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abstract: The study of adaptive radiations has played a fundamental role in understanding mechanisms of evolution. A recent
resurgence in the study of adaptive radiations highlights a gap in
our knowledge about determining whether a clade constitutes adaptive diversification. Specifically, no objective criteria exist to judge
whether a clade constitutes an adaptive radiation. Most clades, given
enough time, will diversify adaptively to some extent; therefore, we
argue that the term “adaptive radiation” should be reserved for those
clades that are exceptionally diverse in terms of the range of habitats
occupied and attendant morphological adaptations. Making such a
definition operational, however, requires a comparative analysis of
many clades. Only by comparing clades can one distinguish those
that are exceptionally diverse (or nondiverse) from those exhibiting
a normal degree of adaptive disparity. We propose such a test, focusing on disparity in the ecological morphology of monophyletic
groups within the lizard family Iguanidae. We find that two clades,
the Polychrotinae and Phrynosomatinae, are exceptionally diverse
and that two others, the Crotaphytinae and Oplurinae, are exceptionally nondiverse. Potential explanations for differences in diversity
are discussed, as are caveats and future extensions of our approach.
Keywords: adaptive radiation, disparity, iguanid, lizard.

The concept of adaptive radiation—defined in a leading
evolution textbook (Futuyma 1998) as “evolutionary divergence of members of a single phylogenetic lineage into
a variety of different adaptive forms”—has a long and
distinguished history (Givnish 1997; Gillespie et al. 2001).
Recent years have seen an upsurge of interest in both the
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denced by many recent reviews, monographs, and symposia (e.g., Givnish and Sytsma 1997; Schluter 2000; American Naturalist supplement to volume 156, October 2000;
Gillespie et al. 2001).
Nonetheless, we see a major problem impeding progress
in the study of adaptive radiation: no quantitative criteria
exist to recognize which clades constitute adaptive radiations and which do not. Most clades, given enough time,
will diversify, and some, perhaps much, of this diversification will be adaptively driven; hence, by this token, most
clades could qualify as adaptive radiations. As a result, the
concept of adaptive radiation becomes useless; if any clade
that has diversified adaptively qualifies as an adaptive radiation, then the term has no special meaning and simply
refers to the routine outcome of normal evolutionary
diversification.
To our minds, however, that is not what the originators
of the concept had in mind (e.g., Simpson 1949), and it
is not why most people today are interested in adaptive
radiation. Rather than referring to the usual outcome of
the evolutionary process, the term “adaptive radiation”
usually refers to the exceptional cases in which a clade has
experienced a remarkably great extent of adaptive diversification. Nowhere is this more evident than in evolution
textbooks in which the concept is usually illustrated with
examples such as Darwin’s finches, Hawaiian honeycreepers and silverswords, and marsupials (e.g., Futuyma 1998;
Strickberger 2000; Freeman and Herron 2001); similar examples are found in classic works in evolutionary biology
(e.g., Grant 1963; Mayr 1963).
The issue of whether a clade constitutes an adaptive
radiation might seem like mere semantics, but it is not. A
primary objective in studies of adaptive radiations entails
identification of the events that serve to trigger an adaptive
radiation or the factors that predispose a clade to radiate
(e.g., Liem 1973; Vermeij 1974; Lovette et al. 2002). Examples include the focus on the roles of key innovations,
mass extinctions, and the colonization of ecologically depauperate areas such as islands and mountaintops (e.g.,
Givnish and Sytsma 1997). However, before one can meaningfully investigate the factors that promote adaptive ra-
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diation, one must first be able to identify the clades on
which to focus. That is, before invoking a scenario for the
remarkable diversity of a clade, one needs an objective
criterion to test the hypothesis that the diversity is truly
remarkable.
Consequently, we propose that the term “adaptive radiation” should be restricted to those clades that exhibit unusually great divergence into a variety of adaptive forms. In
turn, acceptance of this definition requires formulation of
a methodology by which workers can test the hypothesis
that a clade constitutes an adaptive radiation, as contrasted
to the null hypothesis that the extent of divergence is no
greater than that expected by chance from a clade undergoing routine evolutionary diversification.
Criteria for Judging Whether a Clade
Has Adaptively Radiated
Two aspects of our definition of adaptive radiation are
important. First, the clade must have diversified adaptively;
that is, species must have evolved adaptations to interact
with the environment in different ways, either by using
the same habitat or resource in different ways or by adapting to use different habitats or resources. In the last 15
years, a large literature has developed concerning how to
study and identify adaptive evolution (Rose and Lauder
1996; Orzack and Sober 2001 and references therein). We
will not enter into this discussion here; for our purposes,
we will assume that it is possible to investigate whether
differences among species are adaptively based.
In contrast to this emphasis on adaptive diversity, many
recent studies have compared the extent to which clades,
usually sister taxa, differ in the number of species they
contain (e.g., Brooks and McLennan 1993). This is a different phenomenon, one that is not necessarily linked to
adaptive radiation. Many of the clades commonly considered adaptive radiations (e.g., African Rift Lake cichlids,
Caribbean Anolis lizards) are both species-rich and adaptively diverse. Nonetheless, the two attributes need not
necessarily be linked (Erwin 1992). On the one hand, a
species-rich clade may contain little adaptive diversity (e.g.,
Albinaria snails [Gittenberger 1991], salamanders of the
Plethodon glutinosus group [Highton et al. 1989]); the term
“nonadaptive radiation” has been coined for this phenomenon (Gittenberger 1991). Alternatively, some clades with
few species may exhibit substantial adaptive diversity. Indeed, a classic example of adaptive radiation, the Geospizidae (Darwin’s finches), contains only 15 species! A
similar example is provided by the ecologically and morphologically diverse but species-poor lizard family Pygopodidae (Webb and Shine 1994).
The second important aspect of our restricted definition
of adaptive radiation concerns the manner by which one

determines that the amount of adaptive diversity exhibited
by a clade is unusually great. By its nature, such a determination is comparative, but the question is, What is the
appropriate comparison? In recent years, sister taxon comparisons have become the method of choice for comparative biologists (e.g., Brooks and McLennan 1993). The
logic behind such comparisons is unassailable. Sister clades
have been evolving for the same amount of time since
diverging from a common ancestor. Thus, if one wants to
investigate the consequences of the evolution of a particular trait, then the appropriate comparison is between a
clade characterized by the evolution of that trait and its
sister clade without the trait. Examination of a great number of such pairs of taxa can lead to a powerful test of
whether the evolutionary presence of the trait is associated
with other features, such as high species diversity (e.g.,
Farrell et al. 1991; Hoglund and Sillen-Tullberg 1994).
Nonetheless, sister taxon comparisons are not appropriate for all questions in comparative biology. In the case
of the study of adaptive radiation, sister taxon comparisons
are inadequate and, in some cases, positively misleading.
The main problem in this case is that sister taxon comparisons limit the comparisons to one, that between a clade
and its sister. In principle, determination of whether a
clade is unusually diverse requires comparison to a large
sample; a single comparison is an insufficient basis for
judgment (Sanderson and Donoghue 1996; Magallón and
Sanderson 2001).
By the same token, sister taxon comparisons can be
misleading if the sister taxon is exceptionally diverse or
nondiverse. For example, marsupial and placental mammals are generally considered to be sister taxa. Both clades
exhibit substantial adaptive diversity, and each might reasonably be considered an adaptive radiation. Nonetheless,
if, as is probably the case, the adaptive diversity of placentals is greater than that of marsupials (Springer et al.
1997), then the latter could not be judged an adaptive
radiation by this method. Alternatively, if neither clade is
particularly diverse, the more diverse of the two might be
considered an adaptive radiation by comparison.
Delineating an appropriate pool of clades to form the
basis for comparisons is a necessary first step. Two criteria
are important in choosing this pool. First, each clade must
be monophyletic. If one is interested in the evolutionary
diversity of a group, one must consider all of the descendants of their most recent common ancestor or diversity
likely will be underestimated, perhaps substantially.
Second, the clades must be comparable in several respects. Of foremost importance, the clades must be comparable in basic aspects of their biology. As Findley (1979)
noted, comparing the extent of diversity of organisms as
disparate as humans and frogs is extremely difficult because so many aspects of their biology (e.g., morphology,
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ecology, behavior) are radically different, thus rendering
meaningful comparison nearly impossible. Only by comparing groups having comparable phenotypic attributes and
interacting with the environment in similar ways can one
reasonably quantify and compare extent of differentiation.
Even among such clades, however, other factors must
be considered. One obvious candidate is the age of the
clade. Fossil data document that the morphological diversity of a clade changes through time (e.g., Foote 1991a,
1991b, 1992, 1999; Wagner 1997). If a general relationship
exists between age of a clade and extent of diversity, then
comparisons among clades of different ages will be confounded (Magallón and Sanderson 2001). One solution
would be to limit comparisons to clades of approximately
the same age; an alternative would be to remove the effect
of clade age statistically. Depending on the goals of a particular study, other clade attributes (e.g., geographic setting, diet, age of occurrence [if examining fossil clades])
might also need to be considered.
Once an appropriate pool of clades has been selected,
identification of adaptive radiations is, at least conceptually, straightforward. Adaptive radiations may be recognized based on the degree of diversification in ecologically
relevant morphological traits (Foote 1997, 1999; of course,
a comparable approach could be taken with any other
phenotypic aspect [e.g., physiology] as long as interspecific
phenotypic variation corresponds with adaptation to different aspects of the environment). Thus, a clade that exhibits remarkable radiation in form, regardless of species
richness, in comparison to other clades would be considered an adaptive radiation. Following Foote (1999 and
references therein), we suggest that disparity—the measure
of character distance between species—is a suitable metric
to assess differences in morphological variation. Clades
that exhibit a large amount of morphological differentiation will be characterized by an unusually large disparity.
Of course, where one draws the line for unusual will always
be arbitrary. One criterion might be those clades that fall
outside 95% confidence limits, although this is a rather
conservative standard.
A Case Study: Evolutionary Diversification and
Adaptive Radiation in the Lizard
Family Iguanidae
Iguanid lizards are an ideal group with which to explore
these ideas. The iguanid clade is comprised of eight putatively monophyletic clades (we follow recent treatments
in considering these clades as subfamilies within the Iguanidae [e.g., Macey et al. 1997; Schulte et al. 1998; Pough
et al. 2001; Zug et al. 2001]; fig. 1). More importantly,
though, these clades, with one exception, are comparable
in a number of respects. First, they are similar in many

Figure 1: Phylogeny of the Iguanidae (based on Macey et al. [1997] and
Schulte et al. [1998]). The Iguanines are excluded from this analysis
because they differ fundamentally from other iguanid clades in many
aspects of their natural history.

features of morphology, ecology, and behavior. All iguanids
are robust, four-legged lizards that live above the ground;
most species are territorial, sit-and-wait predators that rely
on vision as their primary sensory mode. The exception
to these generalizations are the iguanas (Iguaninae). Unlike
most other iguanids, iguanas are large, herbivorous lizards
that rely more on chemoreception (Schwenk 1993; Cooper
1995, 1996) and exhibit differences in mating and social
systems (Trillmich 1984; Phillips 1995; Wikelski et al. 1996;
Knapp 2000).
Molecular data are unable to resolve relationships among
these taxa (Macey et al. 1997; Schulte et al. 1998), which
suggests the possibility that the clades diverged within a
short period of time and thus are approximately the same
age (cf. Jackman et al. 1999). Molecular data suggest that
this divergence occurred at least 65 million years ago (Macey et al. 1997), a date that is not inconsistent with the
fossil record (Estes 1983; Gao and Norell 2000).
Consequently, we ask the question: are any of the iguanid clades unusually diverse relative to the extent of adaptive diversity exhibited by other iguanid clades? Addressing
this question is a two-step process: first, we must quantify
the extent of adaptive diversity, and then we must evaluate
whether any clade’s diversity is unusually large.
One advantage of focusing on the Iguanidae is that a
considerable amount of research has been conducted on
the adaptive significance of morphological variation within
this clade. A variety of field and laboratory studies, combining observational and experimental approaches and often conducted within a phylogenetic framework, has established that much of the morphological variation within
iguanid clades represents adaptation to differences in habitat use (e.g., Losos 1990; Miles 1994; Irschick et al. 1997;

150

The American Naturalist

Vitt et al. 1997; Zani 2000; Kohlsdorf et al. 2001). We
focus here on variation in traits for which the adaptive
significance of intraclade variation has been particularly
well established. An underlying assumption is that the
adaptive significance of trait variation is similar among
clades; that is, if two taxa differ in some characteristic by
a given amount in two clades, then this difference corresponds to a similar amount of divergence in the way the
species interact with the environment. For this reason, we
exclude the Iguaninae from this analysis. Because of the
many fundamental differences in biology between iguanas
and other iguanids, the relationship between morphology
and ecology is likely to be different between the two
groups. For example, most iguanids capture prey by a rapid
burst of speed, and variation among species in habitat use
is reflected in differences in sprint performance. By contrast, for iguanas, which do not need to move rapidly to
acquire their food, the relationship between limb morphology, which is mechanistically linked to sprint performance, and habitat use might be quite different.
Methods
Taxa Included
The Iguanidae contains 1900 species (Pough et al. 2001).
We measured 101 specimens, choosing species from each
clade to maximize the ecological and morphological diversity represented and to represent the morphological diversity present within the major subclades of each clade.
Decisions on which species to include were based on literature descriptions, advice of colleagues, previous taxonomic arrangements (on the assumption that evolutionary
classifications represented significant aspects of diversity),
and availability in museum collections.
Traits Examined
Using calipers, we measured 17 external morphological
variables on each specimen: snout-vent length (SVL) from
the tip of the snout to the anterior side of the cloaca; tail
length from the posterior portion of the cloaca to the tip
of the tail; jaw length from the anterior portion of the ear
opening to the tip of the snout; jaw width (width of the
head at the insertion of the jaw); head depth (depth of
the head measured at the ear openings); eye length (length
of the external eye opening); ear height (height of the ear
opening); depth of the body at the pectoral girdle; body
width (maximum width of the body); humerus length
(distance from the shoulder to the apex of the elbow);
antebrachium length (distance from the elbow to the center of the wrist); manus length (distance from the center
of the wrist to the end of the hand); length of the longest

digit (IV), measured from the manus to the tip of the claw;
shank length (distance from the insertion of the hindleg
at the pelvis to the apex of the knee); crus length (distance
from the apex of the knee to the center of the ankle); foot
length (distance from the center of the ankle to the end
of the fourth tarsal); and length of the fourth toe, measured
from the posterior end of the fourth tarsal to the tip of
the claw on digit IV. All variables were log transformed
prior to analysis. In the case of one character (ear height),
we used a log(x ⫹ 1) transformation because two species
lack external ear openings.
Calculation of Morphological Disparity
Estimating the volume occupied by the various clades, and
hence disparity, entails two steps. First, the appropriate
metric should be chosen. Following Foote (1995), we used
the mean-squared Euclidean distance between species i
and j, where D p Srkp1(x ik ⫺ x jk)2 and r equals the number
of variables, because it is relatively insensitive to sample
size.
Second, the type of analysis should match the variables
included in the sample. One possible approach would be
to calculate the squared Euclidean distance using all 17
morphological traits. However, this assumes that all characters are independent and uncorrelated (Willis et al.
1994). Covariation among variables will affect the estimate
of disparity; the greater the covariation, the lower the morphological disparity (Tabachnick and Fidell 2000). We used
principal components analysis (PCA) to estimate the patterns of variation and covariation among the morphological characters in the data set. We then retained the species’
scores from the PCA axes to calculate the mean-squared
Euclidean distance for each species. The use of PCA in
estimating disparity in the morphospace has several advantages. First, the measures of disparity are less likely to
be affected by taxa that have extremely similar values for
several morphological traits. Second, there may be significant redundancy in the characters included in the data
set. Hence, one may arbitrarily increase the morphological
volume by increasing the number of characters. PCA extracts the major trends of variation in a set of fewer, uncorrelated axes without a major loss of information. We
calculated the PCA using the covariance matrix of all 17
characters. Furthermore, each component axis was scaled
to be equal to its eigenvalue. This ensures that the interspecific differences in the PCA space are identical to the
distances in the original space. Third, by explicitly incorporating the covariances among characters in the analysis,
the PCA scores provide a more accurate estimate of the
disparity between any two taxa (Willis et al. 1994).
We chose to focus on morphological variation in shape
independent of body size (which varies substantially
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Table 1: Results from a principal component analysis of 17 morphological characters

Snout-vent length (SVL)
Body width
Pectoral depth
Pectoral width
Brachium
Antebrachium
Hand
Finger length
Shank
Crus
Foot
Long toe
Jaw length
Head width
Head height
Eye length
Ear height
Eigenvalue
Percent variance explained

PC axis 1

PC axis 2

PC axis 3

PC axis 4

PC axis 5

PC axis 6

⫺.47
.75
⫺.21
.68
⫺.51
⫺.36
.07
⫺.19
⫺.28
⫺.15
⫺.20
⫺.19
⫺.66
.23
⫺.38
⫺.51
.81
.030
33

⫺.39
⫺.40
⫺.39
⫺.36
.09
.02
.37
.36
.46
.56
.82
.78
⫺.44
⫺.71
⫺.62
⫺.29
.24
.018
20

.02
⫺.46
.26
⫺.46
⫺.09
⫺.19
⫺.18
⫺.09
⫺.06
⫺.34
⫺.23
⫺.21
.23
.16
.34
.41
.52
.012
14

⫺.39
.04
.67
⫺.13
⫺.04
⫺.14
⫺.48
⫺.54
.34
.40
.19
⫺.04
⫺.01
⫺.06
.36
⫺.36
⫺.01
.006
7

.10
⫺.02
⫺.41
.06
.47
.33
⫺.30
⫺.48
.59
.43
⫺.16
⫺.37
.13
⫺.12
⫺.30
.06
.06
.005
7

.14
.03
⫺.11
.16
⫺.47
⫺.58
⫺.41
⫺.35
.01
.26
.22
.19
.07
⫺.03
⫺.08
.43
⫺.02
.004
5

Note: The analysis was based on the size-adjusted traits. Values are the loadings for each of the first four PC axes.

among species included in this study). This decision is
conservative, because the groups we find to be most and
least disparate in shape are also those that exhibit the
greatest and least amounts of variation in overall size. To
remove the effects of size from the data, we used Mosimann’s (1970) geometric-mean method, which removes
the influence of size without distorting group structure
(Butler and Losos 2002). We defined a size variable to
equal the geometric mean of all 17 variables. Because we
log-transformed the variables, the index of size becomes
the arithmetic average of all 17 variables. We then obtained
a size-free measurement of each trait by taking the difference between each variable and our index of size. In
the PCA using these 17 size-free variables, we retained the
number of axes that cumulatively account for 85% of the
variation in the original data set.
We used the bootstrap to determine whether the disparity of a clade was unusually large or small. For each
clade, we randomly drew with replacement the same number of species from a pool containing all species from all
clades. Because the clades differ in their position in morphological space, PCA scores for each species in the bootstrap pool were adjusted so that the centroids for each
clade were identical. The disparity of a clade was considered unusually large or small if the value was in one of
the 2.5% tails of the distribution based on 1,000
bootstraps.
In these analyses, the expected value in the bootstraps
was independent of the number of species in the sample.
However, the greater the sample size, the narrower the

distribution around this mean. As a result, the 2.5% cutoff values changed as a function of number of species in
the clade. Consequently, a disparity value that would be
judged significant for one sample size might not be so
judged for a smaller sample size, even though the dispersion of the species would be identical. For heuristic purposes, we indicate the cutoff values determined for the
clade with the most species represented. However, based
on their own sample sizes, the oplurines and phrynosomatines would have been nonsignificant.

Results
The first six axes explained 85% of the total variation in
the morphological data set (table 1). The results from the
PCA indicate a substantial amount of morphological variation exists among families. Furthermore, the morphological volume describes variation in morphological traits
related to trophic differentiation (head characters) and locomotor performance (limb characters).
Although species-rich clades generally have more disparity, this relationship is far from perfect (fig. 2). Indeed,
the second most speciose clade, the tropidurines, has lower
disparity than several substantially smaller clades. The
polychrotines have the highest mean-squared distance and
are well above the two-tailed, 5% confidence limit. Phrynosomatines are also slightly above this threshold. At the
other extreme, oplurines and crotaphytines exhibit significantly little morphological disparity.
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not merit investigation for these purposes. At the other
end of the extreme, of course, one might also be interested
in the exceptionally low levels of disparity exhibited by
oplurines and crotaphytines.
Factors Leading to Exceptional Divergence

Figure 2: Morphological disparity of iguanid clades. In the bootstrap
analyses, the expected value (solid line) was independent of sample size,
but the distribution around the mean narrowed with increasing sample
size. For heuristic purposes, dashed lines represent the 2.5% cutoff values
in the bootstrap for the clade with the largest number of specimens
examined. The X-axis is the number of currently recognized species in
each clade.

Discussion
To have any utility, the concept of adaptive radiation must
be comparative: some clades represent adaptive radiations
and others do not. Moreover, the assessment of whether
a clade represents an adaptive radiation must be relative
to other, similar clades. If the concept were not relative to
similar clades, then few clades would seem to be remarkably diverse in comparison to, for example, mammals or
angiosperms. Thus, the assessment of whether a clade represents an adaptive radiation should be in relation to other
clades similar in age and biological attributes.
The lizard family Iguanidae is a remarkably diverse clade
that includes species exhibiting morphological adaptations
for an incredible array of life styles. Our examination of
seven of the eight subfamilies comprising the Iguanidae
reveals that most of these clades also contain substantial
diversity. The tropidurine subfamily, for example, contains
species adapted for living in or on sand, ground, rocks,
grass, trees, and crevices. What our analysis highlights,
however, is that for clades of robust, four-legged, territorial
iguanid lizards that use a sit-and-wait foraging mode and
that have been diversifying for approximately 65 million
years, a substantial extent of ecological and morphological
diversity is the norm. Only polychrotine and phrynosomatine lizards are exceptional at the 95% level. Hence, if
one were interested in what factors trigger particularly
diverse radiations, at least in nonherbivorous iguanid lizards, then one should focus on these two clades; the remaining subfamilies, not being unusually diverse, would

To investigate the factors promoting exceptional levels of
disparity, one might be tempted to look at attributes characterizing an entire exceptionally disparate clade. However,
an alternative possibility is that a subclade within the clade
evolved some attribute, causing that subclade and the entire clade to which it belongs to evolve exceptional disparity. Were this the case, then it would be attributes of
the subclade, rather than of the entire clade, that triggered
the radiation.
To examine this possibility, we measured the disparity
of clades within the Polychrotinae (fig. 3). The analysis
indicates that one of the subclades, the para-anoles ⫹
the leiosaurs, is not particularly disparate, but that the
other, the anoles ⫹ Polychrus, would be judged exceptional. Moreover, within that subclade, the clade composed
of only the anoles exhibits exceptionally high disparity
(sampling was not sufficient to examine disparity within
anole clades). Hence, this analysis suggests that it is traits
that characterize the anoles that should be examined to
study what factors trigger exceptional diversification in this
clade. Although it is not the purpose of this article to
explore such topics, two related factors that may be relevant are the evolution of subdigital toe pads, which permit
movement on narrow and smooth surfaces, and the evo-

Figure 3: Morphological disparity for subclades within the Polychrotinae
(phylogeny based on one of three equally parsimonious phylogenies in
Frost and Etheridge [1989]). Asterisks indicate clades that would be
judged to have significantly great disparity.
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lution of arboreality, which adds a third habitat dimension
in which to specialize. Perhaps surprisingly, despite all of
their diversity, most other iguanid clades have not extensively explored the arboreal habitat. Thus, the diversity of
anoles may have resulted from finding a way to occupy
and diversify within this habitat dimension.
A similar analysis (not shown) of the Phrynsomatinae
indicates that it is the sand lizard clade (Phrynosoma, Callisaurus, Uma, Holbrookia, and Cophosaurus) that exhibits
exceptional disparity, whereas its sister clade (comprising
Sceloporus, Petrosaurus, Sator, Uta, and Urosaurus) contains relatively little disparity. Hence, for this clade, investigation should focus on the factors that have made the
sand lizards so disparate.
The Relationship between Species Richness
and Adaptive Disparity
One might expect that, all else equal, a relationship would
exist between the number of species in a clade and the
amount of adaptive disparity of that clade. However, as
we noted in the introduction, this relationship does not
necessarily hold; some clades are species-rich but display
little adaptive diversity, whereas other clades contain few
species but much adaptive diversity. Our results reinforce
this conclusion. Most notably, the corytophanines and
hoplocercines, despite containing a handful of species
each, both exhibit greater adaptive disparity than the Tropidurinae, a clade containing approximately 20-fold
greater species richness but lacking in ecomorphological
diversity (Kohlsdorf et al. 2001; Schulte 2001). Thus, although some clades are quite diverse in both species diversity and adaptive disparity (e.g., cichlids), we conclude
that the factors regulating species proliferation and adaptive diversification are only weakly linked.
Comparisons beyond the Iguanidae
Of course, one might counter our arguments by suggesting
that iguanid clades are predisposed to exhibit adaptive
radiation, perhaps as a result of some of their shared attributes. Thus, it could be argued, by limiting our consideration only to iguanid clades, it becomes difficult to
detect the exceptional diversity of many clades within the
Iguanidae. This is the same argument we leveled against
sister taxon comparisons, only at a greater scale: if many
clades in a comparison are exceptionally diverse, then few
will seem exceptional in comparison to each other.
Our data cannot address the hypotheses that multiple
clades within the Iguanidae represent adaptive radiations
and that iguanid clades are more likely to radiate than are
noniguanid clades. These are testable hypotheses that constitute a logical next step. What is needed is additional

data on noniguanid clades that are comparable in as many
respects as possible to iguanid clades. A good starting point
would be examination of clades within the Acrodonta
(composed of agamids and chamaeleons), the sister taxon
to the Iguanidae, which share similar biological attributes
to the clades we examined. In turn, the Iguania
(Acrodonta ⫹ Iguanidae) is generally considered to be the
sister taxon to all other extant lizards (but see Harris et
al. 2001). Hence, the next logical expansion would be to
select other lizard clades as similar as possible to iguanians.
A problem with this approach is that more distantly
related clades are likely to show divergence in key biological attributes, which diminishes any meaningful comparison. For example, although snakes probably evolved from
some type of lizard (Greene 1997; Tchernov et al. 2000),
comparison of iguanian lizards and snakes would be problematic given the many differences in morphology, behavior, and ecology between these clades. Although this
example is extreme, it is true that among lizards, distantly
related clades differ in many respects. For example, noniguanian lizards tend to differ from iguanians in geographic distribution, body form, foraging mode, social behavior, and other attributes (though not all clades differ
in all respects). As a result, the relationship between morphology and ecology is likely to differ between clades because of greatly divergent patterns of natural selection;
indeed, variation in a trait (or trait complex) may reflect
adaptive differentiation in one clade and be the result of
nonadaptive processes in another (McPeek 1997; McPeek
and Brown 2000).
Caveats
Four caveats to our approach must be mentioned. First,
we have not included fossil data. In the case of iguanid
lizards, we had no choice, as the fossil record of iguanians
is sparse (though recent findings are promising [e.g., Gao
and Hou 1995; Gao and Norell 2000]). Consequently, our
general approach represents a snapshot in time, based only
on currently extant members of a clade. Given that the
disparity of a clade may wax and wane through time (Foote
1991a, 1991b, 1992, 1996; Wagner 1997; Lupia 1999), our
approach may fail to identify as an adaptive radiation a
clade that diversified greatly in the past but for which much
of the diversity has been lost (e.g., crocodilians [Buffetaut
1989; Brochu 2001], hyraxes [Rasmussen 1989], rhyncophelians [Evans et al. 2001]). Methods have been developed to study the morphologic disparity of a clade through
time (Foote 1991a, 1992, 1999), although assessing the
adaptive basis of diversification can be difficult for extinct
taxa with no living counterparts (Radinksy 1987; Lauder
1995). Consequently, integrating these methods for fossil
data with phylogenetic information and data on extant
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taxa would be desirable. Recent incorporation of phylogenetic data into the examination of morphological disparity in fossil taxa is an important step in this direction
(Wagner 1997; Eble 2000).
A related problem is that timing of diversification may
differ among clades; some clades may diversify immediately after origination, whereas diversification in other
clades may not begin until long after the clade originated.
Accounting for such differences will be difficult without
fossil data (cf. Magallón and Sanderson 2001).
Second, our analysis was based on the approximately
equal age of all seven iguanid clades, thus making unnecessary the need to account statistically for effects of clade
age on extent of diversification. However, to examine
clades of different ages as in our subclade analysis above,
we will need to expand our methodology to account for
age effects. For example, by comparing the disparity of
polychrotine and phrynosomatine subclades to that expected for older clades, our test is biased against finding
an exceptional amount of disparity in the subclades. The
para-anole ⫹ leiosaur clade, for example, might have been
judged exceptionally disparate if compared with clades of
comparable age. Further work is needed in this area.
Third, clades may diversify in many different ways.
Thus, for example, some clades may diversify with respect
to the habitats they use, whereas others may diversify in
the types of food they eat. As a result, any assessment of
adaptive radiation will be limited to the specific types of
adaptations and resources examined. In this study, for example, we have focused on morphological adaptations to
using different types of habitats. However, a number of
iguanid clades (e.g., polychrotines, tropidurines) exhibit
substantial physiological variation that represents adaptation to different thermal regimes (Huey 1982).
Moreover, one can always quibble with the traits examined. For example, one tropidurine clade has an enlarged keel on its jaw possibly used for burial in sand
(Etheridge 2000). Because we have only included quantitative traits present in all taxa, such traits have not been
included. For the most part, such traits are present in few
species within a clade; thus, the exclusion of such traits
probably only slightly underestimates a clade’s adaptive
diversity. One exception may be the enlarged toepads of
anoles, which are found in most polychrotines and which
show substantial adaptive diversity among those species
(Peterson 1983; Glossip and Losos 1997; Beuttell and Losos
1999; Macrini et al., in press). As a result of not including
measurements of toe pads, the extent of adaptive diversity
within polychrotines may be substantially underestimated
relative to other iguanid clades, none of which possesses
enlarged toepads.
More generally, though, we emphasize that organisms
interact with their environments in countless different

ways, and thus adaptive radiation can occur in correspondingly many different ways. It is thus possible that a
clade may constitute an adaptive radiation with regard to
one set of characteristics and not with regard to another.
Thus, any comparative examination of extent of adaptive
diversification will be limited in scope to a particular subset
of adaptive characteristics.
Moreover, we emphasize that phenotypic variation cannot be assumed to be adaptive. For iguanids, we have good
reason to believe that variation in the traits we have examined represents adaptive differentiation, but for other
groups, the evidence for such a link may be less compelling.
Finally, fourth, as with any phylogenetic comparative
method, our results are contingent on the accuracy of our
underlying phylogenetic information. Indeed, while we
were preparing this manuscript, several new phylogenetic
hypotheses for iguanid relationships were published (Frost
et al. 2001; Harris et al. 2001; Schulte 2001). One suggestion, in particular, is intriguing: Frost et al. (2001) argue
that corytophanids are nested within polychrotines. If, in
fact, this is correct, then the disparity of the combined
clade of polychrotines and corytophanines would be even
greater than the already exceptional disparity estimated
from polychrotines alone. In most respects, however, these
studies do not strongly support conclusions at variance
with the studies on which we have relied (Frost and Etheridge 1989; Macey et al. 1997; Schulte et al. 1998), and
Schulte (2001) strengthens the case that the iguanid clades
are of approximately the same age. Moreover, some of the
results of these recent studies are contradictory. The bottom line is that iguanid phylogeny is still unsettled, and
further systematic study is needed to understand the timing and pattern of iguanid diversification.

Conclusions
To be of utility in guiding evolutionary inquiry, study of
adaptive radiation should be limited to those clades that
exhibit exceptionally great adaptive diversity. Among seven
biologically similar clades within the Iguanidae, our analysis highlights only two that are exceptionally diverse in
comparison to the amount of variation normally produced
by nonherbivorous iguanid lizards evolving over a period
of approximately 65 million years. Future studies interested in examining the factors that promote evolutionary
diversity thus should focus on attributes of the particularly
diverse subclades within the Polychrotinae and Phrynosomatinae. More generally, we have provided a quantitative approach for comparing the adaptive disparity of
clades. This approach will be of value in evolutionary studies addressing many questions other than the identification
of adaptive radiations.
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