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MORPHOLOGICAL DIVERSIFICATION AND ADAPTIVE RADIATION:
A COMPARISON OF TWO DIVERSE LIZARD CLADES
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Abstract.—We compared the morphological diversity (i.e., the amount of morphological space occupied) of two similar
clades, the lizard genera Anolis and Sceloporus. These species-rich monophyletic clades are similar in body size, age
of origin, and many aspects of their natural history. We examined a number of morphological traits whose variation
is likely to represent adaptation to different aspects of the environment, including body size, limb proportions, head
dimensions, and tail length. Examination of the position of species in multidimensional space, based on a principal
components analysis, indicates that the morphological diversity of Anolis, which we refer to as disparity, is significantly
greater than that of Sceloporus. One potential explanation for this pattern is that morphological diversification in Anolis
was facilitated by the evolution of subdigital toe-pads, which allow anoles to use the environment in ways not available
to Sceloporus. The geographic location of diversification (tropical and subtropical for Anolis, arid for Sceloporus) may

also have been important.
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The hallmark of an adaptive radiation is the occupation of
a great number and wide variety of ecological niches (Simp-
son 1953). Classic examples include the African Rift Lake
cichlids, Hawaiian honeycreepers, and Australian marsupials
(Grant 1986; Givnish and Systsma 1997). Given that the eco-
logical diversity of clades such as these is extraordinarily
great, researchers have investigated why these clades have
radiated to such an extent in comparison to other lineages
that have not experienced such diversification. Hypotheses
include colonization of an area with few competitors, ex-
tinction of a previously dominant group, and the acquisition
of a key innovation (Simpson 1953; Givnish and Systsma
1997).

Before addressing such hypotheses, however, one must as-
certain that the extent of evolutionary diversification of a
lineage is, indeed, unusually great; otherwise, there is no
phenomenon requiring explanation. One possible means of
accomplishing this is by comparison of sister groups (Brooks
and McLennan 1993). Such comparisons have the advantage
that both taxa originated at the same time from the same
initial conditions. However, a major drawback to this ap-
proach is that the pool of potential comparisons is limited.
Thus, if the sister taxon is extremely depauperate in diversity,
an unexceptional clade may appear extremely diverse by
comparison. For example, in the case discussed here, the
sister group to anoline lizards is the lizard genus Polychrus
(Frost and Etheridge 1989), which contains only five mor-
phologically and ecologically similar species. Consequently,
a demonstration that anoles have diversified to a greater ex-
tent than Polychrus would not be a strong argument that
anoles have radiated to an exceptionally great degree.

An alternative approach is to compare a clade with other
clades of similar age and ecology. In this way, one can de-
termine whether a particular clade has diversified to a greater
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extent than have comparable clades experiencing similar en-
vironments for a similar period of time. A particularly con-
servative test would be to choose another clade of similar
age and ecology that has also diversified widely; demonstra-
tion that the focal clade had experienced greater diversifi-
cation would strongly suggest that the clade was unusually
diverse.

We use this approach to test the hypothesis that Caribbean
Anolis lizards have experienced an evolutionary radiation, an
hypothesis that is suggested by a large and diverse literature
(reviewed in Williams 1983; Losos 1994; Jackman et al.
1997). In comparison, we examine lizards of the genus Sce-
loporus, which overlap with anoles in size (35-180 mm
snout—vent length, 0.5-100 grams), are similar in diet (in-
sectivorous) and habitat use (most members of both genera
are often found off the ground), and appear to have originated
at roughly the same time.

Although many studies of evolutionary radiation focus on
the number of species in different clades (e.g., Brooks and
McLennan 1993; Heard and Hauser 1995), species number
may not correlate strongly with the range of ecological di-
versity exhibited by a clade (Foote 1991a, 1992); indeed,
many species-rich clades contain species that differ little eco-
logically (e.g., Gittenberger 1991). Consequently, to quantify
the extent of adaptive diversification, we measured a variety
of morphological characteristics, assuming that variation in
these characteristics translates into variation in ecology (e.g.,
Losos 1990; Sinervo and Losos 1991; see Discussion). We
then used these morphometric characters to test the hypoth-
esis that the amount of morphological space occupied by
Caribbean Anolis is greater than that occupied by Sceloporus.

Background on the Genera

Anolis is the most species-rich lizard genus with approx-
imately 400 described species, many of which occur on Ca-
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ribbean islands (Powell et al. 1996). Anoles have experienced
parallel adaptive radiations on each island of the Greater
Antilles, producing on each island a constellation of mor-
phologically distinct species adapted to use different parts of
the environment (see Williams 1983; Losos et al. 1998). Sce-
loporus, which is found in North and Central America, is one
of the most species-rich genera of lizards, with more than 70
described species and many more yet to be described (Sites
et al. 1992). Fossil evidence suggests a similar time of origin
for the two genera: the oldest fossil anole dates to the Middle
Miocene—Upper Oligocene, whereas the oldest Sceloporus
dates to the Lower Miocene (Estes 1983). Immunological
data suggests a slightly older date for Anolis (Hedges 1996),
but comparable data are not available for Sceloporus.

MATERIALS AND METHODS

We assessed differences in the range of morphological di-
versity (termed disparity; see review in Foote 1997) between
Anolis and Sceloporus by quantifying various aspects of body
shape and size. We applied principal component analyses
(PCA) on the variance-covariance matrices defined by the
morphological measurements. We accounted for variation
due to size and shape in a series of PCA analyses. The pro-
cedures we used allowed us to characterize the patterns of
variation for individual characters (traits or measurements)
as well as to examine the covariation among traits. We used
the variance associated with each of these size and shape
variables as our measure of disparity because it is a measure
of dispersion about the mean and quantifying the variance
provides an overall assessment of the individual distances
from that mean (Sokal and Rohlf 1995). For a given sample
size, greater distances from the mean (i.e., greater variance)
equals greater morphological disparity (i.e., occupation of a
greater hypervolume of morphospace; for discussion of ap-
proaches to quantifying disparity, see Wills et al. 1994 and
Foote 1997).

Finally, we compared Anolis and Sceloporus using separate
and pooled variance-covariance matrices. The separate ana-
lyses permitted us to examine each group independently, un-
affected by the variance and covariance structure of the other
group. We used these analyses to examine total variance and
body size (defined as the first principal component axis; see
Bookstein 1989) within each group. To directly compare var-
ious aspects of shape between Anolis and Sceloporus, which
requires a common size variable, we used a series of pooled
PCAs.

Taxa Included

We examined one specimen from 48 species, 24 of Anolis
and 24 of Sceloporus (the Appendix lists the species; museum
numbers are available upon request). However, taxa were
deliberately and nonrandomly chosen to maximize morpho-
logical and ecological differences. We included the three an-
oline genera Chamaelinorops, Chamaeleolis, and Phenaco-
saurus because recent phylogenetic studies indicate that they
all arose from within Anolis (Jackman et al. 1999 and ref-
erences therein). Similarly, we included Sator because some
studies suggest that it arose from within Sceloporus, although
other studies indicate that Sceloporus is monophyletic (re-
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viewed in Sites et al. 1992; Reeder and Wiens 1996; Wiens
and Reeder 1997; Schulte et al. 1998).

Measurements

We measured 15 variables on each specimen. (Note that
we name some of the measurements according to their un-
derlying bones, but the measurements were taken externally
and thus may not exactly correspond.) The variables were:
(1) snout-vent length (svl), from the end of the snout to the
beginning of the opening of the vent; (2) tail length, from
the end of the opening of the vent to the end of the tail (all
specimens had unregenerated tails); (3) jaw length, from the
beginning of the ear opening to the end of the snout; (4) head
width, the distance across the head measured at the anterior
end of the ear; (5) body depth at pectoral girdle; (6) body
width at pectoral girdle; (7) antebrachium length, from the
apex of the elbow to the center of the wrist; (8) manus length,
from the center of the wrist to the end of the hand; (9) meta-
carpal length, from the posterior tip of the claw on manus
IV to the manus; (10) shank length, from the point at which
the limb enters the body wall to the apex of the knee; (11)
crus length, from the apex of the knee to the center of the
ankle; (12) foot length, from the center of the ankle to the
end of the foot; (13) metatarsal length, from the posterior tip
of the claw on pedal digit IV to the foot; (14) scale number,
number of scales circling the widest point on the abdomen;
and (15) scale length, the longest axis on a typical scale along
the flank of the lizard.

Body measurements were taken using a ruler to measure
svl and tail length and calipers to measure all other variables.
Initially, the body measurements were taken repeatedly on a
set of 10 lizards until reproducible results were attained. If
consecutive measurements differed by less than 5%, the mea-
surement was considered reproducible. Because of the po-
sition in which specimens were preserved, we were not able
to take consistent measurements on the upper forelimb (which
was often not preserved in a flattened position in the same
plane as the rest of the specimen). Thus, this variable was
excluded. Because of the variability for the other forelimb
elements, each of these was measured twice and the average
of the two measurements was used in the analysis. Both fore-
and hind-limb measurements were taken on the left side of
the lizard, unless that side was preserved in a distorted po-
sition. All body measurements were In-transformed.

Scale measurements were made using a dissecting light
microscope. The microscope was used to count the number
of scales encircling the widest portion of the abdomen on
each lizard. A representative scale was chosen halfway be-
tween the fore- and hind limb on the flank of the lizard. The
longest axis of this scale was measured under the microscope.

Statistical Analyses Using Separate Sceloporus and Anolis
Datasets

We compared various aspects of disparity among species
within Anolis and Sceloporus using variance-covariance ma-
trices and principal component analyses. We conducted sep-
arate PCAs for each of these clades and defined total variance
within each dataset as the sum of all the eigenvalues. This
sum is also equal to the sum of the diagonal elements within



