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CHAPTER 6

Phylogenetic Systematics of Adaptation
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Darwin’s theory of natural selection was proposed to explain adaptation, the

phenomenon that many organismal cbaracteristics appcar 1o have been

designed to perform particular biological funcions. Because natural selection

is the only process within Darwinian evolutionary theory by which a character

might be molded specifically to enhance organismal functions and survival, the

evolutionary definition of adaptation now specifies that an organismal character

constitutes an adapation if it performs a funcion that is of uility to the

organisms possessing it and il the character evolved by natural selection for that

particular funciuon (Gould and Vrba, 1982; Baum and Larson, 1991}, The

hypothesis that a character constitutes an adaptation makes specific predictions

regarding the uility ol the character, its phylogenetic origin, and how it may

confer to its possessors an advantage for survival or reproductive success not

provided by alternaive characters. Testing these predictions requires

multidisciplinary approaches that incorporate functional morphology,

behavior, ecology, phylogenetic systernatics, genctics, and natural history. .
Hypotheses of adaptation and their tests are fundamentally comparalivc.] Cavr A

To propose that a particular character is adaptive implies that the character ! & LHL0ALE—

confers an advantage which promotes the survival or reproductive success of its fF

carriers relative to organisms lacking the trait. The character is to be compared |

specifically to phylogenetically antecedent conditions that occur as nltcmativcj

variants within populations or in relaled evolutionary lineages. Adaptation is a

meaningful hypothesis only if alternative possible explanations exist for the

evolutionary origin and maintenance of organismal characters and their

variation. We emphasize here the use of deductive methodology {see Mayr,

1982) and the impormance ol explicit alternative hypotheses because

nonrigorous use of adaptive explanatons has hindered  evolutionary

research (Lewontin, 1977). Scveral kinds of observations polentally can

falsify the hypothesis of adaptation. For example, the hypothetically

adaptive  character may not enhance performance or  survival
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188 Allan Larson and jonathan B. Losos

relative to alternative variants that are its phylogenelic antecedents, or the
character may orniginate in an ancestral lineage for which its current biological
role would have been irrelevant (Greene, 1986a).

Studies of adaptation have followed two complementary evolutionary
traditions, the first using systematic methodology to address macroevolutionary
questions and the second using population genetic methodology to address
microevolutionary ones. The macroevolutionary tradition uses phylogenetic
analysis to test historical hypotheses of adaptation as explanations for the
origins of the characters of species and higher 1axa. The microevolutionary, or
ecological genetic, wradidon examines the action of natural selection on
populational variation and is considered elsewhere in this book. The
macroevolutionary aspects of adaptation constitute a major issue to which
Darwin's theory of natural selection was addressed and it is the primary focus
of this chapter.

The importance of using a phylogenetic perspecuve for macroevolutionary
studies of adaptation is evident from the criticisms of Lewontin (1977) and
Gould and Lewontin (1979). These authors discredit adaptadonist studies
conducted before such swudies incorporated the rigorous concepts and
methods of phylogenetic systemartics. Their criticisms led directly to the
reformulation of adaptationist studies in an explicily phylogenetic perspective.
We present the phylogenetic study of adaptation in the context of these
criticisms. We then summarize in the form of a general prowocel the
procedures needed for testing macroevolutionary hypotheses of adaptation and
discriminating adaptation from alternative explanations of character evolution.
Statistical approaches useful for this procedure are reviewed. The procedures
are illustrated using examples from the adaptive radiation of lizards of the
genus Anelis on Caribbean islands.

I. Previous Criticism and Phylogenetic Revision of the
Adaptationist Program

Lewentin's (1977) critique of adaptalionist studies makes three principal
criticisms: (1) Adaptationist studies often partition the organism into traits and
the environment into problems that have no well-founded biological basis.
Lewontin (1977) illusuwrates the arbitrariness of many such decisions using
examples from sociobiclogical explanations of hurnan behavior in which traits
such as “indoctrinability” and “blind_faith” have been considered adaptive
biclegical characters. {2) Characters are studied in isolation from each other
with the questionable assumption that there are no significant effects of
interaction among characters in determining their utility to the organism. (3)
All characters are assumed to be adaptive, with the main goal of adaptationist
studies being to discover how they are adaptive rather than potentially to reject
the adaptive explanation in favor of alternatives,

These criticisms reveal the importance of the initial stages of an
adaptationist study, in which the investigator chooses the characters to be
studied and generates hypotheses regarding their contributions to organismal
survival or reproduction. Phylogenetic solutions to these three problems are
now considered secquentially.
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A. Homology and Hypotheses of Adaptation =~ Phyto
Chon o et 1l
The principles of hornology and phylofenetic analysis are indispensable for
answering Lewontin's (1977) first criticism that adaptationist studies arbitrarily
atomize the organism into traits and the environment into problems that the
traits are designed to solve. The study of homology addresses this criticism by
providing objective criteria for identifying characters as mnonarbitrary
components of organismal phenoiype. The concept of homology used here
combines elements of several published concepts (Patierson, 1982, Wagner,
1989; Hall, 1994). The characters to be studied as potenual adaptations should
exhibit three fundamental properties of homology: conservation,
individualization, and uniqueness {(Wagner, 1989). Conservation is the
evolutionary persistence or stability of attributes of a character among lineages.
Individualization denotes the separate developmental pathway of the character
relative to the remainder of the organism. Uniqueness specifies that the
distribution of the character defines a monophyletic group. We regard
characters that satisfy these criteria as historically individualized components of
the phenotype appropriate for study as hypothetical adaprations.

Patterson (1982) describes three empirical tests (similarity, congruence,
and conjunciion) by which one can judge whether a hypothetically adaptive
eharacter meets these basic criteria of homology. Although Patterson’s (1982)
tests were formulated within the conceptual framework of pattern cladism, we
apply them using the principles of phylogenetic systemaucs (see de Queiroz,
1985).

Pauerson’s (1982) test of similarity examines shared auributes of a
character among lineages. The form of a character, its_developmental origin,
and its position within the organism may reveal conserved patterns of similarity
indicative of homology. These criteria may reveal that shared auributes among
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lineages are only superficial and not truly indicative of homology. For example,
elongation of the wrunk in the bolitoglossine salamanders Lineatriton and
Oedipina fails the similarity test of homology because elongation occurs by
lengthening individual vertebrae in Lineatriton and by increasing the number of
veriebrae in Oedigina (Wake, 1966). Kaplan (1984) shows how intermediate
forms observed in ontogeny, paleontological series, or interspecific
comparisons among extant species may reveal similarities of morphological
characters, Characters that meet rigorous criteria of similarity arc then 1o be
subjected to the tests of congruence and conjunction.

The test of congruence uses comparisons to additional taxonomic
characters to ask whether the character being examined constitutes a
synapomorphy of a monophyletic group. To the phylogenetic systematist, this
test is equivalent to testing the hypothesis that the character had a single
evolutionary origin. The test of congruence is failed if monophyly of the species
sharing the character being examined is contradicted by the variation of other
taxonomic characters (Patterson, 1982). The vertebrate “wing” (present only in
bats and birds) fails the congruence test of homology because other
synapomorphic characters (including presence of feathers, hair, and mammary
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90 Allan Larson and Jonathan B. Losos

glands) identify monophyletic groups (birds, mammals) ) that contradict a
group containing only the winged vertebrates (bats + blrcfs). The test of
congruence is most effective when many congruent taxonomic characters are
available for the taxon being studied and the phylogeny of the taxon, therefore,
is well resolved.

If alternative characters occur as a stable polymorphism within lineages
that undergo successive events of evolutionary branching, the congruence test
of homology may be failed by a character that is nonetheless homologous in
the sense of having had a single evolutionary origin. Technical problems that

9() result from this phenomenon, called lineage sorting, are considered in detaill

Figure | Toepads are composed of expanded scales that are termed lamcllac. Lamellac are
covered by microscopic setae; those of a geckonid lizard are illustrated (from Hildebrand, 1988;

Reprinted by permission of John Wiley & Sons, Inc.}.
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by Roth {1991}, who notes that the problem potentially cccurs with characters

that are emergent at the molecular or organismal levels (including
morphological and behavioral characters).
The test of conjunction guards against  inappropriate  taxonomic

comparisons of a character to a serial homologue that was produced by
evolutionary duplication and divergence of characters within a lineage. The test
is failed if wwo hvpotheltically homologous characters are observed together in
the same organism {Patterson, 1982). For example, the hypothesis that the
halteres of flies are homologous to hindwings of other insects would be
falsified if both halteres and hindwings were observed in the same individuals.
We illustrate the tests of homology using the toepads present in almost all
anoline lizards (Peterson, 1983; Fig. 1). These structures are composed of
expanded subdigital scales, termed famellae. The lamellae are covered with
millions of microscopic setae. Electrons on the surface of the setae form bonds
with electrons on the substrate, and the force of these intermolecular bonds
allows adhesion to smooth surfaces (Cartmill, 1985). Electron microscopy
establishes detailed similarity of structure among toepacs of different anoles

St

Figure @ Evolution of toepads in anoline lizards. The black bar indicales origin of toepads, the
hatched bar indicates origin of the ability 1o cling o smooth surfaces, and the open bar indicates
origin of the use of arboreal habitats. The phylogeny is (rom Frost and Etheridge (1989),
Relationships among the anoline gecnerm are  uncertain: GCh lealis, Chamaelineraps, and
Phenacosaurus all possibly arose within Anelis (H:lsls ct al, 1993; Jackman et al, uwupublished).
More detailed information on the natural history and/or phylogeny of Enyalius, Pristidectylus, and
the para-anoles may produce different conclnsions about when arboreality evolved, but will not
alter the fundamental conclusion thae it preceded the evolution of expanded toepads in the
anolines.
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and reveals no profound differences that would falsify similarity (Ruibal and
Ernst, 1965; Peterson, 1983). Monophyly of the anoline lizards is established by
several synapomorphies (Frost and Etheridge, 1989). The distribution of
toepads is congruent with these characters (Fig. 2}, except for secondary
absence in several taxa (Peterson and Williams, 1981). Toepads arc present on
all digits and therefore constitute serially repeated structures within the
organisim. The presence of toepads on all digits, rather than specific attributes
of the toepads of individual digits, constitutes the character being studied as a
hypothetical adaptation. The character conceived in this way passes the
conjunction test of homology because only a single set of toepads is present in
any animal. Thus, toepads of anoline lizards meet the criteria of homology and
constitute individualized components of the phenotype appropriate for testing
as hypothelical adaptations.

The terms nonhomology and homoplasy describe characters thart fail one
or more of the three tests described above. Patterson (1982) categorizes the
different kinds of nonhomology according to which of the three tests are passecl
or failed. We discuss below the use of homoplastic patterns of evolution to test
the predictions of what we call general hypotheses of adaptation. Two
categories of nonhomeology are important in this context, parallelism and
convergence. A characier exhibits parallelism if it fails the congruence test, but
passes similarity and ‘conjunction. Parallelism involves more than one
evolutionary origin of a characteristic that arises by similar developmental
processes from similar ancestral conditions. Parallelism has been used Lo test
hypotheses of developmental constraints on evolutionary change, as well as
hypotheses of adaptation (Wake, 1991}. A character exhibits convergence if it
passes the test of conjunction, but fails both similarity and congruence.
Convergence denotes the independent evolutionary origin of superficially
similar characters and also has been invoked as a test of hypotheses of
adaptation (Haivey and Pagel, 1991; Wake, 1991).

Toepads superficially similar to those of anoline lizards occur in two other
groups of lizards, a monophyletic group within skinks {genera Prasinohaema
and Lipinia) and the Gekkonidae. When compared to the toepads of anoles,
woepads of these taxa fail the similarity test because they have conspicuous
differences in the setae (Williams and Peterson, 1982). The congruence test is
failed because of conflict with numerous characters used 1o examine the family-
level relationships of lizards (Estes et al,, 1988). The conjunction test is passed
because only a single set of toepads is found in any animal. The toepads of
gckkonids and skinks therefore are convergent with those of anoles and do not
collectively constitute homologous characters.

Phylogenetic analysis also answers Lewontin’s (1977) criticism of the
arbitrary partitioning of the environment inte problems that the characters
must solve., Lewontin (1977) notes that organisms determine to some degree
their effective environments through their active choice and utilization of
resources. Physical and biological components of environments utilized by
related species can be examined comparatively, and phylogenetic analysis can
be used to identify the evolutionary succession of environmental factors that
characterize the history of an evolving lineage. Ulilization of environmental
factors by populations can be examined analytically using the same principles
and tests described above.
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B. Hypotheses of Adaptation and Interactions Among Characters=>
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disregard their interactions with other characters in their contributions to %ﬂam i
organismal survival. Phylogenetic trees enable one to examine the historical
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Two different characters may characterize exacdy the same taxa (Fig. 3a), v
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of either character arc done entrely in the context of the other one.
Alwernatively, the characters may originate on different lineages. The characters
may cccur on mutually exclusive lineages (Fig. 3b), in which case cvolutionary
associations among them are absent. 1f one character (1) arose on a lineage
ancestral to the one on which a second character {2} arose (Fig. 3c), character
2 is studied in the context of character 1. To investigate the origins of character
1, however, it could be misleading to examine its utility only in taxa that also
possess character 2, because character 1 arose in the absence of character 2.
The usc of appropriate phylogenetic comparisons can reveal whether the
presence or absence of character 2 affects the biological role of character I.

An example comes from communication in anoles. Anoles have a large
extensible fan on the throat, lermed a dewlap, that is used in social contexts by
males and, in some species, by females (Fig. 4). Anocles also usually use
stercowyped patterns of head-bobbing in such displays. Widespread occurrence
of head-bobbing in iguanian lizards indicates that head-bobbing arose much
earlier than the anoline dewlap in the evolutionary history of lizards (sec
Jenssen, 1977; Carpenter, 1986). The hypothesis that head-bobbing evolved
initially as a biomechanical necessity for unfolding the dewlap or as an
adaptation for displaying the dewlap thus would be inappropriate. A more
appropriate hypothesis is that the dewlap evolved as an adaptation for
communication and that head-bobbing may have been a prerequisite for the
evelution of the dcwlap Flgure 5  Anolis lutroguioris, onc of the largest anoles, illustrating a large and rugose head.

The phylogenel.lc context will ldent“fy situations in which a hypothcucal Compare it to the smalter, presumably more ancestral, head suruciure illustrated by Awnolis grakami
character is simply a structurai consequence of organismal architecture, ’ {Fig. 4}.
development, and allometry (Gould and Lewontin, 1979); such characters will '

originate as part of a complex of related features of organismal design that are
phylogenelically inseparable from each other. Concordant evolution of two
characters suggests that purely structural or developmental explanations for
their coupling be investigated prior to testing hypotheses of adaptation. For
example, large and rugose heads have evolved independenty several times
within Anoelis (Fig. 5). In each case, the evolution of these features occurred
by simultaneously with an increase in body size {see Cannatclla and ce Queiroz,
. 1989). The hypothesis that large heads are simply an allonietric consequence of
! an increase in body size, and not an independent character, should be tested
3> ? and rejected before postulating adaptive explanations specifically for the large
heads. Even if these characters are not necessarily coupled developmentally,
adaptive explanations for large heads must be formulated within the contcxt of
large bocly size because of the phylogenctic associalion of these characters;
b large heads may be adaptive oniy in animals having large body size. The
phylogenetic context therefore restricts nonarbitrarily the combinations of
Ly i characters that should be examined to test biologically meaningful hypotheses
of interaction among characters.

G 5 Wution e e fact Hot ot
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Lewontin's (1977) third major crmcnsm of adapmr.;omst studles is that all
characters are assumed adaptive, causing the investigator to search only for the
Figure 4 Anolis grakami using its dewlap during a display. means by which a character is adaptive rather than subjecting the hypothesis of
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196 Allan Larson and Jonathan B. Losos

adaptation to potential falsification. The revised definition of adaptation given
by Gould and Vrba (1982), in which (he concepts of adaptation, exaptation,
and nonaptation are logically separated, provided the first step in answering
this criticism. The hypothesis of adaptation makes several predictions, one of
which is that a characrer confers an advantage relative to its phylogenetic
antecedents. If the character cannot be distinguished from its phylogenetic
antecedents with respect to conferring an advantage to (e organisms
possessing i, it is termed a nonaptation (Fig. 6; Baum and Larson, 1991).

a. Taxon: 1 rd 3 4
SR: a a b b
Character: ¢} 0 0 1
0 —=1
a —p-b
b. Taxon: 1 2 3 4
SR: a a a b
Character: 0 0 1 1
a—-b
0 —p-1

Figure & Ilustration of the phylogenclic predictions of hypotheses of adaptation, exaptation,”
nonaptation, and disaptation using the selective regime (SR; after Baum and Lacson, 1991).
Hypothescs are illustrated wilth reference to taxon 4. (a)!A clade having a derived character (1) is
phylogenetically nested within n clade having a derived scleetive regime (B). Adaptation predicts
that utility or performance of the derived charaicter {1} will execed that of the ancestmal condition
{0) in selective regime & Primary nonaptation predicts that eharacters 0 and 1 have equivalent
utility under selective regime 4. Primary disaptation predicts that character 0 has greater utility than
character 1in selective regime 4. (b) A elade having a derived selective regime (&) is nested within a
clade having a derived character (1) Exapuation predicts that the utility of the derived character (1}
exceeds that of the ancestrat character (@) in selective regime L Secondary nonaptalion predicts
that characters @ and 1 are equivalent in utility within selective regime b Sccondary disaptation
predicts that character @ has greater utility than character 1 in selective regime 2.
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If the character is found to confer an advantage, the bypothesis of
adaptation requires further that the character’s evolutionary origin occurred by
natural selection for its currently observed biological role. This criterion makes
several predictions potentially falsifiable by phylogenetic analysis. The
biclogical role currendy observed for the character must have been present at
its origin. This prediction is tested by examining the character and its utility in
different species in a phylogenetic context (Fig. 6). Thorough testing requires
comparative studies of functional morphology and selective factors affecting the
character (Baum and Larson, 1991) and detailed studies of the natural history
of the species being studied (Greene, 1986b, 1994). The hypothesis that a
character evolved as an adaptation for a biological role is falsified if that role is
associated only with a subset of taxa nested within the clade possessing the
character; in this case, the current utility of the character evolved after the
character itself (Fig. 6). Using the terminology of Gould and Vrba (1982), such
a character is termed an exaptation for the biological role being examined. The
history of character evolution in a group of species often may comprise a
nested hierarchy of exaptations apd adaptations., A character may acquire
biological roles other than ones for which it arose by natural selection, and its
newly acquired role may lead to selectively driven modification of that character
and others. These modifications represent adaptations arranged

phylogenetically in a nested hierarchy. The broader goal of studies of .-

adaptation, therecfore, can be seen ‘a5 that of examining the interaction of
adaptive, exaptive, and nonaptive influences on evolutionary diversification (see
Arnold, 1994).

The nested hierarchy of adaptations and exaptations is illustrated by the
evolution of the dewlap in anoles. The dewlap is expanded using the second
ceratobranchial bone, a component of the hyoid apparatus. The hyoid
apparatus is homologous to the gill arches of aquatic vertebrates; the second
ceratobranchial of tetrapods is a homology nested within the more inclusive
homology that includes the corresponding gill arches of aquatic vertebrates.
The gill arch to which the second ceratobranchial is homologous presumably
arose by selection for a respiratory function and constitutes an adapration for
respiration, The gill arches were coopted for feeding in Letrapods, making gill
arches an exaptation for feeding, but the derived characteristics of the hyoid
apparatus that arose in the context of feeding, including the second
ceratobranchial bone, constitute adaptations for feeding. The second
ceratobranchial bone then was coopted in anoles for expanding the dewlap
and is an exaptation for communication. Derived characteristics of Lhe anoline
second ceratobranchial bone evolved for expanding the dewlap constitute
adaptations for communication.

One should consider the alternative hypotheses of character evolution to
be investigated, especially when hypotheses of adaptation are falsified. Vrba and
Gould (1986G) present a taxonomy of the deterministic and stochastic processes
that may underlie the evolution of characters. They emphasize that evolutionary
studies inm the past often have emphasized adaptive interpretations because
alternative hypotheses involving nonrandom processes were largely absent from
traditional Darwinian theory, which invoked random drift as the main
alternative to natural selection. They emphasize the importance of a
hierarchical expansion of traditional Darwinism to include deterininistic
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processes acting at the species level (species selection) and the genomic level
(selfish DNA) whose consequences often include evolutionary sorting of the
organismal-level characters that are usually the focus of adaptationist stndies.
Organismal characters generated through the indirect action of species
selection or selfish DNA are not necessarily expected to have a biological role
conferring advantages at the organismal level. The evolutionary study of the
effects of selfish DNA and species selection on evolution of organismal
characters is a new field. We anticipate that as phylogenetic approaches are
used more extensively to test hypotheses of adaptation, rejection of adaptive
explanations will lead to greater investigaton of these alternative processes as
factors affecting the evolution of organismal characters. Vrba and Gould (1986)
offer 2 more detailed discussion of the predictions of hypotheses of species
selection and selfish DNA. ‘

So far we have emphasized single processes (natural selection for a
particular hiological role, exaptalion, species selection, selfish DNA, stochastic
processes) as the primary explanations of character evolution. The actual
evolutionary history of a group undoubtedly features numerous processes
acting simultaneously or in sequence to influence the evolution of organismal
characters. Different factors may act synergistically or in opposition to each
other. Empirical discrimination of alternative causal factors will be most
effective when they act in opposilion to each other. As the concept of
exaptation implies, different biological roles may be performed by a single
character and the different roles may exert conflicting selective influences on
the differential survival and reproduction of alternative characters. Likewise,
species selection and natural selection may have opposite effects on the
evolutionary sorting of character variation.

This chapter emphasizes the initial stages of testing hypotheses of

M\_ 4 é Iurcipdaptation and should be viewed as the beginning of an iterative, deductive

Cpect e

process. Hypotheses of evolutionary process often make specific predictions
regarding evolulionary pattern that permit rigorous testing and potential

Lo p M/ falsification. Complex interactions among factors influencing organismal

and. roA

S decon_-

evolution, such as those discussed by Vrba and Gould (1986), may obscure the
role of natural selection. Initial results therefore will reveal whether selective
factors prevail over any conflicting influences on the evolution of organismal
characters. If predictions of natural selection are falsified, alternalive causal
hypotheses of character evolution should be investigated (Baum and Larson,
1991). 1f the predictions of natural selection are upheld, the hypothesis of
adaptation is suhjected o a more refined and detailed investigation (Baum and
Larson, 1991; Coddington, 1994).

Because the study of adaptation requires the use of many evolutionary
concepts whose contexts and meanings have varied, and because precise
definitions are neecded for employing phylogenelic methodology, we provide
specific definitions and explanations of key concepts in Table 1. -

Il. A General Protocol for Testing Hypotheses of Adaptation

The hypothesis that a character evolved as an adaptation makes
two predictions: (1) that the character evolved in the context of a partcular
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TABLE |

Phylegenetic Definitions

Adapration

Aptation

Biolegical
rele
Character

Disapiation

Effect

Exaptution

Funetion

Hemoluyry

Homaplaxy
Naitwrel
seleciion

Nanaptatian

Parsimuny

Performunce
aelvantagr

Seleetive
rrgime

Sorting

An organismal characier produccd by nawral sclection for a  particular
biological role {modificd from Gould and Vrba, 1932; Bauwm and Larson, [991),
An organismal chamcter that confers utility o the organism regardless of
whether is phylogenctic origin featured natural sclection {from Gould and
Vrba, 1982).

An action or usc of a characier by the organism during the course of s lile
history {from Bock and von Walhlert, 1965; Bock, 1979).

A component of organismal phenotype subject 1o cladistic analysis and to
Pattcrson’s (1982) testis of homology. A character that passes Pauerson’s {1982)
tests may be termed a homology or homologous chamacier.

An organismal character whose wiility to the organisin is deinonstrably inferior
to that ol a phylogenctically antecedent character (from Baum and Larson,
1991).

Th'*: biological role of an cxaplation, a use for which the character was coapted,
but which was not a faeior in the character’s evolwionary origin {from Gould
and Vrba, 1982,

An organismal character that has been coopied for a use unrelaed to its origin,
An cxaplive character originally may have been an adaplation for a different use
or a nonaptition (from Gould and Vrba, 1952).

The biological rol¢ of an adaptation, the use for which the chamcter evolved by
natural selection {from Gould and Vrba, 1982}

A component of the organismal phenotype cxhibiting the evolutionary
propertics of conservation, individualization, and uniqueness {Wagner, 1989; scc
texe};  empirically idendfiable using Paucrson's {1982) tests of similarity,
congruence, and conjunction.

Possession by two or more species of a shared attribute that was not derived
lron their most recent common ancestor; cmbices convergence, p;lr;lllcl'lsm.
and c\'ulutionnr)r reversal (modificd frotn Futuyma, 1986).

Those interactions between heritable organismal chamcler variation and the
cnvironment that cause differences in rates of birth or death among varying
organisms in a populuion {from Vrba and Gould, 1986).

An organismal character that conlers no wiility for organismal survival or
reproduction relative 1o phylogenctically antcecdenmt characters. A prmary
nonaptation is one whose origin cannot be ascribed o the cirect action of
natural sclection. Nonaptation also may arise secondarily by loss of the utility of
a chamcter (modificd (rom Gould and Vrba, 1982; Baum and Larson, 1991).
Resolution of hemoplasy among pliylogenctie chiaractery by choosing as the best
working hypothesis the pliylogenctic topelogy that minimizes homoplasy.

A result of comparative funclional analysis showing that a character has
enhanced utility not associated with an alernative character {from Greene,
1986Ga).

Critical aspects of organismal/environmental iimeraction that are postulated by a
hypothesis of adaptation o be significant factors influencing nawual selection ol
the characters being studied. 1t provides predictions of how natural selection
would direct evolution of a chamcter under study as conuasied with other
potential influences including stochastic [factors, genctic or developmental
correlations with other selected characiers, or incidenial effecis ol specics
selection or selfish DNA (from Baurn and Larson, 1991).

Diflerential raies of birth or death among varying organisms in  populations
resulting from any detenininistic or stochastic causes (from Viba and Gould,
1986).
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selective regime; and (2) that the character is more advantageous than
phylogenetic antecedents in that context. Generally applicable protocols for
testing these predictions have been formulated by Greene (1986a), Coddington
(1988, 1990), and Baum and Larson (199I). These protocols are compared
and contrasted by Baum and Larson (1991) and, although their details differ,
they share common goals. A synopsis of the protocol deéscribed by Baum and
Larson (1991), which incorporates many features of the earlier protocols and
adds some new procedures, is given below. Some minor modifications have
been incovporated. We present this protocol as a series of six steps o be
applicd iteratively in testing hypotheses of adaptation.

Step 1: Formulation of Hypotheses of Adapiation - A hypothesis of adaptation
must be formulated by making specilic statements regarding (1} the character
hypothesized to be adaptivg, (2} the axa in which the character is observed and
to which the hypothesis of adaptation pertains, and (3) the postulated
biological role of the character. The phylogenetic methodology is potentially
applicable to taxa of any rank, but we agree with Cracraft {1990) that the most
effective resolution of the evoludonary history of a character occurs when
comparisons involve closely related species {Cracraft, 1989). The characters
studied usually will be fixed or nearly fixed in the species studied except for the
effects of recurring mutation. Some cases of intraspecific polymorphism may be
appropriate for study if outgroup comparison provides an unambiguous
inference of evolutionary polarity of the character states.

Step Z2: Reconstruction of Phylogeny - Any methodology that produces a
rooted tree relating the taxa containiug the character being studied and their
most closely related outgroups can be used for this study (see Swofford el al.,
1996). Phylogenetic inferences should be most robust when based upon a large
number of characters drawn from diverse morphological, molecular, and
behaword] systems, and e:h.amlned for any systemauc COﬂﬂlC[S among ch'\racters
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Step 3: Scoring and Phylogenetic Partitioning of Charac[ers - As noted above,

f every cffort must be made to establish homology relations among the characters
'[.ﬁr-( °"lr\.;/

Pt studied as potential examples of aclaptation. The procedures noted here for
Ty i\"]}-;“/ assessing homology of the characters being studied as potential adaplations are

the same procedures applied to all morphological or behavierat characters
“ANGAN ‘1—(}-!— used to generate the phylogeny in the previous step. Patierson’s (1982) tests of
Cﬁ similarity, conjunction, and congruence are applied, with congruence assessed
using the phylogenetic -analysis described in the previous step. A detailed
reselot i discussion of criteria used for testing similarity of characters is given by Kaplan
At~ {1984). Developmental information can be particularly important for
L1 determining whether similarity among characters is indicative of homology or

Moxduin—/ a1 sitnilari :
only a superficial similarity produced by convergence, Although the importance
!‘f Vi Mol developmental information is uncontroversial, the ways in which the
. information is used to assess homology are highly controversial (Pattersou,
T_% c 1982; de Q,u?ﬂ% }383 de Pinna, 1991). A parucularly controversial issuc is
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whether a character should be conceived and mecasured at only a single stage
(usually the adult) in the organism’s life cycle or whether the character should
be conceived as an ontogenetic wransformation transcending different stages of
the organism's life history {de Queiroz, 1985; cte Pinna, 1991}.

Incongruence among characters is usually resolved using the criterion of
maximum parsimony, although other nethods have been proposed. In many
cases, more than one equally parsimonious optimization of character changes
on the phylogenetic tree will be possible, precluding unambiguous assessment
of homelogy. The implications of the alternative optimizations for testing
hypotheses of adaptadion tust be examined (Maddison and Maddison, 1992;
Losos and Miles, 1994}.

Stepy 4: Scoring and Phylogenetic Partitioning of Selective Regimes - The critical
factors comprising the selective regime depend on the specilic hypothesis of
adaptation being tested. The selective regime can incorporate abiotic climade
factors, biotic environmental factors, organismal features, or any combination
of these factors. A detailed study of the natural history of the species being
studied is generally required for the realistic characterization of selective
regimes (Greene, 1986b).  Because selective  regimes  cowmprise
organisinal/environmental interactions, they are subject to the same criteria of
homology and phylogenede analysis that apply to morphological characters as
discussed in the previous step. Comparative studies of selection acling within
populadons of related extant species provide potentially the most effective test
of the macroevolutionary stability of selective regimes.

Step 5: Assessing the Biological Role or Ulility of Characters - Results of the
previous two steps are combined 1o infer selective regimes for the lineages on
which a character arises. Of particular interest are the sclective regines under
which a character evolved and the selective regimes of exwtant species that
possess the character. The selective regime forms the framework for testing
hypotheses of the biological role or wtility of the hypothetically adaptive
character. The hypothesis of adaptation postulates that the character performs
a specilic function and that this performance enhances the organism’s survival
or reproductive success. Predictions. of the hypothesis of selective origin of a
character therefore can be tested in wo ways: (1) functional morphological
studies to test the prediction that possession of the character enhances
performance, and (2) studies to test the prediction that possession of the
character increases rates of survival or reproductive success. Both approaches
encompass numerous specific tests and provide valid tests of the selective
hypothesis. The particular approaches chosen will depend on the
characteristics of the organisms being studied and the ease by which
appropriate manipulations and observations can be made.

The most divect approach for evaluating the udlity of a character is to
study its use in a task, such as the ability to escape predators, that is important
for survival or reproductive success. Performance is measured (o test the
hypothesis that a character provides greater ulility thau the antecedent character
in the relevant selective regime. Several different kinds of comparative and
experimental approaches can be used to obtain the relevant measurements.
Whenever possible, naturally occurring variation should be used o obtain the
alternative characters whose performance is to be compared. When this option
is not possible, experimental manipulation can be used to simulate the
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alternative characters (e.g., Carothers, 1986; Emerson and Koehl, 1990}.
Physical models also may be useful for examining how alternative characters
affect performance (Rudwick, 1964; Fisher, 1985), Phylogenetic methods are
used to infer the utilities of characlers as they occurred in ancestral lineages.
Detailed coverage of the testing of utility of characters is provided by Fisher
(1985).

Measurement of performance is usually the most useful way to test
predictions of hypotheses of adaptation because the predictions made are very
specific. The gquestion that the character’s performance actually enhances
survival or reproductive components of ftness (Lauder ct al,, 1993) can be
cxamined by measuring within populations the rates of survival or reproduction
of individuals possessing the hypothetically adaptive character versus its
evolutionary antecedent. As with the measurement of performance, use of
naturally occurring polymorphism is desirable, although appropriate character
variation could be induced using genetic or phenotypic manipulations. Studies
of this sort frequently look at the effect of character manipulation on survival
(e.g., Keulewell, 197%; Schluter, 1994), but less frequenty examine repreductve
aspects of fitness.

Step 6: Classifying Traits inlo Categories of Utility/Historical Genesis - The
data gathered above permit characters to be categorized as adaptations,
exaptations, nonaptations, or disaptations (Baum and Larson, 1991; Arnold,
1994). A character qualifies as an aptation if it demonstrates significantly
greater utility than i phylogenetic antecedent for performing a task that
promotes organismal survival or reproductive fitness in a particular selective
regime.* 1f the selective regime for which the character is advantageous
characterizes the lineage on which it arose, the character is termec an
adaptation. The character retains the status of adaptation in all lineages that
retain the selective regime present at its origin. A subsequent evolutionary
change of selective regime may cause the character to be exaptive, nonaplive, or
even disaptive on more recent lineages. A character is termed an exaptation
where it is advantageous for a selective regime that arosc subsequent to ils
evolutionary origin. Prior to the change of selective Tegime, the character may
have occupied any of the alternative categories.

If a character is found not to differ significanily in utlity from its
phylogenctic antecedent, nonaptation constitutes the working hypothesis for
further investigation of its evolution. A subsequent study of the natural history
of the species possessing the character may reveal undiscovered components of
the selective regime or biological roles that may lead ultimately to rejection ol
the hypothesis of nonaptation; until nonaptation is rejected, however, the
character cannot be considered an adaptation or exaptaton. Primary
nonaptation denotes a character that arose by means other than naturak
selection, whereas secondary nonaptation denotes a formerly aptive character
whose utility was lost by an evolutionary change in the selective regime (Baum
and Larson, 1991).

Disaptation describes characters whose ultility in a particular selective
regime is significandy less than that of their phylogenetic antecedents. Formerly
aptive or nonaptive characters can become disaptations through an
evolutionary change of selective regime. Primary disaptation implies that the
character replaced one of superior utifity at its origin, which runs counter o
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the theory of nawral sclection. Empirical results suggesting primary disaptatio
probably indicate an erroneocus assessment of selective regime or homollaogy or:'
charaf:ters, particularly lack of individualization from other features subject to
sel'ecuon l(see Baum and Larson, 1991). Note that primary nonapmtio;r:s and
primary disaptations are the only categories for which origin of a character b
natural seleclion is explicidy rejected. ’
As -r.his discussion illustrates, the adaptive status of a character is not
nFcessax'aly stable dnring its cvolutionary history and may he categorized
differently at different points in its evolutionary history. Characters thatgqualil'
as adapu&uons must arise as such; characters whose evolutionary origin iz
nonadlapuve do not become adapiations secondarily by subseg]uent
evolutionary change. Characters never originale as exaptations butqma
be_c_ome exapltive only through evolutionary change in the selective ;‘eg-ime anz
Eul:[ty .ol' l.lu':l cl:laracter (Fig. 6). Characters may be nonaptive or disaptive either
y their evolutionary origin or ‘i i i i
e ry orig secondarily by evolutionary changces in selective
Rigorous discrimination of the categories described above occurs onl
when phylogenetic resolution is precise. An ambiguous siwuation occurs fo¥
example, when evolutionary changes in both the character and selective re};‘ime
oceur on the same branch of the phylogenetic tree. In such cases, one cannot
determine whether the character arosce before or after the new selective regime
pre_clt_xding discrimination of adaptation and exaptation. If approg:‘iate'
variation aceurs, one would expect response 1o a new selective regime to occur
rapidly; entry into the new selective regime and character change then would
not be separated by phylogenetic branching and would be reconstructed on the
same branch of the evolutionary tree. Similarly, exaptation could occur rapidk
il a new character leads to modiflication of the selective regime which would bZ
expected, for example, for characters termed key innZ)anions {(Baum and
Larson, 1991). However, in many cascs of exaptation, the new selective regime
will not_be immediately available for a variety of reasons {e.g., the new regimc
occurs in other biogeographic areas or resulls from subsequent evolulion of
other taxa). In these cases, changes in the character and selective regime are
more likely to be separated by a branching of lineages. For this l'cnsong Arnold
{1994) argues that if one observes inany instances of simulianeous evol,utjon of
a character and a selective regime, adaptation is the preferred workin
hypothesis. s
. The evolution of wepads in anoles, mentioned previously, can he used Lo
llhlsl'rz\te Lhis protocel for tesiing hypotheses of adaptation. Toepads are widely
c_ons;derer.l adaptive for arboreality, but this hypothesis has not been Lestegl
rlgo_rously. The manner in which this hypothesis can be tested is
_strmghtfonvard. The hypothesis states that the evolution of toepads conlerred
mcre_asecl clinging capability and occurred in the context ol a seleclive regime
favoring enhanced arboreality, Carunill {1985) identifies two ways in which
arbor(fality may be achieved, by grasping and by adhesion. The presence of
claws n lizards provides some grasping ability, but toepads potentially provide
both _unprovecl grasping ability and adhesion. The phylogenetically antecedent
condition of anoline digits is to possess claws, but lack toepads; the presence of
toepads in addition to claws is the derived condition. Arhorveality in anoles
therefore, encompasses at least two selective regimes potentially affecling Lhe'
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evolution of woepads for clinging. Toepads and their setac may enhance the
grasping of narrow supperts and provide adhesion on sm_ool.h surt"aceﬁ. Tpe
phylogenetic hypothesis necessary 10 examine this question is presFr_ucd in Fig.
9. We already have discussed the evidence that toepads pass empirical tests of
homology. Almost all anoles are arboreal, the few that are not have becom.ﬁ
terrestrial  secondarily (Peterson and  Williams, [981).  Phylogenetic
reconstruction indicates that arboreality evolved before the evolution of
toepads. Functional studies demonstrate that all 17 species_ of Anolis .examincd
can cling to a smooth surface (Fig. 7: Losos, 1990a; Irschick et al., in press);
lizard species without toepads are unable to cling to such surf:aces (Losa:)s,
unpublished; Polychrus, however, has not been examined). Functional sLud_les
are not yct available to cxamine the potential utility of toepads for grasping
narrow branches. Thus, we can reject the null hypothesis of functional
cquivalence for comparing digits  that contain toepads  versus lthe
phylogenetically antecedent condition in which they are fabscnt. 'lI‘he .e\'oluuon
of tocpads is associaied functionally and phylogenedcally with urlcreascd
clinging ability, consistent with the hypothesis that toepads constitute an
adaptation to adhesion on smooth arboreal surfaces. Further tests of ths
hypothesis might include experimental removal of the selae 10 examine lh(.':ll'
effect on clinging in the lab or survival in the field, detailed behavioral studies
(Greene, 1986b, 1994) to reline understanding of the utility of the pad, and
measurements of grasping ability on rough or narrow surfaces.

Figure 7 Mecasurement of clinging ability in 2 okay gecke (Gekka gecko). Lizards are placed on a
force plate and pulled downward. permitting measurcmenl of the adhesive force gencrated (scc
Irschick ct al., in press). Phatograph by D. J. Irschick.
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Ifl. Using Homoplasy to Test General Hypotheses of Adaptation

Parallelism and convergence produce common attributes in nonhomologous
characters of different taxa. Common attributes produced by parallelism may
conslitute genuine similarity whereas convergence produces only superficial
resemblances among characters. The different lineages in which parallel or
convergent evolution are observed may share a selective regime through
common ancestry or may have evolved comparable selective regimes via paraliel
or convergent evolution. Parallelism permils a nearly exact replication of tests
of adaptive hypotheses, and convergence penmits vepeated testing ol adaprive
hypotheses for the common auributes of convergently evolved characters. Each
of the characters related by parallel or convergent origin should individually
pass the tests of homology and be subjected to the phylogenetic tests of
adaptation described in the protocol outlined above.

Parallelism and convergence also permit testing what we call general
hypotheses of adaptation. If similar attributes have evolved multiple times in
different lineages, one can test the general hypotliesis that evoluion occurred
in each case under similar conditions of selective regine. This comparative
approach, which has been used in evolutionary biclogy since the field's
inception, has been reviewed by Pagel (1994a). Common attributes of different
characters are hypothesized 10 be [unctionally analogous (McLennan and
Brooks, 1993; Wenzel and Carpenter, 1994); this hypothesis should be tested by
incorperating analyses of performance when investigaling a correlation between
the evolution of common attributes and selective regime (e.g.. Losos, 1990x;
Arnold, 1994; Coddington, 1994},

A general hypothesis of adaptadon is strongest if one observes many
independent evolutienary origins of similar attributes occurring in the contexts
of comparable selective environments, Statistical methodology can be employed
to test the null hypothesis that an observed association between shared
attributes of characters, functional performance, and selective regime occurred
by chance. The wide variety of statistical methods that has been proposed in the
past few years is oo greal to review here; interested readers may consult reviews
by Maddison and Maddison (1992) and Losos and Miles (1994).

One commonly used statistical approach is the concentrated changes test
{Maddison, 1990; Maddison and Maddison, 1992; Sillén-Tullberg, 1993) [see
Pagel (1994b) for a recent method that relies on maximum likelihood rather
than parsimony]. Given two attributes (one of which could be a selective
regime), #1 and #2, each of which has Lwo states, A and #and B and & this test
asks whethcr the evolution of @ > A in character #1 occurs more often when the
state of character #2 is B than would be expected by chance. for studies of
adaptation, this translates to asking whether a particular character evolved in
taxa occupying a specific selective regime more olten than expected by chance.
This test is necessary because il most memhers of a lineage occupy a particular
selective regiine, then one would expecl most instances ol character evelution
1o occur in taxa occupying that selective regime by chance alone. For small
numbers of laxa and instances of character evolution, exact calculations of
probability are possible, whereas for larger numbers, simulation is necessary.
Either type of analysis can be performed uwsing MacClade (Maddison and
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Maddison, 1992).

The evolution of lizard toepads is useful for illustrating this approach. As
mentioned earlier, toepads evolved convergently in three lineages of lizards. We
therefore can test the general hypothesis that lizard toepads represent an
adaptation to arbeoreality. Within geckos, homology of the toepads is clear
(Ruibal and Ernst, 19565}, but within skinks, microstructure of the toepad varies
(Williams and Peterson, 1982), which suggests that toepads of different species
might not be homologous. For this analysis, assumption of homology within

skinks is statistically conservative because it minimizes the number of times that
toepads have evolved in arboreal selective regimes. Measurcments of |

performance are scant for geckos, toepad-bearing skinks, and their outgroups,
but existing data suggest that all toepad-bearing lizards have enhanced clinging
ability (Irschick et al., in press).

Consequently, the first hypothesis to test is that the evolution of toepacls
and clinging ability is phylogenctically assoctated in lizards. Testing this
hypothesis requires a fully resolved phylogeny for lizards (including snakes that
are phylogenetically part of the lizard clade), which is currently unavailable.
For heuristic purposes, we present a phylogeny (Fig. 8) Lhat follows Estes et al.
(1988) for interfamilial relationships among limb-bearing lizards (i.c.,
excluding pygopodids, snakes, and other legless, and thus padless, squamates).

Given the phylogeny in Fig. 8, cxpanded toepads and enhanced clinging
capability arc inferred to have evolved simultaneously three times and no tmes
separately. Using MacClade, we calculate that the probability of three events of
toepad evolution occurring simultancously with the evolution of clinging ability
is P = 0.000008. Each instance of evolution of toepad morphology and
enhanced clinging ability occurs on an arboreal lineage. The probability of this
occurring by chance is P = 0.028. Thus, these analyses uphold the hypothesis
that expanded toepads in lizards have evolved as an adaptation to increase the
clinging ability in arborcal situations.

The relationship between general hypotheses of adaptalion and hypotheses
specific for a particular character in a particular taxon is complex. A
statistically significant association between the shared atributes of characters
and selective regime has been interpreted as strengthening the hypothesis that
each character is individually adaptive as proposed. Hoswever, a particular
character may depart from the general trend and fail to constitute adaplation
even if other characters sharing attributes with it are adaptive. Furthermore, a
particular character may be acdaplive as proposed even if the general hypothesis
of adaptation is not upheld.

IV. Adaptation and Quantitative Characters

The protocol just oudined emphasizes discrete {or categorical) characters.
Essentially the same conceptual approaches can be used 1o study adaptive
evolution in quantitative (or continuous} characters, although details of the
phylogenetic analysis will differ. A number of methods based on parsimony can
be used to reconstruct the evolution of continuous characters; one of these is
mathematicaily essentiaily identical to the one used for categorical characters
(Swofford and Maddison, 1987). For continuous characters, most extant taxa

——
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will differ in their character states as a result of sampling, genetic drift, and
other processes. Consequcntly, reconstructions often will reveal evolutionary
change occurring on many branches of the trec. Thus, rather than testing the
hypothesis that the character evolved within a particular selective regime, as one
wauld do with a catcgorical characler, onc might test the hypothesis that
character evolution has been greater in lineages expcriencing the selective
regime than in lineages not exposed to it Furthermore, because populations
often contain substantial geneltic variation for continuous characters (Falconer,
1981}, one might expect characters to evolve quickly after the lincage enters a
new sclectlive regime. Using this assumption, one can test the more restrictive
liypothesis that evolutionary change of a character is greater on branches
experiencing a change of selective regime.

Sphenodon ————————m Sphenadan

Chamaeleontidae >Chamaeleontidae
>Agam|da= Agamlidae

iguanidas lguanidae

Telldae Telldas

Gymnophthalmidae Gymnophthalmidae

mﬁ@ﬁﬁﬁa

Lacartidas Lacertidae

= 1:!] Xantuslidae

Homo 99‘
Scincidae NoT mﬂ‘:
Curdylldue7 ..r—]um‘())'r) F
aiotarsy f THEPMIE
it clar |
L§>Anguldue
Eﬂ Xenosauridaa

Xantusiidae
>Sclncldae
Cardylldae

Gekkonldae

&

Anguidae
Xengsaur|dae
Varanldae
Lanthonotldae
Helodermatidae

Varanldae
Lanthonotidae
Helodermatidae

4

Figure 8 (a) Tocpads and clinging ability are distributed identically in lizards and are shown
together. Black bars represent lineages characterized by expanded pads and clinging ability.
Interfamilial relationships follow Estes et al. (1988). The number of fineages illusiraled within each
[amily is roughly proportional to the number of species within cach family, but is not meant
depiet specific relationships; rather, the tree is presented for heuristic purposes. Figure prepared
using MacClade {Maddison and Maddison, 1992). () Evelution of use of arboreal liabitass.
Hatched lineages indicate ambiguous reconstruction of ancesiral habitats. In this case, arboreality
could have arisen once in the Acrodonta (=Cliamcleontidac, Agamiclae, and Iguanidac) followed
by three separate losses of arborealily for a total of four evolutionary changes. However, an cqually
parsimenious reconstruction would postulate four independent origins of arboreality with no
reversals; other equally parsimonious resolutions also exist,
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This approach can be applied to cases in which comparable sellec:Li?re
regimes have arisen multiple times. For example, evolution of body size in
Lesser Antillean anoles is hypothesized to be greater on the lineages that moved
from a one-species to a two-Species island than on the rema'ming_ br:mclhes
showing no change in the number of species. In this case, the sclective regime
refers to size of prey; in sympatry, anoles diverge in body size to utilize different
sizes of prey (Schoener, 1970). The hypothesis was upheld For anoles ol the
northern Lesser Antilles, but not for those in the southern Lesser Antilles
{Losos, 1990b).

1n some cases, the focal character, performance, and selective regime all
will be continuous variables. Several examples of conlinuous selective regimes
are temperature, dimensions of structural habitat, and size of prey. For S[I-.ldic.‘i
in which all three parameters are continuous variables, the hypotlhesm c_)f
adaptation would predict that all three variables are correlated in their
evolution. Numerous methods have been advanced to investigate the correlated
evolution of continuous characters. They are reviewed elsewhere {e.g., I-I:_\rvey
and Pagel, 1991; Gittieman and Luh, 1992, 1994; Maddison and Maddison,
1992; Miles and Dunham, 1993; Losos and Miles, 1994; Purvis et al., 1994
Westrieat, 1995) and the field is changing rapidly with new devclopments.

Broadly speaking, however, three explicitly phylogenetic approaches exist:
reconAiust
Hhe erolut

1. Evolutionary reconstructional methods (“Directional Methods" of
Harvey and Pagel, 1991) use one of scveral algorithms based on parsimony, or
other criteria (e.g., Harvey and Purvis, 1991; Lynch, 1991}, to reconstruct

Hoange ©

QO-CKa yoor . =2 evolutionary change of each variable. Then, the amounis of change occurring
ExOred 1A
CDWOQM evolution.

on all lineages are calculated for all variables and examined for correlated

raplalior— ¢ @Autocorrelational methods (Cheverud et al., 1985; Gitdeman and K_oL,
LA Q{) 1990; see also Lynch, 1991) were developed to examine the extent to which
! L]
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character values among extant taxa reflect their phylogenctic rel:_nionships; for
example, is the similarity between pairs of taxa a function of their rclaledr\es.??
This approach uses a phylogeny o gencrate a matrix of phylog_eneuc
relatedness among all taxa. This matrix is then used in a maximum llkeh_hood—
based regression in which specics’ values arc estimated unsing the wel_ghle(l
average of related speccies, the weights being specifield by the mawix of
phylogenetic relationships. If, in fact, no relattonship exists between c?bser\fc::cl
and estimated values for each species, then the autocorrelation coeflicient will
not differ significantly from zero and phylogenetic information may not be
informative in studying character evolution (see Martins, 1996). Presumahly,
this result occurs when characters evolve so rapidly that closely related species
are not neccessarily similar phenotypically., These methods can be used also to
calculate how different each species’ phenotypic value is from that predic_ted
based on its phylogenetic reladonships. This method has been nsed to examine
whether a correlation exists benween such “specific values” calculated for
several variables (reviewed in Purvis et al,, 1994; Martins, 1996), although the
underlying evolutionary basis for this approach is not clear {Losos and Miles,

1994),
/\@ The independent contrasts method (Felscnstein, 1985) is the most

/- widely used method for studying correlated evolution. The rationale underlying
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this method is that cach ancestral node in a phylogenetic tree gives rise to two
descendants {(either extant species or other ancestral nodes). The amount of
difference in value of a continuous character between these two descendants,
térmed a contrast, represents the amount of evolutionary change that has
accrued since the descendants diverged from their commeon ancestor; however,
contrary to directional methods, independent contrasts do not specify on which
of the two branches the evolutionary change occurred. For a fully resolved
phylogenctic tree with n taxa, n - I contrasts exist. Statistical methods are used
to calculate contrasts using a model of character eveolution and the lengths of
branches in units of expected evolutionary change (proportional lo time in a
model of gradual evolution). Contrasts calculated for several variables are then
examined for correlation {see Garland et al., 1992 for details). In the absence
of a fully resolved phylogeny, one can calculate contrasts for phylogenetically
nonoverlapping pairs of extant species {Felsenstein, 1985; Burt, 19589).

We illustrate the swudy of adaptation in quantitative characters using
independent contrasts (data are presented in Table 2). Distanily related species
ol Anolis that occupy similar siructural hahitats often are morphologically
similar {Williams, 1972, 1983). One character that ofien differs among species
occupying diffcrent habitats is relative length of the hindlimb (Moermond,
1979; Williams, 1983; Pounds, 1988; Losos, 1990a), which is related to running
ability (Losos, 1990¢; Losos and Irschick, 1996). Analysis of principal
components of several variables of the structural habitat indicates that the
second axis reflects a trade-off between low, broad supports (high values on PC
IT) versus high, narrow supports (low values on PC II). One might hypothesize
that this variation in habilat use is associated with variation in length of limbs;
lizards having high values on PC Il might have evolved long legs to run quickly
on the ground in pursuit of prey and to confront conspecifics, whereas lizards
having low scores en PC II have shorter limbs to enhance locomotion eon
narrower supports. The following hypothesis of adaptation is suggested: species
of Anolis have adapted to changes in structural habitat by modifying the relative
length of the hindlimb to maximize capability for effective locomotion.

Figure 9 presents the phylogeny used in this analysis and indicates 13
independent contrasts. Given the lack of knowledge concerning modes of
character evolution, the most conservative approach is to try several maximally
distinctive inodels o examine whether different assuinptions gualitatively alter
the results of the analysis. Consequently, each analysis was run wwice, once
assuming a model of gracdual evolution using the branch lengths indicated in
the figure, which were cerived from molecular systemaltic siudies, and once
assuming that change occurred only al speciation events; hence lengths of all
branches were set equal [see Garland et al. {1992} for further details on use of
independent contrasis].

We first tested the hypothesis that structural habitat is an important
selective regime affecting locomotion. If this hypothesis is correct, then
locomotor behavior sheuld have evolved concordantly with strucwral habitat.
In support of this hypothesis, evolutionary increases in the use of low habitats
were associated with evolutionary increases in the frequency of running and
decreases in the frequency of walking (i.e., contrasts that were large and
positive for PC II were correlated with large positive contrasts for change in
running frequency and large negative contrasts for change in walking frequency;
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TABLE 2
Data for Anolis Species in Independent Contrasts Example’

Snoutvent  Hindilimb Sprint Run Walk PC 1L

length length speed frequency frequency score

(mm} (mm}) {ni/s) {% all (% all

moves) moves)

A, eristateilus 4.156 3.985 2.154 0.869 0.548 0.783
A. cuvieri 4841 4.559 2,172 -— -- -1.676
A. cvermanmni 4,132 4,869 -1.988 0.600 0.821 0118
A. gundlachi 4.176 4.054 -2.154 0.714 0.621 1.124
A, krugd 3884 3.660 -1.966 0.533 0.781 0.456
A. poncensis 3.781 3440 -1.952 0.660 0.720 0471
A pulchetlus 374 3.482 -1.917 0452 0.896 0.170
A. stratulus 3704 3489 -1.784 0.838 0.631 -1.517
A. garmani 4681 4.367 -2.293 0.739 0.736 0.381
A, grakami 4112 3816 -2.087 0.778 0.596 0.707
A. fineatofns 4.035 3.830 -2.079 0.861 0.402 0.730
A. opalinus 33867 31528 -1.981 0.987 0.1G1 0.424
A. sagrei 3.892 3.580 -1.988 0.844 0.445 1.707
A. valencisnmd 1.286 3.656 -1,897 0420 1012 -1125 .

! Dawa from Losos {1990a); no locomotor behavioral data arc available lor clevieric
Morphelogical and sprint data are In wransformed; locomotoar behavioral daa are aresine

squarc-root transformed.

Fig. 10a; Table 3). Hence, the assumption that this aspect of structural habitat
may be an important selective regime for locomotion appears reasonable.

We then examined whether the evolutionary changes of morphology,
locomotor capabilitics, and habitat are associated. We removed the eflect ol
body size on hindlimb length and sprinting capability, but not structural habitat
(see Losos, 1990a), by calculating residuals of each variable regressed upon
snoutvent length, a common proxy for hody size. These rcsicuals were
calculated using the contrasts for each variable. With the effect of size removed,
evolution in limb length is positively associated with evolutionary change in
sprinting capabilities (Fig. 10b; Table 3}. In wrn, an evolutionary change in
structural habitar is associated with a change in sprinting capability (Fig. 10c;
Table 3}. Hence, we suggest that relative hindlimb length in these lizards has
cvolved as an adaptation to changes in structural habilat. Further tesis of this
hypotbesis would include a more detaited examination of anolinc behavior and
use of habitals, and the effect of limb length on survival and reproduction in
natural populations.

V. Criticisms of Phylogenetic Approaches to the Study of
Adaptation

Adaptation and phylogenetic analyses are inhercntly conrtroversial subjects;

inevitably, criticisms will be made regarding the phylogenctic methodology for

studying adaptation advocated here. Two critiques of these methods have
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TABLE 3
Results of Independent Contrasts Analyses'

Gradual model Speciational

model
sl T e P

Bun frequeney vs, habitat wse (PC 1) 028 0.062 0.27 0.070
Walk frequeney vs. habitat usc 0.43 0.016 0.45 0.013
Relative sprint speed vs. relative hindlimb length 0.66 0.001 0.68 0.001
Habitat_use vs. relative hindlimb length 0.50 0.005 0.56 0.002

1 . L. P
AN analyses are regressions through the origin. Successful standardization

of contrasts was verified prior w0 analyses. Sce Garland ct al, (1992) for dcrails.

appeared (Leroi et al, 1994; Frumhoff and Reeve, 1994}, Here we discuss these
critiques and conclude that their arguments do not provide a compelling
reason to abandon phylogenetic methods for the study of adapration.

Leroi et al. (1994) acknowledge that the phylogenetic methodology that we
describe will idenlify adaptations accurately in some instances, such as the
repeated evolution of “crown of thorns” bristles in flea lineages whose hosts live
in hazardous habitats (Traub, 1980) or fringes on the twes of phylogenetically
diverse lizards thac utilize sandy substrates  (Luke, 1986). Nonetheless, Leroi et
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Figure # Phylogeny of Anolis lizards uscd in the example of independent contrasts. Thirteen
contrasts are indicated by the black and hawched lines. Each contrast represemus the tvo branches
diverging [rom an ancestral node. Nunbers represent the lengths of branches, which are not drawn
to scale. Sources of phylogenetic information arc discussed in Losos (19902, 1992}
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al. (1994) consider such cases exceptions, arguing (p. 383) thai “phylogenetic
patterns will often suggest that a trait is an adaptation when in fact it is nat and
suggest that it is not, when in fact it is.” This conclusion stems from three
major sources: consideration of the genctics of character evoluton, a critique
of the coneept of the selective regime, and a reliance on inductive methods of
scientific  inquiry. We discuss these criticisms logether with criticisms
concerning the use of parsimony (Frumhoff and Recve, 1994},

A. Genetics of Character Evolution: Microevolutionary and
Macroevolutionary Perspectives

The critique of Leroi et al, (1994} contains an extended argument that genetic
information is critical for evaluating the role of adapiive explanations in
character evolution. In essence, Leroi et al. {1994) view the phylogenetic study
of adaptation as if its goal were to ideniify the genetic detils of the response to
natural selection occurring in a single population in the evolutionary past. This
is a misrepresentation of the goals of macroevolutionary studies of adapuation.
Although we agree. that genetic information is important for understanding the
responses to selection occurring within a population on a microevolutionary
time scale, we do not agree that lack of such information compromiscs
phylogenctic tests of the role of adaptatien occurring on a macroevolutionary
time scale. In a microevolutionary study, the evolutionary response of a
population to selection on character variation depends critically on the specific
genctic system or background underlying this variation. In contrast, for a
macroevolutionary study, we begin with the obscrvation that a character has
evalved and ask whether natural selection can explain its origin.

Leroi ec al. (1994) note that a character may evolve for reasons ather than
natural sclection, such as pleiotropy or genetic corrclation. The purpose of the
methodology outlined in this chapter is to identify and test predictons that are
specific to a hypothesis of character evolution by natural selection, but would
not be made by alternative hypotheses. In their criticisms of phylogenetic
approaches, Leroi et al. (1994) overlook the emphasis on functional studies
(e.g., Greene, 1986a; Coddington, 1990; Baum and Larson, 1991} which
provide a means of testing predictions specific to the hypothesis of natural
selection. Other potential explanations, including developmental or genetic
correlations of the character being studied with other selected characters, do
not predict an increasc in utility or a specific biological role for the character
being studied.

Leroi et al. {1994) proposed an alternative method by which phylogenetic
information could be used to study character evolution. They suggest (p. 397)

Figure 10 Aanalysis of locomolor adaptations in Anelis. (a) The rchitionship belween habitac use
and frequencies of walking and running, Habitat use is represented by the second axis in an
analysis of principle componcnits {Losos, unpublished). Each point represents one contrast in a
phylogenetic analysis of independent eontrasts using the gradual model from Table 3. Regression
fines are for hcuristic purposes; analyses using contrasts require regression through the origin
(Garland eu al., 1992). (b) The relationslip beuween'relative limb leagth and relative sprint speed.
Variabtes arc residuals calculated from regressions against snoutvent length. Residuals are
caleulated using values of contrasts. (€) Relationship between relative sprint specd and habitat use.
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that “patierns ol selection, genctic variation, covariation, and interaction might
be measured for several species belonging to a single monophyletic group” and
tiis information could lhen be optimized onto a phylogenetic tree to infer
historical events. They illustrate this method as a means of testing whether a
genetic correlation was responsible for correlated evolution of two (raits.
Certainly, there can be long-term patierns of correlation among characters and
such rorrelations will be of intercst in evaluating hypotheses of character
evolution. Epigenetic or developmental [actors producing correlation of
characters can be stable on a imacroevolutionary time scale and may be
manifested in patterns of pleiotropy and epistasis observed withiu populations
at any given period of evolutionary history. Rather than an alternative to our
approach, this metbodology is an appropriate extension of it because 1L tests
phylogenetic predictions specific to other processes that could be responsible
for character evolution. Hypotheses of developmental constraint, for example,
can be tested phylogenctically using a protocol comparable to the one that we
describe for studying adaptation; this approach, however, is in no manncr a
replacement for the study of natural selection.

B.Critique of the Use of Selective Regime

Leroi et al. {1994) criticized the concept of selective regime as being defined so
broadly as to be useless. As with any methodology, the use of selective regimes
can be abused. The concept is meaningful only if one can idendfy with
precision important components of organismal/environmental iuteraction that
may influence the action of selection on character vaviation. Oddly, Leroi et al.
(1994) accept the selective regime postulated by Luke (1986}, which they state
to be “type of substrate,” but are critical of e use of “scansorial/arboreal vs.
terrestrinl” as different selective regimes in plethodontid salamanders {Baum
and Latson, 1991}.

1n both cases, as well as those discussed in this chapter, it is important
that the seleciive regime be described in sufficient detail o predict whether
selection would Favor individuals with some capabilities over individuals with
others. Certainly, the hypothesis that an attribute  increases locomotor
performance on saud, as fringes do (Carothers, 1986), would cvolve in taxa
living on sandy subsuates is reasonable and worth testing, as is the hypothesis
stated earlier that a Feature that enhances the ability Lo hold onio a rough
surface would evolve in arboreal and scansovial salamanders. Thus, the
concept of the selective regime has utility when properly emnployed.

In this vein, the criticisms of Leroi et al. (1994) regarding the analysis of
arboreal vs. rerrestrial selective regimes in plethodonid salammanders represent a
superficial reading and misrepresentation of Baum and Larson (1991).
Contrary to the statements of Leroi et al. (1994), Baum and Larson provide an
extensive discussion of the relationships among morphology, [unction, and
arboreality in salamanders, as evidenced by the comparison of several dillerent
plethodontid lineages that occupy dilferent arhoreal selective regimes. Lerol ct
al. (1994) also misrepresent Baum and Larson (1991} by stating that the
evolution of derived atiributes studied as adaptations in Aneides did not occur
in other salamanders, when, in fact, several similar instances ol such cvolution
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were explicitly discussed .1 5 i i
e ﬂdapf)ation).,r (pp. 14 and 15), allowing a test of a general hypothesis

C. Use of Parsimony for Reconstructing the Evolution of
Characters and Selective Regimes

Frumhoff and Reeve (1994) identify an important assumption of phylogeneltic
approaches to the study of adaptation, namely, that the evolution of a character
can be reconstructed accurately. If reconstructions of character changes are
fncor'recl, mistaken conclusions may follow. Frumhoff and Reeve (1994, p. 173)
identify assumptions implicit in parsimony: “Character state optimizar'.i01:1 will
accurately reveal the timing and direction of historical transitions between
char?.cter states only If the rate of character change within lineages is low
refative to the rate of ... cladogenesis, If, in particular, transitions between
character states  are sufficiently frequent within a species lineage, the
phylogenetic ‘memory’ of these traits will decay such that their mapping o,nto a
cladc!g_ram may bear linte relation to the actual sequence of chnractt'er state
transitions between ancestral and derived taxa....” We also agree with Frunhoff
and R.eeve (1994, p. 174} that “parsimonious inferences of the ancestral states
of a given character may often not be robust and should be interpreted with
caution.” Schuliz et al. {(1996) provide a thorough reanalysis of this argument,
however, and show that the ecrror rates for reconstruction of ancestrai
characters are considerably lower than the estimates of Frumhoff and Reeve
(1994).

Oune must be aware of parsimony’s underlying assumptions and wake care
to assess whether they are likely to be violated. For example, characters that
dll'fer_grcatly among even closely related species may experience rates of
e\_f'olunon too great to he studied using older phylogenetic divergences. As
f;ilscussed earlier, phylogenetic autocorrelation may be an appropriate meal:xs of
1dcmify_ing such situations. Parallel evolution in closcly related taxa will be
more ldlfﬁcult to detect. However, if it occurs as a result of parallel evolution in
selective regimes, as Frumhoff and Reeves speculate, then, in faci, the
Pl'OCCdLll:e will be conservative by identifying one instance of evolution of :; trait
in a particular selective regime when, in fact, multiple instances occurred.

) Frumhoff and Reeve (1994) also doubt that thc evolution of selectlive
regimes will be conserved enough to permit accurate reconstruction via
parsimony. As with character evolution, some selective regimes may evolve too
mpl'dly for these mcthods to be wuseful. Nonetheless, the similarity in
environmental circumstances that often characterize large, old clades (e.g., the
arborfaal habitats of Anslis, the aquatic lifestyle of whales) indicatt':slrthat
selective regimes often evolve slowly enough to be useful in phylogenetic studies
of adaptation.

i}ny phylogenetic study of adaptation must - examine characters and
selective regimes at a phylogenetic level for which evolutionary changes are
obser_vcd, but not extensivcly superimposed on single lineages. The problems
?.SSOCIalCd with the uses of parsimony discussed above are diminished in
importance if the most appropriate phylogenetic level is established; closely
related lineages are used to investigate capidly evolving characters a;\d more
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distantly related lineages arc compared to study more slowly evolving
characters. Undoubtedly, certain characters and taxa will be more amenable
than others Lo studies of adaptation because of historical details regarding rates
of evolution, branching of lineages, and extinction. Although these factors are
beyond the eontrol of the investigator, choiee of taxa and characters amenable
to thorough phylogenetic analysis can ensure that studies of adaptation can be
productive. As illustrated by our examples from anoles, characters of interest to
evolutionary ccologists often are amcnable to phylogenctc analysis. If the
criticisms of Frumhoff and Reeve {1994) are taken to their logical extreme, the
concepts of homology and phylogeny would be meaningless and functional
properties of characters would not he generalizable beyond the specics level
This conclusion is equivalent to discrediting the entire field of phylogenctic
systematics, as well as comparat'\vc anatomy, palcomology, and, in fact, all of

comparative biology.

D. Hypothetico-deductive vs Inductive Approaches to Scientific
Inquiry

Criticisms of phylogenetic approaches to studying adaptation invariably
emphasize the inability to demonstrate in a positive scnse the occurrence of
natural selection in the evolutionary past. Expectation of positive demonstratdon
or prool reflects an inductive approach to scicnce that we consider
inappropriate, not only to the study of historical processes, but to studies of any
natural phenomenon. Rather than attempting to show by induction that natural
selection has acted in a parcicular populalion, we derive predictions from the
hypothesis that natural selection has acted and scek empirical data that
potentially would falsify that hypothesis. We argue above that the historical
hypothesis of adaptive origin of a characier makes specific, testable predictions
that are not made by alternative hypotheses explaining the evolutionary origin
of a character. These hypotheses, even for explaining unique evolutionary
events, make numerous predictions whose tesuing requires studies of
morphology, function, development, phylogeny, genetics, ccology, and
behavior. Empirical results in all of these fields providc potential fnlsifiers of
hypotheses of adaptation and sources for refining those hypotheses.

Associated with the inductive arguments used 0 criticize phylogenetic
studics of adaptation is the statement that results of the proposcd phyiogenelic
study of adaptation may be in error. There is no methodology in any aspect of
evolutionary biology (or any science) that is guarantecd to producce a
completely correct result in a single siudy. The uscfulness of a general
methodology, such as the one presented here, is to provide 2 basis for repeited
empirical testing of hypotheses. The methodology, if applicd in an iterative
manner, should lead to correction of crrors (Baum and Larson, 1991,
Coddington, 1994). The diverse and specific predictions of hypothescs of
adaptation ensure repeated testing of predicions and potential falsification of
the hypotheses. Hypotheses of adaptation, or of any of the alternative
explanations for the evolutionary origin of a character, are viewed from the
deductive framework as working hypotheses whose successive testing leads 1o
improvement of those hypotheses. By correcting crrors application of the
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dcdl-.ICUVC method approximates the truth, although we do not reach a point in
the investigation at which absence of error is assured. P

_The testing of historical hypotheses in evolutionary biology does not
require a compromise of the principles of hypothetico-deductive science. [See
_Mayr (_1982) for further discussion of this issue.] We reject in principic the
mductn{c arguments used to discredit the testng of historical hypotheses of
adaptation. Further criticisin and improvement of the tesdng of historical

hypotheses of adaptation should be made wsi icl
sin < i
hypotheses g an explicidy deductive
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CHAPTER 7

Laboratory Evolution: The Experimental
Wonderland and the Cheshire Cat
Syndrome

MICHAEL R. ROSE
THEODORE ]. NUSBAUM
ADAM K. CHIPPINDALE

L. Introduction: Victorian Schoolgirls Revisited

On an earlier occasion, we proposed that evolutionary theories “are like sheltered,
upper-class, Victorian schoolgiris, dressed up entirely in white and severely
scrubbed” (Rose et al., 1987, p. 95). This simile arose from our view that, while
theories may be preuy to look at, they may not be that robust alter all when
confronted with the dangers of the real, empirical world. Indeed, we went further
aud proposed that the confrontation of theories with data could be likened o
taking these schoolgirls on a wip through a jungle. There is a problem, however,
with this situation. Mauy schoolgirls will die for reasons that are more accidental
than a test ol their true fitness. It will just happen that Prudence will be bitten by a
venomous snake, while Cicely fortuitously escaped death by running ahead to 1alk
with Abigail. To test the schoolgirls more appropriately, an environment
combining danger with some type of order is preferable.

Our simile can be continued at this point by recalling Alice's Adventures in
Wonderland by Lewis Carrcll. In this charming tale, a classic Victorian schoolgirl
has a fantastical adventure in which she is stringently tested, but also somehow fiee
from mortal danger. For us, the experimental realm of laboratory evolution
provides the comparable Wonderland to that of Alice. It is possible to test theories
with greater fairness in the laboratory, in that the number of confounded,
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