize a natural, monophyletic clade
of taxa. So, the common pattern of activity in the AD5 muscle
in Amia and neoteleosts is one character providing evidence,
along with the presence of a dorsal retractor muscle, that
neoteleost fishes and Amia are a monophyletic clade. But I
reject this hypothesis because there are many other characters
that support a different grouping of monophyletic clades ­
that shown in Fig. 4A. If further characters came to light
indicating that the most parsimonious interpretation of all
characters bearing on ray-finned fish phylogeny shows Amia to
actually be a neoteleost, then I would reverse my interpre­
tation of the RD' and muscle activity characters, and conclude
them to be homologous between Amia and sunfishes. The
claim of homology (in this case of a functional character)
stands or falls on the basis of the phylogeny as a whole.

A corollary of the phylogenetic approach to analyZing
organismal traits is that even if further investigation showed
that the RD' of Amia and neoteleosts has a very similar pattern
of development, and even if it was shown that the genes pro­
ducing these muscles were homologous and present in all ray­
finned fishes, I would still regard the phenotypic structure of a
retractor muscle (and related motor patterns) as convergent
between Amia and neoteleosts.

The approach taken here - examining the distribution of
muscle structure and function on a phylogeny of ray-finned
fishes - suggests a number of avenues for further study. In
particular, if muscle activity patterns are convergent among
Amia, Lepisosteus, and neoteleosts, are the neural circuits
that produce the motor pattern similar in structure? In other
words, does convergence at one level of the hierarchy of Table
II (muscle structure) entail convergence at other levels? In
addition, in cases within neoteleosts where structurally
homologous muscles are shown to possess analogouS
(convergent) functional traits, one might ask if the neural
circuitry that generates the motor output has been conserved
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phylogenetically. or which aspects of the circuit have changed
_ the wiring pattern. or perhaps neuromodulators or mem­
brane properties. Finally, if changes have occurred in muscle
structure and function, what does this imply for the behavioral
(kinematic) level? Are the observed behaviors generated by
analogous muscles and their functions similar too? As I have
discussed elsewhere. interspecific changes in musculo-skeletal
design and function may still produce identical behaviors and,
conversely. a change in behavior may result from changes at
any of several hierarchical levels (Lauder, 1991).
Understanding the diversity of transformational patterns
among hierarchical levels and the mechanistic bases for these
patterns is a major challange for the future.

VI. CONCLUSIONS

My goals in this chapter are twofold. First. I wish to
demonstrate the prominent role that a priori criteria for the
recognition of homology have played in the literature. Despite
wide recognition that the concept of homology has strong
phylogenetic underpinnings. much of the recent homology
literature is devoted to considering the extent to which one
nonphylogenetic criterion or another provides information on
the homology of characters. The promise of such an approach
is that the homology or analogy of organismal traits might be
determined by a detailed examination of the characters them­
selves. without reference to the phylogenetic distribution of the
characters in ingroup and outgroup clades. There is a clear
trend in the literature to divorce the definition and recognition
of homology from a phylogenetic basis (Beer, 1980: Golani,
1992; Goodwin. 1984; Roth. 1991).

Second. in the context of presenting a phylogenetic defi­
nition of homology and of providing an example of the analysis
of structural and functional homology in the musculoskeletal
~ystem of ray-finned fishes. I suggest that the search for a
locus" of information on character homology is misguided.

Such searches actually provide data on the similarity of char­
acters we might use in proposing an hypothesis of homology.
This proposal is then tested via an explicit phylogenetic
analysis which examines the distribution of characters on a
Phylogeny and estimates the relationships of taxa. The result
of the phylogenetic analysis alone determines if two characters
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are homologous. In the absence of a phylogenetic analysis. one
can only propose homologies based on character similarity;
one cannot test hypotheses of homology. It is interesting to
note that, in the literature advocating a particular class of
data as a locus of homology. that locus is most often claimed
to reside at a different hierarchical level than the traits under
consideration. The class of data that is proposed to contain
homological information on a phenotypic trait (e.g.. develop­
ment, genetic data. the structure of the nervous system) is
often relatively inaccessible and limits the utility of such a
priori criteria for contributing to an understanding of historical
patterns to different types of traits.

The adoption of an explicitly phylogenetic definition of
homology leads naturally to the analysis of congruence among
hierarchical classes of characters: if no one level or class of
traits serves as a locus of homological information. then all
may be equally subject to historical analysis. For example.
how congruent are behavioral changes in a clade with mor­
phological and physiological features involved in the
production of those behaViors? How congruent are develop­
mental pathways and epigenetic associations with the pheno­
typiC end products of those processes? How concordant are
patterns of genetic correlation in life history traits among taxa
with homologous ecological or trophic patterns? I regard the
documentation of patterns of historical concordance and
divergence among classes of data. levels of organization. and
developmental, genetic. and physiological processes as one of
the most exciting areas of investigation in organismal biology.

Since we lack even a modest number of case studies of
this type. it is still unclear what patterns will emerge and what
kinds of causal hypotheses will be suggested by the results of
such phylogenetic analyses of behaVior. function. develop­
ment, and genetics. The analysis of the mechanisms driving
patterns of character association is a virtually untapped field
that may well be a future focus of comparative biology.

ACKNOWLEDGMENTS

Preparation of this chapter was supported by NSF IBN
9119502 and NSF DeB 8710210. Gary Gillis provided many
insightful comments on the manuscript. and Don Miles
pointed me toward a lost reference.



REFERENCES

Homology, Form, and Function 189

Allen. G. (1975). "Life Science in the Twentieth Century."
Wiley. New York.

Allen. T. F. H.. and Starr. T. B. (1982). "Hierarchy: perspec­
tives for ecological complexity." Univ. of Chicago Press.
Chicago.

Allis. E. P. (1897). The cranial muscles and cranial and first
spinal nerves in Amia calva. J. Morphol. 12. 487-772.

Appel. T. A. (1987). "The Cuvier-Geoffroy Debate: French biol­
ogy in the decades before Darwin." Oxford Univ. Press. New
York and Oxford.

Arbas. E. A.. Meinertzhagen. I. A.. and Shaw. S. R. (1991).
Evolution in nervous systems. Annu. Rev. Neurosci. 14. 9­
38.

Aronson, L. R. (1981). Evolution of telencephalic function in
lower vertebrates. In "Brain Mechanisms of Behaviour in
Lower Vertebrates" (P. R. Laming, ed.J, pp. 33-58.
Cambridge Univ. Press, Cambridge.

Atchley, W. R., and Hall, B. K. (1991). A model for development
and evolution of complex morphological structures. Biol.
Rev. Cambridge Philos. Soc. 66, 101-157.

Atz. J. (1970). The application of the idea of homology to
animal behavior. In "Development and Evolution of Behav­
ior: essays in honor of T. C. Schneirla" (L. Aronson, E.
Tobach. D. S. Lehrman, and J. S. Rosenblatt. eds.), pp. 53­
74. Freeman. San Francisco.

Baerends, G. P. (1958). Comparative methods and the concept
of homology in the study of behavior. Arch. Neerl. ZOol.
Suppl. 13.401-417.

Beer, C. G. (1980). Perspectives on animal behavior compar­
isons. In "Comparative Methods in Psychology" (M. H.
Bornstein. ed.l. pp. 17-64. Erlbaum. Hillsdale. N.J.

Brooks. D. R., and McLennan, D. A. (1991). "Phylogeny.
Ecology and Behavior." Univ. of Chicago Press, Chicago.

Brooks, D. R., and Wiley. E. O. (1986). "Evolution as Entropy:
Toward a Unified Theory of Biology." Univ. of Chicago Press,
Chicago.

Burggren. W. W., and Bemis, W. E. (1990). Studying physio­
logical evolution: paradigms and pitfalls. In "Evolutionary
Innovations" (M. H. Nitecki, ed.l. pp. 191-228. Univ. of
Chicago Press, Chicago.



190 George V. Lauder

Carroll. R. L. (1988). "Vertebrate Paleontology and Evolution."
Freeman, San Francisco.

Coates, M. 1., and Clack. J. A. (1990). Polydactyly in the earli­
est known tetrapod limbs. Nature (London) 347, 66-69.

Coleman, W. (1977). "Biology in the Nineteenth Century: Prob­
lems of Form, Function, and Transformation." Cambridge
Univ. Press. Cambridge.

de Beer, G. R. (1971). "Homology. an Unsolved Problem."
Oxford BioI. Readers, No.ll. Oxford Univ. Press, London.

Desmond. A. (1982). "Archetypes and Ancestors: Paleontology
in Victorian London 1850-1875." Univ. of Chicago Press.
Chicago.

Donoghue, M. J. (1992). Homology. In "Keywords in Evolu­
tionary Biology" (E. F. Keller and E. A. Lloyd, eds.), pp. 170­
179. Harvard Univ. Press. Cambridge. MA.

Dumont, J., and Robertson, R. M. (1986). Neuronal circuits:
An evolutionary perspective. Science 233, 849-853.

Eldredge. N.. and Cracraft. J. (1980). "Phylogenetic Patterns
and the Evolutionary Process." Columbia Univ. Press, New
York.

Fink, W. L. (1988). Phylogenetic analYSis and the detection of
ontogenetic patterns. In "Heterochrony in Evolution" (M. L.
McKinney. ed.), pp. 71-91. Plenum, Press. New York.

Gans, C. (1985). Differences and similarities: Comparative
methods in mastication. Am. Zoot 25. 291-301.

Getting, P. A. (1988). Comparative analysis of invertebrate
central pattern generators. In "Neural Control of Rhythmic
Movements in Vertebrates" (A. H. Cohen. S. Rossignol, and
S. Grillner, eds.), pp. 101-127. Wiley, New York.

Ghiselin. M. T. (1976). The nomenclature of correspondence: a
new look at "Homology" and "Analogy." In "Evolution, Brain
and Behavior: Persistent Problems" (R. B. Masterton, W.
Hodos, and H. Jerison. eds.), pp. 129-142. Erlbaum.
Hillsdale, NJ.

Golani, 1. (1992). A mobility gradient in the organization of
vertebrate movement: the perception of movement through
symbolic language. Behav. Brain Sci. 15,249-309.

Goodwin. B. C. (1984). Changing from an evolutionary to a
generative paradigm in biology. In "Evolutionary Theory:
Paths into the Future" (J. W. Pollard. ed.), pp. 99-120.
Wiley, New York.

Gould. S. J. (1982). The meaning of punctuated equilibria and
its role in validating a hierarchical approach to macro-



Homology, Form, and Function 191

evolution. In "Perspectives on Evolution" (R. Milkman. ed.),
pp. 83-104. Sinauer Associates. Sunderland. MA.

Greene. H.. and Burghardt. G. M. (1978). Behavior and
phylogeny: Constriction in ancient and modern snakes.
SCience 200. 74-77.

Haas. 0 .. and Simpson. G. G. (1946). Analysis of some phylo­
genetic terms. with attempts at redefinition. Proc. Am.
Philos. Soc. 90. 319-349.

Hall. B. K. (1992). "Evolutionary Developmental Biology."
Chapman & Hall. London.

Harris-Warrick, R. M. (1988). Chemical modulation of central
pattern generators. In "Neural Control of Rhythmic Move­
ments in Vertebrates" (A. H. Cohen, S. Rossignol. and S.
Grillner. eds.), pp. 285-331. Wiley, New York.

Harris-Warrick, R. M., and Marder, E. (1991). Modulation of
neural networks for behavior. Annu. Rev. Neurosc. 14. 39­
57.

Harris-Warrick, R. M., Marder. E., Selverston, A. 1.. and
Moulins, M. (eds.). (1992). "Dynamic Biological Networks:
The Stomatogastric Nervous System" MIT Press,
Cambridge, MA.

Hickman, C. P., Roberts, L. S .. and Hickman. F. M. (1988).
"Integrated Principles of Zoology." Mosby. St. Louis. MO.

Hinde. R. A.. and Tinbergen, N. (1958). The comparative study
of species-specific behavior. In "Behavior and Evolution" (A.
Roe and G. G. Simpson. eds.), pp. 251-268. Yale Dniv.
Press, New Haven, CT.

Hodos, W. (1976). The concept of homology and the evolution
of behavior. In "Evolution. Brain. and Behavior: Persistent
Problems" (R. B. Masterton. W. Hodos, and H. Jerison,
eds.), pp. 153-167. Erlbaum, Hillsdale. NJ.

Holstvoogd. C. (1965). The pharyngeal bones and muscles in
Teleostei. a taxonomic study. Proc. K. Ned. Akad. Wet. Ser.
C 68.209-218.

Jardine, N. (1969). The observational and theoretical com­
ponents of homology: A study based on the morphology of
the dermal skull roof of rhipidistean fishes. Biol. J. Linn.
Soc. 1, 327-361.

Jarvik. E. (1980). "Basic Structure and Evolution of Verte­
brates." Vol. I. Academic Press, London.

Johnson. G. D. (1992). Monophyly of the Euteleostean clades
- Neoteleostei, Eurypterygii, and Ctenosquamata. Copeia.
1992,8-25.



192 George V. Lauder

Katz, P. S., and Tazaki. K. (1992). Comparative and evolution­
ary aspects of the crustacean stomatogastric system. In
"Dynamic Biological Networks: The Stomatogastric Nervous
System" (R. M. Harris-Warrick, E. Marder, A. I. Selverston.
and M. Moulins, eds.l, pp. 221-261. MIT Press, Cambridge.
MA.

Kavanau, J. L. (1990). Conservative behavioural evolution, the
neural substt-ate. Anim. Behav. 39, 758-767.

Lande, R. (1"78). Evolutionary mechanisms of limb loss in
tetrapods. Evolution (Lawrence Kans.) 32, 73-92.

Lauder, G. V. (1981). Form and function: Structural analysis
in evolutionary morphology. Paleobiology 7, 430-442.

Lauder, G. V. (1983a). Functional and morphological bases of
trophic specialization in sunfishes. J. Morphol. 178, 1-21.

Lauder, G. V. (1983b). Functional design and evolution of the
pharyngeal jaw apparatus in euteleostean fishes. Zool. J.
Linn. Soc. 77. 1-38.

Lauder, G. V. (1986). Homology. analogy, and the evolution of
behavior. In "The Evolution of Behavior" (M. Nitecki and J.
Kitchell. eds.l, pp. 9-40. Oxford Uniersity Press, Oxford.

Lauder. G. V. (1990). Functional morphology and systematics:
studying functional patterns in an historical context. Annu.
Rev. Ecol. Syst. 21. 317-340.

Lauder, G. V. (1991). Biomechanics and evolution: integrating
physical and historical biology in the study of complex sys­
tems. In "Biomechanics in Evolution" (J. M. V. Rayner and
R. J. Wootton. eds.l, pp. 1-19. Cambridge Univ. Press.
Cambridge.

Lauder. G. V. (1993). On the inference of function from struc­
ture. In "Functional Morphology in Vertebrate Paleontology"
(J. Thomason, ed.). Cambridge Univ. Press. Cambridge (in
press).

Lauder. G. V., and Liem. K. F. (1983). The evolution and inter­
relationships of the actinopterygian fishes. Bull. Mus. Compo
Zool. 150.95-197.

Lauder, G. V.. and Wainwright, P. C. (1992). Function and
history: the pharyngeal jaw apparatus in primitive ray­
finned fishes. In "Systematics. Historical Ecology. and
North American Freshwater Fishes" (R. Mayden, edl, pp.
455-471. Stanford Univ. Press. Stanford. CA.

Lenski. R. (1988). Experimental studies of pleiotropy and
epistasis in Escherichia coli. I. Variation in competitive fit-



Homology, Form, and Function 193

ness among mutants resistant to virus T4. Evolution
(Lawrence, Kans.) 42,425-432.

Mayr. E. (1969). "Principles of Systematic Zoology." McGraw­
Hill. New York.

Meyrand, P., and Moulins, M. (1988a). Phylogenetic plasticity
of crustacean stomatogastric circuits. I. Pyloric patterns
and pylOric circuit of the shrimp Palaemon serratus. J Exp.
BioI. 138. 107-132.

Meyrand, P., and Moulins, M. (1988b). Phylogenetic plasticity
of crustacean stomatogastric circuits. II. Extrinsic inputs to
the pyloric circuit of the shrimp Palaemon serratus. J Exp.
BioI. 138, 133-153.

Minelli, A, and Peruffo, B. (1991). Developmental pathways,
homology and homonomy in metameric animals. J. Evol.
BioI. 3, 429-445.

Nelson, G. J. (1969). Gill arches and the phylogeny of fishes,
with notes on the classification of vertebrates. Bull. Am.
Mus. Nat. Hist. 141, 475-552.

Patterson, C. (1982). Morphological characters and homology.
In "Problems of Phylogenetic Reconstruction" (K. A Joysey
and A E. Friday, eds.J, pp. 21-74. Academic Press, London.

Paul, D. H. (1981a). Homologies between body movements and
muscular contractions in the locomotion of two decapods of
different families. J. Exp. BioI. 94. 159-168.

Paul, D. H. (1981b). Homologies between neuromuscular sys­
tems serving different functions in two decapods of different
families. J. Exp' BioI. 94, 169-187.

Paul. D. H. (1991). Pedigrees of neurobehavioral circuits:
Tracing the evolution of novel behaViors by comparing
motor patterns, muscles and neurons in members of re­
lated taxa. Brain, Behav. Evoi. 38, 226-239.

Pribaum, K. (1958). Comparative neurology and the evolution
of behavior. In "Behavior and Evolution" (A Roe and G. G.
Simpson, eds.l, pp. 140-164. Yale Univ. Press, New Haven.
CT.

Rarf, R. A. Parr, B. A, Parks. A L., and Wray, G. A (1990).
Heterochrony and other mechanisms of radical evolution­
ary change in early development. In "Evolutionary Innova­
tions" (M. H. Nitecki, ed.l, pp. 71-98. Univ. of Chicago
Press, Chicago.

Raup, D. M., and Stanley, S. M. (1971). "Principles of Paleon­
tology." Freeman, San Francisco.



194 George V. Lauder

Reilly. S. M.. and Lauder. G. V. (1992). Morphology. behavior,
and evolution: comparative kinematics of aquatic feeding in
salamanders. Brain. Behav., Evol. 40. 182-196.

Remane. A. (1952). "Die Grundlagen des naturlichen Systems,
der Vergleichenden Anatomie und der Phylogenetik." Akad.
Verlag. Leipzig.

Riedl. R. (1978). "Order in Living Organisms." Wiley. New York.
Rieppel. O. C. (1988). "Fundamentals of Comparative Biology."

Birkhauser. Basel and Boston.
Rosen. D. E. (1973). Interrelationships of higher euteleostean

fishes. In "Interrelationships of Fishes" (P. H. Greenwood. R.
S. Miles. and C. Patterson. eds.). pp. 397-513. Academic
Press. London.

Ross. D. M. (1981). Illusion and reality in comparative phySi­
ology. Can. J. Zool. 59. 2151-2158.

Roth. V. L. (1984). On homology. Biol. J. Linn. Soc. 22. 13-29.
Roth. V. L. (1988). The biological basis of homology. In

"Ontogeny and Systematics" (C. J. Humphries. ed.). pp. 1­
26. Columbia Univ. Press. New York.

Roth. V. L. (1991). Homology and hierarchies: problems solved
and unresolved. J. Evol. Biol. 4. 167-194.

Russell. E. S. (1916). "Form and Function: A Contribution to
the History of Animal Morphology." John Murray. London.
(Reprinted in 1982 with a new Introduction by G. V.
Lauder. Univ. Chicago Press. Chicago.)

Rutledge. J. J .. Eisen. E. J .. and Legates. J. E. (1974). Corre­
lated response in skeletal traits and replicate variation in
selected lines of mice. Theor. Appl. Genet. 45. 26-31.

Salthe. S. N. (1985). "Evolving Hierarchical Systems: their
structure and representation." Columbia Univ. Press. New
York.

Shubin. N.. and Alberch. P. (1986). A morphogenetic approach
to the origin and basic organization of the tetrapod limb.
Evol. Biol., 30, 319-387.

Shultz. J. W. (1992). Muscle firing patterns in two arachnids
using different methods of propulsive leg extension. J. Exp.
Biol. 162. 313-329.

Simpson. G. G. (1958). Behavior and evolution. In "Behavior
and Evolution" (A. Roe and G. G. Simpson. eds). pp. 507­
535. Yale Univ. Press. New Haven. CT.

Stiassny. M. L. J. (1986). The limits and relationships of the
acanthomorph teleosts. J. Zool. (Land) B 214. 411-460.



Homology, Form, and Function 195

Stiassny. M. L. J .. and Moore. J. A. (1992). A review of the
pelvic girdle of acanthomorph fishes, with comments on
hypotheses of acanthomorph intrarelationships. Zool. J.
Linn. Soc. 104.209-242.

Striedter. G. F .. and Northcutt. R. G. (1991). Biological hierar­
chies and the concept of homology. Brain. Behav. Evol. 38,
177-189.

Tyler, S. (1988). The role of function in determination of
homology and convergence - examples from invertebrate
adhesive organs. Fortsch. Zool. 36.331-347.

Van Valen. L. (1982). Homology and causes. J. Morphol. 173.
305-312.

Vrba. E. S.. and Eldredge. N. (1984). Individuals. hierarchies
and processes: towards a more complete evolutionary
theory. Paleobiology 10, 146-171.

Wagner. G. P. (1989). The biological homology concept. Annu.
Rev. Ecol. Syst. 20.51-69.

Wainwright, P. C. (1989a). Functional morphology of the
pharyngeal jaw apparatus in perciform fishes: an experi­
mental analysis of the Haemulidae. J. Morphol. 200. 231­
245.

Wainwright, P. C. (1989b). Prey processing in haemulid fishes:
patterns of variation in pharyngeal muscle activity. J. Exp.
Biol. 141. 359-375.

Wainwright, P. C.. and Lauder. G. V. (1992). The evolution of
feeding biology in sunfishes (Centrarchidae). In "Systemat­
ics, Historical Ecology. and North American Freshwater
Fishes" (R. Mayden. ed.). pp. 472-491. Stanford Univ.
Press. Stanford. CA.

Wake, M. H. (1991). Morphology. the study of form and func­
tion. in modern evolutionary biology. 040rd Surv. Evol.
Biol. 8. 289-346.

Wenzel, J. W. (1992). Behavioral homology and phylogeny.
Annu. Rev. Ecol. Syst. 23. 361-381.

Wiley, E. O. (1976). Phylogeny and biogeography of fossil and
Recent gars (Actinopterygii: Lepisosteidae). Univ. Kans.
Mus. Nat. Hist. Misc. Publ. 64, I-Ill.

Wiley. E. O. (1981). "Phylogenetics: The theory and practice of
phylogenetic systematics." Wiley (Interscience), New York.

Wiley. E. 0., and Schultze. H.-P. (1984). Family Lepisosteida
(gars) as living fossils. In "Living Fossils" (N. Eldredge and
S. M. Stanley. eds.). pp. 160-165. Springer-Verlag, New
York.



196 George V. Lauder

Wilson. E. 0 .. Eisner, T., Briggs, W. R, Dickerson, R E.,
Metzenberg, R L., O'Brien. R. D.. Susman, M., and Boggs,
W. E. (1973). "Life on Earth." Sinauer Associates,
Sunderland MA.


	img151
	img152
	img153
	img154
	img155
	img156
	img157
	img158
	img159
	img160
	img161
	img162
	img163
	img164
	img165
	img166
	img167
	img168
	img169
	img170
	img171
	img172
	img173
	img174
	img175
	img176
	img177
	img178
	img179
	img180
	img181
	img182
	img183
	img184
	img185
	img186
	img187
	img188
	img189
	img190
	img191
	img192
	img193
	img194
	img195
	img196

